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Abstract

The neuroprotective activity of a novidlacylprolyl-containing dipeptide analog of the nootropic 2-oxo-1-pyrrolidine acetamide (Pirac-
etam) designated as GVS-111 (DVD-111/Noopept) was tested in two in vitro models of neuronal degeneration mediated by oxidative stress:
normal human cortical neurons treated withQ4, and Down’s syndrome (DS) cortical neurons. Incubation of normal cortical neurons
with 50 .M H»0O5 for 1 h resulted in morphological and structural changes consistent with neuronal apoptosis and in the degeneration of
more than 60% of the neurons present in the culture. GVS-111 significantly increased neuronal survivalafteeatment displaying
a dose-dependent neuroprotective activity from 10 nM tollBIQ and an 1Gg value of 121+ 0.07 wM. GVS-111 inhibited the accu-
mulation of intracellular free radicals and lipid peroxidation damage in neurons treated ¥@thdd FeSQ, suggesting an antioxidant
mechanism of action. GVS-111 exhibited significantly higher neuroprotection compared to the standard cognition enhancer Piracetam, or
to the antioxidants Vitamin E, propyl gallate aNetert-butyl-2-sulpho-phenylnitrone (s-PBN). In DS cortical cultures, chronic treatment
with GVS-111 significantly reduced the appearance of degenerative changes and enhanced neuronal survival. The results suggest tha
the neuroprotective effect of GVS-111 against oxidative damage and its potential nootropic activity may present a valuable therapeutic
combination for the treatment of mental retardation and chronic neurodegenerative disorders.
© 2003 ISDN. Published by Elsevier Science Ltd. All rights reserved.
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1. Introduction designated as GVS-111 (DVD-111/Noopept) was designed
and synthesized at the Institute of Pharmacology of the
The term nootropics or “cognition enhancers” is ap- Russian Academy of Medical Sciences, as part of a new
plied to a group of psychoactive substances that appearseries of N-acylprolyl-containing dipeptidesGudasheva
to selectively stimulate neuronal function and to enhance et al., 1996a GVS-111 exhibits strong neuroprotective
cognitive performance Qiurgea, 1972 Three main ac- and memory-restoring properties in three different models
tivities have been described as features of nootropics inof brain damage: frontal lobectomyOétrovskaya et al.,
experimental conditions: (1) enhancement of learning and 1997, cortical compressionRomanova et al., 1996and
memory; (2) facilitation of associative processes in the photochemically induced cortical thrombos@strovskaya
neocortex; and (3) ability to increase neuronal resistance toet al., 1999. These experimental brain lesions are as-
injury (Gouliaev and Senning, 19942-Oxo-1-pyrrolidine sociated with massive release of glutamate, elevation of
acetamide (Piracetam) is the best known member of thisintracellular calcium levels and increased production of
family of compounds. A novel substituted prolyl-containing free radicals. The same three pathogenic mechanisms are
dipeptide WN-phenyl-acetyk-prolyl-glycine ethyl ester) related to various age-related neurodegenerative condi-
tions including Alzheimer’s, Parkinson’s and Huntington’s
- disease Beal, 1995; Busciglio et al., 1998; Mattson and
Abbr-_:-zviat_ions: DCF, 2,7—dich!oro_ﬂu0rescein; DCFDA, 2,7-dichloro- Chan, 200) Interestingly, previous reports indicate that
fluorescin diacetate; DIV, days in vitro; DS, pown’g syndrqme; s-PBN, GVS-111 may have beneficial effects on each of these three
N-tert-butyl-2-sulpho-phenylnitrone; TBA, 2-thiobarbituric acid . . -
* Corresponding author. Tek:1-860-679-3578; fax:-1-860-679-8766. processes. It blocks voltage-activated calcium channels in
E-mail address: busciglio@nso1.uchc.edu (J. Busciglio). isolated neuronsSolntseva et al., 1997it improves the
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survival of cerebellar granule cells in culture after exposure 2.3. Neuroprotective treatments
to glutamate Qstrovskaya et al., 1998and it diminishes
the accumulation of oxidation by-products in blood and  GVS-111 was designed and synthesized at the Institute of
brain of mice genetically predisposed to stress and in rats Pharmacology of the Russian Academy of Medical Sciences
immobilized for 24 h [ysenko et al., 1997 These results  (Gudasheva et al., 1996aA fresh 10 mM stock solution
suggest that GVS-111 is a neuroprotective agent with po- of GVS-111 was prepared in D-MEM for each experiment.
tential therapeutic use. In this study, the neuroprotective Normal cortical neurons at 7 DIV were pre-incubated in
properties of GVS-111 were investigated in two in vitro GVS-111 for 30 min before the addition of2B,. Thus,
models of neurodegeneration associated with oxidative GVS-111 was present in the media during and after the
stress: normal human cortical neurons exposed 102 treatment with HO,. The cultures were fixed 24 h later and
and Down’s syndrome (DS) neurons in culture. Both mod- processed for analysis. Similar treatments were performed
els present intracellular accumulation of free radicals and with N-tert-butyl-2-sulpho-phenylnitrone (s-PBN). A 2mM
increased lipid peroxidation leading to neuronal apoptosis stock of s-PBN was prepared in D-MEM for each exper-
(Busciglio and Yankner, 1995 The results indicate that, iment. Piracetam andl-propyl gallate were dissolved as
in both experimental paradigms, GVS-111 significantly in- 100x stock solutions in sterile distilled water. Vitamin E was
creased neuronal survival and prevented the accumulationdissolved in ethanol and diluted 1:200 in culture medium.
of intracellular free radicals, peroxidative damage and the This concentration of ethanol had no effect on neuronal
development of neurodegenerative changes. viability when added aloneBusciglio and Yankner, 1995
For neuroprotective assays on DS neurons, DS cortical
cultures were continuously exposed to GVS-111 starting at

