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Abstract

Activation of the immune system in the central nervous system and oxidative stress play impor-
tant roles in traumatic brain injury (TBI)-induced cognitive impairment. Rhamnetin possesses anti-in-
flammatory and anti-oxidative properties. This study aimed to detect the possible effects of rhamnetin 
on cognitive deficit, hippocampal inflammatory factors, and oxidative stress in rats with TBI. In this 
study, we established the traumatic brain injury model in rats. Rats respectively received vehicle saline 
or rhamnetin for 21 days. Cognitive functions were evaluated by assessing the acquisition of spatial 
learning and memory retention in Morris Water Maze test from day 15 to 19 post TBI. Levels of inter-
leukin (IL)-1β, IL-6, IL-8, tumor necrosis factor а (TNF-а), IL-10, and nuclear factor κB (NF-κB) in 
hippocampal homogenate were measured using ELISA. Oxidative stress was analysed by investigating 
the activities of MDA, H2O2, SOD, and GSH-Px. We found that rhamnetin significantly improved cog-
nitive impairment in rats with TBI, and inhibited the inflammatory response and oxidative stress in the 
hippocampus. The results suggested that rhamnetin could enhance the recovery of cognitive deficits 
induced by TBI, and that its mechanism might be associated with the inhibition of inflammation and 
oxidative stress in the hippocampus.
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Introduction
Traumatic brain injury (TBI) is a serious public health 

issue that affects millions of people worldwide (more 
than 1.7 million new cases each year within the United 
States alone), and severe TBI is a leading cause of death 
and disability in industrialised countries [1]. Besides the 
initial trauma (the direct impact or penetrating injury), the 
secondary injury to the brain, resulting from delayed bio-
chemical and cellular changes induced by TBI, contributes 
to the occurrence of the disability. Cognitive deficit is one 
of the most significant disabilities after TBI, with an inci-
dence of approximately 65% in moderate to severe TBI 
cases [2, 3]. However, few agents are available to effec-
tively control the cognitive deficit caused by TBI.

It has been increasingly recognised that activation of 
the immune system in the central nervous system is a key 
component of the normal aging process, but also of the 
pathological development and progression of many neu-
rological disorders, including TBI. Traumatic brain injury 

often triggers a series of chronic neuroinflammatory cas-
cades in the brain [4, 5]. The neuroinflammatory response 
develops within the first week and persists for several 
months after traumatic brain injury, but returns to control 
levels after several years [7]. The secondary post-traumatic 
neuroinflammation can lead to neuronal injury that may 
contribute to the occurrence of cognitive deficit, especial-
ly neuroinflammation and neurodegeneration in the hip-
pocampus [4, 8, 9]. The roles of inflammatory cytokines 
tumor necrosis factor α (TNF-α), interleukin (IL)-1β, IL-6, 
and IL-8 are well known in neurodegeneration and cogni-
tive deficit. Recently, Su reported that levels of inflamma-
tory cytokine high-sensitivity C-reactive protein (hs-CRP) 
are associated with cognitive impairment after TBI [10]. 
Furthermore, some drugs or exercises that counteracted 
the inflammation (including hippocampal inflammation) 
induced by TBI, for example reducing the expression of 
IL-1β, IL-6, and TNF-α, also improved the cognitive re-
covery [11-13]. Thus, it seems that anti-inflammation may 



Central European Journal of Immunology 2015; 40(1)

Semiha Erdem Bahceci et al.

36

be a potential method to manage the cognitive deficit in-
duced by TBI.

Evidence showed that TBI also results in an excess of 
oxidative stress [14] that may further exacerbate the in-
flammation or directly induce neuronal injury, which is 
associated with cognitive impairment after TBI. Elevated 
levels of H

2
O

2
 were found in subjects with TBI. The over-

production of H
2
O

2
 can activate nuclear factor κB (NF-

κB), which can promote the production of IL-1β, IL-6, 
and TNF-α, and ultimately exacerbates the inflammatory 
response. Overproduction of malondialdehyde (MDA), 
a highly reactive electrophilic aldehyde, in the brain is 
also frequently reported in TBI. Some studies have shown 
levels of antioxidant enzymes SOD, and GPx increase in 
animal models of TBI, but some other studies have report-
ed the opposite results [15]. Nonetheless, some drugs pos-
sessing anti-oxidative activity improved the cognitive im-
pairment in animal model [16]. Thus, anti-oxidative stress 
seems potentially useful in the management of cognitive 
deficit caused by TBI. The relationship between TBI and 
oxidative stress has generated interest in the development 
of antioxidant therapies for TBI management.

