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Neurorestoratologic Strategies and Mechanisms in
the Nervous System

Lin Chen,1 Qiang Ao,2 Hari Shanker Sharma,3 Aijun Wang,4 and Shiqing Feng5

1Tsinghua University Yuquan Hospital, 5 Shijingshan Road, Shijingshan District, Beijing 100040, China
2Department of Tissue Engineering, China Medical University, Shenyang 110122, China
3Uppsala University, Uppsala, Sweden
4University of California Davis Medical Center, Surgical Bioengineering Laboratory, Department of Surgery, Sacramento,
CA 95817, USA
5Tianjin Medical University, Tianjin, China

Correspondence should be addressed to Lin Chen; chenlin china@163.com

Received 30 August 2015; Accepted 31 August 2015

Copyright © 2015 Lin Chen et al.This is an open access article distributed under the Creative CommonsAttribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Neurorestoratology is an interdisciplinary and frontier dis-
cipline that studies neural regeneration, repair, and replace-
ment of damaged components of the nervous system, neu-
roplasticity, neuroprotection, neuromodulation, neurogen-
esis, angiogenesis, immunomodulation, and their mecha-
nisms to cause improvement or recovery. Neurorestoratology
research is becoming one of themost promising neuroscience
fields and a core aspect of translational neuroscience. Neu-
rorestorative therapies include the transplantation of tissue
and cells, biomaterials and bioengineering, neuromodula-
tion by electromagnetic stimulation, and pharmaceutical
or chemical therapies. Research advancements in the area
have been increased tremendously over the past few years,
extending from the laboratories to animal experiments and,
more recently, to clinical trials.

Last year, we invited investigators to contribute original
research as well as review articles that address this field.
We encourage manuscripts that will stimulate continuing
efforts to understand the mechanisms underlying interaction
between environment stressors and neurorestoration in neu-
ral trauma, stoke, and neurodegenerative diseases. Today, we
are very happy to publish this special issue of this journal.

In this issue, original research and review articles are
accepted.The research papers focused on using bonemarrow
mesenchymal stem cells to treat Alzheimer’s disease, exam-
ining the effects of lithium on brain inflammatory media-
tors levels, fever, and mortality in postischemic stroke rats,

investigating whether serum lost goodwill target proteome is
a potential biomarker of severe traumatic brain injury and
if high-caloric diet impaired learning and memory function
and the potential mechanisms underlying this process.

The review described the present status of neurorestora-
tology fields, including the role of ABC transporters in the
drug resistance mechanism of intractable epilepsy, bypassing
P-glycoprotein drug effluxmechanisms in pharmacoresistant
schizophrenia therapy, nerve conduits in the treatment of
peripheral nerve injury, and oligodendrocyte precursor cells
and biomaterial approaches in spinal cord injury. The papers
sample the extraordinary progress that has been made in the
field.

Current research suggests that new developments will
continue to follow. Particular importance will be given to
manuscripts that address the development of novel strategies
for therapeutic intervention of these diseases. Our aim is
to shed light on important knowledge gaps and to provoke
thoughts for further research and the development of thera-
peutic strategies.

Lin Chen
Qiang Ao

Hari Shanker Sharma
Aijun Wang
Shiqing Feng
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Volume 2015, Article ID 163170, 1 page
http://dx.doi.org/10.1155/2015/163170
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Stroke is a leading cause of mortality and morbidity worldwide. Few therapeutic options with proven efficacy are available for the
treatment of this disabling disease. Lithium is the gold standard treatment for bipolar disorder. Moreover, lithium has been shown
to exhibit neuroprotective effects and therapeutic efficacy as a treatment of other neurological disorders.This study was undertaken
to examine the effects of lithium on brain inflammatory mediators levels, fever, and mortality in postischemic stroke rats. Ischemic
stroke was induced by occlusion of the mid cerebral artery (MCAO). Pretreatment with a single dose of lithium at 2 hours before
MCAO induction significantly reduced the elevation in interleukin- (IL-) 6 and prostaglandin E

2
levels in brain of post-MCAO

rats, as compared to vehicle-treated animals. On the other hand, lithium did not affect the elevation in IL-1𝛼, IL-10, IL-12, and
tumor necrosis factor-𝛼 levels in brain of post-MCAO rats. Moreover, pretreatment with lithium did not alter post-MCAO fever
and mortality. These results suggest that acute pretreatment with a single dose of lithium did not markedly affect post-MCAO
morbidity and mortality in rats.

1. Introduction

In 2004 the World Health Organization reported that stroke
was the second cause of death worldwide after ischemic heart
disease [1]. In the United States, stroke was ranked as the
third cause of death after cardiovascular diseases and cancer
[2]. Moreover, cerebrovascular disease was ranked as the first
or second leading cause of burden of disease in the Western
Pacific and European regions, respectively [1]. Those data
clearly indicate that stroke is a very fatal and disabling disease.

The Atherosclerosis Risk in Communities study has
shown that ischemic stroke was themost prevalent (83%) type
of stroke among a cohort of 15792 Americans aged 45–64
years, followed by intracerebral (10%) and subarachnoid (7%)
hemorrhages [3].Themechanisms underlying the pathologi-
cal processes that take place in the brain after the occurrence

of ischemic stroke are very complex. Cerebral ischemia (due
to decreased blood flow to brain tissue) activates an ischemic
cascade which leads to cell death and severe neuronal dam-
age. A large body of evidence suggested that inflammation
plays a pivotal role in the pathological processes in poststroke
brain [4]. Postischemic inflammation involves activation
of glial cells which produce cytotoxic and cytoprotective
mediators [4]. After the occurrence of the ischemic injury,
activated glial cells produce and secrete inflammatory medi-
ators such as interleukin- (IL-) 1𝛼, IL-1𝛽, IL-6, IL-10, IL-12,
nitric oxide, prostaglandin E

2
(PGE
2
), and tumor necrosis

factor- (TNF-) 𝛼 [4–7]. Moreover, peripherally produced
cytokines and inflammatory mediators produced by brain
infiltrated immune cells also contribute to the postischemic
inflammatory response [4]. Despite the data suggesting that
poststroke inflammation harms infarct zone tissue, it is worth
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Table 1: Effects of lithium on mortality of poststroke rats.

Group Sham + Veh Sham + LiCl 𝑃 value∗ MCAO + Veh MCAO + LiCl 𝑃 value∗

𝑛 9 9 NS 29 28 NS
Weight (g); mean ± SEM 363.4 ± 5.6 362.3 ± 4.7 NS 376.2 ± 3.9 378.3 ± 3.5 0.693
Rats with visible NDs at 24 h; number (%) 0 (0) 0 (0) NS 21 (100) 21 (100) NS
Mortality after 24 h; number (%) 0 (0) 0 (0) NS 8 (27.6) 7 (25) 0.532
At 2 h before surgery vehicle-treated rats were injected (ip) with 0.35mLNaCl 0.9% and LiCl-treated rats with 100mg/kg lithium. Existence ofNDswas assessed
in surviving rats at 24 h after surgery as described in Section 2. Mortality was followed during 24 h after surgery. This table represents the results of the two
experiments conducted in this study. ∗Comparisons for statistical significance were done only between groups that underwent the same surgical procedure,
that is, Sham +Veh versus Sham+ LiCl; MCAO+Veh versusMCAO+ LiCl. LiCl, lithium chloride; MCAO,middle cerebral artery occlusion; ND, neurological
deficit; NS, nonsignificant; Veh, vehicle.

noting that some immune/inflammatory processes enhance
brain recovery and attenuate neuronal damage in postinsult
brain [4]. Thus, inhibition of inflammation does not always
benefit the brain.

Many poststroke patients present with changes in
body temperature (BT), mostly hyperthermia (occasionally
referred to as fever or pyrexia) [8, 9]. Poststroke fever has
been associated with a prominent increase in mortality,
morbidity, and hospital length of stay [8, 9]. For example,
Castillo et al. [8] found that mortality rate was significantly
higher among hyperthermic as compared to normothermic
poststroke patients at 3 months (15.8% versus 1%, resp., 𝑃 <
0.001). In addition, they observed that hyperthermia during
the first 24 hours after stroke onset was independently and
significantly associated with larger infarct volume, higher
neurological deficit, and dependency at 3 months after stroke
[8].

The pharmacotherapy of stroke includes few agents with
proven efficacy [10] underscoring the need for novel effica-
cious treatments. Lithium is a monovalent cation widely and
effectively used in the treatment of bipolar affective disorder
[11]. Moreover, lithium has been shown to confer potent
neuroprotective effects in various experimental models [12,
13]. Lithium also exerts multiple effects on immune and
inflammatory processes in the brain including some potent
anti-inflammatory properties [14]. As mentioned, inflamma-
tion contributes to the neuronal damage which occurs in
poststroke brain. Therefore, the primary objective of this
study was to examine the effects of acute lithium treatment
on levels of inflammatory mediators in brain of poststroke
rats. In addition, we aimed to determine the effects of lithium
on poststroke fever and mortality.

2. Materials and Methods

2.1. Animals. Male Wistar rats were used throughout the
studies (Table 1). The animals were housed 3 per cage
and maintained under controlled environmental conditions
(ambient temperature 22 ± 1∘C, relative humidity 55–58%,
and photoperiod cycle 12 h light : 12 h dark), fed Purina Lab
Chow and water ad libitum. Only animals with no overt
pathology were included in the studies. The procedures of
the study were in accordance with the Guidelines of the
Committee for the Use and Care of Laboratory Animals in
Ben-Gurion University of the Negev, Israel.

2.2. Lithium Treatment. Lithium chloride (LiCl, purchased
from Sigma) was dissolved in NaCl 0.9% and filtered to
produce a sterile solution. Rats were treated with a single
intraperitoneal (ip) injection of LiCl 100mg/kg at 2 h before
induction of anesthesia. Alternatively, control animals were
treated with vehicle (0.35mL sterile NaCl 0.9%, ip).

2.3. Surgical Procedure. Permanent mid cerebral artery
occlusion (MCAO) was performed according to the method
of Longa et al. [15] with slight modifications as described
previously [16]. Briefly, rats were anesthetized with ketamine
75mg/kg and midazolam 3mg/kg (both given ip). Anes-
thetized rats were subjected to the surgical procedure which
lasted 25–30min during which they were allowed to breathe
spontaneously. The right common carotid artery (CCA)
was exposed through a middle neck incision and carefully
dissected from surrounding tissues from its bifurcation to the
base of the skull.The occipital artery branches of the external
carotid artery (ECA) were then isolated, dissected, and
coagulated.The ECAwas further dissected distally and coag-
ulated along with the terminal lingual and maxillary artery
branches. The internal carotid artery (ICA) was isolated and
carefully separated from the adjacent vagus nerve and the
pterygopalatine artery was ligated close to its origin with a
4-0 silk suture. Then, the MCA was blocked by inserting
a 3.5 cm length of a 4-0 nylon silicon-coated filament 18–
18.5mm before the bifurcation of the CCA and then into the
circle of Willis, effectively occluding the MCA (a procedure
hereafter referred to as MCAO). The ICA and CCA were
temporarily blocked. Subsequently, a 4-0 silk suture was tied
loosely around the CCA before its bifurcation.The silk suture
around the CCA stumpwas fastened around the intraluminal
filament to prevent bleeding. The filament was then fixed by
tying up a silk suture over the CCA. The suture was left in
place permanently. Sham-operated (control) rats were anes-
thetized and subjected only to a middle neck skin incision.

2.4. Measurement of Body Temperature. BT was measured
with a plastic-coated thermocouple probe (HL 600 Ther-
mometer, AnristuMeter Co., Japan) inserted into the rectum.
Measurement was performed at 2 h after surgery in both
sham- and MCAO-operated rats.

2.5. Assessment of Postsurgical Neurological Deficit and Mor-
tality. In order to verify the correctness of the MCAO
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procedure animals were tested for existence of a neurological
deficit (ND) [16]. Two observers who were blind to type of
the surgical procedure performed examined each animal for
visible NDs. Any of the following features was regarded as a
ND: forelimb flexion; contralateral forelimb gripping weakly
(the operator placed the rat on an absorbent pad and gently
pulled the tail); circling to the paretic side only when pulled
by the tail (the ratwas allowed tomove freely on the absorbent
pad); spontaneous circling. Rats in the MCAO group needed
to present at least one of the ND features above in order to
be included in this group (Table 1). Rats in the sham group
needed to present no visible NDs in order to be included
in this group (were excluded if they presented any visible
ND). Moreover, we assessed mortality during 24 h following
the surgical procedure. The rate of mortality was compared
between rats of the same surgical procedure; namely, sham
+ vehicle group was compared to sham + LiCl group and
MCAO + vehicle group was compared to MCAO + LiCl
group (Table 1).

2.6. Preparation of Brain Homogenates. At 24 h after the
MCAO procedure surviving rats were anesthetized briefly
(with a mixture of 4% isoflurane in 100% oxygen) and
immediately sacrificed by decapitation. Brains were quickly
extracted and washed in ice-cold saline 0.9%. Frontal cortex
(FC), hypothalamus (HT), and hippocampus (HC) were
gently excised on ice, cleaned, and immediately transferred to
–80∘C.Then, each samplewasweighed andmanually homog-
enized for 10 seconds in 500𝜇L of a cold phosphate-buffered
saline solution containing protease inhibitors (homogenizing
buffer). Subsequently, tissue homogenateswere centrifuged at
10,000 rpm, 4∘C for 10min. Supernatants were collected and
immediately transferred to –80∘C for further determination.

2.7. Determination of PGE
2
and Cytokines Levels. Samples

(supernatants) were assayed for PGE
2
protein content using

an ELISA kit according to manufacturer’s instructions (R&D
Systems; Minneapolis, MN, USA). Levels of IL-1𝛼, IL-6, IL-
10, IL-12, and TNF-𝛼 were determined by a multiplexed
ELISA array (Quansys Biosciences; Logan, Utah, USA).
This assay allows measuring the concentration of multiple
inflammatory-associated mediators in a single sample. In
both assays, when the level of the detected mediator was
below the lower detection limit, results were annotated as
“below detection limit” and assigned a result of zero.

2.8. Statistical Analysis and Presentation of the Data. We
performed two independent experiments.The number of rats
in each group in the first experiment, second experiment,
and total count was as follows, respectively: sham + vehicle—
3, 6, and 9; sham + LiCl—3, 6, and 9; MCAO + vehicle—
12, 17, and 29; MCAO + LiCl—11, 17, and 28. Statistical
evaluations were carried out using Student’s t-test (two-
tailed) or chi-square Fisher exact test, according to type of the
tested parameter. Normally distributed data and continuous
variables are presented as mean ± SEM. Values of 𝑃 <
0.05 were considered statistically significant. It is worth
noting that all brain samples were homogenized in 500𝜇L
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Figure 1: Effects of lithium on body temperature of poststroke rats.
At 2 h before surgery vehicle-treated rats were injected (ip) with
0.35mL NaCl 0.9% and LiCl-treated rats with 100mg/kg lithium.
BT was measured at 2 h after surgery as described in Section 2. This
figure represents the results of the second experiment of the study.
The results in the first experiment were similar to those presented in
this figure. Each column is the mean ± SEM of 6 or 17 rats per group
as indicated in the figure. ∗𝑃 < 0.05 versus sham+Veh. LiCl, lithium
chloride; MCAO, middle cerebral artery occlusion; Veh, vehicle.

of homogenizing buffer regardless of their weight. Thus, the
content of inflammatory mediators in resultant homogenates
was lower than their actual content in the original tissue
(taking into account that, e.g., the average weight of HT
samples was 41mg while the average weight of FC samples
was 45mg). Results in figures of IL-1𝛼, IL-6, IL-10, IL-12,
PGE
2
, and TNF-𝛼 were calculated as follows: ELISA result

(pg/mL) divided by sample weight in milligrams. Results are
presented as pg/mL (pg/mg wet weight).

3. Results

3.1. Effects of Acute Lithium Treatment on Body Temperature
of Poststroke Rats. Before surgery, BT did not significantly
differ between all treatment groups (data not shown). As
compared to sham-operated rats, MCAO-operated rats had
a significantly higher BT at 2 h after surgery (Figure 1).
Pretreatment with lithium did not alter BT either in sham-
operated or in MCAO-operated rats (Figure 1).

3.2. Effects of Acute Lithium Treatment on Mortality of
Poststroke Rats. At 24 h after surgery all sham-operated rats
survived and exhibited no visible NDs (Table 1). On the other
hand, all rats that underwent MCAO surgery and survived
had visible NDs (Table 1). Mortality was followed during 24 h
after surgery. Animals that died during the surgical procedure
were not counted as part of theMCAO groups. Out of 60 rats
that underwentMCAO surgery in the two experiments of the
study, 3 died during the surgical procedure (5% perioperative
mortality). Thus, mortality was assessed in the remaining 57
MCAO rats. Eight out of 29 vehicle-treated MCAO rats died
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during 24 h after surgery (27.6% mortality, Table 1). Seven
out of 28 lithium-treated MCAO rats died during 24 h after
surgery (25% mortality, Table 1). These results indicate that
acute pretreatment with lithium did not significantly (𝑃 =
0.532) reduce the rate of poststroke mortality.

3.3. Effects of Acute Lithium Treatment on Brain Inflammatory
Mediators Levels of Poststroke Rats. As compared to sham-
operated rats, levels of IL-1𝛼, IL-6 (except in HT), IL-10, IL-
12 (except in HT), and TNF-𝛼 were significantly higher in
brain regions of MCAO-operated rats (Figures 2(a), 2(b),
2(c), 2(d), and 2(e), resp.). Pretreatment with lithium did
not alter the levels of IL-1𝛼, IL-10, IL-12, and TNF-𝛼 either
in sham-operated or in MCAO-operated rats (Figures 2(a),
2(c), 2(d), and 2(e)). On the other hand, pretreatment with
lithium significantly reduced IL-6 levels in all brain regions
inMCAO-operated rats (Figure 2(b)). Moreover, PGE

2
levels

were similar in brain regions of sham- and MCAO-operated
rats (Figure 2(f)). Surprisingly, pretreatment with lithium
significantly reduced PGE

2
levels in HC and HT of MCAO-

operated but not in sham-operated rats (Figure 2(f)).

4. Discussion

Thepresent study demonstrated that acute pretreatment with
lithium did not prominently alter brain inflammation in
post-MCAO rats. Lithium significantly reduced levels of IL-
6 in FC, HC, and HT and PGE

2
in HC and HT in post-

MCAO rats. However, it did not influence the elevation in
IL-1𝛼, IL-10, IL-12, and TNF-𝛼 levels in post-MCAO rats.
In addition, under the experimental conditions used in this
study, pretreatment with lithium did not alter post-MCAO
fever and mortality.

Lithium is the gold standard pharmacotherapy of bipolar
disorder [12]. Lithium was also shown to exert therapeutic
benefits in the treatment of other neurological disorders
including Alzheimer’s disease [17] and amyotrophic lateral
sclerosis [18]. The pathophysiology of stroke comprises a
prominent inflammatory response, particularly in the postis-
chemic zone. The ischemic cascade leads to dysregulation
of brain function and homeostasis due a profound oxidative
stress and prominent subsequent inflammation, both of
which lead to cell death and aggravation of tissue damage [4].
Moreover, lithium was found to exert anti-inflammatory [14]
and neuroprotective [12, 13] effects under various experimen-
tal conditions. Therefore, we hypothesized that lithium may
possess anti-inflammatory effects in poststroke rats. Under
the experimental conditions used in the present study lithium
reduced the levels of IL-6 and PGE

2
but did not affect the

levels of IL-1𝛼, IL-10, and IL-12 in poststroke rats (Figure 2).
PGE
2
is an important mediator of tissue homeostasis

and alteration of its level/function may lead to deleterious
pathological processes [19]. A large body of evidence asso-
ciated PGE

2
with inflammatory conditions and pathological

changes in BT. For example, PGE
2
was shown to contribute

to the pathogenesis of lipopolysaccharide- (LPS-) induced
hypothermia and fever in rats [20]. Nonsteroidal anti-
inflammatory drugs (NSAIDs) such as aspirin and ibuprofen

inhibit the production of PGE
2
and are widely used as

antipyretic medications [19]. Chronic lithium treatment was
found to reduce brain levels of PGE

2
in rats [21]. Moreover,

we showed that acute pretreatment with lithium significantly
decreased hypothalamic PGE

2
levels in LPS-treated rats,

which was accompanied by a significant attenuation of LPS-
induced hypothermia [20]. Importantly, permanent MCAO
was associated with a significant hyperthermia and increased
hypothalamic damage in rats [22]. In the present study we
examined the effect of acute pretreatment with lithium on
poststroke fever.We found thatMCAO-operated animals had
a significantly higher BT than sham-operated rats at 2 h after
surgery (Figure 1). Lithium did not influence the fever in
MCAO-operated rats (Figure 1), despite a significant reduc-
tion in hypothalamic PGE

2
levels (Figure 2). Surprisingly,

HT PGE
2
levels did not differ between MCAO-operated

and sham-operated animals (Figure 2), despite the reported
damage to the hypothalamus in post-MCAO-operated rats
[22]. These findings hint at a possibility that PGE

2
does not

play a central role in the mechanism of poststroke fever.
Consistent with this assumption, Legos et al. [23] found
that aspirin, a NSAID which inhibits PGE

2
production, did

not attenuate hyperthermia in MCAO-operated rats at 2 h
after surgery. It is reasonable to assume that poststroke fever
results (at least in part) from and is associated with the
tissue damage in the ischemic zone. The dissemination of
cell debris and burst of excitatory neurotransmitters (such
as glutamate) secretion contribute to the development of
poststroke fever [24], which does not necessarily respond to
systemic administration of NSAIDs [24].

IL-1𝛼 is usually regarded as a proinflammatory cytokine
[25]. Under resting conditions IL-1𝛼 constitutively presents
at low levels in multiple cell types; however, following tissue
damage, cell death, or hypoxia, its expression is greatly
induced and it is produced by a number of cells such
as macrophages, neutrophils, and epithelial cells [25]. IL-
1𝛼 facilitates the recruitment of immune cells and induces
the secretion of mainly proinflammatory cytokines such as
IL-1𝛽 and TNF-𝛼 [25]. Several studies have associated IL-
1𝛼 with the pathophysiology of ischemic stroke [26]. For
example, Luheshi et al. [26] reported that IL-1𝛼 production
is upregulated early after the occurrence of ischemic stroke
in mice, leading to induction of proinflammatory cytokines
secretion and aggravation of inflammation in the ischemic-
injured zone. In the present study we found that IL-1𝛼 levels
were significantly increased in FC, HC, and HT of MCAO-
operated rats (Figure 2). Pretreatment with lithium did not
affect the elevation in IL-1𝛼.

IL-6 acts mostly as a proinflammatory cytokine but it also
exerts some anti-inflammatory properties [27]. It is produced
by T cells, macrophages, and other cells in response to
immune activation due to infection or tissue damage. IL-6 has
been associatedwith pathological conditions such as arthritis,
autoimmune and inflammatory responses, and cancer [27].
IL-6 is also involved in the regulation of metabolic, regen-
erative, and neuronal processes [27]. Elevated plasma and
CSF levels of IL-6were associatedwith increased neurological
worsening in patients with ischemic stroke [11]. In the present
study, IL-6 levels were significantly increased in FC and HT
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Figure 2: Effects of lithium on brain inflammatory mediators levels of poststroke rats. At 2 h before surgery vehicle-treated rats were injected
(ip) with 0.35mL NaCl 0.9% and LiCl-treated rats with 100mg/kg LiCl. At 24 h after surgery surviving rats were sacrificed and their brains
were quickly excised. Then, FC, HC, and HT were excised and stored in −80∘C. Levels of IL-1𝛼 (a), IL-6 (b), IL-10 (c), IL-12 (d), TNF-𝛼 (e),
and PGE

2
(f) in brain regions were measured as described in Section 2. This figure represents the results of the second experiment of the

study. The results in the first experiment were similar to those presented in this figure. Each column is the mean ± SEM of 6 (sham + Veh
and sham + LiCl) or 12 (MCAO + Veh and MCAO + LiCl) rats per group. ∗𝑃 < 0.05 versus sham + Veh; ∗∗𝑃 < 0.05 versus MCAO + Veh.
FC, frontal cortex; HC, hippocampus; HT, hypothalamus; LiCl, lithium chloride; MCAO,middle cerebral artery occlusion; UD, undetectable;
Veh, vehicle.
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of MCAO-operated rats. Pretreatment with lithium signifi-
cantly reduced IL-6 levels in FC and HT (Figure 2), pointing
to a possible anti-inflammatory effect of the drug in these
brain regions. Surprisingly, lithium did not alter IL-6 levels
in HC of sham-operated rats but totally abolished its levels
in MCAO-operated rats. The reason for this discrepancy is
currently not understood.

IL-10 is an anti-inflammatory cytokine which inhibits
the activity of proinflammatory cytokines and suppresses
the expression of their receptors [28]. It is secreted under
different conditions of immune activation by a variety of
cells including T and B cells, monocytes, macrophages,
and glial cells. IL-10 suppresses inflammatory responses and
plays a role in maintaining homeostasis of overall immune
responses, including during conditions of neuroinflamma-
tion [28]. Tarkowski et al. [5] found that IL-10 levels were
increased in CSF of stroke patients. Decreased plasma levels
of IL-10 were associated with increased neurological worsen-
ing in patients with ischemic stroke [29]. Moreover, IL-10-
producing T cells were found to play a role in reducing infarct
size volume in post-MCAOmice [7]. In the present study, IL-
10 levels were significantly increased in FC, HC, and HT of
MCAO-operated rats (Figure 2). Pretreatment with lithium
did not alter IL-10 levels in those brain regions.

The IL-12 family of cytokines comprises a number of
members including IL-12, IL-23, IL-27, and IL-35 [30]. IL-
12 is composed of two subunits, p35 and p40, which bind
to and activate IL-12 receptors. IL-23 and IL-35 are also
composed of 2 subunits (heterodimers) inwhich p40 andp35,
respectively, also activate IL-12 receptors [30]. The regulation
of the inflammatory response by these cytokines is influenced
by the identity of the subunits composing the cytokine het-
erodimer. For example, IL-23 and IL-12 are proinflammatory
cytokines while IL-35 is an anti-inflammatory cytokine. A
number of studies addressed the association between IL-
12 and ischemic stroke. For example, Konoeda et al. [31]
found that treatment with an anti-p40 monoclonal antibody
(which blocks the activity of IL-12 and IL-23) decreased
ischemia/reperfusion injury and enhanced recovery of neu-
rological deficits in mice. Moreover, Narasimhalu et al. [32]
reported that increased serum level of IL-12 was associated
with a cognitive decline in postischemic stroke patients. In
the present study IL-12 levels were significantly increased in
FC and HT of MCAO-operated rats, which was not affected
by pretreatment with lithium (Figure 2).

TNF-𝛼 is an important multifunctional proinflammatory
cytokine secreted from various immune and glial cells [33].
It stimulates numerous immune/inflammatory responses
and regulates various physiological as well as pathological
processes in humans. TNF-𝛼 has been associated with the
pathophysiology of many neurological illnesses including
psychiatric and neurodegenerative disorders [5, 33, 34]. For
example, a comprehensive meta-analysis of 30 studies has
demonstrated that plasma levels of TNF-𝛼 are increased in
bipolar patients as compared to control subjects [34]. Impor-
tantly, it was found that TNF-𝛼 levels are increased in CSF
of stroke patients [5]. Lithium was shown to decrease TNF-𝛼
levels under multiple experimental conditions; however, sev-
eral contradicting findings have also been reported (reviewed

in [14]). In the present study TNF-𝛼 levels were significantly
increased in FC, HC, and HT of MCAO-operated rats, which
was not affected by pretreatment with lithium (Figure 2).

Relying on evidence attesting for the involvement of
inflammation in the pathophysiological mechanisms under-
lying ischemic stroke, several studies have examined the ther-
apeutic potential of different anti-inflammatory strategies as
a treatment for ischemic stroke. For example, Caso et al.
[35] examined the effect of deleting (knocking out) toll-like
receptor- (TLR-) 4 in post-MCAOmice. As compared to their
respective controls, TLR4-deficient mice had a diminished
brain inflammatory response which was accompanied by
a significant decrease in infarct volume and neurologi-
cal and behavioral alterations [35]. Similarly, Zhou et al.
[36] reported that MCAO resulted in a significant cerebral
infarction and increased neurological deficit scores in rats.
Treatment with propofol (an anesthetic drug which confers
anti-inflammatory properties) significantly reduced infarct
volume and improved neurological function in MCAO-
operated rats [36].

A number of experimental studies have investigated the
utility of lithium as a treatment for ischemic stroke suggesting
that it has potent therapeutic benefits. For example, Nonaka
and Chuang [37] found that chronic treatment with lithium
(subcutaneously for 16 days) significantly reduced infarct
volume and neurological deficits in post-MCAO rats. Simi-
larly, Xu et al. [13] demonstrated that chronic subcutaneous
treatment with lithium for 16 days significantly decreased
infarct volume and neurological deficits in post-MCAO rats.
Moreover, Sheng et al. [38] reported that a single intravenous
injection with lithium led to a significant reduction in
infarct volume and neurological deficits in post-MCAO rats.
Interestingly, this study showed that a combinatory treatment
with lithium + PGE

1
resulted in greater neuroprotection

than treatment with each agent alone [38]. Despite the
encouraging results obtained in the cited animal studies, a
randomized, placebo-controlled, double-blind clinical trial in
stroke patients revealed that treatment with lithium for 30
days did not significantly improve patients’ motor recovery
[39]. Patients were randomly assigned to receive lithium (𝑛 =
32) or placebo (𝑛 = 34) during the first 48 hours after stroke
onset and treatment was continued for 30 days. Improvement
measures did not differ significantly between the groups.
However, in a subgroup of patients with cortical stroke
lithium resulted in a significant improvement in motor activ-
ity. The authors suggested that cortical stroke patients may
particularly benefit from lithium treatment and advocated
conduction of a larger sample size trial to test this assumption
[39]. In the present study lithium treatment did not decrease
NDs and mortality in MCAO-operated rats. The reason for
the discrepancy between the results (positive) of previous
animals studies [13, 37, 38] and those of the present study is
not clear. A possible reason could be that our study utilized an
acute lithium treatment regimen (single dose, ip) while most
of the previous studies used a chronic treatment protocol.We
speculated that administering lithium acutely at 2 h before
induction of MCAO would be sufficient to inhibit the major
enzymes that are regarded as therapeutic targets of the
drug (e.g., inositol monophosphatase and glycogen synthase
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kinase-3). Indeed, treatment with lithium in vitro inhibits
inositol monophosphatase and glycogen synthase kinase-3
within minutes after exposure to the drug. Nevertheless, it
is still possible that a chronic lithium treatment produces a
prominent and long-lasting cellular impact which results in a
more profoundprotective effect against the deleterious results
of the ischemic damage.

Our study had some limitations. One limitation was
that we measured BT only at 2 h after MCAO. The main
reason for this was that mortality occurred as early as 4
hours after (MCAO) surgery. Another limitation was that we
administered lithium prophylactically beforeMCAO surgery.
Although stroke has several known risk factors, in clini-
cal reality, the exact time for the occurrence of stroke is
largely unpredictable. Thus, it could be argued that a more
appropriate experimental design would be to examine the
efficacy of lithium treatment after the occurrence of stroke.
Nevertheless, we believe that examining the prophylactic use
of lithium (or another drug) as a possible treatment against
stroke is worth testing and has scientific merit.

In summary, the present study shows that lithium exhib-
ited some anti-inflammatory properties but did not affect
hyperthermia, neurological deficits, and mortality in post-
stroke rats.
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[26] N. M. Luheshi, K. J. Kovács, G. Lopez-Castejon, D. Brough,
and A. Denes, “Interleukin-1𝛼 expression precedes IL-1𝛽 after
ischemic brain injury and is localised to areas of focal neuronal
loss and penumbral tissues,” Journal of Neuroinflammation, vol.
8, article 186, 2011.

[27] J. Scheller, A. Chalaris, D. Schmidt-Arras, and S. Rose-John,
“The pro- and anti-inflammatory properties of the cytokine
interleukin-6,” Biochimica et Biophysica Acta—Molecular Cell
Research, vol. 1813, no. 5, pp. 878–888, 2011.

[28] T. H. S. Ng, G. J. Britton, E. V. Hill, J. Verhagen, B. R. Burton,
and D. C.Wraith, “Regulation of adaptive immunity; the role of
interleukin-10,” Frontiers in Immunology, vol. 4, article 129, 2013.

[29] N. Vila, J. Castillo, A. Dávalos, A. Esteve, A. M. Planas,
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The pathogenesis of intractable epilepsy is not fully clear. In recent years, both animal and clinical trials have shown that the
expression of ATP-binding cassette (ABC) transporters is increased in patients with intractable epilepsy; additionally, epileptic
seizures can lead to an increase in the number of sites that express ABC transporters.These findings suggest that ABC transporters
play an important role in the drug resistance mechanism of epilepsy. ABC transporters can perform the funcions of a drug efflux
pump, which can reduce the effective drug concentration at epilepsy lesions by reducing the permeability of the blood brain barrier
to antiepileptic drugs, thus causing resistance to antiepileptic drugs. Given the important role of ABC transporters in refractory
epilepsy drug resistance, antiepileptic drugs that are not substrates of ABC transporters were used to obtain ABC transporter
inhibitors with strong specificity, high safety, and few side effects, making them suitable for long-term use; therefore, these drugs
can be used for future clinical treatment of intractable epilepsy.

1. Introduction

Epilepsy is a group of chronic brain diseases characterized by
the transient dysfunction of the central nervous system that is
induced by abnormal discharge and threatens human health.
Finding a treatment for epilepsy has been a priority in drug
development. There are more than 20 types of antiepileptic
drugs (AEDs) at present. Approximately 2/3 of epilepsy
patients can achieve satisfactory results through antiepileptic
drug treatment, but approximately 1/3 of epilepsy patients
cannot control their symptoms using multiple AED treat-
ments and may develop intractable epilepsy (IE). Although
there is no consensus regarding the definition of IE, this
condition is generally diagnosed based on a lack of change
in the therapeutic index such that the number of episodes
does not decrease or increase after sequential or combined
application of at least two types of antiepileptic drugs with a
sufficient or tolerable dose for a sufficiently long period.

The resistance mechanism of IE remains unclear, and
two main features of this resistance have attracted attention:
(1) excessive expression of a transporter that can pump
the drugs out of the brain cells, which causes a reduction

in the local concentration (at epilepsy lesions) of AEDs
that pass through the blood brain barrier (BBB), and (2)
resistance due to changes in drug targets, such as reduced
or changed sodium channels or GABA receptors. Clinical
studies have identified epilepsy patients with drug resistance
against a specific type of AED; most of these patients could
develop drug resistance if they changed to an AED with a
different action mechanism, and symptoms were controlled
in only 10% of the patients [1]. Therefore, IE may have a
nonspecific resistance mechanism, leading to both a low
concentration of various drugs in the epileptic foci of brain
tissue and drug resistance, and thismechanismmay have very
little to do with the targets of AED activity [2]. Excessive
expression of some efflux transporters in the microvascular
endothelial cells of epilepsy lesions may cause the drug
resistance in IE patients. Rambeck et al. [3] identified 22
cases of patients with drug-resistant epilepsy and compared
the concentrations of AEDs in the extracellular fluid of the
cortex, brain tissue, subarachnoid cerebrospinal fluid, and
serum through intraoperative micropermeability analysis.
The authors found that the concentrations of carbamazepine
and lamotrigine in the extracellular fluid of the cortex were
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significantly lower than that in the cerebrospinal fluid (CSF),
and the drug concentration in the target brain tissue differed
substantially from that in the CSF and serum. The results
verified the theory of a multidrug transport protein in the
brain tissues of IE patients. Multidrug transport proteins in
brain tissue can pump AEDs from brain tissues, leading to
drug resistance at the targeted site due to a decreased drug
concentration. This hypothesis is supported by substantial
evidence. Of the numerous drug transporters, the family
of ABC transporters has attracted much attention. Studies
have confirmed that the overexpression of ABC transporters
has played an important role in multidrug resistance. Here,
the role and importance of ABC transporters in the drug
resistance of IE are reviewed.

2. ABC Transporters and Their Functions

ABC transporters received their name because they contain
one or two ATP-binding cassettes (ABCs). ABC transporters
are a type of transmembrane transporter, and they have two
ATP-binding cassettes and two transmembrane domains.The
half-transporter structure (an ABC and a transmembrane
domain) of ABCG2 (BCRP) is only functional in a dimer.
TheABC transportermainly transports a combined substrate
from the inside to the outside of cells using the energy
produced by ATP hydrolysis. ABC transporters have various
substrates, such as poisons and drugs, and they provide an
important mechanism for protecting brain nerve function.
The family of ABC transporters has been divided into seven
subfamilies (ABCA, ABCB, ABCC, ABCD, ABCE, ABCF,
and ABCG) according to the genetic structure and the
arrangement of amino acids [4]. The most studied trans-
membrane proteins associated with multidrug resistance
include P-glycoprotein (P-gp, ABCB1), multidrug resistance-
associated proteins (MRPs, ABCC), and breast cancer resis-
tance protein (BCRP, ABCG2).

2.1. P-gp (MDR1/ABCB1). P-gp was first isolated from cancer
cells with multidrug resistance (MDR), and this protein is
also known as MDR1. This single-stranded transmembrane
glycoprotein is composed of more than 1280 amino acid
residues and is coded by the ABCB1 gene in human chro-
mosomal region 7q21.1. This protein has a single nucleotide
polymorphism (SNP) located at 3435 (C to T) of exon 26.
P-gp is a type of efflux transporter for drugs and has been
extensively researched in recent years. P-gp is mainly dis-
tributed in organs associated with absorption, metabolism,
and excretion, such as the liver and kidney and organs
in the digestive tract, as well as in some locations that
provide protective barriers (BBB, BTB, and placental barrier)
in vivo. In the human BBB, P-gp is located on the apical
side of brain capillaries and in the astrocyte foot processes
surrounding the capillaries, which form part of the BBB
[5]. In physiological conditions, P-gp, as a type of biological
barrier, can prevent the entrance of foreign substances and
toxins from the extracellular fluid and maintain the stability
of the internal environment. P-gp can defend and protect
organs and can restrict the entry of drugs or poisons into

the brain. In pathological conditions, such as during its
overexpression on the surface of cancer cells, P-gp is involved
in multidrug resistance [6]. In epilepsy, changes in the brain
internal environment can temporarily destroy the integrity
of the BBB; when the expression of P-gp is increased in
the BBB, the function of the BBB can be maintained to
prevent the entry of harmful substances into the brain [7].
P-gp has numerous substrates, most of which are lipophilic,
including antiepileptic drugs (phenobarbital, carbamazepine,
phenytoin, and lamotrigine), antitumor drugs, immuno-
suppressants, adrenocortical hormone, analgesics, cytokines,
histamines, calcium channel blockers, cardiac glycosides,
antidepressant drugs, and antibiotics (Table 1) [8]. There
is a competitive relationship among substrates. When two
substrates competitively bind to P-gp, the one with higher
affinity is easily pumped out of the cells, whereas the one
with lower affinity accumulates in the cells. Therefore, a P-
gp substrate with high affinity can be used as a P-gp inhibitor.
Many substances might be both the substrates and inhibitors
of P-gp. They serve as substrates at a low concentration and
inhibitors at a high concentration [9, 10].

There are dozens of P-gp inhibitors, which can be divided
into several categories: calcium channel blockers, such as
verapamil and nifedipine; calmodulin antagonists, such as
trifluoperazine and chlorpromazine; cyclosporines, such as
cyclosporine A; hormones and antihormone compounds,
such as progesterone; protein kinase inhibitors; isoquinoline-
type alkaloids, such as berberine; and others.

2.2. MRP (ABCC). The protein coded by ABCC is also
known as multidrug resistance-associated protein (MRP).
Nine subtypes of MRP (MRP1-MRP9) associated with drug
transport have been found [11]. The most studied subtype is
MRP1.

MRP1 is the subtype of the MRP family that is most
closely associatedwithmultidrug resistance, and it shares 15%
of its amino acid sequencewith P-gp. Its gene, located at chro-
mosomal region 16p13.1, encodes 1531 amino acids. MRP1 is
commonly distributed in normal human tissues, especially in
kidney, lung, and testicular tissues. Unlike P-gp, MRP1 in the
central nervous system is mainly distributed in the choroid
plexus epithelium and ependymal epithelium cells, which are
involved in preserving the blood cerebrospinal fluid barrier
(BCB) to prevent the entry of harmful substances or drugs
into brain tissue. MRP1 is specific organic anion transporter.
The range of MRP-mediated efflux drug is relatively narrow:
basically, antitumor drugs and some antiepileptic drugs [12].
The substrates of P-gp and MRP1 overlap; in particular, a
variety of lipophilic drugs can be used as the substrates of
one multidrug transporter, and one drug can be used as the
substrate for many multidrug transporters.