2. Experimental procedures 2 DIV. Partial medium changes including fresh GVS-111
were performed twice per week. DS cultures were fixed and
2.1. Human fetal cortical cultures analyzed at 11 DIV.

Brain tissue samples were obtained from the Department2.4. |mmunocytochemistry
of Pathology, Albert Einstein College of Medicine. Primary
human cortical cultures were established from cortical tis-  Cultures were fixed in 4% paraformaldehyde/120 mM su-
sue of 17-21-week-gestation normal and DS fetal abor- crose in phosphate buffered saline (PBS) &t@¥or 30 min,
tuses. The protocols for obtaining post-mortem fetal brain permeabilized 5min with 0.02% Triton X-100 in PBS and
tissue complied with federal and institutional guidelines. In- blocked with 5% albumin/PBS for 1 h. After this, the cul-
formed consent was obtained from all participants. Normal tures were incubated overnight at@ with an antibody to
and DS fetal cortical cultures were generated as previously Class Il -tubulin (1:2000; Sigma), washedk3with PBS,
described Busciglio and Yankner, 1995; Busciglio et al., incubated for 1 h at room temperature with biotin-conjugated
1993. Briefly, cortical tissue was washeck3n Hank’s bal- secondary antibody followed by avidin-peroxidase (Vector
anced salt solution, freed of meninges, cut in small pieces Laboratories). The color reaction was developed using a
and incubated in 0.025% trypsin for 20 min. The cells were metal-enhanced diaminobenzidine reaction kit (Pierce).
dissociated by repeated passages through a Pasteur pipette,
washed X and plated on polp-lysine-coated 24-well mul-  2.5. Assessment of intracellular free radicals
tiwells at a density of 400,000 cells per well. The plating
media was D-MEM (Life Technologies), supplemented with  Generation of intracellular free radicals in cultured neu-
10% iron-supplemented calf serum (HyClone). Two hours rons was determined using the redox-sensitive fluorescent
after plating, the media was changed to serum-free mediadye 2,7-dichlorofluorescin diacetate (DCFDA; Molecular
consisting of D-MEM+ N2 supplements (Life Technolo-  Probes) as previously describeBugciglio and Yankner,
gies). Under these conditions, 70-80% of the cells present1995; Shi et al., 1998 Briefly, 10uM DCFDA was
in the culture were neurons. Partial medium changes wereadded to the culture media for 1h at 37. DCFDA is

performed every 3 days. cell permeable and interacts with reactive oxygen species
_ (ROS) to generate the de-acetylated fluorescent product
2.2. Treatment with H2O, 2,7-dichlorofluorescein (DCF) that can be visualized by

fluorescence microscopggthcart et al., 1983

A fresh stock of 1mM HO, was prepared in D-MEM
for each experiment. At 7 days in vitro (DIV), > was 2.6. Analysis of neuronal survival
added to the culture medium at the indicated concentrations.
After 1 h, the cultures were washed with fresh medium and  Neuronal viability was assessed by scoring the number of
maintained in D-MEM+ N2 for an additional 24 h. Af-  viable neurons present in the culture as descriBed¢iglio
ter this period, the cultures were fixed and processed forand Yankner, 1995; Grace et al., 200Neuronal cells
analysis. were labeled with anti-Class IB-tubulin, a neuron-specific
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marker and nuclei were labeled with @@/ml propidium in cultures treated with 2a8M H,0; (Fig. 1A). A 1 h expo-
iodide. Living neurons in early apoptotic stages were visu- sure to 5quM H>O; resulted in 38t 3% neuronal survival
alized by fluorescence microscopy after labeling with An- after 24h Fig. 1A). Thus, a 5uM H20, dose, which
nexin V following the vendor’s protocol (Annexin V-EGFP  causes moderate cell death, was chosen and utilized for fur-
kit; Clontech). The number of viable neurons was assessedther studies. Degenerative changes yOpttreated cultures

