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a b s t r a c t
Effects of newly synthesized nootropic and anxiolytic dipeptide Noopept on inhibitory synaptic transmission in hippocampal CA1 pyramidal cells were investigated using patch-clamp technique in whole-cell
conﬁguration. Bath application of Noopept (1 M) signiﬁcantly increased the frequency of spikedependant spontaneous IPSCs whereas spike-independent mIPSCs remained unchanged. It was suggested
that Noopept mediates its effect due to the activation of inhibitory interneurons terminating on CA1 pyramidal cells. Results of current clamp recording of inhibitory interneurons residing in stratum radiatum
conﬁrmed this suggestion.
© 2010 Elsevier Ireland Ltd. All rights reserved.

The aim of this study was to investigate whether novel proline containing dipeptide Noopept (NP) inﬂuenced synaptic transmission in
central neurons. NP was synthesized as peptide analog of piracetam
which is known as one of the ﬁrst generation nootropics [4,13].
NP is similar to piracetam in its chemical structure (Fig. 1a) and
nootropic activity but displays the effect in much lower concentration. In addition to nootropic activity NP displays anxiolytic effects
[5,6,12]. Taking into consideration that hippocampus is related to
both of these functions [1,2] we investigated the effects of NP on
spontaneous inhibitory transmission in this structure by recording spontaneous IPSCs in CA1 pyramidal cells and ﬁring rate of
inhibitory interneurons.
Hippocampal slices (300 m) were prepared from 14 to 17-dayold Wistar rats essentially as described previously [8]. In short,
slices were maintained at room temperature (22–25 ◦ C) in submerged conditions under optical control by an upright microscope.
Slices were superfused with artiﬁcial cerebrospinal ﬂuid containing (in mM): NaCl – 124; KCl – 3; NaH2 PO4 – 1.25; MgCl2 – 2.4;
CaCl2 – 2.4; NaHCO3 – 26; glucose – 10; pH was buffered to 7.4 by
continuously bubbling with a 5% CO2 –95% O2 mixture. For somatic
whole-cell patch-clamp recording borosilicate glass micropipettes
(2 M) were ﬁlled with (in mM): KCl – 120; CaCl2 – 0.5; MgCl2 – 2;
EGTA – 10; HEPES – 10; pH 7.2–7.4. Experiments were performed
in the presence of CNQX (1 M) and APV (1 M).
Individual neurons (CA1 pyramidal cells and interneurons residing in stratum radiatum) were visually identiﬁed using upright
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microscope with a 40× water immersion objective lens. For the
analysis of IPSCs (amplitude, decay time and frequency) we used
the Mini Analysis software (Synaptosoft, Decatur, GA, USA) ofﬂine.
Data are given as mean ± standard error of the mean (SEM) and statistical analysis was performed with the non-parametric Wilcoxon
signed-rank test for paired data (p < 0.05 was considered as significant and indicated by * in Figs. 1f and 2b).
At a membrane potential of −70 mV, the amplitude of spontaneously occurring currents ranged from 10–15 to 300–400 pA. The
amplitude varied with the membrane potential, reversing at 0 mV
in symmetrical Cl− . In 5 cells, bath application of gabazin (10 M)
almost completely blocked detectable synaptic activity. The current can thus be deﬁned as GABA mediated Cl− currents and will
be referred to as inhibitory postsynaptic currents (IPSCs).
The average amplitude of IPSCs varied widely among CA1
pyramidal neurons (range 40.81–72.75 pA, n = 16). NP (1 M) signiﬁcantly increased IPSC amplitudes in every cell tested (n = 6)
(Fig. 1b), as was determined by cumulative probability distribution (Fig. 1d; p < 0.01, Kolmogorov–Smirnov test), and increased
the group mean IPSC amplitude to 82.63 ± 11.65 pA (Fig. 1f). A
representative example (Fig. 1c) shows that the average IPSC amplitude is increased whereas kinetic parameters (rise and decay time)
remain unchanged. Amplitude histogram (Fig. 1e) clearly demonstrates that increase of the group mean IPSCs amplitude is due
mainly to the appearance of relatively small amount of high amplitude (100–350 pA) events whereas the number of low-amplitude
IPSCs (around 50 pA) is not changed signiﬁcantly.
