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 Abstract 

Introduction: The use of atomic force microscopy (AFM) to investigate membrane stiffness in neurons provides 
valuable insights into cellular mechanisms and their alterations in response to various pathophysiological 
conditions. Heat shock protein HSP 70, a component of the cellular stress response system, plays a role in 
stabilizing the protein structures of cellular organelles. However, studies examining changes in the stiffness of 
hippocampal neuronal membranes in its presence, particularly following cerebral circulation disturbances, have 
not been conducted yet. 

Materials and Methods: The study was performed on a mixed culture of hippocampal neurons derived from 9-
day-old male CD-1 mice, obtained 24 hours after modeling neonatal hypoxia-ischemia. The following groups 
were formed: Intact culture; HI culture; HI + rhHSP70 10-6 M; HI + rhHSP70 10-8 M; HI + rhHSP70 10-9 M; HI + 
rhHSP70 10-12 M, with the substance added in dilutions from an initial dose of 0.1 µg/g. The Young's modulus was 
measured using force spectroscopy, and maps of local stiffness of various surface areas were generated. 

Results and Discussion: The neonatal hypoxia-ischemia model resulted in an 18% increase in the stiffness of the 
neuronal cell surface compared to the control group (p<0.001). The addition of rhHSP70 at concentrations of 10-6 

M and 10-8 M to the HI culture led to an increase in membrane stiffness by 20% (p<0.001) and 3% (p<0.0034), 
respectively, while dilutions of rhHSP70 at 10-9 M and 10-12 M resulted in a decrease in membrane stiffness by 35% 
(p<0.001) and 22% (p<0.001) compared to the intact group, respectively. In comparison to such in the neuronal 
culture group after neonatal hypoxia-ischemia modeling, membrane stiffness with the addition of rhHSP70 at 10-8 

M, 10-9 M, and 10^-12 M decreased by 17% (p<0.0004), 65% (p<0.001), and 49% (p<0.001), respectively. 

Conclusion: Thus, the addition of rhHSP 70 results in a reduction in membrane stiffness in the mixed culture of 
hippocampal neurons in mice, compared to the intact culture obtained after neonatal hypoxia-ischemia. The AFM 
method allows for the assessment of how various molecules, such as heat shock proteins (e.g., rhHSP70), 
influence the mechanical properties of membranes, which may be critically important for the development of new 
therapeutic agents. 

Copyright: © Vladimir M. Pokrovsky et al. This is an open access article distributed under terms of the Creative Commons Attribution License (Attribution 4.0 International –CC 
BY 4.0). 
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Introduction 
The application of atomic force microscopy (AFM) to 
study membrane stiffness in neurons opens new horizons 
for understanding the complex mechanisms underlying 
neuronal function and their alterations in disease states 
(Frederix et al. 2009). Contemporary research has placed 
significant emphasis on the biochemical aspects of 
neuronal death in hypoxic and ischemic conditions, while 
less attention has been paid to biophysical factors 
(Bryniarska-Kubiak et al. 2023), including cytoskeletal 
organization and the mechanical properties of cells (Tuo 
et al. 2021). The forces generated by the cellular 
cytoskeleton and/or extracellular matrix (Chaudhuri 
2018; Guimarães et al. 2020) are crucial not only in the 
process of embryonic development, where they influence 
cell proliferation and differentiation (Vining and Mooney 
2017), but are also characteristic of pathological 
processes, including those related to the brain (Handorf et 
al. 2015). The organization and proper functioning of the 
cytoskeleton are essential for effective signal transduction 
from the cellular environment to the nucleus (Oashi et al. 

