
Alzheimer’s disease (AD) is a neurodegenerative dis-

ease that causes senile dementia due to brain atrophy. The

key signs of the disease in brain include accumulation of

the neurotoxic forms of amyloid beta peptide (Aβ) caus-

ing formation of amyloid plaques, hyperphosphorylation

of tau-protein, inflammation, mitochondrial dysfunc-

tion, oxidative stress, synaptic deficiency, and neuronal

death [1]. The mechanisms of these processes are closely

related to the disruption of neurotrophic supplementa-

tion in the brain including changes in the content of

brain-derived neurotrophic factor (BDNF) and its recep-

tors TrkB and p75NTR [2, 3]. During ontogenesis of the

nervous system, the mature form of the protein

(mBDNF) regulates division of neurons, their migration,

differentiation, and establishing of intercellular contacts

via interacting with the high-affinity TrkB receptor, while

its precursor (proBDNF) regulates initiation of apoptosis

via interaction with the p75NTR receptor [4], which occurs

even in the early stages of development, when neuronal

death plays an essential role in the structural and func-

tional development of the brain [5]. Decrease in BDNF

content with aging and during the development of AD

against a background of disbalance in the contents of the
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Abstract—Alzheimer’s disease (AD) is the most common type of age-related dementia. The development of neurodegener-

ation in AD is closely related to alterations in neurotrophic supplementation of the brain, which may be caused either by

disorder of neurotrophin metabolism or by modification of its availability due to changes in the microenvironment of neu-

rons. The underlying mechanisms are not fully understood. In this work, we used senescence-accelerated OXYS rats as a

unique model of the sporadic form of AD to examine the relationship of development of AD signs and changes in neu-

rotrophic supplementation of the cortex. Based on comparative analysis of the transcriptome of the frontal cerebral cortex

of OXYS and Wistar (control) rats, genes of a neurotrophin signaling pathway with different mRNA levels in the period prior

to the development of AD-like pathology in OXYS rats (20 days) and in the period of its active manifestation (5 months) and

progression (18 months) were identified. The most significant changes in mRNA levels in the cortex of OXYS rats occurred

in the period from 5 to 18 months of age. These genes were associated with neurogenesis, neuronal differentiation, synap-

tic plasticity, and immune response. The results were compared to changes in the levels of brain-derived neurotrophic fac-

tor (BDNF), its receptors TrkB and p75NTR, as well as with patterns of their colocalization, which reveal the balance of

proneurotrophins and mature neurotrophins and their receptors. We found that alterations in neurotrophic balance indi-

cating increased apoptosis precede the development of AD-like pathology in OXYS rats. Manifestation of AD-like pathol-

ogy occurs against a background of activation of compensatory and regenerative processes including increased neurotroph-

ic supplementation. Active progression of AD-like pathology in OXYS rats is accompanied by the suppression of activity of

the neurotrophin system. Thus, the results confirm the importance of the neurotrophin system as a potential target for devel-

opment of new approaches to slow age-related alterations in brain and AD development.
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precursor and mature forms of the neurotrophin results in

the loss of control over neuron proliferation and differen-

tiation, disruption of neurotransmission, and develop-

ment of neurodegeneration [6]. It was demonstrated that

accumulation of the C-terminal fragment of p75NTR pro-

tein on the cell membrane, causing cell death during AD,

could be mediated by an increase in the content of Aβ

precursor protein (AβPP) [3]. The Aβ can directly con-

tact the extracellular domain of p75NTR receptor, which

results in activation of the intracellular domain of this

receptor (death domain), initiation of the caspase 3 and

caspase 8 cascades, and death of neurons [7, 8].

