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Abstract: Alzheimer's disease (AD) is a prime example of a pathology with extremely low treatment 

efficiency. The relevance of developing new drugs for its treatment is beyond doubt. Modern research 

in the discovery of therapeutic intervention in some neurodegenerative diseases indicates a high 

prospect of using intracellular signaling pathways as targets. We studied the effect of selective inhibitors 

of MEK1, p38α/p38β, NF-κB, JAKs, STAT3, adenylate cyclase, and PKA on the functioning of neural 

stem cells (NSC) and committed neuronal precursors (NCP) in an in vitro model of amyloid-β-induced 

neurodegeneration. The results of the experiments indicate the formation of fundamentally new patterns 

of intracellular signaling during the regulation of proliferation and specialization of progenitors under 

the influence of neurotoxic fragments of β-amyloid. There is a desynchronization of NSC and NCP 

activities. It was found that the pharmacological regulation of signal transduction in regeneration-

competent cells (RCCs) with the help of selective inhibitors of some intracellular molecules leads to 

the coordination of the pro-regenerative capacity of different types of progenitors. The findings indicate 

the prospect for the discovery of new drugs with neuroregenerative activity for the treatment of AD 

based on inhibitors of MEK1, p38α/p38β, NF-кB, STAT3, and PKA. The obtained data expand the 

horizon of using modifiers of intracellular signaling molecule activity and open new prospects for 

targeted regulation of intracellular signaling. 
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inhibitors. 
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1. Introduction 

An important feature of the pathogenesis of neurodegenerative diseases is a disruption 

in the activity of cell renewal systems [1, 2]. Alzheimer's disease (AD) is the most common 

neurodegenerative disease. Moreover, in recent years there has been an explosive spread of AD 

and a decrease in the age of its manifestation [3-5].  

According to modern concepts, the balance and efficiency of neurogenesis depend, first 

of all, on the activity of postnatal regenerative-competent cells (RCCs) of the central nervous 

system (CNS). Such cells include not only multipotent neural stem cells (NSC) [6]), but also 

lineage-restricted precursors, including neuronal committed progenitors (NCP) [7, 8]. At the 
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same time, the coordinated functioning of different populations of progenitors is important for 

neurogenesis [1, 7]. 

Therefore, it seems expedient to study the possibility of pharmacological stimulation 

and coordination of NSC and NCP functions for treating neurodegenerative diseases (including 

AD) [5, 9]. The development of such methods looks to be especially promising within the 

framework of the strategy of targeting intracellular signaling molecules in progenitor cells [10–

14]. This approach involves a selective effect on the signaling pathways that regulate cell 

proliferation and differentiation. The selectivity of stimulation of tissue repair, in this case, is 

determined by the features of intracellular signaling in tissue-specific progenitor cells, as well 

as the specificity of expression of different types and isoforms (including protein products of 

alternative splicing) of signaling molecules [11, 15–17]. 

The etiology of AD is still unknown [18, 19]. However, the important role of β-amyloid 

() in its pathogenesis has been proven [20]. It is known that Aβ aggregates are one of the main 

causes of disruption of neuronal activity and the loss of the ability of the nervous tissue for 

balanced neurogenesis [21, 22]. However, many aspects of the regulation of the functions of 

progenitors under conditions of β-amyloid-induced neurodegeneration have not yet been 

studied. In particular, there is no detailed understanding of the role of some intracellular 

signaling in regulating cell functions in individual compartments of the nervous tissue cell 

renewal system. For example, the specificity of several individual molecules of MAPK- [9, 

23], JAK/STAT- [2], and cAMP-mediated [17, 24] signaling pathways in the regulation of 

NSC and NCP functions in AD is not known. Studying these molecular mechanisms of the 

functioning of the nervous tissue RCCs under conditions of β-amyloid-induced 

neurodegeneration will make it possible to identify new promising drug targets for treating 

dementia of Alzheimer's type. 

It may be very interesting to develop methods for targeted regulation of intracellular 

signal transduction of progenitors, considering the presence of a population of dormant stem 

cells in the CNS in the postnatal period [25]. Furthermore, there is convincing evidence of a 

significant role of somatic mutations (including transcriptional mutagenesis) in neurons in the 

development of AD [8, 26]. Based on this, it is logical to think that stimulation of dormant 

NSC that do not have such a genetic defect will lead to the formation of “healthy” mature nerve 

cells. 