2017). It is known that mechanical signal transduction 
occurs 40 times faster than the transduction of 
biochemical signals within the cytoplasm. Thus, any 
alteration in the integrity and functioning of the 
cytoskeleton can lead to various disruptions, resulting in 
impaired homeostatic regulation. Conversely, the 
interaction of the cytoskeleton with physical factors plays 
a key role in regulating the formation of new neurons 
(Chighizola et al. 2019; Seano et al. 2019) discovered that 
forces generated by solid stress lead to changes in nuclear 
morphology and subsequent neuronal death in regions 
subjected to deformation caused by brain tumor mass. 
Furthermore, the solid stress generated by the tumor may 
reduce perfusion in surrounding blood vessels. Changes 
in brain stiffness have been observed in C57BL/6 mice 
subjected to middle cerebral artery occlusion (MCAo), 
likely due to alterations in fluid distribution caused by 
brain damage (Sun et al. 2023). Considering the physical 
mechanisms of brain injury resulting from the interaction 
of forces arising under pathological conditions, the search 
for similar foundations in the case of ischemic stroke may 
represent an intriguing avenue for research. 
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Heat shock protein HSP 70, a component of the 
cellular stress response system, plays a role in stabilizing 
the protein structures of cellular organelles. However, 
studies examining changes in the stiffness of hippocampal 
neuronal membranes in its presence as a therapeutic agent 
in conditions associated with cerebral circulation 
disturbances have not been conducted.

Objective of the Study: The objective of this study is 
to evaluate the changes in membrane stiffness of mixed 
cultures of hippocampal neurons in the presence of 
rhHSP70 using atomic force microscopy methods after 
modeling neonatal hypoxia-ischemia in mice.

Materials and Methods
Animals

The animals were housed under SPF conditions in the 
vivarium of Belgorod State National Research University 
(Belgorod State University) with artificially regulated 
light cycles (12 hours of darkness and 12 hours of light) 
at a temperature ranging from +22 to +26°C, with free 
access to food and water. The study adhered to ethical 
principles for the care and use of laboratory animals in 
accordance with the European Convention for the 
Protection of Vertebrate Animals Used for Experimental 
and Other Scientific Purposes (ETS No. 170). All painful 

procedures involving the animals were conducted in 
compliance with regulatory standards: Directive 2010/63/
EU of the European Parliament and Council of the 
European Union dated September 22, 2010, On the 
Protection of Animals Used for Scientific Purposes. The 
study was approved by the Animal Care and Use 
Committee of Belgorod State National Research 
University, expert opinion No. 01-06i/24 dated June 3, 
2024. 

Study design

Groups and neonatal hypoxia-ischemia model 

The experiment utilized 9-day-old male CD-1 mice 
(n=10). The modeling of neonatal hypoxia-ischemia (HI) 
was performed using the Rice-Vannucci modification as 
previously described (n=7) (Sheldon et al. 2019). Briefly, 
the left common carotid artery was coagulated under 
inhalational anesthesia with isoflurane (4% for induction and 
1.2% for maintenance). Following the procedure, the 
animals were returned to nursing staff for two hours and then 
placed in the conditions of reduced oxygen concentration in 
the environment by displacing it with nitrogen (10% O2; 
90% N2). The gas composition within the chamber was 
monitored using a gas analyzer PKG-4 B-K-P (62615-15 
until November 12, 2025; EXCIS; RF). The control group 
consisted of three intact animals (Fig.1, p.1).

Figure 1. Study Design. Note: 1 - Modeling of fetal hypoxia-ischemia; 2 - Isolation of primary HIppocampal cultures; 3,4 - Cultivation of cultures; 5 - 
Sample preparation for atomic force microscopy (AFM); 6 - Measurement of Young's modulus using AFM in force spectroscopy mode. Description 
provided in the text. 
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Isolation and cultivation of primary mixed cultures of 
hippocampal neurons 

Euthanasia of the animals was performed by decapitation, 
after which the brain was extracted and placed in a Petri 
dish with cooled phosphate-buffered saline (PBS) at 
pH=7.4. Under a binocular microscope (Leica, 
magnification ×4), the large cerebral hemispheres were 
separated. The hippocampus was placed on a microscope 
slide with a “well” and minced into 6-8 pieces, which 
were then transferred to a tube containing 0.25% trypsin-
EDTA solution (Gibco, 25200056). The tissue was 
trypsinized in 0.25% trypsin-EDTA solution for 20 
minutes at 37ºC in a 5% CO2 incubator (Binder, 
Germany). After trypsinization, the cell suspension was 
washed three times with PBS. To the resulting 
suspension, 2 mL of neurobasal medium (Gibco, 
21103049) containing 2% B-27 supplement (Gibco, 
17504044), 0.5 mM of L-Glutamax (Gibco, 25030081), 
10% fetal bovine serum (PanEco), and 1% PenStrep 
(PanEco) was added (Fig. 1.2). 