in 10-12 microscopic fields per well, in quadruplicate became evident from 2h after initiation of the treatment
wells, using a 2& objective (final magnification 260). and gradually increased over the next 24 h. Degenerating
The identity of the cultures was coded to avoid experimen- neurons displayed chromatin condensation and fragmen-
tal bias. An average of 200 neurons was counted in control tation (Fig. 1C arrows), consistent with neuronal apop-
cultures in each experiment. Digital images were obtained tosis. To confirm the presence of an apoptotic process in
with a CCD color camera (SPOT). All experiments were HoO,-treated neurons, Annexin V was utilized. Annexin V
replicated at least four times utilizing cultures generated has a strong binding affinity for phosphatidylserine in cellu-
from different fetal tissue specimens. lar membranes. In apoptotic cells, phosphatidylserine looses
its normal localization in the inner plasma membrane and
translocates to the outer layer of the membrane where it is
exposed to the extracellular environment and can bind An-
nexin V (Fadok et al., 1992; Martin et al., 1995n cultures
exposed to 50.M H,0», a progressive increase in Annexin

V staining was observed starting 2 h after the initiation of the

2.7. Lipid peroxidation assay

Relative levels of lipid peroxidation in individual corti-
cal neurons were quantified using a 2-thiobarbituric acid

TBA i i link H i . - .-
( ) assay as described previousfugriink and Husain, treatment[Fig. 1E). Control cultures did not exhibit changes

1994). Briefly, the cells were fixed after the correspond- . | val and sh d tive A in V stai
ing treatments in an aldehyde-free fixative containing 50% In heuronal survival and snowed hegative Annexin v- stain-

methanol, 10% glacial acetic acid, 2mM EDTA and 38 mM N9 (Fig. 1D)'_ _Degenera_tive cha_nges,_ ch_romatin condensa-
TBA. Cultures were heated to 8& for 45 min, fixative was tion af‘d positive Annexin V stalr_nng indicated that 5x
removed, antifade solution was added, and cells were im- H20.2 '”d”_c‘?d neuronal apopt03|s. We t_ested the neuropro-
aged using a fluorescent microscope (excitation at 488 nm)_tecuve activity of GVS-111Fig. 2D) in this system. When
Images of cells receiving different treatments were acquired added to HO,-treated culture's, GVS-111 prevented the ap-
with a CCD camera and quantitative comparisons of rela- pearance of neurodegenerative changes in a dose-dependent

tive fluorescent intensities among treatment groups were per—manner F'g' Z_C la;nd iﬁg{)/s'lll ﬁg'fécamly |nc|;eased
formed. Values for average staining intensity per cell were neuronai survival from 6 (meantS.EM.) in cultures

; o ;
obtained using NIH image software. For some experiments, Eegted vlvgh 5%&?2?;0 42,[& 58g:|g(§u_lture‘lst treat;ad V\t"tg
lipid peroxidation was induced by treatment of cortical cul- ' '2 72 +10n ~i-n Up fo o In cultures treate

tures with 10 mM FeS@as previously describe@podman }N'ﬂg\_}zsof ;E 100“# i(cz‘)\(/)i_ll\l/ll'lﬂg. 2B). Thet IO;;’.O val;e )
et al., 1996; Goodman and Mattson, 1996 or . was SRV The neuroprotective efiec

