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The Activators of Cyclin-Dependent Kinase 5 p35 and p39
Are Essential for Oligodendrocyte Maturation, Process
Formation, and Myelination
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The regulation of oligodendrocyte development and myelin formation in the CNS is poorly defined. Multiple signals influence the rate and
extent of CNS myelination, including the noncanonical cyclin-dependent kinase 5 (Cdk5) whose functions are regulated by its activators
p35 and p39. Here we show that selective loss of either p35 or p39 perturbed specific aspects of oligodendrocyte development, whereas loss
of both p35 and p39 completely inhibited the development of mature oligodendrocytes and myelination. In the absence of p35, oligoden-
drocyte differentiation was delayed, process outgrowth was truncated in vitro, and the patterning and extent of myelination were
perturbed in the CNS of p35�/� mice. In the absence of p39, oligodendrocyte maturation was transiently affected both in vitro and in vivo.
However, loss of both p35 and p39 in oligodendrocyte lineage cells completely inhibited oligodendrocyte progenitor cell differentiation
and myelination both in vitro and after transplantation into shiverer slice cultures. Loss of p35 and p39 had a more profound effect on
oligodendrocyte development than simply the loss of Cdk5 and could not be rescued by Cdk5 overexpression. These data suggest p35 and
p39 have specific and overlapping roles in oligodendrocyte development, some of which may be independent of Cdk5 activation.
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Introduction
During CNS development, the generation of oligodendrocytes
(OLs) and myelination are tightly regulated, and the failure of
myelination or remyelination such as occurs in multiple sclerosis

ultimately results in loss of axonal function. Multiple intracellu-
lar and extracellular signals modulate CNS myelination (He
and Lu, 2013). These include transcription factors (e.g., Olig2,
Nkx2.2, Sox10, and MRF; Zhou et al., 2001; Koenning et al., 2012;
Wang et al., 2014), growth factors (e.g., PDGF-AA, Shh, FGF,
neuregulin-1, IGF-1, and neurotrophins; Baron et al., 2000;
Miller, 2002; Sussman et al., 2002), and signaling molecules (e.g.,
CXCL1, BMP, PI3K/Akt/mTOR, Gsk-3�, Notch, and Wnts; Ge-
noud et al., 2002; Flores et al., 2008; Narayanan et al., 2009; Azim
and Butt, 2011; Tawk et al., 2011; Lebrun-Julien et al., 2014).
How these signals are integrated is unclear, but one potential
point of integration is the noncanonical kinase cyclin-dependent
kinase 5 (Cdk5).

In neurons, Cdk5 influences multiple cellular functions, in-
cluding differentiation, migration, cortical lamination, axon
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Significance Statement

The development of oligodendrocytes and myelination is essential for normal CNS function and cyclin-dependent kinase 5 (Cdk5)
activity is critical for oligodendrocyte maturation, but how Cdk5 activity is controlled is unclear. Here we show that the coactiva-
tors of Cdk5, p35 and p39, regulate distinct stages of oligodendrocyte development and myelination. Loss of p35 perturbs oligo-
dendrocyte progenitor cell differentiation, whereas loss of p39 delays oligodendrocyte maturation. Loss of both completely
inhibits oligodendrogenesis and myelination. Disruption of oligodendrocyte development was more pronounced in p35�/�;p39
shRNA cells than loss of Cdk5 alone and could not be rescued by Cdk5 overexpression, suggesting that p35 and p39 have Cdk5-
independent roles during oligodendrocyte development. These studies provide novel targets for therapeutic intervention in
conditions in which myelination is perturbed.
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guidance, cytoskeletal organization, membrane trafficking, and
synaptic plasticity (Su and Tsai, 2011; Cheung and Ip, 2012; Yang
et al., 2013). Neuronal circuitry is also dependent on Cdk5
(Cheung and Ip, 2007; Lai et al., 2012) because Cdk5 is required
for learning and memory formation and hippocampal plasticity
(Guan et al., 2011; Lai et al., 2012). More than 50 substrates of
Cdk5 have been reported, including �-catenin, FAK, Tau, Paxi-
lin, WAVE2, p27 (kip1), msds3, and p53, as well as several
regulatory signaling pathways (Gsk-3�, JNK, p38MAPK, Wnt/�-
catenin, and Notch; Smith et al., 2001; Su and Tsai, 2011; Yang et
al., 2013). Although Cdk5 activity is required for OL develop-
ment, which of these signals are necessary and whether there is
relative engagement or hierarchy of the signaling pathways and
substrates in myelination and myelin repair is unclear. Likewise,
how Cdk5 activity is regulated in OL lineage cells is not fully
understood.

Two proteins, p35 and p39, regulate Cdk5 activity (Ko et al.,
2001). Mice lacking p35 mice display a severe phenotype, includ-
ing cortical lamination defects and abnormal hippocampus mor-
phology, and suffer from sporadic adult lethality and seizures,
whereas p39�/� mice are viable, fertile, and have no apparent
phenotype (Chae et al., 1997; Ko et al., 2001). Both p35 and p39
transcripts are first detected at E12, and mRNA expression in-
creases substantially by E15–E17, although the peak of p39 ex-
pression in the CNS occurs postnatally. p35 and p39 expression
are observed in multiple non-neuronal cells, such as T cells,
macrophages, muscle cells, neutrophils, and pancreatic cells
(Contreras-Vallejos et al., 2012). They regulate gene expression,
glucose-inducible secretion, hematopoietic cell differentiation,
vascular angiogenesis, cell migration, and immune responses
(Arif, 2012). p35 and p39 may also be expressed in astrocytes and
microglia (He et al., 2007; Fang et al., 2015). Deletion of p39 but
not p35 has been shown to modulate OL differentiation and my-
elin repair (Bankston et al., 2013). Although these studies impli-
cate p39 and to a lesser extent p35 in the generation of OLs and
myelination, which aspects and stages of OL development are
affected by each of the activators are poorly understood.

Here we show that p35 and p39 regulate distinct Cdk5 activi-
ties in OL development. In the absence of p35, the differentiation
of OLs and patterning of myelination is disrupted. In contrast,
loss of p39 results in delayed OL maturation in vitro and transient
reduction in myelin basic protein (MBP) expression in vivo. Lack
of both p39 and p35 in OL lineage cells completely blocked
oligodendrocyte progenitor cell (OPC) differentiation and my-
elination in vitro and in demyelinating shiverer slice cultures. Un-
expectedly, the disruption of OL development was more
pronounced in the absence of p35/p39 than in the absence of
Cdk5 alone and could not be rescued by overexpression of Cdk5.
Together, these data suggest that p35 and p39 activate distinct
Cdk5 functions that modulate distinct stages of OL development
and may also have non-Cdk5 targets.

Materials and Methods
Animals. All animal care and animal procedures were approved by the
Institutional Animal Care and Use Committee of Case Western Reserve
University School of Medicine. Heterozygous p35�/� mice (stock
#004163; The Jackson Laboratory) were expanded and genotyped by
PCR as described previously (Kwon and Tsai, 1998). p39�/� animals (a
gift from Dr. James Bibb, University of Texas Southwestern Medical
Center, Dallas, TX) were genotyped using PCR as described previously
(Ko et al., 2001). The p35�/� and p39�/� mice are targeted deletions of
the p35 or p39 gene. Cdk5�/� mice were obtained from Dr. Karl Herrup
(Hong Kong University of Science and Technology, Sai Kung, Hong
Kong), and individual offspring were genotyped as described previously

(Cicero and Herrup, 2005). Shiverer mice (C3Fe.SWV-MBP shi/J) and
C57BL/6 mice were purchased from The Jackson Laboratory. Both male
and female mice were included in this study.