The primary mixed culture of hippocampal neurons 
was cultivated on glass slides that had been previously 
degreased in concentrated hydrochloric acid for 24 hours 
and baked at 200°C for 2 hours. The cell seeding density 
was 1×106 cells per slide. The slides were placed in 6-
well plates, to which neurobasal medium for cultivation 
was added, supplemented with rhHSP70 protein from E. 
coli BL21 at a dose of 0.1 µg/ml, obtained from a 
research team led by M.B. Evgen'ev (V.A. Engelhardt 
Institute of Molecular Biology, Russian Academy of 
Sciences) (Demyanenko S. et al., 2021). The neurobasal 
medium for cultivation contained 2% B-27 supplement, 
0.5 mM L-Glutamax (Gibco, 25030081), 5% fetal bovine 
serum (PanEco), and 1% PenStrep (PanEco). The 
cultivation was carried out for 14 days, with half of the 
medium replaced with freshly prepared medium every 3 
days. At the end of the differentiation period on day 14, 
samples for atomic force microscopy (AFM) were 
prepared (Fig. 1.3-4). 

Thus, the following groups of the studied culture were 
formed: 

Intact culture 
HI culture 
HI culture + rhHSP70 10-6 M 

HI culture + rhHSP70 10-8 M 

HI culture + rhHSP70 10-9 M 

HI culture + rhHSP70 10-12 M 

Sample Preparation for AFM 
The culture medium was removed from the wells of 

the plate, and the slides were washed three times with 
PBS (pH = 7.4). Then, 95% ethanol was applied to the 
slides until the surface was fully covered, and the 
preparation was fixed for 3 minutes. After the fixation 
time, the preparations were washed three times with PBS 
and then rinsed with distilled water. The slides were dried 
in a laminar flow hood and subsequently scanned using 
an atomic force microscope (Fig. 1, p. 5).  

Measurement of Young's modulus using AFM in force 
spectroscopy mode

The method for measuring Young's modulus, which 
quantitatively characterizes cell stiffness, is based on 
measuring the degree of deformation of the sample 
surface during its interaction with the AFM probe tip 
(Cartagena-Rivera et al. 2015) (Fig. 1,6). Scanning was 

performed in force spectroscopy mode with a scan 
frequency of 0.6–0.8 Hz, using an NSG03 cantilever 
(Nanoworld, USA) with a stiffness of 1.1 N/m and a tip 
radius of 10 nm. The mechanical properties of the surface 
were assessed in localized areas according to the local 
elasticity maps. For this, a load was applied to 25 
localized areas of the cell surface.  

The Young's modulus was calculated according to an 
algorithm previously published (Skorkina et al. 2012). To 
calculate Young's modulus, the force curves obtained in 
the experiment were transformed from the D-z coordinate 
system to the F-Δh system, where D is the current 
disbalance photodiode, z is the distance between the 
cantilever moves via the AFM piezo scanner when 
approaching the surface. The transformation procedure 
was performed using the DFL_to_Force script of the 
Nova software (NT-MDT, Zelenograd, 2009). On the 
transformed force curves, values of DX (nm), DY (nN), 
and Y (nN) were found, from which the penetration depth 
of the probe into the sample was calculated (formula 1): 

 , 

where ΔZ is the transformed value of the force curve by DX (nm); 
SetPoint is a functional parameter that defines the magnitude of the 
input signal of the feedback circuit during scanning (nA); DFL0 is the 
transformed value of the force curve by Y (nA); ΔDFL is the 
transformed calibration value of the force curve by DY (nN).

The force applied by the probe to the sample was 
calculated according to Hooke's law (formula 2): 

 , 

where k is the stiffness of the probe; x is the penetration depth of 
the probe into the sample. 

Young's modulus was calculated using the following 
formula 3: 

 ,

where F is the force with which the probe acts on the sample, nN; R 
is the radius of curvature of the probe, nm; E is Young's modulus, kPa; 
Δh is the depth of probe penetration into the sample, nm. 

