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Abstract Traumatic brain injury (TBI) causes increased re-
lease of several mediators from injured and dead cells and
elicits microglial activation. Activated microglia change their
morphology, migrate to injury sites, and release tumor necro-
sis factor-alpha (TNF-α) and others. In this study we used a
controlled fluid percussion injury model of TBI in the rat to
determine whether early (4 h post-injury) or late (4 days post-
injury) treatment with MLC 601, a Traditional Chinese
Medicine, would affect microglial activation and improve
recovery. MLC 601 was chosen for this study because its

herbal component MLC 901 was beneficial in treating TBI
in rats. Herein, rats with induced TBI were treated with MLC
601 (0.2–0.8 mg/kg) 1 h (early treatment) or 4 day post-injury
(late treatment) and then injected once daily for consecutive
2 days. Acute neurological and motor deficits were assessed in
all rats the day before and 4 days after early MLC 601
treatment. An immunofluorescence microscopy method was
used to count the numbers of the cells colocalized with
neuron- and apoptosis-specific markers, and the cells
colocalized with microglia- and TNF-α-specific markers, in
the contused brain regions 4 days post-injury. An immunohis-
tochemistry method was used to evaluate both the number and
the morphological transformation of microglia in the injured
areas. It was found that early treatment with MLC 601 had
better effects in reducing TBI-induced cerebral contusion than
did the late therapy with MLC 601. Cerebral contusion caused
by TBI was associated with neurological motor deficits, brain
apoptosis, and activated microglia (e.g., microgliosis, amoe-
boid microglia, and microglial overexpression of TNF-α),
which all were significantly attenuated by MLC 601 therapy.
Our data suggest that MLC 601 is a promising agent for
treatment of TBI in rats.
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Introduction

Traumatic brain injury (TBI) is one of the leading causes of
morbidity and mortality in young adults and children; it is a
major global public health problem (Maas et al. 2008). Within
minutes to months after the injury, the development of a
cerebral contusion initiates ongoing neuronal degeneration
(Morganti-Kossmann et al. 2007). Increased release of several
mediators from injured and dead cells during TBI elicits
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microglial activation (Rivest 2009; Loane and Byrnes 2010).
Activated microglia change morphology, migrate to injury
sites, and release tumor necrosis factor-alpha (TNF-α) (Chio
et al. 2010, 2013; Cheong et al. 2013), transforming growth
factor-beta (TGF-β) (Lindholm et al. 1992; Rimaniol et al.
1995), and others.

MLC 601 (NeuroAid; Moleac Pte Ltd., Singapore), a
Traditional Chinese Medicine, is currently used in both Asia
and in the Middle East for stroke patients (Chen et al. 2009;
Bavarsad Shahripour et al. 2011; Gan et al. 2008; Young et al.
2010). More recent evidence also provided updated references
to several new trial papers on MLC 601 which include a
neutral large clinical trial on stroke recovery (Chen et al.
2013a) with post hoc analyses showing possible efficacy in
reducing recurrent vascular events (Chen et al. 2013b) and in
patients with poorer prognostic factors (Navarro et al. 2014).
In rodents with stroke, both MLC 601 and MLC 901 im-
proved survival and brain damage (Heurteaux et al. 2010;
Quintard et al. 2011). MLC 901 was also shown to induce
neuroprotective and neurodegenerative benefits after TBI in
rats (Quintard et al. 2014). However, to the best of our knowl-
edge, it is unknown whether post-TBI administration of MLC
601 is beneficial in affecting the cerebral contusion, neurolog-
ical motor deficits, and microglial activation that occurred
during TBI in rodents.

Prior studies have shown that microgliosis, ameboid mi-
croglia, microglial expression of TNF-α caused by TBI have
been collectively termed microglial activation (Chio et al.
2010, 2013; Cheong et al. 2013) . In the present study we
used a controlled fluid percussion injury model of TBI in the
rat to determine whether immediate treatment with MLC 601
would affect microglial activation and improve recovery.
MLC was chosen for this study because its herbal component
MLC 901 is beneficial in treating experimental TBI (Quintard
et al. 2014).