The work aimed to study the effect of inhibitors of MEK1, p38α/p38β, NF-кB, JAKs, 

STAT3, adenylate cyclase (AC), and PKA on the functions of NSC and NCP under conditions 

of modeling β-amyloid-induced neurodegeneration in vitro. 

2. Materials and Methods 

2.1. Chemicals and drugs. 

The serum-free MACS Neuro Medium; anti-PSA-NCAM MicroBeads; (all 

manufactured by Miltenyi Biotec, Germany); Amyloid β-Protein Fragment 25-35; MEK1 

inhibitor (PD98059); p38α/p38β inhibitor (SB202190); NF-кB inhibitor JSH-23 (J4455); JAKs 

inhibitor (Pan JAK Inhibitor «Ruxolitinib»); STAT3 inhibitor (STAT3 inhibitor XII, SPI); 

adenylate cyclase inhibitor (2ʹ,5ʹ-Dideoxyadenosine); PKA inhibitor (KT 5720); hydroxyurea 

(all manufactured by Calbiochem, Germany). 
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2.2. Animal.  

Studies were carried out on 30 С57B1/6 mice at the age of 2-2.5 months. Before the 

beginning of experiments (during 10 days) and over the study period, animals were contained 

in a vivarium (air temperature 20–22°C, humidity 50-60 %) in plastic cages (10 mice) on a 

normal diet (solid diet pellets (LLC «Assortiment Firm», Sergiev Posad city, Russia), water ad 

libitum. To exclude seasonal variations from the parameters studied, all experiments were 

conducted in winter. The dark/light cycle was 12/12 hours. After the experiments, the mice 

were sacrificed with a CO2 camera. The experiments were approved by the Ethics Committee 

of Goldberg Research Institute of Pharmacology and Regenerative Medicine (protocol GRIPh 

& RM-2022-01/12). 

2.3. Experimental design. 

In vitro experiments were used to study the direct effect of the inhibitors of MEK1 (100 

μM), p38α/p38β (10 μM), NF-кВ (30 μM), JAKs (200 nM), STAT3 (10 μM), АС (30 μM) and 

РКА (10 μM) on the realization of the growth potential of NSC and NCP [1, 7] under the 

conditions of modeling β-amyloid-induced neurodegeneration in vitro was studied. The 

appropriate cell cultures with Aβ without signaling molecule inhibitors served as controls. 

2.4. Modeling β-amyloid-induced neurodegeneration. 

The Aβ fragment 25-35 was used in the experiment. To obtain protein aggregates, it 

was incubated at a concentration of 1 mM for 7 days at 37°С, 5% CO2, and 100% air humidity. 

The aggregated Aβ was added to the culture medium in vitro to a final concentration of 20 μM 

[27]. 

2.5. NSC and NCP study.  

The nervous tissue to produce cellular material was extracted from the subventricular 

area of the cerebral hemispheres (SVZ). NSC was prepared from unfractionated SVZ cells. To 

study NCP using an immunomagnetic separator “MIniMACS Cell Separator” (Miltenyi 

Biotec, Germany). It isolated PSA-NCAM+ (CD56+) cells (by positive selection) [1]. The cells 

at a concentration of 105 / ml were incubated in MACS Neuro Medium for 5 days in a CO2 

incubator (under standard conditions). After incubation, the content of clonogenic cells, their 

mitotic activity, and the specialization intensity was calculated. The yield in the respective 

cultures of colony-forming units (CFU, neurospheres containing more than 100 cells) 

determined the number of NSC and NCP. The proliferative activity of CFU was assessed by 

the method of cell suicide using an agent specifically inhibiting DNA synthesis enzymes in the 

S-phase of the cell cycle (hydroxyurea (at a concentration of 1 µM)). The specialization 

(differentiation/maturation) intensity of progenitors was determined by calculating the ratio of 

the corresponding cluster-forming units (ClFU, neurospheres of 30 - 100 cells) to CFU 

(specialization index) [1, 8]. 

