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Background: The aim of the present study was to determine whether tamoxifen (TMX)

causes attenuation of traumatic brain injury (TBI) induced by fluid percussion injury.

Materials and methods: Immediately after the onset of fluid percussion TBI, anesthetized

male Sprague-Dawley rats were divided into three major groups and intraperitoneally

administered the vehicle solution (1 mL/kg), TMX (1 mg/kg), or TMX (1 mg/kg) plus the

extracellular signaleregulated kinase 1/2 antagonist SL327 (30 mg/kg). Another group of

rats were used as sham-operated controls. The functional outcomes, such as motor out-

comes, were evaluated using an incline plane. The cellular infarction volume was evalu-

ated by triphenyltetrazolium chloride staining. Neuronal loss, apoptosis, and p-ERK1/2 and

Bcl2 expression in neuronal cortex cells were evaluated by immunofluorescence methods.

All the parameters were assessed on day 4 after injury.

Results: Compared with the sham-operated controls, the TBI-induced motor deficits and

cerebral infarction after TBI were significantly attenuated by TMX therapy. The TBI-

induced neuronal loss and apoptosis were also significantly reduced by TMX therapy.

The numbers of Bcl2- and phospho-ERK1/2-positive neuronal cells in the ischemic cortex

after TBI were significantly increased by TMX therapy. These TMX effects were significantly

blocked by SL327 administration.

Conclusions: Our results suggest that intravenous injection of TMX may ameliorate TBI in

rats by increasing neuronal p-ERK1/2 expression, which might lead to an increase in

neuronal Bcl2 expression and a decrease in neuronal apoptosis and cell infarction volume,

and it might represent one mechanism by which functional recovery occurred. TMX may

be a promising TBI treatment strategy.
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1. Introduction brain-penetrating selective inhibitor of ERK kinase, whichwas
Traumatic brain injury (TBI) is a major global public health

concern. Despite adequate treatment, traumatic head injury

commonly causes neuronal loss and apoptosis, leading to

long-term neurologic deficits [1e3]. In TBI, apoptosis has been

demonstrated to commonly occur in the perilesioned area as a

result of secondary brain insults in animal and human studies

[4,5]. These events are referred to as the secondary injury

mechanism. Therefore, preventing cell apoptosis post-TBI

may be an important therapeutic strategy.

Estrogen, a ligand of estrogen receptor, activates signaling

cascades in healthy neurons, enhances the biochemical,

genomic, and morphologic mechanisms of memory and pro-

actively induces mechanisms of protection against neurode-

generative insults [6]. Estrogen (E2) activation of extracellular

signaleregulated kinase 1/2 (ERK1/2) may elicit mechanisms

of neuroprotection, as treatment with mitogen-activated

protein kinases inhibitors reduces the neuroprotective ef-

fects of estrogens [7,8]. However, the application of E2 as a

neuroprotectant in humans presents numerous limitations,

mainly because of the endocrine actions of the molecule on

peripheral tissues, including estrogen-dependent tumors. The

possibility of using selective estrogen receptor modulators

(SERMs) to exert E2-like neuroprotective actions in the brain

has emerged as an alternative to E2 [9].

Tamoxifen (TMX) is a triphenylethylene derivative, non-

steroidal first-generation SERM [10]. TMX is brain-blood bar-

rier permeable, and its concentration has been reported to be

much higher in the brain than in the serum [11,12]. Its

metabolite, 4-hydroxy-tamoxifen, has a shorter half-life but

binds to estrogen receptor with a binding affinity 20e30 times

greater than that of TMX and equivalent to that of E2 [13,14].

TMX has been demonstrated to be a neuroprotectant for spi-

nal cord injury [14], cerebral ischemia injury [15e17],

irradiation-induced brain injury [18], and methamphetamine-

induced toxicity [19]. These results imply that TMX may have

estrogenic neuroprotective actions similar to those of E2 in the

brain.

Furthermore, administration of TMX to ovariectomized

rats increases the expression of Bcl2 and decreases the

expression of Bax in the hippocampus [20]. Treatment with

TMX in cultured hippocampal neurons increases the expres-

sion of the antiapoptotic protein Bcl2, an outcome that has

been linked to estrogen’s neuroprotective effects [8]. These

findings introduce the possibility that TMX may have benefi-

cial effects on TBI-induced cortex cell apoptosis and subse-

quent neuronal protective effects.

Currently, whether TMX has a similar protective effect on

TBI remains to be investigated. In the present study, we chose

TMX specifically because it is a SERM, it is blood-brain barrier

permeable, and it has clear pharmacokinetic activity in the

central nervous system (CNS). TMX has been found to be

neuroprotective in both transient and permanent experi-

mental ischemic stroke and spinal cord injury. However, it

remains unknown whether this agent displays a similar

beneficial effect after TBI and what its underlying mecha-

nisms are. In the present study, we have applied SL327 [21], a
demonstrated to be able to selectively inhibit ERK activation in

the brain following systematic administration [22], to inves-

tigate the role of TMX in neuroprotection after TBI using a fluid

percussion cerebral injury model in rats.

In this article, we investigated whether TMX would acti-

vate a pERK1/2 and Bcl2 response, reduce neuronal cell

apoptosis, decrease neuronal loss, and ameliorate impaired

motor function after adult rat TBI. The results provide evi-

dence that TMX might constitute an effective therapeutic

neuroprotectant for TBI.
2. Materials and methods

2.1. Animals

Adult male Sprague-Dawley rats weighing 290 � 16 g were

used in the experiments. The animals were kept under a 12/

12-h light/dark cycle and allowed free access to food and

water. The Chi Mei Medical Centre Animal Care and Use

Committee approved all the experimental procedures, which

conformed to the National Institute of Health guidelines,

including minimizing discomfort to the animals during sur-

gery and during the recovery period. At the end of the exper-

iments, 72 h after TBI, the experimental rats were killed with

an overdose of urethane for special stain.

