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The effects of cognitive�stimulating substance BD�2 of the �carboline family and a hybrid
compound based on fullerene С60 and attached BD�2 on various aspects of the behavior of
animals were studied. The synthesized hybrid fullerene compound (HFC) has no side psycho�
stimulating effect characteristic of BD�2 but fully retains the properties of a cognitive�stimulat�
ing agent. The design of hybrid compounds based on fullerene С60 and pharmacologically
active groups can be one of the ways for optimizing therapeutically promising compounds.
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Fullerenes are known to possess unique spatial and
electronic structures causing their expressed donor—ac�
ceptor and photophysical properties. When addends add�
ed to the fullerene spheroid are varied, derivatives of
fullerene С60 gain amphiphilic and stereospecific mem�
branotropic properties and also exhibit antioxidant and
antiviral activity.1—3 Due to this properties, fullerene С60,
on the one hand, is considered in chemical pharmacology
as a carrier of functional groups with biological activity
and, on the other hand, fullerene itself possesses neuro�
protective activity.4 N�(Monohydrofullerenyl)substituted
amino acids or peptides,5 products of equimolar addition
of amino acids or peptides to fullerene, compose a special
class of organic compounds that can be considered as po�
tential metabolites of a certain subclass of physiologically
active substances.

Amino acid fullerene С60 derivatives (AFDs) were syn�
thesized as described earlier5 (Scheme 1).

Fullerenylproline and its derivatives should be empha�
sized among AFDs. It is of interest to study the influence
of the fullerene spheroid on the key role of proline deriva�

tives in the determination of the direction of the poly�
peptide chain.6,7 This property of fulleroprolines is related
to their biological activity mediate by the inhibition of
cysteine and serine proteases.8 Therefore, design of hybrid
fullerene�based nanostructures for therapy of neurodegen�
erative diseases seems promising. These nanostructures
are the products of addition to the fullerene spheroid of
two addends, one of which is amino acid providing the
solubility of the nanostructures in water, and another is
a substance with neuroprotective and/or cognitive�stimu�
lating activity and promising as a therapeutic drug.

Experimental

All products of the synthesis, except the proline derivative,
are amorphous powders with a moderate solubility in water
(С = 0.05—0.15 g dL–1) with the formation of associates, whose
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shape and number depend on the hydrophilic—lipophilic bal�
ance of the amino acid fullerene derivative, pH, and ionic
strength of the solution.5,9 The content of amino acid in the
products was studied by HPLC.9

The IR spectra of the synthesized AFDs (KBr pellets) con�
tain intense absorption bands in the ranges 1590—1620 and
1350—1420 cm–1 assigned to asymmetric and symmetric stretch�
ing vibrations of the carboxyl group (СОО–, аs(СОО–), and
s(СОО–)).10 This proves that an ADF molecule includes
a zwiterionic form with the ionized carboxy group. In addition,
the IR spectra of thus obtained ADFs are characterized by broad
absorption bands with a maximum about 3200 cm–1. They possi�
bly belong to stretching vibrations of the N—H bonds of the
ammonium group in the zwitterions or of the amino group in the
non�ionized amino acid.

A characteristic feature of the IR spectra of ADFs is the
presence of three absorption bands: near 1108 (strong intensity),
and at 960 and 840 cm–1 (medium intensity). These bands are
present in the spectra of all ADFs, and their frequencies and
intensities depend slightly on the addend structure in the ADF,
which makes it possible to assign them to vibrations of bonds of
the addend atoms with the fullerene spheroid (С60—N and C60—H).
The position of the stretching vibration band of the C60—H bond
(hydrofullerenyl) is not quite unambiguous, because after the
addition of the hydrogen atom to the spheroid the hybridization
of the corresponding carbon atom of fullerene changes from sp2

to sp3. Probably, the observed shift of the stretching vibration
band (C60—H) to a sufficiently broad range of 2900—2920 cm–1

can be due to the change in hybridization.
The analytical data on the structure of the AFDs suggest that

they are products of monoaddition of amino acids to fullerene,
viz., N�(monohydrofullerenyl)amino acids, and the quantum
chemical calculations confirm this assumption.11 It is known
that hydrogen in the С60Н moiety of the fullerene derivatives
has proton mobility12 caused by the electronegativity of the
fullerene spheroid. This results in a high polarization of the
С—Н bond and predominant directivity of SE2 electrophilic sub�
stitution at this bond, which is confirmed by the quantum chem�
ical calculations.13

Substitution of hydrofullerenyl hydrogen significantly extends
the possibility of directed synthesis of hybrid AFDs covalently
bound to proteins, peptides, chromophores, and others. In this
work, the hydrogen atom is replaced by a biologically active
substance with neuroprotective activity: 5�benzyl�8�chloro�2�
methyl�2,3,4,5�tetrahydro�1Н�pyrido[4,3�b]indole hydrochlo�
ride (BD�2).