Many natural phenolic compounds have been reported 
for their anti-inflammatory and anti-oxidative activities. 
Rhamnetin, a phenolic flavonoid compound, has been used 
to manage some disorders in animal models. Recently, it 
was shown to have anti-inflammatory and anti-oxidative 
activities in some cell and animal models, such as in B16 
cells, mouse macrophage-derived RAW264.7 cells, and in 
rats with paw oedema [17-19]. However, its activity in ani-
mal models of TBI has not been investigated, and its effect 
on cognitive deficit caused by TBI is unknown to date.

Thus, in this study we aimed to investigate the effects 
of rhamnetin on cognitive deficit as well as hippocampal 
inflammatory markers and oxidative stress in rats with TBI.

Material and methods

Animals

All procedures and protocols used in the present study 
were performed in accordance with the Guide for the Care 
and Use of Laboratory Animals of the National Institute 
of Health, and they were approved by the Committee on 
the Ethics of Animal Experiments of Yidu Central Hos-
pital. Male Sprague-Dawley (SD) rats, weighing 300- 
350 grams (Animal Centre of LUKANG Company), were 
randomly assigned to 6 groups (10 rats in each group): 
control group, sham group, TBI group, rhamnetin low-dose 
group (TBI + L), rhamnetin middle-dose group (TBI + M), 
and rhamnetin high-dose group (TBI + H). The rats were 
housed in a temperature-controlled (20-24°C) and humidi-
ty-controlled (60 ±3%) room with a 12 : 12 hour light/dark 
cycle. The rats were fed with free access to food and water 
(5 rats in each cage).

Traumatic brain injury model

Traumatic brain injury was induced in rats according 
to the methods previously described elsewhere [20]. Brief-
ly, prior to the surgical procedures, rats were anesthetised 
using chloral hydrate. Following a midline incision, the 
rats underwent a 6-mm diameter bilateral frontal crani-
otomy (the lesion site was set 3 mm anterior and lateral 
to the bregma). Subsequently, the animal was connected 
to a pneumatic cortical contusion device and a 3.0-mm-
deep contusion was produced using an impact velocity of  
2.25 m/s for 500 ms. The sham animals only received mid-
line incision without craniotomy and brain injury. The con-
trol animals received no surgical procedures. The incision 
was immediately sutured after the TBI procedure.

Rhamnetin treatment
Rhamnetin dissolved in saline was given daily to rats 

in the TBI + L group, TBI + M group, and TBI + H group, 
respectively, at the dose of 50, 100, and 200 mg/kg/day by 
intragastric administration for 21 consecutive days, start-
ing from the day TBI was performed (day 1). The control 
group and sham group were administrated with vehicle sa-
line. The range of doses was based on our pilot test.

Cognitive assessment
For cognitive assessment, spatial learning and memory 

were examined using the Morris water maze (MWM) test, 
as previously described [20, 21]. Briefly, a large circular 
tank (180 cm in diameter, 60 cm in height) was filled with 
tap water (30 cm in depth) (26 ±1°C) and surrounded by 
curtains to eliminate spatial cues from surroundings in the 
testing room. A platform (10 cm in diameter) was placed 
2 cm below the water surface in the southwest quadrant. 
Spatial learning consisted of four trials per day with an in-
tertribal of 4 minutes for five consecutive days starting from 
day 15. In the spatial learning testing, the rat was randomly 
placed in each of the 4 start locations (north, east, south, and 
west) to climb onto the platform, where the rats remained 
for 30 seconds before being removed from the apparatus. 
Animals unable to find the hidden platform within 2 min-
utes were gently guided to it by the experimenter. The time 
and swim distance of the four trials of each animal were re-
corded and averaged. Visible platform trials with a platform 
2 cm above the water surface were conducted on day 20, 
rats unable to find the visible platform were removed from 
all data sets. Memory retention was evaluated by a single 
probe trial 24 hours after the visible platform trials, with 
the platform removed. Briefly, each rat was placed into the 
maze at the most distal point from where the platform was 
previously set and allowed to swim freely for 30 seconds. 
The time spent in the target quadrant and the swim speed of 
each animal were recorded.
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Tissue homogenate preparation

Animals were sacrificed on day 21 under deep anesthe-
tisation with chloral hydrate. The rat hippocampus was im-
mediately removed from the brain and homogenised in iced 
saline (ratio: 0.1 g hippocampus tissue: 1 ml saline). Super-
natant of the tissue homogenate was collected, sub-pack-
aged, and stored (at –80°C) for the following detections.