of GVS-111 was compared with that of the antioxidant free
radical spin trap s-PBN, which is neuroprotective on Down’s
2.8. Satistical analysis syndrome neurons in cultureBisciglio and Yankner,
1995. s-PBN protected normal human cortical neurons
All experiments were repeated at least three times us- against HO,-mediated damage at final concentrations of
ing cultures derived from different tissue samples. Each 100 and 1uM, increasing neuronal survival to 2.8 and
individual experiment was performed in quadruplicate. In 69+ 5%, respectively. In contrast, no significant protection
some cases, the data were analyzed by ANOVA followed by was observed with M s-PBN Fig. 3B). Thus, GVS-111
post-hoc Student—Newman—Keul's test, in order to make all exhibits higher efficacy and potency againstQd than
possible comparisons. Two-way ANOVA was used for com- s-PBN.
paring GVS-111 and s-PBN neuroprotective effects. Data  To determine whether GVS-111 neuroprotective effect is
were expressed as me&rS.E.M. and significance was as-  related to its antioxidant propertiekygenko et al., 1997
sessed aP < 0.05. we analyzed its ability to prevent intracellular free radi-
cal accumulation and lipid peroxidation. Accumulation of
intracellular free radicals was assessed with DCFDA. Fluo-
3. Results rescence microscopy analysis showed a marked increase in
DCF fluorescence 2 h after exposure tg, indicating the
The neuroprotective effect of GVS-111 was initially eval- presence of intracellular free radicalsid. 3B, arrows). In
uated in normal human cortical neurons exposed 1OH contrast, JuM GVS-111 prevented the appearance of intra-
The cultures were incubated with 25, 50 orudd H,0, for cellular DCF fluorescencd-{g. 3D). s-PBN (10Q.M) was
1 h and neuronal survival was assessed 24 h later. AM/5  also effective to prevent the increase in DCF fluorescence in-
concentration of HO, induced death of more than 90% of duced by HO,, but neither 1 nM GVS-111 nordM s-PBN
the neurons, while more than 80% of the neurons survived prevented the increase in DCF fluorescence afte©H
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Fig. 1. HbO, induces apoptosis of human cortical neurons in vitro. (A) Neuronal survival aftép freatment. Survival is expressed as a percentage
compared to vehicle-treated cultures (100%). Values are the fa&B.M.; n = 4 independent experiments; more than 200 neurons were scored per

condition in each individual experimer?EP < 0.01 relative to vehicle by Studenttstest. Cultures were incubated withp&, for 1 h, then the medium

was changed and survival was assessed 24 h later. (B ang@) iHduces apoptotic changes in human neurons. Neurons were treated at 7 DIV with
vehicle (A) or with 50uM H2O; for 1h (B). The cultures were fixed and stained with propidium iodide 24 h after treatment. Control cultures show
normal nuclear morphology (A). ¥#D»-treated neurons exhibit chromatin condensation and fragmentation (B). Scale bar for (A anduR): @D and

E) Living cultures were labeled with Annexin V and observed by fluorescence microscopy 4 h after treatmeni@yithVéhicle-treated neurons showed
negative Annexin V staining (D). Annexin V fluorescence is evident on the cell surface®f Heated neurons (E). Scale bar for (D and E)uR20.

exposure (data not shown). These results suggest that GVS- Finally, the neuroprotective properties of GVS-111 were
111 neuroprotection is related to its antioxidant activity. assessed in DS neurons. DS cortical cultures exhibit good
The neuroprotective effect of GVS-111 against oxidative viability after plating and develop in a similar way to nor-
damage was further analyzed using an assay based on thenal neurons during the first 5-7 DIV. After this period,
fluorescence generated by TBA in the presence of lipid per- DS neurons exhibit progressive degenerative changes and
oxides Quurlink and Husain, 1994Incubation of cortical during the second week in culture approximately 50% of
neurons with 5uM H>O or 10mM FeSQ resulted in the neurons are losB(sciglio and Yankner, 1995Degen-
significant increases of TBA fluorescence. Treatment with erating DS neurons show increased intracellular levels of
GVS-111 reduced significantly TBA fluorescence in cultures ROS, membrane blebbing, chromatin condensation and pos-
treated with HO, and FeSQ@ (Fig. 4A), further suggest-  itive TUNEL staining consistent with apoptotic cell death
ing that GVS-111 possesses antioxidant activity. The neu- (Busciglio and Yankner, 1995DS cultures were continu-
roprotective effect of GVS-111 was compared with that of ously treated with GVS-111 from days 2 to 11 in vitro, fixed
antioxidants Vitamin E and propyl gallat®\sciglio and and analyzed. At 11 DIV, untreated DS cultures showed clear
Yankner, 1995 and the nootropic agent Piracetam, which signs of neurodegeneration including formation of neuronal

has also been reported to be neuroprotecBraridao et al., clumps, neuritic retraction and fragmentatidfig. 5A). In
1995, 1996; Vaglenova and Vesselinov Petkov, J0&l contrast, DS neurons treated with GVS-111 exhibited normal
these compounds enhanced survival gfOgHtreated neu- morphology Fig. 5B). Analysis of cell viability revealed that

rons Fig. 4B), but 10uM GVS-111 exhibited significantly =~ GVS-111 increased neuronal survival from X0A7% on
higher neuroprotectiorig. 4B). untreated DS cultures, to 1620% on 1uM GVS-111- and
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Fig. 2. GVS-111 protects human cortical neurons frogObl (A—C) Control cultures treated with vehicle show normal neuronal morphology with
intact processes (A). Fifty micromolar28, induce extensive neuritic retraction, clumping of cell bodies and degeneration (B). Cultures incubated with
H205 4+ 100puM GVS-111 show normal morphology with good preservation of processes (C). Scale hevt. 4D) Molecular structure of GVS-111.

