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Development/Plasticity/Repair

Cyclin-Dependent Kinase 5 Mediates Adult OPC Maturation
and Myelin Repair through Modulation of Akt and GsK-33

Signaling

FuCheng Luo,' Kathryn Burke,' Christopher Kantor,' Robert H. Miller,"->* and Yan Yang??
Departments of 'Neurosciences and 2Neurology and 3Center for Translational Neurosciences, Case Western Reserve University, School of Medicine,
Cleveland, Ohio 44106

Failure of remyelination in diseases, such as multiple sclerosis (MS), leads to permanent axonal damage and irreversible functional loss.
The mechanisms controlling remyelination are currently poorly understood. Recent studies implicate the cyclin-dependent kinase 5
(Cdk5) in regulating oligodendrocyte (OL) development and myelination in CNS. In this study, we show that CdkS5 is also an important
regulator of remyelination. Pharmacological inhibition of Cdk5 inhibits repair of lysolecithin lesions. This inhibition is a consequence of
Cdk5 disruption in neural cells because remyelination in slice cultures is blocked by Cdk5 inhibitors, whereas specific deletion of Cdk5 in
OLs inhibits myelin repair. In CNP-Cre;Cdk5™" conditional knock-out mouse (Cdk5 cKO), myelin repair was delayed significantly in
response to focal demyelinating lesions compared with wild-type animals. The lack of myelin repair was reflected in decreased expression
of MBP and proteolipid protein and a reduction in the total number of myelinated axons in the lesion. The number of CC1 * cells in the
lesion sites was significantly reduced in Cdk5 cKO compared with wild-type animals although the total number of oligodendrocyte lineage
cells (Olig2 " cells) was increased, suggesting that Cdk5 loss perturbs the transition of early OL lineage cell into mature OL and subsequent
remyelination. The failure of remyelination in Cdk5 cKO animals was associated with a reduction in signaling through the Akt pathway
and an enhancement of Gsk-3 3 signaling pathways. Together, these data suggest that Cdk5 is critical in regulating the transition of adult

oligodendrocyte precursor cells to mature OLs that is essential for myelin repair in adult CNS.
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Introduction
In the vertebrate CNS, demyelination is characterized by oli-
godendrocyte loss and axonal damage resulting in irreversible
functional loss (Patrikios et al., 2006). In diseases, such as
multiple sclerosis (MS), demyelination is generally a conse-
quence of immune-mediated damage that early in the disease
may be offset by effective remyelination (Jeffery and Blakemore,
1997; Franklin, 2002; Liebetanz and Merkler, 2006; Franklin and
Ffrench-Constant, 2008), although remyelination eventually fails
most likely because of the failure of recruitment or differentiation
of adult oligodendrocyte precursor cells (OPCs) (Chang et al.,
2000).

Several factors have been implicated in adult OPC responses
to demyelinating insults. These include growth factors, such as

Received Feb. 19, 2014; revised May 30, 2014; accepted June 27, 2014.

Author contributions: F.L., R.H.M., and Y.Y. designed research; F.L., K.B., C.K., and Y.Y. performed research; F.L.,
RH.M., and Y.Y. analyzed data; R.H.M. and Y.Y. wrote the paper.

This work was supported by the National Institutes of Health Grant ROTNS077942 to R.H.M. and Y.Y. and Myelin
Repair Foundation to R.H.M.

The authors declare no competing financial interests.

Correspondence should be addressed to either of the following: Dr. Robert H. Miller, Department of Neurosci-
ences, Case Western Reserve University, 10900 Euclid Avenue, Cleveland, OH 44106, E-mail: rhm3@case.edu; or Dr.
Yan Yang, Department of Neurology, Case Western Reserve University, 10900 Euclid Avenue, Cleveland, OH 44106,
E-mail: yxy33@case.edu.

DOI:10.1523/JNEUR0SCI.0710-14.2014
Copyright © 2014 the authors ~ 0270-6474/14/3410415-15%15.00/0

PDGF-AA, neuregulin-1, IGF-1, and FGF, transcription factors
(MRF, Sox-10, and Olig2), and signaling molecules, including
retinoid X receptor v, estrogen receptor 3, and the androgen
receptor (Huang et al., 2011; Kumar et al., 2013), PI3K/Akt/
mTOR, Gsk3p (Flores et al., 2008; Narayanan et al., 2009; Galim-
bertietal.,2011). Cell-to-cell interactions mediated by LINGO-1,
Wnt/B-catenin, and Notch1/Jagged have also been identified as
regulators of myelination (Mi et al., 2008; Fancy et al., 2011;
Galimberti et al., 2011; Huang and Franklin, 2011; Aparicio et al.,
2013). Many of these pathways are simultaneously altered after
injury, and how these multiple inputs are coordinated to modu-
late myelin repair remains unclear. It seems likely, however, there
are a small number of signal integrators, one of which is cyclin-
dependent kinase 5 (Cdk5).

Cdk5 is an atypical cell cycle kinase activated by binding its
coactivators p35 or p39 (Lew et al., 1994; Tsai et al., 1994). Cdk5
is a master regulator of neural differentiation, cortical lamina-
tion, neuronal migration, axon guidance, membrane transport,
and synaptic plasticity in the CNS (Tsai et al., 1993; Ohshima et
al., 1996; Gilmore et al., 1998; Patrick et al., 1998; Gupta and Tsai,
2003; Guptaetal., 2003). Recently, oligodendrocyte development
and myelination have been shown to be influenced by Cdk5
(Miyamoto et al., 2007, 2008; Bankston et al., 2013; Yang et al.,
2013). Cdk5 activity increases during OPC differentiation and its
loss results in reduced differentiation and migration of OPCs in
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vitro (Miyamoto et al., 2007, 2008). Furthermore, selective dele-
tion of Cdk5 in Oligl * cells delays OPC maturation and myeli-
nation (Yang et al, 2013) that is replicated in the p39 KO
(Bankston et al., 2013).

