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modulating microglia/macrophage polarization
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Severe traumatic brain injury (TBI) elicits destruction of both gray
and white matter, which is exacerbated by secondary proinflam-
matory responses. Although white matter injury (WMI) is strongly
correlated with poor neurological status, the maintenance of white
matter integrity is poorly understood, and no current therapies pro-
tect both gray and white matter. One candidate approach that may
fulfill this role is inhibition of class I/Il histone deacetylases (HDACs).
Here we demonstrate that the HDAC inhibitor Scriptaid protects
white matter up to 35 d after TBI, as shown by reductions in abnor-
mally dephosphorylated neurofilament protein, increases in myelin
basic protein, anatomic preservation of myelinated axons, and im-
proved nerve conduction. Furthermore, Scriptaid shifted microglia/
macrophage polarization toward the protective M2 phenotype and
mitigated inflammation. In primary cocultures of microglia and oli-
godendrocytes, Scriptaid increased expression of microglial gly-
cogen synthase kinase 3 beta (GSK3p), which phosphorylated and
inactivated phosphatase and tensin homologue (PTEN), thereby
enhancing phosphatidylinositide 3-kinases (PI3K)/Akt signaling
and polarizing microglia toward M2. The increase in GSK3f in micro-
glia and their phenotypic switch to M2 was associated with in-
creased preservation of neighboring oligodendrocytes. These
findings are consistent with recent findings that microglial pheno-
typic switching modulates white matter repair and axonal remyeli-
nation and highlight a previously unexplored role for HDAC activity
in this process. Furthermore, the functions of GSK3f may be more
subtle than previously thought, in that GSK3p can modulate micro-
glial functions via the PTEN/PI3K/Akt signaling pathway and pre-
serve white matter homeostasis. Thus, inhibition of HDACs in
microglia is a potential future therapy in TBI and other neurological
conditions with white matter destruction.
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Traumatic brain injury (TBI) often leads to catastrophic neu-
rological disabilities and sometimes ends in death (1). TBI
results not only in gray matter damage, but also in severe white
matter injury (WMI), thereby disrupting signal transmission and
eliciting poor functional outcomes (2, 3). WMI in TBI patients is
strongly correlated with neurological deficits, and diffusion tensor
imaging of white matter offers prognostic value for neurological
status (2-4). At present, there are no satisfactory therapies to
protect TBI patients against either gray matter injury or WML
Furthermore, most preclinical TBI studies greatly emphasize
gray matter over white matter, which may contribute to the
many disappointing results in clinical trials to date (5).
Previous studies have shown that histone deacetylase (HDAC)
inhibitors mitigate WMI after ischemia (6, 7). HDACs allow DNA
to be wrapped more tightly around histones, thereby blocking gene
transcription and acting in opposition to histone acetyltransferases
that promote gene transcription (8, 9). Some HDAC inhibitors
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preferentially promote the transcription of neuroprotective genes.
We recently reported that Scriptaid, a novel inhibitor of class I/I
HDAG S, protects gray matter against experimental TBI (10).
These findings are consistent with reports indicating that other
HDAC inhibitors can attenuate gray matter injury in TBI models
(11-14). Whether Scriptaid can protect white matter is unclear,
however. Therefore, we tested whether Scriptaid would preserve
white matter in a well-established murine model of controlled
cortical impact (CCI).

WMI is thought to be potentiated by strong, persistent in-
flammatory responses after TBI (15). During the cerebral inflam-
matory response, resident microglia and peripheral macrophages
migrate to the site of injury and release factors that recruit addi-
tional immune cells, thereby initiating a self-perpetuating loop
(16). Furthermore, microglia/macrophages assume a number of
phenotypes, including the two polarized phenotypes, M1 and M2
(16, 17). The proinflammatory M1 phenotype favors the produc-
tion and release of cytokines that exacerbate neural injury (18, 19).
In contrast, the M2 phenotype promotes the release of neurotrophic
factors that promote neurorepair (18, 20). We recently showed
that M1 conditioned medium (CM) enhances oligodendrocyte
cell death in vitro following oxygen glucose deprivation (OGD),
whereas M2 CM is protective (19, 21). In the same study, we
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found that microglia/macrophages respond to TBI with a tran-
sient M2 phenotype, followed by a shift to M1, and that the
number of M1 cells is strongly correlated with the severity of
WMI (21). Thus, therapies that prime microglia/macrophages
toward the beneficial M2 phenotype after TBI may offer new
anti-inflammatory strategies to protect against WMI.