Purified OPCs culture. Immunopanning purification of OPCs was
based to the previous protocol with slight modifications (Barres et al.,
1992). Cell culture dishes were precoated with secondary antibody
IgM (10 �g/ml; catalog #55460; Millipore) in 50 mM Tris-HCl and
monoclonal antibody A2B5. Dissociated cells were incubated in the
precoated culture dishes for 30 min at 37°C, and non-adherent cells
were removed. OPCs were released by 0.05% trypsin in DMEM at a
purity of �96%. Cells were expanded in media supplemented with 5
ng/ml neurotrophin-3, 10 ng/ml CNTF, 20 ng/ml bFGF, and 20 ng/ml
PDGF-AA.

Differentiation of OPCs. To induce OPC differentiation, cells were
switched to media lacking bFGF and PDGF-AA, with the addition of
thyroid hormone (40 ng/ml; Sigma). OPCs were allowed to differentiate
for 2, 4, and 6 d and labeled with O4 �, O1 �, and anti-MBP antibodies.
The percentage of positive O4 �, O1 �, and MBP � cells were calculated
and compared between genotypes. To quantify cellular complexity and
maturation of individual OPCs/OLs, the number of the primary pro-
cesses of O4 � cells (at least 40 –50 cells per coverslip) was counted, and
the average footprint area of MBP � cells was measured using NIH Image
J software. For the footprint analyses, at least 40 individual MBP � cells
were measured. Statistical analysis was performed using two-way
ANOVA tests for comparison. p values �0.05 were considered statisti-
cally significance.

Transfection of OPCs. Transfections were performed using the Amaxa
Nucleofector electroporation system using the program O-17 according
to the instructions of the manufacturer (Amaxa). Purified OPCs were
centrifuged at 1200 rpm for 5 min, and the cell pellet was resuspended to
a density of 3 � 10 6 cells/100 �l in OPC Nucleofection solution (Amaxa
Oligodendrocyte Nucleofector kit; Amaxa), with shRNA for p39 –EGFP
(2 �g/�l), Cdk5–EGFP, control pEGFP–C1 plasmid, or a scrambled
plasmid. Transfected cells were added to organotypic slice cultures of
shiverer or plated on a poly-L-lysine-coated coverslip at 3 � 10 4/cover-
slip and grown in differentiated media for 2– 6 d before maturation and
myelination analyses.

Organotypic cerebellar slice culture. The cerebellum of P6 –P7 wild-type
(WT) or shiverer mice was dissected, and 300-�m-thick sagittal cerebel-
lar slices were sectioned using a Leica Vibratome. Slices were placed into
cell-culture inserts (Millicell-CM; Millipore) and grown in medium con-
taining basal medium Eagle medium supplement with 25% horse serum,
0.5% glucose, 2.5% HBSS, and 1% L-glutamine for 2 d as described
previously (Najm et al., 2011, 2015). To assay the effects of loss of p35 and
p39 on maturation and myelination, purified p35�/� or p39�/� OPCs
were injected into shiverer cerebellar slices at a cell density of 2 � 10 5. For
deletion of both p35 and p39, OPCs from p35�/� were transfected with
shRNA for p39 –EGFP plasmid, injected into slices, and allowed to ma-
ture and myelinate for 10 d.

For MBP detection, slices were fixed in 4% paraformaldehyde and
delipidated with 95% ethanol and 5% acetic acid for 20 min. Primary
antibodies (MBP, SMI-99, 1:500 from Covance; Neurofilament 200,
1:250 from Sigma; and GFP, 1:250 from Invitrogen) were incubated
overnight at 4°C, followed by the appropriate secondary antibodies of
either goat anti-mouse or anti-rabbit IgG Alexa Fluor 488 or 594 (1:500;
Invitrogen). Slices were mounted and analyzed using a Leica DFC 500
fluorescence microscope. Quantitative measurement of MBP intensity
in the slices was accomplished using the EBImage imaging software
(http://master.bioconductor.org/packages/release/bioc/html/EBImage.
html) and run through the statistical programming environment R as
described by the Kumlesh group (Sheridan and Dev, 2012; Pritchard et
al., 2014). At least six to seven slices from each group and four to six
images per slice were captured and used for imaging analysis. The total
fluorescence intensity of MBP was analyzed and normalized to the inten-
sity of background staining. To measure the amount of MBP (red) colo-
calized with neurofilament 200, labeling of neurofilament 200 (green)
was used as a “mask” and the intensity of MBP was assayed. Data com-
paring the fluorescence intensity of MBP in each experimental group
were normalized to controls and presented as bar graphs.
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Immunocytochemical staining of purified OPCs/OLs. Labeling with
monoclonal antibodies O4 and O1 (1:10) were performed on live cells
(O4 at 1:5 and O1 at 1:10), followed by secondary antibody goat anti-
mouse IgM Alexa Fluor 488 or 594 (1:500; Invitrogen). For double label-
ing, cells were incubated with the second primary antibodies against p35
or p39 (1:100; Abcam) or rabbit anti-Cdk5 (1:100; Santa Cruz Biotech-
nology) or MBP (SMI-99, 1:500; Covance) overnight at 4°C, followed by
secondary antibodies conjugated with Alexa Fluor 488 or 594. Cells were
mounted with Vectashield mounting medium with DAPI (Vector
Laboratories).

Immunohistochemical staining of frozen sections. Mice were anesthe-
tized with avertin and perfused with PBS and 4% paraformaldehyde.
Dissected brain were postfixed in 4% paraformaldehyde overnight at 4°C
and equilibrated in 20% sucrose. Coronal cryosections of brains (20 �m)
were pretreated with Reveal Decloaker Solution (Biocare Medical) for
antigen retrieval according to the instructions of the manufacturer. After
blocking, sections were incubated with the primary antibodies (MBP,
SMI-99, 1:500 from Covance; Olig2, 1:250 from Millipore; and CC1,
1:250 and Neurofilament 200, 1:250 from Sigma), followed by appropri-
ate secondary antibodies. Sections were counterstained with DAPI
(1:1000; Sigma) and mounted with mounting medium (Vector Labora-
tories). All images were taken and analyzed using a Leica DFC500 fluo-
rescence microscope.

Electron microscopy analysis. For ultrastructural analyses, anesthe-
tized animals were perfused with 2% glutaraldehyde/4% paraformal-
dehyde in 0.1 M sodium carcodylate buffer, pH 7.4 (Electron
Microscopy Sciences). Tissue was postfixed in 1% OsO4 for 2 h, and
coronal sections (500 �m) containing the corpus callosum were pre-
pared (Leica Vibratome), dehydrated, stained with saturated uranyl
acetate, and embedded in a Poly/Bed812 resin (Polysciences). Thick
sections (1 �m) were cut and stained with toluidine blue, and
matched areas were selected for electron microscopy (EM). Ultrathin
sections (0.1 �m) were cut and visualized using an electron micro-
scope (Jeol 100CX) at 80 kV. G ratios were calculated from at least
50 –100 randomly selected myelinated axons.