Cytokines and nuclear factor κB analysis

Concentrations of TNF-α, IL-1β, IL-6, IL-8, IL-10, 
hs-CRP, and NF-κB in supernatant of the hippocampus 
homogenate were measured using ELISA assay kits strictly 
according to the manufacturer’s instructions (Bioss Com-
pany, Beijng, China).

Oxidative stress analysis

Contents of MDA, H
2
O

2
,
 
SOD, and GSH-Px in su-

pernatant of the hippocampus homogenate were detected 
using commercially available assay kits (Jiancheng Bio-
engineering Institute, Nanjing, China), according to the 
manufacturer’s instruction.

Statistical analysis

Statistical analysis was performed using one-way 
ANOVA with subsequent Students-Newman-Keuls (SNK). 

Data were reported as mean ± SD. Differences were con-
sidered statistically significant if p < 0.05.

Results

Cognitive function: acquisition of spatial learning

Rats in the TBI group required longer times and travelled 
farther distances to locate the escape platform than did the 
control group and the sham group on day 15, 16, 17, 18, and 
19 (all p < 0.05), which suggests significant cognitive im-
pairment in TBI rats. Rats in the TBI + M group and TBI +  
+ H group required less time and travelled shorter distances to 
locate the platform than did the rats in the TBI group on day 
15, 16, 17, 18, and 19 (all p < 0.05), but the TBI + L group did 
not (all p > 0.05). No significant difference in the performance 
of the control group and the sham group was observed on day 
15, 16, 17, 18, and 19 (all p > 0.05). The results indicated that 
rhamnetin could partially reverse the cognitive impairments 
induced by TBI. Shown in Tables 1 and 2.

Cognitive function: probe trial  
(memory retention)

Rats in the TBI group spent a lower percentage of the 
allotted time (30 seconds) in the target quadrant than did 
the control group and sham group (both p < 0.05). Rats in 

Table 1. Effects of rhamnetin on the time spent in locating the escape platform

Day 15 (s) Day 16 (s) Day 17 (s) Day 18 (s) Day 19 (s)

Control 60.2 ±5.1 50.3 ±4.8 43.6 ±3.8 30.5 ±3.9 20.1 ±3.3

Sham 62.1 ±6.0 53.2 ±5.5 44.1 ±3.1 33.4 ±4.0 23.6 ±3.7

TBI 103.9 ±8.6a,b 99.4 ±8.6a,b 93.5 ±7.6a,b 82.2 ±5.9a,b 75.9 ±7.0a,b

TBI + L 95.6 ±8.4a,b 90.4 ±9.5a,b 82.6 ±8.0a,b 70.3 ±6.2a,b 65.1 ±8.2a,b

TBI + M 86.8 ±6.9a,b,c 79.7 ±7.1a,b,c 70.5 ±5.7a,b,c 58.1 ±6.3a,b,c 39.6 ±4.9a,b,c

TBI + H 79.2 ±6.1a,b,c 75.3 ±8.0a,b,c 62.8 ±4.9a,b,c 51.7 ±4.5a,b,c 35.8 ±4.1a,b,c

Control – control group; Sham – sham group; TBI – TBI group; TBI + L = rhamnetin low-dose group; TBI + M = rhamnetin middle-dose group; TBI + H =  
= rhamnetin high-dose group. Spatial learning consisted of four repeated trials per day with an intertribal of 4 minutes. The time of the four trials of each animal 
were averaged. Data were expressed as mean ± SD (N = 10 per group) and analysed using one-way ANOVA with subsequent SNK test. ap < 0.05, vs. the control 
group; bp < 0.05, vs. the sham group; cp < 0.05, vs. the TBI group

Table 2. Effects of rhamnetin on the path length to locate the escape platform

Day 15 (cm) Day 16 (cm) Day 17 (cm) Day 18 (cm) Day 19 (cm)

