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Abstract. Neural network functional activity study and estimation of activity changes in different pathological states
(e.g. in hypoxia conditions) is an important scientific task. Hypoxia is one of key damaging factors of various brain
pathologies such as stroke, traumatic brain injury, neurodegenerative disease etc. Hypoxia causes structural and functional
destruction of neuron-glial networks. The protein calls hypoxia-inducible factor (HIF) is one of the main endogenous
molecular regulators of the cell’s response to hypoxia. It’s functional activity is under the control of HIF-prolyl hydroxylase
(protein of the prolyl hydroxylase domain, PHD). Recent studies have shown that we can influence HIF activity using
PHD-inhibitors and thus increase the cells adaptability to hypoxia. The aim of this work was to determine the effect of
PHD on network characteristics of the functional calcium activity in primary neuronal cultures in hypoxia model in vitro.
Methods. We investigated Ca2+ signaling in hippocampal cultures using our recently developed method of processing calcium
fluorescence imaging data. It includes signal decomposition into individual cells and network reconstruction of dynamical
interactions. Results. Our data reveals that the blockade PHD by compound 4896-3212 (neuradapt) during hypoxia modeling
preserves the connectivity of neuron-glial networks in the post-hypoxic period. Conclusion. Pharmacological inhibition of PHD
which causes the accumulation of HIF, can be used as an effective approach for therapeutic correction of hypoxic damage.
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Аннотация. Важной научной задачей является исследование нейросетевой функциональной активности и оценка
реорганизации сети в различных патологических состояниях, например, при моделировании гипоксии. Гипоксия
является одним из ключевых повреждающих факторов при различных патологиях головного мозга, таких как ин-
сульт, черепно-мозговая травма, нейродегенеративные заболевания и т. д. Гипоксическое повреждение приводит к
структурным и функциональным нарушениям нейрон-глиальных сетей. Белок, называемый фактором, индуцируемым
гипоксией (HIF), является одним из основных эндогенных молекулярных регуляторов реакции клетки на гипоксию.
Его функциональная активность находится под контролем HIF-пролилгидроксилазы (белка пролилгидроксилазного
домена, PHD). Недавние исследования показали, что регулируя активность HIF с помощью ингибиторов фермента
HIF-пролилгидроксидазы PHD возможно повышать адаптационные способности клеток при гипоксии. Целью дан-
ной работы было исследование влияния ингибитора PHD на сетевые характеристики функциональной кальциевой
активности в первичных культурах нервных клеток в модели гипоксии in vitro. Методы. Для анализа кальциевой
активности в первичных культурах клеток гиппокампа был использован недавно разработанный нами метод обработки
данных флуоресцентной визуализации кальция. Он включает в себя декомпозицию сигнала на отдельные клетки и
реконструкцию сетевых динамических взаимодействий между клетками. Результаты. Наши данные показывают, что
блокада фермента HIF-пролилгидроксилазы при моделировании гипоксии, сохраняет связность нейрон-глиальных
сетей в постгипоксическом периоде. Выводы. Описаны параметры, характеризующие связность нейрон-глиальной
сети в модели культуры клеток in vitro в нормальных условиях и при моделировании патологии. Фармакологическое
ингибирование PHD, которое вызывает накопление HIF, может быть использовано в качестве эффективного подхода
для терапевтической коррекции гипоксического повреждения.

Ключевые слова: HIF-пролилгидроксилаза, нейропротекция, первичные культуры гиппокампа, моделирование гипо-
ксии, нейросетевая активность.
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Introduction

Neural networks are the minimum functional unit that provides cognitive functions such as
memory, thinking and emotional reactions. Hypoxia accompanying an ischemic stroke or trauma and
causes serious brain injury. Even few minutes of oxygen deprivation can lead to degradation of neuronal
processes, synapses and destroy neural network. The prolonged lack of oxygen causes the neuronal
death [1]. An analysis of the functional reorganization of neural-glial networks is important for the
development of effective methods for brain hypoxia protection Hypoxia-inducible factors – group of
transcription factors that respond to hypoxia, i.e. reduction of oxygen concentration in body tissues.

422

Савюк М. О., Кривоносов М. И., Иванченко М. В.,
Полозников А. А., Митрошина Е. В., Ведунова М. В.

