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Traumatic insult, ischemia, or degenerative disorder can
damage neuronal cell bodies, axons, or synapses in the com-
plex circuitry of the central nervous system (CNS). Peripheral
as well as central injuries induce tremendous changes at the
molecular, cellular, and system levels in the spinal cord and
brain, which lead to devastating losses of functions includ-
ing sensory, motor, and higher-order functions. Symptoms
related to functional deficits depend on the site and extent of
injury. Functional deficits caused by neural injury reflect the
disruption of the intricate central neural circuits.

After injury, neuronal death or dysfunction occurs in
affected areas. Sometimes, however, certain changes may
occur in the adjacent and/or remote areas of the nervous
system. The CNS possesses plasticity to respond to injury of
either the peripheral nerves, the spinal cord, or the brain. Due
to neural plasticity, lost functionsmay be restored.The plastic
changes are often maladaptive as shown in neuropathic pain
and are exacerbated hypersensitivity.

Although the regeneration capacity of central neurons is
limited, extensive changes can occur in the CNS circuitry
after injury, reflecting neuroplasticity. Neuroplasticity can
modify the functions of the CNS including the brain and
spinal cord, thereby providing opportunities for improving
the limited ability of the CNS to recover from functional
deficits. Axonal sprouting of survived neurons, new synapse

formation, and factors produced by neurons and glia help
reestablish the neural networks and functions. For example,
at the cellular level, axonal sprouting, and dendritic arboriza-
tion appear in injured areas. Peri-injury area and the repaired
area of the injured tissue are getting attention for processes
through which functional recovery occurs. In these areas,
growth-promoting factors and growth-inhibitory proteins
are released after injury. Genes which are related to survival,
repair, and plasticity are also activated following injury.
Enhanced electrical and chemical activities are expected to
promote axonal sprouting, contributing to functional recov-
ery. Indeed, axonal outgrowth after injury may be dependent
on activities of neural circuits. Otherwise, silent synapses,
pathways, or circuits may be activated.

Changes in the central neural circuits which are related
to injured neurons play a crucial role not only in functional
deficits but also in functional recovery. Furthermore, a variety
of strategies including external interventions to manipulate
neuroplasticity may be beneficial to improve functional
recovery.

In this special issue, we focus on postinjury neural
plasticity in central neural networks. Papers covering a wide
spectrum of studies related to neural injury are included.
The scientific reports updated results of both basic exper-
imental studies in animals and clinical studies in humans.
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2 Neural Plasticity

The original research articles as well as a review cover the field
of neuroplastic changes in theCNS after injury and functional
recovery.

Behavioral hypersensitivity may be related to biochem-
ical alterations in the spinal cord. H. Y. Kim et al.
show that elevated reactive oxygen species (ROS) in the
spinal cord sensitized dorsal horn neurons and produced
hyperalgesia in normal rats. M. C. Lee et al. report the
relationship between the alteration of spinal GABAergic
inhibition and mechanical hypersensitivity following uni-
lateral chronic compression of dorsal root ganglion in
rats.

Peripheral nerve injury can induce plastic changes in the
spinal cord and the brain. In this regard, using an animal
model of peripheral nerve injury, R. Won and B. H. Lee
show that contralateral metabolic activation to nerve injury
is related to behavioral crossed-withdrawal reflex in rats.
Furthermore, J. Han et al. report that PKM zeta signaling in
the insular cortex of the brain is involved in the modulation
of neuropathic pain.

In relation to spinal cord injury, B. Azam et al. report
experimental data suggesting that plastic changes of the
5-HT system mediated by aromatic L-amino acid decar-
boxylase cells might happen primarily in the subchronic
phase and its function could be compensated by plastic
changes of other modulation systems in longer chronic
phase.

Stem cell therapy may be helpful to improve func-
tional recovery after spinal cord injury. Experimentally, J. B.
Iorgulescu et al. show that the combination of putrescine
with Schwann cells improves functional recovery in rats
with spinal cord injury. Clinically, J. C. Shin et al. report
that the transplantation of human neural stem/progenitor
cells (hNSPCs) into the injured cervical spinal cord is safe
and provides modest neurological benefit up to 1 year after
transplants.

Brain injury is much more dynamic and multifactorial
compared to peripheral or spinal injury. In relation to
functional recovery after brain injury, K. J. Cho et al. report
that statins may affect not only the outcome of stroke by
the recovery of noradrenergic (NA) neuronal circuitry but
also the NA circuit’s function after transient focal cerebral
ischemia in mice. J. Song et al. provide experimental data
suggesting that PKA inhibitor H89 may contribute to func-
tional recovery after ischemic stroke by regulating neuronal
death and proteins related to synaptic plasticity in mice.
Clinically, J. P.Mäkelä et al. report covarying excitabilitymea-
sured with navigated transcranial magnetic stimulation and
magnetoencephalography in the lesioned and nonlesioned
hemispheres of stroke patients. As a systematic review, E.
Wogensen et al. present a topic related to the effects of exercise
on cognitive recovery after acquired brain injury in animal
models.

This special issue compiles the state-of-the-art studies
on central neuroplasticity after neural injury. We hope that
this special issue will contribute to a better understanding of
underlying mechanisms of neuroplasticity following neural
injury and to development of novel neuromodulation strate-
gies for functional recovery after injury.
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Schwann cell (SC) transplantation exhibits significant potential for spinal cord injury (SCI) repair and its use as a therapeutic
modality has now progressed to clinical trials for subacute and chronic human SCI. Although SC implants provide a receptive
environment for axonal regrowth and support functional recovery in a number of experimental SCI models, axonal regeneration
is largely limited to local systems and the behavioral improvements are modest without additional combinatory approaches. In
the current study we investigated whether the concurrent delivery of the polyamine putrescine, started either 30min or 1 week
after SCI, could enhance the efficacy of SCs when implanted subacutely (1 week after injury) into the contused rat spinal cord.
Polyamines are ubiquitous organic cations that play an important role in the regulation of the cell cycle, cell division, cytoskeletal
organization, and cell differentiation.We show that the combination of putrescinewith SCs provides a significant increase in implant
size, an enhancement in axonal (sensory and serotonergic) sparing and/or growth, and improved open field locomotion after SCI,
as compared to SC implantation alone.These findings demonstrate that polyamine supplementation can augment the effectiveness
of SCs when used as a therapeutic approach for subacute SCI repair.

1. Introduction

To date no treatment can completely reverse the clinical
outcomes associated with spinal cord injury (SCI). Tissue
injury following SCI occurs in two phases: the first involves
the primary mechanical injury itself, whereas the second
is progressive, mediated over the course of days to weeks
after SCI by a variety of cytotoxic factors present within
the injury environment. Host cellular efforts to restrict pro-
gressive tissue injury, including glial reactivity, extracellular

matrix deposition, and scar formation around the lesion site,
subsequently give rise to a nonpermissive environment for
axon regeneration and the endogenous recovery of function
[1]. This extrinsic antagonism of neurorepair is compounded
by a reduction in the intrinsic growth capacity of adult central
neurons [2]. Finding novel therapeutics that combat sec-
ondary injury, overcome the growth-inhibiting environment
of the lesion site, and/or enhance the intrinsic capacity of neu-
rons to regenerate is imperative for restoring function after
SCI. Strategies combining cellular with pharmacological,
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2 Neural Plasticity

molecular, or biomaterial approaches have shown the most
promise in overcoming these obstacles to attain meaningful
anatomical and functional repair [3].

One encouraging adjunctive strategy for both surmount-
ing the growth-inhibitory environment of the lesion and
stimulating intrinsic regeneration has been the elevation of
cyclic adenosine monophosphate (cyclic AMP), a second
messenger molecule [4]. Sustained elevation of cyclic AMP
has been shown to facilitate the extension of neurites across
inhibitory substrates such as myelin and myelin-associated
glycoprotein, to promote neuroprotection by elevating anti-
apoptotic proteins, and to suppress immune cell activation
and ensuing inflammation [4]. The primary target of the
cyclic AMP pathway is the DNA-bound, constitutive tran-
scription factor CREB, which upon phosphorylation by the
cyclic AMP-activated protein kinase A (PKA) initiates the
expression of numerous genes, including those that encode
certain neuropeptides, neurotrophins, and arginase 1 (a
crucial enzyme in the synthesis of polyamines; Figure 1) [5].
Downstream products of arginase 1, including the polyamine
putrescine, have been shown to mediate several of cyclic
AMP’s effects on neurite outgrowth [6]. Supplementing glial-
derived neurotrophic factor gene delivery with the substrate
of arginase 1, L-arginine, demonstrated significant reductions
in contusion size in traumatic brain injury models, although
without improvement in cognitive function [7]. In paradigms
of SCI, augmenting peripheral nerve grafts with acidic
fibroblast growth factor supplementation increased arginase 1
expression and polyamine synthesis and was associated with
favorable M2 macrophage responses and axonal regenera-
tion [8, 9]. Additionally, human mesenchymal stromal cell
implants that overexpressed a key enzyme in the synthesis
of polyamines, arginine decarboxylase, resulted in improved
locomotor recovery and reduced scar formation following
SCI [10]. Based upon our previous studies demonstrating the
ability of cyclic AMP elevation to improve the effectiveness
of SC implants after SCI and the growing evidence that
polyamine synthesis may mediate several of cyclic AMP’s
downstream effects on axon regeneration [3, 4, 6], we inves-
tigated whether the supplementation of SC implants with
putrescine, given either within 30 minutes or following a 1-
week delay after contusive SCI, could improve SC implant-
host integration, axon growth support, and locomotor recov-
ery in an experimental contusive SCI paradigm.

2. Materials and Methods

2.1. Schwann Cells. SCs were obtained from the sciatic nerves
of adult female Fischer rats (Harlan Co., Indianapolis, IN) as
previously described [11, 12]. SCs were grown to confluence
and thrice passaged onto new dishes. Following previous
methods, SC purity for implantation was measured to be
between 95% and 98%, according to p75 immunoreactivity
[13].

2.2. Animals. Adult female Fischer rats (Harlan Co.,𝑁 = 34;
180–200 g) were housed according to the guidelines recom-
mended by the NIH and the Guide for the Care and Use of

Animals. All animal procedures were approved by the Insti-
tutional Animal Care and Use Committee of the University
of Miami. Prior to surgery, rats were anesthetized (70mg/kg
ketamine, 5mg/kg xylazine) by intraperitoneal injection.

2.3. Moderate Thoracic Contusion Injury. The MASCIS
weight drop device was used to induce a moderate thoracic
(T9) contusion injury [14]. A laminectomy was performed at
the T8 thoracic vertebra prior to injury in order to expose
the dorsal surface of the underlying spinal cord (T9) without
perturbing the dura mater. The exposed spinal cord was then
subjected to a moderate injury by dropping a 10 g rod from
a height of 12.5mm. Contusion impact height, velocity, and
compression distance were monitored for all animals. Those
which had height or velocity errors exceeding 6% or a com-
pression distance that was not within a range of 1.25–1.75mm
were immediately excluded [3, 15]. According to these injury
parameter criteria no animals required exclusion from the
study. Following injury, the muscles were sutured in layers
and the skinwas closedwithmetalwound clips. Animalswere
allowed to recover in warmed cages with easy access to food
and water. Gentamicin (5mg/kg; Abbott Laboratories, North
Chicago, IL) was intramuscularly administered immediately
after the surgery and repeated daily for 7 days. The analgesic
buprenorphine (0.03mg/kg; Reckitt Benckiser, Richmond,
VA)was delivered subcutaneously following surgery and then
daily for 2 days, accompanied by postoperative treatment as
described previously [16].

2.4. Subcutaneous Minipump Delivery of Putrescine. Prior to
SCI induction, animals were randomly assigned into one of
the following three treatment groups: (i) SC implant with
0.9% physiological saline (vehicle) control (𝑛 = 11), (ii)
SC implant with acute putrescine (administered within 30
minutes of injury, 𝑛 = 14), and (iii) SC implant with
delayed putrescine (administered 1 week after injury at time
of implantation, 𝑛 = 9). Putrescine (100mM) was delivered
at a rate of 0.5 𝜇L/hr using two sequentially implanted
subcutaneous Alzet minipumps (model 2001; Durect Corp.,
Cupertino, CA) for a 2-week administration period; emptied
pumps were replaced after 1 week [17]. Figure 2 presents a
timeline of the methodology.

2.5. Schwann Cell Implantation. Before implantation, SCs
were trypsinized, harvested, counted, resuspended in
DMEM/F12 media as aliquots and placed on ice prior to
surgery. One week after injury the rats were anesthetized with
2% halothane and the injured spinal cord was reexposed.
Rats then received fluid implants of SCs as described
elsewhere [3]. Cells were implanted within 2 hours of
preparation. For implantation, all animals received 2 × 106
SCs in 6𝜇L of DMEM-F12 media into the epicenter of the
contused area, injected at the midline to a depth of 1mm.
Injections were performed at a rate of 2 𝜇L/min using a
10 𝜇L siliconized Hamilton syringe with a pulled, beveled
glass pipette tip (120𝜇m diameter), which was held in a
micromanipulator with an attached microinjector (World
Precision Instruments, Sarasota, FL). The injection pipette
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Figure 1: The role of putrescine in neuron and Schwann cell responses. This figure summarizes the previously reported functions of
polyamines in neurons and Schwann cells within the wider literature from in vitro and in vivo studies and how these mechanisms could
elicit the observed responses in the current study. Neurotrophins and growth factors secreted by implanted Schwann can elevate intrinsic
cyclic AMP levels within neurons. Cyclic AMP is an important second messenger whose main effectors are downstream protein kinase
signaling cascades (e.g., PKA) that result in the phosphorylation and activation of the constitutive transcription factor CREB. Bound to the
nuclear DNA, CREB is known to enhance the expression of a number of genes that include arginase 1, which encodes the first enzyme of the
polyamine pathway to generate endogenous putrescine. Putrescine produces a number of neuroprotective effects by scavenging free radicals
and suppressing excitotoxicity. Putrescine also promotes the reorganization of actin and microtubules, allowing axons to grow. Administered
putrescine is known to be taken up by both the neuron, bolstering the effects of the endogenous polyamines, and SCs, encouraging their
migration and proliferation in vitro. We hypothesize that SC implants and administered putrescine work in concert to augment each other’s
ability to promote neuropreservation and neuroregeneration following SCI.

was held in place for an additional 3min postinjection
to minimize leakage upon withdrawal. One animal was
excluded from the study due to amalfunction of themicroin-
jector during cell transplantation. Following the injection,
the muscle layers and the skin were closed separately and
animals received postoperative care as described above.

2.6. Histology. Rats were euthanized at 10 weeks after injury
(9 weeks after implantation; 100mg/kg ketamine, 10mg/kg
xylazine) and transcardially perfused with 4% paraformalde-
hyde (PFA, 0.1M, pH 7.4). The tissue was then dissected
and sectioned with a freezing microtome for immunohis-
tochemical analysis according to previous procedures [3].
Spinal cords (2 cm) encompassing the injury epicenter were
sectioned sagittally at 40 𝜇m into five series free-floating.

2.7. Immunohistochemistry. As previously described, every
fifth sagittal section was immunochemically stained for

subsequent fluorescent microscopic analysis using a double
labeling procedure involving monoclonal and polyclonal
antibodies [15]. These antibodies were raised against the
low-affinity neurotrophin receptor (p75NTR; 1 : 5,000; Abcam,
Cambridge, MA), serotonin (5HT; 1 : 5,000; Immunostar,
Hudson, WI), or calcitonin gene related peptide (CGRP;
1 : 1,000; Peninsula Laboratories, San Carlos, CA) for identi-
fying the implanted SCs or delineating the growth of specific
descending or ascending axonal populations, respectively,
within the p75+ SC implants. Sections were then washed
and incubated with corresponding fluorescent secondary
antibodies (Alexa 488- or Alexa 594-conjugated goat anti-
rabbit or anti-mouse antibodies, 1 : 200; Molecular Probes,
Eugene, OR). Sections were mounted onto Snowcoat X-
tra slides (Surgipath, Richmond, IL) and cover-slipped
with Vectashield mounting medium (Vector Laboratories,
Burlingame, CA) containing the nuclear dye Hoechst for
storage at 4∘C.
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Figure 2: Methodology timeline: all groups received a T9 contusion
injury at the 0-week time point. The Acute Put + SC group
also received the putrescine-administering minipumps within 30
minutes of injury. At 1 week after injury all groups received SC.
Also at 1 week after injury the Delayed Put + SC group received the
putrescine-administering minipumps. All groups were euthanized
and prepared for tissue processing at 10 weeks after injury.

2.8. Stereological Quantification of Implant Area. In one
series of sections, the average area of p75-positive cellu-
lar immunoreactivity was quantified across three sections
containing the center of the SC implant. Expression of p75
permits delineation of the implant and identification of
the implant-host cord interface. For this analysis, stained
sections were visualized and quantitatively assessed using an
unbiased method employing computer-assisted fluorescence
microscopy and Neurolucida software (version 4.5; Micro-
BrightField Bioscience,Williston,VT).Thep75+ area for each
of the three sections that comprised the center of the SC
implant was traced under a 20x objective, quantified using
Neurolucida, and then the SC implant area calculated for each
animal as the average p75+ area across the three sections [18].

2.9. Determination of 5HT and CGRP Fiber Growth. Quan-
tification of 5-hydroxytryptophan (5HT) labeled axon growth
along the rostral-caudal axis of the spinal cord at distances of
1000, 500, 100, and 0 𝜇m rostral to the center of the implant
(as identified using p75 immunoreactivity) was performed on
the second series of sections using 63x objective under oil
immersion. Calcitonin gene related peptide (CGRP) labeled
axons were quantified similarly, but at 1000, 500, 100, and
0 𝜇m caudal to the center of the implant. The average
number of fibers per section was obtained by counting
those immunostained axons that crossed imaginary lines
perpendicular to the rostral-caudal axis at the 1000, 500,
100, and 0 𝜇m intervals from the center of the implant [19].
The total number of axons counted for a given animal was
summated across the sections analyzed (∼10–12 sections per
animal) and then divided by the number of sections to
determine the number of fibers per section (f/s) at each
distance [4].

2.10. Behavioral Testing. The open field BBB locomotor test
developed by Basso et al. was employed to assess weekly
gross locomotor performance after SCI for 10 weeks [20].
In addition, a subscore analysis of the BBB that allows for
evaluation of hind limb positioning and placement as well
as balance and tail use on a 0–13 point scale was also used

as described previously by our group [3]. Lastly, deficits
in descending motor control were examined by counting
footfall errors on an irregularly spaced horizontal grid walk
at the end of the study, prior to animal perfusion [4]. All
behavioral tests were conducted by two individuals blinded
to the animal’s treatment.

2.11. Statistical Analysis. A one-way ANOVA and subsequent
Bonferroni post hoc test were used to compare counts
of immunostained axons among groups. For analysis of
weekly functional recovery patterns following implantation
(BBB and BBB subscore), a mixed factorial (repeated mea-
sures) ANOVA followed by the Tukey-Kramer posttest was
employed. Differences were acknowledged to be statistically
significant at 𝑝 < 0.05 ∗,#, < 0.01∗∗,##, and < 0.001∗∗∗,###,
compared to the SC only control or the other temporal
treatment group, as indicated. All errors are given as standard
errors of the mean.

3. Results

3.1. SC Implant Size Increased with Delayed Putrescine Supple-
mentation. Statistical comparison of SC implant size among
control and treatment cohorts showed a significant effect of
treatment (𝐹

2,31
= 5.784, 𝑝 < 0.05). Compared to the

implant size in the SC only group (1.23 ± 0.07mm2), those
animals receiving putrescine administration beginning at the
time of implantation exhibited 1.8-fold increase in implant
area (2.24 ± 0.34mm2; 𝑡

33
= 3.391, 𝑝 < 0.01; Figures 3(a),

3(c), and 3(d)) as identified using p75 immunochemistry (a
marker highly expressed on SCs) [13]. In contrast, putrescine
administration beginning at the time of injury was without
effect (1.56 ± 0.19mm2, 𝑝 < 0.05).

3.2. Putrescine Improves Serotonergic Fiber Growth into the SC
Implant. Serotonergic axons descending from the reticular
formation and raphe nuclei of the brainstem were identified
penetrating the SC implant using immunostaining for 5HT
(Figures 4(a)–4(c); white arrows). For all animal groups there
were few serotonergic axons that were able to penetrate
beyond the center of the SC implant and no treatment effect
was observed at this location (𝐹

2,31
= 1.414, 𝑝 > 0.05;

Figure 3(c)). However, statistical comparison of 5HT axon
numbers within the rostral part of the SC implant showed
a significant treatment effect (𝐹

2,31
= 4.104, 𝑝 < 0.05 at

1000 𝜇m, 𝐹
2,31
= 6.200, 𝑝 < 0.01 at 500 𝜇m, and 𝐹

2,31
=

41.15, 𝑝 < 0.001 at 100 𝜇m from the center of the implant).
Acute putrescine supplementation significantly increased the
number of serotonergic fiberswithin the proximal SC implant
compared to the vehicle control: an average of 20 ± 1.2
5HT+ fibers per section (f/s) at 500 𝜇m (𝑡

33
= 4.829,

𝑝 < 0.01) and 9 ± 0.6 f/s at 100 𝜇m (𝑡
33

= 12.82, 𝑝 <
0.001) was quantified rostral to the center of the SC implant,
while in vehicle controls 13 ± 1.8 5HT+ f/s and 2 ± 0.4 f/s,
respectively, were observed at these distances (Figures 4(a)-
4(b)). In addition, many more 5HT+ axons were observed
crossing the host-SC implant interface in acute putrescine
treated animals (Figures 4(a)-4(b); white arrows). Delayed
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Figure 3: Delayed putrescine supplementation significantly
increases SC implant size. To determine the effect of putrescine on
the size of the implant, immunostaining for p75NTR was performed
and the area of immunoreactivity quantified. Images from
representative animals show the extent of p75NTR immunoreactivity
among the different SC implant groups: (a) vehicle control, (b)
immediate putrescine, and (c) delayed putrescine. Scale bar =
500 𝜇m. Dotted white lines indicate the extent of the SC implant.
Stereological quantification of the implant area shows an increase in
size when putrescine is administered in a delayed fashion, but not
acutely, as compared to the SC with vehicle control (d). Statistical
significance indicated at ∗∗𝑝 < 0.01 compared to SCs with vehicle
control group.

putrescine supplementation produced a significant increase
in 5HT+ axon numbers only at 100 𝜇m rostral to the center of
the SC implant (5.6 ± 0.8 f/s, 𝑡

33
= 6.011, 𝑝 < 0.001).

3.3. Putrescine Supplementation Improves Sensory Fiber
Growth into the SC Implant. Small diameter sensory axons

originating from dorsal root ganglia that were immunoreac-
tive for CGRPwere quantifiedwithin the SC implant (Figures
5(a)–5(c); white arrows). Statistical comparison of CGRP+
axon numbers among groups showed a significant treatment
effect at both 100 𝜇m caudal to (𝐹

2,31
= 35.17, 𝑝 < 0.001)

and within the center of the SC implant (𝐹
2,31
= 16.16, 𝑝 <

0.001). At 100 𝜇mcaudal to the center of the SC implant, acute
and delayed putrescine supplementation resulted in 2.3-fold
(19 ± 1.0 f/s, 𝑡

33
= 11.86, 𝑝 < 0.001) and 1.7-fold (14 ± 0.8 f/s,

𝑡
33
= 5.941, 𝑝 < 0.001) increases in CGRP+ axon numbers,

respectively, compared to the vehicle control (8.3 ± 0.77 f/s).
In addition, acute putrescine administration (11±1.2 f/s) sig-
nificantly increased CGRP+ axon ingrowth within the center
of the SC implant compared to the vehicle control (2.8 ±
0.4 f/s, 𝑡

33
= 9.491, 𝑝 < 0.001, a 3.9-fold increase). Acute

putrescine was also significantly more effective in promoting
CGRP+ axon growth than delayed delivery at both 100 𝜇m
caudal to (14 ± 0.8 f/s, 𝑡

33
= 4.935, 𝑝 < 0.01, a 1.4-fold

increase) andwithin the center of the SC implant (5.3± 0.7 f/s,
𝑡
33
= 6.257, 𝑝 < 0.001, a 2.1-fold increase).

3.4. Putrescine Supplementation Improves Locomotor Recov-
ery. Locomotor performance and functional recovery fol-
lowing SCI, SC implantation, and putrescine treatment were
assessed using the BBB score, BBB subscore, and the irreg-
ularly spaced grid walk test. Statistical comparison of BBB
scores among groups showed a significant treatment effect
both at endpoint (𝐹

2,31
= 4.303, 𝑝 < 0.05) and at various time

points after implantation (𝐹
2,31
= 8.520, 𝑝 < 0.01 at week 3;

𝐹
2,31
= 4.771, 𝑝 < 0.05 at week 5; Figure 6(a)). Compared to

the SC implant, vehicle controls (11.3 ± 0.3, 10 weeks after
SCI), open field locomotor performance was significantly
greater at endpoint in both the acute (12.1 ± 0.1, 𝑡

33
= 4.079,

𝑝 < 0.05) and delayed (11.9 ± 0.3, 𝑡
33
= 3.929, 𝑝 < 0.05)

putrescinewith SC implant treatment groups. Statistical com-
parison of BBB subscores among groups showed a significant
effect of treatment at all weeks after implantation (𝐹

2,31
=

4.320, 𝑝 < 0.05, 10 weeks after SCI; Figure 6(b)). Compared
to SC implant, vehicle controls (3.0 ± 0.3, 10 weeks post-SCI),
hind paw placement and tail positioning were significantly
superior in both acute (6.6 ± 1.1, 𝑡

33
= 3.631, 𝑝 < 0.05)

and delayed (7.0 ± 1.4, 𝑡
33
= 3.574, 𝑝 < 0.05) putrescine

with SC implant treatment groups. Statistical comparison
of the number of footfall errors on the grid walk among
groups showed a significant effect of treatment (𝐹

2,31
= 16.76,

𝑝 < 0.001; Figure 6(c)). Acute putrescine administration
with SC implantation resulted in significantly better hind paw
placement performance as evidenced by a lower number of
footfalls on the grid walk (5.9 ± 0.2 footfalls) compared to
both delayed administration (7.3 ± 0.2 footfalls, 𝑡

33
= 3.832,

𝑝 < 0.01) and the SC implant, vehicle controls (7.8 ± 0.4
footfalls, 𝑡

33
= 5.538, 𝑝 < 0.001).

4. Discussion

Bridging the hostile environment of the injured spinal cord
with implanted SCs has been shown to be an effective
foundation approach for a number of combinatorial repair
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Figure 4: Putrescine supplementation enhances serotonergic axon numbers within the SC implant. Immunochemical staining for
serotonergic axons (green, representative examples indicated by white arrows) shows many more axons within the rostral part of the SC
implant (identified by p75 labeling, red) following (b) acute putrescine delivery compared to (a) when vehicle is given. Scale bar = 20𝜇m.
Dotted white lines indicate the extent of the SC implant. (c) Stereological analysis shows a significant increase in 5HT+ axon numbers with
putrescine; the greatest effects are seen further from the center of the SC implant (i.e., closer to rostral host cord SC implant interface) and
with acute administration. Statistical significance indicated at ∗𝑝 < 0.05, ∗∗𝑝 < 0.01, and ∗∗∗𝑝 < 0.001 compared to the vehicle control group
and #
𝑝 < 0.05 and ###

𝑝 < 0.001 compared to acute putrescine treatment.

strategies in a diverse array of experimental SCI models
[3, 4, 19]. In addition to ensheathing and myelinating axons,
SCs provide growth-promoting neurotrophins, which may
limit tissue loss and encourage axons to overcome the
growth-inhibitory injury milieu. Importantly, SCs can be
safely harvested from a patient’s own peripheral nerve and
autologously implanted back into his spinal cord, a major
advantage to their use in the clinical setting [4]. How-
ever, SC implants by themselves cannot entice significant
numbers of axons to exit the injury site, are unable to
support robust growth of most supraspinal axon populations
except under specific conditions, and provide only modest
improvements in functional outcome [13, 15, 21]. In order

to mediate significant anatomical repair and/or functional
improvements, SC implants must be augmented with various
pharmacological, molecular, or biomaterial approaches that
overcome intrinsic or extrinsic inhibitors of axon growth,
such as neurotrophin supplementation, chondroitinase ABC,
polysialic acid, matrix suspension, or cyclic AMP elevation
[4, 19, 22].

In the current study we have demonstrated that the
administration of the initial polyamine, putrescine, when
combined with SC implants, significantly improved the size
of the implant ∼2-fold and thus potentially the number
of surviving, implanted SCs. In addition, acute putrescine
administration enhanced the sprouting and/or sparing of



Neural Plasticity 7

CGRP p75NTR

(a) (b)

SC only
Acute Put + SC
Delayed Put + SC

1000 500 100 0

#

∗∗∗∗∗∗

∗∗∗

###

##

Distance caudal from implant center (𝜇m)

0

10

20

30

40

50

60

70

80

N
um

be
r o

fC
G

RP
+

ax
on

s p
er

 se
ct

io
n

(c)

Figure 5: Putrescine administration increases peptidergic axon numbers within the SC implant. Immunochemical staining for peptidergic
axons with CGRP (green, representative examples indicated by white arrows) shows that many more axons are present within SC implants
(p75 labeling, red) following (b) acute putrescine delivery compared to (a) when vehicle is given. Scale bar = 20𝜇m.Dottedwhite lines indicate
the extent of the SC implant. (c) Stereological analysis revealed a significant increase in CGRP+ axon numbers with putrescine: the greatest
effects are observed within the SC implants with acute putrescine administration. Statistical significance indicated at ∗∗∗𝑝 < 0.001 compared
to the vehicle control group and #

𝑝 < 0.05, ##𝑝 < 0.01, and ###
𝑝 < 0.001 compared to acute putrescine treatment.

both descending serotonergic and ascending peptidergic
axons within the implant/lesion site by up to 400%. Delaying
the administration of putrescine mirrored the effects of the
acute model, but generally with a reduced effectiveness. The
improvements in implant size and axon growth support
following putrescine administration were accompanied by
enhanced functional recovery, including significant gains
in open field locomotor ability and hind paw placement
compared to animals receiving SC implants alone.

We have previously shown the therapeutic potential of
combining SC implantation with cyclic AMP elevation [4].
Elevated levels of cyclic AMP are critical in facilitating
the growth of axons over inhibitory substrates, such as
myelin in vitro [2], and across the growth-retarding milieu

of the injured spinal cord [3]. The upregulation of arginase
1, a downstream effector of cyclic AMP that synthesizes
the precursor for polyamines, has similarly been shown to
enhance axonal regeneration, whereas blocking ornithine
decarboxylase, the rate limiting enzyme which decarboxy-
lates the product of arginase 1 into putrescine, attenuates
the ability of dibutyryl cyclic AMP and brain-derived neu-
rotrophic factor to overcome growth antagonism by myelin-
associated inhibitors [6–10]. The polyamine putrescine can
further be converted into the polyamines spermidine and
spermine; however the reverse reactions release toxic alde-
hyde byproducts, making putrescine the polyamine of choice
for experimental or clinical application of polyamines [23,
24]. In addition to its axon growth-promoting abilities,
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Figure 6: Putrescine supplementation enhances the functional outcomes obtained with SC implants. Assessment of open field locomotor
performance with the (a) BBB score and subsequent (b) BBB subscore analysis shows that animals receiving either acute or delayed putrescine
have improved walking behavior over SC implanted, vehicle controls. Improvements in foot and tail positioning, as measured by the BBB
subscore, exhibit a more acute and stable pattern of recovery. (c) Recording the number of footfalls that occur while traversing a horizontal
grid walk test also showed an improvement in hind paw positioning when acute putrescine was administered (red) compared to vehicle only
controls (blue). Delayed putrescine (green) was without effect. Statistical significance indicated at ∗𝑝 < 0.05, ∗∗𝑝 < 0.01, and ∗∗∗𝑝 < 0.001
compared to the vehicle control group or ##

𝑝 < 0.01 compared to acute putrescine.

putrescine has also been shown to act as a neuroprotectant,
preventing neuronal cell death following ischemia or trauma,
likely through its antioxidant and free radical scavenging
actions [25, 26]. In addition, polyamines are thought to be
incorporated into the elF5A factor, which has been reported
to mediate the neurotrophic and neuroprotective effects
of nerve growth factor [27]. Taken together, these studies
evidence the therapeutic benefit of using polyamines to
enhance the functionality of cellular implants after SCI.

In the current study, SC implants were visualized im-
munohistochemically using an antibody against p75, the low-
affinity nerve growth factor receptor highly expressed in
SCs both in culture and following spinal cord implantation.
The p75 receptor has been used previously to identify SC
implants in vivo [4]. We show that delayed, but not acute,
supplementation of SC implants with putrescine resulted

in an 80% increase in the size of the implant. From the
overlap in administration time between the acute and delayed
paradigms and the absence of an effect with acute putrescine,
it is unlikely that the observed enhancement in implant
size is due to a direct stimulation of SC survival or pro-
liferation by putrescine but instead requires the presence
of additional host-supplied factors. As both endogenous SC
in-migration and axonal ingrowth occur with a 1–3-week
delay after SCI, the later delivery of putrescine may enhance
endogenous SC in-migration and/or work in concert with
signals from in-growing axons to stimulate proliferation of
implanted SCs [3, 28]. Following traumatic SCI, endoge-
nous SCs have been shown to dedifferentiate in the spinal
nerve roots, migrate into the injury site, proliferate, and
significantly upregulate p75 expression [28, 29]. Migration
and proliferation of endogenous SCs occur between 1 and
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3 weeks following injury, which temporally corresponds
with our delayed putrescine supplementation paradigm. In
addition, axon presence is one of the strongest signals for
inducing SC mitogenesis and proliferation, and there may
be insufficient growth of axons within the implant/lesion site
during the first week after SCI to stimulate SC proliferation
acutely. Therefore, implanted SC proliferation and an ensu-
ing increase in implant size may be best benefited by the
combination of putrescine and axonal growth signals during
the delayed administration period. Whether an increased
area of p75 immunoreactivity denotes an enhanced prolifer-
ation of implanted SCs or an enhanced proliferation and/or
migration of endogenous SCs into the lesion is difficult
to determine unequivocally without cell tracking methods.
However, depletion of polyamines in a variety of cell types
has been shown to impair cell migration by reorganizing
the F-actin of lamellipodia, impeding microtubule reforma-
tion, and preventing the accumulation of 𝛽-actin and 𝛼-
tubulin mRNA [30–32]. Thus putrescine could enhance the
migratory ability of endogenous SCs. On the other hand,
SCs are largely mitotically quiescent under normal physi-
ological conditions, proliferating only during development,
Wallerian degeneration, or a demyelinating condition or
insult. The enhanced proliferative capacity of SCs during
Wallerian degeneration has been closely associated with an
elevation of ornithine decarboxylase activity, suggesting that
putrescine supplementation may promote the proliferation
of either endogenous or exogenous SCs within the lesion
[33, 34]. Amplified activity of ornithine decarboxylase and
polyamines and the elF5A translation factor derived from
polyamines have all been shown to upregulate proliferation
of a number of cell types [35, 36]. Further investigations are
needed to ascertain the exact mechanism by which p75 and
SC implant size are enhanced following SCI, implantation,
and delayed supplementation of putrescine.

In addition to mediating cell migration and prolifer-
ation, putrescine and other downstream polyamines have
also been shown to promote cell survival. Deficiencies in
putrescine levels cause swelling of the endoplasmic reticulum
and Golgi bodies, as well as the disappearance of stress
fibers, all of which are hallmarks associated with necrosis
[37]. Intracellular polyamines can alter ion transport, either
blocking K+ channels to prevent neuron excitotoxicity or
promoting Ca2+ influxes [38, 39]. Polyamine-induced ion
influxes have been shown to be required to induce the release
of 5HT synaptosomes, which may help restore serotonergic
axon functionality after SCI [40]. SC implants, when used in
combinatory approaches, were previously shown to improve
the regeneration of serotonergic fibers following SCI [4].
Here we observed that supplementing SC implants with
putrescine significantly increased the number of serotoner-
gic fibers proximal to the center of the implant/lesion, an
effect strengthened by administering the putrescine acutely.
Serotonergic axon projections within the spinal cord are
believed to be important for the recovery of locomotion
following injury [41]. While it is difficult to determine
whether the increase in the numbers of serotonergic fibers
is due to the regeneration of axotomized axons, collateral

sprouting from existing serotonergic fibers, or sparing of
axons, an enhanced presence of serotonergic axons following
putrescine administration may provide important stimula-
tory effects for improved locomotor functioning [42]. Future
use of a complete spinal cord transection paradigm with SC
grafting [12] would provide a means for identifying whether
such 5HT axon growth is due to regeneration, sprouting, or
sparing and, when combined with neuroanatomical tracing,
whether the serotonergic axons are from supraspinal or
intraspinal neurons.

The growth of primary sensory afferents, immunoreactive
for CGRP, which have terminations in the superficial lamina
of the spinal cord and are associated with transmission
of pain, also benefitted from the delivery of putrescine,
with enhanced axon numbers within the center of the SC
implant. CGRP-positive neurons have also been implicated
in the modulation of fine motor control and the control of
posture and thus their growth could be indicative of changes
in locomotor function [43]. Primary dorsal horn afferent
fibers are known to sprout into more medial lamina of the
spinal cord following SCI, again making it challenging to
ascertain whether the increasing number of CGRP-positive
fibers was due to regenerating sensory afferents or collateral
sprouts [44]. Like 5HT+ axon growth, acute administration of
putrescine following SCI and SC implantation generated the
greatest amount of CGRP+ fiber growth, almost four times
as many fibers compared to SCs alone and more than twice
as many fibers as delayed supplementation. These CGRP+
axons may have arisen from DRGNs present at the level of
the lesion or from DRGNs located more distally. Further
investigation is needed to explore the mechanisms by which
putrescine encourages primary sensory afferents to surmount
the inhibitory environment of the host cord-implant interface
and penetrate deeply into the SC implants as well as the
use of tracing techniques to identify the level(s) from which
responding DRGNs are located.

Putrescine supplementation of SC implants also resulted
in significant functional improvement, as measured in the
open field with the BBB score and on the grid walk test.
Irrespective of the timing of putrescine delivery, enhanced
locomotor ability, as measured by using the BBB score and
subscore, was obtained with treatment compared to SC
implanted, vehicle controls. Overall, both acute and delayed
putrescine administration generated similar improvements
in hind limb performance and tail posturing, including a one-
point higher BBB score and five-point higher BBB subscore.
Only the acute delivery of putrescine, however, reduced
footfall errors on the horizontal grid walk test, by 25%
compared to the vehicle control. The effectiveness of acute
putrescine only on this outcomemeasure would indicate that
tissue preservation would be a likely mechanistic explana-
tion for this effect. The observed functional improvements
following supplementation of SC implants with putrescine
are in addition to those that are known to be provided
when SC implants alone are used after SCI [4, 13]. The most
pronounced behavioral improvement was displayed by the
BBB subscore, in which a persistent improvement in outcome
was observed starting at 1 week after implantation.This highly
acute benefit may imply that these effects acted through
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putrescine-mediated neuro- or axopreservation. The later
improvements inBBB score and the continuous improvement
in subscore may in turn be due to the reparative actions
instigated by the initial delivery of putrescine.

5. Conclusions

In conclusion, we supply evidence that modulating poly-
amines in conjunction with cell implantation is an effective
approach for enhancing the functionality of the implant as
well as locomotor recovery after SCI. Future research should
seek to gain a greater understanding of the mechanisms
underlying putrescine’s effects on SC function,migration, and
survival, as well as its ability to promote axon sparing, growth,
and/or sprouting.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgments

The authors gratefully acknowledge the Miami Project Ani-
mal Core Facility for performing spinal cord contusions
and the postoperative animal care, in particular, Alexan-
der Marcillo, Paulo Diaz, Santiago Castro, Denise Koivisto,
Kim Loor, and Rosa Abril. In addition, The authors thank
Yelena Pressman for Schwann cell culture, Devin Bustin for
histology, Beata Frydel, Crystal Portocarrero, and Michael
Bild for image analysis, and Raisa Puzis for immunohisto-
chemistry. This work was supported by NIH NINDS Grant
no. R01NS056281 (D. D. Pearse), The Miami Project to
Cure Paralysis, The Buoniconti Fund, and The Lois Pope
Neuroscience SummerResearch Fellowship (J. B. Iorgulescu).
J. Bryan Iorgulescu was supported by the Doris Duke Clinical
Research Fellowship.

References

[1] G. Yiu and Z. He, “Glial inhibition of CNS axon regeneration,”
Nature Reviews Neuroscience, vol. 7, no. 8, pp. 617–627, 2006.

[2] D. Cai, J. Qiu, Z. Cao, M. McAtee, B. S. Bregman, and M. T.
Filbin, “Neuronal cyclic AMP controls the developmental loss
in ability of axons to regenerate,” Journal of Neuroscience, vol.
21, no. 13, pp. 4731–4739, 2001.

[3] D. D. Pearse, A. R. Sanchez, F. C. Pereira et al., “Transplantation
of Schwann cells and/or olfactory ensheathing glia into the
contused spinal cord: Survival, migration, axon association, and
functional recovery,” Glia, vol. 55, no. 9, pp. 976–1000, 2007.

[4] D. D. Pearse, F. C. Pereira, A. E. Marcillo et al., “cAMP and
Schwann cells promote axonal growth and functional recovery
after spinal cord injury,”Nature Medicine, vol. 10, no. 6, pp. 610–
616, 2004.

[5] Y. Gao, K. Deng, J. Hou et al., “Activated CREB is sufficient
to overcome inhibitors in myelin and promote spinal axon
regeneration in vivo,” Neuron, vol. 44, no. 4, pp. 609–621, 2004.

[6] D.Cai, K.Deng,W.Mellado, J. Lee, R. R. Ratan, andM.T. Filbin,
“Arginase I and polyamines act downstream from cyclic AMP

in overcoming inhibition of axonal growthMAG andmyelin in
vitro,” Neuron, vol. 35, no. 4, pp. 711–719, 2002.

[7] M. L. Degeorge, D. Marlowe, E. Werner et al., “Combining glial
cell line-derived neurotrophic factor gene delivery (AdGDNF)
with L-arginine decreases contusion size but not behavioral
deficits after traumatic brain injury,” Brain Research, vol. 1403,
pp. 45–56, 2011.

[8] H.-S. Kuo, M.-J. Tsai, M.-C. Huang et al., “Acid fibroblast
growth factor and peripheral nerve grafts regulateTh2 cytokine
expression, macrophage activation, polyamine synthesis, and
neurotrophin expression in transected rat spinal cords,” Journal
of Neuroscience, vol. 31, no. 11, pp. 4137–4147, 2011.

[9] H.-S. Kuo, M. J. Tsai, M.-C. Huang et al., “The combination
of peripheral nerve grafts and acidic fibroblast growth fac-
tor enhances arginase I and polyamine spermine expression
in transected rat spinal cords,” Biochemical and Biophysical
Research Communications, vol. 357, no. 1, pp. 1–7, 2007.

[10] Y. M. Park, S. H. Han, S. K. Seo, K. A. Park, W. T. Lee, and J. E.
Lee, “Restorative benefits of transplanting humanmesenchymal
stromal cells overexpressing arginine decarboxylase genes after
spinal cord injury,” Cytotherapy, vol. 17, no. 1, pp. 25–37, 2015.

[11] T. K. Morrissey, N. Kleitman, and R. P. Bunge, “Isolation and
functional characterization of Schwann cells derived from adult
peripheral nerve,” Journal of Neuroscience, vol. 11, no. 8, pp.
2433–2442, 1991.

[12] M. F. L. Meijs, L. Timmers, D. D. Pearse et al., “Basic fibroblast
growth factor promotes neuronal survival but not behavioral
recovery in the transected and Schwann cell implanted rat
thoracic spinal cord,” Journal of Neurotrauma, vol. 21, no. 10, pp.
1415–1430, 2004.

[13] T. Takami, M. Oudega, M. L. Bates, P. M. Wood, N. Kleitman,
and M. B. Bunge, “Schwann cell but not olfactory ensheathing
glia transplants improve hindlimb locomotor performance in
the moderately contused adult rat thoracic spinal cord,” Journal
of Neuroscience, vol. 22, no. 15, pp. 6670–6681, 2002.

[14] J. A. Gruner, “A monitored contusion model of spinal cord
injury in the rat,” Journal of Neurotrauma, vol. 9, no. 2, pp. 123–
128, 1992.

[15] D. J. Barakat, S. M. Gaglani, S. R. Neravetla et al., “Survival,
integration, and axon growth support of glia transplanted into
the chronically contused spinal cord,” Cell Transplantation, vol.
14, no. 4, pp. 225–240, 2005.

[16] T. P. Lo Jr., K.-S. Cho, M. S. Garg et al., “Systemic hypothermia
improves histological and functional outcome after cervical
spinal cord contusion in rats,” Journal of Comparative Neurol-
ogy, vol. 514, no. 5, pp. 433–448, 2009.

[17] M. Kudou, K. Shiraki, S. Fujiwara, T. Imanaka, and M. Tak-
agi, “Prevention of thermal inactivation and aggregation of
lysozyme by polyamines,”European Journal of Biochemistry, vol.
270, no. 22, pp. 4547–4554, 2003.

[18] D. D. Pearse, T. P. Lo Jr., K. S. Cho et al., “Histopathological and
behavioral characterization of a novel cervical spinal cord dis-
placement contusion injury in the rat,” Journal of Neurotrauma,
vol. 22, no. 6, pp. 680–702, 2005.

[19] H. Kanno, Y. Pressman, A. Moody et al., “Combination of
engineered Schwann cell grafts to secrete neurotrophin and
chondroitinase promotes axonal regeneration and locomotion
after spinal cord injury,” Journal of Neuroscience, vol. 34, no. 5,
pp. 1838–1855, 2014.

[20] D. M. Basso, M. S. Beattie, and J. C. Bresnahan, “A sensitive
and reliable locomotor rating scale for open field testing in rats,”
Journal of Neurotrauma, vol. 12, no. 1, pp. 1–21, 1995.



Neural Plasticity 11

[21] S. M. Schaal, B. M. Kitay, K. S. Cho et al., “Schwann cell
transplantation improves reticulospinal axon growth and fore-
limb strength after severe cervical spinal cord contusion,” Cell
Transplantation, vol. 16, no. 3, pp. 207–228, 2007.

[22] G. Flora, G. Joseph, S. Patel et al., “Combining neurotrophin-
transduced Schwann cells and rolipram to promote functional
recovery from subacute spinal cord injury,” Cell Transplanta-
tion, vol. 22, no. 12, pp. 2203–2217, 2013.

[23] P. L. Wood, M. A. Khan, S. R. Kulow, S. A. Mahmood, and J.
R. Moskal, “Neurotoxicity of reactive aldehydes: the concept
of ‘aldehyde load’ as demonstrated by neuroprotection with
hydroxylamines,” Brain Research, vol. 1095, no. 1, pp. 190–199,
2006.

[24] K. Deng, H. He, J. Qiu, B. Lorber, J. B. Bryson, and M. T. Filbin,
“Increased synthesis of spermidine as a result of upregulation of
arginase I promotes axonal regeneration in culture and in vivo,”
The Journal of Neuroscience, vol. 29, no. 30, pp. 9545–9552, 2009.
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In a phase I/IIa open-label and nonrandomized controlled clinical trial, we sought to assess the safety and neurological effects of
human neural stem/progenitor cells (hNSPCs) transplanted into the injured cord after traumatic cervical spinal cord injury (SCI).
Of 19 treated subjects, 17 were sensorimotor complete and 2 were motor complete and sensory incomplete. hNSPCs derived from
the fetal telencephalon were grown as neurospheres and transplanted into the cord. In the control group, who did not receive cell
implantation but were otherwise closely matched with the transplantation group, 15 patients with traumatic cervical SCI were
included. At 1 year after cell transplantation, there was no evidence of cord damage, syrinx or tumor formation, neurological
deterioration, and exacerbating neuropathic pain or spasticity. The American Spinal Injury Association Impairment Scale (AIS)
grade improved in 5 of 19 transplanted patients, 2 (A→ C), 1 (A→ B), and 2 (B → D), whereas only one patient in the control
group showed improvement (A→ B). Improvements included increased motor scores, recovery of motor levels, and responses to
electrophysiological studies in the transplantation group. Therefore, the transplantation of hNSPCs into cervical SCI is safe and
well-tolerated and is of modest neurological benefit up to 1 year after transplants. This trial is registered with Clinical Research
Information Service (CRIS), Registration Number: KCT0000879.

1. Introduction

Acute traumatic spinal cord injury (SCI) occurs most com-
monly in the cervical segments due to the great flexibility
of neck. Cervical SCI is a devastating disorder, which can
result in quadriplegia, ventilator dependency, a requirement
for total assistance with all major functions, and a significant
reduction in quality of life. However, there is currently no
curative or effective therapy for SCI [1]. Therapeutic trans-
plantation of different types of stem cells and their derivatives,
alone or in combination with other treatments, has been

reported to improve functional outcome in animal models
of SCI, probably through cell replacement, trophic support,
facilitation of axonal growth, remyelination, or modulation
of inflammation [2, 3]. Based on these experimental findings,
although the field of stem cell therapy is in its infancy,
some stem cell or cell-based transplantation using bone
marrow-derived cells, umbilical cord blood cells, olfactory
ensheathing cells, Schwann cells, activated macrophages, or
T cells have already been used in patients with SCI [4–12]. To
date, the existing data from clinical trials have shown some
stem cell or cell transplants to be safe, but with very limited
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or no therapeutic efficacy.Thus, stem cell therapies are not yet
approved for SCI [3, 13].

Neural stem/progenitor cells (NSPCs) are characterized
by a capacity for self-renewal, differentiation into multiple
neural lineages, and migration toward damaged sites in the
central nervous system (CNS), all of which are currently
considered to be promising components for SCI repair and
regeneration [14–19]. Recent studies have shown that human
fetal CNS-derived NSPCs (hNSPCs) implanted into mice
with subacute or chronic SCI were found to successfully
engraft, migrate, differentiate into oligodendrocytes and neu-
rons, and improve long-term locomotor recovery [20, 21].
This functional recovery was likely to have been mediated
through the integration of donor-derived neurons with host
neural circuitry and contact with host motor neurons [22,
23]. Based on these preclinical data, a clinical trial by
the company StemCells, Inc., is undergoing to assess the
effect of the company’s proprietary human neural stem cell
transplantation into patients with cervical SCI [24].

The objective of this study was to evaluate the safety,
tolerability, and neurological status of patients with traumatic
sensorimotor complete (AIS grade A, AIS-A) or motor
complete (AIS grade B, AIS-B) cervical SCI following trans-
plantation of hNSPCs into the injured cord. The American
Spinal Injury Association (ASIA) Impairment Scale (AIS),
which forms part of the International Standards for Neu-
rological Classification of SCI (ISNCSCI) examinations, has
been widely used for the diagnosis and prognosis of SCI
and represents a toolbox of validated outcomes for use in
the forthcoming clinical trials [25]. This is a report of the
outcome of the trial, 1 year after transplantation. Our results
demonstrate that the direct administration of hNSPCs into
the injured cervical cord is safe and well-tolerated and of
modest benefit neurologically.

