
In the late 1960s and early 1970s our group and the

group of E. A. Liberman published results of our joint

study indicating that lipophilic ions with delocalized

charge screened by spacial substituent can easily penetrate

into mitochondria and submitochondrial particles driven

by electric field on the inner mitochondrial membrane [1�

4]. Later this observation was realized in practice in the

development of new mitochondria�targeted antioxidants

of the SkQ family. To create such targeted antioxidants,

plastoquinone residue was linked to penetrating lipophilic

cations. Plastoquinone is a powerful antioxidant and a

component of the photosynthetic electron transport chain

in plant chloroplasts and cyanobacteria, i.e. in oxygen�

generating structures existing under conditions of a per�

sistent oxidative stress. Historically, the compound SkQ1

was synthesized first, and later it was supplemented with

various analogs carrying different components as the pen�

etrating cation. The antioxidative efficiency of these com�

pounds occurred to be much higher than the efficiency of

the analog based on the initial quinone CoQ10 having ani�

mal origin [5, 6]. Considering the important role of reac�

tive oxygen species (ROS) in pathogenesis of various dis�

eases, it seems promising to use the extremely low,

nanomolar concentrations of mitochondria�targeted

antioxidants for treatment of many age�related diseases,

such as Alzheimer’s disease, cardiac arrhythmias, myocar�

dial and renal infarction, and brain stroke [5, 7�9].

Skull–brain trauma is another cerebral pathology that

has severe medical, social, and economic consequences.

Initial stages of the development of skull–brain trauma are

associated with a deterioration of brain blood flow and

metabolism, decrease in oxygen consumption, and exhaus�

tion of energy�rich phosphates. The deficit in the cell ener�

getics leads, in turn, to an increase in the intracellular con�

tents of Na+ and Ca2+, an excessive production and accu�

mulation of glutamate, and triggering the cell death mech�

anism. It was supposed that pathological consequences

could be mainly caused by the formation of nonspecific

permeability of the inner mitochondrial membrane

(MMP) due to decrease in oxidative phosphorylation of the

nervous tissue [10, 11]. The increase in the MMP induced

by ROS in mitochondria in turn triggers MMP [12]. Thus,

a vicious circle is produced resulting in the massive death of

brain cells.

There is still no sufficiently effective treatment of

the consequences of skull–brain trauma. Therefore, it is
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Abstract—A protective effect of a mitochondria�targeted antioxidant, a cationic rhodamine derivative linked to a plasto�

quinone molecule (10�(6′�plastoquinonyl)decylrhodamine�19, SkQR1) was studied in the model of open focal trauma of

rat brain sensorimotor cortex. It was found that daily intraperitoneal injections of SkQR1 (100 nmol/kg) for 4 days after the

trauma improved performance in a test characterizing neurological deficit and decreased the volume of the damaged corti�

cal area. Our results suggest that SkQR1 exhibits profound neuroprotective effect, which may be explained by its antioxida�

tive activity.
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vital to create new agents with neuroprotective properties

for correcting pathological processes caused by brain

trauma.

Using the model of an open focal trauma of the rat

brain sensorimotor cortex, in the present study we

explored the neuroprotective effect of the mitochondria�

targeted cationic antioxidant 10�(6′�plastoquinonyl)dec�

ylrhodamine�19 (SkQR1), which is a conjugate of a rhod�

amine derivative linked to a plastoquinone molecule.

MATERIALS AND METHODS

In the present work, we employed our modification

of the earlier used model of focal open severe brain trau�

ma in rats [13]. The study was performed on male Wistar

rats with body weight of 180�250 g. Before the surgery, the

animals were anesthetized by an intraperitoneal injection

of 3% chloral hydrate (330 mg/kg). To create the trauma,

the left frontal part of the skull was trepanized above the

sensorimotor cortex zone, and a movable Teflon piston

4 mm in diameter with depth of insertion of 2.5 mm was

placed into it; this piston was struck from the height of

10 cm with a 50�g load sliding along a directing rail.