Here we show that Cdk5 expression increases in a lysolecithin
(LPC) dorsal spinal cord lesion. Localized pharmacological inhi-
bition of Cdk5 activity resulted in reduced remyelination, and
these data were confirmed in slice cultures. Oligodendrocyte lin-
eage expression of Cdk5 influences remyelination. LPC lesions in
CNP-Cre-mediated Cdk5 conditional knock-out mice (Cdk5
cKO) demonstrated significantly reduced myelin repair. Ultra-
structural analyses confirmed a reduction in the number of my-
elinated axons in Cdk5 ¢KO accompanied by a more robust
inflammatory response. Inhibition of remyelination in the ab-
sence of Cdk5 reflected modulation of signaling through Akt and
Gsk-38 pathways, suggesting that Cdk5 acts as an integrator of
multiple signals and modulates OPC behavior in demyelination/
remyelination. Modulation of Cdk5 activity or its downstream
targets may provide pharmacological potential for oligodendro-
cyte regeneration and repair for CNS demyelinating diseases.

Materials and Methods

Generation of conditional CNPC*:Cdk5™" knock-out mouse. All animal
experiments were done in compliance with approved animal policies of
the Institutional Animal Care and Use Committee at Case Western Re-
serve University School of Medicine. Floxed Cdk5 mouse breeding pairs
were obtained from Dr. LiHui Tsai at MIT. CNP“"* mouse was ob-
tained from Dr. K.A. Nave (Lappe-Siefke et al., 2003). To inactivate the
Cnpl gene in CNP<"" mouse, the CNP alle is disrupted by insertion of
Cre recombinase ORF (Lappe-Siefke et al., 2003). CNP is a widely used
maker of myelin-forming glial cells (Knapp et al., 1988; Yu et al., 1994)
and is maintained in mature oligodendrocytes. Initially, Cdk5™" mice
were crossed with CNP“"“/* to generate double-transgenic CNP“"*;
Cdk5™* mice, which were intercrossed to Cdk5™" mice to produce a
conditional knock-out mouse of CNP“*;Cdk5™" (Cdk5 cKO). To de-
termine the CNP Cre recombination rate, floxed Cdk5 homozygous were
crossed with a Rosa;YFP reporter mouse (The Jackson Laboratory) to
generate Cdk5":Rosa YFPYTP bred onto CNP*;Cdk5™ ™ to generate
CNP**;Cdk5™; Rosa*™* animals. For genotyping, genomic DNA
was isolated from tail biopsies and mouse genotypes determined by PCR
as described previously (Lappe-Siefke et al., 2003). Loss of Cdk5 protein
in Cdk5 cKO was confirmed by immunoblot. Both CNPe*,Cdk5+/+
and CNPS"";Cdk5"" heterozygotes served as controls because the
heterozygotes of CNP“"*;Cdk5"* had no detectable phenotype com-
pared with wild-type (WT) animals.

LPC-induced focal demyelination in dorsal spinal cord. Eight- to
9-week-old conditional CNP"*;Cdk5™" knock-out mice of either sex
(Cdk5 cKO) and CNP*; Cdk5™/* WT littermate controls (WT) were
used for LPC-induced focal demyelinating studies. Animals were deeply
anesthetized with isoflurane, and a laminectomy was performed. After
exposure of spinal cord, 1.5 ul of 1% LPC (L-a-lysophosphatidyl-
choline, lysolectin) (Sigma) in 0.9% sodium chloride solution was
microinjected using a pulled glass fine tip into the dorsal column at
T11-T12 spinal cord at a rate of 0.25 ul/min. The needle was removed
after a delay of 5 min to minimize back flow and the lesion closed.
Postoperatively, animals received a subcutaneous injection of 2-3 ml of
saline to prevent dehydration. The day of LPC injection was designated as
day 0 (0 dpl). Mice were allowed to recover for 3, 7, 14, 21, and 28 dpl
before death. All tissues were fixed with either 4% PFA or 2% glutaral-
dehyde for further histology and ultrastructural analysis. Control ani-
mals received an equivalent injection of saline, and tissues were collected
according to the same paradigm.

For second injection of the Cdk5 inhibitor roscovitine (10 ug/1.5 ul),
Akt activator SC79 (10 ng/1.5 ul), or 0.9% saline, animals were anesthe-
tized 4 d after LPC lesion and Cdk5 inhibitor or Akt activator was deliv-
ered to the same area using the above paradigm. Animals were allowed to
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recover and killed at 12 dpl. Lesion sizes were determined by staining of
serial sections with luxol fast blue.

LPC-induced demyelination in mouse cerebellar slice cultures. The 300-
pm-thick cerebellar slices were cut from P12 mouse Cerebellum using a
Leica vibrating microtome (Leica, VT1000S) and immediately placed
into cell-culture inserts (0.4 wm, Millicell-CM, Millipore). Slices were
grown in medium containing 50% basal medium eagle medium, 25%
heat-inactivated horse serum, 25% Hank’s solution, 2.5% glucose, 1%
glutamine, and penicillin-streptomycin. After 4 DIV, demyelination was
induced by addition of 0.5 mg/ml LPC to the medium for 17-18 h. Slices
were then incubated with medium *10 um roscovitine for 4 d, and
remyelination assayed by MBP and NeuF200 visualization as below.

Slices were fixed with 4% PFA, delipidated, and incubated with pri-
mary antibodies anti-MBP (1:500, SMI-99, Covance) and anti-
neurofilament (1:400, N4142, Sigma) overnight at 4°C followed by
fluorescence-conjugated anti-mouse secondary antibody AlexaFluor-
594 (1:500, Invitrogen) and anti-rabbit AlexaFluor-488 (1:500, Invitro-
gen) for 1 h. Cultured slices were mounted in Vectashield mounting
medium with DAPI (Vector Laboratories) and analyzed using Leica
DEFC500 fluorescence microscope.

