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Introduction: Hypoxia has a teratogenic effect on the fish during embryonic
development. Nevertheless, the effects on the larval stage are not yet known.
Therefore, the aim of this study was to assess the effects of hypoxia on the
number of neurons and their apoptotic rate in the spinal cord of Salmo salar
alevins after hatching.

Methods: We used a total of 400 alevins, establishing both hypoxia and control
(normoxia) groups (n = 8), considering post-hatching days 1, 3, 5, and 7, each with
50 individuals. Transversal sections of 50 um thickness were cut from the alevin
body. We performed cresyl-violet staining and counted the spinal cord neurons.
Also, immunohistochemistry for HIF-1o and caspase-3 were used. For statistical
analysis ANOVA one-way and Tukey's Test were used.

Results: HIF-1oo was expressed in spinal neurons in both the hypoxic and
normoxic groups, with the former being significantly higher. Both the hypoxic
and normoxic groups evidenced the process of neuronal apoptosis, with the
hypoxic groups demonstrating a higher significance. The number of neurons in
the spinal cord was significantly lower in the hypoxic group.

Discussion: We found that when oxygen levels in the aquatic environment were low
in Salmo salar farming alevins post-hatch, the number of spinal neurons dropped by
half. These results contribute to increasing our knowledge of the biological
development of salmon, in particular the genesis of the spinal cord, and the effects
of hypoxic conditions on the development of this structure of the nervous system.
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1 Introduction

From its early egg stage to the juvenile form, the Atlantic
salmon Salmo salar develops in a freshwater environment.
Subsequently, the juveniles move to the ocean, where the
processes of growth and maturation continue. This cycle occurs
both in nature and in fish farms. Salmonids live in cold waters and
are very sensitive to oxygen deficiencies (Krasnov et al., 2021). They
are also affected by stressors such as climate change, with its effect
on rising environmental temperatures. In other species, such as
zebrafish, it has been observed that very high temperatures, of the
order of 34 degrees Celsius, affect exploratory behavior, the level of
anxiety, and social preference of individuals (Angiulli et al., 2020),
as well as the expression of proteins in the central nervous system
(Toni et al., 2019). Regarding the effects of temperature, it has been
reported that its increases are strongly related to hypoxia (Roman
et al., 2019).

Hypoxia is defined as a critically low-oxygen condition in water
(Cerqueira et al., 2024). Conditions of low oxygen concentration in
water often occur in nature, but the risk of hypoxia is especially high
in fish farming, where recirculating water systems (RAS) are used,
as well as in sea cages with large stocking densities (Krasnov et al.,
2021; Canosa and Bertucci, 2023). Studies indicate that hypoxia
conditions can adversely impact development, growth,
reproduction, and survival (Krasnov et al, 2021; Canosa and
Bertucci, 2023). Furthermore, prolonged exposure to hypoxia
causes low feed intake, growth retardation, and a high tendency
to disease (Kestemont and Baras, 2001).

The Hypoxia Inducible Factor (HIF) plays an important role in
vertebrate gene expression when oxygen levels in the medium are
low. It also participates in some developmental processes, like the
growth of the heart and brain as well as the formation of blood
vessels (Rojas et al., 2007). Regarding the harmful effects caused by
hypoxia, these are particularly relevant in the salmon aquaculture
industry. Hypoxic environments primarily cause deformations of
the spinal cord, a reduction in the individual’s body length, and in
more severe cases, a C-shaped curvature of the body. Deformations
of the caudal fin and defects in the ocular bulb and periocular
cartilage have also been described (Castro et al., 2011; Rojas et al.,
2024; Pellon et al., 2016; Shang and Wu, 2004). Nevertheless, so far,
very few studies have focused on the effects of hypoxia in the
juvenile period of this species (Castro et al., 2011).

Fish contain a variety of hypoxia adaptation-related proteins.
Zhu et al. (2013) classified these proteins into four types based on
the cellular processes they participate in: i) oxygen sensing, ii)
oxygen transport, iii) erythropoiesis, and iv) angiogenesis. Several
oxygen-sensing proteins have been reported to regulate hypoxia
adaptation in fish. Any change in their expression can cause
different biological processes to occur, such as changes in cell
volume and cytoskeletal organization, membrane stretching or
compaction, molecular chaperones that monitor how much
protein unfolding occurs, and DNA damage sensors (Mandic
et al.,, 2009; Richards, 2011; Zhu et al., 2013). Fish can use the
hypoxia adaptation-related proteins to detect oxygen
concentrations, trigger adaptive responses, or trigger programmed
cell death when their tolerance limit exceeds (Mandic et al., 2009;
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Richards, 2011). The transcriptional complex HIF is an oxygen-
sensing protein highly conserved among vertebrates (Zhu
et al., 2013).

