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Abstract Neurotrophins are a family of structurally related
proteins that regulate the survival, differentiation, and
maintenance of function of different neuron populations.
Some peptides are able to affect the production and activity
of neurotrophins. One of these synthetic peptides is
heptapeptide Semax, an analog of the N-terminal adrenocorticotropic hormone fragment 4-10. It is known that
Semax has effects on learning and memory formation and
exerts some neuroprotective effects in rodents and humans.
Male Wistar rats were treated for 20 min, 40 min, 90 min,
3 h, 8 h, and 24 h with Semax. Nerve growth factor (NGF)
and brain-derived neurotrophic factor (BDNF) gene expresM. Shadrina (*) : T. Kolomin : T. Agapova : P. Slominsky
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sion in rat brain and retina was analyzed by real-time
polymerase chain reaction. It was revealed that after Semax
administration the multidirectional activation of the expression of the genes under investigation in the hippocampus,
frontal cortex, and retina was observed. The expression of
both neurotrophin genes was decreased in rat hippocampus
and retina 20 min after Semax administration and was
increased in the frontal cortex. The expression levels of
NGF remained practically constant in the retina at the initial
stage, whereas the expression levels of BDNF were
significantly increased 90 min after Semax administration.
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Introduction
Neurotrophins are a family of structurally related proteins
that regulate the survival, differentiation, and maintenance
of function of different neuron populations. The most
prominent members of the mammalian neurotrophin family
are the nerve growth factor (NGF), the brain-derived
neurotrophic factor (BDNF), neurotrophin-3 (NT-3), and
neurotrophin-4/5 (NT-4/5). The neurotrophins bind two
classes of receptor: the common p75NTR, which is a
member of the tumor necrosis factor receptor family
(Bothwell 1995; Dechant and Barde 2002), and the
tropomyosin-related kinase (trk) receptors, which are
members of the large tyrosine kinase receptor family
(Lewin and Barde 1996). These neurotrophins function to
support the growth and survival of many neuronal
populations (Patapoutian and Reichardt 2001; Kirstein and

