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Magnesium Acetyl Taurate Prevents Tissue Damage and 
Deterioration of Prosocial Behavior Related with Vasopressin 
Levels in Traumatic Brain Injured Rats

ABSTRACT

AIM: The aim of this study to investigate the effects of different magnesium forms on tissue damage, cognitive and emotional 
behavioural impairment after mild traumatic brain injury (TBI).    
MATERIAL and METHODS: Rats were divided into 5 groups (control, trauma, magnesium sulphate, magnesium citrate, magnesium 
acetyl taurate) and following head trauma, empathy-like behaviour, anxiety-like behaviour (elevated plus maze and open field tests), 
and depression (forced swim test) were measured. The rats were then sacrificed 12 days later. Oxytocin, vasopressin and receptors 
levels in the amygdala and prefrontal cortex regions were measured. Histopathological damage (with haematoxylin-eosin staining) 
and apoptosis (with caspase-3 immunohistochemistry) was evaluated.  
RESULTS: Following head trauma, anxiety-like behaviour and depression tests did not change; empathy-like behaviour deteriorated 
on the 3rd day and improved gradually on the 6th and 12th days. Oxytocin, vasopressin and vasopressin v1b receptor levels decreased 
in the amygdala; morphological damage and apoptosis were significant. Magnesium acetyl taurate effectively ameliorated 
histopathological deteriorations and improved vasopressin and v1b receptor levels in the amygdala. Transient deterioration of 
empathy-like behaviour was impeded only in magnesium taurate treatment. 
CONCLUSION: Magnesium acetyl taurate can be a promising candidate agent to prevent structural and functional damage in 
traumatic brain injury. 
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█   INTRODUCTION

Mild TBI (also known as concussion), occurring in 
incidents such as motor vehicle accidents and 
sports injuries, is the most common form of head 

trauma. Research indicates 43% of cognitive and 33% 
behavioural problems occurred in survivors following mild TBI 
(6). In mild and moderate TBI, the fronto-temporal lobe and 
its associated regions (subcortical white matter, basal ganglia, 
thalamus, amygdala, and hippocampus) are susceptible to 
damage (29,48). Studies have indicated that following closed 
head trauma and prefrontal cortex damage, the processes of 
internalizing the emotions of other people (emotional empathy) 
and understanding other people’s feelings (cognitive empathy) 
are impaired. This situation leads to emotional withdrawal 
and disinterest, and disruption of social interactions (12). 
The deteriorations in cognitive brain functions such as 
working memory, processing speed, attention, problem 
solving after head trauma have been investigated extensively, 
but the effects of head trauma on social behaviour have 
not been emphasized (31). The impacts of morphological 
damage following head trauma and the possible changes of 
neurochemicals on behaviour and social interaction are open 
to research.

Using magnetic resonance spectroscopy, Vink et.al was the 
first to demonstrate a decrease in total and free magnesium 
concentration in brain tissue and it was reported that 
neurological outcomes improved with magnesium sulphate 
treatment (43). In the progression of TBI, mechanical damage 
of nerve fibres (laceration and stretching) occurs during the 
primary damage processes, followed by ischemia, oxidative 
stress and mitochondrial damage during secondary damage. 
Research has shown that reduction of Mg2+ concentration 
plays a role in the secondary damage processes (10,43). 
However, in a clinical study of 499 patients with moderate 
and severe TBI, magnesium sulphate was not effective in 
improving neurological outcomes (41). When combined with 
polyethylene glycol (PEG) or when administered in high doses 
(600 mg/kg), magnesium sulphate/magnesium chloride were 
found to yield neurological outcomes (9,10). The limited 
bioavailability of these forms of magnesium is probably 
because of insufficient magnesium penetration into brain 
tissue (30). In our previous study, compared to other forms 
(magnesium malate, magnesium glycinate), we observed 
more effective penetration into the brain tissue for magnesium 
acetyl taurate and magnesium citrate when we implemented 
the same elemental magnesium doses (3). We observed that 
these forms passed into the brain tissue more efficiently; 
however, the effectiveness of these forms on the secondary 
injury processes in head trauma is open to investigation.

