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The actin cytoskeleton is crucial for oligodendrocyte differentiation and myelination. Here we show that p21-activated kinase
1 (PAK1), a well-known actin regulator, promotes oligodendrocyte morphologic change and myelin production in the CNS. A
combination of in vitro and in vivo models demonstrated that PAK1 is expressed throughout the oligodendrocyte lineage
with highest expression in differentiated oligodendrocytes. Inhibiting PAK1 early in oligodendrocyte development decreased
oligodendrocyte morphologic complexity and altered F-actin spreading at the tips of oligodendrocyte progenitor cell proc-
esses. Constitutively activating AKT in oligodendrocytes in male and female mice, which leads to excessive myelin wrapping,
increased PAK1 expression, suggesting an impact of PAK1 during active myelin wrapping. Furthermore, constitutively activat-
ing PAK1 in oligodendrocytes in zebrafish led to an increase in myelin internode length while inhibiting PAK1 during active
myelination decreased internode length. As myelin parameters influence conduction velocity, these data suggest that PAK1
may influence communication within the CNS. These data support a model in which PAK1 is a positive regulator of CNS
myelination.
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Significance Statement

Myelin is a critical component of the CNS that provides metabolic support to neurons and also facilitates communication
between cells in the CNS. Recent data demonstrate that actin dynamics drives myelin wrapping, but how actin is regulated
during myelin wrapping is unknown. The authors investigate the role of the cytoskeletal modulator PAK1 during differentia-
tion and myelination by oligodendrocytes, the myelinating cells of the CNS. They demonstrate that PAK1 promotes oligoden-
drocyte differentiation and myelination by modulating the cytoskeleton and thereby internode length, thus playing a critical
role in the function of the CNS.

Introduction
Polarized membrane production is a complex biological task. In
the CNS, oligodendrocytes produce massive amounts of polar-
ized plasma membrane as they generate myelin that wraps
around axons. Myelin provides an insulating sheath that facili-
tates axon conduction velocity and provides metabolic support
to axons (Siegel and Agranoff, 1999; Lee et al., 2012).
Oligodendrocytes must integrate signals from the extracellular

environment, nearby cells, and the axons themselves to deter-
mine how much myelin to produce (Kirby et al., 2006; Hughes et
al., 2013; Hines et al., 2015; Mensch et al., 2015). Recent data
highlight the complex role of the actin cytoskeleton throughout
oligodendrocyte development. Actin polymerization is required
for oligodendrocyte precursor cell (OPC) migration as OPCs
extend and retract filopodial-like processes, integrating signals
from the surrounding environment (Liang et al., 2004; Nawaz et
al., 2015; Zuchero et al., 2015). OPCs then differentiate into oli-
godendrocytes where they contact axons and begin producing
myelin. Myelin wrapping, the process of extending membrane
around an axon, is driven by the cycle of actin polymerization
and depolymerization at the inner tongue, also known as the
leading edge, of the myelin wrap (Nawaz et al., 2015; Zuchero et
al., 2015). F-actin localizes to the leading edge during myelin
wrapping, expanding the cytoplasm that protrudes underneath
previous myelin wraps and between those wraps and the axon,
driving membrane around the axon. F-actin is immediately
depolymerized, allowing for myelin compaction behind the
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leading edge (Nawaz et al., 2015). The signals that regulate cytos-
keletal dynamics during oligodendrocyte differentiation and
myelination are unknown.

The signaling pathways that regulate myelin production (i.e.,
myelination) by oligodendrocytes have been intensively investi-
gated. Most studies define myelin production by myelin thick-
ness or the number of myelinated axons. The AKT/mTOR and
the MEK/ERK pathways, as well as modulators of the actin cyto-
skeleton, positively regulate myelin thickness. Conditional KOs
of the AKT/mTOR or the MEK/ERK pathways decrease myelin
thickness, whereas activating these pathways increases myelin
thickness (Flores et al., 2008; Narayanan et al., 2009; Goebbels et
al., 2010; Ishii et al., 2012, 2013, 2019; Bercury et al., 2014; Wahl
et al., 2014). Altering actin cytoskeletal dynamics by increasing
actin depolymerization increases myelin thickness (Zuchero et
al., 2015), whereas conditionally deleting ADF/cofilin, an actin-
depolymerizing protein, leads to a decrease in myelin thickness
(Nawaz et al., 2015). These studies establish that these pathways
regulate myelin thickness and increasing myelin wrapping. Little
is known about how they affect myelin internode length, an im-
portant and distinct parameter that influences axonal conduction
velocity. Additionally, less is known about the regulation of the
actin cytoskeleton during myelination, compared with the AKT
or ERK signaling pathways.

The p21-activated kinase (PAK) family of serine/threonine ki-
nases regulates multiple signaling pathways, some of which are
involved in myelination. PAKs are known to act both upstream
and downstream of multiple pathways, including the AKT/
mTOR, MEK/ERK, and cytoskeletal pathways, each of which
regulates oligodendrocyte development and myelination (Frost
et al., 1997; Slack-Davis et al., 2003; Higuchi et al., 2008).
Group I PAKs (PAK1-3) share a high degree of sequence iden-
tity and are characterized by a Cdc42/Rac1 interacting binding
domain (Zenke et al., 1999; Tang et al., 2000; Papakonstanti
and Stournaras, 2002). PAK3 is expressed predominately in the
brain, and recent data indicate that PAK3 regulates oligoden-
drocyte differentiation and myelination (Manser et al., 1994;
Maglorius Renkilaraj et al., 2017). Additionally, global loss of
PAK1 and PAK3 decreases total myelin production in the
brain, suggesting that PAK1 may be important for myelination
(Huang et al., 2011). Given its high expression in oligodendro-
cyte lineage cells (Y. Zhang et al., 2014; Marques et al., 2016)
and its known role regulating signaling pathways involved in
oligodendrocyte differentiation, we tested the hypothesis that
PAK1 is required for oligodendrocyte differentiation and myeli-
nation. Our studies establish that PAK1 increases in expression
throughout oligodendrocyte differentiation and during excessive
myelin wrapping, and it positively regulates myelin production
by modulating F-actin at the edge of OPC processes.