J Mol Neurosci (2010) 41:30–35

Farinas 2002). NGF-deficient mice die shortly after birth
and show a decrease in sensory and sympathetic neurons
(though basal forebrain cholinergic neurons develop relatively normally); however, this perinatal lethality can be
rescued by transgenic expression of NGF under the K14
keratin promoter, which restores the sensory and sympathetic neuronal populations (Harrison et al. 2004). These
rescued mice exhibit reduced cholinergic innervation in the
cortex and hippocampus, which can be restored by intracerebroventricular delivery of NGF (Phillips et al. 2004).
Disruption of a single NGF allele causes deficits in memory
acquisition and hippocampal cholinergic innervation, which
suggests that NGF is required for the formation and
maintenance of correct innervations (Chen et al. 1997).
BDNF-deficient mice also die shortly after birth because of
defects in the brain and sensory, but not motor, neuron
development (Jones et al. 1994). Long-term potentiation
(LTP) and mechanosensation are impaired in heterozygous
BDNF knockout animals (Carroll et al. 1998). Because of
their ability to protect multiple neuronal cell types from
apoptosis, neurotrophins can stimulate neuronal regeneration in vitro and in model systems (Thoenen 2000; Huang
and Reichardt 2001). The fact that neurotrophins can
prevent or reverse neuronal cell loss renders them good
therapeutic targets in neurodegenerative diseases and in
brain or spinal cord injuries (Horner and Gage 2000).
At present, comprehensive investigations of members of
this protein family are being carried out to create new
therapeutic drugs for different neurodegenerative diseases.
The mechanisms of action of different peptides that are able
to affect the production and activity of neurotrophins are
also under study. Semax is one of these synthetic peptides
and consists of the adrenocorticotropic hormone fragment
4–10 (ACTH 4–10) Met-Glu-His-Phe and a C-terminal
Pro-Gly-Pro peptide (Asmarin et al. 1997). The ACTH 4–
10 N-terminal fragment is known to stimulate the processes
of attention, learning, and memory formation (De Wied and
Gispen 1977). The Pro-Gly-Pro fragment of Semax is
responsible for its metabolic stability and the relatively long
duration of effects. A few ACTH analogs, including
Semax, display properties of the melanocortin receptor
antagonist. ACTH and its analogs are thus able to affect the
dopaminergic and serotonergic brain systems (Eremin et al.
2005). A number of studies have shown that Semax has
effects on learning and memory formation and exerts some
neuroprotective effects in rodents and humans. This peptide
promotes neuronal survival under hypoxia and improves
brain circulation in experimental animals and humans
(Asmarin et al. 1997; Gusev et al. 1997). There are
objective data on the activating influence of Semax on
anti-inflammatory postischemic reactions in the brain
(Skvortsova et al. 1999). Semax is used in the treatment
of human vascular, toxic allergic, and inflammatory
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diseases of the optic nerve and of partial atrophy of the
optic nerve, in parallel with basic neurotrophic and antiinflammatory therapy (Polunin et al. 2000; Sheremet et al.
2004). Electrophysiological and computer methods of
examination demonstrated the advantages of Semax therapy
over traditional neuroprotective treatment for glaucoma
(Kurysheva et al. 2001). Semax has been successfully used
in the treatment of patients with different diseases of the
central nervous system, as Semax treatment resulted in
significant clinical improvement, stabilization of disease
progression, and reduction of the risk of stroke and of
transitory ischemic attacks during the disease course
(Gusev et al. 2005). Semax also significantly improved
the total estimate of life quality, as it ameliorated the
emotional state and motivation in motor neuron disease
patients (Serdiuk et al. 2007).
Several works have been dedicated to the investigation
of Semax mechanisms of action. As this peptide produces
no trophic effect on PC12 cells, the protective effects of
Semax are obviously mediated by other mechanisms
(Safarova et al. 2002). There is a suggestion that the
protective action of Semax is caused by stimulation of
neurotrophin synthesis. Some experimental data have
shown that Semax increases the expression levels of NGF
and BDNF in cultures of glial cells obtained from the basal
forebrain of newborn rats. The greatest increase in
expression was found 30 min after Semax administration
(Shadrina et al. 2001). It was also found that Semax
application results in the upregulation of BDNF protein
levels, the increase of trkB tyrosine phosphorylation levels,
and threefold and twofold increases in the levels of rat
hippocampal exon III BDNF and trkB mRNA, respectively.
In addition, Semax-treated animals exhibit a distinct
increase in the number of conditioned avoidance reactions
(Dolotov et al. 2006). The intranasal application of Semax
at 50 and 250 μg/kg of body weight results in a rapid
increase in BDNF levels after 3 h in the basal forebrain but
not in the cerebellum. Specific binding sites for Semax
were identified in the rat basal forebrain. The binding of
Semax is dependent on time, specific, and reversible and
meets the main criteria of the ligand-receptor character of
binding. Note that the action of the ACTH 4–10 analogs
through the known melanocortin receptors is still not
confirmed, and the existence of at least one unknown type
of the receptors is proposed for these analogs (Dolotov et
al. 2004, 2006). Our recent findings showed that a single
intranasal application of Semax increased the rat hippocampal expression of BDNF and NGF within 1 h and
upregulated the expression of the BDNF gene in the
brainstem and cerebellum. In contrast, NGF gene expression decreased in the rat frontal cortex (Agapova et al.
2007). In connection with all these findings, the aim of the
present work was to analyze the temporary dynamics of
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NGF and BDNF expression under Semax action in rat
hippocampus, frontal cortex, and retina.

Materials and Methods
Animal Models
The male Wistar rats (200 g) used in our experiment were
kept under a 12-h light/dark cycle with free access to water
and food. The animals were divided into six “control” and
six “experimental” groups (n=5 per group). All the groups
were handled and treated with water (intranasal injection)
three times a day every day for 10 days. All animals were
treated at the middle of the light phase of the diurnal cycle
and had free access to water and food. After this period of
preparation, all “control” groups were treated with water as
usual, and all “experimental” groups were treated with
Semax (water solution, 50 μg/kg, single intranasal application). Animals were then decapitated at 20 min, 40 min,
90 min, 3 h, 8 h, and 24 h after the treatment (all rats of one
“control” and one “experimental” group per one time
point).
The animal experiments were carried out in accordance
with the National Institutes of Health Guide for the Care and
Use of Laboratory Animals (NIH Publications No. 80-23)
revised in 1996.
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(Agapova et al. 2007). The reactions were carried out
using a SYBR Green I Real-Time PCR Kit (Syntol,
Russia).
Real-time PCR was performed on an Mx3000PTM
Real-Time quantitative PCR system (Stratagene Equipment, USA). Thermal cycling was carried out as follows:
(1) 95°C for 180 s; (2) 45 cycles of 20 s at 95°C, 20 s at a
specific primer annealing temperature described previously (Agapova et al. 2007), and 15 s at 72°C; and (3) 15 s at
25°C.
All reactions were repeated five times for cDNAs of
each tissue type using specific gene primers. Reaction
efficiencies were determined for all tissue cDNA samples
from each “control” and “experimental” group.
Statistical Analyses
Ct (threshold cycle) meanings obtained after analysis of the
real-time PCR reaction curves were then normalized and
analyzed using the Relative Expression Software Tool-384
(Pfaffl 2001, 2002, 2004). Rpl3 expression results were
used as the reference for the normalization of NGF and
BDNF mRNA expression data. The Ct values for NGF and
BDNF were normalized to the Ct value of the reference
Rpl3 mRNA among the tissues of each group and for each
time point.