2.2. Traumatic brain injury

The animals were anesthetized with an intraperitoneal (i.p.)

administration of a mixture of ketamine (44 mg/kg, intra-

muscularly [i.m.]; Nankuang Pharmaceutical, Taiwan), atro-

pine (0.062633 mg/kg, i.m.; Sintong Chemical Ind Co, Taiwan),

and xylazine (6.77 mg/kg, i.m.; Bayer, Leverkusen, Germany).

A craniectomy (2 mm in radius) 4 mm from the bregma and

3 mm from sagittal sutures in the right parietal cortex was

performed using a stereotaxic frame. After craniectomy and

implantation of an injury cannula, the fluid percussion device

(VCU Biomedical Engineering, Richmond, VA) was connected

to the animal via a Luer-loc fitting, and the brain was injured

with a 2.0e2.2 atm, 25 ms percussion. This injury produces

moderately severe brain trauma, as originally described by

Mclntosh et al. [23]. A transient hypertensive response, apnea,

and seizure were observed immediately following the fluid

percussion injury (FPI) and were used as the criteria for

separating the animals into TBI or TBI þ treatment groups.

2.3. Treatment intervention

The ratswere randomly divided into fourmajor groups: sham-

operated (n ¼ 6), treated with dimethyl sulfoxide (DMSO)

vehicle (4%, i.p., K42088831, vehicle; Merck, Darmstadt, Ger-

many); TBI control þ vehicle-treated; TBI þ TMX-treated

(1 mg/kg, T5648, SERM; Sigma-Aldrich, Shanghai, China)

(n ¼ 6), and TBI þ SL327 (30 mg/kg; Axon 1122, ERK1/2 antag-

onist; Axon, Groningen, Netherlands) þ TMX-treated (n ¼ 6).

The dosage and time course injection of TMX were
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immediately after injury, a second injection 24 h later, and a

third injection 48 h later. One dose of SL327 (30 mg/kg) was

injected i.p. at 30 min before TBI. Another three control

groups, for example, Sham þ TMX, Sham þ TMX þ SL327, and

TBI þ SL327 (without TMX) were performed also.

All the tests were performedwith the investigators blinded

to the study groups, which were revealed only at the end of

analyses. The animals used for histologic or behavioral

studies were provided food and water ad libitum throughout

the study.

2.4. Cerebral infarction assay

The triphenyltetrazolium chloride (TTC) staining procedures

followed those described elsewhere [24]. All 32 animals were

killed on day 3 after FPI. Under deep anesthesia (sodium

pentobarbital, 100 mg/kg, i.p.), the animals were perfused

intracardiac with saline. The brain tissue was then removed,

immersed in cold saline for 5 min, and sliced into 2.0-mm

sections. The brain slices were incubated in 2% TTC dis-

solved in phosphate-buffered saline (PBS) for 30 min at 37�C
and then transferred to 5% formaldehyde solution for fixation.

The volume of infarction, as revealed by negative TTC stains

indicating dehydrogenase-deficient tissue, was measured in

each slice and summed using computerized planimetry (PC-

based Image Tools software; Media Cybernetics, Inc). The

volume of infarction was calculated as 2 mm (thickness of the

slice) � [sum of the infarction area in all brain slices (mm2)].

2.5. Neuronal number, ERK1/2, Bcl2, and estrogen
receptor a expression in neuronal cells in the cortex using
immunofluorescence assay

Adjacent 50-mm sections corresponding to coronal co-

ordinates 0.20e0.70 mm anterior to the bregma were incu-

bated in 2 mol/L HCl for 30 min, rinsed in 0.1 mol/L boric acid

(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. After being washed in PBS, the sec-

tions were incubated with secondary antibodies for 1 h at

room temperature. The following antibodies were used in this

study: monoclonal mouse antineuronal-specific nuclear pro-

tein (Neu-N, MAB377; Millipore Corporation, Billerica, MA)

antibody in 1:100 dilution detected with Alexa-Fluor 568 anti-

mouse (IgG) antibody (A11031; Invitrogen) at a 1:400 dilution,

rabbit anti-Bcl2 protein (ab136285; Abcam) antibody at a 1:100

to 1:300 dilution detected with Alexa-Fluor, 488 anti-rabbit

(IgG) antibody (A11034; Invitrogen) in 1:400 dilution, and

mouse anti-pERK protein (ab50011; Abcam) antibody at a 1:200

dilution detected with Alexa-Fluor 488 anti-rabbit (IgG) anti-

body (A11031; Invitrogen) at a 1:400 dilution.

The sections were then washed in PBS/0.6% Tx-100 and

were incubated with fluorescein isothiocyanate (FITC)-

conjugated anti-rabbit IgG in 1% BSA/PBS/0.1% Tx-100 for

60 min. They were mounted with anti-fade mounting media.

The number of labeled cells was calculated in five coronal

sections from each rat and expressed as the mean number of

cells per section. For negative coronal sections, all procedures

were performed in the same manner without the primary

antibodies.
2.6. Neuronal apoptotic assay in the neuronal cells in the
cortex using immunofluorescence staining

On day 4, apoptotic cells were identified by staining with ter-

minal deoxynucleotidyl transferase-mediated dUTP-biotin

nick end labeling (TUNEL) [25]. These procedures were con-

ducted as described previously [26]. The number of TUNEL-

positive cells was calculated in five coronal sections from

each rat in the samples and summed using computerized

planimetry (PC-based Image Tools software). The following

antibodies were used in this study: monoclonal mouse anti-

Neu-N antibody (Neu-N, MAB377; Millipore) at a 1:100 dilu-

tion detected with Alexa-Fluor 568 anti-mouse (IgG) antibody

(A11031; Invitrogen) at a 1:400 dilution.

2.7. Motor function test

An inclined plane was used to measure limb strength. The

animals were placed facing right and then left, perpendicular

to the slope of a 20� 20-cmbuffer ribbed surface of an inclined

plane starting at a 55� angle [27]. The angle was increased or

decreased in 5� increments to determine themaximal angle at

which an animal could hold to the plane. The data for each

day were the means of left- and right-side maximal angles.

