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Abstract: The considerable post-traumatic brain recovery in fishes makes them a useful model for
studying the mechanisms that provide reparative neurogenesis, which is poorly represented in
mammals. After a mechanical injury to the telencephalon in adult fish, lost neurons are actively
replaced due to the proliferative activity of neuroepithelial cells and radial glia in the neurogenic
periventricular zone. However, it is not enough clear which signaling mechanisms are involved
in the activation of adult neural stem cells (aNSC) after the injury (reactive proliferation) and
in the production of new neurons (regenerative neurogenesis) from progenitor cells (NPC). In
juvenile Pacific salmon, the predominant type of NSCs in the telencephalon are neuroepithelial
cells corresponding to embryonic NSCs. Expression of glutamine synthetase (GS), a NSC molecular
marker, was detected in the neuroepithelial cells of the pallium and subpallium of juvenile chum
salmon, Oncorhynchus keta. At 3 days after a traumatic brain injury (TBI) in juvenile chum salmon, the
GS expression was detected in the radial glia corresponding to aNSC in the pallium and subpallium.
The maximum density of distribution of GS+ radial glia was found in the dorsal pallial region.
Hydrogen sulfide (H2S) is a proneurogenic factor that reduces oxidative stress and excitotoxicity
effects, along with the increased GS production in the brain cells of juvenile chum salmon. In
the fish brain, H2S producing by cystathionine β-synthase in neurogenic zones may be involved in
maintaining the microenvironment that provides optimal conditions for the functioning of neurogenic
niches during constitutive neurogenesis. After injury, H2S can determine cell survivability, providing
a neuroprotective effect in the area of injury and reducing the process of glutamate excitotoxicity,
acting as a signaling molecule involved in changing the neurogenic environment, which leads to the
reactivation of neurogenic niches and cell regeneration programs. The results of studies on the control
of the expression of regulatory Sonic Hedgehog genes (Shh) and the transcription factors Paired
Box2 (Pax2) regulated by them are still insufficient. A comparative analysis of Pax2 expression in the
telencephalon of intact chum salmon showed the presence of constitutive patterns of Pax2 expression
in neurogenic areas and non-neurogenic parenchymal zones of the pallium and subpallium. After
mechanical injury, the patterns of Pax2 expression changed, and the amount of Pax2+ decreased
(p < 0.05) in lateral (Dl), medial (Dm) zones of the pallium, and the lateral zone (Vl) of the subpallium
compared to the control. We believe that the decrease in the expression of Pax2 may be caused by
the inhibitory effect of the Pax6 transcription factor, whose expression in the juvenile salmon brain
increases upon injury.

Keywords: adult neurogenesis; traumatic brain injury; glutamine synthetase; aNSCs; NPCs; radial
glia; cystathionine β-synthase; Pacific chum salmon; Paired Box2; sonic hedgehog signaling
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1. Introduction

Active brain recovery after injury observed in fishes provides a useful model for
studying the mechanisms responsible for reparative neurogenesis, while mammals exhibit
a reduced neurogenesis capacity. It has been reported that in fish brain the generation of
functional neurons from precursors (neurogenesis) and activated stem cells, or transdiffer-
entiation of key elements, occurs during regeneration [1,2]. In contrast, the efficiency of
neurogenic processes in various vertebrates is significantly reduced in some cases [3]. The
lost neurons were actively replaced through the proliferative activity of neuroepithelial cells
and radial glia in the periventricular zone after a mechanical injury to the telencephalon in
zebrafish Danio rerio [4], the catfish Scyliorhinus canicula [5], and masu salmon Oncorhynchus
masou [6]. However, it still remains unclear what signaling mechanisms are involved in
the activation of adult neural stem cells after damage (reactive proliferation) and in the
production of new neurons (regenerative neurogenesis) from progenitor cells.

The central nervous system (CNS) in fishes and amphibians has the highest capacity for
neurogenesis, with the physiological neurogenesis and transdifferentiation of pre-existing
elements launched simultaneously after a traumatic injury [7]. The physiological and
regenerative neurogenesis in reptiles has not yet been sufficiently elucidated [8]. However,
the results of studies on the medial cortex in the leopard gecko Eublepharis macularius
show the presence of proliferating pools of neural stem/progenitor cells in the septomedialis
sulcus, a ventricular zone adjacent to the medial cortex. These cells express sex determining
region Y-box 2 (SOX2), glial fibrillar acidic protein (GFAP), and vimentin, and have a radial
glial morphology [9]. Nerve tissue can be partially or completely regenerated in certain
areas of the brain in cartilaginous fish. For example, in studies on the catshark Scyliorhinus
canicula, various proliferating populations of radial glia cells were found in the pial zone [5].
However, the cells of the proliferating radial glia (RG) that can act as neurogenic and/or
gliogenic precursors have not been identified.

It has been shown that in fish, both in case of induced inflammation and in traumatic
brain injury, the proliferation of progenitor cells and, as a consequence, the number of
new neurons, increases [10]. This suggests that the inflammatory response is one of
the molecular signals that inevitably precede the activation of adult neural stem cells
(aNSCs) [3,7]. This process, observed after CNS injury, is triggered by the activation of
injury-induced molecular programs [11].

Studies on mammals have shown that acute inflammation interferes with adult neu-
rogenesis and regenerative processes [3]. Thus, it is obvious that in fishes, in contrast to
mammals, the inflammation is a positive regulator of neuronal regeneration in CNS. A
rapid development of the active inflammatory response after injury was recorded based
on the increased expression of proinflammatory cytokines such as IL-8, IL-1b and tumor
necrosis factor [10]. These data suggest that an injury to the fish brain leads to the acute in-
flammatory response, which is necessary for the enhancement of the neuron progenitor cell
(NPC) proliferation and subsequent neurogenesis. Thus, it is likely that the acute inflam-
matory response in fish provides a special microenvironment on the cellular and molecular
levels where molecular programs for regenerative neurogenesis are initiated. After creating
the special microenvironment, the inflammatory process is eliminated within a few days
without signs of chronic inflammation such as those observed in the mammalian brain [12].

Several key substances induce neurogenesis and reparative processes, with H2S being
a candidate for the regulation of intercellular interactions performing the common cyto-
protective and signal functions [13,14]. It is a neuromodulator considered to be similar in
functions to other gaseous compounds such as nitrogen oxide (NO) and carbon monoxide
(CO). H2S is produced by several pathways, in particular by cystathionine β-synthase
(CBS) which is a key enzyme in the formation of cysteine from methionine. This gasotrans-
mitter activates intracellular signaling pathways through the sulfhydration of proteins
and can react with protein hemes. There are multiple interplays between H2S and other
gasotransmitters both on the level of their generation and as targets [15]. Previous studies
on traumatic injury to the cerebellum in juvenils of masu salmon Oncorhynchus masou
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demonstrated sharply increasing the number of CBS+ cells after 3 days, which indicates
the involvement of H2S in the post-traumatic response [16]. Similar results were observed
after optic nerve injury in trout, which showed a significant increase in the number of
H2S-producing cells in the integrative centers of the brain: telencephalon, optic tectum,
and cerebellum [17]. A noteworthy finding was the presence of CBS-producing radial glia
in the optic tectum of trout after the optic nerve injury [18]. H2S has a significant effect on
physiological and pathophysiological processes in the CNS, being involved in protective
mechanisms induced by traumatic brain injury (TBI) and ischemic reperfusion [19]. Acute
inflammation in mammals typically has a negative effect on neurogenesis and regeneration
by promoting glial scar formation and inhibiting the proliferation of progenitor cells, as
well as the migration, survival, maturation, and integration of new neurons [20,21]. The
inflammatory response observed at the site of injury in the fish brain after TBI, on the
contrary, did not limit neuronal regeneration [3,12].

Currently, the involvement of H2S in the processes of ischemic brain injury, TBI and
the involvement of this gas transmitter in the control of oxidative stress and the increase in
reactive oxygen species in the H2S-dependent signaling are being actively studied [19,22,23].
H2S reactions with many signaling mediators, transcription factors, and channel proteins
are known to occur in neurons and glial cells both in vivo and in vitro [14,19]. However,
information on the intercellular interaction and the involvement of H2S in regenerative
processes, in particular, in adult neurogenesis and TBI, is still limited.

Adult neurogenesis and neuronal regeneration after injury are controlled by the
activation of certain molecular pathways, including transcription factors, growth factors,
neurotrophins, and cytokines, which are expressed in certain neurogenic niches and,
ultimately, at the damaged CNS site. Shh signaling plays an important role in both CNS
neurogenesis and regeneration [24]. Transcription factors of the Paired Box (PAX) family
are one of the factors regulated by the Shh signaling pathway; however, the mechanisms
regulating the Pax2 expression are almost unstudied [25]. Studies on trout have shown that
damage to the optic nerve leads to an increase in the number of Pax2+ reactive astrocytes in
it, being involved in the initial stages of the optic nerve axon regeneration [26]. In the case
of optic nerve injury, a significant increase in the number of Pax6+ cells has been revealed
in the parts of the trout brain that have directed retinal inputs (the visual nuclei of the
diencephalon and the optic tectum) [27]. It has been found that some of the Pax6+ cells
have a neuroepithelial phenotype and are part of reactive neurogenic niches located in the
periventricular zone (PVZ) and parenchymal regions of the brain. Another population of
Pax6+ cells has a radial glia phenotype and arises as a result of activation of constitutive
neurogenic domains, as well as within newly formed reactive neurogenic niches [26].

Juvenile Pacific salmon is a convenient model for the study of postembryonic neu-
rogenesis, since the intensive neurogenesis in its brain is provided by neuroepithelial
progenitors [6,16,28]. The brain of Pacific salmon largely retains the features of a primitive
(ancestral) organization, while maintaining the high proliferative activity of neuroepithelial
(NE) cells, which is characteristic of embryonic development. The high neurogenic activity
in the juvenile masu salmon O. masou is largely due to the presence of tissue-specific
precursors of the neuroepithelial type [6]. Such cells divide symmetrically, constantly
increasing the pool of neural precursors, which subsequently form neurons, glia, and
ependymal cells that make up the CNS structure. Similar properties especially actively
develop during the first year of life of the embryonic NSCs in juvenile Pacific salmon,
providing the fetalization process associated with developmental delay and the retention
of features of the embryonic brain organization [29]. The main goal of the present work
is to study the ratio of NE and RG precursors in the brain of juvenile salmonids and the
involvement of both types of precursors in the reparative response in TBI, as well as to
study the role of hydrogen sulfide in the development of the acute phase of post-traumatic
response and the involvement of Pax2 in the regulation of this process. To achieve this goal,
we analyzed the comparative distribution of glutamine synthetase (GS) as a molecular
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marker of NSCs, CBS, and transcription factor (TF) Pax2 in the telencephalon of intact
juvenile chum salmon Oncorhynchus keta and in fish at three days after a mechanical injury.

2. Results

In the telencephalon of the juvenile chum salmon Oncorhynchus keta, the dorsal (D)
and ventral (V) regions, corresponding to the pallial and subpallial regions of zebrafish,
were identified [20]. The dorsal (DD), lateral (DL), central (DC) and medial (DM) zones
were distinguished within the pallial region. In the subpallial region, the dorsal (VD) and
ventral (VV) nuclei and the lateral (VL) zones were found.

2.1. Glutamine Synthetase in the Telencephalon of Intact Chum Salmon

The patterns of the GS labeling in the telencephalon of the intact animals related to
the matrix periventricular zones (Figure 1A). In the pallium of juvenile chum salmon, GS
labeling in intact animals was revealed in some periventricular zone (PVZ) cells, forming
areas of up to 300 µm in length as a discontinuous monolayer, or including small aggrega-
tions of immunopositive cells (Figure 1B). GS labeling was found also in small, intensely
labeled neuroepithelial cells of rounded or oval shape and devoid of processes (Figure 1B,
Supplementary Materials Table S1). In the subventricular zone (SVZ), single GS-labeled
cells were identified, and in the deeper parenchymal zone layers (PZ), rare intensely and
moderately labeled GS cells were found (Figure 1B, Supplementary Materials Table S1).
Few intensely labeled cells of larger size were found in DC (Figure 1A,B).

In DD, small, intensely labeled GS+ cells of the neuroepithelial type were located
above the layer of immunonegative cells in the PVZ (Figure 1C, Supplementary Materials
Table S1). In SVZ, there were single small cells with moderate GS labeling, occasionally
forming small clusters (Figure 1C, inset, Supplementary Materials Table S1). In the deeper
layers (PZ), heterogeneous cell complexes were identified, including immunonegative cells
with contacts with clusters of small, moderately labeled GS+ cells (Figure 1C). In DD, the
number of GS+ cells was relatively high (Figure 1J).

DM was characterized by the presence of immunopositive granules and more intensely
labeled NE cells organized into small groups, alternating with immunonegative areas less
extensive than those in DD (Figure 1D, Supplementary Materials Table S1); some of the
cells penetrated into SVZ (Figure 1D, dotted inset). In PVZ, we identified small clusters
of GS-labeled cells forming dense, surface, spherical formations in the neuroepithelium
(Figure 1D, dotted inset), with dense groups of small, intensely labeled cells of irregular
shape located along them (Figure 1D, inset in a black rectangle). In the deeper (PZ) layers
of DM, we also identified few, intensely labeled rounded cells (Figure 1D, Supplementary
Materials Table S1). In DM, the number of GS+ cells was the lowest among all pallial
zones (Figure 1J).

In DL, single small cells located in the basal part of PVZ were found (Figure 1E,
Supplementary Materials Table S1). The distribution patterns of small, moderately labeled
GS cells and cytoplasm of NE cells surrounding immunonegative nuclei often prevailed in
PVZ (Figure 1E, inset). In the deep layers of PZ, oval and small, moderately labeled GS cells
and numerous local clusters of GS-negative cells were found, which created constitutive
neurogenic niches (CNN) of parenchymal localization (Figure 1E). In DL, the number of
GS+ cells was at its maximum (Figure 1J).