It is well known that hypoxic conditions remarkably increase
apoptosis. Unlike necrosis, this type of cell death follows a genetic
programme characterized by the activation of a group of specific
proteases (caspases) that confer distinctive cell morphology
(AnvariFar et al, 2017). These morphological changes are
presented in two stages: 1) nuclear and cytoplasmic condensation,
and 2) cell disruption into the so-called apoptotic bodies. Its
manifestation allows to recognize the apoptotic process. As noted
previously, caspase activation is an essential condition to trigger cell
death by apoptosis. During the process of programmed cell death,
caspases constitutively expressed as inactive proenzymes, activated
in cascade (Chang and Yang, 2000).

Mostly, HIF controls oxygen homeostasis (Rojas et al., 2007;
Semenza, 2008). HIF is a heterodimeric transcription factor made
up of one o~ and one B-subunit (Heise et al., 2007). There are three
known isoforms of the ¢-subunit (1o, 20, and 30, all of which are
unstable under normal oxygen concentrations in the medium
(normoxia). The B-subunit is the constitutive known variant (1)
(Nikinmaa and Rees, 2005; Rahman and Thomas, 2007).

The isoform HIF-1o is involved in the process of apoptosis
induced by hypoxia, and it is present in both the cytoplasm and the
nuclear cell compartments. It has been demonstrated to regulate the
expression of at least 70 different genes (Greijer and van der Wall,
2004; Acker and Acker, 2004). In normoxia conditions, HIF-10, is
degraded by hydroxylation and subsequently destroyed, whereas
under hypoxia, HIF-1o binds to HIF-1p, leading to HIF-1 and thus
triggering the stimulation and activation of different genes induced
by hypoxia (Shingo et al., 2006).

There are cells that present high levels of HIF-1o. but are not
necessarily killed by hypoxia, fact that suggests that HIF-1o. could
also act as an anti-apoptotic factor (Greijer and van der Wall, 2004).
It has been suggested that when cells are exposed to chronic hypoxia
conditions, an over-expression of HIF-1ot would cause an increase
in anti-apoptotic factors like erythropoietin (EPO) (Bianciardi et al.,
2006). However, the exact mechanisms behind this process are still
not fully understood.

It has also been documented that the degree of severity of
hypoxia determines if HIF-1a acts as a pro-apoptotic or anti-
apoptotic agent. Under mild hypoxia conditions, the amount of
the protein p53 is low, HIF-1a is phosphorylated and consequently
forms dimers with HIF-1P. This causes the activation of anti-
apoptotic genes like EPO (Halterman et al., 1999; Suzuki et al,
2001). On the other hand, when chronic hypoxia conditions are
severe, HIF-1o. is dephosphorylated, which causes increase in
cellular levels of p53. This leads to the formation of a new
transcription complex involving the activation of genes such as
Bax (Halterman et al., 1999; Piret et al., 2002; Calvert et al., 2006).

In zebrafish, in particular, hypoxic conditions clearly delay the
embryonic development, affecting its rate and altering its normal
timing (for example, the tail grows faster than the head). This result
in several malformations due to an increase in apoptosis. In wild
populations, these alterations occur in the early stages of the life
cycle, subsequently reducing the fitness of individuals and their
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chances of survival. Spinal deformity also results in external
abnormalities, manifesting as alterations in the axial curvature
(Shang and Wu, 2004; Castro et al., 2011).

On the other hand, it is well known that the relationship
between the concentration of oxygen in the aquatic environment
and the rate of fish mortality shows a dose-dependent response,
where lower concentrations of oxygen produce higher rates of
mortality (Shang and Wu, 2004; Chan et al., 2007). Researchers
have also reported a loss of cardiac gating in zebrafish embryos
exposed to hypoxia (Shang and Wu, 2004; Chan et al., 2007).

In a previous study, we have described the development of the
spinal cord of salmon (Salmo salar) during the post-hatching period
under normoxia conditions (Hernandez and Rojas, 2013) and more
recently we have reported an association between exposure to
hypoxia and the deformation of the body and fin, as well as a
correlation between hypoxia and the total length of the fry and fin
(Rojas et al., 2024). Hypoxia affects not just the events of the fry
development, as its effects can be evidenced throughout the entire
ontogeny of the fish.

