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Integrin-linked kinase is required for laminin-2—induced
oligodendrocyte cell spreading and CNS myelination

Soo Jin Chun,' Matthew N. Rasband,’ Richard L. Sidman,' Amyn A. Habib," and Timothy Vartanian'
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(CNS) include a specialized and extreme form of cell

spreading in which oligodendrocytes extend large
lamellae that spiral around axons to form myelin. Recent
studies have demonstrated that laminin-2 (LN-2; a2B1y1)
stimulates oligodendrocytes to extend elaborate membrane
sheets in vitro (cell spreading), mediated by integrin a6p1.
Although a congenital LN-2 deficiency in humans is asso-
ciated with CNS white matter changes, LN-2—deficient (dy/
dy) mice have shown abnormalities primarily within the
peripheral nervous system. Here, we demonstrate a critical

Early steps in myelination in the central nervous system

role for LN-2 in CNS myelination by showing that dy/dy
mice have quantitative and morphologic defects in CNS
myelin. We have defined the molecular pathway through
which LN-2 signals oligodendrocyte cell spreading by dem-
onstrating requirements for phosphoinositide 3-kinase activ-
ity and integrin-linked kinase (ILK). Interaction of oligo-
dendrocytes with LN-2 stimulates ILK activity. A dominant
negative ILK inhibits LN-2-induced myelinlike membrane
formation. A critical component of the myelination signaling
cascade includes LN-2 and integrin signals through ILK.

Introduction

Formation of myelin is a function of oligodendrocytes in the
central nervous system (CNS) and Schwann cells in the
peripheral nervous system (PNS) in subtle interaction with
adjacent axons. To decipher the molecular mechanisms
involved in this process in the CNS, we have reduced myelin-
ation to three fundamental but likely interrelated cell biological
mechanisms: (1) a “cell spreading” machinery to form the
large surface membrane characteristic of differentiated oligo-
dendrocytes; (2) specific cell-cell recognition molecules that
stabilize oligodendrocyte—axon interactions; and (3) a
molecular motor that drives spiraling of the oligodendro-
cyte’s leading edge around the axon.

Here, we have focused on cell spreading, which involves
the elaboration of large membrane sheets, and on the genesis
of specialized sites on the cell surface for contact with axons.
Clues to the molecular mechanisms involved have come
from previous studies, which showed that laminin-2 (LN-2;
a2B1v1), also called merosin, promotes extensive membrane
production by oligodendrocytes through integrin a6B1 in
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vitro (Buttery and ffrench-Constant, 1999). Importantly,
LN-2 is expressed on the axonal surface in the developing
CNS (Colognato et al., 2002), whereas in the developing
PNS, it is expressed in the basal lamina. Furthermore, in the
PNS, integrin Bl-null Schwann cells migrate, proliferate
and survive, but have a defect in the ensheathment of axons
and formation of myelin (Feltri et al., 2002). These results
prompted us to ask whether LN-2 and integrin 1 might
also be important for cell spreading and myelination by
CNS oligodendrocytes.

Consistent with the studies described above, congenital
LN-2 deficiency in humans is associated with CNS white
matter changes as shown by magnetic resonance imaging
(Farina et al., 1998). However, LN-2—deficient (Lama2?)
mice (formerly symbolized as dy, dystrophia muscularis, or
mer, merosin; we refer to the affected homozygotes hereafter
as, dy/dy) have been reported to exhibit primarily a neuro-