Immunohistochemistry. Animals were perfused with 4% PFA. The
LPC-lesioned spinal cords dissected and postfixed in 4% PFA overnight
at 4°C, followed by equilibration in 20% sucrose. The 20 wm cryosections
of spinal cord were collected and stored at —80°C. Antigen retrieval was
performed by using Reveal Decloaker solution (Biocare Medical) before
immunostaining. Sections were incubated with primary antibodies over-
night at 4°C (MBP: SMI-99, 1:500, Covance; proteolipid protein [PLP]:
1:500, Abcam; Olig2: 1:250, Millipore; CCl: 1:250, Calbiochem;
Caspase-3: 1:100, Cell Signaling Technology; Ki67: 1:100, BD Biosciences
PharMingen; Ibal: 1:250, Wako Chemicals; GFAP: 1:500, DAKO; neu-
rofilament 1:400, Sigma, Cdk5: 1:200, Santa Cruz Biotechnology),
washed and incubated with fluorescently conjugated secondary goat
anti-rabbit IgG AlexaFluor-594 or goat anti-mouse IgG 488 (1:500; In-
vitrogen) antibodies for 1 h at room temperature. Images were collected
and analyzed using a Leica DFC500 fluorescence microscope.

Tissue preparation for electron microscopy analysis. For ultrastructural
analyses, animals were anesthetized and perfused with 2% glutaralde-
hyde/4% PFA in 0.1 M sodium carcodylate buffer, pH 7.4 (Electron
Microscopy Sciences). The LPC-lesioned spinal cords were dissected and
postfixed in 1% OsO,, dehydrated through a series of graded ethanol,
and stained using saturated uranyl acetate and embedded in a Poly/
Bed812 resin (Polysciences). The 1 wm coronal sections were cut and
stained with toluidine blue and appropriate areas for ultrathin sections
selected for EM. Ultrathin section (0.1 um) from matching lesioned
spinal cord areas of Cdk5 cKO and WT tissue blocks were cut and visu-
alized using an electron microscope (JEOL100CX) at 80 kV. G ratios were
calculated from at least 50—100 randomly selected myelinated axons. The
percentage of unmyelinated of total axons was calculated from at least 5
or 6 samples from 3 or 4 different animals in each condition.

Biochemical analysis: Western blots. Samples from LPC-lesioned spinal
cords were micro-dissected, homogenized with RIPA lysis buffer con-
taining protease inhibitor mixture and phosphatase inhibitor mixture.
Equal amounts of protein were loaded and separated by 10% (for p-Akt
and Akt), 12% (for p-Gsk-38 and Gsk-38), and 15% (for MBP and PLP)
SDS-PAGE and transferred to PVDF membranes. The membranes were
blocked in 5% BSA in PBS buffer containing 0.1% Tween20 overnight at
4°C and incubated with primary antibodies followed by secondary anti-
bodies of anti-mouse or anti-rabbit IgG conjugated to HRP. The follow-
ing primary antibodies were used: p-Akt (Ser473) (1:500, Cell Signaling
Technology); Akt (1:1000, Cell Signaling Technology); p-Gsk-38 (Ser 9)
(1:500, Cell Signaling Technology); Gsk-33 (1:1000, Millipore); mTOR
(1:1000, Cell Signaling) and P-mTOR (1:500, Cell Signaling); MBP (1:
1000, Covance Compay); PLP (1:1000, Abcam) and B-tubulin (1:1000,
Sigma). The density of immunoblotting was quantified using Image]
software against appropriate loading controls.

Statistical analyses. For cell counts, 3 or more nonadjacent sections
from each animal taken from a total of 3-5 animals from WT and CKO
were counted and analyzed. Lesion volumes were calculated by the lesion
area from serial sections throughout the entire lesion based on the equa-
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lesion of spinal cord at 12 dpl (Aa). B, Double immunostaining showed increased Cdk5 expression after LPC-induced spinal cord lesion in WT animals at 12 dpl (Bc) compared with nonlesioned
controls (Ba). Cdk5 (red) expression colocalized with CC1 ™ cells (green) in LPC-lesioned area (Bd) compared with nonlesioned area (Bb). €, Luxol fast blue staining (Ca, Cb) and Toludine blue
staining (Cc, (d) of lesion areas of dorsal spinal cord showed larger lesion areas and reduced numbers of myelinated axons in the LPC-lesioned animals injected with roscovitine (R0S) (€b, Cd)
compared with saline-injected control animals (Ca, €b) at 12 dpl. D, Immunostaining of MBP and PLP in LPC-lesioned spinal cord demonstrated a significantly larger area of demyelination in
ROS-treated animals (D¢, Dd, Dg, Dh) compared with saline-injected control animals (Da, Db, De, Df) at 12 dpl. Insets, The lesion area at higher magpnification. E, Quantification of immunofluo-
rescent intensity of MBP and PLP in LPC-induced lesion areas of the lesioned spinal cord treated with ROS or saline. Values are mean = SEM (n = 3). *p << 0.05. Scale bars, 25 um.

tion for volume of cylinder (V= lesion area X length oflesion). Extracted
proteins were collected from at least 3 or 4 animals from WT and cKO
groups. Data are presented as mean *+ SEM followed by p value. Data
statistical analysis was performed using the two-way ANOVA tests for
comparison of Cdk5 cKO and WT groups. p values <0.05 were consid-
ered statistically significance.