Determination of the intensity of peroxide oxidation of lipid
membranes. The intensity of peroxide oxidation of lipids (POL)
in the homogenate of the rat cerebral cortex was estimated from
the content of malonic dialdehyde (MDA) in 1 g of the tissue.14

For the estimation of the effect of BD�2 and hybrid compounds
based on fullerene С60 (HFC) on POL of the homogenate of
the rat cerebral cortex, HFC (0.25 mL, 10–4 mol L–1) in the
K,Na�phosphate buffer was added to the homogenate (2.25 mL)
in the same buffer (pH 7.4) to the final concentration of the
compound in the sample equal to 10–5 mol L–1, and the sample
was incubated for 30 min at 37 С. To the obtained sample, 17%
trichloroacetic acid (1 mL) was added, and the solution was
centrifuged for 10 min at 3000 g. The samples (2 mL of superna�
tant) were added with 1 mL of 0.8% thiobarbituric acid, and
sample was incubated in a water bath for 30 min at 100 С and

cooled to room temperature, and the absorbance was detected at
the wavelength 532 nm.

The concentration of MDA was calculated by the formula
K = (A1 – A2)/, where К is the MDA concentration, A1 and A2
are the absorbances of the tested sample and buffer solution,
respectively, and  is the molar absorption coefficient equal to
1.56•105 L mol–1 cm–1. The obtained value was divided by the
weight of the tissue (rat cerebral cortex) from which the homo�
genate was prepared.

Determination of the activity of monoaminoxidases А and В
(MAO�A and MAO�B). The enzymatic activity of MAO�A and
MAO�B in a suspension of mitochondria of the rat cerebral cor�
tex was determined using a known procedure15 based on the
spectrophotometric determination of the amount of ammonia
evolved due to the enzymatic deamination of biogenic amines,
serotonin and benzylamine, by membrane�bound enzymes
MAO�A and MAO�B. The substrate in the final concentration
10–3 mol L–1 and 0.2 mL of the studied compounds in a con�
centration of 5•10–5 mol L–1 (final concentration in the sample
10–5 mol L–1) were added to a sample of a suspension of mito�
chondria containing 5 mg of the protein, and the volume was
brought to 1 mL with a 0.1 М К,Na�phosphate buffer (рН 7.4).
The sample were incubated at 37 С for 1 h, after which the
substrate reaction was stopped by the addition of 0.1 mL of 50%
trichloroacetic acid, and the sample was centrifuged at 4500 g
for 20 min. The supernatant was placed in tubes, and a saturated
solution of К2СО3 (2 mL to each tube) was added to the samples
to acidify the medium. The tubes were closed with ground stop�
pers with glass sticks inside (one droplet of 0.5 М sulfuric acid
was at the end of the stick), and the tubes were kept at room
temperature. In 12 h, the sticks with droplets containing ammo�
nium sulfate (evolved due to the neutralization reaction) were
placed in 4.5 mL of distilled water. Nessler´s reagent (0.5 mL)
was added to the tubes, and the absorbance of the solutions was
detected on a Speсord М40 spectrophotometer (Germany) at
 = 430 nm during 30 min. The concentration of evolved ammo�
nia was determined from the calibration plot. The obtained val�
ue corresponded to the activity of the enzyme. To determine the
specific activity, this value was divided by the amount of protein
in the sample. The amount of protein was determined using the
Lowry method.16