2.6. Statistical analysis. 

The data were analyzed with one-way ANOVA followed by Dunnett’s test, Wilcoxon’s 

test for dependent samples, and Mann-Whitney test for independent samples. The data are 

expressed as arithmetic means. The significance level was p < 0.05 [28]. 
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3. Results and Discussion 

3.1. Effect of Aβ on NSC and NCP functions. 

The addition of aggregated Aβ to the culture medium caused an ambiguous reaction on 

the part of the colony-forming capacity of different progenitors. In the culture of unfractionated 

cells from SVZ, a decrease in the number of CFUNSC was observed (up to 76.3% of the similar 

value in the cell culture without Aβ) (Figure 1, A). At the same time, Aβ stimulated the 

clonogenic activity of CD56+ cells. The number of CFUNCP increased to 346.7% of the initial 

level (Figure 2, A). These changes reflected the corresponding changes in the mitotic activity 

of both types of progenitors. There was a decrease in the intensity of NSC proliferation (up to 

71.5% of the corresponding parameter in the medium without Aβ) and an increase in this 

indicator in NCP (up to 206.1% of the initial level) (Figure 1, B; 2, B). Against this background, 

the index of specialization of multipotent progenitors increased (up to 183.1% of the initial 

level), while in committed precursors, on the contrary, it significantly decreased and reached 

55.6% of the same indicator in control (medium without Aβ) (Figure 1, C; 2, C). 

The results of the experiments were in full agreement with our earlier data on the 

opposite reaction of NSC and NCP to Aβ [29]. This uncoupling of the activity of nervous tissue 

progenitors of different types is one of the main causes of neurogenesis disorders in AD. 

3.2. Targeting of signaling pathways in NSC and NCP. 

3.2.1. MAPK signaling pathway.  

The MEK1 and p38α/p38β inactivation caused in many respects the same type of 

changes in the functioning of NSC both under conditions of their optimal vital activity and in 

modeling neurodegeneration. In both cases, there was an increase in the level of colony 

formation in the culture of unfractionated cells from SVZ (Figure 1, A). These changes were 

more pronounced when exposed to a neurotoxic agent. The number of CFUNSC, in this case, 

increased to 140.3% of the control value (while in the culture medium without Aβ, the increase 

in the parameter reached only 119.4% of the initial level). The change in the NSC colony-

forming capacity was the result of an increase in their proliferative activity: up to 121.6% and 

237.3% of the corresponding control levels (in the cell culture without Aβ and with the addition 

of Aβ) (Figure 1, B). 

Also, regardless of the cultivation conditions, the NSC intensity differentiation changed 

in the same way during p38α/p38β blockade. In both cases, a decrease in this indicator was 

observed. The MEK1 inhibitor affected this parameter only under conditions of modeling Aβ-

induced neurodegeneration. The value of the differentiation index, in this case, was 74.8% of 

the initial level (Figure 1, C). 

The committed progenitor cells responded significantly less to MAPK inhibitors. The 

p38α/p38β blockade influenced the functioning of clonogenic CD56+ cells only under 

conditions of their optimal vital activity (medium without Aβ). In this experimental group, an 

increase in the number of CFUNCP and their proliferative activity was observed (up to 163.7% 

and 124.6% of the initial levels, respectively). Inactivation of p38 in the culture of CD56+ cells 

with Aβ did not cause any changes. At the same time, the MEK1 inhibitor had no effect on 

NCP (Figure 2). 
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Figure 1. (A) Amount of CFUNSС; (B) NSC proliferative activity; (C) NSC differentiation index. Here and in 

Figure 2: cell culture without βA (intact); with βA. * - differences with intact; # - differences with the group 

without inhibitors at p < 0.05. 

 
Figure 2. (A) Amount of CFUNCP; (B) NCP proliferative activity; (C) NCP differentiation index. 
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Thus, inhibitors of MEK1 and p38α/p38β, on the one hand, abolished the negative 

effect of Aβ on the NSC functioning and, on the other hand, did not affect the compensatory 

activation of NPCs proliferation induced by neurotoxic agents. 

3.2.2. NF-кВ-signaling pathway. 

The experiment revealed an important role of NF-кB signaling in the regulation of NSC 

functions. The NF-κB inhibitor, both in the amyloid-free medium and in the simulation of Aβ-

induced neurodegeneration, led to a significant increase in the number of CFUNSC and their 

proliferative activity (up to 178.3% and 208.1% of the corresponding control values under 

conditions of optimal vital activity; and 144.6% and 147.5% of the initial levels when exposed 

to Aβ, respectively) (Figure 1, A, B). Inactivation of NF-κB against the background of exposure 

to a neurotoxic agent also caused a decrease in the NSC intensity of differentiation (up to 70.4% 

of the background value) (Figure 1, C). 