(E) GVS-111 and s-PBN induce dose-dependent increase in neuronal surviveDjntidated cultures. Survival is expressed as a percentage of survival
in vehicle-treated cultures (100%). Values are the me&E.M.; n = 4 independent experiments; more than 200 neurons were scored per experimental

condition in each individual experiment. Significantly different fronpQ4-treated cultures by ANOVA’(P < 0.01).

183+ 32% on 10QuM GVS-111-treated culture${g. 50.
GVS-111 also inhibited intracellular free radical accumula-
tion and lipid peroxidation in DS cultures (data not shown).
Taken together, these results indicate that GVS-111 pos-
sesses strong neuroprotective activity against oxidative dam-
age in cortical human neurons.

4, Discussion

This report describes the neuroprotective effect of the
novel prolyl-containing dipeptide, GVS-111 on normal and
DS cortical neurons in culture. GVS-111 prevented intra-
cellular free radical accumulation, lipid peroxidation and
Fig. 3. GVS-111 prevents intracellular free radical accumulation after the appearance of Qegeneratlve/apoptot_lc changes in normal
exposure to HO;. A DCFDA assay was performed 2h after treatment Neurons treated with 50M H2Op, resulting in a marked
with 50pM H,0,. DCF fluorescence was visualized in living cultures. increase in the number of viable neurons present in the
(A and C) are phase contrast images of the fields shown in (B and cylture. The ability to prevent intracellular free radical accu-

D), respectively. DCF fluorescence denotes the presence of intracellularm ; FA ; ;
e ulation and lipid peroxidation suggests that GVS-111 acts
free radicals in HO,-treated cells (arrows, B). Background cellular DCF pidp 99

fluorescence is observed in cultures treated wig##100puM GVS-111 aS_ a potent ant|OX|_dant_that can prevent neuronal_ de_g_ener-
(D). Scale bar: 4Q.M. ation at concentrations in the nM range. Indeed, significant
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Fig. 5. GVS-111 enhances DS neuronal survival. (A) By 11 DIV, DS
cortical cultures exhibit clear signs of degeneration including neuritic
fragmentation and clumping of cell bodies (arrow). (B) DS cultures treated
with 1M GVS-111 show a significant increase in neuronal survival and
Ctrl Pir Vit E PG GVS good preservation of neuronal processes. Scale batMAQC) Increase
100uM  250uM 10uM  10uM in neuronal survival in DS cultures treated with GVS-111 at the indicated
doses. Results are expressed as a percentage of survival in DS cultures at
Fig. 4. GVS-111 inhibits HO,-induced lipid peroxidation. (A) The 7 DIV (100%), before the onset of degenerati@ugciglio and Yankner,
graphic shows a significant decrease in lipid peroxidation expressed as1995. Results are the meanS.E.M. for four experiments. Significantly

TBA fluorescence in normal neurons exposed Dbl and FeSQ@ (Fe) different from untreated cultures by ANOVA*(P < 0.01).
and treated with LM GVS-111. TBA fluorescence is expressed as ar-

bitrary units derived from the image analysis ($&&ction 2. Values are
the meant S.E.M.; n = 4 independent experiments; more than 20 micro-

scopic fields V\‘/er(-_:“analyzeq per experimental condition in each individual protection was observed at 100 and also at 10 nM. Analysis
experiment. Significantly different from 4#0,- or Fe-treated cultures by

ANOVA (¥P < 0.01). (B) Neuroprotective activity of Piracetam (Pir), by ANOVA of the eﬁeCt_ Of_ _GVS_]']_']' and s-PBN at 100
Vitamin E (Vit E), propyl gallate (PG) and GVS-111 (GVS) on cortical @Nd 10uM showed a significant difference between the
neurons treated with 50M H.0,. Drugs were added at the indicated twO groups, indicating that GVS-111 is more efficacious
concentrations, which have been shown to produce maximal neuroprotec-as a neuroprotective agent than s-PBN. GVS-111 also pro-
tive effect on DS neuronal cultureB(sciglio and Yankner, 1995Neu- moted higher survival than Vitamin E, propyl gaIIate and

ronal survival is expressed as a percentage of survival in control cultures . .
(100%). Values are the meanS.E.M.; n = 4 independent experiments; Piracetam, the best-known nootropic compound.

