
Alzheimer’s disease is a widespread neurodegenera�

tive pathology characterized by pronounced dementia

and loss of cognitive functions and by development of

extended degenerative impairments in the brain in its

later stages [1]. The β�amyloid peptide (Abeta) is thought

to be an essential factor in Alzheimer’s disease pathogen�

esis. Submicromolar concentrations of this peptide are

known to impair synaptic transmission in glutamate

synapses [2], whereas its micromolar concentrations

cause apoptotic�type neurodegeneration [3]. Mecha�

nisms of toxic effects of Abeta are not clear in detail.

However, some data suggest that a mitochondrial toxicity

of Abeta is caused in particular by stimulation of genera�

tion of reactive oxygen species (ROS) in mitochondria [4�

9]. It was shown that Abeta, using the protein import sys�

tem, enters the mitochondrial matrix [10] where it inter�

acts with key mitochondrial enzymes including compo�

nents controlling appearance of the nonspecific perme�

ability of the inner mitochondrial membrane [11]. The

excessive generation of mitochondrial ROS caused by

Abeta with possible burst�like time course [12] could be

crucial for the initiation by this peptide of synaptic dys�

function and memory impairment in Alzheimer’s disease.

It was suggested that at least some impairments could be

prevented by mitochondria�targeted antioxidants [13],

and the present study has confirmed this suggestion using

a model of synaptic changes associated with learning and

memory (long�term potentiation of synaptic transmission

in hippocampus).

MATERIALS AND METHODS

The experiments were performed using hippocampal

slices from young male Wistar rats (body weight 80�
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Abstract—Addition of 200 nM β�amyloid 1�42 (Abeta) to a rat hippocampal slice impairs the induction of a long�term post�

tetanic potentiation (LTP) of population spike (PS) in pyramidal neurons of the CA1 field of hippocampus. Intraperitoneal

injection into the rat of the mitochondria�targeted plastoquinone derivative SkQR1 (1 µmol/kg of weight given 24 h before

the slices were made) abolishes the deleterious effect of Abeta on LTP. These data demonstrate that SkQR1 therapy is able

to compensate the Abeta�induced impairments of long�term synaptic plasticity in the hippocampus, which are the main

cause of loss of memory and other cognitive functions associated with Alzheimer’s disease.
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110 g). Freshly prepared slices were placed into a record�

ing chamber and perfused with modified Ringer solution

of the following composition (mM): NaCl, 124; KCl, 3;

CaCl2, 2.5; MgSO4, 2.5; Na2HPO4, 1.25; NaHCO3, 26;

D�glucose, 10, constantly saturated with Carbogen (95%

O2 + 5% CO2) at 29�30°C. The electrical activity was

recorded starting from 1.5�2 h after the slices were pre�

pared. A focal response caused by stimulation of the radi�

al layer by solitary rectangular impulses (duration

0.1 msec, interval 1/15 sec) was recorded in the pyrami�

dal layer of the CA1 field, using a glass microelectrode

filled with 1.5 M NaCl (resistance, 2�5 mΩ). The impulse

power was chosen to provide the amplitude of the peak

component of the response representing the summary

spike response of the pyramidal neuron population (pop�

spike, PS) to be about a half of its maximum value. LTP

of PS was induced by high�frequency stimulation (HFS,

100 Hz, 1 sec) by the same electrodes and at the same

power of the stimulus as in control. Each slice was sub�

jected to only one HFS. Fifteen minutes before the HFS,

the flow was redirected from a second reservoir with a

solution containing Abeta. The reverse switching was per�

formed 5 min after the HFS. Changes in the reactivity of

the pyramidal neurons were assessed by changes in the PS

amplitude relative to its mean value determined by a

15�min background recording (the period before the

change of the flow).

Concentrated aqueous solutions of Abeta (Sigma�

Aldrich, USA) were stored as frozen aliquots. The stored

Abeta solution was diluted with the perfusion medium

immediately before use. SkQR1 (1 µmol/kg) was

intraperitoneally injected into rats 24 h before preparing

the slices.

Statistical analysis of mean values and mean errors

(M ± m) were done using the nonparametric Mann–

Whitney test and Student’s test.

The experimental protocols on treatment of animals

were performed according to 86/609/EEC Regulations of

the European Society Council for the use of animals in

experiments and approved by the Moscow State

University Ethics Commission.

RESULTS

In our experiments, the standard HFS (100 Hz,

1 sec) of Shaffer’s collaterals caused LTP of PS in the

CA1 hippocampal field resulting 30 min after tetanization

in an increase in the PS amplitude to 145.9 ± 7.8% (n =

6) in the control rats (figure, panel (a)). In hippocampal

slices from rats that received 1 µmol SkQR1 per kg weight

24 h before isolation, the LTP amplitude was slightly

higher than in the control, i.e. 175.4 ± 17.1% (n = 6) (fig�

ure, panels (b) and (d)).

Perfusion of slices with a solution containing 200 nM

Abeta did not cause a significant change in the basal PS

but impaired the ability of pyramidal neurons of the hip�

pocampal field CA1 to form LTP after the HFS (figure,

panels (a) and (c)). The mean value of the PS amplitude

upon 15�min perfusion of the slices with the Abeta�con�

taining solution (before the HFS) was 73.0 ± 13.4%, and

30 min after the HFS it became 57.1 ± 10.8% (n = 5).