Helping behaviour could be observed in rats when their cage 
mates experienced stress (35). This behaviour model (also 
called empathy-like behaviour) is a useful one to demonstrate 
the relationship between social behaviour and neurochemical 
influences in the rat brain (47). This model can be used to 
investigate possible changes in prosocial behaviour following 
head trauma. The aim of this study is to investigate how 
emotional states (anxiety, depression) and helping behaviour 

processes are affected in rats with mild TBI and to compare 
the efficacy of magnesium forms (sulphate, citrate, acetyl 
taurate) administered for head trauma.   

█  MATERIAL and  METHODS
Animals and Experimental Procedures

Ethical approval of the study was granted by the animal 
experiments ethics committee of our institution (21.02.2018-
33 / 2018). Rats were obtained from the institutional animal 
laboratory. All experimental procedures were performed 
by our research team in accordance with the Guide for the 
Care and Use of Laboratory Animals. One month before the 
behavioural experiments, the rats were placed in pairs into 
separate cages. They were accommodated at constant room 
temperature (22 ± 2 °C) and humidity (60%); they had free 
access to water and laboratory feed. 

Female, 200-250 g, 3-6 months old Sprague Dawley rats 
were used. Female rats were preferred because females 
are exposed to mild TBI at a higher rate than males and 
symptoms and mortality were reported at a higher rate (32). 
Rats were randomized into 5 groups with 11 animals in each. 
Histologic evaluations were performed in five animals of 
each group and chemical evaluations were performed in the 
other six, behavioural tests were applied to all animals in the 
groups. The groups were designated as control: no drug and 
no trauma group, trauma: head trauma group, Mg sulphate: 
magnesium sulphate treated group after head trauma, Mg 
citrate: magnesium citrate treated group after head trauma, 
and Mg taurate: magnesium acetyl taurate treated group 
following head trauma. When the experiments began, all the 
rats and their cage mates were placed into an empathy box for 
5 minutes for 12 days and learned to rescue their cage mates. 
The motor functions of the rats were evaluated in a rotarod 
apparatus on the 10th, 11th and 12th days of the experiments. 
On the 13th experimental day, head trauma was administered 
to all groups except the control group. The administration of 
magnesium compounds was performed during the next 12 
days following head trauma and empathy-like behaviour and 
motor performance were evaluated on the post-trauma 3rd, 6th, 
12th days. On the 12th day, after the last empathy test, anxiety 
measurements and depression measurements were evaluated 
(Figure 1). The animals were sacrificed immediately after the 
behavioural experiment. 

Pharmaceutical Applications 

In this study, a Ketamine (Ketasol 10%, Richter Pharma AG, 
Wels, Austria) and Xylazine (Alfazyne 2%, Alfasan International 
BV, Woerden, Holland) mixture at a dose of 40/6 mg/kg was 
applied for head trauma. This medication is preferred because 
it provides effective analgesia following head trauma and 
does not increase cerebral blood flow or intracranial pressure 
(18,22,34). Magnesium salts were administered to contain 
elemental magnesium at 125 mmol/kg (16,17). Magnesium 
sulphate was administered to rats at a dose of 30 mg/kg 
intramuscularly, magnesium citrate at a dose of 27 mg/kg 
perorally by gavage and magnesium acetyl taurate at a dose 
of 50 mg/kg perorally by gavage. 
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Head Trauma Protocol 

After completion of familiarization and learning experiments, 
on day 13, head trauma was applied to the rats. The modified 
Marmarou weight-drop model that produces diffuse axon 
damage was performed (28,33). A steel tube (height of 1 
meter) which allowed a free fall of 450 g brass weight was 
used and focused on the desired point in the skull (Figure 
2A). A skull protective metallic (copper-nickel composite) disc 
(10x3 mm) was attached between the coronal and lambdoid 
sutures on the rat’s skull. The disk intended for the weight to 
hit was aligned to the bottom of the tube (Figure 2B). The rats 
were fixed on a 30x20 cm cardboard piece and placed on the 
plexiglass box (40x80 cm), that covered with aluminium foil. A 
soft sponge was laid on the base of box. The aluminium foil 
allowed the rats to fall freely into the sponge. In this manner, 
a counter impact effect secondary to the first impact was 
prevented. Following head trauma, the disks were removed 
from the skulls of rats and the scalps were sutured. 