Effect of HFC and BD�2 on АМРА receptors. The effect of
HFC and BD�2 on АМРА receptors (АМРА is �amino�3�hydr�
oxy�5�methyl�4�isoxazolepropionic acid, a subtype of glutamate
receptors of the central nervous system of mammals) was stud�
ied by the patch�clamp electrophysiological method.17 Single
isolated Purkinje neurons were isolated from cerebellum of
Wistar rats 12—16 days aged using the Kaneda method.18 The
section cuts of the cerebellum 400—600 m thick were placed in
a 10�mL temperature�controlled chamber in a solution (pH 7.42)
of the following composition: 150 mM NaCl, 5 mM KCl, 2 mM
CaCl2, 2 mM MgSО4•7 H2O, 10 mM HEPES buffer, and 15 mM
glucose and were incubated at 34 С. After 60 min, the buffer
was replaced by a similar solution but containing pronase
(2 mg mL–1) and collagenase (1 mg mL–1) and incubated for
70 min at 34 С. After washing with the starting buffer for 20 min,
the section cuts were placed in a Petri dish and separated by the
mechanical method using a Pasteur pipet. In the course of neu�
ron isolation, the solutions were continuously purged with 100%
О2 at 34 C. The studied neurons were placed in the 0.6�mL
working chamber in buffer A (pH 7.36) of the following compo�
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sition: 150 mM NaCl, 5 mM KCl, 2.6 mM CaCl2, 2 mM
MgSО4•7H2O, 10 mM HEPES buffer, and 15 mM glucose.

Transmembrane currents are caused by the activation of the
АМРА receptors using application of solutions of the agonist of
these receptors (kainic acid) by the method of fast superfusion of
solutions: the buffer (30 L) with the agonist (the concentration
of the agonist was varied in the range 10–4—10–3 mol L–1) was
introduced at an interval of 2 min with a constant rate to the
buffer washing neurons. The currents were detected using boro�
silicate microelectrodes (resistance 2.5—5.5 MOhm) filled with
a buffer (pH 7.2) of the following composition: 140 mM CsСl,
11 mM ethylene glycol�bis(2�aminoethyl ether)�N,N,N,N�tetra�
acetic acid, 1 mM CaCl2, 1 mM MgCl2, 10 mM HEPES buffer,
and 5 mM adenosine triphosphate.

To study the effect of HFC on the АМРА receptors, buffer A
washing neurons was replaced by the same buffer but containing
the studied compounds in concentrations of 10–9, 10–8, 10–7,
and 10–6 mol L–1.

An EPC�9 instrument (HEKA, Germany) was used for de�
tection. The currents were detected on a computer using the
Pulse license program (HEKA). The results were processed us�
ing the Pulsefit program (HEKA).

Study of the behavior effects of BD�2 and HFC on laboratory
animals with a TruScan system. The purpose of this study is
a comparative investigation of the effect of BD�2 and HFC on
the motor activity of mice performed in the open field test.

The research model chosen for the solution of the stated prob�
lem is highly informative and is excellently suitable for the primary
evaluation of psychotropic activity of new chemical compounds.
The open field test was modified19 under the conditions of automated
monitoring of motor activity and orientational behavior of ani�
mals in the TruScan photosensor system (Coulbourn, USA).

The TruScan system is a square chamber with a base of
30×30 cm made of transparent organic glass with a wall height of
35 cm. The gray�colored floor was conventionally divided into
64 squares and had 16 holes with a diameter of 20 mm. This
computerized positioning system allows one to monitor the mo�
tion of an animal in three axes. This makes it possible to reveal
62 parameters of the locomotor activity of an animal and to
determine activity of a chemical compound immediately for sev�
eral aspects of the behavior of mice, of which four main aspects
were distinguished: motor activity, anxiety, orientational be�
havior, and awareness reaction.

Prior to the experiment (1 h before), the mice were trans�
ferred to the experimental room. The studied substance was ad�
ministered 1 h before testing. Then, the animals were placed in
the far left corner of the TruScan system, where the parameters
of vertical and horizontal activity were detected within 3 min.
The irradiation intensity of the experimental chamber was 130 lx
at the floor level. The parameters of the locomotor function of
the mice were estimated according to the following 14 para�
meters: overall number of motions, motor activity (s), stationary
moment (s), motion distance (cm), velocity of motion (cm s–1),
distance in perimeter (cm), time in perimeter (s), distance in
center (cm), time in center (s), number of visits to center, num�
ber of vertical stands, time of stands (s), number of studied holes,
and time of burrowing reflex (s). Such a wide set of parameters
makes it possible to completely evaluate the parameters of motor
activity of mice that were stated in this work.

The psychotropic activity of the studied substance is present�
ed in the diagrams as a percentage of deviation (D) from the

parameters of the control group, which was calculated by the
formula D = (M1 – M2)/M1•100%, where М is the parameter
averaged over the group (M1 is experiment, and M2 is control).

The studied substances were administered in the dose range
from 0.001 to 0.1 mg kg–1 intragastrically based on 0.1 mL of the
solution per 10 g of the body weight.