The difference of the latter value from the control is sig�

nificant (P < 0.01; figure, panel (d)).

Abeta�treated hippocampal slices from the rats pre�

treated with SkQR1 showed response indicating that

SkQR1 abolishes the inhibitory effect of Abeta on the

LTP induction. The mean value of the PS amplitude in

the SkQR1 + Abeta samples was 74.1 ± 5.5 and 135.7 ±

16.2% before and after HFS, respectively (n = 6). The lat�

ter value was significantly higher than the corresponding

one obtained in the Abeta�treated slices from the rats that

did not obtain SkQR1 (P < 0.01) (figure, panels (c) and

(d)).

Thus, we have shown for the first time that the injec�

tion into animals of the mitochondria�targeted antioxi�

dant SkQR1 abolishes the inhibitory effect of Abeta on

LTP in the hippocampus.

DISCUSSION

It was demonstrated earlier that very low (nM) con�

centrations of mitochondria�targeted plastoquinone

derivatives SkQ1 and SkQR1 behave as highly effective

antioxidants in aqueous solutions, lipid micelles, lipo�

somes, isolated mitochondria, and cell cultures [14].

These penetrating cations can be used for treatment of a

number of ROS�associated age�related diseases in

humans and animals, including “dry eye” syndrome, car�

diac arrhythmia, myocardial and kidney infarction, and

brain stroke [15�17]. We have shown that a single

intraperitoneal injection to rats of SkQR1 (0.5�2 µmol

per kg body weight) decreases the infarction zone caused

by compression ischemia or occlusion of the middle

carotid artery [15, 17]. In the latter case, the decrease in

the damaged zone correlated with the attenuation of the

neurological deficit [17]. Earlier, positive anti�ischemic

effect of another mitochondria�targeted antioxidant

(MitoQ) was demonstrated in the model of heart

ischemia [18], but this compound was inefficient in the

case of brain ischemia [19].

Alzheimer’s disease is a common age�related disease

that seems to be mediated by mitochondrial ROS. This

disease is characterized by a progressing loss of memory

and other cognitive functions. The production of Abeta

from its protein precursor is a key event in the develop�

ment of this disease [4]. The accumulation of Abeta in

cells leads to synaptic dysfunction and memory impair�

ments [2, 20, 21]. The Abeta�triggered pathological cas�

cade in the initial phase may be a result of mitochondrial

oxidative stress that in terminal phase gives rise to expres�
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sion of the proapoptotic enzyme GSK3β [22]. It seems

reasonable to suggest that a pathological increase in the

ROS level and hence memory impairments associated

with this disease could be prevented by mitochondria�tar�

geted antioxidants [13].

The electrical response of hippocampal slices,

namely the long�term potentiation of synaptic transmis�

sion in the hippocampal pathway (the Schaffer collater�

als�CA1 field), can be used as a model of synaptic

changes associated with learning and memory [23]. Using

this model, we have shown that 15 min treatment with

200 nM Abeta impairs LTP induction in the rat hip�

pocampus. The intraperitoneal injection into animals of

the mitochondria�targeted plastoquinone derivative,

antioxidant SkQR1 (1 µmol per kg body weight) 24 h

before the slice preparation abolishes the inhibitory effect

of Abeta on the LTP in the slices. Note that concurrently

with us Ma et al. [5] studied the effect of another mito�

chondria�targeted antioxidant MitoQ [5] using it to pre�

vent the effect of Abeta on LTP. They supplemented the

antioxidant in vitro, i.e. to the hippocampal slices, where�

as in our experiments SkQR1 was injected in vivo.

Moreover, Ma et al. [5] observed that the addition of

Abeta to hippocampal slices induced hyperproduction of

mitochondrial ROS that could be prevented by addition

of MitoQ to the perfusion medium. These findings

demonstrate the efficiency of mitochondria�targeted

antioxidants as promising drugs for treatment the

Alzheimer’s disease.

Mitochondria�targeted antioxidants can apparently

correct Abeta�caused impairments in glutamatergic neu�

ronal transmission that underlie dementia and the loss of

other cognitive functions in Alzheimer’s disease. In this

case SkQR1 may be more effective than MitoQ due to its

much higher antioxidant activity [24]. Moreover, SkQR1

was shown to be capable not only directly to lower the

level of mitochondrial ROS but also to elevate the

ischemic tolerance through an increase in concentration

of erythropoietin in vivo [25]. The latter effect results in

a decrease in activity of the proapoptotic enzyme

GSK3β involved in the neuronal Abeta toxic cascade

[13, 22].

SkQR1 abolishes the inhibitory effect of β�amyloid peptide 1�42 (Abeta) on LTP in the hippocampus. The arrow indicates the HFS start and

the box shows duration of treatment of the slices with 200 nM Abeta. a) Population spike (PS) in the hippocampal slices prepared from the

control animals and perfused with solution without Abeta (n = 6); b) PS in the hippocampal slices prepared from the animals pretreated with

SkQR1 (1 µmol/kg) and perfused with Abeta�free solution (n = 6); c) PS in hippocampal slices treated with 200 nM Abeta, obtained from

the control animals not treated with SkQR1 (n = 5) (circles) or from the animals in vivo pretreated with SkQR1 (1 µmol/kg) (n = 6) (rhombs);

d) mean amplitudes of population spike recorded 30 min after HFS. * P < 0.01 as compared to Abeta; ** P < 0.01 as compared to control
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