Methods

Animals

Male Sprague–Dawley rats (260±18 g) from the animal re-
source center of the Taiwan Department of National Science
and Technology (TNOSAT) were used for all experiments.
The TNOSAT’S policies on the care and use of laboratory
animals were followed. The institutional review board of
Chung Shan Medical University approved the experiments
(protocol number: 100120701). All efforts were made to
minimize animal suffering and reduce the number of rats used.
The rats were housed under controlled laboratory conditions
with a 12-h light/dark cycle, a temperature of 22±2 °C, and a
humidity of 60–70% for at least 1 week before drug treatment

or surgery. They had free access to a standard rodent diet and
unlimited fresh drinking water.

Experimental Design

The rats were divided into three groups: (i) Sham group,
(ii) TBI group+vehicle, and (iii) TBI group+MLC 601
(Moleac Pte Ltd, Singapore). The composition of the
MLC 601 capsule was the following: 0.57 g of Radix
astragali, 0.114 g of Radix Salvia miltiorrhizae, 0.114 g
of Radix pas Paeoniae Rubra, 0.114 g of Rhizoma
Chuanxiong, 0.114 g of Radix Angelicae Sinensis,
0.114 g of carthamus tinctorius L. (safflower), 0.114 g of
Prunus persica (peach), 0.114 g of Radix polygalae,
0.114 g of Rhizoma Acori Tatarinowii, 0.095 g of Buthus
martensü Karsch, 0.0665 of Hirudo (leech), 0.0665 g of
Eupolyphaga seu Steleophaga, 0.0285 g of Calculus bovis
artifactus (dried cattle gallstones), and 0.0285 g of Cornu
(horn) saiga bovis arcticus and Cornu saiga tatarica. The
drug was diluted in saline (used as a vehicle) at the
concentration of 0.2 mg/ml, 0.4 mg/ml, or 0.8 mg/ml (stock
solution) and incubated under agitation for 1 h at 37 °C.
The solution was then strained using a 0.22-μm filter. Rats
were intraperitoneally (i.p.) injected with a single dose of
MLC 601 (0.2 mg/kg, 0.4 mg/kg, or 0.8 mg/kg) 1 h after
TBI, and then with one injection per day for consecutive
2 days. In separate experiments, an i.p. dose of MLC (0.2–
0.8 mg/kg) was injected at day 4 post-TBI once per day
and consecutively for 2 days. The researchers who did the
TBI surgery and measured the TBI were blinded to the
treatment code.

Induction of TBI

TBI was induced using a fluid percussion injury device
(Virginia Commonwealth University Biochemical
Engineering, Richmond, VA, USA) (amplitude: 2.2 atm) on
rats placed in a Kopf stereotaxic frame (McIntosh et al. 1987).
In brief, rats were anesthetized using sodium pentobarbital
(25 mg/kg, i.p.) (Sigma-Aldrich, St. Louis, MO, USA) and a
mixture containing ketamine (4.4 mg/kg, intramuscularly
[i.m.]) (Nankuang Pharmaceutical, Tainan, Taiwan), atropine
(0.02633 mg/kg, [i.m.]) (Sintong Chemical, Taoyuan,
Taiwan), and xylazine hydrochloride (6.77 mg/kg, [i.m.])
(Bayer AG, Leverkusen, Germany). Body temperature was
maintained at 37 °C with a heating blanket during surgery and
for the hour after surgery. Heart rate, blood pressure, and
respiratory rate were monitored during the surgical procedure.
Each injured and sham-injured rat was housed individually
and closely evaluated for behavioral recovery immediately
after TBI.



Cerebral Contusion Assay

The triphenyl tetrazolium chloride (TTC) staining pro-
cedures are used for determing cerebral ischemia extent
caused by TBI (Chang et al. 2013). The TTC staining
method described by Wang et al. (1997) was modified.
In brief, at the indicated time after TBI, all the rats
were deeply anesthetized and then intracardially per-
fused with saline. Their brain tissue was removed, im-
mersed in cold saline for 5 min, and sliced into 2.0-mm
thick sections with a tissue slicer. The brain slices were
incubated in 2 % TTC dissolved in phosphate buffered
saline (PBS) for 30 min at 37 °C and then transferred
to a 5 % formaldehyde solution for fixation. The vol-
ume of the contusion, as revealed by negative TTC
stains indicating dehydrogenase-deficient (or ischemic)
tissue, was measured in each slice and summed using
computerized planimetry (Image-Pro Plus 5.0; Media
Cybernetics, Bethesda, MD, USA). The volume of the
contusion was calculated as 2 mm (thickness of the
slice) × (sum of the contusion area in all brain slices
[mm2]). (Wang et al. 1997; Chang et al. 2013). Both
cortical and hippocampal areas were affected in the
injured side after TBI. The brain damaged volume for
the TBI rats received vehicle solution was about 163±
18 mm3 (value is the mean±S.D.).

