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Abstract

Spasticity is a frequent chronic complication in individuals with spinal cord injury (SCI). How-
ever, the severity of spasticity varies in patients with SCI. Therefore, an evaluation method
is needed to determine the severity of spasticity. We used a contusive SCI model that is suit-
able for clinical translation. In this study, we examined the feasibility of the swimming test
and an EMG for evaluating spasticity in a contusive SCI rat model. Sprague-Dawley rats
received an injury at the 8th thoracic vertebra. Swimming tests were performed 3 to 6 weeks
after SCI induction. We placed the SCI rats into spasticity-strong or spasticity-weak groups
based on the frequency of spastic behavior during the swimming test. Subsequently, we
recorded the Hoffman reflex (H-reflex) and examined the immunoreactivity of serotonin (5-
HT) and its receptor (5-HT2,) in the spinal tissues of the SClI rats. The spasticity-strong
group had significantly decreased rate-dependent depression of the H-reflex compared to
the spasticity-weak group. The area of 5-HT» receptor immunoreactivity was significantly
increased in the spasticity-strong group. Thus, both electrophysiological and histological
evaluations indicate that the spasticity-strong group presented with a more severe upper
motor neuron syndrome. We also observed the groups in their cages for 20 hours. Our
results suggest that the swimming test provides an accurate evaluation of spasticity in this
contusive SCI model. We believe that the swimming test is an effective method for evaluat-
ing spastic behaviors and developing treatments targeting spasticity after SCI.

Introduction

Spasticity is a common complication after traumatic spinal cord injury (SCI). Traumatic dis-
connection between the upper and lower motor neurons is known to result in hyperexcitability
of spinal circuits and subsequent spastic symptoms, including muscle spasms, muscular hyper-
tonia, and clonus [1-5]. Spasticity frequently impairs voluntary motor control, and its severity
varies among individuals with SCI. Skold et al. (1999) reported that approximately 65-80% of
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patients with SCI present with muscle spasticity, whereas others have reported that 50-60% of
patients complain of spastic symptoms that interfere with voluntary motion [2, 6, 7]. Although
a series of pharmacological treatments, such as GABA agonists, have been used clinically,
there are still many patients with unsolved spastic symptoms. To improve upon and develop
new spasticity-targeted therapeutic interventions, the underlying mechanisms of spasticity and
voluntary motor control need to be elucidated.

The pathophysiology of spasticity has been well studied in rodent models mainly using
complete spinal cord transection models, wherein supraspinal input is completely discon-
nected beyond the lesion [8, 9]. These studies have provided insights into spasticity mecha-
nisms, including exaggerated spinal reflexes, alternations in synapses, and changes in the
expression of motor neuron receptors after SCI [10-16]. However, inflammatory tissue reac-
tions and the spared neural network, which exerts a critical influence on the spinal circuitry
after injury, differ greatly between the complete spinalized model and the contusive model
with incomplete paralysis [17-19]. Considering that most patients with spasticity have a trau-
matic contusive spinal cord injury, using an incomplete contusive rodent model is more
appropriate for clinical translation than the use of a complete model. Although several studies
on spasticity using contusive injury animal models have shown increased muscle resistance
and spinal hyperreflexia after SCI [20-22], individual variation in spastic symptoms remains
an obstacle for the detailed analysis of molecular mechanisms underlying spasticity. Therefore,
methods need to be developed to evaluate spasticity in a contusive SCI model to enable further
quantification and analysis of spasticity.

The swimming test is a well-established approach for evaluating behavior after SCI [23, 24].
Gonzenbach et al. (2010) reported muscle spasms in an incomplete transection SCI rat model
during swimming. However, to our knowledge, there are no criteria for evaluating spastic
behavior in a contusive SCI model. We therefore attempted to use a swimming test for the
screening and quantification of spasticity, as well as to determining its validity in a contusive
SCI rat model. In particular, we sought to determine whether a swimming test can be effec-
tively used to quantify spastic behaviors and to determine the severity of spasticity in a contu-
sive SCI rat model. These findings are expected to help in the design of future experiments and
representative models used to improve our understanding of the mechanisms underlying the
development of spasticity following SCI.

Materials and methods
Experimental animals, surgery, and post-operative care

Ten-week-old female Sprague-Dawley rats (n = 60, 200-300 g, Charles River Japan) were used
in this experiment. Fifty rats received the contusive injury, and 10 were used as uninjured con-
trols. The rats were anesthetized using pentobarbital sodium (50 mg/kg, intraperitoneal [L.P.],
Kyoritsu Seiyaku Corporation, Tokyo, Japan) and received a 250-kilodyne (kd) contusive
injury from an Infinite Horizon impactor device (Precision Systems and Instrumentation, VA,
USA) at the 8th thoracic level. After surgery, the injured rats were treated with a single shot of
antibiotic (Baytril, 5 mg/kg, SC, Bayer). Manual bladder expression was conducted twice per
day until the injured rats spontaneously urinated. The housing room was under a 12-hour/
12-hour light/dark cycle and the temperature was maintained at 23°C. Food and water were
supplied ad libitum. Uninjured rats were used as controls. All animal experiments were
approved by the ethical committee of the National Rehabilitation Center for Persons with
Disabilities.
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Swimming tests

Swimming tests were performed in a rectangular Plexiglas chamber (150 x 14.5 x 40 cm) filled
with tap water to a depth of approximately 20-23 cm. The water temperature was maintained
at 23°C, which is considered to be an optimal temperature for the rat swimming test [25]. The
swimming direction of the rats was controlled from the left to the right side of the chamber
using a ramp and an island attached to the left side of the chamber (Fig 1A). Assessment of
swimming was conducted at a point 100 cm from the starting and ending points. Swimming
from the start point to the end point was regarded as a single run of the swimming test. We
performed the swimming test over 5 runs 3 weeks after SCI and over 10 runs each 4, 5, and 6
weeks after SCI. If the SCI rats had at least one clonus phase or a spastic phase in a single run
during the test, they were classified as a “spasticity-positive” rat (for criteria for clonus and spas-
tic phases, see the Results section). Even if the animals had multiple or mixed phases during a
run, the run was considered to be a “spasticity-positive” run because it was difficult to inde-
pendently determine the specific episodes. If both spastic and clonus phases were observed
during a run, the run was classified as a clonus phase run. Importantly, behaviors related to
defecating or urinating during swimming were excluded. All swimming tests were videotaped
using a Sony Handycam HDR-CX700 camera at 60 frames per second.