Previous studies have reported the anti-inflammatory properties
of HDAC inhibition (7); therefore, we analyzed the effects of
Scriptaid on phenotypic polarization of microglia/macrophages
and their effects on cocultured oligodendrocytes. Here we report
that HDAC inhibition increases microglial glycogen synthase
kinase 3 beta (GSK3p) expression, which serves to inactivate phos-
phatase and tensin homologue (PTEN) via phosphorylation (Fig. 1).
PTEN inactivation then enhances phosphatidylinositide 3-kinases
(PI3K)/Akt signaling and polarizes microglia toward M2, which
helps protect oligodendrocytes.

Results

HDAC Inhibition Confers Robust and Long-Term Preservation of WM
Following TBI. CCI on the right hemisphere resulted in motor
deficits (as demonstrated by the rotarod and wire hang tests) at
1-11 d after injury. The CatWalk gait analysis detected senso-
rimotor deficits in TBI mice at 1-4 wk after injury. Scriptaid
treatment (3.5 mg/kg, injections at 2, 26, and 50 h after CCI)
facilitated and enhanced recovery of motor functions after CCI
(Fig. S1). We also examined damage to axons and the myelin
sheath in the corpus callosum (CC; Fig. 2 4 and B) and striatum
(Fig. S24) by assessing the loss of myelin basic protein (MBP)
and the increase in abnormally dephosphorylated neurofilament
protein (detected using the SMI-32 antibody), and by measuring the
loss of myelin with Luxol fast blue staining. As expected, Scriptaid
significantly reduced the SMI-32:MBP ratio at 35 d postinjury (Fig.
2 A and B) and partially protected (or restored) Luxol fast blue
staining (Fig. S2 B and C), suggesting long-term preservation (or
remyelination) of myelinated axons.

To verify the protective effects of Scriptaid on white matter at
the ultrastructural level, we examined the CC by electron mi-
croscopy at 7 and 35 d postinjury (Fig. S3). After TBI, the
number of axons was decreased, and the majority of remaining
axons had lost their myelin sheaths; these changes were significantly

vy
~ TBI = bpV(pic) PIP2 iva84002
113N Pro-inflammatory \‘ ~[
P S stimulus )
PTEN PTEN e PI3K
Inacti Acti
\\"l na\ve\ ctive
HDAC “ Relief of
o it 3 ® PIP3
"Th'b'tm\"\ transcriptional B 1 Akt == ' Akt
s '. L id repression * ‘ Active Inactive
criptai P
SK3|
i M2 Myelin
polarization preservation
Cell death

Fig. 1. Proposed mechanism underlying the preservation of white matter
by HDAC inhibition. Microglia/macrophages respond to TBI with proin-
flammatory changes that increase active, dephosphorylated PTEN. Active
PTEN then converts phosphatidylinositol (3,5)-triphosphate (PIP3) to phos-
phatidyl (4,5)-biphosphate (PIP2), thereby inactivating the prosurvival kinase
Akt and leading to microglial and oligodendroglial toxicity. HDAC inhibition
counterbalances this inflammatory effect by increasing GSK3p, perhaps by
relieving transcriptional repression of its mRNA. Active GSK3p then phos-
phorylates PTEN at Thr366, leading to a loss of PTEN activity. This loss of
PTEN function results in activation of Akt, because PIP3 is no longer con-
verted to PIP2. Activated Akt can now shift microglia from the destructive
M1 phenotype toward the beneficial M2 phenotype and thereby elicit the
protection of neighboring oligodendrocytes. Activated Akt also phosphor-
ylates GSK3p, thereby disabling its pro-death effect. Knockdown of GSK3p or
the PI3K/Akt inhibitor LY294002 each blocks the protective effects of HDAC
inhibition, whereas the PTEN inhibitor bpV(pic) fails to provide any addi-
tional effect over that of HDAC inhibition.

