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In this study, we tested the hypothesis that TO901317 promotes synapse plasticity and axonal
regeneration after stroke. Adult male C57BL/6J mice were subjected to middle cerebral artery
occlusion (MCAo) and treated with or without TO901317 starting 24 h after MCAo daily for 14 days.
Axonal damage and regeneration were evaluated by immunostaining. TO901317 significantly
increased synaptophysin expression and axonal regeneration, as well as decreased the expressions
of amyloid betaA4 precursor protein and Nogo receptor (NgR) in the ischemic brain. To test whether
TO901317 regulates the phosphorylation of phosphatidylinositol 3-kinase (p-PI3K) and Akt (p-Akt)
activity in the ischemic brain, MCAo mice were treated with or without TO901317 starting 24 h after
MCAo daily for 4 days and were then killed at 5 days after MCAo. TO901317 treatment significantly
increased p-PI3K and p-Akt activity, but did not increase total PI3K expression in the ischemic brain.
Using primary cortical neuron (PCN) culture, TO901317 significantly increased synaptophysin
expression, p-PI3K activity, and decreased NgR expression compared with nontreated controls.
TO901317 also significantly increased neurite outgrowth, and inhibition of the PI3K/Akt pathway by
LY294002 decreased neurite outgrowth in both controls and TO901317-treated groups in cultured
hypoxic PCN. These data indicate that TO901317 promotes synaptic plasticity and axonal
regeneration, and that PI3K/Akt signaling activity contributes to neurite outgrowth.
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Introduction

Functional recovery after acute central nervous
system injury in humans, such as stroke, is excep-
tionally limited, leaving the affected individual with
life-long neurologic deficits. The lack of functional
recovery can at least in part be attributed to the
restriction of axonal regeneration and neuroplasticity
(Walmsley and Mir, 2007). Successful axonal out-
growth in the adult central nervous system is central
to nerve regeneration and brain repair (Hou et al,
2008). Enhancement of plasticity by induction of

axonal regeneration has been shown to compensate
for the formerly lost function in spinal cord injury
(Galtrey and Fawcett, 2007) and in stroke models
(Liu et al, 2008; Papadopoulos et al, 2006).

Axon growth is a highly regulated process that
requires stimulating signals from extracellular fac-
tors. Extracellular factors, such as growth factors and
neurotrophins, act through receptor tyrosine kinases
that stimulate axon growth. Phosphatidylinositol
3-kinase (p-PI3K) (a downstream signaling protein
of receptor tyrosine kinases) regulates the local
assembly of axonal cytoskeleton, especially that of
microtubules (Zhou and Snider, 2006). PI3K also has
an important role in nerve growth factor, insulin-like
growth factor, and brain-derived neurotrophic factor-
induced neurite regeneration (Bonnet et al, 2004;
Laurino et al, 2005).

Liver X receptor-b (LXR-b) is a nuclear hormone
receptor that regulates transcription involved in the
metabolism of cholesterol and fatty acids. Activation
of LXR-b induces reverse cholesterol transport and
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increases high-density lipoprotein cholesterol. Acti-
vation of LXR is a validated drug target for
cardiovascular disease, and has been implicated
in diabetes, inflammation, and neurodegenerative
disease. Disrupted LXR in LXR knockout (LXR�/�)
mice results in excessive lipid deposits, proliferation
of astrocytes, loss of neurons and their dendrites, and
disorganized myelin sheaths (Wang et al, 2002b).
Liver X receptor-b is essential for the maintenance of
motor neurons in the spinal cord and dopaminergic
neurons in the substantia nigra (Andersson et al,
2005; Kim et al, 2008). Expression of LXR-b is
essential for the formation of superficial cortical
layers and for the migration of later-born neurons
(Fan et al, 2008). T0901317 is a potent LXR agonist.
Activation of LXRs promotes neuroprotection and
decreases the expression of proinflammatory genes
along with reduced nuclear factor-kB transcriptional
activity in experimental stroke models (Morales et al,
2008; Sironi et al, 2008). We have shown previously
that treatment of stroke in mice with an LXR agonist
(TO901317) starting at 24 h after stroke significantly
improves functional outcome without altering lesion
volume (Chen et al, 2009). These animals were used
in this study, and new data were generated to test the
hypothesis that the LXR agonist promotes synaptic
plasticity and axonal regeneration after stroke,
restorative processes which may contribute to the
improvement in neurologic outcome. In addition,
the mechanisms and molecular signaling pathway
of TO901317-induced axonal regeneration were
investigated.