2. Materials and Methods

2.1. Patient Selection. This phase I/IIa open-label and non-
randomized controlled clinical study was reviewed and
approved by the Institutional Review Board (IRB) of the
Severance Hospital, Yonsei University College of Medicine,
Seoul, Korea (Permit number: 4-2005-0057), Korean Food
and Drug Administration (Permit number: BM-473), and
was monitored by the responsible ethics committees. This
study was conducted in accordance with the Declaration of
Helsinki (1964). All procedures were performed after obtain-
ing written informed consent. Patients were fully aware of the
experimental nature of the treatment, unclear outcomes, and
possible side effects, such as pain, spasticity, autonomic dys-
function, worsening of motor or sensory function, infection,
tumor formation, and unforeseen adverse events.

Participants were eligible when they were admitted to the
hospital if they were between 18 and 60 years old and had
AIS-A or AIS-B cervical SCI of traumatic etiology. Patients
first underwent spinal cord decompression and stabilization
therapy and then rehabilitation. They showed persistent
complete or incomplete paralysis below the level of the injury.
Exclusion criteria were SCI at multiple levels, spinal vertebral
instability, major concurrent medical or neurological illness,

substance abuse, psychiatric illness, traumatic brain injury
associated with SCI, and concomitant skeletal fracture or
joint atrophy. Subjects who had concurrent peripheral nerve,
nerve root injury, or accompanying neuropathy that might
influence spontaneous recovery and recordings of evoked
potentials [26, 27] were also excluded. To verify peripheral
nerve injury or neuropathy, peripheral nerve conduction
studies (NCS), including median sensory, ulnar sensory,
superficial peroneal, sural, median motor, ulnar motor, per-
oneal, and tibial nerves, were made in all patients with SCI
[28]. If there was any abnormality in the NCS, the patient was
excluded.

Nineteen patients were selected for hNSPCs transplanta-
tion from among those who were admitted to the hospital
between May 2005 and August 2008. According to the time
window between the injury onset and hNSPCs transplanta-
tion, eligible patients were divided into four groups: acute (<1
week), early subacute (1–8 weeks), late subacute (9 weeks–6
months), and chronic (>6 months). In the control group, all
15 patients with traumatic cervical SCI were managed with
decompression surgery of the spinal canal and then referred
to the rehabilitation clinic of the hospital.They did not receive
hNSPCs implantation for SCI. They were randomly selected
from AIS-A or AIS-B patients who were admitted to the
hospital from May 2005 to April 2008. The inclusion and
exclusion criteria for the control group were the same as
the transplantation group. Demographic data and clinical
characteristics of patients in both groups are presented in
Table 1.

2.2. Peripheral Nerve Conduction Study. To verify peripheral
nerve injury or neuropathy, peripheral nerve conduction
studies, including median sensory, ulnar sensory, superficial
peroneal, sural, median motor, ulnar motor, peroneal, and
tibial nerves, were conducted before transplantation. For
median sensory nerve conduction studies, the recording
electrode was placed over the second finger and stimulation
was done at the wrist between the tendons of the flexor carpi
radialis laterally and the palmaris longus muscles medially.
For ulnar sensory nerve conduction studies, the recording
electrode was placed over the fifth finger and stimulation was
done at the wrist, just lateral to the tendon of the flexor carpi
ulnaris muscle. For superficial peroneal nerve conduction
studies, the recording electrode was placed 1-2 cm medial
to the lateral malleolus and stimulation was done at 12 cm
proximal to the recording electrode, just anterior to the
anterior margin of the fibular. For sural nerve conduction
studies, the recording electrode was placed at 3 cm posterior
to the lateral malleolus and stimulation was done at 14 cm
proximal to the recording electrode, just lateral to the leg
midline. For median motor nerve conduction studies, the
recording electrode was placed over the abductor pollicis
brevis muscle and stimulation was done at the wrist and the
antecubital fossa. For ulnar motor nerve conduction studies,
the recording electrode was placed over the adductor digiti
quinti muscle and stimulation was done at the wrist and just
below the medial epicondyle. For peroneal nerve conduction
studies, the recording electrode was placed over the extensor
digitorum brevis muscle and stimulation was done at the
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Table 1: Demographic, clinical, and neurological features of the patients.

Transplantation group Control group
Patient Sex Age (years) Time (days)a SCI level AIS gradeb Patient Sex Age (years) Time (days)c SCI level AIS graded

1 M 34 38 C3 A 1 M 37 168 C6 A
2 M 36 46 C3 A 2 M 56 19 C4 A
3 M 33 81 C7 A 3 M 28 7 C6 A
4 M 45 52 C4 A 4 M 29 58 C6 A
5 M 26 141 C4 A 5 M 34 33 C5 A
6 M 56 75 C4 A 6 F 54 92 C5 A
7 F 45 21 C3 A 7 M 41 35 C3 A
8 M 24 48 C5 A 8 F 35 37 C3 A
9 M 53 123 C3 A 9 F 22 60 C3 A
10 M 32 28 C3 A 10 M 28 92 C6 A
11 M 27 59 C5 A 11 M 35 17 C7 A
12 M 54 213 C3 A 12 M 51 97 C3 A
13 M 57 16 C4 A 13 M 24 66 C4 A
14 M 29 34 C4 A 14 M 39 19 C5 B
15 M 23 18 C4 A 15 M 46 38 C7 B
16 F 23 141 C3 A
17 M 51 24 C4 A
18 F 41 25 C7 B
19 M 18 22 C8 B
Patients are listed according to AIS grade.M=male. F = female. aTime between the injury onset and hNSPC transplantation, bAIS grade before transplantation,
ctime between the injury onset and the initial evaluation of AIS examination in the hospital, and dAIS grade at the initial evaluation.

ankle, just lateral to the tibialis anterior tendon and distal
to the fibular head. For tibial nerve conduction studies, the
recording electrode was placed over the abductor hallucis
muscle and stimulation was done at the ankle just posterior
to the medial malleolus and the popliteal fossa.

2.3. Maintenance and Propagation of Human NSPCs in
Culture. Human fetal tissue from a cadaver at 13 weeks
of gestation was obtained with full parental consent and
approval of the IRB of the hospital (Permit number: 4-
2003-0078). In this study, hNSPCs for transplantation were
derived from such a single donated fetal brain. The methods
of acquisition conformed to NIH and Korean Government
guidelines.The freshly dissected telencephalic tissue of a fetal
brainwas transferred from theGoodTissue Practice (GTP) to
theGoodManufacturing Practice (GMP) facility. Brain tissue
was in dissociation in trypsin (0.1% for 30min, Sigma) and
seeded into tissue culture-treated 100-mmplates (Corning) at
a density of 400,000 cells/mL of serum-free growth medium,
which consisted of a 1 : 1 mixture of Dulbecco’s modified
Eagle’s medium and Ham’s F12 (DMEM/F12; Gibco), sup-
plemented with penicillin/streptomycin (1% v/v; Gibco) and
N2 formulation (1% v/v; Gibco). Mitogenic stimulation was
achieved by adding 20 ng/mL of fibroblast growth factor-2
(FGF2; R&D Systems) and 10 ng/mL of leukemia inhibitory
factor (LIF; Sigma). Heparin (8𝜇g/mL; Sigma) was added
to stabilize FGF2 activity. All cultures were maintained in a
humidified incubator at 37∘C and 5% CO

2
in air, and half of

the growth medium was replenished every 3-4 days. Prolifer-
ating single cells isolated from the fetal brain gave rise to free-
floating neurospheres during the first 2–5 days of growth.
Passaging was undertaken every 7-8 days by dissociation of
bulk neurospheres with 0.05% trypsin/EDTA (T/E; Gibco).
hNSPCs, cultured as neurospheres, were reseeded in fresh
growthmedium at a density equivalent to ∼400,000 cells/mL.
Under these culture conditions, hNSPCs continued to pro-
liferate and generate a large number of progenies for over 1
year [29]. For cryopreservation of hNSPCs, trypsinized cells
taken at each passage were resuspended in a freezing solution
consisting of 10% dimethyl sulfoxide, 50% fetal bovine serum,
and 40% growth medium and brought slowly to −140∘C.
Human neurospheres were continuously expanded from the
initial outgrowths to avoid repeated freezing and thawing.
Cells were pooled and frozen at each passage (P4-30; passage
number 4-30) as primary cell banks and following additional
expansion cryopreserved (P7-25) as secondary cell banks.

The growth rate of hNSPCs in the presence of mitogens
was assessed in vitro. Initially, 4 × 106 cells were plated on
tissue culture-treated 100-mm plates. At 5 time points up to
50 days, the cells were harvested with T/E and the average
number of hNSPCs was determined by using the trypan blue
exclusion method. Cell counts were then plotted versus the
time of cells harvest and the doubling time was calculated.
The doubling time of hNSPCs was between 4 and 5 days.
To analyze the cellular composition of the neurospheres, sec-
tioned neurospheres were immunostained for various neural
cell markers. Under proliferative conditions, the majority of
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cells (∼99%) within the neurospheres expressed immature
cell markers: nestin, vimentin, glial fibrillary acidic protein
(GFAP), Pax6, excitatory amino acid transporter 1 (EAAT1),
and Sox2 [29].These results indicated that the cells within the
neurospheres consisted mostly of hNSPCs.

2.4. Cell Culture Quality Control. Before releasing hNSPCs
for transplantation, in-process quality testing for the cells
at each passage was carried out for cellular differentia-
tion pattern, karyotyping, endotoxins, mycoplasmas, bac-
teria, fungi, or viruses. Endotoxins and mycoplasmas were
checked using the Limulus Amebocyte Lysate test and
MycoAlert Mycoplasma Detection Assay (Cambrex), respec-
tively. HIV-1/2, HTLV-1/2, hepatitis A/B/C, herpes (HSV-
1/2), cytomegalovirus, syphilis, toxoplasmosis, fungi, and
aerobic or anaerobic bacterial infection were assessed. At
any step, if any sample was detected to be positive, it was
discarded immediately. For cytogenetic studies of hNSPCs,
a standard G-banding procedure to visualize chromosomes
was regularly given by the analysis of about at least 20
metaphases per cultural passage. The data from this study
confirmed that hNSPCs were diploid soon after derivation
and retained a normal karyotype after long-term passage
and cryopreservation. Array-based comparative genomic
hybridization (aCGH), a technique that allows for high-
resolution genome-wide detection of unbalanced structural
and numerical chromosomal alterations [30], was performed
regularly using MacArray Karyo (Macrogen, Seoul, Korea)
according to the manufacturer’s protocol. The data from this
study showed no evidence for genomic alteration in hNSPCs.

To evaluate the differentiation potential of hNSPCs into
neural cell types, whole neurospheres taken at sequential pas-
sages in culture were dissociated into single-cell suspensions
and plated directly onto poly-L-lysine-coated, 8-well cham-
ber slides (Nunc) in serum-freemedium. After a 7-day period
following plating, cells were fixed with 4% paraformaldehyde
in PIPES buffer (Sigma) and immunostained with antibodies
to Nestin, glial fibrillary acidic protein (GFAP), neuron-
specific 𝛽-tubulin III (TUJ1, polyclonal, 1 : 1000; Covance),
NF (pan-neurofilament, 1 : 500; Sternberger), rabbit anti-
Olig2 (1 : 500;Millipore), O4 (1 : 30; Chemicon), CNPase (2,3-
cyclic nucleotide-3-phosphohydrolase, 1 : 500; Sternberger),
choline acetyltransferase (ChAT; 1 : 200; Chemicon), gluta-
mate (1 : 500; Sigma), 𝛾-aminobutyric acid (GABA, 1 : 500;
Sigma), and tyrosine hydroxylase (TH, 1 : 50; Chemicon).
Primary antibodies were labeled with a fluorescent secondary
antibody. Cells were examined and quantified microscopi-
cally and photographed digitally.

About 40–50% of cells from the neurospheres at P10-
20 expressed early neuronal cell marker TUJ1, ∼2% of cells
expressed early oligodendrocyte marker O4, and more than
80% of cells expressed astrocyte marker GFAP. Although the
percentages of GFAP+ cells from hNSPCs were very high,
more than 90% of the cells were dual-labeled with human
nestin immature cell marker. Thus, the high percentages of
GFAP+ cells in hNSPCs do not reflect their differentiation
into astrocytes, but they suggest that cells still retain many
characteristics of stem cells or progenitors. Before trans-
plantation, the differentiation patterns of hNSPCs taken at

between P10-20 were examined immunocytochemically to
identify the multipotency of differentiation. In this study, all
transplanted hNSPCs met these criteria of differentiation.

2.5. Preparation and Transplantation of Human NSPCs.
hNSPCs were maintained by passaging through the dissocia-
tion of bulk neurospheres and cryopreserved at each passage
in the GMP facility. For transplantation, hNSPCs taken
between P10 and P20 were selected and prepared. On the
day of transplantation, cells were harvested by trypsinization
after which the enzymatic activity was stopped with soybean
trypsin inhibitor (Sigma). The cells were centrifuged (900 g,
3min), the cell pellet was washed three times with Hank’s
balanced salt solution-HEPES (H-H) buffer, and the entire
cell pellet was then resuspended in 1.0mL of H-H buffer at
a density of 1.0 × 105 cells per 𝜇L. The concentrated hNSPCs
in a sterile freezing tube (Nunc) were then delivered to the
operation room [31].

Surgical intervention was performed under general anes-
thesia with endotracheal intubation. All surgical procedures
were performed by the same neurosurgical team. A midline
incision and posterior laminectomywas performed to expose
the dura at the site of injury. Using magnification of an oper-
ating microscope (Zeiss Corporation), a midline durotomy
was performed away from the site of injury and the opening
completed by splitting the normal dura and sharp dissection.
A dorsal adhesiolysis was carefully performed using sharp
and blunt dissection methods through the injury to remove
the scar tissue and detether the cord. After exposure of
sufficient surface at the contusion site, cells (1.0mL, 1.0 ×
105 cells per 𝜇L) were injected into the spinal cord using a
23-gauge needle attached to a 1-mL syringe. Five hundred
microliters of cell suspension was injected at the lesion
center, as demonstrated on preoperative magnetic resonance
imaging (MRI), and then 250 𝜇L was injected, 5mm rostral
and caudal to the lesion center, respectively. The needle was
set at the lesion center along the midline and inserted into
the cord 5mm deep from the dorsal surface of the spinal
cord. The needle was removed from the first injection site
and moved on the midline 5mm rostrally and caudally and
inserted into the cord 5mm deep from the dorsal surface of
the spinal cord. Each injection was performed over a 3-min
infusion period. To prevent cell leakage through the injection
track, the injection needle was left in position for additional
2 min after completing the injection. The dura was primarily
closedwith absorbable sutures and awound drainwas placed.
The wound was then closed in layers. Sham operations in the
control group were not considered because of the difficulty of
ethical justification, given that this would entail an increased
risk for the placebo group.

Although NSPCs are minimally immunogenic, low-
grade rejection of transplanted NSPCs remains possible [32].
Therefore, many investigators believe that some form of
temporary immunosuppression is necessary to optimize fetal
donor cell engraftment and survival in humans [33]. For the
induction of temporary immunosuppression in this study,
cyclosporine (3mg/kg BID, Novartis, Korea) was orally given
to patients for 3 days preoperatively, and it was intravenously
given for 4 days after the transplant and orally supplied for
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the next 2 weeks. The oral cyclosporine dose was reduced
to 2mg/kg BID at 4 weeks after implantation and then
reduced to 1mg/kg BID 3 weeks later and discontinued at 9
weeks postoperatively. Toxicity monitoring included checks
of cyclosporine blood trough concentrations, urine analysis,
blood urea nitrogen, and creatinine every 48 h during the
first week after surgery, biweekly until 5 weeks, and then at
the cessation of drug administration. No patient showed side
effects due to the cyclosporine.

2.6. Outcome Measures. Preoperative and postoperative
assessments included AIS neurological examination, accord-
ing to the revised 2006 ISNCSCI assessments guidelines [25],
somatosensory evoked potentials (SSEPs), motor evoked
potentials (MEPs), spinal cord magnetic resonance imaging
(MRI) scanning, and pain and spasticity assessments. All
assessments were made by physicians specially trained for
AIS who also had expertise in treating SCI patients. Variabil-
ity was reduced by using the same assessors throughout the
study, obviating interobserver variability.

2.7. Neurological Assessments. The neurological status of
the patients was determined in terms of AIS grade, ASIA
motor scores (AMS), ASIA sensory scores (ASS), ASS-pin
prick scores (ASS-P), ASS-light touch scores (ASS-L), and
neurological level prior to and at 2, 6, and 12 months after
hNSPC transplantation. A five-scale subdivision of the AIS
grade was used to evaluate changes in patient motor and
sensory function. AIS-A grade has no motor or sensory
function at the level of S4-S5 sacral segments. AIS-B has some
sensory function below the neurological level, including S4-
S5, but no motor function. AIS-C has some motor function
below the neurological level, but more than half of the key
muscles involved have amuscle strength score that is less than
3. AIS-D has motor function below the neurological level,
but more than half of the key muscles have a muscle grade
of 3 or more. AIS-E indicates normal motor and sensory
function. AMS involves a qualitative grading of the strength
of contraction within 10 representative key muscles, five for
the upper extremity (upper extremity motor score (UEMS))
and five for the lower extremity (lower extremity motor score
(LEMS)) on each side of the body. ASS involves a qualitative
grading of sensory responses to touch (ASS-L) and pin prick
(ASS-P) at each of 28 dermatomes along each side of the body
[25].

The neurological level of spinal injury is generally the
lowest segment of the spinal cord with normal sensory and
motor function on both sides of the body. Motor level is
defined as the most caudal spinal level, as indexed by the
key muscle group for that level having a muscle strength of
3/5 or above while the key muscle for the spinal segment,
immediately above, is normal (5/5; right/left side). In this
study, all AIS-A patients and a motor level of C4–C7 at
the baseline assessment in both transplantation and control
groups were included in the analysis of motor level. C4
motor level of SCI was determined based on the normal
preservation of sensory function on the C4 dermatome [34].
Because there is no key muscle delineating the C4 spinal
segment, it is difficult to reliably track deterioration from an

initial C4 motor level. Thus, these individuals were analyzed
separately for changes in motor level. However, individuals
with an initial C4 motor level SCI were included in the
analysis of motor level from baseline. An analysis of motor
level (right and left side) changes was also performed for
the combined group of C5–C7 SCI patients. Sensory level is
defined as the spinal segment corresponding with the most
caudal dermatome having a normal score for both pin prick
and light touch.

2.8. Electrophysiological Studies. To assess the functional
integrity of the corticospinal tract and the dorsal columns,
SSEP and MEP studies of the lower and upper limbs were
conducted prior to and at 2, 6, and 12 months after transplan-
tation.

For SSEP studies of median, ulnar, tibial, and peroneal
nerves, stimulating electrodes were placed over the median
nerve at the wrist, ulnar nerve at the wrist, tibial nerve
at the medial ankle, and peroneal nerve at the popliteal
fossa, respectively. For pudendal nerve SSEP studies, the
stimulating electrode was placed on the shaft of the penis by
a ring electrode in males or on the clitoris by a bar electrode
in females. Recording electrodes were placed on the C3󸀠-Fz
formedian and ulnar nerve SSEP studies. For tibial, peroneal,
and pudendal nerve SSEP studies, recording electrodes were
placed on theCz󸀠-Fz.The stimulation frequencywas 3Hz and
the stimulation durationwas 0.1ms.The stimulation intensity
was able to produce a visual contraction of the abductor
pollicis brevis (APB) for themedian nerve, the abductor digiti
quinti (ADQ) for the ulnar nerve, the abductor hallucis (AH)
for the tibial nerve, and the extensor digitorum brevis (EDB)
for the peroneal nerve. The sweep speed was 5ms/division
and sensitivity was 2 𝜇V/division. With median nerve and
ulnar nerve SSEPs, we obtained N20 latency by applying 250
repeated stimulations twice each. For the tibial, peroneal, and
pudendal nerve SSEPs, P40 latency was acquired through
250 repeated stimulations that were applied twice. SSEP
was performed using Synergy (Medelec Synergy-Oxford
Instruments, UK). Normal values are median SSEP: 16.9–
20.6ms, ulnar SSEP: 18.1–20.5ms, tibial SSEP: 32–46ms,
peroneal SSEP: 32.3–36.3ms, and pudendal nerve SSEP:
40.4–44.2ms formen and 38.5–41.1ms forwomen. A positive
SSEP response was defined as the presence of a cortical
response (prolonged latency time or normalization of SSEP)
to peripheral stimulation at 1 year after hNPSC implantation,
while there was no response before transplantation.

For MEP studies, transcranial magnetic stimulation was
performed usingMagstim (MagstimCompany Limited, UK).
The surface recording electrodes were placed over the biceps
brachii and abductor pollicis brevis (APB) muscles for the
upper limbs and over the tibial anterior (TA) muscle for the
lower limbs [28]. The resting motor threshold was the lowest
transcranial magnetic stimulation (TMS) intensity that could
yield MEP more than 50𝜇V in amplitude in muscles at rest
in at least 5 of 10 stimulations; it was established by increasing
the stimulus intensity slowly. We then stimulated the motor
cortex 10 times at 1.2 times the intensity of the resting motor
threshold and obtained a mean amplitude and latency of
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MEP. Normal values are biceps brachii MEP: latency 9.1–
14.7ms, amplitude 0.21–1.08mV; APB MEP: latency 12.2–
18.4ms, amplitude 0.25–1.10mV; TA MEP: latency 20.2–
32.5ms, amplitude 0.19–0.88mV. A positive MEP response
was defined as the presence of a peripheral response (pro-
longed or normal latency time, or low or normal amplitude)
to transcranial stimulation at 1 year after NSPC implantation,
while there was no response before transplantation.

2.9. Spine MRI Studies. Spine MRI studies were conducted
prior to and at 2, 6, and 12 months after transplantation.
MRI examinations were performed with a 1.5/3.0-T magnet
using T1- and T2-weighted images (WI) (Signa, GE Medical
Systems). For the classification of MRI patterns of acute SCI
before hNSPC transplantation, criteria based on alterations
in the signal intensity in the spine MRI, as detected by T1-
andT2-WI (weighted images) sequences, with respect to time
elapsed since the trauma, were used [35]. These criteria are
as follows: Type I pattern (hemorrhage): within the first 72 h
after the trauma, the spinal cord on T1-WI is heterogeneous;
on T2-WI, there is a large central area with low signal
intensity surrounded by a thin high intensity peripheral ring.
At 72 h to the first week from the trauma, the spinal cord
shows hyperintensity on T1- and T2-WI. Type II pattern
(edema): there are normal images on T1-WI with high signal
intensity on T2-WI. Type III pattern (contusion or mixed):
there are normal images on T1-WI, while, on T2-WI, the
spinal cord presents with a small central area of isointensity
and a thick peripheral ring of high intensity, which persists
through the subacute phase. Type IV pattern (compression):
there is severe obliteration of the spinal cord with significant
alteration of its morphology.

To assess posttraumatic abnormalities and possible com-
plications arising during chronic SCI, MRI findings at 1 year
after implantation were evaluated and classified as follows:
cord atrophy, myelomalacia, cyst, or syrinx [36]. Cord atro-
phy is abnormal narrowing of the cervical cord region in the
sagittal plane two segments or more beyond the vertebral
injury (<7mm in anteroposterior dimension). Myelomalacia
is an area of ill-defined contours and irregular shapes, which
is hypointense on T1-WI and hyperintense on T2-WI. Cyst
is an oval or round intramedullary lesion with the same
signal intensity as cerebrospinal fluid, which is confined to the
vertebral level of maximum bony protrusion into the spinal
canal. Syrinx is a tubular and well-defined fluid-filled region,
which is usually tapered at one or both ends and extends
beyond the length of maximal bony damage.

The location of SCI was named for the nearest vertebral
segment [37]. Each segment was subdivided into three
parts: the upper half of the vertebral body was named
segment 1 (e.g., C4.1), the lower part of the vertebral body
segment is 2 (e.g., C4.2), and the intervertebral disc below
the body segment is 3 (C4.3). In all patients, the lesion
length was determined where intramedullary cord signal
intensity change was depicted on T1- and T2-WI. Lesion
length was defined as the distance between the most cephalic
and the most caudal extent of the cord signal intensity
change.

2.10. Pain and Spasticity Assessments. The development of
pain and spasticity in patients following hNSPC implan-
tation was evaluated serially. Pain was assessed using a
visual analog scale (VAS) [38]. The VAS frame used a 10-
cm bar. Patients indicated their pain score from 0 to 10;
zero means no pain and ten means the worst pain imag-
inable.

Spasticity was evaluated clinically using a modified Ash-
worth scale with definitions as follows [39]: 0 = no increase in
tone, 1 = slight increase in muscle tone, manifested by a catch
and release orminimal resistance at the end of theROMwhen
the affected part(s) is moved in flexion or extension, 1+ =
slight increase inmuscle tone,manifested by a catch, followed
by minimal resistance throughout the remainder (less than
half) of the ROM, 2 = more marked increase in muscle tone
through most of the ROM, but the affected part(s) easily
moved, 3 = considerable increase in muscle tone, passive
movement difficult, and 4 = affected part(s) rigid in flexion
or extension. Patients were allowed to take medications for
the control of spasticity or pain according to their needs.

2.11. Western Blot and PCR. hNSPCs were lysed in tissue
protein extraction reagent (Thermo) containing protease and
phosphatase inhibitors (Sigma), and lysates were centrifuged
(16,000×g, 30min, 4∘C). The supernatant was collected and
stored at −70∘C. Protein concentrations were determined
using the Bradford assay. Samples were electrophoresed in
10% Tris-glycine gels, 4−15% Mini-PROTEAN TGX precast
gels (Bio-Rad), or 16.5% Tris-tricine gels and transferred
to nitrocellulose membranes. After being blocked with 5%
skim milk or BSA in TBS containing 0.1 or 0.05% Tween
20 (TBS-T), the membranes were incubated with the fol-
lowing antibodies: rabbit anti-neurotrophin-3 (NTF3; Santa
Cruz Biotechnology), rabbit anti-nerve growth factor (NGF),
rabbit anti-brain-derived neurotrophic factor (BDNF; Santa
Cruz Biotechnology), rabbit anti-neurotrophin-4 (NTF4;
Santa Cruz Biotechnology), and mouse anti-human vas-
cular endothelial growth factor (VEGF; BD). Next, the
membranes were incubated with peroxidase-conjugated
antibodies (Jackson ImmunoResearch) and treated with
SuperSignal West Pico or Dura chemiluminescent substrate
(Thermo).

For PCR analysis, total RNA was isolated from hNSPCs
under proliferation and differentiation conditions in vitro
using TRI reagent (Molecular Research Center). The RNA
quantity was spectrophotometrically determined, and 4-
𝜇g isolated RNA was reverse-transcribed into cDNA using
SuperScript III Reverse Transcriptase (Invitrogen). Reverse
transcriptase PCR was carried out in a 20-𝜇L reaction
mixture containing 1-𝜇L cDNA following cycle parameters:
30 s at 95∘C, 30 s at 53∘C for 30 s, and 30 s at 72∘C for
31 cycles. Forward and reverse primers were designed to
evaluate the expression levels of trophic factors in hNSPCs
(GAPDH: sense, 5󸀠 ACCACAGTCCATGCCATCAC 3󸀠;
antisense, 5󸀠 TCCACCACCCTGTTGCTGTA 3󸀠; BDNF:
sense, 5󸀠 AACAATAAGGACGCAGACTT 3󸀠; antisense, 5󸀠
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TGCAGTCTTTTTGTCTGCCG 3󸀠; NTF3: sense, 5󸀠 TAC-
GCGGAGCATAAGAGTCAC 3󸀠; antisense, 5󸀠 GGCACA-
CACACAGGACGTGTC 3󸀠;NTF4: sense, 5󸀠 CCTCCCCAT-
CCTCCTCCTTTT 3󸀠; antisense, 5󸀠 ACTCGCTGGTGC-
AGTTTCGCT 3󸀠; VEGFA: sense, 5󸀠 CCATGGCAGAAG-
GAGGAGG 3󸀠; antisense, 5󸀠 ATTGGATGGCAGTAGCTG-
CG3󸀠; GDNF: sense, 5󸀠 CTGACTTGGGTCTGGGCTATG
3󸀠; antisense, 5󸀠 TTGTCACTCACCAGCCTTCTATT; FGF2:
sense, 5󸀠 GTGTGCTAACCGTACCTGGC 3󸀠; antisense, 5󸀠
CTGGTGATTTCCTTGACCGG 3󸀠; NGF: sense, 5󸀠 ATG-
TCCATGTTGTTCTACACT 3󸀠; antisense, 5󸀠 AAGTCC-
AGATCCTGAGTGTCT 3󸀠). qPCR was performed in 384-
well plates using 0.5-𝜇L cDNA in a 10-𝜇L reaction volume
with LightCycler 480 SYBR Green I Master mix (Roche)
on a LightCycler 480 System (Roche) as follows: 95∘C for
5min and 45 cycles of 95∘C for 10 s, 60∘C for 20 s, and 72∘C
for 15 s, followed by a melting curve program. The forward
and reverse primers were designed following the PrimerBank
database and RTPrimerDB [40].

2.12. Preclinical Studies. Thoracic spinal cord contusion
injuries were performed on adult male Sprague-Dawley rats.
Rats were housed in groups of 4-5 under a 12-h light/12-
h dark cycle at 22∘C, fed ad libitum, and maintained in
a facility accredited by the Association for the Assessment
and Accreditation of Laboratory Animal Care International.
This study was performed under a protocol approved by
the Institutional Animal Care and Use Committee, Yonsei
University College of Medicine, Seoul, Korea. Spinal cord
contusion was performed under Ketamine (80∼90mg/kg),
Rompun (0.2mL/kg), and Promazine (0.8∼1mg/kg) anesthe-
sia and prophylactic administration of cefazolin (50mg/kg).
A dorsal laminectomy was performed on the T9 to expose
the spinal cord. Contusion injury was induced using the
Infinite Horizon Impactor (Precision Systems, Kentucky, IL,
USA) with a force of 230Kdyn. After contusion, the deep
and superficial muscle layers were sutured. Animals received
manual bladder expression twice daily and were inspected
for weight loss, dehydration, and distress with appropriate
veterinary care as needed.

Both cell- and vehicle-injected groups received intraperi-
toneal injections of 10mg/kg/d cyclosporine a day before
injection and then daily for the duration of the study. Cell- or
vehicle-injection occurred 7 days after the induction of SCI.
Animals were anesthetized as above and the laminectomy site
was reexposed. Totally, 12𝜇L of hNSPCs (8 × 104 cells/𝜇L)
suspended in H-H buffer was slowly injected along the mid-
line of the spinal cord at a depth of 1.2mm into one segment
cranial and one segment caudal to the lesion epicenter using
a 26-gauge needle. Control animals received an equal volume
of H-H buffer at the same injection rate.

Animals were sacrificed, perfusion fixed, and their spinal
cord removed on 12 weeks after transplantation. Fixation was
accomplished using 4% paraformaldehyde (PFA; Sigma) in
0.1M PIPES buffer, pH 6.9, within 24 hours after fixation
followed by immersion and sinking in 30% sucrose in PBS.
Spinal cords were cut into 16 𝜇mcoronal section.The sections
were blocked with 3% BSA and 10% normal horse serumwith
0.2% Triton X-100 and incubated with primary antibodies to

mouse 𝛼-human nuclei (1 : 100; Chemicon), mouse 𝛼-nestin,
rabbit 𝛼-GFAP, rabbit 𝛼-𝛽-tubulin III, rabbit 𝛼-olig2 (1 : 500;
Millipore, Billerica, MA, USA), and rabbit 𝛼-APCCC1 (1 : 50;
Abcam,Cambridge,MA,USA). Following the rinsing in PBS,
the cultures were incubated with species-specific secondary
antibodies conjugated with fluorescein (1 : 180; Vector) or
Texas Red (1 : 180; Vector) secondary antibodies.

For the evaluation of hind limb motor function, Basso-
Beattie-Bresnahan (BBB) locomotor rate scaling was per-
formed prior to cell- or vehicle-injection and weekly follow-
ing injection until sacrificed. For the evaluation of nocicep-
tive ability of animals, the Von Frey test was performed. The
behavioral responses were used to calculate the 50% paw
withdrawal threshold by increasing and decreasing stimulus
intensity between 0.4 and 26 g equivalents of force and
estimated using a Dixon nonparametric test.

2.13. Statistical Analyses. Statistical analyses included the
Mann-Whitney 𝑈 test for nonparametric variables between
the transplantation and control groups. Fisher’s exact test
was used to analyze nominal or ordinal variables. Absolute
differences between baseline and end values were calculated
for AMS, UEMS, LEMS, ASS-P, and ASS-L and analyzed
using the Wilcoxon signed rank test for both transplantation
and control groups. In the transplantation group, VAS scores
were also measured prior to and at 2, 6, and 12 months after
implantation to assess pain.These data were analyzed using a
one-way repeatedmeasure analysis of variance (ANOVA).All
tests were considered significant at 𝑝 values < 0.05. Statistical
comparisons were made using the SPSS software (ver. 18.0;
SPSS, Chicago, IL, USA).

3. Results

3.1. Patients. Nineteen patients were enrolled for hNSPC
transplantation and followed over 1 year after implantation
(16 men, 3 women). All had SCI between C3 and C8 of trau-
matic etiology. Seventeen patients were AIS-A and two were
AIS-B before transplantation. The mean age of the patients
was 37.2 (range: 18–57) years and hNSPC transplantation was
performed from 16 to 213 days after SCI (mean: 63.4 days).
In the control group, 15 patients were included and followed
neurologically for 1 year after the initial evaluation of AIS
neurological examination in the rehabilitation clinic of our
hospital (12 men, 3 women). All had SCI between C3 and
C7 of traumatic etiology. Thirteen patients were AIS-A and
two were AIS-B.Themean age of the patients was 37.3 (range:
22–56) years, and the time between the injury onset and the
initial evaluation of AIS neurological examination was 55.9
days on average (range: 7–168 days). The patients are listed
according to AIS grade and baseline characteristics of the
patients are summarized in Table 1. Age, gender, and duration
from the injury onset to transplantation and to the initial
evaluation of neurological examination, neurological level of
injury, and AIS grade did not differ significantly between the
transplantation and control groups (𝑝 > 0.05 for each).

3.2. Safety Issues. There was no mortality. No patient expe-
rienced infection, leakage of cerebrospinal fluid, serious
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Figure 1: Visual analog scores (VAS).

life-threatening autonomic dysreflexia, or progressive spinal
deformity following hNSPC implantation. There was no
deterioration in sensory andmotor function, urinary bladder
complications, or neurological level postoperatively due to
direct cell injection into the injured spinal cord. No patients
showedworsening of respiratory function and all participants
appeared to be coping well.

3.3. Pain. It has been suggested that pain is a frequent and
major consequence of SCI. Estimates of study participants
experiencing chronic, disabling pain that interfered with
daily activity ranged from 39% to 84% [41, 42]. Furthermore,
some studies have reported that cell transplantation strategies
increased the risk of neuropathic pain postoperatively [14,
43]. To identify the potential risk of neuropathic pain under
the current protocol, pain was assessed prior to and at 2,
6, and 12 months after transplantation with a 10-cm VAS,
ranging from 0 to 10. The mean baseline VAS for the 19
patients was 2.4 ± 0.6 (mean ± standard error of mean
(SEM)), and, following implantation, the mean VAS changed
to 4.0 ± 0.5, 4.0 ± 0.5, and 3.4 ± 0.4 at 2, 6, and 12 months,
respectively (Figure 1). No statistically significant difference
was found between the baseline and follow-up times (𝐹 =
2.918, 𝑝 = 0.066), although hNSPC implantation tended
to increase mean VAS values at 2- and 6-month follow-up
times compared to those prior to cell injection. These results
indicate that hNSPCs transplantationwas not associated with
a greater risk of developing neuropathic pain in patients with
SCI, compared with the general population of SCI patients.

3.4. Spasticity. Spasticity, defined as increased muscle tone
with hyperexcitability of flexor and extensor muscles, exag-
gerated reflexes, weakness, and joint contractures, is a com-
mon complication of SCI [25]. Spasticity was self-reported
by 59% and 71% of study participants with SCI [42, 44].
The principal clinical outcome measure for spasticity has
been the long-established Ashworth Scale or the modified
Ashworth scale, although both scales have less-than-ideal

0

5

10

15

20

25

30

35

Total ControlSubacute
(1week–6 subacute

Early

(1–8weeks)

Chronic
(>6months)

A
IS

 g
ra

de
 im

pr
ov

em
en

ts 
(%

)

18.8% 30.0%

0% 7.6%

17.6%

months)

Figure 2: Percentage of individuals converting from sensorimotor
complete (AIS-A) to incomplete cervical SCI (AIS-B or AIS-C) in
the transplantation and control groups.

interrater reliability [39] and have a poor correlation with
self-rated assessments of spasticity [45]. In this study, to
recognize the potential risk of spasticity associated with
hNSPC transplantation, spasticity was measured using the
modified Ashworth scale in the upper and lower extremities
of the 19 patients prior to and at 2, 6, and 12 months
after transplantation (Tables 2 and 3). Collectively, only one
patient (patient 14) appeared to have clinically significant
spasticity in both upper and lower extremities, which affected
the activities of daily living. However, he already showed a
marked increase inmuscle tone of the lower extremities prior
to cell implantation and his spasticity was not well controlled
with medications over 1 year. Other patients who developed
spasticity or displayed an increase in muscle tone during
follow-up times did not demonstrate serious spasticity. Their
spasticity was relieved with medications and did not have
significant effects on their activities of daily living. Thus,
given the reported incidence of spasticity associated with the
SCI condition, as described above, these results suggest that
hNSPC transplantation is not associated with a greater risk of
developing spasticity in patients with SCI, compared with the
general population of SCI patients.

3.5. ASIA Assessments. The ASIA Impairment Scale has
become a standardized and routinely adopted classification
for most patients suspected of suffering a SCI [46]. Data
obtained using AIS, AMS, and ASS are summarized in
Tables 4–9. Figure 2 provides histograms of the estimated
mean change in the percentage of patients converting from
complete SCI to incomplete SCI. Overall, three (17.6%) of the
17 AIS-A patients improved their AIS grades at 1 year after
transplantation: two patients (patients 7 and 15) improved
to AIS-C and one (patient 8) improved to AIS-B. If AIS-
A patients are classified according to the time window
between the injury onset and hNSPC transplantation, 18.8%
(3/16) of the patients in the subacute treatment group and
30.0% (3/10) of the patients in the early subacute treatment
group showed AIS grade conversion. However, both AIS-B
patients (patients 18 and 19) improved to AIS-D at 1 year
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Table 2: Changes of spasticity in upper extremities of patients with cervical SCI using modified Ashworth scale.

Patient Before transplantation 2 monthsa 6 monthsb 1 yearc

Right Left Right Left Right Left Right Left
1 0 0 1 1 1 1 1+ 1+
2 0 0 0 0 1 1 0 0
3 0 0 0 0 0 0 0 0
4 0 0 0 0 0 0 1 0
5 1 1 0 0 1 1 1 1
6 0 0 1 1 1 0 1 1
7 0 0 0 0 0 0 0 0
8 0 0 0 0 1 1 0 0
9 0 0 1+ 1+ 1 1 1 1
10 0 0 1 1 2 2 1+ 1+
11 0 0 0 0 0 0 0 0
12 0 0 0 0 1 1 1 1
13 0 0 0 0 0 0 0 0
14 0 0 0 0 1+ 1+ 2 2
15 0 0 0 0 0 0 0 0
16 0 0 1 1 1 1 1+ 1+
17 0 0 0 0 1 1 2 1
18 0 0 0 0 0 0 0 0
19 0 0 0 0 0 0 0 0
a,b,c2, 6, and 12 months after hNSPC transplantation.

Table 3: Changes of spasticity in lower extremities of patients with cervical SCI using modified Ashworth scale.

Patient Before transplantation 2 monthsa 6 monthsb 1 yearc

Right Left Right Left Right Left Right Left
1 1+ 1+ 1+ 1+ 1+ 1+ 1+ 1+
2 0 0 0 0 1 1 1 1
3 1 1 1 1 1 1 1 1
4 1 1 1 1 1+ 1+ 1+ 1+
5 1 1 1 1 1 1 1 1
6 0 0 1 1 0 0 1 1
7 0 0 1 1 1 1 1 1
8 1 1 1 1 2 2 1 1
9 1 1 1+ 1+ 1+ 1+ 1 1
10 0 0 0 0 2 1+ 2 1+
11 0 0 0 0 1 1 1 1
12 0 0 0 0 1 1 1 1
13 0 0 0 0 1 1 1 1
14 2 2 1+ 1+ 2 2 2 2
15 1+ 1+ 1 1 1+ 1+ 2 2
16 1 1 1 1 1 1 1 1
17 1 1 1 1 1 1 2 2
18 1 1 1+ 1+ 1+ 1+ 1+ 1+
19 0 0 1+ 1+ 1+ 1+ 2 2
a,b,c2, 6, and 12 months after hNSPCs transplantation.
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Table 4: AIS grade conversion and motor level changes after cervical SCI.

Transplantation group Control group
Patient Before AISa After AISb Prelevel (R/L)c Postlevel (R/L)d Patient Initial AISe 1 year AISf Initial level (R/L)g 1 year level (R/L)h

1 A A C4/—i C4/C4 1 A A C7/C6 C7/C7
2 A A —i/—i —/— 2 A A C4/C4 C4/C4
3 A A C7/C7 C8/C8 3 A A C6/C6 C7/C7
4 A A C5/C5 C6/C6 4 A A C6/C6 C6/C6
5 A A C5/C6 C6/C6 5 A A C6/C5 C6/C6
6 A A C4/C4 C4/C4 6 A B C6/C6 C6/C6
7 A C C5/C5 C7/C6 7 A A —/— —/—
8 A B C5/C6 C6/C6 8 A A C4/C4 C5/C4
9 A A C5/C5 C5/C5 9 A A —/— C4/C4
10 A A —/— C5/— 10 A A C6/C6 C6/C6
11 A A C6/C7 C7/C8 11 A A C7/C7 C7/C7
12 A A C4/— C5/— 12 A A —/— —/—
13 A A C5/C5 C7/C7 13 A A C4/C4 C5/C5
14 A A C5/C5 C6/C6 14 B B C5/C6 C6/C7
15 A C C5/C5 C6/C5 15 B B C7/C7 C8/C8
16 A A —/C4 C5/C5
17 A A C5/C4 C6/C6
18 B D C5/C5 C8/C8
19 B D C8/C8 T1/T1
aAIS grade before transplantation, bAIS grade 1 year after transplantation, cmotor level before transplantation (R/L: right side/left side), dmotor level 1 year
after transplantation, eAIS grade at the initial evaluation of AIS examination in the hospital after SCI, fAIS grade 1 year after initial assessment, gmotor level at
the initial evaluation, hmotor level 1 year after initial evaluation, and i—motor levels C1 to C3.There was no zone of partial preservation below the neurological
level of injury in complete SCI patients in both groups at baseline.

Table 5: Summary of AMS and ASS changes in patients with complete cervical SCI.

Transplantation group Control group
𝑝
j

Prescorea,g Postscoreb,h After-beforec Initial scored 1 year scoree Initial 1 yearf,i

AMS 9.5 ± 2.1k 17.4 ± 2.7 7.9 ± 1.2 15.5 ± 2.1 19.5 ± 2.1 3.9 ± 0.6 0.013
UEMS 9.5 ± 2.1 17.2 ± 2.7 7.8 ± 1.1 15.5 ± 2.1 19.5 ± 2.1 3.9 ± 0.6 0.014
LEMS 0.0 ± 0.0 0.1 ± 0.1 0.1 ± 0.1 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.391
ASS-P 14.1 ± 1.1 18.9 ± 1.6 4.8 ± 1.3 19.4 ± 2.8 22.3 ± 2.9 2.9 ± 0.6 0.551
ASS-L 14.7 ± 1.2 21.6 ± 3.7 6.9 ± 3.1 19.5 ± 2.8 21.8 ± 2.9 2.3 ± 0.5 0.309
aAMS/ASS before transplantation, bAMS/ASS 1 year after transplantation, cAMS/ASS changes over 1-year follow-up period, dAMS/ASS at the initial evaluation
in the hospital after SCI, eAMS/ASS 1 year after initial evaluation, fAMS/ASS changes over 1-year follow-up period, gp > 0.05, between pre-AMS/ASS in the
transplantation group and initial AMS/ASS in the control group, hp< 0.01, between before AMS/ASS and after AMS/ASS in the transplantation group, ip< 0.01,
between initial AMS/ASS and 1-year after AMS/ASS in the control group, jp-values, between AMS/ASS changes in both transplantation and control groups,
and kmean ± SEM.

after transplantation. In contrast, in the control group, only
one of the 13 AIS-A patients (patient 6) showed AIS grade
conversion (AIS-B) at 1 year (Table 4).

The changes in data obtained using ASIA scores between
the baseline and the 1-year follow-up in the transplantation
and control groups are summarized in Tables 6–9 and Fig-
ure 3. In AIS-A patients, there was no statistically significant
difference in any neurological measure (AMS, UEMS, LEMS,
ASS-P, or ASS-L) at baseline between the groups (𝑝 > 0.05;
Table 5). AMS, UEMS, ASS-P, and ASS-L, but not LEMS,
increased significantly from baseline to 1 year in AIS-A
patients in both groups (𝑝 < 0.01; Table 5). These results
suggest that neurologic examinations showed a minor, but

significant, increase in both motor and sensory scores over
time in complete SCI patients in both groups. However, the
mean change of UEMS over 1 year in the transplantation
group was significantly greater than that in the control group
(7.8±1.1 versus 3.9±0.6;𝑝 < 0.01) while themean changes in
ASS-P and ASS-L over 1 year were not significantly different
in either group (Table 5). No strong correlation between AIS
grade conversion and the change in AMS and ASS over 1 year
was evident in AIS-A patients in the transplantation group.
However, patients 7 and 8, who converted to AIS-C and AIS-
B, respectively, showed an increase of 2 points in LEMS and
54 points in ASS-L at 1 year after transplantation, respectively
(Tables 7 and 9). In incomplete SCI, two patients in the
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Table 6: AMS upper extremity motor score (UEMS).

Transplantation group Control group
Patient Beforea 2monthsb 6monthsc 1 yeard UEMS changese Patient Initialf 1 yearg UEMS changesh

1 0 0 0 6 6 1 25 27 2
2 0 3 5 8 8 2 14 15 1
3 29 37 38 38 9 3 21 26 5
4 12 23 23 24 12 4 21 26 5
5 13 15 18 18 5 5 17 21 4
6 2 2 3 3 1 6 20 23 3
7 15 18 22 27 12 7 5 13 8
8 18 18 20 24 6 8 11 14 3
9 6 6 6 6 0 9 9 11 2
10 0 2 4 5 5 10 23 24 1
11 26 33 36 36 10 11 26 33 7
12 1 1 1 7 6 12 2 7 5
13 10 20 26 32 22 13 8 13 5
14 9 17 18 18 9 14 14 25 11
15 9 19 16 15 6 15 30 38 8
16 3 6 6 10 7
17 8 10 12 16 8
18 28 42 44 44 16
19 44 50 50 50 6
aUEMSbefore transplantation, b,c,d UEMS2, 6, and 12months after transplantation, eUEMS change over 1-year follow-up period, fUEMS at the initial evaluation
in the hospital after SCI, gUEMS 1 year postinitial evaluation, and hUEMS change over 1-year follow-up period.
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Figure 3: Changes in motor and sensory score over time in patients
with complete cervical SCI following hNSPC transplantation. The
cervical cohort of patients was followed for 1 year. The mean (mean
± SEM) change in AMS, ASS-P, and ASS-L is shown at each time
point (before transplantation (before Tx) and 2, 6, and 12 months
after transplantation).

transplantation group showed greater increase in LEMS and
ASS-P at 1 year, compared with those in the control group
(Tables 6–9).

3.6. Motor Level Recovery. Of AIS-A SCI subjects with initial
motor levels C4 to C7 in both transplantation and control
groups, no patient deteriorated by one or more motor levels

over 1 year (Table 4). The proportion of individuals with
initial C4–C7 or C5–C7 SCI having a stable or recovering
motor level on the right and left side in both groups at
1 year after the baseline assessment is shown in Figure 4.
For subjects with initial C5–C7 SCI in the transplantation
group, motor level remained the same in 9.1% and 36.3%
(right and left side, resp.) and improved by one level in
72.7% and 45.5% and by two levels in 18.2% and 18.2%.
AIS grade conversion appeared not to influence motor level
changes. However, in the control group,motor level remained
the same in 85.7% and 50.0% (right and left side, resp.)
and improved by one level in 14.3% and 50.0%, and no
patient recovered two levels (Figure 4(b)). The proportion
of individuals with initial C4–C7 motor level SCI having a
stable or recovering motor level in both groups at 1 year was
similar to that of patients with initial C5–C7 motor levels
(Figure 4(a)). Thus, a greater proportion of AIS-A patients
in the transplantation group recovered one or more motor
levels, compared with the control group, at 1 year. There was
no zone of partial preservation below the neurological level
of injury in complete SCI patients in both groups at baseline.

3.7. Electrophysiological Assessments. Complementary to the
neurological assessment, electrophysiological measurements
provide objective tools for SCI assessment. They provide
informative, quantitative data on changes that occur in neural
circuitry [47, 48]. A series of SSEP and MEP studies of the
upper and lower limbs was conducted for patients in the
transplantation group, and detailed data of the latencies and
amplitudes of SSEPs and MEPs from patients who showed
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Table 7: AMS lower extremity motor score (LEMS).

Transplantation group Control group
Patient Before 2months 6months 1 year LEMS changes Patient Initial 1 year LEMS changes
1 0 0 0 0 0 1 0 0 0
2 0 0 0 0 0 2 0 0 0
3 0 0 0 0 0 3 0 0 0
4 0 0 0 0 0 4 0 0 0
5 0 0 0 0 0 5 0 0 0
6 0 0 0 0 0 6 0 0 0
7 0 0 0 2 2 7 0 0 0
8 0 0 0 0 0 8 0 0 0
9 0 0 0 0 0 9 0 0 0
10 0 0 0 0 0 10 0 0 0
11 0 0 0 0 0 11 0 0 0
12 0 0 0 0 0 12 0 0 0
13 0 0 0 0 0 13 0 0 0
14 0 0 0 0 0 14 0 0 0
15 0 0 0 0 0 15 0 0 0
16 0 0 0 0 0
17 0 0 0 0 0
18 0 21 32 32 32
19 0 17 22 22 22

Table 8: ASS-pin prick (ASS-P).

Transplantation group Control group
Patient Before 2months 6months 1 year ASS-P changes Patient Initial 1 year ASS-P changes
1 12 12 12 12 0 1 32 33 1
2 11 11 11 11 0 2 13 14 1
3 25 25 25 25 0 3 29 33 4
4 13 13 13 14 1 4 33 35 2
5 16 18 18 18 2 5 16 16 0
6 12 14 14 14 2 6 28 33 5
7 13 17 17 22 9 7 8 10 2
8 19 19 20 24 5 8 11 18 7
9 9 12 12 12 3 9 9 16 7
10 8 9 9 14 6 10 28 30 2
11 22 22 24 24 2 11 30 34 4
12 10 10 12 12 2 12 8 9 1
13 16 16 18 18 2 13 7 9 2
14 16 18 24 37 21 14 45 56 11
15 12 26 18 22 10 15 56 60 4
16 12 12 14 16 4
17 14 16 18 26 12
18 31 40 46 46 15
19 38 38 43 70 32

responses in electrophysiological parameters over 1 year after
implantation are summarized in Tables 10 and 11. Follow-
ing hNSPC transplantation, no patients showed negative
changes in neurophysiological measures during follow-up
(data not shown).This postoperative longitudinal assessment
demonstrates the safety of intraspinal hNSPC injections, even

though a relatively large number of cells were injected three
times, into the core, rostral and caudal to the lesion.