Behaviour Experiments

The behavioural experiments were recorded with the camera 
and EthoVision XT software (Noldus Information Technology 
Inc., Leesburg, VA, USA). The experiments were performed in 
the soundproof laboratory room between 09.00-12.00 hours. 

Empathy-like behaviour

Empathy-like behaviour in rats can be observed in the 
empathy apparatus which is a 450x450x900 mm plexiglass 

box comprised of two compartments, one full of water, the 
other dry, and a transparent partition with a door between the 
two compartments. The door can be opened only from the dry 
side (23,47). The observer cage mate in the dry chamber can 
rescue the rat under stress in the water-filled compartment 
by opening the door (Figure 3). The rats were observed for 
300 seconds and the rescue times of their cage mates were 
recorded. The experiments were repeated for 12 days prior 
to the trauma in order to enable the animals to learn how to 
open the door. It was accepted that the rat who rescued its 
cage mate by opening the door in 300 seconds demonstrated 
helping behaviour.

The rotarod test

The rotarod test provides an evaluation of balance and motor 
control. The apparatus measures the ability of the experimental 
animals to stand upon a rotating shaft. Three days before the 

Figure 1: Flow chart of experiments. The procedures performed 
before and after head injury. 

Figure 2: Head trauma experiments. A) Aluminium foil was 
affixed to the Plexiglass box. The impact effect tears the foil 
and the rat falls into the box. B) The secondary impact effect is 
diminished with the helmet affixed to the rat skulls.

Figure 3: Empathy-like behavior test box. In the empathy 
apparatus, the observer rat in the dry chamber rescues the cage 
mate in the water-filled chamber by opening the rescue door.

A B
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In this study, the ELISA measurements were obtained using 
rat Arginine Vasopressin Elisa Kit (Cat No: E1873Ra, Bioas-
say Technology Laboratory, Shanghai, China), rat Oxytocin 
Elisa Kit (Cat No:E1216Ra, Bioassay Technology Laboratory, 
Shanghai, China), rat Oxytocin Receptor Elisa Kit (Cat No: 
E1476Ra, Bioassay Technology Laboratory, Shanghai, China), 
rat Vasopressin V1a Receptor Elisa Kit (Cat No: E1477Ra, 
Bioassay Technology Laboratory, Shanghai, China), rat Vaso-
pressin V1b Receptor Elisa Kit (Cat No: E1478Ra, Bioassay 
Technology Laboratory, Shanghai, China), and rat Corticos-
terone ELISA kit (Cat No:E0496Ra, Bioassay Technology 
Laboratory, Shanghai, China).  BCA protein Assay kit (Catalog 
Number 23227, PierceTM, U.S.A.) was used for protein anal-
ysis. Assay procedure was completed in accordance with the 
kit protocol. All results were calculated with mg protein per 
tissue. Absorbency changes were calculated with microplate 
reader (ELx800, BioTek Instruments, Inc., Winooski, VT, USA) 
at 450 nm for ELISA kits and at 560 nm for protein assay kit.

Histology

Formalin-fixed brain tissues were blocked with paraffin and 
sliced 5 mm thick with a rotary microtome (Leica RM2245, 
Germany). Sections were deparaffinized, hydrated, and 
stained with haematoxylin and eosin (HE) and assessed 
at x20, x40 magnification. Morphological changes in cells, 
extracellular oedema and pericellular gaps were evaluated 
qualitatively by two pathologists using a BX51 Olympus 
microscope (Olympus, Tokyo, Japan).