Abbreviations used in this paper: CC, corpus callosum; CNS, central
nervous system; DN, dominant negative; FA, focal adhesion; H&E,
hematoxylin and eosin; ILK, integrin-linked kinase; LN-2, laminin-2;
MBP, myelin basic protein; MOI, multiplicity of infection; O1, mAb to
galactocerebroside; ON, optic nerve; OPC, oligodendrocyte precursor
cell; P, postnatal; PI3K, phosphoinositide 3-kinase; PLO, poly-L-ornithine;
PNS, peripheral nervous system; SC, spinal cord; SN, sciatic nerve;
TN-C, tenascin-C; TRE, tetracycline responsive promoter; TSP-1,
thrombospondin-1.
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muscular phenotype including peripheral nerve hypomy-
elination and dysmyelination, with little evidence of de-
fects in CNS myelination (Tsuji and Matsushita, 1985;
Matsumura et al,, 1997). The B1 integrin signal can
function through integrin-linked kinase (ILK), a 59-kD
multidomain focal adhesion (FA) protein, which func-
tions as a molecular scaffold at cellECM adhesion sites
and participates in signal transduction pathways that con-
trol cell survival, differentiation, morphology, prolifera-
tion, and gene expression in mammalian cells (Wu and
Dedhar, 2001). Within FA complexes, ILK can interact
with other FA proteins such as paxillin, affixin, and CH-
ILKBP (Tu et al., 2001). In Caenorbabditis elegans and
Drosophila melanogaster, loss of function mutations in
ILK and integrin-null mutations result in comparable
phenotypes (Zervas et al., 2001; Mackinnon et al., 2002).
The activation of ILK is phosphoinositide 3-kinase (PI3K)
dependent, with PI 3,4,5-triphosphate, a PI3K lipid pro-
duct, binding to the pleckstrin homology-like domain of
ILK and activating its serine/threonine kinase activity
(Dedhar, 2000).

Here, we have further defined the phenotype of dy/dy
mice by identifying hypomyelination in small-diameter ax-
ons and dysmyelination in large-diameter axons within the
CNS. We have determined the relevant molecular signaling
steps for LN-2—induced oligodendrocyte cell spreading and
myelin formation in vitro. We show that PI3K activity is re-
quired for oligodendrocytes to extend large cytoplasmic
sheets, independent of effects on survival, and that ILK is lo-
calized within FA complexes of oligodendrocytes and physi-
cally associates with other FA proteins such as paxillin. In
vivo, ILK is expressed primarily in oligodendrocytes within
CNS white matter tracts. Finally, a dominant negative (DN)
functioning ILK mutant gene blocks formation of the giant
sheets of oligodendrocytes.

We conclude that dy/dy mice have defects in CNS my-
elination, and that the molecular events involved in oligo-
dendrocyte cell spreading and myelin formation include sig-
nal transduction cascades using LN-2, integrin $1, PI3K,
ILK, and possibly AKT.

Results

dy/dy mice are myelin-deficient and have fewer
mature oligodendrocytes

A mutation (Lama2?) in the laminin-a2 chain gene causes
of LN-2 deficiency in dy/dy mice. These mice show hindleg
paralysis at ~3.5 wk. To test the hypothesis that LN-2 is
involved in CNS myelin formation, we first quantified to-
tal cell concentration and total mature oligodendrocyte cell
concentration in coronal hematoxylin and eosin (H&E)-
and CCl-stained sections, respectively, through the corpus
callosum (CC; Fig. 1 A). The CC1 antibody recognizes oli-
godendrocyte cell bodies without labeling myelin (Fuss et
al., 2000). We observed a normal concentration of total
cells and a 30% reduced concentration of CC1™ oligoden-
drocytes in the CC of dy/dy mice as compared with con-
trols at matched anatomical sites (P < 0.05; Fig. 1 B). De-
spite the normal total cell concentration, the total number
of cells was reduced, because the CC area was smaller in
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Figure 1.  dy/dy mice are myelin-deficient and have fewer mature
oligodendrocytes in the CC. (A) Light micrographs of 6 um paraffin-
embedded coronal sections from 5-wk control (ctrl) and dy/dy mice
(n = 3 of each). A reduction in the CC thickness in dy/dy mice is ap-
parent (arrows). Total cells in the CC, a major axonal projection
area of the forebrain, were stained by hematoxylin and eosin (H&E;
top), and mature oligodendrocytes were immunostained for CC1
(bottom). Bar, 100 wm. (B) The total cell and mature oligodendrocyte
numbers in the CC were counted in a grid of constant area at a fixed
distance of 0.8 mm from the midline in 10 nonadjacent sections of
ctrl and dy/dy mice. Although there is no significant difference in to-
tal cell concentration, there is a significant reduction in the concen-
tration of CC1* oligodendrocytes in dy/dy CC (P < 0.05, asterisks). Be-
cause the CC area is smaller in the (A) dy/dy mice, the total number of
CC17 cells in the dy/dy mice is reduced even >30%. (C) Immunoblot
analysis of MBP content was performed in the brain and the SC of
ctrl and dy/dy mice (n = 3). MBP level is significantly reduced in the
dy/dy brain, but not in SC, compared with controls. Relative MBP
levels corrected for loading with B-tubulin are shown (P < 0.005, as-
terisks). Results (B and C) are presented as =SEM; and comparisons
by ANOVA are significant (indicated by asterisks).