In the SSEP study of upper limbs, the median and
ulnar nerves were stimulated. Of the 17 AIS-A patients,
6 (35.3%) showed positive response at 1 year, while there
was no response before transplantation (patients 1, 2, 4,
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Table 9: ASS-light touch (ASS-L).

Transplantation group Control group
Patient Before 2months 6months 1 year ASS-L changes Patient Initial 1 year ASS-L changes
1 10 12 12 12 2 1 32 33 1
2 11 12 13 13 2 2 13 13 0
3 25 26 26 26 1 3 28 32 4
4 13 19 19 19 6 4 33 37 4
5 17 17 18 18 1 5 16 16 0
6 12 14 14 14 2 6 30 31 1
7 13 17 18 19 6 7 8 12 4
8 22 22 48 76 54 8 11 14 3
9 12 12 12 12 0 9 10 14 4
10 8 10 14 15 7 10 30 32 2
11 21 23 24 26 5 11 28 32 4
12 11 12 12 12 1 12 8 8 0
13 19 19 19 19 0 13 6 9 3
14 19 19 29 40 21 14 46 54 8
15 10 15 16 16 6 15 54 61 7
16 11 12 15 15 4
17 16 16 16 16 0
18 68 68 70 70 2
19 65 90 92 93 28

Table 10: Latency measured by evoked potentials of the upper and lower limbs in patients with cervical SCI who showed response of SSEP
over 1 year after hNSPC transplantation.

Patient Before 2months 6months 1 year
Righta Leftb Right Left Right Left Right Left

Median nerve
1 0.00c 0.00 0.00 0.00 0.00 0.00 19.00 17.95
2 0.00 0.00 0.00 0.00 33.15 22.95 25.15 31.50
10 0.00 0.00 17.80 18.75 19.40 16.00 17.71 20.95
15d 0.00 0.00 19.00 18.65 0.00 0.00 0.00 0.00

Ulnar nerve
1 0.00 0.00 0.00 0.00 0.00 0.00 23.40 28.95
2 0.00 0.00 0.00 0.00 26.40 0.00 24.85 0.00
4 0.00 0.00 0.00 0.00 37.30 35.30 22.20 23.95
6 0.00 0.00 16.10 0.00 18.05 0.00 18.50 0.00
7 0.00 0.00 0.00 0.00 0.00 0.00 19.35 20.65
10 0.00 0.00 20.10 25.50 18.85 19.35 17.05 20.25
5d 0.00 0.00 0.00 0.00 20.90 21.60 0.00 0.00
8d 0.00 0.00 27.95 27.95 0.00 0.00 0.00 0.00
15d 0.00 0.00 19.45 18.15 0.00 0.00 0.00 0.00

Tibial nerve
7 0.00 0.00 0.00 0.00 0.00 0.00 61.90 43.10
15d 0.00 0.00 42.70 44.70 0.00 0.00 0.00 0.00

Peroneal nerve
7 0.00 0.00 0.00 0.00 0.00 0.00 44.80 44.60
15d 0.00 0.00 39.10 48.00 0.00 0.00 0.00 0.00

Pudendal nervee

7 0.00 0.00 0.00 61.80
19 0.00 0.00 44.40 48.00
aRight side, bleft side, cms, and dpatients showed recovery of SSEPs at 2- or 6-month follow-up times. However, the cortical response to peripheral stimulation
disappeared at 1 year after transplantation. eThere is no division into right and left side in pudendal nerve stimulation.
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Table 11: Latency and amplitude measured by evoked potentials of the upper limbs in patients with cervical SCI who showed response of
MEP over 1 year after hNSPC transplantation.

Patient Before 2months 6months 1 year
Righta Leftb Right Left Right Left Right Left

Biceps brachii muscle (latency)
6 0.00c 0.00 0.00 0.00 14.49 14.31 15.99 17.37
9 0.00 0.00 13.01 13.27 14.57 14.40 14.50 14.60
10 0.00 0.00 0.00 0.00 12.39 0.00 12.16 0.00

Biceps brachii muscle (amplitude)
1 0.00d 0.00 0.00 0.00 0.79 0.87 0.69 0.61
2 0.00 0.00 0.00 0.00 0.22 0.00 0.62 0.00
6 0.00 0.00 0.00 0.00 0.75 1.25 0.88 0.53
9 0.00 0.00 0.36 0.20 0.65 0.40 0.84 0.54
10 0.00 0.00 0.00 0.00 1.37 0.00 1.66 0.00
12 0.00 0.00 0.00 0.00 0.00 0.00 0.51 0.42
14 0.55 0.00 0.62 0.38 2.14 1.39 1.07 0.66
16 0.00 0.00 0.85 0.76 0.91 2.49 1.57 1.00
17 0.00 0.00 0.82 0.84 0.93 1.24 1.21 1.58

Abductor pollicis brevis muscle (latency)
3 0.00 0.00 24.85 0.00 25.95 0.00 28.59 0.00
11e 0.00 0.00 0.00 0.00 0.00 30.06 0.00 0.00

Abductor pollicis brevis muscle (amplitude)
3 0.00 0.00 0.39 0.00 0.07 0.00 0.18 0.00
11e 0.00 0.00 0.00 1.06 0.00 0.00 0.00 0.00
aRight side, bleft side, cms, dmicrovolts, and ethe patient showed recovery of MEPs at 2- or 6-month follow-up times. However, the peripheral response to
transcranial stimulation disappeared at 1 year after transplantation.
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Figure 4: Proportion of AIS-A SCI individuals with initial C4–C7 (a) or C5–C7 (b) motor level remaining stable or gainingmotor levels from
the baseline to 1-year follow-up in the transplantation and control groups.The cervical motor level is indicated separately in the right and left
sides of the cord. The percentage of individuals in each category of motor level change or stability at 1 year after the baseline assessment in
both groups is displayed in each bar graph.
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6, 7, and 10; Table 10). Three patients (patients 5, 8, and
15) showed transient responses in SSEPs during follow-up;
however, the cortical response disappeared at 1 year. In
the SSEP study of lower limbs, the tibial, peroneal, and
pudendal nerves were stimulated. Only one patient (patient
7) who converted to AIS-C showed positive responses in the
SSEPs of the tibial and peroneal nerves at 1 year. Another
patient (patient 15) who also converted to AIS-C exhibited no
response at 1 year although a transient response at 2 months
could be observed (Table 10). Thus, in a patient (patient 7)
with complete SCI, hNSPC transplantation may repair the
injured ascending spinal tract from the upper and lower
limbs, which was supported by the SSEP findings, objectively
validating conductivity repair in SCI [26].However, no strong
correlation between ASIA motor and sensory scores and
SSEPmeasurements was evident in the transplanted patients.
Of the two AIS-B patients, one (patient 19) showed a positive
response in the SSEP study of the pudendal nerve at 1 year
(Table 10).

Motor evoked responses were measured over the biceps
brachii and abductor pollicis brevis muscles for the upper
limbs and the tibialis anterior muscle for the lower limbs. Of
the 17 AIS-A patients, 10 (58.8%) showed positive response
in the MEPs of upper limbs at 1 year, while there was no
response before transplantation (patients 1–3, 6, 9, 10, 12,
14, 16, and 17; Table 11). One patient (patient 11) showed a
transient response in MEPs in the abductor pollicis brevis
muscle during follow-up; however, the response disappeared
at 1 year. Unlike the SSEP studies, three patients with AIS
grade conversions did not show a positive response in MEPs
following transplantation. No strong correlation between
ASIAmotor and sensory scores andMEPmeasurements was
evident in the transplanted patients. Additionally, in AIS-B
patients, the MEP study did not show a positive response at 1
year.

3.8. Spinal MRI Findings. Changes in the MRI findings of
patients in the transplantation group are given in Table 12 and
Figure 5. Nine of the 19 patients (47.4%) showed progressive
posttraumatic myelomalacic change in the spinal cord at the
site of cell transplantation; however, three (15.8%) showed
a decrease in the diameter of the spinal cord and seven
(36.8%) demonstrated no change. The lesion length of SCI
was decreased in all patients at 1 year. Other findings,
including spinal cord atrophy (3 patients), myelomalacia
(17 patients), and cystic degeneration (4 patients), were
observed during follow-up. However, no significant change,
such as tumor formation or syringomyelia, was found on
any of the MRI sequences, at the implantation site, or at any
other point in the neuraxis. Additionally, qualitative MRI
imaging patterns, the extent of the cord compression, and
lesion length in acute SCI appeared not to correlate with
neurological or electrophysiological improvements at 1 year
after transplantation.

4. Discussion

Attempts to induce recovery after SCI by transplanting
cells or tissues have been a major focus of much research

over the last several decades. Many studies have evaluated
the effects of transplanting a wide variety of cell types in
SCI animal models and, remarkably, many studies have
indicated improved functional outcomes [5]. However, there
are difficulties in directly comparing studies because of the
varying degree of characterization of the transplanted cells,
different injury models, implantation at different time points
after SCI, and different evaluation methods. Recent studies
have reported that implanted human fetal brain-derived
NSPCs can become integrated into injured mice spinal cord
and induce locomotor recovery [20, 22, 49]. They have
shown that engrafted cells differentiate predominantly into
oligodendrocytes and that survival of donor-derived cells
is required to sustain locomotor recovery, suggesting that
oligodendrocyte integration with the host is likely to be a
key mechanism in recovery. This differentiation pattern of
donor-derived cells is in contrast to many studies that have
demonstrated predominant astroglial fate or differentiation
failure following acute or subacute NSPCs transplantation
[49].

In our preclinical study, we induced contusive thoracic
spinal cord injury (T9) in adult Sprague-Dawley rats using
the Infinite Horizon Impactor [50] and transplanted hNSPCs
used in this study into the epicenter of the injured cord at 7
days following the induction of SCI. Grafted cells exhibited
robust engraftment, extensive migration, integration with
host cells, and differentiation into neurons and glial cells at
12 weeks after transplant (Figure 6). Additionally, hNSPC-
implanted animals showed improved locomotor recovery
and no detectable mechanical allodynia (data not shown).
On average, 21.3% of donor-derived cells differentiated into
neurons, 3.5% into astrocytes, and 1.5% into mature oligo-
dendrocytes. However, more than 80% of engrafted cells
expressed the immature cell marker nestin, suggesting that
they may still remain as undifferentiated neural precursors.
The sum of all quantification markers was more than 100%,
suggesting that there is an overlap between some cellmarkers.
Nestin, in particular, has been found to colocalize with
𝛽-tubulin III, GFAP, and the oligodendroglial progenitor
cell marker Olig2 [51]. These findings indicate that in our
preclinical study the predominant differentiation of hNSPCs
into oligodendroglia and the induction of remyelination may
not be a major mechanism of locomotor recovery. Several
studies from other labs have also observed limited oligoden-
droglial differentiation in vivo after transplantation [51–53].
Thus, further studies to examine the mechanisms underlying
the cell fate determination of transplanted hNSPCs in the
injured spinal cord are necessary. In fact, there are many
other variables that may be involved in neuronal or glial
differentiation of transplanted hNSPCs after SCI, including
the source of the human cells, culturing techniques, and cell
preparation, as well as potential differences between injury
models.

A comprehensive knowledge of how transplanted
hNSPCs exert their therapeutic effects in SCI is still lacking
and alternative pathways of hNSPCs-mediated repair should
also be considered. Neuronal differentiation of implanted
NSPCs could promote restoration of disrupted circuitry
by formation of bridges or bypass connections [54] or may
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Table 12: Changes in spinal MRI findings in patients with cervical SCI before and 1 year after hNSPC transplantation.

Patient Before transplantation 1 year after transplantation
Typesa Location Lesion length Typesb Location Lesion length

1 I C2.3–C7.1 81.2mm B, C C4.1–C5.2 29.3mm
2 I C2.3–C4.2 33.5mm A, B C3.2–C4.1 12.3mm
3 III C5.1–C7.1 30.5mm B C6.2–C6.3 10.3mm
4 IV C3.1–C7.2 70.3mm B C5.2–C7.2 32.9mm
5 IV C2.1–C7.2 99.6mm B C5.1–C6.3 37.5mm
6 N/Ac C3.3–C5.3 34.6mm B C3.3–C5.2 33.8mm
7 II C3.3–C7.1 62.2mm B C5.1–C6.1 24.2mm
8 IV C2.1–C7.3 57.1mm B C5.1–C6.1 25.4mm
9 N/Ac C3.3–C4.1 13.8mm B C3.3–C4.1 12.6mm
10 III C2.3–C5.3 59.9mm C C3.2–C4.1 13.5mm
11 IV C4.3–T1.3 76.7mm B, C C6.1–T1.2 42.9mm
12 I C2.1–C5.3 70.0mm B C2.3–C4.3 43.0mm
13 IV C3.1–T2.1 101.6mm B C5.2–C6.2 19.3mm
14 III C4.2–T1.1 58.4mm B C5.2–C7.1 36.0mm
15 IV C2.3–C7.1 89.8mm A, B C3.2–C6.2 59.4mm
16 I C2.3–C6.2 67.6mm A, B C4.1–C6.1 41.8mm
17 III C4.2–T1.1 84.0mm B C5.1–C6.3 33.7mm
18 III C5.2–T1.1 42.3mm C C7.1–C7.2 9.0mm
19 III C6.1–T1.2 40.7mm B C7.2 6.9mm
aTypes of acute SCI pattern: Type I: hemorrhage, Type II: edema, Type III: mixed or contusion, and Type IV: compression. bTypes of subacute and chronic SCI
pattern: type A: atrophy, type B: myelomalacia, type C: cyst, and type D; syrinx. cSpine MRI studies were not available in the acute phase of SCI; however, MRI
scan showed myelomalacia before hNSPC transplantation.

provide trophic support, enhancing neuroprotection and
regeneration [23]. In a preclinical study, we could also
observe that hNSPCs expressed a variety of neurotrophic
factors in culture, including BDNF, GDNF, NTF3, NTF4,
NGF, VEGF, and FGF2 (Figure 7), and engrafted hNSPCs
induced host axonal regrowth in injured spinal cord of rats
following transplantation (Figure 6). Thus, neurotrophic
factors secreted by implanted hNSPCs may promote host
axonal growth along the engrafted cells and contribute to
improved locomotor recovery. In addition, recent evidence
suggests that transplanted NSPCs can have a variety of
effects on the host microenvironment [5]. It is increasingly
clear that NSPCs, especially undifferentiated cells, release
anti-inflammatory or immune-regulatory molecules at the
site of tissue damage, and, in turn, promote functional
recovery from CNS injuries [55, 56]. We also observed
that a vast majority of hNSPCs remained undifferentiated
in injured spinal cord of rats following transplantation
which might therefore promote recovery from SCI via a
multifaceted response including axonal regeneration, white
matter sparing, decrease of glial scar formation or neuronal
apoptotic death, or reduction of inflammation.

4.1. Safety and Tolerability. In this study, the safety and
feasibility of hNSPC transplantation were supported. There
was no adverse finding over 1 year after allogeneic hNSPC
implantation into patients with cervical SCI. The neurosur-
gical procedure did not result in any deteriorating sequelae;
any ascending damage to one or two spinal cord segments

above an injury would be of great clinical significance in
cervical injuries. No patient showed serious life-threatening
autonomic dysreflexia, worsening of respiratory function,
or deterioration in neurological level, sensory or motor
function, and urinary bladder complications. Patients also
tolerated short-term cyclosporine therapy for immunosup-
pression. hNSPCs, grown as neurospheres in long-term cul-
tures, did not acquire chromosomal aberrations, maintained
their multipotency in neural cell differentiation, and did not
introduce pathogens into the cultures. Their transplantation
was not obviously associated with any fever, inflammation,
immunological rejection, or graft-versus-host reaction. The
presence of either undifferentiated NSPCs or inappropriate
inflammationmay trigger aberrant changes in CNS networks
that could lead to neurological dysfunction, such as hyper-
reflexia, spasticity, dystonia, pain, or allodynia [14, 43]. In
this study, hNSPC transplantation tended to increase mean
VAS values at 2- and 6-month follow-up times compared to
those prior to cell injection, although there was no significant
difference between the baseline and follow-up times over 1
year. Additionally, only one patient complained of clinically
significant spasticity in both upper and lower extremities;
however, he already showed a marked increase in muscle
tone of the lower extremities prior to cell implantation.Thus,
hNSPC transplantation appeared not to be associated with a
greater risk of developing any significant neuropathic pain
and spasticity in patients with cervical SCI. Their pain or
spasticity was well relieved with medications.
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Figure 5: Sagittal T2W MRI scan of two SCI patients (upper panel: patient 8; lower panel: patient 15) at the time of injury (a, d), before
transplantation as a baseline (b, e), and 1 year after transplantation (c, f). Follow-up findings showed progressive myelomalacic change at the
site of cell transplantation (c) or myelomalacia and atrophy of the cord (f) in cell implantation areas.The white arrows mark the site of injury.

Spine MRIs showed no evidence of any tumor forma-
tion, development of posttraumatic syringomyelia, or other
adverse radiological findings. However, although this pro-
cedure appears safe at 1 year, further follow-up MRIs are
necessary to assess the possibility of the development of
other abnormalities. MRI has been useful in determining the
extent of extrinsic cord compression, outlining qualitative
findings, such as cord hemorrhage, edema, soft tissue injury,
and hematoma, and in assessing any progressive changes
during the course of the trial after SCI. These qualitative
MRI imaging parameters have been proposed to correlate
with the degree of neurological injury, recovery, and eventual
outcome in patients with SCI. However, MRI is still largely
a qualitative measure, and quantitative standards, in relation
to SCI outcomes, will need to be developed and validated
before MRI can be used as an outcome tool [25]. In this
study, MRI images were taken with instruments with 1.5
or 3 T field-strength. Higher resolution MRI with a field-
strength of 3 T provided better resolution; however, it could
not detect transplanted cells. Additionally, we could not

find any correlation between qualitative or quantitative MRI
findings in acute SCI and neurological outcome at 1 year
after transplantation (Table 12). Thus, it is hoped that MRI
technologies will develop rapidly such that imaging will
become a useful tool for following recovery or predicting
outcome of an intervention after SCI.

4.2. Neurological Improvements. Spontaneous recovery of
neurological function in patients with complete SCI is fairly
limited. Prior studies reported spontaneous conversion rates
of complete (AIS-A) to incomplete (AIS-B, AIS-C, and AIS-
D) status ranging from 4% to 13% [57–61]. The baseline
examinations in two of these studies were performed later
than 1week after injury, whichwould be expected to lower the
conversion rate [60, 61]. The recent International Campaign
for Cures of Spinal Cord Injury Paralysis (ICCP) systematic
review of multiple existing SCI databases reported that about
20% of AIS-A patients on initial acute examination (<1 week
after injury) converted to incomplete status during the first
postinjury year. However, many patients with SCI show
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Figure 6: Direct transplantation of hNSPCs into the injured tho-
racic spinal cord (T9) of adult Sprague-Dawley rats with contusive
SCI showed robust long-term engraftment and extensive migration
of donor-derived cells and induced host axonal growth along
engrafted cells. At 12 weeks after transplantation, immunohisto-
chemistry was conducted in the sectioned spinal cord tissues using
anti-human nuclei marker (hNuc) and anti-NF and visualized with
fluorescein or Texas red-labeled secondary antibodies. Many hNuc-
positive cells (colored red) survived and migrated extensively to
rostral and caudal parts of the injury site, including the spared tissue
surrounding the lesion. Multiple neuronal processes expressing
NF (colored green) extended over the engrafted human cells, as
indicated by arrows. Scale bar: 200𝜇m.

some neurological recovery after the first few days and the
AIS grade conversions occurred mostly within the first 2-3
months after injury [62]. It should be noted that a number of
variables may also influence the rate of neurological recovery
in SCI. These include medical or surgical treatment variables
for acute SCI, effect of specialized rehabilitation centers on
care for SCI, timing and quality of initial examination of
neurological status, formal training and reliability testing of
neurologic examiners, and factors affecting the reliability of
examinations. For this reason, review of these data should
be undertaken with a full understanding of the specific
clinical or research context. Additionally, spinal damage in
spinal contusions involves not only tract fibers, but also
closely packed motor neurons and roots, usually over 2-3
segments that supply arm or leg muscles. Thus, a large part
of the motor deficit has to be attributed to the peripheral
nervous system, and recovery after complete SCI occurs due
to recovery of nerve roots adjacent to the level of the lesion
or peripheral axonal sprouting, as well as regeneration of the
spinal cord at the level of the lesion [63–65]. However, the
influence of extensive damage to peripheral nerves or nerve
roots associated with spinal cord contusion on spontaneous
recovery is not addressed in the current translational studies
or existing SCI databases.

In this study, hNSPC transplantation was not done at
the acute stage of SCI, but at an average of 63.4 days
after injury, and peripheral nerve or nerve root injuries
did not accompany the SCI, as verified by NCS before
transplantation. As a result, 18.8% (3/16) of AIS-A patients
in the subacute treatment group and 30% (3/10) in the case
of the early subacute treatment group improved to AIS-B
or AIS-C at 1 year. All three AIS-A patients exhibiting AIS
grade conversion were transplanted with hNSPCs in the early
subacute stage of SCI. In contrast, only one patient in the

control group showed AIS grade conversion. Thus, although
further long-term, larger-scale, and randomized clinical trials
are required to establish evidence of safety and efficacy,
our results suggest that hNSPC transplantation into AIS-A
patients within less than 2 months after SCI would result in
better neurological outcome. In patients initially assessed as
AIS-B, the extent of spontaneous recovery was significantly
greater than those in AIS-A; AIS-B conversion to AIS-D has
been reported to be as high as 30–40% at 1 year after injury
[62]. In this study, both AIS-B patients improved to AIS-D
at 1 year following transplantation, albeit the small number
of patients. Thus, future clinical trials are required to assess
the efficacy of hNSPC transplantation in AIS-B patients to
investigate whether AIS-B patients may be a preferable target
population to AIS-A patients.

Neurological recovery can also be measured by changes
in AMS and ASS, which are often used in phase I/II SCI
trials to determine whether an experimental intervention has
potentially beneficial effects. Spontaneousmotor score recov-
ery in subjects with tetraplegia is also fairly limited. Cervical-
injured AIS-A patients showed a mean improvement in AMS
of ∼8–10 points at 1 year after SCI [62]. However, if changes
in AMS are calculated not immediately after SCI, but at
different time points after SCI, AIS-A patients are expected
to spontaneously improve by 5.7 AMS points, on average,
from 8 weeks to the first year after SCI [62]. In this study,
we observed a mean improvement of 7.9 AMS points at 1
year after transplantation in AIS-A patients who underwent
hNSPC implantation at an average of 63.4 days after injury.
The continued improvement of AMS that we observed over
1 year after transplantation is also encouraging (Figure 3). If
some recovery was caused by regeneration of injured fibers,
this would be expected to be a slow process, similar to what
we observed. In contrast, AIS-A patients in the control group
showed significantly smaller improvement in AMS compared
with the transplantation group (Table 5). Analogous to the
findings with motor scores, patients in the cohort showed
improvement in sensory scores following transplantation
(Figure 3). AIS-B patients also exhibited greater improvement
in motor and sensory scores following transplantation, as
compared to the control group.

It seems reasonable to suggest that an experimental
therapy applied locally to the site of SCI, such as cell trans-
plantation, will have maximum effect within the spinal levels
just below the injury.Thus, for patientswith complete cervical
SCI, an improvement inmotor levelmay readily show a subtle
therapeutic effect and could accurately identify a clinically
important difference (e.g., improvement in hand function).
A number of studies have looked at spontaneous changes
in motor levels in patients with SCI. In several studies, the
majority of individuals (∼55–85%) with complete tetraplegia
recovered at least one motor level in the injured cervical cord
within 1 year after SCI, whereas, based on initial assessment
within 30 days of SCI, only 27% of subjects showed onemotor
level recovery [34, 60, 66, 67]. This variation in spontaneous
recovery rates may be due to different definitions of motor
level recovery, different timing of the initial examination, or a
different distribution of motor function in the segment below
the initial motor level. In this study, the initial examination
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Figure 7: Human NSPCs express diverse trophic factors. (a) In vitro, proliferating (Prol) and differentiated (Diff) hNSPCs, respectively,
expressed FGF2,GDNF,VEGF, and neurotrophins including BDNF,NT3,NTF4, andNGF. (b) hNSPCs notably secreted BDNF, NT3, NT4/5,
NGF, and VEGF into the cultured media, compared to human foreskin fibroblasts (Fib).

of motor level was not done at the acute stage of SCI and
peripheral nerve injuries did not accompany the SCI. Under
this condition, we could observe that higher percentage of
AIS-A patients recovered at least one motor level at 1 year
after transplantation compared with control group. These
results suggest that hNSPC transplantation may improve
motor function in spinal segments adjacent to cell injection
sites and facilitate endogenous neural substrate repair.

4.3. Electrophysiological Evidence of Recovery. Electrophys-
iological examinations could help in understanding the
mechanism(s) of new therapeutic interventions directed at
enhancing recovery of spinal cord function. Repair mecha-
nisms, such as remyelination/regeneration and reconnection
of damaged spinal tract fibers, may be reflected in changes
in spinal impulse conductivity. In a multicenter study, SSEP
and MEP recordings remained absent over 1 year in AIS-A
patients, and SSEP and MEP latencies remained unchanged
over time in AIS-B patients, indicating that neurological
and functional recovery in SCI patients were apparently
not related to improvements in spinal conductivity [26].
Thus, it was assumed that spontaneous functional recovery
occurs primarily through compensation in complete SCI
and through neural plasticity in incomplete SCI, rather than
through repair of damaged spinal pathways. In this study,
electrophysiological recordings showed no response below
the level of injury before hNSPC transplantation, confirming

the completeness of the SCI. However, we demonstrated a
positive response in SSEP and MEP activities in 35.3% and
58.8% of AIS-A patients, respectively, below the level of injury
at 1 year after transplantation. Additionally, a patient with
complete SCI showed a positive response in SSEP studies of
upper and lower limbs following transplantation. In incom-
plete SCI, a patient also exhibited a positive response in the
SSEP study of lower limbs.These findings suggest that hNSPC
transplantation may mediate repair across the injury site in
the spinal cord. However, the relationship between changes
in electrophysiological measures and different outcome tools
of recovery has not been fully explored yet, and the hNSPC-
mediated recovery mechanisms in complete and incomplete
SCI are also still in need of further investigation.

5. Conclusion

Our studies offer support for the safety and tolerability of
hNSPC transplantation in sensorimotor or motor complete
cervical SCI. At 1 year after cell transplantation, there was
no evidence of cord damage, syrinx or tumor formation,
neurological deterioration, and exacerbating neuropathic
pain or spasticity. There are some indications of efficacy,
based on neurological and electrophysiological testing with
a limited number of patients that justify moving forward to a
larger, controlled clinical trial. Therefore, the transplantation
of hNSPCs into cervical SCI is safe and well-tolerated and is
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of modest neurological benefit up to 1 year after transplants.
However, further basic and clinical research is also required
to achieve neurological improvement more significantly,
identify the maximum safely tolerated or optimal dose of
intraspinal grafting of hNSPCs, develop appropriate micro-
surgical transplantation techniques, evaluate the optimal
timing of hNSPC transplantation in SCI, and monitor the
long-term safety issue related to hNSPC transplantation.
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The objective of the present paper is to review the current status of exercise as a tool to promote cognitive rehabilitation after
acquired brain injury (ABI) in animal model-based research. Searches were conducted on the PubMed, Scopus, and psycINFO
databases in February 2014. Search strings used were: exercise (and) animal model (or) rodent (or) rat (and) traumatic brain injury
(or) cerebral ischemia (or) brain irradiation. Studies were selected if they were (1) in English, (2) used adult animals subjected
to acquired brain injury, (3) used exercise as an intervention tool after inflicted injury, (4) used exercise paradigms demanding
movement of all extremities, (5) had exercise intervention effects that could be distinguished from other potential intervention
effects, and (6) contained at least onemeasure of cognitive and/or emotional function. Out of 2308 hits, 22 publications fulfilled the
criteria. The studies were examined relative to cognitive effects associated with three themes: exercise type (forced or voluntary),
timing of exercise (early or late), and dose-related factors (intensity, duration, etc.). The studies indicate that exercise in many cases
can promote cognitive recovery after brain injury. However, the optimal parameters to ensure cognitive rehabilitation efficacy still
elude us, due to considerable methodological variations between studies.

1. Introduction

Physical exercise has long been known to be effective in the
treatment and prevention of many physical conditions such
as type 2 diabetes, hypertension, obesity, dyslipidemia, and
cardiovascular disease [1–3]. Furthermore, exercise has been
found to reduce symptoms of depression and anxiety [4–7].
Exercise has also garnered considerable interest as a tool to
promote cognitive health. Studies of healthy older adults have
shown positive effects of exercise on measures of cognitive
function [8, 9]. Research into the effects of physical activity
on enhancing cognitive/academic abilities in children shows
some promise. However, the findings are still fairly limited
and more randomized, controlled trials are needed [10–12].
Similarly, there is some evidence that physical activity can
improve cognition or prevent mental decline in people with
neurological and neurodegenerative disorders. The overall
results, however, remain inconclusive due to differences in
methodologies and quality of studies [13–16].

Physical exercise after acquired brain injury (ABI) has
received attention as a cost-effective, noninvasive, and practi-
cable rehabilitation tool. Preclinical research has shown that
post-ABI exercise can increase cerebral growth factor levels
[17–21], reduce apoptosis-related processes [22–24], promote
neurogenesis, neuronal survival, and regeneration [25–28],
reduce lesion size [29, 30], modulate inflammatory responses
[31], reduce astrocytosis [32, 33], and improve cerebral blood
flow [34, 35]. However, less is known about the potential
effects of exercise on cognitive recovery after ABI. Cognitive
dysfunctions after brain injury, such as memory, attentional,
and executive function impairments, are common and can
negatively affect work performance, social competencies, and
experienced quality of life [36].

In this paper, the preclinical research investigating the
effects of post-ABI exercise on cognitive recovery will be
systematically reviewed. Within brain injury rehabilitation,
several factors (e.g., timing, repetition, intensity) have been
shown to be of importance for promoting brain plasticity
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mechanisms and enhancing recovery outcome [37]. Such
factors are also believed to be essential when using exercise
as a cognitive rehabilitation tool. In the following, parameters
that are believed to play a role in the efficacy of exercise,
including type of exercise, starting point, and dose-related
issues, will be examined.

2. Inclusion Criteria

Relevant research studies were found using the search terms
“exercise (and) animal model (or) rodent (or) rat (and)
traumatic brain injury (or) cerebral ischemia (or) brain
irradiation,” all in all 9 search strings. The searches were
performed in February of 2014 on the PubMed, Scopus, and
PsycINFO databases, providing a total of 2308 hits. Articles
were then selected using the following inclusion criteria:

(i) In English.
(ii) Animal model based.
(iii) Employing adult animals (rat models: min. 7 weeks

old or min. 200 g; mouse models: min. 6 weeks old
or min. 20 g; gerbil models: min. 11 weeks old or min.
55 g).

(iv) Animals were subjected to acquired brain injury
(ABI) in their adult life, either through mechanical
injury, neurotoxic injection, irradiation, or induction
of cerebral ischemia.

(v) Exercise was used as an intervention/treatment tool
after cerebral injury (habituation to the exercise appa-
ratuses prior to injury was accepted).

(vi) The exercise regimens consisted of a general motor
activation of all of the animals’ extremities (i.e.,
running, swimming). Sole training of a single muscle
group or extremity (i.e., forced limbuse, grip training)
was not included.

(vii) The effects of the exercise intervention could be
clearly distinguished from effects of nonexercise
interventions if such were also investigated.

(viii) Studies contained at least one measure of cognitive
and/or emotional function after (or during) exercise
treatment. Studies solely investigating motor abilities
(i.e., balance tests, physical strength tests) or neu-
ral/molecular mechanisms were excluded.

Twenty-two research articles fulfilled the above inclusion
criteria. Examination of the references in these articles did
not uncover further publications that fulfilled the inclusion
criteria.

Of the 22 papers, 14 used rats, five used mice, and three
used gerbils as their experimental subjects. All usedmale ani-
mals except two (see Table 1). Regarding type of brain injury,
eight were ischemia models (common carotid artery occlu-
sion, middle cerebral artery occlusion, and photothrombo-
sis), five used cortical impact injury, four used fluid percus-
sion injury, one used closed head injury equipment, another
used neurotoxic injection, and three used gamma irradiation.

Experimental groups fell into four types of exercise:
nonmotorized running wheel exercise (nine studies), motor-
ized treadmill exercise (11 studies), motorized running wheel
(one study), swimming in a circular pool (one study), and
swimming or running wheel exercise (one study).

Cognitive measures applied in these studies were spa-
tial learning/retention paradigms administered in a water
maze (12 studies) or in a Barnes maze (one study), visual
discrimination and retention in a water maze (one study),
object recognition tests (three studies), an object location test
(one study), conditioning based learning paradigms (seven
studies) (i.e., contextual fear learning, step-down avoidance
task, passive avoidance task, stop-signal reaction time task,
conditioned learning in a Y-maze), open field tests (three
studies), and tail suspension tests (two studies). Some studies
used more than one test.

3. Voluntary or Forced?

Within animal model based research, exercise is often dif-
ferentiated into voluntary or forced paradigms. In voluntary
paradigms, the animals are given a choice betweenmovement
and inactivity while having access to the exercise apparatus.
In forced exercise, activity levels are controlled by external
factors. Exercise in a nonmotorized running wheel allows
animals to exercise at their own accord, while motorized
treadmill running/running wheel exercise and swimming
exercise do not offer such movement autonomy. The follow-
ing section examines whether the type of exercise (voluntary
or forced) exerts differential effects on cognitive recovery
after ABI.

3.1. Voluntary Exercise. Nine studies included experimental
groups subjected to voluntary (running wheel) exercise.

Wu et al. [38] subjected rats to lateral fluid percussion
injury (lFPI) immediately followed by 12 days of running
wheel exercise (7 of those days prior to cognitive testing),
a diet high in docosahexaenoic acid (DHA), or both. They
found that lFPI exercised animals did significantly better in a
spatial learning task in a water maze (as shown by reduced
latency to find a platform) in comparison to nonexercised
lFPI animals kept on a normal diet. The DHA diet was
also associated with improved spatial learning. Furthermore,
injured rats on the combined exercise and DHA diet signifi-
cantly outperformed all other lFPI groups.Molecular analysis
showed increased levels of DHA, Acox1, and 17𝛽-HSD4
(enzymes involved in DHA metabolism), Sir2 (involved
in mitochondrial function), iPLA2 (molecules involved in
membrane homeostasis), p-TrkB (BDNF receptor), and lower
levels of 4-HHE (marker for lipid peroxidation) in the groups
subjected to either exercise or the DHA diet (compared to
controls) and a further increase/decrease in the combined
group. The combined group also showed increased STX-3
(also involved in membrane homeostasis) and brain derived
neurotrophic factor (BDNF) levels. The study indicates that
early initiated voluntary exercise and/or the DHA diet
can positively affect cognitive recovery after TBI, possibly
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through counteracting membrane damage and coordinating
DHA metabolism.

Contrary to these results, Griesbach et al. [39] found
that animals exposed to lFPI and early initiated exercise
(from post-injury day 0) performed significantly worse on
a spatial acquisition task in a water maze than all other
groups, including an lFPI group starting exercise at a later
point in time (at postinjury day 14) and lFPI nonexercised
controls. Animals exercised later performed at the level of the
sham operated animals. During a retention test (probe trial),
all lFPI animals performed worse than noninjured animals,
regardless of exercise treatment. The late exercise and sham
groups showed increased hippocampal levels of the tran-
scriptional regulator phosphorylated cyclic AMP response
element-binding protein (pCREB) and BDNF. Moreover,
there was a positive correlation between BDNF-levels and the
amount of exercise. No BDNF-increase was seen in the early
exercised group, which also showed lower levels of Synapsin-
I (involved in synaptic vesicle clustering and release) and
CREB.

Also finding detrimental effects, Crane et al. [40] sub-
jected animals to a cortical contusion injury immediately
followed by a 7-day running wheel exercise regimen. In a
complex stop-signal reaction time task (a conditioning-based
learning task requiring either inhibition or execution of a
learned behavior depending on stimuli given), the exercised
animals performed significantly worse for the first five test
days compared with both the nonexercised injured animals
and the sham animal groups. However, after a week of
testing, the exercised animals returned to their baseline levels.
The contused, exercised animals showed larger inflammatory
responses (more GFAB and IBA1 positive cells) in the
cortex and hippocampus, respectively. All contused groups
had fewer surviving cells (less DAP1 positive cells) in the
cortex, hippocampus, mediodorsal nucleus of the thalamus,
and corpus callosum compared to the nonexercised, sham
animals.

The conflicting results of the two first studies are some-
what surprising, as they use similar models and setups.
Discrete differences, for example, in the duration of the exer-
cise protocol, could potentially account for these divergent
findings.While the studies by Griesbach et al. [39] and Crane
et al. [40] both found detrimental effects of early exercise
on cognitive performance, it appears that these effects are
transient, as the animals seem to catch up during the rather
short-time course of task acquisition.

Initiating exercise a little later after injury, Luo et al. [41]
subjected C57/BL6 mice to middle cerebral artery occlusion
(MCAO) followed by a one week postinjury break. Subse-
quently, the animals were exercised for 39 days in either
running wheels or by swimming in a circular pool before
starting a spatial acquisition task in a watermaze.TheMCAO
running group found the platform significantly faster than
the nonexercised MCAO group.This was not the case for the
swimming group, whose performance did not differentiate
from the nonexercisedMCAOgroup. Progenitor cell survival
in the dentate gyrus and pCREB levels were increased in the
MCAO running wheel group compared to the control group.
This suggests that different exercise types can affect cognitive

recovery differently and that voluntary exercise initiated after
the first postinjury week can induce functional recovery and
help promote cell survival.

However, in another study by Piao et al. [31] starting exer-
cise 1 week after injury did not produce similar results. Exam-
ining the timing effects of a 4-week running wheel regimen
after controlled cortical impact injury (CCI), animals were
exercised beginning either 1 week (“early”) or 5 weeks (“late”)
postinjury.The study found that the late exercised CCI-group
had a significantly reduced latency to find the platform in a
spatial water maze learning task and better retention of the
task compared to a nonexercised CCI-group. In a reversed
platform test, a test of cognitive flexibility, they found that
the late exercised animals showed a significant improvement
compared to both the early exercised CCI-group and the
nonexercised CCI-group. Retention of the reversed platform
task was significantly better in the late exercised CCI-
animals compared to the nonexercised CCI-group. There
were no differences between the early initiated group and the
nonexercised CCI-group on any of the above parameters. In a
novel object recognition task, the late exercised CCI-animals
spent significantly longer time exploring a new object than
both the early exercised CCI-group and a nonexercised CCI-
group, indicating improved short-term memory abilities; in
fact their exploration time was at the level of uninjured,
näıve animals. There were no group differences in locomotor
activity in an open field test. In a tail suspension test, all CCI-
groups showed increased immobility times regardless of exer-
cise status, suggesting more pronounced behavioral despair
due to injury. Furthermore, the late exercised CCI-group had
a reduced lesion size compared to the early exercised CCI-
group and the nonexercised CCI-group. There were time-
dependent increases and decreases in different microglia
activation markers: IL-1𝛽 levels (a proinflammatory marker)
increased in the early exercise group in week 5 after CCI
and levels reduced in the late exercise group in postinjury
week 9 (both compared to the nonexercised CCI-group).
There were also increased levels of IL-6 (a proinflammatory
marker) and IL-10 (an anti-inflammatory marker) in the late
exercise group in week 9. Cortical (ipsilateral) Galectin-3 and
C1qB levels (microglial activation markers) were increased
in the early exercised animals, while they were reduced in
the late exercised group together with levels of gp91phox
and p22phox (membrane components of NADPH oxidase
enzyme). Late exercise increased hippocampal CREB gene
expression, BDNF, and IGF-1 (insulin-like growth factor 1)
levels and increased neurogenesis and cell survival in the late
exercise group (but not in the early exercise group).The study
concludes that the improved cognitive performance in the
group subjected to late exercise is possibly due to a more
optimal coordination/balance of microglia expression and
increased growth factor levels.

Similar to studies initiating exercise immediately after
ABI, starting a voluntary exercise paradigm one week after
injury produces conflicting results, suggesting that the exer-
cise type (voluntary versus forced) is not the only factor
determining the efficacy of exercise.

As already mentioned, Griesbach et al. [39] found
improved cognitive performance in animals exercised 14 days
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after injury. In a later study, Griesbach et al. [42] reproduced
this finding. Animals exercised 14 days after lFPI acquired a
spatial learning task in a water maze significantly faster than
nonexercised lFPI animals. In addition, they reached six out
of seven criterion scores (e.g., reaching a platform from 10 sec
down to 4 sec) significantly faster than the nonexercised lFPI
group. Exercise increased hippocampal levels of BDNF in all
animals regardless of lesion status. However, mBDNF and
CREB levels were higher in the lFPI exercised animals than in
the lFPI control animals. This also held true for the exercised
sham animals, who showed increased levels of Synapsin-I.
When blocking trkB receptors in lFPI animals, the exercise-
induced increase in mBDNF was reduced. The two studies
by Griesbach et al. [39, 42] suggest that voluntary exercise
started at a later stage (14 days) is beneficial for cognitive
recovery, possibly through upregulation of BDNF and down-
stream effectors of synaptic transmission.

Wong-Goodrich et al. [43] subjected female C57BL/6
mice to whole brain irradiation (5Gy, single dose). The
animals were then given access to running wheels outside
of their home cages for 8–12 hours a day, starting 1 month
after irradiation. Prior to initiation of exercise, all animals
were tested in a spatial learning and retention test in a Barnes
maze as well as a tail suspension test. After 6 weeks of wheel
running, the animals were once again tested in the Barnes
maze (both 3 and 4 months after irradiation) and in the
tail suspension test (2.5 months after irradiation). Results
from the first testing period in the Barnes maze (preexercise)
showed no differences between the groups: the sham animals
learned the task by day 2, the irradiated animals by day
3. There were no differences in retention as assessed by
probe trials. The tests performed after exercise showed that
irradiated, exercised animals had longer latency to complete
the task on the first test-day compared to all other groups;
however, by day 3 there were no differences. The irradiated,
sedentary animals did not exhibit target quadrant preferences
in retention trials (which they did during the first test period).
However, the irradiated, exercised animals spent more time
in the target quadrant, indicating improved memory. This
picture was also seen on the test performed 4 months after
irradiation. There were no differences between the groups in
immobility times in the tail suspension test at any test point.
Histology showed no differences in dentate gyrus size in any
of the groups. Running elevated the number of hippocampal
BrdU and NeuN positive cells (markers of newborn cells
and mature neurons, resp.) in the irradiated animals. Lev-
els of proinflammatory cytokines (tumor necrosis factor-
𝛼 (TNF-𝛼), interferon-𝛾 (IFN-𝛾), and interleukin-6 (IL-6))
were elevated in the irradiated groups (compared to shams).
Levels of IGF were increased in the irradiated, exercised
animals compared to irradiated, sedentary animals. Levels
of BDNF and VEGF (vascular endothelial growth factor)
were decreased in all irradiated animals (both exercised and
nonexercised). However, running partially restored VEGF-
levels in the irradiated, exercised animals. The study shows
that later-initiated voluntary running can prevent memory
decline at a later stage in irradiation-exposed animals.

Showing similar positive recovery effects of late-initiated
voluntary exercise after brain irradiation, Winocur et al.

[44] irradiated adult rats at a single dose of 8Gy. Twenty-
five days after irradiation approximately half the animals
were allowed to exercise in running wheels in their home
cages. After two weeks of running, all animals were tested
in a visual discrimination task in a water maze, followed
by either a high-interference task (an unsolvable task) or a
low-interference task (demanding no visual discrimination
for task solution). Lastly, a retention test for the original
discrimination taskwas performed.Therewere nodifferences
between the groups in acquiring the visual discrimination
task. In the retention task, the irradiated animals had the
most errors; this was especially pronounced in the animals
that had previously performed the high-interference task.
Further analysis showed that irradiated, exercised animals
in the high-interference group performed significantly better
in the retention test than the irradiated, sedentary animals
in the low-interference group. The exercised, sham animals
performed better in the retention test than the sedentary
sham animals regardless of interference group affiliation.
Analysis of hippocampal DCX and ki67 positive neurons
(neurogenesis markers) showed that irradiation decreased
their levels, but running increased the levels in all exercised
groups. The authors conclude that neurogenesis is a part
of the mechanism that controls memory interference, as
suppressing neurogenesis disrupts retention in the high-
interference groups. However, this effect can be diminished
by promoting neurogenesis through exercise.

While three studies found cognitive improvement in
animals starting exercise 25 days after injury or later [31, 43,
44], Clark et al. [45] administered running wheel exercise
between 114 and 142 days after gamma irradiation of the
hippocampal area of both male and female C57BL/6J mice.
They found that 54 days of wheel exercise did not have an
effect on spatial learning and retention in a water maze in
the gamma radiated group compared with a nonexercised
radiated group. Running did, however, have a positive effect
on sham operated animals. In a contextual fear condi-
tioning test, running increased freezing time (indicating
increased memory of a formerly presented painful stim-
ulus); however, this was regardless of radiation status. In
other words, in the spatial tasks no effects of exercise were
found in the irradiated animals, yet running did improve
performance in the conditioning task in all exercise groups.
Running increased hippocampal neurogenesis regardless of
lesion status. Exercise counteracted radiation-induced reduc-
tions in neurogenesis, neuronal differentiation, and glia cell
levels.

Five studies [31, 39, 42–44] found positive effects of later
initiated voluntary exercise on measures of spatial learning
and retention. However, this was not the case in the study
by Clark et al. [45], who waited 3-4 months with exercise
administration. This opens the question whether there is
a window of rehabilitation opportunity that closes after
certain amount of time has passed. Other factors could also
account for the conflicting results such as different injury
types and duration of exercise. Interestingly, running affected
performance positively in the fear conditioning task in the
Clark et al. study, indicating that exercise effects can be task
specific.
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All in all, the above research shows a somewhat mixed
picture of using voluntary exercise in cognitive rehabilitation
after ABI. Later starting points (from 14-days post-injury)
appear to have the most consistent effects on cognitive
recovery. However, further research is needed to determine
if exercise interventions can be administered too late to
produce cognitive improvements. Moreover, caution should
be taken in making general recommendations based on
such a limited and methodologically diverse set of studies.
The results indicate that the voluntary aspect of exercise
is not the sole determinant of effect; other variables such
as starting point and duration may also play a significant
role.

3.2. Forced Exercise. Fourteen studies have looked into the
effects of forced exercise on cognitive recovery after ABI.

Itoh et al. [46] subjected rats toCCI injury followed by a 7-
day treadmill exercise regimenbeginning one day after injury.
In acquisition and retention of a spatial task in a water maze,
the lesioned, exercised animals did significantly better than
the lesioned, nonexercised animals; the former performing
to the functional level of the sham animals. There was a
significant reduction in lesion size in the exercised group
compared to the controls. Additionally, therewas a significant
reduction in ssDNA immunopositive cells (a marker of
apoptosis) around the damaged cortical area in the exercised
group on postinjury days 1, 3, and 7, an increase in the number
of NeuN positive cells, and a reduction in GFAP positive
cells (marker for astrocytes) 7 days after TBI compared to the
lesioned, nonexercised control group.This suggests that early
initiated forced exercise can improve cognitive functionwhile
reducing apoptosis and impacting the glial scarring.

Cechetti et al. [47] looked at effects of both pre- and
postinjury treadmill exercise in a bilateral common carotid
artery occlusion (CCAO) rat model. The postinjury trained
group started exercising 24 hours following surgery and
continued for 12 weeks, 3 days a week. They found that all
exercised groups, including the postinjury exercised group,
did significantly better on three of the five testing days in
acquisition of a spatial task in a water maze compared to a
lesioned, nonexercised group. This pattern was also seen in
a retention (probe trial) test and in a working memory test
in a water maze. There were no differences between groups
in levels of free radicals or SOD (superoxide dismutase, an
antioxidant enzyme) levels. However, there were heightened
hippocampal lipoperoxidation (evaluated by TBARS test)
and thiol-levels (antioxidants) in the lesioned, nonexercised
group compared to the other groups. Like the study by Itoh
et al. [46], this study shows that early initiated forced exercise
can positively affect cognitive recovery, potentially through
reducing oxidative damage by regulation of antioxidant
levels.

Shih et al. [48] subjected rats to right hemisphereMCAO.
After 24 hours, the animals began exercising at either a low or
a high-intensity (speed) on a treadmill for 14 days.They found
that the lesioned, low-intensity group had shorter latencies
on three out of the four testing days in a spatial learning task
in a water maze (compared to the lesioned, high-intensity

group and a lesioned, nonexercised control group). The low-
intensity group also showed better retention than the control
group. Furthermore, the low-intensity paradigm increased
levels of hippocampal BDNF, Synapsin-I (contralaterally),
and PSD-95 (membrane scaffolding protein) as well as the
dendritic complexity (measured by Sholl analysis) and the
number of dendritic spines compared to the control group.
There were higher levels of corticosterone (stress-hormone)
in the high-intensity group compared to the controls. The
study is interesting as it investigates the effects of exercise
intensity on cognitive measures. While both groups initiated
exercise 24 hours after injury, only the low-intensity group
showed positive cognitive effects concomitant with increases
in plasticity-related proteins and dendrite development. Fur-
thermore, the high-intensity group displayed higher levels
of stress-hormone, which may have inhibited the efficacy of
exercise.

In another study investigating the effects of different
exercise intensities, Shen et al. [49] subjected rats to CCI
immediately followed by two different intensities of treadmill
exercise for 14 days. They found that the lesioned, low-
intensity group performed better on two out of the four
days of the acquisition part of a spatial task in a water
maze compared to the high-intensity group and a lesioned,
nonexercised control group. The low-intensity group also
showed better retention than the control group. On a neuro-
logical deficit score all CCI animals did worse than the sham
animals, but they all improved by day 6 post-TBI. BDNF and
phosphorylated CREB measurements showed higher levels
in the contralateral hippocampus in the low-intensity group
compared to the control group. There were no differences in
measurements of Synapsin-I and CREB in any of the groups.

While the above studies suggest that early forced exer-
cise can promote cognitive recovery, these results are not
unchallenged. Hicks et al. [50] found that animals exposed
to lFPI and 18 days of treadmill exercise initiated the day
following injury differed in neither spatial acquisition nor
retention tasks in a water maze compared to a lesioned,
nonexercised group.They saw no differences between groups
in neuromotor scores. They found increased BDNF mRNA
levels in CA1 and CA3 in the exercised, lesioned animals
compared to lesioned, sedentary animals. There were no
differences in hippocampal injury or cortical lesion volume
between groups. However, the left neocortex (ipsilaterally to
the injury) was significantly smaller than the right neocortex
in the nonexercised, lesioned animals compared to the
exercised, lesioned animals. These results are in contrast to
many of the above studies, as they fail to find cognitive effects
of early initiated forced exercise, but do find BDNF and some
histological effects of exercise.

The findings of Hicks et al. [50] were echoed by Song et al.
[51], who used photothrombosis to induce cerebral stroke in
rats. One day after injury the animals were swim-exercised
in a circular pool for 4 weeks (a total of 20 days), or given
Acetyl-L-carnitine (ALC) injections, or both. They found
no significant differences in any of their treatment groups
compared to lesioned controls on acquisition of a spatial task
in a water maze tested the first, second, and fourth week
after injury. Hippocampal SOD-levels were increased in all
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treatment groups compared to the lesioned controls; these
were significantly higher in the combined (exercise + ALC-
injection) group in comparison to the other groups. MDA-
levels (related to lipid peroxidation) were reduced in the
treatment groups compared to the controls. Histologically,
there were an increased number of cells in CA3 in the
treatment groups compared to the controls.