Results

Emerging evidence suggests that Cdk5 is important for the devel-
opment of oligodendrocytes (Miyamoto et al., 2007, 2008; Bank-
ston et al., 2013; Yang et al., 2013) in addition to its role in
neuronal development (Tsai et al., 1993; Gilmore et al., 1998).
Less is known about the role of Cdk5 in modulating remyelina-
tion in the adult CNS. To begin to address this issue, we used an
LPClesion model combined with targeted deletion of Cdk5 in the
oligodendrocyte lineage and ex vivo analyses.

Alteration of Cdk5 expression in the spinal cord after LPC
induced focal demyelination

To determine whether demyelinating insults to adult white mat-
ter alter the expression of Cdk5 and its activators p35 and p39, an
LPC lesion was generated in the dorsal columns of adult C57BL/6
mice and the local levels of Cdk5 and its activators assayed 12 d
after lesion induction. Compared with saline-injected controls,
in LPC-lesioned animals, the levels of Cdk5 were significantly
elevated in the region of the lesion (Fig. 1Aa,Ab), including in
cells of the oligodendrocyte lineage (Fig. 1B), suggesting that
Cdk5 may modulate myelin repair in the adult spinal cord. To
begin to assess the role of Cdks in myelin repair, their function
was blocked by localized delivery of the Cdks inhibitor roscovi-
tine to the lesion area 4 d after LPC injection. This delay allowed
the majority of the LPC induced immune response to diminish
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Inhibitory effects of roscovitine (ROS) on remyelination in LPC-induced demyelination in C57BL6 WT cerebellar slice cultures. Cerebellar slice cultures from P12 (57BL/6 mice were

grown for 4 d and then treated with 0.1% LPCfor 17 h to induce demyelination, followed by a 4 d recovery period in medium with or without ROS. Immunostaining of MBP (red) and neurofilament
(NF, in green) in nontreated, positive control slice culture (A—C), reduced remyelination in LPC-induced demyelinating slice culture alone (D-F), and severely disturbed remyelination in LPC-

lesioned slice culture-treated with ROS (G—/). Scale bar, 25 m.

(Ghasemlou et al., 2007) and repair to be initiated before Cdk
inhibition.

Myelin repair was significantly impaired in animals that re-
ceived local injection of roscovitine compared with animals re-
ceiving saline controls. Twelve days after lesion induction, the
average lesion volume in roscovitine-treated animals was >3.5X
larger 6.95 + 0.06 mm~ (Fig. 1Cb) compared with 1.95 + 0.056
mm? in control animals (Fig. 1Ca). The larger lesion size was
correlated with a lack of remyelination. In 1 wm Epon sections
through similar lesion regions, remyelination was apparent in
saline controls (Fig. 1Cc, inset); by contrast, little evidence of
remyelination was apparent in roscovitine-treated animals (Fig.
1Cd, inset). Immunohistochemistry also revealed reductions in
the expression of MBP and PLP in the dorsal spinal cord LPC
lesions in roscotivine-treated animals (Fig. 1Dc,Dd,Dg,Dh) com-
pared with control (Fig. 1Da,Db,De,Df). Quantitative data of the
intensity of MBP and PLP fluorescence in lesioned dorsal spinal
cord confirmed the reduction of MBP and PLP (Fig. 1E). These
data suggest that inhibiting Cdks (including Cdk5) activity dur-
ing the initial phase of myelin repair compromises recovery.
Treatment with roscovitine may inhibit multiple Cdks in multi-
ple cell types in the lesion area, although only a slight decrease in
the number of Olig2/Ki67 double-labeled cells was seen after
roscovitine treatment (data not shown), which may reflect the

inhibition of Cdk2 (Caillava et al., 2011). To specifically assess the
role of neural cell Cdks in myelin repair, a remyelinating slice
culture model was used.

Roscovitine treatment inhibits remyelination in cerebellar
slice culture

Treatment of myelinated cerebellar slices with LPC results in
demyelination that repair spontaneously once LPC is removed
(Birgbauer et al., 2004; Zhang et al., 2011). To assess whether this
recovery is dependent on Cdk signaling, mouse postnatal day 12
(P12) cerebellar slices were grown 4 d to allow myelin formation
in vitro and then treated either with or without 0.1% LPC for 17 h
to induce demyelination. Cultures were then grown for 4 further
days in normal media to allow remyelination. Experimental slices
were treated with roscovitine to inhibit Cdks after LPC exposure,
and the level of myelin recovery was compared with nontreated
controls. In control slice cultures not treated with either LPC or
roscovitine, abundant myelinated axons were found in white
matter as shown by the coregistration of myelinating processes
(MBP) and neurofilament (NF) expressing axons (Fig. 2A—C). By
contrast, in LPC-treated slices, whereas axons remained intact,
the myelin was severely disrupted and appeared as punctate and
disorganized. After a 4-day recovery period, myelin had begun to
reform; and although some areas remained disrupted, remyeli-
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nation was apparent throughout the slices (Fig. 2D-F). The de-
myelinated phenotype was more pronounced and remyelination
severely limited in slices treated with roscovitine (Fig. 2G-I).
Although the pattern of the axons was not dramatically altered
and they largely retained their radial orientation, there was a
substantial reduction in the extent of MBP expression and much
of the remaining MBP after the 4-day recovery was not oriented
along axons, consistent with a lack of remyelination. These data
suggest that the primary target of roscovitine during remyelina-
tion is Cdk5 expressed in cells of the oligodendrocyte lineage. To
directly examine the role of Cdk5 in the oligodendrocyte lineage
during remyelination, it was selectively deleted from cells of the
oligodendrocyte lineage using a CNP targeting approach.