2854 | www.pnas.org/cgi/doi/10.1073/pnas.1501441112

A Sham TBI+Veh TBI+Scrip
o
@
=
™~
7
=
w
@
2
@
=
B W Sham Hl TBI+Veh I TBI+Scrip
T = 1.2 2 T 40
o
o H -] i
8§ 0508 x ag
58 29 =g
© & 0.4 gl = 10 -
2 e =3°
= £00 ZE o
C E M Sham [ TBl+Veh [ TBI+Scrip
s 0.3 7d
------- £z
@
s
£ 014
D g
T < 0.0 - - : - .
03 mA'\' F{\/— 00 01 02 03 04 05 06
N1 Stimulus intensity (mA)
TBI+Veh FH 03— M Sham [ TBI+Veh Wl TBI+Scrip
>
03MAN= -/~ = = — — - E
3\ [\a-——\/ o024
N1 -
2014
TBI+Scrip 01
0.3mA ~ - 7/3.(3\-7,- £
0.0~
o my K = Sham 3d 7d  35d
0.5ms Days after TBI

Fig. 2. Long-term preservation of white matter after TBI is promoted by
Scriptaid. (A) Double immunofluorescent staining for dephosphorylated
neurofilament protein (SMI-32) and MBP in the ipsilesional CC at 35 d after
TBI or sham treatment. Nuclei are labeled with DAPI (blue). (Insets) High-
power images. (B) Degree of WMI, expressed as the fold increases of SMI-32,
fold decreases of MBP, and the ratio of SMI-32 to MBP. (C) lllustration of the
CCl lesion (dashed line) and regions for immunohistochemistry and electron
microscropy (red box). Stimulating and recording electrodes were positioned
at the CC as shown to measure the evoked CAPs. (D) Representative traces of
the evoked CAPs in the CC (stimulus, 0.3 mA; 0.48 mm lateral to the stim-
ulating electrode) at 7 d post-TBI. (E) Signal conduction along nerve fibers, as
measured by the amplitude of the N1 component of the CAPs in response to
increasing stimulus strength (0.05-0.55 mA) at 7 d post-TBI. (F) N1 amplitude
in response to a 0.3-mA stimulus at 3, 7, and 35 d post-TBI. Shown are the
mean + SEM values from six mice per group. *P < 0.05; #pP < 0.01, ##p <
0.001 vs. sham; *P < 0.05, **P < 0.01, ***P < 0.001 vs. TBI + vehicle.

attenuated by Scriptaid treatment (Fig. S3 A-C). Along with ana-
tomic preservation of myelinated axons, we also examined func-
tional changes in nerve conduction in the CC at 3, 7, and 35 d after
TBI. The setup for evoking compound action potentials (CAPs) is
shown in Fig. 2C. TBI decreased the amplitude of the N1 seg-
ment, as would be expected after injury to myelinated axons (Fig.
2D). Consistent with the ultrastructural and histological findings,
Scriptaid partially prevented the reduction in magnitude of the
N1 segment and protected nerve conduction (Fig. 2 E and F).

HDAC Inhibition Protects Oligodendrocytes Indirectly Through
Microglia. Our in vivo results demonstrated that Scriptaid pre-
serves the myelin sheath and axonal function after TBI; thus, we
tested whether Scriptaid specifically protects the myelin-pro-
ducing oligodendrocytes in cultures. We found that Scriptaid
elicited little direct protection of primary oligodendrocytes
against OGD (Fig. 3). This finding suggests that the in vivo
protection of white matter by Scriptaid may be indirect, perhaps
mediated by other cell types in the brain; for example, HDAC
inhibition is known to mitigate the proinflammatory actions of
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microglia (22). Thus, we hypothesized that Scriptaid protects oli-
godendrocytes by regulating microglia. Consistent with this hy-
pothesis, CM collected from Scriptaid-treated microglia elicited
significantly greater protection against OGD in oligodendrocyte
cultures compared with CM from vehicle-treated microglia or with
Scriptaid treatment without CM (Fig. 3). More profound pro-
tection by Scriptaid was observed using the Transwell system of
cocultured microglia and oligodendrocytes (Fig. 3 E and F), likely
resulting from a continuous supply of diffusible (but short-lived)
oligodendrocyte-protecting factors from microglia. Moreover,
supporting the role of different microglial phenotypes in modulating

A Microglia 1y ps+IFNy 3) Scrip Microglia

;. ,7 2)IL-4 4) Vehicle - ( ,7
PP 48 h T\

¢1) Medium

2) Transwell

Normal medium

OGD
—_— q —> Assay
=saser] 2h 24h =rsas] 24h

OoLG OLG

B OGD+M0 OGD+MO+Scripy’

Y

MBP/DAPI

OGD+Scrip OGD+M2

2P

40 pm
es—

Transwell
60 *kk

Conditioned medium E

60 Tk
$5%

HH
dokk

O

LDH release (%)
w
o

* LDH release (%)