more than 200 neurons were scored per experimental condition in each ~OXidative stress is considered to play a role in the patho-

individual experiment. Significantly different fromJ@,-treated cultures genesis of several age-related neurodegenerative diseases,

by ANOVA (P < 0.01). (k) Significantly different from HO; + Pir-, including Alzheimer's diseaségal, 1995; Busciglio et al.,

H202 + Vit E- and K0, + PG-treated cultures. 1998; Mattson and Chan, 2001interestingly, GVS-111
exhibited limited neuroprotection after amylof@ (AR)
treatment (data not shown), supporting the notion th@at A




A. Pelsman et al./Int. J. Devl Neuroscience 21 (2003) 117-124 123

induces neurotoxicity through different molecular pathways Acknowledgements

(Behl et al., 1994; Yankner, 1996; Grace and Busciglio,

2003. Oxidative stress is also a potential contributory fac-  Supported by NIH grant HD38466 (J.B.) and grants
tor in the neuropathology associated with DBugciglio from Neuropeptide Dynamics and Saegis Pharmaceuticals.
et al., 1998; de Haan et al., 1997; Kedziora and Bartosz, C.H.-V. was Visiting Professor of Neuroscience at Univer-
1988. DS neurons in culture exhibit increased intracellu- sity of Connecticut Health Center.

lar free radicals, increased lipid peroxidation, mitochon-
drial dysfunction, intracellular amyloid accumulation
and neuronal degeneratioBysciglio and Yankner, 1995;
Busciglio et al., 200R In this regard, the degenerative ) o ) )
changes observed in DS cultures are similar to those ob-Be";:jsgﬂés':éslgf:ﬁAﬂgﬂbfngggé;;i‘ggdat've stress in neurodegenerative
served in normal cultures treated with B! H>O,, includ- Behl, C., Davis, J.B., Lesley, R., Schubert, D., 1094. Hydrogen peroxide
ing increased level of intracellular free radicals and lipid  mediates amyloid beta protein toxicity. Cell 77, 817-827.
peroxidation. Moreover, DS neuronal degeneration can beBrandao, F., Paula-Barbosa, M.M., Cadete-Leite, A., 1995. Piracetam
blocked by different antioxidants including free radical impedes hippocampal neuronal loss during withdrawal after chronic

. . . alcohol intake. Alcohol 12, 279-288.
spin traps, free radical scavengers, glutathione precursors;.. i F. Cadete-Leite. A Andrade. J.P. Madeira. M.D

and catalaseBusciglio and Yankner, 1995A significant Paula-Barbosa, M.M., 1996. Piracetam promotes mossy fiber synaptic
two-fold increase in neuronal survival was observed in DS reorganization in rats withdrawn from alcohol. Alcohol 13, 239-249.
neurons continuously treated with GVS-111, indicating that Busciglio, J., Yankner, B.A., 1995. Apoptosis and increased generation of
Gvs_lll prOteCted DS Cultures against OXidative damage r3e7%ct|\7/;360x7y7ggen species In Down’s syndrome neurons in vitro. Nature
and that its continuous presence in the medium for 10 daySBuscigiio, J., YeH, J., Yankner, B.A., 1993. Beta-amyloid neurotoxicity in
was well tolerated by the cells. Previous studies have re-  human cortical culture is not mediated by excitotoxins. J. Neurochem.
ported a diminished number of neurons in the DS brain 61, 1565-1568.
(Ross et al., 1984 raising the possibility that neuroprotec- B“:ﬂdg“O't,Jg ";”‘?reme”’_JiKé ng;%pzrt :-’V'-' Gilad, Gd'V'-’ Mchargy,eR.i_ .
. . . . f arzatico, F., Toussaint, O., . Stress, aging, and neurodegenerativ
tive therqples may |.mprove neuronal surqul and cognlyve disorders. Molecular mechanisms. Ann. N. \?A?:ad. Sci. 851, 4929—443.
function in DS patients. The neuroprotective mechanism Busciglio, J., Pelsman, A., Wong, C., Pigino, G., Yuan, M., Mori,
of action of GVS-111 appears to result from the above  H., vankner, B.A., 2002. Altered metabolism of the amyloid beta
described antioxidant effect together with its ability to pre-  precursor protein is associated with mitochondrial dysfunction in
vent intracellular C&" increases Solntseva et al., 1997 Down’s syndrome. Neuron 33, 677-688. _ _
and to attenuate glutamate neurotoxicit@sfrovskaya Calthcart’ R, Schwiers, E., Ames, B.N., 1983. Detection of picomole
. . . evels of hydroperoxides using a fluorescent dichlorofluorescein assay.
et al., 1998, which are pathological mechanisms closely  anal. Biochem. 134, 111-116.
associated with the loss of neuronal homeostasis and neude Haan, J.B., Wolvetang, E.J., Cristiano, F., lannello, R., Bladier,
rodegeneration HUSCigliO et al., ]_993 These effects of C., Kelner, M.J., Kola, I., 1997. Reactive oxygen species and their