Deletion of Cdk5 in CNP * cells results in a delay of myelin
repair after LPC spinal cord lesions
To determine whether delayed myelin repair reflected loss of
Cdk5 function specifically in oligodendrocytes, a conditional
CNP**;Cdk5"" cKO (Cdk5 cKO) line was generated using Cre-
Lox technology to specifically delete Cdk5 in CNP * cells. Expres-
sion of CNP mRNA starts ~E12-E14 in CNS (Yu et al., 1994),
and CNP protein is expressed in mature OL and lasts into the
adult. The Cdk5 cKO animals were born at the expected ratio and
showed no significant functional deficits until 2 months of age
when they exhibited a stress-induced tremor. Previous studies
demonstrate that selective deletion of Cdk5 from Oligl * cells
perturbed oligodendrocyte development. To assess in detail the
development of oligodendrocytes and myelination in the spinal
cord of CNP ¢KO animals sections were labeled with antibodies
to Olig2, CC1 MBP, GFAP, IBal, and neurofilament at P14, 21
and 2 months of age. No significant differences in the spinal cord
development were seen between the cKO and WT animals (Fig.
3A). Detailed analysis of the number of Olig2 and CC1 ™" cells at
P2, 7, 14, and 21 also did not reveal significant differences be-
tween cKO and WT animals (Fig. 3 B, C). Likewise, analysis of the
levels of myelination and g ratios showed no significant differ-
ences between cKO and WT animals at P21 (Fig. 3D). Similar
analyses on animals at 2 months of age did, however, show a slight
thinning of the myelin sheaths in the cKO relative to WT litter-
mates (Fig. 3D), suggesting that, in contrast to the Oligl cKO
animals, deletion of Cdk5 using CNP targeting does not affect
development but may disrupt myelin maintenance. To assess
the rate of recombination in the CNP ¢cKOs CNP "¢ *;Cdk5 ',
Rosa ™™* animals, in which the Cdk5 gene was conditionally
deleted in CNP " cells and marked with YFP reporter alle were
generated. In the spinal cords of both CNP<¢*;Cdk5*'*;
Rosa Y™ WT and CNP < *;Cdk5 "% Rosa Y™+ ¢KO animals
~70% of CC1 ™ cells were double-labeled with YFP, suggesting
that the recombination rate is similar and >70% in both WT and
Cdk5 ¢KO animals (Fig. 4Aa,Ab). The level of Cdk5 was reduced
by ~40% in cKO animals with residual expression likely to be in
neurons. To assess the effect of deletion of Cdk5 in the oligoden-
drocyte lineage on remyelination, a local LPC lesion was gener-
ated in the dorsal spinal cord of WT and Cdk5 cKO animals at ~2
months of age and the rate of repair assessed. The extent of the
lesions in Cdk5 cKO was significantly larger after 3, 7, 14, and 21
dpl (Fig. 4Bb,Bd,Bf,Bh) compared with lesions in WT animals
(Fig. 4Ba,Bc,Be,Bg). In both genotypes, lesion size peaked ~7 dpl.
At 21 dpl, lesions in WT mice showed extensive repair (Fig.
4Bg), whereas a prominent demyelinating lesion remained at the
injection site in Cdk5 cKO animals (Fig. 4Bh). Analysis of total
lesion volume confirmed significantly larger lesions in Cdk5 cKO
compared with WT animals at all time points (Fig. 4 B, C). Com-
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parison of the temporal rate of lesion formation and repair
showed that, although the initial lesion volume was larger in
Cdk5 cKO animals possibly as a result of greater susceptibility to
LPC, it increased over the first 7 d in parallel with controls. By
contrast, the rate of repair was markedly slower in Cdk5 ¢cKO
animals, particularly at longer postlesion periods, suggesting that
later stages of myelin repair are predominantly impacted in the
Cdk5 cKO animals (Fig. 4D). Consistent with this hypothesis,
there was decreased expression of MBP and PLP in LPC lesions of
Cdk5 cKO that increased slowly and was ~50% of that seen in
controls, even at 28 d postlesion (Fig. 5A-D). These data suggest
that loss of Cdk5 in adult oligodendrocyte lineage cells results in
delayed repair of demyelinating insults.

Impaired remyelination in CNP “**'*;Cdk5 " cKO

To determine whether the larger lesion sizes in Cdk5 ¢KO ani-
mals after LPC lesions reflected a failure of remyelination, the
extent of myelin repair was assessed at 14 and 21 dpl. Analysis of
1 um toluidine blue-stained sections confirmed larger lesions in
Cdk5-cKO animals at 14 and 21 dpl and suggested reductions in
the extent of remyelination compared with WT animals (Fig.
6A-D). Ultrastructural analyses revealed a significant reduction
in the number of myelinated axons in LPC-lesioned Cdk5 cKO at
14 and 21 dpl (Fig. 6 F,H) compared with match WT controls
(Fig. 6 E,G). For example, the proportion of myelinated axons
was reduced from 72.5 & 2.4% in WT animals to 32.6 = 2.29% in
Cdk5 cKO after 14 dpl and from 71.5% in WT to only 31.4% in
Cdk5 cKO animals at 21 dpl (Fig. 6I). The total number of
healthy unmyelinated axons was also reduced in the cKO lesions,
which may reflect a more pronounced response to the LPClesion.
Analyses of G ratios between WT and Cdk5 cKO revealed consis-
tent findings of reduction in the thickness of myelin sheaths in
LPC-lesioned Cdk5 cKO compared with WT at both 14 and 21
dpl (Fig. 6K,I).