Neurological Severity Scores

Acute neurological injury was assessed in all rats the day
before and 4–21 days after surgery using a neurological se-
verity score (NSS), a composite of the motor, sensory, and
reflex test scores (Chen et al. 2008). One point was given for
failure to perform a task. Thus, the higher the score (maxi-
mum: 14 points), the more severe the injury.

Spontaneous Forelimb Elevation (Cylinder) Test

Rats were placed in a glass cylinder (standard laboratory
beaker) scaled to the size of the rat so that the cylinder
diameter was roughly 4 cm greater than the length of the rat
from nose to hindquarters, thus providing ample room for the
rat to turn, but also minimizing horizontal exploration of the
cylinder. Rats were observed for spontaneous rearings during
a single 5-min observation session. The number of wall
rearings using both left and right, right-only, or left-only
forelimbs was recorded. A measurement was taken on the
day before TBI surgery to control for pre-injury limb prefer-
ence. The laterality score was computed as follows: (number
of right-only − number of left-only)/(number of right-only +
number of left-only + number of both together) (Schallert
et al. 2000).

Foot-Fault Placing Test and Ladder-Climbing Task

All groups of rats were examined using the foot-fault placing
test or ladder-climbing task before (0 day) and 1 and 21 days
after the motor-training procedure. All rats were tested three
times on each trial day.

A modified forelimb foot-fault placing test was used to
examine forelimb function. The foot placing apparatus
consisted of an elevated (10 cm) grid surface (10×110 cm2,
with a square opening of 9 cm2 and a grid wire diameter of
1.0 mm) connected to platforms at each end (15×20 cm2). In
each trial, the rat was encouraged by a noise or a prod to
traverse the grid surface for 1 min. Occasionally, the rats
inaccurately placed a forelimb, which fell through one of the
openings in the grid. These mistakes were considered foot
faults. The rate of contralateral forelimb foot faults made per
meter in 1 min was calculated. Fewer errors made in this
motor function indicated better hind-limb function (Ding
et al. 2004).

To examine the coordination of their forelimbs and hind
limbs, the rats were also tested using a ladder-climbing task
that required motor skills (Ding et al. 2004). A single acrylic
rod with crossbars at 3-cm intervals was suspended vertically
from a platform 1 m above the base. In the present study, the
number of rungs climbed in 60 s was recorded. The climbing
velocity was then calculated as the number of rungs climbed
per second (rungs/s). Higher scores in this motor function test
indicated better limb coordination (Fujimoto et al. 2004).

Immunohistochemistry Assays

Serial 50-μm sections corresponding to coronal coordinates
0.8 mm to 5.3 mm posterior to the bregma were incubated in
2 mol/L of hydrogen chloride (HCl) for 30 min, rinsed in
0.1 mol/L boric acid (H3BO3) (pH 8.5) for 3 min at room
temperature, and then incubated with primary antibodies in
PBS containing 0.5 % normal bovine serum at 4 °C overnight,
and the next day to secondary antibodies for 1 h at room
temperature. The antibodies used were, sequentially, mouse
monoclonal anti-NeuN (1:200) (Abcam Plc, Cambridge, UK),
mouse monoclonal anti-Iba1 antibody (1:200) (Abcam),
Alexa Fluor 568-conjugated donkey anti-mouse IgG antibody
(1:400) (Invitrogen, Carlsbad, CA, USA), and DyLight 488-
conjugated donkey-antibody IgG antibody (1:400) (Abcam).
Coverslips were placed on the sections and fixed using fluo-
rescent mountingmedium (Dako, Carpinteria, CA, USA). The
labeled cells were calculated in 5 coronal sections from each
rat and expressed as the mean number of cells per section. For
negative control sections, all the procedures were done with-
out the primary antibody. Primary and secondary antibodies
for multiple staining are listed in Table 1.

Images of the fluorescent immunohistochemistry for im-
mune cells were captured at 100× magnification using a



fluorescence microscope system (Axiovision; Zeiss Gmbh,
Göttingen, Germany), and images from the bregma −0.8,
−1.5, −2.5, −3.0, and −3.8 mm from each rat were evaluated.
In each image, immune-positive cells showing staining with a
cellular morphology and above background level were man-
ually and exhaustively counted using Axiovision image anal-
ysis software (Zeiss). All cells were counted by an investigator
(C.P.C.) blinded to the treatment status of each rat.