The random data processing was performed using the Statis�
tica 6.0 standard program, and the reliability level was deter�
mined by the Student t�criterion.

Investigation of the effect of BD�2 and С60—Pro—BD�2 on
the memory of animals in the test "recognition of new localization
of known object." The test of recognition of an object is based on
the fact that both rats and mice spontaneously investigate a new
object or a new localization of an object. This test was first applied
to rats.20 Further, independent researchers showed that this test
is also appropriate for testing recognition memory of mice.21

The experimental system was an observation chamber of
white non�transparent organic glass 48×38×30 cm in size. Brown�
colored glass bottles with a diameter of 2.7 cm and a height of
5.5 cm served as objects of the study. Two—three minutes before
the animal was placed in the chamber, the chamber and investi�
gation objects were weared through with 85% ethanol. Animals
were always placed at the center of the chamber.

Familiarization with the behavior chamber. On the first day,
the mice were transferred to the research room and acclimatized
for 20—30 min. Then, each animal was placed for 10 min in an
empty, pre�treated with ethanol behavior chamber for familiar�
ization. Then, the animal was caged and brought to vivarium.

Training. On the next day, the same mice were brought to
the research room and acclimatized for 20—30 min, and then
a solution of the studied substance was injected intragastrically.
One hour after administration, the animal was placed in the
behavior chamber, on the bottom of which two same objects
(glass bottles) for recognition were placed along the diagonal at
a distance of 14.5 cm from the corners. The duration of training
for each animal was 15 min. In 15 min, the animal was caged and
returned to vivarium.

Testing was carried out in 48 h after training. For this pur�
pose, the animal after acclimatization was placed in the cham�
ber for 1 min for repeated familiarization. The animal was re�
moved in 1 min, and one object was put on the floor of the
chamber in the localization known for the animal and another
object was put in a new localization. The awareness time of each
object (separately for 10 min) was detected using two electronic
stopwatches (with the accuracy to 0.1 s). The behavior of the
animals was observed using a mirror. The positive reaction of
testing was considered to be the purposeful approach of the ani�
mal nose to the object at a distance of 2 cm or a direct touch of
the object with the nose.

Experimental animals were male mice of the С57Вl/6 line.
Prior to experiments, the animals were placed in a fortnight
quarantine. The mice were kept under standard vivarium condi�
tions with the free access to food and water and 12�h light cycle
(8.00—20.00). At the moment of experiment, the weight of the
mouse body was 22—24 g. Each experimental group, including
the group of control animals, contained 10 animals.

Random processing of results. Since significant oscillations of
the research time is observed between animals, we calculated
the percentage of the research time for each mouse by the for�
mula t1/(t1 + t2)•100%, where t1 is the research time of the
object in the new localization, and t2 is the research time of the



Kotel´nikova et al.2378 Russ.Chem.Bull., Int.Ed., Vol. 63, No. 10, October, 2014

object in the known localization. The overall time spent to the
study of two objects was accepted to be 100%. The further pro�
cessing of the results were performed by the Student method
using the t�test.

Results and Discussion

Antihistaminic drug dimebon is of considerable inter�
est for researchers in the recent time in the area of neurop�
harmacology. Dimebon manifested a strong therapeutical
effect at the second stage of clinical trials for people suf�
fering from Alzheimer disease.22 In spite of the fact that at
the third phase of trials the clinical effect of dimebon was
aligned by an unusually high therapeutical placebo ef�
fect,23 the question about the possibility of the therapeuti�
cal application of this drug again became urgent after the
discovery in 2012 of the ability of the drug to stimulate
autophagy and neurogenesis.24—26 Several highly active
dimebon analogs of good pharmacological challenges have
recently been obtained. In particular, the benzyl analogs,
among which is BD�2, exhibit the neurotropic properties
and were proposed as a basis for the design of promising
neuroprotective agents.27

BD�2

The design of hybrid drugs based on similar compounds
using various nanostructures is of significant interest for
the optimization of pharmacological properties of these
compounds.

In terms of this work, we studied some aspects of mo�
lecular mechanisms of neuroprotective, in particular, cog�
nitive stimulating action of the hybrid fullerene nanostruc�
ture obtained by the addition of two addends to the
fullerene spheroid. One of the addends was model amino
acid proline (Pro) to impart solubility to the derivative,
and compound BD�2 served as the second addend.