In the subpallial region of the juvenile chum salmon telencephalon, GS was detected
within intensely labeled cell groups in VD (Figure 1F, Supplementary Materials Table S1),
as well as in the apical part of PVZ in single cells alternating with GS-negative neurons (Figure 1F,
Supplementary Materials Table S1). Small, moderately and intensely GS+ cells were
distributed within the VD cell aggregations (Figure 1F, Supplementary Materials Table S1).
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Figure 1. Glutamine synthetase (GS) in the pallial and subpallial regions of intact telencephalon in
juvenile chum salmon, Oncorhynchus keta. (A) General view of the GS immunolocalization pattern in
the telencephalon of intact juvenile chum salmon, Dd—dorsal, Dm—medial, Dc—central zones of pal-
lium, Vd—dorsal, Vv—ventral, Vl—lateral zones of subpallium; (B) in the pallial area, the pictogram
shows the zones of the dorsal telencephalon (pallium), ovals outline periventricular aggregations of
GS+ cells, intensely labeled cells (red arrows); (C) dorsal pallial zone (Dd) at higher magnification,
inset (in red rectangle) shows a fragment including periventricular zone (PVZ) and subventricular
zone (SVZ); inset (in black rectangle) shows intensely labeled GS+ neuroepithelial cells (red arrows)
located in the PVZ above the layer of immunonegative cells (black asterisk), in the SVZ there were
(dotted inset) clusters of small moderately labeled cells (red triangular arrow), a moderately GS+

cell (blue arrow), GS–cell (black arrow), PZ—parenchymal zone; (D) the medial pallial zone (Dm)
contains small GS+ cells (outlined with a white dotted line) in SVZ (black dotted inset), dense groups
of small intensively labeled cells in PVZ of irregular shape (inset in a black rectangle), endothelial cells
are shown with a transparent arrow; (E) lateral pallial zone (Dl) including small moderately labeled
GS cells (in the red oval) and GS+ cytoplasm of neuroepithelial cells surrounding the GS nuclei in
PVZ (inset in the black rectangle), the neurogenic niche of parenchymal localization is in the red
rectangle; (F) the dorsal subpallial zone (Vd) contains intensely labeled groups of neuroepithelial cells
(red arrows) and parenchymal neurogenic niches (in red oval); (G) the ventral subpallial zone (Vv)
contains single (red arrows) or paired (blue arrows) moderately labeled cells in the apical part of PVZ,
aggregations of intensely labeled granule-like subcellular elements (in white ovals), pseudo-unipolar
GS+ cells occurred in SVZ and penetrate into the deeper layers of PZ (inset). Immunohistochemical
labeling of glutamine synthetase. Scale bar: 100 µm. (H) Comparative densitometric analysis of
labeling of GS+ cells; significant intergroup differences # (p < 0.05), ## (p < 0.01) between the groups
of intensely, moderately labeled cells, and immunonegative cells (n = 5 in each group). One-way
ANOVA. Intensity of GS labeling, units of optical density (UOD). (I) Percentage ratio between GS+

and GS–cells in all intact pallial and subpallial areas of juvenile chum salmon, Oncorhynchus keta.

VV contained single or paired moderately labeled cells in the apical part of PVZ
(Figure 1G, Supplementary Materials Table S1). Solitary, intensely labeled elongated cells
had poorly developed processes (Figure 1G, Supplementary Materials Table S1). Another
type of cell of a pseudo-unipolar form with an immunonegative nucleus was found in
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SVZ: they penetrated into the deeper layers of PZ and, apparently, also belonged to the
migrating population (Figure 1G, Supplementary Materials Table S1). Paired, moderately
labeled, oval GS+ cells were localized in the surface of PVZ (Figure 1G, Supplementary
Materials Table S1). In SVZ, aggregations of intensely labeled granule-like subcellular
elements, ranging in size from 8.5 to 18 µm, were revealed (Figure 1G,F, Supplementary
Materials Table S1).

In VL, single small, intensely labeled cells in PVZ were visualized; in the deeper layers
of PZ, intensely labeled clusters and rare larger cells were identified (data not shown,
Supplementary Materials Table S1). Moderately labeled granules and two types of cells
were present in all the zones (Supplementary Materials Table S1).

An analysis of the densitometric activity of GS showed that there were significant
(p < 0.05, p < 0.01) differences between the groups of intensively, moderately labeled cells
and immunonegative cells in the telencephalon of juvenile chum salmon (Figure 1H). The
percentage ratio of GS-immunopositive and negative cells in all areas of the pallium and
subpallium is shown in Figure 1I.

2.2. GS Expression in the Telencephalon of Chum Salmon on Day 3 Post-Injury

After traumatic injury, GS+ cells with the radial glia phenotype were recorded to
appear in the telencephalon (Figure 2A, Supplementary Materials Table S1). For a detailed
study of the RG distribution in the pallium and subpallium of juvenile chum salmon,
the zones of the dorsal and ventral regions of the telencephalon were subdivided into
subregions (Figure 2B, Supplementary Materials Table S1). In each of the pallium zones (DD,
DM, and DL), an additional three subzones were identified to characterize the distribution
of radial glial cells corresponding to aNSCs of other vertebrates. In intact individuals, the
predominant types of GS+ cells were NE cells. We believe that the GS+ activation of the
radial glia occurred as a result of the traumatic injury, which should be considered as a post-
traumatic response in juvenile chum salmon of this age group and may be species-specific.

At three days post-injury, the patterns of RG distribution in the pallium were accom-
panied by the intensive cell migration and emergence of additional reactive neurogenic
niches (RNN) (Figure 2C). RG after injury was detected at different distances from PVZ and
was represented by both single fibers and bundles of GS+ fibers (Figure 2D). In the area of
DD, located next to DM (designated as DD1), RNNs of heterogeneous cellular composition
were observed to emerge after injury (Figure 2E). In some cases, discrete GS-labeled areas
containing small reactive, intensely labeled GS+ clusters or single cells were recorded in
PVZ (Figure 2E, Supplementary Materials Table S1).

Populations of GS+ cells in such areas differed in morphological heterogeneity and
intensity of GS labeling (Figure 2E, Supplementary Materials Table S1). Cells without
radial processes, moderately or intensely GS-labeled, were located in the basal part of
PVZ (Figure 2E, Supplementary Materials Table S1). Thin GS+ fibers had predominantly a
diffuse distribution pattern (Figure 2E).

In DD2, intensely labeled RG cells had basal and apical processes, ending in PVZ
with end-feet (Figure 2F). Such cells formed dense clusters in PVZ, and the bodies of
GS+ cells often had contact with the processes of nearby cells (Figure 2F, Supplementary
Materials Table S1). Clusters of GS-neuroblasts were identified in SVZ and PZ (Figure 2F,
Supplementary Materials Table S1). In most cases, the radial processes of GS+ cells ex-
tended for a considerable distance into the deep layers of DD (Figure 2E,F). In DD2, very
large aggregations of GS-neuroblasts were revealed in PZ, to which the radial fibers from
SVZ approached (Figure 2F). Obviously, the patterns of neuroblast migration along RG
outgrowths were directed to the area of injury. Our observations in DD3 showed a correla-
tion between the size of RNNs and the distribution pattern of RG fibers: larger bundles
of RG fibers emerged from larger RNNs, (Figure 2G). Separate moderately labeled GS+

cells were identified along some bundles of RG outgrowths (Figure 2G, Supplementary
Materials Table S1).
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Figure 2. Glutamine synthetase in the pallial region of the telencephalon of juvenile chum salmon, Oncorhynchus keta, at
3 days after traumatic injury. (A) General view of the GS immunolocalization pattern in the damaged telencephalon of
juvenile chum salmon, (B) pallial zone, the red dotted line indicates the boundaries of the subzones; (C) patterns of cell
migration (directions are indicated by red dashed arrows) and distribution of radial glia (black arrows) in DD, reactive
neurogenic niches of parenchymal localization are outlined by red ovals; (D) patterns of distribution of radial glia (RG)
and reactive neurogenic niches (in white oval) in DD; (E) cellular composition of reactive neurogenic niches in DD1, small
reactive intensely labeled GS clusters of cells (in white ovals), GS–cells are indicated by black arrows; (F) dense clusters of
GS + RG in DD2, thin red arrows indicate the end-feets of the immunopositive RG in PVZ, the red dotted line outlines the
reactive aggregations of neuroblasts in SVZ and the largest in PVZ; (G) patterns of RG distribution in DD3, single radial
fibers (thin black arrows), along which immunonegative neuroblasts migrate (black arrows), combined with bundles of
radial fibers (red ovals); large reactive neurogenic niches (RNN) (in a red rectangle). Immunohistochemical labeling of
glutamine synthetase. Scale bars: (B) 100 µm, (C–G) 50 µm. (H) Comparative densitometric analysis of GS+ cell activity in
intact animals and on day 3 post-injury; significant intergroup differences # (p < 0.05), ## (p < 0.01) between the groups
of intensely, moderately labeled cells, and immunonegative cells (n = 5 in each group). Data are expressed as the mean
± SD (n = 5 in each group); one-way ANOVA followed by the Student–Newman–Keuls post hoc test was used to determine
significant difference between control animals and those on day 3 post-injury, p < 0.05 vs. control group. Intensity of GS
labeling, UOD; * p ≤ 0.05. (I) Comparative distribution of RG in DD1, DD2 and DD3, on day 3 post-injury. One-way
ANOVA (n = 5 in each group, #—significant intergroup differences (p < 0.05).

Along with the newly appeared GS+ radial glia in all DD subregions, we identified a
heterogeneous population of densely stained cells without processes localized in the basal
part of the PVZ (Figure 2E–G, Supplementary Materials Table S1). We believe that such
cells were NE, or they represented a population of cells produced through asymmetric
mitosis, which retracted the outgrowths by somal translocation or lost them by resorption.
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After injury, the intensity of GS immunolabeling significantly increased in both in-
tensely labeled and moderately labeled cells (p < 0.05), compared with control animals
(Figure 2H). More intense optical density was also detected in negative cells (Figure 2H).
In the post-traumatic period, significant hypertrophy of GS–neuroepithelium in PVZ and
SVZ was observed in DD. Such cells were intensely stained with MG and had a high
index of nuclear–cytoplasmic ratios (Figure 2F–G, Supplementary Materials Table S1). Cell
cytoplasm was characterized by high basophilia. A comparison of distributions of RG in
the DD1, DD2, and DD3 regions showed significant intergroup differences between DD1
and DD2, as well as between DD1 and DD3 (p < 0.05); the maximum number of fibers was
found in DD3; the minimum, in DD1 (Figure 3I).

In the medial part of the pallium (DM), three subzones, DM1, DM2, and DM3, were
also identified (Figure 3A–C). In DM1, the diffuse pattern of GS+ distribution of radial
glia persisted (Figure 3A, Supplementary Materials Table S1). PVZ contained densely
or moderately labeled GS+ cells of the neuroepithelial type (Figure 3A, Supplementary
Materials Table S1). In PVZ, DM2, small GS+ RNNs of the neuroepithelial type, separated
by immunonegative regions, were identified (Figure 3B). In some areas of DM2, the typical
RNN structure was not clearly expressed, and, instead, it was represented by separate or
paired GS+ cells creating an intermittent layer (Figure 3B). In DM1 and DM2, the structure of
SVZ and PZ formed by aggregations of GS cells was stratified (Figure 3A,B, Supplementary
Materials Table S1). In some areas of DM2 in SVZ, GS+ neuropil and GS+ cells migrating
along RG fibers could be observed (Figure 3B, inset). The migration patterns along the GS
+ RG were most clearly seen in DM3 (Figure 3C). A comparison of distributions of GS + RG
in DM showed significant intergroup differences between DM1 and DM3 (p < 0.05); the
maximum number of fibers was localized in DM3; the minimum, in DM1 (Figure 3G).

In DL, GS+ cells generated a monolayer structurally similar to that in DD, and, thus,
DL was also divided into three subregions: DL1, DL2, and DL3 (Figure 3D–F). In some
cases, GS+ radial glia were clearly visible in DL, but the typical RNN structure was not
found (Figure 3D, Supplementary Materials Table S1). In DL1, the largest and longest RG
fibers, organized into bundles, were identified (Figure 3D). In the post-traumatic period in
DL1, the density of distribution of GS cells in SVZ and deeper PZ increased significantly
(Figure 3D,H). Along with radially oriented patterns, DL2 contained patterns of tangentially
oriented GS+ fibers, with extensive migration of a heterogeneous cell population observed
along them (Figure 3F, inset). DL2 was characterized by the presence of GS+ neuroepithelial
cells (Figure 3F, Supplementary Materials Table S1). In DL3, a dense population of GS + RG
with long outgrowths, penetrating deeply into PZ, was identified (Figure 3F, inset). A
comparison of distributions of GS + RG in DL showed significant intergroup differences
between DL1 and DL3 (p < 0.05); the maximum number of RG fibers was found in DL1;
the minimum, in DL3 (Figure 3H).

In the subpallial region, the distribution patterns of GS + RNN in VD1 containing
immunopositive RG somewhat resembled that in DD (Figure 4A, inset). In particular,
numerous neuroepithelial cell clusters were identified in PVZ and SVZ (Figure 4A, inset),
and the amount of RG was reduced compared to DD. Migrating immunopositive cells
were found in the ventral part of the dorsal nucleus (VD2) along GS + RG fibers (Figure 4B,
inset, Supplementary Materials Table S1). In some cases, areas containing elongated GS+

cells were found in PVZ of VD2, with a layer of GS–neuroepithelial cells observed above
(Figure 4B, Supplementary Materials Table S1).
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Figure 3. Glutamine synthetase in the medial (A–C) and lateral (D–F) pallial areas of the telen-
cephalon of juvenile chum salmon, Oncorhynchus keta, at 3 days after the traumatic injury to the
telencephalon. (A) Diffuse pattern of GS+ radial glia distribution in DM1, densely or moderately
labeled GS+ neuroepithelial cells (blue arrows), a fragment of the pseudo-stratified structure of PZ
with migrating neuroblasts and RG fibers is in the black rectangle; (B) reactive neurogenic niches
containing GS+ neuroepithelial cells (dotted inset) in DM2; (C) patterns of neuroblasts’ migration in
DM3 (the direction of migration is indicated by red thin arrows), RNN of the neuroepithelial type in
PVZ (in white ovals), RNN of parenchymal localization (in the black oval); (D) the largest and longest
RG fibers and bundles in DL1, with GS–neuroblasts migrating along RG (black arrows), aggregation
of GS neuroblasts (in the black oval); (E) patterns of tangentially oriented GS+ fibers in DL2; along the
RG fibers, extensive migration of a heterogeneous population of cells was observed (inset), yellow
arrows indicate endothelial cells; (F) dense population of GS + RG in DL3, long outgrowths deeply
spreading in PZ (inset). Immunohistochemical labeling of glutamine synthetase. Scale bar: 50 µm.
(G) Comparative distribution of RG in DM1, DM2 and DM3, and in DL1, DL2 and DL3 on (H) day 3
post-injury. One-way ANOVA (n = 5 in each group, #—significant intergroup differences (p < 0.05).
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Figure 4. Glutamine synthetase in the subpallial areas of juvenile chum salmon, Oncorhynchus keta,
at 3 days after the traumatic injury to the telencephalon. (A) In VD1, numerous neuroepithelial cell
clusters were detected in PVZ and SVZ (inset), producing the RNN (in the red oval), and the number
of RG fibers (black thin arrows) was reduced; (B) migrating GS+ cells were found in VD2 along
GS+ RG fibers (red arrows, inset); in the PVZ, elongated GS+ cells (white asterisk) were revealed,
above which a layer of GS–neuroepithelial cells was found (black arrows); (C) VL1 was dominated
by aggregations of GS+ neuroepithelial cells (in the white oval) in the dorsal part of PVZ (black
inset) and in the ventral part (dotted inset), and the number of RG (thin arrows) was limited; (D)
single GS+ neuroepithelial cells (red arrow) were detected in VL2 in PVZ (inset), and RG fibers
were not revealed; (E) in VV1, mixed RNNs were found (inset) containing large densely stained GS+

groups of neuroepithelial cells (red arrows), RG fibers (thin black arrows), and individual moderately
labeled cells (blue arrow); (F) in VV2, a few immunolabeled RG fibers, single GS+ accumulations
of neuroepithelial cells in PVZ (red arrow) and a high concentration of GS–cells in PVZ (in the
white square) were revealed; (G) quantitative ratio of GS+ cells in intact animals (control group) and
at 3 days after traumatic injury to the telencephalon (n = 5 in each group, * p ≤ 0.05; ** p ≤ 0.01;
significant difference from control groups). One-way ANOVA followed by the Student–Newman–
Keuls post hoc test. (H) Percentage proportion between GS+/GS–cells in all areas of the pallium and
subpallium of juvenile chum salmon on day 3 posy-injury.
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In VL, two subregions were identified: dorsal (VL1) and ventral (VL2) (Figure 4C,D).
In VL1, aggregations of GS+ neuroepithelial cells dominated PVZ (Figure 4C, inset), and
the amount of RG was very small. In VL2, single GS+ neuroepithelial cells were detected in
PVZ; RG fibers were not found (Figure 4D, inset).