Control 1630 ±136 1390 ±140 1106 ±96 826 ±79 570 ±66

Sham 1707 ±146 1406 ±149 1195 ±101 900 ±114 631 ±71

TBI 2884 ±297a,b 2605 ±302a,b 2401 ±260a,b 2139 ±249a,b 1956 ±335a,b

TBI + L 2655 ±200a,b 2349 ±186a,b 2235 ±201a,b 1761 ±267a,b 1503 ±250a,b

TBI + M 2305 ±198a,b,c 2018 ±198a,b,c 1890 ±153a,b,c 1618 ±182a,b,c 999 ±116a,b,c

TBI + H 2235 ±207a,b,c 1965 ±171a,b,c 1629 ±184a,b,c 1406 ±135a,b,c 963 ±91a,b,c

Control – control group; Sham – sham group; TBI – TBI group; TBI + L – rhamnetin low-dose group; TBI + M – rhamnetin middle-dose group; TBI + H – 
rhamnetin high-dose group. Spatial learning consisted of four repeated trials per day with an intertribal of 4 minutes. The swim distances of the four trials of each 
animal were averaged. Data were expressed as mean ± SD (N = 10 per group) and were analysed using one-way ANOVA with subsequent SNK test. ap < 0.05, vs. 
the control group; bp < 0.05, vs. the sham group; cp < 0.05, vs. the TBI group
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the TBI + M group and TBI + H group spent greater per-
centages of time in the target quadrant than did the rats 
of the TBI group (both p < 0.05), but the TBI + L group 
did not (p > 0.05); however, their performance was still 
worse than the control group and the sham group (both  
p < 0.05). No significant difference in the performance be-
tween the control group and the sham group was observed  
(p > 0.05). The results indicate that rhamnetin could improve 
the memory retention in the TBI rats. Shown in Table 3.

Cognitive: swim speed

There were no significant differences in swim speed 
among any of the groups during the last day’s testing (all 
p > 0.05). The result excluded the possible false effects of 
the performance resulting from the motor impairments in 
the Morris water maze test. Shown in Table 3.

Table 3. The effects of rhamnetin on the percentage of 
time spent in the target quadrant and on swim speed

Percentage (%) Swim speed (cm/s)

Control 40.6 ±5.1 28.3 ±2.2

Sham 43.9 ±4.0 27.6 ±2.0

TBI 23.2 ±3.0a,b 27.3 ±2.5

TBI + L 26.0 ±2.3a,b 27.6 ±2.1

TBI + M 31.5 ±2.8a,b,c 28.1 ±3.0

TBI + H 35.6 ±4.1a,b,c 28.0 ±3.2

Control – control group; Sham – sham group; TBI – TBI group; TBI + L – 
rhamnetin low-dose group; TBI + M – rhamnetin middle-dose group; TBI + 
H – rhamnetin high-dose group. The probe trial consisted of a single 30-second 
trial. Data were expressed as mean ± SD (N = 10 per group) and were analysed 
using one-way ANOVA with subsequent SNK test. ap < 0.05, vs. the control 
group; bp < 0.05, vs. the sham group; cp < 0.05, vs. the TBI group

Fig. 1. Effects of rhamnetin on inflammatory media-
tors Control – control group; Sham – sham group; TBI 
– TBI group; TBI + L – rhamnetin low-dose group; TBI 
+ M – rhamnetin middle-dose group; TBI + H – rhamne-
tin high-dose group. The investigations were repeated  
3 times and the 3 values of each animal were averaged. Data 
were expressed as mean ± SD (N =10 per group) and ana-
lyzed using one-way ANOVA with subsequent SNK test.  
ap < 0.05, vs. the control group; bp < 0.05, vs. the sham 
group; cp < 0.05, vs. the TBI group
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Fig. 2. Effects of rhamnetin on hs-CRP Control – con-
trol group; Sham – sham group; TBI – TBI group; TBI 
+ L – rhamnetin low-dose group; TBI + M – rhamnetin 
middle-dose group; TBI + H – rhamnetin high-dose group. 
The investigations were repeated 3 times and the 3 val-
ues of each animal were averaged. Data were expressed 
as mean ± SD (N = 10 per group) and analyzed using one-
way ANOVA with subsequent SNK test. ap < 0.05, vs. the 
control group; bp < 0.05, vs. the sham group; cp < 0.05, vs. 
the TBI group
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Cytokines and nuclear factor κB

We found increased hippocampal levels of TNF-α,  
IL-1β, IL-6, IL-8, hs-CRP, and NF-κB, as well as decreased 
levels of IL-10, in the rats of the TBI group compared to the 
control group and the sham group (all p < 0.05). The chang-
es induced by TBI were significantly reversed by rhamnetin 
in the TBI + M group and the TBI + H group, but not in the 
TBI + L group, compared to the TBI group. No differenc-
es were observed between the control group and the sham 
group (all p > 0.05). Shown in Figures 1 and 2.

