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We studied the reaction of rat hippocampal microgliocytes to hyperbaric oxygen at a pressure
of 5 ata (absolute atmosphere). Immunochistochemical analysis with selective macrophage
marker CD68 (ED1) and microglial marker Iba-1 allowed separate analysis of these two cell
populations. It was shown that macrophages do not significantly contribute to reactive chan-
ges in the total pool of Iba-1* hippocampal cells induced by hyperbaric oxygen.
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In modern medicine, oxygen is used to treat diseases
accompanied by impaired tissue gas exchange. Hy-
perbaric oxygenation used for these purposes allows
saturating the blood with oxygen more efficiently than
oxygen therapy at atmospheric pressure. Some clin-
ical studies were focused on assessing the prospects
of using hyperbaric oxygenation for the treatment
of traumatic brain injuries [1], ischemic and reperfu-
sion disorders of CNS [2,3], malignant neoplasms [4],
and COVID-19 [5]. Despite high efficiency and a wide
range of indications, hyperbaric oxygen (HBO,) along
with physiological and therapeutic effects can produce
acute toxic effects manifested in induction of seizure
activity and damage to neurons [6,7]. The mechanisms
of these processes are not clear enough, and the study
of the circumstances and consequences of hyperbaric
oxygenation is a necessary condition for its safe and
effective use.

Experimental modeling of epilepsy in animals
showed that the hippocampus can be a key center for
triggering seizure activity [8,9]. In this regard, it seems
relevant to study the cellular reactions of this brain
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structure in response to the action of HBO,. Microglia,
a part of the most important protective elements of
the nervous tissue mediating the damaging effects of
various factors, can play the key role in triggering
the cellular response to HBO, [10,11]. At present, a
large body of evidence has been accumulated on the
reactions of microglia/macrophages to experimental
exposures, but in most studies, the researchers did
not separate the populations of microgliocytes and
macrophages [10,11]. This was probably due to the
use of nonspecific markers of these cells.

The aim of this work was to determine the re-
sponse of hippocampal microgliocytes to oxygen ex-
posure at elevated pressure and to assess possible
contribution of macrophages to this response.

MATERIALS AND METHODS

The study was performed on awake mature male Wistar
rats weighing 200-250 g. The experimental protocol was
approved by the Ethics Committee of the I. M. Seche-
nov Institute of Evolutionary Physiology and Biochem-
istry. The experiments were performed in accordance
with the International Guidelines for Biomedical Re-
search Using Animals (CIOMS, Geneva, 1985).

The animals (n=12) were divided into two groups:
intact controls (n=4) and animals exposed to HBO,
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(n=8). The experiments were carried out in an oxygen
pressure chamber (volume 107 liters). Compression
was performed with medical oxygen to a pressure of
5 ata (absolute atmospheres) at a rate of 1 ata/min.
HBO, exposure lasted 60 min and decompression
7 min. During HBO, exposure, behavioral reactions of
animals were videorecorded.

After decompression the brain was isolated and
fixed in zinc-ethanol-formaldehyde. In 24 h, the brain
was transferred to 96% ethanol; further dehydration and
embedding in paraffin were carried out using a Microm
STP 120 spin tissue processor (Microm). For morpho-
logical analysis, 5-um coronal sections were prepared
(at the level of -2.92 to -3.60 mm from bregma) [12].
Nissl staining with cresyl violet was used for com-
mon assessment of brain tissue. Microgliocites and
macrophages were detected in brain structures with
immunocytochemical markers. After routine proce-
dure of deparaffinization and rehydration, the sections
were thermally retrieved. Then endogenous peroxidase
was blocked. Microgliocytes and macrophages were
marked using rabbit polyclonal anti-Iba-1 antibodies
(1:1000; Biocare Medical) and mouse monoclonal an-
ti-CD68 antibodies (clone ED1, Abcam). Reveal Polyva-
lent HRP DAB Detection System (Abcam) was used as
secondary reagent. The peroxidase label was detected
with diaminobenzidine chromogen (Thermo Scientific).
After immunocytochemical reactions, some sections
were counterstained with hematoxylin. Microscopic ex-
amination of the preparations in transmitted light and
photography were performed using a Leica DM750
microscope and a Leica ICC50 digital camera.

Image] software was used for image processing.
To estimate the area occupied by Iba-1* structures, the
images were binarized and the relative area was mea-
sured using the Selection tool. Morphometric analysis
was carried out according to the Avtandilov method
using the Grid tool with a cell area of 100 wm? and
calculating the percentage of grid nodes occupied by
immunopositive structures relative to the total num-
ber of nodes. CD68" cells were counted visually. The
length of the meninges in the micrographs was mea-
sured using the Freehand Line tool.

Statistical processing of the results of performed
measurements was carried out using the Rstudio pro-
gram (https://www.rstudio.com). The data are present-
ed as Me (IQR). The nonparametric Mann—Whitney
U test was used to compare the experimental and con-
trol groups. The differences were significant at p<0.05.

RESULTS

Morphological changes of the hippocampal neurons.
No signs of dystrophic processes and neurodegen-
eration were observed in the brain tissue on Nissl

stained sections. The bodies of hippocampal neurons
in the areas of the cornu ammonis (CA), hilus, and
dentate fascia were stained evenly, the initial parts
of the processes had a smooth shape. In all animals
exposed to HBO,, brain sections showed no signs of
classical inflammatory process. In CA3, hilus, and den-
tate fascia, single neurons appeared with pronounced
hyperchromic perinuclear staining, which was diffuse
in nature and made it difficult to visualize the nucleus.
In some cells, the initial parts of the dendrites had a
convoluted “corkscrew” shape.