In the ventral area of the subpallium, two zones were also distinguished: dorsal (VV1)
and ventral (VV2) (Figure 4E,F). RNNs of a mixed type were found in VV1, containing
large densely stained GS+ groups of neuroepithelial cells, RG fibers, and single moderately
labeled cells of parenchymal localization (Figure 4F, Supplementary Materials Table S1).
In VV1, large aggregations of immunonegative cells were found in SVZ (Figure 4F, inset,
Supplementary Materials Table S1). In VV2, few immunolabeled RG fibers, single GS+

aggregations of neuroepithelial cells in PVZ, and a high concentration of immunonegative
cells in PZ were revealed (Figure 4F).

An analysis of the quantitative distribution of GS+ cells in the fish on day 3 post-
injury showed significant differences in DD, VV, VL (p < 0.05), and DM (p < 0.01) from the
control (intact) animals (Figure 4G). The percentage ratio between GS-immunopositive and
negative cells in all areas of the pallium and subpallium after injury is shown in Figure 4H.

2.3. CBS Expression in the Telencephalon of Intact Chum Salmon

In the pallium, CBS labeling was detected in the DD, DL, DM, and DC zones (Figure 5A).
The intensity of immunolabeling in cells was different, with two levels of immunostaining
identified: high (4142 ± 35 UOD), at which nuclei and cytoplasm of cells were intensely
stained, and moderate (2993 ± 28 UOD), where less intense labeling of the cell cytoplasm
was observed (Figure 1B–D). Some of the cells, whose nuclei were stained with MG, were
CBS-immunonegative (1430 ± 38 UOD). In the dorsal zone (DD) in PVZ, CBS labeling
was detected in oval and/or small rounded cells (Figure 5B, Supplementary Materials
Table S2). In DM, some immunopositive cells showed proximal areas of radially directed
processes (Figure 5C). Differences in the size and morphology of CBS+ cells were detected
in DD (Supplementary Materials Table S2); in DL and DM, immunopositive cells were
morphologically similar (Supplementary Materials Table S2). In DC, only moderately
labeled rounded or oval cells were detected (Figure 5A).

The specific features of cell labeling in all zones of the dorsal region made it possible
to distinguish both single immunolabeled cells and small CBS+ clusters in PVZ, alternating
with extended areas that lacked CBS immunopositivity (Figure 5B). This pattern of distribu-
tion of immunopositive/immunonegative cells was typical for DD and DM (Figure 5B,C).
In DL, a diffuse pattern of CBS immunolabeling was revealed; separate clusters of CBS+

cells were encountered in PVZ. The number of immunopositive cells in SVZ was limited,
and the distribution of moderate CBS labeling in PVZ was homogeneous (Figure 5D). In
general, in PVZ of the control animals, the CBS+ cells made up a monolayer in the dorsal
zone (Figure 5B). The maximum density of distribution of intensely and moderately labeled
cells was found in DD; in DL and DM, the values were somewhat lower (Figure 5F). The
maximum number of CBS + cells was found in DD (Figure 5F).

In the subpallial region of intact brain, CBS immunopositivity was detected in the
dorsal (VD), ventral (VV), and lateral zones (VL) (Figure 6A). The level of CBS activity
in the cells was moderate and intense (Supplementary Materials Table S2). In PVZ of
VD, the number of immunopositive cells was limited, but the immunonegative cells often
contained CBS+ granules (Figure 6B, inset, Supplementary Materials Table S2).
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Figure 5. Cystathionine β-synthase (CBS) in the pallium of intact juvenile chum salmon, Oncorhynchus
keta. (A) General view of the pallial region of the telencephalon, the pictogram shows the zones of the
dorsal telencephalon (pallium), Dd—dorsal, Dm—medial, Dl—lateral, (outlined with red rectangles)
black dotted lines indicate the boundaries of the pallial zones; (B) dorsal pallial zone (Dd) at higher
magnification, inset (in black rectangle) shows a fragment including PVZ and SVZ, intensely labeled
CBS+ neuroepithelial cells (red arrows), moderately labeled CBS cells (blue arrow), and negative
cells (black arrow) in all areas; (C) medial pallial zone (Dm), some CBS+ cells showed proximal areas
of radially directed processes (yellow arrow), clusters of small moderately CBS–labeled cells were
detected in the SVZ (inset), and small clusters of microglia were revealed in PZ (in the red oval) and
groups of intensely and moderately labeled cells (in a white rectangle); (D) lateral pallial zone (Dl)
with a diffuse pattern of CBS-immunolocalization, aggregation of CBS+ cells in PVZ (in the red oval).
Immunohistochemical labeling of cystathionine β-synthase. Scale bars: (A) 100 µm, (B–D) 50 µm.
(E) Comparative densitometric analysis of CBS+ cells’ activity; #—significant intergroup differences
(p < 0.05), in groups of intensely, moderately labeled cells and immunonegative cells (n = 5 in each
group). One-way ANOVA. Intensity of CBS labeling, UOD. (F) Comparative distribution of CBS+

cells in DD, DM and DL; significant intergroup differences # (p < 0.05), ## (p < 0.01) between the
groups of intensively, moderately labeled cells, and immunonegative cells (n = 5 in each group).
One-way ANOVA.
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Figure 6. Cystathionine β-synthase (CBS) in the subpallium of intact juvenile chum salmon, On-
corhynchus keta. (A) General view of the subpallial region of the telencephalon, the pictogram shows
the zones of the ventral telencephalon (subpallium), Vd—dorsal, Vv—ventral, Vl—lateral, (outlined
with red rectangles) areas; (B) dorsal subpallial zone (Vd) at higher magnification, the inset (in
the black rectangle) shows CBS+ granules in PVZ and SVZ (yellow arrows), a fragment (red inset)
including CBS–cells surrounded by an aggregation of small elongated basophilic cells (white arrows),
clusters of CBS+ cells in PZ (in a white rectangle); (C) ventral subpallial region (Vv), CBS+ granules
(yellow arrows) on the apical surface of PVZ neuroepithelial cells and clusters in SVZ (black inset),
elongated moderately labeled CBS cells and granules inside and on the surface of CBS cells (red inset),
nuclei stained with methyl green are indicated by an asterisk, a green arrow indicates the figure of
mitosis; (D) the lateral subpallial region (Vl) of the accumulation of small, intensely labeled cells (in
the red oval); multiple CBS+ granules (in the black rectangle) were located in PZ on the surface of
CBS cells. Immunohistochemical labeling of cystathionine β-synthase. Scale bars: (A) 100 µm, (B–D)
50 µm. (E) Comparative densitometric analysis of CBS+ cells’ activity; #—significant intergroup
differences (p < 0.05) between groups of intensely, moderately labeled cells, and immunonegative
cells (n = 5 in each group). One-way ANOVA. Intensity of CBS labeling, UOD. (F) Comparative dis-
tribution of CBS+ cells in VD, VV, and VL; significant intergroup differences # (p < 0.05), ## (p < 0.01)
between the groups of intensively, moderately labeled cells, and immunonegative cells (n = 5 in each
group). One-way ANOVA.
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CBS cells dominated SVZ, among which small aggregations of small elongated ba-
sophilic cells were revealed (Figure 6B, red inset, Supplementary Materials Table S2).
However, in the deeper PZ, there were aggregations of moderately and intensely homo-
geneously labeled CBS cells, single or organized into small clusters, as well as CBS–small
basophilic cells (Figure 6B, Supplementary Materials Table S2). In VV, CBS-immunopositive
granules on the apical surface of PVZ neuroepithelial cells composed a thin, moderately
labeled layer (Figure 6C, Supplementary Materials Table S2). CBS+ granules were also
found in single cells of PVZ, extending deep into SVZ (Figure 6C, inset). CBS+ small cells
in PVZ formed few local clusters; in SVZ there were paired, moderately labeled small,
elongated cells, but the patterns of CBS+ granular localization in cells were more character-
istic (Figure 6C, Supplementary Materials Table S2). In dense cell clusters of SVZ, single
elongated moderately labeled CBS cells and granules were often found inside the cells and
on the surface of the cells stained with MG (Figure 6C, inset). A few patterns of mitoses
were encountered in the PZ area (Figure 6C, red inset). In VL, CBS+ granules were also
detected on the surface of immunonegative NE cells (Figure 6D, Supplementary Materials
Table S2). Another type of CBS+ structure in PZ were clusters of small, intensely labeled
cells, differing in distribution density and number (Figure 6D). In some cases, clusters
of cells of a diffuse type were observed in PVZ and PZ (Figure 6D). Other clusters were
denser and occurred in PVZ and SVZ (Figure 6D). In the deeper layers of PZ, multiple
CBS+ granules were located on the surface of CBS–cells (Figure 6D, rectangle). One-way
ANOVA data indicated differences in optical density between the groups of intensely and
moderately labeled cells (n = 10), as well as immunonegative cells (Figure 6E). A compara-
tive assessment of the number of intensely, moderately immunolabeled, and negative cells
showed significant differences (p < 0.05, p < 0.01) between these groups (Figure 6F).

2.4. Distribution of CBS in the Telencephalon of Chum Salmon on Day 3 Post-Injury

After the injury to the telencephalon, the number of CBS-labeled cells in PVZ of
the pallium and subpallium significantly increased compared to the control animals
(Figures 7A and 8A). The quantitative assessment of CBS+ cells in all areas of the pal-
lium and subpallium at 3 days after the telencephalon injury showed a significant increase
in the number of immunopositive cells in all areas of the pallium (DD, DM, DL) and the
ventral nucleus of the subpallium (VV) (p < 0.05), as well as in VL (p < 0.01) (Figure 8A). In
the ratio of the number of CBS+ intensely/moderately labeled cells in the intact animals,
moderately labeled cells dominated (Figure 8B). However, in the acute post-traumatic pe-
riod, this ratio changed significantly due to an increase in the number of intensely labeled
cells (Figure 8C). A comparative study of the optical density level of intensely/moderately
labeled cells in the control animals and in those exposed to injury showed significant inter-
group differences (p < 0.05) in pallial and subpallial populations of intensely/moderately
labeled cells (Figure 8D).

The pattern of distribution of CBS+ cells in DD, DM, and DL was represented by a
multi-row layer of intensely labeled cells reaching a considerable length, interrupted at the
border of the pallial zones (Figure 7B). CBS+ cells in the pallial areas were found separately
or in a heterogeneously labeled layer containing cells of various sizes and morphologies
(Figure 3C, Supplementary Materials Table S2).

In the DM, small accumulations of CBS+ cells were recorded as a part of PVZ and
SVZ (Figure 7C, inset); the number of labeled cells of parenchymal localization, located
discretely or forming small clusters, increased (Figure 7C). In DD, the number of CBS+ cells
in SVZ increased (Figure 3D), and the morphological heterogeneity of cells in this area
also increased (Figure 7D, inset, Supplementary Materials Table S2). In DL, the number of
clusters containing intensely labeled cells in PVZ increased; clusters of CBS cells, including
moderately CBS+ cells, appeared in SVZ (Figure 7F, Supplementary Materials Table S2).
Small clusters containing intensely labeled cells were recorded from PZ (Figure 7F).
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Figure 7. Cystathionine β-synthase in the pallium and subpallium of juvenile chum salmon, On-
corhynchus keta, at 3 days after the traumatic injury to the telencephalon. (A) General view of CBS
immunolocalization in the telencephalon, where the black dotted line indicates the area of injury;
(B) general view of the pallial zone, where black dotted lines indicate the boundaries of the pallial
subzones; (C) small clusters of CBS+ cells in PVZ and SVZ (inset), CBS+ cells in PZ located discretely
(red arrows) or forming small clusters (in red ovals), a large accumulation of CBS+ cells in PVZ (in
the black rectangle); (D) the number of heterogeneous CBS+ cells and their aggregations (in the red
oval) in SVZ increased in DD (inset); (E) clusters of CBS cells (black arrows), including moderately
CBS+ cells (blue arrows), appeared in DL clusters containing intensely labeled cells in PVZ (in the red
oval), in SVZ, clusters with intensely CBS-labeled cells appeared (in white ovals); (F) a layer of CBS+

cells occurred in the subpallium in VD in PVZ (yellow inset), SVZ (red inset), and VV (blue inset);
single and paired CBS+ cells and their small clusters (in white ovals) in PZ. Immunohistochemical
labeling of cystathionine β-synthase. Scale bars: (A) 500 µm; (B,C,F) 100 µm; (D,E) 50 µm.
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Figure 8. Quantitative ratio of CBS+/CBS–cells in the pallium and subpallium of intact juvenile chum salmon Oncorhynchus
keta and at 3 days after the telencephalon injury. (A) Quantitative proportion of CBS+ cells in intact animals (control group)
and in those at 3 days after the traumatic injury to the telencephalon (n = 5 in each group, * p ≤ 0.05; ** p ≤ 0.01; significant
difference vs. control groups). One-way ANOVA followed by the Student–Newman–Keuls post hoc test. (B) Ratio of CBS+

intensely/moderately labeled cells in intact animals; (C) on day 3 post-injury, significant intergroup differences # (p < 0.05),
## (p < 0.01) between the groups of intensely, moderately labeled cells, and immunonegative cells (n = 5 in each group).
One-way ANOVA. (D) Comparative densitometric analysis of the activity of CBS+ cells in the pallium and subpallium in
intact animals and on day 3 days post-injury; significant intergroup differences # (p < 0.05), ## (p < 0.01) between the groups
of intensely, moderately labeled cells, and immunonegative cells (n = 5 in each group). One-way ANOVA. Intensity of CBS
labeling, UOD.

In the subpallial region, similar rearrangements occurred in the dorsal (VD) and
ventral (VV) nuclei (Figure 7F, inset, Supplementary Materials Table S2). In PZ of the
subpallium, the number of single and paired CBS+ cells, as well as their small clusters,
increased (Figure 7F). The values of morphometric parameters of cells in the periventricular
zone labeled with CBS differed slightly from those of the control animals (Supplementary
Materials Table S2). In general, in all areas of the pallial and subpallial areas after injury,
cells of smaller sizes dominated (Supplementary Materials Table S2).