Crosslink immunoprecipitation and kinase assay of Cdk5 activity. The
Pierce Crosslink immunoprecipitation kit (catalog #26147; Thermo
Fisher Scientific) was used for protein immunoprecipitation according
to the instructions of the manufacturer. Proteins were extracted from cell
lysates and precleaned using control agarose resin to reduce nonspecific
binding. Cdk5 antibody was preconjugated to Pierce Protein A/G Plus
Agarose and crosslinked by adding disuccinimidyl suberate crosslinker
in a Pierce Spin Column. Five hundred micrograms of proteins of pre-
cleaned lysates were loaded to the Cdk5 antibody-crosslinked resin in the
column and incubated overnight at 4°C. After elution of Cdk5 antigen
from the column, kinase buffer (catalog #9802S; Cell Signaling Technol-
ogy) containing Histone H1 (catalog #14-155; Millipore) and 20 �g of
ATP (catalog #9804S; Cell Signaling Technology) was added to Cdk5
antigen elution, and the kinase activity of Cdk5 was measured with anti-
Cdk5 immunoprecipitates using Histone H1 as a substrate. The levels of
phosphorylated Histone H1 were determined by Western blots using
phosphorylated antibody of MAPK/Cdk (1:1000; Cell Signaling Tech-
nology), which recognizes the phosphorylated sites of Histone H1, and
the intensity of bands was analyzed by NIH ImageJ. Three separate ex-
periments were performed, and the intensity of bands was quantified by
NIH ImageJ.

Biochemical analysis: Western blots. Purified OPCs or subcortical white
matter samples were homogenized in RIPA lysis buffer containing pro-
tease and phosphatase inhibitor mixture, and equal amounts of protein
were loaded, separated by 15% SDS-PAGE, and transferred to PVDF
membranes. The membranes were blocked in PBS buffer containing
0.1% Tween 20 and 5% BSA for 2 h, incubated with primary antibodies
overnight at 4°C, followed by secondary appropriate antibodies conju-
gated to HRP. The following primary antibodies were used: p39 (1:1000;
Abcam), p35 (1:1000; Millipore), Cdk5 (1:1000; Santa Cruz Biotechnol-
ogy), p-Cdk5 (Tyr15, 1:500; Santa Cruz Biotechnology), MBP (1:1000;
Covance), Akt (1:1000; Cell Signaling Technology), p-Akt (Ser473,
1:1000; Cell Signaling Technology), Gsk-3� (1:1000; Millipore),
p-Gsk-3� (Ser 9, 1:1000; Cell Signaling Technology), CREB (1:1000; Cell
Signaling Technology), p-CREB (Ser133, 1:1000; Cell Signaling Technol-

Figure 1. Expression of p35 and p39 in the distinct stages of OPCs and mature OLs. Immunocytochemical staining demonstrating p35 (A) and p39 (B) expression in purified O4 �, O1 �, and
MBP � cells. Western blots revealed a relative abundance of p35, p39, and Cdk5 in OPCs/OLs during differentiation at 3, 5, and 7 d (Ca). Quantification of expression levels is shown in bar graphs
(Bb–Bd). Values represent mean � SEM (n � 3). *p � 0.05. Scale bars: A, B, 50 �m.

3026 • J. Neurosci., March 9, 2016 • 36(10):3024 –3037 Luo et al. • p35 and p39 Regulate Oligodendrocyte Maturation



Figure 2. Loss of p35 or p39 affects distinct stages of OPC differentiation and OL maturation. A, Comparison of the maturation of WT and p35�/� OL lineage cells after switching to differentiation
medium. In purified p35�/� OPC cultures, there is a reduction in the proportion of O1 (4 DIV), MBP � (6 DIV), and reduced primary cellular processes of early O4 � (2 DIV) cells compared with WT
OPCs. B, Quantitation of the relative proportion of maturing OLs in WT and p35�/� cultures. C, In p39�/� OPCs, no changes were seen in early O4 � and (Figure legend continues.)
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ogy), �-catenin (1:1000; BD Biosciences), p-�-catenin (Ser33/37/Thr41,
1:500; Cell Signaling Technology), and �-actin (1:1000; Santa Cruz Bio-
technology). The density of bands was quantified using NIH ImageJ
software.

Quantification and statistical analysis. Blinded counts of cultured cells
and cells in matched locations of frozen sections were performed on at
least three coverslips or sections per condition from three individual
animals using a Leica fluorescence microscope. Six to seven fields
were selected randomly and counted on each coverslip or section. The
percentage of immunopositive cells were calculated and compared be-
tween WT and p35�/� or p39�/� animals. To quantify the cytoarchitec-
ture of OLs, the number of primary processes, and the average footprint
area of MBP, at least 40 –50 individual O4 � or MBP � cells from each
genotype were used for analysis by NIH ImageJ. The relative fluorescence
intensity of myelin in slice cultures was measured using EBImage soft-
ware. All data are presented as mean � SEM. Statistical analysis was
performed using two-way ANOVA tests for comparison. p values �0.05
were considered statistically significant.

Results
The expression of p35 and p39 in OL lineage cells
To determine the temporal expression of the Cdk5 activators p35
and p39 in cells of the OL lineage, their expression was assayed in
OPCs and differentiated OLs. Expression of p35 and p39 was
detected in multiple stages of OL lineage cells (Fig. 1A,B). Both
p35 and p39 were expressed in the majority of O4� OPCs, im-
mature O1�, and mature MBP� OLs (Fig. 1A,B). Western blot
analysis confirmed the expression of p35 and p39 in purified
OPCs (Fig. 1C). After switching to differentiation media, p35 was
detected as early as 1 d and increased significantly up to 3 d of
differentiation before decreasing at 5 and 7 d of differentiation
(Fig. 1Ca,Cb). The expression of p39 was delayed compared with
p35. After 1 d of differentiation, p39 was barely detectable and
levels increased significantly by 5 and 7 d of differentiation (Fig.
1Cc). Consistent with previous studies (Tang et al., 1998;
Bankston et al., 2013), the expression of Cdk5 was increased
throughout the differentiation interval (Fig. 1Cd). These results
demonstrate that both p35 and p39 are expressed in the OL lin-
eage, and the differential timing of their expression suggests they
modulate distinct aspects of Cdk5 function.

Distinct roles for p35 and p39 in OL differentiation
Both p35 and p39 are coactivators of Cdk5, which has been
shown to regulate OL development, myelination, and remyelina-
tion (Miyamoto et al., 2007; Bankston et al., 2013). To define the
specific roles of p35 and p39 in OL development, OPCs were

4

(Figure legend continued.) O1 � OPCs, but significant reduction of MBP � was detected after
6 d in differentiation medium compared with WT OPCs. Quantification of the relative proportion
of maturing OLs in WT and p39�/� cultures are shown in D. E–G, Comparison of the average
number of primary cellular processes of immunostained O4 � cells between WT, p35�/� (E), or
p39�/� OPCs (G); F–H, the size of MBP � footprints is different between WT, p35�/�, or
p39�/� cells. n � 40 –50 individual O4 � or MBP � cells from at least six to seven fields for
each genotype. Values are mean � SEM of three independent experiments. *p � 0.05. Scale
bars: A, C, 100 �m.