HFC

We have previously shown28 that the hybrid structures
based on fullerene С60 with the attached NO2 groups or

antioxidant moieties manifest the cognitive stimulating
effect both in vitro and in vivo. The efficiency of the
fullerene derivatives was considerably higher than that of
the attached biologically active groups; however, the HFC
almost were not toxic. In this work, neuroprotector BD�2
synthesized using a known procedure29,30 was chosen as
a biologically active compound (modulator of cognitive
stimulating activity).

It is known that the important mechanisms of accom�
plishment of neuroprotective properties of the compounds
are their ability to manifest the antioxidant activity and
affect the catalytic properties of one of the key enzymes of
monoaminoergic neurotransmission, monoaminooxi�
dase.3,31 Therefore, in this work, we also comparatively
evaluated the influence of BD�2 and HFC on the peroxide
oxidation of lipids and catalytic activity of MAO�A and
MAO�B.

Antioxidant activity of HFC and BD�2 was estimated
from a change in the MDA content in the homogenate of
the rat brain (Fig. 1). It is seen that HFC С60—Pro—BD�2
decreases the MDA concentration. Both compounds BD�2
and С60—Pro have antioxidant activity; however, the HFC
is more efficient inhibitor of POL.

Effect of the HFC and BD�2 on the catalytic activity of
MAO�A and MAO�B. The results of studying the influ�
ence of the studied compounds on the catalytic activity of
MAO�A and MAO�B are presented in Fig. 2. It was found
that the addition of the HFC increases the catalytic activ�
ity of MAO�A, whereas compound BD�2, unlike the HFC,
inhibits the enzyme. Since in the central nervous systems
the main physiological function of MAO�A is the deamin�
ation of such neuromediator amines as noradrenaline and
serotonin, the change in the activity of MAO�A in the
presence of these drugs indicates an opposite effect of them
on the processes of nervous excitation transfer.32

Fig. 1. Content of dimalonic aldehyde in the rat brain homoge�
nate under the action of the studied compounds in a concentra�
tion of 2•10–5 mol L–1: 1, control; 2, BD�2; 3, С60—Pro; and
4, С60—Pro—BD�2. Signs * and ** mark the results at p < 0.05
and p < 0.01 relative to the control, respectively.
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As known, MAO�B is the key enzyme of dopamine
receptors, and its inhibition makes it possible to prolong
effects of synaptic dopamine, which substantiates the use
of inhibition of MAO�B in therapy of neurodegenerative
diseases.33 As can be seen from Fig. 2, the hybrid structure
С60—Pro—BD�2 inhibits MAO�B. It can be assumed that
this effect is achieved predominantly due to pharma�
cophore BD�2, because the inhibition effect of the HFC
coincides with the effect of compound BD�2 on MAO�B.
In this case, the hybrid structure activates MAO�A and
exerts no psychostimulating effect on animals, unlike
BD�2 inhibiting MAO�A.

Effect of HFC and BD�2 on АМРА receptors. The ex�
periments were carried out on single Purkinje neurons iso�
lated from the rat cerebellum (n = 5). The application of
kainic acid induced the generation of incoming trans�
membrane currents caused by the activation of the
АМРА receptors. The addition of compound BD�2 or the
С60—Pro—BD�2 hybrid structure to the neuron�washing
solution induced the concentration�dependent change in
the amplitude of currents compared to the control, where�
as the addition of С60—Pro exerted no effect on the ampli�
tude. Experiments with each concentration was repeated
three times. The experimental results are shown in Fig. 3.
The study showed that the action of the HFC on the am�
plitude of currents of the АМРА receptors does not almost
differ from the effect of BD�2 itself.

Effect of the HFC and BD�2 on the motor activity. The
injection of substance BD�2 results in a reliable elonga�
tion of the way passed by the mice within 3 min of testing,
in other words, exerts a stimulating effect on the animals.
The injection of the HFC exerts no similar stimulating
effect, unlike BD�2 (Fig. 4).

Anxiety level of mice. The experimental open field mod�
el makes it possible to evaluate the degree of anxiety of

animals by the time spent by them at the conventional
center of the behavior chamber. Compound BD�2 in dos�
es of 0.1 and 0.05 mg kg–1 reliably elongates the time of
residence at the center by 68 and 93%, respectively. This
behavior of the mice can indicate a decrease in the anxiety
level.34 No reliable deviations of this parameter were ob�

Fig. 2. Catalytic activity (А/(mmole of NH3) (mg of protein)–1)
of MAO�A (dark columns) and MAO�B (light columns) in mito�
chondria of the rat brain under the action of the studied com�
pounds in a concentration of 2•10–5 mol L–1: 1, control; 2, BD�2;
3, С60—Pro; and 4, С60—Pro—BD�2. Signs * and ** mark the
results at p < 0.05 and p < 0.01 relative to the control, respectively.