Investigating emotional parameters, de Araujo et al. [52]
exercised gerbils on treadmills either 12, 24, 48, or 72 hours
after CCAO for 1 up to 3 days. In an open field, animals
exercised 12 hours after injury showed a decreased number
of field crossings and an increase in grooming (indicating
increased anxiety and stereotyped behavior) compared to a
nonlesioned, nonexercised group. There were no differences
in any other groups. All CCAO animals showed a reduced
time spent on a rotarod compared with the nonlesioned,
nonexercised group. There were a decreased number of cells
in CA1 and striatum in the group exercised after 12 hours
compared to the group exercised after 24 hours. This study
indicates that very early initiated short-duration exercise (12
hours after injury) can lead to increased anxiety-like behavior
and cell death, while exercise starting 24 hours (or later)
does not induce these emotional responses. Unfortunately,
the experimental groups did not exercise the same amount.
Exercise doses were decreased with later initiation points
(down to a single 15min session), making it difficult to
decipher starting point effects from dose-related effects in the
exercised groups.

Some studies have opted for exercise initiation two days
after injury. After inflicting bilateral CCAO in gerbils, Sim
et al. [53] found that treadmill exercise for 10 days resulted
in longer latencies (i.e., better short-term memory for a
noxious stimulus) in a step-down avoidance task than in a
nonexercised, lesioned group.They also found reduced levels
of TUNEL positive and Caspase-3 positive cells (markers
for apoptosis) in the lesioned, exercise group compared
with the lesioned, nonexercised group. Cell proliferation
was increased in the nonexercised, lesioned group and the
exercised, sham group, but not in the lesioned, exercise
group. The authors hypothesized that this finding might be
due to reduced cell death in the exercised group, reflected
in less cell proliferation. In a later experiment, using the
same injury model but a longer exercise regimen (4 weeks,
starting on the first postinjury day), Sim et al. [54] found
that the lesioned, exercised animals did better than the
nonexercised lesioned group in the step-down avoidance
task. The exercised, lesioned group presented with fewer
TUNEL and Caspase-3 positive cells than the nonexercised,
lesioned group. The studies indicate that exercise might
protect the brain fromneuronal cell death, which could play a
part in the functional recovery. Interestingly, this finding goes
for both a shorter and longer duration exercise paradigm at
the same running speed.

Chen et al. [55] exposed rats to hippocampal injury via
unilateral kainic acid injection to the CA1 area. Starting on
the second postinjury day, the animals were exercised in
a motorized running wheel for seven consecutive days at
one of three different intensities: light, moderate, and heavy.
Exercise took place twice a day (morning and afternoon) for

30 minutes. The animals were then tested in a conditioning
(pain-avoidance) learning task in a Y-maze for one session of
20 trials.The study found that lesioned animals that had been
exercised atmoderate intensity performed significantly better
in the learning task than nonexercised, lesioned animals,
as well as showing significantly higher numbers of BrdU
positive cells. There were no learning or BrdU staining
differences between the other lesioned, exercised groups and
the nonexercised, lesioned animals. Furthermore, a positive
correlation between learning and BrdU positive labelled cells
in the dentate gyrus was found, indicating that neurogenesis
may have supported the functional recovery.

Positive recovery effects of second day postinjury ini-
tiation were also found by Kim et al. [56]. Using electro-
magnetic contusion in rats followed by 10 days of treadmill
exercise, they found that lesioned, exercised animals had
shorter latency times in a step-down avoidance test than
a lesioned, nonexercised group, indicating better (short-
term) memory for a noxious stimulus in the exercised
group. Measurements of hippocampal DNA fragmentation
(a marker for apoptosis), Caspase-3, and Bax (pro-apoptosis
molecules) showed reduced levels in the lesioned, exercised
group compared to the lesioned, nonexercised group. Levels
of Blcl2 (antiapoptosis molecules) were increased in the
lesioned, exercised group compared to the control group.
There were no differences in corticosterone levels between
the groups. Besides improvement in short-term memory,
the study, like those by Sim et al. [53, 54], shows effects
on markers of apoptosis further supporting the assumption
that enhanced functional recovery after exercise could be
mediated by regulation of neuronal cell death mechanisms.

Chen et al. [57] compared the timing of treadmill exercise
initiated two days (early, for either 7 or 14 days) or nine days
after injury (late, for 7 days) in a closed head injury mouse
model. In an object recognition task, they found that the
early initiated groups spent significantly more time exploring
a new object compared to a lesioned, nonexercised group
indicating better memory for the previously encountered
object.The late initiated group and the nonexercised, lesioned
group spent less time exploring the new object than the sham
animals. Furthermore, early exercise hindered progressive
cell loss in the cortex and the hippocampus to a larger
extent than in the late exercised group. Early exercise boosted
neurite regeneration in the early postinjury stages, but late
exercise only hindered later stage cell loss. Early exercise for
14 days restored the lesion-induced reduction in BDNF and
MKP-1 (an anti-inflammation marker). When animals were
given triptolide (a MKP-1 synthesis inhibitor) neither this
nor cognitive recovery was seen; however, there were positive
effects on neuronal loss and neuroinflammation. These find-
ings show that different starting points can generate different
outcomes in short-termmemory, cell survival, and plasticity-
related protein levels.

Starting exercise on the fourth day after injury, Shimada
et al. [58] subjected rats to left MCAO followed by one of
two different treadmill intensities (low or high) for 28 days.
In both an object recognition and an object location task,
the low-intensity group spent more time exploring the novel
object/newly placed object than the lesioned, nonexercised
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control group. The high-intensity group explored less than
the low-intensity group. In a passive avoidance test, both
exercise groups showed longer latencies than the controls,
indicating that exercise resulted in bettermemory for noxious
stimuli. An open field analysis did not reveal any locomotor
differences between the groups. Exercise reduced lesion size,
but there were no differences between the intensity groups.
Both intensity groups had increased number of neurons in
the dentate gyrus compared with the controls and the shams;
this was higher in the ipsilateral dentate gyrus in the low-
intensity group versus the high-intensity group. In the ipsi-
lateral dentate gyrus, MAP-2 levels (microtubule-associated
protein 2) were increased in the low-intensity group com-
pared to the controls. MAP-2 was lower in the high-intensity
group compared with the low-intensity group and the shams
ipsilaterally in all examined hippocampal areas. Contralat-
erally, the levels were lower in CA1 and CA3 in the high-
intensity group than in the low-intensity group. The findings
of this study echo the findings of Shih et al., Shen et al., and
Chen et al. [48, 49, 55] underlining the potential differential
effects of varying exercise intensities in the early stages of
recovery. As in the studies by Shih et al. and Shen et al.,
this study shows that low-intensity forced exercise is able to
produce cognitive recovery effects after ABI; however, in this
study therewere also positive effects of high-intensity exercise
on one of the cognitive parameters (passive avoidance).

Two studies have begun forced exercise 1 week after
ABI or later. The previously mentioned study by Luo et
al. [41] compared a forced exercise protocol (swimming)
with a voluntary exercise protocol starting one week after
MCAO.They found no cognitive effects of the forced exercise
paradigm. Chen et al. [57] (see above) did not find any
effects of exercise starting 9 days after injury on cognitive
parameters. This opens the question as to whether there
exists a window of opportunity for rehabilitation via forced
exercise that closes after a certain time point. Compared to
what appears to be the case regarding voluntary exercise, this
window may be substantially smaller.

The studies of forced exercise, like those of voluntary
exercise, show a somewhat conflicting, pattern of outcome.
Though only one study shows detrimental effects (in one
group) on anxiety-related behavior, the above studies gen-
erally show that especially early forced exercise can lead to
improvement in animals exposed to low or moderate inten-
sity exercise. Onemay therefore askwhether exercise needs to
be maintained at a certain intensity level in order to produce
cognitive gains. Neither of the two studies using swimming
exercise produced cognitive recovery effects. However, more
studies are needed to determine whether this is a result of the
type of exercise or protocol related issues. Unfortunately, only
two studies investigated effects of exercise starting later than
a week, leaving us with limited knowledge about the effects of
forced exercise initiated at a later stage.

4. Sooner or Later?

As already described, the above research varies in the time
points of exercise initiation. Of the 22 studies included in this

overview, we find that 16 studies had experimental groups
starting exercise frompostinjury days 0–4, while eight studies
had experimental groups starting exercising at the earliest
from postinjury day 7.

Examining common traits or dissimilarities of the early
intervention groups with positive or no effects does not
render a clear picture. Almost all early initiation studies with
positive effects of exercise on cognition use forced exercise
paradigms. However, as early initiation voluntary exercise
studies are much fewer in number, this might be a paradigm
bias. Moreover, the studies vary on most parameters includ-
ing types of injury and animal as well as exercise duration and
intensity.

The three studies showing groups with adverse effects
[39, 40, 52] started exercising the animals immediately after
injury, that is, within the first 24 hours. They also had
fairly short duration exercise protocols (3 or 7 days). This
indicates that very acute, relatively short duration exercise
can induce unwanted effects. However, positive cognitive
outcomes using very early exercise have also been reported
[38] (see above).

Later initiation studies are fewer and with starting points
spanning from 1 week to almost 4 months after injury; it
is difficult to obtain a coherent picture. Studies with groups
starting 7 to 9 days after injury [31, 41, 57] showed either
positive and/or no effects, and a 14 day postinjury start
showed cognitive improvement effects in two studies [39, 42].
Starting at even later time points showed some variability:
starting 25–30 days post-ABI induced positive effects in
three studies [31, 43, 44], while an approximately 4-month
postinjury start generated both an improvement and no
effects depending on the cognitive measure [45]. Thus it
would appear that later initiated exercise, in most cases, can
promote cognitive recovery. However, once again, there are
considerable methodological variations between the studies.

It is quite surprising that we know relatively little about
the cognitive effects of exercise starting relatively late post-
TBI. In clinical rehabilitation settings exercise is often initi-
ated in later recuperation stages, when patients are stabilized
and able to perform physical activities. It therefore seems
clinically relevant to further investigate the potential effects
of late-initiation exercise.

5. Easy Does It?

Exercise dose encompasses many variables including total
length of intervention (how many days), session duration
(how many minutes), distribution (how often), distance
moved (how far), and intensity (how fast).

In the 22 studies included in this review, the total
length of intervention varied considerably, ranging from
1 day to almost 4 months. Regarding individual session
durations, most of the voluntary exercise studies gave the
animals unlimited access to the running wheels, that is, 24
hour access. The forced exercise paradigm sessions lasted
between 5min and 1 hour; eight of those studies used 30min
session durations. By and large, the animals exercised/or had
access to exercise apparatuses on a daily basis throughout
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the intervention period except in two studies that distributed
the intervention somewhat differently [47, 51], as well as one
study that exercised animals twice daily [55].

Average group distances and/or intensities are not stated
in all studies (see Table 1). This information is provided in
five voluntary paradigms and 12 forced paradigms. Intensities
are mostly reported in meters exercised pr. minute and often
vary within individual exercise sessions or over days/weeks.
In some cases, exercise duration (number of minutes) is
increased over a period of days. While such graduation
of intensity or duration of exercise might in itself be an
important rehabilitative factor, the individual protocols vary
too much for meaningful comparisons to be carried out.
When calculating mean daily/session distances over the total
duration of exercise, they range between 97.2m and 8.4 km.
Such a wide variation is also found in the total exercise
distances over time (i.e., total distance over all exercise
days/sessions) that range from 150m to 313.2 km.

Four studies explicitly examined the cognitive effects of
different exercise intensities [48, 49, 55, 58]. Interestingly,
all of these studies found that the low or moderate exercise
intensity groups produced positive results, while the higher
intensity groups did not produce any results (or only pro-
duced results in one test [58]) (see above). This indicates that
intensity is indeed an important factor when using exercise
as a cognitive rehabilitation tool. While it would appear
that average doses up to around 250m daily in many cases
produce positive results [31, 48, 49, 53, 54, 56, 58], this is not
always the case [31, 52, 55].The picture becomesmore blurred
when using higher daily doses. In the studies specifically
looking into exercise intensities, daily doses exceeding an
average of 320m daily did not produce cognitive results
in three of the studies. It did, however, produce positive
results in one study [55]. In other cases [43, 44, 46, 47,
57] average session distances of 320m and above improved
cognitive recovery, but this was in some cases contingent
upon other variables such as starting point. In some studies,
doses exceeding 320m daily did not produce any results
on the spatial tasks [45, 50] or had detrimental effects
[40].

Interestingly, in the case of the Chen et al. study [55],
the moderate exercise group (that showed positive recovery
effects) ran 180m twice daily, making the individual exercise
trials fall below the 320m mark (but the total daily running
distance was slightly above). However, their heavy intensity
group ran 324m twice daily (to a total of 648m) and did not
show recovery effects. One may therefore ask whether total
running distances are a good dose measure, or whether the
intensity of individual training trials are of more importance
for cognitive recovery. Although an unresolved matter, this
could be another explanatory factor for the differential
results in studies examining voluntary running effects, where
intensity and duration of individual running bouts are not
experimentally controlled.

All in all, the substantial variations in exercise protocols
among the studies make it difficult to make general dose
recommendations. While it does appear that dose, duration,
and intensity are important factors for cognitive recovery,
more systematic research looking into these aspects and how

they interact with other variables such as starting point is
needed to elucidate this further.

6. Post-ABI Exercise and Brain-Derived
Neurotrophic Factor (BDNF)

Whilemany neuralmechanisms behind the effects of exercise
are being investigated, special attention has been given to
neurotrophic factors, in particular BDNF. BDNF is highly
expressed in the cortex and hippocampus and is involved in
manyneural processes including neuronal differentiation and
survival, as well as axonal path-finding [59]. Furthermore,
the relationship between forced exercise and stress-hormone
levels has garnered considerable interest. In the following
these topics will be investigated further in relation to exercise
type, timing, and intensity.

6.1. Exercise Type, BDNF, and Stress-Hormone. In relation to
exercise type, a special focus has been placed on the con-
nection between exercise and the release of stress-hormones,
as forced exercise is believed to be more stressful than
voluntary exercise. However, studies dealing with this topic
show somewhat inconsistent results. Griesbach et al. [60]
found that early stage postinjury forced exercise elevated
corticosterone and ACTH levels in lFPI animals. This was
not the case in a group exercised in a voluntary paradigm.
Neither exercise regimens elevated BDNF-levels. In another
experiment starting exercise at a later stage, Griesbach et al.
[61] found that forced exercise stimulated the corticotrophic
axis in all animals. BDNF-levels were unaffected by forced
exercise, yet they were elevated in all rats exposed to vol-
untary exercise. In two other studies [42, 62] the same lab
also found an increase in BDNF-levels as a result of voluntary
exercise. Similarly, Ke et al. [20] found that voluntary exercise
improvedmotor function and elevated BDNF-levels, an effect
not seen in the group exposed to forced exercise, although
these animals did present higher levels of corticosterone.
Wong-Goodrich et al. [43] did not see any exercise-related
BDNF-changes in their late voluntary paradigm; however,
they did find that the intervention improved cognition in
their irradiated animals.

Several studies using forced exercise after TBI have
found BDNF-elevations [21, 57, 63–65], indicating that forced
exercise paradigms can increase BDNF-levels after injury.
Using both forced and voluntary exercise, Ploughman et al.
[66] found that corticosterone levels were elevated in all
exercise groups but were highest in animals exposed to forced
exercise running at greater speed or duration. Exercise did
not increase BDNF, IGF-1, or Synapsin-I in the ischemic
hemisphere. Furthermore, they found that voluntary exercise
decreased serum levels of IGF-1 and increased hippocampal
levels of IGF-1 in the ischemic hemisphere. Shih et al. [48]
(see above) also found corticosterone elevations in their high-
intensity group. However, in the study by Kim et al. [56] (see
above), no differences in stress-hormone levels were found
between the treadmill exercised and nonexercised groups.
Ploughman et al. [67] found that forced exercise created
a rapid, but more short-lived BDNF-increase compared to
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voluntary exercise. The group exposed to forced exercise also
showed increased levels of corticosterone in several brain
regions.

Thus, it appears that forced exercise does lead to elevated
stress-hormone levels. When it comes to impact on BDNF-
levels, the picture is more unclear. It seems that the type
of exercise (voluntary or forced) cannot solely account for
variation in neurotrophic factor levels, but other factors such
as timing and intensity are also key players. How stress-
hormones and neuroplasticity-related proteins are affected
by exercise, how they interact, and, importantly, what con-
sequences this has for functional recovery remain to be
resolved. As discussed above, though the efficacy of forced
exercise on cognitive parameters is inconclusive, detrimental
effects on cognition are practically unseen. This poses the
question of whether elevations in stress-hormones during
physical activity are necessarily harmful when it comes to the
recovery of cognitive functions.

6.2. Exercise Starting Point and BDNF Responses. Like exer-
cise type, some research indicates that starting point affects
BDNF-levels after ABI. Early exercise initiation (defined here
from day 0–6 postinjury) has been shown to elevate BDNF-
levels in several studies [21, 50, 57, 62, 63, 65]; in some
cases this elevation is also dependent upon exercise intensity
[48, 49] (see below) or type of exercise [20, 67] (see above).
In other cases, early exercise did not affect BDNF-levels [38,
39, 60]. Later post-ABI exercise (defined here frompostinjury
day 7 and onwards) has also been shown to produce BDNF-
elevations [31, 39, 42], in some cases this is dependent on type
of exercise [60] or injury severity [68]. A few studies have
found that later initiated exercise did not produce BDNF-
elevations [31, 43, 57].

These studies indicate that both early and later initiated
exercise regimens can increase BDNF-levels in some cases.
Whether such BDNF-elevations are part of the neural pro-
cesses mediating cognitive recovery is still unclear. Griesbach
et al. [39] did not find BDNF-elevations after early initiated
exercise and this group also showed delayed learning. Wu
et al. [38] found no BDNF-effects either but did see improve-
ments in their cognitivemeasure after early initiated exercise.
Reversely, Hicks et al. [50] found BDNF-elevations after early
initiation, but no cognitive effects. Chen et al. [57] found
elevated BDNF-levels (in their early initiated group running
for 14 days) as well as a cognitive improvement. Shih et al.
[48] and Shen et al. [49] also found both BDNF-elevations
and cognitive improvements (in their low-intensity running
groups).

Initiating exercise at later points, Griesbach et al. [39, 42]
found BDNF-elevations and concomitant cognitive improve-
ment.The same holds for the study by Piao et al. [31]; however
only in one of their two (late) exercised groups. Wong-
Goodrich et al. [43] found no exercise-related BDNF-level
changes in their irradiated animals; they did, however, find
a cognitive improvement.

It seems that the relationship between BDNF-responses
and cognitive recovery outcome at different exercise initi-
ation points is still largely unresolved. Currently, there are

a limited number of studies investigating this, underlining a
need for additional research.

6.3. BDNF and Post-ABI Exercise Intensity. Not many studies
have investigated the relationship between BDNF-levels and
exercise intensity in post-ABI exercise. Shih et al. [48]
and Shen et al. [49] found hippocampal BDNF-elevations
(contralaterally) in their low-intensity exercise groups con-
comitant with cognitive improvement. In a study by Plough-
man et al. [66], rats were subjected to focal stroke using
endothelin-I. After 4 days of recovery, the animals were
given either a 30min or a 60min walk in a motorized
running wheel (both 11m/min), a 30min run in a motorized
running wheel (14m/min), or a 12-hour voluntary run in a
(nonmotorized) running wheel. The animals in the 30min
motorized walking group and the voluntary running group
had increased hippocampal BDNF-levels (in the noninjured
hemisphere) compared to noninjured, nonexercised animals.
Furthermore, the 30min walking group showed increased
BDNF-levels in the intact sensorimotor cortex compared
to the 60min walking group and nonexercised animals.
Placed together, these studies indicate that exercise of a lower
intensity can increase BDNF-levels in areas contralaterally
to the inflicted injury. However, intensity and duration of
intervention (and thereby total distance run) vary between
the studies, restricting what overall information can be
derived regarding the relationship between BDNF and post-
ABI intensity parameters.

7. General Considerations

The above studies provide some information as to the effects
of exercise on cognition in the brain injured individual. They
also stress some of the parameters that are important for the
efficiency of this intervention. However, there are still many
unresolved issues.

Voluntary and forced exercise paradigms vary on param-
eters of choice of movement and, potentially, level of stress-
hormone activation. The studies included in this review also
reveal other differences between the two exercise paradigms.
Most of the voluntary paradigms allow animals access to
the exercise apparatus in their home environment, while the
forced paradigms require moving and handling of the ani-
mals to initiate (and sometimes prompt) exercise. Whether
such environmental differences can affect the outcome in
terms of cognitive recovery will have to be clarified in the
future.

In all but two of the studies using voluntary exercise,
animals were housed individually either permanently or
during intervention. Most of the forced exercise studies do
not report housing conditions; however those that do have
animals pair or group housed. Some studies have looked
into the effects of social deprivation and exercise in animals.
Stranahan et al. [69] found that both single and group housed
male rats had corticosterone elevations due to running. How-
ever, only group housed animals also presented increased
neurogenesis induced by running. When exposing these
animals to additional stressors, the socially isolated animals
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showed decreased neurogenesis compared to the controls.
In another study using female rats, Leasure and Decker [70]
found that social isolation suppressed the cell-proliferation
effects of exercise that were seen in group housed animals.
Furthermore, there was a correlation between BrdU+ cells
and the running distance in the group housed animals, but
not in the single housed animals. In a study looking into
the emotional effects of housing, Berry et al. [71] found
that single housing triggered anxiety and depression-like
behaviors in the animals, increased HPA-axis reactivity, and
reduced BDNF-levels. Such findings indicate that housing-
paradigms (and animal gender) can influence the effects of
exercise as well as emotional reactivity. Whether single hous-
ing would also influence cognitive performance in animals
subjected to ABI remains unknown. It is therefore relevant to
investigate whether cognitive effects in exercise studies using
single housing are related to the exercise intervention per se,
boredom-factors due to isolation, or other variables.

Furthermore, there are considerable differences in rela-
tion to exercise dose and duration. Animals in the voluntary
paradigms have 24-hour access to the exercise apparatuses
(except in one study) and can administer their treatment
when they choose and in the intensity and duration that
they prefer. This is a marked difference from forced exercise
paradigms that mainly offer single exercise bouts of limited
duration (up to 1 hour) under controlled running speeds.
These differences underline that paradigms of voluntary and
forced exercise vary on many variables that can affect the
cognitive (and neural) outcome.

Epidemiological research shows that premenopausal
women have decreased risk of stroke compared to age-
matched males as well as to postmenopausal women [72].
Animal studies have shown that female hormones regulate
and protect against a variety of pathological processes asso-
ciated with stroke [73]. Both estrogen and progesterone have
been shown to have neuroprotective effects after stroke in
animal models [73, 74]. This indicates that gender-specific
hormonal environments can influence the recovery outcome
after brain injury. However, all but two of the studies dis-
cussed in this review use male animals (see Table 1), leaving
us with very limited data about the effects of exercise in the
traumatized female brain.

The type and severity of injuries in the above studies
are quite different. Some types of injury cause more focal
tissue damage; others are more wide-spread and diffuse in
nature. Some injuries are unilateral, while some affect both
hemispheres. The studies using cerebral ischemia models
inhibit blood flow for varied time periods. The studies using
traumatic brain injurymodels (i.e., an external force afflicting
the brain) use different techniques, impact velocities, and
depths of compression. The models inducing injury by
irradiation use different doses and afflict different cerebral
areas. As different types of brain injury and injury severities
can cause different injury patterns, both in terms of tissue
responses as well as their spatial and temporal occurrence
[75], this can also affect the efficacy of the employed exercise
protocols.

Another issue relates to the genetic make-up of the
experimental animals. Much research has shown that the

same brain injury method can induce significantly different
cerebral (and behavioral) responses depending on the rodent
strain/stock used [76–90]. Even animals of the same stock,
but purchased from different breeders, have been shown
to differ in their cerebral responses when exposed to the
same injury [91–93].Thus, strain/stock choice is an important
factor to take into account when assessing brain injury
outcomes as well as the efficacy of treatment interventions.
In the 22 studies included in this review, six different
rodent strains/stocks were used (see Table 1). However, due
to the considerable procedural differences in performing
“the same” brain injury (see above) as well as substantial
interstudy variations in the exercise protocols and outcome
measures,meaningful comparisons of the studies on the basis
of strain are very difficult tomake. Further research is needed
to elucidate the effects of strain on post-ABI exercise on
cognitive recovery.

The applied cognitive tests are generally brief, limiting our
knowledge to mainly short-term learning effects. Potential
long-term effects of exercise have not been examined in
any of the studies, leaving us with little knowledge as to
whether the observed cognitive effects are lasting or transient.
Furthermore, the majority of studies use tests that motivate
learning through avoidance, that is, the ability to avoid an
unwanted stimulus (escaping water or a previously presented
painful stimulus). Testing animals in nonavoidance based
tasks would help to clarify whether the outcome is related to
the treatment or the method of testing.

Another discussion related to the cognitive tests pertains
to the individual test protocols and setups. While many of
the studies used spatial acquisition tasks in a water maze,
the individual testing protocols were very varied, in terms
of both number of acquisition trials and sessions. Such
differences could potentially affect the learning outcome
if some animals were to be trained more intensively than
others [94]. Furthermore, the visual surroundings when
performing spatial acquisition tasks (i.e., the number and
salience of visual cues as well as their distance to the
animals) have been shown to be of importance for both the
neural substrate and cognitive mechanisms of task solution
in rodents [95–97]. It is generally taken for granted that
different cognitive tasks reflect different neural substrates and
cognitive mechanisms. However, within what is generally
considered the same cognitive tasks, various experimental
and/or test setups can also vary with respect to the underlying
neural and cognitive mechanisms [98, 99]. Consequently,
what may superficially appear to be the same cognitive test
may result in different cognitive recovery effects of a given
exercise protocol; even minor variations in experimental
setups can be essential. Thus, it appears that research in this
area would benefit greatly from more homogenous use of
cognitive tests/setups to facilitate comparisons between labs
and help eliminate test protocol differences as a source of
variation when assessing the effects of exercise on cogni-
tion.

Postinjury depression and anxiety are common after
brain injury [100]. As already mentioned, exercise is often
used in the treatment of depression and anxiety-related
disorders.
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It is known that depression can lead to cognitive impair-
ment. However, whether these impairments are primarily
psychosocially or neurobiologically founded, transient or
enduring, is still debated [101]. Though some of the above
studies have included tests of emotional behavior in their
experimental protocols, we still know very little about how
post-TBI exercise affects emotional states, and how this
potentially affects cognitive performance. Knowing more
about the relationship between injury-related emotional and
cognitive problems will help to further clarify when (and in
what way) exercise promotes cognitive recovery after ABI.

8. Conclusion

In this review we have examined the effects of exercise on
cognitive measures after acquired brain injury in animal
models. Although there is cause for optimism in using
exercise as a rehabilitation tool in the treatment of cognitive
sequelae after ABI, research in this area is still fairly limited.
Overall, there is evidence that exercise in some cases can
improve cognitive recovery. However, what distinguishes
these cases from others that do not produce effects (or have
adverse effects) remains unclear. Considerable variations in
models and experimental protocols, including differences in
animal strains, injury type, exercise type, post-injury start-
ing point, dose-related differences, and cognitive measures,
should presently warrant caution in making general protocol
recommendations. More research is needed to clarify these
issues as well as the potential long-term effects of postinjury
exercise.
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Neuromodulators, such as serotonin (5-hydroxytryptamine, 5-HT) and noradrenalin, play an essential role in regulating the motor
and sensory functions in the spinal cord. We have previously shown that in the rat spinal cord the activity of aromatic L-amino
acid decarboxylase (AADC) cells to produce 5-HT from its precursor (5-hydroxytryptophan, 5-HTP) is dramatically increased
following complete spinal cord transection. In this study, we investigated whether a partial loss of 5-HT innervation could similarly
increase AADC activity. Adult rats with spinal cord hemisected at thoracic level (T11/T12) were usedwith a postoperation interval at
5 days or 60 days. Using immunohistochemistry, first, we observed a significant reduction in the density of 5-HT-immunoreactive
fibers in the spinal cord below the lesion on the injured side for both groups. Second, we found that the AADC cells were similarly
expressed on both injured and uninjured sides in both groups.Third, increased production of 5-HT inAADC cells following 5-HTP
was seen in 5-day but not in 60-day postinjury group. These results suggest that plastic changes of the 5-HT system might happen
primarily in the subchronic phase and for longer period its function could be compensated by plastic changes of other intrinsic
and/or supraspinal modulation systems.

1. Introduction

Spinal cord injury (SCI) has a devastating effect on daily
life of the patients. The foremost and frustrating symptoms
are the losses of sensory, motor, and/or autonomic func-
tions [1–5]. Spinal cord injury can be either complete or
incomplete, and the symptoms for different SCI individuals
may vary according to the severity of the trauma. Neural
plasticity occurs over time at sites both above and below
the level of injury, which results in both the pathophysio-
logical complications and the functional recovery [6, 7]. The
monoaminergic system is one of the systems that undergo
drastic plastic changes in the spinal cord following SCI [8–16].
In the mammalian spinal cord monoamine neurotransmit-
ters, for example, serotonin (5-hydroxytryptamine, 5-HT),
dopamine, and noradrenaline, are important modulators of

both sensory and motor functions. It is commonly believed
that monoamines in the spinal cord originate from different
supraspinal brain regions [17, 18]. Accordingly in complete
SCI the monoamines are largely gone although residual
amounts still remain [11, 19], whereas in incomplete SCI
monoamines in the spinal cord are lost at a varied degree
depending on the severity of the injury [20].

Recently our research group has focused on the plastic
changes of serotonergic system in the spinal cord. Using
a sacral spinal cord transection rat model we have found
that 5-HT2 (A and C) receptors are upregulated in response
to complete SCI [13, 14, 16]. More importantly, we have
found that cells expressing aromatic L-amino acid decar-
boxylase (AADC) in the spinal cord, which normally do not
contain monoamines [21], increase their activity and could
potentially produce 5-HT in the presence of 5-HT precursor,
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5-hydroxytryptophan (5-HTP) [22]. Following incomplete
SCI, either contusion or hemisection, there remains a con-
siderable amount of 5-HT in the spinal cord below the lesion.
For instance, following hemisection the remaining amount
of 5-HT below the lesion is about 8–40% of the normal
level 3–8 days after the lesion according to the data from
different laboratories [9, 10, 23–25]. More importantly some
studies have reported a gradual recovery of 5-HT due to
reinnervation to the lesion side over time [9, 10, 24] although
this is not constantly observed [25, 26]. Then the question
is whether this 5-HT is produced from the 5-HT sprouting
fibers from the uninjured side or from the intrinsic 5-HT-
producing cells, such as AADC cells.This issue is investigated
by using a hemisection SCI rat model in the present study.
We used rats with a postinjury time at either 5 days or 60
days to examine the expression of 5-HT based on the facts
that the descending 5-HT fibers have been degenerated at
5–7 days after the transection [14, 27], that from 4 to 8
weeks after incomplete SCI significant plastic changes have
occurred in the spinal cord including the descending cortical
and subcortical spinal fibers [6], and that at both time points
the AADC cells have shown a steady increased ability to
synthesize 5-HT from 5-HTP [22].

2. Materials and Methods

2.1. Experimental Animals. All experiments followed the
guidelines of EU Directive 2010/63/EU and were approved
by theDanishAnimal Experiments Inspectorate. Efforts were
taken to minimize the number of animals and their suf-
ferings. Twenty-nine male Sprague-Dawley rats with initial
body weight of 160–490 g during the operation were used
in this study. The animals were subjected to either thoracic
spinal cord hemisection operation (𝑛 = 28) or sacral
spinal cord transection (𝑛 = 1). All the rats had a 12/12-
hour light/dark cycle and had access to food and water ad
libitum. The rats subjected to hemisection were divided into
four groups and the rats in each group underwent different
treatments before perfusion (see further below).

2.2. Spinal Cord Hemisection and Transection Operation.
Before the hemisection operation, the rat was anesthetized
with 2.0% isoflurane in a mixture of gas of O

2
(500 psi) and

N
2
O (200 psi).The surgical area was shaved and cleaned with

alcohol and the whole operation was carried out under sterile
conditions. A 0.2mL mix of sedatives and local anesthesia
(Xylocaine 12.5mg/mL andMarcaine 2.5mg/mL) were given
intramuscularly. Also, a nonsteroidal anti-inflammatory drug
and a postoperation pain relieving drug (Rimadyl, 5mg/kg)
were given subcutaneously. The operation was performed
under a surgery microscope. For hemisection the laminec-
tomy was done at the thoracic vertebral level T10-T11. The
dura was opened and about 1-2mm of the spinal cord at
level T11-T12 was removed at one side without damaging the
dorsal vein or ventral artery. The wound was then closed
by stitching the muscle, fascia and skin separately with a
monofilament suture. For one rat that was subjected to spinal
cord transection at the second sacral level (S2) the surgery

procedure has been described elsewhere [22]; that is, a small
piece of the spinal cord tissue at S2 level was completely
removed. After the operation, the rat was subcutaneously
treated with analgesic (Temgesic 0.1mg/kg) at every 8 hours
for the first 48 hours. The welfare of the animals was
controlled every day until the end of the experiments.

Initially the 28 spinal hemisected rats were divided into
two time groups: 16 rats in a 5-day postoperation group
and 12 rats in a 60-day postoperation group. In each time
group the rats were further divided into two subgroups sub-
jected to different treatments. However, due to compromised
welfare of three animals in the 5-day group they had to
be euthanized before the planned time. Thus in the end
there were 25 rats in total in the four groups: 14 rats were
used in experimental groups or treated groups (8 in the 5-
day group and 6 in the 60-day group, resp., Table 1) which
were subjected to intraperitoneal (i.p.) injection of 5-HTP
(50mg/kg) combined with carbidopa (20mg/kg) in saline
with a small amount of hydrochloride acid 30min before the
perfusion. The other 11 rats were used as control animals or
untreated groups (5 in the 5-day group and 6 in the 60-day
group, resp., Table 1) and were not injected with any drugs
before perfusion. The rat whose spinal cord was transected
at S2 level was treated in the same way as those in the
experimental groups.

All the rats were euthanizedwith pentobarbital 50mg/mL
and perfused intracardially with 200–300mL 0.01M phos-
phate buffered saline (PBS) for 3-4min, followed by a 400mL
solution of 4% paraformaldehyde in 0.1M phosphate buffer
over 15min.The entire spinal cordwas removed andpostfixed
in the original fixative for 24 hours at 4∘C and cryoprotected
in PBS with 30% sucrose for 24 hours at 4∘C. Upon the
removal of the spinal cord the lesion site was inspected under
surgery microscope. All the spinal cord hemisected rats used
in this study were demonstrated to have been hemisected at
T11 or T12 level on one side. The spinal cord was separated
into different segments and the lumbar and sacral parts were
cut horizontally into 40 𝜇m sections. If the spinal cord was
not cut after 48 hours, it was cryoprotected in a 0.01M PBS
solution containing 15% sucrose, 30% ethylene glycol, and
0.05% thimerosal and stored at −20∘C.

2.3. 5-HT and AADC Immunohistochemistry. Every second
section from lumbar (L1–L6) and sacral (S1-Ca3) levels from
all the rats was processed for 5-HT and AADC double
immunofluorescence staining. The sections were rinsed in
PBS twice for 10min each and in PBS with 0.1% Triton
X-100 (PBST) once for 10min. Then the sections were
preincubated in PBST containing 2% bovine serum albumin
and 5% normal donkey serum for an hour. After rinsing in
PBST for 10min, the sections were incubated in the same
solution containing rabbit anti-5-HT (1 : 10000, Immunostar)
and sheep anti-AADC (1 : 200;Millipore-Chemicon) primary
antibodies diluted over 24 hours at room temperature.
Following rinsing four times in PBST for 15min each the
sections were incubated for an hour in donkey anti-rabbit
Alexa Fluor 594 (1 : 200, Invitrogen), donkey anti-sheepAlexa
Fluor 488 (1 : 200, Invitrogen) in PBST with 1% bovine serum
albumin, and normal donkey serum 2% at room temperature.
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Table 1: Summary of the results from the different animal groups.

Group Number of
animals Spinal cord side

Density of 5-HT
fibers in IMZ1 (%
of analyzed area)

Density of 5-HT
fibers in VH2 (%
of analyzed area)

Density of AADC
cells (number of
cells/analyzed

section)

Density of 5-HT
cells (% of AADC

cells)

5-day control 5 Injured 0.89 ± 0.48 1.19 ± 0.51 19.99 ± 3.83 0
Uninjured 3.80 ± 1.22 5.02 ± 1.21 22.37 ± 7.11 0

5-day 5-HTP +
carbidopa 8 Injured 1.26 ± 0.78 0.73 ± 0.18 19.36 ± 8.78 42.52 ± 19.15

Uninjured 4.20 ± 1.82 3.13 ± 0.61 15.08 ± 7.61 25.86 ± 17.81

60-day control 6 Injured 0.36 ± 0.06 0.59 ± 0.38 8.83 ± 3.45 0
Uninjured 3.24 ± 1.24 2.72 ± 1.25 7.10 ± 3.73 0

60-day 5-HTP +
carbidopa 6 Injured 0.78 ± 0.34 0.35 ± 0.08 11.42 ± 5.94 15.98 ± 18.72

Uninjured 2.41 ± 1.16 1.54 ± 0.46 10.85 ± 4.80 9.57 ± 15.00
1IMZ: intermediate zone; 2VH: ventral horn.

After rinsing three times in PBS for 10min each the sections
were mounted, dried, and coverslipped with Fluorescence
Mounting Medium (Dako).

2.4. Data Analysis. The spinal sections were observed with a
fluorescence microscope (Leica DM6000B, Leica Microsys-
tems, Wetzlar, Germany). All the images were captured
digitally (Leica DFC420 C Digital Camera System) and
processed with Adobe Photoshop CS6. To compare with the
results from our previous study where the rat spinal cord was
transected at S2 level [22] we only analyzed the data acquired
from sacrocaudal level in this study.

For the analysis of the density of 5-HT-immunoreactive
(IR) fibers, images were taken from 5 or 6 spinal sections.
Paired images were taken with an imaging area of 1000𝜇m
× 750 𝜇m from the intermediate gray matter/zone and the
ventral motoneuron region from both sides of the selected
sections. To avoid bias in the quantitative data analysis
due to varied spinal locations images from the injured and
uninjured sides were taken from the same rostrocaudal level
(mostly at S2–S4 level). The density of 5-HT-IR fibers was
analyzed with Image J software [13, 14]. To do this the
image was first thresholded and then the area above the
threshold level was calculated and the data from injured and
uninjured sides were compared. The distribution of AADC
cells and the incidence of 5-HT-IR AADC cells at S1-Ca3
were analyzed in the intermediate zone using a MD-plotting
system (Accustage) as has been described previously [22]. All
the sections containing the AADC cells in the intermediate
zone were plotted. The AADC cells and the 5-HT-IR AADC
cells were plottedwith different symbols.The relative quantity
of AADC cells was expressed as cell number per section
and the incidence of 5-HT-IR AADC cells was expressed as
percent AADC cells for each animal.

Standard deviation (SD) was used to represent data
variations from the mean value. The group average value is
expressed as the mean ± SD.The statistical analysis was done
on Sigmaplot (version 11, Systat Software). Paired 𝑡-test (or
Wilcoxon signed rank test if the data were asymmetrically
distributed) or unpaired 𝑡-test (or Mann-Whitney rank-sum
test if the data was asymmetrically distributed) was used

for the comparison of data between two groups and the
significance level was set at 𝑃 < 0.05.

3. Results

3.1. Physical Activity of Hind Limbs and Tail after Spinal Hemi-
section. Immediately after spinal hemisection operation the
hind limb on the injured side became paralyzed in all animals.
Generally, the rats expressed clumsy locomotion pattern of
the affected limb at 5 days and at 7-8 days the locomotor
pattern is more functional. After three weeks the affected
limb looked, from a qualitative point of view, fully functional
during locomotion. We did not score or quantify the level
of spasticity of either limb. There was no tail spasticity
developed for all the rats regardless of the injury times.

3.2. The Density of 5-HT Nerve Fibers in Different Animal
Groups. To investigate whether spinal hemisection com-
pletely removed 5-HT innervations on the same side and
whether the innervations recovered over time we compared
the density of 5-HT-IR fibers and 5-HT-IR AADC cells
on the injured and the uninjured side at the lumbar and
sacrocaudal parts of the spinal cord of the untreated and
treated groups at 5 days and 60 days after injury. Since we
found a similar labelling pattern of 5-HT-IR fibers andAADC
cells at both lumbar and sacrocaudal levels, in this study we
mainly focused on the sacrocaudal part in order to compare
with our previously published results on completely spinal
cord transected rats [22].

First we have analyzed 5-HT fibers in the intermediate
zone in 5-day and 60-day groups. In 5-day rats the density
of 5-HT-IR fibers in the untreated group was dramatically
reduced on the injured side as compared to the uninjured side
(Figure 1(a)). When a quantitative analysis was performed in
the intermediate zone 5-HT-IR fibers on the injured side were
only 23.42% of that on the uninjured side (Table 1). Thus on
the uninjured side 5-HT-IR fibers occupied on average 3.80±
1.22%of the analyzed area, whereas on the injured side 5-HT-
IR fibers occupied only 0.89±0.48%of the analyzed area.This
difference was statistically significant (𝑃 < 0.01, paired 𝑡-test)
(Figure 1(e)). In the treated group, we observed an increase
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Figure 1: 5-HT-immunoreactive (IR) nerve fibers in the intermediate zone in the sacrocaudal spinal cord on the injured and uninjured side
in different animal groups. (a–d) Photomicrographs of 5-HT-IR fibers in 5-day untreated group (a) and 5-HTP plus carbidopa treated group
(b) and in 60-day untreated group (c) and 5-HTP plus carbidopa treated group (d). Dashed line represents the midline in each horizontal
section. CC: central canal. Arrows in (b) and (d) indicate 5-HT-immunoreactive cells. Scale bar in (a), 100𝜇m. (e) Quantitative data of the
density of 5-HT-IR fibers in different animals groups. ∗𝑃 < 0.05, ∗∗𝑃 < 0.01.

of 5-HT-IR fibers on both the injured and the uninjured
side although the 5-HT-IR fibers on the injured side were
significantly lower than the uninjured side (Figures 1(b) and
1(e)) (𝑃 < 0.01, paired 𝑡-test).Thus, the percent area of 5-HT-
IR fibers on the injured side reached 1.26 ± 0.78%, which was
1.4-fold higher than the injured side in the untreated group

although no significant difference was reached (unpaired 𝑡-
test). On the uninjured side the 5-HT-IR fiber density was
4.20±1.82%,whichwas 1.1-fold higher than the uninjured side
in the untreated group. Quantitatively in the treated group
the density of 5-HT-IR fibers in the injured side was 30.0%
(1.26/4.2) of the uninjured side, which was 1.3-fold higher
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than the untreated group (23.42%). However, for the same
side there was no significant difference between treated and
untreated groups (unpaired 𝑡-test) (Figure 1(e)).

Following 60-day injury the density of 5-HT-IR fibers in
the untreated group was dramatically reduced on the injured
side as compared to the uninjured side (Table 1, Figure 1(c)).
The density of 5-HT-IR fibers on the injured side was reduced
to 11.11% of that on the uninjured side. Thus on the injured
side the density of 5-HT-IR fibers was only 0.36 ± 0.06%
on average, whereas on the uninjured side it was 3.24 ±
1.24%. The difference was statistically significant (𝑃 < 0.01,
paired 𝑡-test) (Figure 1(e)). In the treated group, the density
of 5-HT-IR fibers on the injured side was clearly increased
(Figure 1(d)), which reached 32.59% of that on the uninjured
side although the density on the uninjured side was still
significantly higher than the injured side (𝑃 < 0.05, paired 𝑡-
test) (Figure 1(e)). Thus the density of 5-HT-IR fibers on the
injured side was 0.78±0.34%, which was 2.2-fold higher than
the injured side in the untreated group and the difference was
statistically significant (𝑃 < 0.01, Mann-Whitney rank-sum
test) (Figure 1(e)). On the uninjured side the 5-HT-IR fiber
density was 2.41±1.16%, which appeared 41% lower than the
uninjured side in the untreated group but the difference was
not statistically different (unpaired 𝑡-test) (Figure 1(e)).

Because spinal motoneurons receive dense 5-HT fiber
innervations, to investigate whether 5-HT fibers undergo
similar plastic changes around the motoneurons, we have
examined 5-HT fiber density in different animal groups with
the same method. As shown in Table 1 and Figure 2, the den-
sity of 5-HT fibers on the injured side was significantly lower
than the uninjured side for both 5-day and 60-day groups
regardless of the treatment with 5-HTP and carbidopa. Thus
the density of 5-HT fibers on the injured side was counted
for consistently about 21–24% of that on the uninjured side
in the different groups. These density differences on the two
sides were somehow similar to those in the intermediate
zone (11–33%, see above) in the different groups. However,
to our surprise, the density of 5-HT fibers was lower in the
treated groups than in the untreated groups for both 5-day
and 60-day groups. We will discuss these results further in
the Discussion.

We did not try to make a comparison for the 5-HT-IR
fiber density between 5-day and 60-day postinjury groups.
The key issue we were interested in was that whether 5-
HT-IR fibers became denser following 5-HTP + carbidopa
application in each group. However, in general the 5-HT-IR
density at the 5-day postinjury group was higher than the 60-
day postinjury on both sides regardless of locations of the gray
matter and the drug applications.

3.3. The Distribution of the AADC Cells in Different Exper-
imental Groups. To investigate whether spinal hemisection
affects the expression of AADC cells in the spinal cord we
investigated the distribution of the AADC cells on the injured
and the uninjured side at the sacrocaudal spinal segment
in different animal groups. As we have reported previously
[22] the AADC cells were found in the dorsal horn, the
intermediate zone, and the region around the central canal
on both sides (data not shown). To facilitate the comparison

with the results from our spinal transection experiments [22]
the quantitative analysis was only performed on the data from
the intermediate zone.

The results showed that in both 5-day and 60-day groups
AADC cells showed a similar distribution on the injured and
uninjured side regardless of whether the rat was treated with
5-HTP and carbidopa or not (𝑃 > 0.05 for the two time
groups), indicating that hemisection and drug application
did not alter the expression of AADC cells in the injured
side (Table 1). Therefore we decided to pool the data from
the untreated group and the treated group together. In the
5-day group the number of AADC cells in the intermediate
zone on the injured side was 19.60 ± 7.07/section whereas
on the uninjured side it was 17.88 ± 8.02/section (𝑛 = 13).
No significant difference was found between the two sides
(𝑃 = 0.721, paired 𝑡-test). Similarly, in the 60-day group
the number of AADC cells in the intermediate zone on
the injured side was 10.13 ± 4.82/section whereas on the
uninjured side it was 8.98 ± 4.56/section (𝑛 = 12). No
significant difference was found between the two sides (𝑃 =
0.128, paired 𝑡-test). Since we did not systematically plot the
AADC cells in all the sections no attempt was made to make
a quantitative comparison of AADC cells between the 5-day
and the 60-day groups.

3.4. The Ability of the AADC Cells to Produce 5-HT from
Extraneously Applied 5-HTP following Hemisection. Because
the main purpose of this study was to investigate whether
AADC cells increased their ability to produce 5-HT from 5-
HTP following hemisection, we have examined 5-HT expres-
sion in AADC cells in two different animal groups following
5-HTP + carbidopa application. 5-HT-positive AADC cells
were examined at the sacrocaudal level in both the untreated
and the treated group in 5-day and 60-day rats. In addition
5-HT-positive AADC cells were also examined in the spinal
cord from the rat subjected to a complete spinal transection at
S2 level and the results showed that 100% of the AADC cells
in the intermediate zone became 5-HT-IR in this rat (data not
shown).

In the untreated groups no AADC cells became 5-HT-
positive on both the injured and the uninjured side of the
spinal cord in both 5-day and 60-day groups. In the 5-day
treated group we have observed a certain number of 5-HT-
IR AADC cells on both the injured side and uninjured side in
7 out of 8 cases (Figures 3(a) and 3(b)). Quantitative analysis
showed that 42.52±19.15% (𝑛 = 8) of AADC cells became 5-
HT-positive on the injured side whereas only 25.25 ± 17.81%
(𝑛 = 8) of the AADC cells became 5-HT-IR on the uninjured
side. The difference was significantly different (𝑃 < 0.01,
power = 0.85 with 𝛼 = 0.05, paired 𝑡-test) (Figure 3(c)). In 60-
day treated group we observed a certain number of 5-HT-IR
AADC cells in 3 out of 6 rats in the injured side and 2 out of 6
rats in the uninjured side (Figures 3(d) and 3(e)).Quantitative
analysis showed that 15.98 ± 18.72% (𝑛 = 6) of the AADC
cells on the injured side became 5-HT-IR while 9.57±15.00%
(𝑛 = 6) of AADC cells on the uninjured side became 5-HT-
IR. The difference between the injured and uninjured sides
was not statistically significant (𝑃 = 0.25, Wilcoxon signed
rank test) (Figure 3(f)). Further, we have compared the data
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Figure 2: 5-HT-immunoreactive (IR) nerve fibers in the ventral horn motoneuron region in the sacrocaudal spinal cord on the injured and
uninjured side in different animal groups. (a1–d2) Photomicrographs of 5-HT-IR fibers in 5-day untreated group (a1, a2) and 5-HTP plus
carbidopa treated group (b1, b2) and in 60-day untreated group (c1, c2) and 5-HTP plus carbidopa treated group (d1, d2). (a1) and (a2) were
from the same horizontal section. Dashed line indicates the midline. VMF: ventral median fissure. Other pairs of photomicrographs were
from different sections. Scale bar in (a1), 100 𝜇m. (e) Quantitative data of the density of 5-HT-IR fibers in different animals groups.∗∗𝑃 < 0.01.
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(a) 5-day rat: 5-HTP + carbidopa: injured side

(b) 5-day rat: 5-HTP + carbidopa: uninjured side

(e) 60-day rat: 5-HTP + carbidopa: uninjured side

(d) 60-day rat: 5-HTP + carbidopa: injured side

Figure 3: 5-HT expression in AADC cells in the intermediate zone in the sacrocaudal spinal cord on the injured and uninjured side in the
animal groups injected with 5-HTP and carbidopa. (a) Photomicrograph showing 5-HT-immunoreactive (IR) AADC cells on the injured
side in a rat at 5 days after injury. (b) On the uninjured side in a rat at 5 days after injury. Arrows indicate the 5-HT-IR AADC cells. (c) Group
data of the incidence of 5-HT-IR AADC cells on the injured side with respect to uninjured side. Dots/squares represent data from different
individual cases. Dashed lines connect the data from the same cases. There was significant difference of 5-HT-IR cells between the two sides
(∗∗𝑃 < 0.05). (d–f) Data from 60-day postinjury group with the same format as in 5-day postinjury group.

in the two time groups treated with 5-HTP and carbidopa.
The results revealed that on the injured side the incidence of
5-HT-IR AADC cells in 5-day group was significantly higher
than that in 60-day group (𝑃 < 0.05, power = 0.59 with 𝛼 =
0.05, 𝑡-test), whereas on the uninjured side the difference was
not significant (𝑃 = 0.096, power = 0.27 with 𝛼 = 0.05, 𝑡-test).