Oxidative stress

Elevated hippocampal levels of MDA and H
2
O

2
 as well 

as reduced levels of SOD and GSH-Px were observed in 
the TBI group compared to the control group and the sham 
group. Rhamnetin significantly reversed the changes in 
the TBI + M group and TBI + H group, but not in the 
TBI + L group, compared to the TBI group; these levels 
in the control group and the sham group were similar (all  
p > 0.05). Shown in Figures 3 and 4.

Discussion
Our work showed that administration of rhamnetin im-

proved the cognitive deficit and inhibited hippocampal in-
flammatory response and oxidative stress in rats with TBI.

Many patients with TBI experience a short-term or 
long-term cognitive deficit, which reduces the quality of 
life of TBI survivors. Nonetheless, limited effective meth-
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Fig. 3. Effects of rhamnetin on oxidative markers Control 
– control group; Sham – sham group; TBI – TBI group; 
TBI + L – rhamnetin low dose group; TBI + M – rhamne-
tin middle dose group; TBI + H – rhamnetin high dose 
group. The investigations were repeated 3 times and the  
3 values of each animal were averaged. Data were ex-
pressed as mean ± SD (N = 10 per group) and analyzed 
using one-way ANOVA with subsequent SNK test.  

ap < 0.05, vs. the control group; bp < 0.05, vs. the sham 
group; cp < 0.05, vs. the TBI group
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ods in treating the cognitive deficit induced by TBI are 
available in clinics. Rhamnetin is a phenolic flavonoid 
compound possessing various pharmacological activities, 
such as cardioprotective, anti-inflammatory, anti-oxida-
tive, and anti-apoptotic effects [17-19, 22]. In order to 
detect the possible effects of rhamnetin on the cognitive 
deficit induced by TBI, we established a TBI rat model 
using a pneumatic cortical contusion device as described 
previously, the use of which can be seen extensively in 
literature [20]. Then, a Morris water maze apparatus sys-
tem was employed to examine the cognitive impairment of 
the TBI rats. Acquisition of spatial learning and memory 
in the Morris water maze test is sensitive in monitoring 
the cognitive function of animals and its use can be seen 
widely in literature [20, 21]. We found that the rats in the 
TBI group spent more time in locating the escape platform 
and travelled longer path length in the spatial learning test 
and spent less time in target quadrant in the probe trial 
than the rats in the control group and the sham group. The 
results suggest that the experimental TBI induced signif-
icant cognitive impairment in rats. However, rhamnetin 
treatment significantly improved the performance of the 
rats in the TBI + M group and TBI + H group, but not 
in the TBI + L group, compared to the TBI group. The 
improved performance in the Morris water maze test in-
dicated that rhamnetin had protective effects on cognitive 
function in rats with TBI. However, it is thought that the 
possible motor impairments may have an influence on the 
performance of animals in the Morris water maze test. In 

this study, we observed the swim speed of the rats and 
found no significant differences in swim speed among any 
of the groups. The result excluded the possible false effects 
of the performance resulting from the motor impairments 
during the Morris water maze test.

It has been increasingly recognised that activation 
of the immune system in the central nervous system is 
a key component of the normal aging process, but also 
of the pathological development and progression of many 
neurological disorders, including TBI [23]. Studies have 
confirmed the chronic neuroinflammatory cascade in the 
brain after TBI [4, 5]. Immune dysfunction, especially in-
flammation, has been well demonstrated to play a role in 
the pathogenesis of cognitive deficit [9, 16, 24, 25]. An-
ti-inflammatory management seems effective on cognitive 
impairment. Consistently, our results showed the levels of 
inflammatory factors TNF-α, IL-1β, IL-6, IL-8, and hs-
CRP in the hippocampus increased and the anti-inflamma-
tory cytokine IL-10 in the hippocampus decreased, in the 
TBI group, compared to the control group and the sham 
group. This confirmed the neuroinflammation in the hip-
pocampus of the TBI rats. However, rhamnetin treatment 
significantly reduced the levels of these inflammatory fac-
tors and elevated IL-10 levels in the TBI + M group and 
TBI + H group, but not in the TBI + L group, compared to 
the TBI group. The results indicate that rhamnetin could 
inhibit the hippocampal inflammatory response in TBI rats, 
and that the effect was dose dependent. The findings were 
consistent with previous studies that reported the anti-in-
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flammatory effects of rhamnetin [17-19]. The inhibition of 
the inflammatory response by rhamnetin should play a role 
in the improvement of the cognitive function in TBI rats.

