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ARTICLE INFO ABSTRACT

Edited by Dr. William Slikker Jr. Zebrafish is known for its widespread neurogenesis and regenerative capacity, as well as several biological ad-
vantages, which turned it into a relevant animal model in several areas of research, namely in toxicological

Keywords: studies. Ketamine is a well-known anesthetic used both in human as well as veterinary medicine, due to its safety,

Kemmine short duration and unique mode of action. However, ketamine administration is associated with neurotoxic

é;t:aﬁsh effects and neuronal death, which renders its use on pediatric medicine problematic. Thus, the evaluation of

Proliferation ketamine effects administration at early stages of neurogenesis is of pivotal importance. The 1-41-4 somites stage

Death of zebrafish embryo development corresponds to the beginning of segmentation and formation of neural tube. In
this species, as well as in other vertebrates, longitudinal studies are scarce, and the evaluation of ketamine long-
term effects in adults is poorly understood. This study aimed to assess the effects of ketamine administration at
the 1-4 somites stage, both in subanesthetic and anesthetic concentrations, in brain cellular proliferation, plu-
ripotency and death mechanisms in place during early and adult neurogenesis. For that purpose, embryos at the
1-4 somites stage (10.5 h post fertilization - hpf) were distributed into study groups and exposed for 20 min to
ketamine concentrations at 0.2/0.8 mg/mL. Animals were grown until defined check points, namely 50 hpf, 144
hpf and 7 months adults. The assessment of the expression and distribution patterns of proliferating cell nuclear
antigen (PCNA), of sex-determining region Y-box 2 (Sox 2), apoptosis-inducing factor (AIF) and microtubule-
associated protein 1 light chain 3 (LC3) was performed by Western-blot and immunohistochemistry. The re-
sults evidenced the main alterations in 144 hpf larvae, namely in autophagy and in cellular proliferation at the
highest concentration of ketamine (0.8 mg/mL). Nonetheless, in adults no significant alterations were seen,
pointing to a return to a homeostatic stage. This study allowed clarifying some of the aspects pertaining the
longitudinal effects of ketamine administration regarding the CNS capacity to proliferate and activate the
appropriate cell death and repair mechanisms leading to homeostasis in zebrafish. Moreover, the results indicate
that ketamine administration at 1-4 somites stage in the subanesthetic and anesthetic concentrations despite
some transitory detrimental effects at 144 hpf, is long-term safe for CNS, which are newly and promising results
in this research field.

1. Introduction injury (Edelmann et al., 2013; Grandel et al., 2006) makes zebrafish a
widely used model in several neurotoxicity studies (Cassar et al., 2020;

Zebrafish is a teleost species known for its robust and widespread Kanungo et al., 2013; Robinson et al., 2017). In addition to its small size,
brain neurogenesis, not only during development but also throughout prolific reproductive capacity, and easy maintenance, zebrafish main-
adulthood, which allied to an extensive regenerative capacity after tains the typical complexity of vertebrate systems, and accumulating
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evidence advocates the use of this species in several areas of research,
namely toxicity, with the prospect of extrapolating findings to other
vertebrates and humans (Cassar et al., 2020; Cuevas et al., 2013;
Kanungo et al., 2013).

Ketamine is an anesthetic widely used both in human medicine as
well as veterinary medicine (Bai et al., 2013; Cheung and Yew, 2019;
Dinis-Oliveira, 2017). Its use on pediatric medicine may be problematic,
as it is known that the developing brain is particularly susceptible to the
neurotoxicity of ketamine, when compared to the mature adult brain
(Cheung and Yew, 2019). Growing evidence suggests that the exposure
of immature or developing brains to general anesthetics, namely keta-
mine, induces widespread neuronal cell death, followed by long-term
memory and learning abnormalities due to permanent neurological
brain injuries (Bai et al., 2013; Zhang et al., 2018). Additionally, mul-
tiple lines of evidence implicate ketamine in the alteration of neural
stem cell differentiation (Akeju et al., 2014; Cuevas et al., 2013; Félix
et al., 2014; Kanungo et al., 2013). Consequently, ketamine is presently
one of the most studied anesthetics for addressing neurotoxicity issues in
rodents and primate models (Bai et al., 2013) and recent studies have
already established the teratogenicity of this anesthetic in zebrafish
(Cuevas et al., 2013; Félix et al., 2014; Kanungo et al., 2013; Robinson
et al., 2017).

It is well documented that ketamines toxicity is associated with
changes in caspases gene expression, interfering with the apoptotic
processes during development in zebrafish (Félix et al., 2017; Kanungo
et al., 2013). However, longitudinal studies are scarce, and the evalua-
tion of the long-term effects in adults poorly studied.

The aim of this study was to evaluate the effects of subanesthetic, and
anesthetic concentrations of ketamine administered at the 1-4 somites
stage, in the central nervous system (CNS) of embryos (50 h post
fertilization (hpf), larvae (144 hpf) and adults (7 months old) zebrafish.
Pluripotency and proliferation capability was evaluated by studying the
expression patterns Sox 2 and PCNA. To assess if the expected alterations
parallels with the apoptotic and autophagic pathways, the expression of
AIF and LC3 were also investigated.

2. Materials and methods
2.1. Chemicals

Ketamine (ketamine hydrochloride, Imalgene®1000, 100 mg/mlL,
purity >95%) was obtained from Merial Portuguesa-Satide Animal Lda
(Rio de Mouro, Portugal). All solutions were freshly made with embryo
water (28 + 0.5 °C, 200 mg/L Instant Ocean Salt and 100 mg/Lsodium
bicarbonate (CAS 144-55-8); UV sterilized) prepared from City of Vila
Real filtered-tap water. Instant Ocean Salt was obtained from Aquarium
Systems Inc. (Sarrebourg, France).

2.2. Animals

Zebrafish (Danio rerio) wild-type (AB strain) maintenance and em-
bryo collection were performed as described previously (Félix et al.,
2016, 2017). Briefly, adult zebrafish were maintained in an open water
system supplied with aerated, dechlorinated, charcoal-filtered and
UV-sterilized City of Vila Real tap water (pH 7.3-7.5) at 28 + 0.5°Cin a
14:10 h light: dark cycle, at the University of Tras-os-Montes and Alto
Douro (Vila Real, Portugal). The fish were fed twice a day with a com-
mercial diet (Sera, Heinsberg, Germany) supplemented with Artemia sp.
nauplii. Embryos were obtained after random mating of adult zebrafish,
collected at 1 or 2 hpf, bleached and rinsed to remove debris, and then
randomly distributed among treatment groups.

All experimental procedures were conducted in accordance with the
licenses approved by the Institutional Animal Care Committee and by
the Portuguese competent authority (Direcao-Geral de Alimentacao e
Veterinaria, Lisboa, Portugal) for the protection of animals used in
research and in agreement with both the European (Directive 2010/63/
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EU) and Portuguese (Decreto-lei 113/2013) legislations on welfare of
laboratory animals to minimize animal distress.