EMG telemetry implantation and recording

We implanted an EMG telemetry device (model: F40-EET, DSI/Receiver model: RPC-1, DSI,
MN, USA) to obtain EMG data while the rats moved freely. The EMG telemetry device was
inserted between 3 and 4 weeks after the SCI. The device was implanted at the same age in the
uninjured animals. The rats (n = 15) were anesthetized using pentobarbital sodium (50 mg/kg,
L.P.). After anesthesia, the body of the EMG telemetry device was inserted subcutaneously into
the neck region and fixed using sutures. The EMG wires were led via subcutaneous injection
and implanted intramuscularly into the left tibial anterialis (TA) muscle, which acts as an
ankle flexor, and the left medial gastrocnemius (MG) muscle, which has the opposite action as
an ankle extensor. The wires were tightly fixed using 6-0 nylon sutures. EMG recording was
performed at least 3 days after surgery. After EMG implantation, the rats were treated with a
single shot of antibiotic (Baytril, 5 mg/kg, SC). The EMG signal (sampled at 1,000 Hz) was dig-
itized and filtered using a high-pass filter (30 Hz). EMG recordings were synchronized with a
video recording using a light cue trigger. Spike2 software (CED, Cambridge, England) was
used for the EMG recording and analysis. All EMG recordings were obtained in an electro-
magnetic-shielded room.

Twenty-hour cage observation

Cage observations were conducted 4 weeks after SCI from 16:00 on the first day to 12:00 on
the following day. Each rat (n = 10) with an implanted EMG telemetry device was individually
housed in a large plastic cage (40 x 25 x 18 cm) under dim light. Video was captured using a
web camera during simultaneous EMG recording. EMG recording was synchronized to the
video recording using a light-cue trigger. For quantitative evaluation, we counted the numbers
of clonus and spasm episodes during the 20-hour cage observations, which were confirmed
with using EMG recordings (see Results section). Behaviors during defecation or urination
were excluded. The same rats that were used for the cage observations were used for the EMG
recordings on a treadmill (Robomedica, Inc., CA, USA) with body weight support 4 weeks
after SCI to examine muscle activity during voluntary motion. EMG recordings during 10
cycles of walking gaits on a treadmill were obtained at a rate of 7.5 m/minute.
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Fig 1. Types and occurrence frequencies of spastic behaviors during the swimming test. (A)
Configuration of the EMG recording device during the swimming test. (B) Sequential captured images and
corresponding recorded muscle activity of the left TA (blue) and the left MG (orange) muscle during the
swimming test showing each type of spasticity (the clonus phase and spastic phase). The black

box represents a magnified image of the recorded EMG. The red bar on the recorded EMG of the spastic
phase indicates co-contraction of the TA and MG muscles. The green bar on the bottom image corresponds
to the normal reciprocal stroke phase. White arrows indicate the location of the hind paw of the rat during the
clonus phase. Note that all EMG figures were normalized to the peak amplitudes of TA muscle activity. (C)
Mean amplitude of muscle activity during spastic behaviors (SCI spasticity; black bar) compared with the
mean amplitude of muscle activity during normal reciprocal strokes (SCI normal stroke; white bar) of SCI rats
and uninjured rats (Uninjured; hatched bar) at 4 weeks after SCI. (D) The number of the SClI rats with each
occurrence frequency of spastic behaviors during swimming test at 4weeks after the injury. (E) Percentage of
the spasticity-strong rats from 3 to 6 weeks after SCI. Injured rats were classified as “spasticity-strong” if they
showed the occurrence frequency over 40% during the swimming test. (F) Average percentage of the spared
area of the epicenter of the injury measured by the GFAP (+) area after SCI in the spasticity-strong group and
-weak group. **: p <0.01 Abbreviations: WT, water temperature; TA, tibialis anterior; MG, medial
gastrocnemius; n.s, not significant.

doi:10.1371/journal.pone.0171937.g001
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Hoffmann reflex (H-reflex) recording

Under chloral hydrate anesthesia (2.5 g/kg, Sigma) delivered via intraperitoneal injection, we
measured the Hoffmann reflex (H-reflex). After anesthesia, the left or right hindlimb was
incised to expose the distal tibial nerve. The Bipolar cuff was hooked onto the distal tibial
nerve at ankle level and a pair of recording electrodes was inserted into the same side of the
plantar muscle of hind limb subcutaneously. The distance between the recording electrodes
was 3 mm and the tip of electrodes was exposed to a length of about 1.5 mm. A ground elec-
trode was attached to the surface of the tail. To determine the rate-dependent depression
(RDD) of the H reflex, the tibial nerve was stimulated at 0.2, 0.5, 1, 2, and 5 Hz using a stimula-
tor (1-2 V of intensity, Nihon Kohden, Japan). The EMG signal (sampled at 5,000 Hz) was
passed to an amplifier (NEC Biotop 6R12, Nihon Kohden) and band-pass filtered (5-3,000
Hz). At each stimulation frequency, 20 serial stimulations were performed and the first 5
waves were discarded. The amplitudes of the M wave and the H wave were calculated by aver-
aging 15 waves of each waveform measured using peak-to-peak values. The rate-dependent
changes at each stimulation frequency were calculated as a percent of the response at 0.2 Hz.
Spike2 (CED) was used for signal analysis.

Tissue processing and immunohistochemistry

Six weeks after SCI, the rats were deeply anesthetized using sodium pentobarbital, perfused
with PBS, and fixed using a 4% PFA solution delivered transcardially. The cervical region and
the lumbar region (C1-C3 of the cervical enlargement and L4-L6 of the lumbar enlargement,
respectively), and the epicenter of the SCI were removed and post-fixed in a 4% PFA solution
for an additional 24 hours at 4°C. The tissues were cut transversely into 20-pm-thick sections
on a cryostat (Leica CM30508S, Leica Microsystems). The tissue sections were incubated with
diluted primary antibodies (goat-anti choline acetyltransferase, 1:100, Millipore; rabbit-anti
serotonin 2A receptor, 1:200, Calbiochem; rabbit-anti NeuN, 1:500, Millipore; goat-anti sero-
tonin, 1:500, Abcam; mouse-anti glial fibrillary acidic protein [GFAP], 1:500, Millipore) over-
night. The next day, the sections were incubated with fluorescent secondary antibodies (Alexa
Fluor 488 and 568 for each species-of primary antibody, 1:200, Life Technologies) and DAPI
(1:1,000, Sigma) for 2 hours. All images were acquired using a BZ-9000 HS All-in-one Fluores-
cence Microscope (Keyence BZ-9000).