Sample Preparation

Results

Rat brains and eyes were removed immediately, dissected
(tissues for further investigation of gene expression changes
were obtained from rat hippocampus, frontal cortex, and
retina), and kept at −70°C in tubes pretreated with 0.1%
diethylpyrocarbonate water solution until needed for the
isolation of mRNA.

We investigated the temporary dynamics of BDNF and
NGF mRNA expression levels in rat hippocampus, frontal
cortex, and retina 24 h after Semax intranasal application.
We chose these tissues for analysis because the hippocampus and frontal cortex take part in cognitive processes and
memory formation, and retina cells are directly connected
to the hippocampus and frontal cortex through the optic
nerve. At the same time, several studies have shown that
Semax has an effect on learning and memory formation
(Asmarin et al. 1997). In addition, Semax is used in the
treatment of human vascular, toxic allergic, and inflammatory diseases of the optic nerve and of partial atrophy of the
optic nerve (Polunin et al. 2000; Sheremet et al. 2004). As
Semax influences cognitive processes, memory formation,
and apoptosis of optic nerve and retina cells, we decided to
study rapid and distant gene expression in these brain
structures.
Figure 1 (a, b) depicts the multidirectional activation of
the expression of the genes under investigation in the
hippocampus, frontal cortex, and retina, after Semax
administration (up to 3 h). Tissue comparison showed a
decrease in neurotrophin gene expression in the rat retina
(the expression levels of BDNF and NGF were 0.41 and

RNA Isolation and Reverse Transcription
Total RNA was extracted from rat hippocampus, frontal
cortex, and retina using RNAgents Total RNA Isolation
System (Promega, USA) and treatment with DNase I
(RNase-free; Fermentas, Lithuania). Single-stranded
cDNAs were synthesized individually for each rat using
the RevertAidTM H Minus First-Strand cDNA Synthesis
Kit (Fermentas, Lithuania). Then, individual samples
cDNAs were combine into one for each group.
Real-Time Quantitative Reverse Transcription-PCR
The relative levels of NGF, BDNF, and Rpl3 cDNAs
were analyzed by SYBR Green real-time polymerase
chain reaction (PCR) using primers described previously
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Discussion

Figure 1 Temporary dynamics of BDNF (a) and NGF (b) gene
expression in rat retina, hippocampus, and frontal cortex after single
intranasal application of Semax. Gene expression level in the control
tissue samples has been accepted for 1. (*p≤0.05)

0.76 times the level in the control samples, respectively)
and hippocampus (the expression levels of BDNF and NGF
were 0.33 and 0.27 times the level in the control samples,
respectively) 20 min after Semax administration. In
contrast, the expression of these genes was increased in
the frontal cortex (expression levels of BDNF and NGF
were 1.80 and 1.23 times the level in the control samples,
respectively). The expression levels of NGF remained
practically constant in the retina at the initial stage, whereas
the expression levels of BDNF were significantly increased
(2.29 times) 90 min after Semax administration. In the
hippocampus and frontal cortex, we can observe as neurotrophin gene expression decrease and neurotrophin gene
expression increase, especially in 90 min, at the initial
stage; however, it should be noted that there was a decline
in neurotrophin gene expression in all tissues at the
3-h time point when compared with the previous time point.
At the late stage (>3 h after Semax administration), we
observed the unidirectional activation of the neurotrophin
genes in the hippocampus, frontal cortex, and retina after
Semax administration. An expression peak was observed
for both genes at the 8 h time point in all tissues (>1.5 times
the levels detected in control samples).