Materials and methods

Animal Middle Cerebral Artery Occlusion Model
and Experimental Groups

Adult male C57BL/6J mice (age: 2 to 3 months, weight:
24 to 28 g) were purchased from Charles River (Wilming-
ton, MA, USA). Right temporal (2 h) middle cerebral artery
occlusion (MCAo) was induced by advancing a 6-0 surgical
nylon suture (8.0 to 9.0 mm determined by body weight)
with an expanded (heated) tip from the external carotid
artery into the lumen of the internal carotid artery to block
the origin of the MCA (Mao et al, 1999). Sham-operated
mice underwent the same surgical procedure without
suture insertion. Mice subjected to MCAo were gavaged
starting 24 h after MCAo with (1) saline for controls and
(2) TO901317 (30 mg/kg, Cayman Chemical, Ann Arbor,
MI) daily for 14 days. Our choice of dose was guided by
previous studies that have reported beneficial outcomes of
TO901317 intervention in a mouse model of Alzheimer’s
disease (Riddell et al, 2007) and after stroke (Chen et al,
2009). Mice (n = 8 per group) were killed 14 days after
surgery for immunostaining. Previous studies have shown
that treatment of stroke rats starting 24 h after stroke with
TO901317, statin, or a increasing high-density lipoprotein
agent (Niaspan, Kos Pharmaceuticals Inc., Cranbury, NJ,
USA) increases angiogenic and growth factor expression
beginning at 4 days after treatment (Chen et al, 2007, 2008,

2009; Zacharek et al, 2006). In addition, trophic factor
expression and Akt/PI3K activity may induce axonal
regeneration. Therefore, in this study, we measured Akt/
PI3K and phosphorylation of PI3K at 5 days after MCAo.
Another set of mice (n = 6 per group) was killed at 5 days
after MCAo and ischemic brain tissue from the ischemic
border zone (see Figure 2A) was extracted for western blot
assay. In addition, blood gases (PO2, PCO2, and pH) were
measured at 5 days after MCAo (n = 5 per group).

Histological and Immunohistochemical Assessment

Mice (n = 8 per group) were killed 14 days after MCAo. The
brains were fixed by transcardial perfusion with saline,
followed by perfusion and immersion in 4% paraformal-
dehyde before being embedded in paraffin. As our previous
study has shown that TO901317 treatment of stroke did not
decrease the volume of brain infarction (Chen et al, 2009),
lesion volume was not measured in this study. For
immunostaining, a standard paraffin block was obtained
from the center of the lesion (bregma: �1 to + 1 mm).
A series of 6-mm-thick sections were cut from the block.
Every tenth coronal section for a total five sections was
used for immunohistochemical staining. Antibody against
synaptophysin (monoclonal antibody; dilution 1:1,000,
Chemicon, Temecula, CA, USA), amyloid betaA4 precursor
protein (APP) (dilution 1:50, Cell Signaling Technology,
Danvers, MA, USA), Nogo receptor (NgR) (dilution 1:50,
Santa Cruz Biotechnology, Santa Cruz, CA, USA), were
used (Nourhaghighi et al, 2003; Sandhu et al, 2004).
Control experiments consisted of staining brain coronal
tissue sections as outlined above, but nonimmune serum
was substituted for the primary antibody (Li et al, 1998).
Bielschowsky silver immunostaining was used to show the
axons. In brief, for Bielschowsky silver staining, slides
were placed in 20% AgNO3 in the dark, and then NaOH
and sodium thiosulfate were added to the slides in turn.
Control experiments consisted of staining brain coronal
tissue sections as outlined above, but the nonimmune
serum was substituted for the primary antibody (Li et al,
1998). The immunostaining analysis was performed by an
investigator who was blinded to the experimental groups.