Statistical analysis of data

The analysis of each sample included the measurement of 
parameters from 20 cells. The total number of 
measurements conducted was 1000. The obtained data 
were checked for normal distribution. The significance of 
differences between groups treated with rhHSP70 and the 
intact and HI groups was calculated using an unpaired 
Student's t-test at p < 0.05. ANOVA was used to compare 
data between groups. Graphical illustrations and 
statistical processing were performed using GraphPad 
Prism 8 (GraphPad Software, CA, USA).

Results and Discussion 
Young's modulus

The data characterizing the overall value of Young's 
modulus from the cell surface of neurons are presented in 

x =
ΔZ (Se t Poi n t − DFL 0)

ΔDFL
(1)

F = k × x (2)

x =
(4 R )

3EΔh(3/2)
(3)
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Figure 2.  
The overall value of Young's modulus from the cell 

surface of neurons in the intact group was 7.62 ± 0.09 
kPa. The hypoxia-ischemia model in fetuses caused an 
18% increase in cell surface stiffness (p < 0.001) 
compared to such in the control group (p < 0.001). When 
adding rhHSP70 at a concentration of 10-6 M to the HI 
culture, no significant differences were noted compared 
to the HI group, but compared to the intact group, 
membrane stiffness significantly increased by 20% (p < 
0.001). Cultivating HI hippocampal neurons with 
rhHSP70 at a concentration of 10-8 M resulted in a 3% 
increase in membrane stiffness compared to the intact 
group (p < 0.0034), while compared to the HI group, the 
value decreased by 17% (p < 0.0004). Adding rhHSP70 at 
a concentration of 10-9 M to the HI culture resulted in a 
35% decrease in membrane stiffness compared to such in 
the intact group (p < 0.001) and a 65% decrease (p < 
0.001) compared to such in the HI group. Cultivating HI 
hippocampal neurons with rhHSP70 at a concentration of 
10-12 M led to a 22% reduction in membrane stiffness (p < 
0.001) compared to rhat in the intact group and a 49% 
reduction (p < 0.001) compared to that in the HI group. 

Under hypoxic stress, there is an increase in the stiffness 
of the cell surface of hippocampal neurons. The addition of 
the exogenous heat shock protein HSP70 to the culture 
medium reduces cell surface stiffness, with the most 
pronounced effect observed at a concentration of 10-9 M.  
Local elasticity maps 
Local elasticity maps were created to represent data on 
the localized changes in membrane stiffness across the 
groups (Fig. 2–6). 

The constructed maps of local elasticity demonstrate 

that under hypoxic conditions, the stiffness of the cell 
surface increased at all points of nanoindentation 
compared to that in the control (Fig. 3). The most rigid 
areas of the surface are observed at the periphery of the 
cell (points 3, 21, 25) and in the perinuclear space (point 
9). 

Under the influence of HSP70 at a concentration of 
10-6 M, an increase in the stiffness of the neuronal cell 
surface was noted at the cell periphery in points 2, 3, 4, 6, 
and 15, with increases of 48.7%, 29%, 17%, 32%, and 
50.6% (p < 0.05) respectively compared to the control. In 
the submembranous region at the periphery, point 15 
exhibited a 36% increase in surface stiffness (p < 0.05) 
compared to that in cells subjected to hypoxia (Fig. 4).  

Under the influence of HSP70 at a concentration of 
10-6 M, an increase in stiffness was observed in the nuclear 
region at points 9, 13, 14, and 17, with respective 
increases of 63.6%, 26%, 32%, and 26.5% (p < 0.05) 
compared to that in the control. Analyzing the differences 
in stiffness between cells subjected to the hypoxia model 
and those treated with HSP70 in the nuclear region 
revealed two types of responses: in some points, stiffness 
decreased, while in others, it increased. Specifically, at 
points 8 and 19, the surface stiffness in cultures treated 
with HSP70 at a concentration of 10-6 M decreased by 
11% and 17% (p < 0.05), respectively, whereas at points 
14 and 17, stiffness increased by 24.5% and 19.5% (p < 
0.05) compared to that in cells after hypoxia. 