the mutants (Fig. 1 A), and the number of mature oligo-
dendrocytes was reduced even more than was indicated by
the measured 30% reduction in concentration. The de-
crease in CC1" oligodendrocytes was accompanied by a re-
duction in myelin basic protein (MBP) content on the
forebrain determined by immunoblot (Fig. 1 C). In con-
trast, MBP content in the spinal cord (SC) of dy/dy and

control mice was equivalent (Fig. 1 C).
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Figure 2. dy/dy mice have dysmyelinated axons in the CC and
reduced myelin sheath thickness. (A) Electron micrographs from the
genu of the CC, in midline sagittal sections of ctrl and dy/dy mice at
5 wk old (n = 3). Axons in the CC are hypomyelinated in dy/dy
mice (top), and there are fewer small myelinated axons (<0.5 um,
arrows). Bar, T wm. Higher magnification (bottom) shows dysmy-
elination in the majority of dy/dy fibers (asterisks), consisting of non-
compacted regions in which myelin lamella are separated by pockets
of oligodendrocyte cytoplasm, whereas similarly processed controls
show well-developed compact myelin (arrows). Bar, 300 nm. (B)
Total number of axons, myelinated axons, large axons (axonal
diameter; >0.5 um) and small axons (<0.5 wm) were counted in 20
randomly selected, nonoverlapping fields from mid-sagittal sections
through the genu of the CC. The total number of axons per unit area
and the number of large and small myelinated axons are presented
as percentages of control. The percentage of small myelinated axons
is ~30% reduced in dy/dy mice (P < 0.005, asterisk). (C) The per-
centage of dysmyelinated myelin sheaths is plotted. Almost 40%
of the myelinated axons show noncompacted regions of myelin in
dy/dy mice (P < 0.0001, asterisks), compared with controls.

(D) Mean g-ratio (axon diameter/myelinated fiber diameter) was
assessed for large axons. The ratio in dy/dy mice is substantially
different from controls (P < 0.0001, asterisks), because even the
large axons have abnormally thin myelin sheaths in the mutants.
Results (B-D) are presented as xSEM; and comparisons by ANOVA
are significant (indicated by asterisks).

Ultrastructural analysis of dy/dy mice:

regional differences

The above results suggest a defect in forebrain myelination in
dyldy mice. To determine whether myelin structure as well as
myelin content is compromised, we analyzed by EM sagittal
sections of CC (Fig. 2), transverse sections of optic nerve
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Figure 3. dy/dy mice show dysmyelinated axons also in the ON,
but not in the SC. (A) Electron micrographs of the intracranial portion
of the ON and the cervical corticospinal tracts of the SC from 5-wk
control and dy/dy mice (n = 3). The ON in dy/dy (top right) contains
numerous axons with dysmyelinated sheaths (asterisks), and myelin
sheath thickness appears reduced for axons of all calibers. In contrast,
the compactness and thickness of myelin lamellae appear indistin-
guishable from normal in the SP of dy/dy mice (bottom). Bars: (top)
1 wm; (bottom) 4 wm. (B) The concentration of myelinated axons
was counted in 20 randomly selected, nonoverlapping fields from
sections through the ON and SC. The total number of axons per unit
area in dy/dy mice is expressed as percentages of the controls (ctrl).
There are no differences in myelinated axon concentration in the
ON or SC of ctrl and dy/dy mice. Results are presented as +SEM;
and ANOVA revealed no statistical differences. (C) Percentages of
dysmyelinated sheaths are shown. The ON of dy/dy mice contain
~15% dysmyelinated axons, a significant increase over the controls
(P < 0.05, asterisks). No significant dysmyelination is observed in
the SC of dy/dy mice. (D) Mean g-ratio in dy/dy mice is significantly
different from controls (P < 0.001, asterisks). No decrease is
observed in the abundance of myelin sheaths and no morphological
deficits are found in the SC of dy/dy mice. Results (C and D) are pre-
sented £SEM; and comparisons by ANOVA are significant (indi-
cated by asterisks).