Motor deficit measurements were conducted on day 4.

2.8. Statistical analysis

The results are expressed as the means � standard errors of

the means for n experiments. A two-way analysis of variance

for repeated measurements (in the same animals) was used

for factorial experiments, whereas Dunnett test was used for

post hoc multiple comparisons among means. A value of P <

0.05 was considered to indicate a significant difference.
3. Results

3.1. TMX (1 or 5 mg/kg/per day � 3 d, i.p.) significantly
reduced TBI-induced cerebral infarction volume

In the preliminary experiments to determine the effective

dosage of TMX in TBI rats comparedwith that in the sham and

TBI controls, the TBI-induced infarction volume (136� 5mm3)

was significantly decreased by TMX treatment with 1 mg/kg

i.p. (65 � 7 mm3) (***P < 0.001) and treatment with 5 mg/kg i.p.

(113 � 6 mm3) (**P < 0.05) (Fig. 1). Thus, the choice of thera-

peutic dosage of 1 mg/kg of TMX was based on this pre-

liminary experiment.

3.2. TMX (1 mg/kg/per day � 3 d, i.p.) significantly
attenuated TBI-induced cerebral infarction volume

On day 4, the TTC-stained sections were significantly

increased in the infarcted area of vehicle-treated TBI rats

compared with those of the sham controls (136 � 5 versus 0,

***P < 0.001, respectively). The TBI-induced infarction volume

was also significantly reduced by TMX treatment (1 mg/kg, i.p

for three consecutive days) (136 � 5 versus 65 � 7 mm3,

respectively, ***P < 0.001). However, the beneficial effects of

http://dx.doi.org/10.1016/j.jss.2014.02.009
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Fig. 1 e Effects of TMX (1 or 5 mg/kg i.p.) treatment on TBI-

induced cerebral infarction volume. **P < 0.01,

***P < 0.001.
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TMX were significantly reversed by SL327 treatment (65 � 7

versus 161 � 21 mm3, ***P < 0.001) (Fig. 2).

To examine the effects of drug, we tested the Shamþ TMX,

Sham þ TMX þ SL327, and TBI þ SL327 (without TMX) as

control groups. These results showed no significant difference

in infarction volume among sham, Sham þ TMX and

Sham þ TMX þ SL327 groups. However, TBI þ SL327 (without

TMX) group revealed the most significant infarction volume

among all groups (Fig. 2).

Next, we evaluated the number of neuronal loss, apoptosis,

p-ERK expression, and Bcl2 expression in ischemia cortex of

neuronal cells and tested the possibility that TMX might have

neuroprotective effects after TBI by evaluating the four major

groups, for example, Sham, TBI þ control, TBI þ TMX, and

TBI þ TMX þ SL327.
3.3. TMX significantly attenuated TBI-induced neuronal
loss in the cortex

In the Neu-N-stained assay on day 4, positive neuronal cells in

the ischemia cortex of vehicle-treated rats were significantly

decreased compared with those in the sham controls (63 � 2

versus 127 � 6, respectively, ***P < 0.001). The TBI-induced

decrease in the number of neuronal-positive cells in the

ischemia cortexwas significantly improved by TMX treatment

(1mg/kg, i.p.� 3 d) (63� 2 versus 75� 3, respectively, *P< 0.05).

However, the beneficial effects of TMX were significantly

reversed by SL327 treatment (75 � 3 versus 31 � 2, ***P < 0.001;

Fig. 3).
3.4. TMX treatment significantly attenuated
TBI-induced neuronal apoptosis in the cortex

In the TUNEL plus Neu-N-stained assay on day 4, the number

of positive neuronal apoptotic cells in the ischemia cortex of

vehicle-treated rats was significantly increased compared
with that in the sham controls (57 � 3 versus 0, respectively,

***P < 0.001). The FPI-induced increase in the number of

neuronal apoptotic positive cells was significantly improved

by TMX treatment, 1 mg/kg, i.p � 3 d (57 � 3 versus 32 � 3,

***P < 0.001). However, the beneficial effects of TMX were

significantly reversed by SL327 treatment (32� 3 versus 58 � 3,

***P < 0.0015; Fig. 4).

3.5. TMX significantly increased neuronal p-ERK1/2
expression in the cortex after TBI

On day 4, the positive neuronal p-ERK1/2 expression of cells in

the ischemia cortex of vehicle-treated rats was significantly

decreased compared with those in the sham controls (120 � 4

versus 72 � 2, respectively, ***P < 0.001). The TBI-induced

decrease in the number of p-ERK1/2 expressionepositive

neuronal cells was significantly improved by TMX treatment

(1 mg/kg, i.p. � 3 d, 72 � 2 versus 99 � 3, ***P < 0.001). However,

the beneficial effects of TMXwere significantly reversed in the

TMXplus SL327-treated group (99� 3 versus 47� 1, ***P< 0.001;

Fig. 5).

3.6. TMX significantly increased neuronal Bcl2
expression in the cortex after TBI

On day 4, the number of Neu-N plus Bcl2 double-positive cells

was significantly reduced in the ischemia cortex of vehicle-

treated rats compared with those in the sham controls

(58 � 3 versus 83 � 3, respectively, ***P < 0.001). The TBI-

induced decrease in the number of Bcl2 expressionepositive

neuronal cells was significantly mitigated by TMX treatment

compared with the sham controls (1 mg/kg, i.p. � 3 d, 58 � 3

versus 70 � 3, respectively, *P < 0.05). However, the beneficial

effects of TMX were significantly reversed in the TMX plus

SL327-treated group (70 � 3 versus 39 � 4, ***P < 0.001; Fig. 6).