Immunohistochemistry

Coronal sections of 8 mm thickness were prepared, depar-
affinated and washed. The sections underwent treatment 
for dyeing process with citrate buffer (Cat No: AP-9003-125 
LabVision) (10 mM at pH:6) and then processed with %3 H2O2, 
serum blocking solution, 1/100 polyclonal active caspase-3 
antibody  (Cat No: AB3623, Merck Millipore, USA). Finally, 
after incubation with biotinylated IgG and streptavidin conju-
gated to horseradish peroxidase, sections were stained with 
3-3-diaminobenzidine (DAB) (Roche Diagnostics, Mannheim, 
Germany) and with Mayer haematoxylin solution. In the evalu-
ation of apoptosis, apoptotic cells were counted at 10 different 
x40 magnification regions and their ratio to total cell numbers 
were recorded. Apoptotic bodies (a morphologic hallmark of 
apoptosis), nuclear fragmentation and the pyknotic nucleus 
were evaluated. Tissue evaluation was performed using the 
BX51 Olympus microscope (Olympus, Tokyo, Japan) and 
images were recorded with video camera system with DP 
Controller and DP Manager software (Olympus America, Mel-
ville, USA).

Statistical Analysis

Statistical analyses were performed via the SPSS 22 (IBM, 
Turkey) program. Chemical and behaviour measurement data 
are provided in column graphs as mean ± standart deviation 
(SD). Normality was determined with the Shapiro Wilk test. 
One-way ANOVA was used for data with normal distribution; 
two-way repeated measures ANOVA was used to determine 
the differences between groups on different days of behaviour 
measurements. One-way repeated measures ANOVA test 

trauma, the rats learned to walk on the rotarod assembly. The 
rats ran at 4 rpm for 300 sec and the times they fell from the 
shaft were recorded.

The elevated plus maze test

An apparatus, a device with 4 arms (2 open, 2 closed arms) 
located 50 cm above the ground, is used to determine 
anxiety-like behaviour. The rats were placed on the central 
platform (5x5 cm) in the centre of the device. The time the rats 
spent in the closed and open arms (long of 50 cm) and the 
number of entries into these arms in a 300 second duration 
were recorded. The rats with high anxiety levels spend more 
time in a closed area. 

The open field test 

The apparatus is used to test anxiety-like behaviour and is 
comprised of a black coloured plexiglass consisting of a 1×1 
meter square area. The test animal was placed in the middle 
of the field and the movements within the field were recorded 
with the camera for 300 seconds during the test. The time 
the rats spent on the edges and in the centre of the area, and 
the contact times with the walls of the area (thigmotaxis) were 
measured. An increase in the time spent on the edge of the 
area and the time in contact with the walls was accepted as a 
sign of anxiety.

The forced swim test (Porsolt test)

This is used to evaluate depression behaviour. A transparent 
cylindrical container was filled with water to a depth of 50 
cm. The rats were immersed into the water and swimming 
effort behaviour and immobilization times were recorded over 
300 seconds. Increased periods of immobility in water were 
accepted as signs of depression.

Euthanasia and preparation of blood and tissue samples

After head trauma at the 12th day,  the rats were euthanized 
under CO2 inhalation anaesthesia which has a fast and short-
term anaesthesia effect in rats (25). The rats were euthanized 
by decapitation; blood samples, which underwent chemical 
analysis in each group, were obtained by thoracotomy and 
cardiac puncture of the right heart ventricle. For ELISA 
measurements, brain tissues were removed and stored at 
-85oC in a refrigerant. Blood samples were centrifuged at 1,000 
g for 10 minutes and their serums were collected and stored at 
-85 °C. The other rats, which were evaluated for histological 
analysis, underwent thoracotomy and perfused transcardiacly 
through left ventricular catheterization with isotonic saline. The 
right atrium was incised, and perfusion continued until all the 
blood was cleared. Immediately afterward, the left ventricle 
was infused with 4% paraformaldehyde in phosphate buffer 
saline (PBS) for 15 minutes. The brain was gently removed 
from the skull and kept in 40% paraformaldehyde for 48 hours 
until paraffin embedding. 