(ON; Fig. 3), and corticospinal tract in transverse sections of
cervical SC (Fig. 3). In the CC, we divided myelinated axons
into large diameter (axons > 0.5 wm), and small diameter
(axons < 0.5 wm) groups and observed ~~30% reduction in
the number of small diameter axons per unit area that were
myelinated in dy/dy mice (P < 0.005; Fig. 2, A and B). The
total number of axons per unit area was not changed (Table
I). Higher magnification revealed that ~40% of myelinated
axons in dy/dy mice showed ultrastructural abnormalities

(P < 0.0001) with large pockets of oligodendrocyte cyto-
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Figure 4. Oligodendrocytes from dy/dy brain (CC) are A ol v
more responsive to LN-2 than those from the dy/dy SC. SN :_ Ry )
(A) Levels of LN-2 (M-chain, 80kD) were detected by Brain sees .] 'Et’l*‘fl:'"‘""ha'“)

immunoblot. The lysates were prepared from the SN and

10 d-mixed glial cell cultures from the CC area of brain

and from the SC of P day 1 pups. The dy/dy mice show no B
LN-2 expression in the SN and reduced levels in the ctrl dy/d
brain, compared with controls (n = 3). B-Tubulin levels - - f A
were detected as a control. (B) The mixed glial cells from
the brain and SC were cultured in 2% FBS for 10 d on
poly-t-ornithine (PLO) or LN-2 and stained for O1 (green),
as a marker for maturing oligodendrocytes, and DAPI
(blue) for nuclei. Bar, 100 wm. 10 and 5% of cells from
the brain and the SC showed O17, respectively. The dy/dy
cells on PLO generally failed to show cell spreading, in
dramatic contrast to those cultured on LN-2. (C) The relative
percentages of O17 cells with broad myelin membrane
sheets were counted. In confirmation of the image data in
B, O17 cells prepared from dy/dy brain on LN-2 showed
dramatically increased oligodendrocyte cell spreading
compared with those on PLO (P < 0.0001, asterisk) or
compared with O17 cells from control brain on PLO

(P < 0.05, asterisks). Although O17 cells prepared from
the SC of dy/dy mice showed an increase on LN-2 than - [SC

M (-tubulin

dy/dy (+LN-2)

SC

mbrain

@)

>~
o0
9
2
aa]
o
)
Y—
o
©
(=
=
>
=}
(D)
e
I._

. N 2150
on PLO or control, the difference was not significant. B
Results are presented as =SEM; and comparisons by S 100
ANOVA are significant (indicated by asterisks). 2 %
]
o
532 50
e
S o

ctrl  dy/dy dy/dy
(+LN-2)

plasm separating myelin lamellae (Fig. 2, A and C). Mean my-
elin sheath thickness in dy/dy mice was ~0.04 pm compared
with the thickness of ~0.09 um in controls (P < 0.0001).
The average diameter of axons in control and dy/dy mice did
not differ significantly; the difference in mean g-ratio (axonal
diameter/total fiber diameter) of 0.82 for control fibers ver-
sus 0.91 in dy/dy mice (P < 0.0001; Fig. 2 D) indicates my-
elin reduction in the mutants.