Progression of neurodegenerative processes in AD is

inevitably accompanied by the disruption of trans-synap-

tic transmission and reduction of interneuron connec-

tions [9]. Considering that retrograde transport of Trk

receptors activated by neurotrophins plays a crucial role

in initiation of signaling cascades of neuronal survival, its

dysfunction results in the disruption of response to neu-

rotrophins and, ultimately, to neuronal death [10]. The

mechanisms underlying the disruption of the neu-

rotrophin system during the development of AD are

poorly understood. This is because it is impossible to

investigate these issues in humans, especially during pre-

clinical stages of AD, as well as because of the lack of ade-

quate biological models of the disease. The predominant

existing models of AD are monogenic, such as transgenic

animals or animals with knockout genes or with certain

mutations. The use of these models could provide better

understanding of the contribution of a particular gene to

the development of hereditary form of the disease, but

these models do not reproduce all phenotypic manifesta-

tions of its sporadic form, such as complex diseases of

polygene nature, which accounts for approximately 95%

of all AD cases.

The senescence-accelerated OXYS rat line exhibiting

all key symptoms is a unique AD model [11]. The

sequence of manifestation of signs – dysfunction of mito-

chondria, hyperphosphorylation of tau-protein, destruc-

tive changes in neurons and synapses, and their progres-

sion on a background of increasing level of AβPP,

enhanced accumulation of Aβ, and formation of amyloid

plaques in the brain – corresponds to the modern notions

on pathogenesis of the sporadic form of AD in humans.

The lack of mutations in the App, Psen1, and Psen2 genes

in the genome of OXYS rats, which are characteristic for

the familial form of the disease [12], suggests the OXYS

rat line as a promising model of the sporadic form of AD.

Mechanisms of development of the processes characteris-

tic for this disease in OXYS rats remain unclear, but the

observed neurodegenerative changes in the brain struc-

tures responsible for cognition and memory already at

young age [13-15] suggest that they can be associated with

changes in the neurotrophin system. This is corroborated

by our recent data: lack of differences in the level of

BDNF in hippocampus between Wistar and OXYS rats in

the period when the phenotypic signs of AD are not yet

revealed in OXYS rats, and its increase in the period of

active manifestation of these signs followed by a decrease

in the period of enhanced accumulation of Aβ in the

brain [16].

The objective of this study was to investigate the rela-

tionship between the development of AD symptoms in

OXYS rats and the state of neurotrophic supplementation

in the cerebral cortex. For this purpose, we analyzed the

results of investigation of the prefrontal cortex transcrip-

tome in OXYS and Wistar rats with the method of massive

parallel sequencing (RNA-seq) [17]. We identified genes

associated with the neurotrophin signaling pathway, the

level of mRNA of which changed with age and was differ-

ent in OXYS and Wistar (control) rats, and made func-

tional annotation of these genes. These results were cor-

related with the age-related changes in the content of

BDNF and its receptors TrkB and p75NTR in the pre-

frontal cortex of OXYS and Wistar rats, as well as their

colocalization, which reflected the balance between

proneurotrophins and mature neurotrophins as well as

their receptors.

MATERIALS AND METHODS

Animals. This work was performed with the male rats

of OXYS and Wistar lines in the Common Use Center for

Gene pools of laboratory animals, Institute of Cytology

and Genetics, Siberian Branch of the Russian Academy

of Sciences, in accordance with the “Requirements for

conducting experiments with laboratory animals”

(86/609/EEC). Starting with age of four weeks, rats were

kept in groups of five in 57 × 36 × 20 cm cages at 22 ± 2°C

under conditions of fixed illumination regime (12 h

light/12 h dark) with freely available water and food

(granulated food for laboratory animals; Chara,

Assortiment-Agro, Russia).

The RNA-seq method was used for determination of

mRNA content of genes associated with the neurotrophin

signaling pathway in the prefrontal cortex of OXYS and

Wistar rats at the age of 20 days and of 5 and 18 months

(three animals per group). The levels of TrkB receptor

and its phosphorylated form (phosphoTrkB(Y817)) were

determined in prefrontal cortex of the right cerebral

hemisphere of the OXYS and Wistar rats at the age of 20

days and of 3 and 18 months (six animals per group) using

Western blot analysis. The contents and colocalization of

TrkB and phosphoTrkB(Y817), mBDNF and TrkB,

proBDNF and p75NTR were determined in the prefrontal

cortex of the left cerebral hemisphere of the same animals

using immunohistochemistry.