Reduction of mature CC1* cells, but increased Olig2 * cells,
in LPC-induced lesion in Cdk5-CNP cKO

The delay in myelin repair may reflect either a failure of recruit-
ment of OPC to the lesion site or a failure of OPCs to differentiate
into myelinating oligodendrocytes and effect myelin repair. To
distinguish between these possibilities, we compared recruitment
of oligodendrocyte lineage cells between WT and Cdk5 cKO at
different postlesion intervals. The total number of recruited
Olig2 * cells to LPC-induced lesions was significantly higher in
Cdk5 cKO (Fig. 7D, ],P) compared with WT (Fig. 7A, G,M). The
increase in density of Olig®™ cells in Cdk5 cKO lesions was evi-
dentat 3 dpl;itincreased at 7 dpl and was maintained at least until
14 dpl. This increase suggests that the recruitment of OPCs into
the lesion is not inhibited by the absence of Cdk5 but may either
be increased or the levels of cell differentiation, proliferation, or
death are altered. The differentiation of OPCs was reduced in
Cdk5 cKO lesion as shown by a significant reduction in the den-
sity of mature oligodendrocytes detected by CC1 (Fig. 7E,K,Q)
compared with WT (Fig. 7 B, H,N) at all time points assayed. The
reduction in CC1 " cells was more pronounced during the first
week postlesion when virtually no increase was detected. During
the second week postlesion, the density of CC1 7 cells slightly
increased but remained <70% that of WT (at 14 dpl CC1 ™ cells:
WT 122 *= 5.9 vs cKO 84 * 5.93). The selective reduction in
density of CC1 ™ oligodendrocytes in cKO-lesioned animals sug-
gests that the maturation of oligodendrocytes was affected by
CdkS5 loss, and the reduction of mature oligodendrocytes in le-
sions likely results in the defect in remyelination in spinal cord of
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Cdk5 cKO. One possible explanation for the increase in Olig2 ™
cells in the Cdk5 cKO lesions at 7 dpl is that the absence of Cdk5
results in enhanced OPC proliferation; however, comparison of
thelevels of proliferation between WT and cKO-lesioned animals
revealed no significant changes in the proportion of Olig2 * cells
labeled with antibodies to Ki67 at any postlesion interval exam-
ined (Fig. 8A-C,G-I) and Cdk5 cKO (Fig. 8D-F,],L,M). Like-
wise, only a slight increase in the levels of cell death were seen by
TUNEL between cKO and WT animals within the lesion.

Enhanced levels of microglia in LPC induced lesion in
Cdk5-CNP cKO

The role of inflammation in myelin repair is complex with evi-
dence for both positive and negative effects of microglia on my-

elin repair. To determine whether there were changes in
microglial infiltration in cKO lesions, sections were labeled with
Ibal. Lesions in Cdk5 ¢KO animals demonstrated an elevated
level of inflammation marked by activated Ibal * cells and in-
creased GFAP™ cells compared with WT at 7 dpl (Fig. 9A-
D,Q,R), 14 dpl (Fig. 9E-H), and 21 dpl (data not shown).
Although local inflammation was detected in lesioned WT ani-
mals, the level of inflammation was markedly increased in Cdk5
cKO animals with abundant foamy macrophages detected in the
lesion. This increased inflammation was associated with slight
but not statistically significant increase in the number of positive
caspase-3 " cells in Cdk5 cKO compared with WT animals at 3
and 7 dpl, suggesting an increase in cell death (Fig. 9I-L,M-P).
These findings suggest that lack of Cdk5 in oligogendrocytes may
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Decreased expression of MBP and PLP proteinin LPC-induced lesionsin Cdk5 cKO animals compared with WT mice. A, Immunofluorescent staining of MBP and PLP in LPC-lesioned dorsal

spinal cord of Cdk5 cKO mice and WT mice at 7 dpl (top), 14 dpl (middle), and 21 dpl (bottom). B, Western blot analysis of MBP and PLP protein expression in LPC-lesioned areas of Cdk5 cKO and WT
at7,14,21,and 28 dpl. ¢, D, Quantification of relative protein expression level of MBP and PLP in LPC-induced lesion areas of Cdk5 cKO mice and WT mice from B. Values are mean == SEM (n = 3).

*p < 0.05. Scale bar, 25 m.

contribute to enhance vulnerable to inflammation and apoptotic
cell death in demyelinating environment that would further dis-
rupt the myelin repair process.

Cdk5 modulation of remyelination influences remyelination
through regulating Akt and Gsk-3f3, but not ERK, signaling
pathways

Myelination and remyelination are dependent on a number of
intracellular signaling pathways, including Akt and Gsk-38
(Flores et al., 2008; Narayanan et al., 2009; Galimberti et al.,
2011). Although promotion of the PI3k/Akt/mTOR pathway en-
hances myelination and remyelination in the CNS (Flores et al.,
2008; Narayanan et al., 2009; Kumar et al., 2013), upregulation of
Gsk-3[ appears to inhibit myelin formation (Azim and Butt,
2011). To determine whether signaling through either pathway
was affected by the absence of Cdk5 during myelin repair, total
protein was extracted from micro-dissected lesions at various
days postlesion and assayed by Western blot. The total levels of
Akt and mTOR were similar in Cdk5 cKO and WT-lesioned an-
imals, whereas the levels of phosphorylated Akt and mTOR were
significantly reduced in the LPC-induced lesions of Cdk5 ¢KO
compared with controls throughout the entire period of myelin
repair (Fig. 10 A, C). The activity of Gsk-33 is negatively regulated
through phosphorylation on Serine 9, and analysis of the levels of
Gsk-38 showed no significant difference in the total protein lev-

els but a dramatic reduction in the levels of phosphorylated
Gsk-3p (Ser 9) in lesioned Cdk5 cKO (Fig. 10B), suggesting en-
hanced inhibition of remyelination in the absence of Cdk5. Not
all signaling pathways were reduced. Analysis of the ERK signal-
ing pathway showed no difference between WT and Cdk5 cKO
animals (Fig. 10D). To determine whether activation of the AKT
pathway in the absence of Cdk5 was sufficient to stimulate remy-
elination, the AKT activator (SC79) was delivered to an LPC
lesion in ¢cKO animals 4 dpl. At 14 dpl, lesions in which AKT was
activated were substantially smaller and had enhanced repair
compared with saline-treated lesions. The enhanced repair was
reflected in small lesion in LFB-stained section (Fig. 10ED) as well
asincreased expression of MBP and Flouromyelin (Fig. 10Ed,Ef).
Together, these data provide a mechanism by which Cdk5
regulates remyelination through both positively and negatively
influencing pathways of Akt and Gsk-33 in adult CNS.