Quantification and data analyses

The area of immunoreactivity (IR) was measured using Image J software (National Institutes
of Health, USA). Serotonin 2A receptor (5-HT,4) levels were measured according to the meth-
ods described by Kong et al. (2011). In brief, we set thresholds for and binarized each image.
Next, we calculated the 5-HT, 4 receptor-labeled area corresponding to the ChAT (choline
acetyltransferase)-labeled areas of the soma and proximal dendrites of the spinal motor neu-
rons located in the ventral horn. Quantification of the area of serotonin (5-HT) staining was
limited to the ventral horn of the spinal cord. Images of the ventral horn obtained at 20x mag-
nification were analyzed for 5-HT immunoreactivity. Five sections (each section was separated
by over 300 pm) were used for image analyses of the 5-HT,, receptor and 5-HT fibers.

The spared area of the epicenter of the injury was calculated by measuring the GFAP(+)
area in each spinal section outline area. EMG recordings were obtained and analyzed using
MATLAB software (Mathworks). EMGs obtained over 1 second during spastic behaviors were
used to determine the mean amplitude of muscle activity. Video analyses and motion captur-
ing were performed using Vegas Pro software (Sony).
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Statistical analyses

We used SPSS software (IBM SPSS, Inc.) for all statistical analyses. All error bars are standard
errors [SEs]. Statistical significance was set at p < 0.05.

Results
Spastic behaviors during swimming: clonus phase and spastic phase

After the mid-thoracic SCI, the injured rats were almost entirely dependent on their forelimbs
during swimming. However, they occasionally used their hindlimbs in normal reciprocal
strokes but with a slower cycle (< 2 Hz) compared to uninjured rats (4-5 Hz). During the nor-
mal strokes, the injured rats had clear reciprocal muscular activations in their hindlimbs,
although some portions of the EMG pattern were overlapping (Fig 1B). We defined normal
and reciprocal activation of the hindlimbs as the “normal stroke phase” for EMG comparisons.
After at least 3 week of SCI, the injured rats had typical symptoms of spasticity during swim-
ming. These symptoms were referred to as the “clonus phase” or the “spastic phase”. The clo-
nus phase presented as rapid (5-8 Hz) jerking movements of either one or both legs during
swimming (S1 Video). During this phase, simultaneously recorded EMGs showed reciprocal,
high intensity bursts of TA and MG muscle activity (Fig 1B and 1C). It is notable that the clo-
nus phase was often observed immediately after the rats stretched or contracted their hin-
dlimbs. The spastic phase typically presented as a ventro-flexed trunk posture with stretched
hind limbs during swimming (Fig 1B and S2 Video). A common feature of the spastic phase
was the extended hindlimb posture, which was represented by co-contraction patterns of high
bursts of the TA and MG muscle activity. The spastic behaviors, which were divided into the
clonus phase and the spastic phase, were observed either simultaneously or independently
within a single swimming run and were easily verified during the swimming test. Given that
some of the common spastic symptoms observed after SCI include hyperreflexia, clonus,
hypertonus of the muscles, and muscular spasm in both human patients and animal models

[4, 26], we postulated that the clonus phase and the spastic phase observed during swimming
represent the spastic symptoms of contusive SCI rats. The mean amplitude of muscle activity
during the spastic phase in SCI rats was significantly higher than that during the normal stroke
phase of both SCI and uninjured rats (n = 4 for uninjured rats, n = 5 for SCI rats, one-way
ANOVA with Tukey’s post-hoc test; Fig 1C). In summary, the symptoms of spasticity in the
contusive SCI rat model were observed during the swimming test.

The swimming test can be used to classify SCI rats according to
frequency of spastic behaviors

In the swimming experiment, we calculated the frequency of spastic behavior. The histogram
of the occurrence frequency indicates the existence of two groups based on spastic behavior

(n =50 SCI rats; Fig 1D). Because the groups were apparently divided based on 40% frequency,
we used a cut-off of 40% (i.e., 4 or more “spasticity-positive” runs among the 10 swimming
runs) as the criterion for grouping SCI rats into the “spasticity-strong group.” The other SCI
rats were grouped into the “spasticity-weak group”.

Three weeks after SCI, over 50% of the SCI rats were placed in the spasticity-strong group.
However, some of the SCI rats in the spasticity-weak group were subsequently classified in the
spasticity-strong group 4 weeks after SCI. The percentage of rats in the spasticity-strong group
reached a plateau 4 to 5 weeks after SCI (n = 36 tested SCI rats, Fig 1E). The spared tissue area
of the epicenter of the injured site, which was measured by staining for GFAP 6 weeks after
SCI, was not significantly different between the two groups (n = 5 per group, Student’s t-test;
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Fig 1F). These results indicate that the SCI rats can be grouped according to severity based on
the occurrence frequency of spastic behaviors, including the clonus phase and the spastic
phase, during the swimming test.

Spasticity during the swimming test was consistent and reproducible

To determine whether the occurrence of spastic behaviors and the amplitude of muscle activity
of each rat change over time, we performed the swimming tests weekly from 4 to 6 weeks after
SCI. In the spasticity-strong group, the occurrence frequency of clonus and spastic phases dur-
ing the 10 swimming runs was not significantly different from 3 weeks to 6 weeks after SCI

(n =10, one-way ANOVA with Tukey’s post-hoc test; Fig 2A). Furthermore, the mean ampli-
tude of muscle activity during spasticity did not differ significantly between test periods in the
spasticity-strong group (n = 6, Kruskal-Wallis H-test; Fig 2B). These results suggest that the
occurrence frequency of spastic behaviors and the amplitude of muscle activity tend to be con-
sistent during the time course, at least over our observation period.