Analysis of data using RNA-seq. To create groups of

differentially expressed genes of the neurotrophin signal-

ing pathway, the considered genes were corrected accord-

ing to the Benjamini–Hochberg multiple testing proce-
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dure with p < 0.01. These groups were functionally anno-

tated using bioinformatics databases DAVID (Database

for Annotation, Visualization and Integrated Discovery)

and KEGG (Kyoto Encyclopedia of Genes and

Genomes) with threshold of enrichment significance

(EASE) p < 0.05.

Western blot analysis. Brain samples were isolated on

ice and stored at –80°C. Protein was isolated using lysis

buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1%

Triton X-100, 1% sodium deoxycholate, 0.1% sodium

dodecyl sulfate (SDS), 1 mM EDTA, protease inhibitors

(Sigma-Aldrich, USA)) at ratio 1 : 4. Protein concentra-

tion was determined with the Bradford assay (Bio-Rad,

USA). Proteins were separated with electrophoresis in

12% polyacrylamide gel in Tris-glycine buffer (25 mM

Tris, 190 mM glycine, 0.1% SDS) with operating power of

120 V and transferred onto a nitrocellulose membrane

(GE Healthcare, USA). Following blocking with 5% BSA

(Sigma-Aldrich) in sodium phosphate buffer solution

(PBS) with 0.1% Tween-20 at room temperature (1 h),

the membranes were incubated with primary antibodies

against TrkB, phosphoTrkB(Y817), and β-actin (Abcam,

USA) at 4°C (16 h) and with secondary antibodies at

room temperature (Abcam; 1 h). Emission intensity was

evaluated using the ImageJ program.

Immunohistochemical analysis. The left hemisphere

of the brain was fixed in 4% paraformaldehyde in PBS,

pH 7.4 (48 h), and then in 30% sucrose solution in PBS

(∼48 h) at 4°C and stored at −80°C. Sagittal brain sec-

tions (20 µm) were prepared on a Microm HM-505N

cryostat (Microm, Germany) at –20°C. The sections

were mounted on Polysine® microscope slides (Menzel-

Glaser, Germany), incubated in 5% BSA in PBS at room

temperature (1 h) with primary antibodies against

mBDNF (Millipore, USA) and TrkB, TrkB and

phosphoTrkB(Y817), proBDNF and p75NTR (Abcam)

at 4°C (16 h) and with secondary antibodies at room

temperature (Abcam; 1 h), and washed in PBS; then

mounting medium with DAPI (Amersham, USA) was

applied to stain nuclei. The samples were analyzed with

an Axioplan 2 light microscope (Zeiss, Germany).

Statistical analysis of results was conducted using the

Statistica 6.0 program. Factorial dispersion analysis

(ANOVA) with post-hoc comparison of group average

(Newman–Keuls criterion) was used. Genotype and age

were considered as independent factors. Data are pre-

sented as mean ± SEM. The results were considered sta-

tistically significant at p < 0.05.

RESULTS

Age-related changes in expression of genes of neu-

rotrophin signaling pathway in prefrontal cerebral cortex of

OXYS and Wistar rats. Analysis of the results (Fig. 1a)

showed that the level of mRNA of four genes (Ngf,

Mapk14, Bax, and Nras) in 20-day-old OXYS and Wister

rats was different, and at the age of 5 months another

group of four genes associated with the neurotrophin sig-

naling pathway (Ntf3, Camk2d, Shc4, and Prkcd) (accord-

ing to the KEGG pathway database) exhibited different

expression. The expression of these genes in OXYS rats was

higher (p < 0.01). At 18 months of age, the number of dif-

ferentially expressed genes in the cortex of OXYS rats com-

pared to Wistar rats reached 21 (Fig. 1a). Among those, 12

genes displayed higher expression (Ngf, Mapk14, Shc4,

Prkcd, Mapk3, Pik3r2, Akt1, Sh2b1, Nfkbie, Rps6ka2,

Maged1, and Camk2b) and nine genes showed decreased

expression (Rps6ka6, Calm2, Calm1, Frs2, Rap1a, Ripk2,

Akt3, Cdc42, and Kras). Functional annotation showed

that the changes in expression of neurotrophin signaling

pathway genes in the brain of 18-month-old OXYS rats

Fig. 1. Age-related changes in expression of the neurotrophin signaling pathway genes in prefrontal cortex of OXYS and Wistar rats. a) Number

of differentially expressed genes of the neurotrophin signaling pathway in the cortex of OXYS rats in comparison with Wistar rats at the age of