Figure 3. Characterization of OL development in the brains of p35�/� and p39�/� mice. Double labeling with Olig2 and CC1 antibodies reveals a significant reduction in the number of CC1 �

cells but only a slight reduction of Olig2 � cells during development in the p35�/� animals at ages of P7, P14, P21, and 1 month compared with WT controls (A, top 2 panels in A). In p39�/� mice,
a reduced number of CC1 � cells was seen only at P7, and no significant differences were detected between WT and p39�/� animals at the ages of P14, P21, and 1 month (A, bottom 2 panels).
Quantitative data are shown in B. n � 3– 4 animals were used from each genotyped group of animals. Values are mean � SEM. *p � 0.05. Scale bar (in A): 100 �m.
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purified from the corpus callosum of P2 p35�/� and p39�/� an-
imals and their development compared with WT cells. Compared
with WT OPCs, the differentiation of p35�/� cells was delayed
(Fig. 2). At 2 DIV, the proportion of O4� cells was similar (Fig.
2A), although p35�/� cells had a less complex morphology (Fig.
2A). By 4 d of differentiation, the proportion of p35�/�-
expressing O1 was significantly reduced compared with WT
controls ( p35�/�, 12 � 2%; WT, 29 � 2%; Fig. 2 A, B) and, by
6 d of differentiation, the proportion of p35�/� cells express-
ing MBP was significantly reduced compared with WT
( p35�/�, 2 � 1%; WT, 20 � 2%), suggesting that p35 plays a
role during the differentiation and maturation of OLs (Fig.
2B). Parallel studies with OPC purified from p39�/� animals
demonstrated a selective effect on the maturation of OLs to
MBP � cells ( p39�/�, 8 � 1%; WT, 28 � 4%) but no signifi-

cant effect on the proportion of O4 � or O1 � cells (Fig. 2C,D).
The loss of p35 and p39 also had differential effects on the
morphology of OPCs and OLs. In p35�/� O4 � cells, the cel-
lular complexity was reduced and the average number of
primary processes of O4 � cells was significantly less ( p35�/�,
4 � 1; WT, 5.7 � 1; Fig. 2E). Likewise, the “footprint” of
MBP � cells was significantly smaller (Fig. 2F ). In contrast, no
significant differences in the average number of the primary
processes of O4 � cells or the MBP cell footprint were detect-
able in p39�/� cells compared with WT controls (Fig. 2G,H ).
These data suggest that p35 and p39 activate distinct functions
of Cdk5 that regulate OL development at different stages.
Whereas p35 promotes the elaboration of branches and pro-
cesses of OPCs and OLs, the role of p39 is restricted to regu-
lating the maturation of OLs.

Figure 4. Characterization of myelination in the brains of p35�/� and p39�/� mice. Reduction of MBP (red) myelin expression in the cortex and corpus callosum and disrupted pattern of axonal
projections stained with neurofilament (NF; green) at the ages of P14, P21, 1 month, and 2 months in p35�/� mice compared with age-matched WT controls (A). Reduced MBP expression was only
observed in p39�/� mice at age P14, and no significant differences were detected in p39�/� mice at ages P21, 1 month, and 2 months (B). Scale bar: A, B, 100 �m.
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Characterization of OL and myelin development in the brain
of p35�/� and p39�/� mice
To determine whether the loss of p35 or p39 altered the differen-
tiation and maturation of OPC lineage cells in vivo, 20 �m coro-
nal sections through the corpus callosum and adjacent cortex of
p35�/� and p39�/� mice were labeled with antibodies to Olig2,
CC1, MBP, and neurofilament at P7, P14, P21, and 1 and 2
months of age. Analysis of the number of Olig2� cells did not
reveal any significant difference between p35�/� and WT animals
at any age assayed (Fig. 3A,B). In contrast, analysis of the number
of CC1� cells in p35�/� animals revealed a significant decrease
compared with age-matched WT sections at P7, P14, P21, and 1
month of age (Fig. 3A,B), consistent with the hypothesis that p35
plays a role in the differentiation of OPCs. The effect of p39 loss
was less pronounced than that of p35. There was no significant
difference in the density of Olig2� cells, and the density of CC1�

cells was significantly different only at P7 and P14. By P21, the
density of CC1� cells was similar to that of WT littermate con-
trols, suggesting that p39 has a more limited role in regulating the
development of OLs. In addition, no significant difference was
seen in axon diameters of corpus callosum among p35�/�,
p39�/�, and WT mice.

Changes in myelination levels reflected the changes in CC1�

cell numbers. In p35�/� animals, the organization of the subcor-
tical white matter was severely disrupted (Fig. 4A) and the expres-

sion of MBP was significantly reduced (Fig. 4A) throughout
development. However, in p39�/� animals, a reduction of MBP
was evident only at P14, and this was relatively minor (Fig. 4B).
Quantitation of protein levels by Western blot analysis confirmed
a reduction in MBP expression at both P14 and 1 month of age in
p35�/� animals (Fig. 5A,B), whereas the only significant reduc-
tion in MBP level was seen at p14 in p39�/� animals (Fig. 5A,C).
Ultrastructural studies confirmed a reduction in myelination in
p35�/� animals at 2 months of age (Fig. 5D) that included a
reduction in the proportion of myelinated axons and a reduction
in relative myelin thickness shown by changes in the G ratio.
Animals lacking p39 had no significant differences in the levels of
myelination in the corpus callosum (Fig. 5D). The profile of
changes in myelination in p35�/� and p39�/� animals is similar
to that seen in purified cultures of OPCs, but particularly p35�/�

animals had a significant disruption of neuronal patterning that
may contribute indirectly to changes in MBP expression. To un-
ambiguously define the relative roles of OL lineage-expressed p35
and p39 in CNS myelination, a heterogenetic organotypic cere-
bellar slice preparation was used (Najm et al., 2013).

Differential myelination capacity of p35�/� and p39�/� OLs
in organotypic slice cultures
To directly assess the effects of loss of p35 and p39 in cells of the
OL lineage on their capacity for myelination, we used a hetero-

Figure 5. Quantitative analysis of myelination in the brains of p35�/� and p39�/� mice. Extracted proteins from subcortical white matter were examined by Western blot analysis (A).
Reduction of MBP level at P14 of p35�/� and p39�/� mice and reduced MBP were detected only in p35�/� at 1 month of age but not in p39�/� (A). Quantitative analysis was shown in B and
C. EM analysis confirmed reduced myelin in the corpus callosum of adult p35�/� but not in adult p39�/� (D). Relative G ratios are shown in E. Values are mean � SEM (n � 3). *p � 0.05. Scale
bar (in D): 25 �m.
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genetic organotypic cerebellar slice culture model (Najm et al.,
2013). In this model, p35�/� or p39�/� cells are integrated into a
cerebellar slice culture from shiverer animals that lacks MBP. De-
tection of MBP allows the visualization and quantitation of my-
elination by transplanted cells. In control slices of P6 WT
cerebellum grown for 10 d, there was extensive MBP labeling that
was coincident with neurofilament-positive axons (Fig. 6A). In
contrast, in parallel shiverer-derived slices, although there was
extensive axonal outgrowth, there was a complete absence of
MBP (Fig. 6A). Integration of purified WT OPCs into shiverer

slices resulted in extensive expression of
MBP after 10 d in culture that was ori-
ented along axons (Fig. 6B). Integration of
a similar number of purified p35�/�

OPCs in parallel shiverer slices resulted in
dramatically lower levels of MBP expres-
sion. Not only were the number of MBP�

cells reduced but also their processes
mostly lacked alignment with cerebellar
axons (Fig. 6B–D). Integration of similar
numbers of p39�/� purified OPCs into
shiverer slices generated levels of MBP
similar to that seen in WT cells (Fig. 6B–
D), suggesting that lack of p35 has a more
pronounced effect than the lack of p39 on
the capacity of OPCs to generate myelin.