The spasticity-strong group had more hyperexcitability of the spinal
reflex circuit

To examine differences in the hyperexcitability of the monosynaptic lumbar spinal circuit
between the spasticity-strong and spasticity-weak groups, the RDD of the H-reflex, which is
classically used for evaluating spasticity, was obtained 6 weeks after SCI (Fig 3A). In control
animals, the RDD of the M-wave was not changed by the stimulation frequency applied and
was not significantly different between the uninjured group, the spasticity-strong group, and
the spasticity-weak groups (n = 7-8 per group, two-way ANOVA with Bonferroni’s post-hoc
correction; Fig 3B). The RDD of the H-wave for all SCI rats, including both spasticity-strong
and spasticity-weak groups, was significantly less depressed than that of uninjured rats at stim-
ulation frequencies of 2 Hz and 5 Hz, respectively (n = 7 for uninjured rats, n = 15 for SCI rats,
two-way ANOVA with Bonferroni’s post-hoc correction; Fig 3C). The RDD of the spasticity-
strong group was significantly more decreased than that of the spasticity-weak group at the
stimulation frequency of 5 Hz. Furthermore, only the spasticity-strong group had statistically
significant differences at stimulation frequencies of 1 Hz, 2 Hz, and 5 Hz compared to the
uninjured group (n = 7-8 per group, two-way ANOVA with Bonferroni’s post-hoc correction;
Fig 3D). These results suggest that the spasticity-strong group of SCI rats had more hyperexcit-
ability of the lumbar circuit than the spasticity-weak group, which is consistent with the results
of the behavioral screening performed during the swimming test.

The spasticity-strong group has more up-regulated serotonin receptor
expression in spinal motor neurons

To determine other factors that might influence the variation between the spasticity groups,
we examined serotonin (5-HT) fibers and 5-HT),4 receptors in both pre (cervical) and lower
(lumbar) regions based on a report by Kong et al. (2011), who showed that expression of the
serotonin 2A receptor was robustly increased after spinal cord transection in a rat model. Con-
sistent with previous results, the IR of the 5-HT, 5 receptor was greatly upregulated in the
region below the epicenter of the spinal cord after SCI (Fig 4A). Furthermore, expression of
the 5-HT, 4 receptor in the lumbar motor neurons of the spasticity-strong group was signifi-
cantly more upregulated compared to that of the spasticity-weak group (n = 5-6 per group,
one-way ANOVA with Bonferroni’s post-hoc correction; Fig 4B). Conversely, the positive area
of the 5-HT fibers in the ventral horn of the lumbar spinal cord was significantly reduced after

PLOS ONE | DOI:10.1371/journal.pone.0171937 February 9, 2017 7/15



..@.' PLOS | ONE Swimming test for spasticity

ns ns
100% I 200%
8 -
v 80% g
3 Z 0%
g >
e 5
> o
T ®
2 60% 2
2 o
] E 100%
=
H 5
@ °
£ =
° £
g £
|5 £ 50%
o c
2 2% H
¢ =
— 0%
4 weeks 5 weeks 6 weeks 4 weeks 5 weeks 6 weeks
BClonus BSpastic OTotal aTA alG

Fig 2. The occurrence frequencies of spastic behaviors and corresponding amplitudes of muscle
activity during the test period. (A) The occurrence frequency and percentage of each type of spasticity
(clonus, black bars; spastic, grey bars; total, white bars) observed in the spasticity-strong group during the
swimming tests from 4 to 6 weeks after SCI. (B) The mean amplitude of muscle activity of spastic behaviors in
the spasticity-strong group during the swimming test from 4 to 6 weeks after SCI recorded from the left TA
muscle (blue) and the left MG muscle (orange). Mean amplitudes of muscle activity at 4 weeks were
considered to be 100%. Abbreviations: TA, tibialis anterior; MG, medial gastrocnemius; n.s, not significant.

doi:10.1371/journal.pone.0171937.g002

SCI when compared to that of the uninjured rats. The 5-HT-positive area in the spasticity-
strong group was also decreased when compared to that of the spasticity-weak group. How-
ever, this difference was not statistically significant (n = 5-6 per group, one-way ANOVA with
Bonferroni’s post-hoc correction; Fig 4C and 4D). The IR areas of 5-HT,4 receptors and 5-HT
fibers in the ventral horn of the cervical spinal cord did not show any significant differences
between groups (n = 5-6 per group, one-way ANOV A with Bonferroni’s post-hoc correction;
Fig 4C and 4D). Plots of reserved 5-HT fibers and expression patterns of the 5-HT,, receptor
in each animal suggest the presence of a strong relationship between the reserved 5-HT fiber
area and 5-HT,, receptor density in the lumbar spinal cord (r* = 0.602, p = 0.001, logarithmic
regression analysis; Fig 4E). The plot in Fig 4E also shows that uninjured rats have high 5-HT/
5-HT, R ratios, while spasticity-strong rats have low 5-HT/5-HT, 4R ratios and spasticity-
weak rats have intermediate ratios. These results indicate that the altered 5-HT/5-HT,4R ratio
in the lumbar spinal cord may correlate with the frequency of spastic behaviors observed in
the swimming test.

Types and occurrence of spastic behaviors during the 20-hour
observation period confirm the results of the swimming test

To examine the correlation between spastic symptoms observed in the swimming test (Fig 1)
and spastic behaviors under free-moving conditions on the ground, we conducted EMG
recordings of the same SCI rats, which were tested and grouped using the swimming test, over
20 hours. The recordings were synchronized with video capture during normal behavior in a
housing cage. Four weeks after SCI, the SCI rats had an episodic EMG pattern corresponding
to a clonus or spasm episode in a cage situation (Fig 5A). Clonus during cage observations
occurred episodically and was spontaneously accompanied by long-term (over 3 seconds
based on the EMG recordings) reciprocal bursts of TA and MG muscle activity and abnormal
motions, such as whirling of the tail (S3 Video). Spasms during the cage observations also
occurred spontaneously with hyper-stretched limbs or hyper-contracted limbs, even when the
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groups were shown. Different colors indicate different stimulation frequency: 0.2 Hz (blue), 0.5 Hz (Green), 1
Hz (Black), 2 Hz (orange), and 5 Hz (red). (B) RDD of the M-wave. The mean amplitude at 0.2-Hz stimulation
was set to the baseline amplitude as 100%. Uninjured (pink), spasticity-strong group (solid line), -weak group
(dashed line). (C) RDD of H-wave in the uninjured (pink) and total SCI group (black; includes spasticity-strong
and -weak rats). (D) Comparison of the RDD values of the H-wave between groups. The RDD of the
spasticity-strong group (solid black line), -weak group (dashed line), and uninjured rats (pink line). **:
p<0.01, ***:p < 0.001.