20 days and of 5 and 18 months. b) Significant gene ontology terms combining inter-line differences in expression of the neurotrophin signal-

ing pathway genes in prefrontal cortex of OXYS and Wistar rats at the age of 18 months (p < 0.05).
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were associated with intracellular signaling cascades

(Akt1, Cdc42, Kras, and others), induction of apoptosis

(Maged1, Prkcd, and Ngf), binding of nucleotides (Akt1,

Ripk2, Camk2b, and others) and enzymes (Akt1, Cdc42,

Rap1a, and others), regulation of activity of transcription

factors (Kras, Mapk3, and Ripk2), cell cycle (Akt1, Cdc42,

Mapk14, and Ngf), cell proliferation (Maged1, Kras, Ngf,

and others) and differentiation (Akt1, Mapk14, Ripk2,

and Ngf), cellular stress response (Akt1, Cdc42, and

Ripk2), and others (Fig. 1b). Hence, significant changes

in the expression of neurotrophin signaling pathway genes

in the cortex of OXYS rats were observed at the age of 18

months; furthermore, the decrease in mRNA levels of

genes was associated with neuronal signal transmission,

and increase was associated with apoptosis.

From the age of 20 days to 5 months, the expression

of 51 genes of the neurotrophin signaling pathway

changed in the cortex of Wistar rats: mRNA level

decreased for 17 genes and increased for 34 genes. In the

case of OXYS rats, the expression of 61 genes changed:

mRNA level of 24 genes decreased, and of 37

genes increased. Moreover, the expression of 45 genes

changed in the same direction for Wistar and OXYS rats:

mRNA level of 15 genes decreased and of 30

genes increased. The changes in expression of genes

encoding products associated with cell proliferation

(Psen1, Map2k1, Bax, and others), mitochondrial (Psen1,

Bax, Bcl2, and Mapk9) and nuclear-cytoplasmic trans-

port (Mapk1, Camk4, Gsk3b, and Mapk3), regulation of

ion transport (Bax, Bcl2, Akt3, and Akt2) and synaptic

transmission (Ntf3, Psen1, Gsk3b, and others), phospho-

rylation (Bcl2, Camk2d, Camk2b, and others), nucleotide

binding (Pdk1, Braf, Map2k1, and others), and apoptosis

induction (Psen1, Gsk3b, Bax, Psen2, and others) and its

regulation (Ntf3, Ywhab, Foxo3, Psen1, and others) were

common for OXYS and Wistar rats.

From the age of 20 days to 5 months, the expression

of 15 genes changed in OXYS rats but not in Wistar rats,

in particular, the mRNA level of eight genes decreased

(Mapk12, Ngf, Nfkbib, Mapkapk2, Tp53, Csk, Raf1, and

Rapgef1) and of seven genes increased (Rap1b, Rap1a,

Rhoa, Cdc42, Map3k1, Prkcd, and Sos2). The genes,

whose expression increased in the cortex of OXYS rats,

were associated with regulation of signal transduction

(Cdc42, Rhoa, and Prkcd) and polymerization of actin fil-

aments (Map3k1 and Rhoa), organization of cellular

components (Cdc42, Map3k1, and Rhoa), binding of

enzymes (Cdc42, Map3k1, and others), etc., while the

expression of genes associated with regulation of the cell

cycle (Mapk12, Tp53, and Ngf) decreased (Fig. 2a).