Inhibitors of MRP include probenecid, sulfinpyrazone,
benzbromarone, dipyridamole, quinolines, and cyclosporin-
es.

2.3. BCRP (ABCG2). TheABCG2 gene is located at chromo-
somal region 4q22. ABCG2 encodes a protein containing 655
amino acids.The protein expressed byABCG2 is called breast
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Table 1: Substrates and inhibitors of ABC transporters that are expressed at the blood brain barrier.

ABC transporter Substrates Inhibitors

P-glycoprotein
(ABCB1)

Anticancer drugs, for example, doxorubicin,
daunorubicin, vincristine, etoposide, teniposide,
paclitaxel, and methotrexate

1st generation, for example, verapamil, cyclosporine A,
quinidine, quinine, amiodarone, and detergents such as
Cremophor EL

Immunosuppressive agents, for example, cyclosporine
A

2nd generation, for example, PSC-833 (valspodar),
GF120918 (elacridar), VX-710 (biricodar), and
dexverapamil

Corticoids, for example, dexamethasone,
hydrocortisone, corticosterone, cortisol, and
aldosterone

3rd generation, for example, OC 144-093 (ONT-093),
LY335979 (zosuquidar), XR9576 (tariquidar), R101933
(laniquidar), and GF120918

Analgesics, for example, morphine
HIV protease inhibitors, for example, amprenavir,
indinavir, and saquinavir
Cytokines, for example, IL-2, IL-4, and IFN-𝛾
Antidiarrheal agents, for example, loperamide
Anthelminthic agents, for example, ivermectin and
abamectin
Antigout agents, for example, colchicines
Histamine H2-receptor antagonists, for example,
cimetidine
Calcium channel blockers, for example, verapamil
Antiepileptic drugs, for example, phenytoin,
carbamazepine, lamotrigine, phenobarbital, felbamate,
gabapentin, and topiramate
Antiemetics, for example, domperidone and
ondansetron
Cardiac glycosides, for example, digoxin
Diagnostic (fluorescent) dyes, for example,
rhodamine-123
Antidepressants, for example, amitriptyline,
nortriptyline, doxepin, venlafaxine, and paroxetine
Antibiotics, for example, erythromycin, valinomycin,
tetracyclines, and fluoroquinolones

MRP1 (ABCC1)

Anticancer drugs, for example, etoposide, teniposide,
vincristine, doxorubicin, daunorubicin, and
methotrexate; leukotriene C4 (LTC4), D4, and E4;
various glutathione, glucuronide, and sulfate conjugates
as well as unconjugated compounds (e.g., fluorescein)

Sulfinpyrazone, probenecid, MK571, LTC4, and some
P-gp inhibitors (e.g., cyclosporine A, verapamil, and
PSC 833)

MRP2 (ABCC2) Similar to MRP1 Similar to MRP1

MRP3 (ABCC3) Organic anion transporter with considerable overlap in
drug substrates with MRP1 and MRP2

Classical organic anion transport inhibitors, for
example, sulfinpyrazone, indomethacin, and
probenecid

MRP4 (ABCC4) Anticancer drugs, for example, methotrexate,
6-mercaptopurine, and thioguanine

MRP5 (ABCC5) cGMP, cAMP, 6-mercaptopurine, thioguanine, and
fluorescein

Probenecid and phosphodiesterase inhibitors, for
example, trequinsin or sildenafil

MRP6 (ABCC6) BQ-123 (an anionic cyclopentapeptide and endothelin
receptor antagonist)

BCRP (ABCG2)

Several anticancer drugs; considerable overlap with
P-gp, MRP1, and MRP2. Anthracyclines, mitoxantrone,
bisantrene, the camptothecins topotecan and SN-38,
prazosin, BNP1350, tomudex, and chlorine E6

GF120918 (also inhibits P-gp), fumitremorgin C (FTC),
and FTC analogs, for example, Ko132, Ko134, CI1033,
and estrone

From [13, 55–59].
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Figure 1: mdr1 mRNA levels in the hippocampus and entorhinal
cortex of rats with spontaneous seizures. Data are the means ± SE
(𝑛 = 5-6) of the optical density values of gel bands representing
the PCR amplification products of mdr1 mRNA normalized to the
corresponding 𝛽-actin band used in each sample as an internal
standard. Values in spontaneously epileptic rats (SE) are expressed
as a percentage of the control levels (sham-stimulated rats (Sham)).
HP, stimulated hippocampus (1.8-fold increase); EC, contralateral
entorhinal cortex (5.5-fold increase). ∗∗𝑃 < 0.01 versus sham
according to a Mann-Whitney test.

cancer resistance protein (BCRP). Similarly to P-gp andMRP,
BCRP is anATP-dependent drug efflux transporter.However,
unlike P-gp and MRP1, ABCG2 is an atypical transporter.
Structurally, BCRP has only one ATP-binding cassette and
one hydrophobic transmembrane domain. Therefore, BCRP
is called a half ABC transporter. BCRP is located in various
tissues and cells; it is highly expressed in the gastrointestinal
tract, liver, kidney, and brain and is mainly located in the
cell membrane. BCRP can be highly expressed in intestinal
epithelial cell membranes, liver tubular membranes, cavity
surfaces of cerebral microvascular endothelial cells, and
membranes of renal proximal tubule cells. BCRP participates
in the transmembrane transport of its substrate drugs in
vivo [13]. BCRP has a wide range of substrates, such as
antitumor medicines (e.g., mitoxantrone and topotecan),
tyrosine kinase inhibitors (e.g., TKI, imatinib, and gefitinib),
and some antibiotic and HMG-CoA inhibitors [12]. The
substrates overlap partly with those of P-gp and MRP2.

Studies have shown that some antiviral drugs have
inhibitory effects on BCRP. The potency of the inhibitory
effects of these drugs on BCRP is in the following order:
lopinavir > nelfinavir > efavirenz > saquinavir > atazanavir >
amprenavir > abacavir [14, 15].

In addition to their transmembrane transport function,
ABC transporters have other physiological functions. ABCB
and ABCC family members also perform various roles in
the immune system. A recent study showed that the inhi-
bition of transporters may disrupt the antitumor immune

response [16]. The role of signaling pathways depends on the
transport of signal molecules.TheMRP family can effectively
discharge prostaglandin. Studies have shown that a variety
of prostanoid signaling molecules (including PGE2, PGD2,
and PGF2𝛼) are substrates of ABC transporters (MRP1,
MRP2, and MRP4) [17, 18]. In addition, ABC transporters
are involved in the transport of leukotriene signal molecules
and sphingosine 1-phosphate [19]. ABC transporters promote
physiological functions in cells, such as survival, prolifera-
tion, and invasion. Another important discovery regarding
P-gp function is its apoptosis inhibition. This discovery
established an organic connection between drug resistance
and apoptosis tolerance at the molecular level. Apoptosis can
be divided into two types: caspase dependent and caspase
independent. P-gp can delay the apoptotic cascade and
protect drug-resistant cells from various forms of caspase-
dependent apoptosis (e.g., the apoptosis induced by cytotoxic
drugs, free radicals, radiation, and similar factors), mainly
through the activation of caspase-3 and caspase-8. However,
P-gp does not inhibit caspase-independent apoptosis in drug-
resistant cells. Therefore, further study of the physiological
functions of ABC transporters is necessary. The results of
such studywould not only improve the awareness of potential
adverse reactions but also reveal potential new therapeutic
targets and methods.

3. High Expression of ABC Transporters in IE
Patients and Their Influence on Epilepsy
Treatment

3.1. High Expression of ABC Transporters in IE Patients.
Numerous studies have shown that ABC transporters are
highly expressed in IE [20]. Rizzi et al. [21] found that
the MDR gene level and P-gp expression are increased by
1.8 and 5 times in the hippocampus and entorhinal cortex,
respectively, of rats after 3months of stimulation and kindling
(Figure 1) [21]. Xiao et al. [22] kindled a rat model with
sodium phenytoin and phenobarbital to screen the amyg-
daloid nucleus. Samples were taken from the drug resistance
group and the effective group after 6 weeks. Immunohisto-
chemistry was used to detect the MDR1 expression product
P-gp. The results showed that, in addition to changes in the
cerebellum, the expression of P-gp in brain tissues, including
the amygdala, temporal lobe, frontal lobe, and parietal lobe,
was obviously higher in the drug-resistant group than in the
effective group, and the difference in the P-gp expression in
astrocytes was significant. Sisodiya et al. [7] collected samples
from epileptic patients that had a neuroepithelial tumor
with embryonic developmental anomalies, limited cortical
dysplasia, and hippocampal sclerosis, and they found that
the MRP1 expression was obviously increased in the above
intractable epilepsy lesions. Dombrowski et al. [23] isolated
capillary endothelial cells from the removed temporal lobe of
patients with IE. An MDR1 (ABCB1) cDNA probe was used
to measure the MDR1 gene expression. The results showed
that the P-gp immune-positive samples and the expression
of MDR1 in the temporal lobe vascular endothelial cells of
IE patients were higher than those in the control group
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Table 2: Immunohistochemical localization of P-gp in rat brains: comparison of different fixation and staining protocols.

Protocol Pretreatment
(ethanol/acetate) Antibody Control rats Rats after kainate induced SE

Astrocytes Endothelial cells Neurons Astrocytes Endothelial cells Neurons

#1 (acetone fixed
cryostat sections of
snap-frozen tissue)

− C219 − + − − + (+)
− mdr-(Ab-1) − + − − + +
− H241 − (+) − − + (+)

#2
(paraformaldehyde-
fixed
cryosections)

− C219 − (+) − − (+) −

− mdr-(Ab-1) (+) (+) − + (+) −

− H241 − (+) − − (+) −

+ C219 − + − − + −

+ mdr-(Ab-1) − + − (+) + −

+ H241 − + − − + −

#3
(paraformaldehyde-
fixed vibratome
sections)

− C219 − − − + − −

− mdr-(Ab-1) (+) (+) − + (+) −

− H241 − − − (+) − −

+ C219 − + − − + −

+ mdr-(Ab-1) − + − (+) + −

+ H241 − + − − + −

Consistent immunostaining of P-gp in a specific cell type is indicated by +, weak staining by (+), and a lack of staining by −.

of temporal lobe vascular endothelial cells from aneurysm
resection.

Recent studies showed not only an increase in the
expression level of ABC transporters but also an increase in
the number of expression sites after epileptic seizures. Under
normal physiological conditions, the MDR1 gene expression
of the central nervous system is limited to capillary endothe-
lial cells and the astrocytes around the capillaries. However,
after epileptic seizures, the P-gp of the patients with epileptic
seizures is also expressed on parenchymal astrocytes, even on
the neurons, in addition to its previous expression in brain
capillary endothelial cells and astrocytes around the capillar-
ies [24] (Table 2). Normal brain neurons and astrocytes do
not expressMRP, but in the samples from intractable epilepsy
patients after resection (e.g., limited resections for cortical
dysplasia and hippocampal sclerosis), MRP can be detected
in astrocyte and hypogenetic neuron membranes [23]. This
expression may provide a histological explanation for the
significant correlation between drug-resistant epilepsy and
the high expression of ABC transporters.

3.2. Effects of the High Expression of ABC Transporters on IE
Treatment. Increased expression of ABC transporters in the
brain will enhance the function of the BBB, and AEDs are
the natural substrate of ABC transporters because of their
high lipid solubility [25]; thus, a high expression of ABC
transporters may limit the passage of AEDs through the BBB,
prevent AEDs from entering brain tissue, and reduce the
concentration of antiepileptic drugs in epilepsy brain lesions
[26, 27]. Therefore, even for a blood drug concentration that
is within the scope of treatment, the internal and external
concentrations of parenchymal cells are not sufficient to
provide the treatment effect, thus leading to drug resistance.
This theory has been confirmed by considerable research.

Studies have analyzed the concentration of phenobarbital
(PB) in the serum and cerebrospinal fluid (CSF) of epilepsy
patients, and the results showed that the daily PB dose and
serum PB concentration are similar between the observation
group (decreased seizure frequency ≥ 50%) and the control
group (decreased seizure frequency < 50%). However, the
CSF PB concentration and the CSF to serum ratio of PB
in the observation group were both higher than those in
the control group, suggesting that the amount of PB that
penetrates the BBB is lower in the control group [28]. Rizzi
et al. [21] induced epileptic seizures in mouse limbic lobes.
The mRNA expression of mdr1 within 3∼24 h of the seizures
was increased by 85%, and this increase continued until
72 h. Six hours after the seizures, the brain tissue/plasma
ratio of PB was decreased by 30% and the extracellular
concentration was increased by 2-fold. Compared with wild-
type mice, the knockout mice (mdr−/−) had a hippocampal
drug concentration that was increased by 46% after the
injection of phenobarbital. Carbamazepine could be detected
in the mouse hippocampus at 3 h after the epileptic seizures
and carbamazepine treatment but could not be detected
in the wild-type mice. The experiment confirmed that an
epileptiform seizure can induce the expression of the mdr1
gene in mice and that P-gp can significantly affect the AED
concentration in brain tissue.

Overexpression of multidrug-resistant transport protein
in IE patients is not only limited to the brain. Various areas
of the intestine can also produce P-gp and thus form a barrier
that limits the passage of antiepilepsy drugs from the lumen to
the blood and reduces the bioavailability of oral medications.
Furthermore, clinical reports have shown that, in patients
with intractable epilepsywith excessiveMDR1 expression, the
AED blood levels are always low despite continuous AED
administration [29].
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Wang et al. studied 49 epilepsy patients and measured
the expression of P-gp in the peripheral blood using flow
cytometry. Eleven patients showed positive P-gp expres-
sion, and the subsequent treatments were all ineffective.
In the remaining 32 cases with negative expression, 18
showed significantly reduced mortality after adjustment of
the drug doses. Thus, overexpression of peripheral P-gp is
considered an objective indicator of drug-resistant epilepsy,
and this marker can be used to guide clinical treatments
[30].

4. Possible Causes and Mechanism of
the High Expression of ABC Transporters in
IE Patients

4.1. Possible Causes of the High Expression of ABC Trans-
porters. The reason for the overexpression of ABC trans-
porters in the lesions of IE patients is not clear. Initially, P-
gp expression was believed to be induced by chronic AED
treatments. To investigate this possibility, Seegers et al. [31]
treated rats with phenobarbital and phenytoin sodium for
11 d. Then, immunohistochemistry was used to detect the
expression of P-gp in endothelial and brain cells, including
cells of the temporal lobe, where drug resistance usually
appeared. In the piriform/parietal cortex and cerebellum
of rats treated by phenobarbital, the P-gp expression was
moderately elevated; however, no significant increase in P-
gp expression was observed in other brain regions after the
phenobarbital and phenytoin sodium treatment, indicating
that the excessive P-gp expression in patients with IE is not
caused by chronic AED treatment.

Seegers et al. [32] measured the time course of P-gp
expression in the hippocampus and other brain regions in
a kainate rat model with temporal lobe epilepsy. At 24 h
after the epilepsy state, the P-gp expression was significantly
increased in the endothelial cells of the dentate gyrus and
the parenchyma cells of the CA1 and CA3 regions of the
hippocampus. At 10 d after epilepsy, there were no obvious
differences with the control group other than the previously
mentioned increased expression. This finding suggests that
the increased expression of P-gp at 24 h after epilepsy is
temporary and that the overexpression of P-gp is the result
of the temporary seizure.

In patients with cortical malformations, however, over-
expression of multidrug transprotein is an intrinsic change
rather than a temporarily induced change [33]. Lazarowski
et al. [34] found that some patients with abnormal brain
developments, such as tuberous sclerosis, had a high expres-
sion of MRP prior to seizure or prior to taking AEDs.
The drug resistance of intractable epilepsy is also associated
with MDR1 gene polymorphism. Siddiqui et al. [35] studied
315 patients with epilepsy, including 115 patients with sen-
sitivity to drug treatment, 200 patients with drug-resistant
intractable epilepsy, and another 200 normal controls, and
the researchers obtained peripheral blood samples to observe
the polymorphisms of the single nucleotide ABCB1-C3435T.
They found that patients with drug-resistant epilepsy had the
CC genotype more frequently than the TT genotype. But

results from various studies indicate that this is controversial
[36].

Studies showed that MRP is also expressed in Parkinson’s
disease and Alzheimer’s disease [37, 38].

In conclusion, the cause of the high expression of ABC
transporters is believed to involve a variety of factors, which
may be associated withmany features, such as seizures, genes,
and immunity.

4.2. Possible Mechanism Underlying the Upregulation of
ABC Transporter Expression in IE Patients. The mechanism
underlying the upregulated ABC transporter expression in
IE patients is not yet clear. Multiple signal transduction
pathways may be involved. Studies have confirmed [39]
that excessive glutamate is associated with seizures and
that the glutamic acid → N-methyl-D-aspartate (NMDA)
receptor → cyclooxygenase-2 (COX-2) → prostaglandin E2
receptor → P-gp pathway is involved in the regulation of P-
gp expression in epilepsy (Figure 2).

Protein kinase C (PKC) can also regulate the expression
and function of P-gp. A study found that the PKC expression
within epilepsy-related tissues was also increased. This effect
may occur because the MDR1 gene acts through the PKC
signal transduction pathway to increase MDR1 transcription
and translation, thus increasing P-gp expression [40].

Recurrent epileptic seizures can induce the upregulation
of the expression of a variety of proinflammatory cytokines,
such as IL-1𝛽, IL-6, and TNF-𝛼, in brain tissue; these
inflammatory factors can enhance the binding of glutamic
acid to theNMDAreceptor, which further aggravates seizures
[41]. NF-𝜅B is a player in the regulation of inflammation.
High expression of NF-𝜅B is found in neurons and glia from
samples obtained during operations on epilepsy patients.The
activation level of peripheral NF-𝜅B in children with epilepsy
was obviously higher than that in a healthy control group;
these patients were reviewed after effective antiepileptic
treatment, when the activation level of peripheral NF-𝜅B
was significantly decreased [42]. In in-depth studies, some
scholars found that the NF-𝜅B complex can activate the
transcription of the gene associatedwith theMDR1 promoter.
The main mechanism occurs through transcriptional regu-
lation loci on the NF-𝜅B subunit that binds with p65 in the
MDR1 gene promoter region [43]. When a seizure induces
inflammation, a variety of inflammatory factors can act on
MDR1 through NF-𝜅B and P-gp expression is upregulated;
thus, the inflammatory response is associated with drug-
resistant epilepsy. Therefore, we believe that the regulation of
NF-𝜅B is also a feasible way to reverse drug-resistant epilepsy,
and this method also provides a clinical basis for the anti-
inflammatory treatment of drug-resistant epilepsy.

5. Strategies for Reversing ABC Transporter-
Mediated Drug Resistance

5.1. ABC Transporter Inhibitors. Dozens of P-gp inhibitors
have been found and can be divided into 3 generations
according to the selectivity of P-gp. The first generation
includes cyclosporine A, verapamil, and similar drugs with
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Figure 2: Extracellular concentrations of glutamate increase during epileptic seizures. Glutamate signaling can occur via endothelial NMDA
receptors to activate an intracellular cascade that upregulates P-glycoprotein [60]. Ca2+ influx via the NMDA receptor is known to activate
phospholipase A2, which can release arachidonic acid from the cell membrane. Therefore, Ca2+ might represent the link that drives the
activation of arachidonic acid signaling. The inflammatory enzyme cyclooxygenase-2 was clearly demonstrated to be a key downstream
effector that processes arachidonic acid [60, 61]. Prostaglandin E2, as the main end product of cyclooxygenase-2, was shown to act via the
endothelial EP1 receptor [62]. The events downstream of EP1 receptors must still be identified; these events then drive the transcriptional
activation of the P-glycoprotein-encoding gene.

poor selectivity. The second generation includes analogs of
cyclosporine A, with stronger selective inhibition of P-gp,
but these inhibitors can affect drug metabolism by affecting
cytochrome P450. The third generation of blockers, such as
LY335979 and OC144-093, can selectively block P-gp with-
out affecting cell metabolism [44]. MRP inhibitors include
probenecid, quinoline, cyclosporine, and similar drugs. Some
ABC transporter inhibitors have been used in animal models
and clinical experiments.

In animal experiments, Potschka et al. [45] found that
the MRP antagonist probenecid increased the drug concen-
tration of phenytoin sodium in the rat hippocampus in an
amygdala kindling model, and probenecid also increased the
anticonvulsive effects of phenytoin sodium on the kindling
model. The drug concentration in the brains of rats lacking
the MPR-2 gene was higher than that in the wild-type
mice. The anticonvulsive effect of phenytoin sodium on this
model was obviously stronger than that in wild-type mice.
Potschka and Löscher [46] applied microdialysis technology
to drug-resistant epilepsy animal models and found that the
MRP1 inhibitor probenecid can improve the concentrations
of carbamazepine and phenytoin sodium in the extracellular
fluid of the rat cortex. Scism et al. [47] also found in rabbit
models that, compared with an intravenous drip of valproic
acid alone, a combined application of valproic acid and
probenecid obviously increased the concentration of valproic

acid in the brain fluid and parenchyma. The fact that the
combination with probenecid obviously improved the drug
concentration over that for a single application of valproic
acid confirmed the clinical application prospects of MRP
reversal agents.

On the basis of animal experiments, researchers
attempted to use P-gp inhibitors for the clinical treatment of
IE. Summers et al. [48] found that, after auxiliary application
of the P-gp inhibitor verapamil in a 24-year-old female IE
patient, the interval between complex partial seizures was
prolonged and the control effects on epilepsy and patients’
quality of life were greatly improved. The scholars Wang
et al. [49] used the P-gp inhibitor flunarizine to treat IE
patients. Fifty-four patients were randomly divided into
a medication group and a control group. The medication
group was divided into two groups: the P-gp positive
group and the P-gp negative group. Immunohistochemistry
was used to detect the P-gp expression in the medicated
group. Flunarizine was administered, and the treatment
was continued for 2 weeks. Six to eight weeks later, the
clinical curative effects were evaluated. The treatment was
considered effective when the attack number was reduced by
50%. P-gp-positive patients with valid results were rechecked
for P-gp. The control group was administered placebo for
synchronous observation. The results showed that 14 cases
were valid among the 22 patients of the P-gp-positive group,
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2 cases were valid among the 12 patients of the P-gp-negative
group, and 4 cases were valid among the 20 patients of the
control group. A total of 11 cases that were P-gp positive and
had valid results completed the recheck of P-gp; in 10 of
these cases, the P-gp expression was decreased by more than
50%. This finding indicated that the auxiliary treatment with
flunarizine was effective, and its antiepileptic mechanism
may be related to a reversal of the change in P-gp expression.
Nicita et al. [50] found that add-on treatment with verapamil
seems to have some effect in controlling seizures in patients
with genetically determined Dravet syndrome (DS).

The clinical application of P-gp transporter inhibitors
showed that the application of P-gp inhibitors also has certain
risks. First, it is more difficult to inhibit P-gp in the BBB than
in other areas; thus, larger doses of inhibitors are required to
inhibit P-gp activity. These doses may cause complications
due to the high concentration of drugs in nontargeted
brain areas and peripheral tissues, thus causing adverse
reactions. Second, ABC transporters in the BBB provide
physiological protection of the central nervous system (CNS).
P-gp inhibitors may increase the entry of various exogenous
compounds into the CNS and generate accumulation toxicity.
In addition, P-gp and the ABCC transporter have certain
protective effects on brain tissue cell apoptosis [51, 52];
thus, the application of P-gp inhibitors may accelerate the
apoptosis of brain cells.

5.2. Natural Drugs That Inhibit ABC Transporters. Due to
the high toxicity of P-gp inhibitors, the role of the target
is relatively simple; thus, P-gp inhibitors have not been
used clinically. Additionally, traditional Chinese medicine
(TCM) can provide comprehensive regulatory actions with
few side effects, multiple targets, and multiple techniques;
thus, TCM has the possibility of reversing MDR1 and P-gp
expression. TCM treatments (such as treatments using Ligus-
ticum wallichii, Salvia miltiorrhiza, peach seed, safflower,
Angelica sinensis, radix paeoniae rubra, radix bupleuri, and
Alisma plantago-aquatica) that are commonly used for tumor
treatments perform functions that are similar to those of
calcium channel antagonists. Furthermore, this type of TCM
can be used for the auxiliary treatment of intractable epilepsy.
Xie et al. [53] found that low, moderate, and high doses of
Chaihu Shugan Decoction (particularly the high dose) can
all reduce both the expression of P-gp in the hippocampus
and temporal lobe cortex and the epileptiform discharge as
revealed by electroencephalogram (EEG).

5.3. Other Treatment Strategies. Other treatment strategies
include immune therapy and gene therapy (e.g., blocking
MDR1 gene mutation and repairing gene defects), nan-
otechnology optimization, and multimechanism combina-
tion medication [54].

6. Summary

Although the IE drug resistance mechanism has not been
fully elucidated, ABC transporters certainly play an impor-
tant role in the multidrug-resistant process of IE. Aiming at

altering drug efflux, future breakthrough points will be the
development of drugs that are impervious to the discharge
effect of ABC transporters by choosing the most suitable
inhibitors of ABC transporters, the identification of AEDs
with non-ABC transporters substrates, or changes in the
dosage form. In conclusion, epilepsy drug resistance is a
complicated process. Clarifying the mechanism can help to
identify the basis of epilepsy. With in-depth studies of nerve
physiology, molecular biology, and pharmacogenomics, the
epilepsy drug resistance mechanism can be fully revealed,
enabling the development of novel epilepsy medications.
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The efficient noninvasive treatment of neurodegenerative disorders is often constrained by reduced permeation of therapeutic
agents into the central nervous system (CNS). A vast majority of bioactive agents do not readily permeate into the brain tissue
due to the existence of the blood-brain barrier (BBB) and the associated P-glycoprotein efflux transporter. The overexpression of
theMDR1 P-glycoprotein has been related to the occurrence ofmultidrug resistance in CNS diseases. Various research outputs have
focused on overcoming the P-glycoprotein drug efflux transporter, which mainly involve its inhibition or bypassing mechanisms.
Studies into neurodegenerative disorders have shown that the P-glycoprotein efflux transporter plays a vital role in the progression
of schizophrenia, with a noted increase in P-glycoprotein function among schizophrenic patients, thereby reducing therapeutic
outcomes. In this review, we address the hypothesis that methods employed in overcoming P-glycoprotein in cancer and other
disease states at the level of the BBB and intestine may be applied to schizophrenia drug delivery system design to improve clinical
efficiency of drug therapies. In addition, the current review explores polymers and drug delivery systems capable of P-gp inhibition
and modulation.

1. Introduction

The effectiveness of drug treatments for numerous disease
states such as cancer, infectious diseases, and central nervous
system (CNS) disorders (epilepsy, depression, and schizo-
phrenia) is limited by poor therapeutic outcomes or drug
resistance. The outcomes of drug treatment can be viewed as
an interchange of several gene products that have an effect
on pharmacokinetics and pharmacodynamics. These gene
products mainly include metabolizing enzymes and drug
transporters and alterationswithin any of these gene products
may lead to a reduction in clinical outcomes [1]. In particular,
the clinical treatment and management of CNS disorders
necessitate that a sufficient amount of drug must enter the
brain. The use of oral drug delivery systems is beneficial in
the treatment of neurodegenerative disorders as compliance
to therapy becomes challenging [2]. However, an imperative
factor determining the entry of drugmolecules into the brain

via oral administration is its absorption through the intestinal
epithelium and the permeability of the blood-brain barrier
(BBB). Passive diffusion across the intestinal epithelium is
dependent on many physiochemical characteristics of drugs
such as lipophilicity, molecular weight, and hydrophobic
bonding [3]. The same principle applies to passive diffusion
across the BBB, although passive diffusion across the BBB
is limited to small lipophilic molecules. Active efflux of the
drug into the intestine and from BBB endothelium back into
the blood are the most important mechanisms underlying
reduced brain uptake of active drug molecules post oral
dosing [4].

The development of drug delivery systems involved in
the treatment of neurodegenerative disorders requires a vital
consideration of achievable brain concentrations. Factors that
impact the brain uptake and concentrations of drugs include
(i) the extent of intestinal absorption after oral administra-
tion, (ii) the rate and extent of transport across the BBB
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into the brain, (iii) metabolic stability of the drug, and
(iv) the active transport out of the intestine and brain
endothelium via efflux pump transporters. There are three
classes of transporters that have been associated with the
efflux of drugs-monocarboxylic acid transporters, organic
ion transporters, and multidrug resistance transporters. This
remarkable system of transporters provides a viable mecha-
nism through which the permeation of CNS targeted drugs
into the brain is effectually decreased. The action of these
efflux transporters at the level of the intestine and BBBmay be
demonstrated clinically as the reduced effectiveness of drug
therapy targeted at CNS disorders [5].

In addition, various multispecific transport proteins have
also been identified within the intestine and BBB. Some of
these belong to the ATP-binding cassette (ABC) superfamily
of transporters with P-glycoprotein (P-gp), multidrug resis-
tance associated protein (MRP), and breast cancer resistance
protein (BCRP) as representative examples [4, 6]. P-gp is
a membrane transporter of the ABC superfamily located
within both the intestinal epithelium and the BBB thus
playing a dynamic role in the bioavailability of orally adminis-
tered drugs employed in the treatment of neurodegenerative
disorders [7]. We propose that drug molecules intended for
the treatment of CNS disorders must be capable of bypassing
the P-gp efflux pump at the intestinal and BBB levels so as to
attain effective brain concentrations.

Regardless of the vast advances in brain research out-
puts, neurodegenerative and psychiatric disorders remain the
world’s leading causes of disability, morbidity, and mortality
[8]. Dysfunctions in the P-gp efflux transporter have already
been suggested to play a role in the development of neu-
rodegenerative disorders, such as Parkinson’s andAlzheimer’s
diseases. Genetic variations in theMDR1 gene associatedwith
reduced P-gp function at the BBB have been related to a
higher risk of Parkinson’s disease.The reduced function of the
P-gp efflux pump has been noted in most neurodegenerative
disorders. It has been hypothesized that the decreased P-gp
function in the BBBmay increase the risk and hence the inci-
dence of neurological diseases [9]. In schizophrenia genetic
variations of the ABCB1 (ATP-binding cassette subfamily
B) gene also known as the MDR1 (multidrug resistance)
gene have been described as the predisposing factors for
schizophrenia and other neurodegenerative diseases. They
have also been employed as determinants of treatment
response to antipsychotics [10]. As in other neurodegener-
ative diseases the BBB maybe compromised by way of the
inflammatory and neurodegenerative processes [11]; hence
the functionality of P-gp is influenced by the inflammatory
responses [12]. As discussed previously, there exists a reduc-
tion of P-gp function in progression of neurodegenerative
diseases. Conversely, there is evidence of increased P-gp
function in patients presenting with schizophrenia [13].

Schizophrenia is a neurodegenerative disorder that is
known to affect approximately 1% of the world’s population
[14], with a further 25% of patients approximated to be
afflicted by the disease experiencing nonremitting sickness
[15]. The disorder is characterized by disturbances of per-
ception, thought, and volition, with significant impairment
in social and occupational functioning. Studies have shown

that roughly 10% of schizophrenic patients commit suicide.
A recent study showed that more than 70% of patients
diagnosed with chronic schizophrenia discontinued their
antipsychotic drug therapy, due to poor effectiveness or
tolerability [16–22].

Schizophrenia is clinically characterized by the incidence
of symptoms such as hallucinations and delusions which are
collectively termed “positive” symptoms whereas symptoms
pertaining to expression of emotional dullness and social
withdrawal are recognized as “negative” symptoms [15].
Figure 1(a) diagrammatically depicts the symptom cascade.

Schizophrenia is widely characterized via a successive
course that involves three distinct phases, namely, phase
1 (premorbid) defined by cognitive, motor, and societal
dysfunction, phase 2 (prodromal) which is characterized by
weakened positive symptoms and accompanying deteriorat-
ing functionality, and phase 3 (plateau) in which the positive
psychosis defining symptoms are less conspicuous and the
negative symptoms including cognitive deficits are generally
predominant [23]. Figure 1(b) illustrates the clinical stages of
schizophrenia progression.

It has been discovered that “pharmacoresistant schizo-
phrenia” is a noteworthy obstacle to the successful manage-
ment of the disease within the clinical setting.The prevalence
of pharmacoresistant schizophrenia is understood to be
approximately 12.9 to 48% of all schizophrenic patients and
persists regardless of the use of drug combination treatment
regimens with possible therapeutic efficacy. Majority of
patients presenting with treatment resistant schizophrenia
are on atypical antipsychoticmedication. Recent in vitro stud-
ies have shown that drugs such as amisulpride, risperidone,
quetiapine, and clozapine have a varying degree of affinity
for the P-gp efflux transporter [24–26]. An additional study
was conducted to determine the effect that cyclosporine A,
a P-gp inhibitor, has on the brain uptake of amisulpride (a
recognized P-gp substrate). In vitro and in vivo results dis-
played that amisulpride when coadministered with 50mg/kg
of cyclosporine A showed an increase and prolonged antipsy-
chotic effect. The area under the curve (AUC) in serum and
the brain was increased in cyclosporine cotreated rats. These
data points indicated a pharmacokinetic interaction between
cyclosporine A and amisulpride which is most likely due
to P-gp inhibition [27]. Thus, the expression and function
of the P-gp efflux transporter have been recently impli-
cated in the occurrence of pharmacoresistant schizophrenia.
Antipsychotic drugs have also been shown to stimulate the
catalytic activity of P-gp providing additional evidence of
the participation of P-gp-mediated drug extrusion processes
in restraining CNS penetration of these drugs. It has been
suggested that some of the principles observed with the
combination treatment of P-gp-mediated drug resistance in
cancer may be applied to elucidate the involvement of P-gp in
drug-resistant schizophrenia. There exists a greatly emergent
body of evidence supporting the role of P-gp on the efflux
of antipsychotic agents from the BBB; however limited
consideration has been focused on the modulation of P-gp
function by polymeric materials, excipients, and drug deliv-
ery systems used in other P-gpmodulated treatment-resistant
disease states [24].
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Figure 1: (a) Description of the aetiological complexity of schizophrenia [14] (reproduced with permission from Macmillan Publishers Ltd.
Nature 2010). (b) Stages of schizophrenia progression [23] (reproduced with permission from Elsevier B.V. Ltd. © 2009).

This review will provide a brief overview of the efflux
transporters associated with the intestine and BBB, followed
by P-gp efflux transporter’s mechanism of action, its role in
CNS drug delivery, and current and potential schizophrenia
therapy. Additionally, the review will provide a discussion on
pharmaceutical excipients and novel drug delivery systems
employed in other CNS related disease states that have a pos-
sible future application in schizophrenia due to P-gp modu-
lation or inhibition.

2. Structure and Function of the Intestine and
P-gp Intestinal Expression in Drug Delivery

The absorption of drugs via the oral route is always under
examination due to the fact that good bioavailability indicates

that the drug is able to reach systemic circulation. Oral drug
absorption is affected by both drug properties and the phys-
iology of the gastrointestinal tract (GIT) [28]. Oral bioavail-
ability is a collective outcome of fraction absorbed, fraction
escaping gut-wall elimination, and the fraction avoiding
hepatic elimination. The factors that affect the bioavailability
are divided into physiological, physiochemical, and biophar-
maceutical factors [29]. The sequence of actions determining
the systemic availability of drug molecules subsequent to
their oral administration is well acknowledged. However, for
particular drugs, the process leading to drug absorption and
bioavailability is complex. Certain mechanisms may involve
poor drug solubility, poor permeability, degradation (enzy-
matic/nonenzymatic), and first pass hepatic metabolism [3].
Following oral dosing, drug molecules cross the luminal
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membrane via a diversity of mechanisms that comprise of
passive diffusion or active transport. Passive diffusion is
divided into two pathways, the paracellular and transcellular
pathway, in which the paracellular pathway drug molecules
are absorbed via diffusion and convection volume flow
through the water filled intercellular space [29].

The active transport pathway is mediated by transporters
and is divided into influx and efflux. The applicability of the
various routes is determined by the compounds physiochem-
ical properties and their relative affinity for various transport
proteins. Enterocytes express several transporters belonging
to the Adenosine triphosphate (ATP) binding cassette (ABC)
superfamily and solute carrier (SC) super families, on the api-
cal and basolateral surface ofmembranes with the function of
influx and efflux of endogenous substances. A wide diversity
of transporters are expressed in enterocytes; however, only a
select few have been implicated in the intestinal absorption of
drugs. ABC transporters utilize ATP to power the transport
and are thus called primary active transporters. Solute carrier
(SLC) transporters employ ion gradients (H+, Na+, andCa++)
across the membrane by active carriers. ABC transporters
that are expressed in the intestine include P-glycoprotein (P-
gp), breast cancer resistant protein (BCRP), and multidrug
resistance protein (MRP), which are localized on the brush
border membrane of enterocytes. Efflux transporters mech-
anistically limit the enterocytic levels of their respective sub-
strates by reducing uptake and facilitating efflux,whereas SLC
transporters which include peptide transporter (PepTI) and
organic anion polypeptide transporter (OATP1A2) amongst
others are secondary active transporters that employ energy
coupling mechanisms [29, 30].

During oral absorption, in addition to the physical pro-
cesses mentioned above (solubility, permeability, etc.), P-gp-
mediated efflux across the apical membrane has an effect
on the rate and concentration of drug diffusing across the
basolateral membrane and thus entering general circulation
from the intestine. It has been estimated that 50–60% of new
and 40–50% of existing drugs molecules are lipophilic in
nature and more than 25% of these agents are known P-gp
substrates [2]. Pumps in the intestinal epithelium transport
substrates from the intestinal lumen to the general blood
circulation [31]. P-gp identifies with a diversity of structurally
and pharmacologically dissimilar hydrophobic substances.
The P-gp efflux pump transporter restricts the influx into and
facilitates efflux from enterocytes of its substrates. Therefore,
the P-gp efflux transporter is recognized as a determining
factor of oral bioavailability and intestinal efflux of drugs
[3]. In the human intestine, P-gp is highly expressed on
the apical surface of superficial columnar epithelial cells of
the colon and ileum (Figure 2) while expression decreases
proximally into the jejunum, duodenum, and stomach [3].
Since the oral route of drug administration is the most
preferred as previously mentioned, it is vital to overcome
the absorption barrier posed by the P-gp efflux transporter
[2]. Additionally, as discussed earlier P-gp plays a role in
restricting cellular uptake of drugs from the general blood
circulation into the brain due to its presence within the BBB
as well. Research outputs have shown that intestinal P-gp can
be inhibited by various compounds resulting to an increase
in oral absorption of P-gp substrate drugs [3].
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Figure 2: Drug Efflux by P-glycoprotein in the intestine [115]
(reproduced with permission from Elsevier B.V. Ltd. © 2013).

Physiological factors that influence oral drug absorption
are absorption rate of a drug, which is a function of drug
absorption via the GIT and gastro intestinal transit time,
which influences the systemic exposure of rapidly, dissolved,
and highly absorbed drugs. Intestinal transit time impacts
the absorption of drugs with limited mucosal permeability
and carrier-mediated uptake and drugs that are subjected to
intestinal degradation. In addition, the degree of ionization
plays a key role in determining drug dissolution rate and
the passive permeability across the GIT. The pH at the
absorption site is also a vital factor in allowing or inhibiting
the dissolution and absorption of many ionizable drugs [29].

In addition, there are biopharmaceutical factors that
influence oral drug absorption; amongst these is the salt form
of a drug molecule which changes the coulombic attraction
between the drug molecule and its respective counter ion
thus altering the potential energy when in a solid state.
This is usually associated with an alteration of the pH of
the diffusion layer at the surface of the dissolving solid,
thereby greatly increasing the solubility of the drugmolecule.
The amorphous form alternatively tends to improve the
dissolution rate and solubility significantly compared to its
crystalline form which increases the rate and degree of oral
absorption [29]. Apart from these mechanisms, the small
intestine has the ability to metabolize drugs via a diversity of
pathways involving phase I and phase II reactions, which in
turn may cause a restriction in oral bioavailability. CYP3A4
is the most abundant cytochrome P450 enzyme within the
intestinal enterocytes that is implicated in the metabolic
elimination of many drugs [29].

3. Structure and Function of the BBB and P-gp
Expression in Drug Delivery

The BBB is a specialized system of capillary endothelial cells
as shown in Figure 3, which assists in protecting the brain
from harmful substances within the blood stream, while sup-
plying the brain with nutrients that are necessary for proper
function. The BBB has many functions, including mainte-
nance of the internal environment of the brain, protection
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Figure 3: Schematic representation of the cross section of the BBB cerebral capillary [116] (reproduced with permission from Elsevier B.V.
Ltd. © 2007).

of the brain from fluctuations in ionic composition, and
drainage of cerebrospinal fluid and interstitial fluid. Due to its
protective function the BBB restricts transport of substances
into the brain via both the physical (tight junctions) and the
metabolic (enzyme) barriers [32, 33].