Materials and Methods
Zebrafish maintenance and live imaging. All zebrafish experiments

completed in this study were approved by the Institutional Animal Care
and Use Committee at the University of Colorado School of Medicine.
Embryos were raised at 28.5° on a 14/10 light cycle in embryo media
(EM) (250 ml 20� EM stock: NaCl 17.5 � g, KCl 0.75 � g, CaCl2 2H2O
2.9 � g, KH2HPO4 0.41 � g, NaHPO4-2H2O 0.178 � g, MgSO4-7H2O
4.9 � g, dH2O to 1000 ml), sodium bicarbonate 0.3 � g, dH2O to 5 L
and staged according to hours post-fertilization (hpf), days post-fertiliza-
tion (dpf), and morphologic criteria (Kimmel et al., 1995). Zebrafish
were anesthetized using tricaine (MS-222). For imaging, live embryos
were mounted laterally in 1% low-melt agarose and tricaine and imaged
directed above the yolk sac extension on a Leica Microsystems DM-6000

confocal with a 25� water immersion lens. Individual myelin internodes
were traced and analyzed in 3D using IMARIS image analysis software
(Bitplane). Image brightness and contrast were increased uniformly in
individual images to provide a clear image.

qPCR. Zebrafish embryos were collected for RNA analysis in treat-
ment groups of 20 fish. They were anesthetized with ethyl 3-aminoben-
zoate methanesulfonate salt (tricaine) (Sigma Millipore, #E10521-10G,
catalog #866-86-2), collected into 1.5 ml tubes, liquid was removed, snap
frozen in liquid nitrogen, and stored at�80° in Trizol Reagent (Thermo
Fisher Scientific #15596026). RNA was isolated using Direct-zol RNA
miniprep Kit plus DNase treatment (Zymo Research, #R2072). After isola-
tion, 100ng/ml of mRNA was reverse-transcribed using iScript Reverse
Transcription Supermix for qRT-PCR (Bio-Rad, #1708841). qRT-PCR was
performed using TaqMan Universal PCR Master Mix (Thermo Fisher
Scientific, #4304437) on a StepOnePlus realtime PCR (Applied Biosystems,
#4376600). TaqMan probes were ordered through Thermo Fisher Scientific,
mpz (Dr03131915_m1), 36k (flj13639) (Dr034338676_m1), and refer-
ence genes gapdh (Dr03436842_m1), and rpl13 (Dr03101114_g1). mbp
(jh71mbp) was designed through Eurofins using the following sequen-
ces: forward 59-GTTCTTCGGAGGAGACAAGAAGAG-39, reverse 59-
GTCTCTGTGGAGAGGAGGATAGATGA-39. All experiments followed
the MIQE Guidelines for qPCR (Bustin et al., 2009). Data were analyzed
using one-sample t test against the hypothetical control value of 1 for sta-
tistical significance (p, 0.05).

Rat OPCs. All animal experimental protocols were approved by the
University of Colorado School of Medicine Animal Care and Use
Committee and were conducted in accordance with the National
Institutes of Health Guide for the care and use of laboratory animals.
Mixed glial cultures were generated from P0-P4 Sprague Dawley rat
pups. The cerebra of rat pups were dissected and homogenized in Hanks
balanced salt solution following removal of meninges to generate a single
cell suspension. Cells were plated into poly-D-lysine-coated or poly-L-
ornithine-coated flasks and grown in DMEM high glucose with 10%
FBS, 2 mM L-glutamine and 50 U/ml Pen/Strep for 10-12 d with three
media changes. Microglia were shaken off for 1 h at 150 rpm at 37°C.
Media was replaced, and OPCs were purified by shaking overnight at
225 rpm at 37°C. The media was collected and passed through a 70mm
filter. The media was added to uncoated 10 cm dishes and incubated for
1 h at 37°C to remove astrocytes. Media was transferred to 50 ml Falcon
tubes and spun for 4min at 1200 rpm to pellet OPCs. OPCs were then
resuspended in OPC media (DMEM, 1� N2, 40 nM D-biotin, 10 nM
hydrocortisone, 0.1% BSA, 50 U/ml Pen/Strep, 2 mM L-glutamine,
10ng/ml PDGF, 10ng/ml FGF) and plated onto acid washed glass cover-
slips or coated (poly-D-lysine, fibronectin, laminin) plastic dishes
according to experimental protocol.

Mouse OPCs. For mouse OPCs, cortices of P0-P2 mouse pups were
dissected; 1 ml of papain solutions and DNase was added and gently dis-
sociated by titration. The mixture was incubated at 37°C for 10min, tri-
turated again; 5 ml OPC media (DMEM, 100� OL supplement; DMEM,
BSA 10.2mg/ml, progesterone 6mg/ml, putrescine 1.61mg/ml, sodium
selenite 500 ng/ml, T3 40 mg/ml; insulin 2.5mg/ml, GlutaMAX, Holo-
transferrin 50mg/ml, B27 1�, PDGF 10ng/ml, FGF 10ng/ml) and
150 ml of DNase/brain was added to mixtures, which were incubated for
5min at room temperature. Tubes were spun at 300 � g for 5min.
Media was aspirated, and pellets were resuspended in 1 ml of OPC
media. Mixture was added to T75 flask with 10 ml OPC media and
placed in 8.5% CO2 incubator for 24 h. Media was aspirated off and
replaced with 10 ml of fresh OPC media. Media was changed on ev-
ery 2 d. On day 8, insulin was added to the media. Microglia were
shaken off at 100 rpm for 1 h at room temperature. Media was
replaced, and OPCs were purified by shaking overnight at 190 rpm
at 37°C. Media containing cells was collected and filtered through
40 mm filter into noncoated Petri plates for microglia attachment for
30min to 1 h. Media was placed in 15 ml Falcon tubes and spun at
1200 rpm for 5min. Supernatant was removed, and cells were resus-
pended in oligodendrocyte media containing PDGF/FGF. Media
was changed every 48 h (O’Meara et al., 2011). For inhibitor experi-
ments, OPCs were treated with either DMSO or FRAX486 after 2 d
in oligodendrocyte media.
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shRNA. For shRNA experiments in rat OPCs (rOPCs), cells were
plated on glass coverslips. Plasmid DNA containing rat PAK1 shRNA
(Target 1: TAAAATTCCAACACATCCA; Target 2: TTCCGGGTC
AAAGCATCTG; Target 3: ATCCCCGTAAACTCCCCTG; scrambled
control: GCTCCACGCTTCACTACCA) was cloned using pSUPER
RNAi System (catalog #VEC-PRT-0002). Plasmid DNA was added to
Xfect reaction buffer (Xfect Transfection Reagent, Takara, catalog
#631317). Xfect Polymer was then added to mixture. Mixture was vor-
texed for 10 s and incubated at room temperature for 10min. The mix-
ture was spun in a tabletop centrifuge and then added dropwise to the
cell culture medium. The plates were gently tapped and then incubated
for 4 h at 37°C. Media containing the shRNA was removed by aspiration
and replaced with differentiation media, replaced every 2 d. The cells
were incubated at 37°C for 5 d until analysis. For shRNA in C6 glioma
cells, cells were plated on 6 cm plastic dishes. Cells were transfected over-
night, treated with puromycin for 1week to select for transfected cells,
then collected and plated on 6 cm dishes (1million cells/dish), and col-
lected the next day for Western blot for PAK1 (Cell Signaling
Technology, 2602) or PAK1 target LIM domain kinase 1 (pLIMK; Cell
Signaling Technology, 3841) protein expression.

Immunocytochemistry. rOPCs were collected for analysis after 1 h
incubation with live stain (1:4 O1/O4 antibody [Dai et al., 2015] in OPC
media). rOPCs were washed twice with ice-cold PBS and fixed overnight
in 500ml of 4% PFA. Cells were rinsed twice with PBS and stored at 4°C
for immunocytochemistry. Images were taken using Leica Microsystems
DM-6000 confocal with a 25� water immersion lens or 63� oil immer-
sion lens. For high magnification, images were taken using Nikon N-
SIM with 100� TIRF objective.