The expression of five genes changed in Wistar rats

from the age of 5 to 18 months (mRNA level of Camk4,

Ntrk3, and Mapk14 decreased, and that of Rps6ka1 and

Shc4 – increased), while the mRNA level of 54 genes

changed in OXYS rats: the level of mRNA of 26 genes

decreased and that of 28 genes increased. In particular,

the expression of the genes associated with nervous sys-

tem regulation (Ntrk3, Bdnf, Ywhah, and others), phos-

phorylation (Gsk3b, Mapk3, Mapk9, and others), mito-

chondria organization (Akt1, Bax, Map3k1, Mapk9, and

Tp73), intracellular localization (Akt1, Cdc42, Ywhah,

and others) and transport of proteins (Akt1, Ywhah,

Gsk3b, and others), regulation of macromolecule biosyn-

thesis (Akt1, Cdc42, Ywhah, Mapk3, and others) and

metabolism (Akt1, Cdc42, Ywhah, Mapk9, and others),

cell stress response (Gsk3b, Bax, Mapk9, Mapk8, and oth-

ers), apoptosis (Akt1, Bax, Psen2, Bad, Tp73, and others),

etc. changed in OXYS rats with the progression of AD

signs (Fig. 2b).

It is significant that the expression of only three

genes of the neurotrophin signaling pathway changed in

the OXYS rat cortex in the same direction from the age of

20 days to 18 months: the mRNA level of Ptpn11, Crkl,

and Mapk3 genes increased. At the same time, the expres-

sion of 30 genes of the neurotrophin signaling pathway in

the cortex of OXYS rats changed in different direction

depending on the age: the mRNA level of 20 genes

(Ywhah, Gsk3b, Calm1, Calm2, Camk4, and others)

increased from the age of 20 days to 5 months and

decreased from 5 to 18 months, while the mRNA level of

10 genes (Ikbkb, Nfkbib, Psen2, Camk2b, Rapgef1,

Mapkapk2, and others) decreased from the age of 20 days

to 5 months and increased from 5 to 18 months.

Age-related change in mBDNF and proBDNF con-

tent in prefrontal cerebral cortex of OXYS and Wistar rats.

The analysis of the results of immunohistochemical stain-

ing of the brain sections showed that the mature form of

BDNF was predominant in the prefrontal cortex of 20-

day-old Wistar rats, while the proBDNF was predomi-

nant in OXYS rats (Fig. 3). The content of both protein

forms in the prefrontal cortex of OXYS rats increased by

the age of 3 months and became higher than in the Wistar

rats (Fig. 3). By the age of 18 months, the content both

mBDNF and proBDNF decreased in the cerebral cortex

of both rat lines.

Level of TrkB-receptor and its phosphorylated form in

prefrontal cerebral cortex of OXYS and Wistar rats of differ-

ent age. As shown with dispersion analysis, the level of

TrkB in prefrontal cortex was independent of genotype and

age of the animals (F1,30 = 0.7, p = 0.41 and F2,30 = 2.3, p =

0.11, respectively; Fig. 4a). The level of phospho-

TrkB(Y817) also was independent of the animal genotype

(F1,29 = 0.5, p = 0.49), but decreased with age (F2,29 = 6.3,

p < 0.005) (Fig. 4b). Comparison of group average showed

that significant difference was demonstrated only for OXYS

rats: at the age of 18 months they had level of

phosphoTrkB(Y817) receptor lower than at the age of 20

days (p < 0.005). The phosphoTrkB(Y817)/TrkB ratio indi-

cates the degree of activation of TrkB receptor. This indi-

cator for the prefrontal cortex was not dependent on geno-

type or on age of the animals (Fig. 4c) (F1,29 = 0.001, p =

0.97 and F2,29 = 0.08, p = 0.92, respectively).



322 RUDNITSKAYA et al.

BIOCHEMISTRY  (Moscow)   Vol.  82   No.  3   2017

Immunohistochemical analysis did not reveal any

differences in the intensity of signals from TrkB receptors

and phosphoTrkB(Y817) receptors in the prefrontal cere-

bral cortex of 20-day-old and 3-month-old Wistar and

OXYS rats. The content of TrkB receptor and its phos-

phorylated form in cerebral cortex of both rat lines

decreased with age, but the decrease was more significant

in OXYS rats. As a result, the intensity of TrkB receptor

and phosphoTrkB(Y817) receptor signals in the pre-

frontal cortex of 18-month-old OXYS rats was lower than

in the case of Wistar rats (Fig. 4d).