Synaptophysin, Bielschowsky Silver, Nogo Receptor,
and Amyloid BetaA4 Precursor Protein Expression
Quantification

Hematoxylin and eosin staining was performed to identify
the ischemic border zone (see Figure 1A). For quantitative
measurements of synaptophysin, and APP, five slides from
each brain sample, with each slide containing eight fields
from the stratum of the ischemic border area, which is
adjacent to the ischemic core, were digitized under a � 20
objective (Olympus BX40, Olympus, Tokyo, Japan) using a
3-CCD color video camera (Sony DXC-970MD, Sony,
Tokyo, Japan) interfaced with an Micro Computer Imaging
Device (MCID) image analysis system (Imaging Research,
St Catharines, ON, Canada) (Calza et al, 2001; Chen et al,
2003a, b). The positive area of Bielschowsky silver
and NgR immunoreactive cells was measured in the
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white matter bundles of the stratum in the ischemic border.
Data were analyzed in a blinded manner. The data
collected from five sections and eight regions within each
section were averaged to obtain a single value for one
animal and were presented as the percentage of positive
area for synaptophysin, NgR, APP, and Bielschowsky silver
immunoreactive cells, respectively.

Primary Cortical Neuron Culture and Dendrite
Outgrowth Measurements

To test whether TO901317 regulates dendrite outgrowth, a
primary cortical neuron (PCN) culture was used. Cultured
cortical neurons were prepared from embryonic day 17 of
pregnant rats and cultured in the Neurobasal medium

Figure 1 TO901317 treatment of stroke increases synaptogenic plasticity, axonal regeneration and decreases axonal damage and
NgR expression in the ischemic brain. (A) H&E staining in low magnification and eight immunostaining measurement regions in the
ischemic border area. (B–E) Synaptophysin (panel B), Bielschowsky silver (panel C), NgR (panel D), and APP (panel E) expression in
the ischemic border zone (IBZ) in sham-, MCAo-, and TO901317-treated MCAo mice and the quantitative data. n = 8 per group.
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(Invitrogen, Carlsbad, CA, USA) with B27 supplement for 5
days. To test whether TO901317 regulates PCN PI3K
signaling activity, normoxic PCNs were treated with (n = 6
per group) (1) controls and (2) TO901317 (1mm) for 24 h.
Western blot assay was performed.

To test whether the PI3K pathway regulates TO901317-
induced dendrite outgrowth, PCNs were subjected to 1 h
of oxygen and glucose deprivation, followed by 24 h of
reperfusion (oxygen and glucose deprivation-reperfusion).
Hypoxic PCNs were subjected to (n = 6 per group) (1)
nontreatment for controls, (2) TO901317 (1mmol/L), (3)
p-Akt inhibitor (LY294002, 10 mm), and (4) TO901317
(1mmol/L) with LY294002 (10mm) for 24 h. TUJ1 (b-tubulin
III) immunostaining was performed using a monoclonal
antibody, TUJ1, for dendritic outgrowth measurement. Six
wells per condition (n = 6 per group) were used. To trace
the axonal arbors of fluorescently labeled neurons, photo-
micrographs were captured at 40� magnification using a
digital camera. A total of 20 neurons were captured using a
digital camera in each well. The total dendrite length was
measured in 20 neurons in each well using the MCID
analysis system. The total length of 20 neurons was
averaged in each well. The averaged length per neuron in
each well is presented. Six wells were used in each group
(n = 6 per group).