2.5. Expression of the Transcription Factor Pax2 in the Telencephalon of Intact Chum Salmon

The expression patterns of the transcription factor (TF) Pax2 in the telencephalon of
the intact animals were not directly related to the matrix periventricular zones and formed
morphogenetic fields in which TF expression was present in nuclei and cells (Figure 9A,
Supplementary Materials Table S3). In the pallium, the patterns of Pax2 expression corre-
sponded to the localization of the pallial regions: dorsal (DD), medial (DM), lateral (DL),
and central (DC) (Figure 9A). At the border of the pallial and subpallial zones, an area of
increased Pax2 expression separated the dorsal region from the ventral one (Figure 9A).
The measurement of the optical density of Pax2 immunolabeling in the pallium and sub-
pallium made it possible to distinguish intensively, moderately, and weakly labeled cells
(Figure 9J, Supplementary Materials Table S3).
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Figure 9. Pax2 expression in the pallium and subpallium of intact juvenile chum salmon, On-
corhynchus keta. (A) General view of the Pax2 expression pattern in the telencephalon of intact
juvenile chum salmon where the boundaries between the pallial and subpallial regions are indicated
by the red dashed line, Pax2+ cells along the border are indicated by thin red arrows; the pictograms
indicate the areas of the brain shown in Figures (B–D) and (E–G). (C) Pax2 expression in DD, clusters
of Pax2-expressing cells (red arrow) in PVZ (black inset) and nuclei (blue arrow, shown in red inset);
the aggregation of nuclei is outlined by the red oval, and in black ovals there are aggregations of im-
munonegative cells in PZ, white arrows indicate weakly labeled cells; (C) patterns of Pax2 expression
in DM; immunolabeling of Pax2 was detected in nuclei (shown by yellow arrows), which form ex-
tended regions in PVZ and SVZ (black inset). the granular pattern of Pax2 expression predominated
in PZ, and the red dotted line indicates the radial direction of neuroblasts’ migration from constitutive
neurogenic niches (CNN) (red inset) containing clusters of Pax2– (encircled by the white dotted line)
and Pax2+ cells; (D) morphological heterogeneity of Pax2+ cells in DL, where the black rectangle
outlines nuclei labeled with Pax2; Pax2+ cells were found in the basal part of PVZ and SVZ, both
cellular (in the dashed rectangle) and nuclear expression of Pax2 (in the red ovals); (E) in PVZ of the
dorsal subpallial region (VD), Pax2+ cells (red arrows) had a surface tangential orientation (red inset)
and in SVZ and PZ there were moderately (in the dotted square) and weakly labeled Pax2 cells (in the
oval), migrating cells (thin red arrows) and nuclei (yellow arrows) that form morphogenetic fields; (F)
In VL, individual Pax2+ nuclei were encountered in PVZ (black inset); in SVZ, individual intensely
labeled clusters of cells (red inset) were identified. In VL, local Pax2– cell clusters were identified in
combination with dense clusters of Pax2+ cells (in dotted rectangle ); (G) intensely labeled clusters of
Pax2+ cells (black inset) were detected in PVZ and the aggregation of immunonegative basophilic
cells was found in PZ (indicated by pink arrows, red inset); the red dotted line indicates the direction
of neuroblast migration and in the red oval there is a morphogenetic field with weak expression of
Pax2 and neuroblasts. Immunohistochemical labeling of the protein product of the Pax2 transcription
factor. Scale bars: (A) 500 µm; (B,C,F) 100 µm; (D,E) 50 µm. (H) Ratio of Pax2+/Pax2–cells in the
pallium and subpallium of intact chum salmon (n = 5 in each group, #—significant intergroup differ-
ences (p < 0.05)). One-way ANOVA. (J) Comparative densitometric analysis of Pax2+ cells; significant
intergroup differences # (p < 0.05) between groups of intensively, moderately, weakly labeled, and
immunonegative cells (n = 5 in each group). One-way ANOVA. Intensity of Pax2 labeling, UOD. (K)
Ratio of the number of Pax2+/Pax2—cells in the pallium and subpallium zones at 3 days after the
injury to the telencephalon of juvenile chum salmon; #—significant intergroup differences (n = 5 in
each group, #—significant intergroup differences (p < 0.05). One-way ANOVA.
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In DD, the expression of Pax2 in PVZ was limited. The intensely labeled cells were
superficially localized and formed small clusters separated by small immunonegative
regions (Figure 9B, inset). Expression of Pax2 in DD cells was detected both in nucleus and
in cytoplasm of cells (Supplementary Materials Table S3). Both forms of Pax2 localization
were identified in PVZ as part of CNN (Figure 9C, inset). In SVZ, individual nuclei of
Pax2+ cells were moderately labeled (Figure 9B, Supplementary Materials Table S3). In PZ,
Pax2 expression was detected in nuclei that form small morphogenetic fields (Figure 9B,
Supplementary Materials Table S3). Along with Pax2+ nuclei, Pax2–cell clusters, as well
as multidirectional immunonegative basophilic cell populations, were encountered in PZ
(Figure 9B, Supplementary Materials Table S3). In DM, the pattern of Pax2 expression
in PVZ was present mainly in nuclei (Figure 9C, black inset, Supplementary Materials
Table S3), whose number in the PVZ was very high. Intensively labeled Pax2+ nuclei
formed extensive areas in the territory of PVZ and SVZ (Figure 9C, inset). In PZ, the
Pax2 expression patterns were diffused in the form of granules (Figure 9C, Supplementary
Materials Table S3). In DM, the radial direction of cell migration was clearly visible, with
moderately/weakly labeled zones of Pax2 expression localized along it (Figure 9C).

In DL, on the territory of PVZ and SVZ, the number and morphological heterogeneity
of Pax2+ cells was much higher than in DM and DD (Figure 9A, Supplementary Materials
Table S3). Most cells in the surface part of PVZ had nuclei labeled with Pax2; in the
basal part of PVZ and SVZ, there were Pax2+ cells that formed extensive zones of TF
expression (Figure 9D, Supplementary Materials Table S3). In the parenchymal part of
DL, both cellular and nuclear expressions of Pax2 were found (Figure 9D, Supplementary
Materials Table S3).

In VD, the immunolabeled cells in PVZ had a surface, tangential orientation (Figure 9F,
inset, Supplementary Materials Table S3). Intensely labeled Pax2 cells were few in number
and usually formed small groups (Figure 9F, inset, Supplementary Materials Table S3). In
SVZ and in the parenchymal part of VD, there were single cells and nuclei moderately
and weakly labeled with Pax2, forming morphogenetic fields of various lengths (Figure 9F,
Supplementary Materials Table S3). On the surface line, there were sparsely located Pax2+

nuclei in PVZ (Figure 9F, black inset, Supplementary Materials Table S3). In SVZ, single
intensely labeled cells, as well as local labeled parenchymal aggregations of Pax2+ cells,
were identified (Figure 9F, red inset). In PZ, local Pax2-cell clusters of high distribution
density were found, with dense clusters of intensely labeled Pax2+ cells adjoining them
(Figure 9F, dashed rectangle, Supplementary Materials Table S3). In VL, intensely labeled
clusters of Pax2+ cells were detected in PVZ of various sizes and lengths (Figure 9G,
inset, Supplementary Materials Table S3). As a rule, several morphological types of
Pax2+ cells were identified within the clusters (Figure 9G, black inset, Supplementary
Materials Table S3). Some of the cells migrated from PVZ into SVZ in large clusters. In
the parenchymal part of VL, multidirectional immunonegative flows of cells and their
accumulations, as well as a few moderately labeled Pax2 cells and nuclei, were observed
(Figure 9G, Supplementary Materials Table S3). In the area of PZ, there was an aggregation
of immunonegative basophilic cells including single Pax2+ cells (Figure 9G, red inset).

The ratio of the number of Pax2+/Pax2– cells in the pallium and subpallium zones of
the intact brain is shown in Figure 9H. One-way ANOVA was used to assess intergroup
differences between DD/DM and DM/DL in the zones of pallium and VD/VV and VV/VL
in the subpallium (p < 0.05). Significant differences between pallial (DD, DM, DL) and
subpallial (VD, VV, VL) cell groups (p < 0.05) were revealed. A densitometric study of the
optical density of Pax2+ immunolabeling in the pallium and subpallium showed significant
differences between the intensely, moderately, poorly labeled cells and the immunonegative
cells (Figure 9J).

2.6. Expression of Pax2 in the Telencephalon of Chum Salmon on Day 3 Post-Injury

On day 3 post-injury, intensely labeled Pax2 cells and nuclei localized in the PVZ
and SVZ were identified in the dorsal part of the pallium (Figure 10A, inset). In the
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area of injury (Figure 10Aa), the cells located in the surface part of PVZ we considered
as a population of cells migrating to the area of injury. Another population of Pax2-
labeled cells formed local dense clusters in the basal part of PVZ and SVZ (Figure 10A,Aa,
Supplementary Materials Table S3). We found nuclei of Pax2-labeled cells located in deep
layers of PVZ (Figure 10Aa). In the basal part of PVZ, separate or paired labeled cells
were also found (Figure 10A, inset, Figure 10Aa). In the area of injury, aggregations of
Pax2+ cells, tangentially migrating, intensely labeled Pax2 cells and nuclei were observed
along the wound canal in DD (Figure 10Aa, in a red rectangle, Supplementary Materials
Table S3). In the parenchymal areas of the telencephalon adjacent to the injury zone, there
was an increased density of distribution of Pax2+ intensely labeled cells compared with
that in the control animals (Figure 10Aa,G, Supplementary Materials Table S3). In DM, it
was evident that a similar population of Pax2+ cells located in the surface areas of PVZ was
a reactive population of cells migrating to the injury area (Figure 10B, inset, Supplementary
Materials Table S3). Another population of Pax2+ cells formed local dense clusters in the
basal part of PVZ and SVZ (Figure 10B). We also found nuclei of Pax2+ cells located in
deep layers of PVZ (Figure 10B, Supplementary Materials Table S3). In DL, the expression
pattern of Pax2+ cells largely corresponded to that in DD (Figure 10C, Supplementary
Materials Table S3). In particular, tangentially migrating cells were found in the apical and
basal parts of PVZ (Figure 10C, inset). Separate Pax2+ cells were located around dense
Pax2–clusters in PZ; sometimes there were single densely/moderately labeled cells in SVZ
(Figure 10C, Supplementary Materials Table S3). The density of distribution of Pax2–cells
in the parenchymal areas in DL after injury significantly increased in comparison with the
control (Figure 9K).

In the post-traumatic period, Pax2+ nuclei and superficial neuroepithelial cells were la-
beled in VD, some of which penetrated into the deeper layers of PVZ and SVZ (Figure 10D,
black inset, Supplementary Materials Table S3). The largest aggregations of Pax2+ cells
were found in the superficial zone of the ventral part of the area and in SVZ of the cen-
tral part of VD (Figure 10D, red inset). Another aggregation of Pax2+ cells was evenly
distributed in PZ between these two clusters. In VL, the expression pattern of Pax2+ cells
was similar to that of other subpallial regions; in the apical and basal parts of PVZ, the
numbers of immunopositive cells and nuclei were increased (Figure 10F, inset). In SVZ
and PZ, single moderately and weakly labeled Pax2 cells and nuclei prevailed (Figure 10E,
Supplementary Materials Table S3). In the ventral part of the nucleus, the distribution
density of Pax2+ cells after injury was slightly increased (Figure 10G).

In VL, the distribution of Pax2+ cells and their aggregations in the surface and basal
parts of PVZ was increased compared to the control (Figure 10F, inset). A similar distribu-
tion of cells was typical for other ventral areas; however, local areas containing numerous
Pax2+ nuclei were identified in VL, in deeper layers of PVZ (Figure 10F, Supplemen-
tary Materials Table S3). Small clusters of Pax2+ cells were relatively common in SVZ,
while single moderately labeled Pax2 cells dominated PZ (Figure 10F, Supplementary
Materials Table S3).

The data of quantitative analysis showed that the number of Pax2+ cells significantly
decreased (p < 0.05) in the medial and lateral areas of the pallium (DM, DL) and the
lateral area of the subpallium (VL) after injury (Figure 10G) compared to the control. In
the area of injury (DD), there was also a slight decrease in the number of Pax2+ cells
(Figure 10G), but no significant differences from the control groups were found. The
intensity of Pax2 immunolabeling also showed a tendency to decrease, but there were no
significant differences in optical density from the control groups (Figure 10H). Thus, the
injury caused a decrease in the Pax2 expression (p < 0.05) in the pallial and subpallial areas
that are not adjacent to the injury area.
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Figure 10. Pax2 expression in the pallium and subpallium of juvenile chum salmon, Oncorhynchus
keta, at 3 days after the traumatic injury. (A) Pattern of Pax2 expression in DD, immunopositive
cells (red arrows) and nuclei (yellow arrows) localized in PVZ and SVZ (in the black inset), where
the aggregation of cells in PVZ is outlined by the red oval, nuclei (in the yellow oval); (Aa, in a
red rectangle) in the area of injury, black narrow arrows indicate the traumatic lumen, RNN in red
ovals; cells migrating to the area of injury are indicated by red narrow arrows, blue arrows indicate
moderately labeled nuclei; (B) Pax2 expression in DM, migrating to the injury area, reactive cells in
PVZ (red thin arrows, inset), local dense clusters of Pax2+ cells in the basal part of PVZ and SVZ
(in white ovals), nuclei (yellow arrows); (C) Pax2 expression in DL, tangentially migrating cells in
the apical and basal parts of PVZ (black inset), neuroepithelial cells (red arrow) and nuclei (yellow
arrow in the red inset); (D) Pax2 expression in VD; Pax2+ nuclei and neuroepithelial cells were
labeled with surface localization in PVZ (red inset) and SVZ (black inset), moderately labeled cells
(blue arrows), weakly labeled cells (white arrows); (E) Pax2 expression in VV, numerous Pax2+ cells
and nuclei were identified in the apical and basal parts of PVZ (inset); in SVZ and PZ, individual
moderately (blue arrows) and weakly labeled Pax2 (white arrows) cells and nuclei prevailed; (F) in
VL, an increased distribution of Pax2+ cells and their accumulations in the surface and basal parts
of PVZ (inset), designations as in E. Immunohistochemical labeling of the protein product of the
transcription factor Pax2. Scale bars: (A) 100 µm; (B–F) 50 µm. (G) Quantitative ratio of Pax2+ cells
in intact animals (control group) and at 3 days after the traumatic injury to the telencephalon (n = 5 in
each group, * p ≤ 0.05; significant difference vs. control groups). One-way ANOVA followed by the
Student–Newman–Keuls post hoc test. (H) Comparative densitometric analysis of Pax2+ and Pax2–
cells’ activity in intact juvenile chum salmon and at 3 days after the telencephalon injury (M ± SD).
Intensity of Pax2 labeling, UOD.
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3. Discussion
3.1. GS Localization in the Telencephalon of Intact Juvenile Chum Salmon and Those Exposed
to Injury

The study of localization of GS (aNSCs/NPCs marker) in the telencephalon of juvenile
intact and injury-exposed fish showed the characteristic significant structural rearrange-
ments and the appearance of RG cells in the pallial and subpallial parts.