Statistical Analysis

Data are means±standard error of the mean (SEM). One-way
analysis of variance (ANOVA) and then Tukey’s test was used
to analyze differences between groups, except for the neuro-
behavioral scores, which were analyzed using nonparametric
tests (Kruskal-Wallis, and then Dunn’s post hoc test).
Significance was set at p<0.05. SPSS 16.0 (SPSS, Chicago,
IL, USA) was used for the statistical analysis.

Results

Acute Effect of TBI

The average intensity of the fluid pulse delivered to animals in
the injured group was 2.25±0.06 atm (mean±S.E.M.).
Immediately following this impact, all rats experienced a
period of apnea (~25 s), hypertension (~140 mmHg for
~25 s), and tachycardia (~395 beats/min for ~125 min).
Sham-injured animals showed no apnea, hypertension, or
tachycardia. There was no difference between 2 treatment
groups.

Early Administration of MLC 601 had Better Benefits
in Treating TBI than did the Late MLC 601 Therapy

As demonstrated in Fig. 1a, early therapy of MLC 601 at a
dose of 0.4 mg/kg or 0.8 mg/kg significantly attenuated TBI-

induced cerebral contusion. In early injection procedure,MLC
601 was injected once daily 4 h post-injury and repeated for
consecutive 2 days (so-called early therapy). However, when
MLC 601 was injected once daily 4 days post-injury and
repeated for consecutive 2 days (so-called late therapy), an
i.p. of 0.8 mg/kg but not 0.4 mg/kg significantly attenuated
TBI-induced cerebral contusion (Fig. 1b). In the following
experiments early therapy with an i.p. dose of 0.4 mg/kg of
MLC 601 was chosen for therapeutic verification.

Cortical Contusion and Neuronal Apoptosis were Lower
in TBI Rat Treated with Early Administration of MLC 601

Four days after the rats had been subjected to TBI, TTC
staining (Fig. 2) and TUNEL staining (Fig. 3), respectively,
showed that the TBI rats treated with early administration of
vehicle solution had significantly (p<0.01) larger areas of
brain contusion and more NeuN-TUNEL-positive cells in
the core region of the contused cortex than did the sham group
rats. Both the cerebral contusion and the neuronal apoptosis
were significantly (p<0.05) smaller in the TBI+MLC 601
group than in the TBI+vehicle group (Figs. 2 and 3).

Effect of MLC 601 Treatment on Neurological and Motor
Dysfunction in TBI Rats

TBI rats showed impaired performances on all tests (Fig. 4a:
modified neurological severity score; b: cylinder test; c: foot-
placing test; and d: ladder-climbing test). TBI rats treated with
MLC 601 (0.4 mg/kg, i.p.) (TBI+MCL 601) performed sig-
nificantly better on all the tests than did vehicle-treated rats
between 4 and 21 days after TBI.

Microgliosis and Ameboid Microglia were Significantly
Lower in TBI+MCL 601 (0.4 mg/kg, i.p.) Group Rats

Four days after the rats had been subjected to TBI, immuno-
histochemical staining showed that the number of Iba1-
positive cells around the contused cortex in the two TBI

Table 1 Antibodies used for immunofluorescence staining

Antibody Antigen Host Company Catalog Dilution

Primary

NeuN Neuron Mouse Abcam ab104224 1:200

Iba-1 Microglia Rabbit Gentex GTX 100042 1:500

TNF-α TNF-α Mouse Abcam 52b83 1:200

Secondary antibody (conjugation)

Rabbit IgG (Alexa
Fluor 568)

Rabbit IgG goat Invitrogen A11036 1:200

Mouse-IgG (Alexa 488) Mouse IgG goat Invitrogen A11029 1:200

NeuN neuronal nuclei, neuron-specific nuclear protein, Iba1 anti-ionized calcium-binding adaptor molecule 1, TNF-α tumor necrosis factor-alpha



groups (Fig. 5, bottom) was significantly (p<0.01) higher than
the number in the sham group. Additionally, the microglia of
the vehicle-treated injured rats were swollen and ameboid in
shape (Fig. 5, top). Both microgliosis and swollen and
ameboid-shaped microglia numbers were significantly lower
in the TBI+MLC 601 group than in the vehicle-treated injured
group rats (Fig. 5).