Discussion

In the vertebrate CNS, Cdk5 has been implicated in regulating
cell morphology, migration, and differentiation during develop-
ment (Tsai et al., 1993; Gilmore et al., 1998; Yang et al., 2013).
Here we show that, in the adult CNS, Cdk5 is functionally impor-
tant for timely myelin repair. After a dorsal spinal cord LPC-
induced lesion, local levels of Cdk5 rapidly increased, suggesting
that Cdk5 has an important role in demyelination or remyelina-
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the reduction of myelin thickness in LPC-lesioned Cdk5 cKO mice compared with WT mice at 14 and 21 dpl. Values are mean == SEM. *p << 0.05.**p << 0.01. Scale bars: A-D, 25 m; E-H, 10 m.

tion. Consistent with this hypothesis, local inhibition of Cdk5
through targeted delivery of the inhibitor roscovitine resulted in
larger lesions and impaired remyelination. A similar lack of re-
myelination followed inhibition of Cdk5 in slice cultures of
cerebellum-treated with LPC, suggesting that CNS expression of
Cdk5 is important for repair. To demonstrate a specific role for
oligodendrocyte lineage cell expression of Cdk5 in myelin repair,
a conditional knock-out was generated using CNP-Cre targeting.
Unlike the olig] conditional knock-out used previously (Yang et
al., 2013), CNP animals displayed very limited developmental
phenotype and were functionally indistinguishable from WT lit-
termates for the first 2 months of life, even though the levels of
recombination in oligodendrocyte lineage cells was >70%. This
difference may reflect either specific cell targeting or timing of
Cdk5 deletion. The CNP Cdk5 cKO animals did, however, show

slightly thinner myelin at 2 months of age, suggesting that CNP-
modulated expression of Cdk5, although not critical for develop-
mental myelination, may be important for myelin maintenance.
By contrast, the rate of myelin repair in response to a spinal cord
LPC lesion was significantly compromised in the Cdk5 cKO an-
imals compared with WT or CNP-Cre controls. Several aspects
contributed to reduced repair. Analysis of overall lesion size dem-
onstrated ~20% larger initial lesions that increased in size in
proportion to control lesions. The rate of repair as defined by
lesion volume was, however, significantly different in the Cdk5-
cKO animals compared with control. Initial repair between 7 dpl
and 14 dpl was slower in both groups; but whereas the rate of
repair accelerated in WT animals between 14 and 21 dpl, it re-
mained slow in Cdk5 ¢KO animals. These data suggest that later
stages of myelin repair were preferentially compromised in the
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Figure 7.  Reduction of mature CC1 ™ cells but increased Olig2 ™ cells in LPC-induced lesions in Cdk5 cKO. A—R, Double immunofluorescent staining of Olig2 ™ (red) and (C1 (green) in
LPC-induced dorsal spinal cord lesion of Cdk5 cKO and WT mice at 3, 7, and 14 dpl using DAPI (blue) as nuclei count staining. Quantification of percentages of Olig2 ™ cells (§) and CC1 * cells () in
the lesioned areas of Cdk5 cKO compared with WT. Quantification data showed the percentage of CC1 * cells in LPC-induced lesion areas in Cdk5 cKO mice and WT mice. Values are mean = SEM.

*p < 0.05. Scale bar, 25 m.
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significant. Scale bar, 25 um.
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absence of Cdk5 than earlier stages. The larger overall lesion size
during repair in the Cdk5 cKO animals was correlated with re-
ductions in the temporal recovery of MBP and PLP expression
and a significant reduction in the number of remyelinated axons.

The lack of Cdk5 in cells of the oligodendrocyte lineage did
not affect OPC recruitment or generation in response to demy-
elinating lesions. Previous studies have suggested that the lack of
Cdk5 in developing OPCs influences their process outgrowth
through the phosphorylation of paxillin and its association with
the focal adhesion kinase (Miyamoto et al., 2007). In addition,
Cdk5 has been reported to modulate OPC migration (Miyamoto
et al., 2008). The increased numbers of Olig2 ™ cells in the Cdk5
cKO lesions combined with similar levels of cell proliferation

* cells (green) in LPC-lesioned Cdk5 cKO (Q) and WT mice at 7 dpl (R). S, Quantification analysis showed
* cells. Values are mean = SEM. *p < 0.05, statistically significant. Scale bar, 25 um.