The BBB is composed of a monolayer of brain capillary
endothelial cells. The limitation of drug uptake by the BBB
arises via the presence of tight junctions between adjacent
capillary endothelial cells and the relative lack of fenestrae
as well as pinocytotic vesicles within the endothelial cell
monolayer. In turn, brain capillary endothelial cells are sur-
rounded by an extracellular matrix, pericytes, and astrocyte
foot processes. Once a drug molecule enters the brain, either
via transport across the BBB after systemic administration
or by direct administration into the CNS, the drug may
return to the blood via three ways: (1) It may pass through
the capillary endothelial cells of the brain, (2) cross the
epithelial cells of the choroid plexus, (3) or return to systemic
circulation by bulk flow of cerebrospinal fluid that effectively
results in reabsorption at the arachnoid villi [5]. The BBB is
known to express a high degree of active efflux transporter

proteins, including, as mentioned previously, P-gp, MRP-1,
and BCRP. Lipophilic molecules of approximately 500–600
Daltonsmay diffuse passively into theCNS.However, the vast
majority of molecules of a molecular weight greater than 600
Daltons do not cross the BBB (Figure 4). Therefore in order
to reach the brain, most drug molecules must cross the BBB
via an interaction with specific transporters occurring at the
luminal surface of the endothelial cells [1, 34–36].

The pharmacodynamics and pharmacokinetics of CNS
targeted drugs are determined by their unbound concen-
trations in the extracellular fluid of the brain. Several in
vivo and in vitro procedures are accessible to study these
properties. The efflux transport across the BBB is an imper-
ative process utilized in the explanation of the mechanism
of the apparent restricted cerebral distribution of drugs
after their systemic administration. To examine the BBB
efflux transport mechanism under in vivo conditions, an
intracerebral microinjection technique has been developed
and newly estimated as the BEI (Brain Efflux Index). BEI is
defined as the relative percentage of drug that is effluxed from
the ipsilateral (does not cross the opposite hemisphere of the
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Table 1: The net uptake of bioactive by the brain depends on the difference between the influx and efflux processes [38] (reproduced with
permission from Elsevier B.V. Ltd. © 2002).

Blood lumen Endothelial cell Extracellular fluid
(i) Blood Systemic exposure Influx clearance

→

(ii) Drug blood cell and protein binding (i) Drug permeability
(ii) Drug metabolism Drug disposition

Efflux clearance
←

MRP1

MRP2

MRP3

MRP4

MRP6MRP5

P-gp BCRP

Apical/luminal

Basolateral

Blood

Brain

Brain capillary endothelial cell

Tight
junction

Figure 4: Respective locations of the drug efflux proteins on brain capillary endothelial cells that collectively form the BBB [35] (reproduced
with permission from Elsevier B.V. Ltd. © 2005).

brain) cerebrum to the circulating blood as compared with
the amount of drug injected into the cerebrum as shown:

BEI% =
Amount of drug effluxed at the BBB
Amount of drug injected into the BBB

× 100. (1)

However, limitations of the BEImethod are that only one data
point may be obtained for a single intracerebral injection,
and the concentration the drug in the cerebrum cannot be
accurately determined [37].

The net uptake of a drug molecule by the brain via the
BBB depends on the overall difference between the uptake
and efflux processes (Table 1). Brain uptake of drugmolecules
is controlled by various factors, including the systemic dispo-
sition of the drug as well as the properties of the endothelial
cells. Thus, permeability of endothelial cells and their ability
to metabolize drugs actively regulate the amount of drug
crossing the BBB in both directions [38].

In recent years it has becomewell perceived that the activ-
ity of the P-gp in the BBB plays a restrictive role with regard to
the net cerebral uptake of many therapeutic drugs. Owing to
its unspecific substrate affinities, P-gp restricts the achievable
cerebral concentration of various medications and may be
a crucial factor in the phenomenon of pharmacoresistance
[39–41]. P-gp is a prototypical multidrug resistance (MDR)
transporter; its discovery was based on its ability to confer
drug resistance to cancer cells. P-gp, a phosphoglycoprotein,
acts as an unrestrained energy-dependent efflux pump [5].
Given that P-gp efflux accountability can be a key obstacle

for CNS therapeutic drugs to cross the BBB and reach the
target, the interactions of the CNS targeted drugs with the
P-gp transporter may lead to the lack of CNS activity as
a result of the minimized brain penetration. Therefore the
estimation and understanding of the significance of P-gp-
mediated efflux transporter have become an important stage
in the discovery and development of CNS delivery strategies
[42].

4. P-gp Efflux Transporter Structure and
Mechanism of Action

In response to the inefficiency in conventional delivery
mechanisms, a great amount of research efforts have lately
focused primarily on the development of new strategies to
allow for a greater efficacy in the delivery of drug molecules
to the CNS. In particular, these research efforts have focused
on the modulation of P-gp efflux transporters within the BBB
[43]. P-gp is presently themost widely studiedmember of the
ABC transporter family and has been shown to transport an
extensive list of substrates with a great degree of structural
diversity [44]. P-gp is a type of energy-dependent ATPase
transmembrane drug efflux transporter. It is a 1280-long
amino acid glycoprotein, expressed as a single chain structure
containing two homologous portions of equal length, each
portion consisting of 6 transmembrane domains and two
ATP binding regions separated by a flexible polypeptide
linker portion [45, 46], (Figure 5(a)), [47, 48].
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There are numerous models to explain the mechanism of
efflux by the P-gp transporter. The three most predominant
models, pore, flippase l, and the hydrophobic vacuum cleaner
model, are commonly used to explain the mechanism of
efflux (Figure 5(b)). The vacuum cleaner model hypothesizes
that P-gp recognizes substrates embedded in the inner leaflet
of the plasma membrane; the substrate is then transported
through the protein channel out of the cell [48]. Within the
perspective of this model, P-gp binds directly to the substrate
molecules that are located on the plasma membrane and
pumps them out of the cell by recognizing the substrates
as foreign bodies [49]. The pore model is described as an
interaction of P-gp with drugs within the boundaries of the
cytosol, followed by efflux out of the cell via protein channels.
The hypothesized flippase model explains drug efflux as a
“flipping” of drugmolecules from the inner leaflet to the outer
leaflet of the cell against a concentration gradient.These drug
molecules then undergo diffusion to reach the extracellular
space [49]. However, the flippase model is the most generally
received model and increasing amounts of evidence have
made it the most favored amongst all [50–52].

5. P-gp in Schizophrenia Therapy

Antipsychotic drugs and other pharmacological agents used
to treat psychiatric illness must cross the BBB to reach
the target sites within the CNS to be able to exert their
therapeutic effects. Antipsychotic drugs are crucial treatment
options for symptoms of schizophrenia. The first generation
or conventional antipsychotics include drugs that have high
affinity antagonism of dopamine D

2
receptors. The second

generation antipsychotics or atypical agents include drugs
with a lower D

2
receptor affinity and a far greater affinity for

other neuroreceptors [53]. Recently, it has become progres-
sively evident that drug transporters situated within the BBB
play a fundamental role in the pharmacokinetics of several
drugs with therapeutic implications.

There are strong indications for an impaired integrity
of the BBB in schizophrenia, such as increased intracere-
bral concentrations of the soluble intercellular adhesion
molecule-1 (sICAM). Furthermore, the concentration of
immunoglobulin and albumin is raised in cerebrospinal fluid
in 30% of schizophrenic patients. P-gp function has been
reported to be reduced in the progression of neurodegenera-
tive diseases [54].

Wang and coworkers [55] conducted a study employing
the abcb1a/b knockout mouse model with a functional
deficiency in P-gp. By utilizingATPase activity as amarker for
P-gp activity, an in vitro study provided evidence that various
atypical antipsychotic drugs such as risperidone and olanza-
pine may be effectively effluxed by P-gp. In a subsequent in
vivo study utilizing the abcb1a gene knockout mouse model,
results depicted that P-gp restricted the brain penetration of
olanzapine, as the resulting brain concentration was 3-fold
higher in the abcb1a knockout mice than as the comparative
control mice [55].

Risperidone is an atypical antipsychotic drug that has
potent antagonistic affinities toward serotonin 5-HT

2
and

dopamine D
2
receptors. Risperidone is recognized for its

effectiveness against both positive and negative symptoms of
schizophrenia. An in vitro study by Nakagami and coworkers
[56] of the activity of P-gp against a range of antipsychotic
agents showed that P-gp is likely to influence the absorption
of all atypical antipsychotics to various degrees [56].

In addition to other studies relating to P-gp function
the activity of the P-gp transporter at the level of the BBB
can be studied in vivo via Positron emission tomography
(PET) with [11C] verapamil as a PET tracer. PET seems to
be a suitable means of in vivo valuation of P-gp functionality
in humans and allows for the quantification of BBB/P-gp
function in neurodegenerative disorders. The PET brain
imaging study with the use of [11C] verapamil as a radiotracer
was conducted on schizophrenic patients and a comparative
healthy control group. Data obtained from the study showed
a regionally reduced [11C] verapamil uptake within the
temporal cortex and basal ganglia of schizophrenic patients
versus healthy controls. These results have been interpreted
as an increase in P-gp function in the brain of schizophrenic
patients. These findings are of immense worth since an
increase in P-gp function may be pertinent for the clinical
progression of schizophrenia. An increase in P-gp function
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leads to reduced uptake of antipsychotic agents and may thus
be associated with poor clinical outcomes [54].

A further study by Kirschbaum and coworkers [57] found
that the ATPase activity assay displayed high affinity of the
antipsychotic risperidone for P-gp. In vivo studies conducted
in mice and humans revealed variations in brain and serum
concentrations for both risperidone and its active metabolite,
9-hydroxyrisperidone, which was recently approved as a new
antipsychotic paliperidone. In comparison, the conventional
antipsychotic haloperidol which displays a high antagonistic
activity at dopamine D

2
receptors is poor substrate of P-

gp. Behavioral changes in the mdr 1a/1b knockout mice in
comparison to the wild-type mice allow for the investigation
of P-gp-dependent variations in the expression degrees of
the CNS which leads to functional dispositions. Motor
impairment on a rotarod physical task is characteristic of
antipsychotic related D

2
receptor antagonism [54, 57].

This very hypothesis was applied to mdr 1a/1b and
wild-type mice after administration of either the known
substrate risperidone or a poor substrate haloperidol. Results
revealed distinctively different profiles in motor effects by
the antipsychotic drug risperidone which was dependent on
P-gp expression. Brain concentrations of risperidone and
its 9-hydroxyrisperidone metabolite were 10-fold higher for
the first three hours in knockout mice versus wild-type
mice.The increased concentration reflects the change in dose
response seen in the behavioral task. The results establish
for the first time the strong association between physi-
cal functionality and P-gp-dependent brain concentrations.
Pharmacokinetic data of this study displayed a 10-fold higher
brain level of risperidone and a 20-fold higher brain level of
9-hydroxyrisperidone inmdr1a/1bmice as compared to wild-
type mice. Conclusively, antipsychotic drugs are effectively
transported by the P-gp efflux transporter [57].

In conclusion, an additional study was conducted on the
atypical antipsychotic aripiprazole. To assess the role of P-
gp in the distribution and penetration of aripiprazole within
the BBB, mice deficient in the P-gp gene were dosed intra-
peritoneally with 2𝜇g/g of aripiprazole. Wild type mice were
administered the same dose as the gene deficient mice. The
results showed that deficiency of P-gp had a drastic effect on
drug concentrations within the brain. Thus aripiprazole has
been characterized as a transportable substrate of P-gp [53].

6. P-gp Substrates and Inhibitors

In an attempt to estimate the effects of P-gp in vivo, a range of
in vitro P-gp assays have been developed so as to categorize
compounds as P-gp substrates or inhibitors (Table 2). One
such assay is the Transwell-based assays using polarized cell
lines such as Madin-Darby Canine kidney (MDCK) cell line.
The MDCK cell line may be stably transfected with human
MDR1 orMdr1a. Comparing the efflux ratios betweenMDR1-
MDCK and MDCK, Transwell assays are able to provide a
measure of the specific human P-gp-mediated efflux activity
[57].

Another generally used P-gp in vitro assay is the P-gp
ATPase assay for assessing drugs that demonstrate P-gp inter-
actions as substrates. The standard reagent of the ATPase

Table 2: Brief overview of P-gp inhibitors/substrates and the
corresponding IC50 values of inhibitors.

Inhibitor IC50 References
Haloperidol Potent [105]
Fluoxetine
Chlorpromazine
Paroxetine
Sertraline

Moderate [59, 105]

Risperidone
9-hydroxyrisperidone
Sulpiride
Zolpidem

Low [59, 105]

Loperamide∗ [59]
Verapamil∗
Quinidine∗ Moderate [58, 59]

Prednisone∗ Low [59]
Potent (P) inhibition (IC50 < 10𝜇M), moderate (M) inhibition (10 𝜇M
≤ IC50 < 50𝜇M), and low (L) inhibition (IC50 ≥ 50𝜇M). ∗Non-CNS
Inhibitors.

assay is a membrane preparation from insect cells that are
vastly expressive of human P-gp. Functional human P-gp
will transport P-gp substrates across the membrane thus
resulting in the release of inorganic phosphates [58]. In
addition, the in vitro calcein AM P-gp inhibition assay can be
utilized to detect compounds that inhibit the P-gp-mediated
efflux, via employing a fluorescent P-gp substrate, calcein.The
calcein assay is capable of differentiating between various P-
gp inhibitors from noninhibitors by measuring the resultant
fluorescence of calcein [58].

A further in vitro approach in studying the P-gp activity
is the use of P-gp knockout mice in comparison to wild-type
mice. P-gp knockoutmice are geneticallymodified animals in
which both genes that are homologous to the human MDR1
gene have been disrupted, resulting in a viable line of animal
models. An assessment of the brain plasma area under the
curve (AUC) ratio in knockout mice as compared to wild-
type mice has become a standard experimental methodology
to determine whether P-gp-mediated efflux poses a possible
obstacle to the activity of CNS targeted drugs in vivo [1, 59,
60].

P-gp exhibits significant capability to bind and transport
a wide range of structurally and functionally dissimilar com-
pounds. Typical drug substrates include typical and atypical
antipsychotics as well as anticancer agents. P-gp also interacts
with yet another group of hydrophobic agents, known as
chemomodulators, that is, calcium channel blockers and
phenothiazine’s. Chemomodulators belong to two categories,
those that are transport substrates themselves and thereby
compete for efflux and those that exert their effects by
binding to and blocking drug effluxwithout themselves being
transported out of the cell [24].

In general, P-gp can be inhibited via (i) blocking the drug
binding site competitively/noncompetitively/allosterically,
(ii) by interfering with ATP hydrolysis, and (iii) by altering
the integrity of the cell membrane lipids [45]. Based on
their specificity and affinity, P-gp inhibitors are catego-
rized into three generations: First generation inhibitors are
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pharmacological actives, which are in clinical use for other
indications but have been shown to inhibit P-gp. Second and
third generation inhibitors specifically modulate P-gp, with
the second generation inhibitors lacking the pharmacological
activity of its first generation counterparts and with a higher
affinity for P-gp.The third generation inhibitors have a 10-fold
higher affinity and potency to inhibit P-gp [24].

7. Novel Drug Delivery Systems and
Pharmaceutical Excipients Capable of CNS
and Intestinal Delivery via P-gp Bypass or
Inhibition with a Potential Applicability in
Schizophrenia Therapy

7.1. Formulation Excipients Utilized as P-gp Inhibitors.
Approaches to bypass the P-gp efflux pump may be to com-
bine the target drug with either another P-gp pump substrate
or an inhibitor; on the other hand there is the novel approach
of combining the active drugmoleculewith a lipid or polymer
excipient which is capable of P-gp inhibition. The initial
approach is effective in its inhibitory potential; however it
involves the use of a second pharmaceutically active agent
that increases the risk of drug-drug interactions; thus in
retrospect the use of inhibitory excipients has nonspecific
pharmacological action and therefore the possibility of sys-
temic effects and drug interactions is eliminated [50].

7.2. Chemosensitizers. Chemosensitizers, also termed rever-
sal agents, are one such approach; they inhibit the effluxpump
and increase the absorption of drugs intracellularly; and thus
the coadministration with clinically relevant compounds has
become a common practice [61]. Chemosensitizers function
by acting as competition at the P-gp substrate binding site
or by blockade of ATP hydrolysis; drugs such as verapamil,
cyclosporine A, and antisteroidal agents such as tamoxifen
are classified as 1st generation P-gp modulators. However
high concentrations of these agents are required for this pur-
pose and thus lead to pronounced side effects; thus the devel-
opment of 2nd generation chemosensitizers was prompted.
This nevertheless proved to exhibit the same limitations.

To circumvent limitations observed with the 1st and 2nd
generation P-gp chemosensitizers, 3rd generation chemosen-
sitizers have been developed utilizing the supremacy of
combinational chemistry and Structure Activity Relation-
ships (SARs).These agents are noncompetitive inhibitors that
result in alterations in protein conformation, thus modu-
lating P-gp substrates; they include elacridar and tariquidar
amongst others [62]. Further research conducted depicted
evidence that drug delivery systems in combinationwith P-gp
modulators could considerably enhance pharmacokinetics of
the P-gp modulator and in addition reduce the pharmacoki-
netic interactions with P-gp substrates. Cremophor EL was
one of the excipients employed in the above mentioned study
which showed promising activity as a P-gp modulator [62].
Furthermore, in an experimental study conducted by Choo
and coworkers tariquidar, a P-gp modulator in combination
with propylene glycol, 5% dextrose, and ethanol, was able
to inhibit P-gp function at the BBB in high doses [63], thus

displaying a possible application in improving CNS perme-
ability of drugs employed in neurodegenerative diseases. In
another research study it has been shown that GF120918
(elacridar) a known 3rd generation P-gpmodulator is capable
of increasing the brain uptake of paclitaxel (P-gp substrate) 5-
fold [32].

7.3. Natural Polymers. The natural gums are classified as
polysaccharides that consist of multiple sugar groups that
bonded together to create much larger molecules; they offer
the advantages of being sustainable, biodegradable, and
biologically safe; these natural gums are known to form gels
that depict a high degree of network formation. Gums are
capable of undergoing grafting and crosslinking reactions
and through such reactions they may form hydrogels, xero-
gels, and nanoparticles which have a very important function
in the inhibition of the P-gp efflux transporter [63].

Chitosan, a cationic polysaccharide in combination with
nucleotides to form nanosystems, may enhance the perme-
ability of drug molecules into the CNS via opening of tight
junctions, and the formulation of nanosystems incorporating
chitosan and nucleotides will enable this purpose [64].

Natural polymers such anionic gums, for example, xan-
than and gellan gum, as well as alginates, have been shown to
inhibit the action of the P-gp efflux pump at concentrations
of 0.05% and 0.5mg/mL, respectively [65]. In the presence
of xanthan gum studies have shown increased concentration
of P-gp substrates such as vinblastine and doxorubicin. Algi-
nate flavicam demonstrated an increase in the intracellular
concentration of doxorubicin in everted gut sac cells [66].

7.4. Synthetic Polymers. Synthetic polymers are synthesized
via polymerization reactions and the modification of natural
polymers or via the complexation of natural polymers with
naturally occurring agents such as fatty acids [66]. Synthetic
polymers such as PEG 400, at concentrations between 1
and 20%, increased accumulation of digoxin due to the
inhibition of the P-gp drug efflux pump [67, 68]. Similar
studies conducted employing Pluronic P85 and Vitamin E
D-𝛼-Tocopheryl polyethylene glycol 1000 succinate on the
digoxin uptake in rats have further proven that pluronic
blocked copolymers are capable of inhibiting the P-gp efflux
pump and enhancing substrate uptake [69]. Furthermore,
studies have shown that pluronic P85 has an inhibitory action
on the ATPase enzyme that is involved in the functioning of
the P-gp efflux pump proteins, thus resulting in inhibitory
reactions between these proteins and the P-gp substrates [70].
In a study conducted by Batrakova and coworkers who have
shown the increased brain concentration of digoxin in mdr1
knockout mice and wild type mice treated with Pluronic P85,
it was clearly demonstrated that Pluronic P85 delayed the
residence time and concentration of digoxin in the brain [71].
Commonly occurring polymers that act as P-gp inhibitors are
listed in Table 3.

Research studies have been conducted to evaluate the
inhibitory properties of PEG on the P-gp efflux pump. The
study involved the grafting PEG to polyethyleneimine (PEI)
and then undergoing a thiolation reaction employing 𝛾-
thiobutyrolatone to formulate a novel grafted thiomer. The
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Table 3: Summarized list of polymer & surfactant P-gp inhibitors
and their mechanism of action.
Polymer and
surfactant based P-gp
efflux inhibitors

Applications References

Natural polymers:

Xanthan gum
Gellan gum
Alginates

Inhibition of the P-gp efflux
transporter by the presence
of polysaccharide
d-mannose monomers,
increasing concentration of
substrates, for example,
vinblastine and
doxorubicin.

[65]

Synthetic polymers:

PEG 400
PEG-PEI
PEG 300

Changes the
microenvironment of
Caco-2 cell membranes,
leading to modifications in
membrane fluidity.

[65, 66]

Pluronic P85

Results in ATPase
inhibition and ATPase
reduction, as well as
membrane fluidization.

[66, 68, 69]

Thiomers

Thiol groups interact with
cysteine in the P-gp
transmembrane channel,
forming disulfide bonds.
Thus the allosteric change
blocks efflux.

[71]

grafted PEG was then evaluated based on its effect on the
transport of Rhodamine–123, a well-known P-gp substrate.
Results depicted that the cellular uptake of Rhodamine-123
was improved with the grafted-thiolated PEG as compared to
free drug solutions.

Oral administration of many drug substances is limited
due to the poor bioavailability and systemic uptake which
is directly linked to the presence and action of the P-gp
efflux pump. In an attempt to overcome this limitation there
has been the development of P-gp pump inhibitors; however
due to the abovementioned set back of requiring high doses,
none of them have been approved for oral administration
due to the risk of systemic side effects. Thus polymeric P-
gp inhibitor incorporation into drug delivery systems as
excipients provides a valuable approach; they show a high
inhibitory potential and due to their great molecular weights
they are not absorbed from the gastrointestinal system and
thus eliminate any possible systemic effects. Previous studies
determined the inhibition of P-gp by PEG’s by their effect
on the elevated permeability of substrate drug molecules
such as taxol and doxorubicin within caco-2 monolayers
[72]. PEGylated sorbitans that are esterified with fatty acids
are commonly known as polysorbates. The most extensively
studied group of the Polysorbates is polyoxyethylene sorbi-
tans monolaurates, known by the trade name Tween; these
agents have been found to enhance the accumulation of
daunorubicin within tumor cells [66].

Poloxamers also fall within the category of synthetic
polymers and are also known as Pluronics. Specifically,

Pluronic P85 has been studied for its inhibitory effect on
the function of the P-gp efflux pump. Two main areas that
P85 is used for its inhibitory properties are in the BBB and
cancer chemotherapy [66]. The mechanism of inhibition has
been dedicated to a reduction in ATP and inhibition of
ATPase enzymes as well as lipid membrane fluidization [70,
71]. Pluronic brings about a reduction in ATP levels within
bovine endothelial cells; the ATP depletion was reasoned to
be as the result of the inhibition of cellular metabolism [73].
Additionally, mixedmicelles synthesized from a combination
of poloxamer 407 and D-𝛼-Tocopheryl polyethylene glycol
1000 succinate (TPGS 1000) have the potential of elevating the
clinical efficiency of drugs by increasing the amount of drug
in the interior of the cell by inhibiting P-gp efflux transporters
[74]. TPGS 1000 is classified as a water soluble vitamin that
consists of a lipophilic head and hydrophilic PEG tail. The
mechanism by which TPGS 1000 inhibits the P-gp pump has
been proposed as a combination of membrane fluidization,
ATPdepletion, and prevention of substrate binding. Research
on the effect of pluronic block polymers on the accumulation
of digoxin has proven the hypothesized inhibition of P-
gp efflux transporters by Pluronic polymers. The treatment
of various substrates with Pluronic polymers displayed an
increase in apical to basolateral transport, thus displaying P-
gp inhibition [66, 70, 71].

Thiomers, yet another group of synthetic polymers, are
characterized as polymers containing a thiol moiety within
their chemical structure; the presence of the thiol moiety
allows for the formation of disulfide bonds between the
cysteine groups, of the P-gp pump, for example, 𝛼-chitosan-
thiobutylamidine [75]. The mechanism of thiomer mediated
inhibition of the P-gp efflux pump is depicted in Figure 6.
Improved transmucosal transport of Rhodamine-123 a P-gp
substrate in the company of thiolated chitosan, produced by
linking of amino groups of chitosan and thiol groups [76], was
displayed by Bernkop-Schnurch et al. due to P-gp transporter
inhibition. Thiomers are not absorbed from the GIT due to
their high molecular weight; therefore systemic side effects
are eliminated and their use as pharmaceutical excipients
for their P-gp inhibitory properties is greatly beneficial [72].
As described above the P-gp efflux pump is made up of
12 transmembrane units; these units in turn form channels
through which P-gp substrates pass through to exit the
cell; two of the 12 units display cysteine subunits. Thiomers
are theorized to enter the channels of the P-gp pump and
thereafter form disulfide bonds with the cysteine subunits; in
this manner the transport of drug molecules out of the cell is
hindered and thus there is an inhibition of P-gp efflux pump
action [64]. Thiolated chitosan is a directly compressible
excipient which may therefore be formulated into matrix
tablets [76].

7.5. Solvents and Surfactants. Both surfactants and solvents
act by interaction with the polar heads of the lipid bilayers
thereby adjusting hydrogen bonding and ionic forces and
have the potential to insert themselves between the non-
polar tails of the lipid bilayer. These interactions cause the
fluidization of the lipid membrane and thus P-gp inhibition.
Nonionic surfactants such as Tween and Span possess P-
gp transporter inhibitory potential; these agents are also
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Figure 6: Mechanism of inhibition of the P-gp efflux pump [117]
(reproduced with permission from Elsevier B.V Ltd. © 2013).

hydrophobic and thus rendered less toxic [77]. Surfactants
are furthermore important in the formulation process of
nanoparticles. Various research outputs have shown that the
efficiency of surfactants as P-gp inhibitors is based on their
respective chemical structures. Surfactants such as Solutol
HS15, Tween 80, and Cremaphore EL contain Polyethylene
glycol on the hydrophilic portions of their structures, which
have displayed the ability to increase intracellular concen-
trations of epirubicin in human colorectal carcinoma cells,
thereby confirming that surfactants act as P-gp modulators
[62]. In a study conducted by Rege and coworkers [78] the
effect of Tween 80, Cremophor EL, and vitamin E TPGS
on the P-gp efflux transporter in caco-2 cell monolayers
was investigated. Results showed that all three surfactants
inhibited P-gp and Tween 80 and Cremophor EL increased
the apical to basolateral permeability of Rhodamine 123
(P-gp substrate) within a concentration range of 0-1mM.
Whereas vitamin E TPGS contributed an inhibitory effect at
a concentration of 0.025mM [78].

8. Drug Delivery Systems with P-gp
Modulatory and Enhanced Intestinal
Absorption Applications

The following section will focus on the strategic design of
drug of delivery systems studied for their aptitude to enhance
bioactive delivery through the intestinal epithelia by P-gp
modulation and/or inhibition with a future applicability in
schizophrenia therapy.

8.1. Bestatin-Improved Intestinal Absorption by Coadministra-
tion of a P-gp Inhibitor. A study by Huo and coworkers [79]

has shown the enhancement effect of P-gp inhibitors on the
intestinal absorption of bestatin.The study showed that when
bestatin and cyclosporine A were coadministered orally, the
resultant plasma concentration of bestatin was considerably
increased. CyclosporineA andVerapamil, commonly utilized
P-gp inhibitors, can eliminate the efflux pump mediated by
P-gp, resulting in improved intestinal absorption of the coad-
ministered P-gp substrate. The study by Huo and coworkers
[79] displayed a 90% increase in bestatin intestinal absorption
seen in the Cmax and AUCwith the addition of cyclosporine
A [79].

8.2. Enhanced Intestinal Absorption of Ganciclovir by P-gp
Inhibition Using Pharmaceutical Excipients. Several studies
have shown that P-gp inhibitors such as verapamil and
cyclosporine A are capable of enhancing the bioavailability
of a variety of drugs. However, such inhibitors are pharma-
cologically active agents and thus may cause toxic effects. In
addition, these agents are absorbed into the bloodstream and
can interact with P-gp in other organs that it is expressed in.

On the other hand, pharmaceutical excipients, which are
utilized as inert excipients in drug delivery formulations, are
being investigated as superior class of P-gp inhibitors. Several
studies have shown that these excipients can greatly improve
the intestinal absorption of a wide range of drugs by P-gp
inhibition.

These excipients are nonabsorbable; thus there will be no
unnecessary P-gp inhibition in other organs. A study con-
ducted by Li and coworkers [80] studied the effects of com-
mon excipients on the intestinal absorption of ganciclovir, a
substrate of P-gp in rats. The in vitro transferal from mucosa
to serosa as well as the in situ transepithelial permeation was
evaluated. Selected excipients within a concentration range
of 0.1–1% w/v were shown to increase the concentration of
ganciclovir transported in an everted gut sac model.

Results depicted a significant increase in permeability of
ganciclovir by all excipients employed in the study.The effects
of EL-35 and F-68 were dose-dependent but that of PEG 400
and Tween 80 were not. The results observed confirm that
the improvement of intestinal absorption of ganciclovir via
the use of excipients is due to inhibition of P-gp inhibition
mediated drug efflux. The mechanism of F-68 inhibition of
P-gp is due to its blocking effect on the binding site of the P-
gp efflux transporter, whereas PEG 400, tween-80, and EL-35
are due to alteration in the membrane fluidity of P-gp [80].

8.3. Self-Emulsifying Drug Delivery Systems. This is another
drug delivery approach that may prove useful in bypassing
the P-gp pump duemainly to the presence of surfactants such
as Tween 80 that have been identified as P-gp inhibitors [78].
SMEDD’s consisting of vitamin E (oil phase) and surfactants
have been shown to enhance the solubility and bioavailability
of paclitaxel (a P-gp substrate) owing to their P-gp inhibitors
activity.

An advantage of using SMEDD’s is their capability to
incorporate and solubilize high concentrations of P-gp inhib-
itors. Many studies have been conducted to improve the
oral bioavailability of this chemotherapeutic agent so as to
increase clinical outcomes; it has been proven that P-gp
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plays a vital role in the bioavailability of paclitaxel; the study
conducted by Woo and coworkers shows that the use of
KR-30031 a verapamil analog with P-gp inhibitory effects
in combination with paclitaxel improved the bioavailability
of the later [81]. Nanocapsules have been used as a drug
delivery system to improve the oral bioavailability of the
P-gp substrate Tacrolimus, which was incorporated into
nanocapsules with the use of polymethacrylate polymers.
Results depicted that the bioavailability was between a range
of 2.45- and 4.9-fold compared to the commercially available
formulation [2].

8.4. Double Coated Nanocapsules for Enhanced Intestinal
Absorption and Bioavailability of a P-gp Substrate. An exper-
imental study performed by Nassar and coworkers [2] pro-
poses the use of double coated nanocapsules to improve the
bioavailability of a P-gp substrate, Tacrolimus. Using caco-
2 cells and intestinal rat segment the effect of encapsulation
of Tacrolimus on P-gp was evaluated. The double coated
nanocapsules prevented its molecular recognition by the P-
gp efflux transporter in caco-2 cells. The conclusive results
show that the nanocapsule delivery system is a great platform
for intestinal absorption of lipophilic drugs which are P-gp
substrates.The oral bioavailability of Tacrolimus was 4.9- and
2.45-fold greater when compared to a marketed product [2].

8.5. Novel Polymeric P-gp Inhibitor for Enhanced Intestinal
Drug Delivery. Many drugs are unable to be administered via
the oral route owing to poor absorption into the systemic
circulation due to intestinal P-gp efflux pumps. In order to
circumvent this obstaclemany types of efflux pump inhibitors
have been developed. Yet, many of these inhibitors have not
been approved for oral use due to their systemic side effects.
A noteworthy alternative would be polymeric based efflux
pump inhibitors, displaying greatly efficient inhibitory action
and no systemic side effects because it is unabsorbed into the
intestine due to its high molecular mass.

In a study conducted by Iqbal and coworkers [72] a novel
thiolated copolymer, thiolated PEG-g-PEI copolymer, was
synthesized. The novel thiolated copolymer showed a sig-
nificantly greater effect on the intestinal absorption of Rho-
123, a P-gp substrate as compared to other P-gp inhibitors.
In addition, the thiolated copolymer was able to increase the
intestinal uptake of Rho-123 up to 3.26-fold in comparison to
a system lacking a P-gp inhibitor. In addition to enhancing
the absorption of Rho-123 the novel thiomer was also capable
of decreasing the basolateral to apical transport across the
rat intestinal mucosa segment. The study has thus provided
evidence that the novel thiomer has a great applicability in
improving bioavailability of P-gp substrate drugs [72].

8.6. Influence of Intestinal P-gp on Absorption of Furosemide
a P-gp Substrate. Furosemide is a loop diuretic employed
in the clinical treatment of congestive heart failure and
hypertension. Pharmacokinetics of furosemide show that it
has incomplete absorption from the gastrointestinal tract
after oral dosing. P-gp efflux pumps have been implicated as
the possible cause for reduced absorption; however no com-
plete evidence exists.The intestinal absorption of furosemide

was evaluated in the presence and absence of verapamil
utilizing the rat intestinal sac model in an experimental study
conducted by Al-Mohizea [82].

Results obtained from the study depict low drug perme-
ability in the noneverted rat intestinal sac. This replicates
the drug transference from the mucosal to serosal region
which imitates the in vivo environment. In contrast, when
observed in the everted rat intestinal sac, drug displayed a
noticeably greater transport as compared to transport across
the noneverted intestinal sac. These results clearly indicate
the involvement of the P-gp pump and because the defined
function of the P-gp efflux transporter is to pump drug back
into the intestine subsequent to absorption, the observed
outcomes indicate a greater transintestinal permeation from
the serosal to mucosal region.The ratio of serosal to mucosal
and mucosal to serosal permeability was discovered to be 5.6
and this was advocated for the possible role of P-gp efflux
transporter in the intestinal uptake of furosemide. The effect
of verapamil hydrochloride, a P-gp efflux pump inhibitor, on
furosemide absorption was employed to confirm the results
obtained from the intestinal sac model experiment.

It was shown that the presence of verapamil increased
the mucosal to serosal transport of furosemide noticeably
compared to the control lacking verapamil. This observation
is due to the inhibitory effect of verapamil on the P-gp
efflux pump, which prevents transport of drug back into
the mucosal region. The ratio of serosal to mucosal and
mucosal to serosal permeability was reduced from 5.6 in the
absence of verapamil to 1.28 in its presence. These results
confirm the mechanistic effect of the P-gp efflux pump
on intestinal absorption. Furthermore, the current study
evaluated the effect of Tween 80 and HP𝛽CD, two com-
monly employed pharmaceutical excipients, on the intestinal
uptake of furosemide. The results displayed a permeation
improvement effect for Tween 80 but not for HP𝛽CD. This
in turn inferred a substantial increase in the mucosal to
serosal permeability of furosemide. Tween 80 was shown to
decrease the ratio of serosal: mucosal to mucosal: serosal
permeability (5.6 to 1.08). This provides evidence that Tween
80 is a noteworthy P-gp efflux pump inhibitor [82].

9. Drug Delivery Systems with P-gp
Modulation and Enhanced BBB Absorption

The following sectionwill focus on drug delivery systems that
have been studied for their unique ability to enhance BBB
permeability of drug agents via P-gp inhibition and/or bypass
with a prospective application in schizophrenia therapy. The
effective noninvasive treatment of neurological diseases is
frequently restricted by poor access of bioactives into the
central nervous system (CNS). Many therapeutic agents do
not freely permeate into brain tissue due to the presence
of the BBB and its associated P-gp efflux pump transporter.
Recent advances in drug delivery technology have provided
promising solutions to overcome these challenges.

The use of drug delivery systems with the ability to bypass
or inhibit the P-gp efflux transporter has shown a great
improvement in CNS bioavailability and hence enhanced
therapeutic outcomes. Furthermore, nanocarriers ranging
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from polymeric nanoparticles, solid lipid nanoparticles, lipo-
somes, dendrimers, and micelles have been studied for their
ability to deliver CNS therapeutics and have displayed success
in the treatment of CNS diseases such as brain tumors and
alzheimer’s [83]. Hence, we propose the use of these delivery
systems in the treatment of schizophrenia so as to bypass the
BBB and its efflux transporters.

9.1. Nanocarriers. Nanoparticles can gain access to the brain
via numerous mechanisms. These mechanisms acting either
alone or in combination can explain the transport of ther-
apeutically bioactive agents across the BBB: (i) adsorption
and pooling of nanoparticles in the capillaries of the brain,
followed by adsorption to the capillary wall, which provides
a concentration gradient across the blood capillaries located
in the brain cells; therefore this may enhance the transport
of bioactives across the endothelial cell monolayer and
thus increase the uptake of the bioactive into the brain,
(ii) receptor-mediated endocytosis of nanoparticles across
the BBB, followed by internalization of the complex and
release of the bioactives within brain cells, (iii) transcytosis,
nanoparticles with bound bioactives, which can undergo
transcytosis through the endothelial cell monolayer and gain
access to the brain capillaries, (iv) inhibition of the P-gp
efflux transporter and coating nanoparticles with specific P-
gp inhibitory substances, such as polysorbate 80 that may
possibly inhibit the P-gp, (v) membrane permeabilization
effect that involves solubilization of the endothelial cell
lipids via the use of surfactants, which leads to membrane
fluidization and enhanced permeability of the BBB, and (vi)
disruption of the BBB, thus opening tight junctions located
between endothelial cells of the BBB; nanoparticlesmay assist
in permeation of bioactives through tight junctions [84].
Nanocarriers are colloidal systems that include polymeric
micelles, nanoparticles, lipid nanocapsules, and liposomes
among others. Many of these systems have been designed
and developed for indications in various CNS disorders to
enhance brain uptake of the CNS targeted bioactives via P-
gp transporter activity modulation.

9.2. Surfactant-Polymer Nanoparticles Overcome P-gp-Medi-
ated Drug Efflux. Nanoparticles improve the therapeutic
efficacy of an encapsulated drug by increasing and prolonging
the delivery of the drug within the cell. Aerosol OT-alginate
nanoparticles were employed in evaluating their delivery
capabilities in brain tumor cells overexpressing P-gp. Rho-
damine 123 and doxorubicin were employed as model P-gp
substrates. Uptake studies using Rhodamine loaded nanopar-
ticles showed a substantial increase in drug accumulation
in resistant cells. The energy-dependent nanoparticle accu-
mulation within cells proposes the contribution endocytosis
in nanoparticle uptake. Nanoparticle doses of greater than
200𝜇g/mL were shown to be the minimum concentration to
improve drug accumulation [85, 86].

9.3. Lipid-Based Nanoparticles. Paclitaxel loaded lipid nano-
particles (Figure 7) utilizing Brij 78 displayed IC

50
values

9-fold greater than when formulated with taxol. The study
established that lipid nanoparticles were able to inhibit

100nm

5nm

Figure 7: TEM images of lipid based nanoparticles; arrows show
the lipid bilayer thickness [87] (reproduced with permission from
Elsevier B.V. Ltd. © 2013).

P-gp due to the presence of Brig 78, which was utilized in
the synthesis of the microemulsion precursor. Temporary
and reversible reductions in ATP were observed with blank
nanoparticles and free Brig 78. Therefore, the greater degree
of P-gp substrate accumulation was elucidated by a synergis-
tic combination of nanoparticle with Brig 78, where nanopar-
ticles improve the brain uptake of the bioactive by partially
bypassing the P-gp transporter and drug efflux is restricted
via the release of Brig 78 from the nanoparticles [50, 62, 87].

In other studies, lipid nanocapsules loaded etoposide
were synthesized due to their hypothesized reversal of mul-
tidrug resistance by the use of P-gp inhibitory surfactants
during formulation. P-gp inhibitory activity of the etoposide
loaded lipid nanocapsules was independent of size. The pro-
posed mechanism was cell uptake followed by intracellular
P-gp inhibition thus allowing for a higher intracellular drug
concentration [88]. In a further research study the formu-
lation of lipid nanocapsules was achieved by the use of tri-
caprylic acid, polyethylene glycol 660, and soybean lecithin,
for the delivery of the therapeutic agent, paclitaxel, to caco-
2 cells; results showed that the oral bioavailability of pacli-
taxel was greatly improved possibly due to the ability of
lipid nanocapsules to inhibit the P-gp efflux activity; this
mechanism is primarily due to the fact that the surface layer
of nanocapsules being phospholipids thus resulting in P-gp
inhibition via P-gp substrate site competition [89].