2.3. Ketamine exposure and sampling

Zebrafish embryos at 1-4 somites stage (10.5 hpf) (Kimmel et al.,
1995) were exposed to ketamine concentrations (0.2 and 0.8 mg/mL,
respectively 0.84 and 3.37 mM) during 20 min in 50 mL beakers. These
concentrations were selected based on previous group work with keta-
mine, and range from sub-anesthetic (0.2 mg/mL) to anesthetic (0.8
mg/mL) ketamine concentration (Félix et al., 2016, 2017). At the end of
the exposure period, embryos were rinsed three times with embryo
water and allowed to develop at 28 + 0.5 °C until defined time periods
(Fig. 1).

For western blot (WB), animals were allowed to develop until 50 hpf
(50 embryos per replicate), 144 hpf (30 larvae per replicate) and 7
months old (2-3 brains per replicate). At least three independent rep-
licates (4 for PCNA) were used. Animals were stored in PBS and kept at
— 80 °C until use.

For immunohistochemistry (IHC), animals developed until 144 hpf
and 7 months, when they were analyzed. At these points, larvae and
adult zebrafish brain were collected and fixed in 4% formaldehyde for
24 h and then kept in 70% ethanol at 4 °C until use. A minimum of 5 up
to 10 larvae were fixed and processed in order to optimise the process of
animals’ fixation in a lateral position, allowing to obtain brain sagittal
sections.

All animals were euthanized by rapid cooling. Euthanasia of adult
animals was followed by decapitation and brain dissection for WB or
brain decalcification for IHC (see decalcification details below).

2.4. Western blot (WB)

The expression of Sox2, PCNA, LC3 and AIF were analysed by
Western blotting as originally described by Balca-Silva et al. (2017).
Briefly, embryos, larvae or adult brains were thaw immediately before
use. Homogenates were centrifuged at 500g for 10 min at 4 °C. The
supernatants were discarded. Then pellets were resuspended in RIPA
buffer and then sonicated. After that, the samples were denatured with
Laemmli buffer 2 x added to each sample at a 1:1 ratio. Protein extracts
were boiled at 95 °C for 5 min before use. Thirty micrograms of protein
were run on a 10% SDS-PAGE gel, transferred to a PVDF membrane, and
then incubated with a solution of 5% non-fat milk in TBST for 1 h at
room temperature. The primary antibodies against PCNA (PC10, Vector
Labs®) at 1/100, SOX2 (ab 97959, 35795 Abcam®) at 1/10000, LC3
(#3848, Thermo Fisher®) at 1/10000, AIF (#4642, Cell Signalling®) at
1/250, and p-actin (clone C4, MAB 1501, Chemicon®) at 1/2500 diluted
in TBST with 1% non-fat milk, and incubated at 4 °C overnight. After the
incubation period, the immunocomplexes were detected with appro-
priate anti-rabbit antibody (1/10000) or anti-mouse antibody
(1/10000) (GE Healthcare®, UK) and conjugated with horseradish
peroxidase. Bands were obtained after exposing the membranes to an
X-ray film and analysed through densitometry scanning using a Chem-
iDoc MP imaging system (BioRad®, Benicia, CA, USA). The protein
expression was quantified by using the software ImageJ® 1.49 v (Wayne
Rasband, National Institutes of Health, Bethesda, MD) with the expres-
sion of p-actin used as a loading control. Each experiment was repeated
three times.

As both p-actin and Sox 2 antibody identify a band at 43 kDa, after
the detection of p-actin, the membrane was stripped to detect Sox2.
Briefly, stripping consists in 5 min washes with TBST, then milliQ water,
then NaOH 0.2 M, milliQ water and finally blocking the membrane with
milk.

2.5. Immunohistochemistry (IHC)

Prior to IHC, sequential longitudinal sagittal sections of 144 hpf
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Fig. 1. Timeline of the study where animals were exposed at 10.5 h post-fertilization (1-4 somites) during 20 min to different ketamine concentrations (0.2 and
0.8 mg/mL). Animals were collected at 50 hpf, 144 hpf and 7 months for western blot (WB) and at 144 hpf and 7 months for immunohistochemistry (IHC) analysis.

hpf- hours post-fertilization, hpa — hours post-anesthesia.

larvae and adult’s zebrafish head were made and stained with
haematoxylin-eosin (HE) to select the best section for IHC, i. e., the ones
presenting all the major CNS subdivisions as in Grandel et al. (2006).
The selection of the appropriate sections (aiming sagittal section 34) and
anatomical description was done according to Wullimann et al., (1996)
atlas, sagittal section 34 .

The THC protocol was described in Santos and Pinto (2018) and in
Balca-Silva et al. (2017). Shortly, whole larvae (144 hpf) and head
samples (7 months) were fixated in 4% formaldehyde for 24 h, dehy-
drated, embedded in paraffin, and then sectioned (3-pm). A mild
decalcification (for a few seconds) with 7% nitric acid was performed in
adults, just prior to sectioning. Sections were deparaffinized in xylene
and then rehydrated in an ethanol series followed by bath in tap running
water. All sections were incubated for 30 min with 3% H,05 (Sharlau®).
Antigens were retrieved with citric acid buffer in a microwave (two or
three cycles of 5 min, 400 W). After cooling, slides were washed with
TBS-T (pH 7.6). Sections were then incubated in normal horse serum
(Vector Laboratories®) at room temperature for 30 min (or blocking
serum according to manufacturer’s instructions), and further incubated
with appropriate primary antibodies (anti-PCNA 1/100, anti-SOX2
1/1000, anti-AIF 1/200; anti-LC3 1/900) diluted in TBS overnight at
4 °C, except PCNA (1 h at room temperature). Sections were washed
with TBS-Tween (pH 7.6) and incubated with the proper secondary
antibody, biotinylated anti-polivalent solution or a non-biotin system
such as ImmPress® universal antibody kit (Anti-mouse/rabbit Ig, cat.
no. MP-7500, Vector Laboratories®) at room temperature. For each
antibody a negative control was used by substituting the primary anti-
body with TBS. Sections were then incubated with diaminobenzidine
(DAB, Sigma®) for a few seconds or minutes depending on the primary
antibody used, counterstained with Harry’s ® haematoxylin, dehy-
drated and mounted with DPX®. Each section was observed to attest the
quality and intensity of the labelling of the positive cells as well as its
distribution. All sections were observed with an Olympus CX 40 light
microscope (Olympus®, Japan) and images acquired with the Dino-Eye
Edge Eyepiece camera AM7025X, software DinoCapture 2.0 for win-
dows (Dino-Lite Europe, The Netherlands).