Partial compensation of expression of
p35 and p39 in the OL lineage
Individual loss of p35 and p39 resulted in
a partial reduction in the myelinogenic ca-
pacity of OLs, suggesting the potential for
compensatory expression. Quantitative
Western blot analyses of purified OL lin-
eage cells demonstrated elevated levels
of p35 expression in cells lacking p39
that increased with differentiation (Fig.
7A,B). Similarly, the relative levels of p39
were increased in cells lacking p35 (Fig.
7C), suggesting compensatory expression.
Consistent with the in vitro data, the rela-
tive levels of p35 were elevated in subcor-
tical white matter of p39�/� animals,
whereas the relative levels of p39 were el-
evated in subcortical white matter of
p35�/� animals compared with controls
(Fig. 7D–F). Together, these data suggest
that the coordinated expression of p35
and p39 may functionally compensate for
each other.

To determine the extent of functional
compensation between p35 and p39 dur-
ing OPC differentiation and myelination,
purified p35�/� OPCs were electropo-
rated with shRNA for p39 tagged with
EGFP using Amaxa Nucleofector, and
their differentiation was assayed. Electro-
poration of scrambled shRNA did not sig-
nificantly affect the development of
p35�/� OPCs as marked by expression of
O4, O1, and MBP immunoreactivity (Fig.
8A). In contrast, electroporation of p39
shRNA into p35�/� cells completely sup-

pressed OPC development, although GFP expression revealed
remaining process-bearing cells (Fig. 8A), indicating that the ca-
pacity of cells lacking both p35 and p39 to progress to myelinat-
ing cells was completely compromised.

To assess whether the differentiation of p35�/�;p39 shRNA
OPCs could be rescued by a neuronal environment, they were
introduced into shiverer slices and the expression of MBP was
assayed. OL precursors derived from p35�/� animals transfected
with shRNA for p39 and identified by GFP expression failed to
generate detectable MBP in shiverer slices even when maintained

Figure 6. Partially inhibition of myelination of transplanted p35�/� or p39�/� OPCs in dysmyelinating shiverer organotypic
cerebellar slice cultures. A, As a positive control, cerebellar slice culture from P6 C57BL/6 WT mice were grown for 10 d and labeled
with MBP (red) and neurofilament 200 (NF 200; green) antibodies. No myelination was seen in shiverer slice culture (A). B, Purified
WT OPCs, p35�/� OPCs, and p39�/� OPCs were transplanted in shiverer slices and allowed for differentiation and myelination for
10 d in vitro and immunostained with MBP and neurofilament 200 (NF 200) antibodies. Quantitative bar graphs illustrate the
relative levels of total MBP expression (C) and the relative levels of MBP coexpressed with neurofilament (NF 200; D) in the shiverer
slices after transplantation of WT, p35�/�, or p39�/� OPCs, respectively. Values are mean � SEM (n � 3 for each experiment,
a minimum of 6 –7 slices were analyzed in per condition). *p � 0.05. Scale bars: A, B, 100 �m.
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for up to 10 d, whereas WT cells elaborated extensive MBP�

processes (Fig. 8B,C). The primary role of p35/p39 is thought to
be activators of Cdk5, and it was anticipated that Cdk5�/� cells
would demonstrate a phenotype identical to p35�/�;p39 shRNA
cells when transplanted to shiverer slices. Somewhat unexpect-
edly, Cdk5�/� cells had a less severe phenotype than p35�/�;p39
shRNA cells in that they elaborated MBP� processes, although
compared with WT cells, they were significantly shorter and
not oriented along axons (Fig. 8Ba,Bc,Bg,C,D). To determine
whether the overexpression of Cdk5 could rescue the myelination
defect of p35�/�;p39 shRNA cells, p35�/� cells were cotrans-
fected with both p39 shRNA tagged with GFP and an overexpres-
sion construct of Cdk5 and added to shiverer slices. No rescue of
the myelin defect was detected, consistent with the role of p35/
p39 as activators rather than inducers of Cdk5 (Fig. 8Ba,Bb,C) or
working through a Cdk5 independent pathway. In contrast, the
myelination defect of Cdk5�/� cells could be rescued after Cdk5
overexpression (Fig. 8Bc,Bd,C). Furthermore, knockdown of ei-
ther p35 or p39 in Cdk5�/� OPCs showed an additive and more
severe myelination defect than in Cdk5�/� cells alone (Fig.
8Bc,Be,Bf,C).

These studies suggest that p35 and/or p39 are critical for OL
development and myelination. Although a major target of p35
and p39 activity is Cdk5, the difference in phenotype severity
between cells lacking Cdk5 and both p35/39 and their additive
nature suggests that p35/39 may have additional non-Cdk5 func-
tions in OL development.

Decreased Cdk5 activity and reduced levels of
phosphorylation of Cdk5, Akt, Gsk-3�, and CREB in p35�/�;
p39 shRNA cells
OL differentiation and myelination are influenced by a number
of positive (CREB, Akt) or negative (Gsk-3�) intracellular signal-
ing pathways (Sato-Bigbee et al., 1999; Flores et al., 2008; Azim

and Butt, 2011; Fyffe-Maricich et al., 2011). To elucidate whether
Cdk5 activity was affected by the lack of p35/p39, the activity of
Cdk5 was assayed using crosslink immunoprecipitation and in
vitro kinase assay. Decreased kinase activity of Cdk5 was observed
by measuring the levels of phosphorylated Histone 1 in p35�/�;
p39 shRNA OPCs compared with WT OPCs (Fig. 9C). In addi-
tion, the levels of p-Cdk5, p-Akt, p-Gsk-3� (Ser 9), and p-CREB
were significantly reduced in p35�/�;p39 shRNA and Cdk5�/�

cells when compared with WT cells. However, the phosphoryla-
tion levels of CREB in p35�/�;p39 shRNA cells was significantly
lower than in Cdk5�/� cells, although there were no significant
changes in the total protein levels in the absence of p35 and p39
(Fig. 9A,B), suggesting CREB as a potential target for p35 and
p39. Together, these data suggest that p35/p39 are important for
the activity of Cdk5 and its downstream targets that regulate OPC
differentiation and myelination through both positive and nega-
tive signaling pathways.

Discussion
Multiple aspects of neurogenesis are influenced by Cdk5 (Lagace
et al., 2008; Su and Tsai, 2011). Emerging evidence also implicates
a role for Cdk5 in OL development, myelination, and remyelina-
tion (He et al., 2011b; Yang et al., 2013; Luo et al., 2014). How the
functions of Cdk5 are regulated in the OL lineages is currently
unknown. The only known activators of Cdk5 are the cyclin-like
proteins p35 and p39, and, by analogy with their role in neuronal
development (Ko et al., 2001), we assayed their relative impor-
tance in OL development and show that OL lineage cells require
p35 and p39 to complete their developmental program both in
vitro and in vivo.