Fig. 3. Effect of BD�2 (а), С60—Pro—BD�2 (b), and С60—Pro (c)
on the amplitude of the kainate�induced currents (I (%)) of the
АМРА receptors of the Purkinje cells of the rat cerebellum in
various concentrations: 1, control; 2, 10–9; 3, 10–8; 4, 10–7;
and 5, 10–6 mol L–1.
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served upon the injection of the studied HFC in doses
similar to those of BD�2 (Fig. 5).

Awareness and orientational behavior. The orientation�
al behavior as a parameter of emotional state was estimat�
ed by the number of vertical stands of mice. The adminis�
tration of BD�2 in doses of 0.1 and 0.05 mg kg–1 increases
the number of vertical stands. Unlike the orientational
behavior, the awareness reaction, which appears as the
number of studied holes in the floor of the research cham�
ber, remains unchanged under the action of compound
BD�2. After HFC administration, no changes occurred in
the awareness reaction and orientational behavior of the
mice (Fig. 6).

Effect of the HFC and BD�2 on the memory of animals.
In the behavior experiments, we studied the effect of com�
pounds BD�2, С60—Pro, and HFC С60—Pro—BD�2
in doses of 0.001, 0.05, and 0.1 mg kg–1. It was shown
that for testing in 48 h after training the control group
mice studied the object for 48.1±7.9% time in the known
localization and for 51.9±7.9% time in the new localiza�
tion (р = 0.17); i.e., they do not remember where the
objects were localized during training. Unlike the control,
the animals administered by compounds BD�2 and HFC

in doses of 0.01 and 0.001 mg kg–1 spent reliably more
time to the investigation of the object in the new localiza�
tion. This indicates that the both substances almost equiv�
alently improve the memory of animals, and a dose of
0.001 mg kg–1 showed a higher reliability of distinctions
from the control than a dose of 0.01 mg kg–1. The admin�
istration of С60—Pro to the animals exerted no effect of
the memory of the animals (Fig. 7).

The obtained results allow us to draw some prelimi�
nary conclusions. The addition of С60—Pro to BD�2 does
not affect, most likely, its interaction with the АМРА
receptors, since the potentiating effect of BD�2 and HFC
С60—Pro—BD�2 on the kainate�activated currents is al�
most the same and С60—Pro does not affect the current
amplitude in the whole studied concentration range. It
can be assumed that the effect of the HFC on the memory
of animals in the behavioral experiments remains un�
changed compared to that of BD�2 due to the unchanged
character of the current amplitude. These results are well
consistent with the established fact that the potentiation
of the АМРА receptors improves the memory.32 At the
same time, some other aspects of behavior change under
the action of the HFC on which compound BD�2 exerted
an effect. For example, the psychostimulating effect, which

Fig. 4. Effect of BD�2 (а) and С60—Pro—BD�2 (b) on the motor
activity of mice (expressed by the distance passed by the animals
(deviation from control, D ).
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Fig. 5. Effect of BD�2 (а) and С60—Pro—BD�2 (b) on the aware�
ness level of mice (deviation from control, D ).
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was manifested as an increase in the motor activity and
was not induced by С60—Pro—BD�2, disappeared (see
Fig. 4). The influence of BD�2 on the emotion state of
animals was the enhancement of the orientational behav�
ior (determined by the number of stands executed by the
animals), but this effect was absent for the HFC. The
awareness behavior remained unchanged under the action
of both BD�2 itself and HFC (see Fig. 6).

A series of other parameters also changed. The admin�
istration of BD�2 resulted in an elongation of the time
spent by the mice at the center of the chamber, indicating
a decrease in the anxiety level of the animals. Compound
С60—Pro—BD�2 already has no these properties, although
a tendency to decreasing anxiety retained for the HFC at
the highest of the studied doses (0.1 mg kg–1); however,
this effect already has no reliability level (see Fig. 5).