GVS-111 may be associated with its metabolic process- contribution to pathology in Down’s syndrome. Adv. Pharmacol. 38,
379-402.

ing' GVS-111 main metabolic prOdUCt is the dipeptide Fadok, V.A., Voelker, D.R., Campbell, P.A., Cohen, J.J., Bratton, D.L.,

cycloprolyliglycine (cPG), which has been characterized  penson, P.M., 1992. Exposure of phosphatidylserine on the surface

as a naturally occurring, endogenous cyclic dipeptide in  of apoptotic lymphocytes triggers specific recognition and removal by

the brain (Gudasheva et al., 1996bRecent studies re- ~macrophages. J. Immunol. 148, 2207-2216. o _

vealed that GVS-111 possesses additional properties thalGlurgea, C., 1972. Vers une pharmacologie de [l'activite mtegratlvg
. . . . . , du cerveau: tentative du concept nootrope en psychopharmacologie.

may contribute to |t§ potential effectiveness on Alzheimer's . Jiites Pharmacol. 25, 115-156.

patients. GVS-111 improves neuronal responses to acetyl-oodman, Y., Mattson, M.P., 1996. Ceramide protects hippocampal

choline microiontophoretic application and restores mnes- neurons against excitotoxic and oxidative insults, and amyloid

tic performance in rats after treatment with scopolamine _ beta-peptide toxicity. J. Neurochem. 66, 869-872.

(Ostrovskaya et al., 200).dn addition, GVS-111 showed Goodman, Y., Bruce, AJ., Cheng, B., Mattson, M.P., 1996. Estrogens

i-infl T . . | del attenuate and corticosterone exacerbates excitotoxicity, oxidative
anti-inflammatory activity in various experimental models injury, and amyloid beta-peptide toxicity in hippocampal neurons. J.

References

of inflammation Kovalenko et al., 2002 The experimen- Neurochem. 66, 1836—1844.
tal results obtained with GVS-111 combined with its high Gouliaev, A.H., Senning, A., 1994. Piracetam and other structurally related
bioavailability after oral administration and its low toxicity nootropics. Brain Res. Rev. 19, 180-222.

L Grace, E., Busciglio, J., 2003. Aberrant activation of focal adhesion
(OStrOVSkaya etal., ZOOJ,bhas led to the clinical assess- proteins mediates fibrillar B-induced neuronal dystrophy. J. Neurosci.

ment of GVS-111 in patients suffering from mild cognitive 23, 493-502.
impairment, a study which is now in progress. The multi- Grace, E., Rabiner, C., Busciglio, J., 2002. Characterization of neuronal
ple neuroprotective properties displayed by GVS-111 along  dystrophy induced by fibrillar amyloii: implications for Alzheimer's
with its potential nootropic influence on cognitive function ~_ disease. Neuroscience 114, 265-273. o

. .. . Gudasheva, T., Voronina, T., Ostrovskaya, R., Rozantsev, G., Vasilevich,
may provide a promising therapeutic approach for the treat- N., Trophimov, S.. Kravchenko, E.. Skoldinov, A. Seredenin,
ment of mental retardation and chronic neurodegenerative s 1996a. Synthesis and antiamnestic activity of a series of

conditions. N-acylprolyl-containing dipeptides. Eur. J. Med. Chem. 31, 151-157.



124 A. Pelsman et al./Int. J. Devl Neuroscience 21 (2003) 117-124

Gudasheva, T.A., Boyko, S.S., Akparov, V., Ostrovskaya, R.U., Skoldinov, Ostrovskaya, R., Romanova, G., Barskov, l., Shanina, E., Gudasheva,
S.P,, Rozantsev, G.G., Voronina, T.A., Zherdev, V.P., Seredenin, S.B.,  T., Victorov, |., Voronina, T., Seredin, S., 1999. Memory restoring
1996b. Identification of a novel endogenous memory facilitating cyclic and neuroprotective effects of proline-containing dipeptide GVS-111
dipeptide cyclo-prolylglycine in rat brain. FEBS Lett. 391, 149-152. in photochemical stroke model. Behav. Pharmacol. 10, 549-

Juurlink, B.H., Husain, J., 1994. Hyperthermic injury of oligodendrocyte 553.
precursor cells: implications for dysmyelination disorders. Brain Res. Ostrovskaya, R.U., Mirsoev, T., Firova, F., Trofimov, S., Gudasheva,
641, 353-356. T.A., Grechenko, T., Gutirchik, E., Barkova, E., 2001a. Behavioral

Kedziora, J., Bartosz, G., 1988. Down'’s syndrome: a pathology involving and electrophysiological analysis of the cholino-positive effect of
the lack of balance of reactive oxygen species. Free Radic. Biol. Med.  the nootropic acyl-prolyl containing dipeptide, GVS-111. Exp. Clin.
4, 317-330. Pharmacol. (Russia) 64, 11-14.