Immunohistochemistry. For PAK1 staining, freshly dissected tissue
was obtained from P8 mice, embedded in Tissue-Tek Optimal Cutting
Temperature compound (Sakura Finetech, #4583) and quickly frozen in
liquid nitrogen. Brains were sectioned at 5mm thickness by a cryostat
(Leica Biosystems, CM1950) and thaw-mounted on slides. These sec-
tions were fixed with cold acetone (�30°C) for 20min, then blocked for
1 h in blocking solution (5% normal donkey serum, 0.1% Triton X-100
in PBS). Sections were incubated in primary antibodies diluted in block-
ing solution 24 h at 4°C. Primary antibodies used are as follows: rabbit
anti-PAK1 (1:200, Abcam, ab131522, RRID:AB_11156726) and goat
anti-SOX10 (1:500, R&D Systems, AF2864, RRID:AB_442208). After
washing with PBS, the sections were incubated in biotin-conjugated anti
rabbit IgG diluted in blocking buffer overnight at 4°C. After washing with
PBS-T (0.1% Triton X-100/PBS), sections were incubated for 2 h at room
temperature with AlexaFluor-488-conjugated Donkey anti-Rabbit and
AlexaFluor-594-conjugated Donkey anti-Goat (Jackson ImmunoResearch
Laboratories) diluted in blocking buffer. After washing with PBS-T (0.1%
Triton X-100/PBS), the sections were coverslipped in Fluoromount G
(Southern Biotechnology). Images were taken with a Leica Microsystems
DM-6000 confocal with a 63� oil immersion lens.

For AKT-DD animal staining, mice were anesthetized with Fatal
Plus, and tissue was fixed by transcardial perfusion with PBS followed by
4% PFA at 4°C. Brain was dissected, postfixed overnight, and transferred
to cryoprotection solution (30% sucrose in PBS) overnight at 4°C. Free-
floating 30mm coronal sections were prepared on a cryostat (Leica
Microsystems, CM1950), and sections were stored at 4°C in cryostorage
solution (30% ethylene glycol, 30% sucrose, and 1% PVP-40 in 0.1 M

Sorenson’s buffer). Free-floating sections were washed in PBS, and anti-
gen retrieval was performed with 10 mM sodium citrate, pH6.0, plus
0.05% Tween 20 for 10min at 550 W in a PELCO BioWave Pro tissue
processor (Ted Pella), followed by washing in PBS. They were blocked
for 1 h in blocking solution (5% normal donkey serum, 0.1% Triton X-
100 in PBS). Sections were incubated in primary antibodies diluted in
blocking solution 48 h at 4°C. Primary antibodies used are as follows:
rabbit anti-PAK1 (1:500, Cell Signaling Technology, #2602, RRID:AB_
330222), goat anti-GFP (1:500, Abcam, ab6673, RRID:AB_305643), and
rat anti-PLP1 (clone AA3) (Yamamura et al., 1991). After washing with
PBS, the sections were incubated in biotin-conjugated anti-rabbit IgG
diluted in blocking buffer overnight at 4°C. After washing with PBS, sec-
tions were incubated for 2 h at room temperature with AlexaFluor-488-
conjugated Donkey anti-Goat and Rat IgG (Jackson ImmunoResearch

Laboratories), and AlexaFluor-594-conjugated streptavidin (Jackson
ImmunoResearch Laboratories) diluted in blocking buffer. After wash-
ing with PBS, the sections were mounted on slides and coverslipped in
Fluoromount G (Southern Biotechnology). Images were taken Leica
Microsystems DM-6000 confocal with a 25� water immersion lens.

Cloning. The tol2kit was used to construct plasmids (Kwan et al.,
2007). pEXPR-myrf:PAK1 and pEXPR:mbp:PAK1-EGFP constructs
were created by subcloning the appropriate PAK1 constructs into the
pME plasmid, which was then used for recombination with p5E-myrf or
p5E-mbp, p3E-2AnlsmCherry, and pDEST-nonet plasmids using the
Tol2 kit. The resulting plasmids were verified by restriction digest and
sequencing.

Plasmid list. The plasmid list is as follows: P5E-mbp; P5E-myrf (a gift
from Bruce Appel); pME-p3E-2AnlsmCherry; pEBG-PAK1 83-149 (a gift
from Jonathan Chernoff, Addgene plasmid #12214); pEBG-PAK1 83-149
L107F (a gift from Jonathan Chernoff, Addgene plasmid #12215);
pCMV6M-PAK1 K299R (a gift from Jonathan Chernoff, Addgene plasmid
#12210); pCMV6M-PAK1 T423E (a gift from Jonathan Chernoff, Addgene
plasmid #12208); pDEST-nonet; pDEST-no heart marker; pEXPR-mbp:
mEGFP; pEXPR-myrf:PAK1 autoinhibitory domain (AID); pEXPR-myrf:
PAK1 AID L107F; pEXPR-myrf:PAK1 T423E; pEXPR-myrf:PAK1 K299R;
and pEXPR:mbp:PAK1-EGFP.

Drug inhibitor experiments. Pharmaceuticals used to study PAK1
impact on myelin gene expression were FRAX486 (Tocris Bioscience,
#5190, catalog #1232030-35-1), NVS PAK1 1 (Tocris Bioscience, #6132,
catalog #1783816-74-9), and G5555 (Tocris Bioscience, #6051, catalog
#1648863-90-4). All pharmaceuticals were reconstituted in DMSO. For
zebrafish experiments, each pharmaceutical concentration was applied
in 1% DMSO in EM, with a sample group of 20 embryos. All conditions
were performed in 3-5 biological replicates. Pharmaceuticals diluted in
EM were applied at 2 dpf, refreshed at 3 dpf, and samples were collected
at 4 dpf. Drugs were diluted into EM to make working concentrations
with a final concentration of 1% DMSO. Control solutions contained 1%
DMSO in EM. Zebrafish embryos were collected following timed mat-
ings. Transgenic embryos were sorted for fluorescence (for internode
analysis) or WT embryos (for qPCR analysis), and they were dechorio-
nated and treated with appropriate drug or DMSO control. Drug treat-
ments were initiated at 48 hpf for all experiments. For internode
analysis, fish were treated from 48-72 hpf, after which zebrafish were
anesthetized using tricaine (MS-222) and live imaged. For qPCR,
embryos were treated from 48 to 96 hpf with drug renewal/EM change
after 24 h.

DNA microinjections. For mosaic labeling, zebrafish embryos were
collected and injected with appropriate DNA constructs at the 1-4 cell
stage. Embryos were injected with 1 nl of a solution containing 15-25
ng/ml total plasmid DNA, 20ng/ml transposase mRNA, and 10% phenol
red.

Experimental design and statistical analysis. All experiments were
completed with at least three biological replicates, and analyses were
completed in a blinded manner. For pharmacological treatments of
zebrafish larvae, embryos were treated in groups of 20 embryos. For
image analysis, control groups were measured across samples to ensure
no differences occurred between controls of different experiments, and
then all data were combined for analysis by unpaired t test.

For quantification of cell counts in WT and AKT-DD corpus cal-
losum, 3 individual animals of either sex were killed and fixed as
described above. Sections were stained simultaneously and imaged on
the same day. Three sections from each animal were imaged, quantified,
and averaged per animal. Unpaired t tests on individual animals were
completed.