3.7. TMX significantly attenuated TBI-induced motor
deficits

The maximal grip angle of vehicle-treated rats 3 d after FPI

injury was significantly decreased compared with sham-

operated controls (46� � 0� versus 56� � 1�, respectively,

***P < 0.001). The FPI-induced motor dysfunction was signifi-

cantly improved by TMX (46� � 0� versus 52� � 0�, ***P < 0.001),

but the beneficial effects of TMXwere significantly reversed by

TMX plus SL327-treated group (52� � 0� versus 44� � 3�,
*P < 0.05; Fig. 7).
4. Discussion

4.1. Summary of the present study

In the present study, TMXwas administered at a dose of 1 mg/

kg for three consecutive days to counteract the cell damage,

neuronal apoptosis in the ischemia cortex, and neurologic

deficits induced by TBI in rats via exertion of its selective es-

trogen receptor modulation ability. To our knowledge, this is

the first study to present neuroprotective effects using TMX

injection in traumatic CNS injury and demonstrate that the

http://dx.doi.org/10.1016/j.jss.2014.02.009
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Fig. 2 e Effects of TMX (1 mg/kg, i.p.) treatment on the TBI-induced cerebral infarction volume. ***P < 0.001.
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activation of ERK1/2 might be involved in the TMX-induced

antineuronal apoptosis effect. These data can extend the

current knowledge of TMX in traumatic CNS injuries and will

hopefully serve as a foundation for future studies on the

importance of SERM therapy in TBI.
4.2. The dosage and time course determination

In present study, we chose the end point for our study that

was 72 h after TBI because of the motor dysfunction that

persists from 72 h to 1 year after severe lateral fluid percussion

injury [28]. In our previous study, using an FPI rat model, we

demonstrated TBI-induced infarction volume was signifi-

cantly increased when compared with a sham-group at 72 h

after TBI. However, treatment with magnolol [29], secretome

from normoxia culture medium [30], or agmatine [31] imme-

diately after TBI could significantly attenuate TBI-induced

infarction volume at day 4 post-TBI. In the present study, we

found that when TMX was administered, the drug could also

significantly counteract the infarction volume after injury,

although a 3-day observation is a short period.

In the preliminary experiments, we determined and

compared the treatment effects of TMX at doses of 1 and 5mg/

kg in the first 3 days after TBI. A single dose of 5 [16] and 1 mg/
kg/d for 7 d [15] had therapeutic effects in a rat ischemia

model. However, treatment with TMX for three consecutive

days during the acute stage after TBI has not been investi-

gated. In our study, the results indicate that TMX significantly

attenuated TBI-induced cerebral infarction volume when

treatment with 1 or 5 mg/kg for three consecutive days was

applied. Based on the result of infarction volume, higher dose

of TMX tested (5 mg/kg) was less effective than the 1 mg/kg

dose. The possible mechanism maybe due to 1 mg/kg/d doses

of TMX, which are in the therapeutic range (0.8 and 2.4 mg/kg/

d), could dramatically reduce infarct of the affected cerebral

hemisphere as previous reported in an ischemia model [17].

Our results demonstrate the therapeutic effects of this com-

pound when administered during the acute stage in a TBI rat

model, which explored in clinical setting.
4.3. Neuroprotective effects of TMX injection after TBI

Cell death resulting from apoptosis is a well-known secondary

injury mechanism [3] that commonly occurs in the perile-

sioned areas in animal and human studies [4]. In the present

study, we found that the number of TUNEL-positive cells

counted in the cerebral cortex surrounding the primary injury

sitewere significantly increased on day 4 TBI butwere reduced

http://dx.doi.org/10.1016/j.jss.2014.02.009
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Fig. 3 e Effects of TMX on the TBI-induced neuronal loss in the cortex. The top panels depict representative positive Neu-N,

DAPI staining for one sham rat, one TBI rat, one TBI D TMX treatment rat, and one TBI D TMX D SL327 treatment rat.

*P < 0.05, ***P < 0.001. DAPI [ 4’,6-diamidino-2-phenylindole.
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with TMX treatment. These results also suggest that the pro-

tective effects of TMXmay be at least partly due to attenuation

of apoptotic activity of brain tissue after TBI. These results are

consistent with several previous models, such as irradiation-

induced brain injury [18] and spinal cord injury [15]. Thus,

these results further corroborate TMX therapy as a promising

strategy after TBI.

4.4. ERK1/2 and Bcl2 are involved in TMX
neuroprotective mechanisms

In the present data, TMX therapy reduces cell apoptosis,

neuronal loss, and improves motor recovery from TBI in rats.

To investigate the mechanism by which TMX induces func-

tional recovery after TBI, p-ERK1/2 and Bcl2 expression in the

injured cortex neuron was examined.
Our study demonstrated that TMX-induced antiapoptosis

via pERK1/2 activation, and these patterns of pERK immuno-

reactivity and TMX-induced anti-apoptosis in cerebral cortical

neurons were attenuated by pretreatment with the selective

MEK inhibitor SL327. These findings are suggestive of the po-

tential molecular mechanisms involved in the protective ef-

fect of p-ERK1/2 activation and expression. These results also

support the hypothesis that activation of pERK1/2 may be a

neuroprotective factor involved in preventing apoptosis

after TBI.

Activation of the pERK1/2 pathway may be associated with

both cell survival and death depending on the stimuli and cell

types involved, and the balance among the intensity and

duration of pro- versus antiapoptotic signals transmitted by

ERK1/2 determines whether a cell survives or undergoes

apoptosis [32]. Our present study results were consistent with

http://dx.doi.org/10.1016/j.jss.2014.02.009
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Fig. 4 e Effects of TMX treatment on the FPI-induced neuronal apoptosis in the cortex on day 4 after TBI. The top panels

depict representative positive Neu-N and TUNEL staining for one sham rat, one TBI rat, one TBI D TMX treatment rat, and

one TBI D TMX D SL327 treatment rat. ***P < 0.001.
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previous findings in that the upregulation of the ERK1/2

pathway is associated with cell survival and neuroprotection,

such as with nicotineemediated neuroprotection in spinal

cord neurons [33], erythropoietin-mediated neuroprotection

in retinal neuron culture [34], and cyclic AMP affecting

noradrenaline on dopaminergic neurons [35]. In contrast,

pERK activation may play an important role in inducing cell

apoptosis, such as in cisplatin-induced human cervical car-

cinoma HeLa cell apoptosis [36], TMX-induced rat C6 glioma

apoptosis [37], pERK-activated and pEKR-mediated cell cycle

arrest and apoptosis after DNA damage [38], and activation of

pERK in a middle cerebral artery occlusion model induces cell

death in ischemia penumbra [15].

pERK1/2-mediated survival signaling has been proposed to

be mediated through the activation of the RSK-Creb-Bcl2 (p90

ribosomal S6 kinasedcyclic AMP response element-binding

proteindB-cell lymphoma-2) pathway, which promotes cell

survival through transcriptional upregulation of antiapoptotic
Bcl2 proteins [39,40]. In the present study, we found TMX

significantly increased TBI-induced neuronal Bcl2 expression,

but thiswas reversed by SL327 treatment in the injured cortex.