9.4. Transferrin-Conjugated Nanoparticles for Delivery across
the BBB. Transferrin-conjugated nanoparticles of poly(lac-
tide)-D-𝛼-Tocopheryl polyethylene glycol succinate diblock
copolymer were formulated via the nanoprecipitation
method with encapsulated docotaxel. Results from the study
showed via IC

50
data that transferrin-conjugated nanopar-

ticles were 23.4–229% more efficient than the control, PLGA
nanoparticles. Thus based on results obtained transferrin-
conjugated nanoparticles showed to be effective in delivery
of drugs across the BBB [90].

9.5. Paclitaxel-Polymer Micelles to Overcome Multidrug Resis-
tance (MDR). Micelles form from the spontaneous asso-
ciation of amphiphilic copolymers in aqueous phase and
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Figure 8: TEM micrographs showing the surface morphology of
drug loaded micelles [91] (reproduced with permission from Else-
vier B.V. Ltd. © 2011).

are characterized by a diameter no greater than 100 nm
(Figure 8). The attractive force that leads to micellization is
based on the interaction between the electrostatically neutral
and hydrophobic portions of the copolymer. Self-assembly of
the micelle only begins when the copolymer concentration
reaches a threshold value generally referred to as the critical
micelle concentration (CMC) [91]. Verapamil is a known
P-gp inhibitor as well a reversal agent used in reversal of
resistance associated with P-gp. Within the context of this
study, paclitaxel, a P-gp substrate, in combination with ver-
apamil, was encapsulated into micelles utilizing DOMC-FA
(deoxycholic acid methylated chitosan-Folic acid). Resulting
data showed that the conjugation of folate on to micelles
displayed a higher brain tumor cell uptake of the loaded
micelles, possibly via folate receptor-mediated endocytosis.
Micelles consisting of the combination of verapamil and
paclitaxel showed a higher cellular accumulation of paclitaxel
as compared to micelles lacking verapamil [92].

In another study, mixed micelles of hydrophobic and
hydrophilic pluronic L61 and F127 with encapsulated dox-
orubicinwere formulated. Results observed depicted elevated
cellular concentrations of drug to P-gp inhibition displayed
via modification of intracellular drug transport [86].

9.6. Polyethylene Glycol-660 Hydroxystearate Nanocapsules.
Nanocapsules encapsulated with etoposide (substrate) in
combination with P-gp inhibiting surfactants, namely, PEG-
HS (polyethylene glycol-660 hydroxystearate), were formu-
lated with results depicting an increased bioavailability of
etoposide [89, 93]. Further studies showed that lipid nanocap-
sules of paclitaxel formulated by triglycerides of capric and
caprylic acids increased the uptake of drug molecules by
MDR1 cells; the half-life of paclitaxel was also prolonged from
21 minutes initially to 5 hours [83].

9.7. Immunoliposomes in Bypassing P-gp. The overexpres-
sion of P-gp has been associated with the development of
multidrug resistance in cancer cells. Methods employed in
overcoming the multidrug resistance frequently involve the
coadministration of inhibitors of the P-gp transporter (Fig-
ure 9(a)). Within the context of this study, the hypothesis

that immunoliposome-based drug delivery systems may be
employed as alternatives to overcome multidrug resistance
has been explored. Since immunoliposomes penetrate target
cells via receptor-mediated endocytosis, which in turn allows
for the bypass of membrane related P-gp transporters, target-
ing of immunoliposomes was accomplished by via the use
of an antitransferrin receptor monoclonal antibody (OX26
mAb).The incorporation of radiolabelled digoxin andOX26-
immunoliposomes improved the cellular uptake of digoxin
by a factor of 25 in immortalized rat brain endothelial cells.
The cellular uptake aswell as intracellular accumulation of the
digoxin loaded liposomes was determined by acid washing
of the cells and further confirmed via confocal microscopy
studies. This in vitro study proposes that immunoliposome
based drug delivery systems can be utilized to bypass P-gp
and therefore deliver bioactives to the cytosol of target cells
[94]. Furthermore there is the novel approach of combining
substrates and P-gp inhibitors within liposomal delivery
systems; clinical trials were performed via the formulation
of liposomes encapsulating PSC 8339, a recognized P-gp
efflux inhibitor in combination with the drug molecule,
doxorubicin; results observed depicted an increase in drug
delivery potential with no alteration to the pharmacokinetic
or pharmacodynamic character of the drugmolecule [95, 96].

9.8. PAMAM-Drug Complex for Delivery across the BBB.
Dendrimers are defined as synthetic macromolecules that
have a well-defined structural configuration. It is made up of
a centrally located core and branched units that stem from
the core (Figure 9(b)) [66, 97].Themechanismbywhich den-
drimers inhibit P-gp is via endocytosis; the dendrimer passes
into the cell interior; this inhibition process could be due to
cell membrane alterations and ATPase inhibition; research
has shown that P-gp substrates that are encapsulated within
dendrimers show an increased intracellular concentration
[61]. Polyamidoamine (PAMAM) dendrimers belong to a
new avenue of P-gp inhibition research; these dendrimers are
known to improve the solubility of low solubility drugs. In the
current study doxorubicin was chosen as the bioactive agent.
Polyamidoamine (PAMAM) dendrimers were exploited as
an effective carrier of doxorubicin. Data obtained from the
fluorescence intensity assay and fluorescent microscopy dis-
played that cellular uptake of the PAMAM-doxorubicin com-
plex was 6-fold greater than that of free doxorubicin. These
results provide evidence that the novel PAMAM-bioactive
complex is a simple yet highly efficacious system, with a great
capability to cross the BBB and thus delivery CNS targeted
drug successfully [98].

Propanolol, a P-gp substrate, was encapsulated within
PAMAM dendrimers, due to its poor solubility. Conjugation
of propanolol with PAMAM dendrimers was found to allow
for bypass of the P-gp efflux pump and therefore enhance the
drug concentration within target cells [99, 100].

9.9. Poly(D,L-lactide) Nanosuspensions of Risperidone. Nano-
suspensions are dispersed systems comprising fine particles
of drug molecules in the form of crystals. Nanosuspensions
are known commonly to incorporate highly lipophilic com-
pounds; these therapeutic agents are stabilized in solution via
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Figure 9: (a) (A) P-gp interacts with substrates in the plasma membrane and digoxin (substrate) is effluxed from the lipid bi-layer.
(B) Cellular uptake of digoxin facilitated by Immunoliposomes-targeted to transferrin receptor and taken up via receptor-mediated
endocytosis [94] (reproduced with permission from Drug Targeting Ltd. 2002). (b) (A) 2D Schematic representation of a dendrimer. (B)
3D representation of a dendrimer [100] (reproduced with permission from Elsevier B.V. Ltd. © 2009).

the use of surfactants. The large surface area afforded by the
fine particles assists in enhancing bioavailability to the brain
tissue, atovaquone coated by polysorbates in the form of a
nanosuspension increased activity in mice presenting with
encephalitis [83]. Employing Pluronic F-68 (P-gp inhibitor)
nanosuspensions were formulated containing risperidone
and poly-lactide; they have been found to display better
clinical outcomes in psychotic disorders via P-gp inhibition
[101].

9.10. Natural Vesicular Exosomes as Drug Delivery Systems to
Possibly Bypass P-gp Efflux. Extracellular vesicles are defined
as cell derived membrane vesicles with a characteristic
(phospho) lipid bilayer that allows for cell to cell commu-
nication. Microvesicles are sized between 50 and 2000 nm,
whereas exosomes are between 40 and 150 nm. Exosomes
are produced by the formation of intraluminal vesicles in

multivesicular bodies. Fusion of multivesicular bodies with
the plasma membrane results in secretion of intraluminal
vesicles which are in turn referred to as exosomes once
released into the extracellular space. Due to their respective
sizes and natural functionality, microvesicles and exosomes
seem to be model candidates for drug delivery [102]. A study
conducted by van Dommelen and coworkers provided the
initial evidence of biotechnological modification of vesicular
exosomes; immature dendritic cells was derived from mouse
bonemarrowas a source of exosomes.Thesewere then loaded
with exogenous siRNA for delivery. The BBB was chosen as
the target site due to it being a vital obstacle to the delivery
of drugs to the CNS.The study displayed specified delivery of
siRNA toneurons in the brainwith no corresponding toxicity.
In another study performed, exosomes were used to deliver
anti-inflammatory drugs to the brain via the intranasal route.
It was proven that exosomes administered in this manner are
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potential delivery vehicles for small molecules, by enhancing
biological stability and passage across the BBB; these systems
may be extended to include a wider range of therapeutic
agents [103].

Findings from research studies conducted thus far indi-
cate that a vesicular exosomal-based formulation could be a
valuable implement in future for the treatment of neurode-
generative disorders [104]. A comprehensive summary of the
various drug delivery systems, polymers, and drugs employed
in their formulation process and their respective applications
is provided in Table 4.

10. Conclusions

Central nervous system (CNS) disorders such as schizophre-
nia are becoming increasingly prevalent, with limitations in
social and physical functionality of patients being reduced.
Treatment outcomes associated with schizophrenia therapy
are reduced due to pharmacoresistance, which leads to a
reduction in patient compliance. The P-glycoprotein (P-gp)
efflux transporter located within the blood-brain barrier
restricts the uptake of drugs and other molecules within the
CNS; furthermore it has been implicated in the occurrence of
pharmacoresistant schizophrenia.Therefore, research studies
conducted in regards to the role of the P-gp transporter in
CNS drug delivery prove to be a noteworthy avenue so as
to improve schizophrenia treatment outcomes. The investi-
gation of pharmaceuticals and novel drug delivery systems
performed within the context of other CNS related disease
states as reviewed has a promising applicability to the future
therapy of pharmacoresistant schizophrenia due to P-gp
efflux activity. Although P-gp modulating chemosensitizers
show a noted reduction in P-gp function the use of high
doses to achieve such an effect becomes a limiting factor to
their use, due to toxic side effects. Conversely, the use of
natural and synthetic polymers demonstrates highly efficient
P-gp modulatory activity coupled with a pronounced safety
profile and low cost; thus it is evident that these agents have
a vast functionality in P-gp modulating systems. In addition
a great amount of research has been focused on the use
of nanotechnology in the bypassing of P-gp to allow for
enhanced brain uptake of bioactive agents, with majority
of these systems displaying success. However, the design
and development of nanosystems are both time consuming
and costly. Therefore, foreseen future trends lay in the
benefit of applying the reviewed P-gp modulating agents into
conventional delivery systems such as matrix tablets, which
offer the added advantages of ease of administration, cost
effectiveness, and improved patient compliance to treatment
plans as it is a conventional method of drug delivery with
a wide array of applications. Moreover, the need for P-
gp modulating systems in schizophrenia treatment is vital,
yet there remains a research gap in the development of
drug delivery systems to combat P-gp efflux of antipsychotic
agents at both the intestinal and BBB levels. Thus this review
points to the various methods that may be applied in future
schizophrenia drug delivery strategies.
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With significant advances in the research and application of nerve conduits, they have been used to repair peripheral nerve injury
for several decades. Nerve conduits range from biological tubes to synthetic tubes, and from nondegradable tubes to biodegradable
tubes. Researchers have explored hollow tubes, tubes filled with scaffolds containing neurotrophic factors, and those seeded with
Schwann cells or stem cells. The therapeutic effect of nerve conduits is improving with increasing choice of conduit material, new
construction of conduits, and the inclusion of neurotrophic factors and support cells in the conduits. Improvements in functional
outcomes are expected when these are optimized for use in clinical practice.

1. Introduction

Peripheral nerve injuries, which affect 13 to 23 per 100000
persons each year, are one of the main problems in level one
trauma centers [1, 2]. Since most of the patients with periph-
eral nerve injury are at the peak of their employment produc-
tivity, any loss or decrease in function can be particularly dev-
astating [3]. Treatment of injuries to peripheral nerves is one
of the most challenging surgical problems. Despite advance-
ments in microsurgical techniques, complete recovery of
nerve function after repair has never been achieved [4]. The
results of peripheral nerve repair have reached a plateau, with
functional recovery still being unsatisfactory, and surgical
techniques can hardly be further refined.

Despite early diagnosis and accurate nerve repair with
modern surgical techniques, functional recovery never
reached the preinjury level. Poor outcomes result from factors
both intrinsic and extrinsic to the nervous system, such as the
type and level of injury, integrity of the surrounding tissues,
the timing of the surgery, and changes in spinal cord neurons
and end organs [5–7]. Misdirection of regenerating axons at
the injury site is still a major problem. Therefore, interest

is increasing in the role of microenvironmental factors in
regulating accurate axonal regeneration.

Different from the central nervous system, the peripheral
nervous system has strong potential for regeneration. Within
an appropriate microenvironment, the regenerating axons
extend their processes into the distal bands of Bunger to
restore the function of end organs. Traditional epineurium
neurorrhaphy for peripheral nerve injury induces regenera-
tion by direct contact, which leads to enforced inosculation
and inappropriate coaptation of nerve fascicles, which may
result in neuroma. Nerve grafting remains the gold standard
of care in addressing peripheral nerve injuries that cannot be
bridged by direct epineural suturing [8]. However, the autol-
ogous nerve graft is very limited and not readily available;
the process of harvesting autologous nerve graft results in
morbidity, scarring, sensory loss, and neuroma formation at
the site of harvest [9–11]. Thus, it is necessary to take a differ-
ent approach than direct neurorrhaphy and nerve grafting to
achieve satisfactory functional recovery with little complica-
tions, particularly in patients with extensive peripheral nerve
injury and insufficient amount of donor nerve for harvest.
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Figure 1: The preferable microenvironment created by the nerve conduit that promotes selective nerve regeneration.

2. An Alternative to Nerve Autograft

Application of nerve conduits can effectively solve the prob-
lems of direct nerve suturing and nerve grafting. In nerve
conduit bridging technique, proximal and distal nerve
stumps would be inserted into the two ends of a nerve con-
duit, and axons regenerating from the proximal stump grow
through the conduit and selectively grew into their original
pathways in the distal stump. The conduit provides trophic
support for both stumps and prevents the invasion of the
surrounding tissues into the gap between two stumps. More-
over, nerve conduits enrich the neurotrophic factors within
the chamber and build a microenvironment, which enhances
axonal regeneration after injury (Figure 1).

Since Cajal [12] proposed the hypothesis of nerve chemo-
taxis, nerve conduit bridging has been developed and grad-
ually used in the clinic. Brushart et al. [13], in their study
grafting rat sciatic nerves with nerve conduits, found that the
microenvironment produced by nerve conduit is beneficial
for robust and accurate nerve regeneration and functional
recovery. In other series of studies, Koerber et al. [14] reported
better recovery using nerve conduits than direct nerve sutur-
ing in animal subjects.Meek andCoert [15] persuaded the EU
and US Food and Drug Administration to test the effective-
ness of various absorbable nerve conduits. Weber et al. [16]
performed a randomized controlled study of 136 patientswith
peripheral nerve injury in 5USmedical centers. Patients were
randomly distributed to polyglycolic acid (PGA) bridging or
direct suturing groups: 91% of the PGA group reported sat-
isfactory healing results as compared with 49% of the direct
suturing group. Taras et al. [17] performed peripheral nerve
conduit repair in 73 patients with peripheral nerve injuries,
and, except for 2 patients with allergy, all the other patients
reported satisfactory recovery. Ashley et al. [18] used aNeura-
Gen conduit to treat 7 infants with obstetric brachial plexus
palsy. All infants gained satisfactory nerve functions and did
not suffer from any complications.

Summarizing from the current animal studies and clinical
trials, artificial nerve conduit grafting method is superior to
direct suturing and autologous nerve grafting in that conduits
can be easily prepared, can be shaped into any size, can be
readily available in the surgery, can prevent the functional loss
at the donor site, and can promote the axonal regeneration
accuracy after nerve injury.

3. Desirable Properties of
Nerve Guidance Conduits

In order to provide ideal scaffold and channel for axonal
regeneration, the materials of the nerve guidance conduits
should have the following physical properties [19–21].

3.1. Permeability. Nutrients and oxygen need to diffuse into
the site of regeneration before the tube becomes vascularized.
In addition, permeability might be needed to ensure viability
of supportive cells if added.

3.2. Flexibility. Nerve conduits should be flexible to avoid
causing mechanical injury to the surrounding tissues and
regenerating axons. It is especially important when the nerve
conduit is sutured over a joint.

3.3. Swelling. Inappropriate swelling could block the tunnel
and prevent nerve regeneration through the conduit or
directly injure the regenerated nerve in the conduit.

3.4. Rate of Degradation. The ideal nerve conduit should
remain intact before the axons grow from the proximal stump
through the gap to reinnervate the distal nerve pathways
and then degrade gradually with minimal swelling or the
surrounding tissues [22, 23]. If the degradation process is too
fast, it may lead to swelling and focal inflammation. On the
other hand, if it is too slow, the conduit could compress the
nerve and cause chronic immune rejection.

4. Materials for the Making of
Nerve Guidance Conduits

Depending on the original conduit material andmanufactur-
ing process, nerve conduits can be divided into biological and
synthetic nerve conduits.

4.1. Biological Conduits. Biological conduits such as autolo-
gous arteries, veins, muscle, and isotype-variant or hetero-
geneous collagen tubes denatured skeletal muscle or muscle
basal lamina [24, 25], human amniotic membrane [26], veins
[27], and polyglycolic acid-collagen tubes [28]. Biomaterials
such as vein, artery, muscle [29], and umbilical cord vessels
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have been widely used to repair relatively short nerve defects.
Thesematerials can provide support for the nerve in the short
term and degrade to innocuous products after complete
nerve regeneration. Some authors have used autogenetic
epineurium [30, 31], normal nerve trunks [32], autogenic
veins and autogenic small arteries, and even muscle fibers
[33–37] to repair peripheral nerve injury and reported sat-
isfying results.

4.2. Synthetic Nerve Conduits. They include nondegradable
and degradable nerve conduits.

4.2.1. Nondegradable Nerve Conduits: Silicone, Plastic, and
Polytetrafluoroethylene Tubes. The silica gel canal was the
earliest artificial conduit [38, 39]. Lundborg et al. [40, 41] used
silicon tubes to repair nerve defects. Hollow silicon tubes
have been used to repair less than 1 cm long nerve defects in
rat sciatic nerve [42], and silicone tubes filled with SCs have
been used to repair a 1.5 cm defect in rat sciatic nerve [43].
Although nondegradable nerve conduits eliminated the need
to harvest autologous nerves, they always cause inflammation
of the surrounding tissues and compression of nerve that
could affect the regeneration of nerve axons [44]. Another
disadvantage of those conduits is that they require a second
surgery for removal, which could cause pain and more injury
to the patient.

4.2.2. Degradable Nerve Conduits. The commonly used
degradable materials include collagen [45, 46], chitin [47–
49], polyglycolic acid conduit, polylactic acid conduit, gly-
colide trimethylene carbonate conduit, polylactic acid con-
duit [50], polycarbolacton conduit, poly(lactide-co-glycol-
ide)conduit, natural collagen, and hydrogel conduit.

Rosen et al. [51] compared autologous nerve graft alone
and PGA plus type I collagen (extracellular matrix) grafting
to bridge 5mm defects in rat femoral nerve. After 11 months,
autologous nerve graft was found superior to PGA grafting
only by means of axonal diameter, but having no difference
by means of axonal count or electrophysiologic or func-
tional characteristics between the techniques. den Dunnen
et al. [52] used poly (DL-lactide-epsilon-caprolactone) nerve
guides and autologous nerve grafts to repair rat sciatic nerve
defects. Application of biodegradable nerve conduits resulted
in faster and qualitatively better nerve regeneration across a
short nerve gap (1 cm) than with autologous nerve grafting
method. Poly-3-hydroxybutyrate (PHB) nerve conduits were
used to bridge long nerve defect (up to 4 cm) of rabbit
common peroneal nerve and supported peripheral nerve
regeneration up to 63 days and were proved to be suitable for
bridging long nerve defects [53].

Researchers are enthusiastically investigating new biode-
gradablematerials with excellent physical and chemical prop-
erties. Biodegradable chitosan-collagen and collagen tubes
were proved to promote the growth of axons [54]. However,
hollow biodegradable materials can be used to repair only
relatively short nerve defects, and the functional recovery is
still not satisfying.The combined use of fibronectinmats [55],
allogeneic SCs [56, 57], ectogenous neurotrophic factors, and
bridging tubes was proved to enhance neural regeneration

after the injury [58]. PGA collagen tubes filled with collagen
sponge andfibers infiltratedwith laminae have repaired nerve
defect of up to 8 cm in common peroneal nerves in dog [59].
This is the longest distance repaired by artificial nerve bridg-
ing so far.

5. Bioengineering of Conduits and
Seeding with Support Cells

Tissue engineering techniques can be powerful modalities to
improve the effectiveness of nerve conduit bridging. SCs have
bioactivity and can produce nerve growth factors. Adherent
molecules on the surface of SCs can secrete extracellular
matrix and guide the growth of axons. Neurotrophic factors
secreted by SCs may be the most important factors in the
microenvironment for regenerating axons [60, 61]. SCs or
stem cells with ordered scattering in tubes, similar to the
bands of Bunger, may promote the growth of nerve axons.
Nerve tubes with special 3D structure can include the regen-
erating axons and can mechanically guide axons [62]. Bioab-
sorbable and compound conduits (consisting of neurotrophic
factors [63], nerve supporters [64, 65], SCs [66], and neural
stem cells [67–69]) have promoted chemotactic regeneration
of peripheral nerves and enhanced the effectiveness of nerve
repair.

Gulati et al. [61] used cultured SC acellular grafts to repair
2 cm defects in rat peroneal nerve and found host axonal
regeneration earlier and significantly better than hollow acel-
lular grafts. Bunting et al. [70] introduced the use of bioab-
sorbable glass fibers with potential for the most challenging
clinical cases that require bridging long interstump gaps.
Sundback et al. [71] compared the use of poly(glycerol seba-
cate) (PGS) and poly(lactide-co-glycolide) PLGA by means
of SCmetabolic activity, attachment, proliferation, and apop-
tosis in vitro and found that PGS is an excellent candi-
date for neural reconstruction. Hadlock et al. [72] created
polymer foam conduits with longitudinally aligned chan-
nels to implant SCs to provide a suitable environment for
axonal regeneration. The polymer foam-processing method
and unique channeled architecture allowed for controlled
introduction of neurotrophic factors into the conduit. Fansa
and Keilhoff [73] cultured isogenic SCs and implanted them
into acellular autologous matrix: veins, muscles, nerves, and
epineurium tubes. Good regeneration was noted in the
muscle-SC group and impaired regeneration quality in the
other groups (with or without SCs). The muscle-SC graft
showed a systematic and organized regeneration, including a
proper orientation of regenerating fibers. All venous and
epineurium grafts showed more disorganized regeneration.
Varejão et al. [74] compared functional peripheral nerve
recovery in the rat sciatic nerve model after reconstruction of
a 10mm gap with a biodegradable poly(DLLA-epsilon-CL)
nerve guide filled with fresh skeletal muscle or phosphate-
buffered saline. Motor functional recovery was greater in the
muscle-grafting group, with significant difference between
8 and 12 weeks. Axon regeneration progression was better
with muscle-enriched tubes, especially from the distal nerve
stump, than with hollow conduits.
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6. Towards Use in Clinical Practice

In the last several decades, nerve conduits have been used
in clinical practice and have significantly improved the func-
tional recovery after peripheral nerve injury [75–78]. In the
clinical trial of Chiu et al. [30], 22 patients with 34 nerve
injuries were effectively repaired with autologous vein grafts
as nerve conduits when selectively applied to bridge a small
nerve gap (≤3 cm). Gu et al. [76] used chitosan/PGA nerve
guidance channels to repair a 30mm long median nerve
defect in the right distal forearm of a 55-year-old male.Three
years after the surgery, the patient showed satisfactory senso-
rial as well as functional recovery.

7. Future Prospects

Biodegradable nanomaterials are promising for manufactur-
ing novel nerve conduits [79, 80]. Adequate density and
3D structure of scaffolds imbedded with SCs can lead to
forming structures similar to bands of Bunger to enhance
the regrowth of axons in peripheral nerve injury. To avoid
immune rejection, SCs can be taken fromumbilical stem cells
or other tissues such as autologous adipose tissues. With the
combined application of tissue, cell, and genetic engineering
techniques, better functional recovery can be achieved after
the peripheral nerve injury in the future.
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While advances in technology and medicine have improved both longevity and quality of life in patients living with a spinal cord
injury, restoration of full motor function is not often achieved. This is due to the failure of repair and regeneration of neuronal
connections in the spinal cord after injury. In this review, the complicated nature of spinal cord injury is described, noting the
numerous cellular and molecular events that occur in the central nervous system following a traumatic lesion. In short, postinjury
tissue changes create a complex and dynamic environment that is highly inhibitory to the process of neural regeneration. Strategies
for repair are outlined with a particular focus on the important role of biomaterials in designing a therapeutic treatment that
can overcome this inhibitory environment. The importance of considering the inherent biological response of the central nervous
system to both injury and subsequent therapeutic interventions is highlighted as a key consideration for all attempts at improving
functional recovery.

1. Introduction

“One having a crushed vertebra in his neck; he is unconscious
of his two arms (and) his two legs, (and) he is speechless. An
ailment not to be treated” [1]. This excerpt from the Edwin
Smith papyrus was the diagnosis of an ancient Egyptian
physician, and some of the first ever medical observations
regarding the limited ability of the central nervous system
(CNS) to heal following a traumatic injury [1, 2].This passage
is also one of the first written accounts as to the grave
nature of injuries to the CNS. While advances in modern
medicine and technology have improved both lifespan and
quality of life for victims of spinal cord injury (SCI), injury
sustained to the spinal cord generally results in a permanent
loss or impairment ofmotor function and sensation below the
level of injury. This impairment presents victims of SCI with
numerous financial, physical, emotional, and social burdens
[3].

Current strategies to treat spinal cord injury have focused
on restoring function via enhancement of neuronal sur-
vival after injury, regeneration of damaged axons, and
neuroplasticity of spared axons. Ideally, a single treatment
paradigm would be used to accomplish all of these tasks
simultaneously. Unfortunately, however, research efforts have
thus far demonstrated no single therapy or treatment that
will reverse the damage after SCI. Such findings center
on the fact that the spinal cord is a unique and complex
environment, posing many challenges to the restoration of
function. Given that combinations of pharmacologic and
rehabilitative therapies may be necessary to address all of
these challenges, researchers in this field need to consider the
biological implications of each type of therapy in conjunction
with the inherent response to spinal cord injury. Therefore,
this paper is aimed at providing a comprehensive discussion
of the challenges posed by the postinjury response of spinal
cord, current strategies aimed at enhancing functional repair,
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and the potential use of biomaterials in aiding the recovery
process.

2. Part I: The Complex Nature of
Spinal Cord Injury

2.1. SCI: Etiology and Prognosis of Lesions. On average, there
are approximately 12,500 newly reported cases of SCI in the
United States each year, with a prevalence estimated to be
approximately 276,000 persons [3]. Of the reported cases,
a vast majority of SCIs (79%) occur in males and result
from either a contusion or compression style injury [3].
During a contusion injury, forces are rapidly applied to and
removed from the spinal cord.This causes a sudden and focal
compression, with displacement of spinal tissue both rostrally
and caudally, severing any axonswithin the affected region [4,
11, 12]. This style of injury is most commonly associated with
blunt force trauma due tomotor vehicle accidents (38%), falls
(30%), and sporting injuries (9%) [3]. While compression
injuries of the spinal cord occur as a result of a sustained
force, crush injuries can result from slipped intervertebral
discs, dislocation/fractures of the vertebrae, subluxation of
the vertebrae during trauma, or spinal subdural hematomas
and are known to produce larger and more diffuse areas
of injury [3]. Although the area of injury can be quite
extensive, trauma involving sharp penetrating injury or the
complete dislocation of two adjacent vertebrae represents
only a minority of SCI cases [3].

The human spinal cord, on average, is approximately
45 cm long in males and 42-43 cm long in females [13].
Trauma can occur anywhere along the length of the spinal
cord. However, spinal injuries are largely localized to two
anatomic regions: low cervical (C

5
-C
7
) and mid-thoracic

(T
9
-T
10
, [3]). The anatomic level at which the injury occurs

has a significant determination on the level and degree of
impairment or paralysis that follows. Injuries to the cervical
levels of the spinal cord most often result in some degree
of quadriplegia, while those occurring at the thoracic region
most often result in some degree of paraplegia [3].

While the anatomic level of the injury determines what
regions and appendages of the body are affected, the com-
pleteness of the SCI determines the severity of loss in function
and sensation. There are two categories into which SCIs
can be classified: complete and incomplete. In a complete
injury, the spinal cord is severed into two distinct stumps,
axotomizing all of the ascending and descending axonal
tracts. Incomplete injuries, on the other hand, axotomize
somemotor and sensory axonal tracts without separating the
spinal cord into two distinct sections. The more complete
the injury, the more severe the resulting impairment. In a
complete lesion, the lack of tissue connectivity between the
two cut ends results in physical retraction of the stumps,
essentially negating any chance of translesion recovery. The
spared rim of white matter in an incomplete lesion, however,
holds the spinal cord together and provides a potential bridge
for axonal regrowth, thus allowing for the possibility that
some limited translesion recovery may occur. Unfortunately,
even though a majority of SCI cases are the result of

incomplete lesions [3], for which at least limited translesion
recovery should be possible, the inherent biological response
of the spinal cord to the injury often limits the success of the
regenerative response. As such, characterizing the molecular
features of the biological response, such that they may be
addressed by therapeutic approaches, has largely been the
target of SCI regenerative research.

2.2. Biological Response to Injury

2.2.1. Neuronal Response to SCI. The basic anatomic organi-
zation of the spinal cord places the white matter tracts on the
outer periphery, making them susceptible to physical trauma
[13]. In considering contusive or crush style injuries, the
physical stretching forces applied to the spinal cord appear
to be concentrated at the nodes of Ranvier, which, being
devoid of a myelin sheath, is the weakest point of the axon
[4, 14]. Following axonal rupture, exposure of the axoplasm
to the extracellular environment allows for the rapid influx
of extracellular calcium, in turn activating phospholipase
A
2
and triggering the cut end of the axon to reseal [15,

16]. More importantly, the calcium dependent events that
occur at the cut end following injury also appear to play
a role in determining if the damaged axonal tip develops
into an end bulb or a functional growth cone [17]. As the
severed distal end of the axon undergoes the process of
Wallerian degeneration, the proximal part of the neuron
also undergoes a chromatolytic reaction [18]. This reaction
is characterized by the movement of the nucleus to a more
lateral eccentric position within the neuron’s cell body and
the rough endoplasmic reticulum taking on a fragmented
appearance [18, 19].

The postinjury changes that occur in neurons are thought
to be a result of a disruption in sustained neurotrophic
support. As neurons rely on neurotrophins for survival, any
alterations in the availability of such molecules could result
in irreparable damage. In general, neurotrophic support can
be provided through autocrine or paracrine sources or from
axonal connections with a neuronal target [20]. The majority
of neurotrophins arise from innervated targets of the neuron,
at least during development [20, 21]. Following SCI, the
termination of the link between the neuron and its target
disrupts the continued supply of neurotrophic molecules,
causing the neuron to atrophy and further decreasing its
ability to mount a regenerative response [4, 19].

It is well known that supraspinal neurons lack a strong
intrinsic regenerative response following an axotomy in the
spinal cord. This class of neurons, which includes the cor-
ticospinal tract neurons (CST), vestibulospinal tract (VST)
neurons, and rubrospinal tract (RuST) neurons, has, there-
fore, become the most frequent targets of neural regenera-
tion research. Although the observed lack of a regenerative
response fostered the belief that CNS neurons were incapable
of undergoing any type of regeneration, some studies have
demonstrated the contrary. It has been noted that CNS
neurons, particularly those that were axotomized near the
neuronal cell body, are able to grow axons within a peripheral
nerve graft [22–24]. Similarly, propriospinal (PS) neurons,
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Figure 1: Immune response following SCI. Trauma to the spinal
cord elicits an immune response, which begins almost immediately
after injury. Neutrophils are the first immune cells to respond to
the lesion site, arriving within the first few hours after injury, and
remaining for up to 3 days after injury. Vascular macrophages are
the second class of immune cell to arrive at the lesion, arriving after
the initial infiltration of neutrophils. Activation and infiltration of
vascular macrophages subsequently activate and recruit microglial
cells, which can persist in the lesion site for months after injury [4–
7].

another class of CNS neuron intrinsic to the spinal cord,
have also been demonstrated to grow into peripheral nerve
grafts [25]. These studies suggest that if presented with
the appropriate triggers and environmental conditions, CNS
neurons can mount a regenerative response. However, it is
also clear that the postinjury environment plays a significant
role in quashing the regenerative capacity of CNS neurons.

2.2.2. Glial Scar Formation. The complex orchestration of
molecular changes in the spinal cord following any trauma
creates an environment that is well documented as hostile
to the regenerative processes [4, 5, 26–31]. The physical
forces applied to the spinal cord during a contusion injury
result in the destruction of blood vessels, leading to a
massive inflammatory response (Figure 1) and the creation
of a hypoxic postinjury environment [6, 32–35]. This inflam-
matory reaction triggers the process of reactive astrogliosis,
which leads to the production of a chemophysical barrier
that inhibits regenerative activity [4, 5, 26–28, 36–38]. More
specifically, immediately following an SCI, astrocytes located
within the zone of injury become hypertrophic, extending
their processes, proliferating, and organizing into a dense
astrocytic rich border at the lesion site [5, 26, 29]. Overall,
this process functions to produce a glial scar surrounding the
lesioned area.

The glial scar has been widely accepted as a primary
reason for the lack of a maintained regenerative response
following SCI. However recent evidence is beginning to cast
a new light on the glial scar as an important protective
barrier preventing further secondary tissue damage [28, 39–
41]. These studies also suggest that the formation of the glial
scar may be beneficial for the initiation of the axonal sprout-
ing response. For example, Faulkner and colleagues [39]

demonstrated that ablation of reactive astrocytes following a
stab or crush style injury to the mouse spinal cord effectively
prevented formation of the glial scar. This process resulted
in increased demyelination and degeneration of neurons
but decreased number of oligodendrocytes and functional
ability. Overall, reactive astrocytes have been discussed as
benevolent in nature, at least to some degree, due to their
ability to reduce the excitotoxic levels of glutamate in the
extracellular environment, produce molecules that prevent
oxidative damage and toxicity, allow for reformation of the
blood brain barrier, and regulate the fluid and ion balance of
the extracellular space [28].

2.2.3. Chondroitin Sulfate Proteoglycans (CSPGs) as Barriers
to Repair. Reactive astrogliosis produces an upregulation of
CSPGs in the tissue surrounding the lesion site (reviewed by
[5, 37, 38, 42–45]). Immediately following injury, astrocytes
upregulate and synthesize the CSPGs brevican, neurocan,
and phosphacan, while infiltrating vascularmacrophages and
microglia increase their expression of the proteoglycan NG2
(Figure 2, [8, 43, 46]). Demyelination triggers the recruitment
of oligodendrocyte progenitor cells (OPCs) to the lesion site,
which also causes the increase in expression of the proteogly-
cansNG2 and versican [8, 43, 46]. High levels of CSPGs in the
postlesion environment have a significant role in inhibiting
the regenerative capabilities of the CNS. For example, in the
presence of CSPGs, OPCs fail to undergo differentiation into
myelin forming oligodendrocytes [47–49].The interaction of
neurons with CSPGs activates the Rho-ROCK and/or protein
kinase C (PKC) inhibitory signaling cascades, which have
been demonstrated to negatively regulate axonal outgrowth
and extension by inducing growth cone collapse [50, 51].This
leads to growth cone retraction and an overall abortion of the
regenerative process [4, 5, 36]. Blocking the Rho-Rock and/or
PKC pathways has been noted to reverse the inhibitory
effects of CSPGs on axonal regeneration and OPC process
outgrowth [45, 47, 52, 53], adding additional confirmation for
the effects of these signaling cascades.

While CSPGs, overall, exert a largely inhibitory influence
to the regenerative process, the specific inhibitory nature
varies among the different proteoglycans. In vitro, purified
brevican, neurocan, and phosphacan have all been identified
as inhibitory to axonal attachment and growth [5, 42]. The
ability of neurocan and phosphacan to interact with neural
cell adhesion molecules (N-CAM) on neurons is thought to
be the mechanism underlying their inhibitory effects [5, 42].
Versican, however, is not inhibitory to either axonal regrowth
or adhesion. This is evidenced by the in vitro finding that
axons not only are able to grow through deposits of versican
but also show no signs of inhibition in the presence of the
purified proteoglycan [54, 55]. Some in vitro studies have
demonstrated that neural/glial antigen 2 (NG2) is inhibitory
to the process of axonal outgrowth, although the effects of
NG2 in vivo remain undetermined [8, 56, 57]. The most
recently characterized brain-derived proteoglycan, Te38, has
been found to be highly inhibitory to axonal regeneration [58]
and is readily present within the lesion site following SCI [59].
While Te38 is able to be detected for up to 4weeks after injury,
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Figure 2: Upregulation and expression of CSPGs. Almost immedi-
ately following an SCI, astrocytes located within the area of trauma
begin to undergo hypertrophy, synthesizing and secreting CSPGs,
including neurocan, phosphacan, and brevican. Additionally, the
infiltration of vascular macrophages, activated microglial cells, and
OPCs results in the increase in the proteoglycans NG2 and versican.
The temporal expression of these proteoglycans is important to
factor into any treatment, as they have differential effects on the
regenerative process.Neurocan and versican are upregulated quickly
following injury, with maximal expression observed 2 weeks after
injury.Their expression begins to wane at longer times, approaching
base levels by 8 weeks after injury. Brevican is also upregulated after
injury, reaching maximal expression 2 weeks after injury. However
unlike neurocan and versican, brevican expression remains elevated
over time. Phosphacan is initially downregulated following SCI,
with significantly reduced levels 1 week after injury. The expression
begins to increase at longer times after injury and peaks around 8
weeks after injury. NG2 expression can be generally correlated to
the infiltration of vascular macrophages, activated microglia, and
OPCs, with maximal expression being found 1 week after injury.
This differential expression pattern of CSPGs plays a large role in
governing the regenerative response as many CSPGs are inhibitory
to both process of atonal regeneration and remyelination (adapted
from [8]).

the exact expression pattern for this proteoglycan has yet to
be determined [59].

Neurocan and phosphacan are also both highly inhibitory
to OPC process outgrowth and differentiation [47]. Impor-
tantly, studies have shown that CSPGs interact with adhesion
molecules expressed on various cell types, mediating their
inhibitory effects via the surface receptor protein tyrosine
phosphatase sigma (PTP𝜎) that is found on both neurons
and OPCs [49, 60–63]. This is an important finding since, to
date, all other CSPG receptors, including Nogo-66 Receptor 1
(NgR1), Nogo-66 Receptor 3 (NgR3), and leukocyte common
antigen receptor (LAR), have only been found on neurons
[64, 65].

Overall, the inhibitory influence of CSPGs on the postin-
jury environment is a major barrier to the regenerative pro-
cess. Further complicating this matter is the temporal expres-
sion of these molecules. While the induction of the CSPG
synthesis begins immediately after injury, the upregulation of
specific CSPGs happens at different intervals. Brevican, neu-
rocan, and versican expression is found to be maximal at two

weeks after injury, while NG2 achieves peak expression one-
week after injury (Figure 2, [8]). Interestingly, however, the
expression of phosphacan is initially downregulated and then
begins to be expressed, with peak levels found approximately
eight weeks after injury [8]. The continual upregulation of
different CSPGs makes the postinjury environment of the
spinal cord inhibitory to the regenerative process for many
months.

The glial scar appears to be a paradoxical structure,
identified as highly inhibitory to axonal regeneration, while
also protecting and isolating the damaged tissue. The dual
nature of the glial scar suggests that while it will need to
be modified in order to create a permissive environment,
the scar is necessary to prevent additional tissue damage.
Additionally, the fact that reactive astrogliosis is a response
that is graded to the nature of the CNS insult [29] indicates
that treatments targeting this process will bring the most
benefit to individuals suffering from severe injury.