In the ON from dy/dy mice, ~15% of the axons were dys-
myelinated compared with none in controls (P < 0.05; Fig.
3, A and C). The total cross-sectional area of the nerve and
the number of myelinated axons per unit area were not
changed (Fig. 3 B), but the g-ratio was significandly in-
creased compared with controls (P < 0.001; Fig. 3 D), to
the same extent as in the CC. In the SC, consistent with the
levels of MBP staining by immunoblot (Fig. 1 C), the total
number of myelinated axons (Fig. 3 B), myelin morphology

Table I. Concentration of small diameter myelinated axons is
decreased in dy/dy mice

Total axons/mm* Myelinated axons  Unmyelinated axons
[L] [s] [L] [s]

4028 2533 1514 147114
40*x12 17 1.1 15x0.7 156 = 10.6

ctrl 228 £ 12.4
dy/dy 228 +11.1

The number of large and small diameter axons that are myelinated and
unmyelinated (total axons) per unit area (mm?) in the control and in the dy/dy
mice was counted. t test revealed a statistically significant reduction of
small myelinated axons in dy/dy mice (P < 0.05). [L] = large diameter
axons (>0.5 pm); and [S] = small diameter axons (< 0.5 wm).

(Fig. 3 C) and myelin thickness (not depicted) were normal.
These results highlight the regional differences in myelina-
tion in dy/dy mice.

Responsiveness of oligodendrocytes to LN-2 in dy/dy
mice: regional differences

Given the regional specificity of myelination abnormalities
in dyldy mice, we next explored whether oligodendrocytes
from different regions of these mice show different behavior
on LN-2 in vitro. Although the mutation in dy/dy mice has
not yet been identified, these mice express small amounts of
apparently normal LN-2 in muscle, but no LN-2 in periph-
eral nerves (Guo et al., 2003). We cultured mixed glial cell
preparations from the CC region of the forebrain and from
the SC of postnatal (P) day 1 pups for 10 d and labeled cells
with mAb to galactocerebroside (O1).

10 and 5% of cells from the brain and the SC, respec-
tively, showed O1 immunoreactivity. The dy/dy pups were
distinguished from +/+ and +/dy littermates in immuno-
blots by showing markedly reduced levels of LN-2 (M-chain)
in the sciatic nerve (SN) and mixed glial cultures of the
brain, respectively, compared with controls (Fig. 4 A). The
dyldy cells on poly-L-ornithine (PLO) generally failed to
show cell spreading, in dramatic contrast to those cultured
on LN-2 (Fig. 4. B). O17 cells prepared from dy/dy brain on
LN-2 showed dramatically increased oligodendrocyte cell
spreading compared with those on PLO (P < 0.0001) or
compared with O17 cells from control brain on PLO (P <
0.05; Fig. 4 C). Although O17 cells prepared from the SC of
dyldy mice showed larger processes on LN-2 than on PLO or
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Figure 5. LN-2 promotes oligodendrocyte cell spreading in vitro.
(A) Purified OPCs isolated from the rat forebrain were cultured in
the presence of PDGF and basic FGF for 3 d. Cells were fixed after
three further days of growth on BSA, LN-2, TSP-1, and TN-C in
serum-free media with N, supplement (N,). Cells were plated and
stained for O1 (left, green) and DAPI (blue). Bar, 100 wm. (B) The
relative percentages of O17 cells with broad myelin membrane
sheets on different ECM substrates were scored. LN-2 increases the
ratio of O17 cells with myelin membrane sheets to the total number
of O17" cells. Results are presented as =SEM; and comparisons by
ANOVA are significant at P < 0.0001 (indicated by asterisks). Average
diameter of O17 cells with sheets is 140 = 20 wm in the LN-2—treated
cells, compared with 90 = 15 pwm in the other ECMs-treated cells.
(C) MBP levels were detected by immunoblot. The cell lysates were
prepared 3 d after plating on ECMs. The MBP level on LN-2, but not
on other ECMs, is increased. (D) The effects of ECMs on cell survival
for 3 d were measured by the Alamar blue assay. Cells were plated
on the various ECMs and incubated for 6 h, 1 d, 2 d, or 3 d. Results
are presented as £SEM; and ANOVA revealed no statistical differences
in survival between the substrates.

a control (Fig. 4 B), the difference was not significant (Fig. 4
C). These data show that oligodendrocytes from the brain
surrounding the CC were more responsive to LN-2 than

those from the SC.