Western Blot

Cells and brain tissue were harvested. Tissue dissection
was performed according to lesion morphology. The lesion
core was visible as a pale region on fresh tissue. The
ischemic border zone was apparent as a light pink region
surrounding the lesion core and not very sharp on 5 days
after MCAo. We sampled the tissue from the ischemic
border zone within this region of light pink tissue adjacent
to the margin of the pale infarct area. Equal amounts of cell
lysate were subjected to western blot analysis, as described
previously (Chen et al, 2003a). Specific proteins were visu-
alized using a SuperSignal West Pico Chemiluminescence
Kit (Pierce, Rockford, IL, USA). The following primary
antibodies were used: anti-b-actin (1:2,000; Santa Cruz
Biotechnology), anti-synaptophysin (1:1,000, Chemicon),
anti-NgR (1:1,000, Abcam, Cambridge, MA, USA), anti-Akt
(1:1,000, Cell Signaling Technology), anti-phospho-Akt
(Ser473; 1:1,000, Cell Signaling Technology), anti-PI3K
(1:500, Santa Cruz Biotechnology), and anti-phospho-PI3K
(1:500, Santa Cruz Biotechnology).

Statistical Analysis

Two-way ANOVA (analysis of variance) was performed
for measuring data of axonal regeneration, including the
percentage of positive area for synaptophysin, NgR, APP,
and Bielschowsky silver in the ischemic brain. If an overall
treatment group effect was detected at P < 0.05, Tukey’s
test after post hoc test was used for multiple comparison.
One-way ANOVA and least significant difference analysis
after the post hoc test were performed to assess data
of synaptophysin, NgR, PI3K, and p-PI3K expressions
in cultured neurons and the neurite outgrowth in vitro.

Independent samples t-test was used for testing the
expressions of NgR, Akt, p-Akt, and p-PI3K by western
blot assay in the brain tissues between the two groups. All
data are presented as mean±s.e.

Results

To test whether TO901317 treatment of stroke
regulates physiologic parameters, the general phy-
siologic parameters were measured (n = 5 per group).
The data show that the general physiologic param-
eters were in the normal range and that there were no
significant differences between the two groups
treated with or without TO901317 (MCAo versus
MCAo + TO901317-treated animals; pH: 7.44±0.02
versus 7.44±0.04; PCO2: 41.3±2.0 versus 41.7±0.9;
PO2: 138.0±4.6 versus 146.7±5.8).

TO901317 Treatment of Stroke Increases
Synaptophysin Expression and Axonal Regeneration,
and Decreases Axonal Damage

Synaptophysin is a marker for presynaptic plasticity
and synaptogenesis (Ujike et al, 2002). Bielschowsky
silver is a marker for axons (Karnezis et al, 2004;
Pluchino et al, 2003). To test whether TO901317
treatment of stroke induces synaptic plasticity and
axonal regeneration, synaptophysin and Bielschows-
ky silver immunostaining were performed. Figures
1B and 1C show that synaptophysin (panel B)
and Bielschowsky sliver (panel C) expressions were
significantly decreased in MCAo mice compared
with that in sham controls. TO901317 treatment
significantly increased synaptophysin (panel B)
and Bielschowsky sliver (panel C) expressions in
the ischemic brain compared with control MCAo
animals.

Amyloid betaA4 precursor protein is a marker for
axon damage (Leclercq et al, 2001; Sherriff et al,
1994). Nogo receptor is a neuronal growth inhibitory
molecule (Li et al, 2005). To test whether TO901317
treatment of stroke decreases axonal damage
and inhibits neuronal growth inhibitory molecules
expression, APP and NgR expressions in the is-
chemic brain were measured. Figures 1D and 1E
show that NgR (panel D) and APP (panel E)
expressions were significantly decreased in the
ischemic brain in the TO901317-treated mice com-
pared with that in control MCAo animals. These data
suggest that TO901317 treatment of stroke decreases
axonal damage and neuronal growth inhibitory
molecule NgR expression, and promotes synaptic
plasticity and axonal regeneration after stroke.