2.6. Statistical analysis

All data are presented and analyzed as percentage of control that was
normalized to 100%. Data of the treatment groups were compared
verifying normal distribution with Shapiro Wilk test, and homogeneity
of variances with Levene’s test. For variables with normal distribution,
the one sample T-test was used, comparing the values with the baseline
100%. When the data distribution was not normal, a two-step approach
for transforming non-normally distributed variables in normally
distributed was used (Templeton, 2011) and then the sample T-test was
applied. If this transformation method did not achieve normality of data,
the data were analyzed using the one-sample Wilcoxon signed rank test,
comparing the values with the mean baseline, 100%. Statistical analyses
were carried out using Graphpad® version 8.01 (GraphPad Software
Inc., San Diego, CA, USA) software. Data were determined to be statis-
tically significant if the p value was < 0.05.
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3. Results
3.1. Proliferation

3.1.1. PCNA

Ketamine did not induce any alterations regarding the levels of PCNA
in the 50 hpf embryos as demonstrated by the WB results (Fig. 2 A).
Likewise, at 144 hpf, no significant alterations were observed between
the control group and the group exposed to the ketamine subanaesthetic
concentration of 0.2 mg/mL (p = 0.0787). However, a significant down-
regulation in PCNA protein expression (p = 0.0037) was registered with
the highest ketamine concentration (0.8 m g/mL) in 144 hpf larvae
(Fig. 2, B I). In adults, the PCNA protein band of the expected size ca
0.29 kDa was not detectable by WB.

Nevertheless, PCNA immunoreactivity was observed in CNS sections
in the defined time points. Representative images of the different study
groups are shown in Fig. 2, B II (larvae) and C (adults). In larvae,
immunoreactivity to PCNA was found in the CNS areas previously
described to present high cellular proliferation, namely cerebellum
(Fig. 2 B II), with apparent differences in the intensity of the immuno-
positivity. In line with the WB results for the 144 hpf larvae, these dif-
ferences were observed between the control group and the highest
ketamine concentration treatment group in the cerebellar area.
Although it was not possible to detect PCNA in the WB of adults’ brain,
IHC technique showed that PCNA positive cells evidenced some vari-
ability among the different studied groups (Fig. 2 C). Some cells positive
to PCNA with a neuroepithelial-like type morphology were seen in the
cerebellum molecular layer (Fig. 2 C). These cells extended throughout
the cerebellum molecular layer, above the Purkinje cells layer, towards
the subpial area in an apparent migrating pattern (Fig. 2 C, control
group, ketamine 0.2 mg/mL group). In the cerebellum sections from
control group and ketamine 0.8 mg/mL group, some PCNA expressing
cells presented similar features but those were observed more internally,
just above the Purkinje cell layer; cells displaying a rounder phenotype
were also observed in the molecular layer of the cerebellum (Fig. 2 C,
ketamine 0.8 mg/mL group). It is noteworthy that sections of the control
group and those exposed to the lowest ketamine concentration pre-
sented less/no round phenotype PCNA positive cells when compared to
the group with the highest ketamine concentration (Fig. 2 C).

3.1.2. Sox 2

Regarding the expression of Sox 2 in the 50 hpf embryos, 144 hpf
larvae and adults, despite some minor variations, there were no signif-
icant alterations (Fig. 3 A, BIand C I respectively) between the ketamine
treatment groups and the baseline value of the control group. In larvae
the immunoexpression of Sox 2 was evident, not only in the CNS, but
also in the eye, intestine, and liver (Fig. 3 B II). In adults, the areas of the
brain presenting Sox 2 immunoexpression were as expected (telence-
phalic ventricle, diencephalic ventricle, optic tectum, dorsal zone of
periventricular hypothalamus and cerebellum). Considering the overall
results of IHC, the adult cerebellum (Fig. 3 C II) was the selected area to
exhibit representative images of the Sox 2 immunoexpression of the
different groups, since is a proliferative area, which also presented cells
expressing PCNA. Here, encephalic sections exhibited immunolabeling
in the cerebellum molecular layer, presenting positive cells with round
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nuclei. Animals treated with the highest ketamine concentration
exhibited immunopositivity in cells with round morphology in the mo-
lecular layer, but also evidenced immunopositivity in the Purkinje cells,
at the Purkinje cells layer (Fig. 3 C II). Purkinje cell layer immunoex-
pression was seen in animals exposed to the highest ketamine concen-
tration being absent in the other study groups.

3.2. Cellular death

To further assess if the potential alterations in proliferation in CNS
zebrafish embryos, larvae and adults were related with the apoptotic
and autophagic pathways, AIF and LC3 expression were evaluated,
respectively.

3.2.1. Apoptotic effects - AIF

In the 50 hpf embryos, WB results revealed no significant alterations
in the AIF levels of the ketamine exposed groups compared with the
baseline. However, the AIF levels seem to increase in the group exposed
to the highest ketamine concentration (0.8 mg/mL group) (Fig. 4 A).
The AIF levels in the 144 hpf larvae or adult brains only had slight

0.8 mg/mL‘
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Fig. 2. The expression of PCNA in 50 hpf (A),
144 hpf (B) and in adult (C) zebrafish after
being exposed to different concentrations of
ketamine during 20 min at 1-4 somites stage.
The levels of PCNA were quantified by western
blot (A,B I), and data represented by mean
+ SEM of the percentage of control of four in-
dependent replicates; * * p = 0,0037 for com-
parison between the group ketamine 0.8 mg/
mL and the baseline value 100 using one sam-
ple T-test after data normalization (B I). The
expression patterns of PCNA were observed by
immunohistochemistry (B II, C). Immunoreac-
tivity to PCNA was found in the CNS areas
previously described as presenting high cellular
proliferation, such as cerebellum (B II). Repre-
sentative images of adult brains with focus on
the cerebellum (C) reveal two types of positive
cells, one with a neuroepithelial-like
morphology in cerebellum molecular layer
(arrow) present in all groups and others with a
round morphology observed in the molecular
layer of animals exposed to ketamine 0.8 mg/
mL group (solid arrow). Scale bar 100 um (B II,
and C- 0.8 mg/mL ketamine group) and 200 um
(C- control and 0.2 mg/mL ketamine group).

70;8 mg/mL

alterations (Fig. 4 B I and C I respectively). Likewise, no visible alter-
ations were observed in the distribution or immunoexpression patterns
of the CNS positive areas to AIF in 144 hpf larvae or adult zebrafish
(Fig. 4 BII and C II).

3.2.2. Autophagic effects - LC3

Considering LC3 WB results, no apparent alterations of LC3 levels
were observed in the 50 hpf embryos (Fig. 5 A), or in the adult brain
(Fig. 5 CI). However, the 144 hpf larvae exposed to 0.8 mg/mL of ke-
tamine had a significant decrease in the LC3 levels (p = 0,0404) (Fig. 5B
I). On the contrary, an up-regulation of the LC3 levels in the 0.2 mg/mL
group seemed to occur, although not significantly different from the
control group (p = 0.0579). However, these differences were not visible
in the IHC results for LC3 (Fig. 5 B II), and, also, its expression pattern
did not seem different between groups in the CNS of adult zebrafish
(Fig. 5 C1I).