In the intact brain, GS labels a heterogeneous population of NPCs localized in PVZ, as
well as a limited number of NPCs in parenchyma. In the medial pallial zone (DM) and all
subpallial zones, GS labeling was detected in the granules located in PVZ (Supplementary
Materials Table S1). In the pallium, GS most frequently labeled NE cells in PVZ, which had
an undifferentiated phenotype and lacked processes (Figure 5A–D). Similar GS+ cells of the
NE type have also been found in the dorsolateral pallium of zebrafish [3]. However, studies
show that neuronal precursors in the zebrafish telencephalon are characterized by spatial
heterogeneity [4]. Previous studies on zebrafish revealed a granular pattern of expression
for glial cell-derived neurotrophic factor (GDNF), which is believed to be involved in
neurogenesis and neuronal regeneration [30]. An analysis of our data concerning the
morphometric and densitometric parameters of GS+ cells in the pallium of juvenile chum
salmon confirmed the heterogeneous pattern of labeled NPCs. In our studies, GS labeling
was found in all pallial zones of the telencephalon. The pattern of labeling made it possible
to distinguish both rather extensive neurogenic regions containing GS+ cells and single
clusters, morphologically corresponding to local neurogenic niches of the constitutive type.

To characterize the rate of NPC proliferation and the fate of new neurons, the pallial
and subpallial neurogenic zones of fishes are currently considered from the comparative as-
pect of the subgranular (SGZ) and subventricular (SVZ) neurogenic zones of mammals [31].
Thus, in studies on zebrafish, a low rate of proliferation and generation of neurons in the
pallial region has been recorded, which allows comparison of this region with SGZ of
the mammalian hippocampus [3]. In addition, short migration distances of pallial cells
from PVZ to the parenchyma were identified in zebrafish [31]. Studies on the juvenile
masu salmon pallium have shown that, after labeling of proliferating cell nuclear antigen
(PCNA), more PCNA+ cells are concentrated in the medial zone than in the dorsal and lat-
eral zones [32]. According to the results of investigation of cells’ proliferative activity after
TBI using 5-bromo-2′-deoxyurenedine (BrdU) labeling in masu salmon, among the prolifer-
ating population of pallium cells, Dd cells are mainly in the S-phase, as well as at other
stages of the mitotic cycle, including the state of migration to Dm. Both PCNA labeling
and administration of BrdU have detected immunopositive cells and nuclei in Dm [6,32].

In zebrafish pallium, an alternating pattern of dividing PCNA+ cells and resting
cells (PCNA–) has been revealed [1,33]. About two-thirds of PCNA+ cells are pheno-
typed as radial glia, both in terms of morphological traits and in positivity for radial
glia markers such as glial fibrillar acidic protein (GFAP), vimentin, S100B protein, Notch
and HER4, glutamine synthetase, specific astrocyte glutamate transporter, and fatty acid
binding protein [31,33–35]. A third of PCNA+ cells are characterized as differentiating
neuroblasts as they express the neural protein polysialylated cell adhesion molecule
(PSA-NCAM) [1,33,36,37]. In the pallium of intact juvenile masu salmon, radial glial cells
have not been detected, but proliferation markers (PCNA and BrdU), GFAP, and vimentin
have been found in NE cells [6,32]. The data of the present study also indicate the presence
of GS+ cells of the NE type exclusively in the constitutive neurogenic niches (CNN) of the
intact juvenile chum salmon pallium.

In the subpallial area of juvenile chum salmon, the distribution of GS+ cells is more
consistent with the localization of CNN. Thus, we can conclude that in the telencephalon
of intact chum salmon GS a population of neuronal progenitor cells is labeled with an
NE phenotype.

The subpallial zone of the fish telencephalon is currently considered as an analogue of
the subventricular zone (SVZ) of mammals [31,33,35,38]. The subpallial area of zebrafish is
generally characterized by a higher level of proliferation as compared to the pallial area
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and the presence of nestin-expressing proliferating cells [31,38,39]. These cells exhibit an
NE phenotype, as well as interkinetic nuclear migration, expression of apical markers in
zonula occludens (ZO1), and parvalbumin (PAR) PAR proteins [40]. The granular pattern
of GS distribution, not only in PVZ, but also in SVZ, as well as the different intensities of
immunolabeling, indicate a wide and heterogeneous structure of the subpallial neuronal
zone. In the subpallial region of zebrafish, resting cells have not been identified; in this
area, neurons are generated, migrate to the olfactory bulb, and differentiate into gamma-
aminobutyric acid (GABA+) and tyrosine hydroxylase-ergic (TH+) interneurons in the
granular and periglomerular layer [31].

We observed significant changes in GS localization in the injured telencephalon of
juvenile chum salmon on day 3 post-injury (Figure 6A). We also detected the emergence of
an additional type of GS+ neuronal precursors with a radial glia phenotype that is absent
in intact animals (Figure 6, Figure 7, and Figure 8, Supplementary Materials Table S1). The
traumatic damage to the telencephalon led to a significant increase in the number of GS+

cells in PVZ, which was significantly higher than the number of immunopositive cells in
the intact animals (Figure 8G). As a result of the injury, the intensity of GS labeling was also
divided into two similar groups (intense and moderate); however, the level of OD after the
injury significantly (p < 0.05) increased in both groups vs. the control (Figure 6G).

The heterogeneous population of GS+ cells after the injury included two types of
neuronal progenitors. The first, NE, was previously present in CNN and was presumably
involved in the process of RNN reactivation (Supplementary Materials Table S1). Another
type of neuronal progenitor, absent in intact animals, was a heterogeneous population
of RG detected in RNN (Figure 6C, Supplementary Materials Table S1). The distribution
density of reactive RG in the pallial region of the telencephalon after injury was assessed
in DD, DM, and DL, and, in our opinion, was in accordance with the concentration of
neuronal precursors. The results of the comparative analysis showed that in the pallium
the maximal density of RG distribution was in the DD (Figure 6H), and the minimal was in
the DL (Figure 7H). The results of a comparative analysis indicated the predominance of
RG in the pallial region (DD, DM, and DL) compared with the subpallial one (VD, VV).

Along with the appearance of reactive GS+ glial-type aNSCs, significant patterns of cell
migration were revealed in the pallium and subpallium of juvenile chum salmon (Figure 6B).
The trajectories of cell movement included radial (along RG fibers) and tangential patterns
(Figure 6D,F), as well as the formation of numerous RNNs of different sizes, localizations,
and lengths in the pallium (Figure 6E). In DM, the patterns of post-traumatic migration of
GS cells formed a pseudo-stratified structure in SVZ and PZ (Figure 7A); in PVZ, numerous
small RNNs, including neuroepithelial and radial glial GS+ cell populations, dominated.
DL included patterns of tangential migration of GS+ neuroepithelial cells (Figure 7F), as
well as areas containing the most extensive RG fibers (Figure 7F). The proportion of GS+

cells in the pallial and subpallial regions of the injured telencephalon increased significantly
compared to GS– cells (Figure 8H).

According to published data on zebrafish brain, there are rapidly and slowly pro-
liferating RG populations whose cells divide by asymmetric mitosis. As a result of such
division, some of the daughter cells become devoid of process, and the others acquire a
process which can subsequently be retracted by somal translocation. In our studies, after a
traumatic injury to the telencephalon of chum salmon, GS+ cells of both types were found
in RNN. Thus, as a result of the injury to the telencephalon, we observed patterns of CNN
reactivation with the emergence of an additional type of radial–glial precursors labeled
with GS (Figures 6 and 7). After the injury, along with GS-labeled radially directed fibers,
we identified an additional type of GS+ fibers in DL that were directed tangentially and
propagating at the level of PVZ and SVZ (Figure 7F). Such fibers were absent in the control
animals (Figure 5D).

Studies on zebrafish exposed to experimentally induced injury report about an in-
tense regeneration processes [20,33,36]. The protocol used in our studies is similar to
the previously published protocol on zebrafish [20]: a needle is injected into one of the



Int. J. Mol. Sci. 2021, 22, 1279 23 of 34

two hemispheres of the telencephalon. The results have shown that the brain injury in
O. keta causes cascading events characterized by edema, death of damaged neurons, glial
hypertrophy, and an acute inflammatory response. The zebrafish studies have shown
that the intensity of the inflammatory response reaches its peak on day 4 post-injury [33].
We observed intense cell proliferation both in neurogenic areas and in the parenchyma
at 3 days after the damage to the telencephalon, which is consistent with the data for
zebrafish [20]. During this period, zebrafish showed a high expression of mitotic markers
such as PCNA in the SVZ zone [20] and in the dorsal region with GFAP+/S100B+ her4.1+
radial glial cells [33,36]. In studies on juvenile masu salmon O. masou at 1 week post-injury,
the reactivation of GFAP+ and vimentin+ RG was revealed in DD and DL, and single,
intensely small GFAP+ and vimentin+ cells were detected in the parenchyma. These ele-
ments emerged de novo as a result of the activation of resident glial-type aNSCs and their
subsequent slow proliferation in response to the injury. This is expressed to the greatest
extent in DL of juvenile masu salmon, and to the least extent in DM [6].

In the ventral zone, there were also changes in the localization and morphological
structure of cells caused by the injury. As in the dorsal region, a population of cells with the
RG phenotype appeared in the ventral and dorsal nuclei; however, the number of such cells
was significantly smaller than in the dorsal region. No RG cells were found in the VL zone,
but the intensity of GS immunolabeling increased as compared to the control (Figure 8C).

Thus, as a result of the traumatic injury to the telencephalon, the level of GS expression
in various types of progenitors increased multifold (Figure 6G). Our data agree with the
results of studies on the damaged cerebellum of Apteronotus albifrons [41], in which a
significant increase in the GS content in the brain was recorded after the injury. According
to Zupank, the increased production of GS is a response to an increase in the amount of
extracellular glutamate induced by damage. In the fish brain, the production of GS that
converts toxic glutamate into neutral glutamine, on the contrary, increases in response
to traumatic injury [2,12]. In our studies we observed similar effects associated with the
increased GS production among PVZ cells containing neuronal precursors. We suggest
that GS is not only a marker of NE and RG precursors that are activated by injury but can
also be produced by some cells located in the parenchyma in order to neutralize glutamate.
In this sense, GS is considered by us as a neuroprotective, regenerative-associated factor
that promotes effective reparative neurogenesis after injury.

3.2. Localization of CBS in the Intact and Injured Telencephalon of Juvenile Chum Salmon

Despite regional differences, the common features of CBS localization were identified
as follows: extended zones of distribution of intensely labeled cells alternating with areas
that lack immunopositivity, which corresponds to the patterns of GS distribution of NE
cells in the intact telencephalon. Previous studies of the localization of PCNA in the te-
lencephalon of juvenile masu salmon O. masou showed that the patterns of constitutive
proliferation in the territory of the pallium are represented by local small-sized constitutive
niches that occupy PVZ [32]. The patterns of neurogenesis revealed using the marker of
neuronal differentiation HuCD indicate that in intact juvenile masu salmon the cells labeled
with HuCD form rather extensive groups alternating with immunonegative regions [32].
In the absence of a differentiated cellular structure in the telencephalon of juveniles, H2S-
producing cells in the brain parenchyma release hydrogen sulfide into the intercellular
space, in which young neurons are differentiated, thereby creating a special microenviron-
ment that promotes neuronal differentiation. Thus, hydrogen sulfide secreted by cells can
be considered as a factor involved in constitutive neurogenesis. This is confirmed by the
results of studies on mammals in which a high level of CBS expression was recorded from
the hippocampus, which is characterized by neurogenesis in the adult state [42]. According
to these data, a high level of CBS is required for early maturation and growth of neuronal
networks, which also confirms the role of hydrogen sulfide in neuronal differentiation [42].

The results of IHC labeling with CBS in the telencephalon of juvenile chum salmon
showed the presence of intensely and moderately labeled cells in the pallial and subpallial
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regions of the telencephalon, which is consistent with the previously obtained data on
trout [17]. Intensively labeled cells in O. keta, as in trout, were located in the superficial
periventricular and subventricular layers of the pallium. In deep pallial parenchymal
areas, the number of intensely labeled cells in O. keta, like in trout, was increased. In
addition to the cellular localization of CBS, immunopositive granules were also detected
in the pallium (DD and DM) and in all areas of the subpallium of juvenile chum salmon
(Supplementary Materials Table S2). The presence of an H2S-producing enzyme in brain
cells is associated with the neurochemical signaling and, in particular, with the activation of
NMDA receptors [14,43]. The activation of neurons in the brain causes neurotransmitters,
including glutamate, to be released, thus, activating NMDA receptors, which, in turn, leads
to an increase in astrocytic intracellular calcium [43,44]. Therefore, the presence of two
levels of CBS activity in cells and granules of the juvenile chum salmon telencephalon
indicates mediator–modulatory intercellular interactions, which is consistent with the
previously obtained data on fish [16,17,45].

As a result of injury to the O. keta telencephalon, the number of H2S-producing cells
increases sharply, which leads to an increase in the total production of hydrogen sulfide in
the brain. Taking into account the fact that the rates of such processes as proliferation, cell
migration, and neuronal differentiation in PVZ after traumatic injury increase multifold,
we may consider hydrogen sulfide as a factor contributing to reparative processes, which
is consistent with the previously obtained results of a study of unilateral eye injury in
trout [17,18] and cerebellum of masu salmon [16]. Due to the high efficiency of the regen-
erative process in the fish brain, it can be concluded with confidence that the increased
production of H2S in the NE cells of the juvenile chum salmon brain after the injury is
directly related to the processes of reparative neurogenesis. The results of the study on
the telencephalon of juvenile O. keta are consistent with the previously obtained results
on O. masou which also revealed the effects of increased H2S production in the cerebellum
3 days after injury [16]. Unlike trout [18], no RG-type CBS+ NPCs were detected in the
pallium of O. keta. We associate this with the later adult stage of ontogenesis of trout, whose
pallium contains a greater number of neuronal precursors of the glial type (aNSC) with the
RG morphology.

Experimental results have shown that the toxicity of glutamate during traumatic injury
is attenuated by the action of H2S on voltage-gated ATP-sensitive potassium channels KATP
and fibrosis transmembrane conductance regulator CFTR Cl-channels [46] and activation of
glutamate GLT1 transporter [47]. However, there is currently no consensus on the dual role
of H2S in glutamate toxicity. The neuroblasts formed in the matrix periventricular zones of
the telencephalon in juvenile chum salmon are immature cellular forms that can express
an incomplete set of glutamate NMDA receptors, migrating from the periventricular to
the subventricular layers of the brain. In such undifferentiated cells, the cascade processes
leading to apoptosis in mature neurons can be inhibited and, as a result, immature cells
can avoid death and be successfully involved in the processes of neuronal regeneration.