In TBI there is a considerable increase in the produc-
tion of free radicals and a decrease in the production of 
antioxidant enzymes, supporting the theory that oxidative 
stress plays an important role in the secondary injury [14-
16, 26]. Consistently, our results showed elevated hippo-
campal levels of oxidative stress markers MDA and H

2
O

2
 

as well as reduced levels of antioxidant enzymes SOD and 
GSH-Px in the TBI group, compared to the control group 
and the sham group, indicating an excess of oxidative 
stress in hippocampus. Besides its direct neurotoxicity, 
oxidative stress can promote an inflammatory response. 
H

2
O

2
 is a factor that can activate NF-κB, which promotes 

the production of inflammatory cytokines IL-1β, IL-6, and 
TNF-α. Consistently, we found increased levels of hip-
pocampal NF-κB in rats of the TBI group in the present 
study. However, rhamnetin treatment significantly reduced 
the oxidative stress and NF-κB production in the TBI + M 
group and TBI + H group, but not in the TBI + L group, 
compared to the TBI group. The inhibition of oxidative 
stress and NF-κB should contribute to the attenuation of 
hippocampal inflammatory response and to the improve-
ment of cognitive function in TBI rats.

The mechanisms underlying the secondary injury of 
TBI induced by neuroinflammation and oxidative stress 
are complex. It has been well demonstrated that the acti-
vation of microglia is one of the contributors [27]. In some 
studies, microglial activation has been found to persist for 
years after the initial brain trauma, particularly in mod-
erate-to-severe TBI [27]. The microglial activation may 
occur in many regions of the brain, including the hippo-
campus [28]. Upon activation, microglia transforms from 
a resting state to an activated state. The activated microglia 
can promote the secretion of many factors, including in-
flammatory mediators such as TNF-α, IL-1β, IL-6, and 
NF-κB [29], leading to neuroinflammation. In addition, 
the highly activated microglia at the margins of the ex-
panding lesion can express NADPH oxidase, which leads 
to the overproduction of reactive oxygen species (ROS), 
ultimately resulting in excessive oxidative stress in the 
brain [27]. However, the excessive ROS in turn can acti-
vate NF-κB, which promotes the production of cytokines 
TNF-α, IL-1β, and IL-6 [30-32]. Thus, microglial activa-
tion can induce an inflammatory-oxidative cascade in the 
body, and NF-κB plays an important role in the process. 
Subsequently, the microglial-mediated neuroinflamma-
tion and oxidative stress produce chronic and progressive 
neurodegenerative changes leading to late neurological 
dysfunction, including cognitive deficit. Consistently, as 
mentioned above, our findings in the present study showed 
rhamnetin both improved the cognitive deficit induced by 
TBI and inhibited overproduction of hippocampal inflam-
matory mediators, including NF-κB and oxidative stress 

markers, which might be associated with microglial acti-
vation. Furthermore, interestingly, a recent study by Lutz 
revealed that rhamnetin could inhibit the lipopolysaccha-
ride-induced release of inflammatory mediators from BV2 
microglia [33], suggesting the microglial inhibition activity 
of rhamnetin. Taken together, we suppose that the microg-
lia-mediated neuroinflammation and oxidative stress in the 
hippocampus might be the target of rhamnetin in our study.

In summary, rhamnetin can improve the cognitive defi-
cit induced by TBI and may inhibit hippocampal inflam-
matory response and oxidative stress, and the effects are 
dose dependent. However, the enhancement in cognitive 
performance should be further evaluated and replicated 
in other models of TBI. More other possible mechanisms 
that mediate the beneficial effects should be further inves-
tigated.
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