doi:10.1371/journal.pone.0171937.9003

rats were apparently sleeping or resting (S4 Video). The EMG patterns of the spasms during
cage observations were represented by simultaneous and extensive bursts of TA and MG mus-
cle activities. Since the muscle activities obtained during continuous gaits in the injured rats
could not be assessed under normal cage conditions, we obtained a baseline amplitude for the
gait on the treadmill. The mean amplitude of spastic muscle activity during the cage observa-
tions was significantly higher than that observed over 10 gait cycles on a body weight-sup-
ported treadmill in the same rats (n = 5, Student’s ¢-test; Fig 5B). The spasticity-strong group,
which was assigned based on the results of the swimming test, had significantly more spasm
and clonus episodes than the spasticity-weak group during the 20-hour observation period

(n =5 per group, Student’s t-test; Fig 5C). Although we also observed some specific types of
spasms, such as extensor (MG)-related spasms or flexor (TA)-related spasms, these were not
analyzed. Uninjured rats did not have any spasm or clonus episodes during the 20-hour obser-
vation period (n = 3). The average counted number of spasm and clonus episodes peaked in
the early morning (08:00-09:00) and early evening (17:00-19:00) (n = 5 per group; Fig 5D),
which is consistent with other reports regarding the spastic symptoms of rats and humans [25,
27]. These results indicate that the spasticity-strong group of SCI rats had more severe spastic-
ity symptom than the spasticity-weak group during cage observation as well as during the
swimming test.
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Fig 4. Inmunohistochemistry and quantification of 5-HT and its receptor in SCI groups and uninjured
rats. (A) Robust up-regulation of the 5-HT 4 receptor at the lumbar motor neurons of the spasticity-strong
group compared with the -weak group and uninjured group (scale bars: 50 ym). (B) Quantification of the
5-HT,a receptor-positive (+) area within spinal motor neurons labeled as ChAT positive (+) at both the cervical
region and the lumbar region. (C) The 5-HT fibers were almost completely lost after 250-kd contusive SCI, but
were more reduced at the spasticity-strong group (scale bars: 50 um). (D) Quantification of the area of 5-HT
fibers at both the cervical and the lumbar ventral horn region. Values were normalized considering the value
for uninjured rats as 100%. (E) Plots of the quantification of 5-HT,a receptor expression and 5-HT fibers at the
cervical and lumbar region, respectively in uninjured (yellow), spasticity-strong group (purple), and -weak
group (pink). **: p < 0.01, ***: p <0.001 Abbreviations: 5-HT, 5-Hydroxytryptophan; ChAT, Choline
acetyltransferase; n.s, not significant.

doi:10.1371/journal.pone.0171937.9004

Discussion

We observed spastic behaviors during a swimming test in contusive SCI rats. The spastic
behavior consisted of clonus and spastic phases. These behaviors were easily reproducible and
detectable, and could be readily quantified based on occurrence frequency. In addition, the
swimming test could discriminate SCI rats with different severities of spasticity. We used this
test to classify the rats into the spasticity-strong group and the spasticity-weak group based on
the occurrence frequency of the spastic behaviors. We confirmed the feasibility of this group-
ing using the H-reflex test, immunohistochemistry for the serotonin receptor, and the 20-hour
cage observations. All measures consistently showed that the spasticity-strong group, which
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Fig 5. EMG results and occurrence frequencies of spastic behaviors during the 20-hour cage
observation. (A) Recorded EMG results for the clonus and spasm in SCI rat during 20-hour cage observations
obtained from the left TA muscle (blue) and the left MG muscle (orange). The red bar indicates co-contraction of
the TA and MG muscle activities. Note that all EMG figures were normalized to the peak amplitudes of TA muscle
activity. (B) Mean amplitude of muscle activity during spastic behaviors compared with the mean amplitude of
muscle activity during 10 gait cycles on BWST 4 weeks after SCI. (C) The occurrence of each type of spastic
behaviors during 20-hour cage observations in the spasticity-strong group (solid bars) and -weak group (open
bars) at 4 weeks after SCI. (D) The occurrence of spastic behaviors in the spasticity-strong group (solid line) and
-weak group (dashed line) shown by each recorded hour. The shaded area shows the default dark time (18:00 to
6:00) of the housing room. The yellow bars indicate the peak time points for the counted spastic behaviors. *:

p <0.05, **: p <0.01 Abbreviations: TA, tibialis anterior; MG, medial gastrocnemius; BWST, body weight
supported Treadmill.

doi:10.1371/journal.pone.0171937.9g005

was assigned based on the swimming test, had more severe changes related to upper motor
neuron syndrome compared to the spasticity-weak group. Furthermore, the percentage of SCI
rats that were placed in the spasticity-strong group and the time course of spasticity after SCI
are largely consistent with the results of a previous study using an incomplete transection rat
model [25]. Therefore, the swimming test results reflect the severity of upper motor neuron
syndrome, at least to some extent.

While we observed variations in severity among the spasticity-strong and spasticity-weak
groups in the swimming test, we assume that our division into the two groups is reliable based
on the results of multiple other modalities. Considering that incomplete SCI results in various
degrees of spasticity (2, 6, 7), it is important to obtain homogenous experimental groups for
SCI research. We thus suggest that the swimming test is a useful screening tool for incomplete
SCI models.
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We tested the hyperexcitability of the lumbar spinal circuit using the H-reflex test, which is
a standard method of measuring hyperreflexia in both humans and animal models [15, 17, 28,
29]. We found that the spasticity-strong group had lower RDDs in the H-reflex, as well as
increased expression of the 5-HT),, receptor in the lumbar spinal motor neurons compared
with the spasticity-weak group. Overexpression of the 5-HT receptor causes supersensitivity to
serotonin, which is related to spasticity [30]. Therefore, we expected that such supersensitivity
to serotonin, caused by the overexpression of serotonin receptors, may be the primary reason
for the reduced RDD in the spasticity-strong group.