Other patterns were revealed in the implementation of the growth potential of NCP 

under the influence of an NF-кB inhibitor. In the Aβ-free medium, NF-κB blockade did not 

change the functioning of committed progenitors (Figure 2). However, modeling of 

neurodegeneration was accompanied by a pronounced increase in the number of CFUNCP (up 

to 167.2% of the initial level) and their mitotic activity (up to 144.9% of the initial level) in 

response to the introduction of amyloid into the CD56+ cells culture. At the same time, the 

intensity of NCP maturation practically did not change (Figure 2, C). 

Thus, the NF-κB blockade in the NSC and NCP significantly synchronized their 

activities. 

3.2.3. JAKs/STAT-signaling pathway. 

The study of the JAK/STAT pathway made it possible to reveal a number of features 

of their participation in the realization of the growth potential of various precursors of nervous 

tissue. Adding the JAKs and STAT3 inhibitors to the medium without Aβ did not affect the 

functioning of NSC in vitro (Figure 1). In contrast, under the conditions of modeling 

neurodegeneration, blockade of STAT3 led to an increase in the number of CFUNSC in the 

culture of unfractionated cells of the nervous tissue and their proliferative activity (up to 

203.2% and 215.7% of similar values in the medium with Aβ without signaling molecule 

inhibitors). At the same time, there was a pronounced decrease in the intensity of NSC 

differentiation to the level of this indicator in cell culture without Aβ. Similar changes in the 

specialization of NSC were recorded during the blockade of JAKs under the influence of a 

neurotoxic agent. However, JAKs inactivation did not cause other changes in the functioning 

of the NSC. 

Dissimilar committed progenitors reacted to the blockade of these signaling molecules. 

Under conditions of optimal vital activity, changes in NCP functions were observed only under 

the influence of the JAKs inhibitor. It reduced the colony-forming capacity of CD56+ cells by 

inhibiting their proliferation (up to 52.7% and 59.6% of the control values, respectively) 

(Figure 2, A, B). When modeling neurodegeneration, these changes in the functioning of the 

NCP under the influence of the JAKs blocker persisted. However, an additional increase in 

their specialization intensity was noted (up to the initial level - a medium without Aβ and 

inhibitors of signaling molecules) (Figure 2). The STAT3 blockade, as well as in the Aβ-free 

medium, did not change the implementation of the functions of NCP. 
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Thus, the inactivation of STAT3 under conditions of modeling Aβ-induced 

neurodegeneration led to the leveling of the negative effect of the neurotoxic agent on the 

functions of NSC and stimulation of their proliferation. However, unlike the JAKs blocker, the 

STAT3 inhibitor did not suppress the compensatory progression of the cell cycle of NCP 

caused by Aβ. 

3.2.4. cAMP-signaling pathway. 

The important role of cAMP and PKA in regulating various types of progenitors was 

revealed, regardless of their cultivation conditions in vitro. The blockade of AC and PKA in 

both cases (medium without Aβ and with Aβ) was accompanied by a pronounced stimulation 

of colony formation of unfractionated cells of the nervous tissue. Moreover, the highest 

increase in the number of CFUNSC was observed when modeling Aβ-induced 

neurodegeneration (up to 242.5% and 243.1% of the background in AC and PKA blockade, 

respectively) (Figure 1, A). This was associated with significant activation of NSC proliferation 

(up to 32.6% and 31.9% of the corresponding control level of the indicator in the inactivation 

of AC and PKA). (Figure 1, B). Conversely, violation of cAMP-mediated signal transduction 

led to a decrease in the intensity of NSC differentiation almost to the level of this indicator in 

the medium without Aβ and signaling molecule inhibitors (Figure 1, C). 