The insufficient supply of oxygen and glucose to the brain tissue in case of impaired
blood circulation after a brain injury leads to a decrease in oxidative phosphorylation in
neurons. As a result of reoxygenation, the amount of reactive oxygen species increases,
which disrupts the functions of neuronal mitochondria and, as a result, further reduces
the ATP production [48]. Loss of ATP leads to an imbalance of ionic homeostasis in the
telencephalon cells due to the failure of ATPases or carriers of ATP-dependent ions [22]
which regulate the influx of calcium and sodium. The resulting changes induce the outflow
of potassium due to the subsequent depletion of ATP and calcium accumulation [49,50]. An
increase in intracellular calcium leads to the production of glutamate, which increases cal-
cium overload and activates calcium-dependent lipases and proteases [50]. The significant
shifts in ionic homeostasis cause an increase in the production of reactive oxygen species,
the opening of transition pores of mitochondrial permeability, inflammation, and neuronal
death [22,51]. In intact mammals, astrocytes surrounding neurons absorb extracellular
glutamate and protect neurons from excitotoxicity [49,52]. However, the data obtained on
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fishes after TBI differ significantly from the results of a biochemical analysis with deter-
mination of H2S in the mammalian brain [53], where a decrease in H2S production was
observed after a traumatic injury.

Reparative neurogenesis in the mammalian brain is significantly hampered by the
processes of secondary inflammation arising as a result of the toxic effects of glutamate and
high excitotoxicity [48–51], while in the fish brain, on the contrary, no similar effects develop.
In intact mammals, astrocytes surrounding neurons absorb extracellular glutamate and
protect neurons from excitotoxicity [50–52]. However, the data obtained on fishes after brain
injury differ significantly from the results of a biochemical analysis with determination
of H2S in the mammalian brain [53], where a decrease in H2S production was observed
after a traumatic injury. We assume that the increased production of H2S and GS in the
telencephalon after the traumatic injury facilitates the reparative process. The increase in
glutamate excitotoxicity after a telencephalic injury in O. keta can be neutralized by H2S,
which reduces the toxic effects of glutamate. The H2S produced in the telencephalon can
be considered as a proneurogenic and neuroprotective factor [44]. Thus, the increase in
H2S production in the brain after injury should be explained from the point of view of
maintaining cerebrovascular homeostasis, which implies antiapoptotic, anti-inflammatory,
and antioxidant effects that reduce the level of secondary neuronal damage resulting from
oxidative stress.

3.3. Molecular Basis of Neuronal Regeneration. Localization of Pax2 in the Intact and Injured
Telencephalon of O. Keta

As is known, Pax2 expression is regulated by the Shh signaling pathway [54,55].
However, it was found that during optic stem development Pax2 expression is regulated
by the relationship between the Shh and bone morphogenetic protein (BMP) cell signaling
pathways [54]. Segal and co-authors [55] have shown that the secondary messengers of the
BMP and Shh pathways are expressed in the developing optic stem and together inhibit
Pax2-suppressive effects. Disturbances in Shh signaling in the ventral midline cause the
Pax2 expression to decrease and the Pax6 expression to increase in the retina and in the
region of the presumptive optic stem [54,56]. The mutual inhibition of Pax2 and Pax6 in
the ventral region of the developing eye distinguishes progenitor cells into gliogenic (Pax2-
positive) and neurogenic (Pax6-positive) populations [57]. When considering these results,
it is possible to assume that Pax2 provides the glial phenotype of cells and suppresses the
neurogenic potential of NPCs in the chum salmon telencephalon. Our results are consistent
with the data on immunofluorescent labeling that have shown the Pax2 distribution in the
retina of adult guinea pigs, chickens, and mice [58].

The study on juvenile chum salmon has shown that Pax2 labels the population of
neuroepithelial cells in different regions of the telencephalon. The expression of Pax2
in juvenile chum salmon was detected both in cell cytoplasm and in nuclei. Thus, in
intact juvenile chum salmon the Pax2 labels a limited population of neuroepithelial cells
and nuclei of unidentified cells, which, as we understand, participate in the processes of
constitutive neurogenesis. Taking into account some data on the involvement of the PAX
genes family in the construction of the spatial structure of CNS during embryogenesis
and postembryonic development [59], we suggest that the Pax2 expression in cell nuclei
in the deep layers of parenchymal tissue reflects the brain patterning in growing O. keta.
This assumption is consistent with the data on the involvement of Pax2 in the process
of regionalization of CNS in the embryonic and postembryonic periods of vertebrate
development [59].

After the brain injury, we found a population of tangentially migrating, intensely
labeled Pax2 cells in the surface and basal parts of PVZ. This pattern of localization of
Pax2+ cells was typical for almost all regions of the telencephalon, which indicates the
generalized expression of this TF. We identified the patterns of Pax2+ migrating cells in
the area of injury, which is the final point of cell migration. Thus, after the injury to the
telencephalon, we found that Pax2 expressing cells retain the function of spatial patterning
of CNS, but its vector changes: in particular, instead of the population of resident NE
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cells, an intense Pax2 expression occurs in the population of migrating cells involved in
the reparative reorganization of CNS. Nevertheless, the quantitative analysis showed a
significant decrease in the number of Pax2+ cells in almost all areas of the pallial (DM, DL,
p < 0.05) and subpallial (VL, p < 0.05) zones of the juvenile chum salmon telencephalon
(Figure 10G). The Pax2 expression in cells remains at the level of intact expression or
slightly decreases (Figure 10H). Our data can be interpreted taking into account the pre-
viously established mutually inhibiting properties of Pax2 and Pax6 expression [57,58].
The previously studied patterns of Pax6 expression in the trout telencephalon after a uni-
lateral damage to the optic nerve showed a significant increase in the Pax6 expression
in precursors of the neuroepithelial and glial types [26]. After the optic nerve injury, an
intense Pax6 labeling was detected in RNN located within the pallial proliferative zones
(DD). In this region of the trout telencephalon, we did not find Pax6+ RG; however, the
immunolabeling of periventricular cells in the pallial zone indicates a significant increase in
the production of neuroepithelial Pax6+ cells in RNN with the nuclear localization of Pax6.
In DL, Pax6+ RNN of periventricular and subventricular localizations, as well as RG fibers,
along which Pax6+ and Pax6– cells migrated, were identified after the optic nerve injury.
Similar patterns of localization of Pax6+ RNN were also typical for subpallial areas [26].
Immunoblotting data also indicate that the amount of Pax6 in trout after the optic nerve
injury significantly increases compared to the level of expression in intact animals [26,27].

Several splicing variants of Pax2 were identified, although their functional significance
is not yet understood. In Xenopus, the Pax2 expression has at least nine splicing variants [60],
and five variants have been recorded from humans [61,62]. We suggest that the different
combinations of binding partners, phosphorylation states, DNA/promoter methylation,
and splice variants determine whether the reciprocal inhibition of Pax6 and Pax2 occurs.
A study of the co-expression of Pax2 and Pax6 in the chicken retina has shown, however,
that the Pax2 isoforms expressed in Müller glia cells are not capable of inhibiting the Pax6
expression [58].

In our opinion, the patterns of Pax2 expression in the juvenile chum salmon telen-
cephalon on day 3 post-injury correspond to neuroepithelial NPCs, both resident and
reactivated by injury, and are reduced compared to those in intact animals. We suggest
that the decrease in Pax2 expression is associated with the inhibitory effect of Pax6, whose
expression is, on the contrary, significantly increased. Further studies are required to clarify
in detail the mechanism of this process.

4. Material and Methods
4.1. Experimental Animals

The material used in the work was 30 individuals of juvenile Oncorhynchus keta aged
12–18 months. The body weight of the animals was 31–69 g; the body length, 15–22 cm.
The material was sampled at the Ryazanovka experimental fish hatchery in 2019. The
animals were kept in a tank with aerated fresh water at a temperature of 15–16 ◦C and
fed once a day. The light/dark cycle was set at 14/10 h. The content of dissolved oxygen
in water was 7–10 mg/dm3, which corresponds to normal saturation. All experimental
manipulations with animals were carried out in accordance with the rules regulated by the
charter of the Zhirmunsky National Scientific Center of Marine Biology (NSCMB) FEB RAS,
the Resource Center of the NSCMB FEB RAS, and the Ethics Committee, which regulates
the humane treatment of experimental animals (approval no. 2-170920 from Meeting No. 1
of the Commission on the biomedical ethics of NSCMB FEB RAS, 17 September 2020).

4.2. Experimental Injury to the Telencephalon by the Kishimoto’s Method

Animals were anesthetized in a cuvette containing 0.01% ethyl-3-aminobenzoate
methanesulfonate (MS222) (Sigma, St. Louis, MO, USA, Cat. # WXBC9102V) for 5 min at
room temperature. Using a sterile needle, a mechanical injury was applied to the region of
the dorsolateral quadrant of the right hemisphere of the telencephalon to a depth of 1 mm.
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Immediately after the injury, the animals were released back into the tank for recovery and
further monitoring.

After the damaging effect in the telencephalon region, changes in the locomotor and
behavioral activity in fish in the experimental group were monitored for 1 h. There were
no significant changes in the locomotor activity in animals with the telencephalon injury
compared with the control group. A small hematoma measuring 1–2 mm was clearly
visible in the area of injury.

4.3. Sample Preparation

At three days post-injury, all the experimental fish were deeply anesthetized in a 0.01%
solution of MS 222 (Sigma, St. Louis, MO, USA) for 5 min to collect telencephalon samples.
Animals were perfused with 4% paraformaldehyde solution (PFA, BioChemica, Cambridge,
MA, USA; Cat. No A3813.1000; lot 31000997) prepared in 0.1 M phosphate buffered saline
(PBS, pH 7.2) (Tocris Bioscience, Minneapolis, MN, USA; Catalog No 5564, Batch No.: 5).
After prefixation, the brain was removed from the cranial cavity and fixed in the same
solution for 2 h at a temperature of 4 ◦C. Then, it was washed in a 30% sucrose solution at
4 ◦C for two days, with five changes of the solution. Serial frontal sections (50 µm thick) of
the brain were cut on a freezing microtome (Cryo-star HM 560 MV, Walldorf, Germany).

4.4. Immunohistochemical Detection of CBS, Pax2, and GS

To study the localization of GS, CBS, and TF Pax2 in the telencephalon of juvenile
chum salmon, immunoperoxidase labeling on frozen free-floating sections was used. Prior
to immunostaining of the fish telencephalon tissue, the activity of endogenous peroxidase
and nonspecific staining (background) was blocked. The endogenous peroxidase activity
was blocked by incubation with 1% hydrogen peroxide for 20 min at room temperature. To
eliminate nonspecific staining, the brain sections were incubated with non-immune horse
serum. After incubation and washing with 0.1 M PBS, the frozen 50-µm brain sections were
incubated in situ with primary rabbit anti-Pax2 polyclonal antibodies (Biolegend, San Diego,
CA, USA; Catalog No. 901001; 1:300), rabbit anti-CBS polyclonal antibodies (GeneTex,
Irvine, CA, USA; Catalog No. GTX124346; 1:300), and mouse monoclonal antibodies against
GS (Abcam, Cambridge, UK; Catalog No. ab64613; 1:300) at 4 ◦C for 48 h. The anti-rabbit
streptavidin–biotin imaging system (HRP conjugated Anti-Rabbit IgG SABC Kit; Boster
Biological Technology, Pleasanton, CA, USA; Catalog No. SA1022) and the avidin–biotin
(ABC) complex (Vectastain Elite ABC kit; Vector Laboratories, San Francisco, CA, USA;
Catalog No. PK-6100) were used for visualization of immunohistochemical (IHC) labeling
products of polyclonal rabbit and monoclonal mouse antibodies, respectively. To identify
the reaction products in both cases, a red substrate was used (VIP Substrate Kit; Vector
Labs, Burlingame, CA, USA; Catalog No. SK-4600). Then, to identify immunonegative cells,
the preparations were counterstained with a 0.1% methyl green (MG) solution (Bioenno,
Lifescience, Santa Ana, CA, USA, Cat # 003027). The color development was monitored
under a microscope, washed with distilled water for 10 s, and then differentiated for
1–2 min in a 70% alcohol solution and then for 10 s in 96% ethanol. The preparations were
dehydrated by a standard technique: they were kept in two changes of xylene, 15 min for
each, and then placed under cover slips in the Bio-Optica medium (Milan, Italy).

To assess the specificity of the immunohistochemical (IHC) reaction, a negative control
method was used. The brain sections were incubated with a 1% solution of non-immune
horse serum instead of primary antibodies for 1 day and processed as sections with primary
antibodies. In all the control experiments, there was no immunopositive reaction.

4.5. Microscopy

To visualize the IHC reaction in the telencephalon cells and conduct morphological
analysis, we used a motorized microscope Axiovert 200 M equipped with a fluorescence
ApoTome module and an attachment for improved contrast (Carl Zeiss, Oberkochen,
Germany). The material was analyzed using the AxioVision software. Measurements were
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performed at 100×, 200×, 400× magnifications and in several randomly selected fields
of view for each study area. The number of labeled cells in the field of view was counted
at a magnification of 200×. Micrographs of the mounts were taken and analysis of the
material was carried out using the Axio Vision software. The material was processed using
the Axioimager program and the Corel Photo-Paint 14 graphics editor.

4.6. Densitometric Analysis

The optical density (OD) of IHC labeling products in neuronal bodies and immunopos-
itive granules was measured and the subsequent morphometric analysis of the parameters
of cell bodies (the greater and smaller diameters of the neurons’ soma) was carried out
using the software of the Axiovert 200 M microscope (Carl Zeiss, Oberkochen, Germany).
For this, OD was measured at several sites of immunolabeled structures in a mount. Then,
using the Wizard software, a standard OD assessment was carried out for intensely and
moderately labeled and immunonegative cells. The averaged value of OD for each type of
cells was subtracted from the mean value of OD of the background and, thus, the actual
value of relative units of optical density (UOD) was obtained.

4.7. Stereological Method in the Study of Quantitative Parameters of the Telencephalon

To obtain reliable quantitative characteristics of various regions of the telencephalon
of juvenile O. keta, as a volumetric object in space, we used the stereological method of
calculating the data obtained during microscopic analysis. For reliable spatial reconstruc-
tion for the ICH study, we used every 3 sections of the telencephalon. The stereological
method enables, with the reliability determined by the objectives of the study and con-
trolled by varying the parameters of the study design, the revealing of the morphometric
characteristics of the object under study on the material of a limited number of sections. In
this case, the systematic error (bias) is proven to be avoided, and the measurement error is
controllable and directly depends on the sampling frequency: the more slices, the higher
the accuracy. This is achieved through the use of an appropriate mathematical apparatus
and adherence to sampling rules, in particular, a systematic random sampling.

When working with sections of the telencephalon, we selected the area under study,
after which we took into account the morphometric parameters of interest. After receiving
data from all selected slices, we performed calculations that allowed us to proceed to
the description of the volumetric object. In particular, data were obtained on parameters
such as the number of immunopositive cells within the dorsal, medial, lateral and central
zones of the pallium and dorsal, ventral and lateral zones of subpallium, the density of
distribution of immunopositive cells in constitutive and reactive neurogenic niches, and the
number of immunopositive cells, nuclei and granules in the periventricular, subventricular
and parenchymal zones of all parts of the telencephalon.