Previously, we established that the expression levels of the
BDNF and NGF genes were increased 1 h after Semax
treatment in glial cell cultures from rat basal forebrain and
in different rat brain structures (Shadrina et al. 2001;
Agapova et al. 2007). Here, we observed similar changes
in the expression levels of these genes. These data seem to
confirm the contention that the mechanism of Semax action
overlaps with the intracellular signaling pathways induced
by neurotrophin.
As mentioned above, neurotrophins are a family of
structurally related proteins that regulate the survival,
differentiation, and maintenance of the function of
different neuron populations. Neurotrophin receptors are
differentially expressed in the central and peripheral
nervous systems. Different members of the neurotrophin
family have distinct and not always overlapping neuroprotective actions. The low-affinity transmembrane receptor p75NTR binds all neurotrophins. In addition, each
neurotrophin binds with high affinity to one of the trk
family of transmembrane receptors: NGF to trkA, BDNF
and NT-4/5 to trkB, and NT-3 to trkC (and to trkA with a
lower affinity; Bothwell 1995; Lewin and Barde 1996;
Dechant and Barde 2002). NGF and BDNF, the expression
of which was investigated in this work, regulate the
expression of several functionally important proteins,
which include neurotransmitters, receptors, and voltageregulated ion channels (Priestley et al. 2002; McMahon
et al. 2006). NGF treatment induces BDNF expression in
virtually all trkA-expressing dorsal root ganglion neurons.
Recent data indicate that the nature of the signaling
cascades that are activated by neurotrophins and the
biological responses that ensue are specified not only by
the ligand itself but also by the temporal pattern and
spatial location of the stimulation. Studies on neurotrophin
signaling have revealed variations in the Ras/MAP kinase,
PI3 kinase, and phospholipase C pathways, which transmit
spatial and temporal information (Segal 2003). In particular, it is known that BDNF and NGF participate in the
formation of long-term synaptic plasticity and long-term
memory storage in the hippocampus. A number of
experiments involving the inhibition of endogenous
BDNF and signaling through its trkB receptor tyrosine
kinase suggest that BDNF is required for the generation of
late LTP (Chen et al. 1999; Minichiello et al. 1999;
Patterson et al. 2001). Some data confirm that BDNF
activation of its receptor trkB is necessary for the
consolidation of stable extinction memories (Chhatwal et
al. 2006); however, the exact mechanism underlying these
interactions is unknown. Semax is known to influence
both memory formation and neurotrophin gene expression
(Shadrina et al. 2001; Dolotov et al. 2006). This peptide
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stimulates operative memory and attention, increases
resistance to hypoxia, and improves brain circulation in
experimental animals and human beings over a prolonged
period (20–24 h after intranasal administration). Semax
significantly improves memory and attention in healthy
men under extreme conditions of activity.
Moreover, NGF and BDNF have been shown to act
on cells of the visual system. NGF receptors are
expressed in the retina of chick embryos, as well as in
Müller cells, photoreceptors, and retinal ganglion cells
(RGCs) of developing and adult rodents (Carmignoto et
al. 1991; Siliprandi et al. 1993). Rat RGCs have been
shown not only to express their receptors but also to
transport NGF in a retrograde and anterograde fashion
along their axons, which together comprise the optic nerve
8. In animal models of ocular disease, intraocular
administration of NGF improves RGC degeneration after
optic nerve transection, ocular ischemia, or induced ocular
hypertension (Siliprandi et al. 1993; Lambiase et al.
1997). Exogenous BDNF induces dendritic growth in
cultured dissociated rat RGCs (Bosco and Linden 1999);
however, intraocular injection of BDNF antisense oligonucleotides into the mouse retina blocks the accelerated
refinement induced by enriched environments (Landi et al.
2007). Semax is used in the treatment of human vascular,
toxic allergic, and inflammatory diseases of the optic
nerve and of partial atrophy of the optic nerve, in parallel
with basic neurotrophic and anti-inflammatory therapy
(Polunin et al. 2000; Sheremet et al. 2004). It has been
established that intranasal introduction of Semax is the
most effective. Pharmacokinetic investigation of Semax
demonstrated that ten to 15 times higher content of Semax
can be found in the brain 2 min after its intranasal
administration in comparison with its injection in blood. A
higher content of Semax in the rat brain and blood was
observed for the first minute after its intranasal administration (Shevchenko et al. 2006).
Here, we identified the temporary dynamics of NGF
and BDNF expression in rat hippocampus, frontal
cortex, and retina after intranasal Semax application.
We found a rapid and prolonged up- or downregulation
of these genes after injection of the peptide. We
observed a significant expression change 20 min after
Semax administration, and we observed an expression
peak of both genes in all tissues at 8 h. These findings
suggest the rapid and specific activation of intracellular
signaling pathways induced by Semax. The prolonged
and identical changes in the expression of neurotrophins
in rat hippocampus, frontal cortex, and retina are
probably related to autoregulation of the investigated
genes. Finally, it would be interesting to determine
which neurotrophin signaling pathways are induced by
Semax.
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