LN-2 enhances myelin membrane formation

in oligodendrocytes in vitro

To define the molecular mechanisms through which LN-2
may regulate myelination, we used the culture paradigm of
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Buttery and ffrench-Constant (1999) in which ECM com-
ponents influence oligodendrocyte morphology. We plated
oligodendrocyte precursor cells (OPCs) on four different
types of ECM and labeled with oligodendrocyte-specific an-
tibodies to O1 and MBP.

O11 cells grown on LN-2 extended broad sheetlike
processes in contrast to cells on BSA, thrombospondin-1
(TSP-1), or tenascin-C (TN-C; Fig. 5 A), and the difference
was highly significant (P < 0.0001; Fig. 5 B). Average O1"
cell diameter with sheets was 140 pwm * 10 in the LN-2—
treated cells compared with 90 pm * 15 in the other
ECMs-treated cells. In addition, LN-2 enhanced the per-
centage of MBP ™ cells (P < 0.0001) and increased the MBP
levels detected by immunoblot (Fig. 5 C; unpublished data).
The increase in number of O17 cells bearing sheets was not
due to increased cell survival on LN-2. Cells were plated on
different ECMs for 6 h, 1 d, 2 d and 3 d and cell survival
was measured through the Live/Dead Cytotoxicity and the
Alamar blue assays. Both assays indicated no statistical dif-
ferences in survival between the substrates (Fig. 5 D).

LN-2 promotes oligodendrocyte cell spreading through
PI3K, but not MAPK

Because PI3K is involved in integrin Bl-mediated cell
spreading in various cell types, we hypothesized that LN-2
may enhance oligodendrocyte cell spreading through PI3K.
PI3K activity was determined by measuring activation of
AKT, a primary downstream substrate of PI3K. OPCs
were replated on different ECMs, and 45 min and 6 h
later the level of phosphorylation was determined by im-
munoblot with a phospho-AKT ser473 antibody (Fig. 6
A). LN-2, TSP-1, and TN-C all activated the phosphory-
lation of AKT at 45 min. However, LN-2 activated AKT
phosphorylation continuously up to 6 h in contrast to
other ECMs, suggesting that AKT phosphorylation might
be important for LN-2—induced cell spreading in oligo-
dendrocytes.

Because LN-2 promotes membrane production through
integrin a6B1 and both PI3K and MAPK pathways are acti-
vated by integrin a6B1, we sought possible involvement of
these two molecular pathways in the effects of LN-2 on oli-
godendrocytes in vitro. These pathways were disrupted with
small molecule inhibitors: 0.01 WM wortmannin (irrevers-
ible PI3K inhibitor); 0.5 wM LY294002 (reversible PI3K
inhibitor); and 4 pM U0126 (MAPK/ERK inhibitor).
These inhibitors blocked the phosphorylation of AKT and
MAPK in a time-dependent manner (Fig. 6, B-D). Inhibi-
tors of PI3K but not MAPK pathways disrupted LN-2—
enhanced membrane sheet formation (Fig. 6 E). 30% of O17
cells on LN-2 formed broad myelin membrane sheets (Fig. 6
G). However, the inhibitors of PI3K blocked formation of
these sheetlike processes; >50% of cells with long processes
lacked membrane sheets (P < 0.005). We found no influ-
ence of MAPK inhibitor on LN-2-induced cell spreading
(Fig. 6, E and G). Together, these results suggest that LN-2
promotes oligodendrocyte cell spreading through the PI3K
but not the MAPK pathway.