Localization of the sensorimotor cortex zone was deter�

mined based on data described in [14].

SkQR1 (100 nmol/kg) was injected intraperitoneally

1 h after the trauma and then daily in the same dose dur�

ing the following four days.

A magnetic resonance imaging (MRI) study was

performed as described in [15] using a BioSpec 70/30

(Bruker, Germany) with magnetic field induction of 7 T

and gradient of 105 mT/m. The damaged focal volume

was determined morphometrically on the 7th day after

the trauma. For this, the brain of the animal was fixed by

submerging it in a mixture of formalin– ethanol–acetic

acid in the ratio 2 : 7 : 1 for 24 h; then the brain was

placed in 70% ethanol for 24 h; then serial sections were

prepared using a NVSLM1 vibratome (World Precision

Instruments) with a step of 100 µm. Every second section

was sequentially mounted onto glasses covered with gela�

tin and stained with 0.2% Methylene Blue. Then the sec�

tions were treated routinely (dehydrated with increasing

ethanol concentration, cleared with xylene, and mount�

ed in balsam) and scanned on a slide�device of an Epson

Perfection V100 PHOTO scanner. As a result, files were

obtained with a picture of light�blue section of the brain

with a clearly shown damage area. The volume of the

lesion was determined as a cylinder with V = ΣSn × d,

where d is thickness of the section pair (200 µm); Sn is the

area of the lesion in the section in mm2; Σ is the sum of

volumes of ischemic damage in the sections using an

Image J program (Bethesda MD, USA).

Behavioral “limb�placing test” was performed 24 h

before the operation and then on the third and seventh

days after the trauma. Neurologic deficit caused by the

skull–brain trauma was estimated using a 12�score scale

[16] in modification [17]. The resulting score on this scale

is determined as the sum of points obtained in six tests

assessing the response of the forelimbs and hindlimbs to

tactile and proprioceptive stimulation in the presence of

obvious reflexes. Malfunctioning of the limb was estimat�

ed using the following system: 2 points corresponds to

complete performance of the test; 1 point corresponds to

performing the test with a delay of 2 sec or incompletely;

0 point corresponded to the lack of response to the stim�

ulation of the limb.

The results are expressed as the mean ± standard

error of mean. The results of behavioral tests were com�

pared using the Mann–Whitney test for independent

samples. The statistical significance of differences in the

damaged volumes was assessed using Student’s t�test at

the significance level of p < 0.05.

The animals were treated and subjected to experi�

mental procedures in accordance with requirements of

the Counsel of the European Community 86/609/EEC

on use of animals for experimental studies.

RESULTS

Magnetic resonance images obtained on the first day

after the skull–brain trauma allowed us to clearly identify

the lesion area in the sensorimotor cortex of the left

hemisphere (figure, panel (a)). The localization of the

damaged area was in complete correlation with data on

behavioral performance based on the sensitivity and

motor activity of the limbs.

The results of the limb�placing test revealed the

development after the trauma of a functional deficit in the

right limbs, whereas it was absent in the left limbs. In the

intact rats before the trauma, the test gave 12 points for

both the right and left limbs (figure, panel (b)), and after

the skull–brain trauma in the rats not treated with SkQR1

this score for the right limbs was 4.5 ± 0.9 points on the

third day (n = 14) and 4.3 ± 0.8 points on the seventh day

(n = 14) (figure, panels (c) and (d)).

The intraperitoneal injections of SkQR1 significant�

ly decreased the neurological deficit. In this case the right

limbs of the rats showed on the third day 6.6 ± 0.8 (n =

14) and 7.4 ± 0.8 points (n = 14) on the seventh day after

the trauma (figure, panels (c) and (d)). The morphomet�

ric analysis after completing the behavioral test revealed

that on the seventh day after the trauma the injection of

SkQR1 decreased the damaged volume nearly twofold (to

15 ± 4 mm3 (n = 14)), whereas without treatment with

SkQR1 the damaged area was 28 ± 4 mm3 (n = 13) (fig�

ure, panel (e)).