Under the influence of HSP70 at a concentration of 
10-8 M, an increase in cell surface stiffness was established 
at the cell periphery in points 4, 5, and 21 compared to 
that in the control. In the nuclear region, a significant 
increase in stiffness was noted at point 17 compared to 
that in the control (Fig. 5). 

Figure 2. Young's modulus of the cell surface of primary mixed cultures of neurons in a neonatal hypoxia-ischemia model. 
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Figure 3. Local elasticity map of the neuronal cell surface in the hypoxia-ischemia model. Note: Row 1 – the control and Row 2 – data following in 
vivo hypoxia. 

Figure 4. Local elasticity map of the neuronal cell surface in the hypoxia-ischemia model + rhHSP70 10-6 M.  Note: Row 1 – data from the control 
group, Row 2 –data obtained after hypoxia, and Row 3 –data following the addition of HSP 70 at a concentration of 10-6 M to the neuronal cultures after 
hypoxia; * – indicates statistically significant values compared to those in the intact group at p < 0.05 according to Student’s t-test. # – indicates 
statistically significant values compared to those in the hypoxia-ischemia group at p < 0.05 according to Student’s t-test. 

Figure 5. Local elasticity map of the neuronal cell surface in the hypoxia-ischemia model + rhHSP70 10-8 M.  Note: Row 1 – control, Row 2 – data after 
hypoxia, Row 3 – data after the introduction of HSP 70 at a concentration of 10-8 M into neuron cultures following hypoxia; * – statistically significant 
values compared to the intact group at p < 0.05 according to the Student’s t-test; # –  statistically significant values compared to the HIB group at p < 
0.05 according to the Student’s t-test. 
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Under the influence of HSP70 at a concentration of 
10-9 M, a decrease in the Young's modulus was observed at 
the cell periphery in points 1-6, 10, 11, 15, 16, and 20-25, 
with an average reduction of 55-63% (p < 0.05) compared 
to such in the control (Fig. 6). In the perinuclear space 
and nucleus, a similar decrease in cell surface stiffness 
was noted under the influence of HSP70. The most 
pronounced differences were observed at points 9 and 18.  

Under the influence of HSP70 at a concentration of  
10-12 M, a significant decrease in cell surface stiffness was 
observed at the periphery in points 1, 6, 11, 22, 24, and 25 
compared to such in the control (Fig. 7).  

The reduction in cell surface stiffness under the 
influence of HSP70 at the specified concentration was 
also observed in the perinuclear space. The most 
pronounced differences were noted at points 7, 8, and 9, 
with decreases of 46%, 49%, and 42%, respectively (p < 
0.05) compared to such in the control. 

Discussion 
The relationship between the increase and decrease in 
membrane stiffness of neurons, investigated using atomic 
force microscopy (AFM), can be complex and 
multifaceted. Membrane stiffness is an important 
parameter that reflects the mechanical properties of the 
cell membrane and can influence numerous cellular 
processes, including signaling, interactions with other 
cells, and resistance to damage. Broadly speaking, 
changes in the physical properties of a neuron's 
membrane, in the case of increased stiffness, contribute to 
the stability of the cellular structure and reduce the 
mobility of membrane proteins. This may be beneficial 
for maintaining membrane integrity under mechanical 
stress; however, it can limit the adaptability of neurons to 
changes in their environment. Conversely, a decrease in 

Figure 7. Local elasticity map of the neuronal cell surface in the hypoxia-ischemia model + rhHSP70 10-12 M. Note: Row 1 – the control group; Row 2 
– the data obtained after in vivo hypoxia; Row 3 – the data following the addition of HSP 70 at a concentration of 10-12 M to the neuronal cultures after 
hypoxia; * – indicates statistically significant values compared to the intact group at p < 0.05 according to Student’s t-test; # – indicates statistically 
significant values compared to the hypoxia-ischemia group at p < 0.05 according to Student’s t-test. 

Figure 6. Local Elasticity Map of the Neuronal Cell Surface in the Hypoxia-Ischemia Model + rhHSP70 10-9 M. Note: Row 1 – the control group, Row 
2 – data after in vivo hypoxia, Row 3 – data after the introduction of HSP 70 at a concentration of 10-9 M into neuron cultures following hypoxia; * – 
statistically significant values compared to the intact group at p < 0.05 according to the Student’s t-test– # –  statistically significant values compared to 
the HIB group at p < 0.05 according to the Student’s t-test. 
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stiffness allows for greater mobility of membrane proteins 
and flexibility of the membrane, enabling neurons to 
adapt more readily to changes, enhancing interactions 
with other cells, and promoting more efficient signaling 
(Kiral et al. 2018).  