TO901317 Treatment of Stroke Promotes p-PI3K
and p-Akt Activity in the Ischemic Brain

To show the mechanisms underlying TO901317-
induced axonal regeneration after stroke, PI3K/Akt
signaling activity was measured by western blot.

TO901317 induces axonal regeneration
J Chen et al

105

Journal of Cerebral Blood Flow & Metabolism (2010) 30, 102–109



Figure 2 shows that TO901317 treatment signif-
icantly increased the expressions of p-Akt, p-PI3K
activity, and decreased NGR expression in the
ischemic border compared with control MCAo mice
(P < 0.05, n = 6 per group).

TO901317 Treatment Increases p-PI3K and p-Akt
Activity

To elucidate whether TO901317 regulates axonal
regeneration, an in vitro PCN culture was performed.
Primary cortical neurons derived from 17-day
embryonic brain were cultured in vitro and treated
with or without TO901317 for 24 h. Figure 3 shows
that TO901317 significantly increased synaptophy-
sin expression, p-PI3K activity, and decreased NgR
expression compared with nontreated controls
(P < 0.05, n = 6 per group).

TO901317 Increased Neurite Outgrowth of Hypoxic
PCN; Inhibition of the PI3K/Akt Pathway Attenuates
TO901317-Induced Neurite Outgrowth

To test whether TO901317 treatment regulates
neurite outgrowth, hypoxic PCNs were treated with
or without TO901317. TUJ1 immunostaining was
performed. TUJ1-positive cell neurite outgrowth was
measured. Figure 4 shows that TO901317 signifi-
cantly increased neurite outgrowth in the TO901317-
treated group in hypoxic PCN (panels B and E)
compared with nontreated controls (panels A and E,
n = 6 per group). To test whether the PI3K/Akt
pathway has a role in TO901317-induced neurite
outgrowth, LY294002, a PI3K inhibitor, was used.
Figures 4C–4E show that the inhibition of PI3K
signaling by LY294002 significantly decreases neur-
ite outgrowth. In addition, inhibition of the PI3K/Akt
pathway by LY294002 also significantly attenuate

Figure 2 TO901317 treatment of stroke increases p-Akt and p-PI3K activity and decreases NgR expression in the ischemic brain.
(A) Western blot assay. (B) Western blot quantitation data (n = 6 per group).

Figure 3 TO901317 treatment increases p-PI3K activity and synaptophysin expression and decreases NgR expression in cultured
PCN. (A) Western blot assay. (B) Western blot quantitation data (n = 6 per group).
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TO901317-induced neurite outgrowth in cultured
hypoxic PCN (panels D and E). These data suggest
that TO901317 treatment increases neuronal neurite
outgrowth and that PI3K/Akt signaling activity
contributes to neurite outgrowth.

Discussion

We show for the first time that TO901317 treatment
of stroke starting at 24 h after the onset of MCAo
significantly induces axonal regeneration and synap-
tic plasticity as well as increases PI3K/Akt activity in
the ischemic brain. The PI3K/Akt pathway contri-
butes to axonal regeneration after stroke.

TO901317 Treatment of Stroke Promotes Synaptic
Plasticity and Axonal Regeneration After Stroke

In this study, we found that TO901317 treatment
of stroke significantly decreased NgR expression
and increased synaptophysin expression and axonal
regeneration in the ischemic brain compared with
nontreated MCAo controls. After ischemia, the
expressions of neuronal growth inhibitory molec-
ules, myelin-associated glycoprotein, Nogo, and
oligodendrocyte-myelin glycoprotein were redistributed
around damaged axons and dendrites. Myelin-
associated glycoprotein, Nogo, and oligodendro-
cyte-myelin glycoprotein inhibit axon growth by
binding a common receptor, the Nogo66 receptor
(NgR), and likely converge on a common signaling
cascade (Domeniconi et al, 2002; McKerracher and
Winton, 2002; Wang et al, 2007; Wang et al, 2002a).
Decreased NgR expression in the ischemic brain
improved axonal regeneration in the ischemic brain