2.2.4. Myelin Degradation. Both direct physical destruction
and indirect damage due to inflammatory activity result in
the death of oligodendrocytes, the myelin producing cell of
the CNS. Oligodendrocytes are particularly sensitive to SCI
[66] with tissue damage after an SCI resulting in the death
of oligodendrocytes at the lesion site and, over time, even
at a distance from the initial lesion [5]. Oligodendrocyte
death occurs in two stages, with the initial loss being due
to physical damage during the injury process and a delayed
secondary loss resulting from ongoing pathology [4, 5, 7].
While the majority of early oligodendrocyte death is necrotic
[7], oligodendrocyte apoptosis can be observed, both locally
and in segments at a distance from the site of original lesion,
for weeks following injury [67–74]. It has been demonstrated
that a compression injury inflicted at the T8-9 level can lead
to oligodendrocyte apoptosis at spinal levels as far away as
T1-L2 [68]. This secondary process occurs, in part, due to
SCI induced glutamate release, which reaches levels that are
toxic to oligodendrocytes (550mM ± 80mM, [75]). Other
events that induce apoptosis are the formation of free radicals
in the lesioned tissue [7] and p75 neurotrophic receptor
(p75NTR) mediated cell death. The latter results from p75NTR

upregulation following pathologic stress to the oligodendro-
cytes [76, 77]. Specifically, trauma to the spinal cord leads to
increases in the synthesis and production of nerve growth
factor (NGF) by astrocytes, activated microglia, and vascular
macrophages [78]. The immature form of NGF (proNGF)
interacts with p75NTR on the surface of oligodendrocytes,
resulting in apoptosis [79].

Loss of oligodendrocytes creates an excess of myelin
breakdown products in the lesion. This myelin debris con-
tains variety of myelin proteins, including Myelin Associated
Glycoprotein (MAG), Myelin Oligodendrocyte Glycoprotein
(MOG), Nogo-66, and Nogo-A, all of which have been
demonstrated to be highly inhibitory to regenerating neurons
[63, 80–90]. These molecules interact with a variety of
surface receptors, such as Nogo receptor (NgR aka NgR1),
p75NTR, andTROY (akaTAJ), and are documented to provide
repulsive axonal guidance cues, by collapsing or causing
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retraction of the axonal growth cone [5, 44, 84, 89, 91, 92].
Due to the slow phagocytic nature of the central nervous
systems macrophages and microglia, myelin proteins are
able to remain in the postinjury environment for several
months [5, 32, 93]. These proteins, however, are not the only
inhibitory elements found at the lesion site. The regenerative
process is also inhibited by the presence of glycoprotein
CD44, tenascins, and semaphorins at the site of injury
(reviewed by [4, 5, 26]).

2.2.5. Cavitation and Cyst Formation. As the macrophages
and microglia clear cellular debris, the lesion cavity will
eventually become nothingmore than a fluid filled cyst called
a syrinx [4, 7, 94]. While the pathophysiology underlying the
formation of the posttraumatic syrinx is not fully understood,
the process of postinjury cavitation is observed in both
human and rodent cases of SCI [94, 95]. In the rat model
of spinal cord injury, cavity formation is usually observed
15 days after injury [95]. Mouse models of SCI, interestingly,
do not typically demonstrate such postinjury cavitation [95].
Syrinx formation in humans after SCI can take up to several
months or years to manifest [94]. These cysts, once formed,
run the risk of enlarging, producing a degenerative condition
known as syringomyelia, which has the potential to cause
further deterioration of sensory or motor function [94]. This
fluid filled cavity also presents the surviving neurons, yet
another challenge to overcome in the regenerative process,
by eliminating the availability of an extracellular matrix on
which their axons can grow.

Given the substantial role that cellular and molecular
responses play in the regenerative ability of the spinal cord,
it is critical that these aspects are considered when attempt-
ing to successfully approach the development and use of
methods aimed at neurorestoration following SCI.Therefore,
the remainder of review will be devoted to discussion of
common research strategies for enhancing repair as well
as the potential role of biomaterials in promoting more
substantial neurorestorative effects.

3. Part II: Current Research Strategies to
Enhance Repair

Given the complexity of the biological response to SCI, a
number of different therapeutic approaches have been devel-
oped to target one ormore of the issues preventing functional
recovery. In general, spinal cord injury research focuses on a
few broad topics: neutralization of inhibitory elements within
the postinjury environment; promotion of neuronal survival
(neuroprotection); stimulation of axonal regeneration and/or
plasticity (neuroregeneration); and remyelination of denuded
axons. Research in each one of these areas has yielded
important insight into the ability for neurorestoration of the
functional spinal cord as a result of postinjury environment
manipulation.

3.1. Neutralization of Inhibitory Factors. Neutralization of
inhibitory factors in the postinjury environment is one
promising approach for enhancing the regenerative response

following an SCI. While there are many different inhibitory
elements that can be targeted within the postinjury envi-
ronment, the most progress has been made on developing
agents to neutralize the inhibitory influence of either CSPGs
or myelin debris.

CSPGs expressed in and around the glial scar are widely
accepted as a primary reason for the lack of axonal regener-
ation and/or remyelination following an SCI. However, the
inhibitory nature of the CSPGs can actually be neutralized
using the enzyme chondroitinase ABC (cABC). Chondroiti-
nase is an enzyme produced by the bacteria Proteus vulgaris,
which catalyzes the removal of the glycosaminoglycan side
chains from the central core protein [96]. Many studies have
shown that by treating a CNS lesion site with the enzyme
cABC both axonal sprouting and axonal growth into and
around the lesion are significantly increased [97–103]. The
use of this agent has been shown to effectively reverse CSPG
inhibition and promote axonal sprouting and outgrowth
[97–102, 104]. Use of cABC also enables the migration and
differentiation of endogenous OPCs [47–49, 105].

One of the major limitations of cABC as a treatment
for SCI is the mode of administration. Chondroitinase is a
very labile enzyme that when reconstituted does not retain its
biological activity for very long, due to its thermal instability.
When incubated at 37∘C, the enzymatic activity of cABC, in
solution, is gone by 7–10 days [106]. While the therapeutic
ability of cABC is very promising, experimental stabilization
of the enzyme is needed for it to be a more effective
therapeutic agent. Stabilization of cABC has been attempted
in several ways including alteration of its structure [107],
incorporation in viral vectors for constant in vivo expression
[103, 108, 109], or incorporation into biomaterial delivery
systems [110].

While the neutralization of CSPGs has demonstrated
promise in reversing their inhibitory effects, a similar result
has also been noted via modulation of the activity of the
PTP𝜎 receptor. The PTP𝜎 receptor has been identified as
a CSPG interacting receptor that is expressed on neurons
[49, 60–63]. In general, PTP receptors are a group of surface
receptors that contain two catalytic domains, D1 and D2.
The D1 domain is the primary catalytic site, while D2 serves
regulatory functions. One way in which the activity of these
receptors is modulated is through a wedge shaped sequence
that is located between the membrane and the proximal
region of the D1 catalytic domain [111].Therefore, the activity
of the PTP𝜎 receptor can be inhibited using a generated
membrane-permeable peptide that mimics the PTP𝜎 wedge
sequence. The binding of this peptide to the PTP𝜎 receptor
has been noted to result in a significant increase in axonal
growth after injury [112]. As a result, research has determined
that systemic delivery of this peptide over time allows for both
the enhancement of serotonergic innervation of the spinal
cord below the level of injury and the facilitation of recovery
of motor function and micturition in treated animals [112].

The myelin debris released into the lesion environment
presents additional inhibition to the regenerative ability of
the injured axons, which becomes further compounded by
the slow phagocytic clearance of the debris [5, 113, 114]. One
myelin associated protein known to be a potent inhibitor of
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axonal regeneration, Nogo-A [115], is a specific target in the
quest to neutralize inhibitory factors. Just as the inhibitory
CSPGs can be neutralized using cABC or by modulating
CSPG receptors with a blocking peptide, the negative influ-
ence of Nogo-A can be ameliorated using antibodies against
it.

Significant increases in both the number of axons regen-
erating and the overall length of the regenerating axons have
been found following infusion or other systemic deliveries of
the Nogo-A antibody [85–88, 90]. Even after a long interval
of time following a stroke injury, treatment with anti-Nogo-
A can still produce not only a sprouting response from
the damaged axons but also an improvement in subsequent
functional recovery [116]. While the effects of Nogo-A on
axonal regeneration and sprouting have largely been studied
utilizing the stroke model of injury, its use in SCI models also
demonstrates axonal sprouting and increases in the length of
axonal arbors [87].The observed neurite outgrowth, attained
by using antibodies to Nogo-A, is thought to be accomplished
through the inhibition of intracellular pathways that are acti-
vated by the Nogo receptor, such as the Rho/Rock pathway
[52, 117].

Similar effects on axonal regeneration have also been
noted following administration of an antibody that is spe-
cific to the potent inhibitory domain of Nogo-A, IN-1
[118, 119]. Notably, neuroanatomical evidence demonstrating
regenerative axonal growth in combination with marked
improvements in the recovery of function has been found
when the IN-1 antibody is delivered to the site of a cerebral
cortical transection or stroke injury in mice [118, 119]. More
importantly, when IN-1 is administered into the CNS of
nonhuman primates following a thoracic SCI, significant
increases in axonal sprouting and regenerative growth are
also found [120].

Taken together, these studies collectively demonstrate
that the use of cABC, Nogo-A, or IN-1 to neutralize the
inhibitory elements foundwithin the postinjury environment
has potential to aid the neuroregenerative response following
SCI.

3.2. Stimulation of Axonal Regeneration. CSPGs interfere
with axonal regeneration by inducing collapse of axonal
growth cones, producing premature abortion of the normal
regenerative response. Axonal collapse is thought to be a
result of molecular signaling events activated within the axon
itself. Exposure of the damaged axonal tip to the CSPGs and
myelin debris found within the lesion results in the activation
of inhibitory signaling pathways, such as RhoA/Rock. This
then triggers the breakdown of actin filaments and results in
the cessation of axon growth [121]. As stability of the axonal
growth cone is dependent on microtubule polymerization,
which is regulated bymicrotubule-actin interactions, a recent
avenue of research has focused on promoting axon regenera-
tion via microtubule stabilization and/or the modification of
axonal pathway signaling.

Microtubule stabilizing anticancer drugs, which achieve
their anticancer properties by interfering with cellular divi-
sion, have recently shown promise in the field of axonal

regeneration. Two such drugs are paclitaxel (Taxol) and
Epothilone B [121–123]. Taxol has been found, both in vitro
and in vivo, to prevent the formation of retraction bulbs after
injury, stabilize the cytoskeleton of the reactive growth cone,
and promote the regeneration of axons in an injured optic
nervemodel [121, 123]. Epothilone B, when given systemically
following an SCI in rodents, has been found to decrease glial
scarring and increase microtubule polymerization in the tip
of the axon. In short, induction of microtubule polarization
in the growth cone appears to drive growth of the axon at the
site of lesion [122]. Importantly, not only do both Taxol and
Epothilone B have the potential to enhance axonal growth
following injury but also both of these drugs are currently
FDA approved for cancer therapy. Thus, some evidence
related to a degree of safety for use of such drugs in humans
has been previously established in the cancer literature.

Axonal regeneration may be stimulated after injury
through direct modulation of signaling pathways within the
axons.While themolecular signaling events that occurwithin
the axon are complex and numerous, there are a few that
warrant discussion due to their ability to facilitate axonal
regrowth. One such molecular signaling target is Phosphate
and Tensin homologue (PTEN), which is a negative regulator
of the mammalian target of rapamycin (mTOR). Recent
studies have demonstrated that silencing thismolecule results
in significant axonal growth [124–126]. The disruption of
PTEN, via mouse knockout models, has also been noted
to produce robust axonal regeneration following a crush
injury to the optic nerve [124, 125]. Even injecting shRNA
against PTEN prior to injury appears to allow for protection
of the regenerative response. Injections of shRNA against
PTEN into the CST neuronal cell bodies of neonatal mice
have been found to produce significantly higher levels of
postinjury axonal regeneration, as compared to controls,
when spinal cord crush injury had occurred 7 weeks after
administration of the injection [126]. The regeneration that
occurred following the shRNA injections was even present
across areas rich in GFAP.

In addition to PTEN, suppressor of cytokine signaling 3
(SOCS3), which is a negative regulator of Janus kinase/signal
transducers and activators of transcription (JAK/STAT), has
been described as inhibitory to axonal regeneration. For
example, conditionally knocking out SOCS3 in mice results
in a significant increase in the number of axons that cross
a crush injury to the optic nerve [127]. Further, when both
SOCS3 and PTEN are knocked out, the amount of axonal
regeneration observed following an optic nerve crush injury
is significantly greater than what is achieved by knocking out
only PTEN or SOCS3 alone [125].

Finally, another target for axonal regeneration therapies is
the Krüppel-like factors (KLF) family of transcription factors.
This family of transcription factors plays a large and impor-
tant role in the regulation of neural growth and regeneration
by either suppressing or enhancing axonal growth abilities.
Interestingly, KLF family members known to be inhibitory to
axonal growth (KLF 4 and 9) have been found to be upreg-
ulated postnatally, while those that are growth promoting
(KLF 6 and 7) are downregulated at this time [128, 129].
Although this may sound counterintuitive to axon growth,
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which occurs at a high rate during development, knowledge
of the levels of expression during times of high development
provides another avenue for research into mechanisms for
targeting regenerative potential.

These studies, when considered collectively, indicate that
both strategies that target growth inhibitory signaling ele-
ments and therapies that stabilize the growth cone may be
necessary in order to achieve the long distance growth needed
for functional recovery following SCI.

3.3. Neurotrophic Factor Supplementation. The inhibitory na-
ture of the postinjury environment is well described, and the
physiologic andmetabolic stresses experienced by the neuron
are extensive. While it is clear that the neutralization of
inhibitory elements found within the post-SCI environment
has beneficial effects on axonal sprouting/growth, the overall
health of neurons following injury still needs to be main-
tained. If the neuron dies, then any hope of a regenerative
response is lost.Therefore, another active research area in SCI
regeneration has focused specifically on the neuron, identify-
ing ways to promote neuronal survival, axonal regeneration,
and axonal plasticity through the use of neurotrophic (NT)
agents and other growth promoting molecules.

Neurotrophic molecules consist of a family of proteins
which are structurally similar and bind to one of three tyro-
sine kinase (Trk) surface receptors or the p75 neurotrophic
receptor (p75NTR). Members of the NT family include Brain-
Derived Neurotrophic Factor (BDNF) and neurotrophin-4
(NT4/5) which preferentially bind to TrkB, NGF which binds
TrkA, neurotrophic factor-3 (NT-3), and its receptor TrkC
[130–132]. While NTs bind to a specific Trk receptor, all of
the NT molecules can bind to p75NTR, which has important
physiological implications on neurons. A NT binding to
p75NTR only without the expression of the appropriate Trk
receptors can be harmful. For example, when sympathetic
neurons expressing p75 and TrkA receptors were exposed to
BDNF, the binding of BDNF to p75NTR without the presence
of TrkB resulted in p75NTR induced apoptosis of the neurons
[131–133].

Another family of growth promoting molecules is the
glial derived neurotrophic factors, which require two surface
receptor components.TheGDNF family ofmolecules directly
binds to one of four GDNF family receptor alphas (GFR𝛼),
which then complex with the Ret receptor tyrosine kinase.
Members of this family include glial derived neurotrophic
factor (GDNF) which binds GFR𝛼1, neurturin which binds
GFR𝛼2, artemin which binds GFR𝛼3, and persephin which
binds to GFR𝛼4 [132, 134].

The NT and GDNF family of molecules represents only
a small sample of the plethora of neurotrophic substances
and growth factors that may contribute to the regenerative
quality of the CNS. Additional neurotrophic agents, which
have also been shown to be potent in enhancing neuronal
survival or axonal regeneration, include leukemia inhibitory
factor (LIF) and ciliary neurotrophic factor (CNTF) [135–
138]. Importantly, each of these additional agents binds to
specific surface receptors, whose location and binding affinity
must be considered when investigating their potential to

assist in the regenerative process. Through the use of in situ
hybridization, immunofluorescence, and genetic screening
techniques, Trk, Ret, andGFR𝛼 receptors have been localized
in several classes of afferent neurons, efferent neurons, and
interneurons (e.g., [139–143]). If a specific neuronal popula-
tion expresses a certain class of neurotrophin receptors, the
neurons are considered to be responsive to that neurotrophin.
Thus, BDNF, GDNF, NGF, NT-3, and NT-4/5 are commonly
utilized in attempts to prevent injured neurons from under-
going apoptosis. Moreover, these factors have been used in
order to coax such neurons into a regenerative response.

Studies have demonstrated that classes of efferent neurons
such as CST, RuST, and coerulospinal and reticulospinal
neurons are receptive to the NT agents, BDNF, GDNF, NT-
3, and NT-4/5, with varying responses of neuronal survival,
axonal sprouting, and even axonal growth [141, 144–148].
BDNF and NT-4/5 treatment has been shown to prevent
the atrophy of RuST neurons, stimulate an upregulation
of genes known to be associated with axonal regeneration,
and even promote the regeneration of RuST axons [146,
147]. CST neurons have shown resistance to postinjury
apoptosis following BDNF treatment [20] and have also been
shown to be protected from cell death by the neurotrophic
factors GDNF and NT-3 [141, 145, 148]. NT-4/5 promotes
the growth of reticulospinal, coerulospinal, and PS axons,
while appearing to have no significant effect on other efferent
classes of neurons, such as the CST neurons [149]. While
BDNF, NT-4/5, and GDNF are effective in coaxing classes
of efferent neurons to undergo some degree of post-SCI
sprouting, afferent classes of neurons, such as the dorsal root
ganglion cells, are responsive to NT-3 and NGF [150, 151].
When considering or utilizing NT agents as a therapeutic
strategy, there are three major issues that need to be carefully
examined: the location of NT administration, the timing after
injury in which the NT agent should be administered, and
finally the number or combination of NT agents that need to
be or can be administered at one time.

Overall, in vitro studies have shown that supplying neu-
rotrophins, at the cell body and axon terminals combined
or simply at the axon terminals alone, can maintain the
neuronal cell body and induce axon growth [152]. In some
cases where neurotrophic treatment is only applied to the
cell body, axons are found to retract despite survival of
the neuron [152]. However, in vivo studies of CST neurons
demonstrate that BDNF treatment of the CST neuron at the
cell body following axotomy saves the neuron from cell death
and promotes sprouting of the injured axon [20, 153, 154],
while damaged CST axons show no signs of regenerative
growth when BDNF is applied at the lesion site in the spinal
cord [20]. Treatment of RuST neurons with the neurotrophic
factors at the level of the brain not only prevents their
atrophy but also has been found to promote their axonal
regeneration [146, 147]. Deciding on which location to apply
the NT treatment is complicated, while the damaged end of
the axons in cases of SCI is easily accessible, and the cell
bodies of the major efferent neuronal classes are located in
the brain and brainstem. This raises the question of whether
or not performing invasive brain surgery to gain access to
the neuroanatomical locations of the efferent neurons and
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Figure 3: Chronology of postinjury events. The lesion site in
an injured spinal cord is also a very dynamic environment that
undergoes many different changes, as the lesion changes from an
acute injury to a chronic injury. In addition to the inhibitory
environment established after SCI, the ever-changing nature of
these postinjury events needs to be factored into the design of any
therapeutic treatment [4, 5, 7, 9, 10].

potentially causing tissue damage via the administration of
a NT agent are worth the risk posed to the patient.

Timing of NT delivery is another critical aspect when
it comes to the use of NT agents to promote repair in
the lesioned spinal cord. The lesion site and surrounding
tissue present a very dynamic environment, with a multitude
of events occurring concurrently (Figure 3). This complex
orchestration of events (see review [9]) shifts from an acute
phase of inflammation and tissue necrosis, resulting in an
immediate loss of neurons and myelin, to a chronic phase
of secondary injury, where the CNS structures distal to the
site of injury undergo neuronal atrophy, CSPG upregulation,
and demyelination (Figure 3). Neuronal response to NTs
can be significantly impacted by the time of administration.
In rodent models of SCI, BDNF and/or NT-3 delivered
either immediately or 7 days after transection has been
found to produce differential effects on axonal regeneration
and functional recovery. Specifically, significantly greater
amounts of axonal regeneration and behavioral recoverywere
observed in animals that received the delayed NT treatment,
as compared to those having received treatment immediately
following the spinal transection [155]. In contrast, immediate
treatment of injured RuST neurons with BDNF results in
robust growth of damaged axons in the spinal white matter
[156]. However, when BDNF is provided at the lesion site
several days following an injury, it appears to have no effect
on RuST neurons [142]. The response of RuST neurons to
BDNF illustrates another critical aspect of the issue of timing;
traumatic injury to CNS neurons can cause a differential and
transient expression of surface receptors that bind to specific
neurotrophins. Examples of this postinjury shift in expression
were observed in TrkB surface receptor on RuST neurons
[142]. While TrkB is expressed along the entire axon and
cell body of uninjured RuST neurons, the axonal expression
of TrkB following a traumatic injury was found to diminish
as the interval after injury increased [142, 147]. At 1 and 2
months after injury, TrkB receptor expression is found to be
localized only to the RuST cell body with no expression on
the reactive ending of the injured axon [142, 147].This finding

offers an explanation as to why BDNF treatment at the RuST
cell body is successful in promoting growth and survival as
well as axonal sprouting, while treatment at the damaged
reactive ending appears to have no effect on theRuSTneurons
[142, 147].

Microarray studies examining the postinjury response
of specific classes of CNS neurons have also demonstrated
how critical the issue of timing is in regard to the regener-
ative response. In a study examining the response of short
thoracic propriospinal (TPS) neurons to axotomy, a strong
upregulation in the genes for the receptors of GDNF and LIF
was observed 3 days after injury [143]. Even more interesting
was the upregulation in the NT receptor genes that occurred
concurrently with the upregulation in several genes com-
monly associated with axonal regeneration. Following the 3
days after injury, gene expression level for both NT receptors
and regeneration-associated genes began to decrease [143].
Therefore, the timing of NT administration may need to be
specifically tailored to the postinjury expression curve of the
NT receptors for individual populations of neurons in order
to maximize the regenerative potential of these cells. Further,
another important aspect of NT treatment is the timeframe
in which the NT agents will be needed in the postinjury
environment. Axonal growth proceeds at a very slow rate.
Therefore, NT therapy will need to be administered in a
manner that will allow the agent to be present in the lesion
site for many months after injury.

Given the sheer number NT and growth factor receptors
that are expressed on neurons and the differential expression
of these receptors in efferent and afferent neuron populations,
it is likely that different combinations of these NT molecules
will be needed in order to elicit full regenerative potential
after injury. To this end, studies have shown enhanced
regenerative responses in retinal ganglion cells following
application of a combination of BDNF, CNTF, fibroblast
growth factor (FGF2), and NT-3, as compared with use of
each factor independently [157–159]. In the study examining
the postinjury effects of TPS neurons, examination of PS
neurons after injury showed an upregulation in the receptors
for GDNF and LIF, with no change in expression for the
BDNF, NT-4/5, and NT-3 receptors [143]. The expression
of many different NT receptors in TPS neurons strongly
suggests that multiple agents (BDNF, NT-3, NT4/5, GDNF,
and LIF) may be necessary for a strong and sustained
regenerative response.

Administering neurotrophic agents after SCI results in
an increase in the percentage of neurons spared from atro-
phy and apoptosis, as well as an enhancement of axonal
sprouting or regeneration, when compared to control groups
[20, 147, 156, 160]. It is clear however that many questions
and problems with NT supplementation still exist. While
considering which NT agents to give and how best to
provide them simultaneously, the response of the other cell
populations, glial cells, and immune cells, to each individual
NT administered will have to be addressed. In addition
to the critical issues of location and timing noted above,
another important limitation that will need to be overcome
is the formation of the “sink” or “honeypot” effect [161]. This
occurs when the injection or infusion site has such a high
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concentration of NT agent and the sprouting/regenerating
axons or migrating OPCs do not move beyond or outside of
borders of this location [159, 161]. While NT administration
will definitely have to be part of any postinjury regenerative
therapy, there are still many issues that need to be resolved.

3.4. Remyelination. An additional avenue that can enhance
functional recovery after SCI is the process of remyelination.
As previously discussed, the survival of myelin producing
oligodendrocytes can be limited by both direct and indirect
factors following SCI. While the exact axonal cues that medi-
ate oligodendrocyte survival have not been fully elucidated,
both in vivo and in vitro experiments have demonstrated that
the degeneration of axons subsequently results in the death
and degeneration of oligodendrocytes (see review [162]).
Further, when oligodendrocytes undergo apoptosis, all axons
that are wrapped by that particular oligodendrocyte undergo
the process of demyelination. Without myelin, the saltatory
conduction of action potentials across the demyelinated
portions of the intact axons can be severely impaired, exac-
erbating the postinjury deterioration of function [4, 5]. This
process may be a critical component of the limited potential
for functional recovery, given that one oligodendrocyte can
be responsible for myelinating up to 60 different axons
[163].

Remyelination of axons depends upon the health and
availability of OPCs. Upon the completion of initial axon
myelination, populations of adult OPCs remain through-
out the brain and spinal cord. In order for OPCs to be
successful in remyelinating axons, they must be able to
proliferate, migrate towards the site of demyelination, make
contact with an axon, and then mature into myelin forming
oligodendrocytes [5]. These remaining progenitor cells are
highly responsive to a demyelinating lesion (see reviews [164–
166]), with those located within about 2mm of the lesion
site appearing to migrate towards the site of demyelination
[167]. Unfortunately, however, the postinjury environment
created following an SCI is highly inhibitory to the OPC,
preventing both migration and development of these cells
[47–49]. Additionally, the infiltration of OPCs into the lesion
site and subsequent remyelination of denuded axons are
minimal to nonexistent as the OPCs only accumulate at the
border of the lesion [105, 165, 166]. CSPGs expressed in the
glial scar are also highly inhibitory to the process outgrowth
and differentiation ofOPCs [5, 47–49, 63, 165, 168].While this
inhibitory influence is thought to be amajor reason for failure
of spared axon remyelination, an alternative theory posits that
mature and damaged axons are no longer able to undergo the
process of myelination.

The hypothesis that adult axons are no longer capable of
myelination has been addressed in a series of different studies.
In the adult retina, the nerve fiber layer contains naturally
unmyelinated axons, as OPCs are unable to migrate out of
the optic nerve and myelinate these axons. However, when
OPCs are transplanted into the nerve fiber layer and then
the layer is examined 4 weeks after OPC transplantation,
axons have been found to undergo myelination [169]. The
ability of demyelinated axons to remyelinate has also been

demonstrated utilizing the cuprizone model of demyelina-
tion. Although cuprizone, when added to the diet of lab
animals, results in demyelination, it has been demonstrated
that spontaneous remyelination occurs quickly after removal
of this drug from the animal’s diet [170–173]. Collectively,
these studies argue against the hypothesis that adult or
demyelinated axons are no longer capable of undergoing
(re)myelination and that the one likely cause of remyelination
failure after CNS injury is the formation of the glial scar.

Interestingly, experimental therapies commonly used to
stimulate axonal sprouting and regeneration after SCI have
also demonstrated effects on the biology of OPCs. Supple-
menting the lesion sitewith various neurotrophic factors such
as BDNF, NT-3 [174], or other growth promoting agents,
that is, apotransferrin [175] resulted in enhanced levels of
remyelination after injury. It has also been demonstrated in
vitro that when BDNF, NT-3, and GDNF are supplied to
OPCs grown in the presence concentrations of CSPGs, the
OPCs are able to overcome the CSPG mediated inhibition,
undergoing bipolar process outgrowth and differentiation
[176].

In addition to NT treatment, another method for pro-
moting remyelination of spared axons is through the use
of antibodies to block the protein Leucine Rich Repeat and
Ig Domain Containing 1 (LINGO-1). LINGO-1 is highly
inhibitory to the myelination process and is selectively
expressed in both oligodendrocytes and neurons.The expres-
sion of this protein is developmentally controlled, is known
to be upregulated following CNS disease or injury, and
inhibits the differentiation and maturation of OPCs via the
activation of RhoA pathway [177, 178]. Studies have demon-
strated in animal models of demyelination (autoimmune
encephalomyelitis or lysolecithin-induced) that utilization
of LINGO-1 knockout animals or administration of anti-
LINGO-1 antibodies results in significantly increased levels of
remyelination [178–180].With respect to human populations,
the use of anti-LINGO-1 as a method of medical treatment
for multiple sclerosis (MS) cleared phase I clinical trials in
April 2012 and has sincemoved into phase II [181–183].While
the findings and clinical trials for anti-LINGO-1 antibodies
revolve around demyelinating conditions such as MS, anti-
LINGO-1 does present another potential therapeutic oppor-
tunity for the treatment of SCI.

Promotion of remyelination has also been attempted via
cellular transplantation. Transplanting cells, such as OPCs
[184–186], Schwann cells (SCs) [187, 188], olfactory ensheath-
ing cells (OECs) [186, 187, 189], or stem cells [186, 190–
193], into the site of a demyelinating lesion, has been found
to enhance CNS remyelination and subsequent recovery of
function. While the results from these studies suggest that
cell implantation may be an effective method for remyeli-
nating spared axons, there are some technical difficulties
and biological incompatibilities [186, 194] that need to be
considered. One such issue is the potential incompatibility
between the implanted cell and the endogenous environment
of the lesioned CNS. This phenomenon has been noted
following transplantation of SCs, which, capable of remyeli-
nating denuded CNS axons, are unable to migrate within
CNS tissue or integrate with astrocytes. This unfavorable



10 BioMed Research International

interaction between SCs and the CNS environment has been
documented both in vitro, with the failure of SCs to integrate
with astrocytes [195], and in vivo, with implanted SCs failing
to migrate beyond the lesion border [196]. OECs, on the
other hand, do integrate with astrocytes [195] but still do
not migrate within the damaged spinal cord following injury
[197, 198]. Given that transplanted cells are unable to migrate
and integrate appropriately, it is not surprising that other
problems related to the implantation of stem cells include
the possibility of tumorigenicity and the inability to ensure
that the stem cells will differentiate into the desired myelin
forming cell, as opposed to another phenotype dictated by
local environmental influences [185, 194].

Remyelination of spared axons is an enticing avenue of
research, given that it may explain an apparent disconnect
within the reported findings of many axonal regeneration
studies, which have demonstrated paradoxical functional
recovery without full anatomical regeneration. While most
studies can show evidence of increased axonal sprouting
into the spinal cord lesion site, very few studies show that
these axons grow beyond the lesion [199]. Thus, functional
recovery must be due to some mechanism other than axonal
reconnection. This leaves open the possibility that observed
recovery in function could be due to the remyelination of
spared axons.

4. Part III: Use of Biomaterials to
Promote Repair

The complex nature of the spinal cord injury dictates that
multiple agents will be needed to maximize repair (reviewed
by [200]). The lesion itself is usually an irregular size, more
often being a partial injury, as opposed to a complete tran-
section. The cellular response, as described in detail above,
creates an environment that is not very conductive to repair.
Astrogliosis produces a gliotic scar expressing high levels of
CSPGs that inhibit axonal regeneration. Neurons that are not
connected to their target cells will attempt to regenerate axons
and reconnect but aremost oftenunsuccessful.These neurons
can survive for several months, but the cell bodies themselves
will atrophy and eventually die if connections are not restored
[147, 201, 202]. In order to achieve complete restoration of
motor function, it is clear that a combination of NTs, to
maintain neuronal survival and stimulate axonal regrowth,
as well as agents such as cABC, to neutralize the inhibitory
effects of the scar, will be required.

One major limitation of many promising treatment
strategies for spinal cord injuries is the method of delivery.
Most of the therapeutic agents described above have to be
delivered via an injection, series of injections, implantation
of a pump or intrathecal catheter, use of a viral vector, or
implantation of fibroblasts or other cells genetically engi-
neered to produce a givenNT or cABC [100, 142, 147, 156, 174,
203–206]. These delivery methods are highly invasive, which
could trigger further astrogliotic scarring and inflammation,
potentially causing additional neurological damage. Further-
more, the use of viral vectors and implanted genetically
engineered cells that deliver aNTor cABC treatment presents

an uncontrolled method of delivery and a potential tumor
hazard. The use of minipumps and intrathecal catheters
provide a nonspecific method of treatment prone to clogging
or infection [207]. Thus, utilizing biomaterials that can assist
with delivery and control of these agents is a promising area
in the field of spinal cord repair.

4.1. Critical Issues in theDesign of Biomaterials. At the present
time, there is no agreement on the optimal characteristics for
biomaterials used to repair of the damaged spinal cord [208].
While many different polymers and molecules have been uti-
lized to treat SCI, there are clearly important considerations
that cannot be ignored in the development and engineering
phase of such biomaterials. First there is the biocompatibility
of the material with the host tissue. The developed materials
should not elicit an immune response nor be toxic to cells
over long periods of time. If the material is biodegradable,
the degradation products also should not be toxic to the
surrounding tissue [209, 210]. Second, any biomaterial device
should be easily introduced into the spinal cord without
producing further damage. This can be challenging, as the
natural response to spinal injury is the generation of a glial
scar. Third, the device must be able to remain in place over
long periods of time, in order to allow for nerve growth.This
is particularly important for nanoparticles, which are often
used for drug delivery. However this consideration is equally
necessary for scaffolds and other types of implants. The final
critical concern is the ability of the material to bind growth
promotingmolecules like NT, peptides, and cells, all of which
would be delivered in bioactive forms to the injury site to
stimulate tissue repair. Scaffolds alone will not be sufficient
to enable the maximal repair of the damaged lesions.

The use of biomaterials in the spinal cord generally falls
into one of three classes: guidance channels and scaffolds,
hydrogels, and nanoparticles. Each one of these can be
produced with different chemical compositions, uses, and
biological compatibilities. The bioengineering and design
of these materials is a very active research field and have
been extensively described in the literature [211–214]. Thus,
the remainder of this review will be focused on promising
applications of biomaterials in the treatment of spinal cord
injury.

4.2. Guidance Channels and Scaffolds. Guidance channels
have been proposed as far back as the late 1800s, with the
thought that demineralized bone tubes could be used to
fix nerve gaps [215]. The idea behind guidance channels or
conduits is to seal the two severed ends of the nerve in a
hollow tube, which will direct new axonal regrowth towards
the distal nerve stump. Nerve conduits have been successful
in repairing peripheral nerve damage, since it is relatively
easy to isolate the two individual nerve endings. This is
particularly true of larger nerves. However, when considered
for use in a spinal cord injury, guidance channels may be
better for the transected spinal cord rather than the contusion
injury. Unfortunately, the majority of SCIs are incomplete
contusion injuries [3], which do not leave discrete nerve
stumps and are unable to be sealed effectively using guidance
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channels. The lesion site in such injuries is irregular and
ultimately becomes a cyst-like structure. Therefore, methods
of either filling in or crossing these irregularly shaped gaps
with a growth promoting substrate are needed. As such,
scaffolds that can be inserted into the lesion site are more
often being utilized for the contused spinal cord lesion.

In the case of peripheral nerve injury, there are several
nerve conduits that are FDA approved for the repair of
peripheral nerve gaps that are 30mm or less (reviewed by
[216, 217]). Almost all aremade from biodegradablematerials
that include natural materials like collagen I or synthetic
polymers such as polyglycolic acid (PGA) and poly-DL-
caprolactone. While they all degrade at slow rates to allow
time for the nerve to regenerate, it is imperative that total
degradation occurs, ensuring that remaining fragments do
not trigger scarring. The current conduits are permeable
to nutrients and oxygen and flexible but strong enough to
support the nerve and maintain its position during the repair
process. While this form of treatment is being utilized in the
clinic, there is a clear need formore clinical studies to evaluate
the relative efficacy in promoting peripheral nerve repair.

Various forms of scaffolds have been designed to be
placed into the spinal cord lesion in order to provide a bridge
through the cavitations formed following injury (reviewed
by [210]). These provide a permissive and growth promoting
environment that allows axons to grow through the lesion
unimpeded. Similar to guidance channels, these can be
made out of natural materials such a collagen I, agarose,
or fibronectin, as well as synthetic polymers like polylac-
tic acid (PLA), PGA, or poly(2-hydroxyethyl methacrylate)
(pHEMA). The structure of these scaffolds can vary greatly:
they can be cylindrical or rectangular, resemble a multichan-
nel guidance channel, or are sponge-like, with numerous
scattered pores. There are also some designs with complex,
defined paths which are intended to direct axon growth from
specific nerve tracts [218, 219].

Scaffolds and guidance channels can incorporate both
growth promoting molecules and a variety of cells that may
assist in speeding axon growth through the lesion.Thegrowth
factors can be incorporated or attached to the scaffold itself
[204, 220]. More often, the scaffold is seeded with cells
that produce neurotrophic factors. Schwann cells, genetically
altered fibroblasts, or neural stem cells have often been
included in various scaffold matrices [221–226]. All scaffold
designs are porous structures that are being optimized for
long term survival of transplanted cells, while allowing for
the infusion of nutrients, oxygen, and formation of new
vasculature.

One important feature of any scaffold is that it should not
elicit a host reaction to the implant. It was noted early that
any implant into the spinal cord that was not biodegradable
would activate a tissue response that ultimately resulted in
the implant being encapsulated in reactive cells and separated
from the host tissue [227]. Activation of immune cells such
as macrophages and microglia may alter the effectiveness
of any implant. Thus, most scaffolds are biodegradable over
time, with their surfaces being modified to manage the
host tissue response. This has been accomplished by using
materials that encourage the attachment and even infiltration

of endogenous cells such as fibroblasts, immune cells, and
OPCs that are found close to the lesion site.

The advantage of scaffolds is that they bridge an area
of the lesion that is inhospitable with axon regeneration.
There are numerous studies that can demonstrate enhanced
axonal growth and even some motor improvement, when
such techniques are utilized in an experimental model of SCI
(reviewed by [210, 228]). Moreover, scaffolds can be designed
to guide the direction of new axonal growth through the use
of microchannels or other tracts patterned into the scaffold.
The disadvantage with this technique is that scaffolds have
to be surgically implanted directly into the lesion. Since the
dimensions of an injury site tend to be quite irregular, it may
be difficult to find an optimal design that will work within
each instance of spinal lesion.

4.3. Hydrogels. Hydrogels are water saturated polymers that
can be developed to mimic the three-dimensional physical
properties of the host environment (reviewed by [229, 230]).
These polymers can be used in the creation of implantable
scaffolds which, as described above, provide a bridge across
irregular lesion sites. However, one important quality that
makes hydrogels especially appealing for use in SCI repair
is that many are able to be injected directly into the lesion
site, where they can polymerize in vivo. Such polymers
are extremely flexible and can fill irregularly shaped lesion
cavities by absorbing water, expanding, and forming a flex-
ible three-dimensional structure that closely resembles the
extracellular matrix (ECM). Additionally, peptides can be
designed to undergo triggered self-assembly, allowing for
the formation of hydrogel scaffolds in response to specific
changes in the physiological environment (reviewed by [230,
231]). Such hydrogels can also be loadedwith growth promot-
ing molecules such as NT or cells that can stimulate axon
growth and tissue repair and can even be utilized with a
defined scaffold design to maximize growth potential.

Hydrogels can be classified into two general categories:
natural and synthetic, referring to the origin of the molecules
being used. Mammalian ECM-based natural polymers such
as collagen, fibronectin, hyaluronic acid, or combinations are
often used in hydrogel creations because of their biocompati-
bility and the fact that they are part of the naturally occurring
ECM. Such substances can be used as a cell-delivery vehicle
to promote neurite outgrowth while also providing structural
support to the regenerating tissues [206, 232]. Other naturally
occurring polysaccharides such as chitosan, agarose, alginate,
xyloglucan, gellan gum, andmethylcellulose have also shown
promise in treating SCI. Often these are used in various
combinations, in an attempt to optimize growth promoting
properties. All are slowly biodegradable over time, but the
rates of degradation are set based on the properties of the
molecules and cannot be readily altered.

Synthetic polymers are being developed which can be
optimized for maximal protein, cell binding, and rates of
degradation. Some of the most common synthetics used for
CNS repair have been developed from poly(hydroxyethyl
methacrylate) (pHEMA) and derivatives, poly-ethylene-
glycol (PEG)/poly-ethylene oxide (PEO), poly(vinyl alcohol)
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(PVA), and poly(alpha-hydroxyacids). Being synthetic, these
substances have some inherent advantages over the natu-
ral molecules. They can be manufactured easily, and the
properties of the polymers can be customized, to maximize
the desired capabilities. For example, the surface of the
polymer gel can be optimized for cell attachment. Control
of degradation rate can protect or release cells that are
transplanted in the hydrogel, depending on the need and
the role of these cells in the repair process. Since they are
not derived from animals, the potential for allergic reactions
to the hydrogel is also minimal [229]. Like scaffolds, both
natural and synthetic polymers can be modified to deliver
a range of agents, from NT and other growth factors to
antagonists for axonal growth inhibitors like Nogo-66 [233–
235].