CM - MO MO - M1 M2 Microglia - MO MO - M1 M2
Scriptaid - - + + - - Scriptaid - - + + - -
0GD 0OGD
D__ Conditioned medium F . Transwell
£ 100 # 100 -
> 9% o 2 92 ek
E 80 E 80
s 70 s 70 *
(_ID 60 (_Dl 60
o 50 o 50
cM - MO MO = M1 M2 Microglia - MO MO - M1 M2
Scriptaid - - + + - - Scriptaid - - + + - -
0GD 0OGD
Fig. 3. HDAC inhibition indirectly reduces oligodendrocyte injury by mod-

ulating microglia/macrophages. (A) In vitro experiments using a CM transfer
system or a Transwell system. Microglia cultures (M0) were incubated with
Scriptaid (1 pM) or vehicle for 48 h; as positive controls, microglia were
primed toward M1 or M2 using LPS (100 ng/mL) plus IFN-y (20 ng/mL) or IL-4
(20 ng/mL), respectively, for 48 h (18). Cultured oligodendrocytes were ex-
posed to 2-h OGD or control, non-OGD conditions and returned to normal
medium. Twenty-four hours later, microglia CM was applied to oligoden-
drocytes for 24 h by pipetting or by a Transwell system. OLG, oligoden-
drocytes. (B) MBP and DAPI staining of oligodendrocytes exposed to OGD
and cultured with CM from microglia exhibiting M0 (with or without
Scriptaid), M1, or M2 phenotypes. (C-F) Oligodendrocyte survival and cell
death were quantified by LDH release and MTT (3-[4,5-dimethylthiazol-2-yl]-
2,5-diphenyltetrazolium bromide) assay, respectively, after exposure to CM
(Cand D) or in Transwells (E and F). MO phenotype in conjunction with Scriptaid
or the M2 phenotype protected oligodendrocyte viability after OGD, whereas
the M1 phenotype decreased oligodendrocyte viability. Shown are the mean +
SEM values from three independent experiments. *P < 0.05, **P < 0.01, ***P <
0.001 vs. OGD + OLG; P < 0.001 vs. OGD + OLG + MO microglia without
Scriptaid; **P < 0.01, %**P < 0.001 vs. OGD + OLG + Scriptaid.
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oligodendrocyte viability after injury, M1 and M2 phenotypes
were induced in microglia before the experiments described
above (SI Materials and Methods). Whereas M1 microglia reduced
oligodendrocyte viability after OGD, M2 microglia increased oli-
godendrocyte viability (Fig. 3). In the absence of OGD, none of
the treatments affected oligodendrocyte viability or lactate de-
hydrogenase (LDH) release (Fig. S4).

HDAC Inhibition Shifts Microglia/Macrophage Polarization Toward
M2 and Mitigates Cerebral Inflammation After TBL. The in vitro
results presented thus far suggest that Scriptaid exerts anti-
inflammatory effects, perhaps by polarizing microglia toward M2.
To test this hypothesis in vivo, we performed double staining for
the microglia/macrophage marker Ibal and Ml-associated or
M2-associated marker proteins in the CC at 7 d after TBI (Fig.
44). As expected, cells labeled with the M1 marker CD16 were
increased after TBI but significantly decreased by Scriptaid,
whereas the M2 marker CD206 was further increased by Scrip-
taid (Fig. 4B). RT-PCR in the ipsilateral striatum showed that
Scriptaid significantly decreased the expression of M1-type genes
[CD16 and inducible nitric oxide synthase (iNOS) genes| and
increased that of M2-type genes (CD206 and IL-10 genes; Fig. 4C
and Fig. S54).

We also examined the impact of HDAC inhibition on proin-
flammatory microglial responses to lipopolysaccharide (LPS) in
vitro. In these experiments, the HDAC inhibitors Scriptaid, sub-
eroylanilide hydroxamic acid (SAHA, 2.5 pM), and valproic acid
(VPA; 4 uM) all suppressed the production of proinflammatory
markers TNF-a, NO, and IL-6 in LPS-treated microglia (Fig. 4D
and Fig. S5 B and C). Furthermore, Scriptaid, but not SAHA,
promoted microglial phagocytosis of fluorescent microspheres,
a characteristic feature of the M2 phenotype (Fig. 4 E and F).
These findings suggest that HDAC inhibition promotes microglia
polarization toward M2 and suppresses inflammation.