In the context of alterations in cellular signaling, 
increased membrane stiffness indicates reduced protein 
mobility, which may hinder signal transduction and 
receptor interactions, leading to impaired cellular 
functions and reduced neuronal plasticity. In contrast, a 
decrease in stiffness may facilitate more effective cellular 
signaling and interaction with the environment, which is 
crucial for the normal functioning of neurons and their 
capacity for adaptation (Wilson et al. 2020). 

In discussing the changes in neuronal membrane 
properties in response to stress, an increase in membrane 
stiffness may represent an adaptive response to chronic 
stressors, such as inflammation or oxidative stress, 
allowing cells to maintain structural integrity. However, 
prolonged exposure to stress may also lead to cellular 
dysfunction, while a decrease in stiffness may indicate 
cellular dysfunction and damage, often observed in 
neurodegenerative diseases (Cheirdaris 2022). 
Nevertheless, such softness may be a temporary 
adaptation to acute stress conditions, enabling cells to 
better cope with changes. 

Comparing the literature with the results of our study, 
it is evident that the addition of recombinant human 
HSP70 (rhHSP70) to primary mixed cultures of the 
hippocampus, obtained after modeling neonatal hypoxia-
ischemia, allows neurons to adapt more easily to changes, 
improving interactions with other cells, which is 
important for the normal functioning of neurons and their 
adaptive capacity. This may indicate the initiation of 
neuronal adaptation processes to acute stress conditions, 
enabling cells to better handle critical situations. 

Modeling neonatal hypoxia-ischemia in mice results 
in an 18% increase in cell surface stiffness (p < 0.05), 
which may be associated with an increase in the 
concentration of hypoxic shock mediators (HIF) in the 
damage focus, currently known as HIF-1, HIF-2, and 
HIF-3. These are heterodimers composed of an oxygen-
sensitive α-subunit and a stable β-subunit (Tirpe et al. 
2019). Under normoxic conditions, the heterodimer 
dissociates with the involvement of prolyl hydroxylase, 
which hydrolyzes two proline residues in the α-subunit of 
HIF-1, leading to subsequent proteasomal degradation 
(Dabral et al. 2019). 

When HSP70 is added to the culture medium, it is 
established that at a concentration of 10-9 M, surface 
stiffness is maximally reduced by 65.5% (p < 0.05) 
compared to the hypoxia-ischemia group and by 35.3% (p 
< 0.05) compared to the intact group. The addition of 
HSP70 at a concentration of 10-6 M increases surface 
stiffness and does not differ from the model of acute 
hypoxia. 

It is known that HSP70 regulates compensatory 
pathways of ATP synthesis, independently maintaining 
the expression of mitochondrial NAD-dependent malate 
dehydrogenase activity, thereby sustaining the activity of 
the malate-aspartate shuttle mechanism over an extended 
period (Belenichev et al. 2023). 

Analyzing the maps of local elasticity reveals that 
HSP70 has a bidirectional effect on the elastic properties 
of the surface. It can be hypothesized that during the 
modeling of acute hypoxia, endogenous HSP70 appears 

in the extracellular space. Notably, point 9 represents a 
localized area of maximum stiffness located in the 
perinuclear space of the cell. It is known that in response 
to ischemia, a sharp increase in HSP70 levels is recorded, 
with the highest concentrations observed in vital parts of 
cells: the nucleus, perinuclear space, mitochondria, and 
endoplasmic reticulum, underscoring the importance of 
chaperone 70 in protection against cell death (Shao et al. 
2019). As the activity of nuclear preribosomes resumes, 
the concentration of HSP70 in the nucleus decreases 
while increasing in the cytoplasm of cells. Thus, the level 
of HSP70 can be considered a marker of cellular and 
tissue damage. The hyperproduction of HSP70 in cells 
inhibits the development of autophagy as an alternative, 
more "radical" mechanism of cellular response to stress 
(Leu et al. 2017; Dukay et al. 2019).  