4. Discussion

Ketamine remains a widely used anesthetic, in both human and
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Fig. 3. The expression of Sox 2 in 50hpf (A), 144hpf (B) and in adult (C) zebrafish after being exposed to different concentrations of ketamine during 20 min at 1-4
somites stage. The levels of Sox 2 were quantified by western blot (A, B I and C I), and data represented by mean + SEM of the percentage of control of three
independent replicates. The cells exhibiting Sox 2 were observed by immunohistochemistry (B II, C II). B II represents Sox 2 in larvae evidencing immunolabeling in
CNS and other organs. Representative images of adult brains with focus on the cerebellum (C II) reveal two types of positive cells, one in the cerebellum molecular
layer (open arrow) represented in all groups, and the other in the Purkinje cells in the cerebellum Purkinje cells layer exhibited by the highest ketamine concentration

(solid arrow). Scale bar 500 ym (B II) and 200 um (CII).
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Fig. 4. The expression of AIF in 50hpf (A), 144hpf (B) and in adult (C) zebrafish after being exposed to different concentrations of ketamine during 20 min at 1-4
somites stage. The levels of AIF were quantified by western blot (A, B I and C I), and data represented by mean + SEM of the percentage of control of three in-
dependent replicates. The areas exhibiting AIF were observed by immunohistochemistry (B II, C II). B II represents AIF in larvae evidencing immunolabeling in CNS.
Representative images of adult brains with focus on cerebellum (C II) also presented CNS immunolabeling with no visible alteration. Scale bar 500 ym (B II) and

200 um (CII).
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veterinary medicine, due to its safety, short duration and unique mode
of action, being important in emergency medicine and pain management
around the world (Kohtala, 2021). However, given the known effects of
anesthetics on the developing brain, it is important to assess ketamine
neuroteratogenicity; zebrafish was used as a relevant model to assess
toxicity effects. The rationale was to test two different physiological
states (depths of anesthesia) to have a broad view of ketamine effects.
Therefore, the present study aimed to describe the longitudinal effects of
sub-anesthetic and anesthetic concentrations of ketamine when
administered at the 1-4 somites stage of zebrafish, evaluating brain
cellular proliferation and cellular death. The 1-4 somites stage corre-
spond to the beginning of segmentation stage, where the formation of
neural tube takes place originating the CNS (Kimmel et al., 1995),

0.8 mg/mL

O.é g/mL
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Fig. 5. The expression of LC3 in 50hpf (A),
144hpf (B) and in adult (C) zebrafish after
being exposed to different concentrations of
ketamine during 20 min at 1-4 somites stage.
The levels of LC3 were quantified by western
blot (A, B I and C I), and data represented by
mean + SEM of the percentage of control of
three independent replicates; *p = 0,0404 for
comparison between the group ketamine
0.8 mg/mL and the baseline value 100 using
one sample T-test. (B I). The IHC results for LC3
in 144 hpf larvae (B II) and in adult brains (C II)
evidence immunolabeling in CNS, with no
visible alterations. Scale bar 500 ym (B II) and
1000 ym (C ID).

highlighting the importance of evaluating the effects of ketamine
administration on the brain pluripotency and proliferation capacity at
this developmental stage. Pluripotency, apoptosis, and phagocytic
pathways were assessed by investigating the expression and distribution
of PCNA, Sox 2, AIF and LC3 by western blot and immunohistochemistry
in the CNS, respectively. Overall, the highest concentration of ketamine
(0.8 mg/mL) decreased autophagy assessed by LC3, and cellular pro-
liferation assessed by PCNA at 144hpf. Our study employed a ketamine
concentration (3.37 mM) slightly higher than the lowest value detected
in human blood (2 mM). Therefore, our findings could also be particu-
larly valuable for developmental research, as fetal blood often presents
higher levels of ketamine compared to maternal blood (Félix et al., 2019;
Robinson et al., 2016).
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4.1. PCNA

A significant down-regulation of PCNA levels, and subsequently
decrease in CNS proliferation, were observed in zebrafish larvae (144
hpf) exposed to the highest ketamine concentration, however, no sig-
nificant alterations were observed in 50 hpf embryos or adults. As
regards IHC immunoexpression, results were similar to the described in
other studies (Grandel et al., 2006; Kenney et al., 2021) revealing the
same CNS proliferative areas, such as telencephalon, diencephalon,
optic tectum and the cerebellum, in 144 hpf larvae and adults. More-
over, intensity differences of PCNA immunoexpressing cells in larvae
brain were similar to the WB results at the same timepoint, with sections
of the highest ketamine concentration presenting less intensity in the
immunopositivity when compared to the control group sections. In
addition, in adults, the morphology of some positive cells showed a
neuroepithelial-like type in the cerebellum molecular layer, as observed
by Kaslin et al., (2013, 2017). In the lowest ketamine concentration
group, those cells extended throughout the molecular layer. However, in
control and the highest concentration groups, neuroepithelial-like cells
were observed more internally, just above the Purkinje cell layer. Those
observations indicate that despite those cells maintained a cycling ca-
pacity, they presented different migrating patterns, or migration at
different pace across the cerebellum molecular layer. Kaslin et al.,
(2017) and Lindsey et al., (2019) described that the population of
neuroepithelial-like stem cells remained stable with age in the cere-
bellum, while other populations become quiescent or exhaust. It is also
known that in adults’ cerebellum not all cell types are produced after an
injury (Kaslin et al., 2017). Thus, concerning the cells with the round
nuclei observed at the molecular layer of the highest ketamine con-
centration group, further studies will be needed to confirm their
phenotype as differentiated neurons or other cell type.

Therefore, ketamine may not only alter the expression pattern of
PCNA but the migration/differentiation time of the cerebellar cell types
(neuroepithelial like or others) in adults, contributing to a general
alteration of CNS cellular proliferation.

These results of altered proliferation after high concentration of ke-
tamine administration are in accordance with other studies, which refer
to alterations in neuronal differentiation (Kanungo et al., 2013) and
inhibition of neuronal proliferation in rat fetal cortex neurogenic regions
following ketamine exposure in embryogenesis (Dong et al., 2016). Still,
other study with a similar protocol to ours detected no relevant changes
on the genetic expression of PCNA at 24 hpf (Félix et al., 2017). Indeed,
our study just showed differences in the proliferation at 144 hpf, while
no differences were observed earlier (50 hpf). It seems thus, that cellular
mechanisms such as cell death programs, were at play following keta-
mine administration, but then, it may not be enough to correct all the
accumulated cellular alterations induced by ketamine, leading to an
impact in the proliferative mechanism. Knowing the relationship be-
tween cell proliferation and cell death processes (Loftus et al., 2022),
and the cross-talk between those mechanisms (Loane et al., 2015), the
evidence of alterations in cell proliferation and PCNA expression were
delayed. In agreement with the knowledge that PCNA, considered a
regulator of the cell cycle, may be crucial in influencing the cellular
choice between different pathways in order to maintain genomic and
cell stability (Ju et al., 2000; Zhu et al., 2014).