HDAC Inhibition Modulates Microglial Polarization Through the PI3K/
Akt Pathway. We previously showed that Scriptaid activates the
PI3K/Akt signaling pathway in neurons by inhibiting the phos-
phatase PTEN (21); thus, we tested the hypothesis that HDAC
inhibition modulates microglial polarization through PTEN and
PI3K/AKkt signaling (Fig. 1). First, we ensured that Scriptaid was
inhibiting HDAC activity in this cell type. Indeed, Scriptaid re-
duced HDAC enzymatic activity in primary microglia to below
baseline levels under LPS challenge (Fig. 54), although it had no
effect on the basal HDAC activity (in the absence of LPS).
Scriptaid also prevented LPS-induced decreases in acetylated
histones H3 and H4 (Fig. 5B), and again, Scriptaid had no effect
on the basal levels of acetylated histone H3 or H4 (Fig. 5B).

We also tested whether HDAC inhibition modulates the
PTEN/PI3K/Akt axis in LPS-treated microglia. LPS induced
a considerable decrease in phosphorylated PTEN (p-PTEN) and
Akt (p-Akt) at 3 h (Fig. 5C). Dephosphorylated PTEN is the
active form that inhibits PI3K/Akt signal transduction by
dephosphorylating PIP3 to form PIP2 (Fig. 1) (23). Of note, a
30-min pretreatment with Scriptaid attenuated the decreases
in p-PTEN and p-Akt in LPS-treated microglia (Fig. 5C). In ad-
dition, Scriptaid prevented LPS-induced decreases of p-mTOR,
p-GSK3p (Ser9), and total GSK3p expression in microglia
(Fig. 5D).

To further test the role of PTEN/Akt signaling, we used
LY294002 to block PI3K. This treatment abolished the Scriptaid-
induced partial protection of p-Akt in LPS-challenged microglia
(Fig. 5E). As expected, LY294002 abolished the inhibition of LPS-
induced TNF-a and NO production by Scriptaid (Fig. 5 F and G).
LY294002 also hindered the increase in microglial phagocytic
activity by Scriptaid (Fig. SH). In contrast, the PTEN inhibitor
dipotassium bisperoxo (picolinato) oxovanadate V [bpV(pic)]
had no additional effects, probably because Scriptaid already
inhibited PTEN maximally. These results suggest that PI3K/Akt
signaling contributes to the anti-inflammatory and prophagocytic
effects of Scriptaid in microglia.
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Fig. 4. HDAC inhibition primes microglia toward the M2 phenotype in vitro
and in vivo. (A) Double immunofluorescent staining for M1 marker CD16 or M2
marker CD206 with Iba1 marker for activated microglia in the ipsilesional CC at
7 d following TBI (vehicle and Scriptaid groups) or sham surgery (sham group).
Shown is immunofluorescent staining for CD16 or CD206 (first or third column)
and colabeling of the same sections for Iba1 and nuclei (DAPI; second and fourth
columns). (B) Blinded cell counts of microglia immunolabeled for CD16 and
CD206 from the same animals as shown in A. (C) Messenger RNA levels of CD16
and CD206 in the ipsilateral striatum at 7 d after TBI with or without Scriptaid.
Scriptaid was injected at 3.5 mg/kg at 2 h after CCl, and this was repeated daily
for the next 2 d (at 26 and 50 h after injury). (D) HDAC inhibitors Scriptaid, SAHA
(2.5 uM), and VPA (4 pM) reduced LPS-induced production of TNF-o by microglia.
(E) Microglial cultures were treated with LPS alone or in combination with
Scriptaid, SAHA, or VPA for 48 h. Fluorescent microspheres were added for 3 h,
and intramicroglial fluorescence intensity was measured. Scriptaid was more
potent than SAHA or VPA in enhancing microsphere uptake by microglia.
(F) Microglia were treated with LPS with or without Scriptaid as above and
stained with phalloidin (green) to visualize F-actin. After a 3-h incubation,
phagocytosed microspheres appeared red, and DAPI-stained nuclei appeared
blue. Shown are the mean + SEM values from four independent experiments.
*P < 0.05, **P < 0.01, ***P < 0.001 vs. LPS + vehicle.
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GSK3p Mediates the Anti-Inflammatory and Protective Effects of
HDAC Inhibition. Given the robust preservation of p-Akt levels
by Scriptaid in LPS-challenged microglia, we further tested the
effects of Scriptaid on Akt-related signaling molecules p-mTOR
and GSK3p. To this end, we infected primary microglia cultures
with lentiviral vectors (Ln) bearing shRNA targeting mTOR
or GSK3p, or bearing a scrambled control (Fig. S6). Scriptaid
prevented LPS-induced decreases in p-mTOR, p-Akt, and
GSK3p (Fig. S7A4, third column). The preservation of p-mTOR
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by Scriptaid was blocked by 1.Y294002 (Fig. S7A4, fourth col-
umn), suggesting that phosphorylation of mTOR lies down-
stream of PI3K/Akt signaling. Furthermore, GSK3p knockdown
reduced Scriptaid-mediated protection of p-Akt in LPS, sug-
gesting that GSK3p lies upstream of PI3K/Akt signaling in this
model (Fig. 1 and Fig. S74, seventh column). In contrast, neither
LY294002 nor mTOR knockdown affected the Scriptaid-medi-
ated preservation of GSK3p levels in LPS-challenged microglia
(Fig. S7 A, fourth and sixth columns, and B, a). These results
suggest that GSK3p increases PI3K/Akt signal transduction, and
that p-Akt may activate (phosphorylate) mTOR in Scriptaid-
treated, LPS-challenged microglia.