The obtained results demonstrated that some new prop�
erties that were not characteristic of BD�2 appeared upon
the action on the behavior of the animals of the hybrid
structure based on fullerene and cognitive stimulating sub�
stance BD�2. First, the psychostimulating effect inherent
in BD�2 and appeared as the enhancement of both the
locomotor activity and emotional (orientational) behavior

(which can be considered, in this case, as an undesirable
side effect of BD�2) disappeared. Second, the anti�anxiety
effect of the hybrid structure decreased compared to that

Fig. 6. Effect of BD�2 (а) and С60—Pro—BD�2 (b) on the aware�
ness and orientational behavior of mice (deviation from control,
D). Dark columns show the number of vertical stands, and light
columns designate the number of studied holes.

Fig. 7. Effect of BD�2 (а), С60—Pro—BD�2 (b), and С60—Pro
(c) on the spatial memory of mice. Dark columns designate the
known localization, light columns designate the new localiza�
tion, and t is awareness time. Signs * and ** mark the results at
p < 0.05 and p < 0.01 relative to the control, respectively.
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of BD�2. The most substantial fact is that the main cogni�
tive stimulating properties of the starting compound re�
tained against the background of these changes.

Thus, the inclusion of �carboline derivative with the
cognitive stimulating properties into a complex with mod�
ified fullerene С60—Pro made it possible to obtain the
hybrid structure (HFC) retaining high cognitive stimulat�
ing properties and to avoid the side psychostimulating
effect of this substance. It is likely related to an increase in
the activity of monoaminoxidase A upon the addition of
the hybrid compound. The effect of the HFC on the АМРА
receptors of the brain is nearly identical to the effect of the
starting compound BD�2. The approach proposed in this
work for the modification of the structure of the starting
pharmacophore (BD�2) by its attachment to modified
fullerene substantially improved the pharmacological pro�
file of the pharmacophore.

This work was supported by the Russian Foundation
for Basic Research (Project No. 12�04�31678 mol_a) and
the Presidium of the Russian Academy of Sciences (Pro�
gram for Basic Research No. 21).

References

1. R. A. Kotelnikova, A. I. Kotelnikov, G. N. Bogdanov, V. S.
Romanova, E. F. Kuleshova, M. E. Vol´pin, FEBS Lett.,
1996, 389, 111.

2. G. N. Bogdanov, R. A. Kotel´nikova, E. S. Frog, V. N.
Shtol´ko, V. S. Romanova, Yu. N. Bubnov, Dokl. Biochem.
Biophys. (Engl. Transl.), 2004, 396, 165 [Dokl. Akad. Nauk,
2004, 396, 401].

3. P. J. Krustic, E. Wasserman, P. N. Keizer, J. R. Morton,
K. F. Preston, Science, 1991, 254, 1183.

4. I. Y. Podolski, Z. A. Podlubnaya, E. A. Kosenko, E. A.
Mugantseva, E. G. Makarova, L. G. Marsagishvili, M. D.
Shpagina, Y. G. Kaminsky, G. V. Andrievsky, V. K. Klochk�
ov, J. Nanosci. Nanotechnol., 2007, 7, 1479.

5. M. E. Vol´pin, V. S. Romanova, Z. N. Parnes, Mol. Cryst.
Liq. Cryst. Sci. Technol., Sec. C, 1996, 7, 53.

6. C. Toniolo, A. Bianco, M. Maggini, G. Scorrano, M. Prato,
M. Marastoni, R. Tomatis, S. Spisani, G. Palú, E. D. Blair,
J. Med. Chem., 1994, 37, 4558.

7. E. M. Belavtseva, E. V. Kichenko, V. S. Romanova, Z. N.
Parnes, M. E. Vol´pin, Russ. Chem. Bull. (Engl. Transl.),
1996, 45, 831 [Izv. Akad. Nauk, Ser. Khim., 1996, 876].

8. R. Sijbesma, G. Srdanov, F. Wudl, J. A. Castoro, C. Wilkins,
S. H. Friedman, D. L. DeCamp, G. L. Kenyon, J. Am. Chem.
Soc., 1993, 115, 6510.

9. G. I. Timofeeva, E. F. Kuleshova, V. S. Romanova, Russ.
Chem. Bull. (Engl. Transl.), 1997, 46, 472 [Izv. Akad. Nauk,
Ser. Khim., 1997, 493].

10. Z. S. Klemenkova, V. S. Romanova, V. A. Tsyryapkin, V. E.
Muradan, Z. N. Parnes, B. V. Lokshin, M. E. Vol´pin, Men�
deleev Commun., 1996, 6, 60.