The hypothesis underlying the present work suggests that the
salmon alevin spinal cord exposed to hypoxia conditions during the
first seven days after hatching, exhibits a decrease in the neuronal
number concomitantly with an increased rate of apoptosis. Our
study aims to: i) Asses the shape of the salmon alevin spinal cord; ii)
Evaluate the number of normal and apoptotic neurons in the alevin
spinal cord under normal and low oxygen levels; iii) To count the
number of HIF-1a-positive neurons in the alevin spinal cord when
oxygen levels in the aquatic environment are normal and when they
are low; and iv) To count the number of spinal neurons that are
caspase-3-positive and to correlate it with the alevin behavior and
the development of the nervous system during the first week
post-hatching.

2 Material and methods

We cultured four hundred Salmo salar fertilized eggs at the
Aquaculture Research Center of the University of Chile, located in
Castro, Chiloe (latitude 42°27°48” S, longitude 73°48°29” W). Fresh
river water in continuous flow at a temperature of 8-9°C and 90-
100% oxygen saturation was used as culture medium.

The water condition was continually monitored in real time
using an oximeter (Oxiguard®) expressing oxygen levels both as a
percentage and in parts per million. The oximeter also indicates the
temperature and pH of the system, allowing for proper control of
the water acidity or alkalinity. If a decrease in the oxygen level is
detected, the system automatically agitates the water’s surface to
increase oxygen transfer at the air-water interface. Also, in order to
regulate the temperature of the aquatic environment. we use water
chillers (Chiller HYH-0.5D, Lando®, Longgang District, Shenzhen,
China). In addition, we use filtration and monitoring systems to
control the presence of contaminants, ensuring optimal water
quality. Fry nutritional needs are satisfied by the content of their
yolk sacs, hence, there is no need to supplementary feeding.

The ages of 1-, 3-, 5-, and 7 days post-hatching were selected
because they correspond to a stage in which the nervous system is
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just beginning to differentiate (Hernandez and Rojas, 2013). During
the developmental period covered in the present study, the gray
matter does not yet acquire the inverted Y shape, typically displayed
in the spinal cord of the juvenile (smolt) and adult salmon.
However, in the juvenile and mature salmon specimens, the
spinal neurons in the gray matter are cytoarchitectonically
organized, adopting the form of an inverted “Y” around the
central canal of the spinal cord (Gonzalez and Martin, 1998).

At hatching time, which is equal to 495 accumulated thermal
units (ATU) the alevins were divided into two groups of 200
individual each and were further cultured in two different
environments: Group 1) a control group in normoxia (100-90%
oxygen saturation), and Group 2) a study group in hypoxic
conditions (60% oxygen saturation). The 60% oxygen saturation
level of the water in the culture tank is achieved by regulating the
flow of water entering the tank using a stopcock that controls the
speed of the water flow until the oximeter (Oxiguard®) registers a
60% value. Subsequently, the adequate opening of the stopcock is
maintained, and the saturation level is monitored continuously using
the indicated oximeter. We anesthetized and euthanized 50 alevins of
each group at days 1, 3, 5, and 7 post-hatching (corresponding to 504,
522, 540, and 558 ATU, respectively) by exposing them to 5%
benzocaine (BZ—20®, Veterquimica, Chile). Then, we fixed the
alevins in 10% buffered formalin, embedded them in paraffin, cut
them in transversal sections 5 wm thickness, on a microtome
(Microm HM315R, Thermo Fisher Scientific, Waltham, MA, USA),
and mounted the histological sections on glass slides.

A total of 40 coronal histological sections were collected from
each individual at the level of the dorsal fin and caudal to the yolk sac
(Figure 1). This comprises approximately one-third of the spinal cord
of the alevin. Then, we used cresyl violet to stain these tissue sections
following a standard routine protocol. Immunohistochemical
procedure was then performed to assess HIF-1 factor and caspase-3
expression on the spinal cord neurons.

Transverse histological sections (5 um thickness) were taken
from the salmon alevins, mounted on a positive charged slide, and
subsequently treated using the immunohistochemical method for
detecting HIF-10. and with the anti-caspase-3 antibody (E-8) which
is recommended for detection of caspase-3.