Loss of either p35 or p39 disrupts oligodendrogenesis, but the
influence of their loss is not equal. Morphological analyses dem-
onstrated that p35 mediates process outgrowth and the transition

Figure 7. Increased expression of P35 or p39 in the cells of OL lineage lacking p39 or p35, respectively. A, In vitro, Western blots showed increased levels of p35 protein expression in purified
p39�/� OPC cells, as well as increased p39 protein expression found in purified p35�/� cells at differentiation days 3 and 5 in cell cultures. Quantitative data are shown in B and C. In vivo, similar
findings were observed in the p35�/� and p39�/� mice at age 1 month (D–F). No changes were seen in Cdk5 protein expression among adult WT, p35�/�, and p39�/� mice. Values are mean �
SEM (n � 3). *p � 0.05.
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of O4� progenitor cells into immature O1� cells. In vivo axonal
pathways and the levels of myelination were severely affected by
the loss of p35. The specific functions of p39 are less evident and
primarily contribute to the transition from O1� to mature

MBP� OLs. In vivo loss of p39 resulted in a mild phenotype of a
transient delay of OL maturation. Single knock-out studies sug-
gest that p35 and p39 have distinct functions during oligoden-
drogenesis that reflect specific activation of Cdk5. However,

Figure 8. Loss both p35 and p39 in the cells of OL lineage completely blocks OPC differentiation and myelination. A, Purified p35�/� OPCs transfected with p39 shRNA–EGFP tagged cells (green)
are shown coexpressed with early OPCs (O4 �; top) with reduced cell processes. Transfected GFP � cells did not express with either immature O1 � (red, middle) or mature MBP � cells (red, bottom)
compared with cells transfected with scramble shRNA. B, Myelination assay in demyelinating shiverer slice culture. p35�/�;p39 shRNA (a), p35�/�;p39 shRNA;Cdk5–EGFP (b), Cdk5�/[minus] (c),
Cdk5�/�;Cdk5–EGFP (d), Cdk5�/�;p35 shRNA (e), Cdk5�/�;p39 shRNA (f), or WT (g) OPCs were transplanted into shiverer slices and allowed for differentiation and myelination for 10 DIV and
immunostained with GFP, MBP, and neurofilament 200 (NF 200) antibodies. Quantitative data are shown in bar graphs. C and D illustrate the total relative level of MBP expression and the relative
level of MBP that colocalized with NF 200 in shiverer slices after transplantation of p35�/�;p39 shRNA, p35�/�;p39 shRNA;Cdk5–EGFP, Cdk5�/�, Cdk5�/�;Cdk5–EGFP, Cdk5�/�;p35 shRNA,
Cdk5�/�;p39 shRNA, or WT OPCs. Values are mean � SEM (n � 3 per experiment, a minimum of 6 –7 slices were analyzed per condition). *p � 0.05 versus WT, **p � 0.01 versus WT, #p � 0.05
versus Cdk5�/�. Scale bars: A, B, 100 �m.
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several lines of evidence indicate that p35 and p39 are at least
partially capable of compensating for each other. For example,
compared with WT controls, in p35�/� mutants, the levels of p39
are elevated, whereas in p39�/� mutants, the levels of p35 are
elevated. More compelling is the finding that loss of both p35 and
p39 results in a more profound phenotype than loss of either
activator alone and results in a complete inhibition of OL matu-
ration and myelination. The best known functions of p35/p39 are
activators of Cdk5 (Ko et al., 2001), and the finding that the
phenotype of OL lineage cell lacking both p35 and p39 was sig-
nificantly worse than the phenotype of OL lineage cells lacking
Cdk5�/� raises the possibility they have additional functions or
targets in the OL lineage independent of Cdk5.

The timing of p35 and p39 expression during OL develop-
ment and their relative influence of individual loss support the
notion they have separate but overlapping functions. Early in
development, p35 not p39 is predominantly expressed and its loss
profoundly affects OPCs. In contrast, loss of p39 has less influ-
ence because p35 is already expressed and is upregulated as a
result of p39 loss. This hypothesis, although consistent with our
developmental data, is less consistent with studies suggesting that
p39, but not p35, is the primary Cdk5 activator during OL differ-
entiation and remyelination in the adult CNS (Bankston et al.,
2013). The difference in these results might reflect the different
animal species and techniques used by Bankston and colleagues

but also imply that the regulation of Cdk5 activity is more com-
plex than currently appreciated. It may be that, in the setting of
remyelination, recruitment of adult OPCs does not require p35,
whereas differentiation of those cells is in part p39 dependent.
Such a model is supported by our finding that p39 influences OL
maturation and myelination.

The current study implicates p35 as a major activator of Cdk5
during OL development and myelination, but how p35 expres-
sion levels are regulated in the OL lineage is unclear. Previous
studies in neurons have indicated that p35 gene expression is
induced by multiple external signals, including nerve growth fac-
tor, brain-derived neurotrophic factor, retinoic acid, 1,25-
dihydroxyvitamin D3, and laminin (Paglini et al., 1998; Harada et
al., 2001; Chen et al., 2004; Lee and Kim, 2004; Song et al., 2005;
Shah and Lahiri, 2014). The upregulation of p35 expression by
these factors may be mediated through activation of either the
ERK1/2 or PI3K pathway (Harada et al., 2001; Song et al., 2005).
Transcription factors, such as Hsf2, Brn-1, and Brn-2, are also
involved (McEvilly et al., 2002; Chang et al., 2006) and tightly
linked to the regulation of OL development (Schreiber et al.,
1997; Stacchiotti et al., 1999; Homma et al., 2007). It is plausible
that p35/p39 might function as a point of convergence for signal-
ing through these distinct pathways. In this scenario, through
control of Cdk5 activity, p35/39 integrate input from different

Figure 9. The changes of Cdk5 activity and downstream signaling pathways in p35�/�;p39 shRNA OPCs. A, Western blotting of p-Cdk5 (Tyr15), Cdk5;p-Akt (Ser473), Akt;p-Gsk-3� (Ser 9),
Gsk-3�, p-CREB (Ser133), CREB;p-�-catenin (Ser33/37/Thr41), �-catenin in WT, p35�/�;p39 shRNA, or Cdk5�/� OPCs at day 3 of the differentiation period. B, Quantitative protein levels of
p-Cdk5, p-Akt, p-Gsk-3�, p-CREB, and p-�-catenin were analyzed by NIH ImageJ. C, The kinase activity of Cdk5 of WT, p35�/�;p39 shRNA, or Cdk5�/� OPCs was measured with anti-Cdk5
immunoprecipitates using Histone H1 as a substrate. The levels of phosphorylated Histone H1 were determined by Western blots using phosphorylated MAPK/Cdk antibody (top).
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pathways and fine-tune the rate and extent of OPCs differentia-
tion and myelination.

The morphological development of OL lineage cells was re-
duced in the absence of p35, suggesting that p35–Cdk5 interacts
with cytoskeletal components and that disrupted cytoskeleton
influences the capacity of OL myelination (Zuchero et al., 2015).
In neurons, p35–Cdk5 has been proposed to contribute to for-
mation of actin-based structures such as dendritic spines, as well
as general morphogenesis and motility (Su and Tsai, 2011; Lai
and Ip, 2015). This likely reflects the capacity of p35 to directly
bind to F-actin and mediate cytoskeletal reorganization (He et al.,
2011a). In addition, Tau and WAVE1, two downstream targets of
Cdk5, have been shown to be important for OL morphogenesis
and normal CNS myelination (Kim et al., 2006; Miyamoto et al.,
2008; Seiberlich et al., 2015). It seems likely that the perturbation
of OL morphology and reduced myelination seen in the absence
of p35 reflect both its direct interaction with actin filaments and
disruption of downstream targets of Cdk5. The precise role of the
different components remains to be resolved.

The significant disruption in the patterning of axonal trajec-
tories and myelination in p35�/� mice and the lesser effects in
p39�/� animals may reflect the loss of p35 in both neuronal and
OL lineage cells. Our in vitro studies unambiguously demonstrate
a cell-autonomous role for both p35 and p39 in cells of the OL
lineage. What is currently unclear is what the relative contribu-
tion to the in vivo phenotype of p35/p39 loss in neurons versus
glia. Indeed, it has never been excluded that part of the neuronal
phenotype in the Cdk5�/�, p35�/�, and p39�/� animals is attrib-
utable to defects in their associated OL lineage cells. Clearly,
the development and function of neuronal and OL lineage
cells are closely linked, and loss of myelinating OLs is not
compatible with long-term survival. It is notable that, in neu-
rons as in OLs, the loss p35 is more detrimental to Cdk5
activity than is the loss of p39.