It could also decrease neuronal apoptosis and finally improve

motor function. We believe that increased levels of pERK1/2

and Bcl2 in the injured cortex, resulting in a decrease in

neuronal apoptosis, are one mechanism by which functional

recovery might occur. In addition, the pERK1/2 expression in

the astrocytes, oligodendrocytes, and microglia and the rela-

tionship between p-ERK1/2 expression in those cells and

inducing cell apoptosis or survival with/without TMX treat-

ment after TBI needs to be clarified in the future.

Zhang et al. demonstrated that TMXs neuroprotection

persists after pretreatment with a pure estrogen receptor

antagonist, ICI 182,780, in rat focal cerebral ischemia injury

[41]. These results imply that the upstream pathway of ERK1/2

activation may not involve estrogen receptors [42]. It is un-

clear whether the TMX effects observed in our study involve

http://dx.doi.org/10.1016/j.jss.2014.02.009
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Fig. 5 e Effects of TMX treatment on p-ERK expression in neuronal cells in the cortex (p-ERK plus Neu-N stain assay) on day

4. The top panels depict representative positive Neu-N and p-ERK staining for one sham rat, one TBI rat, one TBI D TMX

treatment rat, and one TBI D TMX D SL327 treatment rat. ***P < 0.001.
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the activation of the estrogen receptor. To answer this ques-

tion, whether neuroprotection by TMX is affected by estrogen

receptor blockade from ICI 18278 and estrogen receptor

expression in neuronal cells should be clarified in the future.

In our previous study, we found that the hippocampal

pERK1/2 signal pathway played a critical role in TBI-induced

depression. These results suggest that the development of a

positive regulator of ERK1/2 may provide a new direction for

the treatment of TBI-induced depression [43]. Whether TMX is

beneficial in TBI-induced depression is worth evaluation.

4.5. Other TMX effects beyond activating p-ERK1/2
associated neuroprotection

In addition to the activation of p-ERK1/2 expression, TMX

therapy can produce free radical scavenging and antioxidant
activity in vitro and in vivo [15,44,45], inhibit excitatory amino

acid release via swelling activated anion channels in swollen

astrocytes [46], reduce reactive gliosis after a TBI [47], induce

an anti-inflammatory response [48], potentiate the basal ac-

tivity of presynaptic glycine receptors facilitating glycine

release [49], upregulate the expression of the antiapoptotic

gene seladin-1 (selective Alzheimer disease indicator-1) in

human neuroblasts [50], and depress glutamate release

through inhibition of voltage-dependent Ca2þ entry and pro-

tein kinase C in rat cerebral cortex nerve terminals [51].

Therefore, these aforementioned actions might contribute to

the powerful neuroprotection demonstrated by the com-

pound. Thus, we believe that TMX may be a very useful

therapy for TBI patients because of its multiple and effective

effects. We suggest that the use of TMX in the acute stage of

TBI might have clinical benefits in the future.
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Fig. 6 e Effects of TMX treatment on Bcl2 expression in neuronal cells in the cortex (Bcl2 plus Neu-N stain assay) on day 4.

The top panels depict representative positive Neu-N and Bcl2 staining for one sham rat, one TBI rat, one TBI D TMX

treatment rat, and one TBI D TMX D SL327 treatment rat. *P < 0.05, **P < 0.01, ***P < 0.001.
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4.6. Sex hormone therapy after TBI

The neuroprotective effects of sex hormone such as proges-

terone and estrogen for TBI have been proven effectively at the

bench [7,8,52]. These experimental observations have been

extended to clinical trials involving patients with TBI when

treated with progesterone [53,54]. However, despite estrogen

has accumulated impressive evidence as a neuroprotectant in

laboratory studies, translation to patients remains to be shown.

TMX, a SERM, treatment in male [14,16] and surgically ovari-

ectomized female rodents [15,17,20] greatly improves spinal

cord injury or ischemic brain injury [14e17]. In the present

study, we further demonstrate that TMX protects male rats

from FPI-induced cerebral infarction and functional deficits.

However, whether TMX protects female rats from TBI insult or

not is needed to be evaluated in the future.
4.7. Limitations of the present study

Several drawbacks of present study should be con-

sidered. First, the study is males only because the po-

tential gender differences in providing TMX as a therapeutic

option following TBI. Second, no detailed dose-response

effects of TMX extend beyond infarct volume to neuronal

loss, apoptosis, pERK1/2, and Bcl2 levels if higher dosage

5 mg/kg injected. Third, only one method (inclined plane

test) to evaluate functional outcome and finally de-

monstrating mechanisms of action with limited means

without appropriate controls including Sham þ TMX,

Sham þ TMX þ SL327, and TBI þ SL327 (without TMX)

was performed, which are important for drug treat-

ment trials. Therefore, many more prospective studies are

required.
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Fig. 7 e Effects of TMX (1 mg/kg, i.p.) treatment on TBI-

induced motor deficits evaluated by maximum angle in

incline plane grasp on day 4. *P < 0.05, ***P < 0.001.
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5. Conclusion

In the acute stage, i.p. injection of TMX administered at a dose

of 1 mg/kg for three consecutive days ameliorates TBI in rats

by promoting neuronal p-ERK1/2 and Bcl2 expression,

reducing neuronal cell loss and apoptosis, which contributes

to improve functional outcomes in inclined plane test. TMX

may be a promising treatment strategy for TBI.