Due to large variations for the 5-HT-IR AADC cells in
different drug treated groups we speculate whether this was

related to the variations of 5-HT fiber denervation. Thus we
have made a Pearson product-moment correlation analysis
between incidences of 5-HT-IR AADC cells and the densities
of 5-HT fibers in different drug treated groups and the results
showed no correlation between the density of the 5-HT-IR
fibers and the number of 5-HT-IR AADC cells. Actually, the
variation of the density of 5-HT-IR fibers was relatively small
within a specific group/side (Table 1), which indicates that
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the higher incidences of 5-HT-IR AADC cells in some cases
were due to other facts (see Discussion).

4. Discussion

In the present study using thoracic hemisection rat model
we found that, first, 5-HT-IR nerve fibers in both the
intermediate zone and the ventral horn motoneuron region
were dramatically reduced on the injured side in comparison
with the uninjured side for both 5-day and 60-day groups, and
this decrease did not recover in animals with a longer survival
time; second, there was no significant expression difference
for the AADC cells on the injured side and uninjured side
for both time groups; and third, the AADC cells increased
their ability to synthesize 5-HT from its precursor, 5-HTP, at
5 days but not at 60 days after injury. These results indicate
different plastic changes may occur for the spinal cord which
is subjected to a partial or a complete injury.

4.1. Plastic Changes of 5-HT Fibers following Partial Spinal
Cord Injury. There are many investigations to examine the
plastic changes of 5-HT fibers with different SCI animal
models. The density of 5-HT fibers in the spinal cord after
SCI varies in relation tomany different factors which include,
among others, the severity of the injury, the postinjury time,
and the locations in the spinal cord. For example, when
the spinal cord was completely transected usually just a
few 5-HT-IR fibers were observed below the lesion in the
intermediate zone and/or the ventral horn following more
than twomonths of injury [14, 15, 28]. In contusion injury the
density of remaining 5-HTfibers below the lesion depends on
the locations along the dorsoventral axis and the severity of
the injury [20]. In hemisection the density of 5-HT fibers in
the ventral hornwas reported at a range from8% to 30%of the
control value according to different studies with a postinjury
time window from 4 to 7 days [9, 23, 25, 26]. Hains et al.
[10] found that, in the dorsal horn (laminae I-II), following
3-day of hemisection at thoracic level, ∼30% 5-HT-IR fibers
remain in the lumbar spinal cord. Our 5-HT fiber data from
5-day animals in the intermediate zone and the motoneuron
region are in general agreement with that reported in the
dorsal horn and the ventral horn, indicating that 5-HT fibers
may undergo a similar degradation process in different parts
of the gray matter.

An apparent discrepancy exists in the literature as to
whether 5-HT fibers recover over time after spinal hemisec-
tion. Some studies have reported a gradual increase of 5-
HT-IR fibers on the ipsilateral side below the lesion [9, 10,
24] whereas some others did not (e.g., [25]). For example,
Saruhashi et al. [9] observed that from first week to the
fourth week the 5-HT-IR fibers recovered from 20% to about
75% of the normal value in the ventral horn. Camand et
al. [24] and Hains et al. [10] also reported similar results
although with slight variations in the intermediate zone and
dorsal horn, respectively. On the contrary, Filli et al. [25]
reported a decrease to about 10% by 4 weeks from about
30% at day 4. Our results are quite similar to Filli et al.’s
in that by 60 days the density of 5-HT-IR fibers in the
intermediate zone was reduced to 11% from 23% at 5 days. In

themotoneuron region although the valuewas not reduced so
much (23% versus 22%) it neither increased. There might be
several explanations for this discrepancy. First, the different
locations in the spinal gray matter may undergo different
plastic changes of 5-HT innervations. In our study 5-HT
fiber density in the ipsilateral intermediate zone decreased
more than in the motoneuron region upon 60 days, which
may indicate that the intermediate zone is less affected by
5-HT axon reinnervation. Second, upon 5 days after injury
the 5-HT fibers may not drop to the lowest level. It may
take 2-3 weeks for the degenerated 5-HT fibers to completely
disappear [14]. In this case the reinnervation will take some
time to reach a certain level. Thus more experimental groups
with narrower time intervals are needed. Third, it might be
more logical to compare the data from the injured side with
the normal control animal rather than the uninjured sides,
since hemisection could also affect the 5-HT fiber density
in the uninjured side considering the existence of crossing
5-HT fibers. In addition, different lesion level, slight lesion
variations, and different analysis methods may also result in
different 5-HT density output. In any way, further studies are
needed to find out which factor(s) is (are) involved in causing
this discrepancy.

We observed that the density of 5-HT-IR fibers in the
intermediate zone increased on both sides in 5-day group
and on injured side in 60-day group after combining 5-HTP
and carbidopa injections, and the density decreased in the
motoneuron region for both sides in the two time groups.
It is easy to understand the increase due to the increased
availability of 5-HT precursor in the 5-HT fibers. However,
it is bewildering that 5-HT fiber density decreased with
addition of 5-HTP. One possible explanation may be that
the contribution of 5-HT fibers from the AADC cells is very
limited presumably due to their poor fiber arborization. In
this case, what we saw in the motoneuron region is just
the results representing approximately those prior to 5-HTP
application.

4.2. Plasticity of AADC Cells following SCI. Similar to our
study using complete spinal transection rat model [22] we
did not observe AADC cell expression changes on the injured
side. This result is different from Li et al.’s [29] observation
that AADC cells are only expressed in the region around
the central canal and that only after spinal transection they
start to appear in the intermediate zone.The results from our
group thus indicate that the number of AADC cells is not
increased in response to SCI although AADC plastic changes
at molecular level cannot be excluded.

One of themain purposes of the present study is to exam-
ine whether AADC cells increase their ability to produce
5-HT from its precursor, 5-HTP. It has been reported both
from our and Bennett’s research group that after complete
spinal transection AADC cells in the spinal cord increase
their efficacy to catalyze 5-HTP [22, 29]. In the present study
we have observed an increased enzymatic ability in spinal
AADC cells on the injured side at 5 days but, to our surprise,
not at 60 days although the results are not conclusive due
to the lower statistical power in the 60-day group. Thus
we have observed a different AADC activity in response to
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complete spinal transection and hemisection. At 5 days after
either complete spinal transection or hemisection AADC
cells dramatically increase their ability to use 5-HT precursor
to synthesize 5-HT ([22]; present study). This rapid response
of AADC cells in the spinal cord may be a response to
a sudden loss of supraspinal 5-HT innervation, and thus
through the deactivation of 5-HT1B receptors AADC cells
are activated [22]. After spinal hemisection both intraspinal
and supraspinal plasticity occur which will help eventually to
reestablish anatomical and functional circuits in the spinal
cord. In addition to the descending 5-HT pathway other
descending pathways, such as corticospinal, rubrospinal, and
reticulospinal pathway, may also have an inhibitory effect
on the spinal AADC cells. A large body of evidence has
indicated that extensive plasticity occurs usually after 2-3
weeks of injury (reviewed by Nardone et al. [30]). Indeed,
usingmicrodialysis techniqueGerin et al. [31] have found that
5-HT release in the lumbar ventral horn showed about 200%
increase at day 18 relative to day 8 following subhemisection.
Meanwhile plastic changes of many other pathways, includ-
ing intraspinal and descending pathways,may reorganize and
reestablish functional circuits in the spinal cord [6, 32]. All the
above factors may contribute to reestablishing an inhibitory
network for the AADC cells in the chronic phase following
hemisection. In spinal transection these descending path-
ways, including 5-HT pathway, will not recover below the
lesion; thus AADC cells will continue to be active in the
chronic phase.

4.3. Significance of Plastic Changes of AADC System in the
Spinal Cord. 5-HT is an important neuromodulator for both
motor and sensory functions in the spinal cord [11, 30].
Numerous studies have illustrated that locomotor activity can
be recovered following 5-HT or its precursor application or
transplantation of 5-HT-producing cells in the spinal cord
after spinal cord transection [30, 33–36]. Thus it is extremely
important that after SCI there are sources in the spinal cord
that could produce 5-HT. Evidence from complete spinal
cord transection studies showed that the activity of AADC
cells is increased in both the subchronic and chronic phase
and 5-HT produced from these cells could induce increased
motoneuron excitability and thus muscle spasms. Our results
in the present study indicate that after hemisection a plastic
change occurs for AADC cells in that in the subchronic phase
they could increase their ability to potentially provide 5-HT if
its precursor is available. Although AADC cell activity is not
significantly increased in chronic phase the cells may help to
maintain the reestablished spinal network which is essential
for functional recovery of the spinal cord in later phase.
Actually in agreement with many other studies (e.g., [9, 25])
we observed a motor function recovery over time in the body
parts below the hemisection in 60-day rats without giving any
external interventions. It deserves further investigation as to
howmuchAADC cells contribute to this functional recovery.
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We have previously reported the crossed-withdrawal reflex in which the rats with nerve injury developed behavioral pain
responses of the injured paw to stimuli applied to the contralateral uninjured paw. This reflex indicates that contralateral
plastic changes may occur in the spinal cord after unilateral nerve injury. The present study was performed to elucidate the
mechanisms and morphological correlates underlying the crossed-withdrawal reflex by using quantitative 14C-2-deoxyglucose (2-
DG) autoradiography which can examine metabolic activities and spatial patterns simultaneously. Under pentobarbital anesthesia,
rats were subjected to unilateral nerve injury. Mechanical allodynia was tested for two weeks after nerve injury. After nerve injury,
neuropathic pain behaviors developed progressively. The crossed-withdrawal reflex was observed at two weeks postoperatively.
Contralateral enhancement of 2-DG uptake in the ventral horn of the spinal cord to electrical stimulation of the uninjured paw
was observed. These results suggest that the facilitation of information processing from the uninjured side to the injured side may
contribute to the crossed-withdrawal reflex by plastic changes in the spinal cord of nerve-injured rats.

1. Introduction

It has been shown that peripheral nerve injury can cause
severe chronic pain in humans [1, 2]. Humans frequently
experience neuropathic pain symptoms such as spontaneous
burning painful sensations, hyperalgesia (elevated sensitivity
to noxious stimulation), and allodynia (painful experience to
innocuous stimulation) after peripheral nerve injury.

Occasionally, neuropathic pain symptoms can be
observed on the opposite side of the nerve injury in humans
or in experimental animal models of neuropathic pain
[1–4]. It indicates that the intact side of the body can be
sensitive and may produce secondary pain after unilateral
nerve injury [5, 6]. This phenomenon has been known as
the “mirror image pain.” Although the mechanism of mirror
image pain remains unclear, the investigation for possible
mechanisms for mirror image pain is an ongoing project. In
mirror image pain, IL-6 protein and mRNA in both lumbar
and cervical dorsal root ganglia were elevated bilaterally

following unilateral chronic compression injury of the sciatic
nerve [7]. Also, bilateral changes of cannabinoid receptor
type 2 protein and mRNA in the dorsal root ganglia of a rat
neuropathic pain model were reported [8].

In our previous study [9], we observed that the rats with
unilateral nerve injury showed withdrawal responses of the
injured paw to stimuli applied to the contralateral uninjured
paw. This phenomenon is fundamentally different from
mirror image pain.Therefore, this phenomenon is called “the
crossed-withdrawal reflex.” The mechanisms underlying the
crossed-withdrawal reflex are still uncertain. For the crossed-
withdrawal reflex to appear, the dorsal horn neurons on the
intact side need to be activated by applied stimulation and
then the ventral horn neurons on the injured side need to
be activated by inputs from the intact side. However, the
connections between the dorsal horn neurons on the intact
side and the ventral horn neurons on injured side are unclear.
For example, the information may be transmitted directly
from the dorsal horn on the intact side to the ventral horn
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of the injured side. Otherwise, the input information on the
intact sidemay go indirectly to the ventral horn on the injured
side via a relaying part of the spinal cord. Despite the lack of
information of a detailedmechanism, the crossed-withdrawal
reflex is a very interesting phenomenon. It appears to reflect
the central neuroplastic changes, which involve various mor-
phological, electrophysiological, and biochemical processes.

The fact that increased neuronal excitability is linked
with increased metabolism has been confirmed by 14C-2-
deoxyglucose (2-DG) autoradiography, which is a functional
mapping technique established by Sokoloff et al. [10]. 2-DG
is phosphorylated by hexokinase to form 2-DG-6-phosphate,
which is not metabolized further and trapped within acti-
vated cells. 2-DG technique allows simultaneous examination
ofmetabolic activity and spatial pattern affected by a stimulus
or behavioral condition [11–14]. Recently, Dedeurwaerdere
et al. [15] reported patterns of brain glucose metabolism to
investigate a clinically functional biomarker by using 2-DG
autoradiography technique.

The present study was conducted to elucidate the mech-
anism of “the crossed-withdrawal reflex” and to clarify the
alteration of metabolic activity of this phenomenon using the
quantitative 2-DG autoradiography technique.

2. Materials and Methods

2.1. Neuropathic Model. Male Sprague-Dawley rats weighing
between 200 and 250 g were used. All animal experiments
were approved by the Institutional Animal Care and Use
Committee of Yonsei University Health System. Twelve rats
were anesthetized with pentobarbital (Entobar, 50mg/kg,
i.p.). Tomake a neuropathic injurymodel, the tibial and sural
nerves were cut with fine scissors after a tight ligation with a
6-0 silk thread, while the common peroneal nerve was left
intact [16].

2.2. Behavioral Tests. Mechanical allodynia was carried out
in all of the rats preoperatively and again for two weeks post-
operatively. An innocuous mechanical stimulus was applied
with a von Frey filament (8mN of bending force) to the
sensitive area of the hind paw. Rats were placed on a metal
mesh floor under a transparent plastic dome (8 × 8× 18 cm).
By poking various areas of the paw with a von Frey filament
the most sensitive area was determined in advance. After-
wards, the test was conducted 10 times to each hind paw by
gently poking the most sensitive spot with the filament. The
frequency of foot withdrawal expressed as a percentage was
used as the index of mechanical allodynia. Assessments were
made on both the injured side and uninjured contralateral
side.

To examine the crossed-withdrawal reflex, animals
expressing response rates equal ormore than 40% inmechan-
ical allodynia were stimulated to the contralateral uninjured
paw. To compare to the real stimulation, sham stimulation
was applied according to the same procedure as von Frey
filament except for actual contact and then the frequency
of the paw withdrawal was expressed as shown above. The
responses to the actual and sham applications of von Frey
filament were compared using the paired t-test.

2.3. Autoradiography. Five nerve-injured rats and four nor-
mal controls weighing 250–350 g were used to conduct 2-
DG technique. Under pentobarbital anesthesia (50mg/kg),
thoracic jugular vein catheter (Braintree Scientific, Inc. MA.
USA) was inserted into the external jugular vein contralateral
to the side of nerve injury. The free end of the catheter was
expelled through a subcutaneous tunnel to a small incision
in the top of the head. A bolus of 14C-2-DG (25uCi) was
then injected over 15 sec into the jugular vein 5min before the
uninjured paw was electrically stimulated. Electrical pulses
(rectangular pulse, 3–6mA, 0.4msec, 0.5Hz) were delivered
for 20min to bipolar needle electrodes inserted subcuta-
neously into the receptive field (defined in the behavior
test) of the uninjured hind paw. 25min after the electrical
stimulation, the animals were sacrificed by an overdose of
pentobarbital and perfused with saline and 10% formalin
solution. The spinal cords (L1-L6) were rapidly removed and
immediately frozen. Lumbar segments of the spinal cordwere
sectioned into 20 𝜇m slices using a cryostat (Leica, Wetzlar,
Germany) at −20∘C.

The sections were attached to a cardboard and were
exposed with precalibrated [14C]-methyl methacrylate stan-
dards (Amersham, Piscataway,NJ,USA) toX-ray film (Kodak
BioMax MR) for 10 days. For quantitative analysis, the spinal
cord gray matter was divided into 4 regions: the dorsal horn
(corresponding approximately to laminae I-IV), the interme-
diate horn (laminaeV-VI), the ventral horn (laminaeVII-IX),
and the central gray (lamina X). The selected regions were
digitized using computer-generated templates for each spinal
lumbar segment from L1 to L6. The digitized images were
quantified using the MetaMorph Imaging System (Universal
Image Co., Downingtown, PA, USA).

2.4. Statistical Analysis. Data were expressed as means ±
S.E.M. Differences in changes of neuropathic pain behaviors
following nerve injury were tested using Friedman’s two-way
ANOVA by ranks, followed by post-hoc pairwise compar-
isons.

The frequency of the paw withdrawal responses to the
actual applications of von Frey filament and sham stimu-
lation was compared using the paired t-test. The crossed-
withdrawal reflex developing after nerve injury was analyzed
using Friedman’s two-way ANOVA by ranks followed by
post hoc pairwise comparisons. Pearson’s product-moment
correlation coefficient between responsiveness of the injured
and uninjured paws to von Frey filament of the uninjured side
was analyzed using t-test.

To evaluate the lateralization of information processing
following electrical stimulation of the uninjured side of the
spinal cord, data from the ventral horns both ipsilateral and
contralateral to electrical stimulation were analyzed using
the cross ratio, which is as follows: [metabolic activity in
the contralateral ventral horn]/[metabolic activity in the
ipsilateral ventral horn] × 100.

Data were expressed as means ± S.E.M. at each level of
the lumbar spinal cord. Cross ratios of the nerve-injured rats
and those of normal control rats were compared at each spinal
level using the independent t-test.
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Figure 1: Development of mechanical allodynia in rats with injury
to the tibial and sural nerves. Response rate to a von Frey filament
was used as an index of mechanical allodynia. Data were expressed
as means ± S.E.M. Abscissa was marked as Pre for preoperative
time and D for postoperative days (Sham: sham-operated control
rats, Injured: neuropathic rats). Asterisks (∗) indicate significant
differences compared to preoperative values, according to Fried-
man’s repeated ANOVA on ranks followed by Dunnett’s multiple
comparison test (∗𝑃 < 0.05, ∗∗𝑃 < 0.01).

3. Results

3.1. Development of Mechanical Hypersensitivity. The result
of mechanical allodynia is shown in Figure 1. The response
rate to a von Frey filament was used as an index of mechan-
ical allodynia. As shown in Figure 1, the rats were rarely
responsive to a von Frey filament prior to the surgery. The
responsiveness of the injured foot gradually increased from
the first day and reached its highest level on the 14th day
postoperatively.

3.2. Behavioral Crossed-Withdrawal Reflex. In Figure 2, the
result of the crossed-withdrawal reflex is shown by expressed
responsiveness of the injured paw to the application of a
von Frey filament to the uninjured side. The frequency
of the paw withdrawal was compared between the actual
stimulation of von Frey filament and sham application. The
crossed-withdrawal reflexes were apparently higher than the
responsiveness of the injured paws to the sham stimulation
(𝑃 < 0.05, paired t-test) but the reflex was not observed in
normal control animals.

3.3. Effects of Nerve Injury on Metabolic Activities in the
Spinal Cord. To observe any increased crossing input from
the uninjured side to the injured side in the spinal cord,
the metabolic activities of the lumbar spinal cord in nor-
mal controls and nerve-injured rats that expressed cross-
withdrawal reflexes were compared. Electrical stimulation of
the uninjured paw of neuropathic rats produced significantly
increased 2-DG uptake in contralateral ventral horn in the
lumbar spinal cord; but, in normal controls, upregulation of
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Figure 2: Crossed-withdrawal reflex measured by the response of
the injured paw to stimulation of the uninjured paw on day 14
postoperatively.The frequency of the pawwithdrawal was expressed
as means ± S.E.M. and compared between actual applications
(Stim) of von Frey filament and sham stimulation (Sham). (Control:
control rats, Injured: neuropathic rats). An asterisk (∗) indicates
significant differences between actual applications of stimuli and
sham stimulation, according to the paired t-test (∗𝑃 < 0.05).

2-DG uptake was produced in the ipsilateral ventral horn
where the electrical stimulation was applied (Figure 3).

Cross ratios from different levels of the spinal cord are
compared in Figure 4. Of the lumbar segments, L3 to L6
segments in nerve-injured rats were associated with signifi-
cantly higher cross ratios than normal controls (𝑃 < 0.05,
independent t-test). In the L1-L2 segments, the cross ratios of
nerve-injured rats tended to be slightly higher but were not
significantly different from controls (𝑃 > 0.05, independent
t-test).

4. Discussion

After nerve injury, bilateral allodynia including original pain
and mirror image pain can be found in experimental animal
models as well as human patients. It has been shown that the
mirror image pain develops in a minority of human patients
but it recurs frequently [17].

Contralateral changes resulting from ipsilateral pain
symptoms have also been reported through different exper-
imental paradigms in the absence of lesions of the nervous
systems. Subcutaneous injection of dilute formalin solution
into a hind paw induced a mirror-image-like pain, and the
rats frequently licked the contralateral untreated hind paw
[18]. A similar phenomenon was reported using a unilateral
inflammation model in the rat ankle [19]. These observations
suggest that initial painful states on one side may produce
hypersensitivity on the contralateral uninjured side following
unilateral injury. Therefore, the secondary pain on the other
side can be seen as a “mirror image pain.” However, the
mechanisms underlying mirror image pain may be different
from those of original pain ipsilateral to injury as the original
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Figure 3: Representative pseudocolor-enhanced images showing metabolic activities in the L3 lumbar spinal cord of control (a) and
neuropathic (b) rats after peripheral stimulation. The right side of the spinal cord is ipsilateral to the electrical stimulation of the hind paw.
Note the increased 2-DG uptake in the contralateral ventral horn of the neuropathic rat compared to the ipsilateral ventral horn. On the
contrary, 2-DG uptake increased in the ipsilateral ventral horn of the control rat compared to the contralateral ventral horn.
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Figure 4: Comparison between cross ratios at different lumbar lev-
els of the spinal cord in normal and neuropathic rats following elec-
trical stimulation of the paw. Cross ratios were calculated as follows:
[metabolic activity in the contralateral ventral horn]/[metabolic
activity in the ipsilateral ventral horn] × 100 (Control: control
rats, Injured: neuropathic rats). Asterisks (∗) indicate significant
differences between cross ratios at different lumbar levels of the
spinal cord in normal and neuropathic rats, according to the
independent t-test (∗𝑃 < 0.05, ∗∗𝑃 < 0.01).

ipsilateral pain was relieved by intravenous lidocaine but not
the mirror image pain [20].

In the present study, the crossed-withdrawal reflex rep-
resents information processing from input on the uninjured
side to output on the injured side. This phenomenon was
morphologically determined by using the 2-DG autoradio-
graphy technique. As determined by cross ratio using the 2-
DG technique, the magnitude of the contralateral metabolic
2-DG activity over the ipsilateral activity by the stimulation of
the uninjured side in the neuropathic rat was greater than that
in the normal control animals.This result indicates that infor-
mation processing from input on the uninjured side to output

on the injured side must be facilitated in rats with nerve
injury. This result provides a morphological and metabolic
evidence for the behavioral cross-withdrawal reflex.

Similarly, it was found that spinal cord glucose con-
sumption increased both contralaterally and ipsilaterally after
chronic constriction injury of the unilateral sciatic nerve
[11, 12]. Contralateral increase of 2-DG uptake in the spinal
cord was also found after unilateral noxious heat stimulation
of a hind limb in cats [21] and after formalin injection into
the hind paw of rats [19], but there has been no report that
has shown facilitated metabolic activity from input on the
uninjured side to output on the injured side. Even though it
is not exactly in agreement with the report that spinal cord
activity may be altered in chronic pain states [22], our own
results support the hypothesis that the observed metabolic
pattern in the spinal cord is mainly due to information
processing from input on the uninjured side to output on
the injured side. The present 2-DG data are in accordance
with the behavioral and electrophysiological findings of the
crossed-withdrawal reflex [9].

Our previous study [9] reported that rats show the
crossed-withdrawal reflex after unilateral peripheral nerve
injury. The crossed-withdrawal reflex is known as the
increased responsiveness on the injured side to stimulation
on the uninjured side, indicating neuroplastic changes in the
spinal cord after nerve injury. In the case of conventional
neuropathic pain, sensory information from the dorsal root
goes to the ipsilateral ventral horn of the injured side. In the
case of mirror image pain, sensory information from the dor-
sal root goes to the ipsilateral ventral horn on the uninjured
side. Therefore, conventional neuropathic pain and mirror
image pain behaviors are represented unilaterally. However,
the crossed-withdrawal reflex is represented contralaterally.
As a result, sensory information from the dorsal root on the
uninjured side travels across the midline of the spinal cord
to reach the contralateral ventral horn of the injured side
(Figure 5).
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Figure 5: Diagram showing the neuropathic behavior, mirror image pain behavior, and crossed-withdrawal reflex. The crossed-withdrawal
reflex is the increased responsiveness of the injured side to stimulation on the uninjured side. In terms of input-output information
processing, conventional neuropathic pain and mirror image pain behaviors are represented unilaterally. However, the crossed-withdrawal
reflex is represented contralaterally. In other words, input through the dorsal root traverses across the midline of the spinal cord toward the
contralateral ventral horn.

Our present study showed that electrical stimulation
on the uninjured side increased metabolic activities on the
injured side through the multisegments of the spinal cord.
These results suggest that maybe there exist heterotopic
transneuronal signaling pathways between the uninjured side
and the injured side.There are evidences supporting the exis-
tence of the transneuronal signaling pathway.The anatomical
study by Fitzgerald [23] reported that a neural connection
exists at the spinal cord, indicating that the transneuronal
signaling pathwaymay bemediated via commissural tracts or
interneurons in the spinal cord. In a pathological condition
as shown after injury, sensations on the intact side can
be frequently related to the sensations on the injured side.
According to an electrophysiological study by Sotgiu and
Biella [20], 88% of wide-dynamic range (WDR) neurons
ipsilateral to injury were activated by noxious mechanical
stimulation on the intact side in anesthetized, spinalized rats.
The activated responses of WDR neurons were significantly
larger in nerve-injured rats than in sham or intact animals.
In the case of phantom limb pain, painful muscle areas
in the intact limb were related to the painful areas in the
phantom limb [24]. Light stimulation on a healthy limb often
leads to touch or pain in both the injured and intact limbs
(synchiria) [25, 26]. Furthermore, Casale et al. [25] found that
phantom limb pain can be relieved by contralateral myofas-
cial injection of bupivacaine, a local anaesthetic, in human
patients. In addition, phantom limb pain can be attenuated
by transcutaneous electric nerve stimulation (TENS) applied
to the contralateral healthy limb [27]. These suggest that
heterotopic treatment may relieve chronic pain through the
transneuronal signaling pathway.

The detailed mechanisms of the crossed-withdrawal
reflex with nerve injury still remain to be determined.
However, this result is in good agreement with the report
which demonstrates that peripheral nerve injury, a model
for neuropathic pain, is associated with a synaptic plasticity
in the spinal dorsal horn [28]. The crossed-withdrawal
reflex provides a useful model for neural plasticity and may
contribute to the modulation of neuropathic pain.

5. Conclusions

We observed that the rats with unilateral nerve injury
showed withdrawal responses of the injured paw to stimuli
applied to the contralateral uninjured paw. We called this
unusual response type “the crossed-withdrawal reflex.” We
determined the “crossed-withdrawal reflex” by behavioral
and electrophysiological aspects in our previous report.

In the present study, electrical stimulation of the unin-
jured paw of neuropathic rats produced significant increase
of 2-DG uptake in contralateral ventral horn in the lumbar
spinal cord. This result is in accordance with the behavioral
and electrophysiological findings of the crossed-withdrawal
reflex and suggests that information processing from input
on the uninjured side to output on the injured side may
be facilitated in neuropathic rats by neuroplastic changes
through the heterotopic transneuronal signaling pathway in
the spinal cord after peripheral nerve injury.

Conflict of Interests
The authors declare that there is no conflict of interests
regarding the publication of this paper.



6 Neural Plasticity

Acknowledgment

This work was supported by the National Research Founda-
tion of Korea funded by the Ministry of Science, ICT and
Future Planning (NRF-2015021989).

References

[1] S. W. Mitchell, Injuries of Nerves and Their Consequences,
Lippincott, Philadelphia, Pa, USA, 1872.

[2] J. J. Bonica, “Causalgia and other reflex sympathetic dystro-
phies,” in Advances in Pain Research and Therapy, J. J. Bonica,
J. C. Liebeskind, and D. G. Albe-Fessard, Eds., vol. 3, pp. 141–
166, Raven Press, New York, NY, USA, 1979.

[3] P. K. Thomas, “Clinical features and differential diagnosis,” in
Peripheral Neuropathy, P. J. Dyck, P. K. Thomas, E. H. Lambert,
and R. Bunge, Eds., pp. 1169–1190, Saunders, Philadelphia, Pa,
USA, 2nd edition, 1984.

[4] W. K. Livingston, “The mirror image,” in Pain and Suffering, H.
L. Fields, Ed., pp. 79–85, IASP Press, Seattle, Wash, USA, 1998.

[5] V. Kayser, A. I. Basbaum, and G. Guilbaud, “Deafferentation
in the rat increases mechanical nociceptive threshold in the
innervated limbs,” Brain Research, vol. 508, no. 2, pp. 329–332,
1990.

[6] B. P. Vos, A. M. Strassman, and R. J. Maciewicz, “Behavioral
evidence of trigeminal neuropathic pain following chronic
constriction injury to the rat’s infraorbital nerve,” The Journal
of Neuroscience, vol. 14, no. 5, pp. 2708–2723, 1994.
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Objective. Stroke alters cortical excitability both in the lesioned and in the nonlesioned hemisphere. Stroke recovery has been studied
using transcranial magnetic stimulation (TMS). Spontaneous brain oscillations and somatosensory evoked fields (SEFs) measured
by magnetoencephalography (MEG) are modified in stroke patients during recovery.Methods. We recorded SEFs and spontaneous
MEGactivity andmotor threshold (MT) short intracortical inhibition (SICI) and intracortical facilitation (ICF)with navigatedTMS
(nTMS) at one and three months after first-ever hemispheric ischemic strokes. Changes of MEG and nTMS parameters attributed
to gamma-aminobutyrate and glutamate transmission were compared. Results. ICF correlated with the strength and extent of SEF
source areas depicted by MEG at three months. The nTMS MT and event-related desynchronization (ERD) of beta-band MEG
activity and SICI and the beta-band MEG event-related synchronization (ERS) were correlated, but less strongly. Conclusions. This
first report using sequential nTMS andMEG in stroke recovery found intra- and interhemispheric correlations of nTMS andMEG
estimates of cortical excitability. ICF and SEF parameters, MT and the ERD of the lesioned hemisphere, and SICI and ERS of
the nonlesioned hemisphere were correlated. Covarying excitability in the lesioned and nonlesioned hemispheres emphasizes the
importance of the hemispheric balance of the excitability of the sensorimotor system.

1. Introduction

The motor system is a dynamic network of cortical and sub-
cortical areas interacting through excitatory and inhibitory
circuits, modulated by somatosensory input. The network
balance is disturbed after stroke [1–3]. Modifications of
cortical excitability enable recovery and reorganization of the
remaining motor areas both in animal models [4, 5] and in
humans [1, 6]. Transcranial magnetic stimulation (TMS) and
magnetoencephalography (MEG) have both been applied in
stroke patients to reveal cortical excitability changes.

Motor threshold (MT), that is, the minimal TMS inten-
sity eliciting motor evoked potentials (MEPs), is related to
membrane excitability as it is influenced by drugs affecting

neuronal ion channels. Paired pulse TMS (PP-TMS) reveals
short-interval intracortical inhibition (SICI), related to the
activation of GABA-A receptors and intracortical facilitation
(ICF) attributed mainly to glutamatergic NMDA receptor
activation (for references, see [7]). In acute stroke, the
MT is increased in the lesioned hemisphere (LH) whereas
in the nonlesioned (NH) hemisphere it is normal [8] or
decreased one month after stroke [9]. SICI is decreased in
both hemispheres early after stroke; ICF is stronger in NH
in severe than mild strokes [1, 6].

Finger movements and median nerve [10] or finger
stimulation [11] modify spontaneous MEG oscillations over
the sensorimotor cortex in the beta band (15–25Hz).
They are suppressed at 100–300ms after tactile stimulation
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Table 1: Patient demographics and behavioral scores.

Pt Sex Age Les. site Hemi Les. class Les. size NIHSS1 NIHSS2 mRs1 mRs2 BI1 BI2 Sense loss
1 M 60 Hand MCx R C 0.1 0 0 2 1 100 100 −

󸀠

2 F 68 GP L SC 1 2 2 1 1 100 100 +󸀠

3 F 72 Primary MCx L C 0.3 0 0 1 1 100 100 −

󸀠

4 F 46 BGp L C + SC 70 8 6 3 3 65 85 +󸀠

5 M 60 MCA territory L C + SC 48 2 2 2 2 100 100 +󸀠

6 F 85 Hand MCx R C 1 0 0 1 1 100 100 −

󸀠

7 F 69 EC + insular L SC 3 2 0 2 2 90 100 −

󸀠

8 M 70 MCA territory R C + SC 297 12 12 5 5 35 40 +󸀠

9 M 62 EC L C + SC 5 1 1 3 2 85 100 −

󸀠

10 F 75 Caud R SC 5 2 1 3 3 91 100 −

󸀠

11 M 78 Caud L SC 10 2 1 2 1 100 100 +󸀠

12 F 73 Thal L SC 3 1 1 2 1 100 100 +󸀠

13 F 48 Thal L SC 1 1 1 2 2 100 100 −

󸀠

Mean 66.8 32 2.5 2 2.2 1.9 90.4 94.6
SD 10.7 79 3.3 3.2 1 1.1 18.7 16.2
Max 85 297 12 12 5 5 100 100
Min 46 0.1 0 0 1 1 35 40
Sex: M = male; F = female. Age (years). MCx = motor cortex damage, GB = globus pallidus, BGp = basal ganglia posterior part, MCA territory = extensive
involvement of themiddle cerebral artery territory, EC = external capsule, Caud = caudate, andThal = thalamus. NIHSS score (maximum42),Modified Rankin
Scale (mRs) and Barthel Index (BI) at 1 and 3 months after stroke. Hemi = hemisphere affected by stroke. L = left. R = right. Lesion classification: C = cortical,
S = subcortical, and C + SC = corticosubcortical lesion.
Lesion size (volume in mm3).

(event-related desynchronization; ERD), reflecting increased
excitability, and increased at 500–1000ms (event-related
synchronization; ERS), reflecting removal of excitation [12,
13] or reduced excitability [14]. Inhibitory GABA-A agonist
diazepam increases MEG beta activity [15, 16]. Combined
MEG and magnetic resonance spectroscopy showed a linear
relationship between the beta ERS strength and GABA con-
centration [17]. Beta ERS has been shown to be significantly
weaker in the LH than NH; stronger ERS amplitude was
correlatedwith a better affected hand function up to 3months
after stroke [18]. Reduction of beta ERS, however, correlated
with clinical improvement after physiotherapy of patients
with chronic stroke [19]. Movement-related beta ERD was
significantly reduced in LH of stroke patients [20].

The hand representation in the somatosensory cortex
(S1), estimated by somatosensory evoked fields (SEFs), is the
largest one month after stroke and its increase was correlated
with the affected hand function [21]. In TMS mapping, hand
motor representation expands in the LH up to 1 month [22].
In animal models, somatosensory reorganization is activated
immediately after the lesion by diminished GABA-A-related
inhibition and by glutamatergic activation after one month
[5].

We recorded both nTMS and MEG from patients during
stroke recovery. We hypothesized to see correlations between
ERD and MT related to the early cortical excitability and
between ERS and SICI, both attributed to GABA-A-related
processes. Moreover, we expected that ICF, reflecting glu-
tamatergic activity, would correlate with the somatosensory
modifications in MEG, as glutamate is associated with late
somatosensory plasticity [5].

2. Methods

MEG and nTMS were recorded from thirteen patients (age
67.3 ± 11 years, 8 women), with first-ever ischemic stroke
in the middle cerebral artery territory one (T1) and three
months after stroke (T2). Hand function was impaired in all
patients. Six patients had a subcortical and seven patients
had a subcorticocortical or cortical stroke (Table 1). At T1,
one patient used amitriptyline 10mg/day and another used
citalopram 10mg/day. One patient used zopiclone 7.5mg for
occasional sleeplessness. At T2, citalopram 10mg/day was
used by one patient. Other patients did not receive drugs
known to modify cortical excitability. The ethical committee
of the Hospital District of Helsinki and Uusimaa approved
the project. Data from these patients has been presented
previously [18, 21, 23, 24]. As the patients having both TMS
and MEG recordings are a subset of the previous patient
groups, we recalculated the group-level electrophysiological
parameters to show that the present patient group is suffi-
ciently similar to those reported previously (see Supplemen-
tary Tables 1 and 2 in SupplementaryMaterial available online
at http://dx.doi.org/10.1155/2015/309546). Only the features
needed for interpretation of the present results are described.

2.1. nTMS Measurements. An eXimia navigated magnetic
stimulator with a coplanar figure-of-eight coil of 70mmwing
radius (Nexstim Ltd., Helsinki, Finland) was used for nTMS.
Patients’ MRIs, required for navigation, were scanned at T1
and used also at T2.

The site eliciting the largest MEP amplitude in first
dorsal interosseous muscle was located. The resting MT was
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determined from this site as described in [25]. The site was
then stimulated by single TMS pulses at 110% of MT and by
the PP-TMS at 90% for conditioning and 110% of MT for test
pulses. Fifteen single pulses or pairs of conditioning and test
pulseswere delivered in each stimulation session.The interval
between stimuli was 3.3 s and the intersession interval varied
between 1 and 3min. The ISI selected for the paired-pulse
stimuli was 2ms for SICI and 12ms for ICF.The peak-to-peak
amplitudes of MEPs elicited by PP-TMS were normalized
by dividing them by the corresponding single-pulse MEP
amplitude to simplify subject-to-subject comparisons [6].

2.2. MEG Recordings. MEG during rest and tactile stim-
ulation of the thumb (D1), index (D2), and little finger
(D5) were recorded with a 306-sensor neuromagnetometer
(Elekta Neuromag, Helsinki, Finland) in BioMag laboratory,
right before the nTMS measurement. The interfering signals
were suppressed by Maxfilter software [26]. The signals were
filtered through 0.03–308Hz and digitized at 941Hz.

Time-frequency representations (TFR [27]) in the 10–
30Hz band were calculated to define the frequency range
of beta modulation, which was quantified by the temporal
spectral evolution method (TSE [10]) from signals of 2 to 4
MEG sensors showing the strongest reactivity. Only the con-
tralateral beta modifications (the affected hand stimulation
for the LH and the unaffected hand for NH) were analyzed.
Onset and offset of the ERD and ERS were defined as a time
point when the signal differed 2 SDs from the baseline. The
absolute ERD and ERS strengths were calculated from the
peak amplitudes and converted into relative values in relation
to the 300ms prestimulus baseline [18].

For SEFs, about 120 responses were averaged for stim-
ulation of D2 (ISI 3005ms), and D1 and D5 (ISI 1005ms)
in separate sessions. The size of the hand representation in
the SI was determined by calculating the Euclidean distance
in 𝑥𝑦𝑧-space between the equivalent current dipoles (ECDs)
of the earliest responses to D1 and D5 stimulation [21]. The
amplitudes of SEFs to D2 stimulation [23] were used in the
analyses.

SPSS 14.0 software was employed for statistical analysis
(SPSS Inc., Chicago, Illinois, USA). Spearman’s correla-
tion coefficients were calculated between nTMS and MEG
parameters. Multiple comparison correction was carried out
according to the number of tests (𝑁 = 32) suggested by
the four prior hypotheses (T1 and T2 were tested separately;
LH and NH variations lead to four tests in each case; 𝑁 =
4 ∗ 4 ∗ 2 = 32). The significance level was set at 𝑝 < 0.05.
We also present significances of correlation values without
multiple comparisons and supply all correlation coefficients
and corresponding 𝑝 values (cf. [1, 9, 28] for a similar
approach and [29] for its statistical aspects). The differences
between nTMS and MEG values obtained at T1 and T2 were
tested with Student’s t-test.

3. Results

3.1. Navigated TMS. In the LH, MEPs were found in 11
patients both at T1 and at T2 and were present in the NH

in all patients. Group average MTs did not change between
measurements or hemispheres. Individual MT values are
given in Supplementary Table 1. MT was higher for LH than
NH in 9 patients at T1 (𝑝 < 0.05, binomial test) and in 10
patients at T2 (𝑝 < 0.05, binomial test). The MTs in the LH
and NH correlated strongly both at T1 (𝑟 = .82, 𝑝 < .01) and
at T2 (𝑟 = .78, 𝑝 < .01).

PP2ms stimulation of LH inhibited MEPs in 7 patients at
both T1 and T2. PP2ms stimulations of NH did not inhibit
MEPs (disinhibition; diminished SICI) in 5 patients at T1 and
in 3 patients at T2. SICI values did not correlate significantly
between the hemispheres at T1 or T2.

PP12ms stimulation of LH facilitated MEPs (ICF) in 10
out of 11 patients at T1 and in all patients at T2. InNH, ICFwas
induced in all patients at T1. At T2, ICF was not observed in
4 patients. MEP amplitudes elicited by PP12ms stimulations
were correlated between the LH and NH at T1 (𝑟 = .62; 𝑝 <
.05) but not at T2 (Supplementary Table 2).

3.2. MEG. ERD started 140 ± 10ms after tactile stimulation
and peaked at 250 ± 10ms. The subsequent ERS started at
520 ± 40ms and peaked at 900 ± 70ms. At T1, ERD was
absent in one patient and ERS in two patients in the LH; ERS
was missing from the NH in one patient. At T2, the ERD
was present in every LH whereas ERS was absent in two.
Both were present in all NHs. ERDs did not differ between
the hemispheres. ERS was smaller in the LH than NH at T1
(46± 31% versus 63± 32%; 𝑝 < .05); at T2, the difference was
nonsignificant. SEFs from both hemispheres were detected in
12 patients at T1 and in all patients at T2. They were smaller
in the LH than NH at T1 (25 nAm versus 32 nAm; 𝑝 < .04)
but not at T2. The SI hand representation area was larger in
the LH than NH at T1 (12±3mm versus 10±3mm 𝑝 < .003)
but not at T2 (Supplementary Table 3).

3.3. Correlations between the nTMS and MEG. We tested the
correlations indicated by the selected hypotheses. The plots
of the most relevant correlations are depicted in Figure 1 to
show that they were not driven by outliers. All correlations
are displayed in Table 2 to enable evaluation of significance
of our hypotheses against general effects of the lesions.

The MT and ERD were correlated in the LH at T1 (𝑟 =
−.66, 𝑝 < .03), indicating that small ERD was associated with
a high MT (Figure 1(a)). At T2, this correlation was weaker
(𝑟 = −.58, 𝑝 < .06). However, the MT of the LH correlated
with the ERD of NH (𝑟 = −.62, 𝑝 < .04), and the MT of
the NH correlated with ERD of the LH (𝑟 = −.65, 𝑝 < .02),
suggesting that high MT was associated with a small ERD in
the opposite hemisphere at T2 (Table 2).

SICI and the ERS did not correlate at T1 or in LH at
T2. In the NH, high ERS was associated with a strong SICI
(𝑟 = −.59, 𝑝 < .04; Figure 1(b)). In addition to hypothesized
correlations, SICI of the NH and ERD of the LH at T2 were
correlated (𝑟 = −.82, 𝑝 < .001), indicating that strong ERD
in the LH was associated with a strong SICI in the NH. SICI
in the LH was correlated also with the SI amplitude of the LH
(𝑟 = −.64, 𝑝 < .04), indicating that small SI amplitude was
associated with a weak SICI (Table 2).
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Figure 1: Scatterplots, quadratic fits, and 95% confidence intervals of the motor thresholds and ERD values in the lesioned hemisphere at 1
month (a), SICI and ERS values in the nonlesioned hemisphere at 3 months (b), and ICF values at 1 month and SI area at 3 months in the
lesioned hemisphere (c).

ICF and SEF parameters did not correlate at T1. At T2,
ICF in the LH correlated with the S1 amplitude of LH (𝑟 =
−.65, 𝑝 < .03); if ICF was strong, the SI amplitude was
small. In addition, ICF in the NH correlated (𝑟 = −.82,
𝑝 < .001) with the SI finger representation area of the LH;
this correlation remained significant also after Bonferroni
correction (Table 2). Moreover, ICF in the LH at T1 was
correlated (𝑟 = −.83; 𝑝 < .002) with the SI finger
representation area of LH at T2; high ICF at T1 resulted in
a small hand representation area at T2 (Figure 1(c)).

4. Discussion

Our study is the first to compare MEG and nTMS excitability
parameters during stroke recovery. Navigated TMS, not
applied previously in longitudinal studies of stroke patients,
enabled the precise replication of the stimulus site between
separate measurements, adding reliability to the follow-up.

We found correlations between cortical excitability estimates
derived from nTMS and MEG.

As expected, we found correlations between MT and
ERD, but in only one of the four possible intrahemispheric
and two out of four interhemispheric conditions. The SICI
and beta ERS, both attributed to GABAergic mechanisms,
were correlated in one of their four possible intrahemispheric
conditions (in the NH at T2). Interhemispheric correlations
of SICI were not limited to ERS. One reason for this may
be that various GABA-A receptor subtypes contribute to
SICI. Nonselective GABA-A receptor activators modify SICI
whereas the GABA-A1 receptor specific zolpidem did not
[7]. Nonselective GABA-A agonist zopiclone increased MEG
beta activity whereas zolpidem suppressed beta activity in the
vicinity of stroke lesion [30]. Moreover, in healthy subjects,
diazepam increased MEG ERD but did not affect ERS when
the increase of baseline beta activity was taken into account
[16]. This nonspecificity could contribute to the correlations
of SICI with the ERD and MT as well.
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Table 2: Spearman correlations between the nTMS and MEG parameters at 1 month (1mo) and three months (3mo) after the stroke. The
correlations between event-related desynchronization (ERD) and motor threshold (MT), event-related synchronization (ERS) and short-
interval cortical inhibition (SICI), and intracortical facilitation (ICF) and somatosensory evoked field source strength (SI) and somatosensory
hand representation area (SIhr), aligned with hypotheses, are depicted in bold font. *Significance of 𝑝 < .05; **significance of 𝑝 < .01
without multiple comparison correction; **(marked with bold italic) statistical significance (𝑝 < .05) with multiple comparison correction
(Bonferroni) for𝑁 = 32.

1 mo
LH NH

ERD ERS SI SIhr ERD ERS SI SIhr

1mo

LH
MT −.66* −.06 −.36 −.21 −.48 −.53 −.41 −.27
SICI −.45 −.05 −.51 .42 −.22 −.04 −.28 .12
ICF −.39 .01 −.22 −.10 −.06 −.07 .30 −.19

NH
MT −.43 −.12 −.24 −.21 −.14 −.37 −.49 .02
SICI .17 −.03 −.22 .26 .08 .08 −.16 .26
ICF −.51 −.11 .16 −.02 −.18 −.19 .44 −.06

3mo
LH NH

ERD ERS SI SIhr ERD ERS SI SIhr

3mo

LH
MT −.58 .11 −.14 .06 −.62* −.19 .04 .13
SICI −.27 .32 −.64*; .46 .06 .20 −.25 −.01
ICF .15 −.21 −.65** −.28 .46 .42 .20 −.17

NH
MT −.65* −.26 −.50 −.03 −.48 −.26 −.41 −.15
SICI −.82** −.51 −.44 −.13 −.62* −.59* −.07 −.05
ICF −.30 .04 −.22 −.82** .30 .27 .10 −.12

Correlations between nTMS parameters and MEG
ERD/ERS were stronger at T2 than at T1. Analogously, most
TMS intracortical excitability measures did not correlate
with the hand function acutely but did so 3 months after
stroke [1]. Recovery of sensorimotor fMRI activation to digit
stimulation from 1 to 3 months was correlated with final
motor function [31], emphasizing the importance of this
time period for stroke recovery.

ICF correlated with SI hand area size at T2. As ICF
is attributed mainly to glutaminergic mechanisms, gluta-
mate may contribute to stroke-induced plasticity. Somewhat
surprisingly, high ICF at T1 correlated with small SI hand
area at T2 (Figure 1(c)); thus, the narrowing towards normal
hand representation size may be supported by glutaminergic
activity. ICF did not correlate with the MEG ERD/ERS, and
the SI hand area and beta ERD/ERS were not correlated [18];
this suggests different mechanisms underlying SICI and ICF
(see [7] for a detailed discussion).

Several correlations emphasized interhemispheric con-
nectivity (see Figure 2 and Table 2). For example, high MT
was associated with a small ERD in the opposite hemi-
sphere, and strong ERD in the LH was associated with a
strong SICI in the NH. This suggests that the hemispheric
balance of excitability is important in stroke recovery. Dex-
terity is impaired in both hands after unilateral subcortical
middle cerebral artery stroke. Increased excitability within
the unaffected motor cortex may cause imbalance between
the homologous cortical motor areas and worsen also the
ipsilesional hand coordination (for references, see [32]). MTs
between the hemispheres were strongly correlated both at

T1 and at T2. Thus, some functional correlations may relate
to the modified general excitability properties of the motor
system, instead of effects in the immediate vicinity of the
stroke [28].

Correlations between MEG and TMS parameters of
cortical excitability were relatively loose. Several factors may
explain this feature. TMS results give direct information of
the changes in the motor output and the immediate effects of
TMS are relatively local. However, also subcortical and spinal
processes affect the MEPs used to evaluate the TMS effects.
MEG reveals the activity of the whole cortical mantle and
enablesmapping of network effects generated by stroke.MEG
source analysis suggests mainly motor cortex origin of beta
ERS [13, 33, 34]. However, in electrocorticography, recorded
directly from the cortex, beta ERD and ERS appear outside of
pre- and postcentral gyri [35], in supplementarymotor cortex
[36], or broadly from pre- and postcentral gyri, frontolateral
and medial cortex [37, 38]. The widespread cortical genera-
tion of the ERD and ERS may make them resilient to small
cortical strokes. Multitude of generators may contribute to
considerable variability of source locations of beta ERD in
stroke patients (cf. [20]). Multiple sources underlying MEG
signals may also explain resilience of auditory evoked fields
after small strokes [39]. Stronger correlations between ICF
and SI parameters than between MT and SICI and ERS/ERD
may, in part, result from spatiallymore limited source areas of
S1 responses than those of ERD/ERS. It can be expected that
MEG and nTMS produce complementary information about
the effects of stroke on cortical networks. Moreover, MEG
parameters in the affected hemisphere and nTMS indices in
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both hemispheres. Note strong increase of both intra- and interhemispheric correlations from one to three months after the stroke.

the unaffected hemisphere were correlated with the motor
performance of the affected hand (cf. [18, 21, 24]). This
emphasizes the importance of combining these twomethods.

ERD in the 8–22Hz band may reflect downregulation
of intracortical inhibition in the human motor cortex, as
TMS delivered during ERD is associated with increasedMEP
amplitudes and reduced SICI [40]. However, 1 Hz repetitive
TMS over the motor cortex reduces MEPs to subsequent
single TMS pulses, indicating inhibition, but decreases post-
movement beta ERS [41], and intermittent theta burst TMS
facilitates MEPs but increases postmovement beta ERS [42].
Beta ERS is reduced in patients with myoclonus epilepsy,
indicating increased cortical excitability [43]. In line, SICI
is decreased in myoclonus epilepsy patients; however, MT
is increased [44, 45], and the silent period after the TMS
pulse, reflecting motor cortical postsynaptic inhibition [7],
is prolonged, indicating prevailing inhibitory cortical tonus
[45]. Thus, only some aspects of the cortical excitability may
be shared in excitability estimates obtained by TMS and
MEG.