Supersensitivity of serotonin and up-regulation of serotonin receptors below the injury site
after SCI have previously been reported to be related to the hyperexcitability of spinal motor
neurons and consequent spasticity [13, 14, 16, 31-33]. It is known that several types of 5-HT,
receptors, such as 5-HT,4, 5-HT,p, and 5-HT,¢, are closely related to the hyperexcitability of
motor neurons after SCI [14]. However, immunohistochemical studies have clearly shown
robust elevation of the 5-HT, 5 receptor after SCI and reported the upregulation of mRNA for
this receptor [34, 35]. Therefore, we selected the 5-HT, 4 receptor as a representative serotonin
receptor that is mainly expressed in spinal motor neurons for the present immunohistochem-
istry analysis [34, 36]. Our results indicate a correlation between the degree of serotonin super-
sensitivity and the severity of spasticity given the same severity of SCL

During the 20-hour cage observations, we noted some spasticity-related behaviors in the
“spasticity-weak” rats. Nevertheless, the total occurrence of spasm and clonus episodes was sig-
nificantly lower in this group than in the spasticity-strong group. Therefore, our results suggest
that the severity of spasticity in a contusive SCI rat model may be reflected by the occurrence
frequency of spastic behaviors.

Our assessment using behavioral features may not directly reflect velocity-dependent mus-
cle rigidity, which is the classical criterion for spasticity [37]. It should be noted that there are
other established assays that use ankle-rotation evoked EMG responses (21, 22). Nevertheless,
according to our EMG and H-reflex results, the behavioral patterns of the SCI rats during the
swimming test correspond well to patterns of spastic symptoms observed in human patients
with respect to 1) muscle spasms, 2) clonus, 3) co-contraction of the muscles, and 4) hyperto-
nia and hyperreflexia. Therefore, the swimming test is able to show direct manifestations of
clinically relevant symptoms of spasticity and may be useful for subsequent behavioral assess-
ments. This test provides an advantage in prospective design by defining homogenous
samples.

Our study has several limitations. First, the correlation of spastic behavior frequency
during the swimming test and the H reflex test was not perfectly matched. Despite this limi-
tation, we believe that the swimming test is useful for screening incomplete SCI rats to
obtain more homogenous experimental groups. Second, spastic behaviors during the swim-
ming test may not be able to be used to discriminate between voluntary attempts and invol-
untary movements. However, we found that those behaviors were unique, which allowed us
to distinguish between the spasticity-strong and spasticity-weak groups. Furthermore, the
behavioral assessment has the advantages of ease and repeatability for longitudinal
experiments.

In summary, our results show that quantification and screening of spasticity in contusive
SClI rats is possible by measuring the occurrence frequency of spastic behaviors during a
swimming test. Our results may help to discriminate spasticity-weak rats from spasticity-
strong rats after SCI. Taken together, our findings suggest that the swimming test is an effec-
tive method for evaluating symptoms of spasticity and developing treatments targeting spas-
ticity after SCI.

PLOS ONE | DOI:10.1371/journal.pone.0171937 February 9, 2017 12/15



@° PLOS | ONE

Swimming test for spasticity

Supporting information

S1 Video. Clonus phases during swimming test.
(MP4)

$2 Video. Spastic phases during swimming test.
(MP4)

$3 Video. Clonus during 20 hour cage observation.
(MP4)

$4 Video. Spasms during 20 hour cage observation.
(MP4)

Acknowledgments

We thank T. Tazoe and K. Nakanishi for helpful comments and support.

Author Contributions

Conceptualization: YR TO.

Formal analysis: RN YS TO.

Funding acquisition: TO.

Investigation: YR YI TD.

Methodology: YR TK KM.

Project administration: TO.

Resources: MN.

Supervision: MA RN TO.

Validation: NF TO.

Writing - original draft: YR.

Writing - review & editing: YS TO NF.

References

1.

Pandyan AD, Gregoric M, Barnes MP, Wood D, Van Wijck F, Burridge J, et al. Spasticity: clinical per-
ceptions, neurological realities and meaningful measurement. Disabil Rehabil. 2005; 27(1-2):2—6.
Epub 2005/04/01. PMID: 15799140

Skold C, Levi R, Seiger A. Spasticity after traumatic spinal cord injury: nature, severity, and location.
Arch Phys Med Rehabil. 1999; 80(12):1548-57. Epub 1999/12/22. PMID: 10597805

Little JW, Micklesen P, Umlauf R, Britell C. Lower extremity manifestations of spasticity in chronic spinal
cord injury. Am J Phys Med Rehabil. 1989; 68(1):32—6. PMID: 2917056

Roy RR, Edgerton VR. Neurobiological perspective of spasticity as occurs after a spinal cord injury. Exp
Neurol. 2012; 235(1):116-22. doi: 10.1016/j.expneurol.2012.01.017 PMID: 22342316

Elbasiouny SM, Moroz D, Bakr MM, Mushahwar VK. Management of spasticity after spinal cord injury:
current techniques and future directions. Neurorehabil Neural Repair. 2010; 24(1):23-33. doi: 10.1177/
1545968309343213 PMID: 19723923

D’Amico JM, Condliffe EG, Martins KJ, Bennett DJ, Gorassini MA. Recovery of neuronal and network
excitability after spinal cord injury and implications for spasticity. Front Integr Neurosci. 2014; 8:36. doi:
10.3389/fnint.2014.00036 PMID: 24860447

PLOS ONE | DOI:10.1371/journal.pone.0171937 February 9, 2017 13/15


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0171937.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0171937.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0171937.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0171937.s004
http://www.ncbi.nlm.nih.gov/pubmed/15799140
http://www.ncbi.nlm.nih.gov/pubmed/10597805
http://www.ncbi.nlm.nih.gov/pubmed/2917056
http://dx.doi.org/10.1016/j.expneurol.2012.01.017
http://www.ncbi.nlm.nih.gov/pubmed/22342316
http://dx.doi.org/10.1177/1545968309343213
http://dx.doi.org/10.1177/1545968309343213
http://www.ncbi.nlm.nih.gov/pubmed/19723923
http://dx.doi.org/10.3389/fnint.2014.00036
http://www.ncbi.nlm.nih.gov/pubmed/24860447

@° PLOS | ONE

Swimming test for spasticity

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

van Cooten IP, Snoek GJ, Nene AV, de Groot S, Post MW. Functional hindrance due to spasticity in
individuals with spinal cord injury during inpatient rehabilitation and 1 year thereafter. Spinal Cord.
2015.