Kovalenko, L.P., Miramedova, M.G., Alekseeva, S.V.,, Gudasheva, Ostrovskaya, R.U., Mirsoev, T.K., Romanova, G.A., Gudasheva, T.A.,,
T.A., Ostrovskaia, R.U., Seredenin, S.B., 2002. Anti-inflammatory Kravchenko, E.V., Trofimov, C.C., Voronina, T.A., Seredenin, S.B.,
properties of Noopept (dipeptide nootropic agent GVS-111). Exp. Clin. 2001b. Proline-containing dipeptide GVS-111 retains nootropic

Pharmacol. (Russia) 65, 53-55. activity after oral administration. Bull. Exp. Biol. Med. 132, 959—
Lysenko, A.V.,, Uskova, N.l., Ostrovskaia, R.U., Gudasheva, T.A., 962.

Voronina, T.A., 1997. Dipeptide nootropic agent GVS-111 prevents Romanova, G., Ostrovskaya, R., Gudasheva, T., 1996. Novel substituted

accumulation of the lipid peroxidation products during immobilization. acyl-prolyl dipeptide, GVS-111, diminished cognitive impairment on

Exp. Clin. Pharmacol. (Russia) 60, 15-18. the model of brain compression in rats. Eur. Neuropsychopharmacol.

Martin, S.J., Reutelingsperger, C.P., McGahon, A.J., Rader, J.A., van 6 (S4), 100.
Schie, R.C., LaFace, D.M., Green, D.R., 1995. Early redistribution of Ross, M.H., Galaburda, A.M., Kemper, T.L., 1984. Down’s syndrome:
plasma membrane phosphatidylserine is a general feature of apoptosis is there a decreased population of neurons? Neurology 34, 909—
regardless of the initiating stimulus: inhibition by overexpression of 916.
Bcl-2 and Abl. J. Exp. Med. 182, 1545-1556. Shi, B., Raina, J., Lorenzo, A., Busciglio, J., Gabuzda, D., 1998. Neuronal

Mattson, M.P., Chan, S.L., 2001. Dysregulation of cellular calcium apoptosis induced by HIV-1 Tat protein and TNE-potentiation of
homeostasis in Alzheimer’s disease: bad genes and bad habits. J. Mol. neurotoxicity mediated by oxidative stress and implications for HIV-1
Neurosci. 17, 205-224. dementia. J. Neurovirol. 4, 281-290.

Ostrovskaya, R.U., Romanova, G.A., Trofimov, S.S., Gudasheva, T.A., Solntseva, E.l., Bukanova, J.V., Ostrovskaya, R.U., Gudasheva, T.A,,
Voronina, T.A., Halikas, J.A., Seredenin, S.B., 1997. The novel Voronina, T.A., Skrebitsky, V.G., 1997. The effects of Piracetam and
substituted acylproline-containing dipeptide, GVS-111, promotes the its novel peptide analogue GVS-111 on neuronal voltage-gated calcium

restoration of learning and memory impaired by bilateral frontal and potassium channels. Gen. Pharmacol. 29, 85-89.
lobectomy in rats. Behav. Pharmacol. 8, 261-268. Vaglenova, J., Vesselinov Petkov, V., 2001. Can nootropic drugs be
Ostrovskaya, R., Gudasheva, T., Andreeva, N., Victorov, |., 1998. effective against the impact of ethanol teratogenicity on cognitive

Neurometabolic effects of prolyl-containing cognition enhancer performance? Eur. Neuropsychopharmacol. 11, 33—40.
GVS-111 suggests its effectiveness in Alzheimer disease. NeuroscienceYankner, B.A., 1996. Mechanisms of neuronal degeneration in
Lett. (Suppl.) 51, S31. Alzheimer's disease. Neuron 16, 921-932.



	GVS-111 prevents oxidative damage and apoptosis in normal and Down's syndrome human cortical neurons
	Introduction
	Experimental procedures
	Human fetal cortical cultures
	Treatment with H2O2
	Neuroprotective treatments
	Immunocytochemistry
	Assessment of intracellular free radicals
	Analysis of neuronal survival
	Lipid peroxidation assay
	Statistical analysis

	Results
	Discussion
	Acknowledgements
	References