Nevertheless, failure to quantify PCNA by WB in brain homogenates
from 7 months adults raised some questions about cell proliferation in
adults. Although the nature of the insult is different, Kishimoto et al.
(2012) indicated that after a lesion, the PCNA results returned to the
baseline by 21 days post-lesion. Furthermore, both Edelmann et al.
(2013) and Barbosa et al. (2015) described that the number of neural
stem cells (NSC) significantly decreases in 6- and 10-months old
zebrafish when compared to the number of NSC in 3-month-old fish,
indicating that there is a decline in neurogenesis with age, and conse-
quently a reduction of cycling cells. In addition, Obermann et al. (2019)
reported a slow decrease in the mitotic activity of NSC with aging, both
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in mammals and zebrafish. It has also been demonstrated that, not only
the NSC decreases, but the proportion of radial glia cycling also
decreased significantly between 6 months and 2 years of age, i.e., the
pool of neural stem and progenitor cells is gradually exhausted, which
impacts the neural regeneration, especially in adults (Kaslin et al.,
2017). Thus, despite the observation of some cycling cells in brains from
7 months old zebrafish by IHC, the lack of PCNA detection by WB is in
agreement with the literature findings, pointing to a decrease in the
population of NSC and cycling cells in CNS of zebrafish with more than 6
months old, rendering quantification more challenging.

To eliminate the possibility that factors such as batch variation or
quality of the protein extracts could interfere with failure to detect PCNA
in adult brains by WB, several repetitions of the protocol were made,
with optimizations, and the results were consistently the same. Addi-
tionally, to corroborate the quality of the protein extract, the brain ho-
mogenates used were the same to all the studied proteins, with good
results in all other studied proteins. Therefore, the findings seem, in fact,
to be associated with the diminished PCNA expression in the CNS of
animals older than 6 months. Exhaustion of neural stem and progenitor
cells over time might be a general trait of vertebrate brains, namely of
zebrafish (Barbosa et al., 2015), in agreement with the studies of Edel-
mann et al. (2013) and Kaslin et al. (2017).

4.2. Sox 2

Given the established Sox 2 functions, and its importance in stemness
and proliferation (Ito et al., 2010; Marz et al., 2010), the expression and
quantification of this protein was also evaluated, but no significant al-
terations were detected after ketamine exposure, indicating that the
functions associated with Sox 2 were not disturbed in any develop-
mental stage observed.

Sox 2 expression was observed in the CNS, as expected, and nothing
relevant was observed in larvae IHC results. Regarding IHC results of
adult brains, cells expressing Sox 2 in the cerebellum were different than
those expressing PCNA. Adult animals exposed to the highest ketamine
concentration exhibited Sox 2 immunolabeling in the Purkinje cells
layer of the cerebellum; however, Sox 2 immunoexpression was not
observed in this cerebellar layer in sections from the other groups.
Despite this, our results seem to indicate that ketamine administration at
the 1-4 somites stage has no apparent effects in the stemness of the CNS
cell population, or other Sox 2 functions, in embryos, larvae or adults,
contrarily to the results obtained for PCNA in larvae. Thus, it appears
that ketamine did not interfere with the CNS stemness, regardless the
observed altered cycling capacity at 144 hpf after ketamine exposure at
1-4 somites stage.

Moreover, the differences between Sox 2 and PCNA expression
highlight the fact that Sox 2 has several different functions in CNS and is
not directly responsible for proliferation. Although it is involved in
regulating the balance between self-renewal and differentiation in stem
cells, affecting proliferation, Sox 2 is present not only in stem cells but
also in glial and differentiated cells, which made this protein quantifi-
able in adult brains, contrarily to PCNA (DeOliveira-Mello et al., 2019).

To further evaluate if the obtained results in proliferation and
stemness capability parallels with alterations in the mechanisms of
cellular death and repair, the expression and quantification of AIF and
LC3 were assessed, at the same defined timepoints.

4.3. AIF

It is already established that ketamine administration is associated
with apoptosis (Félix et al., 2017; Lundberg et al., 2020; Mak et al.,
2010) yet the caspase dependent pathway is the most thoroughly stud-
ied. Alternatively, this study focused on the alterations seen in the AIF
expression and distribution. AIF, in contrast to caspases, is a ubiqui-
tously expressed flavoprotein with a critical role in caspase-independent
apoptosis (Cheng et al., 2012) which, upon an apoptotic insult,
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undergoes proteolysis and translocate to the nucleus, triggering chro-
matin condensation and large-scale DNA degradation. For these reasons
AIF has emerged as a protein critical for cell survival, that has
pro-survival and pro-death effectors through several interactions with
the cytoplasmic proteins (Cregan et al., 2004; Sevrioukova, 2011).

In the present study, the AIF levels presented some variations, and,
although the highest ketamine concentration upregulated the AIF levels
at 50 hpf, this is not statistically significant, and no significant differ-
ences were detected in ketamine groups related to baseline. The WB
results refer to the 57 kDa form of AIF, which is present after patho-
logical permeabilization of the outer mitochondrial membrane and nu-
clear translocation (Sevrioukova, 2011). These results are in accordance
with the findings of Félix et al. (2017), that screened several apoptotic
genes after ketamine exposure at the 1-4 somites stage, and minor dif-
ferences were detected between control and ketamine groups. Our group
previously observed that, at 24 hpf, the expressions of casp8 and aifm1
genes were affected; aifm1 transcript levels were increased, although in
the low ketamine concentrations (Félix et al., 2017). At 1-4 somites
stage, both the mechanism of apoptosis and of cell proliferation are fully
functional (Félix et al., 2017; Ikegami et al., 1999), thus the apoptotic
pathways, as expected, were the first to exhibit alterations in embryos
stage. However, these alterations seemed transitory, as we did not find
significant variations between study groups in 50 hpf embryos, in larvae
or adults. Considering the role of the compensatory cellular repair
mechanisms, and the cross-talk between different apoptotic pathways, it
seems that in embryos, the selection of the apoptotic pathway depends
on the condition of the cell, in agreement with the described by Loane
et al. (2015), for example the cell stage. On the other hand, Bai et al.
(2013) described that in human neural stem cells, ketamine enhances
proliferation and induces neuronal apoptosis via reactive oxygen species
(ROS) mediated mitochondrial pathway. This is supported by Polster
(2013) review implicating AIF in diverse but intertwined processes, such
as electron transport chain function, ROS regulation and neuro-
degeneration. As in the AIF analysis, the proliferation marker PCNA had
its levels increased (not significantly) by ketamine at 50 hpf, which
could indicate a shift to other mechanisms to protect the cells against
ketamine exposure.