Briefly, the immunohistochemical procedure was as follows:
The histological sections were treated with 3% hydrogen peroxide in
methanol (v/v) for 15 minutes to block the activity of endogenous
peroxidase. Next, the unspecific background was blocked using 3%
PBS+BSA for 30 minutes. Then, antigenic recovery was performed
with an antigen unmasking solution (Vector Laboratories, Newark,
CA, USA). After that, the primary antibody Rabbit polyclonal HIF-
low (Cat. #H-206, Santa Cruz Biotechnology, Santa Cruz, CA, USA)
was added to phosphate buffered saline (PBS) that had been diluted
1:100. The anti-HIF1o antibody is a rabbit polyclonal antibody that
was raised against human HIF-1o amino acids 557-780 (Cat. #H-
206, Santa Cruz Biotechnology, Santa Cruz, CA, USA) and gave
positive reactions in cell nuclei and cytoplasm. The primary
antibody was detected by incubation with anti-rabbit IgG
Horseradish Peroxidase-conjugated Antibody (HRP) for 15
minutes. Finally, diaminobenzidine (Vector Laboratories, Newark,
CA, USA) was used to reveal the enzymatic reaction.
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FIGURE 1

5mm

10.3389/fmars.2024.1451254

Anatomical and histological cross sections from a 504 ATU Salmo salar alevin. (A) The gross anatomical level of the body section, caudal to the yolk
sac (continuous line). (B) Histological section of the spinal cord at the anatomical level represented in (A). The mantle zone (G) contains neuronal
bodies and neuroglia, which correspond to gray matter. Some neurons display the initial growth cone of the axon (arrows). Motoneurons in early
stages of differentiation are located in the ventral (V) region of the mantle zone, while sensorial neurons occupy the dorsal (D) region. Interneurons
(In) develop between both regions. Axons primarily constitute the white matter (W). D, Dorsal; M, Motor neuron zone; S, Sensory neuron zone; V,

Ventral. Staining, Cresyl violet.

For the study of apoptosis, the samples were permeabilized by
incubation in 0.1% triton X-100 diluted in PBS for 5 minutes. After
washing with PBS, 200 uL of blocking buffer (PBS 0.1% Tween 20 +
5% horse serum) were added. The samples were incubated for 1-2
hours at room temperature in a humidified chamber. After that, 100
mL of a 1:200 dilution of the anti-caspase-3 antibody (Cat. #E-8,
Santa Cruz Biotechnology, Santa Cruz, CA, USA) in blocking buffer
was added. The anti-caspase-3 monoclonal antibody (Cat. #E-8,
Santa Cruz Biotechnology, Santa Cruz, CA, USA) is used to detect
the caspase-3 protein of human origin. The antibody targets amino
acids 1-277, which embody the full form of the caspase-3 precursor,
and gave positive reactions in cytoplasm. This incubation step was
then left to sit overnight in a humidified chamber at 4°C. The next
day, the samples were washed in 0.1% Tween in PBS for 20 minutes
at room temperature, and then the chromogen was added to finally
perform the Hematoxylin-Eosin counterstaining procedure.

For the two antibodies used in the study, the negative controls were
obtained by performing the complete immunohistochemical technique
but omitting the primary antibodies. As an immunohistochemistry-
positive control, skin from Salmo salar alevins that had been exposed to
40% hypoxia was used. As previously described, 40% hypoxia
conditions were obtained by controlling the water flow rate in the
tank and continuous monitoring of the oxygen concentration. These
samples were obtained from previous studies (Hernandez, 2011). These
controls show the specificity of the primary antibodies.

Neuronal quantification was performed on digital images using the
dissector method, which consists of quantifying the number of neurons
contained in optical dissectors or quadrants (West et al., 1991).

The data was grouped according to normoxia or hypoxia groups
for the statistical analysis at 1, 3, 5, or 7 post-hatching days. The
Shapiro-Wilk test analyzed the data for normal distribution, and a
one-way ANOVA with the Tukey test determined the statistical
differences between groups. The statistical analysis was performed
using the GraphPad Prism 5.0 statistical program (GraphPad

Frontiers in Marine Science

Software, San Diego, CA, USA). A p-value of less than 0.05 was
considered significant. All experimental procedures were done
according to the Bioethical Committee of the Universidad de La
Frontera (N° 145 061_20).