Our results suggest that some TMS and MEG excitability
measures reflect the activity of the same transmitter systems.
However, high MT and absence of ERD/ERS may also cor-
relate because of severely affected sensorimotor connections
between the periphery and the cortex. We detected SEFs
in 12/13 patients and MEPs in 11/13 patients already at T1,
indicating that both somatosensory andmotor pathwayswere
conveying signals. Motor function can be maintained despite
significant damage to the corticospinal tract, as estimated
from MT of stroke patients [1]. Moreover, we observed
fewer correlations at T1, when the sensorimotor pathways
probably were more affected, than at T2. Large lesions
may create spurious correlations between the excitability
parameters within LH. However, such spurious correlations

should remain stable or decrease during recovery from T1 to
T2 but not increase, as in our data.

The limitations of our study include the small size of
the patient group as the precise features of structural and
functional changes may differ among the patients. Cortical
excitability is modified differently in cortical and subcortical
strokes [46, 47]. This, however, should not alter our corre-
lations between the TMS and MEG, as both were recorded
from the same patients. Possible effects of medication on
excitability should go in parallel for MEG and nTMS, as the
patients were tested sequentially during the same day. The
patients were not tested in the acute stage with TMS, and
MEG recordings showed most dramatic ERD and ERS mod-
ifications between the acute phase and T1 [18]. Although MT
in the LH is correlatedwith the paretic hand function in acute
stroke, this correlation, however, weakens during recovery,
and TMS intracortical excitability parameters correlated with
the clinical performance best at 3 months [1]. Longer follow-
up could have produced additional correlations. The 2ms or
12ms ISIs, selected for our paired-pulse stimuli, produce clear
SICI and ICF in healthy subjects [48] and in stroke patients
[28], but we did not test other parameters, which could have
produced stronger correlations between nTMS and MEG.

5. Conclusions

ICF and SI response amplitude and area size, MT and the
ERD of the hemisphere harboring the stroke lesion, and
SICI and ERS of the nonlesioned hemisphere are correlated
in stroke patients. Numerous correlations of the excitabil-
ity parameters between the LH and NH emphasize the
importance of the hemispheric balance of the excitatory-
inhibitory properties of the sensorimotor system in analyzing
the stroke-related dysfunction during stroke recovery.
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The insular cortex (IC) is associated with important functions linked with pain and emotions. According to recent reports,
neural plasticity in the brain including the IC can be induced by nerve injury and may contribute to chronic pain. Continuous
active kinase, protein kinase M𝜁 (PKM𝜁), has been known to maintain the long-term potentiation. This study was conducted
to determine the role of PKM𝜁 in the IC, which may be involved in the modulation of neuropathic pain. Mechanical allodynia
test and immunohistochemistry (IHC) of zif268, an activity-dependent transcription factor required for neuronal plasticity, were
performed after nerve injury. After 𝜁-pseudosubstrate inhibitory peptide (ZIP, a selective inhibitor of PKM𝜁) injection, mechanical
allodynia test and immunoblotting of PKM𝜁, phospho-PKM𝜁 (p-PKM𝜁), and GluR1 and GluR2 were observed. IHC demonstrated
that zif268 expression significantly increased in the IC after nerve injury. Mechanical allodynia was significantly decreased by
ZIP microinjection into the IC. The analgesic effect lasted for 12 hours. Moreover, the levels of GluR1, GluR2, and p-PKM𝜁 were
decreased after ZIPmicroinjection.These results suggest that peripheral nerve injury induces neural plasticity related to PKM𝜁 and
that ZIP has potential applications for relieving chronic pain.

1. Introduction

Nerve injury-induced neural plasticity in the central nervous
system (CNS) is one of the important mechanisms involved
in chronic pain [1–4]. Long-term potentiation (LTP), being
considered as a neural substrate of learning and memory, is
an underlying mechanism of synaptic plasticity [5, 6]. Fur-
thermore, several studies have reported that LTP is induced
in the spinal cord and the cerebral cortex by acute and chronic
pain states [7–9]. Thus, it is believed that there is a common
mechanism between learning/memory and chronic pain [10].

Protein kinase M𝜁 (PKM𝜁) is a key molecule required for
the maintenance of late LTP (L-LTP) [11, 12]. It is one of the
atypical PKC isoforms, which include PKM𝜁, PKC𝜁, PKC𝜄,
and PKC𝜆. Because PKM𝜁 has only the catalytic domain of

PKC𝜁, it can be activated persistently [13]. 𝜁-pseudosubstrate
inhibitory peptide (ZIP), a selective inhibitor of PKM𝜁, can
reverse LTPmaintenance and block L-LTP induction [14, 15].
Furthermore, ZIP can also reverse a variety of memory types,
such as spatial information, fear, addiction, and conditioned
taste aversion (CTA) memory [15–19]. Several studies have
reported that PKM𝜁-related pain memory can be erased in
the spinal cord and the brain [9, 20, 21].

The insular cortex (IC) is one of the pain-processing
regions of the brain which is particularly related to the
emotional aspects of pain [22–25]. Clinical and animal
studies have shown that lesions of the IC cause pain asym-
bolia and can reverse the neuropathic pain state [26–28].
NMDAreceptor-dependent plastic changes after nerve injury
and PKM𝜁-mediated CTA memory in the IC have been
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reported [16, 29]. However, there have been no studies pub-
lished on immediate-early gene (IEG) expressionwith respect
to LTP and PKM𝜁-related mechanisms of plasticity in the IC
after nerve injury.

Zif268, which is also known as early growth response
protein 1 (EGR-1), is required for consolidation of L-LTP in
the hippocampus and the spinal cord [30, 31]. In order to
determine whether there is a possibility of LTP induction in
the IC after nerve injury, an immunohistochemical study on
zif268 was conducted. Moreover, in order to reveal whether
PKM𝜁 signaling in the IC is involved in the maintenance of
neuropathic pain, expression levels of PKM𝜁 and phospho-
PKM𝜁 (p-PKM𝜁) were measured after ZIP injection into the
IC, and analgesic effects following ZIP injection into the IC
were observed.

2. Materials and Methods

2.1. Experimental Animals. Experimental protocols in this
study complied with the National Institute of Health guide-
lines andwere approved by the Institutional Animal Care and
UseCommittee of theYonseiUniversityHealth System.Adult
male Sprague-Dawley rats (Koatec, Pyeongtaek, Korea, 250–
280 g) were used. Rats were allowed to accommodate to the
colony room for 7 days after arrival andwere housed in plastic
cages. Rats were maintained under a 12-hour light/dark cycle
with food pellets and water provided ad libitum.

2.2. Cannulation and Neuropathic Surgery. For cannula
implantation, rats were anesthetized with sodium pentobar-
bital (50mg/kg, i.p). 28-gauge guide cannulas were bilaterally
implanted into the IC (AP: +1.0mm, ML: ±4.7mm, and DV:
−5.8mm)on a stereotaxic frame. Ratswere allowed to recover
for 7 days after cannula implantation. Neuropathic pain
surgery was performed after recovery. Cannula-implanted
rats were anesthetized with sodium pentobarbital (50mg/kg,
i.p.) and branches of the left sciatic nerve were exposed. The
tibial and sural nerves were tightly ligated with 4-0 black silk
and cut, while the common peroneal nerve was left intact
[32]. The same procedure was applied to the sham-operated
group without nerve injury. The wound was sutured in the
muscle and skin layers.

2.3. Behavioral Test for Mechanical Allodynia. In order to
observe the development of neuropathic pain, themechanical
allodynia test was performed by an experimenter blinded to
the experiment before nerve injury, on postoperative days
(PODs) 1 and 3. Rats were placed on a metal mesh floor
under rectangular-shaped transparent domes. Animals were
familiarized to the test conditions for 15 minutes before
testing began. Withdrawal threshold was assessed by the
application of electric von Frey filament (UGOBasile, Varese,
Italy) stimulation to the sensitive area of the nerve-injured
hind paw. This measurement was conducted 8 times at
intervals of 2-3 minutes. The mechanical force was recorded
when withdrawal responses of the hind paw occurred.
Positive responses to mechanical stimulation included
licking, sudden withdrawal, and biting of the ipsilateral paw.

2.4. ZIP Microinjection into the Insular Cortex and Analgesia
Test. ZIPmicroinjectionwas conducted on POD 3. AHamil-
ton syringe and PE-10 tubing were used with an injection
cannula formicroinjection. Saline (0.9%NaCl) or 10 nmol/𝜇L
of ZIP (Tocris Bioscience, Minneapolis, MN, USA) diluted in
saline was infused into the IC bilaterally, 0.5𝜇L per side. After
injection, the injection cannulas were maintained in position
as they were for at least 1 minute. The behavioral test was
performed before ZIP injection and 30 minutes and 1, 2, 4,
8, 12, 24, and 48 hours after microinjection.

2.5. ImmunofluorescenceDouble Staining. For double immun-
ofluorescence staining, rats were deeply anesthetized with
urethane and perfused transcardially with saline followed by
4% paraformaldehyde in 0.1M sodium phosphate buffer (PB,
pH 6.8). The brain was removed from the skull and postfixed
with 4% paraformaldehyde in PB at 4∘C overnight. After
postfixation, the brain block was transferred into phosphate-
buffered saline (PBS, pH 7.4) containing 30% sucrose for
24 hours. The brain sample was covered with a cryosection
compound (frozen section compound FSC 22, Leica,Wetzlar,
Germany) and was frozen in −70∘C deep freezer. Sample
tissues were cut on a coronal section of 30 𝜇m thickness on
a cryostat (HM 525,Thermo Scientific, Waltham, MA, USA).
Section slides were then washed 3 times with 1x Tris-buffered
saline (TBS) containing 0.025% Triton X-100. After washing,
the section slides were incubated in 10% normal goat serum
(Vector Laboratories, Burlingame, CA, USA) with 1% bovine
serum albumin (BSA,Thermo Scientific) in TBS for 1 hour at
room temperature. The sections were incubated overnight in
rabbit monoclonal anti-zif268 antibody (1 : 200, Santa Cruz
Biotechnology, Santa Cruz, CA, USA) and mouse mono-
clonal anti-NeuN antibody (1 : 200, Abcam, Cambridge, UK)
diluted in 10% normal goat serum with TBS containing 1%
BSA at 4∘C. The sections were then rinsed 2 times with 1x
TBS plus 1% Tween-20. After washing 2 times for 10 minutes,
sections were incubated in secondary antibodies which were
goat anti-rabbit Alexa Fluor 488 (1 : 200, Abcam) and goat
anti-mouse Alexa Fluor 647 (1 : 200, Abcam), diluted in 10%
normal goat serum with TBS containing 1% BSA for 1 hour
at room temperature. Finally, the slides were washed 2 times
with 1x TBS containing 0.025% Triton X-100 and mounted in
Vectashield mounting media (Vector Laboratories).

2.6. Immunohistochemistry. To calculate the population of
zif268-positive cells, nickel-enhanced 3,3󸀠-diaminobenzidine
(DAB) immunostaining was performed on POD 3. Briefly,
rat brain slices were prepared using the same steps as for
immunofluorescence staining. For zif268 staining, section
slides were rinsed 5 times with 1x PBS and incubated in
methanol with 0.3% H

2
O
2
for 15 minutes to inhibit endoge-

nous peroxidase activity. After washing the section slides 5
times, the sections were incubated with PBS containing 1%
normal horse serum (Vector Laboratories) for 30 minutes
and then incubated overnight at 4∘C in 0.3% Triton X-
100, 2% normal horse serum (Vector Laboratories), and
rabbit monoclonal anti-zif268 antibody (1 : 4,000, Santa Cruz
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Biotechnology).The sections were rinsed 5 times with 1x PBS
and incubated for 30 minutes in a universal biotinylated anti-
mouse/rabbit secondary antibody (1 : 50, Vector Laborato-
ries). Section slides were then washed again and incubated
for 30 minutes with PBS containing avidin-biotinylated
horseradish peroxidase complex (1 : 50, Vector Laboratories).
Following washing 5 times for 15 minutes, sections were
incubated for 5 minutes in a solution containing 0.1% of
DAB and 0.1% ammonium nickel sulfate in 1x PBS and 0.01%
H
2
O
2
. Finally, the sections were washed to stop the DAB

reaction, serially dehydrated in 50, 70, 95, and 100% ethanol,
cleared in xylene, and coverslipped with Permount (Fisher
Scientific, Waltham, MA, USA).

To quantify zif268-positive cells in the IC, 8 representative
sections of the IC were chosen from each brain. The interval
of each section was 300 𝜇m. Therefore, 8 sections cover
anteroposterior range (2.1mm)of the IC. Zif268-positive cells
in the IC were identified with reference to the brain atlas
of Paxinos and Watson [33]. All of the zif268-labeled cells
from light-field microscopy image (×20 objective, Olympus
BX40, Olympus, Tokyo, Japan) were counted manually. An
experimenter blinded to the treatment conditions counted
zif268-labeled cells of the ipsilateral and contralateral sides.

2.7.Western Blotting. To collect insular cortices, animalswere
anesthetized with enflurane and decapitated. The ipsilateral
and contralateral rostral insular cortices were quickly iso-
lated and transferred into a deep freezer. Extracted samples
were stored at −70∘C. For protein extraction, samples were
homogenized by sonication in lysis buffer (Proprep, iNtRON
Biotechnology Inc., Seongnam, Korea) containing phos-
phatase inhibitor (PhosStop, Roche, Penzberg, Germany).
Samples were centrifuged at 22,250 g for 10 minutes at 4∘C
and supernatants were collected, and total protein concentra-
tions of lysates were assessed with a spectrophotometer (ND-
1000, NanoDrop Technologies Inc., Wilmington, DE, USA).
10 𝜇Lof protein of brain tissue extractswas denatured perwell
and run on 10% Bis-Tris gels (Bio-Rad, Hercules, CA, USA)
for detection of PKM𝜁, p-PKM𝜁, GluR1, and GluR2. Proteins
were transferred onto polyvinylidene difluoride (PVDF)
membranes (GE Healthcare, Buckinghamshire, UK). Mem-
branes were blocked in 5% skim milk in TBS with Tween-20
for 1 hour and incubated in primary antibodies overnight on
a rocking platform at 4∘C. Primary antibodies against PKM𝜁
(1 : 2,000, Cell Signaling Technology, Beverly, MA, USA), p-
PKM𝜁 (1 : 2,000, Cell Signaling Technology), GluR1 (1 : 2,000,
Millipore, Temecula, MA, USA), GluR2 (1 : 2,000, Abcam),
and GAPDH (1 : 10,000, Ab Frontier, Seoul, Korea), which
was used as a loading control, were used for western blotting.
On the following day, the membranes were incubated in the
appropriate secondary antibodies for 2 hours and horseradish
peroxidase activity was visualized using a chemiluminescent
substrate (ECL Prime western blotting detection reagent, GE
Healthcare) and processed with a local allocation system
(LAS) (ImageQuant LAS 4000 Mini, GE Healthcare). The
intensity of the bands for PKM𝜁, GluR1, and GluR2 was
normalized to the intensity of GAPDH. The intensity of the
bands for p-PKM𝜁 was normalized to the intensity of PKM𝜁.
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Figure 1: Development of mechanical allodynia after nerve injury.
On PODs 1 and 3, rats developed significant neuropathic pain
compared to sham group (∗∗𝑃 < 0.01).

2.8. Statistical Analysis. Unpaired 𝑡-test for post hoc com-
parison was used for two-group comparisons while two-way
ANOVA with repeated measures was used to analyze behav-
ioral test. Western blots and IHC were compared using an
unpaired 𝑡-test. All datawere expressed as themean± SEM.A
𝑃 value less than 0.05 was considered statistically significant.

3. Results

3.1. Development of Neuropathic Pain. Injury to two major
branches (sural and tibial nerves) of the sciatic nerve induced
mechanical allodynia on PODs 1 and 3 (Figure 1). Repeated
measures two-wayANOVA indicated effects of group (𝐹

1,13
=

37.520, 𝑃 < 0.001), PODs (𝐹
2,26
= 13.613, 𝑃 < 0.001),

and interaction between group and PODs (𝐹
2,26
= 10.305,

𝑃 < 0.01). The mechanical threshold of nerve-injured group
decreased on POD 1 (𝑛 = 8, 𝑃 < 0.01, unpaired 𝑡-test) and
POD 3 (𝑛 = 8, 𝑃 < 0.01, unpaired 𝑡-test) relative to sham
group (𝑛 = 8).

3.2. Immunofluorescence Double Labeling of Zif268 andNeuN.
To confirm that zif268 was co-labeled with NeuN in the
IC, double labeling of zif268 and NeuN was performed.
The representative images of the nerve-injured group are
shown in Figures 2(d), 2(e), and 2(f), and those of the sham
group are shown in Figures 2(a), 2(b), and 2(c). Zif268
immunoreactivity (green) was observed in the IC (Figures
2(a) and 2(d)). NeuN, a neuronal marker (red), was observed
in the IC (Figures 2(b) and 2(e)). Colocalization of zif268
(green) and NeuN (red) was detected in the IC (Figures 2(c)
and 2(f)). As shown in Figure 2, zif268-positive cells were
colocalized with NeuN-positive cells. This result indicates
that zif268 is expressed in IC neurons. Nerve-injured rats
have more zif268-positive cells (Figure 2(d)) than the sham
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Figure 2: Fluorescence images of zif268 expression in the IC of nerve-injured and shamgroups. (a)The shamgroup showed little expression of
zif268-positive cells, unlike the nerve-injured group. (b) NeuN, a neuronal marker (red), was expressed in the sham group. (c) Colocalization
of zif268 (green) and NeuN (red) is observed in the sham group. (d) In the nerve-injured group, the distribution of zif268 expression (green)
was denser than in the sham group. (e) As in (b), NeuNwas expressed in the nerve-injured group. (f) As in (c), colocalization of zif268 (green)
and NeuN (red) is observed in the nerve-injured group. Scale bar, 50𝜇m.

group rats (Figure 2(a)). The number of NeuN-positive cells
in the IC is similar between the nerve-injured (Figure 2(e))
and sham-operated groups (Figure 2(b)). The merged data
of zif268 and NeuN expression show that the IC has a
relationship with neuropathic pain (Figures 2(c) and 2(f)).

3.3. Immunohistochemistry of Zif268 in the Insular Cortex.
Zif268-positive cells were found in the IC of nerve-injured
rats (Figures 3(a) and 3(b)). Furthermore, zif268 immuno-
histochemistry was performed to quantify the zif268-positive
cells in the nerve-injured and sham groups. The results
showed that the number of zif268-positive cells in the nerve-
injured group was significantly increased compared to that of
the shamgroup (𝑛 = 6,𝑃 < 0.05, unpaired 𝑡-test; Figure 3(c)).

3.4. ZIP Injection into the Insular Cortex. Figure 4(a) shows
the injection site of the IC. Injection of ZIP into the
IC decreased mechanical allodynia gradually on POD 3.
Repeated measures two-way ANOVA indicated effects of
group (𝐹

1,9
= 11.798, 𝑃 < 0.01), time (𝐹

7,63
= 4.23, 𝑃 < 0.01),

and interaction between group and time (𝐹
7,63
= 3.93, 𝑃 <

0.01). The time course of mechanical allodynia in the ZIP-
injected group (𝑛 = 7) on POD 3 shows that the analgesic
effects of ZIP last for 12 hours after injection (𝑃 < 0.05,

unpaired 𝑡-test; Figure 4(b)), where analgesia was measured
relative to the saline-injected group (𝑛 = 5). However, at
24 and 48 hours after injection, ZIP had no significant effect
(𝑃 > 0.05, unpaired 𝑡-test).

3.5. Effects on PKM𝜁 and p-PKM𝜁 Expression of ZIP Microin-
jection into the Insular Cortex. To determine the role of ZIP,
the IC was punched 3 hours after ZIP injection. The total
PKM𝜁 in the ZIP-injected group (𝑛 = 6) was not changed
(𝑃 > 0.05, unpaired 𝑡-test; Figure 5(a)) on POD 3 relative to
the saline-injected group (𝑛 = 6). However, the expression
level of p-PKM𝜁was downregulated by ZIP injection into the
IC on POD 3 (𝑃 < 0.05, unpaired 𝑡-test; Figure 5(b)).

3.6. Effects of ZIP Microinjection into the Insular Cortex on
GluR1 and GluR2 Levels. We speculated that the effects of
ZIPmay contribute to inhibition ofAMPA receptors. Accord-
ingly, the expression levels of the AMPA receptor subunits
GluR1 and GluR2 were measured after ZIPmicroinjection on
POD 3.The results showed decreased GluR1 andGluR2 levels
(𝑃 < 0.05, unpaired 𝑡-test; Figures 6(a) and 6(b), resp.) in
the ZIP-injected group (𝑛 = 8), relative to the saline-injected
group (𝑛 = 8).
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Figure 3: Zif268-positive cells in the IC. (a) Zif268-positive cells in the IC of a sham-operated rat. (b) Zif268-positive cells in the IC of a
nerve-injured rat. (c) Comparison of zif268-positive cells in the nerve-injured and sham groups. Zif268-positive cells increased significantly
in the IC after nerve injury (∗𝑃 < 0.05). Cell counts are expressed per section.

4. Discussion

The IC plays a role in interpretation of emotional aspects of
pain as one of the limbic system areas [22]. Several studies
have reported that plastic changes in the IC are induced after
peripheral nerve injury [29, 34]. Therefore, we focused on
plastic changes of the IC and its pain modulation after nerve
injury in order to understand the mechanisms of chronic
pain. Recent reports have shown that functional changes in

the brain following nerve injury may be mediated by LTP [2,
9]. PKM𝜁 plays a key role in maintaining LTP, and inhibition
of PKM𝜁 can reverse the chronic pain state and can erase
established memories [12, 18]. Accordingly, the present study
was performed to determine the plastic changes related to
LTP formation, maintenance after nerve injury, and the role
of the IC in painmodulation.Our findings suggest that PKM𝜁
in the IC can lead to nerve injury-induced plasticity which
contributes to the maintenance of neuropathic pain states.
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Figure 4: Reduction of mechanical allodynia after ZIP microinjection into the IC. (a) Identification of the ZIP injection site. ZIP was
microinjected into the IC. (b) Paw withdrawal threshold to mechanical stimulation in POD 3 rats after microinjection of ZIP. Significant
differences between nerve-injured and sham groups were found at the time points from 30 minutes to 12 hours after injection (∗𝑃 < 0.05).
The arrow indicates the time point of ZIP or saline injection.

Zif268 is a well-known marker related to LTP and neu-
ronal plasticity [30]. In the hippocampus, the L-LTP phase
requires the expression of IEGs such as zif268 and activity-
regulated cytoskeletal-associated protein (Arc) [35, 36]. LTP-
inducing stimulation increases zif268 expression levels in the
hippocampus [37]. Furthermore, zif268 knockout mice dis-
played an absence of L-LTP and impaired long-termmemory
[30]. c-Fos is a neuronal activation marker and is expressed
highly after nerve injury in the spinal cord and anterior
cingulate cortex (ACC) [9]. Expression of c-Fos in the IC is
increased by stress-induced hyperalgesia [38]. However, since
zif268 is more correlated with LTP and plasticity to a greater
degree than is c-Fos [39], changes in zif268 expression level in
the IC after nerve injury were assessed immunohistochemi-
cally in our study.There have been several reports that zif268
is induced by nociceptive stimulation [39, 40].However, there
have been no reports on zif268 expression related to nerve
injury-induced plasticity in the IC. Our results show that the
number of zif268-positive cells increased after nerve injury,
which is related to nerve injury-induced LTP in the IC.

Animals with lesions of the IC show reversed neuropathic
or inflammatory pain behavior [27, 28]. Patients with lesions
in the IC did not display appropriate responses to pain,
but all other sensory and cognitive functions still remained
intact [26]. Moreover, painful stimuli activate the IC, and
direct stimulation of the IC can evoke sensations of pain,
indicating that the IC is pronociceptive and involved in the
interpretation of pain sensation [23, 41, 42].

PKM𝜁 is a key molecule for maintaining L-LTP and inhi-
bition of PKM𝜁 can erase established LTP [12, 18]. Although
the functions of PKM𝜁 were reported to be controversial
in some studies [43–45], recent studies have suggested that
atypical PKCs compensate the PKM𝜁 role ofmaintaining LTP
in the constitutive PKM𝜁 knockout mice [46]. In fact, many
studies have reported that the administration of ZIP into the
spinal cord can reverse inflammatory pain, but not neuro-
pathic pain [20, 21, 47, 48]. In contrast, ZIP injection into the
ACC reverses the neuropathic pain state, but the analgesic
effects disappear 24 hours after injection of ZIP [9]. Based
on this report, the effects of ZIP injection into the IC were
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Figure 5: Expression levels of PKM𝜁 and p-PKM𝜁 after ZIP microinjection into the IC on POD 3. (a) Expression levels of PKM𝜁 normalized
to GAPDH levels. There was no significant difference in PKM𝜁 levels between the saline injection and ZIP injection groups (𝑃 > 0.05). (b)
Expression levels of p-PKM𝜁 normalized to PKM𝜁 levels. After ZIP injection, p-PKM𝜁 levels were significantly decreased (∗𝑃 < 0.05).

investigated in the present study. The effects of ZIP lasted for
12 hours after injection into the IC. Our findings suggest that
nerve injury induces plasticity related to PKM𝜁 in the IC and
that the IC has a pain modulation function. Interestingly, the
pain-relieving effect was not permanent. This phenomenon
has been observed in other reports utilizing neuropathic pain
models.This may be due to the reestablishment of LTP by the
tonic peripheral afferent drive [9, 48].

PKM𝜁 is selectively upregulated in the spinal cord by
formalin, capsaicin, and nerve injury [21, 48]. In the ACC,
both PKM𝜁 and p-PKM𝜁 increased after nerve injury [9].
PKM𝜁 is activated by phosphorylation and can be inhibited
by ZIP [18]. Increased levels of p-PKM𝜁 in the ACC con-
tribute to neuropathic pain [9]. Similarly, increased levels of
p-PKM𝜁 in the spinal cord contribute to formalin-induced
pain [47]. Taken together, we hypothesized that upregulation
of p-PKM𝜁 might contribute to neuropathic pain states and
that ZIP can alleviate neuropathic pain. Indeed, decreased
levels of p-PKM𝜁 were observed following ZIP injection.
However, the expression levels of PKM𝜁 did not change after
ZIP injection. In contrast, intrathecal infusion of ZIP did not
reduce p-PKM𝜁 levels in the spinal cords of formalin model
rats [47]. Although our findings are inconsistent with these
studies, our results show that the function of p-PKM𝜁 in

the IC differs from that in the spinal cord, and these results
are in line with those found with respect to the ACC [9].

Several reports have suggested that trafficking of the
GluR2 subunit of the AMPA receptor in the hippocampus
is related to PKM𝜁 [12, 49]. In addition, fear memory is
maintained by PKM𝜁-mediated GluR2-dependent AMPA
receptor trafficking in the amygdala [50]. Other reports sug-
gest that the GluR1 subunit of the AMPA receptor is involved
in the molecular machinery of cocaine-induced plasticity in
the nucleus accumbens (NAc) [51, 52]. PKM𝜁-mediated LTP
expression may be induced by N-ethylmaleimide-sensitive
factor/GluR2-dependent trafficking in the hippocampus [49].
Interestingly, our results show that both GluR1 and GluR2
levels are downregulated by ZIP injection in the neuropathic
pain model rats. Consistent with this, GluR1 levels were
decreased after ZIP injection into the ACC of neuropathic
pain model [9]. Other reports suggest that activation of
metabotropic GluR1 (mGluR1) is required for insular L-LTP
induction [53]. In addition, administration of ZIP into the
NAc core can abolish long-term drug reward memory by
effect on GluR2-containing AMPA receptors [54]. Taken
together, we assume that PKM𝜁maintains pain-related long-
term plastic changes in the IC via both the GluR1 and GluR2
subunits of AMPA receptors.
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Figure 6: Expression levels of GluR1 and GluR2 after ZIP microinjection into the IC on POD 3. (a) Expression levels of GluR1 normalized to
GAPDH levels. There was a significant difference between GluR1 levels in the saline injection and ZIP injection groups. After microinjection
of ZIP, levels of GluR1 were significantly decreased (∗𝑃 < 0.05). (b) Expression levels of GluR2 normalized to GAPDH levels. After ZIP
injection, GluR2 levels were significantly decreased (∗𝑃 < 0.05).

5. Conclusion

In this study, we demonstrated that there is a correlation
between PKM𝜁 and neural plasticity of the IC, which might
explain chronic pain mechanisms. PKM𝜁 seems to mediate
this plasticity by regulating AMPA receptors containing
GluR1 andGluR2.Moreover, the painmodulation function of
the IC related to PKM𝜁 was revealed through administration
of ZIP. Pharmacological targeting to inhibit plasticity of the
IC may therefore present a strategy for chronic neuropathic
pain therapy.
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Our previous studies suggest that reactive oxygen species (ROS) scavengers have analgesic effect on neuropathic pain through
spinal mechanisms in the rat. The studies suggest that superoxide in spinal cord is one of important mediators of persistent pain.
To test the hypothesis that increase of superoxide-derived intermediates leads to central sensitization and pain, the effects of an
intrathecal injection of chemical ROS donors releasing either OH∙, OCl−, or H

2

O
2

were examined on pain behaviors. Following
treatment with t-BOOH (OH∙ donor), dorsal horn neuron responses to mechanical stimuli in normal rats and the changes of
neuronal excitability were explored on substantia gelatinosa (SG) neurons using whole-cell patch clamping recordings. Intrathecal
administration of t-BOOH or NaOCl (OCl− donor), but not H

2

O
2

, significantly decreased mechanical thresholds of hind paws.
The responses of wide dynamic range neurons to mechanical stimuli increased after a local application of t-BOOH. The t-BOOH
increased the frequency and the amplitude of excitatory postsynaptic potentials, depolarized membrane potential in SG neurons,
and increased the frequency of action potentials evoked by depolarizing current pulses. These results suggest that elevated ROS,
especially OH∙, in the spinal cord sensitized dorsal horn neurons and produced hyperalgesia in normal rats.

1. Introduction

Reactive oxygen species (ROS) are generated as part of
normal cell metabolism and serve both normal physiological
and pathophysiological functions [1, 2]. The many types of
ROS include superoxide radicals (O

2

∙−), hydroxyl radicals
(OH∙), hydrogen peroxide (H

2

O
2

), nitric oxide (NO), and
peroxynitrite [2, 3]. The major source of ROS in the cen-
tral nervous system is the electron transport chain in the
inner membranes of mitochondria that produces adenosine
triphosphate. Leakage of electrons during electron transport
produces the superoxide anion (O

2

∙−), which transformsOH∙

in the presence of transition metals such as free iron. The
overproduction of ROS results in lipid peroxidation, protein
oxidation, and nucleic acid oxidation [4].

ROS have been implicated in the pathogenesis of various
diseases, including rheumatoid arthritis, asthma, inflamma-
tory bowel disease, atherosclerosis, and Alzheimer disease.
Previous studies suggested that ROS are critically involved in
various pain conditions, including neuropathic and inflam-
matory pain. ROS scavengers such as superoxide dismutase
mimetics [5], phenyl N-t-butylnitrone [6, 7], 5,5-dimethyl-1-
pyrroline-N-oxide [6], and vitamin E [8] reduce hyperalgesic
behaviors in several rat models of pain. The main action site
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for ROS in neuropathic [6, 8] and capsaicin-induced pain [7,
9] is the spinal cord. Also, peripheral nerve injury increases
the production of ROS in the spinal cord in persistent
pain conditions [10]. Those findings suggest that ROS in
the spinal cord are critically involved in neuropathic and
inflammatory pain. Furthermore, our previous studies have
suggested that increased production of the primary ROS,
O
2

∙−, from mitochondria mediates sensitization of spinal
dorsal horn neurons and thus persistent pain [7, 11]. In brief,
O
2

∙− scavengers reduce persistent pain, dorsal horn neuron
hyperexcitability [7], and spinal long-term potentiation [11].
The level of mitochondrial O

2

∙− dismutase determines the
level of central sensitization and thus hyperalgesia [12].
While it is generally accepted that O

2

∙− do not diffuse
across membranes [13], it is not clear how the O

2

∙− formed
in mitochondria diffuse into the cytoplasm and mediate
spinal neuronal plasticity and pain. O

2

∙− in mitochondria
are rapidly converted to membrane permeable hydrogen
peroxide (H

2

O
2

) by superoxide dismutase, are diffused in
cells, and can be sequentially converted to highly reactive
oxidants, such as OH∙ and hypochlorite (OCl−) [14]. Here,
we hypothesized that an increase in superoxide-derived
intermediates in spinal dorsal horn neurons leads to central
sensitization and hyperalgesia.

In the present study, we examined if artificial increases in
possible superoxide intermediates—OH∙, OCl−, and H

2

O
2

—
in the spinal dorsal horn produce pain behaviors in nor-
mal rats. To further explore the role of OH∙ in pain, we
used in vivo extracellular recordings to examine if tert-
butyl hydroperoxide (t-BOOH, an OH∙ donor) increases
the excitability of wide dynamic range (WDR) neurons in
the spinal dorsal horn, and we used in vitro intracellular
recordings to examine if t-BOOH produces changes in
membrane excitability in substantia gelatinosa (SG) neurons
in spinal cord slice preparations.

2. Materials and Methods

2.1. Experimental Animals. We used male Sprague-Dawley
rats (Harlan Sprague-Dawley Co., Houston, TX, USA) for
the experiments. The rats were housed under a 12/12-hour
reversed light-dark cycle (dark cycle, 8:00 A.M.–8:00 P.M.)
for at least 1 week before any experiments. All experiments
were carried out in accordance with the National Institute of
Health’s Guide for the Care and Use of Laboratory Animals,
and the animal use protocol was approved by the University
of Texas Medical Branch Institutional Animal Care and Use
Committee.

2.2. Behavioral Test

2.2.1. Intrathecal Catheterization. Intrathecal catheters were
implanted into the lumbar enlargement as described previ-
ously [6, 8]. Briefly, adult rats (200–350 g) were anesthetized
with isoflurane (3% for induction and 2% for maintenance)
in the flow of oxygen, and then a posterior midline incision
was made from the T11 vertebra to L1. The posterior articular
process and lamina of the T12 vertebra were removed with
a pair of rongeurs to expose the spinal meninges. A small

nick was made on the dura mater, and a prepared catheter
(sterilized tubing filled with saline; PE10, Becton Dickinson)
was inserted into the intrathecal space. The catheter was
gently guided caudally until the tip reached the level of
the lumbar enlargement of the spinal cord (approximately
1 cm caudal to the initial insert point). The remaining part
of the tubing was connected with PE50 tubing and fed
subcutaneously to the midthoracic level with anchors to the
muscles at multiple sites in order to expose the tip to the
dorsal midline position. The outside tip of the tubing was
sealed, and the incision was closed. After full recovery from
anesthesia, the rats were returned to their cages and housed
individually for 1 week. Catheters were flushed with 10 𝜇L of
sterile saline 3 days after catheterization to maintain patency.
This experiment excluded rats showing dragging of hindpaws
or 5% loss of body weight 7 days after catheterization. The
position of the intrathecal catheter was checked after the
animals were euthanized at the end of the experiment.

2.2.2. Intrathecal Application of ROS Donors. Either t-BOOH
or NaOCl (both from Sigma Chemical Company, St. Louis,
MO, USA) was injected through an intrathecal catheter for
2-3min while the animals were conscious at least 1 week
after lumbar catheterization. The OH∙ donor t-BOOH was
administered at 11, 28, or 55𝜇mol in a volume of 15𝜇L. The
hypochlorite donor NaOCl was injected at 134𝜇mol in 15 𝜇L.
Control rats were treated with 15 𝜇L of sterile 0.9% saline. In
addition, H

2

O
2

was directly injected into the intervertebral
space between the L5 and L6 vertebras under light isoflurane
anesthesia at 15, 44, 74, or 148𝜇mol in 50 𝜇L.

2.2.3. Behavioral Testing for Mechanical Thresholds. Behav-
ioral tests were conducted to measure the 50% foot mechan-
ical thresholds in response to mechanical stimuli applied to
both the left and the right hind paws under blind conditions.
We recorded the mechanical threshold for the paw that
was more sensitive to stimuli. For testing, each animal was
placed in a plastic chamber (8.5 × 8.5 × 28 cm) that was
placed on top of a mesh screen, and mechanical stimuli
were applied to the plantar surface of one hind paw with
von Frey monofilaments from underneath. Thresholds were
determined by the up-down method [15] using von Frey
monofilaments 4.10, 4.31, 4.52, 4.74, 4.92, and 5.16 (equivalent
to 1.26, 2.04, 3.31, 5.50, 8.32, and 14.45 g, resp.). von Frey
filaments were applied perpendicularly to the most sensitive
area of the plantar surface—the proximal portion and base
of the 2nd, 3rd, or 4th toe—with sufficient force to bend
the filament slightly for 2 to 3 s. An abrupt withdrawal of
the foot during stimulation or immediately after stimulus
removal was counted as a positive response.The first stimulus
was always initiated with the 4.74 filament. If there was a
positive response, the next-lower-strength filament was used,
and if not, the next-higher-strength size filament was applied.
This testing pattern was continued until we had recorded
responses to six von Frey stimuli counting from the first
change of response (i.e., a positive response to a stimulus after
a negative response to the first stimulus or a negative response
to a stimulus after a positive response to the first stimulus).
The responseswere then converted into a 50% threshold value
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using the formula 10(𝑋+𝑘𝑑)/104, where 𝑋 is the value of the
final von Frey filament used in logarithmic units, 𝑘 is the
tabular value for positive/negative responses, and 𝑑 is the
mean difference between stimuli in logarithmic units (0.22)
[16]. When positive or negative responses were still observed
at the end of a stimulus session, values of 3.54 or 5.27 were
assigned, respectively, by assuming a value of ±0.5 for 𝑘 in
these cases. The behavioral data were plotted using a linear
scale in von Frey values as well as in grams.

2.3. Extracellular Recordings of WDR Neurons in the Spinal
Cord. Adult rats (200–350 g) were anesthetized with an
intraperitoneal injection of urethane (1.5 g/kg). The trachea
was cannulated to provide unobstructed ventilation, and a
catheter was inserted into the left external jugular vein. A
laminectomy was performed to expose the spinal cord at the
T13-L2 vertebral level. The rat was placed in a stereotaxic
apparatus, and the spinal cord was bathed in a pool of warm
mineral oil. Core body temperature was maintained at 37∘C
by a controlled heating blanket. The animal was paralyzed
with an initial intravenous bolus dose of pancuronium
bromide (1mg/kg) and ventilated artificially tomaintain end-
tidal CO

2

between 3.5 and 4.5%. The level of pancuronium
was maintained by continuous intravenous infusion (0.4–
0.6mg/kg/h).

An extracellular recordingwasmade forWDRneurons in
the dorsal horn.These neurons responded to both innocuous
and noxiousmechanical stimuli. Cells were searched at the L4
and L5 segments of the spinal cord using a low-impedance
(0.4–0.8MΩ) carbon filament electrode (Kation Scientific,
Minneapolis, MN, USA) mounted on an electronic micro-
manipulator. Brush stimuli were used to search for dorsal
horn neurons. WDR neurons with receptive fields located on
the plantar surface of the ipsilateral hind paw were recorded
extracellularly. Recordings were made only for single neu-
rons whose spike amplitude could be easily discriminated
from those of other neurons (at least twice the height).
Electrophysiological activity was amplified, displayed on an
oscilloscope, and transmitted into a data analysis system
(CED 1401, PC, USA) with Spike2 software. Throughout the
experiment, spike sizes and configurations were continuously
monitored with the use of Spike2 software to confirm that the
data were being acquired from the same WDR neuron and
that the relationship of the recording electrode to the neuron
remained constant.

After the receptive field of aWDRneuronwas confirmed,
gradedmechanical stimuli were applied: soft-brush, nonnox-
ious (1 or 2 g) vonFrey filaments and a noxious (20 g) vonFrey
filament. All stimuli were applied at a rate of once per second
for 10 s with a 10 s interval between stimuli. Background
activity was recorded three times before the administration of
t-BOOH.Tenmicroliters of a t-BOOHsolution (1 or 10𝜇mol)
was applied to a small cotton ball around the electrode on
the spinal cord. The cotton ball was kept on the spinal cord
after application of t-BOOH until the end of the experiment.
The discharges of WDR neurons were recorded every 30min
after administration of t-BOOH. Responses to mechanical
stimuli were counted as discharges per second during 10 s of

stimulation, and three separate counts were obtained for each
animal.

2.4. Patch Clamp Recordings of SG Neurons in the Spinal Cord

2.4.1. Spinal Cord Slice Preparation. Sprague-Dawley rats
(14–20 days old, 30–55 g) were anesthetized with urethane
(1.5 g/kg, intraperitoneally), and a lumbosacral laminectomy
was performed. The lumbar spinal cord was rapidly dis-
sected and submerged in ice-cold artificial cerebrospinal
fluid (ACSF). The dura and arachnoid membranes and
ventral/dorsal roots around the lumbar spinal cord were
removed.The spinal cordwasmounted on a 752MVibroslicer
(Campden Instruments, Leicestershire, UK) and cut into
300 𝜇m thick transverse slices.The slices were then incubated
in ACSF, saturated with 5%CO

2

in oxygen at 32∘C for 1 h, and
transferred to a recording chamber, which was continuously
perfused with aerated ACSF at a rate of 3-4mL/min. The
ionic composition of the ACSF was 117mM NaCl, 3.6mM
KCl, 1.2mMNaH

2

PO
4

, 1.2mMMgCl
2

, 2.5mMCaCl
2

, 11mM
glucose, and 25mM NaHCO

3

(pH 7.4). A platinum grid was
placed on top of the slice to prevent slice movement.

2.4.2. Patch Clamp Recordings. Whole-cell recordings using
the patch clamp technique were performed for SG neurons
in the lumbar spinal cord. Patch electrodes were made from
borosilicate glass capillaries (1.5mm diameter and 0.25mm
wall thickness) pulled on a P-80 micropipette puller (Sutter
Instruments, Novato, CA, USA). When an electrode was
filled with the internal solution, the resistance of patch
electrodes was 6–8MΩ. The internal solution was composed
of 150mM potassium gluconate, 5mM KCl, 0.1mM ethylene
glycol-bis(𝛽-aminoethylether)-N,N,N󸀠,N󸀠-tetraacetic acid
(EGTA), 10mM N-2-hydroxyethylpiperazine-N󸀠-2-ethanes-
ulfonic acid (HEPES), and 5mM MgATP (pH 7.25).
Recordings were made of neurons within the SG, which
was visible as a distinct translucent band across the dorsal
horn under a microscope (BX51WI, Olympus, Tokyo, Japan).
Current-clamp recordings were made using an Axopatch
200B amplifier (Axon Instruments, Foster City, CA, USA).
After filtration at 2 KHz using a low-pass filter, data were
acquired using a Digidata 1322A interface and pClamp
software (version 9.0, Axon Instruments) for subsequent
analysis. All recordings were made at room temperature
(20–25∘C).

After the formation of more than 1GΩ, whole-cell access
was achieved by rupturing the membrane with negative
pressure. The resting membrane potential was measured 5–
10min after whole-cell configuration. Only neurons with
a resting membrane potential more negative than −50mV
were used. Excitatory postsynaptic potentials (EPSPs) were
analyzed with the Mini Analysis program (version 6.0,
Synaptosoft, Decatur, GA, USA). The frequency of EPSPs
was determined by setting a detection threshold level (1.0–
2.0mV). The excitability of SG neurons was quantified by
examining the number of action potentials (spikes/second)
evoked in response to a current of 25 pA or 50 pA (1 s
duration for adapting-firing neurons (AFNs) and 3 s duration
for tonic-firing neurons (TFNs)) from a holding potential
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Figure 1: Effects of t-BOOH and NaOCl on mechanical thresholds in normal rats. (a) Intrathecal administration of t-BOOH (11 or 28 𝜇mol)
or NaOCl (134𝜇mol) temporarily decreased the mechanical threshold in a dose-dependent manner, compared to the mechanical threshold
observed with administration of saline. Asterisks indicate values that are significantly different from those for the saline group as determined
by a two-way repeated-measures analysis of variance with one repeated factor followed by theDuncan post hoc test (𝑃 < 0.05). (b)Mechanical
thresholds of hind paws after intrathecal administration of t-BOOH (11𝜇mol, 𝑛 = 7; 28 𝜇mol, 𝑛 = 10) or NaOCl (134 𝜇mol, 𝑛 = 4), compared
with the mechanical threshold observed with saline, 30min after injection. Asterisks indicate values that are significantly different from that
for the saline group as determined by the Kruskal-Wallis analysis of variance by ranks followed by the Dunn test (𝑃 < 0.05). The data are
mean with standard errors of the mean. VF, von Frey filament sizes.

of −60mV. t-BOOH in ACSF was applied to the perfusion
bath by a gravity perfusion system (BPS-4, ALA Scientific
Instruments, Westbury, NY, USA).

2.5. Statistical Analysis. The data were summarized in terms
of mean and standard errors of the mean and analyzed using
the statistics program SigmaStat (version 3.1, Systat Software,
San Jose, CA, USA). Statistical significance (𝑃 < 0.05) was
determined using the Student 𝑡-test and one- or two-way
repeated-measures analyses of variance with one repeated
factor followed by the Duncan test.

3. Results

3.1. Intrathecal t-BOOH and NaOCl Produced Transient
Pain Behaviors. Intrathecal administration of t-BOOH (11
or 28𝜇mol in 15𝜇L) decreased the mechanical threshold
in a dose-dependent manner (Figure 1(a)). The mechanical
threshold started to decrease 10min after the administration
of 28𝜇mol of t-BOOH, reached the lowest point (4.34 ± 0.13
on the von Frey scale) at 25min, and recovered to near the
baseline level at 55min. The mechanical threshold after the
administration of 11 𝜇mol of t-BOOH dropped to 4.77 ± 0.13
at 15min after injection. Because, in a preliminary study,
intrathecal administration of 55𝜇mol of t-BOOH induced
severe pain behaviors such as body twisting and squeaking
right after administration, that dose was not tested further.
The 5.5 𝜇mol dose of t-BOOH did not influence mechanical
thresholds (data not shown).

Intrathecal administration of 134𝜇mol of NaOCl signif-
icantly decreased the mechanical threshold between 25min
and 65min after administration (Figure 1(a)). At 121 𝜇mol,
NaOCl significantly decreased the mechanical threshold
between 40min (4.65 ± 0.13) and 50min (4.69 ± 0.08).

The 100 𝜇mol dose of NaOCl did not have a hyperalgesic
effect (data not shown), indicating that NaOCl induces
hyperalgesia at a narrow range of doses.

The mechanical threshold observed with either t-BOOH
at 28𝜇mol or NaOCl at 134 𝜇mol was significantly lower
than that observed with saline at 30min after administration
(Figure 1(b)). The administration of saline had no effect
on mechanical thresholds. The areas of the paw that were
the most sensitive to von Frey filaments were the base and
proximal portions of the 3rd and 4th digits.

Intrathecal administration of H
2

O
2

at 15, 44, or 74 𝜇mol
did not affect the mechanical threshold until 90min after
administration. Because 148 𝜇mol of H

2

O
2

produced serious
side effects and death, doses over 148 𝜇mol were not tested.

Since intrathecal injection of H
2

O
2

failed to produce pain
behaviors in normal rats and since our recent study showed
that NaOCl increases the excitability of SG neurons [17],
the following experiments focused on the effects of the OH∙
donor t-BOOH on neuronal excitability.

3.2. t-BOOH Increased the Responsiveness of Neurons in
the Spinal Dorsal Horn. Neurons in the spinal dorsal horn
responded well to a variety of mechanical stimuli, including
the stroking of the skinwith a brush and repeated applications
of von Frey filaments with weak (1 and 2 g) and strong (20 g)
bending forces (Figure 2). Intrathecal t-BOOH was applied
to a cotton ball around the electrode, and the cotton ball was
kept in place until the end of experiment. After application of
a t-BOOH dose of 1 𝜇mol in 10 𝜇L to the dorsal surface of the
spinal cord, the rate of discharges of the sevenWDR neurons
in response to brushing and von Frey filaments started to
increase by 30.0 ± 5.0/min. The rate of discharges peaked at
60.0 ± 14.1min after administration and returned to near
the baseline level at 122.1 ± 32.1min after administration
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Figure 2: Effect of t-BOOH onWDR neuron activities in the spinal dorsal horn of normal rats. (a)The neurons responded well to a variety of
mechanical stimuli applied to the receptive field before administration of t-BOOH (left column). After local application of 1𝜇mol of t-BOOH
in 10𝜇L to the spinal cord without washout, the discharge rates started to increase, peaked by 60.0 (±14.1) min (center column), and then
returned to the baseline levels by 122.1 (±32.1) min (right column). Stimulus duration is indicated by horizontal bars at the bottom. (b) Evoked
responses of WDR neurons (𝑛 = 7) to various stimuli before and after t-BOOH application. Asterisks indicate values that are significantly
different from the baseline values as determined by a one-way repeated-measures analysis of variance followed by the Duncan test (𝑃 < 0.05).
The data are mean with standard errors of the mean.

(Figure 2(a)). After application of a t-BOOH dose of 10 𝜇mol
in 10 𝜇L to the spinal cord, the rate of discharges of the
WDRneurons in response to brushing and vonFrey filaments
started to dramatically increase by 30min. At the same time,
there was a sudden onset of discharges from the other WDR
neurons. Therefore, the 10 𝜇mol dose of t-BOOH was not
used subsequently. Figure 2(b) shows the discharge rates after
application of 1 𝜇mol of t-BOOH. The peak discharge rates
after treatment with t-BOOH increased by approximately
180% from baseline (183% for brushing, 180% for 1 g, 185%
for 2 g, and 171% for 20 g).

3.3. t-BOOH Increased the Excitability of SG Neurons in
Spinal Cord Slices. Because the SG is a major termination
site for unmyelinated afferents and plays an important role in
pain mechanisms [18], we obtained whole-cell patch clamp
recordings to investigate whether t-BOOH could change the
excitability of SG neurons in spinal cord slices. Only SG neu-
rons with a resting membrane potential more negative than
−50mVwere examined.The resting membrane potential was
−56.0 ± 1.1mV (𝑛 = 26). When the cell was held at −60mV,
the application of t-BOOH (2mM) for 7min induced a 3.1 ±
0.5mVdepolarization, which was maintained for up to about
30min after washout and which then recovered to baseline
(Figure 3(a)). For measurement of spontaneous EPSPs of
SG neurons, the baseline (control) was recorded for at least
10min in ACSF after the whole-cell recording configuration,
and the samples were superfused with t-BOOH (2mM in
the ACSF solution) for 7min and then washed out for
15min. Superfusion with t-BOOH significantly increased

EPSP frequency (1.1 ± 0.3 versus 0.3 ± 0.1Hz, 𝑃 < 0.05)
and amplitude (2.1 ± 0.2 versus 1.8 ± 0.1mV, 𝑃 < 0.05)
(𝑛 = 26) over the baseline (Figure 3). These data suggest that
an increase in the level of hydroxyl radicals in the SG neurons
affected both presynaptic and postsynaptic mechanisms of
excitatory transmission in the rats.