Similarly, no apparent differences were observed in AIF immu-
noexpression among the different study groups in larvae or adults. In
adults, not all the groups presented evident immunoexpression in the
brain, but other areas such as branchia presented clear positive cells.

Taking in consideration the literature referred and our results, at
later stages, it is fair to assume that mechanisms other than apoptosis are
selected to help the regulation of cellular processes after ketamine
exposure and the return to baseline, such as the autophagy process
studied here using the marker LC3.

4.4. LC3

It is well described that most tissues maintain a basal autophagic flux
under normal physiological conditions (Corcelle et al., 2009; Zschocke
et al., 2011) and autophagic activity might result in type II cell death, a
process different from caspase-mediated apoptosis (Gozuacik and
Kimchi, 2004; Zschocke et al., 2011). Besides, it is well documented that
the autophagic process is a major mechanism of cellular constituents’
turnover, and critical for cellular homeostasis (Boya et al., 2018;
Lundberg et al., 2020; Rosenfeldt and Ryan, 2011). Indeed, autophagy is
a phylogenetically conserved membrane trafficking process, delivering
cytoplasmic cargoes to lysosomes for digestion (Rosenfeldt and Ryan,
2011) and so important to track.

Given the existing evidence in literature indicating LC3 as a
biomarker for autophagy and functioning as a structural component
during autophagosome formation (Lundberg et al., 2020; Martinet et al.,
2006; Suzuki et al., 2015), the levels of this protein were assessed.

In the present study, no apparent alterations of LC3 levels were
observed after ketamine exposure, in 50 hpf embryos or adults brain
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homogenates. Thus, it seems that the onset mechanism of cellular
response to ketamine exposure is apoptosis, as referred in the literature
(Felix et al., 2017) in embryos. However, in 144 hpf larvae a down-
regulation of the LC3 levels was observed in the highest ketamine con-
centration group indicating that, at this stage, ketamine administration
altered not only proliferation, but also the autophagic process. Under
stressful conditions, autophagy serves as a cell protective mechanism,
preventing the accumulation of cytotoxic protein aggregates or
damaged organelles (Satoh et al., 2014). As such, the impairment in the
autophagic process may lead to increased cell death (Galluzzi et al.,
2012). The alteration observed at 144 hpf could also be related with the
increased ROS formation induced by the ketamine administration in
embryos during 1-4 somites stage as described by Félix et al. (2016). In
fact, several other studies have already linked ketamine-induced
neurotoxicity to high levels of ROS (Choudhury et al., 2021).
Additionally, Li et al. (2018) have related higher ROS levels with the
formation and degradation of autophagosomes, LC3 accumulation and
then autophagy. However, in the present study, although LC3 levels
were decreased by the highest ketamine concentration, the lowest ke-
tamine concentration induced a non-significant increase in the LC3
levels in the 144 hpf larvae. Thus, the influence of ketamine on auto-
phagy may be dependent of the concentration. Indeed, frequent ad-
ministrations of ketamine downregulated the expression of autophagic
proteins, such as LC3, in rats, probably through mTOR signalling
pathway activation (Wang et al., 2017). Indeed, ketamine has been
described to activate mTOR signalling in mammals (Choudhury et al.,
2021), which is a key regulator of cell growth and proliferation.
Therefore, it is hypothesized that the LC3 and PCNA downregulation
occurring at the same time (144 hpf) in the present study could be
related to the influence of ketamine in the mTOR signalling pathways,
but further studies are needed to clarify this issue. Despite this, no
apparent alterations between treatment groups and control were seen in
the intensity of LC3 immunoexpression in CNS both in larvae and adults.

5. Conclusion

The main observed alterations following ketamine exposure at the
1-4 somites stage indicate that the highest ketamine concentration used
(0.8 mg/mL) equivalent to 3.33 mM, impaired the autophagic process
and cell proliferation in 144 hpf larvae. These findings confirm ketamine
disturbed neuronal proliferation and autophagy, as registered in other
species (Peters et al., 2018; Wang et al., 2017), and are similar to the
described in humans where ketamine capacity to promote cell survival
or death depends on its dose (Choudhury et al., 2021). Changes observed
in this study were dose-dependent, and transitory since the studied
proteins presented no significant variations in adult animals, indicating
the return to a baseline. Thus, this study allowed to verify the longitu-
dinal effects of ketamine administration in 1-4 somites stage regarding
the CNS zebrafish capacity to proliferate and activate the appropriate
cell death and repair mechanism leading to homeostasis.

The obtained results indicate that ketamine administration in
zebrafish in 1-4 somites stage in the sub-anesthetic and anesthetic
concentrations is long-term safe for CNS, although the migration/dif-
ferentiation time of the cerebellar cell types or other features not studied
may be affected. Nevertheless, the lack of differences in adult brain
analysis is in agreement with the described capability of zebrafish to
repair and regenerate injured organs, in this case the CNS (Kishimoto
et al., 2012; Schmidt et al., 2013). Some of the deleterious effects of
ketamine were countered by the cellular mechanisms of cell repair.
Since in the adult zebrafish brain transcription factors homologous to
the mammalian counterparts are at play in the neurogenic process
(Obermann et al., 2019), zebrafish is a valid comparative vertebrate
model organism. However, the genes and pathways involved in the
initiation and maintenance of such an extensive regenerative response
are largely unknown (Cosacak et al., 2015). Many parameters, like the
age, the species, the type and size of the injury and the affected brain
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area determine to which extent regeneration occurs in the teleost brain
(Kizil et al., 2012). The knowledge of the mechanisms responsible for
brain repair and regeneration are of paramount importance to better
comprehend how we can activate those same programs in mammalian
brains to achieve functional recovery (Cosacak et al., 2015), and mTOR
signalling pathway is a potential target of interest to research (Lu et al.,
2022). Hence, further studies are needed to better understand the un-
derlying mechanisms of brain repair and regeneration, either after an
insult (mechanical or chemical) or during the normal ageing process.

CRediT authorship contribution statement

C. Santos: Conceptualization, Methodology, Validation, Data cura-
tion, Writing — original draft, Writing — review & editing. A.M. Valen-
tim: Conceptualization, Methodology, Validation, Resources, Data
curation, Writing — original draft, Writing — review & editing, Supervi-
sion, Project administration, Funding acquisition. L. Félix: Methodol-
ogy, Writing — review & editing. J. Balca-Silva: Methodology,
Validation, Data curation, Writing — review & editing. M.L. Pinto:
Conceptualization, Methodology, Validation, Resources, Data curation,
Writing — original draft, Writing — review & editing, Supervision, Project
administration, Funding acquisition.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data Availability
Data will be made available on request.
Aknowledgements

The authors would like to thank Dr. Analia do Carmo for all the
encouragement, support, and scientific discussions along the study and
Mr. Francisco Seco for the excellent technical support.