For protein quantification, 3 individual animals were used per sam-
ple for mouse samples. For cell culture experiments, experiments were
repeated on at least 3 separate days, and samples were collected as
described above. Data were analyzed using ANOVA with Dunnett’s
multiple comparisons test.

For mosaic analysis of myelin production in the zebrafish spinal
cord, 1 or 2 cell embryos were injected with pMBP:mEGFP alone or
with a second plasmid to manipulate PAK1 function. Larvae were
screened for fluorescence at 4 dpf, and imaged as described above. Each
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PAK1manipulation was injected on at least 3 separate days and analyzed
using IMARIS 3D software as described above. Controls from each
experiment were compared across each experiment. Since no differences
were found between controls of individual experiments, internode
length and number were averaged per cell, and all individual cells were
grouped for analysis using ordinary one-way ANOVA with Dunnett’s
multiple comparisons test.

Results
PAK1 expression in oligodendrocytes
PAK1 is highly expressed by multiple cell types in the brain
(Kelly and Chernoff, 2012). To investigate PAK1 expression
specifically in the oligodendrocyte lineage, we studied pri-
mary rat oligodendrocyte differentiation to determine
PAK1 protein expression throughout oligodendrocyte de-
velopment. PAK1 is expressed throughout the oligoden-
drocyte lineage with highest expression in differentiated
oligodendrocytes that express MBP (Fig. 1A,B). This
increase in PAK1 protein expression is consistent with
PAK1 mRNA levels during OPC differentiation (Y. Zhang
et al., 2014; Marques et al., 2016). This suggests that both

PAK1 mRNA and protein are expressed
throughout the entire oligodendrocyte lin-
eage but with increasing expression during
OPC differentiation and highest expres-
sion in myelinating oligodendrocytes (Y.
Zhang et al., 2014; Marques et al., 2016).
By immunocytochemistry of cultured cells
in vitro, PAK1 protein localizes to both
the cell body and the highly branched
oligodendrocyte processes in differen-
tiated oligodendrocytes expressing the
differentiation surface antigens, O1/O4
(Fig. 1C).

To assess whether PAK1 is expressed
in oligodendrocytes and myelin in vivo,
we first performed immunohistochemis-
try in P8 mouse brains. PAK1 protein
localizes to both the oligodendrocyte cell
body and oligodendrocyte processes,
confirming the expression observed in
cells in vitro (Fig. 1E). To determine
whether PAK1 is expressed in myelin,
we transiently expressed a full-length
PAK1 with an EGFP tag in myelinating
zebrafish (pEXPR:mbp:PAK1-EGFP)
along with a myelin marker (pEXPR:
mbp:mRFP). During active myelina-
tion at 4 dpf, we observed PAK1
expression in the cell body, presump-
tive paranodes, and to a lesser extent
within the developing myelin internode
itself (Fig. 1D). Together with the in
vitro expression that shows PAK1
expressed in the cell body and oligo-
dendrocyte branches, this suggests that
PAK1 may regulate multiple stages of
oligodendrocyte development.

Increasing myelination increases PAK1
expression
Since PAK1 increases expression during
oligodendrocyte differentiation and is
most highly expressed in myelinating oli-

godendrocytes, we tested the hypothesis that increasing
myelination would increase PAK1 expression. Our hyper-
myelinating mouse model driven by constitutively active
AKT in oligodendrocytes (PLP-Akt-DD) (Flores et al., 2008;
Narayanan et al., 2009) shows increased myelin thickness in
the CNS without alterations to the number of differentiated
oligodendrocytes, quantified by the number of CC11 cells in
the corpus callosum (Fig. 2E). These mice continue to
actively myelinate as adults. Our data demonstrate that
PAK1 expression is increased fourfold in cerebellum of PLP-
Akt-DD mice, which have increased Akt expression (Fig. 2A,
B), coincident with the increased myelin wrapping in adult
mice (Flores et al., 2008). To confirm that this resulted from
increased PAK1 specifically in oligodendrocytes, we analyzed
WT and PLP-Akt-DD corpus callosum samples by immuno-
histochemistry, staining for PAK1 plus the transcription fac-
tor SOX10 to identify all oligodendrocyte lineage cells and
CC1 to identify differentiated oligodendrocytes. Immunohisto-
chemical analysis of PLP-Akt-DD corpus callosum indicated
a clear increase in PAK1 expression in differentiated

Figure 1. PAK1 expression through the oligodendrocyte lineage. A, PAK1 protein expression in vitro in primary rOPCs.
PAK1 has increased expression during oligodendrocyte differentiation, particularly when MBP is expressed. B, Quantification
of in vitro expression of PAK1 protein (F(5,17) = 5.583, pp= 0.0032); ordinary one-way ANOVA with Dunnett’s multiple com-
parisons test. C, Representative image of PAK1 expression in oligodendrocytes after 5 d in differentiation media. Green repre-
sents PAK1. Blue represents Olig2. Magenta represents O1/O4. Scale bar, 10mm. D, E, In vivo expression of PAK1 by pEXPR-
mbp:PAK1-EGFP coexpressed with pEXPR:mbp:mRFP to label myelin. In zebrafish larvae (4 dpf), PAK1 is expressed in the cell
body, in presumptive paranodes (arrowheads), and within myelin (arrow). In P8 cortex, PAK1 protein is expressed in oligo-
dendrocytes (E) (green represents PAK1; magenta represents SOX10), and P8 brains were fixed in methanol (see Materials
and Methods). Scale bar, 25mm.
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oligodendrocytes, and specifically in the percentage of
PAK11/CC11 cells (Fig. 2C,E). This suggests that PAK1 is
downstream of AKT signaling that drives myelination in
oligodendrocytes.

Inhibiting Group I PAKs inhibits PAK activity and decreases
myelin gene expression
In order to investigate when during development PAK1 activity
was most crucial, we analyzed the impact of PAK1 on oligoden-
drocyte gene expression during development in zebrafish. Initial
studies used PAK1 pharmacological inhibitors; and before study-
ing them in zebrafish, their specificity was established in vitro
using the C6 glioma cell line. We stimulated PAK1 activity in the
cells with insulin growth factor and tested three different individ-
ual chemical inhibitors. Each inhibitor primarily targets PAK1
but also slightly decreases activity of PAK2 and PAK3 (Dolan et
al., 2013; Karpov et al., 2015; Ndubaku et al., 2015). Since Group
I PAK activity requires autophosphorylation on activity, we
quantified PAK activation by pPAK1Ser141/PAK2Ser141 (Chong et
al., 2001). Inhibiting Group I PAKs with each of the three inhibi-
tors decreased PAK activity significantly in C6 cells (Fig. 3A,B).
We then used these inhibitors in our in vivo zebrafish model to
investigate the role of PAKs within the oligodendrocyte lineage.
The same three chemical inhibitors that inhibited PAK activity
in vitro were tested for their impact on myelin gene expression in
zebrafish embryos. Inhibiting Group I PAKs from 2 to 4 dpf,
during the time of oligodendrocyte differentiation and initiation
of myelination, led to significantly decreased myelin gene expres-
sion. FRAX486 was most effective in decreasing myelin gene
expression. Thus, three major zebrafish CNS myelin mRNAs,
myelin basic proteins (mbp), myelin protein zero (mpz) (Bai et al.,
2011), and 36K (Morris et al., 2004), were downregulated after
treatment with FRAX486, although only mbp and 36K downreg-
ulation was statistically significant (Fig. 3C). Thus, Group I PAK
activity is needed for normal myelin gene expression during oli-
godendrocyte differentiation in zebrafish.