While hydrogels show promise as a potential strategy
to maximize repair of the spinal cord, there is no obvious
polymer or combination of polymers that are optimal for
this application. Therefore the identification of such agents
is an active field of research. There are concerns that the
mechanical strength of the hydrogel is not sufficient to
sustain the lesion and that hydrogels have a shorter durability
than fabricated scaffolds because they degrade quickly. More
importantly, there is no directionality of the microchannels
formed after polymerization in vivo. If the hydrogel is rich in
growth promoting molecules, regenerating processes could
extend into the hydrogel and remain there, mimicking the
“honey pot” effect [161]. Overall, specific patterning may be
required to actually direct the growth of regenerating axons
through the lesion.

4.4. Nanoparticles. An alternative approach to treatment of
the damaged spinal cord is the use of nanoparticles, which
can be used to administer growth factors, NT, and antagonists
to inhibitory substances in the lesion. Nanoparticles and
microspheres are polymer derived particles that can degrade
over time to release any encapsulated agents. These are
being widely tested in a myriad of drug delivery applications
in multiple tissues, from alleviating tissue rejections from
allografts, to targeting cancer cells [236, 237]. These are an
attractive delivery system as they are injectable, they provide
localized drug delivery without systemic effects, the dose can
be titrated easily, and they can target a specific cell type by
modification of the cell surface properties. Based on these
features, nanoparticles are a major focus of drug delivery
methods.

Nanosphere delivery of growth factors and other agents
can be successfully used to treat the spinal cord lesion. Drug
delivery after an SCI is difficult because of the loss of vascu-
larization and the instability of some of the more promising
agents. Chondroitinase ABC is one such agent: it can degrade
the glycan residues attached to CSPGs that inhibit axonal
growth, neutralizing the effects of these CSPGs. However, it is
highly unstable in solution, losing most of its activity within
days [106]. It shows great promise in experimental models of
spinal cord injury, allowing for substantial growth through
a spinal lesion and improved functional recovery [98–100,
103, 238–242]. However, for translation to a human patient

population, new delivery methods need to be developed.
Nanospheres containing cABC have been developed and uti-
lized in rat spinal contusionmodels [110].These nanoparticles
can release a sustained supply of active enzyme over the
course of three weeks minimum and generate substantial
axonal growth through the lesion site. They are nontoxic and
do not elicit an inflammatory reaction in the spinal cord.
Modulation of the surface charge ensures that they remain
in the injury site. They can also be effective in the digestion
of CSPGs at chronic times after injury, when the glial scar is
fully established.

Nanoparticles and nanospheres that deliver GDNF,
BDNF, and NT3 are being developed for several applications
in the CNS, including SCI (reviewed by [218, 243, 244]).
Other drugs are also being delivered to the spinal cord by
nanospheres, including methylprednisolone and estrogen,
which are anti-inflammatory agents that can have untoward
side effects if administered systemically [245, 246]. Many
nanoparticles are fabricated from synthetic polymers such
as PLGA and PGA, which can be titrated to regulate the
release kinetics. However, they can also be produced using
natural polymers such as chitosan. At present, nanoparticles
have to be injected into the spinal cord directly; however,
recent research efforts are focused on surface modifications
that can allow for the nanoparticles to cross the blood-brain-
barrier and enter the brain and spinal cord without a direct
injection into the tissue. Nonetheless, a direct injection of
nanoparticles is much less invasive than the introduction of a
scaffold at the lesion.

Nanosphere delivery of therapeutic molecules is attrac-
tive for treatment of SCI for many reasons: they are min-
imally invasive and provide sustained local drug release,
which results in a higher dose locally without systemic
side effects. Moreover, administration of multiple agents of
growth factors could be accomplished by an injection of
a mix of nanospheres containing growth factors, cABC,
and Nogo antagonists. However, there are many questions
that need to be answered prior to use of nanoparticles
in a clinical setting. Some of the more critical questions
concern the release rates and dose of the agents released from
nanoparticles. For example, how much of a particular agent
will be required before therapeutic effects occur? Moreover,
how long will such agents need to be released into the post-
lesion site? cABC and methylprednisolone may be needed
acutely, but NT and other molecules may be needed at later
stages following injury. A formulation that is released for
months has not yet been manufactured in any experimental
condition. Nanoparticles could be included in hydrogels to
extend release times at the lesion site, if needed [242]. Details
on optimal doses and release times in the context of an SCI
will need to be determined in order to optimize the use of
nanoparticles as a drug delivery system.

5. Discussion and Future Directions

Spinal cord injuries are complex and difficult to repair.
Research efforts thus far have characterized many molecular
events that occur at the injury site, allowing for the iden-
tification of several avenues for therapeutic intervention. In
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short, interventions aimed at promoting functional recovery
following spinal cord injury may be targeted towards the
neutralization of inhibitory proteoglycans, support of neu-
ronal survival, and stimulation of axonal regeneration and
remyelination.The clinical consensus is that there is no single
therapeutic agent that can effectively address these issues
and that maximal restoration of motor function will most
likely be achieved with a mix of agents, each optimized to
target a specific aspect of the postinjury response. The other
significant problem that persists in developing treatments
for SCI relates to the delivery of therapeutic agents to the
spinal cord at the appropriate time to facilitate repair. Axonal
regeneration is a slow process which, depending on the size
of the lesion, could take many months or years in humans.
Unfortunately, at present, little is known about how long
various therapeutic agents will be needed, their biological
half-life and bioactivity in vivo, or exactly when they should
be introduced into the damaged spinal cord in order to obtain
maximal therapeutic effects.

The use of biomaterials provides a promising avenue for
addressing the above-mentioned concerns regarding spinal
cord repair. Such materials can be utilized not only to deliver
therapeutic agents but also to provide physical support for
the damaged tissue. Additionally, both natural and synthetic
polymers can be used to fabricate several types of structures
that can release therapeutic agents with customizable release
kinetics. While extensive literature on scaffolds, hydrogels,
and nanoparticles exists, there is currently no consensus as
to which material is most optimal in repairing the lesioned
spinal cord. Ultimately, as new biological requirements of
damaged spinal tissue are discovered, the development of
biomaterials specialized for the treatment of SCI will need to
consider how each of these requirements plays a role in the
natural injury response process and potential for functional
recovery.
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and V. Préat, “PLGA-based nanoparticles: an overview of
biomedical applications,” Journal of Controlled Release, vol. 161,
no. 2, pp. 505–522, 2012.

[213] H. K. Makadia and S. J. Siegel, “Poly Lactic-co-Glycolic Acid
(PLGA) as biodegradable controlled drug delivery carrier,”
Polymers, vol. 3, no. 3, pp. 1377–1397, 2011.

[214] Y. Jiang, J. Chen, C. Deng, E. J. Suuronen, and Z. Zhong, “Click
hydrogels,microgels and nanogels: emerging platforms for drug
delivery and tissue engineering,”Biomaterials, vol. 35, no. 18, pp.
4969–4985, 2014.

[215] D. N. Deal, J. W. Griffin, and M. V. Hogan, “Nerve conduits
for nerve repair or reconstruction,” Journal of the American
Academy of Orthopaedic Surgeons, vol. 20, no. 2, pp. 63–68, 2012.

[216] A. Pabari, H. Lloyd-Hughes, A. M. Seifalian, and A. Mosahebi,
“Nerve conduits for peripheral nerve surgery,” Plastic and
Reconstructive Surgery, vol. 133, no. 6, pp. 1420–1430, 2014.

[217] W. Daly, L. Yao, D. Zeugolis, A. Windebank, and A. Pandit,
“A biomaterials approach to peripheral nerve regeneration:
bridging the peripheral nerve gap and enhancing functional
recovery,” Journal of the Royal Society Interface, vol. 9, no. 67,
pp. 202–221, 2012.

[218] D. Y. Wong, J.-C. Leveque, H. Brumblay, P. H. Krebsbach,
S. J. Hollister, and F. LaMarca, “Macro-architectures in spinal
cord scaffold implants influence regeneration,” Journal of Neu-
rotrauma, vol. 25, no. 8, pp. 1027–1037, 2008.

[219] N. N. Madigan, S. McMahon, T. O’Brien, M. J. Yaszemski,
and A. J. Windebank, “Current tissue engineering and novel
therapeutic approaches to axonal regeneration following spinal
cord injury using polymer scaffolds,”Respiratory Physiology and
Neurobiology, vol. 169, no. 2, pp. 183–199, 2009.



20 BioMed Research International

[220] D. A. Houweling, A. J. Lankhorst, W. H. Gispen, P. R. Bär,
and E. A. J. Joosten, “Collagen containing neurotrophin-3
(NT-3) attracts regrowing injured corticospinal axons in the
adult rat spinal cord and promotes partial functional recovery,”
Experimental Neurology, vol. 153, no. 1, pp. 49–59, 1998.

[221] X. M. Xu, V. Guenard, N. Kleitman, and M. Bunge, “Axonal
regeneration into Schwann cell-seeded guidance channels
grafted into transected adult rat spinal cord,” Journal of Com-
parative Neurology, vol. 351, no. 1, pp. 145–160, 1995.

[222] N. K. Loh, S. Woerly, S. M. Bunt, S. D. Wilton, and A. R.
Harvey, “The regrowth of axons within tissue defects in the cns
is promoted by implanted hydrogelmatrices that contain BDNF
and CNTF producing fibroblasts,” Experimental Neurology, vol.
170, no. 1, pp. 72–84, 2001.

[223] C. A. Tobias, N. O. Dhoot, M. A. Wheatley, A. Tessler, M.
Murray, and I. Fischer, “Grafting of encapsulated BDNF-
producing fibroblasts into the injured spinal cord without
immune suppression in adult rats,” Journal of Neurotrauma, vol.
18, no. 3, pp. 287–301, 2001.

[224] Y. D. Teng, E. B. Lavik, X. Qu et al., “Functional recovery
following traumatic spinal cord injury mediated by a unique
polymer scaffold seeded with neural stem cells,” Proceedings of
the National Academy of Science of the United States of America,
vol. 99, no. 5, pp. 3024–3029, 2002.

[225] C. A. Tobias, S. S. W. Han, J. S. Shumsky et al., “Alginate encap-
sulated BDNF-producing fibroblast grafts permit recovery of
function after spinal cord injury in the absence of immune
suppression,” Journal of Neurotrauma, vol. 22, no. 1, pp. 138–156,
2005.

[226] P. J. Johnson, A. Tatara, A. Shiu, and S. E. Sakiyama-Elbert,
“Controlled release of neurotrophin-3 and platelet-derived
growth factor fromfibrin scaffolds containing neural progenitor
cells enhances survival and differentiation into neurons in a
subacute model of SCI,” Cell Transplantation, vol. 19, no. 1, pp.
89–101, 2010.

[227] S. S. Stensaas and L. J. Stensaas, “Histopathological evaluation of
materials implanted in the cerebral cortex,”ActaNeuropatholog-
ica, vol. 41, no. 2, pp. 145–155, 1978.

[228] K. S. Straley, C. W. P. Foo, and S. C. Heilshorn, “Biomaterial
design strategies for the treatment of spinal cord injuries,”
Journal of Neurotrauma, vol. 27, no. 1, pp. 1–19, 2010.

[229] G. Perale, F. Rossi, E. Sundstrom et al., “Hydrogels in spinal cord
injury repair strategies,” ACS Chemical Neuroscience, vol. 2, no.
7, pp. 336–345, 2011.

[230] R. C. Assunção-Silva, E. D. Gomes, N. Sousa, N. A. Silva, and
A. J. Salgado, “Hydrogels and cell based therapies in spinal cord
injury regeneration,” Stem Cells International, vol. 2015, Article
ID 948040, 24 pages, 2015.

[231] K. Chockalingam, M. Blenner, and S. Banta, “Design and
application of stimulus-responsive peptide systems,” Protein
Engineering, Design & Selection, vol. 20, no. 4, pp. 155–161, 2007.

[232] D. R. Nisbet, K. E. Crompton, M. K. Horne, D. I. Finkelstein,
and J. S. Forsythe, “Neural tissue engineering of the CNS using
hydrogels,” Journal of Biomedical Materials Research—Part B:
Applied Biomaterials, vol. 87, no. 1, pp. 251–263, 2008.

[233] J. Piantino, J. A. Burdick, D. Goldberg, R. Langer, and L. I.
Benowitz, “An injectable, biodegradable hydrogel for trophic
factor delivery enhances axonal rewiring and improves perfor-
mance after spinal cord injury,” Experimental Neurology, vol.
201, no. 2, pp. 359–367, 2006.

[234] E. C. Tsai, P. D. Dalton, M. S. Shoichet, and C. H. Tator,
“Matrix inclusion within synthetic hydrogel guidance channels

improves specific supraspinal and local axonal regeneration
after complete spinal cord transection,” Biomaterials, vol. 27, no.
3, pp. 519–533, 2006.

[235] J. Ma, W.-M. Tian, S.-P. Hou, Q.-Y. Xu, M. Spector, and F.-Z.
Cui, “An experimental test of stroke recovery by implanting a
hyaluronic acid hydrogel carrying a Nogo receptor antibody in
a rat model,” Biomedical Materials, vol. 2, no. 4, pp. 233–240,
2007.

[236] J. D. Fisher, A. P. Acharya, and S. R. Little, “Micro and
nanoparticle drug delivery systems for preventing allotrans-
plant rejection,” Clinical Immunology, 2015.

[237] H. S. Oberoi, N. V. Nukolova, A. V. Kabanov, and T. K.
Bronich, “Nanocarriers for delivery of platinum anticancer
drugs,” Advanced Drug Delivery Reviews, vol. 65, no. 13-14, pp.
1667–1685, 2013.

[238] L. D. F. Moon, R. A. Asher, K. E. Rhodes, and J. W. Fawcett,
“Regeneration of CNS axons back to their target following
treatment of adult rat brain with chondroitinase ABC,” Nature
Neuroscience, vol. 4, no. 5, pp. 465–466, 2001.

[239] J. Zuo, D. Neubauer, J. Graham, C. A. Krekoski, T. A. Ferguson,
and D. Muir, “Regeneration of axons after nerve transection
repair is enhanced by degradation of chondroitin sulfate pro-
teoglycan,” Experimental Neurology, vol. 176, no. 1, pp. 221–228,
2002.

[240] C. H. Chau, D. K. Y. Shum, H. Li et al., “Chondroitinase
ABC enhances axonal regrowth through Schwann cell-seeded
guidance channels after spinal cord injury,”The FASEB Journal,
vol. 18, no. 1, pp. 194–196, 2004.

[241] A. O. Caggiano, M. P. Zimber, A. Ganguly, A. R. Blight, and E.
A. Gruskin, “Chondroitinase ABCI improves locomotion and
bladder function following contusion injury of the rat spinal
cord,” Journal of Neurotrauma, vol. 22, no. 2, pp. 226–239, 2005.

[242] E. J. Bradbury and L. M. Carter, “Manipulating the glial scar:
chondroitinase ABC as a therapy for spinal cord injury,” Brain
Research Bulletin, vol. 84, no. 4-5, pp. 306–316, 2011.

[243] N. K. Mohtaram, A. Montgomery, and S. M. Willerth,
“Biomaterial-based drug delivery systems for the controlled
release of neurotrophic factors,”BiomedicalMaterials, vol. 8, no.
2, Article ID 022001, 2013.

[244] S. Pilakka-Kanthikeel, V. S. R. Atluri, V. Sagar, S. K. Saxena, and
M. Nair, “Targeted brain derived neurotropic factors (BDNF)
delivery across the blood-brain barrier for neuro-protection
usingmagnetic nano carriers: an in-vitro study,” PLoSONE, vol.
8, no. 4, Article ID e62241, 2013.

[245] A. A. Cox, A. Varma, A. Vertegel, J. Barry, and N. Banik,
“Nanoparticle estrogen in rat spinal cord injury elicits rapid
anti-inflammatory effects in plasma, CSF and tissue,” Journal of
Neurotrauma, 2015.

[246] T. Saxena, K. H. Loomis, S. B. Pai et al., “Nanocarrier-mediated
inhibition ofmacrophagemigration inhibitory factor attenuates
secondary injury after spinal cord injury,” ACS Nano, vol. 9, no.
2, pp. 1492–1505, 2015.



Research Article
Effects of Caloric Intake on Learning and Memory Function in
Juvenile C57BL/6J Mice

Bao-Lei Xu,1,2 Rong Wang,1,3 Li-Na Ma,1 Wen Dong,1 Zhi-Wei Zhao,1

Jing-Shuang Zhang,1 Yu-Lan Wang,1 and Xu Zhang1

1Central Laboratory, Xuanwu Hospital, Capital Medical University, Key Laboratory for Neurodegenerative Disease of Ministry of
Education, Beijing Geriatric Medical Research Center, No. 45 Changchun Street, Xicheng District, Beijing 100053, China
2Department of Neurology, Beijing Anzhen Hospital, Capital Medical University, No. 2 Anzhen Road, Chaoyang District,
Beijing 100029, China
3Center of Alzheimer’s Disease, Beijing Institute for Brain Disorders, Capital Medical University, Beijing 100069, China

Correspondence should be addressed to Rong Wang; rong wang72@aliyun.com

Received 1 September 2014; Revised 13 January 2015; Accepted 14 January 2015

Academic Editor: Aijun Wang

Copyright © 2015 Bao-Lei Xu et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Dietary composition may influence neuronal function as well as processes underlying synaptic plasticity. In this study, we aimed to
determine the effect of high and low caloric diets on amousemodel of learning andmemory and to exploremechanisms underlying
this process. Mice were divided into three different dietary groups: normal control (𝑛 = 12), high-caloric (HC) diet (𝑛 = 12), and
low-caloric (LC) diet (𝑛 = 12). After 6 months, mice were evaluated on the Morris water maze to assess spatial memory ability.
We found that HC diet impaired learning and memory function relative to both control and LC diet. The levels of SIRT1 as well
as its downstream effectors p53, p16, and peroxisome proliferator-activated receptor 𝛾 (PPAR𝛾) were decreased in brain tissues
obtained fromHCmice. LC upregulated SIRT1 but downregulated p53, p16, and PPAR𝛾. The expressions of PI3K and Akt were not
altered after HC or LC diet treatment, but both LC and HC elevated the levels of phosphorylated-cAMP response element-binding
protein (p-CREB) and IGF-1 in hippocampal CA1 region. Therefore, HC diet-induced dysfunction in learning and memory may
be prevented by caloric restriction via regulation of the SIRT1-p53 or IGF-1 signaling pathways and phosphorylation of CREB.

1. Introduction

A variety of lifestyle factors contribute to cognitive decline
in the elderly [1, 2]. In particular, dietary composition has
an important role, with excessive caloric intake associated
with accelerated aging of the brain. A high-fat, high-energy
diet has been shown to impair learning and memory [3, 4],
whereas caloric restriction may actually improve it [5]. Most
of these studies, however, examined aged animals, and the
effects of high or low calorie diets on brain function in
juvenile animals remain poorly understood.

The mammalian nicotinamide-adenine dinucleotide-
dependent deacetylase silent information regulator type 1
(SIRT1) plays a critical role in the regulation of normal
cognitive function and synaptic plasticity and has been
implicated in senescence processes [6]. In addition, SIRT1
expression has been linked to insulin sensitivity, whereas

its downregulation is associated with insulin resistance [7].
Downstream effectors of the SIRT1 pathway include p53 [8],
p16 [9], and peroxisome proliferator-activated receptor 𝛾
(PPAR𝛾) [10]. The phosphatidylinositol 3 kinase (PI3K)/Akt
signal pathway has also been implicated in caloric restriction-
mediated improvement of learning ability inmice [11].There-
fore, we hypothesized that dietary composition would alter
learning andmemory in juvenile mice, perhaps via the SIRT1
and/or PI3K/Akt signaling pathways.

2. Materials and Methods

2.1. Animals. In total, 36 6-week-old male and female
C57BL/6J mice were used in this study. The mice were
obtained from Laboratory Animal Center of the Academy
of Military Medical Sciences, China, and weighed 16.1–25.1 g.
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All animal experiments were approved by the Animal Ethical
Committee of Xuanwu Hospital.

2.2. Diets and Experimental Assignments. Prior to the start
of the experiment, animals were adapted to the housing
condition for 2weeksMicewhichwere randomly divided into
three groups: control (𝑛 = 12), high-caloric (HC) diet group
(𝑛 = 12), and low-caloric (LC) diet group (𝑛 = 12). Animals
in the control, HC, and LC groups were fed stock specific
pathogen-free- (SPF-) level diet from the Laboratory Animal
Center of the Academy of Military Medical Sciences, China,
for 6 months. The composition of all diets was adjusted
according to our preliminary experiments.TheHC diet (30%
caloric enhancement) was composed of 63% stock diet, 19%
lard compound, 10% sucrose, and 8% isolated soy protein; LC
diet (30% caloric reduction) was composed of 58% stock diet,
34% dietary fiber, and 8% isolated soy protein. All mice had
free access to water. Animal body weight was measured every
four weeks, and fasting blood-glucose level was examined
once a month. Six months later, animals were sacrificed and
cortex and hippocampus tissues were collected for Western
blotting and real time PCR analysis.

2.3. Serological Test. Serum IGF-1 and serum insulin lev-
els were quantitated using enzyme linked immunosorbent
assay (ELISA) kits according to the manufacturer’s instruc-
tions (Nanjing Jiancheng Bioengineering Institute, Nanjing,
Jiangsu, China). Serum cholesterol and serum triglyceride
levels were examined using a biochemical analyzer (AU400,
Olympus, Center Valley, PA, USA).

2.4.MorrisWaterMaze Test. TheMorris watermaze task [12]
was utilized to evaluate learning and memory function. The
testing apparatus was provided by the Institute of Materia
Medica, Chinese Academy of Medical Sciences (Beijing,
China). Briefly, a circular pool of water (diameter: 120 cm,
height: 30 cm) was maintained at 24∘C + 1∘C and contained
four quadrants (designated northeast, northwest, southeast,
and southwest). In the northeast quadrant, a platform was
submerged under approximately 2.0 cm below the surface of
the water. On the first day, mice were initially placed onto
the platform for 10 s. Then, mice were placed in the water
facing the pool wall in the southwest quadrant. The animals
were allowed to swim for a maximum of 60 sec to find the
hidden platform. If the animals failed to find the target, and
they were led manually to the platform.The place navigation
test was performed from day 2 to day 5. The time elapsed
(escape latency) and the swimming distance were recorded.
If the mouse failed to find the platform within the allotted
time period, the mouse was given a score of 60 sec.

2.5. Real Time PCR. An RNA extraction kit was utilized
to isolate RNA from brain tissue samples according to
the manufacturer’s instructions (Beijing ComWin Biotech
Co., Ltd., Beijing, China). The HiFi-MMLV first-strand
cDNA synthesis kit was used to reverse transcribe total
RNA (Beijing ComWin Biotech Co., Ltd.), and an AB7500
sequence detection system was used to perform quantitative

reverse transcriptase polymerase chain reaction (qRT-PCR)
(Applied Biosystems, Carlsbad, CA, USA). PCR amplifica-
tion was carried out using UltraSYBR Mixture (with Rox;
Beijing ComWin Biotech Co., Ltd.) with the specific primers:
SIRT1, forward, 5-TATGACGCTGTGGCAGATTGTTAT-
T-3; reverse, 5-CCACCGCAAGGCGAGCAT-3; actin,
forward, 5-GCCTTCCTTCTTGGGTAT-3; reverse, 5-
GGCATAGAGGTCTTTACGG-3. Duplicate PCR reactions
were performed at 95∘C for 10min and subjected to 45
cycles of 95∘C for 15 s and 60∘C for 60 s. For each condition,
the experiment was replicated in triplicate. The relative
expression from amplified RNA samples was calculated using
the 2−ΔΔCT method.

2.6. Western Blotting. Total protein from brain tissues was
homogenized in lysis buffer containing 50mMTris-HCl (pH
7.4), 1mMphenylmethanesulfonyl fluoride (PMSF), 0.1% leu-
peptin, and 0.5M ethylenediaminetetraacetic acid (EDTA)
(pH 8.0). Protein concentration was measured using a bicin-
choninic acid (BCA) protein assay kit according to manu-
facturer’s instructions (Beijing SiNoble Biotechnology Inc.,
Beijing, China). Equal amounts of protein were resolved by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred to a nitrocellulose membrane
(Millipore, Billerica, MA, USA). Membranes were blocked
in 5% w/v nonfat dry milk made in tris-buffered saline plus
Tween-20 (TBS-T; 0.1% Tween-20) and incubated with the
following primary antibodies at 4∘C overnight: rabbit anti-
PI3K (1 : 1000, Epitomics, Burlingame, CA, USA), rabbit anti-
Akt (1 : 20,000, Cell Signaling, Beverley, MA, USA), rabbit
anti-p53 (1 : 2000, Beijing TDY Biotech Co. Ltd.), rabbit anti-
SIRT1 (1 : 2000, Abcam, Cambridge, UK), rabbit anti-PPAR𝛾
(1 : 1000, Bioworld, St Louis Park, MN, USA), and mouse
anti-GAPDH (1 : 20,000, Beijing TDYBiotechCo. Ltd.). After
rinsing with TBS-T, membranes were incubated with either
goat anti-rabbit or goat anti-mouse horseradish peroxidase-
(HRP-) conjugated immunoglobulin (Ig)G (H+L) secondary
antibodies (1 : 20,000 or 1 : 10,000, Beijing TDY Biotech Co.
Ltd.) for 40min at room temperature. Immunobands were
visualized using enhanced chemiluminescence (ECL) kits
according to the manufacturer’s instructions (Merck Milli-
pore, Darmstadt, Germany).

2.7. Immunohistochemical Analysis. Hippocampal tissue
samples were fixed in 4% paraformaldehyde, dehydrated in
an ethanol series (50%, 70%, 80%, 90%, 95%, and 100%),
cleared in xylene, and embedded in paraffin. Paraffin-
embedded tissues were coronally sectioned in an automatic
tissue processor (Leica, Wetzlar, Germany) to yield 5 𝜇m
thick sections. Sections were probed with rabbit primary
antibody (1 : 1000) and goat anti-rabbit biotin-conjugated
secondary antibody (Beijing Zhong Shan Golden Bridge
Biological Technology Co. Ltd). The following primary
antibodies were synthesized in the Bioactive Peptides
Laboratory of Xuanwu Hospital (Beijing, China): anti-IGF-1,
anti-PI3K, anti-phosphorylated-cAMP response element-
binding protein (p-CREB), anti-SIRT1, anti-p16, anti-PPAR𝛾,
and anti-p53 antibodies. Antibody binding was visualized
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Figure 1: Physiological changes in mice fed different diets. Mice were fed normal, HC, or LC diet for 6 months. Animal body weight (a);
blood glucose level (b); and serum cholesterol, serum triglyceride (TG), serum insulin, and serum IGF-1 levels (c) are shown. ∗𝑃 < 0.05,
∗∗

𝑃 < 0.01 compared with control; ##𝑃 < 0.01 compared with LC.𝑁 = 6 for each group.

with 3,3-diaminobenzidine tetrahydrochloride (DAB) kit
(Beijing Zhong Shan Golden Bridge Biological Technology
Co. Ltd), and samples were counterstained with hematoxylin
and eosin. Three slides were chosen at random from each
animal for quantification. The number of immunopositive
neurons in three visual fields per slide was quantitated with
Image-Pro Plus software.

2.8. Statistical Analysis. Data were analyzed with SPSS17.0
software (Chicago, IL, USA). All data are presented as means
± standard deviation (SD) and analyzed using one-way

analysis of variance (ANOVA). Repeated measures two-way
ANOVA was used to compare escape latency and swimming
distances among the three groups. 𝑃 < 0.05 or 𝑃 < 0.01 was
considered significantly different.

3. Results

3.1. Effects of Caloric Intake on Physiological Indicators. First,
we examined the physiological differences in the groups fed
normal, HC, and LC diets. As shown in Figure 1(a), mice
in the HC group demonstrated time-dependent elevation in
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Figure 2:Morris watermaze performance inmice fed different diets. Escape latency (a) and swimming distance (b) ofmice in normal control,
HC, or LC groups are shown. ∗𝑃 < 0.05 compared with control; #𝑃 < 0.05, ##𝑃 < 0.01 compared with LC.𝑁 = 12 for each group.

body weight that was significantly greater than the other
two groups by 8 weeks (𝑃 < 0.01). Body weight in the
LC group was attenuated relative to control at 8 weeks
(repeated measured two-way ANOVA, 𝑃 < 0.05). At 4
weeks, blood glucose level and serum levels of cholesterol,
insulin, and IGF-1 were significantly elevated in the HC diet
(𝑃 < 0.01 compared with the other two groups) (Figure 1(b)).
There were no detectable changes in serum triglyceride levels
among the three groups (𝑃 > 0.05) (Figure 1(c)). Mice
in the LC group did not exhibit significant alterations in
blood glucose or serum levels of cholesterol, insulin, or IGF-1
relative to control (𝑃 > 0.05) (Figures 1(b) and 1(c)).

3.2. Effects of Caloric Intake on Learning andMemory Abilities
in Mice. The Morris water maze is a well-established model
of spatial learning and memory. Mice in the control and two
experimental groups were trained on this task in order to
assess the potential differential effects of high and low caloric
intake on regulation of learning and memory processes. In
all groups, escape latency and swimming distance gradually
decreased with repeated trials over five days, and there was
a significant difference among the three groups (𝐹 = 4.376;
𝑃 < 0.05). Animals in the LC group exhibited a significantly
shorter escape latency than control (𝑃 < 0.05) (Figure 2(a)),
whereas animals in the HC group demonstrated significantly
increased escape latency and swimming distance relative to
the LC group (𝑃 < 0.01 or 𝑃 < 0.05) (Figures 2(a) and 2(b)).
These results suggested that low caloric intake may increase
learning and memory function, whereas high caloric intake
may impair learning and memory.

3.3. SIRT1 Signaling Pathway in Mice Fed Different Caloric
Diets. In order to further understand the molecular mecha-
nisms underlying alterations in learning andmemory inmice

fed different caloric diets, we investigated the SIRT1 signaling
pathway. As shown in Figures 3(a) and 3(b), the levels of
SIRT1 mRNA and protein were significantly downregulated
in brain tissue from HC mice relative to the other two
groups (mRNA, control: 1.31 ± 0.34; LC: 1.52 ± 0.32; HC:
0.88 ± 0.08; 𝑃 < 0.05). The expressions of downstream
targets of the SIRT1, including p53, p16, and PPAR𝛾, were
decreased in the HC group as well (Figure 3(b)). Similar
findings were observed in immunohistochemical analyses of
these targets (Figures 3(c) and 3(d)). Although animals in
the LC group exhibited a slight upregulation in the level of
SIRT1 mRNA and protein, the difference was not statistically
different (Figures 3(a) and 3(b)). The number of p53-positive
neurons, however, was reduced in the hippocampus of LC
mice relative to control (𝑃 < 0.01) (Figures 3(c) and 3(d)).
These data suggest that HC may affect learning and memory
by inhibiting SIRT1, whereas LC may be neuroprotective by
positively regulating the SIRT1-p53 pathway.

3.4. IGF-1-PI3K/Akt Signaling Pathway in Mice Fed Different
Caloric Diets. Since PI3K/Akt signaling pathway has been
implicated in insulin-mediated regulation of learning and
memory function, we also investigated the expression of
IGF-1, PI3K, Akt, and p-CREB in brain tissue of mice fed
different diets. There was no significant difference in the
protein expression of PI3K or Akt (Figure 4(a)). In addition,
the number of PI3K-positive neurons in CA1 of hippocampus
was not altered in the HC or LC groups relative to control
(𝑃 > 0.05) (Figures 4(b) and 4(c)). The expression of
p-CREB was significantly upregulated with LC treatment
(𝑃 < 0.01) (Figures 4(b) and 4(c)). Additionally, both LC
and HC elevated the number of IGF-1-positive neurons in
hippocampal CA1 region (𝑃 < 0.01) (Figures 4(b) and 4(c)).
Although the activities of IGF-1 and p-CREB were altered by
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Figure 3: Expression of SIRT1 pathway regulators. The mRNA expression of SIRT1 in hippocampal and cortical tissues of mice examined
by RT-PCR (a). The protein expressions of SIRT1, p53, p16, and PPAR𝛾 assessed with Western blot (b) and immunohistochemistry (c),
respectively. Magnification: ×400.The number of immunopositive neurons per area in hippocampal CA1 region was counted (d). ∗∗𝑃 < 0.01
compared with control; ##𝑃 < 0.01 compared with LC.𝑁 = 6 for each group.

diet, our findings suggest that the PI3K/Akt signal pathway is
unlikely to be involved in high or low caloric diet-mediated
changes in learning and memory.

4. Discussion
A diet high in fat during midlife has been linked to cognitive
impairment later in life [13]. Although many studies have

addressed this phenomenon in aged animals, little evidence
is available in young animals. Here, we investigated the
effects of high-caloric and low-caloric diets on learning and
memory abilities in juvenile (6-week-old) mice and explored
the underlying signaling pathways involved.

We found that a six-month long HC diet greatly
increased body weight, blood glucose, serum cholesterol,
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Figure 4: Expressions of IGF-1-PI3K/Akt pathway regulators. Protein expressions of PI3K and Akt assessed using Western blot (a).
Immunohistochemical analysis of PI3K, p-CREB, and IGF-1 expression in hippocampal CA1 region (b and c). Magnification: ×400. The
number of immunopositive neurons per area in hippocampal CA1 region was counted. ∗∗𝑃 < 0.01 compared with control. 𝑁 = 6 for each
group.

serum insulin, and serum IGF-1 and impaired learning and
memory function inmice. Although LC diet did reduce body
weight, the levels of other physiological indicators were not
altered. The LC diet did prevent impairments in learning
and memory dysfunction. Consistent with these findings,
it was shown that short-term administration of a high-fat
diet (55% kCal from fat) impaired cognitive function in rats
[3]. In contrast, caloric restriction has been associated with
enhanced memory consolidation and facilitation of synaptic
plasticity [14]. Taken together, these observations suggest
that long-term HC diet likely impairs learning and memory
function, even in juvenile animals, and that LC diet, while
not altering levels of physiological indicators, can improve
learning and memory.

SIRT1 is known to regulate processes underlying
longevity, and its role in delaying senescence has been
extensively investigated [15]. Previously, it was shown that
caloric restriction upregulated SIRT1 expression, and this
may be an essential event of lifespan elongation under caloric
restriction [16]. Indeed, we demonstrated that SIRT1 as well
as several of its substrates, including p53, p16, and PPAR𝛾,
is downregulated in HC diet fed mice. In LC diet mice,
SIRT1 expression was upregulated, but p53 expression was

downregulated. It is possible that other downstream factors
of SIRT1 may participate in LC-mediated SIRT1 activation.
Future studies will continue to investigate the molecular
mechanisms involved in the regulation of the SIRT1 signaling
pathway in HC or LC diet fed mice.

Furthermore, we investigated the potential involvement
of IGF-1-PI3K/Akt signal pathway in diet induced changes in
learning and memory. There were no significant differences
in the expression of PI3K or Akt among the three groups.
However, we did not measure the levels of phosphorylated
Akt in this current study. Therefore, we could not exclude
the possibility that Akt activation might be involved in
this process. Indeed, previous study indicated that Sirt1 had
the ability to activate Akt via Akt deacetylation during
tumorigenesis [17]. In our future study, we will continue to
explore the potential involvement of Akt activation in this
process. Interestingly, both IGF-1 and p-CREB levels were
upregulated in the CA1 region of hippocampus of mice fed
either HC or LC diet. It is possible that this increase in IGF-
1 and p-CREB serves as a compensatory mechanism in the
HC group, while LC might prevent learning and memory
deficits by increasing the activity of IGF-1 and p-CREB.
Consistent with this, the level of p-CREB was higher in LC



BioMed Research International 7

mice relative to HC mice. We did not, however, rule out the
possible participation of other factors or regulators in the
IGF-1-PI3K/Akt signal pathway in the above process. Future
studies will continue to explore themolecules involved in LC-
mediated neuroprotection and HC-mediated brain damage.

5. Conclusions

In the present study, we found that long-term HC diet
impaired learning and memory function, possibly via block-
ade of the SIRT1 signaling pathway. In addition, long-termLC
diet may improve learning and memory by upregulating the
expression of SIRT1, IGF-1, and p-CREB. Our study provides
important details regarding alterations in brain function and
chemistry following chronic changes in dietary intake and
suggests that SIRT1, IGF-1, or p-CREB and LC diet may be
promising therapeutic targets for the prevention of learning
and memory impairments in the young and elderly.
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[14] Á. Fontán-Lozano, J. L. Sáez-Cassanelli, M. C. Inda et al.,
“Caloric restriction increases learning consolidation and facil-
itates synaptic plasticity through mechanisms dependent on
NR2B subunits of the NMDA receptor,” The Journal of Neuro-
science, vol. 27, no. 38, pp. 10185–10195, 2007.

[15] L. Guarente and C. Kenyon, “Genetic pathways that regulate
ageing inmodel organisms,”Nature, vol. 408, no. 6809, pp. 255–
262, 2000.

[16] M. Kitada and D. Koya, “SIRT1 in type 2 diabetes: mechanisms
and therapeutic potential,” Diabetes and Metabolism Journal,
vol. 37, no. 5, pp. 315–325, 2013.

[17] N. R. Sundaresan, V. B. Pillai, D. Wolfgeher et al., “The deacety-
lase SIRT1 promotes membrane localization and activation of
Akt and PDK1 during tumorigenesis and cardiac hypertrophy,”
Science Signaling, vol. 4, no. 182, p. ra46, 2011.



Review Article
Oligodendrocyte Precursor Cells in Spinal Cord Injury:
A Review and Update

Ning Li and Gilberto K. K. Leung

Department of Surgery, Li Ka Shing Faculty of Medicine, The University of Hong Kong, Queen Mary Hospital, Pokfulam, Hong Kong

Correspondence should be addressed to Gilberto K. K. Leung; gilberto@hku.hk

Received 12 March 2015; Revised 19 June 2015; Accepted 25 June 2015

Academic Editor: Markus Kipp

Copyright © 2015 N. Li and G. K. K. Leung. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

Spinal cord injury (SCI) is a devastating condition to individuals, families, and society. Oligodendrocyte loss and demyelination
contribute as major pathological processes of secondary damages after injury. Oligodendrocyte precursor cells (OPCs), a
subpopulation that accounts for 5 to 8% of cells within the central nervous system, are potential sources of oligodendrocyte
replacement after SCI. OPCs react rapidly to injuries, proliferate at a high rate, and can differentiate into myelinating
oligodendrocytes. However, posttraumatic endogenous remyelination is rarely complete, and a better understanding of OPCs’
characteristics and their manipulations is critical to the development of novel therapies. In this review, we summarize known
characteristics of OPCs and relevant regulative factors in both health and demyelinating disorders including SCI.More importantly,
we highlight current evidence on post-SCI OPCs transplantation as a potential treatment option as well as the impediments against
regeneration. Our aim is to shed lights on important knowledge gaps and to provoke thoughts for further researches and the
development of therapeutic strategies.

1. Introduction

Spinal cord injury (SCI) is a catastrophic event that com-
monly results in axonal injuries and deaths of neurons and
glial cells. Subsequent secondary injuries that consist of
uncontrolled inflammation, excitotoxicity, edema, ischemia,
and chronic demyelination can lead to additional damages,
while the formation of glial scars also prohibits axonal
regeneration [1] (Figure 1). SCI causes disturbances to normal
sensory, motor, or autonomic functions and can significantly
affect patients’ physical, mental, and social well-being [2,
3]. Current therapies mainly rely on early operations for
mechanical decompression, symptomatic relief, supportive
care, and rehabilitation. With the development of stem cell
technologies, cell-based transplantation is now thought to
be a promising therapeutic approach for SCI. In fact, an
autologous bone marrow stem cell transplantation approach
is already undergoing a phase II clinical trial (NCT02009124,
https://clinicaltrials.gov/), while a neural stem cell transplan-
tation study is currently in phase I/II trial (NCT02326662,

https://clinicaltrials.gov/).Though exciting, their clinical util-
ities are still far frombeing clear partially due to unclear safety
issues such as teratoma formation.

A potentially useful cell source for post-SCI transplan-
tation is oligodendrocyte precursor cells (OPCs). The lat-
ter are the major source of oligodendrocytes responsible
for myelination within the central nervous system (CNS).
The proliferation, migration, and differentiation of OPCs
are sophisticatedly regulated by numerous factors including
neuronal- or axonal-glial neurotransmitters, growth factors,
neurotrophins, and transcription factors. The majority of
OPCs are quiescent with limited self-division under normal
circumstances, but they may respond rapidly to injuries and,
in particular, demyelination. However, their rescuing effects
are commonly hindered by the hostile microenvironment
at the injury sites, leading to incomplete remyelination and
clinical recovery. Therefore, finding ways to boost endoge-
nous OPCs by enhancing the positive regulatory factors
while attenuating negative ones has been an area of intense
investigations in neurotrauma research.
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Figure 1: The major pathophysiological phases after spinal cord injuries. BSCB: blood-spinal cord barrier; OLs: oligodendrocytes; ECM:
extracelluar matrix; CSPGs: chondroitin sulfate proteoglycans.