(Wang et al, 2007; Zhang et al, 2008). TO901317
treatment of stroke decreases NgR expression in the
ischemic brain. Consistent with our in vivo finding,
TO901317 also decreased NgR expression in cul-
tured PCNs and promoted neurite outgrowth in vitro.
Liver X receptor-b activators induce neuronal differ-
entiation in rat pheochromocytoma cells and stimu-
late neurite outgrowth (Schmidt et al, 1999).
Therefore, it is reasonable to propose that TO901317
treatment of stroke induced synaptogenesis and
axonal regeneration by decreasing NgR expression.

TO901317 Treatment of Stroke Decreases Axonal
Damage

Our data show that TO901317 treatment of stroke
significantly decreased APP expression. Amyloid
precursor protein is a transmembrane glycoprotein
widely expressed in mammalian tissues and is the
source of the toxic amyloid-b (Ab) peptide associated
with the pathogenesis of Alzheimer’s disease. The
APP is cleaved by two enzymes, b-secretase and
g-secretase, to generate the pathologic Ab peptide.
Both APP and Ab accumulate in mitochondrial
membranes, cause mitochondrial structural and
functional damage, prevent neurons from function-
ing normally (Reddy, 2009), and induce neuronal
apoptosis (McPhie et al, 2001). In addition, axonal
damage, which evokes a disturbance of fast axonal
transport, can occur even in the early stage of white
matter lesions, and axonal damage is evaluated by
analyzing the immunoreactivity of APP (Sherriff
et al, 1994; Wang et al, 2007). Therefore, the decrease
of APP expression by TO901317 treatment of stroke
reflects the decreased axonal damage in the ischemic
brain.

Figure 4 TO901317 increases neurite outgrowth in hypoxic PCN. Inhibition of the PI3K/Akt pathway decreased neurite outgrowth
in cultured hypoxic PCNs. (A–E) TUJ1 immunostaining in cultured hypoxic PCN (1 h OGD) and treated with controls (panel A);
TO901317 (1 mmol/L) (panel B); LY294002 (panel C), and TO901317 with LY294002 (panel D) and neurite outgrowth
quantitative data (panel E). n = 6 per group.
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TO901317 Increase in PI3K/Akt Activity in the
Ischemic Brain Contributes to Axonal Regeneration

Our data show that TO901317 treatment of stroke
significantly increased Akt/PI3K pathway activity
and promoted axonal regeneration after stroke.
Inhibition of the Akt/PI3K pathway by LY294002
decreased the effects of TO901317 on axonal growth
in cultured hypoxic PCNs. The PI3K is required
for neural cell adhesion molecule-mediated neurite
outgrowth from PC12 cells and from cerebellar and
dopaminergic neurons in the primary culture (Ditlevsen
et al, 2003). Activation of PI3K represents a potential
mechanism for the regulation of neuronal differentia-
tion and neurite outgrowth in SH-SY5Y cells (Pan
et al, 2005). When neurite outgrowth elongation is
initiated, PI3K remains essential for the maintenance
of neuronal morphology (Sanchez et al, 2004). Akt
also has dual roles in motoneuronal survival and
nerve regeneration in vivo (Namikawa et al, 2000).
Stimulating the phosphorylation of Akt may promote
axonal outgrowth (Ransome and Turnley, 2008).
Inhibition of the Akt/PI3K pathway by LY294002
abolishes the erythropoietin effects on Akt phos-
phorylation and axonal growth (Ransome and Turn-
ley, 2008). Therefore, TO901317 promotes Akt/PI3K
signaling activity, which at least partially contributes
to axonal regeneration in the ischemic brain.

In summary, we show that treatment of experi-
mental stroke with TO901317 at 24 h after stroke
significantly increased synaptic plasticity and
axonal regeneration, and decreased axonal damage.
The Akt/PI3K pathway seems to contribute to
TO901317-induced synaptic plasticity and axonal
regeneration.
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