TBI+MCL 601 Rats had Fewer Iba1+TNF-α-DAPI-Positive
Cells than did TBI+Vehicle Rats

Four days after the rats had been subjected to TBI, triple-
immunofluorescence staining showed that the number of
colocalized Iba1+TNF-α+DAPI-positive cells (Fig. 6) around
the contused cortex was significantly (p<0.01) higher than in
the Sham group. However, the number of colocalized Iba1+
TNF-α-DAPI-positive cells (Fig. 6) around the contused cor-
tex in the TBI+MLC 601 (0.4 mg/kg, i.p.) group rats was
significantly (p<0.05) lower than in the TBI+vehicle group
(Fig. 6).

Discussion

MLC 601 (NeuroAid I) contains 9 herbal and 5 animal com-
ponents, whereas MLC 901 (NeuroAid II) bases on 9 herbal
components (Heurteaux et al. 2010). In the present study, we
observed that post-TBI treatment with MLC 601 significantly
and dose-dependently attenuated TBI-induced cerebral contu-
sion in rats. In addition, compared with those of the late
treatment (4 days post-TBI), early treatment (1 h post-TBI)
had significantly better beneficits in reducing TBI-induced
cerebral contusion. The beneficial effects of MLC 601 were
correlated with reduction in neurological and motor deficits,
neuronal apoptosis, and microglial activation (in terms of
microgliosis, morphological transformation of microglia, and
microglial overexpression of tumor necrosis factor-alpha. Our
results are consistent in part with those of Quintard et al.
(2014). They reported that MLC 901 treatment (injected in-
traperitoneally at 2 h post-TBI and then administered in drink-
ing water at a concentration of 10 mg/ml until sacrifice of the
animals) induced neuroprotective and neuroregenerative
beneficits after TBI in rats. It can be derived from these results
that MLC 601 or MLC 901 has neuroprotective and
neurorestorative effects which improve neurological and

�Fig. 1 Effects of early (a) or late (b) MLC 601 treatment on cerebral
contusion volume, as evaluated by TTC staining, on 7 days post-injury. In
a, animals were administered with an i.p. dose of 0.2 mg/kg, 0.4 mg/kg,
or 0.8 mg/kg of MLC601 or vehicle solution once daily 1 h after TBI and
for consecutive 2 days. In b, animals were injected with an i.p. dose of
0.2 mg/kg, 0.4 mg/kg, or 0.8 mg/kg of MLC601 or vehicle solution
4 days after TBI once daily and for consecutive 2 days. These groups
of animals were killed for histological verification on day 7 post-TBI.
Representative TTC-stained brain sections of a sham rat (A’), a TBI rats
treated with vehicle (B’, TBI+vehicle), a TBI rat treated with 0.2 mg/kg
MLC601 (C’, TBI+MLC601, 0.2 mg/kg), a TBI+MLC601 0.4 mg/kg
(D’), and a TBI+MLC601 0.8 mg/kg (E’). Bar graphs demonstrating
brain contusion volumes in vehicle-treated and MLC601-treaetd injured
rats on days 7. Values are means±S.E.M.; *P<0.01 versus sham rats;
+P<0.05 versus vehicle-treated injured rats (n=8 for each group). Middle
panels showing representative tracings for different groups of rats. Arrow
head indicates MLC injection or TTC stain was performed



motor deficits in a rat model of TBI and a rationale for
providing MLC 601 or MLC 901 therapy to improve func-
tional recovery of patients with TBI.

Functional deficits are common neurological sequelae in
patients with brain injuries and in animal models of TBI
(Woodcock and Morganti-Kossmann 2013). The degree of
sensorimotor dysfunction is an important indicator of the
severity of the TBI (Fujimoto et al. 2004). A series of motor
tasks—spontaneous forelimb elevation, a foot-fault placing

test, and a ladder-climbing test—were used to assess motor
functions. Thesemotor tasks have been used in studies dealing
with the effects of complex motor training on neuronal plas-
ticity in normal animals (Black et al. 1990; Kleim et al. 1996;
Isaacs et al. 1992) as well as on motor dysfunction in alcohol-
ic, traumatic brain-injured and ischemic animals (Ding et al.
2001a, 2002a, b, 2004; Klintsova et al. 1998). We demon-
strated that MLC 601 significantly improved neurological and
motor outcomes assessed using a combination of