4.8. Statistical Analysis

Prior to the experiments, we performed a statistical analysis based on the variations
in the measured parameters in our previous research [6] and determined that we needed a
group of at least 4 animals to achieve the statistical confidence at 95%. To make sure that
we reach a group size of 4 and, at the same time, reduce the use of animals to a minimum,
we aimed for a total of 5 animals per experimental group.

The quantitative assessment of cells was carried out on a separately selected viewfield
at a magnification of 10× of the objective and 20× of the eyepiece. All data analysis was
performed using a blind test to reduce experimenter’s bias. The absolute number of cells
of each type was counted. All quantitative results in the present study were analyzed
with the SPSS software (version 16.0; SPSS Inc., Chicago, IL, USA), and expressed as
the mean ± standard deviation of the mean (M ± SD), and differences were considered
statistically significant at p < 0.05. The quantitative processing of morphometric data
of IHC labeling was performed using the Statistica 12 and Microsoft Excel 2010 and
STATA software packages (StataCorp. 2012, Stata Statistical Software: Release 12. College
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Station, TX: StataCorp, LP, College Station, TX, USA). All variables measured in the
groups were compared using one-way analysis of variance (ANOVA) followed by the
Student–Newman–Keuls post hoc test. Comparison of the number of immunopositive cells
between several neuroanatomical areas of pallium and subpallium of the intact or injured
telencephalon (presented as groups) was performed using one-way analysis of variance
(ANOVA) with Bonferroni’s correction. Values at p ≤ 0.05 and p ≤ 0.01 were considered
statistically significant.

5. Conclusions

In the intact brain of juvenile chum salmon, GS labels a heterogeneous population
of neuroepithelial-like cells localized in the PVZ, as well as a limited number of neuroep-
ithelial type NPCs in the parenchyma. In the medial zone of the pallium (DM) and all
subpallial zones, GS labeling was detected in extracellular granules located in the PVZ. In
the subpallial area, the distribution of GS+ cells corresponds to the localization of CNN.
On day 3 post-injury, significant changes in the GS localization were revealed in the te-
lencephalon such as, in particular, the appearance of an additional type of GS+ neuronal
precursors with an RG phenotype that are absent in intact juvenile chum salmon. The
results of a comparative analysis indicate the predominance of RG in the pallial regions
(DD, DM, and DL) in the post-traumatic period as compared to the subpallial regions (VD,
VV). The maximum distribution density of RG in the pallium was found in DD and the
minimum one in DL. After the traumatic injury to the chum salmon telencephalon, the
patterns of CNN reactivation were identified; GS+ cells of both the neuroepithelial and RG
types were found in the RNN.

In the dorsal and ventral parts of the juvenile chum salmon telencephalon, CBS labels
a heterogeneous population of periventricular and parenchymal NE cells. In intact fish, the
following common features of CBS localization were revealed: extended zones of distribu-
tion of intensely labeled cells alternating with areas devoid of immunopositivity, which
corresponds to the patterns of GS distribution over NE cells in the intact telencephalon.
After the damage to the telencephalon, the number of CBS-labeled cells of the NE type
in the PVZ of the pallium and subpallium increased significantly compared to that in the
control animals. The quantitative assessment of CBS+ cells in all areas of the pallium and
subpallium at 3 days after the telencephalon injury showed a significant increase in the
number of CBS+ cells in all areas of the pallium (DD, DM, DL) (p < 0.05) and the ventral
area of the subpallium (BB) (p < 0.05), as well as in VL (p < 0.01). Thus, as a result of
the telencephalon injury, the number of H2S-producing cells increased sharply, which
caused an increase in the total H2S production in the juvenile chum salmon brain. Based
on the fact that the processes of proliferation, cell migration, and neuronal differentiation
in the PVZ intensify after a traumatic injury, we may consider H2S as a proneurogenic and
neuroprotective factor contributing to the maintenance of cerebrovascular homeostasis and
having the anti-inflammatory and antioxidant effects that reduce the level of secondary
neuronal damage resulting from oxidative stress.

Pax2 labels the population of NE cells in different regions of the juvenile chum salmon
telencephalon. The Pax2 expression was detected both in cell cytoplasm and in nuclei. Thus,
in intact fish, the Pax2 protein product labels the gliogenic population of cells and nuclei
of unknown functional specialization, which, as we believe, is involved in the processes
of constitutive neurogenesis. After the brain injury, a population of Pax2+ cells migrating
tangentially towards the injury area was identified in the PVZ. Thus, as a result of injury
to the telencephalon of juvenile chum salmon, the function of spatial CNS patterning in
Pax2+ cells is retained, but its vector changes; instead of the population of resident NE
cells, intense expression of Pax2 was found in the population of migrating cells involved
in reparative reorganization of CNS. The quantitative analysis showed a decrease in the
number of Pax2+ cells in almost all areas of the pallial (DM, DL; p < 0.05) and subpallial
(VL; p < 0.05) parts of the telencephalon. We believe that the patterns of Pax2 expression in
the juvenile chum salmon telencephalon on day 3 post-injury correspond to NPCs of both
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resident NE cells and reactivated trauma and are reduced as compared to those in intact
fish. Further studies can clarify in detail the mechanism that we observed. However, we
assume that the decrease in the Pax2 expression may be associated with the inhibitory effect
of Pax6, with its expression, vice versa, increasing significantly after a traumatic injury.

The obtained data raise various questions to address in the further study of neuro-
genesis in the adult Pacific salmon brain as follows. How does the ratio of GS+ neuroep-
ithelial and glial precursors change as a result of injury to the telencephalon of juvenile
chum salmon? What role does H2S play in the initiation of the acute inflammatory re-
sponse in the brain of juvenile O. keta? Why does the number of Pax2+ cells in the telen-
cephalon decrease in the acute post-traumatic period, while the number of Pax6+ cells
increases? The answers to these questions can significantly extend the current knowledge
of salmon neurogenesis as a convenient model for studying brain plasticity, reparation and
postembryonic development.
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Abbreviations

BMP bone morphogenetic protein
BrdU 5-bromo-2′-deoxyurenedine
CBS cystathionine-β-synthase
CBS++ intense CBS labeling
CBS+ moderate CBS labeling
CO carbon monoxide
ECM extracellular matrix
GDNF glial cell-derived neurotrophic factor
GFAP glial fibrillar acidic protein
GS glutamine synthetase
GS++ intense GS labeling
GS+ moderate GS labeling
H2S hydrogen sulfide
HuCD neuronal protein
NO nitrogen monooxide
Pax2++ intense Pax2 labeling
Pax2+ moderate Pax2 labeling
PSA-NCAM polysialylated cell adhesion molecule
PCNA proliferating cell nuclear antigen
VV ventral zone of subpallium
VD dorsal zone of subpallium
VL lateral zone of subpallium
DC central zone of pallium
DD dorsal zone of pallium
DL lateral zone of pallium
DM medial zone of pallium
ODU optical density units
IHC immunohistochemistry
CNN constitutive neurogenic niche
CNS central nervous systems
MG methyl green
NE neuroepitelial cells
NPC neuronal progenitor cells
aNSC adult neural stem cells
OD optical density
PBS phosphate buffered saline
PFA paraformaldehyde
RG radial glia
RNN reactive neurogenic niche
PZ parenchymal zone
PVZ periventricular zone
Shh sonic hedgehog signaling
SOX2 sex determining region Y-box 2
SVZ subventricular zone
TBI traumatic brain injury
TH tyrosine hydroxylase
TF transcription factor

References
1. Grandel, H.; Brand, M. Comparative aspects of adult neural stem cell activity in vertebrates. Dev. Genes. Evol. 2013, 223, 131–147.

[CrossRef] [PubMed]
2. Than-Trong, E.; Bally-Cuif, L. Radial glia and neural progenitors in the adult zebrafish central nervous system. Glia 2015, 63,

1406–1428. [CrossRef] [PubMed]
3. Ceci, M.; Mariano, V.; Romano, N. Zebrafish as a translational regeneration model to study the activation of neural stem cells and

role of their environment. Rev. Neurosci. 2019, 30, 45–66. [CrossRef] [PubMed]

http://doi.org/10.1007/s00427-012-0425-5
http://www.ncbi.nlm.nih.gov/pubmed/23179636
http://doi.org/10.1002/glia.22856
http://www.ncbi.nlm.nih.gov/pubmed/25976648
http://doi.org/10.1515/revneuro-2018-0020
http://www.ncbi.nlm.nih.gov/pubmed/30067512


Int. J. Mol. Sci. 2021, 22, 1279 32 of 34

4. Van Houcke, J.; De Groef, L.; Dekeyster, E.; Moons, L. The zebrafish as a gerontology model in nervous system aging, disease,
and repair. Ageing Res. Rev. 2015, 24, 358–368. [CrossRef]

5. Docampo-Seara, A.; Pereira-Guldrís, S.; Sánchez-Farías, N.; Mazan, S.; Rodríguez, M.A.; Candal, E. Characterization of neurogenic
niches in the telencephalon of juvenile and adult sharks. Brain Struct. Funct. 2020, 225, 817–839. [CrossRef] [PubMed]

6. Pushchina, E.V.; Zharikova, E.I.; Varaksin, A.A.; Prudnikov, I.M.; Tsyvkin, V.N. Proliferation, adult neuronal stem cells and cells
migration in pallium during constitutive neurogenesis and after traumatic injury of telencephalon of juvenile masu salmon,
Oncorhynchus masou. Brain Sci. 2020, 10, 65. [CrossRef]

7. Bollaerts, I.; Van Houcke, J.; Andries, L.; De Groef, L.; Moons, L. Neuroinflammation as fuel for axonal regeneration in the injured
vertebrate central nervous system. Mediators Inflamm. 2017, 9478542. [CrossRef]

8. Pirotte, N.; Leynen, N.; Artois, T.; Smeets, K. Do you have the nerves to regenerate? The importance of neural signaling in the
regeneration process. Dev. Biol. 2016, 409, 4–15. [CrossRef]

9. McDonald, R.P.; Vickaryous, M.K. Evidence for neurogenesis in the medial cortex of the leopard gecko, Eublepharis macularius. Sci
Rep. 2018, 8, 9648. [CrossRef]

10. Kyritsis, N.; Kizil, C.; Brand, M. Neuroinflammation and central nervous system regeneration in vertebrates. Trends Cell Biol.
2014, 24, 128–135. [CrossRef]

11. Kyritsis, N.; Kizil, C.; Zocher, S.; Kroehne, V.; Kaslin, J.; Freudenreich, D.; Iltzsche, A.; Brand, M. Acute inflammation initiates the
regenerative response in the adult zebrafish brain. Science 2012, 2338, 1353–1356. [CrossRef] [PubMed]

12. Barbosa, J.S.; Ninkovic, J. Adult neural stem cell behavior underlying constitutive and restorative neurogenesis in zebrafish.
Neurogenesis 2016, 3, e1148101. [CrossRef]

13. Panthi, S.; Chung, H.-J.; Jung, J.; Jeong, N.Y. Physiological importance of hydrogen sulfide: Emerging potent neuroprotector and
neuromodulator. Oxidative Med. Cell Longev. 2016, 9049782. [CrossRef] [PubMed]

14. Kimura, H. Signaling by hydrogen sulfide (H2S) and polysulfides (H2Sn) in the central nervous system. Neurochem. Int. 2019, 126,
118–125. [CrossRef] [PubMed]

15. Giuffrè, A.; Vicente, J.B. Hydrogen sulfide biochemistry and interplay with other gaseous mediators in mammalian physiology.
Oxidative Med. Cell. Longev. 2018, 6290931. [CrossRef] [PubMed]

16. Pushchina, E.V.; Stukaneva, M.E.; Varaksin, A.A. Hydrogen sulfide modulates adult and reparative neurogenesis in the cerebellum
of juvenile masu salmon, Oncorhynchus masou. Int. J. Mol. Sci. 2020, 21, 9638. [CrossRef]

17. Pushchina, E.V.; Varaksin, A.A.; Obukhov, D.K.; Prudnikov, I.M. GFAP expression in the optic nerve and increased H2S generation
in the integration centers of the rainbow trout (Oncorhynchus mykiss) brain after unilateral eye injury. Neural Regen Res. 2020, 15,
1867–1886. [CrossRef]

18. Pushchina, E.V.; Varaksin, A.A.; Obukhov, D.K. Cystathionine β-synthase in the brain of the trout Oncorhynchus mykiss after
unilateral eye damage and in conditions of in vitro cultivation. Russ. J. Dev. Biol. 2019, 50, 39–58. [CrossRef]

19. Che, X.; Fang, Y.; Si, X.; Wang, J.; Hu, X.; Reis, C.; Chen, S. The role of gaseous molecules in traumatic brain injury: An updated
review. Front. Neurosci. 2018, 12, 392. [CrossRef]

20. Kishimoto, N.; Shimizu, K.; Sawamoto, K. Neuronal regeneration in a zebrafish model of adult brain injury. Dis. Model. Mech.
2012, 5, 200–209. [CrossRef]

21. Kizil, C.; Kyritsis, N.; Dudczig, S.; Kroehne, V.; Freudenreich, D.; Kaslin, J.; Brand, M. Regenerative neurogenesis from neural
progenitor cells requires injury-induced expression of Gata3. Dev. Cell 2012, 23, 1230–1237. [CrossRef] [PubMed]

22. Kalogeris, T.; Baines, C.P.; Krenz, M.; Korthuis, R.J. Cell biology of ischemia/reperfusion injury. Int. Rev. Cell Mol. Biol. 2012, 298,
229–317. [PubMed]

23. Gopalakrishnan, P.; Shrestha, B.; Kaskas, A.M.; Green, J.; Alexander, J.S.; Pattillo, C.B. Hydrogen sulfide: Therapeutic or injurious
in ischemic stroke? Pathophysiology 2019, 26, 1–10. [CrossRef] [PubMed]

24. Ingham, P.W.; McMahon, A.P. Hedgehog signaling in animal development: Paradigms and principles. Genes Dev. 2001, 15,
3059–3087. [CrossRef] [PubMed]

25. Soukkarieh, C.; Agius, E.; Soula, C. Pax2 regulates neuronal-glia cell fate choice in the embryonic optic nerve. Dev. Biol. 2007, 303,
800–813. [CrossRef] [PubMed]

26. Pushchina, E.V.; Varaksin, A.A.; Obukhov, D.K. The Pax2 and Pax6 transcription factors in the optic nerve and brain of trout
Oncorhynchus mykiss after a mechanical eye injury. Russ. J. Dev. Biol. 2018, 49, 264–290. [CrossRef]

27. Pushchina, E.V.; Varaksin, A.A. Neurolin expression in the optic nerve and immunoreactivity of Pax6-positive niches in the brain
of rainbow trout (Oncorhynchus mykiss) after unilateral eye injury. Neural Regen Res. 2019, 14, 156–171. [CrossRef]

28. Pushchina, E.V.; Kapustyanov, I.A.; Varaksin, A.A. Neural stem cells/neuronal precursor cells and postmitotic neuroblasts in
constitutive neurogenesis and after traumatic injury to the mesencephalic tegmentum of juvenile chum salmon. Oncorhynchus
keta. Brain Sci. 2020, 10, 65. [CrossRef]

29. Pushchina, E.V.; Varaksin, A.A.; Obukhov, D.K.; Shukla, S. Neurochemical Organization and Adult Neurogenesis of Masu Salmon
Oncorhynchus Masou Brain; Nova Science Publishers, Inc.: Hauppauge, NY, USA, 2017; p. 267.