This review will first summarize known characteristics
of OPCs and then focus on the current understandings
about the potential roles of OPCs in SCI, in particular, their
effects on remyelination and glial scars formation. Recent
progress in OPCs transplantation research and associated
concerns will be discussed as well. Our aim is to shed lights
on important knowledge gaps and to provoke thoughts for
further researches and therapeutic treatment strategies.

2. Oligodendrocytes Loss and Demyelination
after Spinal Cord Injury

The myelin sheaths are essential for saltatory signal con-
duction and tropic support to maintain axonal integrity [4].
Unfortunately, mature oligodendrocytes, the only myelin-
forming cells within the CNS, are highly susceptible to
damages [5]. Grossman et al. observed an acute loss of
oligodendrocytes, along with neuronal death, as early as 15
minutes after injury in a rat spinal contusion model [6] and
which might last for 3 to 7 days [7]. In an observational study
with a 450-day follow-up after contusive SCI in adult rats,
the extent of demyelination significantly dropped within one
week after injury, followed by fluctuations at a lower level for
about 70 days, and then increased steeply during the rest of
the observation period. The findings suggested a chronic on-
going process of aggravated demyelination [8].

The underlying mechanisms are far from clear, how-
ever. Besides the initial acute insults, both necrosis and
apoptosis of oligodendrocytes have been observed in the
chronic phase of injury [9–12]. Numerous factors may con-
tribute to this process including the overabundant release of

proinflammatory cytokines such as tumor necrosis factor-𝛼
(TNF-𝛼) and interleukin-1𝛽 (IL-1𝛽), uncontrolled oxidative
stress, and ischemia as well as glutamate- and ATP-mediated
excitotoxicity [12, 13]. It is worth pointing out that though
autophagy, another type of cell death, has been shown to
cause oligodendrocytes death [14, 15], its positive and nega-
tive impacts remain controversial. Smith et al. demonstrated
that autophagy did not increase oligodendrocyte loss in
the spinal cord upon terminal deoxynucleotidyl transferase
dUTP nick end labeling (TUNEL) assay and caspase-3
immunostaining; instead, autophagy was found to promote
myelin development [16].

Historically, it was thought that oligodendrocytes and
intact myelin sheath were primarily responsible for the facil-
itation of neuronal signal conduction only. The potential role
of oligodendrocytes in preserving the integrity and survival
of axons was not realized until Griffiths and McCulloch
reported acute retraction of some lateral loops fromparanode
at 1.5 hours after injury due to oligodendrocytes loss [17].
Given the fact that each oligodendrocyte is responsible for
30–80 distinct axons, it could be expected that extensive
demyelination may occur even after the collapse of only
a single oligodendrocyte [18, 19]. Indeed, transgenic mice
with mutated myelin proteins such as myelin proteolipid
protein (PLP) and DM-20 were found to show overt axonal
swelling and degeneration [20]. Similar observations were
also made in mice harboring mutations of other mature-
oligodendrocyte-related proteins or genes [21–23]. Together,
these findings have given rise to the current concept that
axonal integrity relies heavily on oligodendrocyte support
and that oligodendrocyte loss would result in axonal degen-
eration.
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It is known that axons of cortical neuron may project
as far as 100 cm within the corticospinal tract [24]. Besides,
myelin sheaths essentially shield axons from their surround-
ings and limit access to extracellular metabolites. These raise
concerns about metabolic homoeostasis and energy supply
to the axons. In this regard, oligodendrocytes have been
shown to produce lactate, an alternative energy source for
axons within the CNS [25–27]. Reducing MCT-1, one of the
monocarboxylate transporters (MCTs) in oligodendrocytes,
resulted in severe axonal swelling, indicative of the important
role of oligodendrocyte-derived lactate [28]. Furthermore,
myelinating oligodendrocytes were able to synthesize and
deliver ATP to axons through connexons, a kind of gap
junctions protein [29, 30]. This increases the conduction
speed of action potentials [31]. Other factors responsible
for axonal development and stabilization include 2,3-cyclic
nucleotide phosphodiesterase 1 (CNP-1) gene [32] and per-
oxisomal targeting signal 1 receptor (PEX5) gene [33]. These
findings suggest that, in addition to their predominant
functions in nerve conduction, oligodendrocytes may also
labor as mechanical and trophic supports to axons [24, 26].
As naked or demyelinated axons are more vulnerable to
injuries, it is reasonable to expect that, after injury, efficient
remyelination is critical not only for cellular replacement
but also neuron-glial cross talk reconstruction and neuronal
function recovery.

3. Oligodendrocyte Precursor Cells and Their
Characteristics

3.1. Multipotency of Oligodendrocyte Precursor Cells. Vaughn
and Peters first discovered a type of small and irregularly
shaped cells with stout processes that were without astrocytes
or oligodendrocytes characteristics in adult, embryonic, and
perinatal rat optic nerves [49]. On autoradiography, these
cells reacted to Wallerian degeneration and represented 85–
90% of proliferating cells after degeneration despite the
fact that they only accounted for ∼5% of all glia under
normal conditions [50, 51]. These cells were initially termed
“oligodendrocyte-type-2 astrocyte (O-2A) progenitor cells”
due to their potencies for developing into either oligoden-
drocytes or type-2 astrocytes under specific conditions [52–
54]. More recently, these cells were renamed “oligodendro-
cyte precursor cells (OPCs)” because of their predominant
function of regenerating oligodendrocytes in demyelinating
conditions [55]. OPCs are found in both white and gray mat-
ters within the CNS though abundantly so in the former [56].
Morphologically, OPCs have small cell bodies and multiple
processes and may adopt a bipolar or tripolar shape [57].

Interestingly, the terminology of OPCs has received fur-
ther challenges because of recent discoveries of their abilities
to give rise to neurons. Purified OPCs from postnatal day 6
rat optic nerve have been shown to revert back to multiple
CNS stem cells, which could in turn give rise to neurons
and oligodendrocytes as well type-1 and type-2 astrocytes
[58]. Although these findings were initially challenged on the
ground of experimental techniques [59], they were subse-
quently confirmed both in vitro and in vivo [60, 61]. Guo et al.

detected low expression of doublecortin (DCX), a marker for
migrating and immature neurons, in a population of cells
with negative HuC/D signals (exclusively presented in neu-
rons) but positive PDGFR-𝛼 and Sox10 signals, both of which
are determinating markers of final oligodendrocyte matu-
ration [62]. These DCX+/PDGFR-𝛼+/HuCD- cells raised
thoughts about the idea that at least some endogenous OPCs
do have characteristics of neurons. Indeed, using PDGFR-𝛼
promoter-driven Cre, scientists were able to induce neuronal
formation from OPCs in adult piriform cortex [63]. Similar
findings were also observed in vivowithin adult rat neocortex
[64], neonatal mouse forebrain [65], and postnatal cerebral
cortex [62].

3.2. OPCs as Postsynaptic Neuronal Regulatory Targets. The
conventional dogma that classic chemical synapses exist
exclusively as neuron-neuron connections was challenged by
the discovery of functional glutamatergic synapses between
OPCs and axons [66–69].The latter would includeN-methyl-
D-aspartate receptor (NMDAR), alpha-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid receptor (AMPAR), and
kainite receptors. On oligodendrocytes, these receptors are
activated by glutamate released by either neurons or axons,
which increases intracellular Ca2+ level through stimula-
tion of voltage-dependent Ca2+ channels or the reversal of
Na+/Ca2+-exchangers. Li et al. demonstrated that NMDA
would promote OPCs maturation and myelination in dorsal
root ganglions- (DRGs-) OPCs coculture system in vitro [69].
Moreover, glutamate released by cultured cortical neurons
could promote OPCs migration by stimulating NMDAR; T
lymphoma invasion and metastasis 1 (Tiam1), a Rac1 guanine
nucleotide exchange factor (Rac1-GEF) that is coexpressed
and interacts with NMDAR in OPCs, would antagonize
NMDAR and suppress migration [70].

Remyelination was found to be significantly delayed
by the NMDAR specific antagonist MK801 in an in vivo
cuprizone demyelination model, suggesting that NMDAR is
essential for the entire OPCs-initiated remyelination process
[69]. Others such as AMPA-type glutamate receptors may
also participate in neuron- and axon-OPCs connections.
AMPAR activation appeared to be essential for OPCs mor-
phological alterations rather than proliferation and differen-
tiation during myelination [71]. AMPAR blockade resulted
in the inhibition of OPCs morphological development while
promoting proliferation and differentiation [72]. Interest-
ingly, a recent study also demonstrated that the degree of
OPCs-neuron contacts actually differed between demyelina-
tion and remyelination phase in that synapses would only
form during remyelination upon sufficient proliferation after
demyelination [73]. These findings were derived from a
lysolecithin- (LPC-) induced demyelination model, however,
and whether the same would apply in SCI remains to be
tested. It is plausible that OPCs may lack glutamatergic
synapses immediately after injury in order to promote self-
proliferation, and synaptic inputs would only develop during
the migration and maturation stages in preparation for fur-
ther remyelination. And to accomplish final myelin sheaths
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formation, a subsequent regain of AMPA synapses may be
required for correct morphological development.

More than 90% of synaptic currents in OPCs in the
neocortex are evoked by gamma-aminobutyric acid-ergic
(GABAergic) synapse [74], and GABAergic connections
between neuronal axon and OPCs are abundant [75, 76].
As in the case of glutamatergic receptors, activation of
GABA-𝛼 receptors may trigger Ca2+ influx via Na+/Ca2+
exchangers and promote OPCs migration [77]. In light of
this evidence, it is highly likely that Ca2+ influx triggered
by either glutamatergic or GABAergic synapses is essential
for OPCs migration by means of cytoskeletal reorgani-
zation, cell mobility, membrane traffic, and cell adhesion
and deadhesion [78]. On the other hand, a more complex
case is found in a cerebellar diffuse white matter injury
model in which hypoxia-induced loss of GABA-𝛼 receptor-
mediated synaptic input to OPCs significantly suppressed
OPCs maturation while promoting proliferation [79]. In this
regard, it seems that depolarization or hyperpolarization of
GABAergic synapses contributes to different aspects of OPCs
regulation. The expression of GABA-𝛽 receptors on OPCs
and their physiological functions is incompletely understood.
It is known that both GABA-𝛽1 and GABA-𝛽2 subunits are
localized onOPCs and that stimulatingGABA-𝛽 receptors by
baclofen, a selective agonist, substantially increasesmigration
and proliferation, providing evidence for a functional role
of GABA-𝛽 receptors in oligodendrocyte development [80].
The temporal-spacial alteration of either type of GABAergic
synapses after CNS injury and the effect on OPCs and
posttraumatic remyelination are not yet clear.

Purinergic receptors, including P1 receptors (alternatively
termed as adenosine receptors), metabotropic P2Y receptors,
and ionotropic P2X receptors, are widely distributed in
neurons and glial cells. As the breakdown product of ATP,
adenosine is the main ligand targeting four subtypes of
adenosine receptors (A1, A2a, A2b, and A3 receptors), all
of which have been identified in OPCs [81]. Activation of
adenosine receptors evokes the alteration of Ca2+ signals via
G-protein coupled receptors in OPCs and regulates their
differentiation and myelination. Particularly, activation of A1
receptor may be indispensable in recruiting OPCs to sites of
injury where remyelination occurs [82]. Contrarily, A2 recep-
tors may possibly act in a different way since they simulate
cyclic adenosine monophosphate (cAMP) via Gs receptors
rather than Gi receptors as for A1 receptors. Indeed, selective
A2a receptor activation may suppress OPCs proliferation in
vitro through the inhibition of K+ currents [83].Though little
knowledge is provided yet, it is highly believed that figuring
out the effects of A2b receptors upon OPCs may offer more
information in regulating them under pathological circum-
stances since it is shown that higher concentration of adeno-
sine is needed for activation of A2b receptors, which probably
can be detected in trauma, hypoxia, or ischemia [84].

Adenine (i.e., ATP and ADP) and uracil nucleotides (i.e.,
UTP and UDP) activate P2 receptors rather than adenosine
receptors. Activating P2X7, the only functionally active P2X
receptor in OPCS, results in a sustained influx of Ca2+ and
regulates pathological responses ofOPCs [85].There is strong

evidence that blocking P2X7 can have a neuroprotective
effect against ATP-induced oligodendrocytes-toxicity [86]
and that downregulation of P2X7 receptors expression may
occur after hypoxic ischemic injury [87].Whilemetabotropic
P2Y receptors may or may not be directly related to cell
viability, their involvements in promoting OPCs migration
[88] and prohibiting proliferation [85] have been reported.
The functions of other P2Y receptors subtypes such as P2Y2,
P2Y4, and P2Y12 in OCPs and SCI are even less well
understood and deserve further investigations [89, 90].

The expression of muscarinic acetylcholine (mACh)
receptors, a subtype of cholinergic receptors, has been suc-
cessfully identified on OPCs [91]. Activation of mACh may
rescue OPCs from growth factor deprivation [92]. Alter-
natively, mACh receptors activation significantly promotes
OPCs proliferation while prohibiting their maturation [93].
Conversely, antimuscarinic adjunct therapy was found to
offer a prodifferentiative effect in human OPCs in vitro.
Enhanced functional recoveries were also shown with sys-
temic treatment with mACh receptors antagonist following
transplantation of human OPCs into hypomyelinated rats
[94]. The role of nicotinic acetylcholine (nACh) receptors,
which are expressed on OPCs also, is not yet known [95, 96].

3.3. Regulation of Oligodendrocyte Precursor Cells. OPCs
functions are intricately modulated by a complex network
of growth factors, cytokines and chemokines, neurotrophins,
and transcription factors, all of which would affect the
remyelinating process in SCI.

Growth Factors. Platelet-derived growth factor-A (PDGF-
A) and fibroblast growth factor-2 (FGF-2) are two classic
factors affecting oligodendrocyte lineage development. Sta-
ble expression of PDGFR-𝛼 in OPCs and the mitogenic
effect of PDGF-A, a ligand to PDGFR-𝛼, in oligodendrocyte
lineage have been long established [57]. OPCs in white
matter respond to PDGF-A stimulation via Wnt/𝛽-catenin
and phosphatidylinositol 3-kinase pathways by increasing
proliferation rate [97]. The evidence that PDGF-A stimulus
may accelerate the migration of OPCs by activating ERK
pathway gives thought to its potential prorecruitment role
on OPCs after SCI [98]. FGF-2 is another strong mitogen
to OPCs. Direct intraventricular injection of FGF-2 after
subventricular zone dissection injury not only enhanced
the generation of OPCs but also promoted the differenti-
ation of oligodendrocytes from OPCs [99]. In agreement
with this, a double knockout of FGF receptors 1 and 2
significantly impacted on the differentiation of OPCs and
hindered myelin sheaths formation in a chronic cuprizone-
induced demyelinationmodel but not in acute demyelination
in the same study [100]. Interestingly, proliferation of OPCs
can be induced in culture of conditioned medium from
B104 neuroblastoma cells, possibly due to the coexistence
and synergy of PDGF-A and FGF-2 [101]. Other growth
factors include insulin-like growth factor (IGF), which has
synergic functions with PDGF and FGF through common
downstream messengers like PI3K/AKT and ERK pathways.

Ciliary neurotrophic factor (CNTF), a pleiotropic
cytokine within the IL-6 family, has been shown to promote
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spinal cord-derived OPCs survival and differentiation in
culture as well as endogenous OPCs migration in an acute
demyelination model [102, 103]. In the situation of SCI, a
chronic and continua increase of CNTF level was observed
in contusive spinal cord tissues, especially along the border
of injury site where posttraumatic oligodendrogenesis
was severe [104]. The idea of CNTF being involved in the
regulation of OPCs after SCI is supported by a recent study
showing enhanced remyelination and functional recovery
after transplantation of CNTF-expressing adult OPCs into
contused spinal cord [34].

Neurotrophins. Neurotrophins are responsible for the regu-
lation of survival and development of neural cells including
neurons and progenitor cells. Direct promyelinating effect
of brain-derived neurotrophic factor (BDNF) via activation
of TrkB receptors has been demonstrated in dorsal root
ganglions- (DRGs-) OPCs coculture system [105]. Consis-
tently, deletion of TrkB receptors in mice reduced thickness
ofmyelin sheath but would have no effect on oligodendrocyte
maturation or the number of myelinated axons. Surprisingly,
knockout of TrkB receptors actually led to a significant
increase in the density ofOPCs, suggesting that the regulatory
effects of BDNF via TrkB receptors may be phase-dependent
[106]. Neurotrophin-3 (NT-3) is another neurotrophin that
has a positive role in inducing survival and proliferation of
OPCs [107]. Both BDNF and NT-3 expressions increase after
SCI in mammals [108, 109], and additional NT-3, alone or
combined with sonic hedgehog, could increase the number
of OPCs and enhance remyelination after SCI [110].

Chemokines and Cytokines. Chemokines are key players in
the immunological and hematological systems. They are
also coexpressed with neurotransmitters such as choline
and dopamine in specific regions of the brain where they
serve specific functions [111, 112]. Though the expression of
a number of chemokines would alter after SCI, not all are
responsible for OPCs modulation. For example, CCL2 (also
known as MCP-1) expression is elevated during the acute
phase after spinal cord damaging and its inhibition would
attenuate secondary SCI [113]; it does not affect proliferation
andmyelination ofOPCs [114]. In contrast, CXCL12 (SDF-1𝛼)
and its receptor CXCR4 would promote OPCs proliferation
and myelin sheath formation in a dose-dependent matter
[114–116]. CXCL1 (GPO-𝛼) and its receptor CXCR2 may also
take part in the regulation of OPCs survival in pathological
states. Enrichment of CXCL1 ameliorates OPCs death from
inflammation cascade, which is a major component of sec-
ondary injury after CNS trauma [117, 118].

It has been demonstrated that the synthesis of several
cytokines such as leukemia inhibitory factor (LIF) is upreg-
ulated after SCI [119]. LIF is known to promote oligoden-
drocyte lineage development [120] and protect OPCs after
demyelinating injuries and ischemic trauma [121, 122]. Also,
transportation of LIF through impaired spinal cord-blood
barrier has been observed after SCI [123]. Interferon-gamma
(IFN-𝛾) also exerts interesting dual effects on OPCs in a
concentration-dependent manner; it maintains OPCs in the
cell cycle at low level of expression, whilst higher levels would

cause demyelination [124]. IL-17A is another new candidate
that can induce OPCs to exit the cell cycle and commence
differentiation into mature oligodendrocytes by activating
ERK1/2 pathways in demyelinating pathologies [125]. These
effects may occur in conjunction with IL-1𝛽, which is known
to protect OPCs and promote their differentiation. But unlike
IL-17A, IL-1𝛽 arrests OPCs in the cell cycle and hinders their
mitosis [126]. It would be interesting to study the combined
effects of IL-17A and IL-1𝛽 upregulation after SCI [119].

Transcription Factors.A vast body of literatures has described
the transcriptional networks that regulateOPCs, one ofwhich
is the basic helix-loop-helix (bHLH) family. Of particular
interest is the significant role played by oligodendrocyte
transcription factors 1 (OLIG1) and OLIG2, both being
oligodendrocyte-specific genes [127, 128]. Double-mutant
OLIG1 and OLIG2 would eliminate the formation of OPCs
and the genesis of motor-neurons and oligodendrocytes
[129], while transient expression of OLIG1 would induce
the formation of OPCs from neural stem cells [130]. For
remyelination, a series of loss- and gain-of function in
vitro studies have demonstrated the comparatively more
predominant role of OLIG2 [131–133]. Overexpression of
OLIG2 in transgenicmicemay lead to precociousmyelination
throughout the CNS aswell as enhancedOPCsmigration and
remyelination [134]. OLIG1 and OLIG2 also interact. While
OLIG2 expression is upregulated in contused spinal cord
[135], its solo overexpressionwould result in tumorous cell
growth. Interestingly, such tumorigenesis is absent under the
situation of simultaneous expressions of OLIG1 and OLIG2,
indicating a directly restrictive and mutually modulatory
function between them [136]. Compared with OLIG2, OLIG1
plays a secondary and nonessential role in oligodendrogen-
esis as OLIG1 null mice lines have shown only a mild delay
in oligodendrocyte differentiation and maturation without
long-term effect [137].

OLIGs are modulated by other transcription factors
such as inhibitor of DNA-binding protein 4 (ID4) and its
companion ID2, both of which act as overt transcriptional
repressors upon OPCs differentiation and maturation by
sequestrating OLIG1 and OLIG2 and preventing them from
binding consensus DNA domains [138, 139]. This indicates a
potential modulating role of IDs on OPCs in SCI. Indeed,
electroacupuncture treatment after compressive spinal cord
injury was found to protect myelin sheath breakdown and
increase OPCs proliferation by promoting OLIG2 but atten-
uating ID2 expression [140].

The highmobility group (HMG) family, another group of
transcriptional factors, also modulates OPCs. In particular,
SOX5 and SOX6 from D subgroup of HMG are found in
OPCs, and they repress the terminal maturation of OPCs
and hinder their migration [141]. In OPCs, SOX6 expression
requires the consistent presence of SOX8 and SOX9, which
guarantee the generation of OPCs in conjunctionwith SOX10
[141, 142]. The latter is crucial for the terminal differentiation
of OPCs since ablation of SOX10 would lead to an altered
migration pattern and reduced quantity of OPCs due to
enhanced apoptosis [142]. SOX10 may also act as a regulating
target and mediator of OLIG1 and OLIG2 during OPCs
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maturation [136]. The likely synergistic relationship between
SOX10, OLIG, andMYRF further complicates the picture and
calls for more detailed posttranscriptional studies [143, 144].

Current evidence also suggests the positive participa-
tion of ZFP191 and ZFP488, two members of zinc fin-
ger transcription factors, in OPC regulations. Mutation of
ZFP191 in C3H/HeJ genetic mice would lead to significant
hypomyelination with preserved process-outreaching pro-
genitors, indicating that ZFP191 may have a stage-specific
action. ZFP488 is an oligodendrocyte-specific regulator. Its
overexpression would promote oligodendrocyte precursor
formation in cooperation with OLIG2 [145]. Of particular
interest is myelin transcription factor 1 (MYT1) which is
upregulated in the injured spinal cord [146]. In light of the
evidence that MYT1 is crucial for progenitor proliferation
and differentiation [147], it is possible that MYT1 may
contribute to the modulation of OPCs in SCI. Many other
transcription factors such as MASH1 (alternatively known as
ASCL1) [148], NKX family [149], and Yin Yang 1 (YY1) [150]
may similarly regulate oligodendrocytes generation although
concrete evidence is still lacking.

4. Roles of Oligodendrocyte Precursor Cells
after Spinal Cord Injuries

4.1. Alterations after Spinal Cord Injuries. OPCs respond to
SCI rapidly by altering their morphologies and accelerating
mitosis [151, 152]. Overall, the proliferation rate of OPCs
would significantly increase by the end of the first day after
injury and remain elevated in the following week. Cells
number would remain high for a whole month. Two different
subtypes of OPCs may be identified within and around the
injury site [153]. Round-shapedOPCswith highNG2 staining
and short thick processes were found along the injury lesions;
this contrasts with OPCs with multiple processes seen 200–
300 um away from the lesion. In general, OPCs positively
stained for NG2 and BrdU antibodies were found throughout
the impact site and the surrounding spared areas in the first
week after injury [154]. Elevated proliferation continued for
two weeks, followed by a decline within the epicenter and
rostral sections but not the caudal parts. Another time-course
study described a more rapidly upregulated proliferation by
day 2 that peaked by the 4th day and then declined by week
1 [155]. A closer look at the temporal-spatial pattern showed
that, instead of the epicenter, most BrdU+ OPCs were in fact
concentrated within 1.5mm rostral to the injury site 3 days
after SCI [7, 156]; the number of cells labeled with NG2/Ki67
would drop within 4 hours, indicating a local toxic effect after
injury [157].

There is hitherto scanty information on the mobility
of OPCs after SCI although they are generally thought to
migrate at a slower rate than their precursor stem cells
[158]. Whether proliferative OPCs around the injury site are
activated in situ or derived from immigrating cells remains
unknown. Carroll et al. studied experimental demyelinat-
ing optic nerve lesions and reported a centripetal migra-
tion of cells towards the lesion by day four. Though not
firmly identified as OPCs, these cells did differentiate into

oligodendrocytes during and after migration [159], and it is
possible that the same may occur in SCI. In another study
using a spinal contusion injury model, treatment with the
enzyme chondroitinase ABC, which removed the inhibitory
effects of chondroitin sulfate proteoglycans (CSPGs), could
significantly enhance the quantity ofOPCs 2-fold [160].Using
double-staining techniques, the authors further demon-
strated that none of the OPCs were positive for BrdU/Olig1 or
Ki67/Olig1, suggesting that the increase of OPCs number was
primarily due to migration rather than in situ proliferation.

4.2. Remyelination by Endogenous Oligodendrocytes Precursor
Cells. Identifying the exact cell type responsible for remyeli-
nation in diseases is critical for the development of ther-
apeutic interventions. Self-mitosis and replacement for the
damaged cells are considered as a direct and plausible way of
healing and recovery after injuries. As a consequence, mature
oligodendrocytes, being themyelin-forming cells in the CNS,
were initially thought to be responsible for posttraumatic
remyelination [161].However, this postulationwas challenged
by the evidence that terminally differentiated oligodendro-
cytes would represent no more than one-fourth of the total
BrdU+ cells in spinal cord tissue following contusive injury
[156], and surviving oligodendrocytes after injuries would
possess extremely limited abilities to divide [162].

An alternative hypothesis is that OPCs may be responsi-
ble for the generation of myelinating cells and remyelination
instead [152, 154, 163]. Watanabe et al. found a robust prolif-
eration of OPCs during the first week after chemical-induced
demyelination, followed by a steep decline of OPCs with an
increase in the number of mature oligodendrocytes [164].
More importantly, a few thin myelin rings were detectable on
day 14, and, by day 28, numerous myelin basic protein (MBP)
positive myelin sheaths were observed throughout the lesion.
The results indicated that new matured oligodendrocytes
were mainly derived from OPCs and were able to produce
myelin sheaths in vivo. Further supporting evidence is made
available from transplantation experiments (see below). Cao
et al. studied whether treatment with exogenous OPCs could
alleviate demyelination and improve motor function [34].
Using OPCs expressing CNTF, grafted cells were found to
differentiate intomature oligodendrocytes.Notably, transcra-
nial magneticmotor-evoked potentials (tcMMEPs) andmag-
netic interenlargement reflex (MIER) showed a progressive
recovery in both the CNTF-expressing OPCs group and the
controlOPCs group; no restorationwas detected in nontrans-
plantation groups. In another spinal cord irradiation injury
model treated with mouse embryonic stem cells- (mESCs-)
derived OPCs, a reduction in lesion volume and an increase
in dorsal funiculus density were observed [39]. Forelimb
locomotion improved in the transplantation group when
compared with controls. These findings suggested that OPCs
were able to generate mature oligodendrocytes, which may
then become integrated and functional within the injury site.

It is important to note that OPCs may not be the only
endogenous progenitors of myelinating oligodendrocytes
after spinal cord trauma. Ependymal cells, located in the
central canal of spinal cord, possess neural stem/progenitor
cell properties and may respond extensively to insulting
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signals in spinal cord tissue. Such proliferative responses
seem to be exclusive to spinal cord trauma and do not occur
after chemical-induced demyelination [165]. Though, under
normal circumstances, the proliferative activity of ependymal
cells is only a tenth of that of OPCs, as soon as injury takes
place, ependymal cells would produce as much as double the
number of progenies compared to OPCs. Excitingly, a frac-
tion of these cells would finally differentiate into functioning
oligodendrocytes [166]. A recent study has demonstrated the
cholinergic enhancement of cell proliferation on ependy-
mal cells and, in turn, the upregulation in oligodendrocyte
markers in spinal cord tissue [167], thus shedding lights
on the possibility of endogenous oligodendrogenesis from
ependymal cells.

Since the promising findings in the origins and sources of
oligoregeneration and thewealthy understandings of endoge-
nous regulation of OPCs have been stated, is the remyeli-
nation complete? Such a speculation is cruelly diminished
by postmortem examinations providing disappointing results
with the presence of substantial amount of demyelinated
axons especially within the center of contused spinal cord
tissues [168]. And, given the difficulties with distinguish-
ing the boarder of injury epicenter and the chronic die
back of naked axons, pathological examinations focusing
on the injury site alone may potentially underestimate the
actual number of dysmyelinated or demyelinated axons after
spinal cord trauma. Spontaneous remyelination after CNS
injuries therefore remains a highly elusive phenomenon.
Recruitment of OPCs into injury site relies greatly on the
involvement of multiple stimulating factors, the levels of
which would diminish with age [169]. Another plausible
reason for insufficient remyelination after injury may be
the existence of myelin sheath debris containing inhibitory
molecules against OPCs differentiation such as NOGO66
via NOGO receptor complex [170]. Myelin sheaths that have
survived the initial insult may also inhibit the maturation of
OPCs probably by upregulating the expression of ID2 and ID4
[171]. Furthermore, glial scars formation would hinder not
only the recruitment and proliferation ofOPCs but also create
a hostile environment for OPCs differentiation and oligoden-
drocytes maturation. Paradoxically, OPCs themselves may
also partake in scar formation, suggesting a dual role of OPCs
after SCI (see below). Taken together, it is likely that myelin
sheaths repair and oligodendrocyte lineage regeneration are
hindered most significantly within the epicenter of injury,
whilst a more optimal site for regeneration may be found
along or even at a distance from the border of the injury [13].

Bone morphogenetic proteins (BMPs) belong to the
transforming growth factor-𝛽 (TGF-𝛽) super family.They act
on type I and type II BMPs receptors and are important neg-
ative regulators in oligodendrocyte lineage generation [172].
Earlier evidence demonstrated that the levels of BMPs would
alter after SCI [173]. Blockade of BMP4 by its extracellular
antagonist, Noggin, prohibited astrogenesis and promoted
the production of oligodendrocytes in OPCs culture [174].
Similarly, BMP4 was able to induce astrocyte generation
and suppress oligodendrocytes production via the Smad
pathways and other transcription factors [138, 173]. On the
other hand, intraventricular infusion of BMP4 has been

found to increase the number of OPCs during the demyeli-
nation phase. The number of OPCs significantly decreased
with an increase in astrocytosis during remyelination 1
week later. Antagonism of BMP4 by Noggin could enhance
remyelination and ablate the proastrogenesis effect of BMP4,
suggesting that BMPs may act in a phase-specific fashion
[174]. Understanding the role of BMP4 at different phases of
repair is therefore of translational significance.

As mentioned above, undamaged myelin sheaths can
inhibit remyelination via NOGO receptors. The latter inter-
act with leucine-rich repeat and Ig domain-containing 1
(LINGO-1), which is a major suppressor of OPCs differenti-
ation [175, 176]. Attenuating LINGO-1 significantly increased
the survival of oligodendrocytes and improved functional
recovery after spinal cord hemisection [177]. LINGO-1 may
also function as a negative regulator of neurotrophin BDNF
signaling through direct interaction with TrkB receptors
[178]. Another negative regulator is tumor necrosis factors-
alpha (TNF-𝛼). Both TNF-𝛼 and its receptor, TNF-R1, are
found in OPCs. Inhibition of TNF-𝛼 or TNF-R1 blockade
could significantly attenuate the inhibitory effects of reactive
astrocytes on OPCs differentiation at the epicenter of spinal
cord [179].

Generally speaking, there are two major strategies that
can potentially enhance remyelination: to increase the effects
of stimulating factors and to block the effects of inhibitory
factors.Themanipulation of a single factor alone is, however,
unlikely to the necessary effects, as exemplified by the failure
to enhance remyelination in transgenic mice overexpressing
PDGF-A despite an increase in OPCs density [180]. Some of
the factors, such as BMP4 and ZFP191, may have dual effects
that materialize in a phase-specific or region-specific fash-
ion. Therefore, therapeutic strategies targeted at endogenous
remyelination need to take into considerations the impacts
of different treatment time points, site of application, and,
most importantly, the combined effects of different factors.
Currently, the use of exogenous cell source and biomaterial
scaffolds have attracted considerable research effort.

4.3. Transplantation of Oligodendrocyte Precursor Cells. A
growing body of evidence has demonstrated that cellu-
lar transplantation may be of benefits. Various kinds of
transplantable cells, including olfactory ensheathing cells,
Schwann cells, and stem cell-derived OPCs, have been stud-
ied [181].The current understanding is that transplanted cells
would offer not somuch the replacement of damaged cells but
the neuroprotective and immunomodulatory effects. Herein,
we will highlight a few relevant studies.

4.3.1. OPCs. Franklin et al. transplanted lac-Z-transfected O-
2A progenitor cells (CG4, a cell line of OPCs) into irradiated
spinal cord and observed cell survival, proliferation, and
migration throughout the cord [35]. They further examined
the reactions of CG4 cells in an ethidium-bromide induced
demyelination lesion in both irradiated and nonirradiated
spinal cords. By day 15 after injury, remyelination was
evidentmicroscopically in preirradiated demyelinated lesion.
Interestingly, the injected cells appeared to survive better
in an injured environment than in the normal spinal cord,
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indicating that damaged axonsmay emit factors that promote
the survivals of OPCs. ExogenousOPCs transplanted directly
into the injured site seven days after injury were found to
have proliferated and differentiated into oligodendrocytes but
not astrocytes or neurons. Both motor function tests and
electrophysiological studies confirmed neurological recov-
ery [36]. The therapeutic effects of transgenic OPCs were
further demonstrated in SCI by Rosenbluth et al. [37] and
Bambakidis and Miller [38]. A summary of these pioneering
studies is provided in Table 1.

These preclinical studies have provided proof of concept
evidence that exogenous OPCs could enhance remyelina-
tion, but whether they can provide clinical benefit remains
unknown.The availability of autologous OPCs is limited and
heterologous transplantation requires the use of long-term
immunosuppression that may cause serious side effects [182].
A possible alternative is human embryonic stem cells (hESCs)
which are capable of differentiating into oligodendrocytes.

4.3.2. hESCs-Derived OPCs. hESCs are a potentially use-
ful source of OPCs for clinical application [39]. They are
also versatile, pluripotent “super cells” that are capable
of differentiating into serotonergic [183] and dopaminergic
neurons [184]. Nistor et al. described the method by which a
population of OPCs with high purity and specificity could be
generated from hESCs [185]. Using this technique, Keirstead
et al. reported doubling of remyelinated axons one week after
thoracic contusive SCI. Motor functions in the hESCs-OPCs-
treated group were significantly better than those in controls
[40].The same research group also demonstrated that hESCs-
OPCs transplantation was associated with better sparing of
grey and white matter, attenuated cavitation, and altered gene
expression (e.g., interleukin-10 (IL-10), hepatocyte growth
factor (HGF), and Fas) in cervical spinal cord contusion [41].
In terms of somatosensory evoked potentials (SSEPs) as a
surrogate of ascending pathway integrity [186], animals were
found to have significant improvement in both amplitudes
and latencies following transplantation [42].

These encouraging “proof-of-concept” studies have pro-
vided important evidence to support clinical trials. Recently,
a company (Asterias) has obtained an approval from the US
Food and Drug Administration to conduct a clinical phase
I and phase II/a trial of OPCs transplantation (AST-OPC1)
for SCI (NCT02302157, https://clinicaltrials.gov/).The trail is
expected to commence in early 2015 and will test escalating
dosages of transplanted cells and safety profile.

4.3.3. iPSCs-Derived OPCs. OPCs may also be generated
from induced pluripotent stem cells (iPSCs). iPSCs-derived
OPCs provide the solutions for simultaneously resolving two
major hurdles within transplantation therapy, that is, the
scarcity of cell source and the problem of immune-rejection.
iPSCs were derived from human dermal fibroblasts in 2007
[187]. Later, by genetically reprogramming several OPCs-
related transcription factors (OLIG2, SOX10, and NKX6.2)
in mouse fibroblasts cells, functional OPCs with normal
morphology and oligodendrogenesis abilities were generated
[188].

In 2011, Czepiel et al. succeeded in differentiating mouse
iPSCs into OPCs and myelinating oligodendrocytes in vitro
[44].Themajority of iPSCs-derivedOPCswere found to have
survived the procedure and could develop into functioning
oligodendrocytes that participated in remyelination [45].
All et al. similarly transplanted iPSCs-derived OPCs into
contused spinal cord and reported less cavitation together
with enhanced axonal remyelination two months after treat-
ment [46]. Perplexingly, both viable-OPCs group and Heat-
killed-control group (one of the controls) showed functional
improvement during the first seven days after transplan-
tation. However, further improvement in the viable-OPCs
group was not evident until the end of the first month.
Notwithstanding, these studies have shown that iPSCs-
derived OPCs are a potentially promising and clinically
accessible cell source.

Douvaras et al. have reported an interesting study
in which isolated skin fibroblasts from multiple sclerosis
patients were induced to form iPSCs and later OPCs. These
patient-iPSCs-derivedOPCswere able to initiatemyelination
well after being transplanted into shiverer mice with myelin
deficiency [47]. The limited migratory capacity of iPSC-
derived OPCs derived from iPSCs could also be overcome by
means of overexpressing polysialylating enzyme sialyltrans-
ferase X [48].

There are definite clinical risks associated with the use
of stem cell-derived OPCs. The tumorigenicity is a major
concern [189] even though no teratoma formation has so far
been reported in Keirstead’s serial studies [40, 41] or Geron’s
preclinical trial [190]. In another independent study, a total
of 650 million hESCs-derived OPCs were injected, again,
without any subsequent tumor-formation [43]. Another con-
cern is that clinical and experimental SCI involve different
pathological processes and that experimentalmodelsmay fail
to capture all critical elements found in clinical situations
[191]. Whether derived OPCs are able to generate new
oligodendrocytes and myelinate damaged axon is unknown.
In addition, there are ethical considerations with regard to
the use of human embryos that are beyond the scope of this
review.

4.3.4. Other Sources of Transplantable Cells. There are other
types of transplantable cells that are potentially useful for the
treatment of SCI including neural stem cells [192, 193], bone
marrow cells [194, 195], and Schwann cells [196, 197]. The
latter are the myelin-forming cells within the peripheral ner-
vous system. The major advantages of Schwann cells include
their accessibility and immune-compatibility. Their positive
roles in myelinating regenerated axons, reducing cyst forma-
tion, and improving neural functions have been extensively
studied. Another candidate for therapeutic transplantation
is olfactory ensheathing cells. Preclinical studies have shown
that these cells could promote remyelination [198, 199], and
autologous olfactory ensheathing cells are currently being
studied in clinical trials with some encouraging results [199–
202]. In a recent study using autologous olfactory lamina
propria transplantation, half of the patients with complete
SCI showed some improvement in either motor or sensory
functions upon long-term follow-up although the findings
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are not conclusive [203]. The authors tried to link several
reasons to their results, one of which was the relatively
small size of input graft when compared with the lesion
size. Indecipherable enlargement of syringomyelia might also
contribute to the mere recovery in this study. From our point
of view, another plausible reason may be the long time span
since spinal cord trauma (not less than 6 months), as it is
indicated that benefits may not be witnessed when treatment
is carried out after a several months-long period of time [40].

4.4. Inhibition by Oligodendrocyte Precursor Cells. Astroglio-
sis and glial scar formation are ubiquitous findings in SCI
[204–206]. Although they serve important functions during
the acute and subacute phases of injury, chronic scarring
would limit axonal regeneration [207, 208]. The observation
of extensive OPCs proliferation along injury boundaries
also raises the question of whether these cells may in fact
contribute to scarring. There are two main areas within a
glial scar—the fibroblastic core and the glial surrounding
zone [209]. NG2-positive cells were known to populate lesion
cavities 2 days after injury, and, by day 10, these cells formed
small plaques that corresponded to the glial surrounding
zone. Similarly, oligodendrocytes precursors have also been
identified within the fibroblastic core [210]. Hence, there
is evidence to suggest that OPCs may also partake in the
formation of glial scar that prohibits axonal regeneration.