Acknowledgment

The project was supported by CMFHR10110. The authors

thank all of the researchers, especially Yung-Te Kuo who

participated in this study.

Author contributions: Y.-T.T. and C.-C.W. were both con-

tributors spending the most time writing this manuscript; P.-

O.L. and C.-Y.H. was the main researcher, analysis. and

interpretation with the innovative idea we focused on in this

article; K.-C.L. and C.-C.C. revised this manuscript, coordi-

nated, and obtained funding in studying the related research;

J.-R.K. was responsible for the final submission after full

revision and is responsible for the acceptance of this manu-

script and organized this researching group.

Disclosure

The authors reported no proprietary or commercial interest in

any product mentioned or concept discussed in this article.
r e f e r e n c e s

[1] Marshall LF. Epidemiology and cost of central nervous
system injury. Clin Neurosurg 2000;46:105.

[2] Thurman DJ. The epidemiology and economics of head
trauma. In: Miller L, Hayes R, editors. Head Trauma
Therapeutics: Basic, Preclinical and Clinical Aspects. New
York: Wiley; 2001.

[3] Nortje J, Menon DK. Traumatic brain injury: physiology,
mechanism and outcome. Curr Opin Neurol 2004;17:711.

[4] Ng I, Yeo TT, Tang WY, Soong R, Ng PY, Smith DR. Apoptosis
occurs after cerebral contusions in humans. Neurosurgery
2000;46:949.

[5] Smith FM, Raghupathi R, MacKinnon MA, et al. TUNEL-
positive staining of surface contusions after fatal head injury
in man. Acta Neuropathol 2000;100:537.

[6] Zhao L, O’Neill K, Diaz Brinton R. Selective estrogen receptor
modulators (SERMs) for the brain: current status and
remaining challenges for developing NeuroSERMs. Brain Res
Brain Res Rev 2005;49:472.

[7] Jover-Mengual T, Zukin RS, Etgen AM. MAPK signaling is
critical to estradiol protection of CA1 neurons in global
ischemia. Endocrinology 2007;148:1131.

[8] Zhao L, Brinton RD. Estrogen receptor alpha and beta
differentially regulate intracellular Ca(2þ) dynamics leading
to ERK phosphorylation and estrogen neuroprotection in
hippocampal neurons. Brain Res 2007;1172:48.

[9] DonCarlos LL, Azcoitia L. Neuroprotective actions of selective
estrogen receptor modulators. Psychoneuroendocrinology
2009;34:S113.

[10] Jordan VC, Koerner S. Tamoxifen (ICI 46,474) and the human
carcinoma 8S estrogen receptor. Eur J Cancer 1975;11:205.

[11] Biegon A, Brewster M, Degani H, Pop E, Somjen D, Kaye AM. A
permanently charged TAM derivative displays anticancer
activity and improved tissue selectivity in rodents. Cancer
Res 1996;56:4328.

[12] Lien EA, Wester K, Lonning PE, Solheim E, Ueland PM.
Distribution of tamoxifen and metabolites into brain tissue
and brain metastases in breast cancer patients. Br J Cancer
1991;63:641.

[13] Grill HJ, Pollow K. Pharmacokinetics of droloxifene and its
metabolites in breast cancer patients. Am J Clin Oncol 1991;
14:S21.

[14] Tian DS, Liu JL, Xie MJ, Zhan Y, QuWS. Tamoxifen attenuates
inflammatory-mediated damage and improves functional
outcome after spinal cord injury in rats. J Neurochem 2009;
109:1658.

[15] Wakade C, Khan MM, De Sevilla LM, Zhang QG, Mahesh VB,
Brann DW. Tamoxifen neuroprotection in cerebral ischemia
involves attenuation of kinase activation and superoxide
production and potentiation of mitochondrial superoxide
dismutase. Endocrinology 2008;149:367.

[16] Kimelberg HK, Jin Y, Charniga C, Feustel PJ. Neuroprotective
activity of tamoxifen in permanent focal ischemia. J
Neurosurg 2003;99:138.

[17] Mehta SH, Dhandapani KM, De Sevilla LM, Webb RC,
Mahesh VB, Brann DW. Tamoxifen, a selective estrogen
receptor modulator, reduces ischemic damage caused by
middle cerebral artery occlusion in the ovariectomized
female rat. Neuroendocrinology 2003;77:44.

[18] Liu JL, Tian DS, Li ZW, Qu WS, Zhan Y. Tamoxifen alleviates
irradiation-induced brain injury by attenuating microglial
inflammatory response in vitro and in vivo. Brain Res 2010;
1316:101.

[19] Bourque M, Liu B, Dluzen DE, Di Paolo T. Tamoxifen protects
male mice nigrostriatal dopamine against
methamphetamine-induced toxicity. Biochem Pharmacol
2007;74:1413.

[20] Sharma K, Mehra RD. Long-term administration of estrogen
or tamoxifen to ovariectomized rats affords neuroprotection
to hippocampal neurons by modulating the expression of
Bcl-2 and Bax. Brain Res 2008;1204:1.

[21] Scherle PA, Ma W, Lim H, Dey SK, Trzaskos JM. Regulation of
cyclooxygenase-2 induction in the mouse uterus during

http://refhub.elsevier.com/S0022-4804(14)00153-X/sref1
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref1
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref2
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref2
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref2
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref2
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref3
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref3
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref4
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref4
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref4
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref5
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref5
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref5
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref6
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref6
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref6
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref6
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref7
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref7
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref7
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref8
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref8
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref8
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref8
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref8
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref9
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref9
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref9
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref10
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref10
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref11
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref11
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref11
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref11
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref12
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref12
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref12
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref12
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref13
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref13
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref13
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref14
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref14
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref14
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref14
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref15
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref15
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref15
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref15
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref15
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref16
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref16
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref16
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref17
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref17
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref17
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref17
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref17
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref18
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref18
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref18
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref18
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref19
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref19
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref19
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref19
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref20
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref20
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref20
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref20
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref21
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref21
http://dx.doi.org/10.1016/j.jss.2014.02.009
http://dx.doi.org/10.1016/j.jss.2014.02.009


j o u r n a l o f s u r g i c a l r e s e a r c h 1 8 9 ( 2 0 1 4 ) 1 0 6e1 1 6116
decidualization. An event of early pregnancy. J Biol Chem
2000;275:37086.