The role of the cAMP-pathway in committed neuronal progenitors differed from that 

in NSC. The blockade of AC did not affect the functioning of NCP both under conditions of 

optimal vital activity in vitro and when cultivated in a medium with Aβ. But NCP reacted to 

the PKA inhibitor. Moreover, in the Aβ-free medium, the colony formation levels and the 

NCP's proliferative activity decreased under the influence of this pharmacological agent 

(Figure 2, A, B). At the same time, their maturation accelerated (up to 179.1% of the initial 

level) (Figure 2, C). Under conditions of simulation of Aβ-induced neurodegeneration, PKA 

inactivation caused an increase in the mitotic activity of committed precursors (up to 126.7% 

of the control level). 

Thus, the blockade of cAMP synthesis and selective inactivation of PKA significantly 

stimulated NSC proliferation. Moreover, under conditions of neurotoxic exposure, these 

changes were most pronounced. However, with regard to committed neuronal progenitors, only 

the PKA inhibitor had such an effect in modeling neurodegeneration. 

In general, the experimental results confirm our earlier data on the formation of a 

fundamentally new pattern of intracellular signaling in progenitors under the influence of a 

fragment of neurotoxic β-amyloid [29]. The experiments revealed the desynchronization of the 

activities of the NSC and the NCP. Opposite changes in their proliferation and differentiation 

status were found under conditions of βA-induced neurodegeneration. In particular, inhibition 

of NSC proliferation against the background of progression of the NCP cell cycle was revealed. 

At the same time, the change in the intensity of specialization of progenitors in the first case 

increased, while in the second, on the contrary, it decreased (Figure 3). Thus, the experiments 

demonstrate the extraordinary phenomenon of discoordination of the activities of NSC and 

NCP against the background of dissociation of their proliferation and differentiation processes. 

These disturbances in the system of cellular renewal of the nervous tissue system underlie 

inefficient neurogenesis in AD [30, 31]. Moreover, the intensification of the rate of NSC 

differentiation should also be considered a pathogenic factor since it is known that a high rate 

of precursor specialization often causes aberrant cell development [32, 33]. Therefore, the main 

https://doi.org/10.33263/BRIAC135.401
https://biointerfaceresearch.com/


https://doi.org/10.33263/BRIAC135.401  

 https://biointerfaceresearch.com/ 8 of 11 

 

efforts in developing methods for stimulating CNS repair in AD should be directed at finding 

ways to coordinate the activity of regenerative-competent cells of various types [1, 8]. 

 
Figure 3. Discoordination of the activities of NSC and NCP against the background of disunity of their 

proliferation and differentiation in AD. Solid lines - stimulation; dotted lines - braking. 

The experiments have shown that, under conditions of βA-induced neurodegeneration, 

new patterns of intracellular signal transduction in NSC and NPCs arise, which are responsible 

for the realization of their growth potential. In contrast, a unique possibility of coordinating the 

pro-regenerative properties of different types of progenitors was revealed due to the targeted 

regulation of signal transduction in them [15–17]. The inhibitors of MEK1, p38α/p38β, NF-

кB, STAT3, and PKA were found to be the most effective correctors of NSC and NCP 

dysfunctions. The selective blockade of each of these signaling molecules was accompanied 

by the leveling of the negative effect of βA on multipotent progenitors and the preservation 

(and in the case of inactivation of NF-кB and PKA, even by additional stimulation) of a 

pronounced compensatory reaction of committed neuronal precursors (Figure 4). 

 
Figure 4. The activity of NSC and NCP in AD under the influence of signaling molecule inhibitors. Thick lines 

- stimulation; thin lines - no effect 
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At the same time, the important role of neuroglia in CNS recovery should be taken into 

account [34]. Both macroglial and microglial cells are involved in the repair of nervous tissue 

through intercellular communication with progenitors and the secretion of cytokines 

(stimulators and inhibitors of neurogenesis) [2, 35]. In this regard, it is reasonable to study the 

effect of these inhibitors of intracellular signaling molecules on the functioning of different 

populations of glial cells in the simulation of βA-induced neurodegeneration. Such experiments 

will allow evaluation of the possibility of achieving conjugation between the pro-regenerative 

functions of progenitors and the activity of neuroglial cells using targeted signal transduction 

regulators. 

4. Conclusions 

The findings indicate the prospect of drug discovery for the treatment of AD based on 

inhibitors of MEK1, p38α/p38β, NF-кВ, STAT3 и РКА This expands the horizon for the use 

of modifiers of the activity of intracellular signaling molecules and opens up new perspectives 

for implementing a strategy for targeted regulation of intracellular pathways. 
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