Content of BDNF and its receptors TrkB and p75NTR

in prefrontal cerebral cortex of OXYS and Wistar rats of

different age. Immunohistochemical analysis did not

Fig. 2. Functional annotation of neurotrophin signaling pathway genes, which showed age-related changes of expression in the cortex of OXYS

rats. Significant gene ontology terms combining age-related differences in expression of the neurotrophin signaling pathway genes in prefrontal

cortex of OXYS versus Wistar rats at the age from 20 days to 5 months (a) and from 5 to 18 months (b); p < 0.05.
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Fig. 3. Content of mBDNF and proBDNF in the prefrontal cerebral cortex of OXYS and Wistar rats of different age. By the age of 20 days,

the intensity of the mBDNF signal is lower and of the proBDNF signal is higher in OXYS rats than in Wistar rats. By the age of 3 months, the

intensity of signals from both forms of protein increases in OXYS rats. By the age of 18 months, the intensity of mBDNF and proBDNF sig-

nals decreases in the rats of both lines. Brain sections are stained with specific antibodies against mBDNF (red) and proBDNF (green); nuclei

stained with DAPI (blue). Layer of pyramidal neurons in the prefrontal cerebral cortex. Scale bar: 20 µm.
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reveal any differences between the rat lines in the intensi-

ty of the TrkB receptor signal, but it demonstrated high

frequency of its colocalization with mBDNF in the pre-

frontal cortex of the 20-day-old rats of both lines (Fig. 5).

By the age of 3 months, the pattern changed: despite the

absence of inter-line differences in the intensity of the

TrkB receptor signals, the frequency of its colocalization

with mBDNF in the prefrontal cortex of OXYS rats was

higher than in the case of Wistar rats (Fig. 5). By the age

of 18 months, the frequency of colocalization of mBDNF

and TrkB receptor decreased in the cerebral cortex of

both rat lines (Fig. 5).

The analysis of proBDNF and p75NTR receptor con-

tent showed that the intensity of signals from both proteins

in the prefrontal cortex of 20-day-old OXYS rats was high-

er than in the Wistar rats, while their colocalization was

low in the rats of both lines (Fig. 6). The same pattern was

observed in the 3-month-old Wistar rats, while the fre-

quency of colocalization of proBDNF with p75NTR recep-

tor in the cerebral cortex of OXYS rats increased. By the

age of 18 months, the intensity of p75NTR receptor signal in

the prefrontal cortex of Wistar rats decreased (Fig. 6), and

the frequency of its colocalization with proBDNF and the

level of free proBDNF increased. The content of p75NTR

receptor in the cerebral cortex of OXYS rats increased

from the age of 20 days to 3 months, and it remained high

at the age of 18 months. Thus, the intensity of proBDNF

and p75NTR receptor signals for the 18-month-old OXYS

rats and the frequency of their colocalization in the pre-

frontal cortex were significantly higher than in Wistar rats

(Fig. 6), which along with the cerebral cortex transcrip-

tome analysis indicated activation of apoptosis.

Fig. 4. Age-related changes in the level of TrkB receptor, phosphoTrkB(Y817) receptor, and their ratio in the prefrontal cerebral cortex of

OXYS and Wistar rats. a) The level of TrkB receptor did not change significantly with age in both rat lines. b) The level of phosphoTrkB(Y817)

receptor decreased moderately with age in the OXYS rats. c) The phosphoTrkB(Y817)/TrkB ratio did not change with age (data of Western

blot analysis); (^) age differences, p < 0.05. d) Polyacrylamide gel bands of TrkB, phosphoTrkB(Y817) and β-actin proteins from 20-day- and

3- and 18-month-old OXYS (O) and Wistar (W) rats. e) Immunohistochemical staining of brain sections of 20-day-old and of 3- and 18-

month-old OXYS and Wistar rats with specific antibodies against TrkB receptor and phosphoTrkB(Y817) receptor; nuclei stained with DAPI.