Based on action potential (AP) discharge patterns elicited
by injections of a current into a cell, SG neurons are classified
as (i) AFNs, in which the frequency of an action potential
is decreased during membrane depolarization; (ii) TFNs,
in which a repetitive action potential is sustained during
membrane depolarization; and (iii) delayed-firing neurons
(DFN) with delayed-firing onset, as observed previously [19–
21]. In preliminary study to determine the threshold at which
a current generates an action potential in SG neurons, we
stimulated neurons with depolarizing pulses using 2 to 50 pA
in increments of 2 pA. An action potential was produced
by current pulses of 25.7 ± 2.9 pA and 25.1 ± 4.1 pA in
AFNs (𝑛 = 10) and TFNs (𝑛 = 9), respectively (data not
shown).There was no statistically significant difference in the
threshold current of AP generation between AFNs and TFNs.
We therefore used two currents, 25 and 50 pA, to compare the
numbers of action potentials before and after the application
of t-BOOH.Mean input resistance was 660±67MΩ (𝑛 = 26).
In AFNs (𝑛 = 14), the number of action potentials after the
application of t-BOOHdid not differ from the number before
t-BOOH treatment (Figures 4(a) and 4(c)). In contrast, after
treatment with t-BOOH, TFNs (𝑛 = 12) had significant
increases in the frequencies of action potentials: from 6.3 ±
1.8/s to 7.9 ± 2.1/s and from 16.2 ± 2.5/s to 18.4 ± 2.6/s for
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Figure 3: Effects of t-BOOH on membrane potential and EPSP in a patch clamp recording of SG neurons. (a) Original amplitude traces of
EPSP in an SG neuron show that t-BOOH (2mM, 7min) increased the amplitude and frequency of EPSPs. The lower traces show EPSP at
an expanded time scale. Normalized cumulative distribution analysis of EPSP amplitude and frequency (lower panels) showed that t-BOOH
caused a significant shift toward higher frequency (left) and amplitude (right) in the neuron. (b) Average EPSP frequency (left) and amplitude
(right). After application of t-BOOH, both the frequency and the amplitude increased significantly (𝑃 < 0.05, asterisks) from pre-t-BOOH
levels as determined by a paired 𝑡-test. The data are mean with standard errors of the mean.
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Figure 4: Effects of t-BOOH on the excitability of SG neurons in spinal cord slices. (a) Recordings of action potentials generated in an AFN.
Action potentials were evoked by direct intracellular injections of current pulses (25 or 50 pA). (b) Changes in the frequency of action potential
in a TFN. After t-BOOH treatment, the frequency of action potentials increased, compared to that observed with the vehicle treatment. (c)
Average action potential firing rate measured by step current pulses after t-BOOH treatment in AFNs (𝑛 = 14). The data are mean with
standard errors of themean. (d)Average action potential firing ratemeasured by step current pulses after t-BOOH treatment inTFNs (𝑛 = 12).
Asterisks indicate values that are significantly different from those for the vehicle control as determined by a paired t-test (𝑃 < 0.05).

current pulses of 25 and 50 pA, respectively (Figures 4(b) and
4(d)), indicating that t-BOOH increased the excitability of
TFNs but not AFNs.

4. Discussion

This study showed that intrathecal administration of ROS
donors t-BOOH (an OH∙ donor) and NaOCl (an OCl−
donor) but not H

2

O
2

induced mechanical hyperalgesia of
the hind paw in a dose-dependent manner in rats. Increased
responses of WDR neurons to mechanical stimuli were also
seen after application of t-BOOH to the spinal cord. Inwhole-
cell patch clamp recordings of spinal dorsal horn neurons,
application of t-BOOH depolarized membrane potential
and increased the frequency of action potential evoked by
injection of a current. These results suggest that increases in
the superoxide intermediates OH∙ and OCl− sensitize dorsal

horn neurons and thereby produce hyperalgesia in normal
rats.

ROS play a critical role in normal physiological functions
and various pathological conditions [2]. The many types of
ROS include O

2

∙−, OH∙, H
2

O
2

, OCl−, NO, and peroxyni-
trite [2, 3]. These ROS have been linked to pathological
conditions, including pain. Recently, many ROS scavengers
have been shown to induce analgesic effects for neuropathic
and inflammatory pain. In several rat models of pain,
tirilazad [22], superoxide dismutase mimetics [5], phenyl-
N-tert-butylnitrone [6, 7], 5,5-dimethyl-1-pyrroline-N-oxide
[6], and vitamin E [8] reduced hyperalgesic behaviors,mainly
through the action on the spinal cord [6, 8]. Those findings
suggest that free radicals in the spinal cord are critically
involved in neuropathic and inflammatory pain. However,
it is still unclear which types of ROS in the spinal cord are
critical for production of pain behaviors.
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Superoxide radicals (O
2

∙−), a primary ROS formed in
cells, facilitate OH∙ production by reacting H

2

O
2

with intra-
cellular iron (i.e., Fenton reaction). t-BOOH, a donor of
OH∙, has been used widely in oxidative stress experiments
because it easily penetrates the cell membrane, breaks down
to produce ROS as a simple chemical reaction, and is further
decomposed into OH∙ by increasing the level of free iron in
cells [23–25]. t-BOOH induces spinal long-term potentiation
in superficial cord slices, and this long-term potentiation
is maintained for 20–30min after t-BOOH is washed out,
suggesting the involvement of OH∙ [11]. t-BOOH decreases
the frequency of inhibitory postsynaptic currents (IPSCs)
without affecting the amplitude of IPSCs [26]. The devel-
opment of hyperalgesia and enhanced sensitivity of spinal
WDRneurons after treatmentwith t-BOOH inour studymay
have been due to a reduction of inhibitory neurotransmission
stemming from an increase of OH∙ in the spinal cord.

NaOCl, used as a donor of hypochlorite in this study,
hydrolyzes to hypochlorous acid (HOCl) in the solution.
HOCl can be naturally produced by chloride ions and H

2

O
2

in the presence of myeloperoxidase. As microglia, mono-
cytes/macrophages, and neutrophils are a major source for
myeloperoxidase [27–29], HOCl can be produced in the ner-
vous tissue. HOCl crosses the plasma membrane, inactivates
intracellular enzymes, inhibits mitochondrial respiration,
and rapidly oxidizes intracellular glutathione [30–33]. In
addition, HOCl can react with a wide range of functional
groups, such as thiol, thioether, amino, and heme groups [34,
35]. It can also generate highly reactive singlets and hydroxyl
radicals with H

2

O
2

and O
2

∙− [36, 37]. Moreover, HOCl can
react with nitrite, the major end-product of nitric oxide, to
form highly reactive nitryl chloride [38]. A previous study
showed that hypochlorite (OCl−) activates calcium influx
and membrane currents via mediation of TRPA1 (transient
receptor potential cation A1) channels, contributing to pain
behaviors [39]. In the present study, intrathecal injection
of NaOCl decreased mechanical thresholds of hind paws.
Therefore, induction of hyperalgesia by intrathecal NaOCl is
likely caused by activation of sensory neurons in the spinal
dorsal horn or conversion of NaOCl into reactive radicals,
such as OH∙.

In our in vivo extracellular recordings, the evoked
responses of WDR neurons in the spinal dorsal horn were
greatly enhanced by t-BOOH treatment, with responses
eventually returning to baseline levels. Whole-cell patch
clamp recordings revealed that treatment with t-BOOH
enhanced the excitability of spinal dorsal horn neurons,
depolarized the membrane potential of SG neurons, and
increased the amplitude and frequency of EPSPs. The EPSP
changes in SGneurons beganwithin 2-3min after application
of t-BOOH and were maintained for up to 5–30min after
washout. These findings suggest that increased ROS, partic-
ularly OH∙, in the spinal cord critically contribute to central
sensitization viamodulation of excitatory neurotransmission.

The functional roles of H
2

O
2

have been studied exten-
sively in various brain regions. In the brain, H

2

O
2

influ-
ences neuronal excitability by modulating synaptic trans-
mission and the activation of various ion channels. H

2

O
2

induces hyperexcitability in thalamic neurons by altering the

balance between excitatory and inhibitory synapses [40]. It
also produces hyperexcitability by activating the N-methyl-
D-aspartate receptor [41] and by increasing extracellular
glutamate [42, 43] in hippocampal or cortical neurons.
In addition, H

2

O
2

induces membrane depolarization and
increases excitability in medium spiny neurons via activation
of transient receptor potential channels [44]. In contrast, few
studies have examined the role of H

2

O
2

in spinal dorsal horn
neurons in development of hyperalgesia. One study showed
that when injected into the plantar surface of hind paws in
mice, H

2

O
2

induced thermal or mechanical hyperalgesia in
a dose-dependent manner [45]. In another study, Takahashi
et al. [46] reported that H

2

O
2

increased the frequency of
GABAergic miniature inhibitory postsynaptic currents in SG
neurons, thereby leading to antihyperalgesia. In the present
study, spinal injection of H

2

O
2

failed to induce hyperalgesia
or pain behaviors. Taken together, these findings suggest
that H

2

O
2

in spinal dorsal horn neuron may not participate
directly in generation of hyperalgesia.

The recorded SG neurons were classified as AFNs or
TFNs, based on their intrinsic firing properties evoked by
intracellular current injection [19, 20]. AFNs generate short
burst of spikes at the beginning of depolarization and most
of them are physiologically classified as nociceptive neuron.
TFNs exhibit repetitive spike firing and little adaptation
during sustained depolarization and majority of them are
shown to be wide dynamic range (WDR) or nociceptive
neurons [20]. Superfusion of t-BOOH increased the firing
frequency of TFNs but not AFNs in our study, indicating
that t-BOOH treatment increased the excitability of WDR
or nociceptive neurons. In combination with the data from
our in vivo extracellular recordings showing that intrathecal
administration of t-BOOH caused enhanced excitability of
WDR neurons in normal rats, the results suggest that ROS,
particularly OH∙, generate hyperalgesia by acting on TFNs or
other WDR neurons.

5. Conclusion

Intrathecal administration of the ROS donors t-BOOH and
NaOCl significantly decreased the mechanical thresholds of
pain behaviors and increased the responses of WDR neurons
in the spinal dorsal horn to mechanical stimuli in normal
rats. t-BOOH also increased the membrane excitability of SG
neurons in spinal cord slices. Our findings indicate that ROS,
particularly OH∙, play an important role in the development
of pain and the process of central sensitization in the spinal
cord. Reducing the levels of ROS in the spinal cord may
therefore be an effective way to treat pain.
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Chronic compression of dorsal root ganglion (CCD) results in neuropathic pain. We investigated the role of spinal GABA in
CCD-induced pain using rats with unilateral CCD. A stereological analysis revealed that the proportion of GABA-immunoreactive
neurons to total neurons at L4/5 laminae I–III on the injured side decreased in the early phase of CCD (post-CCD week 1) and
then returned to the sham-control level in the late phase (post-CCD week 18). In the early phase, the rats showed an increase
in both mechanical sensitivity of the hind paw and spinal WDR neuronal excitability on the injured side, and such increase
was suppressed by spinally applied muscimol (GABA-A agonist, 5 nmol) and baclofen (GABA-B agonist, 25 nmol), indicating the
reduced spinal GABAergic inhibition involved. In the late phase, the CCD-induced increase inmechanical sensitivity and neuronal
excitability returned to pre-CCD levels, and such recovered responses were enhanced by spinally applied bicuculline (GABA-A
antagonist, 15 nmol) and CGP52432 (GABA-B antagonist, 15 nmol), indicating the regained spinal GABAergic inhibition involved.
In conclusion, the alteration of spinal GABAergic inhibition following CCD and leading to a gradual reduction over time of CCD-
induced mechanical hypersensitivity is most likely due to changes in GABA content in spinal GABA neurons.

1. Introduction

Neuropathic pain caused by diseases or injury involving
the peripheral or central nervous system has characteristic
symptoms of spontaneous burning pain, allodynia (non-
painful becomes painful), and hyperalgesia (painful becomes
increasingly painful) [1]. Clinical reports have indicated that
more than 60% of neuropathic pain patients were associated
with spinal abnormalities including spinal infections and
tumors, as well as structural changes of spinal vertebra, such
as spinal disc herniation, spinal stenosis, and intervertebral
foramen stenosis [2]. Compression of a spinal nerve induced
by structural changes of spinal vertebra leads to radicular
or low back pain that originates from the lower back and
radiates down to the back of the leg and the foot [3]. In
addition, about 40% of chronic low back pain patients are

shown to have neuropathic pain [4]. Thus, it is possible
that peripheral neuropathic pain and radicular pain share a
common underlying mechanism.

A rat model of radicular pain that has been developed
by chronic compression of the dorsal root ganglion (CCD)
demonstrates behavioral signs of neuropathic pain such as
mechanical allodynia, hyperalgesia, and enhanced excitabil-
ity of dorsal root ganglion (DRG) neurons [5–7].Themassive
impulses that originate from injured DRG neurons to the
spinal cord contribute to altered spinal synaptic plasticity
or central sensitization known as the neural mechanisms of
hyperalgesia and allodynia. One of the speculated aspects
of the underlying mechanisms in spinal central sensitiza-
tion is the decrease of spinal GABAergic inhibition, or
spinal GABAergic disinhibition, caused by the impairment of
GABAergic inhibition in the spinal cord. Although this spinal
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GABAergic disinhibition in neuropathic pain behaviors fol-
lowing peripheral nerve injury has previously been studied,
different results are reported. The cell deaths of spinal GABA
neurons were observed after injury [8–10]. However, no loss
of spinal GABA neurons after injury was detected [11–13]. In
addition, an increased GABA level in the spinal dorsal horn
was found after injury [14].

The involvement of spinal GABAergic disinhibition in
CCD-induced neuropathic pain has not been well studied.
The CCD injury model revealed that a gradual recovery of
neuropathic pain behavior occurs over time [15]. Thus, one
way to verify a spinal GABA involvement in the CCD model
is to examine the changes of spinal GABAergic inhibition,
which depends on GABA levels and GABA receptor activity,
both in the early and later phases following CCD. In the
present study, we have investigated first whether the change
in the number of GABA neurons as compared with the
total neurons in the lumbar spinal dorsal horn does exist
following CCD. Second, we have determined the effects of
pharmacological activation of spinal GABA receptors on
established mechanical hypersensitivity in the early phase, as
well as the effects of inhibition of spinal GABA receptors on
the reduced hypersensitivity in the later phase.

2. Materials and Methods

2.1. Animals and Surgery for CCD. A total of 83 male
rats (Sprague-Dawley, 180–200 g, Korea) were used in this
study and housed at an animal facility with autocontrolled
temperature, humidity, and light-dark cycles of 12 hours. All
experimental procedures were performed according to the
NIH and the Institutional Animal Care and Use Committee
of Yonsei University College of Medicine. Chronic compres-
sion of the fifth lumbar DRG was performed as previously
described [5]. Under deep anesthesia (enflurane, induction
5% and maintenance 2% in mixed oxygen gas), the back
skin and muscle were incised to expose the lumbar fifth
vertebra and intervertebral foramens. To compress the L5
DRG and nerve root, a sterilized stainless steel rod (0.7mm
diameter and 4mm length) was inserted in the space of the
fifth intervertebral foramen. After injury, the musculature
and skin were sutured. A sham operation was performed
according to the same procedures; however, the stainless steel
rod was not inserted. The postsurgical care was performed
with food and water ad libitum. Animals were allocated into
four groups: those that had received CCD injury (𝑛 = 26)
or sham operation (𝑛 = 26) 18 weeks earlier and those
with CCD one week (𝑛 = 26) or 8 weeks (𝑛 = 5) earlier.
The sham-operated, 1-week, and 18-week post-CCD groups
were subjected to studies of pharmacological responses to
GABA-related drugs, in which saline-treated controls were
used for stereological cell counting and electrophysiological
recordings. The 8-week post-CCD group included animals
used for stereological cell counting. All experiments were
performed by investigators blinded to animal treatments.

2.2. Drugs and Application. The effects of pharmacological
activation and inhibition of spinal GABA receptors on

mechanical sensitivity and WDR neuronal activity were
examined using drugs including GABA-A receptor ago-
nist muscimol (Tocris Cookson, UK) and antagonist (−)-
bicuculline methobromide (Tocris Cookson, UK) as well
as GABA-B receptor agonist baclofen (Sigma, Saint Louis,
MO, USA) and antagonist CGP52432 (Tocris Cookson, UK).
The drugs and doses were selected according to previous
studies [16–18]. All drugs were dissolved in 0.9% saline
and administered intrathecally using a lumbar puncture
for studying mechanical sensitivity changes via behavioral
assessment; alternatively, drugs were also applied topically
on the spinal cord for examining neuronal activity changes
via electrophysiological assessment. For intrathecal adminis-
tration by lumbar puncture, a 26-gauge needle attached to
a Hamilton syringe was inserted into the groove between
the T13 and L1 vertebrae and carefully advanced into the
intervertebral space, with the angle of the needle at about
10 degrees. Proper placement of the needle in the lumber
subarachnoid space was confirmed at the time of entry by a
sudden loss of resistance and a brief twitch of the muscles
of the hip and thigh. Each drug in a volume of 10 𝜇L was
administrated slowly over a 30-second period. For topical
application, drugs (10 𝜇L) were applied using a Hamilton
syringe onto the spinal cord surface near the site where the
recording electrodewas located. Datawere collected at 15min
after drug application, as this time point was empirically
determined to be the best for testing during the period of drug
efficacy (typically 5–50min).

2.3. GABA Immunohistochemistry. Under deep anesthesia
(urethane, 12.5mg/kg, i.p.), animals were perfused tran-
scardially with heparinized solution-A (50mM cacodylate
acid and 1% sodium metabisulfite), followed by solution-
B (100mM cacodylate acid, 2.5% glutaraldehyde and 1%
sodium metabisulfite). After spinal laminectomy, the L4-L5
spinal cord was dissected out, followed by postfixation for
2 h at room temperature. With the L4-L5 spinal cord blocks,
transverse sections (40 𝜇m thick) were cut using a Vibratome
(VT1000M, Leica, Germany). Two consecutive sections were
collected every 15 sections into 24-well plates containing
solution-C (50mM Tris and 1% sodium metabisulfite) for
GABA and NeuN immunostaining. In brief, free-floating
sections were pretreated in 49% solution-C, 50% methanol,
and 1% H

2
O
2
for 15min, and then washed in solution-

C (3 × 5min) and blocked in 98% solution-C and 2%
normal goat serum for 3 h. Sections were incubated with
anti-GABA (1 : 100, AB131, Millipore, Billerica, MA, USA) or
anti-NeuN (1 : 400, MAB377, Millipore, Billerica, MA, USA)
in a blocking solution for 16 h at 4∘C, and then washed in
solution-D (50mM Tris and 145mM sodium chloride, 3 ×
5min). Sections were then incubated with biotinylated goat
anti-mouse IgG (1 : 200) for 1 h. After washing in solution-
D (3 × 5min), sections were incubated with an avidin-biotin
peroxidase complex (1 : 200) for 1 h and washed in solution-
D (3 × 5min). For visualization, sections were incubated with
DAB substrate kit solution (Invitrogen, Frederick, MD, USA)
containing DAB and 0.6%H

2
O
2
for 5min, and then followed

by dehydration using 80, 90, and 100% ethyl alcohol and
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xylene. Finally, sections were mounted on slides and fixed
with permount mounting media (SP15-100 Toluene Solution
UN1294, Fisher Scientific, El paso, Texas, USA) under cover
glasses.

2.4. Computer Assisted Stereological Analysis. The total num-
ber of GABA- and NeuN-immunoreactive (ir) cells was
estimated from the immunostained sections (9–12 sections
for each cell type) using Computer Assisted Stereological
Toolbox (CAST), consisting of an imaging system (Olympus
BX-51, Melville, NY, USA) and software (CAST grid version
2.3.1.5, Olympus, Albertslund, Denmark). For counting cells,
a section superimposed by the gridmoved in stepwisemotion
to grid intersections along the step length in both 𝑥-axis and
𝑦-axis (92 × 92 𝜇m) in laminae I–III so that a particular
position of grid intersections was moved to the center of
the field of view on a monitor. The section was then viewed
under a 100x oil immersion objective on the monitor to set
the counting frame, with its size being 20% of the area of
the square with a side length of 𝑥-steps and 𝑦-steps. The
thickness of each section was determined before counting
proceeded, and counting was performed with the optical
dissector through a 20𝜇mdepth of a counting frame. Among
cells that came into focus within the 20 𝜇m height of the
optical dissector, only cells inside the counting frame plus
those that touched the left and bottom lines of the counting
frame were included for cell counts. The estimation of the
total number of cells in L4-L5 was performed using this
formula: 𝑁 = Σ𝑄 × (1/ASF) × (1/SSF) × (1/TSF), where 𝑁
is the estimated total number of cells, Σ𝑄 is the number of
counted cells, ASF is the area sampling fraction (the area of
the counting frame/the area of the sampling grid), SSF is the
section sampling fraction (the number of sections sampled
for analysis/the number of sections obtained for staining),
and TSF is the thickness sampling fraction (the thickness of
the counting frame/the thickness of the section) [19].

2.5. Behavioral Assessment. Each rat was housed and held
15min in a transparent acryl box (8 × 8 × 25 cm) on a metal
mesh to avoid environmental stress. After accommodation,
six applications of the von Frey filament (log unit 3.61–5.46,
equivalent to 0.4–26.0 g, North Coast Medical, CA, USA)
were applied at the center of the plantar surface of the hind
paw; these tests measured pawwithdrawal responses through
the biting of the filaments, head turning, and changes of body
posture. The paw withdrawal thresholds (PWTs) on filament
application were determined by the modified up-down test-
ing paradigm [20] using the formula: log (50% threshold) =
𝑋𝑓 + 𝜅𝛿, where 𝑋𝑓 is the value of the final von Frey
filament (log unit), 𝜅 represents the correction factors (from
a calibration table), and 𝛿 represents the mean differences of
log units between stimuli.

2.6. Electrophysiological Assessment. After anesthesia (ure-
thane, 12.5mg/kg, i.p.), a cannulation was performed for
induction and maintenance of skeletal muscular relaxation,
with a tracheostomy additionally performed for ventilation.
The respiration of each rat was maintained by ventilator

(CWE Inc., Ardmore, PA, USA), and CO
2
levels monitored

by CO
2
analyzer (CWE Inc., Ardmore, PA, USA) were held

stable at 3.5%–4.5%. The body temperature of the rat was
maintained at about 36-37∘C with a thermal blanket. A
laminectomy at T13–L2 was performed to expose the lumbar
enlargement, and the rat was then fixed on a stereotaxic
frame, with the exposed spinal cord covered by mineral oil
to prevent dryness and electric insults from the environment.
The dura matter, arachnoid membranes, and pia matter were
removed. For recoding the neuronal activity, wide dynamic
range (WDR) neurons in the L4-L5 spinal dorsal horns were
chosen. The reason for this choice is due to the important
role that the spinal WDR neurons are known to play in
signaling sensory-discriminative components of pain [21, 22].
Furthermore, we have previously observed that there exists
a correlation between spinal WDR neuronal responses and
nociceptive behavior in a spinal cord injury model [17]. To
examine the neuronal excitability, a single carbon filament-
filled glass microelectrode (2–4MΩ) was inserted into the
dorsal horn (depths of 100–600 𝜇m below the dorsal surface)
using a micropositioner (Narishige, Tokyo, Japan). The char-
acterization of WDR neurons was determined according to
response patterns to brushing (using a camel-hair brush),
pressing (using a large arterial clip, 100 g force, nonpainful),
and pinching (using a small arterial clip, 400 g force, painful)
stimuli. The single impulses generated from WDR neurons
and evoked for 10 sec with each stimulation were amplified
(DAM-80, World Precision Instruments, Sarasota, FL, USA),
and these amplified signals were fed to an oscilloscope for
monitoring as well as to the data acquisition system (CED
1401 plus, Cambridge Electronic Design, Cambridge, UK) for
data analysis.The single impulses that were identical in shape
and amplitude were collected using a window discriminator
(World Precision Instruments, Sarasota, FL, USA), and the
collected signals were analyzedwith Spike 2 software (Version
5.0, Cambridge ElectronicDesign, Cambridge,UK).The total
number of impulses evoked by each 10 s stimulus was used for
data analysis.

2.7. Statistical Analysis. The differences of repeated mea-
surements after a treatment from baseline were analyzed
using the Friedman repeated measures ANOVA on ranks
followed by Dunnett’s test for multiple comparisons. For the
comparison of twodifferent groups, theMann-Whitney rank-
sum test for unmatched pairs was used. For the comparison
of measurements before and after treatment, the Wilcoxon
signed rank test for matched pairs was employed. Differences
were considered statistically significant, if 𝑃 < 0.05. Data
were expressed as mean ± SE.

3. Results

3.1. Time Course of Changes in Mechanical Sensitivity of the
Hind Paw following CCD. One week after chronic compres-
sion of the fifth lumbar DRG (CCD), the paw withdrawal
thresholds (PWTs) in the injured side of the hind paw
were 2.23 ± 0.21 g and showed a significant decrease when
compared with values of pre-CCD (17.83 ± 0.16 g; 𝑃 < 0.05)
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Figure 1: Changes inmechanical sensitivity of hind paws after CCD.
A unilateral CCD led to mechanical hypersensitivity of the affected
hind paw by showing decreased paw withdrawal thresholds. This
hypersensitivity gradually returned to the normal level by post-CCD
week 14. ∗𝑃 < 0.05 when compared with sham-operated rats.

and sham-operated groups (17 ± 0.37 g; 𝑃 < 0.05). The
decreased PWTs gradually recovered to the levels of pre-
CCD or sham-operated groups after 14 weeks after the injury
(Figure 1, 𝑃 > 0.05). On the contralateral side of the hind
paw in CCD groups, no significant changes in PWTs were
observed (data not shown).

3.2. Changes in GABA-ir Cell Numbers in the Spinal Dorsal
Horn following CCD. Figure 2 presents photographic images
for GABA-ir and NeuN-ir immunohistochemistry in the
lumbar dorsal horn. The square areas cover the lateral
portions of laminae I–III on both sides of the spinal cord,
shown in Figure 2(a). For 1-week and 8-week post-CCD
groups, GABA-ir cells in ipsilateral laminae I–III appeared
less dense than those for the sham-operated and 18-week
post-CCD groups; however, no density differences in the
contralateral laminae were observed among the four groups
(Figure 2(b)). NeuN-ir cells on both sides of laminae showed
no density differences among four groups. Typical GABA-ir
and NeuN-ir cells are seen in insets at the lower right of each
image (indicated by arrows).

To illustrate the stereological counting of GABA-ir and
NeuN-ir cells, images at six consecutive focal planes from the
top to the bottom of the dissector are shown in Figure 3(a). In
the examples shown, the dissector for sham-operated group
contained 5 GABA-ir and 9 NeuN-ir cells, and the dissector
for the 1-week post-CCD group contained 3 GABA-ir and 10
NeuN-ir cells (indicated by arrows).Mean thicknesses of cord
sections sampled for stereological counting (10 sections per a
rat, five rats per each group) were 26.7, 27.2, 27.6, and 27.3 𝜇m
for sham-operated, 1-week, 8-week, and 18-week post-CCD
groups, respectively. The total number of cell counts in L4-
L5 dorsal horn laminae I–III of each animal was estimated

according to the formula described in the Materials and
Methods section, and mean values for the four experimental
groups are presented in Figure 3(b). The total number of
GABA-ir cells significantly decreased (𝑃 < 0.05) on the
ipsilateral side to injury for both 1-week (12,468 ± 4,667) and
8-week (17,357 ± 4,424) post-CCD groups, compared with
sham-operated groups (28,159 ± 2,763), with no significant
differences on the contralateral side among the four groups.
For NeuN-positive cells, however, the total numbers did not
show significant differences.

3.3. Effects of Activation or Deactivation of Spinal GABA
Receptors on Mechanical Sensitivity. In sham-operated ani-
mals (Figure 4(a)), an intrathecal (i.t.) administration of
bicuculline (15 nmol, 𝑛 = 8) or CGP52432 (15 nmol, 𝑛 = 8)
reduced the PWTs maximally at 30min postdrug (0.92 ±
0.02 g and 5.23 ± 0.98 g, resp.) compared with predrug
controls (17.45 ± 0.50 g and 17.98 ± 0.03 g, resp.; 𝑃 < 0.05) as
well as with saline-injected controls (17.97 ± 0.02 g; 𝑛 = 10;
𝑃 < 0.05). The reduced PWTs lasted for 150min. In rats
with decreased PWTs on 1 week after CCD (Figure 4(b)),
muscimol (i.t., 5 nmol, 𝑛 = 8) or baclofen (i.t., 25 nmol,
𝑛 = 8) reversed the reduced PWTs maximally at 30min
postdrug (17.42 ± 0.37 g and 13.04 ± 2.20 g, resp.) compared
with preapplication controls (2.69 ± 0.31 g and 2.66 ± 0.24 g,
resp.;𝑃 < 0.05) as well as with saline-injected controls (3.33±
0.54 g; 𝑛 = 10; 𝑃 < 0.05). The reversion lasted for 180min.
In rats with PWTs that had recovered completely to pre-
CCD levels on 18 weeks after CCD (Figure 4(c)), bicuculline
(i.t., 15 nmol, 𝑛 = 8) or CGP52432 (i.t., 15 nmol, 𝑛 = 8)
produced amaximum reduction of PWTs at 30min postdrug
(3.83±2.04 g and 5.91±1.04 g, resp.) compared with predrug
controls (17.95 ± 0.23 g and 17.59 ± 0.36 g, resp.; 𝑃 < 0.05) as
well as with saline-injected controls (17.64 ± 0.82 g; 𝑛 = 10;
𝑃 < 0.05). The reduced PWTs lasted for 150min.

3.4. Effects of Activation or Deactivation of Spinal GABA
Receptors on Neuronal Excitability. In the sham-operated
group (Figures 5(a) and 5(b)), topical application of bicu-
culline (15 nmol, 𝑛 = 6) significantly increased responses
of spinal WDR neurons to brushing, pressing, and pinching
stimuli at 15min postdrug (364 ± 55, 443 ± 48, and 562 ± 53
spikes) compared with predrug controls (128 ± 9, 178 ± 29,
and 262 ± 28 spikes; 𝑃 < 0.05). The application of CGP52432
(15 nmol, 𝑛 = 6) also significantly increased such responses
(235 ± 20, 380 ± 27, and 517 ± 75 spikes), compared with
predrug control (128 ± 16, 183 ± 14, and 297 ± 36 spikes;
𝑃 < 0.05).This antagonism ofGABA receptors also enhanced
WDR neuronal after discharge activity.

In rats on 1 week after CCD (Figures 5(c) and 5(d)),WDR
neuronal responses to the three mechanical stimuli were
significantly enhanced under predrug conditions (245 ± 30,
374 ± 50, and 621 ± 44 spikes for premuscimol and 306 ± 35,
373±93, and 550±69 spikes for prebaclofen), compared with
those seen in the sham-operated groups (refer to values of
predrug controls in Figures 5(a) and 5(b); 𝑃 < 0.05). These
enhanced responses were suppressed by topical application
of muscimol (121 ± 42, 135 ± 16, and 171 ± 27 spikes;
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Figure 2: Representative images of GABA-ir and NeuN-ir cells in laminae I–III of the spinal dorsal horn. Photomicrographs of the areas of
the squares are presented in (a), which cover the lateral portions of laminae I–III, and are shown in (b). The GABA-ir cells in the ipsilateral
laminae I–III appear to be distributed less densely for 1-week and 8-week post-CCD groups than for sham-operated and 18-week post-CCD
groups, with no density difference in the contralateral laminae among the four groups. The NeuN-ir cells show no differences in density
between both sides of the dorsal horn laminae as well as among all four groups. Typical GABA-ir and NeuN-ir cells are seen in insets at the
lower right of each image (indicated by arrows).

5 nmol; 𝑛 = 6) and baclofen (109 ± 11, 132 ± 44, and
175 ± 46 spikes; 25 nmol; 𝑛 = 6), respectively. The WDR
neuronal after discharge activity seen in rats on 1 week
after CCD was also suppressed by this activation of GABA
receptors.

In rats on 18 weeks after CCD (Figures 5(e) and 5(f)),
WDR neuronal responses to the three mechanical stimuli
returned to the sham-control levels (refer to values of predrug
controls in Figures 5(a) and 5(b)) as seen under predrug
conditions (149 ± 7, 201 ± 14, and 294 ± 45 spikes for
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Figure 3: Quantitative analysis of GABA-ir and NeuN-ir cells by stereological cell counting. In (a), images used for stereological cell counts
are shown, taken at six consecutive focal planes from the top to the bottom of the 20 𝜇m optical dissector. The dissector contains 5 GABA-ir
and 9 NeuN-ir cells for the sham-operated group (i) and 3 GABA-ir and 10 NeuN-ir cells for the 1-week post-CCD group (ii) (indicated by
arrows). In (b), the mean numbers of cells estimated by stereological analysis from L4-L5 dorsal horn laminae I–III of individual animals
are represented in bar graphs (𝑛 = 5 rats for each group). The number of GABA-ir cells significantly decreased for both 1-week and 8-week
post-CCD groups compared with the sham-operated group, whereas no significant differences in NeuN-ir cell number were seen among all
four groups. ∗𝑃 < 0.05 when compared with sham-treated control.

prebicuculline and 167± 18, 234± 47, and 286± 41 spikes for
pre-CGP52432). These recovered responses were enhanced
by topical application of bicuculline (304 ± 21, 494 ± 45, and
567 ± 47 spikes; 15 nmol; 𝑛 = 6) and CGP52432 (283 ± 29,

458 ± 43, and 524 ± 97 spikes; 15 nmol; 𝑛 = 6), respectively.
As seen in the sham-control group, this antagonism of GABA
receptors resulted in enhancement of WDR neuronal after
discharge activity.
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Figure 4: The effects of inhibition or activation of spinal GABA receptors on mechanical sensitivity following CCD. In sham-operated rats
(a), an intrathecal (i.t.) administration of bicuculline (15 nmol) or CGP52432 (15 nmol) produced a decrease in the pawwithdrawal thresholds
(PWTs) for at least 150min.On 1week after CCD (b), an i.t. administration ofmuscimol (5 nmol) or baclofen (25 nmol) reversed the decreased
PWTs for longer than 90min. On 18 weeks after CCD (c), bicuculline (15 nmol) or CGP52432 (15 nmol) resulted in the decrease of PWTs for
at least 150min. ∗𝑃 < 0.05 when compared with saline-treated control.

4. Discussion

Previous reports have suggested that compression of the
fifth lumbar DRG caused neuropathic pain in the injured
side of the hind paw [3, 23]. In addition, we and others
have reported that decreased spinal GABAergic inhibition,
orGABAergic disinhibition, contributed to neuropathic pain,
following direct damages to the spinal cord and peripheral
nerves, respectively [17, 18, 24]. In the present study, we

suggest that the decrease of spinal GABAergic inhibition
without the decrease of neurons contributes to mechanical
hypersensitivity at the hind paw and spinal neuronal hyper-
excitability in the early phase following CCD.

Numerous studies have been performed to seek the
underlyingmechanisms of CCD-induced hyperexcitability in
the DRG and spinal nociceptive neurons that lead to neuro-
pathic pain. For instance, ectopic spontaneous and evoked
activities of CCD neurons were enhanced by activation of



8 Neural Plasticity

Brush Press Pinch

Sp
ik

es
/s

tim
ul

i

0

200

400

600

800

Before

Brush Press Pinch

Sp
ik

es
/s

tim
ul

i

0

200

400

600

800

Sham Sham

Brush Press Pinch

Sp
ik

es
/s

tim
ul

i

Sp
ik

es
/s

tim
ul

i

0

200

400

600

800

Brush Press Pinch

0

200

400

600

800

15min after drug
Before
15min after drug

Before
15min after drug

Before
15min after drug

∗

∗ ∗
∗

∗

∗
∗

∗

∗

∗

∗

∗

1wk after CCD 1wk after CCD

(a) Bicuculine (15nmol, n = 6) (b) CGP52432 (15nmol, n = 6)

(c) Muscimol (5nmol, n = 6) (d) Badofen (25nmol, n = 6)

Figure 5: Continued.
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Figure 5: The effects of inhibition or activation of spinal GABA receptors on WDR neuronal activity following CCD. In sham-operated
animals, topical application of bicuculline ((a), 15 nmol) or CGP52432 ((b), 15 nmol) enhanced the activity of spinal WDR neurons evoked
by brushing, pressing, and pinching stimuli. On 1 week after CCD, topical application of muscimol ((c), 5 nmol) or baclofen ((d), 25 nmol)
attenuated the enhanced evoked activity of WDR neurons. On 18 weeks after CCD, bicuculline ((e), 15 nmol) or CGP52432 ((f), 15 nmol) led
to an increase in evoked activity ofWDR neurons. Data were expressed as themean number of spike discharges generated from a singleWDR
neuron evoked by three types of 10 s mechanical stimuli. Below each bar graph, examples of extracellular recordings of stimulus-evoked spike
discharges from a single WDR neuron (lower rows) and of peristimulus time histograms for visualizing the rate of spike discharges (upper
rows) are shown. ∗𝑃 < 0.05 when compared with predrug control.

inflammatory mediators via protein kinase A [25, 26], by
protease-activated receptor 2 (PAR2) [27, 28], by increased
sodium-channel and decreased potassium-channel activity
[29], by upregulation of chemokine receptor 2 (CCR2)
induced by monocyte chemoattractant protein-1 (MCP-1)
[30], and by activation of P2X receptors [31], respectively.
However, the implication of spinal GABAergic disinhibition
in CCD-induced neuropathic pain has not been well studied.

In previous studies, several possible explanations for
spinal GABAergic disinhibition in peripheral nerve injury-
induced neuropathic pain have been proposed. The first
possibility is a loss of GABA cells after nerve injury. Injury-
induced nerve impulses trigger massive releases of glutamate
in the spinal dorsal horn, followed by cell excitotoxicity that
results in the loss of GABAergic cells, consequently leading
to decreased GABAergic inhibitory function [8–10, 32, 33].
However, this hypothesis has been challenged; quantitative
analysis has revealed that the number of spinal GABA neu-
rons in rats with peripheral nerve injury is not different from
controls [11–13, 34]. In addition, our data showed no changes
in the total number of neurons at L4-L5 lumbar dorsal horn

laminae I–III following CCD and suggested no decrease of
GABA neurons in rats with CCD. The second proposed
explanation is the decrease of GABA synthesis. Studies on
peripheral nerve injurymodels have reported that the level of
glutamic acid decarboxylase-65 (GAD-65) decreased in the
spinal dorsal horn after peripheral nerve injury [8, 10]. Our
data, which demonstrate the decreased proportion of GABA
neurons to the total NeuN-ir cells at laminae I–III in the
early phase after CCD, agree with a proposal of nerve injury-
induced decrease of GABA synthesis, as GABA neurons
having an undetectableGABA levelmay be excluded from the
cell count. However, it remains for further studies to evaluate
whether CCD causes this decrease of GAD activity.The third
possibility is the decreased function of GABA receptors via
downregulation or decreased binding affinity without any
loss of GABA neurons. In support of this theory, previous
studies have demonstrated the decrease of GABA-A receptor
mRNA levels in primary afferent terminals after spinal nerve
ligation injury [35] as well as the decreased binding affinity
of GABA-B receptors in the spinal dorsal horn after sciatic
nerve transaction injury [36, 37].
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However, no loss of spinal GABA-A receptors has
been reported in rats with spared nerve injury [34]. Our
data indicate that spinal GABA receptor activity remains
intact after CCD, since spinal GABA receptor inactiva-
tion and activation could influence mechanical sensitiv-
ity and neuronal excitability in the early and late phases
after CCD. Our data also demonstrate a close correlation
between the time-dependent changes of spinalGABAcontent
and mechanical sensitivity following CCD, suggesting an
involvement of spinal GABAergic function in CCD-induced
neuropathic pain. In the early phase after CCD, spinally
applied GABA receptor agonists decreased CCD-induced
mechanical hypersensitivity, suggesting a reduction of spinal
GABAergic inhibition. After the return of mechanical sen-
sitivity to normal levels in the late phase, spinally applied
GABA antagonists regenerated mechanical hypersensitivity,
suggesting a regain of spinal GABAergic inhibition. We pos-
tulate the feasible mechanisms of time-dependent changes in
spinal GABAergic inhibition after CCD as follows. The DRG
compression induced by a stainless steel rod insertion into the
intervertebral foramen is the primary cause for developing
mechanical hypersensitivity of the hind paw. In the early
phase after CCD, DRG compression-induced enhancement
of sensory input triggers an increase of GABA release in
the spinal cord, where the balance between excitation and
inhibition is usually maintained. The increased spinal GABA
release may lead to the decreased GABA synthesis in spinal
GABAneurons, which results in decreased spinal GABAergic
inhibition, thus producing mechanical hypersensitivity. In
the later phase, however, the increased spinal GABA synthesis
may occur so that spinal GABAergic inhibition is regained to
reduce the CCD-induced mechanical hypersensitivity.

Since our knowledge of spinal synaptic circuits that
include inhibitory (mostly GABAergic/glycinergic) and exci-
tatory (mostly glutamatergic) interneurons is limited, it
is difficult to explain why spinal GABAergic neurons are
vulnerable to CCD. As proposed in the gate control theory
of pain [38], inputs from nociceptive and low-threshold (LT)
primary afferents converge onto a dorsal horn projectionneu-
ron for pain signal transmission to the brain. In this proposal,
the LT input also activates an inhibitory interneuron that
produces postsynaptic inhibition of the projection neuron
and the presynaptic inhibition of LT input. In addition,
the nociceptive input to the projection neuron is disynaptic
through an excitatory interneuron. Although the projection
neuron responds to both nociceptive and LT inputs, the effec-
tiveness of the LT input is normally reduced by the inhibitory
interneuron activity. If this inhibitory action is disrupted,
the LT input leads to stronger excitation of the projection
neuron, which has been shown in this study. A previous
study has revealed a high incidence of spontaneous ectopic
discharge that is generated after CCD from large-sized
DRG neurons of the injured ganglion [39]. This observation
suggests that inhibitory transmission is more affected than
excitatory transmission in spinal synaptic circuits following
CCD, because of excessive ectopic discharge input from
the injured LT afferents. Moreover, GABAergic interneurons
outnumber glycinergic interneurons, 35% versus 18% of the
total neuronal population, in laminae I–III of the dorsal horn

[40]. Thus, CCD-induced ectopic discharge of LT afferents
would lead to a loss for more GABAergic inhibition than
glycinergic inhibition.

It has been reported that the restoration of lumbar
intervertebral foramen space improves mechanical hyper-
sensitivity and that decompression of the DRG reduces
compression-induced decreases of DRG neurons [41]. Thus,
it is possible to expect that gradual attenuation of CCD-
induced mechanical hypersensitivity is due to the recovery
of damaged CCD neurons by the gradual widening of the
intervertebral foramen over a period of time after injury.
In clinical data, 60% of neuropathic pain patients who
had undergone surgery to enlarge narrowed foramens show
attenuation of neuropathic pain within a year [42]. Taken
together, the recovery of damaged peripheral nerves and
subsequent restoration of spinal GABAergic inhibition are
critical for the improvement of chronic neuropathic pain
following CCD.

5. Conclusions

CCD modulates spinal GABAergic inhibitory function. In
the early phase after CCD, spinal GABAergic inhibition is
reduced via the decrease of GABA content in GABA neurons,
resulting in mechanical hypersensitivity in the hind paw
and spinal neuronal hyperexcitability. In the later phase,
GABAergic inhibition level is restored to normal via recovery
of GABA content, leading to alleviation of such mechanical
hypersensitivity and neuronal hyperexcitability. Therefore,
the control of spinal GABA levels could be a useful tool for
the treatment of neuropathic pain following CCD.

Highlights

(i) GABA-ir neurons were decreased without changes in
total neuron numbers on the CCD injury side in the
early phase, whereas there were no changes in GABA-
ir neurons in the late phase.

(ii) Mechanical hypersensitivity and spinal WDR neu-
ronal hyperexcitability developed on the CCD injured
side in the early phase, which returned to normal in
the late phase.

(iii) GABA receptor agonists reduced CCD-induced me-
chanical hypersensitivity and neuronal hyperexcita-
bility in the early phase.

(iv) GABA receptor antagonists reinduced mechanical
hypersensitivity and neuronal hyperexcitability in the
late phase.
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The cyclic AMP-dependent protein kinase (PKA), which activates prosurvival signaling proteins, has been implicated in the
expression of long-term potentiation and hippocampal long-term memory. It has come to light that H89 commonly known as
the PKA inhibitor have diverse roles in the nervous system that are unrelated to its role as a PKA inhibitor. We have investigated
the role of H89 in ischemic and reperfusion injury. First, we examined the expression of postsynaptic density protein 95 (PSD95),
microtubule-associated protein 2 (MAP2), and synaptophysin in mouse brain after middle cerebral artery occlusion injury. Next,
we examined the role of H89 pretreatment on the expression of brain-derived neurotrophic factor (BDNF), PSD95, MAP2, and
the apoptosis regulators Bcl2 and cleaved caspase-3 in cultured neuroblastoma cells exposed to hypoxia and reperfusion injury. In
addition, we investigated the alteration of AKT activation in H89 pretreated neuroblastoma cells under hypoxia and reperfusion
injury. The data suggest that H89 may contribute to brain recovery after ischemic stroke by regulating neuronal death and proteins
related to synaptic plasticity.

1. Introduction

Protein kinase A (PKA) [1] acts to phosphorylate other
proteins, regulating them in a reversiblemanner.When cyclic
adenosine monophosphate (cAMP) binds to the subunits of
PKA, they undergo a conformational change that promotes
phosphorylation [2]. PKA is implicated also in neural health.
It stimulates neurite outgrowth in neurons and neuronal cell
lines [3, 4] and promotes axon regeneration in vivo [5, 6].
cAMP/PKA signaling affects long-term synaptic plasticity
and long-term memory [7].

Many studies that evaluate the role of PKA, which
include smooth muscle cells [8, 9], neuronal tissue [10,
11], and epithelial cells [12, 13], have relied on the iso-
quinoline derivative N-[2-p-bromocinnamylamino-ethyl]-5-
isoquinolinesulfonamide (H89), an inhibitor of PKA. H89
has an inhibition constant (𝐾

𝑖
) of 0.05mM in its inhibition

of PKA [14, 15]. However, effects of H89 that are unrelated

to its inhibition have been observed. In a kinase study, at
a concentration of 10 𝜇M, H89 inhibited the activity of the
protein kinases Rho-associated kinase- (ROCK-) II, MSK1
and the ribosomal protein S6 kinase 𝛽-1 (S6K1) far more
potently than it inhibited PKA itself [16]. In addition, H89
10 𝜇M maintains the neurite outgrowth of neuroblastoma
cells [17]. There are several reports that H89 reduced Ca2+
uptake into the sarcoplasmic reticulum by attenuating the
Ca2+-ATPase’s [18] affinity for calcium [19]. At 20𝜇M, H89
prevented the glucose-induced increase in cytosolic calcium
in pancreatic islets and attenuated the release of calcium
in a differentiated 𝛽-cell line. In a study of expression of
myelin basic protein in oligodendrocytes, H89 is involved in
the phosphorylation of extracellular-signal–regulated kinase
1 and 2 (ERK 1 and 2) phosphorylation in response to insulin-
like growth factor-1 [20] and it lowered potassium current
through voltage-gated channels in rat myocytes [21].
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Of particular interest is the H89 inhibition of S6K1, noted
above. S6K1 is a downstream target of the mammalian target
of rapamycin (mTOR) protein, which regulates the autophagy
pathway [22] and is a mechanism target for regulation of cell
size [23]. Several researchers have questioned the role of PKA
in autophagy, since the studies rely at least in part on the
selectivity of H89, which they consider uncertain [24, 25].
The second issue involves the action of H89 itself. Clearly, it
has physiological effects unrelated to PKA. We have elected
to examine those effects and chose to focus on H89’s role in
neural health, especially ischemic stroke.

Cerebral ischemia leads to neuronal death and synaptic
dysfunction, resulting in cognitive decline [26–29]. Under-
standing the pathogenesis after ischemic stroke should
inform medical care and maximize recovery. In the present
study, we investigated the role of H89 in many aspects of
nervous system function. Specifically, we examined its role in
the expression of brain-derived neurotrophic factor (BDNF)
in the development of neurites to axons [30–32], learning and
memory [33], synaptic plasticity [34], the expression of B-cell
lymphoma 2 (Bcl2) [35, 36] as it relates to neuronal death,
the expression of synaptophysin [37], postsynaptic density
protein 95 (PSD-95) [38, 39] as it relates to synaptic plas-
ticity, and the expression of microtubule-associated protein
2 (MAP2). The latter interacts with actin filaments, shown
to be necessary for neurite outgrowth [40–43] in a middle
cerebral artery occlusion (MCAO) animal model and in an in
vitro study. In present study, we suggest that H89 may confer
protection from brain damage following cerebral ischemia.

2. Materials and Methods

2.1. Animal Model. Male C57BL/6 mice (Orient, GyeongGi-
Do, Korea) that were eight-to-twelve weeks old were used
in this study. Hypoxia followed by reperfusion (H/R) was
imposed by subjecting mice to transient focal cerebral
ischemia by intraluminal middle cerebral artery blockade
with a nylon suture, as previously described [44]. After
60min of MCAO, blood flow was restored by withdrawing
the suture and regional cerebral blood flow was monitored
with a laser Doppler flow meter (Transonic Systems, Inc.,
Ithaca, NY, USA). All animal procedures and experiments
were performed in accordance with the Guide to the Care
and Use of Laboratory Animals and were approved by the
Association for Assessment and Accreditation of Laboratory
Animal Care. All procedures were done at room temperature
unless indicated otherwise. We used 5 rats in each group for
study. Each measurement included 3 repeats per animal.

2.2. Immunohistochemistry. Frozen brain sections were cut
into 5𝜇msections andmounted on clean glass slides (Thermo
Scientific, Waltham, MA, USA), air-dried, and fixed in cold
acetone for 10min at −20∘C. The slides were washed in
Tris-buffered saline (TBS; 20 nM Tris (pH 7.2), 150mM
NaCl), incubated with 0.3% H

2
O
2
in methanol to quench

endogenous peroxidase activity, and washed three times
with distilled water, and the sections were blocked with
10% normal rabbit serum. Additional frozen brain sections
(20𝜇m) were fixed in ice-cold acetone for 20min. To block

nonspecific labeling, sections were incubated in 5% bovine
serum albumin (BSA; Sigma-Aldrich, St. Louis, MO, USA)
in 0.1% phosphate-buffered saline (PBS) for 30min before
addition of primary and secondary antibodies. Primary
antibodies for PSD-95 (1 : 100, Millipore, Massachusetts, MA,
USA), synaptophysin (1 : 100, Millipore, Massachusetts, MA,
USA), and MAP2 (1 : 100, Abcam, Cambridge, MA, USA)
were applied to the samples for 24 h at 4∘C; then the samples
were incubated with the appropriate florescence secondary
antibody (1 : 100, Invitrogen, Carlsbad, CA, USA) for 90min,
washed three times for 10min in PBS with Tween-20 (PBST),
and incubated with rhodamine-conjugated sheep anti-rabbit
or fluorescein isothiocyanate- (FITC-) conjugated sheep anti-
mouse secondary antibody (both diluted to 1 : 200 with
5% BSA fraction V in 0.1% PBST) for 2 h in the dark.
This was followed by three washes in PBS and incubation
in 1 𝜇g/mL 4󸀠,6-diamidino-2-phenylindole (DAPI; Sigma-
Aldrich, St. Louis, MO, USA) for counterstaining. Tissues
were then visualized under a confocalmicroscope (Zeiss LSM
700, Carl Zeiss, Thornwood, NY, USA).