PAK1 regulates oligodendrocyte morphology and actin at
oligodendrocyte branch tips
To determine whether Group I PAKs regulate oligodendrocyte
morphology in vivo, we inhibited Group I PAKs using the most
effective chemical inhibitor (FRAX486). In a transgenic zebrafish
line that labels the membranes of oligodendrocytes, Tg(nkx2.2a:
mEGFP), we imaged a lateral view of the spinal cord, and found
that PAK1-3 inhibition with FRAX486 from 48 to 56 hpf, just
before the onset of myelination, reduced oligodendrocyte mor-
phologic complexity. Specifically, the total process length per cell
and the number of oligodendrocyte processes (terminal points)
were decreased (Fig. 4A–D). We also measured branching com-
plexity by Sholl analysis. Inhibiting PAK1-3 led to a decrease in
branching complexity during oligodendrocyte differentiation
(Fig. 4C–E). Thus, Group I PAKs positively regulate oligoden-
drocyte morphology.

Since PAKs are well-known regulators of the actin cytoskel-
eton (Arias-Romero and Chernoff, 2008) and oligodendro-
cyte morphologic changes require dramatic changes to the
actin cytoskeleton (Nawaz et al., 2015; Zuchero et al., 2015),
we next investigated whether PAK regulation of oligoden-
drocyte differentiation also altered F-actin during this pro-
cess. To investigate the mechanism of PAK regulation of
oligodendrocyte differentiation and process extension, we
returned to primary mouse oligodendrocytes and pharma-
cologically inhibited Group I PAK function in vitro. As oli-
godendrocytes extend processes in vitro, they develop an
actin-rich lamellipodial-like protrusion, or fan, at the tip of
individual branches that extends back to the cell body as the
branches expand during initial sheet formation. During
sheet expansion, F-actin becomes restricted to the outer pe-
rimeter of the sheet and is low in the sheet itself. Inhibiting
Group I PAKs for 30 min at 2 d in OPC media dramatically
reduced the number of actin-rich fans in oligodendrocytes,
suggesting that PAKs regulate oligodendrocyte morphology
through the actin cytoskeleton (Fig. 4F,G).

Figure 2. Constitutively active AKT increases PAK1 protein expression in oligodendrocytes. A, Representative image of Western blot of WT or AKT-DD cerebellar protein samples, where AKT
is overexpressed in PLP-Akt1 mice. B, Quantification of PAK1 protein expression compared with tubulin in WT and AKT-DD cerebellum samples of adult mice. n= 3 animals/genotype. t =
5.225, df = 4. ppp= 0.0064 (unpaired t test). C, PAK1 is increased in oligodendrocytes in AKT-DD adult mice in the corpus callosum. Green represents PAK1. Blue represents SOX10 (entire oli-
godendrocyte lineage). Red represents CC1 (differentiated oligodendrocytes). Scale bar, 25mm. D, E, Quantification of the percent of PAK11/CC11 cells and of total CC11 cells. n= 3 animal/
genotype, 2 or 3 images per animal. t= 8.467, df = 4. ppp= 0.0011.
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Inhibiting PAK1 in decreases oligodendrocyte morphology
To focus specifically on PAK1, PAK1 shRNAs were transfected
into rOPCs to reduce PAK1 expression in vitro, as rOPCs are
more reliable for transfection than mouse OPCs. This experi-
ment demonstrated that PAK1 activity had a major impact on
oligodendrocyte development by inhibiting process extension.
Three different PAK1 shRNA targets and a scrambled control
were designed to knock down PAK1 in rOPCs. PAK1 knock-
down was confirmed by Western blot in C6 glioma cells, which
have higher transfection efficiency than rOPCs. Target 1 and
Target 3 showed significant decreases in PAK1 protein level in
C6 cells (Fig. 5B), and importantly it also decreased phosphoryla-
tion of the downstream pLIMK in these cells, indicating that
these shRNAs target PAK1 (Fig. 5A,B). Targets 1 and 3 also
decreased PAK1 protein expression in transfected cells (Fig. 5D).

We transfected rOPCs with the control or PAK1 shRNA
(Target 1 and Target 3) along with a GFP plasmid. After 4 h, we
added fresh differentiation media and allowed the cells to grow
for 3 d (Fig. 5C). Oligodendrocyte morphologic complexity was
then quantified in control and PAK1 knockdown cells (GFP1

cells). GFP filled cells sufficiently to label major oligodendrocytes
processes and quantify gross changes in cell morphologic com-
plexity with static imaging. In PAK1 knockdown cells, oligoden-
drocyte branching was decreased, compared with the scrambled
control (Fig. 6), suggesting that PAK1 normally promotes oligo-
dendrocyte process extension and morphologic complexity.

PAK1 also regulates myelination
To test the hypothesis that Group I PAKs positively regulate
early myelination, we treated zebrafish with the PAK inhibitor
FRAX486 during active myelination and determined that Group
I PAKs positively regulate myelin internode length. Zebrafish
embryos were exposed to FRAX486 for 24 h (48-72 hpf), during
the time when oligodendrocytes are differentiating and begin-
ning to myelinate axons. A lateral view of the spinal cord was
then imaged, and the myelin produced was quantified. Since
PAK1 can regulate cell migration (Pan et al., 2015), we first
assessed the impact of the inhibitor on the number of dorsally
migrated OPCs. However, FRAX486 treatment induced no
change in the number of dorsally migrated SOX101 OPCs (Fig.
7C). When myelin production was then analyzed, Group I PAK
inhibition surprisingly resulted in a slight increase in the total

number of internodes in the spinal cord (Fig. 7D). Since Group I
PAK inhibition led to a decrease in oligodendrocyte terminal
points (Fig. 4), the increase in the number of internodes may be
because of altered stabilization of initial myelin sheaths after
Group I PAK inhibition. Alternatively, it is possible that inhibi-
tion of Group I PAK alters PAK signaling in other cell types,
such as neurons, that were not specifically assessed here. More
importantly, there was a clear reduction in the internode length,
an important measure of myelin production (Fig. 7E). This sug-
gests that PAK1-3 positively regulates myelination without alter-
ing cell migration.

Oligodendrocyte-specific PAK1 activity regulates
myelination
The data from pharmacological inhibition of Group I PAKs sug-
gested that PAK1-3 positively regulate oligodendrocyte process
extension and myelination. Since PAK1 is expressed in multiple
cell types (Arias-Romero and Chernoff, 2008); we next altered
PAK1 activity specifically in oligodendrocytes, focusing on the
actively myelinating cells. PAK1 dimerizes with another PAK1
molecule by the AID binding to the kinase domain of the second
PAK1 (Fig. 8A). When GTPase binds to the PAK1 GTPase bind-
ing domain, this results in conformational changes, autophos-
phorylation at multiple sites, including T423, and release of the
double-inactive PAK1 forms as activated PAK1 molecules (Fig.
8B) (Lei et al., 2000). This activation process provides a mecha-
nism to inhibit PAK1 activation by ectopically expressing the
AID in cells, where it will act as a dominant-negative molecule
by binding to the kinase domain of PAK1 and preventing its acti-
vation (Ye and Field, 2012).