Similar to IPSC amplitude, the baseline rate of IPSCs varied widely among pyramidal neurons (0.49–1.75 Hz; average,
1.03 ± 0.10 Hz; n = 16). Bath application of NP caused large, time-
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Fig. 1. Effect of Noopept on spontaneous IPSCs measured in CA1 pyramidal neuron. (a) Comparison of chemical structure of Noopept and Piracetam. (b) Consecutive current
traces before (Control) and during Noopept (1 M) superfusion (Noopept). (c) Spontaneous IPSCs averaged during 5 min periods before (control), during (Noopept) and after
(wash) Noopept application. Here and in Fig. 2a number of individual IPSCs averaged in each trace is indicated in parenthesis. (d) Cumulative probability distribution of IPSCs
amplitude before, during and after Noopept application. (e) Amplitude distribution derived from the same neuron as in “b”. (f) Effect of Noopept on IPSCs amplitude for all
neurons (mean ± SEM, n = 6). (g) Time course of the effect of Noopept on sIPSCs and mIPSCs frequency (curves 1 and 2, correspondingly) averaged (±SEM) across 6 cells.

dependant increase (1.3–2.5 fold) in the frequency of IPSCs in ﬁve
of six cells (Fig. 1g, curve (1)). During a 5 min NP application, the
peak effect was seen during the second and half minute, when the
average IPSCs frequency increased approximately two and half fold
to 1.40 ± 0.35 Hz. The effect of NP was fully reversed 10 min after
termination of peptide superfusion.
To distinguish between spike-dependant and spike-independent IPSCs experiments with tetrodotoxin (TTX) application
were performed. When TTX (1 M) was added to the bathing solution, the larger IPSCs disappeared and almost all of the remaining
currents had the amplitude of 47.07 ± 2.70 pA (n = 6) (Fig. 2b). The
effect of TTX suggested that the larger IPSCs were caused by spontaneous action potentials in presynaptic neurons (sIPSCs) whereas
IPSCs remaining in the presence of TTX were due to the release of

transmitter independently from presynaptic TTX sensitive sodium
action potentials and will be referred to as miniature IPSCs (mIPSCs). Mean frequency of mIPSCs ranged from 0.39 to 0.89 Hz;
average 0.67 ± 0.07 Hz (n = 6). Amplitude histogram (Fig. 1e, control) clearly demonstrates that mIPSCs (less than 50 pA) make the
main contribution into the number of IPSCs whereas number of
larger TTX sensitive sIPSCs is signiﬁcantly smaller.
In contrast to the relatively large effect of NP on sIPSCs, NP did
not alter, mIPSC frequency (Fig. 1g, curve (2)) or amplitude (Fig. 2a
and b) in any of the neurons tested. These results suggested that NP
did not produce the changes in sIPSPs through action at inhibitory
terminals or by altering GABA receptor sensitivity. Therefore we
hypothesized that NP modulated ﬁring rate of inhibitory interneurons.
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Fig. 2. Noopept does not inﬂuence mIPSCs, remaining after TTX application. (a)
Spontaneous IPSCs averaged during 5 min periods before (control), during TTX and
during TTX + Noopept application. (b) Effect of TTX and TTX + Noopept on IPSCs
amplitude for all neurons (mean ± SEM, n = 6).

To check this hypothesis spontaneous activity of several (n = 5)
interneurons was recorded in current clamp experiments. These
interneurons residing in stratum radiatum were distinguished
from pyramidal neurons residing in stratum pyramidal by their
form and electrophysiological properties (presence of spontaneous activity and trains of nonaccommodating action potentials
in response to depolarizing current injection). The mean frequency
of spontaneous discharges ranged from 2.76 to 9.98 Hz; average
7.29 ± 1.57 Hz.