This work was supported by the projects UIDP/CVT/00772/2020
and LA/P/0059/2020 funded by the Portuguese Foundation for Science
and Technology (FCT).

This work was funded by FEDER funds through the Operational
Competitiveness Programme - COMPETE and by National Funds
through FCT - Portuguese Foundation for Science and Technology under
the project FCOMP-01-0124-FEDER-028683 (PTDC/CVT-WEL/4672/
2012).

References

Akeju, O., Davis-Dusenbery, B.N., Cassel, S.H., Ichida, J.K., Eggan, K., 2014. Ketamine
exposure in early development impairs specification of the primary germ cell layers.
Neurotoxicol. Teratol. 43, 59-68. https://doi.org/10.1016/j.ntt.2014.04.001.

Bai, X., Yan, Y., Canfield, S., Muravyeva, M.Y., Kikuchi, C., Zaja, I., Corbett, J.A.,
Bosnjak, Z.J., 2013. Ketamine enhances human neural stem cell proliferation and
induces neuronal apoptosis via reactive oxygen species-mediated mitochondrial
pathway. Anesth. Analg. 116 (4), 869-880. https://doi.org/10.1213/
ANE.0b013e3182860fc9.

Balca-Silva, J., Matias, D., Do Carmo, A., Dubois, L.G., Gongalves, A.C., Girao, H., Silva
Canedo, N.H., Correia, A.H., De Souza, J.M., Sarmento-Ribeiro, A.B., Lopes, M.C.,
Moura-Neto, V., 2017. Glioblastoma entities express subtle differences in molecular
composition and response to treatment. Oncol. Rep. 38 (3), 1341-1352. https://doi.
org/10.3892/0r.2017.5799.

Barbosa, J.S., Sanchez-Gonzalez, R., Di Giaimo, R., Baumgart, E.V., Theis, F.J., Gotz, M.,
Ninkovic, J., 2015. Live imaging of adult neural stem cell behavior in the intact and
injured zebrafish brain. Science 348 (6236), 789-793. https://doi.org/10.1126/
science.aaa2729.

Boya, P., Codogno, P., Rodriguez-Muela, N., 2018. Autophagy in stem cells: repair,
remodelling and metabolic reprogramming. Development 145 (4), 1-14. https://doi.
org/10.1242/dev.146506.

Cassar, S., Adatto, 1., Freeman, J.L., Gamse, J.T., Iturria, 1., Lawrence, C., Muriana, A.,
Peterson, R.T., Van Cruchten, S., Zon, L.I., 2020. Use of zebrafish in drug discovery

87

Neurotoxicology 97 (2023) 78-88

toxicology. Chem. Res. Toxicol. 33 (1), 95-118. https://doi.org/10.1021/acs.
chemrestox.9b00335.

Cheng, G., Kong, R., Zhang, L., Zhang, J., 2012. Mitochondria in traumatic brain injury
and mitochondrial-targeted multipotential therapeutic strategies. Br. J. Pharmacol.
167 (4), 699-719. https://doi.org/10.1111/j.1476-5381.2012.02025.x.

Cheung, H.M., Yew, D.T.W., 2019. Effects of perinatal exposure to ketamine on the
developing brain. Front. Neurosci. 13 (Feb), 1-12. https://doi.org/10.3389/
fnins.2019.00138.

Choudhury, D., Autry, A.E., Tolias, K.F., Krishnan, V., 2021. Ketamine: neuroprotective
or neurotoxic (September). Front. Neurosci. 15, 1-9. https://doi.org/10.3389/
fnins.2021.672526.

Corcelle, E.A., Puustinen, P., Jaatteld, M., 2009. Apoptosis and autophagy: targeting
autophagy signalling in cancer cells -’trick or treats’? FEBS J. 276 (21), 6084-6096.
https://doi.org/10.1111/j.1742-4658.2009.07332.x.

Cosacak, M.1., Papadimitriou, C., Kizil, C., 2015. Regeneration, plasticity, and induced
molecular programs in adult zebrafish brain. BioMed Res. Int. 2015. https://doi.org/
10.1155/2015/769763.

Cregan, S.P., Dawson, V.L., Slack, R.S., 2004. Role of AIF in caspase-dependent and
caspase-independent cell death. Oncogene 23 (16), 2785-2796. https://doi.org/
10.1038/sj.0nc.1207517.

Cuevas, E., Trickler, W.J., Guo, X., Ali, S.F., Paule, M.G., Kanungo, J., 2013. Acetyl L-
carnitine protects motor neurons and Rohon-Beard sensory neurons against
ketamine-induced neurotoxicity in zebrafish embryos. Neurotoxicol. Teratol. 39,
69-76. https://doi.org/10.1016/j.ntt.2013.07.005.

DeOliveira-Mello, L., Lara, J.M., Arevalo, R., Velasco, A., Mack, A.F., 2019. Sox2
expression in the visual system of two teleost species. Brain Res. 1722, 146350
https://doi.org/10.1016/j.brainres.2019.146350.

Dinis-Oliveira, R.J., 2017. Metabolism and metabolomics of ketamine: a toxicological
approach. Forensic Sci. Res. 2 (1), 2-10. https://doi.org/10.1080/
20961790.2017.1285219.

Dong, C., Rovnaghi, C.R., Anand, K.J.S., 2016. Ketamine exposure during embryogenesis
inhibits cellular proliferation in rat fetal cortical neurogenic regions. Acta
Anaesthesiol. Scand. 60 (5), 579-587. https://doi.org/10.1111/aas.12689.

Edelmann, K., Glashauser, L., Sprungala, S., Hesl, B., Fritschle, M., Ninkovic, J.,
Godinho, L., Chapouton, P., 2013. Increased radial glia quiescence, decreased
reactivation upon injury and unaltered neuroblast behavior underlie decreased
neurogenesis in the aging zebrafish telencephalon. J. Comp. Neurol. 521 (13),
3099-3115. https://doi.org/10.1002/cne.23347.

Félix, L., Coimbra, A.M., Valentim, A.M., Antunes, L., 2019. Review on the use of
zebrafish embryos to study the effects of anesthetics during early development. Crit.
Rev. Toxicol. 49 (4), 357-370. https://doi.org/10.1080/10408444.2019.16172.36.

Félix, L.M., Antunes, L.M., Coimbra, A.M., 2014. Ketamine NMDA receptor-independent
toxicity during zebrafish (Danio rerio) embryonic development. Neurotoxicol.
Teratol. 41, 27-34. https://doi.org/10.1016/j.ntt.2013.11.005.