Iba-1 expression. In intact animals, the immuno-
histochemical reaction to the Iba-1 protein, a non-se-
lective marker of microglia and macrophages [13],
revealed cells with thin processes typical of resting
(ramified) microglia (Fig. 1, a, ¢, e) evenly distributed
throughout the section. In addition, Iba-1 was detected
in round cells located in close proximity to the vessels,
and in the meninges, on the surface of the choroid
plexus in the ventricles. In all animals exposed to
HBO,, immunohistochemical reaction to Iba-1 protein
was also detected in dendritic cells evenly distrib-
uted over the section area. No focal accumulations
of microgliocytes were detected. Visually, these cells
had thicker processes than in control animals, and
a smaller number of processes of the second order
(Fig. 1, b, d, f). Cell bodies were not enlarged. Analysis
of binarized microphotographs of the hippocampus
showed that in experimental animals, Iba-1* structures
of the CAl, hilus occupy larger section area than in
the control (CAl: U=22, p=0.049; hilus: U=3, p=0.08),
however, in the hilus, these differences did not reach
significance. In the area of the CA3 stratum radia-
tum, microglia in the control animals occupied larger
area than in the experimental ones (U=23, p=0.02)
(Fig. 2). In the morphometric analysis of images us-
ing the Avtandilov grid, Iba-1* structures in the brain
of experimental animals had lower number of nodes
compared to the control (U=5, p=0.19 for CA1; U=5,
p=0.19 for CA3l and U=13.5, p=0.84 for the hilus). De-
spite the absence of significant differences, the general
trend indirectly indicates an increase in the total area
of Iba-1* structures due to thickening and shortening
of microgliocyte processes in the CAl and hilus areas,
rather than changes in the number of cells.

CD68 expression. In immunohistochemical de-
tection of the CD68 antigen, which is predominantly
characteristic of macrophages and monocytes [8], a
positive reaction in both intact and experimental ani-
mals was observed only in rounded cells with bean-
shaped nuclei in the lumen of blood vessels (mono-
cytes) and single perivascular cells of the amoeboid
form in the choroid plexuses, meninges and adventitia
of large vessels. The number of these cells in animals
subjected to HBO, significantly exceeded the control
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values (6.2 (IQR 6.6) cells/mm vs 2.1 (IQR 2.8) cells/mm,
U=30, p=0.016) (Fig. 3). CD68* perivascular cells in the
hippocampus were extremely rare in all animals, while
microglial cells were not detected. The distribution of
these cells was diffuse.

Exposure to increased oxygen pressure of 5 ata
for 60 min leads to the appearance of the toxic ef-
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fects of HBO, and the development of seizures [14].
According to published data, the CAl and CA3 regions
of the hippocampus are sensitive to epileptiform brain
activity. In these areas, convulsive activity is recorded
when modeling status epilepticus on animals [8,9].
This can be due to the fact that at elevated oxy-
gen pressure, the pool of ROS increases significantly,

Fig. 1. Microglia of hippocampal stratum radiatum in intact and experimental animals: CAl (a, b), CA3 (c, d), and hilus (e, f). Im-
munocytochemical reaction for Iba-1. The nuclei are counterstained with hematoxylin.
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Fig. 2. Relative area occupied by Iba-1* structures of the stratum radiatum CA1 (a) and CA3 (b) regions and hilus (c) in rat hip-

pocampus. IC: intact control. *p<0.05.
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Fig. 3. CD68-immunopositive perivascular cells of the subgranular zone of the dentate fascia (a, b) and meninges of the hippocampal
fissure (c, d). Immunocytochemical reaction to CD68. a, c) Intact control; b, d) HBO,,.

which leads to an increase in oxidative stress, dis-
ruption of intracellular processes in brain structures,
and the onset of seizure activity. HBO, at 5 ata led to
activation of hippocampal microglia; this effect was
most pronounced in the CA3 zone, however, this cell
activation was not accompanied by the formation of
foci with an increased number of microgliocytes. It is

likely that the CA3 region of the hippocampus is the
most sensitive to such influences, while in “chemical”
(lithium-pilocarpine, pentylene-tetrazol) models of epi-
lepsy, primarily the CA1 zone is affected [9].

Unlike microgliocytes, typical brain macrophages
are presented in the hippocampus by single cells, and
their contribution to the proinflammatory response
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is not comparable to microglial. The detected reac-
tion of macrophages from barrier structures (choroid
plexus, meninges, and perivascular spaces) indicates
the likelihood of damage to these structures, which is
indirectly confirmed by published reports on increased
permeability of the blood—brain barrier during hyper-
baric oxygenation [15].

The use of the macrophage selective marker CD68
(ED1) and the microglial marker Iba-1 in the present
study made it possible to analyze the state of each of
the two cell populations and show that macrophages
little contribute to the reactive changes in Ibal* hip-
pocampal cells during exposure to HBO,.

The work was carried out within the framework
of the State Assignments of the Institute of Experi-
mental Medicine and the I. M. Sechenov Institute of
Evolutionary Physiology and Biochemistry, Russian
Academy of Sciences.
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