Thus, in our work the injection of SkQR1 to animals

after skull–brain trauma was shown for the first time to

significantly decrease the neurological posttraumatic

deficit and the volume of lesion.
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DISCUSSION

It has been earlier shown that extremely low, nanomo�

lar concentrations of mitochondria�targeted antioxidants,

plastoquinone derivatives SkQ1 and SkQR1, could be used

on animal models of various pathologies including

Alzheimer’s disease, cardiac arrhythmia, and myocardial

and renal infarction [5, 7�9], the pathogenesis of which is

significantly determined by increased production of ROS

in mitochondria. On various models of ischemic brain

stroke, we have demonstrated that mitochondria�targeted

antioxidants are efficient in preventing the consequences of

brain ischemia such as destruction of nervous tissue and

neurological deficit [7, 8]. Skull–brain trauma is another

serious medical problem. In the present work, this pathol�

ogy was studied on our modified model of open focal brain

trauma [13]. This model allowed to obtain a standard in the

size and localization of cortical damage accompanied by a

Effect of SkQR1 on the neurological deficit and volume of brain damage caused by focal trauma of the sensorimotor cortex. a) Localization

of the damage area in the rat brain 24 h after the trauma. MR�imaging. The damaged area is indicated by the arrow in serial section. b)

Neurological deficit in the “limb�placing test” in intact rats before the trauma was evaluated as 12 points for both right and left limbs. SkQR1

decreased the neurological deficit on the third (c) and on the seventh (d) day after the trauma. SkQR1 also decreased the volume of the dam�

aged area on the seventh day after the trauma (e). * p < 0.05 comparing the group of animals treated with SkQR1 after the trauma (white

columns) with the group not treated with SkQR1 (black columns).
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pronounced neurological deficit corresponding to clinical

manifestations of the brain trauma. This model improves

perspectives in the search and experimental base for phar�

macological correction of this cerebral pathology.

The mechanisms of development of brain trauma and

brain ischemia are similar in common, and the propagation

of these pathologies significantly depends on mitochondria

and the MMP [11, 18], which leads to an increased pro�

duction of ROS by mitochondria [10, 12]. These active

molecules directly damage lipids, proteins, and nucleic

acids in the cell. ROS also activate different molecular sig�

naling pathways associated with cell death [19]. The

increased production of ROS by mitochondria under con�

ditions of both ischemia and trauma is the most important

pathogenetic detail in the mechanism of the neurodestruc�

tion. Therefore, it was reasonable to suggest that the trau�

ma�induced development of neurological distortion could

be decreased using mitochondria�targeted antioxidants

[20]. In the present work, for the first time we were able to

demonstrate that the injection of SkQR1 in nanomolar

concentrations during four days after skull–brain trauma

reliably decreases the neurological deficit, whereas in the

absence of SkQR1 this deficit did not decrease during the

same period. The morphometric analysis of the damaged

area revealed that in the SkQR1�treated rats the volume of

the lesion in the brain cortex was significantly lower than in

the untreated animals. As it has been shown earlier, the

mechanism of the protective effect can be mediated

through the ability of SkQR1 to decrease the level of mito�

chondrial ROS and also to induce in vivo ischemic toler�

ance due to initiating an increased production of erythro�

poietin that, in turn, decreases the activity of glycogen syn�

thase kinase (GSK�3β) [21], which is involved in the apop�

totic cascade in neurons under conditions of ischemia,

trauma, and in Alzheimer’s disease. There have been

attempts to treat ischemia and trauma using common, non�

targeted antioxidants, but their efficiency was rather limit�

ed, especially in clinical studies [22]. Therefore, our find�

ings on the possibility of curing trauma using mitochondria�

targeted antioxidants are very promising for further studies

of the pharmacological potential of the agents.
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