It was found that perfusion of NP caused a rapid (1–1.5 min),
reversible increase in the frequency of spontaneous action potentials by 269 ± 39% in all cells recorded (Fig. 3). The increase in ﬁring
frequency was associated with a depolarization of cell membrane
by 3–5 mV.
The present study demonstrated that bath application of NP –
dipeptide synthesized as peptide analog of Piracetam – signiﬁcantly
increases the mean amplitude and the frequency of spontaneous
IPSCs in CA1 pyramidal cells in rat hippocampal slices whereas
kinetic parameters (rise and decay time) remain unchanged. Analysis of records suggests that increase of mean amplitude can be
the result of summation of single IPSCs on postsynaptic membrane
due to increase of their frequency. It was also demonstrated that

Fig. 3. Whole-cell current clamp recording of the excitatory effects of Noopept (1 M) on interneurons in the stratum radiatum of area CA1. (a) Time course of the effect of
Noopept on ﬁring frequency averaged across (±SEM) 5 cells. (b) Representative example of the effect of Noopept on the action potential discharge rate in spontaneous ﬁring
neuron.
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effect of NP was abolished by TTX application: action potentialindependent mIPSCs remaining after this treatment were not
affected by NP. It means, that augmentation of spontaneous postsynaptic IPSC-activity could be considered as a result of the increase
of ﬁring of GABAergic inhibitory interneurons. Absence of changes
in kinetic parameters of IPSCs speaks against involvement of effects
on postsynaptic GABAA receptors. This conclusion is in agreement
with data on isolated pyramidal cells, obtained using the method
described earlier [7] indicating that NP did not affect currents
evoked by rapid application of GABA or glutamate (unpublished
observation).
The most likely explanation for the effect of NP is direct depolarization of inhibitory interneurons terminating on CA1 pyramidal
cells. This presumably results in increased ﬁring of interneurons
and downstream release of GABA. In fact, current clamp recording
of several inhibitory interneurons residing in stratum radiatum of
area CA1 directly demonstrated membrane depolarization and an
increase of their ﬁring rate.
An increase of action potential ﬁring in GABAergic interneurons in CA1 stratum radiatum has been described for two other
peptides: cholecystokinin [10] and thyrotropin-releasing hormone
[3]. In both cases it was proved that the effect was due to the
inhibition of resting K+ channels activity and as a result the
depolarization of neuronal membrane and increase of discharge
frequency. We suggest that the same mechanism can operate
in the effect induced by NP although binding site for this peptide remains unknown. Another possibility is that the primary
effect of NP may be mediated through excitatory neurotransmission (e.g. activation of ionotropic glutamate receptors in the
interneurons). We will try to elucidate this point in our further
experiments.
Nootropic and cognitive-enhancing activity is related as a rule
to the modulation of glutamatergic transmission [9]. As it was mentioned above, we did not ﬁnd signiﬁcant changes in currents evoked
by rapid application of glutamate during NP application. We also
did not ﬁnd changes in the amplitude of either pre- or postsynaptic population spike as well as in the amplitude or duration
of LTP induced by Shaffer collaterals stimulation in CA1 pyramidal cells after NP application (unpublished observation). Therefore,
we suppose that a more plausible mechanism of NP action is the
modulation of the inhibitory rather than of the excitatory synaptic
transmission.
To summarize, NP increases inhibitory tone of hippocampal CA1
pyramidal cells due to augmentation of spiking rate of GABAergic inhibitory interneurons. NP was shown to modulate a variety
of physiological functions including cognition and anxiety [5,6].
These functions are related to the limbic system including the
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hippocampus [1,2]. High density of benzodiazepine receptors in
hippocampus [11] supports involvement of this structure in the
regulation of anxiety. Increase of tonic inhibition mediated by
NP can be interpreted in the framework of its anxyolytic activity whereas the mechanism of its nootropic activity remains to be
elucidated.