Layer of pyramidal neurons in the prefrontal cerebral cortex. Scale bar: 10 µm.
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Fig. 5. Content of mBDNF and TrkB receptor in the prefrontal cerebral cortex of OXYS and Wistar rats of different age. OXYS rats at the age

of 3 months demonstrate higher frequency of colocalization of mBDNF and TrkB receptor than the Wistar rats. The intensity of mBDNF and

TrkB receptor signals decreases in OXYS rats by the age of 18 months. Immunohistochemical staining of brain sections with specific antibodies

against mBDNF (red) and TrkB receptor (green); nuclei stained with DAPI (blue). Layer of pyramidal neurons in the prefrontal cerebral cor-

tex. Scale bar: 20 µm.
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Fig. 6. Content of proBDNF and p75NTR receptor in the prefrontal cerebral cortex of OXYS and Wistar rats of different age. In comparison

with Wistar rats, the intensity of proBDNF and p75NTR receptor signals in the 20-day-old OXYS rats was higher, as well as the frequency of

their colocalization at the age of 3 months and the signal intensity and frequency of colocalization at the age of 18 months.

Immunohistochemical staining of brain sections with specific antibodies against proBDNF (red) and p75NTR receptor (green); nuclei stained

with DAPI (blue). Layer of pyramidal neurons in the prefrontal cerebral cortex. Scale bar: 20 µm.
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DISCUSSION

The development of age-related and AD-associated

neurodegenerative processes is strongly linked to the

changes in neurotrophic supplementation of the brain,

which occurs due to either disruption of neurotrophin

metabolism or modification of its accessibility due to

change in the neuron microenvironment. The mecha-

nisms initiating these processes as well as the differences

between the changes in neurotrophic supplementation

due to aging and during the development of AD remain

poorly understood. Information on the dynamics of dis-

ruptions in the brain neurotrophin system during AD

development is lacking. We have evaluated changes in

neurotrophic supplementation in the prefrontal cerebral

cortex of Wistar rats occurring with aging, and of OXYS

rats in the period preceding the development of AD signs

(20 days) and in the stages of their active manifestation

(3-5 months) and progression (18 months). It is remark-

able that the levels of mRNA of four genes of neu-

rotrophin signaling increase in OXYS rats already at the

age of 20 days, with three of them (Ngf, Bax, and Nras)

associated with apoptosis. The shift of the proBDNF/

mBDNF balance toward the immature form of the pro-

tein that was observed in the cerebral cortex of OXYS rats

in this period favored activation of apoptosis. The period

of postnatal development of rat brain associated with cor-

rection of errors and removal of “transitional” cellular

population required for optimization of the neuronal net-

work via apoptosis of a significant number of neurons is

completed by this age [18]. It is likely that the increased

activity of apoptosis in OXYS rats in comparison with

Wistar rats is related to hypoxia, the signs of adaptation to

which we have observed earlier in the brain of 20-day-old

OXYS rats during investigation of energy metabolism

[19]. Oxidative stress indirectly manifested by enhanced

accumulation of a large deletion of mitochondrial DNA

(4834 bp) in the hippocampus of OXYS rats in the early

postnatal period can be either the cause or result of acti-

vation of apoptosis [14].