3 Results

3.1 Spinal cord morphology of cultured
alevins under normoxia and
hypoxia conditions

A 1-day post-hatching alevin cultivated under normoxia
conditions is depicted in Figure 1A. A cross-body section, caudal
to the yolk sack and extending from the dorsal to the pelvic fins,
allows us to show the alevin spinal cord (Figure 1B), where the gray
and white matter can be observed (Figure 1B). In the gray matter,
the ventricular (ependymal), mantle, and marginal zones can be
discerned, but it is difficult to discriminate the ventricular from the
mantle zones. Neurons and neurons are located in the mantle area.
Ventrally located motoneurons can be recognized from day 3 in
normoxia and day 1 in hipoxia (Figure 2). Interneurons located in
the intermedia zone and the dorsally located sensorial neurons are
recognizable from day 3 in both experimental conditions (Figure 2).
Neuronal cell bodies can be distinguished from the glial cells due to
their rounded nucleus and soma. Occasionally, the initial axonal
growth cone can be seen in some of the spinal neurons (Figure 1B).

Along the entire period studied (from 504 to 558 ATU), the
alevin spinal cord has been in the process of formation. The
majority of the cells in the gray matter (Figures 1B, 2) correspond
to a neuroepithelium formed by neuroblasts, which can differentiate
as neurons or glia. Neuronal cells can be recognized as they
characteristically present rounded somas and nuclei with a scant
and very thin cytoplasm. Some of them evidence cytoplasmic
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FIGURE 2

Histological sections of Salmo salar alevin spinal cord under normoxia and hypoxia conditions. Transversal sections of the spinal cord under normoxia (A, C, E, G)
and hypoxia (B, D, F, H) conditions at day 1 at 504 ATU (A, B), day 3 at 522 ATU (C, D), day 5 at 540 ATU (E, F), and day 7 at 558 ATU (G, H) posthatching. Under
both conditions, there is a noticeable increase in the number of neurons as development progresses. However, comparing spinal cord sections under hypoxia
and normoxia reveals a decrease in the population of neurons under hypoxia. Motoneurons, cell bodies, and interneurons are visible on day 3 under normoxia

and on day 1 under hypoxia (arrows). G, Gray matter; W, White matter.

10.3389/fmars.2024.1451254

extensions (bipolar neuroblast) and, in a few cases, an incipient
axonal growth cone can be observed (Figures 1, 2). Other cells in the
gray matter correspond to glioblasts, but they develop later. The
number of neurons increases because during the developmental
period analyzed they are continually differentiating from the
neuroblast stage and then increase in size once they reach the
final place in the spinal cord cytoarchitecture.

Frontiers in Marine Science

Figure shows that as the ages of the alevins increase under both
experimental conditions (normoxia and hypoxia), a concomitant
increase in the total number of spinal cord neurons differentiating
from the neuroblast stage is evidenced. Furthermore, when
comparing normoxia vs. hypoxia spinal cords for each age, a
smaller number of neurons can be seen in the hypoxia condition
compared to normoxia (Figure 2). Motoneurons and interneurons
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(arrows) can be evidenced for the first time at the third day post
hatching in normoxia and from the first day in hypoxia, but other
motoneurons initiate the differentiation process between 5 and
7 days.

3.2 Quantification of spinal cord neurons in
cultured alevins under normoxia and
hypoxia conditions

Neuronal counts show a consistent and gradual increase in the
number of spinal neurons in both groups, which aligns with the
corresponding stage of development. However, in all studied
groups, significant differences in the number of spinal neurons
were found when the hypoxic and normoxia were compared (p <
0.05). Significant reductions in the number of neurons were
detected in all groups cultured under hypoxia conditions (Figure 3).

3.3 Quantification of HIF-1-positive
neurons in the spinal cord of alevins under
normoxia and hypoxia conditions

In terms of HIF-1ot and caspase-3 expression, we saw positive
labeling in both normoxia and hypoxia. This labeling increased
from three days to five days in both cases, but at seven days, the
caspase-3 mark showed much more positive labeling than the HIF-
Lo mark (Figure 4).

All of the control groups showed a positive reaction for HIF-1 in
the nucleus and cytoplasm of the spinal neurons (Figure 5). All
groups exposed to hypoxia conditions showed the same positive
reaction to HIF-1 (Figure 5). This response increases as the post-
hatching development progresses, with its maximum expression
observed at day 7 post-hatching.