Bennett DJ, Gorassini M, Fouad K, Sanelli L, Han Y, Cheng J. Spasticity in rats with sacral spinal cord
injury. J Neurotrauma. 1999; 16(1):69-84. doi: 10.1089/neu.1999.16.69 PMID: 9989467

Thompson FJ, Parmer R, Reier PJ, Wang DC, Bose P. Scientific basis of spasticity: insights from a lab-
oratory model. J Child Neurol. 2001; 16(1):2—9. PMID: 11225952

Bennett DJ, Sanelli L, Cooke CL, Harvey PJ, Gorassini MA. Spastic long-lasting reflexes in the awake
rat after sacral spinal cord injury. J Neurophysiol. 2004; 91(5):2247-58. Epub 2004/04/08. doi: 10.1152/
jn.00946.2003 PMID: 15069102

Kapitza S, Zorner B, Weinmann O, Bolliger M, Filli L, Dietz V, et al. Tail spasms in rat spinal cord injury:
changes in interneuronal connectivity. Exp Neurol. 2012; 236(1):179-89. Epub 2012/05/10. doi: 10.
1016/j.expneurol.2012.04.023 PMID: 22569103

Kitzman P. Alteration in axial motoneuronal morphology in the spinal cord injured spastic rat. Exp Neu-
rol. 2005; 192(1):100-8. doi: 10.1016/j.expneurol.2004.10.021 PMID: 15698623

Li Y, Harvey PJ, Li X, Bennett DJ. Spastic long-lasting reflexes of the chronic spinal rat studied in vitro. J
Neurophysiol. 2004; 91(5):2236-46. doi: 10.1152/jn.01010.2003 PMID: 15069101

Murray KC, Stephens MJ, Ballou EW, Heckman CJ, Bennett DJ. Motoneuron excitability and muscle
spasms are regulated by 5-HT2B and 5-HT2C receptor activity. J Neurophysiol. 2011; 105(2):731-48.
doi: 10.1152/jn.00774.2010 PMID: 20980537

Boulenguez P, Liabeuf S, Bos R, Bras H, Jean-Xavier C, Brocard C, et al. Down-regulation of the potas-
sium-chloride cotransporter KCC2 contributes to spasticity after spinal cord injury. Nat Med. 2010; 16
(3):302—7. Epub 2010/03/02. doi: 10.1038/nm.2107 PMID: 20190766

Murray KC, Nakae A, Stephens MJ, Rank M, D’Amico J, Harvey PJ, et al. Recovery of motoneuron and
locomotor function after spinal cord injury depends on constitutive activity in 5-HT2C receptors. Nat
Med. 2010; 16(6):694—700. doi: 10.1038/nm.2160 PMID: 20512126

Lee JK, Emch GS, Johnson CS, Wrathall JR. Effect of spinal cord injury severity on alterations of the H-
reflex. Exp Neurol. 2005; 196(2):430—40. doi: 10.1016/j.expneurol.2005.08.018 PMID: 16185689

Courtine G, Song B, Roy RR, Zhong H, Herrmann JE, Ao Y, et al. Recovery of supraspinal control of
stepping via indirect propriospinal relay connections after spinal cord injury. Nat Med. 2008; 14(1):69—
74. doi: 10.1038/nm1682 PMID: 18157143

Singh A, Balasubramanian S, Murray M, Lemay M, Houle J. Role of spared pathways in locomotor
recovery after body-weight-supported treadmill training in contused rats. J Neurotrauma. 2011; 28
(12):2405—16. doi: 10.1089/neu.2010.1660 PMID: 21568686

Bose P, Parmer R, Thompson FJ. Velocity-dependent ankle torque in rats after contusion injury of the
midthoracic spinal cord: time course. J Neurotrauma. 2002; 19(10):1231-49. doi: 10.1089/
08977150260338029 PMID: 12427331

Thompson FJ, Parmer R, Reier PJ. Alteration in rate modulation of reflexes to lumbar motoneurons
after midthoracic spinal cord injury in the rat. I. Contusion injury. J Neurotrauma. 1998; 15(7):495-508.
doi: 10.1089/neu.1998.15.495 PMID: 9674553

Corleto JA, Bravo-Hernandez M, Kamizato K, Kakinohana O, Santucci C, Navarro MR, et al. Thoracic 9
Spinal Transection-Induced Model of Muscle Spasticity in the Rat: A Systematic Electrophysiological
and Histopathological Characterization. PLoS One. 2015; 10(12):e0144642. doi: 10.1371/journal.pone.
0144642 PMID: 26713446

Magnuson DS, Smith RR, Brown EH, Enzmann G, Angeli C, Quesada PM, et al. Swimming as a model
of task-specific locomotor retraining after spinal cord injury in the rat. Neurorehabil Neural Repair. 2009;
23(6):535—45. doi: 10.1177/1545968308331147 PMID: 19270266

Smith RR, Burke DA, Baldini AD, Shum-Siu A, Baltzley R, Bunger M, et al. The Louisville Swim Scale: a
novel assessment of hindlimb function following spinal cord injury in adult rats. J Neurotrauma. 2006; 23
(11):1654—70. doi: 10.1089/neu.2006.23.1654 PMID: 17115911

Gonzenbach RR, Gasser P, Zorner B, Hochreutener E, Dietz V, Schwab ME. Nogo-A antibodies and
training reduce muscle spasms in spinal cord-injured rats. Ann Neurol. 2010; 68(1):48-57. Epub 2010/
06/29. doi: 10.1002/ana.22009 PMID: 20582944

Trompetto C, Marinelli L, Mori L, Pelosin E, Curra A, Molfetta L, et al. Pathophysiology of spasticity:
implications for neurorehabilitation. Biomed Res Int. 2014; 2014:354906. doi: 10.1155/2014/354906
PMID: 25530960

Skold C. Spasticity in spinal cord injury: self- and clinically rated intrinsic fluctuations and intervention-
induced changes. Arch Phys Med Rehabil. 2000; 81(2):144—9. PMID: 10668766