Both p35 and p39 are believed to exert their primary functions
through interactions with Cdk5 that help regulate its activity and
substrate preference (Ko et al., 2001; Shah and Lahiri, 2014).
Previous studies have demonstrated that double knock-out
p35�/�;p39�/� animals have a perinatal lethal phenotype that is a
near perfect mimic of Cdk5�/� animals (Ko et al., 2001). In the
present study, in the OL lineage, we find that the loss of both p35
and p39 generates a stronger phenotype than the loss of Cdk5
alone for differentiation and myelination. Loss of Cdk5 alone
results in delayed maturation, but the cells retained the ability to
generated MBP in shiverer slice cultures, unlike the p35/39�/�

cells that failed to generate any MBP, suggest that p35 and p39
participate in the regulation of OL development in part through a
Cdk5-independent pathway.

The idea of a Cdk5-independent p35/39 function is consistent
with previous studies. Several p35 binding proteins have been
identified in neurons, including �-catenin, E-cadherin precur-
sor, neurofilament subunits, and tau (Kesavapany et al., 2001;
Hou et al., 2007; He et al., 2008; Lin et al., 2008). p35 and p39 may
interact with the �-subunit of Ca 2�//calmodulin-dependent pro-
tein kinase II and �-actinin-1 in a calcium-dependent manner
(Dhavan et al., 2002). Furthermore, a recent study showed that
p35 could modulate gene transcription through regulating nucleo-
cytoplasmic shuttling of transcription regulators, such as nuclear
hormone receptor coregulator-interacting factor 1, independent of
Cdk5 activity (Zhao et al., 2014). p35/Cdk5 may also regulate tran-
scription at multiple levels that include interaction with histone
deacetylase complexes (Li et al., 2004; Fu et al., 2013). Finally, the p35
degradation product p25 is capable of binding directly to Gsk-3�

(Chow et al., 2014). Our immunocytochemical data indicate that a
significant fraction of p35 and p39 has a nuclear localization in OL
lineage cells, suggesting that they may be involved in transcriptional
control during OPCs differentiation.

In summary, our studies provide evidence that p35 and p39
are critical regulators of OPC differentiation, maturation, and
myelination and that p35 and p39 regulate OL development ei-
ther through Cdk5-dependent activity or Cdk5-independent
pathways. These findings will facilitate identification of upstream
regulators of p35 and p39 and allow for the development of new
avenues for therapeutic intervention in demyelinating diseases.
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Cáceres A (1998) Evidence for the participation of the neuron-specific
CDK5 activator P35 during laminin-enhanced axonal growth. J Neurosci
18:9858 –9869. Medline

Pritchard AJ, Mir AK, Dev KK (2014) Fingolimod attenuates splenocyte-
induced demyelination in cerebellar slice cultures. PLoS One 9:e99444.
CrossRef Medline

Sato-Bigbee C, Pal S, Chu AK (1999) Different neuroligands and signal
transduction pathways stimulate CREB phosphorylation at specific devel-
opmental stages along oligodendrocyte differentiation. J Neurochem 72:
139 –147. CrossRef Medline

Schreiber J, Enderich J, Sock E, Schmidt C, Richter-Landsberg C, Wegner M
(1997) Redundancy of class III POU proteins in the oligodendrocyte
lineage. J Biol Chem 272:32286 –32293. CrossRef Medline

Seiberlich V, Bauer NG, Schwarz L, Ffrench-Constant C, Goldbaum O,
Richter-Landsberg C (2015) Downregulation of the microtubule asso-
ciated protein Tau impairs process outgrowth and myelin basic protein
mRNA transport in oligodendrocytes. Glia 63:1621–1635. CrossRef
Medline

Shah K, Lahiri DK (2014) Cdk5 activity in the brain—multiple paths of
regulation. J Cell Sci 127:2391–2400. CrossRef Medline

Sheridan GK, Dev KK (2012) S1P1 receptor subtype inhibits demyelination
and regulates chemokine release in cerebellar slice cultures. Glia 60:
382–392. CrossRef Medline

Smith DS, Greer PL, Tsai LH (2001) Cdk5 on the brain. Cell Growth Diff
12:277–283. Medline

Song JH, Wang CX, Song DK, Wang P, Shuaib A, Hao C (2005) Interferon
gamma induces neurite outgrowth by up-regulation of p35 neuron-

3036 • J. Neurosci., March 9, 2016 • 36(10):3024 –3037 Luo et al. • p35 and p39 Regulate Oligodendrocyte Maturation

http://dx.doi.org/10.1159/000335158
http://www.ncbi.nlm.nih.gov/pubmed/22398430
http://dx.doi.org/10.1523/JNEUROSCI.3239-10.2011
http://www.ncbi.nlm.nih.gov/pubmed/21248107
http://dx.doi.org/10.1083/jcb.200202002
http://www.ncbi.nlm.nih.gov/pubmed/12186854
http://dx.doi.org/10.1371/journal.pone.0025735
http://www.ncbi.nlm.nih.gov/pubmed/21984943
http://dx.doi.org/10.1038/35074516
http://www.ncbi.nlm.nih.gov/pubmed/11331872
http://dx.doi.org/10.1007/s12264-013-1318-y
http://www.ncbi.nlm.nih.gov/pubmed/23494530
http://dx.doi.org/10.1074/jbc.M706937200
http://www.ncbi.nlm.nih.gov/pubmed/18326489
http://dx.doi.org/10.1007/s00018-010-0562-9
http://www.ncbi.nlm.nih.gov/pubmed/20976519
http://dx.doi.org/10.1007/s11064-010-0391-0
http://www.ncbi.nlm.nih.gov/pubmed/21210220
http://dx.doi.org/10.1002/glia.20485
http://www.ncbi.nlm.nih.gov/pubmed/17295212
http://dx.doi.org/10.1523/JNEUROSCI.0006-07.2007
http://www.ncbi.nlm.nih.gov/pubmed/17652588
http://dx.doi.org/10.1074/jbc.C700052200
http://www.ncbi.nlm.nih.gov/pubmed/17491008
http://dx.doi.org/10.1111/j.1460-9568.2001.01376.x
http://www.ncbi.nlm.nih.gov/pubmed/11168528
http://dx.doi.org/10.1523/JNEUROSCI.4921-05.2006
http://www.ncbi.nlm.nih.gov/pubmed/16723544
http://www.ncbi.nlm.nih.gov/pubmed/11517264
http://dx.doi.org/10.1523/JNEUROSCI.1069-12.2012
http://www.ncbi.nlm.nih.gov/pubmed/22956843
http://dx.doi.org/10.1002/(SICI)1096-9861(19980615)395:4%3C510::AID-CNE7%3E3.0.CO;2-4
http://www.ncbi.nlm.nih.gov/pubmed/9619503
http://dx.doi.org/10.1073/pnas.0810137105
http://www.ncbi.nlm.nih.gov/pubmed/19017796
http://dx.doi.org/10.2174/1389557515666150324122321
http://www.ncbi.nlm.nih.gov/pubmed/25807947
http://dx.doi.org/10.1038/nn.3237
http://www.ncbi.nlm.nih.gov/pubmed/23064382
http://dx.doi.org/10.1523/JNEUROSCI.1105-14.2014
http://www.ncbi.nlm.nih.gov/pubmed/24948799
http://dx.doi.org/10.1111/j.1471-4159.2004.02770.x
http://www.ncbi.nlm.nih.gov/pubmed/15485494
http://dx.doi.org/10.1074/jbc.M411002200
http://www.ncbi.nlm.nih.gov/pubmed/15489224
http://dx.doi.org/10.1016/j.febslet.2008.02.053
http://www.ncbi.nlm.nih.gov/pubmed/18325333
http://dx.doi.org/10.1523/JNEUROSCI.0710-14.2014
http://www.ncbi.nlm.nih.gov/pubmed/25080600
http://dx.doi.org/10.1126/science.1067132
http://www.ncbi.nlm.nih.gov/pubmed/11859196
http://dx.doi.org/10.1016/S0301-0082(02)00058-8
http://www.ncbi.nlm.nih.gov/pubmed/12385864
http://dx.doi.org/10.1242/jcs.018218
http://www.ncbi.nlm.nih.gov/pubmed/18042622
http://dx.doi.org/10.1523/JNEUROSCI.1482-08.2008
http://www.ncbi.nlm.nih.gov/pubmed/18701695
http://dx.doi.org/10.1038/nmeth.1712
http://www.ncbi.nlm.nih.gov/pubmed/21946668
http://dx.doi.org/10.1038/nbt.2561
http://www.ncbi.nlm.nih.gov/pubmed/23584611
http://dx.doi.org/10.1038/nature14335
http://www.ncbi.nlm.nih.gov/pubmed/25896324
http://dx.doi.org/10.1523/JNEUROSCI.0232-09.2009
http://www.ncbi.nlm.nih.gov/pubmed/19474313
http://www.ncbi.nlm.nih.gov/pubmed/9822744
http://dx.doi.org/10.1371/journal.pone.0099444
http://www.ncbi.nlm.nih.gov/pubmed/24911000
http://dx.doi.org/10.1046/j.1471-4159.1999.0720139.x
http://www.ncbi.nlm.nih.gov/pubmed/9886064
http://dx.doi.org/10.1074/jbc.272.51.32286
http://www.ncbi.nlm.nih.gov/pubmed/9405434
http://dx.doi.org/10.1002/glia.22832
http://www.ncbi.nlm.nih.gov/pubmed/25847153
http://dx.doi.org/10.1242/jcs.147553
http://www.ncbi.nlm.nih.gov/pubmed/24879856
http://dx.doi.org/10.1002/glia.22272
http://www.ncbi.nlm.nih.gov/pubmed/22108845
http://www.ncbi.nlm.nih.gov/pubmed/11432802