The changes in cell surface stiffness we observed in 
various points of nanoindentation under conditions of 
acute hypoxia and the influence of different 
concentrations of HSP70 may result from alterations in 
the restructuring of neuronal cytoskeletal elements. There 
is increasing evidence that dying or damaged cells 
following ischemia exhibit both nuclear and cytoplasmic 
changes. Researchers believe that the degradation of 
cytoskeletal proteins is a decisive factor in the study of 
neuronal damage following ischemia. Interestingly, 
differences in processes associated with cell death, such 
as DNA degradation and cytoskeletal disruption, are 
likely to reflect varying degrees of ischemic damage; for 
example, mild ischemia, such as a 5-minute bilateral 
occlusion of the carotid arteries, caused DNA cleavage 
with subsequent loss of MAP-2 immunoreactivity, while 
ischemia, such as a 30-minute unilateral occlusion of the 
middle cerebral artery or complete ischemia with 
decapitation, led to the loss of MAP-2 immunoreactivity 
more rapidly than nuclear changes in the hippocampus 
(Nakano et al. 2019). According to the literature, in some 
ischemic models, MAP-2 has been proposed as a marker 
of cytoskeletal degradation. It has been demonstrated that 
cerebral ischemia can lead to the depolymerization of 
microtubules (Papa et al. 2018). The microtubule network 
is crucial for cargo transport to neuronal synapses 
(Mishra et al. 2024). A study (Bryniarska-Kubai et al. 
2023) identified a high susceptibility of the cytoskeleton 
to hypoxia, including the rearrangement of actin into 
"sponge-like structures." Similar results were observed in 
an in vivo s t roke model , ref lected in act in 
depolymerization and subsequent aggregation (Guo et al. 
2019). The development of neurodegenerative diseases is 
based on the progressive dysfunction of neurons that are 
unable to function individually and interact with 
neighboring cells, ultimately leading to various clinical 
phenotypes, each characteristic of a specific type of 
neurodegenerative disease (Levenson et al. 2014). The 
most common form of neurodegeneration is ischemia and 
hypoxic stress, which are accompanied by a range of 
pathological processes affecting various brain structures. 
Post-ischemic genetic and proteomic changes lead to 
neuronal death, the formation of amyloid and tau protein 
aggregates, progressive inflammation, and the 
development of brain atrophy, which may be 
accompanied by the onset of full-blown dementia 
resembling Alzheimer’s disease (Pluta et al. 2021). 
Studies indicate that neurodegeneration characteristic of 
Alzheimer’s disease may develop in the brain following 
ischemia (Pluta et al. 2019, 2021; Radenovic et al. 2020). 
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Neuronal death is typically preceded by subtle functional 
and structural changes, including synaptic damage, 
neurite retraction, and disruption of axonal signal 
transmission due to the restructuring and instability of 
microtubules. Instability occurs concurrently with minor 
molecular-level changes, such as DNA oxidation, 
extensive oxidation of membrane lipids, and improper 
protein aggregation (Qin et al. 2022). In this context, 
investigating the morphofunctional properties and various 
molecular aspects of neurodegenerative changes at the 
nanoscale, starting from the cell surface, is highly 
relevant. To address this task, contemporary biomedical 
research employs atomic force microscopes, which allow 
for the study of the topography of the cell surface with 
sub-nanometer resolution. Pronounced pathological 
conditions are accompanied by changes in the shape and 
adhesive properties of the cell surface. Quantitative 
characterization of molecular changes in biological 
samples related to the progression of neurodegenerative 
diseases provides new insights into the fundamental 
mechanisms underlying the onset and progression of 
these pathologies (Kiio and Park 2020). 

Conclusion
Thus, the addition of rhHSP70 results in a decrease in 
membrane stiffness in mixed cultures of hippocampal 
neurons in comparison to both the intact group and the 

culture obtained after neonatal hypoxia-ischemia. The 
AFM method allows for the assessment of how various 
molecules, such as heat shock proteins (e.g., rhHSP70), 
influence the mechanical properties of membranes, which 
may be critically important for the development of new 
therapeutic agents. 
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