11. V. B. Luzhkov, V. S. Romanova, A. I. Kotel´nikov, Russ.
Chem. Bull. (Int. Ed.), 2014, 63, 567 [Izv. Akad. Nauk, Ser.
Khim., 2014, 567].

12. R. Taylor, D. R. Walton, Nature, 1993, 363, 685.
13. T. Yu. Dolinina, V. B. Luzhkov, Russ. Chem. Bull. (Int. Ed.),

2012, 61, 1631 [Izv. Akad. Nauk, Ser. Khim., 2012, 1614].
14. V. G. Artyukhov, M. A. Nakvasina, Biologicheskie membra�

ny: strukturnaya organizatsiya, funktsii, modifikatsiya fiziko�
khimicheskimi agentami [Biological Membranes: Structural
Organization, Functions, and Modification by Physicochemical
Agents], Izd�vo Voronezh. Un�ta, Voronezh, 2000, p. 232—234
(in Russian).

15. I. V. Veryovkina, M. M. Samed, V. Z. Gorkin, Biochim.
Biophys. Acta, Enzymol., 1972, 258, 56.

16. O. H. Lowry, N. J. Rosebrough, A. L. Farr, R. J. Randall,
J. Biol. Chem., 1951, 193, 265.

17. O. P. Hamill, A. Marty, E. Neher, B. Sakmann, F. J. Sig�
worth, Pflugers Arch., 1981, 391, 85.

18. M. Kaneda, H. Nakamura, N. Akaike, Neurosci. Res., 1988,
5, 299.

19. H. K. Gershenfeld, P. E. Neumann, C. Mathis, J. N. Craw�
ley, X. Li, S. M. Paul, Behav. Genet., 1997, 27, 201.

20. A. Ennaceur, J. Delacour, Behav. Brain Res., 1988, 31, 47.
21. J. C. Dodart, C. Mathis, A. Ungerer, NeuroReport, 1997,

8, 1173.
22. R. S. Doody, S. I. Gavrilova, M. Sano, R. G. Thomas, P. S.

Aisen, S. O. Bachurin, L. Seely, D. Hung, Lancet, 2008,
372, 207.

23. Mediviation, Inc.; http://investors.medivation.com/
releasedetail.cfm?ReleaseID=448818 (call 20.02.2015).

24. I. V. Khritankova, M. S. Kukharskii, O. A. Lytkina, S. O.
Bachurin, B. Yu. Shorning, Dokl. Biochem. Biophys.
(Engl. Transl.), 2012, 446, 251 [Dokl. Akad. Nauk, 2012,
446, 471].

25. S. H. Eckert, J. Eckmann, K. Renner�Sattler, G. P. Eckert,
K. Leuner, W. E. Mueller, J. Alzheimer Dis., 2012, 31, 21.

26. J. W. Steele, S. Gandy, Autophagy, 2013, 9, 617.
27. A. V. Ivachtchenko, E. B. Frolov, O. D. Mitkin, V. M. Kysil,

A. V. Khvat, I. M. Okun, S. E. Tkachenko, Bioorg. Med.
Chem. Lett., 2009, 19, 3183.

28. V. V. Grigoriev, L. N. Petrova, T. A. Ivanova, R. A. Kotel´�
nikova, G. N. Bogdanov, D. A. Poletaeva, I. I. Faingold,
D. V. Mishchenko, V. S. Romanova, A. I. Kotel´nikov, S. O.
Bachurin, Biol. Bull., 2011, 38, 125 [Izv. Akad. Nauk, Ser.
Biol., 2011, 163].

29. V. S. Romanova, V. A. Tsyryapkin, Yu. A. Lyakhovetsky,
Z. N. Parnes, M. E. Vol´pin, Russ. Chem. Bull. (Engl. Transl.),
1994, 43, 1090 [Izv. Akad. Nauk, Ser. Khim., 1994, 1154].

30. Pat. CA 2687557; http://worldwide.espacenet.com
31. C. Melchior, M. A. Collins, CRC Rev. Toxicol., 1982, 9, 313.
32. H. G. Brunner, M. Nelen, X. O. Breakefield, H. H. Ropers,

B. A. van Oost, Science, 1993, 262, 578.
33. P. Simon, R. Dupuis, J. Costentin, Behav. Brain Res., 1994,

61, 59.
34. V. V. Grigoriev, A. N. Proshin, A. S. Kinzirsky, S. O. Bachu�

rin, Russ. Chem. Rev. 2009, 78, 485.

Received June 2, 2014;
in revised form September 18, 2014