[22] Atkins CM, Selcher JC, Petraitis JJ, Trzaskos JM, Sweatt JD.
The MAPK cascade is required for mammalian associative
learning. Nat Neurosci 1998;1:602.

[23] Mclntosh TK, Vink R, Noble L, et al. Traumatic brain injury in
the rat: characterization of a lateral fluid-percussion model.
Neuroscience 1989;28:233.

[24] Wang Y, Lin SZ, Chiou AL, Williams LR, Hoffer BJ. Glial cell
line-derived neurotrophic factor protects against ischemia-
induced injury in the cerebral cortex. J Neurosci 1997;17:4341.

[25] Mullen RJ, Buck CR, Smith AM. Neu-N, a neuronal specific
nuclear protein in vertebrates. Development 1992;116:201.

[26] Kuo JR, Lo CJ, Lin KC, Lin MT, Chio CC. Agmatine-promoted
angiogenesis, neurogenesis, and inhibition of gliosis reduced
traumatic brain injury in rats. J Traum 2011;71:87.

[27] Hallam TM, Floyd CL, Folkerts MM, et al. Comparison of
behavioral deficits and acute neuronal degeneration in rat
lateral fluid percussion and weight-drop brain injury models.
J Neurotrauma 2004;21:521.

[28] Pierce JE, Smith DH, Trojanowski JQ, McIntosh TK. Enduring
cognitive, neurobehavioral and histopathological changes
persist for up to one year following severe experimental
brain injury in rats. Neuroscience 1998;87:359.

[29] Wang CC, Lin KC, Lin BS, Chio CC, Kuo JR. Resuscitation from
experimental traumatic brain injury by magnolol therapy. J
Surg Res 2013;184:1045.

[30] Chuang TJ, Lin KC, Chio CC, Wang CC, Chang CP, Kuo JR.
Effects of secretome obtained from normoxia-preconditioned
human mesenchymal stem cells in traumatic brain injury
rats. J Trauma Acute Care Surg 2012;73:1161.

[31] Kuo JR, Lo CJ, Chang CP, Lin MT, Chio CC. Agmatine-promoted
angiogenesis, neurogenesis, and inhibition of gliosis-reduced
traumatic brain injury in rats. J Trauma 2011;71:E87.

[32] Pearson G, Robinson F, Beers Gibson T, et al. Mitogen-
activated protein (MAP) kinase pathways: regulation and
physiological functions. Endocr Rev 2001;22:153.

[33] Toborek M, Son KW, Pudelko A, King-Pospisil K, Wylegala E,
Malecki AERK. 1/2 signaling pathway is involved in nicotine-
mediated neuroprotection in spinal cord neurons. J Cell
Biochem 2007;100:279.

[34] Shen J, Wu Y, Xu JY, et al. ERK-and Akt-dependent
neuroprotection by erythropoietin (EPO) against glyoxal-
AGEs via modulation of Bcl-xL, Bax, and BAD. Invest
Ophthalmol Vis Sci 2010;51:35.

[35] Troadec JD, Marien M, Mourlevat S, et al. Activation of the
mitogen-activated protein kinase (ERK(1/2)) signaling
pathway by cyclic AMP potentiates the neuroprotective
effect of the neurotransmitter noradrenaline on
dopaminergic neurons. Mol Pharmacol 2002;62:1043.

[36] Wang X, Martindale JL, Holbrook NJ. Requirement for ERK
activation in cisplatin-induced apoptosis. J Biol Chem 2000;
275:39435.

[37] Feng Y, Huang J, Ding Y, Xie F, Shen X. Tamoxifen-induced
apoptosis of rat C6 glioma cells via PI3K/Akt, JNK and ERK
activation. Oncol Rep 2010;24:1561.

[38] Tang D, Wu D, Hirao A, et al. ERK activation mediates cell
cycle arrest and apoptosis after DNA damage independently
of p53. J Biol Chem 2002;277:12710.

[39] Ballif BA, Blenis J. Molecular mechanisms mediating
mammalian mitogen-activated protein kinase (MAPK) kinase
(MEK)-MAPK cell survival signals. Cell Growth Differ 2001;12:
397.

[40] Bonni A, Brunet A, West AE, Datta SR, Takasu MA,
Greenberg ME. Cell survival promoted by the Ras-MAPK
signaling pathway by transcription-dependent and
-independent mechanisms. Science 1999;286:1358.

[41] Zhang Y, Milatovic D, Aschner M, Feustel PJ, Kimelberg HK.
Neuroprotection by tamoxifen in focal cerebral ischemia is
not mediated by an agonist action at estrogen receptors but
is associated with antioxidant activity. Exp Neurol 2007;204:
819.

[42] Dhandapani KM, Brann DW. Protective effects of estrogen
and selective estrogen receptor modulators in the brain. Biol
Reprod 2002;67:1379.

[43] Kuo JR, Cheng YH, Chen YS, Chio CC, Gean PW. Involvement
of extracellular signal regulated kinases (ERK1/2) in
traumatic brain injury-induced depression in rodents. J
Neurotrauma 2013;30:1223.

[44] Obata T. Tamoxifen protect against hydroxyl radical
generation induced by phenelzine in rat striatum. Toxicology
2006;222:46.