30. Wong, C.E.D.; Hua, K.; Monis, S.; Norazit, A.; Noor, S.M.; Ekker, M. Cellular localization of GDNF in adult zebrafish brain. Brain
Sci. 2020, 10, 286. [CrossRef]

http://doi.org/10.1016/j.arr.2015.10.004
http://doi.org/10.1007/s00429-020-02038-1
http://www.ncbi.nlm.nih.gov/pubmed/32062722
http://doi.org/10.3390/brainsci10020065
http://doi.org/10.1155/2017/9478542
http://doi.org/10.1016/j.ydbio.2015.09.025
http://doi.org/10.1038/s41598-018-27880-6
http://doi.org/10.1016/j.tcb.2013.08.004
http://doi.org/10.1126/science.1228773
http://www.ncbi.nlm.nih.gov/pubmed/23138980
http://doi.org/10.1080/23262133.2016.1148101
http://doi.org/10.1155/2016/9049782
http://www.ncbi.nlm.nih.gov/pubmed/27413423
http://doi.org/10.1016/j.neuint.2019.01.027
http://www.ncbi.nlm.nih.gov/pubmed/30849397
http://doi.org/10.1155/2018/6290931
http://www.ncbi.nlm.nih.gov/pubmed/30050658
http://doi.org/10.3390/ijms21249638
http://doi.org/10.4103/1673-5374.280320
http://doi.org/10.1134/S1062360419020048
http://doi.org/10.3389/fnins.2018.00392
http://doi.org/10.1242/dmm.007336
http://doi.org/10.1016/j.devcel.2012.10.014
http://www.ncbi.nlm.nih.gov/pubmed/23168169
http://www.ncbi.nlm.nih.gov/pubmed/22878108
http://doi.org/10.1016/j.pathophys.2018.10.005
http://www.ncbi.nlm.nih.gov/pubmed/30528175
http://doi.org/10.1101/gad.938601
http://www.ncbi.nlm.nih.gov/pubmed/11731473
http://doi.org/10.1016/j.ydbio.2006.11.016
http://www.ncbi.nlm.nih.gov/pubmed/17173889
http://doi.org/10.1134/S1062360418050041
http://doi.org/10.4103/1673-5374.243721
http://doi.org/10.3390/brainsci10020065
http://doi.org/10.3390/brainsci10050286


Int. J. Mol. Sci. 2021, 22, 1279 33 of 34

31. Grandel, H.; Kaslin, J.; Ganz, J.; Wenzel, I.; Brand, M. Neural stem cells and neurogenesis in the adult zebrafish brain: Origin,
proliferation dynamics, migration and cell fate. Dev. Biol. 2006, 295, 263–277. [CrossRef]

32. Pushchina, E.V.; Zharikova, E.I.; Varaksin, A.A. Persistent and reparative neurogenesis in the juvenile masu salmon Oncorhynchus
masou telencephalon after mechanical injury. Russ. J. Dev. Biol. 2017, 48, 307–320. [CrossRef]

33. Kroehne, V.; Freudenreich, D.; Hans, S.; Kaslin, J.; Brand, M. Regeneration of the Adult Zebrafish Brain from Neurogenic Radial
Glia-Type Progenitors. Development 2011, 138, 4831–4841. [CrossRef] [PubMed]

34. Götz, M.; Huttner, W.B. The cell biology of neurogenesis. Nat. Rev. 2005, 6, 777–788. [CrossRef] [PubMed]
35. Schmidt, R.; Strähle, U.; Scholpp, S. Neurogenesis in zebrafish–From embryo to adult. Neural Dev. 2013, 8, 1–13. [CrossRef]
36. März, M.; Chapouton, P.; Diotel, N.; Vaillant, C.; Hesl, B.; Takamiya, M.; Lam, C.S.; Kah, O.; Bally-Cuif, L.; Strähle, U. Heterogeneity

in Progenitor Cell Subtypes in the Ventricular Zone of the Zebrafish Adult Telencephalon. Glia 2010, 58, 870–888. [CrossRef]
37. März, M.; Schmidt, R.; Rastegar, S.; Strahle, U. Regenerative response following stab injury in the adult zebrafish telencephalon.

Dev. Dyn. 2011, 240, 2221–2231. [CrossRef]
38. Ganz, J.; Kaslin, J.; Hochmann, S.; Freudenreich, D.; Brand, M. Heterogeneity and Fgf dependence of adult neural progenitors in

the zebrafish telencephalon. Glia 2010, 58, 1345–1363. [CrossRef]
39. Kizil, C.; Kaslin, J.; Kroehne, V.; Brand, M. Adult neurogenesis and brain regeneration in zebrafish. Dev. Neurobiol. 2011, 72,

429–461. [CrossRef]
40. Adolf, B.; Chapouton, P.; Lam, C.S.; Topp, S.; Tannhauser, B.; Strahle, U.; Götz, M.; Bally-Cuif, L. Conserved and acquired features

of adult neurogenesis in the zebrafish telencephalon. Dev. Biol. 2006, 295, 278–293. [CrossRef]
41. Zupanc, G.K.; Sîrbulescu, R.F. Teleost fish as a model system to study successful regeneration of the central nervous system. Curr.

Top. Microbiol. Immunol. 2013, 367, 193–233.
42. Abe, K.; Kimura, H. The possible role of hydrogen sulfide as an endogenous neuromodulator. J. Neurosci. 1996, 16,

1066–1071. [CrossRef]
43. Kimura, H. Physiological role of hydrogen sulfide and polysulfide in the central nervous system. Neurochem. Int. 2013, 63,

492–497. [CrossRef] [PubMed]
44. Kumar, A.; Dejanovic, B.; Hetsh, F.; Semtner, M.; Fusca, D.; Arjune, S.; Santamaria-Araujo, J.A.; Ayton, S.; Bush, A.I.;

Kloppenburg, P.; et al. S-sulfocysteine/NMDA receptor-dependent signaling underlies neurodegeneration in molybdenum
cofactor deficiency. J. Clin. Investig. 2018, 127, 4365–4378. [CrossRef] [PubMed]

45. Pushchina, E.V.; Varaksin, A.A.; Obukhov, D.K. Cystathionine β-synthase in the CNS of masu salmon Oncorhynchus masou
(Salmonidae) and carp Cyprinus carpio (Cyprinidae). Neurochem. J. 2011, 5, 24–34. [CrossRef]

46. Kimura, Y.; Dargusch, R.; Schubert, D.; Kimura, H. Hydrogen sulfide protects HT22 neuronal cells from oxidative stress. Antioxid.
Redox. Signal. 2006, 8, 661–670. [CrossRef] [PubMed]

47. Xiao, L.; Lan, A.; Mo, L.; Xu, W.; Jiang, N.; Hu, F.; Feng, J.; Zhang, C. Hydrogen sulfide protects PC12 cells against reactive oxygen
species and extracellular signal-regulated kinase 1/2-mediated downregulation of glutamate transporter-1 expression induced by
chemical hypoxia. Int. J. Mol. Med. 2012, 30, 1126–1132. [CrossRef] [PubMed]

48. Mergenthaler, P.; Dirnagl, U.; Meisel, A. Pathophysiology of stroke: Lessons from animal models. Metab. Brain Dis. 2004, 19,
151–167. [CrossRef]

49. Katsura, K.; Kristián, T.; Siesjö, B.K. Energy metabolism, ion homeostasis, and cell damage in the brain. Biochem. Soc. Trans. 1994,
22, 991–996. [CrossRef]

50. Mark, L.P.; Prost, R.W.; Ulmer, J.L.; Smith, M.M.; Daniels, D.L.; Strottmann, J.M.; Brown, W.D.; Hacein-Bey, L. Pictorial review of
glutamate excitotoxicity: Fundamental concepts for neuroimaging. Am. J. Neuroradiol. 2001, 22, 1813–1824.

51. White, B.C.; Sullivan, J.M.; DeGracia, D.J.; O’Neil, B.J.; Neumar, R.W.; Grossman, L.I.; Rafols, J.A.; Krause, G.S. Brain ischemia
and reperfusion: Molecular mechanisms of neuronal injury. J. Neurol. Sci. 2000, 179, 1–33. [CrossRef]

52. Wang, J.F.; Li, Y.; Song, J.N.; Pang, H.G. Role of hydrogen sulfide in secondary neuronal injury. Neurochem. Int. 2014, 64, 37–47.
[CrossRef] [PubMed]

53. Zhang, M.; Shan, H.; Wang, T.; Liu, W.; Wang, Y.; Wang, L.; Zhang, L.; Chang, P.; Dong, W.; Chen, X.; et al. Dynamic change of
hydrogen sulfide after traumatic brain injury and its effect in mice. Neurochem. Res. 2013, 38, 714–725. [CrossRef] [PubMed]

54. Dakubo, G.D.; Wang, Y.P.; Mazerolle, C.; Campsall, K.; McMahon, A.P.; Wallace, V.A. Retinal ganglion cell-derived sonic
hedgehog signaling is required for optic disc and stalk neuroepithelial cell development. Development 2003, 130, 2967–2980.
[CrossRef] [PubMed]

55. Sehgal, R.; Sheibani, N.; Rhodes, S.J.; Belecky Adams, T.L. BMP7 and SHH regulate Pax2 in mouse retinal astrocytes by relieving
TLX repression. Dev. Biol. 2009, 332, 429–443. [CrossRef] [PubMed]

56. Wang, Y.P.; Dakubo, G.; Howley, P.; Campsall, K.D.; Mazarolle, C.J.; Shiga, S.A.; Lewis, P.M.; McMahon, A.P.; Wallace, V.A.
Development of normal retinal organization depends on Sonic hedgehog signaling fromganglioncells. Nat. Neurosci. 2002, 5,
831–832. [CrossRef] [PubMed]

57. Pichaud, F.; Desplan, C. Pax genes and eye organogenesis. Curr. Opin. Genet. Dev. 2002, 12, 430–434. [CrossRef]
58. Stanke, J.; Moose, H.E.; El-Hodiri, H.M.; Fischer, A.J. Comparative study of Pax2 expression in glial cells in the retina and optic

nerve of birds and mammals. J. Comp. Neurol. 2010, 518, 2316–2333. [CrossRef]

http://doi.org/10.1016/j.ydbio.2006.03.040
http://doi.org/10.1134/S106236041705006X
http://doi.org/10.1242/dev.072587
http://www.ncbi.nlm.nih.gov/pubmed/22007133
http://doi.org/10.1038/nrm1739
http://www.ncbi.nlm.nih.gov/pubmed/16314867
http://doi.org/10.1186/1749-8104-8-3
http://doi.org/10.1002/glia.20971
http://doi.org/10.1002/dvdy.22710
http://doi.org/10.1002/glia.21012
http://doi.org/10.1002/dneu.20918
http://doi.org/10.1016/j.ydbio.2006.03.023
http://doi.org/10.1523/JNEUROSCI.16-03-01066.1996
http://doi.org/10.1016/j.neuint.2013.09.003
http://www.ncbi.nlm.nih.gov/pubmed/24036365
http://doi.org/10.1172/JCI89885
http://www.ncbi.nlm.nih.gov/pubmed/29106383
http://doi.org/10.1134/S1819712411010090
http://doi.org/10.1089/ars.2006.8.661
http://www.ncbi.nlm.nih.gov/pubmed/16677109
http://doi.org/10.3892/ijmm.2012.1090
http://www.ncbi.nlm.nih.gov/pubmed/22895544
http://doi.org/10.1023/B:MEBR.0000043966.46964.e6
http://doi.org/10.1042/bst0220991
http://doi.org/10.1016/S0022-510X(00)00386-5
http://doi.org/10.1016/j.neuint.2013.11.002
http://www.ncbi.nlm.nih.gov/pubmed/24239876
http://doi.org/10.1007/s11064-013-0969-4
http://www.ncbi.nlm.nih.gov/pubmed/23325453
http://doi.org/10.1242/dev.00515
http://www.ncbi.nlm.nih.gov/pubmed/12756179
http://doi.org/10.1016/j.ydbio.2009.05.579
http://www.ncbi.nlm.nih.gov/pubmed/19505455
http://doi.org/10.1038/nn911
http://www.ncbi.nlm.nih.gov/pubmed/12195432
http://doi.org/10.1016/S0959-437X(02)00321-0
http://doi.org/10.1002/cne.22335


Int. J. Mol. Sci. 2021, 22, 1279 34 of 34

59. Thompson, J.A.; Ziman, M. Pax genes during neural development and their potential role in neuroregeneration. Prog. Neurobiol.
2011, 95, 334–351. [CrossRef]

60. Heller, N.; Brandli, A.W. Xenopus Pax-2 displays multiple splice forms during embryogenesis and pronephric kidney development.
Mech. Dev. 1997, 69, 83–104. [CrossRef]

61. Busse, A.; Rietz, A.; Schwartz, S.; Thiel, E.; Keilholz, U. An intron 9 containing splice variant of PAX2. J. Transl. Med. 2009,
7, 36. [CrossRef]

62. Dressler, G.R.; Douglass, E.C. Pax-2 is a DNA-binding protein expressed in embryonic kidney and Wilms tumor. Proc. Natl. Acad.
Sci. USA 1992, 89, 1179–1183. [CrossRef] [PubMed]

http://doi.org/10.1016/j.pneurobio.2011.08.012
http://doi.org/10.1016/S0925-4773(97)00158-5
http://doi.org/10.1186/1479-5876-7-36
http://doi.org/10.1073/pnas.89.4.1179
http://www.ncbi.nlm.nih.gov/pubmed/1311084

	Introduction 
	Results 
	Glutamine Synthetase in the Telencephalon of Intact Chum Salmon 
	GS Expression in the Telencephalon of Chum Salmon on Day 3 Post-Injury 
	CBS Expression in the Telencephalon of Intact Chum Salmon 
	Distribution of CBS in the Telencephalon of Chum Salmon on Day 3 Post-Injury 
	Expression of the Transcription Factor Pax2 in the Telencephalon of Intact Chum Salmon 
	Expression of Pax2 in the Telencephalon of Chum Salmon on Day 3 Post-Injury 

	Discussion 
	GS Localization in the Telencephalon of Intact Juvenile Chum Salmon and Those Exposed to Injury 
	Localization of CBS in the Intact and Injured Telencephalon of Juvenile Chum Salmon 
	Molecular Basis of Neuronal Regeneration. Localization of Pax2 in the Intact and Injured Telencephalon of O. Keta 

	Material and Methods 
	Experimental Animals 
	Experimental Injury to the Telencephalon by the Kishimoto’s Method 
	Sample Preparation 
	Immunohistochemical Detection of CBS, Pax2, and GS 
	Microscopy 
	Densitometric Analysis 
	Stereological Method in the Study of Quantitative Parameters of the Telencephalon 
	Statistical Analysis 

	Conclusions 
	References