Apart from being a physical barrier against regeneration,
a glial scar may also act as a source of inhibitory molecules,
including chondroitin sulfate proteoglycans (CSPGs),
semaphorin 3, and eph/ephrin tyrosine kinases [211]. CSPGs
consist of several subtypes (e.g., aggrecan, versican, NG2,
neurocan, brevican, and phosphacan) and are closely linked
with OPCs [212, 213]. Amongst these, NG2 is of particular
interests. Chen et al. found that growing neurites would
avoid OPCs-covered areas in vitro. But when incubated
with anti-NG2 antisera, these OPCs-coated membranes
would attract neurite ingrowth, suggesting that NG2 may be
responsible for the growth-inhibiting effect of CSPGs [214].
The underlying mechanism is incompletely understood
but may involve the activations of the N-terminal globular
domain (domain 1) and the juxtamembrane domain (domain
3) of NG2 [215]. Results from subsequent in vivo studies
were less clear-cut, however. de Castro et al. compared
between wild-type and NG2 knockout mice and found
no difference in the morphology of the transection scar.
Surprisingly, calcitonin gene-related protein-positive fibers
were found to grow into the scars in wild-type animals just
as extensively as in NG2-null ones [216]. On the other hand,
blockage of NG2 has been shown to facilitate the growth
of ascending sensory axons across the caudal boundary of
a lesion [217]. Similar growth-promoting effects could also
be achieved by using chondroitinase ABC [218] and NG2
neutralizing antibodies [219]. There is as yet no satisfactory
explanation for these controversial findings but differences
in regenerating capabilities between subtypes of neurons
may be responsible.

Recent studies also suggested that CSPGs might affect
the formation of cellular processes by OPCs and oligoden-
drocytes. In an in vitro study, the presence of CSPGSs was

found to reduce the length and number of processes in
predifferentiated OPCs [220]. Furthermore, CSPGs could
affect myelination, resulting in fewer membrane sheets that
were smaller and atrophic [221]. Both Rho-Rock and protein
kinase C signaling pathways [221], as well as the protein
tyrosine phosphatase sigma (PTP𝜎) pathway [222], were
thought to play important roles. Conversely, the reduction of
CSPGs by xyloside was found to result in a robust increase
in OPCs number as well as CC1+ mature oligodendrocytes
in a mouse model of lysolecithin-injected spinal cord injury
[223]. To further complicate the picture, different classes of
CSPGs may exert different effects on OPCs [160]. Therefore,
further researches are clearly needed.

5. Conclusions

Demyelination and oligodendrocyte loss following SCI cause
significant interruption of neural functions. Current evi-
dence supports the notion that efficient oligodendrocyte
replacement and sufficient remyelination would ameliorate
pathological cascades and improve neural functions. OPCs
are the natural source ofmyelinating oligodendrocytes within
the CNS following SCI. The enhancement of endogenous
regeneration by innate OPCs and the transplantation of
myelinating cells represent the two most promising thera-
peutic strategies. The elusive biological properties of OPCs
and the complexity of the associated regulatory network are
incompletely understood and continue to be a critical area
of future investigations. A simplistic approach of targeting
a single factor is unlikely to provide significant clinical
benefit. The latter would necessitate a far more thorough
understanding and exploitation of the complex regulatory
network.

In the context of transplantation, OPCs derived from dif-
ferent sources may respond differently to individual growth
factors and within different regions around the injury site
[97, 101]. More intriguing is the possible role of OPCs in
promoting glial scar formation that may itself inhibit axonal
regeneration, and it is conceivable that future discoveriesmay
argue against the utilization of OPCs transplantation in the
treatment of SCI and other demyelinating conditions. The
situation is further complicated by the fact that CSPGs may
in turn prohibit OPCs. Existing evidence suggests that adult
OPCs contribute to CSPGs accumulation at the lesion site
after injury and that premature oligodendrocytes probably do
not [213].This renders premature oligodendrocytes an attrac-
tive source of transplantable cells that are capable of generat-
ingmature oligodendrocytes without emittingCSPGs. Again,
given the extremely complicated neuron-glial, glial-glial, and
extracellular matrix-glial cross talks, it is unlikely that single-
agent treatment would be effective; instead, combinatorial
strategies targeted at oligodendrocytes lineage protection,
blockage of extracellular inhibitory molecules, and myelina-
tion promotion are probably necessary.
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This study investigates the biokinetics of LGT proteome, a potential biomarker of severe TBI, in serum of severe TBI patients. The
LGT proteome presents in the serum of severe TBI patients. The abundance diversity of LGT proteome is closely associated with
pathologic condition of TBI patients. Serum LGT proteome may be used as a promising marker for evaluating severity of severe
TBI.

1. Introduction

Traumatic brain injury (craniocerebral injury, TBI) is the
most common disease with high morbidity and mortality
in neurosurgery, especially to the youngsters, and a lot of
researchers have focused on this fact [1, 2]. Severe TBI repre-
sents a major cause of neurological morbidity and mortality
throughout the world. In the past decades, several challenges
have been faced in the conduct of clinical research in TBI,
including inclusion of a broad heterogeneity of injuries,
difficulties with standardization and consistency of complex
medical management, and lack of sophisticated measures
to sufficiently detect the differences in outcomes. Recent
developments in definition of potential genetic and biological
markers in TBI are also aiding in the subcategorization of
patients into finer diagnostic and prognostic groups [3].

Serum protein biomarkers have long held promise in the
study of TBI. They are considered to facilitate the diagnosis,
monitoring progress, prognosis, and providing pertinent
molecular information about ongoing pathological changes
for designing evidence-based therapeutic interventions [4].

Serum protein biomarkers are of special importance in TBI
because they are typically associated with military operations
with limited access to imaging and other diagnostic tools
of hospitals [5, 6]. So there is great significance to look for
the related protein markers to the TBI patients’ pathogenetic
condition and prognosis [2, 7]. Pei [8–10] reported a kind
of proteome called lost goodwill target (LGT) proteome
in the serum of the tumor patients which can reflect the
different phase of tumor development or aggravation, which
was also related to the patients’ pathogenetic condition and
mortality. Ren et al. [11] reported that the LGT proteome was
produced under the pathologic condition of TBI patients,
and the abundance of LGT proteome is closely associated
with pathogenetic condition and prognosis of TBI patients;
the LGT proteome may play an important role in predicting
pathogenetic condition and prognosis of TBI patients.

Based on the findings above, LGT can also be found in
severe TBI patients’ serum, and it may be the early warning
sign for disease aggravation or even death. In order to inves-
tigate the clinical significance of LGT proteome, the study
proceededwith surface enhanced laser desorption/ionization
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time-of-flight mass spectrometry (SELDI-TOF-MS) [12, 13]
technology, which can detect the exact LGT concentration in
the serum of TBI severe patients.

2. Materials and Methods

2.1. General Data. 96 TBI cases treated in our department
between March 2006 and July 2009 were analyzed retrospec-
tively. There were 77 males and 19 females with age range of
16–83 years (mean age: 31.7±26.3); interval time from injury
to clinical (h): 0.5∼11.5 h, average 7.1 ± 2.2; Glasgow Coma
Scale (GCS) score: 44 cases with 3∼5 points, 52 cases with 6∼8
points, and 32 cases receiving emergency operation; trauma
cause: 46 cases by traffic accident, 22 cases by injury due to
fall or mine disaster, 19 cases by strike injury, and 6 cases
with other causes; major trauma type: 47 cases with contu-
sion and laceration of brain and (or) subdural/intracerebral
hematoma, 14 cases with epidural hematoma, and 35 cases
with diffuse axonal injury and brain stem injury. All cases
were diagnosed as craniocerebral trauma by cranial CT
scanning after the admission; 69 survival cases carried on
prognostic evaluation with Glasgow outcome score (GOS)
6 months later. The exclusion criteria were as follows: being
under 16 years old, death in 24 hours from admission, severe
infection or combined injury, malignant tumor or autoim-
mune disease, with damage of important organs especially
liver and kidney (multiple organ failure), and transfusion
of blood in operation. Meanwhile, 35 healthy cases were
chosen as control group. This project has been reviewed by
the Medical Ethics Committee of Shanxi Provincial People’s
Hospital. At the same time, signed informed consent of
research projects of every patient with patients themselves
or their guardians was obtained. The factors such as general
condition, age, and sex were comparable (in research group
and the normal controls) between the two groups (𝑃 > 0.05).

2.2. SELDI-TOF-MS Detection

2.2.1. Main Instruments and Reagents. Themain instruments
and reagents included protein fingerprint meter, WCX2
chips, PBS-IIc chip reading machine, and Ciphergen Pro-
teinChip 3.2 analysis software, urea, sodium acetate [NaAc
(100mmol/L NaAc pH 4.0)], HPLC water, and SPA.

2.2.2. Serum Sample Processing. 5mL sera were taken in
the morning when patients were hollow and were put
in VACVTTE vacuum quantitative mining container and
placed at room temperature for 60min (including the time
when samples were out of the body), and then the serum
was separated from blood at 3000 g × 10min and preserved
at −80∘C; serum samples were thawed and put in ice bath
(10000 g × 2min); take 5 𝜇L serum sample and add 10 𝜇L urea
(9mmol/L). The sample underwent oscillation for 30min,
followed by the addition of 180 𝜇L buffer (100mmol/L NaAc,
pH = 4.0), at 4∘C, and was centrifuged at 10000 g × 2min;
then the supernatant fluid was taken for use.

2.2.3. Chip Processing. Chip was put into the container with
hydrochloric acid (100mmol/L), oscillated for 4∼5min, and

then washed with HPLC water; put the chip into the biopro-
cessor: start with each hole plus 200𝜇L combined cushioning
liquid and carry out oscillation for 5min at room tempera-
ture, discard liquid, and then repeat the procedure; then con-
tinue with each hole plus 100 𝜇L serum sample at room tem-
perature and carry out oscillation for 1 h. Discard the liquid
and wash the hole with 200𝜇L combining buffer 2 times
(5min each time) and then with HPLC water. Dismantle the
chip, perform natural drying, and add 0.5 𝜇L SPA at each
point, twice. Read themeter reading chip withWCX2 protein
microarray after drying.

2.2.4. Data Collection. The same parameters were used for
all the samples; data were collected using Ciphergen Pro-
teinChip 3.2 analysis software. Set inspection sample laser
intensity at 195, detection sensitivity at 8, collected data
quality load ratios (𝑀/𝑍) in the range 1.0 × 103∼2.0× 103, and
collected position 20∼80, with each point collected 20 times;
the total points were 140 times. Before each collection, all-
in-one protein microarray calibration instrument was used
to reduce the error to less than 0.1%. Using the quality
control protein array to do the repetitive detection, the peak
and strength variation coefficient (SVC) are controlled below
0.05% and 15%, respectively.

2.2.5. Observing Indexes. In the fingerprint, qualitative load
ratios (𝑀/𝑍) between 11100 + HDa and 11900 + HDa
exhibit cluster sample of fingerprint which is LGT existing
performance. Observe LGT proteome abundance values and
the LGT dynamically in trauma group and control group.

2.3. Statistical Analysis. All measurement data was repre-
sented withmean ± standard deviation (𝑥±SD), andmultiple
comparisons of the average number of diversity samples were
examined through SNK-q test; the count data was examined
through 𝜒2 test. SPSS11.0 was used for statistical analysis.
𝑃 < 0.05 was considered statistically significant.

3. Results

3.1. LGT Proteome Expression in TBI Patients. The expression
of LGT proteome was𝑀/𝑍 between 11100 + HDa and 11900
+ HDa, showing a group of three peaks or three peaks above
cluster of fingerprint. The comparison between the upstream
and downstream peak cluster indicated the 𝑀/𝑍 difference
of above 1000 quality units, eye-catching background, and
outstanding fingerprint characteristics. Take the peak more
than 5% for LGT proteome positive diagnosis standard [8–
10]. In this study, TBI patients showed significant LGT pro-
teome expression patterns (Figure 2), while the control group
did not present LGT protein expression spectrum (Figure 1).

3.2. The Comparison of Early Results after Admission among
the GCS 6–8 Severe TBI Group, GCS 3–5 Severe TBI Group,
and the Control Group (Table 1). On the first day within 24
hours of admission, we collected the first serum specimen
to detect the differences of TBI patients’ LGT proteome
abundance values. The result shows that the LGT proteome
abundance of the GCS 6–8 severe TBI group and GCS 3–5
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Table 1: The LGT proteome abundance comparison in the GCS 6–8 severe TBI group, GCS 3–5 severe TBI group, and normal controls.

Group Cases (𝑛) Positive proportion Positive rate (%) LGT proteome abundance (%)
GCS 3–5 severe TBI group 44 37/44 84.09 17.37 ± 6.87△

GCS 6–8 severe TBI group 52 21/52 38.46 8.39 ± 5.38△

Normal controls 35 0/35 0 1.79 ± 0.81
△Significant difference to normal controls (𝑃 < 0.01). Significant difference to severe brain injury group (𝑃 < 0.01).
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Figure 1: LGT proteome does not present in the protein fingerprint
spectra of normal controls.
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Figure 2: LGT proteome presents in protein fingerprint spectra of
TBI group.

severe TBI group was obviously higher than of the control
group; the LGT proteome abundance of the GCS 3–5 severe
TBI groupwas significantly higher than of theGCS6–8 severe
TBI group (Table 1).

3.3. LGT Proteome Results in Different Types of Cranio-
cerebral Trauma. According to the different types of TBI,
all the cases were assigned into A brain stem injury and
diffuse axonal injury, B contusion and laceration of brain
and (or) subdural/intracerebral hematoma, and C epidural
hematoma and/or skull fractures, analyzing three groups of
LGT proteome abundance values. Results showed that the
LGT proteome abundance values of groups A and B were
significantly higher than of group C, and the difference
was statistically significant (𝑃 < 0.01), but there were no
significant differences between groupsA andB (Table 2).

3.4. LGT Proteome Dynamic Change (Comparison with Death
Group and Live Group). LGT proteome expression was
detected in two groups of patients in the whole procedure;
death group was higher than the survival group in the course
of different stages; then, the abundance values of two groups
showed a gradual decline rather than a progressive manner.
Besides, a moderate elevation was shown in both groups on
the seventh day. During the early phase (days 1 and 4), LGT
proteome abundance value of death group was significantly

Table 2: The analysis of the LGT proteome abundance in different
TBI groups.

Group Cases (𝑛) LGT proteome
abundance

A: brain stem injury and diffuse
axonal injury 35 15.68 ± 10.73

B: contusion and laceration of
brain and (or)
subdural/intracerebral
hematoma

47 14.16 ± 9.89△

C: epidural hematoma and (or)
skull fracture 14 5.97 ± 5.13
Compared with groupC (𝑃 < 0.01).△No significant difference with group
B (𝑃 > 0.05).

higher than of the survival group (𝑃 < 0.05). With the
progression of the course (days 7 and 14), there was no
significant difference between the two groups (𝑃 > 0.05)
(Table 3).

4. Discussion

Traumatic brain injury (TBI) is the leading cause of death and
disability among young adults [2]. Severe TBI is associated
with a 30%–70% mortality rate [14]. The low sensitivity and
specificity of current indexes used to assess the injury degree
andprognosis (GCS score, pupil reflection) and imaging (CT)
contribute to the high morbidity and mortality of TBI [2, 15,
16]. Finding specific biomarker of proteome will provide a
newmethod to explore the nosogenesis and prognosis of TBI
[7]. Proteome is the biomarker of TBI [17, 18]. The research
on the relationship between the dynamic change of serum
and the injury degree/prognosis of TBI was common; it often
contained neuron-specific enolase (NSE) [2, 15, 19–22], S100B
(S-100𝛽) [2, 15, 22–25], BB isozyme of creatine kinase (CK-
BB) [2, 15, 26], glial fibrillary acidic protein (GFAP) [2, 15,
22, 27], myelin basic protein (MBP) [2, 15], nerve growth
factor (NGF) [20], doublecortin (DCX) [20], high-mobility
group box 1 (HMGB1) [28], and so forth. After severe TBI,
authors of several studies have studied biomarkers in the
acute phase; biomarkers often contained S100B [14, 29, 30],
ubiquitin carboxy-terminal hydrolase L1 (UCH-L1) [31, 32],
glial fibrillary acidic protein (GFAP) [32], Interleukin-8 (IL-
8) [33], Interleukin-10 (IL-10) [34], tumor necrosis factor 𝛼
(TNF-𝛼) [33], cell-free DNA (cf-DNA) [35], and so forth.
However, the correlation between structural damage and
these biomarkers has not been elucidated; it was difficult to
find a serum biomarker with high specificity to assess the
injury degree and prognosis of severe TBI.
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Table 3: The Comparison of LGT proteome abundance in different pathogenetic stage.

Prognosis Day 1 Day 4 Day 7 Day 14

Death group Cases
LGT abundance

29
26.09 ± 10.92

23
15.13 ± 5.79

16
17.01 ± 13.94

9
11.92 ± 4.99

Survival group Cases
LGT abundance

67
8.98 ± 6.73

67
6.07 ± 4.89

67
10.53 ± 13.68

67
5.62 ± 7.07

𝑃 value <0.01 <0.05 >0.05 >0.05

Recently, Pei et al. [8–10] found that the serum con-
centration of LGT proteome was related to the mortality of
tumor patients through 146 cases; the mortality was 100%
in the group which has persistent positive LGT proteome
concentration and 0% in the group which was negative.
If LGT proteome is continuously negative, it means that
the disease lies stable. On the contrary, if LGT proteome
is continuously positive, it implies disease progression and
indicates poor prognosis. Taken as a diagnosis platform to
predict tumor progressing and by conducting corresponding
treatment, it helps to extend the survival period of patients,
so LGT proteome was a promising alert proteome which
could forecast the prognosis of tumor patients. Negative
LGT proteome fingerprint in the serum of patients with
malignant tumors could be viewed as the stationary phase,
while the positive LGT proteome could be viewed as the
exacerbation stage.When LGT proteome turns fromnegative
to positive, it could be viewed as a sign of progression, while
transition from positive to negative indicates remission. The
LGT proteome closely correlated with the severity of disease
condition and prognosis in patients with critical illness [36].
The LGT proteome presents in the serum of TBI patients,
and it is a proteome that appeared under pathologic state
[37]. We presume that LGT proteome may also exist in the
serum of severe TBI patients and could be prewarning for the
aggravation and the mortality of severe TBI.

Identification and purification of candidate biomarkers is
a critical step in the biomarker development process, since
it provides insight into the disease biology and facilitates the
development of analyte-specific assays [38]. Technical prob-
lems include selecting the best proteomics method for serum
biomarker discovery [5]. Potential proteomic biomarkers can
be notably determined through SELDI-TOF-MS [39, 40].
SELDI-TOF-MS is a widely used technique for diagnostic
biomarker discovery in plasma, serum, and tissue and has
the ability to carry out screening and identification. During
the last years, this technique has allowed high throughput
and simplicity of experimental procedures to become an
important research tool for biomarker discovery [12, 13]. The
characteristic of LGT proteome is the appearance of a group
of three peaks or three peaks above cluster of fingerprint at
𝑀/𝑍 between 11100 + HDa and 11900 + HDa. One of the
spectrum abundance values was ≧20%, but all abundance
values were ≧5%, compared with the upstream and down-
stream peak cluster; the 𝑀/𝑍 values were more than 1000
quality units, with striking background as well as outstanding
fingerprint characteristics. So take the peakmore than 5% for
LGT proteome positive diagnosis standard [8–10].

The experiment proceeded through SELDI-TOF-MS
technology; the LGT proteome was detected in the proteome
fingerprint with 100% relative abundance. A fingerprint
marker just like a cluster appeared between 11100Da and
11900Da𝑀/𝑍; the upstream cluster peak got more than 1000
mass units (𝑀/𝑍) than downstream cluster peak; it showed
the same result as the finding of Pei [8–10], so it proved that
the LGT proteome could be detected in the serum of TBI
patients. The LGT proteome was not detected in the serum
of the controls. The abundance of LGT proteome of GCS
6–8 severe TBI group and GCS 3–5 severe TBI group was
significantly higher than of the controls (𝑃 < 0.01). The
abundance and positive rate of LGT proteome of GCS 3–5
severe TBI group were significantly higher than of GCS 6–
8 severe TBI group (𝑃 < 0.01). Decreased serum LGT level
is associated with GCS scores. The results showed that the
LGTproteome could be detected in serumofTBI patients; the
abundance of LGT proteome is closely associated with patho-
genesis of TBI patients. TBI often involves a combination of
mechanical trauma and local hypoxemia, on which serum
biomarker concentrations may provide critical therapeutic
data to evaluate the brain injury. Serum biomarker after TBI
could be used as a source for the identification of the brain
injury, the extent of the injury, and the time of its occurrence
and even for identifying its most likely outcome [41].

Our present study divided the TBI patients into three
groups:A brain stem injury and diffuse axonal injury,B con-
tusion and laceration of brain and (or) subdural/intracerebral
hematoma, andC epidural hematoma and (or) skull fracture.
The result showed that the LGT proteome abundance in
groups A and B was significantly higher than in group C
(𝑃 < 0.01), but it did not reveal a significant difference
between group A and group B. The result showed that the
LGT proteome had close relationship with the severity of
craniocerebral trauma. Neuronal and glial cell loss results
from necrotic and apoptotic cell death during the primary
and secondary injury and may lead to an increase in various
neuron- and glia-specific proteins in serum [42]. Elevated
serum levels of neuron- or glia-specific proteins indicate
increased permeability of the blood-brain barrier (BBB, in
addition to neuronal and glial cell damage or loss) [33]. Severe
TBI not only causes substantial direct tissue damage, but
also instantaneously breaks down existing biological barriers,
generating massive pathological responses (e.g., metabolic
changes) to toxic molecules and cellular debris. Metabolic
changes include hypoxia, altered cell metabolism (e.g., glu-
cose utilization), disrupted energy levels and utilization
(leading to ionic imbalance, excitotoxicity, etc.), enhanced
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inflammatory activity, and increased systemic hormonal sec-
retion [43, 44]. To our best knowledge, the various forms
of severe TBI can share common pathological “components”
during both the primary and the secondary injury processes.
There was no significant difference in the degree of injury
between group A and group B, which was consistent with
their clinical symptoms due to the insignificant difference of
the degree of injury between severe contusion and laceration
of brain and brain stem injury or diffuse axonal injury.

The experiment also analyzed the LGT proteome abun-
dance during the dynamic change of severe TBI patients.The
LGT proteome abundance was higher in death group than
in survival group in the initial pathologic stage and then
decreased in the two groups as the course was prolonged.
At the early pathologic stage (days 1 and 4), the LGT pro-
teome abundance was significantly higher in death group
than in survival group (𝑃 < 0.05); there was no significant
difference between the two groups in days 7 and 14 (𝑃 >
0.05). So the LGT proteome abundance at the early patho-
genetic stage could be used to predict the different prognosis
of TBI patients; the higher the LGT proteome abundance
was, the worse the prognosis was. The experiment also
showed that the LGT proteome abundance of death and
survival groups increased in day 7. It happened during the
secondary craniocerebral injury period, so the increase of the
LGT proteome abundance may be caused by the secondary
craniocerebral injury. There is a second wave of long-lasting
pathological changes called the secondary injurymechanism.
These pathologic features include metabolic changes, neu-
roinflammation, vascular abnormalities, and neuronal and
glial cell death [45, 46]. The temporal aspects of injury,
like the onset of the various secondary pathologic features
(cyto- and vasogenic factors leading to edema, vasospasm,
and altered rates of perfusion), are especially important in
dynamically changing diseases like severe TBI. This study
illustrates how to monitor the temporal pattern of changes
(e.g., “time to peak”) of serumLGT levels, which can be useful
for identifying injury severity and outcome.We can state that
the determination of LGT levels in serum could act as a bio-
marker for the early prediction of mortality after severe TBI.

5. Conclusion

This is the first study to investigate the biokinetics of LGT
proteome, a potential biomarker of severe TBI, in serum
of severe TBI patients. The LGT proteome presents in the
serum of severe TBI patients. The abundance diversity of
LGTproteome is closely associatedwith pathologic condition
of TBI patients. Serum LGT proteome may be used as
a promising marker for evaluating severity of severe TBI.
Further studies of LGT proteome are needed to validate these
findings in a larger scale of samples and should be conducted
to support these associations with outcomes.

The Innovation

Serum LGT proteome was detected by surface enhanced
laser desorption/ionisation time-of-flight mass spectrometer
(SELDI-TOF-MS). The LGT proteome presents in the serum

of severe TBI patients. The abundance diversity of LGT pro-
teome is intimately associated with pathogenetic condition of
TBI patients. Serum LGT proteome may be used as a pro-
mising marker for evaluating severity of severe TBI.
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Objective. Even though there is a therapeutic potential to treat Alzheimer’s disease (AD) with neural cell replenishment and
replacement, immunological rejections of stem cell transplantation remain a challenging risk. Autologous stem cells from AD
patients however may prove to be a promising candidate. Therefore, we studied the neuronal differentiation efficiency of bone
marrow mesenchymal stem cells (MSCs) from APP695 transgenic mice, which share features of human AD. Method. Cultured
MSCs from APP695 transgenic mice are used; neuronal differentiation was assessed by immunocytochemistry and Western blot.
Correlation with Notch signaling was examined. Autophage flux was assessed by western blot analysis. Results. MSCs fromAPP695
mice have higher neuronal differentiation efficiency than MSCs from wild type mice (WT MSCs). The expression of Notch-1
signaling decreased during the differentiation process. However, autophagy flux, which is essential for neuronal cell survival and
neuronal function, was impaired in the neuronally differentiated counterparts of APP695 MSCs (APP695 MSCs–n). Conclusion.
These results suggested autologous MSCs of APP690 mice may not be a good candidate for cell transplantation.

1. Introduction

Alzheimer’s disease (AD) is the most common form of
dementia, characterized pathologically by the presence of
large numbers of neuritic plaques, neurofibrillary tangles, and
a massive loss of neurons, especially cortical and hippocam-
pal neurons [1, 2]. An emerging potential treatment option for
AD is stem cell transplant. Bone marrow mesenchymal stem
cells (MSCs) aremultipotent nonhematopoietic cells with the
capacity for differentiation into neural cells [3]. MSCs with
neurogenic potentials are found in the hippocampus and the
subventricular zone, which are two of the mainly affected
regions of theADbrains. To overcome the potential immuno-
logical rejections to the stem cells, autologous MSCs may be
a good candidate for cell transplantation for AD patients [4].

APP is a single transmembrane protein with a long N-
terminal domain and a short cytoplasmic tail [5]. Recent
studies have shown that APP promoted differentiation of

pluripotent stem cells toward a neural fate [6]. Proteolysis of
APP such as sAPPa, sAPP𝛽, and even A𝛽 is also found to be
neuroprotective. They stimulate proliferation of adult neural
progenitors and even promote stem cells differentiation into
neurons [7].

Notch signaling plays an important role in the develop-
ment of the nervous system, including regulation of neural
stem cell (NSC) proliferation, self-renewal, differentiation,
and other biological activities [8]. APP and Notch are both
processed by 𝛾 secretase [9]. It is unclear whether there is a
cross-talk between APP and Notch signaling pathways in the
process of MSC neuronal differentiation.

Autophagy is a nonselective degradation pathway by
which long-lived proteins and organelles are sequestered in
autophagosomes anddegraded upon their fusionwith lysoso-
mal components [10]. Autophagic vacuoles have been found
to accumulate in dystrophic neuritis and in the cell body of
the AD brain, which have been shown partly accountable
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for the overproduction of A𝛽 [11]. Abnormal accumulation
of autophagic vacuoles resulted from impaired autophagic
vacuoles maturation to lysosomes [12]. Therefore, we need
to address before testing the possible therapeutic use of
autologousMSCs of AD patients and whether neuronally dif-
ferentiated counterparts have deficiency in autophagy, which
would jeopardize the benefits of autologous MSCs transplan-
tation.

In this study, we investigated whether the Notch signaling
is involved in the neuronal differentiation of APP695 MSCs
andwhether autophagy flux is impaired in the neurons differ-
entiated from APP695 MSCs.

2. Materials and Methods

2.1. Cell Culture. APP695 transgenicmice overexpressing 695
human amyloid precursor protein (hAPP) carrying Swedish
familial mutation (K670N/M671L) [13] were obtained from
the Institute of Laboratory Animal Sciences, the Chinese
Academy of Medical Sciences and Peking Union Medical
College (CAMS and PUMC). The wild-type littermates with
the same genetic background were used. All animal proce-
dures used in this study were approved by the Institutional
Animal Care Committee of Zhengzhou University, China.
MSCs were isolated from femurs and tibias of mice, the cells
were then plated onto culture plates in a complete medium
consisting of Dulbecco’s Modified Eagle’s Medium (DMEM)
(Invitrogen) and 10% fetal bovine serum (Invitrogen) and
incubated in a 37∘C, 5% CO

2
incubator. The cells were

harvested with 0.25% trypsin + 0.04% ethylenediamine
tetraacetic acid (EDTA) when the confluence reached 80–
90%. The cells were cultured for five passages before being
used for assays.

2.2. Differentiation into Neurons In Vitro. The MSCs were
divided into two groups: the APP group of MSCs from APP
transgenic mice and the WT group of MSCs from wild-
type mice. When MSCs grew to 50%∼70% confluence, cells
were induced by wiping off DMEM and rinsing three times
with phosphate-buffered saline (PBS), and then cultured in
DMEM containing 10% fetal bovine serum and 1mM 𝛽-
mercaptoethanol (𝛽-ME) for 24 hours. The cells were then
transferred to serum-free medium containing 10mM 𝛽-ME
for 5 d.

2.3. Amyloid-𝛽 Level Assay. The cell culture medium was
collected. The A𝛽 40 and A𝛽 42 levels were measured by
following the manufacturer’s protocols of mouse amyloid 𝛽
peptide A𝛽 40 and A𝛽 42 enzyme-linked immunosorbent
assay Kits (R&D, Minneapolis, Minnesota, USA).

2.4. Immunocytochemistry. After washing with PBS, the cells
were fixed for 10 minutes at −20∘C in 100% methanol and
then incubated in 1%BSA/10% normal goat serum/0.3M
glycine in 0.1% PBS-Tween for 1 hour to permeabilize the
cells and block nonspecific protein-protein interactions and
subsequently incubated with primary antibodies overnight at
4∘C, including MAP-2 (Santa Cruz), NSE (Santa Cruz), and

LC3B (Cell Signaling) at 4∘C. After three washes in PBS, the
cells were incubated with the secondary antibody (anti-Ig-G-
Cy3 goat anti-rabbit, Santa Cruz) at room temperature for 2
hours. The cells were visualized using a Carl Zeiss confocal
microscope.

2.5. Western Blot Analysis. Cells from each group were
washed one time with PBS and lysed in RIPA buffer; then
the samples were centrifuged at 15 000×g for 10min and the
supernatants were collected and stored at −80∘C. An equal
amount of cell lysate was separated by SDS-PAGE and then
transferred to polyvinylidene fluoride (PVDF) membrane.
The membrane was then blocked with TBST containing 5%
nonfat milk for 2 hours at room temperature, followed by
incubation with primary antibodies LC3B (Cell Signaling),
MAP-2 (Santa Cruz), NSE (Santa Cruz), Notch-1 (Santa
Cruz), NICD (Santa Cruz), Hes5 (Santa Cruz), and 𝛽-actin
(Santa Cruz) overnight at 4∘C and then incubated with horse
radish peroxidase-conjugated anti-rabbit IgG (1 : 2000, Santa
Cruz) for 2 hours at room temperature. Detection of reactive
antigens was performed using an ECL kit (Santa Cruz).

Autophagy Flux Assay: When induction was finished,
differentiated APP MSCs and differentiated WT MSCs
were removed to neural culture media (neurobasal-A media
(Invitrogen) containing 2mM GlutaMAX-I Supplement, 2%
B27, and 100 𝜇/mL penicillin/streptomycin) plus 10 𝜇mol/L
rapamycin to induce autophagy. The levels of p62 at different
time points (0 hours, 6 hours, and 12 hours) were analyzed by
Western blot.

2.6. Statistical Analysis. All data are expressed asmeans± SD.
To determine whether a difference was significant, variance
analysis was used between the groups, and the results of
different groups were compared using Student’s 𝑡-test. The
differences were considered significant if 𝑃 < 0.05.

3. Results

3.1. APPMSCsHadHigherNeuronalDifferentiation Efficiency.
MSCs were induced by 𝛽-mercaptoethanol for six days, the
morphologies ofMSCs began to change after 24 hours induc-
tion. Some cells contracted their cytoplasm into globular
or spindle-shaped bodies and emitted cellular processes,
and the majority of the cells became typical neuron-like
cells (Figure 1(a)). To measure the neuronal differentiation
efficiency, immunocytochemistry and Western blotting were
applied to analyze the expression of neuronal markers NSE
and MAP-2 in each group. There were higher expressions of
NSE and MAP-2 in cells from the APP695 group than in the
wide type mice group (Figures 1(b)-1(c)).

3.2. Secretion of A𝛽40 and A𝛽42 from Differentiated MSCs.
The results of the enzyme-linked immunosorbent assay
showed that after a five-day induction, the level of A𝛽40 in
the induction medium of APP group was 23.2 ± 3.5 pg/mL
and the level of A𝛽42 in the inductionmedium of APP group
was 3.3±0.6 pg/mL. A𝛽40 and A𝛽42 were not detected in the
induction medium of WT group.
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Figure 1: APP695MSCs had higher neuronal differentiation efficiency.The expression of NSE andMAP-2, 6 days after induction with 𝛽-ME.
(a) The expression of MAP-2 and NSE by immunocytochemical staining is shown (scale bar: 20𝜇m). (b) The expression levels of NSE and
MAP-2 in MSCs 6 days after induction with 𝛽-ME as analyzed by western blot. (c) The quantification of the expression levels of NSE and
MAP-2 (mean ± SD; 𝑛 = 6). APP695 versus WT, ∗𝑃 < 0.01 for NSE, and #𝑃 < 0.01 for MAP-2.

3.3. Notch SignalingWas Inhibited duringDifferentiation of the
MSCs. To investigate the effect of Notch signaling during the
differentiation of theMSCs, the expression ofNotch-1, NICD,
and Hes5 was measured by western blot before (Figure 2(a))
and after (Figure 2(b)) differentiation induction. The results
from western blot showed the expression levels of Notch-1,
NICD, andHes5 significantly decreased after the induction of
differentiation in both groups, particularly in APP695 group
(Figure 2(c)).

3.4. Autophagy Flux Was Impaired in APP695 MSCs-n.
To evaluate the autophagy activity in APP695 MSCs-n
(neuronally differentiated counterparts of APP695 MSCs),
Western blot and immunocytochemical stainingwere used to

measure the expression of LC3 I-II, which is closely correlated
with the number of autophagic vacuoles (AVs), serving as a
good indicator of AVs formation [14]. To distinguish whether
the AVs accumulation was due to autophagy induction
or rather a block in downstream steps, “autophagic flux”
assays were used. LC3 II and fluorescent dots increased
during the autophagy activated by rapamycin in both groups
(Figure 3(a)). The results of western blot showed there was
a higher expression of LC3 II in APP695 MSCs-n and
fluorescent dots (AVs) accumulated in APP695 MSCs-n
(Figure 3(b)). While no apparent changes were observed in
the level of P62, a selective substrate of autophagy, in APP695
MSCs-n, a slight, but not significant decrease of P62 occurred
12 hours after differentiation induction in WT MSCs-n from
wide type mice (Figure 3(c)). The ratio of LC3 II/LC3 I
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Figure 2: Notch signaling was inhibited during differentiation of the MSCs. (a) The expression levels of Notch-1, NICD, and Hes5 were
analyzed by western blot before the induction with 𝛽-ME. (b) The expression levels of Notch-1, NICD, and Hes5 after the induction with
𝛽-ME.The expression of 𝛽-actin was used as a loading control. (c, d, and e)The quantification of the expression levels of Notch-1, NICD, and
Hes5 (mean ± SD; 𝑛 = 6). APP695 versus WT (before induction), ∗𝑃 < 0.05; APP695 versus WT (after induction), #𝑃 < 0.05.
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Figure 3: Autophagy flux was impaired in APP695 MSCs. APP695 and WT MSCs-n (neuronally differentiated counterparts of APP695
MSCs) were cultured in complete medium plus 10 𝜇mol/L rapamycin for the indicated times and then subjected to immunocytochemical
staining (a) and western blot (b, d) using anti-LC3 antibody. (c, e) Cells were cultured as in (a) and p62 expression levels were analyzed
by Western blot. LC3 II/LC3 I ratio increased in both APP695 and WT cells (∗𝑃 < 0.05 versus zero hr) but more pronounced in APP695
(#𝑃 < 0.05 versus WT).
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demonstrated a time dependent increase over differentiation
induction (𝑃 < 0.05 versus zero hour, Figure 3(d)) in MSCs
from APP695 than cells from wide type (APP695 𝑃 < 0.05
versus WT). However, the levels of P62 are not different
between APP695 and wide type (𝑃 > 0.05, Figure 3(e)).

4. Discussion

This study showed an increased differentiation inMSCs from
APP695 than MSCs from wide type mice, the expression
of neuron-specific markers, MAP-2 and NSE was higher in
APP695MSCs than wide type MSCs, and indicating APP695
MSCs were more inclined to differentiate into neuronal
cells. Notch-1, NICD, and Hes-5 signals were decreased after
differentiation, especially in APP695 MSCs. Autophage flux
seemed more pronounced in APP695 MSCs than those from
wide type mice.

APP and its role in AD have been established, in that
APP has a short half-life and is metabolized by two distinct
antagonist pathways, resulting in cleavage by 𝛼 secretase to
generate sAPPa or 𝛽 secretase to generate sAPP𝛽. A𝛽 peptide
and the intracellular domain (AICD) were released by addi-
tional 𝛾 secretase cleavage following 𝛽 secretase cleavage
[7]. The formation of A𝛽 and its subsequent deposition in
senile plaques are regarded as the initial pathological changes
resulting in AD [15]. However, recent studies suggest that
A𝛽may have positive effects besides deleterious actions [16].
A𝛽 peptide can increase the total number of neurons instead
of impairing the neurogenic rate in NSC progeny [17, 18].
A𝛽1–42 treatment stimulated neurogenesis of subventricular
zone precursors in young adult through the p75 neurotrophin
receptor [19]. In the present study, secretion of A𝛽 from
APP695 MSCs-n was detected, whereas none was detected
from WT MSCs-n. This might contribute to the higher
neuronal differentiation efficiency of APP695 MSCs. APP𝛼
and sAPP𝛽 have similar properties: they are neuroprotective
and they promote neurite outgrowth. sAPP𝛼 and sAPP𝛽 had
also been shown to induce human embryonic stem cells to
differentiate into neurons [6].

AICD, the intracellular domain of APP, binds to the
cytosolic adaptor proteins Numb and Numb-like (Nbl),
known inhibitors of Notch signaling, and inhibits NICD
[20]. Kim et al. found AICD accelerated degradation of
the Notch1 intracellular domain (Notch1-IC) and RBP-Jk.
It also suppressed Notch1 transcriptional activity by the
dissociation of the Notch1-IC–RBP-Jk complex, so AICD
functions as a negative regulator in Notch1 signaling [21].
The Notch signaling is one of the pathways regulating cell
fates, cell proliferation, and cell death in developmental stage
[22]. Notch functions as a receptor and mammals have
four Notch receptors (Notch1, Notch2, Notch3, and Notch4),
many ligands, and downstream target genes [23]. Hes-5 is one
of the downstream target genes, which is one of the key
regulators of NSC proliferation and differentiation [24].

Notch signaling inhibits neuronal differentiation and
guarantees the successive waves of neurogenesis from neural
stem/progenitor cell pool [25]. Deletion of Rbpj in the
embryonic brain, which is an intracellular signal mediator

of all Notch receptors, resulted in all telencephalic neural
stem/progenitor cells prematurely differentiated into neurons
[26]. In our previous studies, we reported that the Notch
signaling played a negative role in MSC differentiation into
neural cells [27]. In this study, we found the expression of
Notch-1, NICD, and Hes5 decreased in both groups after
differentiation induction. The greater suppression was in the
APP695 group, which indicated the Notch signaling pathway
was inhibited during the differentiation process.

Neurons have highly dynamic cellular processes for their
proper functions such as cell growth, synaptic formation,
or synaptic plasticity by regulating protein synthesis and
degradation [28]. Autophagy is an intracellular degradation
process that clears long-lived proteins and organelles from
the cytoplasm. Therefore, autophagy is the main quality
control of proteins mechanism in neurons, which is essen-
tial for their physiology and pathology [29]. Autophagy is
extensively involved in the neurodegenerative/regenerative
process in AD patients. Autophagic vacuoles (AVs) were
abundant inADbrains particularly, within neuritic processes,
including synaptic terminals [30]. Abundant AVs resulted
from impaired clearance of AVs [31]. AVs are a previously
unrecognized and potentially highly active compartment
for A𝛽 generation and this indicated that the abnormal
accumulation of AVs in affected neurons of the AD brain
contributes to𝛽-amyloid deposition [11]. In the present study,
AVs accumulated in APP695 MSCs-n were observed and
there was a partial block in autophagosomal maturation and
the completion of the autophagy pathway in the APP695
MSCs-n. These observations indicate a potential risk for
transplantation using autologous MSCs.
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