Fig. 2 Effects of early early MLC 601 therapy (an i.p. dose of 0.4 mg/kg
of MLC 601 once daily 1 h after TBI and for consecutive 2 days) on
cerebral contusion volume, as evaluated by TTC staining, on 4 days post-
injury. a Representative TTC-stained brain sections of a sham rat, a
vehicle-treated injured rat, and a MLC601-treated injured rat, showing
dehydrogenase-deficient tissue (pale). Bar graphs demonstrating brain

contused area (b) and contusion volumes (c) in sham group rats (●), TBI+
vehicle group rats (○), and TBI+MLC601 group rats (▼). TBI+MLC
group rat. MLC601-treated rats had a significant reduction in contusion
volume relative to vehicle-treated rats on day 4. Values are means±
S.E.M.; *P<0.01 versus sham rats; +P<0.05 versus vehicle-treated in-
jured rats (n=8 for each group)

Fig. 3 Effect of early MLC601 therapy (an i.p. dose of 0.4 mg/kg of
MLC 601 once daily 1 h after TBI and for 2 consecutive 2 days) on
neuronal apoptosis in the core contused cortex, as evaluated by TUNEL
staining 4 day post-injury. Mean±standard error values of the number of
NeuN-TUNEL-positive cells in the core ischemic cortex. Sham (white
column): rats given a sham traumatic brain injury (TBI) operation; TBI+

vehicle (lined column): TBI rats treated with vehicle solution; TBI+
MLC601 (crossed column); TBI rats treated with MLC601. The data
were obtained 4 days after TBI or sham operation (n=8 for each group).
*P<0.01 versus the sham group; +P<0.05 versus TBI+vehicle group.
Right panels depict representative NeuN-TUNEL double stainings for
one sham rat, one TBI+vehicle rat, and one TBI+MLC601 rat



neurobehavioral tests. The attenuation of neurological and
motor dysfunction seen in theMLC 601-treated rats correlated
with their histopathological findings. The TBI-MLC601 rats
had smaller contusion volumes, fewer apoptotic neurons and

less microgliosis, which led to the attenuation of brain injury
and functional disorders.

It is believed that a post-TBI inflammatory response—
activation of resident glial cells, microglia and astrocytes
(Woodcock and Morganti-Kossmann 2013)—contributes to
secondary injury in TBI and thus should be an important
therapeutic target for reducing post-TBI contusion (Allan
and Rothwell 2001; Morganti-Kossmann et al. 2002). We
found that in response to TBI, activated microglia proliferated,
became amoeboid-shaped, and released cytokines, which con-
firmed the findings of some other studies (Batchelor et al.
1999; Hanisch 2002).

�Fig. 4 Effects of early MLC 601 therapy (an i.p. dose of 0.4 mg/kg of
MLC once daily 1 h after TBI and for consecutive 2 days) on functional
outcomes in rats with TBI, as evaluated by a modified neurological
severity score (mNSS), b cylinder test, c foot placing test, and d ladder
climbing test. Values are means±S.E.M.; *P<0.01 versus sham rats.
+P<0.05 versus vehicle-treated injured rats (n=8 for each group). The
higher the mNSS score (Chen et al. 2008), the laterality or spontaneous
forelimb elevation (Schallert et al. 2000), or the foot placing error ratio
(Ding et al. 2004; Fujimoto et al. 2004), the more severe the injury. In
contrast, the lower the ladder climbing velocity, the more severe the injury
(ding et al. 2004; Fujimoto et al. 2004)

Fig. 5 Effects of early MLC601 (an i.p. dose of 0.4 mg/kg of MLC once
daily 4 h after TBI and for consecutive 2 days) therapy on cortical
microglia morphology as well as the numbers of microglia in rats with
TBI, as evaluated by immunohistochemical Iba1 staining 4 day post-
injury. a A representative Iba1-stained brain section of a sham rat, a
vehicle-treated injured rat, and a LC601-treated injured rat on day 4
post-injury. Scale bar is 50 μm. In vehicle-treated injured rats, microglia
in the injured cortical tissue assume a swellon and an ameboid shape,
which can be attenuated by MLC601 therapy (as indicated by the in-
stalls). b Bar graphs of mean densities of Iba1-positive cells in sham rats,
vehicle-treated injured rats, and MLC601-treated injured rats in the
cortical contusion margin 4 days after injury showing a significant de-
crease in the number of Iba1-postiive cells in the MLC601-treated injured
group. Values are means±S.E.M.; *P<0.01 versus sham rats; +P<0.05
versus vehicle-treated injured rats (n=8 for each group)