Acknowledgments
This study was supported by Russian Foundation for Basic
Research (Grants 08.04.00978) and Scientiﬁc Schools (Grant
65727.2010.4).
References
[1] L.J. Bertoglio, S.R. Joka, F.S. Guimaraes, Further evidence that anxiety and memory are regionally dissociated within the hippocampus, Behav. Brain Res. 175
(2006) 183–188.
[2] M.C. Carvalho, S. Masson, M.L. Brandao, M.A. de Souza Silva, Anxiolytic-like
effects of substance P administration into the dorsal, but not ventral, hippocampus and its inﬂuence on serotonin, Peptides 7 (2008) 1191–1200.
[3] P.Y Deng, J.E. Porter, H.S. Shin, S. Lei, Thyrotropin-releasing hormone increases
GABA release in rat hippocampus, J. Physiol. 577 (2006) 497–511.
[4] C. Giurgea, Pharmacology of integrative activity of the brain. Attempt at
nootropic concept in psychopharmacology, Actual Pharmacol. (Paris) 25 (1972)
115–156.
[5] T.A. Gudasheva, S.S. Boyko, R.U. Ostrovskaya, T.A. Voronina, V.K. Akparov, S.S.
Troﬁmov, G.G. Rozantsev, A.P. Skoldinov, V.P. Zherdev, S.B. Seredenin, The
major metabolite of dipeptide piracetam analogue GVS-111 in rat brain and
its similarity to endogenous neuropeptide cyclo-l-prolylglycine, Eur. J. Drug
Metab. Pharmacokinet. 22 (1997) 245–252.
[6] T.A. Gudasheva, M.A. Konstantinopol’skii, R.U. Ostrovskaya, S.B. Seredenin,
Anxiolytic activity of endogenous nootropic dipeptide cycloprolylglycine in
elevated plus-maze test, Bull. Exp. Biol. Med. 131 (2001) 464–466.
[7] S.N. Kolbaev, I.N. Sharonova, V.S. Vorobjev, V.G. Skrebitsky, Mechanisms of
GABAA receptor blockade by millimolar concentrations of furosemide in isolated rat Purkinje cells, Neuropharmacology 42 (2002) 913–921.
[8] M.B. Kozhemiakin, A. Draguhn, V.G. Skrebitsky, Layer-speciﬁc potentiation of
evoked IPSCs in rat hippocampal CA1 pyramidal cells by lanthanum, Brain Res.
Bull. 64 (2004) 97–101.
[9] G. Lynch, C.M. Gall, Ampakines and the threefold path to cognitive enhancement, Trends Neurosci. 29 (2006) 554–562.
[10] K.K. Miller, A. Hoffer, K.R. Svoboda, C.R. Lupica, Cholecystokinin increases GABA
release by inhibiting a resting K+ conductance in hippocampal interneurons, J.
Neurosci. 17 (1997) 4994–5003.
[11] H. Mohler, J.G. Richards, Benzodiazepine receptors in the central nervous system, in: E. Costa (Ed.), The Benzodiazepines: From molecular Biology to Clinical
Practice, Raven Press, New York, 1983, pp. 93–116.
[12] R.U. Ostrovskaya, M.A. Gruden, N.A. Bobkova, R.D. Sewell, T.A. Gudasheva, A.N.
Samokhin, S.B. Seredinin, W. Noppe, V.V. Sherstnev, L.A. Morozova-Roche, The
nootropic and neuroprotective proline-containing dipeptide noopept restores
spatial memory and increases immunoreactivity to amyloid in an Alzheimer’s
disease model, J. Psychopharmacol. 21 (2007) 611–619.
[13] B. Winblad, Piracetam: a review of pharmacological properties and clinical uses,
CNS Drug Rev. 11 (2005) 169–182.