between the WT and cKO animals suggest that the influx of OPCs
into adult LPC lesions is not compromised by the lack of Cdk5
and could reflect a difference between developmental and adult
OPCs. Alternatively, it may be that CNP targeting does not suf-
ficiently deplete Cdk5 from OPCs early enough to inhibit their
migration into the lesion, even though during development it is
known to be expressed from E12 onward (Yu et al., 1994). The
observation that Cdk5 cKO lesions contain increased numbers of
OPCs, but reduced numbers of mature oligodendrocytes is, how-
ever, consistent with studies on developmental OPCs, which sug-
gest the lack of Cdk5 significantly inhibits their differentiation
(Yang et al., 2013) as well as recent studies suggesting that, in
oligodendrocytes, p39 is the primary activator for Cdk5 and is
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Cdk5 modulates myelin repair through regulation of Akt/mTOR and Gsk-33, but not ERK, signaling pathways.
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(B) in lesioned Cdk5 cKO compared with WT mice at 7, 14, 21, and 28 dpl. No changes in ERK (D). Activation of the AKT/mTOR
pathway enhances myelin repair in Cdk5 cKO, suggesting that AKT/mTOR is downstream of Cdk5 (E). Bar, 25 wm. Values are
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essential for OL differentiation and my-
elin repair (Bankston et al., 2013).
Delayed myelin repair seen in the ab-
sence of Cdk5 is correlated with reduc-
tions in the levels of phosphorylated Akt
and Gsk-3Bbut not ERKs. These data sug-
gest that Cdk5 selectively mediates Akt
and Gsk-3f3 signaling during myelin re-
pair, whereas phosphorylation of Akt pro-
motes signaling through the Akt /mTOR
pathway that is known to promote the
generation of CNS myelin, and phosphor-
ylation of Gsk-3 promotes Notch 1 sig-
naling pathway, which inhibits OPC
differentiation and myelination (Azim
and Butt, 2011; Wahl et al., 2014; Lebrun-
Julien et al., 2014). Several studies have
implicated both signaling pathways in the
development of oligodendrocytes, myeli-
nation, and remyelination (Bibollet-
Bahena and Almazan, 2009; Narayanan et
al., 2009; Guardiola-Diaz et al., 2012; Ku-
mar et al., 2013). Furthermore, increasing
Akt activity in oligodendrocytes was suffi-
cient to reverse the hypomyelination in
BACE1 /"~ animals that showed hypomy-
elination and impaired remyelination
(Hu et al, 2013). Although signaling
through the ERK pathway has been shown
to regulate the thickness of myelin sheaths
around individual axons, there is less evi-
dence that this pathway is involved in the
early development or maturation of oligo-
dendrocytes (Fyffe-Maricich et al., 2013);
thus, it is not surprising that this pathway
is not influenced by Cdk5, which appears
to be a primary integrator of signals dur-
ing the transition of OPCs to mature oli-
godendrocytes. The current data provide
strong evidence that Cdk5 acts as an inte-
grated mediator in regulating a number of
proteins and signaling pathways related in
OL development, myelination, and remy-
elination. Although the molecular details
and biological outcomes are cell type spe-
cific, the concept that Cdk5 modulates
P13K/AKkt in the oligodendrocyte lineage
is consistent with studies of neuronal de-
velopment. In neurons, it has been shown
that Cdk5-mediated PI3K/Akt pathway
signaling confers neuron resistance to ap-
optosis (Wang et al., 2006); in addition,
Cdk5 is involved in neuregulin-dependent
activation of PI3K/Akt activity mediating
neuronal survival (Li et al., 2003). Like-
wise, Cdk5 has been implicated in medi-
ating signaling by Gsk-38 through
phosphorylation of Axin that contributes
to axon formation during cortical devel-
opment (Fang et al., 2011). In the oligo-
dendrocyte lineage, previous studies have
shown that Gsk-3$ negatively regulates
oligodendrocytes differentiation and my-
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elination in vivo (Azim and Butt, 2011) and that inhibitors of
Gsk-3 could promote remyelination in CNS and peripheral ner-
vous system (Azim and Butt, 2011). One potential pathway is
through signaling of the neuregulin receptors. It has been shown
that Cdk5/P35 interacts with the receptor ErbB of neuregulin in
neurons (Fu et al., 2005), and neuregulin signaling has been re-
ported to play critical roles in OPC differentiation and remyeli-
nation (Sussman et al., 2005; Gao et al., 2006; Gauthier et al.,
2013). Thus, we propose that Cdk5 is a crucial integrator of cel-
lular signaling after demyelination and essential for timely
remyelination.

The larger, slower recovering demyelinated lesions that devel-
oped in Cdk5 cKO animals were associated with a significant
increase in the activated microglia as characterized by Ibal * la-
beling and an upregulation of reactive astrogliosis. Both cell types
are highly responsive to disturbances in tissue homeostasis and in
response to injury act as a source for factors that may be either
positive or negative for myelin repair. The association between
inflammation and myelin repair is complex. In studies on MS
tissue, some animal models suggest that an inflammatory re-
sponse is beneficial in promoting repair (Foote and Blakemore,
2005; Setzu et al., 2006; Skripuletz et al., 2013), although signifi-
cant data indicate that inflammation is not only detrimental to
repair but may actually drive demyelination. It is possible that the
increased levels of microglial activation seen in the cKO-lesioned
animals are contributing directly to the lack of repair. Although
Cdk5 has been shown in modulation of neuroinflammation
through TGF-betal, IL-1, and induced cytosolic PLA2-mediated ly-
sophosphatidylcholine production trigger neurodegeneration
(Sundaram et al., 2012; Lyman et al., 2014), it is unlikely that the
lack of Cdk5 in oligodendrocytes directly regulates microglial
activation. It seems more likely that the lack of rapid repair re-
sulting from impaired oligodendrocyte differentiation provides a
continuous signal that drives microglial activation. This hypoth-
esis is supported by the finding that in both WT and cKO animals
the number of Ibal * cells increases between day 3 and 7 as the
lesion expands and then subsequently decreases. Whether this
inflammatory response represents aborted repair or contributes
to the lack of lesion recovery is currently unclear.

The effects of Cdk5 on inhibition of remyelination may be
generalizable to human demyelinating conditions. In models of
EAE immune-mediated disease, Cdk5 activity as well as its acti-
vators p25 and p35 were upregulated while proteomic analysis of
chronic active plaques from MS tissue (Han et al., 2008) suggests
asignificant increase in the expression of Cdk5. Clearly, Cdk5 has
the potential to influence the behavior of a range of different cell
types involved in immune-mediated demyelination, including
the activation of T cells (Pareek et al., 2010). The current data
strongly suggest that myelin repair is compromised by the ab-
sence of Cdk5 in cell of the oligodendrocyte lineage and, as such,
may represent a potential therapeutic target for adult demyelinat-
ing diseases.
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