Because AKT is one of crucial downstream effectors of
PI3K, we examined the functional role of AKT in LN-2—
induced oligodendrocyte cell spreading by using a DN-
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Figure 6. Oligodendrocyte cell spreading promoted A

by LN-2 requires PI3K, not MAPK. (A) 45 min and SiaT 15'+ 4 45'+

6 h after cells were plated on BSA, LN-2, TSP-1 . BRA LN:2 TSP-1.TN-C wot — + — 4+

and TN-C, phosphorylation of AKT was detected Site. Mgy s | DAKT - - - PAKT
by immunoblot with AKT phospho-ser473 (pAKT) 6h S, fsaet79) " (serd73)
antibody. AKT levels were detected as controls. il e i s AT S _— A
(B-D) The blocking effects of both 0.01 pM

wortmannin (wort) and 0.5 puM LY294002 (PI3K C 15' 45' D 15' 45'

inhibitors) on pAKT or of 4 uM U0126 (MAPK/ERK e + T Y 1 LN2 + + o+
inhibitor) on pMAPK at 15 and 45 min were shown P Ik PAKT e R, T R

by immunoblot. AKT or MAPK levels were detected (serd73) B =S5 S S5 pMAPK

as controls. (E) Cells were fixed after 3 d growth on

LN-2 with various inhibitors at the same concen- E
trations used in B-D, after pretreatment for 5 min

before plating and staining by O1 (green) and DAPI

(blue). Bar, 100 pm. (F) OPCs were plated on LN-2

and infected with GFP-vector (20 MOI) alone or a
DN-AKT (10 MOI) in serum-free media with N, for

3 d by an adenovirus-mediated tetracycline (Tet)-

off inducible system. Double staining with O1

(left, red) and GFP (left, green) or with O1 (middle

and right, green) and HA-epitope-tagged DN-AKT
(middle and right, red) delineates cells infected

by vector or DN-AKT. Incubation of tetracycline
responsive promoter (TRE)-DN-AKT (10 MOI) with
tetracycline-controlled transactivator (tTA, 10 MOI)

blocks LN-2—induced cell spreading by expression

of DN-AKT. Incubation with 10 pg/ml Tet turned

off the expression of DN-AKT, showing cell F
spreading as much as GFP-vector alone. Bar, 100

um. (G) The relative percentage of O1" cells with
broad myelin membrane sheets on LN-2 with
various inhibitors is shown. Treatment with PI3K
inhibitors reduces myelin membrane formation up
to 50% (P < 0.005, asterisks). MAPK inhibitor had
no influence on myelin membrane formation.
(H) The relative percentage of O17 cells with broad
myelin membrane sheets is shown. Incubation of
TRE-DN-AKT (10 MOI) with tTA (10 MOI) decreases
cell spreading up to 75% compared with 20 MOI
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GFP-vector alone (P < 0.0001, asterisks). Incubation
with 10 pg/ml Tet increases cell spreading up to
50%. (I) Cell survival was measured by the Live/
Dead Cytotoxicity assay. There is no statistical
difference in cell survival between vector alone
(20 MOI) and TRE-DN-AKT (10 MOI) + tTA

(10 MOI), whereas addition of Tet increases cell
survival (P < 0.05, asterisk). Results (G-I) are
presented as =SEM; and comparisons by ANOVA
are significant (indicated by asterisks).
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AKT (kinase inactive), in which both phosphorylation sites
of (Thr308 and Ser473) were replaced by alanine (AA-
AKT; Kitamura et al., 1998). HA-epitope—tagged DN-AKT
was expressed in the cells after incubation with tetracy-
cline responsive promoter (TRE)-DN-AKT and tetracycline
(Tet)-controlled transactivator (¢TA) for 3 d by adeno-
virus-mediated Tet—off inducible system. Although GFP
vector alone (20 multiplicity of infection [MOI])-trans-
fected O17 cells on LN-2 formed 50% broad sheetlike
processes consistent with myelin membrane sheets in 3 d
(Fig. 6, F and H), TRE-DN-AKT(10 MOI) and tTA
(10 MOI)-transfected cells decreased LN-2 induced cell
spreading by nearly 75% (Fig. 6, F and H; P < 0.0001).
However, additional incubation with 10 pg/ml Tet turned
off the expression of DN-AKT, showing as much cell

spreading as with GFP-vector alone (Fig. 6, F and H). Fur-
thermore, there was no statistically significant difference
on cell survival between GFP-vector alone— and DN-
AKT—transfected cells, but addition of Tet increased cell
survival (Fig. 6 I, P < 0.5). These results show that AKT
activation might be involved in LN-2-enhanced cell
spreading in oligodendrocytes.