We also examined the effect of GSK3p knockdown on proin-
flammatory, M1-like responses in LPS-challenged microglia. As
expected, both GSK3p knockdown and L.Y294002 abolished the
Scriptaid-mediated decrease in TNF-a and NO after LPS stimu-
lation (Fig. S7 B, b and c). In contrast, knockdown of mTOR was
less effective. Furthermore, GSK3p knockdown and 1.Y294002
both abolished the enhancing effects of Scriptaid on phagocytosis
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Fig. 5. HDAC inhibition modulates microglial polarization through the

PI3K/Akt pathway. (A) LPS-induced HDAC activity in primary microglia cul-
tures was reduced by Scriptaid. (B) Scriptaid prevented decreases in acety-
lated-histone 3 (H3) and acetylated H4 in primary microglia at 3 h after LPS,
as measured by Western blot analysis. (C) Scriptaid prevented loss of p-PTEN
(Ser380/Thr382/383) and p-Akt (Ser473) in LPS-challenged microglia, as
measured by Western blot analysis. (D) Scriptaid largely prevented the de-
crease in p-mTOR (Ser2488) and p-GSK3p (Ser9) levels in LPS-treated micro-
glia. (E) LPS reduced p-Akt levels, an effect largely blocked by the PTEN
inhibitor dipotassium bisperoxo (picolinato) oxovanadate [bpV(pic)] (1 pM).
Scriptaid partially preserved p-Akt levels in LPS-treated microglia alone or in
the presence of bpV(pic), but not in the presence of the PI3K/Akt inhibitor
LY294002 (10 puM). (F and G) LPS treatment of microglia increased TNF-a and
NO production, an effect reduced by bpV(pic) and by Scriptaid. The effect or
Scriptaid was reduced by LY294002, but not by bpV(pic). (H) Microsphere
uptake was reduced by LPS alone, but increased by LPS + bpV(pic) or LPS +
Scriptaid +/— bpV(pic); the effect of Scriptaid on LPS was blocked by
LY294002. Thus, all LPS effects were opposed by Scriptaid, and the effects of
Scriptaid were abolished by LY294002 and unchanged by [bpV(pic)]. Data
are mean + SEM values from four independent experiments. ***P < 0.001 vs.
LPS alone; #P < 0.01, ##p < 0.001 vs. LPS + Scriptaid.
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by LPS-challenged microglia, whereas knockdown of mTOR again
was ineffective (Fig. S7 B, d). Taken together, these results support
the notion that GSK3p-mediated activation of PI3K/Akt polarizes
microglial activation toward M2 following HDAC inhibition.

Thus far, we have shown that Scriptaid increases GSK3f in
LPS-challenged microglia but not in control, unchallenged
microglia (Fig. S8B), leading to PI3K/Akt activation and reduces
proinflammatory responses to LPS. We also have shown that
Scriptaid increases PTEN phosphorylation in LPS-treated micro-
glia without altering PTEN protein expression (Fig. 5C). Scriptaid
might affect PTEN phosphorylation through the regulation of
genes that code for kinases, such as GSK3p and casein kinase II
(CK2). Ser-370 and Ser-385 in the PTEN C-terminal tail domain
are thought to be phosphorylated by CK2, whereas Thr-366 is
phosphorylated by GSK3p (Fig. S7C). Therefore, we performed
real-time PCR for GSK3p and CK2 mRNA in primary microglia
treated with LPS with or without Scriptaid. LPS modestly reduced
GSK3p mRNA levels, whereas Scriptaid elicited a large increase
inthese levels (Fig. S7D). There was little effect on CK2a mRNA.
As expected, LPS decreased, but Scriptaid increased, phosphory-
lation of PTEN at Thr366 in LPS-challenged microglia (Fig. S7 E
and F). Notably, knockdown of GSK3p abolished Scriptaid-
mediated phosphorylation of PTEN at Thr366 in LPS-challenged
microglia, confirming that inactivation of PTEN by Scriptaid is
dependent on GSK3p. Although LPS also decreased phosphory-
lation of p-PTEN at Ser385, Scriptaid and GSK3p knockdown had
no effect on this measure, or on phosphorylation at Ser370
(Fig. S7F).