To determine whether oligodendrocyte PAK1 activity regu-
lates myelin production, we used the PAK1 AID to inhibit PAK1
function in zebrafish oligodendrocytes after cloning the PAK1
AID behind an oligodendrocyte promoter expressed during
active myelination (pEXPR-myrf:PAK1 AID-2AnlsRFP). The 2A
peptide is cleavable, which allows expression of the PAK1 AID
separate from the red RFP fluorophore, thereby identifying cells
expressing the PAK1 AID without directly tagging the protein.
Mosaically labeled oligodendrocytes were generated by coinject-
ing the myrf promoter-driven PAK1 AID plasmid with pEXPR-
mbp:mEGFP, which labels myelin membrane. Because of the dis-
persion of individually labeled cells in these mosaic larvae,

Figure 3. Pharmacologically inhibiting PAK1 activity decreases myelin gene expression. A, pPAK1/2 is decreased in C6 cells after 30 min of treatment with PAK inhibitors. B, Quantification of
pPAK1/2 expression after addition of PAK inhibitors. n= 3 experiments. ppp= 0.0031 (ANOVA with Dunnett’s multiple comparisons test). C, Myelin mRNAS (mbp, 36k, and mpz) were quanti-
fied after treatment of zebrafish from 2 to 4 dpf with DMSO vehicle control or PAK inhibitors, FRAX486, NVS PAK1 1, or G5555 in EM. Each zebrafish sample was a group of 20 fish/treatment.
Drugs were refreshed daily. Mbp: F(3,10) = 2.478; 36k: F(3,9) = 4.403; mpz: F(3,9) = 2.539. pp, 0.05. n= 3-5 biological replicates/treatment.
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Figure 4. Pharmacologically inhibiting PAK1 activity decreases oligodendrocyte branching complexity and reduces actin in OPC branches. A, B, Tg(nkx2.2:mEGFP; sox10:tagRFP)
embryos were treated with a DMSO vehicle control (A) or the PAK1 inhibitor FRAX486 (B) from 48 to 56 hpf. Images were taken directly above the yolk sac extension. Individual
cells were traced and analyzed in 3D using IMARIS software. Scale bar, 25 mm. C, The inhibition of PAK1 decreased the total length of oligodendrocyte branches. t = 2.771,
df = 23. pp = 0.01 (unpaired t test). D, The inhibition of PAK1 decreased the number of oligodendrocyte terminal points per cell. t = 3.11, df = 23. ppp = 0.0049 (unpaired t
test). E, Sholl analysis was completed using IMARIS software. F, Mouse OPCs were treated for 30 min with DMSO vehicle control or the PAK inhibitor FRAX486 after 2 d in OPC
media. Cells were fixed and stained for F-actin with phalloidin. Representative images at 100� are shown. Scale bar, 10 mm. Arrowheads point to the ends of OPC processes.
There is dramatic loss of fan-like protrusions after FRAX486 treatment. N = 3 biological replicates with 5-7 technical replicates per group. G, Quantification of the percent of cells
with enriched F-actin in fan-like protrusions at the ends of cell processes (phalloidin stain). Images were taken at 63�, and the number of Olig21 cells with F-actin enriched in
fan-like protrusions at the ends of cell processes was quantified. White represents DMSO. Gray represents FRAX486-treated cells. t = 12.09, df = 36. ppppp, 0.0001 (unpaired t
test).
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multiple aspects of myelin production by individual oligoden-
drocytes in WT or PAK1 AID1 cells could be quantified, includ-
ing changes in myelin internode length or the number of myelin
internodes produced by individual oligodendrocytes.

Cell-specific inhibition of PAK1 specifically in oligodendro-
cytes with the AID construct decreased myelin internode length
without altering the number of myelin internodes produced per
cell (Fig. 8D,E). In contrast to global inhibition of PAK1-3
observed in our pharmacological manipulations that affects all
cell types, this suggests that oligodendrocyte-specific PAK1 posi-
tively regulates myelin production through internode length. As
a control, the PAK1 AID containing a mutation that prevents its
inhibitory function (pEXPR-myrf:PAK1 AID L107F-2AnlsRFP)
was injected. Expression of this nonfunctional AID did not alter
myelin production (Fig. 8D). To determine whether the kinase
activity is specifically required for myelin production, we inhib-
ited PAK1 activity by expressing a full-length, kinase-dead PAK1
(pEXPR-myrf:PAK1 K299R-2A nlsRFP). This mutant acts as a
dominant-negative by binding to endogenous PAK1, preventing
kinase activation and downstream signaling (S. Zhang et al.,
1995). Inhibiting PAK1 kinase activity with the kinase-dead
PAK1 also decreased myelin internode length without changing
the number of myelin internodes produced per cell (Fig. 8D,E).
Thus, inhibiting PAK1 function specifically in oligodendrocytes
by expressing the PAK1 AID or a full-length kinase-dead mutant
decreased myelin internode length without altering the number
of internodes produced per cell.

In a reciprocal experiment, we constitutively activated PAK1
in oligodendrocytes by overexpressing a constitutively active

full-length PAK1 mutant. Mutating threonine 423 to glutamic
acid located in the kinase domain of PAK1 increases the auto-
phosphorylation of PAK1 that is required for kinase activation
(Zenke et al., 1999). After coinjecting pEXPR-myrf:PAK1
T423E-2AnlsRFP with the myelin marker pEXPR-mbp:mEGFP,
myelin internode length and myelin internode number produced
per oligodendrocyte were quantified. Activating PAK1 specifically
in oligodendrocytes during myelination significantly increased
myelin internode length (Fig. 8D,E). Together, these data show
that PAK1 regulates myelination through controlling internode
length.

Discussion
The current studies demonstrate that PAK1 promotes oligoden-
drocyte development and myelin production through internode
formation. PAK1 is expressed throughout the oligodendrocyte
lineage and most highly expressed in differentiated oligodendro-
cytes, both in premyelinating and myelinating oligodendrocytes.
This expression pattern mimics PAK1 RNA expression, which
also shows highest expression in myelinating oligodendrocytes
(Y. Zhang et al., 2014; Marques et al., 2016). Despite its higher
expression in more mature oligodendrocytes, PAK1 is required
for oligodendrocyte morphologic change, including the extensive
process extension and retraction during oligodendrocyte differen-
tiation, as well as during active myelination (Fig. 7A). Through
global inhibition of Group I PAKs, we demonstrate that PAK1-3
regulates oligodendrocyte morphology by altering the actin
cytoskeleton in premyelinating cells, promotes myelin gene

Figure 5. Reducing PAK1 expression decreases pLIMK. A, B, Efficacy of PAK1 shRNA was quantified in C6 cells because of low transfection efficiency of primary rat oligodendrocytes. Thus,
PAK1 and its downstream target pLIMK expression was analyzed on Western blot of C6 cells after shRNA transfection. pp, 0.05 (Dunnett’s multiple comparisons test). C, rOPCs were grown
in rOPC media with PDGF/FGF for 2 d. Cells were transfected at the last 4 h; then the media was replaced with differentiation media1 T3, which was replaced every 2 d; and the cells were
collected for analysis after 3 d. D, rat OPCs transfected with a scrambled control shRNA (shPAK1-control) or each of the three different PAK1 targets, then differentiated for 3 d.
Oligodendrocytes were then collected and stained for GFP to show the impact of shRNA transfection, using O1/O4 (blue) as an oligodendrocyte membrane marker and PAK1 (red). Scale bar,
10mm.
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expression, and regulates myelination through internode for-
mation. Oligodendrocyte-specific inhibition of PAK1 shows
that PAK1 promotes morphologic change and promotes
CNS myelination by altering myelin internode length.