Известия вузов. ПНД, 2021, т. 29, № 3

https://doi.org/10.18500/0869-6632-2021-29-3-421-427
https://doi.org/10.18500/0869-6632-2021-29-3-421-427


Hypoxia Induced Factor (HIF-1) is a key link in the molecular mechanism supporting the functioning
of nerve cells during hypoxia. HIFs are heterodimers consisting of two protein subunits: HIF-1α and
HIF-1β. In physiologic conditions, HIF-1α is degraded by HIF-prolyl hydroxylase. The cofactor of PHD
is oxygen. Therefore, under hypoxiс conditions, HIF-1α is not degraded, and HIF-1 complex interacts
with Deoxyribonucleic Acid (DNA) and activates the expression of more 100 genes whose protein
products help the cell survive [2]. So, it is assumed that pharmacological inhibition of PHD possibly
have a neuroprotective effect and prevent the neural networks degradation. The aim of this work was to
determine the neuroprotective effect of PHD inhibition and to analyse the effect of PHD on functional
neural network activity in hypoxia model in vitro. Calcium ions play a key role in signaling between
nerve cells and in the regulation of synaptic activity. We investigated Ca2+ signaling in hippocampal
cultures using our recently developed method of processing calcium fluorescence images. It includes
signal decomposition into individual cells and network reconstruction of dynamical interactions.

1. Materials and methods

The object of in vitro studies were primary hippocampal cell cultures obtained from 18 day old
embryos of C57Bl/6 mice. All experimental procedures were approved by the Bioethics Committee
of Lobachevsky University and carried out in accordance with Act 708n of the Russian Federation
National Ministry of Public Health, which states the rules of laboratory practice for the care and use of
laboratory animals, and Council Directive 2010/63 EU of the European Parliament on the protection of
animals used for scientific purposes.

1.1. Isolation of murine primary hippocampal cultures. Hippocampal cells were isolated from
the mouse embryonic brain (18th day of gestation) and cultured on coverslips according to the previously
developed protocol [3]. Isolation of hippocampi was performed in Ca2+- and Mg2+- free phosphate-
buffered saline (PBS) with followed enzymatic digestion with 0.25% trypsin-ethylenediaminetetraacetic
acid (EDTA, Invitrogen, 25200-056) for 20 min. Dissociated cells were plated on coverslips. The initial
cell density in the culture was 7000–9000 cells/mm2. The primary hippocampal cultures were grown
in Neurobasal medium (Invitrogen, 21103-049) supplemented with 2% B27 (Invitrogen, 17504-044),
0.5 mM L-glutamine (Invitrogen, 25030-024), and 0.4% fetal bovine serum (FBS; PanEco, K055,
Russia). Cells were cultured under constant conditions of 35.5∘C, 5% CO2 and a humidified atmosphere
in a Binder C150 incubator (ThermoFisher, Germany). A half-replenishment of the medium was done
once in every two days.

1.2. Acute normobaric hypoxia model. Hypoxia modeling was performed on the 14th day of
cultures development in vitro. A normoxic culture medium was replaced with a hypoxic medium for
10 minutes and then a normoxic culture medium was reversed. The oxygen was displaced from the
medium with an inert gas (argon). The oxygen concentration in the culture medium was decreased from
3.26 ml/ l (normoxia) to 0.37 ml/l (hypoxia) [4].

1.3. Pharmacological treatment. Compound 4896-3212 (neuradapt) was used to inhibit HIF
prolyl hydroxylase. The PHD inhibitor was kindly provided by the BioClinicum Research Center
(Moscow). The application of the inhibitor was carried out in two concentrations – 1 µM and 15 µM
according to two experimental protocols. According to the first protocol, it is introduced into a hypoxic
culture medium and into a normal medium immediately after modeling acute normobaric hypoxia.
According to the second protocol, the application of the PHD inhibitor in the posthypoxic period was
carried out 2 hours after modeling hypoxia and then daily for 7 days.
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1.4. Calcium imaging. For imaging studies of functional calcium activity, reflecting the
functional state of calcium cell homeostasis, a LSM 510 confocal laser scanning microscope (Zeiss,
Germany) was used. The functional architecture of the neural network of the culture was visualized
at the cellular level. The Oregon Green 488 BAPTA-1 (OGB-1) calcium sensor (0.4 µM, Invitrogen,
O-6807) was dissolved in dimethyl sulfoxide (DMSO) (Sigma-Aldrich, D8418) with 4% pluronic F-127
(Invitrogen, P-3000 MP), introduced into the culture medium and incubated for 30 minutes at 37∘C
and 5% CO2. For excitation, an argon laser with λ = 488 nm was used. Fluorescence radiation was
recorded using a light filter with a passband of 500–530 nm. A time series of images was recorded to
assess the dynamics of changes in the concentration of intracellular calcium. The recording frequency
was 2 frames per second. Registration of calcium activity was carried out on the 7th day after hypoxia
modeling [5].