specific cyclin-dependent kinase 5 activator via activation of ERK1/2
pathway. J Biol Chem 280:12896 –12901. CrossRef Medline

Stacchiotti A, Rezzani R, Rodella L, Tiberio L, Schiaffonati L, Bianchi R
(1999) Cell-specific expression of heat shock transcription factors 1 and
2 in unstressed rat spinal cord. Neurosci Lett 268:73–76. CrossRef
Medline

Su SC, Tsai LH (2011) Cyclin-dependent kinases in brain development and
disease. Annu Rev Cell Dev Biol 27:465– 491. CrossRef Medline

Sussman CR, Davies JE, Miller RH (2002) Extracellular and intracellular
regulation of oligodendrocyte development: roles of Sonic hedgehog and
expression of E proteins. Glia 40:55– 64. CrossRef Medline

Tang XM, Strocchi P, Cambi F (1998) Changes in the activity of cdk2 and
cdk5 accompany differentiation of rat primary oligodendrocytes. J Cell
Biochem 68:128 –137. CrossRef Medline

Tawk M, Makoukji J, Belle M, Fonte C, Trousson A, Hawkins T, Li H, Ghan-
dour S, Schumacher M, Massaad C (2011) Wnt/beta-catenin signaling
is an essential and direct driver of myelin gene expression and myelino-
genesis. J Neurosci 31:3729 –3742. CrossRef Medline

Wang J, Pol SU, Haberman AK, Wang C, O’Bara MA, Sim FJ (2014)

Transcription factor induction of human oligodendrocyte progenitor
fate and differentiation. Proc Natl Acad Sci U S A 111:E2885–E2894.
CrossRef Medline

Yang Y, Wang H, Zhang J, Luo F, Herrup K, Bibb JA, Lu R, Miller RH (2013)
Cyclin dependent kinase 5 is required for the normal development of
oligodendrocytes and myelin formation. Dev Biol 378:94 –106. CrossRef
Medline

Zhao XS, Fu WY, Chien WW, Li Z, Fu AK, Ip NY (2014) p35 regulates the
CRM1-dependent nucleocytoplasmic shuttling of nuclear hormone re-
ceptor coregulator-interacting factor 1 (NIF-1). PLoS One 9:e110584.
CrossRef Medline

Zhou Q, Choi G, Anderson DJ (2001) The bHLH transcription factor Olig2
promotes oligodendrocyte differentiation in collaboration with Nkx2.2.
Neuron 31:791– 807. CrossRef Medline

Zuchero JB, Fu MM, Sloan SA, Ibrahim A, Olson A, Zaremba A, Dugas JC,
Wienbar S, Caprariello AV, Kantor C, Leonoudakis D, Lariosa-
Willingham K, Kronenberg G, Gertz K, Soderling SH, Miller RH, Barres
BA (2015) CNS myelin wrapping is driven by actin disassembly. Dev
Cell 34:152–167. CrossRef Medline

Luo et al. • p35 and p39 Regulate Oligodendrocyte Maturation J. Neurosci., March 9, 2016 • 36(10):3024 –3037 • 3037

http://dx.doi.org/10.1074/jbc.M412139200
http://www.ncbi.nlm.nih.gov/pubmed/15695523
http://dx.doi.org/10.1016/S0304-3940(99)00394-8
http://www.ncbi.nlm.nih.gov/pubmed/10400081
http://dx.doi.org/10.1146/annurev-cellbio-092910-154023
http://www.ncbi.nlm.nih.gov/pubmed/21740229
http://dx.doi.org/10.1002/glia.10114
http://www.ncbi.nlm.nih.gov/pubmed/12237843
http://dx.doi.org/10.1002/(SICI)1097-4644(19980101)68:1%3C128::AID-JCB13%3E3.0.CO;2-D
http://www.ncbi.nlm.nih.gov/pubmed/9407321
http://dx.doi.org/10.1523/JNEUROSCI.4270-10.2011
http://www.ncbi.nlm.nih.gov/pubmed/21389228
http://dx.doi.org/10.1073/pnas.1408295111
http://www.ncbi.nlm.nih.gov/pubmed/24982138
http://dx.doi.org/10.1016/j.ydbio.2013.03.023
http://www.ncbi.nlm.nih.gov/pubmed/23583582
http://dx.doi.org/10.1371/journal.pone.0110584
http://www.ncbi.nlm.nih.gov/pubmed/25329792
http://dx.doi.org/10.1016/S0896-6273(01)00414-7
http://www.ncbi.nlm.nih.gov/pubmed/11567617
http://dx.doi.org/10.1016/j.devcel.2015.06.011
http://www.ncbi.nlm.nih.gov/pubmed/26166300

	The Activators of Cyclin-Dependent Kinase 5 p35 and p39 Are Essential for Oligodendrocyte Maturation, Process Formation, and Myelination
	Introduction
	Materials and Methods
	Results
	The expression of p35 and p39 in OL lineage cells
	Distinct roles for p35 and p39 in OL differentiation
	Partial compensation of expression of p35 and p39 in the OL lineage
	Discussion