Oligodendrocyte development has been investigated in many
contexts, studying both its regulation and impact. Numerous
studies focus on how specific signaling pathways and ultimately
myelin production are regulated during brain development.
OPCs proliferate and migrate in response to PDGF signaling, af-
ter which they extend numerous processes to differentiate to

highly branched premyelinating cells and then myelinating cells.
Myelin production is driven by mTOR and ERK signaling, which
are likely interacting pathways during oligodendrocyte develop-
ment (Dai et al., 2014; Ishii et al., 2019). The production of these
highly branched cells and the myelin membrane itself requires
extensive cytoskeletal rearrangements, and the current studies
identify PAK1 as a potential mediator of actin structure and
function during oligodendrocyte development.

The actin cytoskeleton is important during both differentia-
tion and myelination, but it plays different roles at these different

Figure 6. Reducing PAK1 expression decreases oligodendrocyte complexity. A, rOPCs transfected with a scrambled control shRNA (shPAK1-control), or each of the 3 different PAK1 targets
was collected and stained for GFP to show the impact of shRNA transfection, using O1/O4 (magenta) as an oligodendrocyte membrane marker. Scale bar, 100mm. B, Sholl analysis of PAK1
knockdown cells in control and shPAK1-T1 and shPAK1-T3. C, Quantification of Sholl analysis by area under the curve per cell (Kruskal-Wallis statistic = 29). ppppp, 0.0001 (Kruskal–Wallis
test).
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stages of oligodendrocyte maturation (for review, see Brown and
Macklin, 2020). In OPCs, F-actin localizes to branches and is
highly expressed at the tips of processes that interact with the
local environment (Kim et al., 2006; Nawaz et al., 2015). The tips
of these processes are reminiscent of lamellipodia, spreading out
like a fan and enriched in the actin cytoskeleton (Ridley, 2011;
Nawaz et al., 2015) (Fig. 4). Actin polymerization is required for
later oligodendrocyte process extension where processes extend,
contact, and ensheath axons in the early stages of myelin wrap-
ping (Nawaz et al., 2015; Zuchero et al., 2015). During active
myelin wrapping, it is hypothesized that filamentous actin local-
izes to the leading edge of the myelin wrap, expanding and mov-
ing this inner tongue between the axon and previous myelin
wraps (Nawaz et al., 2015; Zuchero et al., 2015). In these models,
F-actin is subsequently depolymerized immediately behind the
inner tongue, allowing for myelin compaction and lateral
spreading (Fig. 9D,E). Additionally, F-actin maintains cyto-
plasmic channels in an open state within myelin. This allows
for movement of myelin proteins and molecular machinery
throughout myelin, similar to Schmitt-Lanterman clefts in
the PNS (Velumian et al., 2011; Snaidero et al., 2014, 2017).
Thus, F-actin dynamics within myelin require precise, tight
regulation to control myelin structure and the movement of
cytoplasm.

PAK1 is a small molecule that can be quickly activated and
inactivated, providing a promising target for regulating these
processes. PAK1 activation occurs by multiple mechanisms, but
its canonical activation is by GTPases. Upon GTPase binding,
PAK1 dimers undergo conformational changes and autophospho-
rylation, after which the activated PAK1 monomers phosphorylate
LIMK. LIMK then phosphorylates the actin depolymerizing factor

cofilin, ultimately leading to actin cytoskeletal rearrangement (Fig.
9) (Edwards et al., 1999; Lei et al., 2000). It would be important in
future studies to determine whether PAK1 alters actin dynamics
within oligodendrocytes.

Importantly, PAK1 can also be activated in a GTPase-inde-
pendent manner, through multiple signaling molecules. PI-3K
can directly induce PAK1 activity, after which PAK1 directly
phosphorylates actin, leading to dissolution of stress fibers
(Papakonstanti and Stournaras, 2002). AKT can also activate
PAK1 in a GTPase-independent manner, increasing cell survival
(Tang et al., 2000). Together, these data indicate that PAK1 func-
tion depends on the upstream activation signal and that both
GTPase activity and direct PI-3K/AKT signaling may regulate its
activity. The data presented here demonstrate that increasing
AKT increases PAK1 in oligodendrocytes (Fig. 2). Determining
whether AKT directly activates PAK1 will be important for
future investigations. This is particularly important as AKT sig-
naling can both promote or inhibit myelination. For example, in
the PNS, the AKT/mTORC1 pathway regulates the myelination
pathway differently depending on the timing of AKT/mTORC1
activation and the activation of specific downstream targets
(Figlia et al., 2017). Additionally, the similarity among Group I
PAKs suggests that PAK family members may be able to com-
pensate for loss of one family member. Whether upstream sig-
nals regulate multiple PAK family members and whether PAK2
or PAK3 could compensate for loss of PAK1 within the oligo-
dendrocyte lineage will be important future directions.

During oligodendrocyte differentiation, our data suggest that
PAK1 drives process extension, and inhibiting PAK1 leads to a
decrease in actin-rich fans at the edges of oligodendrocyte proc-
esses (Fig. 4). Both cell adhesion molecules and growth factors