Microglia are the resident macrophagy of the central
nervous system (Kreutzberg 1996). Increased release of
mediators from injured and dead cells during TBI elicit
microglial activation (Rivest 2009; Loane and Byrnes
2010). Activated microglia change morphology, migrate
to injury sites, and release reactive oxygen and nitrogen
species, cytokines, and other factors. With respect to
action, microglia is able to categorize as “classical” (or
M1) or “alternatively activated” (or M2) subtype
(Hernandez-Ontiveros et al. 2013). M1 subtype of mi-
croglia secretes high levels of TNF-α, IL-1, and low
levels of IL-10. M2 subtype of microglia tend to atten-
uate inflammation, clear cellular debris, and produce
very low levels of TNF-α, IL-1 and others, and high
levels of IL-10, transforming growth factor-beta
(TGF-β) and others. Activation of M 1 subtype of
microglia can impair recovery and promote secondary
(kreutzbery) death, while activation of M2 subtype of
microglia can facilitate later tissue repair and functional
recovery (Loane and Byrnes 2010). Activation of TNF
receptor 1 (TNF-R1) causes pro-inflammatory and pro-
apoptotic function of TNF-α, whereas activation of
TNF-R2 tends to attenuate inflammation and to promote
more pro-growth and survival pathways (McCoy and
Tansey 2008; Knoblach et al. 1999; Iosif et al. 2008;
Scherbel et al. 1997; Oshima et al. 2009). Base on the
above statements, MLC601 therapy may improve out-
comes of TBI by reducing overproduction of pro-
inflammatory cytokines (via inhibiting both M1 subtype
of microglia and TNF-R1). On the other hand, MLC601
therapy may facilitate later tissue repair and functional
recovery by activating both M2 subtype of microglia
and TNF-R2. The contention is supported in part by

the many possible mechanisms of the beneficial effects
of MLC601 or MLC901 against ischemia. MLC601 or
MLC901 was found to stimulate BDNF expression (an-
giogenesis), to enhance neurogenesis, to promote cell
proliferation, and to stimulate neurite outgrowth, the
development of a dense axonal and dendritic network,
and to activate KATP channels (Heurteaux et al. 2010;
Quintard et al. 2011; Moha ou Maati et al. 2012). In
addition, MLC601 may assist functional recovery after
ischemic stroke by increasing cerebral blood flow
(Bavarsad Shahripour et al. 2011). In addition, MLC
601 may assist functional recovery after ischemic stroke
by increasing cerebral blood flow (Bavarsad Shahripour
et al. 2011).

In fact, MLC601 contains 9 herbal and 5 animal compo-
nents, while MLC901 bases on its 9 herbal components
(Heurteaux et al. 2010). MLC901 shared with MLC601 the
similar benefits in treating ischemic stroke (Quintard et al.
2011). It is likely that MLC901 may also possesses beneficial
effect in treating TBI in rats. Of course, the requires further
verification in futural studies. Of course, this requires further
verification in futural studies.

Conclusion

In conclusion, NeuroAid (MLC 601) has been registered by
the Sino food and Drug Administration in 2001 after being
evaluated in clinical trials in China as a drug to facilitate
recovery after stroke (Chen et al. 2009). It combines 9 herbal
and 5 animal components. Our present study further provides
first evidence showing that MLC601 is a promising agent for
treatment of TBI in rats.

Fig. 6 Effects of early MLC601 (an i.p. dose of 0.4 mg/kg of MLC once
daily 4 h after TBI and for consecutive 2 days) therapy on microglial
overexpression of TNF-α in the core contused cortex, as evaluated by
Immunofluorescence assay 4 day post-injury. Mean±S.E.M. of the num-
ber of Iba1-TNF-α-DAPI-positive cells in the core contused cortex. Sham
(white column): rats given a sham traumatic brain injury (TBI) operation;

TBI+vehicle (lined column): TBI rats treated with vehicle solution; TBI+
MLC601 (crossed column): TBI rats treated with MLC601. The data
were obtained 4 days after TBI or sham operation (n=8 for each group).
*P<0.01 versus sham group; +P<0.01 versus TBI+vehicle group. Right
panels depict representative Iba1-TNF-α-DAPI triple stainings for one
sham rat, one TBI+vehicle rat, and one TBI+MLC601 rat
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