Comparison of changes in the transcriptome of pre-

frontal cerebral cortex of OXYS and Wistar rats from the

age of 20 days to 5 months revealed unidirectional

changes in the expression of 45 genes of the neurotrophic

signaling pathway in both rat lines. Their increased

expression is associated with the development and differ-

entiation of neurons, growth of axons, and decreased with

regulation of neurogenesis and axonogenesis and immune

response. Previously, we showed that the first signs of

neurodegenerative changes developed in the brain of

OXYS rats by the age of 3-5 months: destructive changes

in neurons and synapses [11], disruption of prolonged

post-tetanic potentiation [20], hyperphosphorylation of

tau-protein [11, 12], demyelination [21], and mitochon-

dria dysfunction [11, 12]. Moreover, due to the plasticity

of biological systems, compensatory reactions are initiat-

ed in the brain of OXYS rat in parallel with the develop-

ment of neurodegenerative changes, directed to preven-

tion of these processes: the density of neurons and

synapses increases, as well as the BDNF level in hip-

pocampus [15, 16]. The fact that the level of mRNA of

neurotrophin signaling pathway genes changes in the

brain of OXYS rats between the age of 20 days and 5

months while the same parameter in Wistar rats remains

unchanged supports the hypothesis on initiation of com-

pensatory mechanisms in the cerebral cortex of OXYS

rats. The increase in their expression in the brain of OXYS

rats is associated with regulation of signal transduction

and biogenesis and organization of cellular components,

which indicates enhancement of synaptogenesis and,

hence, activation of the neurotrophin system in the stage

of manifestation of AD signs. This activation could be the

cause of either increase in neuron and synapse population

or enhancement of neuronal death in the brain of young

OXYS rats. Indeed, we have revealed the signs of func-

tional stress in the neurotrophin system of 3-month-old

OXYS rats: increase in mBDNF and proBDNF content

in the cerebral cortex and higher frequency of their colo-

calization with TrkB receptors, indicating activation of

neuroprotective mechanisms, and increase in p75NTR,

which is an indicator of activation of axon retraction

mechanisms, destruction of synapses, and apoptosis.

Hyperphosphorylation of tau-protein [22], which

causes disruption and disorganization of the microtubule

system, development of transport collapse, and blocking

of neuronal transport pathways [23], could facilitate the

changes in the neurotrophin system in the stage of mani-

festation of AD symptoms in OXYS rats. The disruption

of exocytosis and intracellular transport of neurotrophin

receptors becomes critical for the development of signal-

ing cascades initiated by neurotrophins [24]. At the same

time, the increase in expression of the neurotrophin sig-

naling pathway genes associated with regulation of bio-

genesis, organization of cellular components, and poly-

merization of actin filament in the cerebral cortex of

OXYS rats with age increase from 20 days to 5 months

corroborates the notion on activation of compensatory

processes aimed to restore intracellular transport and, as

a result, signaling cascades induced by neurotrophins.

The compensatory activation of the neurotrophin

system is followed by its exhaustion. The progression of

AD signs in OXYS rats (from the age of 5 to 18 months)

occurs on the background of the change in mRNA level of

54 neurotrophin signaling pathway genes in the cerebral

cortex of OXYS rats, while the expression of only five

genes changes in Wistar rats during this period. The

decrease in mRNA level of genes in OXYS rats is associ-

ated with the processes of neurogenesis, neuron differen-

tiation, regulation of cell projection organization, synap-

tic plasticity, and the increase is associated with immune

system functions. It must be mentioned that the unidirec-

tional change of expression of only three genes (Ptpn11,
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Crkl, and Mapk3) was observed in OXYS rats in the peri-

od from the age preceding the development of AD signs to

the age when these signs are clearly pronounced (from the

age of 20 days to 18 months), while the expression of 30

genes changed in different directions, for example, the

Bdnf gene with the level of its mRNA increasing by the

age of 5 months and decreasing by the age of 18 months.

We did not observe any age-related changes in the

content of TrkB protein (mBDNF receptor) in the pre-

frontal cortex of either OXYS or Wistar rats; however, the

level of the phosphorylated form of the TrkB receptor

(phosphoTrkB(Y817)) decreased in OXYS rats. Following

phosphorylation of tyrosine 817 in TrkB, the phospholi-

pase Cγ is recruited to the signaling cascade [25], which

results in formation of Ins(1,4,5)P3, diacylglycerol, and

increase in intracellular Ca2+ concentration, which in

turn activate calmodulin and protein kinase C. These sig-

naling pathways control various aspects of cell function-

ing including survival, differentiation, growth, and synap-

tic plasticity.

Hence, changes in neurotrophin system balance indi-

cating the enhancement of apoptosis precede the appear-

ance of the AD signs in OXYS rats, and manifestation of

the signs occurs on the background of activation of com-

pensatory processes including the neurotrophin system,

which is followed by the suppression of the activity of the

neurotrophin system during the period of disease. In gen-

eral, the results agree with the notion that the disruption of

neurotrophic supplementation of brain significantly

affects AD pathogenesis and demonstrate potential bene-

fits of the use of the neurotrophin system as a target for the

development of new approaches for correction of age-

related changes in the brain and the development of AD.
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