Biochemical Measurements

Frozen samples of the brain tissue were weighed and 
homogenized with steel beads using BioSpec Mini-Bead-
beater-16 (BioSpec Products Inc., USA) in 10 volumes of PBS 
(pH:7.4) and centrifuged at 5000 g for 15 min at 4°C. The 
supernatants and serums were used for biochemical analyses.
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Histologically, the cells of the control group exhibited 
normal morphology and there were no signs of oedema or 
necrosis in the HE stained sections. In the trauma group, 

was used to determine the differences of behaviour at varying 
days within each group. The Tukey test was used in post hoc 
analysis. Kruskal Wallis and the post hoc Mann Whitney U 
test were used for data which did not correspond to normal 
distribution. The correlation analysis was performed using the 
Pearson correlation analysis. The Bonferroni correction was 
performed in SPSS for p values   and p <0.05 was considered 
significant.

█   RESULTS
Oxytocin and vasopressin measurements of the prefrontal 
cortex displayed no significant differences but in the 
amygdala there were significant differences between the 
groups (F(4,20)=4.57, p=0.009 for oxytocin and F(4,23)=10.49, 
p<0.0001 for vasopressin). In the inter-group evaluation in 
the amygdala, compared to the control group, oxytocin and 
vasopressin levels of the trauma group were significantly 
decreased (p=0.011, p=0.006 respectively, Figures 4A, B). 
Compared to the trauma group, vasopressin levels of the Mg 
taurate group had increased (p=0.001, as illustrated in Figure 
4B). 

When oxytocin and vasopressin receptors (v1a, v1b) were 
examined in the amygdala and prefrontal cortex, a significant 
difference was found only in the v1b receptor levels in the 
amygdala (F (4,21)=7.17, p=0.001). In post hoc analysis, v1b 
receptor levels of the Mg taurate group were significantly higher 
than all other groups (p=0.004 for control group, p=0.002 for 
trauma group, p=0.002 for sulphate group, p=0.011 for citrate 
group, Figure 4C).

When empathy-like behaviour measurements were examined, 
there was no significant difference between groups at the end 
of the learning experiments (Figure 5A). In the comparison 
of before and after trauma, there was a significant difference 
between groups in terms of door opening durations in 
different time points (pre-trauma, post-trauma 3-6-12th day) in 
the repeated measures two way ANOVA test (F(3,81)=36.13, 
p<0.0001 for day effect, F(4,27)=5.45, p=0.002 for group effect, 
F(12,81)=6.08, p<0.0001 for interaction effect). Significant 
differences between the groups were apparent only at day 3 
(F (4,27)=7.69, p<0.0001, Figure 5B and Figure 6). On the third 
post-traumatic day, the door opening time was significantly 
longer in the both trauma and Mg sulphate group than in the 
control group (p=0.006, p=0.004 respectively, as illustrated in 
Figure 6). In the Mg taurate group, the door opening duration 
was significantly lower than trauma group (p=0.01, Figure 6). 
There was no significant difference between the trauma, Mg 
sulphate and Mg citrate groups at day 3.

There was a moderately significant negative correlation 
between both amygdala vasopressin and v1b receptor levels 
and door opening times measured on the post-traumatic 
3rd day (r=-0.661, p<0.0001 for vasopressin, r=-0.567, 
p=0.003 for v1b, Figure 7A, B). There was no difference in the 
measurements of the rotarod test between the pre- and post-
traumatic periods. The open-field tests, elevated plus maze 
tests and forced swim tests indicated no differences. The 
plasma corticosterone levels measured as an anxiety marker 
were not significantly different between the groups.

Figure 4: Oxytocin and vasopressin levels in the amygdala. 
A) Compared to the control group, amygdala oxytocin levels 
decreased in the trauma group (Mg: magnesium,*p<0.05). B) 
Amygdala vasopressin levels decreased significantly in trauma 
group compared to the control group. Amygdala vasopressin 
levels increased in the Mg taurate group compared to the 
trauma group (Mg: magnesium, * #p<0.01). C) v1b receptor levels 
increased in the Mg taurate group compared to control, trauma, 
Mg sulphate and Mg citrate groups (Mg: magnesium, * # §p<0.01, 
¥p<0.05).