ILK is localized in oligodendrocytes in vivo and in vitro
Because integrin-linked kinase (ILK), a multidomain FA
protein, is critically involved both in the adhesion of cells
to the ECM by interacting with integrin 81 and in signal
transduction in a PI3K-dependent manner, we hypothe-
sized that ILK is involved in LN-2 signaling of oligo-
dendrocyte cell spreading and myelination. To examine
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Figure 7. ILK is expressed in the

ON (CNS developing CNS and PNS. (A) Double
P7 staining for ILK (left, red) and NG2 (left,
green) or MBP (right, green) in rat CNS
ON. Most sites of NG2 immunoreactivity,
including cell bodies (arrowhead) are
devoid of ILK staining, although occa-
sionally NG2-positive cells are also ILK
positive (arrow). In MBP-positive cells,
The ILK staining is restricted to long
rows of cells residing between fascicles
of myelinated axons (arrow). Bar, 10
pm. (B) ILK expression patterns during
development of Sprague-Dawley rat SN
(left, P days: P1-5) and of rat CNS ON
(right, P7, P9-11, and P15). The SN
shows localization of ILK (red) to the
cytoplasm of Schwann cells at nodes
of Ranvier (arrows) throughout the early
P developmental phase. In the ON, ILK
(red) is restricted to oligodendrocyte cell
bodies (arrows), whereas the protein
Caspr (green), restricted to paranodal
axoglial junctions, serves as a marker
of myelination. At P7, myelin has not
yet formed, as evidenced by the lack of
Caspr staining, and oligodendrocytes do
not yet stain for ILK. From P9 onward,
both stains are positive. Bars, 10 pm. (C)
Double staining with ILK (red) and Caspr
(green) in the CC and ON of 5-wk con-
trol and dy/dy mice. ILK in the CC and
the ON of these animals is localized to
oligodendrocyte cell bodies. Expression
pattern of ILK does not differ significantly
between control and dy/dy mice,
whereas there appears to be a difference
in Caspr immunoreactivity, suggesting
paranodal abnormalities. Bars, 10 um.

whether ILK is expressed in oligodendrocytes, we double
stained for ILK and NG2 as a marker for OPCs or MBP
for mature oligodendrocytes (Fig. 7 A, arrows). Double
staining clearly shows that ILK is expressed principally in
interfascicular oligodendrocytes.

Next, we investigated ILK expression in vivo during
early myelination of rat PNS SN (P days 1-5) and rat CNS
ON (P7, P9-11, and P15) and in the CC and the ON of
5-wk control and dy/dy mice (Fig. 7 B). ILK was enriched
in the rat PNS, specifically in cytoplasmic processes of
Schwann cells at nodes of Ranvier. In the rat CNS ON,
ILK expression was restricted to interfascicular oligoden-
drocytes (Fig. 7 B, arrows). Sections double labeled with
ILK and Caspr, an axonal component of paranodal axoglial
junctions, showed that ILK protein was detected only in
oligodendrocytes from P9 onward, when myelination was
underway. Double staining with ILK and Caspr in the CC
and the ON of 5-wk control and dy/dy mice showed that
ILK in the adult mouse CNS, as in the developing rat
CNS, was localized to oligodendrocyte cell bodies (Fig. 7
C, arrows). There was no significant difference in the ILK
expression pattern between control and dy/dy mice. These
results indicate that ILK is expressed in myelinating cells in
rat and mouse PNS and CNS, and may be involved in gen-
eral in cell spreading in myelinating cells.

ILK shows colocalization with FA proteins such as
integrin 81 and paxillin in oligodendrocytes

Given the reported role of ILK in adhesion complexes (Li et
al., 1999), we labeled oligodendrocytes for ILK a