2.3. Cell Culture. Neuro2A (N2A) cells purchased from
ATCC biotechnology (ATCC, Manassas, VA, USA) were
derived from mouse neuroblastoma. The cells exhibited
properties of neuronal stem cells and were capable of differ-
entiating into neuron-like cells in the presence of retinoic acid
(RA). Undifferentiated N2A cells were cultured in Dulbecco’s
modified eagle medium (DMEM) supplemented with 10%
fetal bovine serum (FBS; Gibco, Grand Island, NY, USA) and
100 𝜇g/mLpenicillin-streptomycin (Gibco,Grand Island,NY,
USA). N2A cells were passaged at least twice and then plated
at 5 × 104 cells/mL in DMEM supplemented with 10% FBS
for 24 h, after which the medium was changed to DMEM
supplemented with 2% FBS and 20 𝜇MRA for differentiation.
Cultures were maintained in a humidified atmosphere of 5%
CO
2
at 37∘C.The medium was changed every two days [45].

2.4. Hypoxia and Reperfusion (H/R) and H89 Treatment.
Confluent cells were transferred to an anaerobic chamber
(Forma Scientific, OH, USA, O

2
tension = 0.1%). They

were washed three times with PBS and the culture medium
was replaced with deoxygenated, glucose-free balanced salt
solution and incubated for 4 h. Following H/R injury, cells
were incubated for 18 h under normal growth conditions
[46]. H89 (10 𝜇M, Sigma-Aldrich, St. Louis, MO, USA) was
treated in the N2A cells at 2 h before H/R injury. In present
study, we used the 10𝜇M concentration of H89, considering
previous researches regarding other functions except from
PKA inhibitor[17–19, 47, 48].

2.5. Neurite Length Measurement. To determine the length
of their neurites, the cells were fixed for 20min in 3.7%
formaldehyde. Neurite formation was defined as an out-
growth from the cell body that was longer than the diameter
of the cell body. N2A cells in three randomly selected fields
(30–100 cells per field) were measured using ImageJ software
(ImageJ, Madison, WI, USA) [49]. At least 30 cells per
treatment were scored [50].
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Figure 1: Immunochemical image for confirmation reduced synaptophysin expression in MCAO mouse brain. Immunochemical images
showed that synaptophysin-positive cells (red) were decreased as expressed in MCAO mouse cortex. In addition, immunochemical images
showed that MAP2- (considered as the neuron specific microtubule protein) positive cells (green) were strongly decreased in MCAOmouse
cortex compared to the normal group. We used 5 rats in each groups for study. Each measurement included 3 repeats per animal. Scale
bar = 100𝜇m, synaptophysin: red, MAP2: green, 4󸀠, 6-diamidino-2-phenylindole (DAPI): blue, normal: normal control group, and MCAO:
reperfusion 24 hr after MCAO injury.
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Figure 2: Immunochemical image for confirmation reduced PSD-95 expression in MCAO mouse brain. Immunochemical images showed
that PSD-95- (as the post synaptic density protein) positive cells (red) were decreased as expressed in MCAO mouse cortex. Postsynaptic
proteins were hardly observed inMCAOmouse brain cortex, whereas the normal cortexwas observed evidently.We used 5 rats in each groups
for study. Each measurement included 3 repeats per animal. Scale bar = 100𝜇m, PSD-95: red, MAP2: green, 4󸀠,6-diamidino-2-phenylindole
(DAPI): blue, normal: normal control group, and MCAO: reperfusion 24 hr after MCAO injury.

2.6. Reverse Transcription PCR (RT-PCR). To examine the
expression of BDNF, Bcl2, and MAP2 in N2A cells after
H/R injury, RT-PCR was performed. Briefly, samples were
lysed with TRIzol reagent (Invitrogen, Carlsbad, CA, USA)
and total RNA was extracted according to the manu-
facturer’s protocol. Complementary DNA synthesis from
mRNA and sample normalization was performed. PCR
was performed using the following thermal cycling condi-
tions: 10min at 95∘C, 35 cycles of denaturing at 95∘C for
15 sec, annealing for 30 sec at 70∘C, elongation at 72∘C for
30 sec, final extension for 10min at 72∘C, and maintenance
at 4∘C. PCR was performed using the following primers
(5󸀠 to 3󸀠); BDNF (F): AGT GAT GAC CAT CCT TTT
CCT TAC, (R): CCT CAA ATG TGT CAT CCA AGG
A, Bcl2 (F): AAG CTG TCA CAG AGG GGC TA, (R):

CAGGCTGGAAGGAGAAGA TG,MAP2 (F): TGA AGA
ATG GCA GAT GAA C, (R): AGA AGG AGG CAG ATT
AGC, GAPDH (F): GGCATGGACTGTGGTCATGAG, (R):
TGCACCACCAACTGCTTAGC. PCR products were elec-
trophoresed in 1.5% agarose gels and stained with ethidium
bromide.

2.7. Western Blot Analysis. After H/R injury, cells were
washed rapidly with ice-cold PBS, scraped, and collected.
Cell pellets were lysed with ice-cold RIPA buffer (Sigma-
Aldrich, St. Louis, MO, USA). The lysates were centrifuged
at 13,200 rpm for 1 h at 4∘C to produce whole-cell extracts.
Protein was quantified with the bicinchoninic acid (BCA)
method (Pierce biotechnology, Rockford, IL, USA). Protein
(20𝜇g) was separated on a 10% SDS–polyacrylamide (PAGE)
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Figure 3:Themeasurement of neurite outgrowth in Neuro2A cells. (a)The graph of neurite outgrowth length (𝜇m) in all groups.The neurite
length significantly decreases in N2A cells against hypoxia reperfusion injury. Data are expressed as mean ± S.E.M. Significant intergroup
differenceswere determined by one-way analysis of variance (ANOVA) followedbyBonferroni post hocmultiple-comparison test.Differences
were considered significant at ∗𝑃 < 0.05. (b) The image using bright field microscope in the normal group shows well developed neurite of
N2A cells. (c) The image using bright field microscope in hypoxia reperfusion group shows shorter neurite outgrowth of N2A cells than the
normal group. (d)The image using bright field microscope in H89 group shows well developed neurite of N2A cells compared to the hypoxia
reperfusion group. Each experiment included 3 repeats per condition. H89 protected N2A cells against the neurite damage under H/R injury.
Normal: the normal control group, H/R: 4 hr hypoxia and 18 hr reperfusion injury group, and H89: 2 hr PKA inhibitor H89 treatment group
before 4 hr hypoxia and 18 hr reperfusion injury.

gel and transferred onto a polyvinylidene difluoride (PVDF)
membrane. After blocking with 5% BSA (in TBS/Tween
[TBS-T]) for 1 h, immunoblots were incubated overnight at
4∘C with primary antibodies specific for Bcl2 (1 : 2000, Milli-
pore, Massachusetts, MA, USA), cleaved caspase-3 (1 : 2000,
Santa Cruz, Santa Cruz, CA, USA), PSD-95 (1 : 2000, Mil-
lipore, Massachusetts, MA, USA), AKT (1 : 2000, Cell sig-
naling, Danvers, MA, USA), p-AKT (1 : 2000, Cell signaling,
Danvers, MA, USA), or 𝛽-actin (1 : 2000, Santa Cruz, Santa
Cruz, CA, USA). Next, blots were incubated with horseradish
peroxidase- (HRP-) linked anti-mouse and anti-rabbit IgG
antibodies purchased fromAbcam (Abcam, Cambridge,MA,
USA) for 1 h. Enhanced chemiluminescence was performed
by electrochemiluminescence (ECL: Pierce Biotechnology,
Rockford, IL, USA) [51].

2.8. Immunocytochemistry. The expression of BDNF, cleaved
caspase-3, Bcl2, and PSD-95 in N2A cells was confirmed by

immunocytochemistry. Cells in all experimental groups were
washed three times with PBS, fixed with 4% paraformalde-
hyde for 3 h, and then washed with PBS. N2A cells were
permeabilized with 0.025% Triton X-100 and blocked for
1 h with dilution buffer (Invitrogen, Carlsbad, CA, USA).
The following primary antibodies: anti-rabbit BDNF (1 : 500,
Abcam, Cambridge,MA, USA), anti-rabbit cleaved caspase-3
(1 : 500, Santa Cruz, Santa Cruz, CA, USA), anti-rabbit PSD-
95 (1 : 500, Millipore, Massachusetts, MA, USA), anti-mouse
Bcl2 (1 : 500, Millipore, Massachusetts, MA, USA) were pre-
pared in dilution buffer, added to samples, and incubated
for 3 h. Primary antibody was then removed and cells were
washed three times for 3min each with PBS. Later, sam-
ples were incubated with FITC-conjugated goat, anti-rabbit
(1 : 200, Jackson Immunoresearch, PA, USA), or rhodamine-
conjugated donkey, anti-mouse secondary antibodies (1 : 500,
Millipore, Massachusetts, MA, USA) for 2 h. Cells were
washed again three times for 3min eachwith PBS and stained
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with 1 𝜇g/mL DAPI (1 : 100, Sigma-Aldrich, St. Louis, MO,
USA) for 10min at room temperature. Fixed samples were
imaged using a Zeiss LSM 700 confocal microscope (Carl
Zeiss, Thornwood, NY, USA).

2.9. Statistical Analysis. Statistical analyses were carried out
using SPSS 18.0 software (IBM Corp., Armonk, NY, USA).
Data are expressed as mean ± S.E.M. Significant intergroup
differences were determined by one-way analysis of vari-
ance (ANOVA) followed by Bonferroni post hoc multiple-
comparison test. Each experiment included four replicates
per treatment. Differences were considered significant at 𝑃 <
0.05 (∗) or 𝑃 < 0.001 (∗∗).

3. Results

3.1. MCAO Mouse Brain Exhibited Neuronal Death and
Synaptic Plasticity Damage. We performed immunohisto-
chemistry of the brain of H/R injured and control mice, using
antibodies to synaptophysin (Figure 1), PSD-95 (Figure 2),
and MAP2 (Figures 1 and 2). The former two were used as
markers of synaptic plasticity; the latter is considered to be a
neuronal microtubule protein marker.The immunoreactivity
of all three proteins was less in the H/R injured group than
in the control group. These results indicate that cerebral
ischemia suppresses the expression of synaptophysin, PSD-
95, and MAP2 in ischemic brain and that synaptic neuronal
microtubule proteins were damaged by ischemic injury.

3.2. H/R Injury in Neuro2A Cells Inhibited, and H89 Pretreat-
ment Restored, Neurite Outgrowth. Neurite outgrowth of
Neuro2A cells was assessed by measuring neurite length with
ImageJ software (Figure 3). The average length of normal
N2A cells was approximately 65 𝜇m, whereas neurites of
cells subjected to H/R injury were approximately 26 𝜇m long
(Figure 3(a)). Neurites from cells that had been pretreated
with H89 before H/R injury were, on average, approximately
45 𝜇m, or almost twice that of the injured cells that were
not pretreated (Figure 3(a)). Bright-field images showed the
neurite length in all groups (Figures 3(b), 3(c), and 3(d)).The
yellow line in all images permits easy comparison of neurite
lengths.

We also performed RT-PCR (Figure 4) to assess MAP2, a
protein essential to neurite growth [41, 42]. The mRNA level
of MAP2 in H/R injured N2A cells was reduced considerably
compared to the control group (Figure 4). We conclude
that H/R injury leads to reduction of neurite outgrowth,
which can be alleviated by H89 pretreatment.Thus, H89 may
ameliorate the effects of H/R injury.

3.3. Cell Survival Was Increased in H89 Pretreated Neuro2A
Cells after H/R Injury. To confirm whether or not H89
is involved in the neuronal cell death during H/R injury,
we conducted the immunocytochemistry (Figures 5(a) and
5(b)), western blot analysis (Figures 5(c) and 5(d)), and
RT-PCR (Figure 7(b)) using cleaved caspase-3 (as a marker
of mitochondrial cell death) and Bcl2 (as a marker of
anti-apoptosis) antibodies. H/R injured N2A cells were
observed: the reduced Bcl2 immunoreactivity (Figure 5(b)),
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Figure 4:Themeasurement ofMAP2mRNA level in Neuro2A cells
after PKA inhibitor treatment. MAP2 mRNA levels were measured
by using RT-PCR. The H89 group showed higher mRNA levels of
MAP2 compared to the hypoxia reperfusion injury group. Data
were expressed as mean ± S.E.M, and each experiment included 3
repeats per condition. GAPDH was used as a control. Differences
were considered significant at ∗𝑃 < 0.05 and ∗∗𝑃 < 0.001. Normal:
the normal control group, H/R: 4 hr hypoxia and 18 hr reperfusion
injury group, and H89: 2 hr PKA inhibitor H89 treatment group
before 4 hr hypoxia and 18 hr reperfusion injury.

the decreased Bcl2 mRNA level (Figure 7(b)), the attenu-
ated Bcl2 protein level (Figure 5(d)), the increased cleaved
caspase-3 immunoreactivity (Figure 5(a)), and the increased
cleaved caspase-3 protein level (Figure 5(c)). H89 pretreat-
ment before H/R injury group showed the increased Bcl2
expression (Figures 5(b), 5(d), and 7(b)) and the reduced
cleaved caspase-3 expression (Figures 5(a) and 5(c)) com-
pared with the H/R group. These results indicated that the
cell death in N2A cells was attenuated by H89 pretreatment
in spite of hypoxia and reperfusion injury. Thus, we suggest
thatH89may contribute to the neuronal cell survival pathway
under hypoxia and reperfusion injury.

3.4. The Increase of BDNF Expression in Neuro2A Cells
Pretreated with H89 in Hypoxia Reperfusion Injury. We
performed immunocytochemistry analysis (Figure 6) and
RT-PCR (Figure 7(a)) using BDNF as the representative of
neurotrophic factors in N2A cells to examine whether there
was the alteration of neurotrophic factor expression in H89
pretreated N2A cells under hypoxia and reperfusion injury.
We observed evidently lesser immunoreactivity of BDNF
(Figure 6) in the H/R injured N2A cells compared to the
normal control group. However, BDNF- (Figure 6) positive
cells were obviously more expressed in H89 pretreated N2A
cells than the H/R injury group. In addition, the BDNF
mRNA level in N2A cells was higher in H89 pretreated N2A
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Figure 5: The measurement of cleaved caspase-3 and Bcl2 expression in Neuro2A cells after H/R-induced injury. (a) The level of cleaved
caspase-3 was evaluated by immunocytochemistry. This image shows that the expression of cleaved caspase-3 in the H/R group was strongly
increased compared to the normal group. Cleaved caspase-3 expression was attenuated in H89 pretreatment treatment group under H/R-
induced injury. (b)The level of Bcl2 was evaluated by immunocytochemistry. This image shows that the expression of Bcl2 in the H/R group
was increased compared to the normal group. PKA inhibitorH89 pretreatment preserved the expression of Bcl2 in spite of hypoxia reperfusion
injury. (c) Western blotting experiments showed that the relative protein expression of cleaved caspase-3 evidently attenuated in the H89
group compared to the hypoxia reperfusion group. (d) Western blotting experiments showed that the relative protein expression of Bcl2
slightly increased in the H89 group compared to the hypoxia reperfusion group. Data were expressed as mean ± S.E.M, and each experiment
included 4 repeats per condition. Differences were considered significant ∗∗𝑃 < 0.001. Scale bar: 200 𝜇m, cleaved caspase-3: red, Bcl2: green,
4󸀠,6-diamidino-2-phenylindole (DAPI): blue, normal: the normal control group, H/R: 4 hr hypoxia and 18 hr reperfusion injury group, and
H89: 2 hr PKA inhibitor H89 treatment group before 4 hr hypoxia and 18 hr reperfusion injury.
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Figure 6: The measurement of BDNF expression in Neuro2A cells
after H/R-induced injury. The level of BDNF was evaluated by
immunocytochemistry. This image shows that the expression of
BDNF in theH/R groupwas reduced compared to the normal group.
H89 pretreatment increased the expression of BDNF in N2A cells in
spite of hypoxia reperfusion injury. Scale bar: 200 𝜇m, BDNF: green,
4󸀠,6-diamidino-2-phenylindole (DAPI): blue, normal: the normal
control group, H/R: 4 hr hypoxia and 18 hr reperfusion injury group,
and H89: 2 hr PKA inhibitor H89 treatment group before 4 hr
hypoxia and 18 hr reperfusion injury.

cells than the H/R injury group. These results showed that
hypoxia and reperfusion stress suppresses the expression of
BDNF in N2A cells, whereas H89 pretreatment H/R injured
N2A cells considerably did not reduced the expression of
BDNF against H/R injury. Based on these consequences, our
results suggest that neurotrophic factor BDNF’s expression
was not reduced byH89 pretreatment despite ischemic injury.
Thus, H89may contribute to the expression of BDNF in N2A
cells following hypoxia and reperfusion stress.

3.5. The Preservation of PSD-95 Expression in Neuro2A Cells
Pretreated with H89 during Hypoxia Reperfusion Injury. We
performed immunocytochemistry analysis (Figure 8(a)) and
western blot analysis (Figure 8(b)) using PSD-95 antibody in
N2A cells to investigate whether there was the alteration of
synaptic plasticity related proteins in H89 pretreated N2A
cells under hypoxia and reperfusion injury. In addition, we
confirmed evidently decreased immunoreactivity of PSD-95
(Figure 8(a)) in the H/R injured N2A cells compared to the
normal control group. On the other hand, the immunoreac-
tivity of PSD-95 was more increased in H89 pretreated N2A
cells than the H/R injury group (Figure 8(a)). Moreover, the
protein level of PSD-95 (Figure 8(b)) inN2A cells was slightly
higher in H89 pretreated N2A cells than the H/R injury
group. These results indicated that hypoxia and reperfusion
stress reduced the expression of PSD-95 inN2A cells, whereas
H89pretreatmentH/R injuredN2Acells considerably did not

reduce expression of PSD-95 against H/R injury compared
to H/R injured N2A cells. It is possible to extrapolate these
results to suggest that the H/R injury reduced the expression
of PSD-95. Data tend to support the conclusion that H89may
alleviate the synaptic plasticity damage of N2A cells against
ischemic stress.

3.6. The Measurement of Phosphorylation AKT Protein Level
in H89 Pretreated Neuro2A Cells against Hypoxia Reperfusion
Injury. We performed western blot analysis (Figure 9) using
AKT and phosphorylation-AKT (p-AKT) antibody in N2A
cells to investigate the change of AKT phosphorylation in
H89 pretreated N2A cells under hypoxia and reperfusion
injury. The protein level of phosphorylation-AKT (Figure 9)
was evidently increased in H89 pretreated H/R injured N2A
cells than the H/R injury group. This result shows that
H89 considerably promotes the activation of AKT signaling
in N2A cells against H/R injury. Our data supports the
hypothesis that H89 may boost the phosphorylation of AKT
in N2A cells to survive the cells against ischemic stress.

4. Discussion

In cerebral ischemia, the reduction of synaptic dysfunction
and neuronal cell loss are important issues and are impli-
cated in severe pathogenesis such as memory impairment
following ischemic stroke [26–29, 52, 53]. In the search for
a solution, many researchers study the molecules and the
signal pathways that lead to reduced synaptic plasticity and
cell death [54–56]; an example of one is PKA signaling [3–
7]. H89, known as the molecule commonly used to inhibit
PKA action, recently has been reported to have a variety
of functions unrelated to its effect on PKA inhibition [16,
18, 21, 57]. H89 affects ROCK II and, through that effect,
cell morphology [48] and neurite extension [58, 59]. The
data presented here indicate that H89 promotes neurite
outgrowth and protects it after hypoxia stress. MAP2 (known
as the neuron specific cytoskeletal protein) is present during
all stages of neuromorphogenesis [60] and is necessary
for neurite initiation [60–62]. Our MAP2 expression data
support the contention that H89 may also support neurite
outgrowth through MAP2. We speculate that the mainte-
nance of neurite outgrowth after ischemic stroke is central
to the role of H89. Several studies have demonstrated that
H89 induces autophagy in cells independent of PKA signaling
[24, 25] and increases cell survival after inflammation [54,
63]. In the present study, we observed reduced expres-
sion of cleaved caspase-3 and increased expression of Bcl2
following pretreatment with H89, supporting the conclu-
sion that H89 protects against hypoxia injury, specifically,
that it increases neuronal cell survival rate after ischemic
stroke. Neurotrophic molecules regulate synaptic plasticity
of the nervous system [64–66]. Specifically, many researches
demonstrated that BDNF accelerates the axogenesis [30–32],
promotes poststroke plasticity in an in vivo study [32, 67–
71], and contributes to healthy brain function, notably, neu-
ronal survival andmaintenance, neurogenesis, modulation of
dendritic branching and dendritic spinemorphology [72, 73],
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Figure 7:The measurement of BDNF and Bcl2 mRNA level in Neuro2A cells after H/R-induced injury. (a) BDNF and (b) Bcl2 mRNA levels
were measured by using RT-PCR. The H89 pretreatment group showed higher mRNA levels of (a) BDNF and (b) Bcl2 compared to the
hypoxia reperfusion injury group. Data were expressed as mean ± S.E.M, and each experiment included 3 repeats per condition. GAPDH
was used as a control. Differences were considered significant at ∗𝑃 < 0.05 and ∗∗𝑃 < 0.001. Normal: the normal control group, H/R: 4 hr
hypoxia and 18 hr reperfusion injury group, H89: 2 hr PKA inhibitor H89 treatment group before 4 hr hypoxia and 18 hr reperfusion injury.
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Figure 8: The measurement of PSD-95 expression in Neuro2A cells after H/R-induced injury. The level of PSD-95 was evaluated by
immunocytochemistry. This image shows that the expression of PSD-95 in the H/R group was decreased compared to the normal group.
PKA inhibitor H89 pretreatment increased the expression of PSD-95 in spite of hypoxia reperfusion injury. (b)Western blotting experiments
showed that the relative protein expression of PSD-95 slightly increased in theH89 group compared to the hypoxia reperfusion group. 𝛽-actin
was used as an internal control. Data were expressed as mean ± S.E.M, and each experiment included 4 repeats per condition. Differences
were considered significant at ∗𝑃 < 0.05 and ∗∗𝑃 < 0.001. Scale bar: 200 𝜇m, PSD-95: green, 4󸀠, 6-diamidino-2-phenylindole (DAPI): blue,
normal: the normal control group, H/R: 4 hr hypoxia and 18 hr reperfusion injury group, and H89: 2 hr PKA inhibitor H89 treatment group
before 4 hr hypoxia and 18 hr reperfusion injury.



Neural Plasticity 9

AKT

p-AKT

Normal H/R H89

Normal H/R H89

Re
la

tiv
e o

pt
ic

al
 d

en
sit

y

1

0.7

0.6

0.4

0.2

0

0.1

0.3

0.5

0.8

0.9

𝛽-actin

∗∗

∗∗

∗∗

Figure 9: The measurement of AKT phosphorylation in Neuro2A
cell against H/R injury. Western blotting experiments showed that
the relative protein level of phosphorylation-AKT (p-AKT)/AKT
significantlywas increased in theH89 pretreatment group compared
to the hypoxia and reperfusion group. 𝛽-actin was used as an
internal control. Data were expressed as mean ± S.E.M, and each
experiment included 4 repeats per condition. Differences were
considered significant at ∗∗𝑃 < 0.001. Normal: the normal control
group, H/R: 4 hr hypoxia and 18 hr reperfusion injury group, H89:
2 hr PKA inhibitor H89 treatment group before 4 hr hypoxia and
18 hr reperfusion injury, and p-AKT: phosphorylation-AKT.

and development of neuronal connections required for learn-
ing and memory [74–76]. BDNF, through phosphorylation
of its TrkB receptor, activates a neuron-specific protein,
controls the actin cytoskeleton in dendritic spines [77] and
their regression [78, 79], and promotes the actin polymer-
ization [80]. Inhibition of BDNF synthesis results in smaller
spine heads and impairs long-term potentiation of synaptic
transmission [81, 82]. Moreover, BDNF signaling plays a
crucial role in the development of synapses by controlling the
transport of PSD-95, which is the major scaffolding protein
at mature glutamate synapses [83, 84]. PSD-95 itself and its
interaction with BDNF signaling have been implicated in
diverse brain diseases [85–87]. When localized in postsynap-
tic terminals, PSD-95 has an important role in postsynaptic
function and plasticity [88–90]. The loss of PSD-95 results in
severe cognitive decline due to loss of neurons and synaptic
disruption [91–93]. In addition, synaptophysin as a marker
of the pre-synaptic nerve terminal density is essential for
vesicle fusion and the release of neurotransmitter [94]. The
reduction of synaptophysin has been reported to reduce
synaptic plasticity in the brain [95, 96]. Our results suggest
that H89 may enhance synaptic plasticity by promoting

the BDNF expression in neuronal cells under ischemic brain
injury. Also H89 may be involved in neurite outgrowth by
regulating the preservation of synaptic proteins, such as PSD-
95 and synaptophysin, following ischemic brain damage.
AKT which is activated by phosphatidylinositol 3-kinase
activity [97] has known to promote a cellular protection
after ischemic injury in the brain [98]. Moreover, AKT has
been reported that it mediates anti-apoptosis signalings in
ischemic stroke studies [99, 100]. Some study indicated that
H89 markedly enhances the phosphorylation of AKT [101].
Considering our results, we assume that H89 may contribute
to the survival of neuronal cells against ischemic injury
through the activation of AKT. In present study, although
learning and memory were not assessed in the animal model
used here and we has some limitations to identify the specific
molecular mechanism by H89, we propose that H89 may
ameliorate the pathophysiology following ischemic stroke by
reducing neuronal cell death and involving synaptic plasticity.
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Inhibitors of HMG-CoA reductase (statins), widely used to lower cholesterol in coronary heart and vascular disease, are effective
drugs in reducing the risk of stroke and improving its outcome in the long term. After ischemic stroke, cardiac autonomic
dysfunction and psychological problems are common complications related to deficits in the noradrenergic (NA) system. This
study investigated the effects of statins on the recovery of NA neuron circuitry and its function after transient focal cerebral
ischemia (tFCI). Using the wheat germ agglutinin (WGA) transgene technique combined with the recombinant adenoviral vector
system, NA-specific neuronal pathways were labeled, and were identified in the locus coeruleus (LC), where NA neurons originate.
NA circuitry in the atorvastatin-treated group recovered faster than in the vehicle-treated group. The damaged NA circuitry was
partly reorganized with the gradual recovery of autonomic dysfunction and neurobehavioral deficit. Newly proliferated cells might
contribute to reorganizing NA neurons and lead anatomic and functional recovery of NA neurons. Statins may be implicated to
play facilitating roles in the recovery of the NA neuron and its function.

1. Introduction

Therapeutic aims afterCNS injury are to prevent second com-
plications in acute stage and to enhance functional recovery
of the damaged brain in chronic stage. The neurological sec-
ondary implications contain urinary disorders, depression,
or dementia [1]. Cardiac complications including sudden
death are also frequent during recovery phase after stroke [2].
Response to increased serum cardiac enzyme and high blood
pressure, plasma noradrenaline (NA) levels are often elevated
[3, 4]. Dysfunction of the noradrenergic system is a fre-
quent feature in various neurodegenerative disorders such as
Alzheimer’s disease andParkinson’s disease, aswell as in acute
ischemic stroke. At stroke onset, ischemic sites and lesion
size may be related to different characteristics of autonomic
dysfunction [5]. Malfunction in the noradrenergic system is
also implicated in many psychiatric disorders manifesting
abnormal social behavior, attention deficit, hyperactivity,
anxiety, and depression. Brain ischemia induces pathological
synaptic plasticity caused by delayed neuronal death and
induces physiological plasticity which leads to structural

reorganization resulting in functional recovery [6, 7]. NA has
been reported to regulate neural stem cell and also act as
a positive modulator for hippocampal neurogenesis in vitro
and in vivo [8]. In adult mice, alteration of noradrenergic
system could affect neurogenesis and consequently improve
the performing ability to perceptual learning task [9].

Inhibitors of 3-hydroxy-3-methylglutaryl-coenzyme A
(HMG-CoA) reductase are widely used for secondary stroke
prevention [10]. Statin has been reported to have numerous
effects on neuron survival, angiogenesis, and neurogenesis
as well as lipid-lowering activity [11, 12]. Along with these
therapeutic usage, it was been mainly investigated whether
statin treatment, HMG-CoA reductase inhibition, could
promote neurological recovery, perilesional, and contrale-
sional neuronal plasticity in the post-acute stroke phase
promotes [13]. Administration of rosuvastatin for 30 days
after middle cerebral artery occlusion (MCAO) showed the
effect on reducing dementia [13]. Similar results were also
reported in treatment by simvastatin or atorvastatin [14].
Additionally, statin might be related to reducing risk of
dementia [15–17], and it received attention regarding playing
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another role in neurodegenerative disease. In Parkinson’s
disease (PD) animal model, simvastatin treatment showed
various neuroprotective effects by interacting with NMDA
receptor [18] and also by regulatingmuscarinicM1/4 receptor
[19]. Additionally, mevalonate pathway inhibited the neurites
outgrowth by blocking the cell rounding rapidly induced [17].

However, it is extremely poorly reported that statin affects
NA system which is deeply affected and altered by cerebral
ischemic stroke and closely related to chronic disabilities of
physical and emotional type.This current study presented the
visualized noradrenergic neuronal circuitry using a genetic
tracing method and investigated the effects of statins on the
functional recovery after stroke by focusing on NA neuron
circuitry and its function. We put the point on the behavioral
improvement in chronic stage by statin treatment.

2. Materials and Methods

2.1. Animal Model and Drug Treatment. To obtain focal cere-
bral ischemia animal model, adult male C57BL/6 mice (23–
26 g; Orient Co., Gyeonggi-do, South Korea) were housed
in a 12 h light/dark cycle and permitted food and water.
These mice were anesthetized by inhalation of isoflurane
in N
2
O/O
2
(%, 70 : 30) and subjected to fFCI by MCA

occlusion with a surgical nylon suture (5.0, Silkam, B.Braum,
PA, USA) for 1 hour. A Laser Doppler flowmeter (Transonic
System Inc., New York, USA) probe placed directly on the
skull surface over the territory of the MCA (1mm posterior
and 5mm lateral to bregma) measured regional CBF before
and after occlusion and immediately before sacrifice. Blood
pressure was monitored by cannulating a femoral artery with
Pressure Transducer (Harvard Apparatus, Inc., Holliston,
MA, USA). All procedures were approved by the animal
care committee at Yonsei University medical college. Statin
(atorvastatin) was dissolved to concentration of 1mg/mL in
5%methanol (methanol 10 𝜇L in saline 20mL).The prepared
statin solution was treated with intraperitoneal injection with
10mg/kg from 1 day after MCAO.

2.2. MRI Analysis and Infarct Size Measurement. To obtain
consecutive brain damage images, we performed MRI scans
of mice. For MRI analysis, mice were put on a horizontal
bore (400mm) after anesthetizing with isoflurane by 4.7
Teslar MR scanner (Brucker Biospin, Billerica, MA, USA).
Images were obtained using a T2-weighted fast spin echo
sequence. Diffusion images were also acquired. Temperature
was maintained and respiration was monitored throughout
the entire scan. Mice recovered quickly following the scan
with a 100% survival rate. Among the obtained MR images,
4 cuts were used in infarct size measurement and were
combined. Each damage region was measured by ImageJ and
represented by relative value with area of contralateral side
versus damaged area of ipsilateral side.

2.3. Recombinant Adenoviral Construction andViral Infection.
The procedure for generation of recombinant adenoviruses
was described and performed previously [20, 21]. The PRS-
WGA adenovirus was friendly gifted from Dr. Huh, Kyung
Hee University. A gene cassette containing the WGA gene

downstream of the PRS2x8 promoter was inserted into the
pAdTrack plasmid and finally into the pAdEasy1. Recombi-
nant adenoviral DNA was cut with Pac1 and transfected into
HEK293 cells using Lipofectamine (Invitrogen, CA, USA).
Viruses were harvested 5 days after transfection from the
transfected HEK293 cells and amplified on dishes. The viral
particles were purified by cesium chloride density gradient
ultracentrifugation, dialyzed, and tittered.

Animals were anesthetized and placed in a stereotaxic
instrument. After incision of the skin, a small burr hole was
made directly at LC (5.4 mm posterior, 1.0 mm lateral, and
3.8mm deep to bregma) and the viral vector was unilaterally
injected into the LCof ischemic hemisphere using aHamilton
syringe (Hamilton Co., Nevada, USA). A single injection
of 0.2∼0.3 𝜇L of the concentrated adenovirus suspension
(about 2 × 1013 cfu/mL) was used in this study. The scalp was
then sutured, and then the mouse was returned to standard
housing. After 2 days of virus injection, mice were perfused
with 4% formaldehyde and the brains were removed for
histological analysis.

2.4. Immunohistochemistry. Fixed mouse brains were sec-
tioned with a cryostat to obtain 40 𝜇m sections, respectively.
The sections were pretreated for 20min with 1%H

2
O
2
in PBS

containing 0.3% Triton X-100 for inactivation of endogenous
peroxidase activity and permeabilization of cells.The sections
were then incubated for 30min with 5% normal rabbit
serum in PBS to block nonspecific protein-binding sites
and incubated with anti-WGA polyclonal antibody (1 : 2000,
Vector Laboratory, CA, USA) and anti-BrdU monoclonal
antibody (1 : 200, AbD Serotec, UK) in PBS containing 0.3%
Triton X-100 with 2% normal rabbit serum overnight at 4∘C
and for 2 hours at room temperature. After washing, the
sections were incubated with biotin-labeled anti-goat IgG
(1 : 200, Vector Laboratory) followed by Vectastatin ABC
elite kit (Vector Laboratory), TSA kit (Perkin Elmer, Boston,
USA), and Vectastatin ABC elite kit again. Signals were
visualized with Ni2+-intensified diaminobenzidine/peroxide
reaction kit (Vector Laboratory). Specimens were observed
with a microscope and computerized digital camera system
(Olympus, Tokyo, Japan: Provis) and an image analysis
system and program (Adobe Photoshop, San Jose, CA).

2.5. BrdU Labeling and Tissue Processing. Cell proliferation
was measured by the incorporation of the thymidine ana-
logue 5󸀠-bromo-2-deoxyuridine (BrdU) that is incorporated
into the DNA of dividing cells in immunohistochemically
detectable quantities during the S phase of cell division. After
MCAO, the animals were twice injected intraperitoneally
with BrdU (Roche) (50mg/kg at a concentration of 10mg/mL
in 0.9% NaCl) at 24 hours and 1 hour before sacrifice.
For immunohistochemical detection of incorporated BrdU,
double-stranded DNA was denatured to a single-stranded
form suitable for immunohistochemical detection on sec-
tions. Sections were incubated in 50% formamide in standard
sodium citrate at 65∘C for 2 hours and treated further with
2M HCl at 35∘C for 30min. After being rinsed for 10min
at room temperature in 0.1M boric acid, the sections were
washed with PBS and then incubated with 0.03% H

2
O
2
in
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Figure 1: Expression of WGA and GFP in LC, detecting PRS-WGA adenovirus. (a) Schematic diagram representing the structure of the
transgene. (b) WGA immunoreactivity in the noninjured mouse brain. After 2 days of PRS-WGA adenovirus injection in the LC, LC-
originated WGA protein was detected in NA neurons and other areas. Scale bars = 500𝜇m.

methanol for 5min. The sections were incubated with a
primary antibody against BrdU (1 : 1,000, Roche Diagnostics)
at room temperature for 30 minutes, washed with PBS, and
reacted with a FITC-conjugated secondary antibody (1 : 200,
Jackson ImmunoResearch, PA, USA) for 30min at room
temperature. After washing, stained tissue samples were
mounted using Vectashield mounting medium (Vector Lab,
Burlingame, CA, USA).

2.6. Behavioral Assessment-Light/Dark Transition Test and
Resident-Aggression-Intruder Test

2.6.1. Light/Dark Transition Test. The test is based on the
aversive nature of mice to light and on their spontaneous
exploratory behavior in new environments [22]. The appa-
ratus for the test consisted of a dark chamber and a bright
chamber. There are gates to pass between two chambers and
mice are allowed to move freely between the two chambers.
The test is performed in the bright illuminated chamber and
the number of entries into the dark chamber evaluated for
5min. Besides the number of transitions, latent time in dark
chamber was evaluated.

2.6.2. Resident-Aggression-Intruder Test. Mice were habitu-
ated in the same cage for at least over 1 week. Aggression
level was assessed with three sessions at three-day interval.
Evaluating itemswere duration of aggressive behavior and the
number of aggression. Duration of aggression indicates the
sum of time that determine resident animal the duration to
show active move action toward intruder, social exploration,
lateral threat, or clinch attack. Latency to attackwas expressed
by measuring the time between the introduction of the
intruder and the first clinch attack.

2.7. Data Analysis. The data were expressed as mean ± S.D.
The statistical comparisons were performed by unpaired 𝑡-
test and one-wayANOVA (StatView, SAS Institute, Inc., Cary,
NC, USA).The significance between the groups was assigned
at ∗𝑝 < 0.05 and ∗∗𝑝 < 0.001.

3. Results
3.1. Adenovirus-Mediated NA Neuron Expressing WGA in
the Locus Coeruleus (LC). Adenoviral construct used in this
study contains the wheat germ agglutinin (WGA) gene under
control of the eight copies of PRS promoter and the green
fluorescent protein (GFP) gene under the control of the
cytomegalovirus (CMV) promoter, which makes it possible
to detect viral delivery to the target sites (Figure 1(a)). After
injection of the PRS-WGA adenovirus to the LC, localization
of GFP expression and WGA protein was examined on
adjacent coronal sections. Colocalization of GFP and WGA
demonstrates that WGA protein was synthesized in NA neu-
rons of the LC in our previous report [21]. In sagittal sections
of noninjured brain, intense WGA immunoreactivity was
detected in the pontine reticular nucleus, motor and sensory
trigeminal nucleus, thalamic nucleus, lateral hypothalamic
area, deep mesencephalic nucleus, superior colliculus, cau-
date putamen, corpus callosum, anterior commissure, and
olfactory bulb (Figure 1(b)). WGA immunoreactivity was
also observed in the parabrachial nucleus, A5 NA cells, sub-
stantia nigra, lateral habenular nucleus, hippocampus, optic
tract, and piriform cortex in coronal sections (Figure 1(b)).
In adenovirus infected mice there was no evidence of cell
loss or tissue damage due to the viral infection in LC. All of
the experimental animals that recovered after the infection
remained healthy until being sacrificed without exhibiting
any behavioral abnormalities.
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Figure 2: Immunoreactivity of WGA in the tFCI mouse brain. WGA immunoreactivity at 30, 180, and 240 days after tFCI in the vehicle-
and atorvastatin-treated groups showed that NA circuitry in the atorvastatin-treated group recovered faster than in the vehicle-treated group
at 180 days. aci: anterior commissure, intrabulbar part; hf DG: hippocampal fissure and dentate gyrus; LHb: lateral habenular nucleus; Op:
optic nerve layer of the superior colliculus; InWh: intermediate gray layer of the superior colliculus. Scale bar = 500 𝜇m.

3.2. Transsynaptic Transfer of WGA in Noradrenergic Neurons
of Vehicle-Treated and Statin-Treated Mice after MCA Occlu-
sion. After transient focal cerebral ischemia (tFCI), WGA
immunoreactivity showed the transsynaptic pattern of NA
neurons according to day in each vehicle-treated or statin-
treated mouse (Figure 2). NA circuits containing thalamic
area, lateral hypothalamic area, cortex, and hippocampus
were destroyed with severe infarction (data not shown).
Although a large infarction was formed in theMCA territory,
mice that survived slowly and gradually recovered the dam-
aged area in the long-term stage (Figure 2(a)). When statin
was given for a long period, the convalescence periods were
faster than the vehicle-treated mice (Figure 2(b)). Whereas
WGA immunoreactivity was not detected in some region
such as superior colliculus from 1 month to 8 months

in vehicle-treated mice after tFCI, a very strong WGA
immunoreactivity was observed in the statin-treated mice
in the intrabulbar part of the anterior commissure (aci) and
lateral habenular nucleus (LHb).These features indicated that
damagedNA circuits were partly reorganized over time in the
area of previous lesion.

3.3. Ischemic Brain Damage and Convalescent Process after
MCAO in Vehicle- or Statin-Treated Mice. Physiological data
and regional cerebral blood flow (rCBF) were measured.
Therewere no statistically significant differences in rCBFdur-
ing ischemic condition between the group before occlusion
and the group after reperfusion (10min before occlusion,
100 ± 0%; 10min after occlusion, 23.1 ± 5.3; 10min after
reperfusion, 96.2 ± 3.7; mean ± S.D. of each value; 𝑛 = 9, each
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Figure 3: Ischemic brain damage and convalescent processes shown by magnetic resonance imaging (MRI) after MCAO.

group). Presented in the magnetic resonance images (MRI),
the infarcted area after reperfusion from MCAO was grad-
ually reduced, and significantly statin-treated mice showed
smaller infarct area than vehicle-treated mice (Figure 3).
After a longer period, the damaged brain regionwas naturally
ameliorated even in the vehicle-treatedmice, but the recovery
showed earlier in statin-treated mice than vehicle-treated
mice. The differences in the recovery time determined the
behavioral improvement and related to NA neuron circuitry,
as shown in the result of the behavior test (Figure 5).

3.4. Neurogenesis after Ischemic Injury in Normal and Vehicle-
or Atorvastatin-Treated Mice. In postischemic brain injury,
neuronal cells derived from neural precursor cells are newly
born and the cells can be detected by bromodeoxyuridine
(BrdU). The BrdU-immunopositive cells were observed in
the postischemic cortex, striatum, and subventricular zone
(SVZ) on the ipsilateral side of the ischemic infarct at 1
month and 6 months (Figures 4(a) and 4(b)). The BrdU-
positive cells were more frequently observed in the ipsilateral
side of the statin-treated mice than in the contralateral side.
Especially at 1 month after tFCI, many BrdU- and NeuN-
immunopositive cells were detected in the lesioned cortex

and striatum at the direct site to ischemic damage by MCAO
(Figure 4(c)). It could be implicated that newborn cells have
arisen from the SVZ and migrated into striatum and even
into cortical area. Moreover, the proliferation of neural cells
is promoted by long-term statin treatment. At 6months and 8
months after fFCI, the incidence of BrdU-positive cells in the
ipsilateral striatum and cortex was significantly diminished
compared to that of 1 month after fFCI (data not shown).The
BrdU-positive cells were not detected in either striatum or
cortex, but a few BrdU-positive cells were detected in SVZ
and corpus callosum.

3.5. Neurological Outcome and Physiological Parameters
according to NA Circuitry. The mean arterial blood pressure
(MABP) slightly increased until 4 months after fFCI and
then gradually returned to the initial level at 8 months
(Figure 5(a)). In contrast, statin treatment for a long period
sustained the constant MABP level overall duration after
tFCI. The body temperature and weight governed by NA
system were also monitored according to month, but they
just slightly oscillatedwith no significant changes. To evaluate
the NA system alteration after tFCI and effects of statin on
the NA system after tFCI, mice performed the light/dark
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Figure 4:Neurogenesis after ischemic injury in normal and vehicle- or atorvastatin-treated group. (a)Cell proliferation in SVZof the ischemic
hemisphere is identified by BrdU (green) and NeuN (red) immunoreactivity. Many BrdU-positive cells are shown in the SVZ of both groups,
with increasedBrdU-positive cells in the striatumof the atorvastatin-treated group. (b)Aquantitative graph representing the number of BrdU-
positive cells, which is increased in the atorvastatin-treated group compared with the vehicle-treated group in the SVZ. (c) The migration of
the proliferated cells is identified in the cortex and striatum each stained with BrdU (green) and NeuN (red). Scale bars = 20 𝜇m.

transition test and aggression-intruder test. In the light/dark
transition test, the number entering into the bright chamber
from the dark chamber was convalescent at 6months onward
(Figure 5(b)). However, the duration of time spent in the
light chamber for vehicle-treated mice was longer, over two
times the normal, until 6 months and then it got back to
normal at 8 months. Whereas the vehicle-treated mice had
a fluctuation, the statin-treated mice were stable from the
initial to final stage. The duration of aggression swung in
the vehicle-treated mice; however, the duration in statin-
treated mice did not vacillate (Figure 5(c)). The tendency to
show aggression to new intruder was slightly higher in statin-
treated mice than vehicle-treated mice in later stages (i.e., at

8 months). In general, statin-treated mice presented peaceful
condition without upset through the observed duration.

4. Discussion

This study demonstrated that the NA neurons were transsy-
naptically labeled by the WGA-expressing adenoviral vector.
By simply injecting the virus into the unilateral LC, the NA
neural pathways were clearly visualized with great accuracy
and high reproducibility from the LC to its projection
areas of interest. The current study shows the following: (1)
Transsynaptic tracing visualized NA circuitry during long-
term recovery after ischemic damage and it is promoted
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Figure 5: Physiological recovery and behavioral tests relating to the NA circuitry. (a) Profiles of blood pressure in vehicle-treated or
atorvastatin-treated mice after tFCI. (b) Effects of atorvastatin on behavioral parameters in the light/dark test. The light/dark test was
performed at 30, 180, and 240 days after tFCI in mice. The effect on mouse behavior in the light/dark test was determined by p-test. Data
presented are the mean value ± S.E.M, ∗𝑝 < 0.05 relative to the vehicle group. (c) Effects of atorvastatin on behavioral parameters in the
aggression-intruder test in mice. Aggression-intruder test was performed at 30, 180, and 240 days after tFCI in mice. The effect on mouse
behavior in the aggression-intruder test was determined by p-test. Data presented are mean value ± S.E.M, ∗𝑝 < 0.05 relative to the vehicle
group.
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by statin. (2) Eventually statin ameliorated the damaged
behavioral function of NAergic neuron during long-term
recovery period after stroke injury.

The WGA protein injection method had been used to
visualize optic pathways in monkeys [23], olfactory systems
in rodents [24], common afferent projections to the LC
in rat [25], and connections of the A5 noradrenergic cell
group in rat [26]. A genetic strategy employing cDNA for
WGA as a transgene under the control of specific promoter
elements was introduced in neural tracing study [27]. The
present method successfully and reliably detected strong
transsynaptically transferred WGA protein, which might be
related to efficient infection of the adenovirus to the NA
neurons, as well as the promoter elements (PRS promoter)
being used for robust expression ofWGA. PRS has previously
been shown to be an NA-specific cis element binding to
paired-like homeodomain factor Phox2a/Phox2b [28]. It
has been confirmed that increasing copies of PRS cause
synergistic activation of reporter gene expression, reaching
maximal efficacy at eight copies [20], which is in agreement
with successful visualization of the NA system in a mouse
brain with a recombinant adenoviral vector expressingWGA
under the control of PRS promoter elements in this study
(Figure 1). NA is the neurotransmitter being implicated in
many of these disorders and has been found to affect social
behavior in both humans and animals [29, 30]. Therefore,
investigating alterations of the NA systems in stroke may
provide clues to the understanding of its symptomology,
clinical courses, and adequate management. NA alteration
may help tomodulate the pathologically alteredmotor system
in stroke patients, which resulted in upregulated coupling
of damaged motor areas and consequently improved motor
function [15]. Actually d-Amphetamine has a role in multiple
brain transmitter systems, improved functional recovery after
stroke, and its effect has been attributed to its noradrenergic
systems [31]. Intense WGA immunoreactivity was initially
detected in the most contralateral side and the ipsilateral
nonlesioned areas, such as the thalamic nucleus, lateral
habenular nucleus, and amygdala.These findings suggest that
compensatory reinforcement of undamaged contralateral NA
circuits occurred shortly after the onset of tFCI and then
evolved into subsequent reorganization of NA circuitries
in severely damaged area. Moreover, this process can be
promoted by statin treatment. When NA synaptic activity
increased pharmacologically, symptoms derived by cortical
damage were recovered [32]. Synaptic activity also represents
the functional recovery after a stroke in human. After
focal cortical damage, circuitry reorganization is related to
functional recovery, which takes place at the primary cortical
level [33]. Therefore, investigating alterations of NA systems
in stroke may provide clues to understand its symptomology,
clinical courses, and adequate management. It has been
known that an acute stroke induced by MCAO induced
cellular proliferation or neurogenesis in the ipsilateral SVZ
and that a large number of immature neurons migrate from
the SVZ to ipsilateral infarcted areas at 2 weeks following
insults [34, 35]. Statins are well-known drug to reduce
cholesterol level. There are some reports that chronic statin
treatment promotes endogenous neuronal cell proliferation,

neurogenesis, and new synapse formation, as well as pro-
tecting the neuron from cell death in acute stage [12, 14].
In a long-term stage, we assume that statins are involved in
facilitating long-term recovery after stroke by reconnecting
the NA circuit using the newly proliferated cells in SVZ
or subgranular zone (SGZ). BrdU immunohistochemistry, a
thymidine analogue, was used at 1 month and 6 months after
tFCI (Figure 4). It was also known that brain insults such as
cerebral ischemia, causing neuronal death, are accompanied
by increased neurogenesis in the SGZ and SVZ [36, 37].
BrdU-positive cells were observed in cortical and striatal
lesions, and increased numbers of BrdU-positive cells were
observed in SVZ and corpus callosum, which is consistent
with the process of initial neuronal proliferation in SVZ and
the subsequentmigration into the ischemic lesions as a repair
mechanism.

To assess the relationship of the remodeling process with
functional recovery in the NA system, the alteration of blood
pressure wasmeasured starting 1 month after tFCI (Figure 5).
Blood pressure and behavior change following acute ischemic
stroke were related with the anatomical reorganization from
6-months after tFCI. Besides blood pressure [38, 39], dys-
function of the NA system has been widely known to be
associated with body temperature [40, 41], body weight [42],
and anxiety [29, 43]. Previous experiments indicate that
blood pressure is significantly higher in mice having insular
infarction [38, 39]. The insular cortex is directly connected
with central nucleus of the amygdala and the posterior lateral
hypothalamus [44, 45] belonging to NA system. Our results
indicated that altered physiological dysfunction by acute
ischemic stroke injury gradually recovered with the reorga-
nization of damaged processes in the mature NA systems
in those structures. The behavioral test using the light/dark
test and the aggression-intruder test showed a significant
difference between vehicle-treated mice and statin-treated
mice (Figure 5). For longer period of up to 8 months after
stroke attack, statin improved themalfunctioning anxiety and
aggression from an earlier period. Vehicle-treated mice had
altered anxiety-like behavior in a time-dependent manner
following tFCI, as displayed by a significant increase in the
time spent in the light chamber. In contrast to the fluctuating
pattern related to the NA system in vehicle-treated mice,
statin-treated mice were stable. Increase in NA signaling is
associated with higher anxiety and decreased NA signaling
with lower anxiety [46, 47]. It has been reported that oxidative
stress in the CNS is related to anxiety [48, 49], and aggressive
behavior is linked to oxidative stress, which is one of the
main pathologies of ischemic stroke [50]. Our results also
presented that after initial dysfunction of NA activities,
gradual recovery followed along with reorganization of NA
circuits in the infarcted structures.

5. Conclusion

Taken together, the present study visualized the NA circuitry
ofmice by tracingwith the PRS-WGAadenoviral system after
tFCI for a long duration. Our result showed the reorganiza-
tion of damaged NA circuit after tFCI. In a chronic stage after
stroke, statins were involved in long-term recovery of the NA
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circuitry and promoted the neurons to be proliferated and
migrate to the infarcted area. Statins could ameliorate theNA-
related malfunction after stroke in a chronic period.
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