A

B

C
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Figure 5: Door opening 
durations in groups 
before and after head 
trauma. A) All the rats 
in the pre-trauma phase 
learned to open the doors 
within 12 days. 
B) A significant difference 
between the groups was 
detected only on the 3rd 
day (Mg: magnesium,                    
*p<0.0001).

Figure 6: Door opening 
durations between 
groups in the different 
time points. Door opening 
durations increased 
significantly in the trauma 
and Mg sulphate groups 
on day 3 compared 
to the control group. 
Door opening durations 
improved gradually on 
day 6 and day 12 (Mg: 
magnesium, * #p<0.01, 
¥p<0.05).

A

B
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The previous measurements in experimental TBI models 
mostly focused on cognitive abilities and anxiety-depression 
assessment. These studies indicated that cognitive deficits, 
anxiety-like behaviour and depression do not occur in acute 
and chronic periods following TBI (27,37). Our anxiety-like 
behaviour and depression measurements were consistent 
with the results of these studies. Research has stated that 
loss of emotional empathy occurs in TBI victims (11,44,45). 
Empathy-like behaviour in rats is a type of pro-social 
behaviour that exhibits helping behaviour (23,35,47). We 
observed that helping behaviour continued following TBI 
but the start duration of helping in the empathy box was 
significantly prolonged on the post-trauma 3rd day. Delays in 
helping behaviour on the post-trauma third day in the trauma 
group may be related to the reduction of hormone levels in the 
amygdala. In our previous studies, we observed changes in 
the oxytocin and vasopressin levels in this region associated 
with empathy-like behaviour (23,47).

We investigated the relationship between the prolonged 
durations to initiate helping and low hormone levels. We 
found a negative correlation between the durations of starting 
to help, and both vasopressin levels and vasopressin v1b 
receptor levels of the amygdala. We have demonstrated that 
helping behaviour in traumatic rats is accelerated by high 
vasopressin and v1b receptors in the amygdala. In some 
clinical studies, vasopressin has been shown to correlate 
with personal distress and emphatic concern levels (15, 
40). Low vasopressin levels following head trauma may play 
a role in decreasing empathic concern. Vasopressin was 
demonstrated to be effective in increasing vocalization signals 
generating a call for help among female monkeys (21). Low 
vasopressin levels may delay helping behaviour; this may be 
due to the reduction of empathic concern and the reduction in 
vocalization signals. Studies of the behavioural effects of the 

diffuse oedema of the brain tissue and extracellular cavities 
in large areas, deterioration of cell contours and swelling of 
the cells, nuclear pyknosis and necrosis were observed. In 
the Mg taurate and Mg citrate groups, mild oedema and a 
few extracellular cavities, a small number of pyknotic nuclei 
and shrunken cells were observed. In the Mg sulphate 
group, pyramidal and granular cells with pyknotic nuclei and 
morphological impairments were fewer than the trauma group 
and more prominent than the other groups (Figure 8A-E). 
Immunohistochemical examination showed no pathological 
nuclear caspas-3 staining in the control group. In the trauma 
group, cells with nuclear fragmentation, disrupted cell 
contours and apoptotic bodies were more common than the 
other groups (Figure 9). The number of cells of caspase-3 
with nuclear involvement demonstrated significant differences 
between the groups (F(4.20)=11.79, p<0.0001). Compared 
to the control group, the number of apoptotic cells was 
significantly increased in all groups (p<0.0001 for trauma, 
p=0.001 for Mg sulphate, p=0.001 for Mg citrate, p=0.02 for 
Mg taurate groups). Compared to the trauma group, apoptotic 
cells were significantly diminished in the Mg taurate group 
(p=0.039, Figure 10).