3.4 Quantification of caspase-3-positive
neurons in the spinal cord of alevins
cultured under normoxia and

hypoxia conditions

Immunohistochemistry for Caspase-3 evidenced neuronal cell
death both in the hypoxic and normoxic groups (Figures 6, 7).
Caspase-3-positive neurons increased along the development, but
they were more abundant under the hypoxic condition, and the
difference was statistically significant (p<0.05). The percentage for
each of the studied ages is as follows: Under normoxic conditions, at
the 1st post-hatching day, the percentage of apoptotic neurons
reached 3%, while in hypoxia it was 6%. At the third post-hatching
day, those percentages increased to 5% in normoxia and 9% in
hypoxia. At the 5th day, 6% of apoptotic cells were observed under
normoxia and 11% in hypoxia. Finally, at the seventh day, 7% were
observed in the normoxic and 12% in the hypoxic groups.
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FIGURE 3

Quantification of the number of spinal neurons in post-hatching
alevin spinal cord cultured in hypoxic and normoxic conditions.
Following euthanasia, each fish yielded a total of 40 histological
coronal sections, each with a thickness of 5 um. Sections 1, 10, and
20 of each sample were selected and stained with Cresyl violet for
neuronal quantification. Neurons were recognized by their larger
and round soma, the presence of a nucleus, and their distribution in
the gray matter. As expected, the number of spinal neurons
increases in both groups as development progresses; however,
when the number of neurons between normoxia and hypoxia
conditions was compared, a clear and statistically significant
decrease was observed at all the studied ages under the hypoxia
condition. The mean and standard deviation in neurons are
indicated above each bar. Asterisks indicate statistically significant
differences (p<0.05). A one-way ANOVA was used.

4 Discussion

This study encompasses the early post-hatching ages 1, 3, 5, and
7 days of salmon (Salmo salar), which in accumulated thermal units
correspond to 504, 522, 540, and 558 ATU. These ages were selected
because they correspond to the stage of differentiation of
neuroblasts into neurons (Hernandez and Rojas, 2013). The stage
of high sensitivity of nerve cells to possible influences from various
internal morphogens as well as aquatic teratogens agents, which can
potentially alter their normal development) (Adeyemi et al., 2015).
The concept “state of high sensitivity in neuroembryological
development” refers to the stage of differentiation of neuroblasts
into neurons. During this period, nerve cells are extremely
susceptible to possible influences from various internal
morphogens as well as aquatic teratogen agents, which can
potentially alter their normal development.

The control group confirms the fact that initially the spinal cord
neurons develop, forming a circular cluster around the central canal
of the spinal cord until the 5 post-hatching days. According to
Anderson and Waxman (1983a) and Ilies et al. (2018), the
continuous incorporation of new neurons and glial cells
contributes to the growth of the central nervous system in fish. In
rainbow trout (Oncorhynchus mykiss), the proliferative activity and
motoneurone recruitment persist at the spinal cord central canal
during larval and some postlarval stages (Alunni et al, 2011).
However, the proliferative rate at the cervical and caudal levels
became very low after a fish length of 120 mm. A recruitment of
new cells from the central canal, formerly acting as a germinal zone
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FIGURE 4

HIF-1o. immunohistochemistry expression in the alevin spinal cord under normoxia and hypoxia conditions. The left column shows HIF-1
immunoexpression under normoxia condition, where (A, C, E, G) correspond to 1 (504 ATU), 3 (522 ATU), 5 (540 ATU), and 7 (558 ATU) days,
respectively. In the right column, (B, D, F, H) illustrate the results for the same ages under hypoxia condition. The percentage of positive neurons
during the first day post-hatching is similar in normoxia and hypoxia (3 to 4%). As development progresses, these numbers consistently increase to
6% and 29% at 3 days, to 10% and 38% at 5 days, and 11% and 47% at 7 days, for normoxia and hypoxia conditions, respectively. Under both
experimental conditions, the ventricular (germinal) cells, motoneurons, interneurons, and sensory neurons expressed the immunopositive reaction in
both the nuclear and cytoplasmic compartments. Arrows indicate positive labeling. Counterstaining, Hematoxylin.

from which neuroblasts and glioblasts originate during embryonic
stages, occurs in the trout spinal cord at all the stages considered.
This proliferative capacity parallels the enormous ability of fish to
regenerate axons and even whole neurones in the central nervous
system after injuries or experimentally induced lesions (Alunni
et al, 2011). Additionally, Sirbulescu et al. (2017) found that
multiple stem cell populations support additive neurogenesis,
which mediates the development of the adult spinal cord. It has
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been known for some decades that spinal cord growth involves the
recruitment of new neurons, generated through the differentiation
of neuroblasts from the germinal layer (Sipahi and Zupanc, 2018).