To examine GSK3p-dependent protection against WMI in
vivo, we infused lentiviral vectors containing GSK3p-targeting
shRNA directly into the CC of mice at 7 d before TBI. The pro-
tective effects of Scriptaid against WML, as reflected by decreases in
the SMI-32:MBP ratio at 7 d after TBI, were attenuated by GSK3p
knockdown before TBI (Fig. 6 A and C). Scriptaid markedly in-
creased the number of GSK3p-immunoreactive cells in the CC,
and this effect was prevented by GSK3p shRNA (Fig. 6 B and D).
These results support the hypothesis that microglial GSK3p
mediates the protective effects of Scriptaid against WMI.

To further investigate the effects of Scriptaid on GSK3p, we
examined the spatiotemporal kinetics of this protein in LPS- and
Scriptaid-treated primary microglial cultures. Scriptaid prevented
the acute loss of GSK3p protein in LPS-treated microglia at 3 h,
but within 12 h of LPS treatment, LPS itself also increased
GSK3p expression, and in all groups, expression returned to
baseline by 24 h (Fig. S84). Scriptaid alone had no effect on the
level of total GSK3p (Fig. S8B). In addition, GSK3p was pre-
dominantly cytosolic in untreated microglia, but was decreased in
the cytoplasm and increased in the nucleus after LPS treatment
(Fig. S8C). Scriptaid significantly increased cytosolic GSK3p levels
relative to the control and LPS-only groups, and almost completely
reversed the LPS-induced increase in nuclear GSK3p. These find-
ings suggest that Scriptaid maintains cytosolic GSK3p levels in ac-
tivated microglia by preventing GSK3p translocation to the nucleus.

Discussion

At present, there are no therapies that can cure the cognitive and
motor deficits in TBI patients (5, 15); however, an increasing
number of studies show that HDAC inhibition can ameliorate
injury in experimental models of TBI and other diseases, perhaps
by modulating gene expression in a cell type-dependent manner
(11-14, 24). Taken together with previously reported findings,
our present study supports the view that Scriptaid is a suitable
therapeutic candidate for trauma-induced mechanical injury and
secondary inflammation-induced cell death in both gray and
white matter. Given that the secondary impact of microglia/
macrophages in TBI unfolds well after the original insult, HDAC
inhibition may even exert restorative or protective effects when
administered in a delayed fashion. Consistent with this notion,
our previous study demonstrated that Scriptaid protected against
TBI even when delivered up to 12 h after injury (10). These
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Fig. 6. In vivo GSK3p knockdown attenuates Scriptaid-afforded protection
against WMI. (A and C) Immunofluorescent staining for SMI-32 (upper row
in A) and colabeling of the same sections for MBP and nuclei (DAPI) in the
second row. Images were taken from the CC of animals at 7 d post-TBI.
Lentiviral shRNA for GSK3p (shRNA-GSK3p) or scrambled shRNA (shRNA-Scr)
was infused into the CC 7 d before TBI; Scriptaid was injected at 2, 26, and
50 h after TBI. WMI was expressed as the ratio of SMI-32 to MBP in the CC
normalized to sham (C). (B and D) Immunofluorescent staining for GSK3p
and Iba-1 in the CC at 7 d post-TBI as in A and C. Quantification of GSK3p*
cellsis illustrated in D. Shown are the mean + SEM values from six mice per
group. *P < 0.05, #P < 0.01, ##P < 0.001 vs. sham; ***P < 0.001 vs. vehicle;
$$5p < 0.001 vs. Scriptaid.

observations and the effects of HDAC inhibitors on multiple cell
types bode well for their eventual clinical translation.