█   DISCUSSION
In this mild trauma model, we aimed to create diffuse axon 
damage without causing significant focal damage. The 
fixation of the animal or its head, and the presence of soft or 
hard ground under the animal, affects the severity, type and 
neurological consequences of the damage (42). In the mild TBI 
model we created, the impact effect was distributed diffusely 
into the head by the helmet and the secondary impact effect 
was alleviated by the free movement of the animal. In the 
rotarod assembly, we did not detect loss of motor cortex 
function and imbalance.

Figure 7: The relationship between the door opening durations and vasopressin and v1b receptor levels. A) A moderate negative 
correlation was found between vasopressin levels and door opening times on day 3. B) There was a low negative correlation between 
durations and v1b receptor levels.

A B
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Figure 8: Histological changes in haematoxylin and eosin (HE)-stained brain sections. A) Normal morphology of pyramidal, granular 
and glial cells were seen in the sections of control group. B) Diffuse oedema in brain tissue of trauma group and extracellular cavities 
(black arrow) were observed in large areas. Cells showed signs of swelling, cavitation and necrosis. Shrunken neurons were seen with 
nuclei pyknosis (blue arrow). Cells with distorted cell contours were common. C) Mg sulphate group showed decreased oedema in 
brain tissues compared to trauma group but more prominent oedema and gaps in extracellular areas (black arrow) compared to other 
groups. Pyramidal and granular cell density with pyknotic nuclei and degenerate morphology was decreased compared to the trauma 
group. D) In the Mg citrate group, lighter oedema, fewer pyknotic nuclei and shrunken cells (blue arrow) were observed compared to the 
trauma group. E) the Mg taurate group showed decreased oedema and extracellular cavities compared to the trauma group. Cells with 
pyknotic nuclei and impaired cell contours were less frequent than the trauma group (blue arrow) (HE: haematoxylin-eosin, all images 
were presented at X40 magnification).

Figure 9: Immunohistochemistry examination of active caspase-3 in brain sections. A) Cytoplasmic pale stained caspase-3 stained 
cells were observed in the control group in a very rare area. B) Caspase-3 positive cells were observed intensely in the frontoparietal 
cortex, hippocampus, thalamus and other subcortical regions in the trauma group. The nuclear density of Caspase-3 was increased 
compared to the other groups. Cells with apoptotic bods (black arrow) and nuclear fragmentation (red arrow) with impaired cell contours 
were present in all areas. C) In the Mg sulphate group, cells with fragmented nuclei and nuclear caspase-3 staining (red arrow) were 
more common in the parietal- frontal cortex and subcortical regions. D) In the Mg citrate group, cells with fragmented nuclei and 
nuclear caspase-3 positive staining (red arrow) were observed in all regions but the density of these cells was less than the trauma 
group. Segmented axons were observed (blue arrow). E) In the Mg taurate group, segmented axon degenerations, fragmented nuclei 
and caspase-3 positive cells (red arrow), which were less prominent than the trauma group were observed. All images are in X40 
magnification.

A B C
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In rat retinal and optic nerve injuries, the magnesium acetyl 
taurate form has been observed to prevent morphological 
nerve damage and apoptosis (26). Consistent with these 
studies, we demonstrated that the magnesium acetyl taurate 
prevents morphological damage and apoptosis in traumatic 
brain injuries. In addition, this form was found to be more 
effective with behaviour alterations and hormone preservation 
than the other magnesium compounds (magnesium sulphate 
and magnesium citrate). 

In the Mg taurate group, we recorded that the vasopressin and 
v1b receptor levels in the amygdala were significantly higher 
compared to the trauma group. Since there was a correlation 
between duration and vasopressin and v1b levels, the increase 
of vasopressin and v1b receptors in the Mg taurate group may 
have contributed to the improvements in helping behaviour.   