PLOS ONE | DOI:10.1371/journal.pone.0171937 February 9, 2017 14/15


http://dx.doi.org/10.1089/neu.1999.16.69
http://www.ncbi.nlm.nih.gov/pubmed/9989467
http://www.ncbi.nlm.nih.gov/pubmed/11225952
http://dx.doi.org/10.1152/jn.00946.2003
http://dx.doi.org/10.1152/jn.00946.2003
http://www.ncbi.nlm.nih.gov/pubmed/15069102
http://dx.doi.org/10.1016/j.expneurol.2012.04.023
http://dx.doi.org/10.1016/j.expneurol.2012.04.023
http://www.ncbi.nlm.nih.gov/pubmed/22569103
http://dx.doi.org/10.1016/j.expneurol.2004.10.021
http://www.ncbi.nlm.nih.gov/pubmed/15698623
http://dx.doi.org/10.1152/jn.01010.2003
http://www.ncbi.nlm.nih.gov/pubmed/15069101
http://dx.doi.org/10.1152/jn.00774.2010
http://www.ncbi.nlm.nih.gov/pubmed/20980537
http://dx.doi.org/10.1038/nm.2107
http://www.ncbi.nlm.nih.gov/pubmed/20190766
http://dx.doi.org/10.1038/nm.2160
http://www.ncbi.nlm.nih.gov/pubmed/20512126
http://dx.doi.org/10.1016/j.expneurol.2005.08.018
http://www.ncbi.nlm.nih.gov/pubmed/16185689
http://dx.doi.org/10.1038/nm1682
http://www.ncbi.nlm.nih.gov/pubmed/18157143
http://dx.doi.org/10.1089/neu.2010.1660
http://www.ncbi.nlm.nih.gov/pubmed/21568686
http://dx.doi.org/10.1089/08977150260338029
http://dx.doi.org/10.1089/08977150260338029
http://www.ncbi.nlm.nih.gov/pubmed/12427331
http://dx.doi.org/10.1089/neu.1998.15.495
http://www.ncbi.nlm.nih.gov/pubmed/9674553
http://dx.doi.org/10.1371/journal.pone.0144642
http://dx.doi.org/10.1371/journal.pone.0144642
http://www.ncbi.nlm.nih.gov/pubmed/26713446
http://dx.doi.org/10.1177/1545968308331147
http://www.ncbi.nlm.nih.gov/pubmed/19270266
http://dx.doi.org/10.1089/neu.2006.23.1654
http://www.ncbi.nlm.nih.gov/pubmed/17115911
http://dx.doi.org/10.1002/ana.22009
http://www.ncbi.nlm.nih.gov/pubmed/20582944
http://dx.doi.org/10.1155/2014/354906
http://www.ncbi.nlm.nih.gov/pubmed/25530960
http://www.ncbi.nlm.nih.gov/pubmed/10668766

@° PLOS | ONE

Swimming test for spasticity

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Grey MJ, Klinge K, Crone C, Lorentzen J, Biering-Sorensen F, Ravnborg M, et al. Post-activation
depression of soleus stretch reflexes in healthy and spastic humans. Exp Brain Res. 2008; 185(2):189—
97. doi: 10.1007/s00221-007-1142-6 PMID: 17932663

Reese NB, Skinner RD, Mitchell D, Yates C, Barnes CN, Kiser TS, et al. Restoration of frequency-
dependent depression of the H-reflex by passive exercise in spinal rats. Spinal Cord. 2006; 44(1):28—
34. doi: 10.1038/sj.s¢.3101810 PMID: 16044168

Harvey PJ, Li X, Li Y, Bennett DJ. 5-HT2 receptor activation facilitates a persistent sodium current and
repetitive firing in spinal motoneurons of rats with and without chronic spinal cord injury. J Neurophysiol.
2006; 96(3):1158-70. doi: 10.1152/jn.01088.2005 PMID: 16707714

Li Y, Gorassini MA, Bennett DJ. Role of persistent sodium and calcium currents in motoneuron firing
and spasticity in chronic spinal rats. J Neurophysiol. 2004; 91(2):767-83. doi: 10.1152/jn.00788.2003
PMID: 14762149

Lee JK, Johnson CS, Wrathall JR. Up-regulation of 5-HT2 receptors is involved in the increased H-
reflex amplitude after contusive spinal cord injury. Exp Neurol. 2007; 203(2):502—11. doi: 10.1016/j.
expneurol.2006.09.003 PMID: 17059818

Schmidt BJ, Jordan LM. The role of serotonin in reflex modulation and locomotor rhythm production in
the mammalian spinal cord. Brain Res Bull. 2000; 53(5):689—710. PMID: 11165804

Kong XY, Wienecke J, Chen M, Hultborn H, Zhang M. The time course of serotonin 2A receptor expres-
sion after spinal transection of rats: an immunohistochemical study. Neuroscience. 2011; 177:114-26.
doi: 10.1016/j.neuroscience.2010.12.062 PMID: 21211552

Navarrett S, Collier L, Cardozo C, Dracheva S. Alterations of serotonin 2C and 2A receptors in response
to T10 spinal cord transection in rats. Neurosci Lett. 2012; 506(1):74-8. doi: 10.1016/j.neulet.2011.10.
052 PMID: 22056918

Doly S, Madeira A, Fischer J, Brisorgueil MJ, Daval G, Bernard R, et al. The 5-HT2A receptor is widely
distributed in the rat spinal cord and mainly localized at the plasma membrane of postsynaptic neurons.
J Comp Neurol. 2004; 472(4):496-511. doi: 10.1002/cne.20082 PMID: 15065122

Lance JW. The control of muscle tone, reflexes, and movement: Robert Wartenberg Lecture. Neurol-
ogy. 1980; 30(12):1303-13. PMID: 7192811

PLOS ONE | DOI:10.1371/journal.pone.0171937 February 9, 2017 15/15


http://dx.doi.org/10.1007/s00221-007-1142-6
http://www.ncbi.nlm.nih.gov/pubmed/17932663
http://dx.doi.org/10.1038/sj.sc.3101810
http://www.ncbi.nlm.nih.gov/pubmed/16044168
http://dx.doi.org/10.1152/jn.01088.2005
http://www.ncbi.nlm.nih.gov/pubmed/16707714
http://dx.doi.org/10.1152/jn.00788.2003
http://www.ncbi.nlm.nih.gov/pubmed/14762149
http://dx.doi.org/10.1016/j.expneurol.2006.09.003
http://dx.doi.org/10.1016/j.expneurol.2006.09.003
http://www.ncbi.nlm.nih.gov/pubmed/17059818
http://www.ncbi.nlm.nih.gov/pubmed/11165804
http://dx.doi.org/10.1016/j.neuroscience.2010.12.062
http://www.ncbi.nlm.nih.gov/pubmed/21211552
http://dx.doi.org/10.1016/j.neulet.2011.10.052
http://dx.doi.org/10.1016/j.neulet.2011.10.052
http://www.ncbi.nlm.nih.gov/pubmed/22056918
http://dx.doi.org/10.1002/cne.20082
http://www.ncbi.nlm.nih.gov/pubmed/15065122
http://www.ncbi.nlm.nih.gov/pubmed/7192811