1.5. Network characteristics of primary hippocampal cultures analysis. We investigated
Ca2+ signaling in astrocytes using a new method of processing calcium fluorescence images. It includes
signal decomposition into individual cells and network reconstruction of dynamical interactions [6,7].
This algorithm represents the neuron-glial network as an oriented graph, the vertices of which correspond
to separate cells, while the edges designate connections between them. We analyzed two key network
parameters: mean correlation level of adjacent cells and the average propagation speed of delays between
calcium signals.

2. Results

Previously we have shown that the PHD inhibitor applied within the 1 and 15 µM immediately
during hypoxia modeling as well as daily in posthypoxic period allows preservation the viability of
primary hippocampal cells that indicates its neuroprotective effect. The main task in our present study was
assessment of functional calcium activity of neuron-glial networks on day 7th of the posthypoxic period.
It was shown that hypoxia significantly decreased all parameters that characterized the connectivity of
calcium network activity. We shown that application of PHD inhibitor during hypoxia modeling and
immediately after reoxygenation is maintained parameters of network connectivity. The average value
of correlation between pairs of cells and signal delay rate are preserved at the level of the intact values
(Mean correlation: 1 µM neuradapt 0.131± 0.019, 15 µ neuradapt 0.108± 0.004; signal delay between
cells: 1 µM neuradapt 10.75± 1.05 µm/s, 15 µ neuradapt 10.06± 0.76 µm/s). In the “Hypoxia” group,
mean value of the correlation maximum on the shift between average calcium levels of cells pairs in
time decrease to 0.096± 0.002 (the “Intact” group 0.161± 0.023) (𝑝 < 0.05, the Mann–Whitney test)
(Fig. 1, а, b).

The speed of signal propagation between cells in posthypoxic period was reduced significantly
(“Intact”: 12.19± 1.26 µm/s, “Hypoxia”: 8.4± 0.28 µm/s, 𝑝 < 0.05, the Mann–Whitney test, Fig. 1, b).
Therefore, there is dramatic decrease of coordinated network activity in primary hippocampal cultures
after hypoxic influence. However, the network characteristics in the cultures with chronic application
of PHD inhibitor in the post-hypoxic period did not differ significantly from the “Hypoxia” group.
To determine the frequency characteristics of calcium events, we compute the power spectral density
of cell calcium intensity. The occupied band is the range in frequency between the points where the
integrated power crosses 7.5% and 92.5% of the total power in the spectrum. Finally, we estimate
the average value of the lower frequency of the occupied band over all cells in the field of view. An
increase in this measure indicates a relative decrease in the low-frequency contribution to the signal
under hypoxic condition (Fig. 1, с). Thus, the analysis of network parameters functional calcium
activity has confirmed that hypoxia leads to the destruction of network interactions between nerve
cells. After oxygen deprivation some of synaptic contacts can be reduced or loss their functionally that
leads to neuron-glial networks degradation, and falling their functions, such as memory and cognitive
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Fig. 1. Neural network characteristics: a – mean value
of the correlation maximum on the shift between
pairs of cells calcium levels over time, b – the rate
of signal delay between cells on day 7 post hypoxic,
с – average low-frequency component of calcium
intensity in primary hippocampal cultures on day 7
post hypoxic period. 1 – Intact; 2 – Hypoxia; 3 –
Hypoxia + PHD inhibitor, 1 µm; 4 – Hypoxia + PHD
inhibitor, 15 µm; 5 – Hypoxia + PHD inhibitor, 1 µm,
2 hours after hypoxia; 6 – Hypoxia + PHD inhibitor,
15 µm, 2 hours after hypoxia. * versus “Intact”, #
versus “Hypoxia”, 𝑝 < 0.05, the Mann–Whitney test

abilities. Our results reveals that the use of PHD inhibitor No.4896-3212 in the hypoxia modeling but
not in posthypoxic period preserved the network characteristics, in particular the mean of the correlation
between cells, the signal transmission speed and the range of low-frequency calcium events in primary
hippocampal cultures.

Conclusion

In this paper, we proposed a biologically-motivated network analysis in the case of known node
locations on the two-dimensional plane. This property enables setting distances between nodes and
assess spatiotemporal measures of the correlation networks. One of such measures is a speed at which
correlated distant peaks commonly coincide. The persistence of the information propagation speed
suggests evidence that pharmacological inhibition of PHD which causes the accumulation of HIF, can
be used as an effective approach for therapeutic correction of hypoxic damage.
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