We observed that v1 receptor levels had not changed in all the 
magnesium treated groups, but only in the magnesium acetyl 
taurate group. The increments of receptors in the Mg taurate 
group should not be associated with the replacement of 
abolished receptors because the receptor levels of the trauma 
group had not changed. This effect of magnesium acetyl 
taurate may be associated with the taurine stimulant effect on 
v1b expression. Taurine has many protective effects in cells 
such as being an antioxidant, intracellular calcium regulator, a 
membrane stabilizer, reducing endoplasmic reticulum stress, 
and has neuroprotective effects (in diseases like Parkinson’s, 
Alzheimer’s and Huntington’s) (8,19). The murine TBI model 
demonstrated that brain oedema and many inflammatory 
cytokines [such as monocyte chemotactic protein-1 (MCP-
1), tumour necrosis factor-alpha (TNF-α), interferon-gamma 
(IFN-γ) and interleukin-1-beta (IL-1β)] expressions were 
diminished with taurine (38). Perhaps taurine may have 
increased v1b expression by similar mechanisms. The 
cooperation of magnesium and taurine may also yield these 
effects. Acetylation of the amine group in taurate decreases 
the polarity of magnesium salt and transforms it into a more 
lipophilic state (8). Becoming more lipophilic may facilitate the 
crossover to biological membranes. Higher magnesium levels 
in tissues can lead to the stimulation of gene expressions such 
as v1b by nuclear mechanisms (1,20). Actually, compared to 
other magnesium forms, magnesium acetyl taurinate has 
been reported to be more effective in preventing neurological 
complications in Mg-deficient murine models (4,5). In 
comparison to other forms, a combination of magnesium 
and taurine may have produced a more pronounced effect by 
creating a synergistic effect.

█   CONCLUSION
Following mild TBI, we found a transient empathy-like 
behaviour deterioration without significant indications of 
anxiety and depression. Our study revealed that magnesium 
acetyl taurate improved the hormone levels, morphological 
damage and apoptosis in the brain following head trauma and 
ameliorated the empathy-like behaviour. The beneficial effects 
of magnesium acetyl taurate may be a consequence of its 
penetrating the biological membrane, decreasing the number 
of apoptotic cells and regulating the functions of living cells. 

v1b receptor are limited. Genotype and gene polymorphism 
analyses revealed the relationship between the v1b receptor 
and emotional processes (empathic concern, emotional 
empathy, prosocial behaviour and mood disorders) (39,46). 
Our results support the role of the vasopressin-v1b receptor 
pathway in the emotional processes and helping behaviour. 
In an unpublished study, we observed a positive correlation 
between the duration of help (exhibited in the empathy box) 
and the v1b levels of the old rats with high anxiety. The high 
levels of v1b in young animals seems to accelerate helping 
behaviour whereas it has a slowing effect on helping behaviour 
for the elderly.

Following head trauma, empathy-like behaviour durations 
reached pre-trauma values   on day 12. There are some studies 
suggesting that the cognitive and functional disorders detected 
in the acute post-traumatic period improve in the subacute 
and chronic periods. Murine head trauma models indicated 
that deteriorations of spatial learning improved on day 28 and 
the neurological severity score ameliorated gradually until day 
7 (24,36). In another similar experimental model, first 3 days 
were defined as the acute phase of injury in the rat (14). We 
observed improvements in behaviour after day 3. 

Magnesium in plasma can enter brain tissue by passing 
through the blood-brain barrier into the extracellular 
compartment or by passing through the choroid plexus into 
the cerebrospinal fluid (13). The transition of magnesium 
from outside to the interior of the cell and Mg2+ homeostasis 
occurs by passive transport, primary and secondary active 
transport systems (2,7). The manner with which to increase 
the magnesium carrying potential of these transport systems 
is not yet clear. In our previous study, we observed that 
independent of dose, magnesium acetyl taurate entered 
brain cells more effectively than other forms of magnesium 
(magnesium citrate, magnesium malate and magnesium 
glycinate) (3). However, in our previous study, the effectiveness 
of magnesium acetyl taurate in brain tissue was not measured. 

Figure 10: The count of apoptotic cell in groups. The ratio 
of apoptotic cells to total cell number increased in all groups 
compared to the control group. This ratio decreased in the Mg 
taurate group compared to the trauma group (Mg: magnesium, 

*p<0.0001, # §p<0.01, ¥ ₺p<0.05).
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