We have shown in this study that the number of spinal neurons
increased from day 1 to day 7 in both the control and hypoxic groups.
This is similar to other teleosts where the process of neurogenesis,
which occurs concurrently with post-hatching development, has been
well documented. During teleost post-hatching development, there is
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FIGURE 5

Numbers of HIF-1a positive spinal neurons in alevins cultured under
normoxic and hypoxic conditions on days 1, 3, 5, and 7. For each alevin,
10 histological sections were selected and subjected to the HIF-1o
immunohistochemistry procedure. Under both experimental conditions,
the number of positively labeled cells increases as development
progresses. The hypoxic group observed a greater increase in labeled
cells from day 3 onwards compared to the normoxic group, with
statistically significant differences between days 3, 5, and 7. The mean
and standard deviation in the numbers of labeled neurons are indicated
above each bar. Asterisks indicate statistically significant differences
(p<0.05) between normoxic and hypoxic conditions, and the # indicates
statistically significant differences from days 1 to 3, 5, and 7 (p<0.05). A
one-way ANOVA was used.

an increase in the number of neurons in different regions of the
nervous system (Anderson and Waxman, 1985; Chernoff et al., 2002;
Zupanc and Clint, 2003; Takeda et al., 2008; Zupanc and Sirbulescu,
2011). The dorsal root ganglia and motor neurons are the first to
evidence this increase (Leonard et al., 1978; Birse et al., 1980). In the
same line, other studies have reported that adult freshwater Gymnotifor
maintains a high capacity for regeneration and neurogenesis (Zupanc
and Clint, 2003; Zupanc and Sirbulescu, 2011). Similarly, studies have
reported that adult Sternachus can produce new neurons and glial cells
in the spinal cord from ependymal cells that maintain their mitotic
capability (Anderson and Waxman, 1983a, b).

At all stages of development studied, alevins that were grown in
hypoxic conditions had fewer spinal cord neurons than those grown
in normoxic conditions. Our result is consistent with reports in
previous studies (Shang and Wu, 2004; Finn, 2007; Chan et al.,
2007). A low-oxygen environment can slow down development
(Goda et al., 2003; Kelly et al., 2020; Rojas et al., 2024) and induced
changes in cell differentiation (Studer et al., 2000; Acker and Acker,
2004; Gustafsson et al., 2005). On the other hand, studies on salmon
have shown that high concentration of oxygen in the aquatic
medium speeds up alevin development and greatly increases
survival (Hamor and Garside, 1976).

Furthermore, we discovered positive labeling with the HIF-1o
factor antibody, which indicates hypoxia in spinal neurons from
both the hypoxic and normoxic groups. HIF-1o expression was
significantly higher in the group exposed to hypoxic conditions.
This finding is consistent with reports by other authors in fish
(Xiao, 2015), salmon (Vuori et al., 2006; Kelly et al., 2020), zebrafish
(Kajimura et al., 2006; Rojas et al., 2007), and carp (Sollid et al.,
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2006). Furthermore, chronic hypoxia can increase up to 10 times
the level of HIF-1o (Bianciardi et al., 2006).

Hypoxia exposure may also lead to a decrease in the rate of
neuronal cell division in alevins. Hypoxia could have a greater
impact on this decline (Zupanc and Sirbulescu, 2011). Researchers
have linked age, size, and fish longitudinal growth to the
regeneration capacity and the number of neurons in the spinal
cord (Birse et al., 1980; Anderson and Waxman, 1983a). Some
studies propose a concomitant decrease in fish regenerative capacity
as age and size increase (Birse et al., 1980). However, the similarity
between larval and adult regeneration in zebrafish mirrors the
plasticity of undifferentiated neurons during the early stages of
development (Zeng et al., 2022). Zebrafish have demonstrated some
ability to regenerate parts of their nervous system after an injury
(Goldman et al., 2001; Lee et al.,, 2022). Hypoxic conditions, on the
other hand, can significantly slow its growth (Shang and Wu, 2004;
Chan et al., 2007; Kelly et al., 2020), which can change how cells
differentiate after hatching (Fetcho and McLean, 2010). This relates
to studies indicating an association between exposure to hypoxia
and the deformation of the body and fin, as well as an agreement
between hypoxia and the total length of the fry and fin (Rojas
et al., 2024).