[45] Osuka K, Feustel PJ, Mongin AA, Tranmer BI, Kimelberg HK.
Tamoxifen inhibits nitrotyrosine formation after reversible
middle cerebral artery occlusion in the rat. J Neurochem
2001;76:1842.

[46] Rutledge EM, Aschner M, Kimelberg HK. Pharmacological
characterization of swelling-induced D-[3H]aspartate release
from primary astrocyte cultures. Am J Physiol 1998;274:
C1511.

[47] Barreto G, Santos-Galindo M, Diz-Chaves Y, et al. Selective
estrogen receptor modulators decrease reactive astrogliosis
in the injured brain: effects of aging and prolonged depletion
of ovarian hormones. Endocrinology 2009;150:5010.

[48] Suuronen T, Nuutinen T, Huuskonen J, Ojala J, Thornell A,
Salminen A. Anti-inflammatory effect of selective estrogen
receptor modulators (SERMs) in microglial cells. Inflamm Res
2005;54:194.

[49] Chesnoy-Marchais D. The estrogen receptor modulator
tamoxifen enhances spontaneous glycinergic synaptic
inhibition of hypoglossal motoneurons. Endocrinology 2005;
146:4302.

[50] Benvenuti S, Luciani P, Vannelli GB, et al. Estrogen and
selective estrogen receptor modulators exert
neuroprotective effects and stimulate the expression of
selective Alzheimer’s disease indicator-1, a recently
discovered antiapoptotic gene, in human neuroblast long-
term cell cultures. J Clin Endocrinol Metab 2005;90:1775.

[51] Kuo JR, Wang CC, Huang SK, Wang SJ. Tamoxifen depresses
glutamate release through inhibition of voltage-dependent
Ca2þ entry and protein kinase Ca in rat cerebral cortex nerve
terminals. Neurochem Int 2012;60:105.

[52] Pettus EH, Wright DW, Stein DG, Hoffman SW. Progesterone
treatment inhibits the inflammatory agents that accompany
traumatic brain injury. Brain Res 2005;1049:112.

[53] Wright DW, Kellermann AL, Hertzberg VS, et al. ProTECT: a
randomized clinical trial of progesterone for acute traumatic
brain injury. Ann Emerg Med 2007;49:391.

[54] Xiao G, Wei J, Yan W, Wang W, Lu Z. Improved outcomes
from the administration of progesterone for patients with
acute severe traumatic brain injury: a randomized controlled
trial. Crit Care 2008;12:R61.

http://refhub.elsevier.com/S0022-4804(14)00153-X/sref21
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref21
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref22
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref22
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref22
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref23
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref23
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref23
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref24
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref24
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref24
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref25
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref25
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref26
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref26
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref26
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref27
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref27
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref27
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref27
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref28
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref28
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref28
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref28
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref29
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref29
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref29
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref30
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref30
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref30
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref30
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref31
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref31
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref31
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref32
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref32
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref32
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref33
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref33
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref33
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref33
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref34
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref34
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref34
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref34
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref35
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref35
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref35
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref35
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref35
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref36
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref36
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref36
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref37
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref37
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref37
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref38
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref38
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref38
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref39
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref39
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref39
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref39
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref40
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref40
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref40
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref40
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref41
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref41
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref41
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref41
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref41
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref42
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref42
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref42
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref43
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref43
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref43
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref43
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref44
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref44
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref44
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref45
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref45
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref45
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref45
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref46
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref46
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref46
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref46
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref47
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref47
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref47
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref47
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref48
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref48
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref48
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref48
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref49
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref49
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref49
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref49
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref50
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref50
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref50
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref50
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref50
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref50
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref51
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref51
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref51
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref51
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref51
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref52
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref52
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref52
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref53
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref53
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref53
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref54
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref54
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref54
http://refhub.elsevier.com/S0022-4804(14)00153-X/sref54
http://dx.doi.org/10.1016/j.jss.2014.02.009
http://dx.doi.org/10.1016/j.jss.2014.02.009

	Extracellular signal–regulated kinase 1/2 is involved in a tamoxifen neuroprotective effect in a lateral fluid percussion i ...
	1 Introduction
	2 Materials and methods
	2.1 Animals
	2.2 Traumatic brain injury
	2.3 Treatment intervention
	2.4 Cerebral infarction assay
	2.5 Neuronal number, ERK1/2, Bcl2, and estrogen receptor α expression in neuronal cells in the cortex using immunofluoresce ...
	2.6 Neuronal apoptotic assay in the neuronal cells in the cortex using immunofluorescence staining
	2.7 Motor function test
	2.8 Statistical analysis

	3 Results
	3.1 TMX (1 or 5 mg/kg/per day × 3 d, i.p.) significantly reduced TBI-induced cerebral infarction volume
	3.2 TMX (1 mg/kg/per day × 3 d, i.p.) significantly attenuated TBI-induced cerebral infarction volume
	3.3 TMX significantly attenuated TBI-induced neuronal loss in the cortex
	3.4 TMX treatment significantly attenuated TBI-induced neuronal apoptosis in the cortex
	3.5 TMX significantly increased neuronal p-ERK1/2 expression in the cortex after TBI
	3.6 TMX significantly increased neuronal Bcl2 expression in the cortex after TBI
	3.7 TMX significantly attenuated TBI-induced motor deficits

	4 Discussion
	4.1 Summary of the present study
	4.2 The dosage and time course determination
	4.3 Neuroprotective effects of TMX injection after TBI
	4.4 ERK1/2 and Bcl2 are involved in TMX neuroprotective mechanisms
	4.5 Other TMX effects beyond activating p-ERK1/2 associated neuroprotection
	4.6 Sex hormone therapy after TBI
	4.7 Limitations of the present study

	5 Conclusion
	Acknowledgment
	Disclosure
	References