Despite its significant contribution to functional outcomes, the
pathophysiology underlying WMI remains relatively underexplored
(25). Nonetheless, it is known that oligodendrocytes are especially
vulnerable to mechanical trauma (10, 26, 27), and that neuro-
inflammation may exacerbate WMI following TBI (15, 21). The
present study improves our understanding of white matter patho-
physiology by showing that microglia/macrophages exert protective
or destructive effects on oligodendrocytes depending on M2 or M1
polarization status, respectively. Whereas HDAC inhibition by
Scriptaid in oligodendrocyte cultures showed little direct protection,
Scriptaid appeared to hinder destructive M1 responses and pro-
mote protective M2 responses in microglia/macrophages, thereby
protecting neighboring oligodendrocytes indirectly.

Consistent with our findings, previous reports have shown that
HDAC inhibitors protect against ischemia-induced loss of oli-
godendrocytes and suppress the proinflammatory actions of
microglia/macrophages (6, 22, 28). We and other investigators
also have shown that HDAC inhibition in experimental TBI
modulates the PTEN/PI3K/Akt axis (13, 21). The present study
indicates that microglial GSK3p-dependent signal transduction
cascades, which involve the PTEN/PI3K/Akt axis, may mediate
the protection of oligodendrocytes by HDAC inhibition. We
have identified GSK3p as a potential HDAC-regulated gene
product, because its mRNA and protein levels were both in-
creased with Scriptaid. Furthermore, HDAC inhibition pro-
moted the cytosolic retention of GSK3p, where it may be more
likely to inactivate cytoplasmic PTEN. PTEN is a negative reg-
ulator of PI3K/Akt signal transduction (23); therefore, GSK3p-
mediated phosphorylation/inactivation of PTEN may lead to
disinhibition of PI3K/Akt signaling, which in turn may lead to
anti-inflammatory and prophagocytic microglial effects.

Under most conditions involving severe injury, Akt-dependent
phosphorylation of GSK3p is known to inhibit its prodeath
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functions (29). Microglial inflammation is a sublethal stimulus,
however, and the induction of GSK3p appears to play a unique
role in M2 polarization by promoting PI3K/Akt activity through
PTEN inactivation. Some of these interpretations, illustrated in
Fig. 1, are consistent with the view that p-Akt improves survival
and microglial metabolic function (30). Nonetheless, we cannot
rule out the possibility that LY294002 prevents M2 polarization
via PI3K substrates other than Akt. Fully establishing the role of
Akt in microglial polarization and its downstream consequences
on oligodendrocytes will require specific manipulation of Akt
levels by RNA interference or transgenic constructs.

Consistent with our present findings, recent studies have
shown that M2 microglia/macrophages encourage oligodendro-
cyte differentiation from resident precursor cells and remyeli-
nation processes (31). Furthermore, our data also support the
new view that the role of GSK3p in brain repair is quite subtle
(32), and that inhibitors of GSK3p, as have been proposed for
neuroprotection (33), could have unintended, negative con-
sequences as well.

In conclusion, we have demonstrated that HDAC inhibition
promotes oligodendrocyte survival indirectly through a GSK3p/
PI3K/Akt-mediated phenotypic shift in microglia. The anti-
inflammatory effects of HDAC inhibition and the preservation
of oligodendrocytes also may improve the environmental milieu
surrounding nearby neurons and indirectly exert neuroprotective
effects. Thus, further efforts using HDAC inhibitors to modulate
the GSK3p/PTEN/PI3K/Akt axis are warranted to combat TBI
and neurological diseases characterized by white matter as well as
gray matter destruction, such as stroke, neurodegenerative dis-
orders, and drug/alcohol overdose.
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Materials and Methods

This study used the well-established CCl model of TBI in mice (10, 21).
Scriptaid was injected at 3.5 mg/kg at 2 h after TBI, and this was repeated
daily for the next 2 d. Animals were assigned at random to groups, and all
measurements were performed by investigators blinded to the experi-
mental group assignments. Methodological details beyond the descrip-
tions below are provided in S/ Materials and Methods.

Intracerebral Lentiviral shRNA Infection. Lentiviral particles containing shRNA
for GSK3p or nontargeting sequences were infused into the right CCat 7 d
before TBI. To confirm efficient infection, viral particles containing GFP were
infused as described above, and GFP expression in mouse brains was verified
7 d later.

Primary Microglia and Oligodendrocyte Cultures. Primary microglia and oli-
godendrocytes were collected from mixed cultures harvested from 1-d-old
postnatal mice (18). LPS or LPS plus IFN-y was added to microglia for 48 h for
M1 induction. IL-4 was added for 48 h for M2 induction. A Transwell system
and a simple CM transfer were used to assess the interactions between oli-
godendrocytes and microglia.
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