In this study, we observed an increase in caspase-3 expression in
the alevin groups subjected to hypoxia compared to those cultured
in normoxia conditions. Researchers have found a correlation
between an increase in caspase-3 activity and an increase in cell
death resulting from hypoxia (Saikumar et al, 1998). Previous
reports have confirmed this finding (Casaccia-Bonnefil, 2000;
Saito et al., 2005; Zeng et al., 2022). Exposure to hypoxic
environments triggers a statistically significant increase in the rate
of cell death. Caspase-3 levels in developing zebrafish embryos are
typically low (Yabu et al,, 2001; Yamashita, 2003; Alderman et al.,
2018), and reports of apoptosis during the juvenile period have also
been published (Cole and Ross, 2001; Williams and Holder, 2000).

Regarding the reduction in motor function, in the present
investigation we observed that the hipoxic alevins remained at the
bottom of the incubators, displaying considerably less mobility than
their counterparts cultured under normoxia conditions. This
finding corroborates previous observations reported by other
authors (McLean and Fetcho, 2009; Fetcho and McLean, 2010).
After seven days post-hatching, these cells begin to migrate and
form the dorsal and ventral lateral columns. The specific motor
activity associated with swimming initiates the recruitment of spinal
cord neurons to form active neural networks that ultimately give
rise to more efficient and tuned neuronal circuits.

This study explores markers and the neurogenic outcome after
hypoxia. Although HIF-1o and caspase-3 have been studied under
hypoxic conditions in various species (Xiao, 2015), salmon (Vuori
etal., 2006; Kelly et al., 2020), zebrafish (Kajimura et al., 2006; Rojas
et al, 2007), and carp (Sollid et al., 2006) to date, this diagnostic
methodology has not been used in salmon farming. In general,
salmon farming freshwater centers limit themselves to cultivating
fish under production objectives. To optimize the industrial process,
attention is paid to the water quality, oxygenation, pH, temperature,
and levels of contaminants. Histological studies in order to assess
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FIGURE 6

Immunohistochemical expression of Caspase-3 in spinal neurons in alevins cultured under normoxic and hypoxic conditions. The positive immune
reaction is expressed at the level of the cytoplasmic cell compartment. Under normoxic conditions (A, C, E, G), the anti-caspase antibody clearly
labels motoneurons cells from 3 to 7 days (arrows). On the other hand, in the hypoxic spinal cords (B, D, F, H), labeled cells, which correspond to
motor and sensory neurons as well as interneurons, were observed from the first day of culture. G, Gray matter; Staining, Hematoxylin.

the state of tissues and organs of the fish are outside its scope and
purpose. It is important to remember that, even if the water quality
is optimal, an inadequate physiological state of the gills or skin
during the first week post-hatching may not allow for good
oxygenation. The markers used in this work, in particular HIF-
la, can serve as markers of tissue hypoxia (Castro et al., 2011).
The results reported here contribute to increasing our
knowledge about the biological development of Salmo salar,

Frontiers in Marine Science

the understanding of the genesis of the spinal cord, and
the hypoxic effects on the development of this nervous system
structure. This study could also be very helpful for establishing
salmon farming conditions because it shows how hypoxia can
affect the fry growing and how immunocytochemical techniques
using HIF-1o can be used to evidence tissues that are developed
under low oxygen concentrations. In future research, HIF-1o
and caspase-3 will be overexpressed or knocked down to
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FIGURE 7

Numbers of apoptotic spinal neurons, indicated by positive
immunohistochemistry reaction to caspase-3 antibody. In both
conditions, the number of labeled cells increases concomitantly
with age; however, statistically significant differences were found
when comparing the number of marked cells between the hypoxic
and normoxic groups. Higher increases were observed at 3 and 5
days under hypoxic conditions. Scores over each bar indicate the
mean value and standard deviation. Asterisks indicate statistically
significant differences (p<0.05). A one-way ANOVA was used.

directlystudy their roles in spinal cord development when
oxygen levels are low.

Indeed, we are planning future studies to assess the long-term
effects of hypoxia during fry development. These studies will aim to
evaluate how an early hypoxic event (during the fry phase) could
affect the number and morphology of spinal cord neurons during
subsequent stages of the fish ontogeny. We consider this line of
research as crucial in determining the plausibility of spinal cord-
level nervous system plasticity and the preservation of the
regenerative capacity of teleost fish after early exposure to
hypoxia conditions.

5 Conclusions

In farmed Salmo salar alevins, low oxygen levels reduce the
number of spinal neurons and raise HIF-1ao. levels and apoptosis
in the spinal cord post-hatch. These results contribute to
increasing our knowledge of salmon’s biological development,
in particular the genesis of the spinal cord and the effects
of hypoxic conditions on the development of this nervous
system structure.
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