Figure 7. Pharmacologically inhibiting PAK1 activity in vivo alters zebrafish myelin internode length and number. A, B, Lateral view of zebrafish spinal cord above yolk sack extension. Tg
(nkx2.2a:mEGFP; sox10:tagRFP) embryos were treated with a DMSO vehicle control (A) or the PAK1 inhibitor FRAX486 (B) from 48 to 72 hpf, then imaged. Square brackets indicate individual
myelin internodes. Arrowheads indicate migrated oligodendrocytes. Scale bar, 50mm. C, Quantification of dorsally migrated SOX101 cells labeled by Tg(sox10:tagRFP). D, E, Quantification of
myelin internode number (D) and length (E) represented as the mean/fish. Analysis was completed in IMARIS. n= 3 experimental replicas, 24 fish/treatment group. Wilcoxon rank-sum, inter-
node number: r= 0.286, pp= 0.049, internode length: r= 0.619, pppp= 1.9e-05.
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Figure 8. Oligodendrocyte-specific PAK1 regulates myelin internode length. A, Schematic of PAK1 protein. PAK1 contains Nck and Grb2 binding domains at the N-terminus. The regulatory
domain contains a GTPase binding domain (GBD) and an overlapping AID. There is a PIX binding domain, and then the kinase domain, which contains multiple phosphorylation sites, including
K299 and T423, both of which are important for PAK1 activation. B, Inactive PAK1 folds into a homodimer where the AID of one PAK1 binds to the kinase domain of another PAK1, rendering
both inactive. GTPase binding to the GBD results in a conformational change, autophosphorylation, and activation of the kinase domain. C, Representative images of myelin internodes.
Zebrafish embryos were injected with pMBP:mEGFP along with a second plasmid to manipulate PAK1 function. The second plasmids were as follows: PAK1 AID, which blocks PAK1 activation;
dominant negative PAK1 (PAK1 K299R), which blocks PAK1 activity; constitutively active PAK1 (PAK1T423E), which maintains PAK1 activity; or AID L107F, which eliminates the AID function,
allowing normal PAK1 activation. Scale bar, 25mm. D, Quantification of internode length, determined by the mean length of all internodes/cell. E, Quantification of internode number.
Internode number was determined by the number of myelin internodes produced/cell. Zebrafish images were quantified using IMARIS software. Controls from all experiments were combined,
n= 12-26 cells/group. Ordinary one-way ANOVA with Dunnett’s multiple comparisons test (F(4,84) = 12.49). pp= 0.0356. ppp= 0.0077. pppp= 0.0008.
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stimulate PAK1 activation and cytoskeletal regulation. For exam-
ple, neural cell adhesion molecule activates PAK1 in lipid rafts of
neuronal growth cones (Li et al., 2013). Additionally, PDGF, a
well-known regulator of early oligodendrocyte development
(Ellison and de Vellis, 1994), activates and translocates PAK1 to
lamellipodia in fibroblasts (Sells et al., 2000). Does PDGF activate
PAK1 in oligodendrocytes? This could lead to PAK1 translocation
to the edge of oligodendrocyte processes and actin-rich areas within
the oligodendrocytes. This is particularly important because

oligodendrocyte processes, and especially the lamellipodia-like pro-
cess at the edge of OPC processes, allow oligodendrocytes to inter-
act with the extracellular matrix, other oligodendrocytes, and axons
(Kirby et al., 2006; Hughes et al., 2013; Nawaz et al., 2015); such sig-
nals from the surrounding environment determine proper oligo-
dendrocyte spacing and identify which axons to myelinate.

In addition to an impact on oligodendrocyte morphology,
our cell-specific studies indicate that PAK1 controls myelin pro-
duction by refining myelin internode length (Fig. 9). Myelin

Figure 9. Model of PAK1 regulating actin dynamics throughout the oligodendrocyte lineage. A, PAK1 regulates actin dynamics in OPC processes and during myelination. PAK1 may promote
myelination by regulating actin dynamics at the leading edge during myelination. B–E, Model showing actin dynamics during oligodendrocyte process extension, axon ensheathment, and mye-
lination in lateral and cross-sectional views. D, E, Different representations during myelination: (D) focus on the hypothesized force driving myelin wrapping; and (E) focus on the lateral exten-
sion. D, F-actin (lines) and G-actin (dots) are pictured in the inner tongue for visualization. F-actin pushes the inner tongue between previous myelin wraps and the axon. E, G-actin is pictured
in the middle myelin wrap for visualization but is present in all layers.
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profiles vary along CNS axons. Some axons are continuously my-
elinated, some have intermittent myelin, while others have no
myelin at all (Tomassy et al., 2014). Additionally, parameters,
such as myelin thickness, myelin internode length, the paranodal
domains, or the size of the nodes of Ranvier, where voltage-gated
sodium channels are located, also vary. Thus, unique myelin pro-
files provide a mechanism to adjust neuronal conduction velocity
within neural circuits. Myelin internode length has important
implications for neuronal function. In the auditory system, mye-
lin internode length is a major mechanism regulating conduction
velocity (Seidl et al., 2010, 2014), which influences the ability to
localize sound. Our studies suggest that PAK1 activity may be
one of several regulators of myelin internode length in these dif-
ferent contexts.

Given its impact on myelin internode length (Figs. 7, 8) and
our zebrafish expression studies (Fig. 1D), it is intriguing to spec-
ulate that PAK1 could localize to the inner tongue during myelin
wrapping, although myelin wrapping was not specifically investi-
gated in these studies. Since PAK1 can quickly be activated or
deactivated, this would provide an opportunity to switch rapidly
from actin polymerization to actin depolymerization, which is
required to drive myelin wrapping (Fig. 9). Alternatively, PAK1
could modulate signaling pathways, including AKT and ERK1/2,
known to promote myelination. Modulating AKT can also alter
the actin cytoskeleton in oligodendrocytes, suggesting that AKT
and PAK1 could work synergistically to regulate the actin cyto-
skeleton in oligodendrocytes. For example, inhibiting AKT in
vitro decreases the F-actin rim, whereas activating AKT increases
the F-actin rim in differentiated oligodendrocytes (Snaidero et
al., 2014). It is unclear whether PAK1 activation in oligodendro-
cytes occurs in a GTPase-dependent manner, and it is intriguing
that PAK1 is increased in AKT-overexpressing hypermyelinating
mice (Fig. 2). That may result from GTPase-independent direct
activation of PAK1 by AKT (Tang et al., 2000) or as a conse-
quence of continual myelination driven by AKT/mTOR in these
mice (Flores et al., 2008; Narayanan et al., 2009), which would
likely require increased PAK1 activity for increased myelination.

PAK1 activity in myelinating cells is clearly tightly regulated.
Our studies suggest that PAK1 may play multiple roles through-
out oligodendrocyte differentiation and myelination depending
on the timing of activation, as well as its upstream activation.
PAK1 is important in PNS myelination, and its activity impacts
myelin in a model of hereditary neuropathy with liability of pres-
sure palsies, which has mild myelin dysfunction. These mice
have a decrease in compound action potential and an increase in
F-actin at the paranodes, cytoplasmic domains of myelin that
contact axons. Importantly, they have increased PAK1 activity in
myelin, suggesting that overactivating PAK1 can be detrimental
for myelination (Hu et al., 2016). Together with our data in the
CNS, this suggests that PAK1 activity must be tightly regulated
for proper myelination, as either too little or too much PAK1 ac-
tivity is detrimental for proper myelination.

Data in the PNS demonstrate that AKT function differs
depending on the stage of Schwann cell development. Before
PNS myelination begins, AKT inhibits Schwann cell differentia-
tion through mTOR and its downstream target S6 kinase, but
later, AKT promotes myelin wrapping through both mTOR-de-
pendent and -independent pathways (Figlia et al., 2017). Our
studies indicate that PAK1 impacts two stages of oligodendrocyte
development. One could speculate that PAK1 might also func-
tion through two different mechanisms in oligodendrocytes in
the CNS, promoting oligodendrocyte differentiation and myelin
wrapping via two independent mechanisms.

In conclusion, we have shown that PAK1 is a positive regula-
tor of oligodendrocyte morphology during differentiation and
myelination through internode formation. Exploring the down-
stream targets of PAK1 in myelinating cells will be important for
future investigations. It will also be essential to determine
whether oligodendrocyte PAK1 activity responds to neuronal ac-
tivity or other signals, such as cell adhesion molecules, that inter-
act with the inner tongue during myelination.
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