Félix, L.M., Vidal, A.M., Serafim, C., Valentim, A.M., Antunes, L.M., Campos, S.,
Matos, M., Monteiro, S.M., Coimbra, A.M., 2016. Ketamine-induced oxidative stress
at different developmental stages of zebrafish (Danio rerio) embryos. RSC Adv. 6
(66), 61254-61266. https://doi.org/10.1039/C6RA08298J.

Félix, L.M., Serafim, C., Valentim, A.M., Antunes, L.M., Matos, M., Coimbra, A.M., 2017.
Apoptosis-related genes induced in response to ketamine during early life stages of
zebrafish. Toxicol. Lett. 279, 1-8. https://doi.org/10.1016/j.toxlet.2017.07.888.

Galluzzi, L., Vitale, I., Abrams, J.M., Alnemri, E.S., Baehrecke, E.H., Blagosklonny, M.V.,
Dawson, T.M., Dawson, V.L., El-Deiry, W.S., Fulda, S., Gottlieb, E., Green, D.R.,
Hengartner, M.O., Kepp, O., Knight, R.A., Kumar, S., Lipton, S.A., Lu, X., Madeo, F.,
Kroemer, G., 2012. Molecular definitions of cell death subroutines:
recommendations of the nomenclature committee on cell death 2012. Cell Death
Differ. 19 (1), 107-120. https://doi.org/10.1038/cdd.2011.96.

Gozuacik, D., Kimchi, A., 2004. Autophagy as a cell death and tumor suppressor
mechanism, 16 REV. ISS. 2 Oncogene 23, 2891-2906. https://doi.org/10.1038/sj.
onc.1207521.

Grandel, H., Kaslin, J., Ganz, J., Wenzel, 1., Brand, M., 2006. Neural stem cells and
neurogenesis in the adult zebrafish brain: Origin, proliferation dynamics, migration
and cell fate. Dev. Biol. 295 (1), 263-277. https://doi.org/10.1016/j.
ydbio.2006.03.040.

Ikegami, R., Hunter, P., Yager, T.D., 1999. Developmental activation of the capability to
undergo checkpoint- induced apoptosis in the early zebrafish embryo. Dev. Biol. 209
(2), 409-433. https://doi.org/10.1006/dbio.1999.9243.

Ito, Y., Tanaka, H., Okamoto, H., Ohshima, T., 2010. Characterization of neural stem
cells and their progeny in the adult zebrafish optic tectum. Dev. Biol. 342 (1), 26-38.
https://doi.org/10.1016/j.ydbio.2010.03.008.

Ju, W.K., Kim, K.Y., Hofmann, H.D., Kim, L.B., Lee, M.Y., Oh, S.J., Chun, M.H., 2000.
Selective neuronal survival and upregulation of PCNA in the rat inner retina
following transient ischemia. J. Neuropathol. Exp. Neurol. 59 (3), 241-250. https://
doi.org/10.1093/jnen/59.3.241.

Kanungo, J., Cuevas, E., Ali, S.F., Paule, M.G., 2013. Ketamine induces motor neuron
toxicity and alters neurogenic and proneural gene expression in zebrafish. J. Appl.
Toxicol. 33 (6), 410-417. https://doi.org/10.1002/jat.1751.

Kaslin, J., Kroehne, V., Benato, F., Argenton, F., Brand, M., 2013. Development and
specification of cerebellar stem and progenitor cells in zebrafish: From embryo to
adult. Neural Dev. 8 (1) https://doi.org/10.1186/1749-8104-8-9.

Kaslin, J., Kroehne, V., Ganz, J., Hans, S., Brand, M., Kaslin, J., Kroehne, V., Ganz, J.,
Hans, S., & Brand, M. (2017). Correction: Distinct roles of neuroepithelial-like and
radial glia-like progenitor cells in cerebellar regeneration Distinct roles of
neuroepithelial-like and radial glia-like progenitor cells in cerebellar regeneration.
1462-1471. https://doi.org/10.1242/dev.158600.


https://doi.org/10.1016/j.ntt.2014.04.001
https://doi.org/10.1213/ANE.0b013e3182860fc9
https://doi.org/10.1213/ANE.0b013e3182860fc9
https://doi.org/10.3892/or.2017.5799
https://doi.org/10.3892/or.2017.5799
https://doi.org/10.1126/science.aaa2729
https://doi.org/10.1126/science.aaa2729
https://doi.org/10.1242/dev.146506
https://doi.org/10.1242/dev.146506
https://doi.org/10.1021/acs.chemrestox.9b00335
https://doi.org/10.1021/acs.chemrestox.9b00335
https://doi.org/10.1111/j.1476-5381.2012.02025.x
https://doi.org/10.3389/fnins.2019.00138
https://doi.org/10.3389/fnins.2019.00138
https://doi.org/10.3389/fnins.2021.672526
https://doi.org/10.3389/fnins.2021.672526
https://doi.org/10.1111/j.1742-4658.2009.07332.x
https://doi.org/10.1155/2015/769763
https://doi.org/10.1155/2015/769763
https://doi.org/10.1038/sj.onc.1207517
https://doi.org/10.1038/sj.onc.1207517
https://doi.org/10.1016/j.ntt.2013.07.005
https://doi.org/10.1016/j.brainres.2019.146350
https://doi.org/10.1080/20961790.2017.1285219
https://doi.org/10.1080/20961790.2017.1285219
https://doi.org/10.1111/aas.12689
https://doi.org/10.1002/cne.23347
https://doi.org/10.1080/10408444.2019.1617236
https://doi.org/10.1016/j.ntt.2013.11.005
https://doi.org/10.1039/C6RA08298J
https://doi.org/10.1016/j.toxlet.2017.07.888
https://doi.org/10.1038/cdd.2011.96
https://doi.org/10.1038/sj.onc.1207521
https://doi.org/10.1038/sj.onc.1207521
https://doi.org/10.1016/j.ydbio.2006.03.040
https://doi.org/10.1016/j.ydbio.2006.03.040
https://doi.org/10.1006/dbio.1999.9243
https://doi.org/10.1016/j.ydbio.2010.03.008
https://doi.org/10.1093/jnen/59.3.241
https://doi.org/10.1093/jnen/59.3.241
https://doi.org/10.1002/jat.1751
https://doi.org/10.1186/1749-8104-8-9

C. Santos et al.

Kenney, J.W., Steadman, P.E., Young, O., Shi, M.T., Polanco, M., Dubaishi, S., Covert, K.,
Mueller, T., Frankland, P.W., 2021. A 3d adult zebrafish brain atlas (Azba) for the
digital age. ELife 10, 1-20. https://doi.org/10.7554/eLife.69988.

Kimmel, C.B., Ballard, W.W., Kimmel, S.R., Ullmann, B., Schilling, T.F., 1995. Stages of
embryonic development of the zebrafish. Dev. Dyn. 203 (3), 253-310. https://doi.
org/10.1002/aja.1002030302.

Kishimoto, N., Shimizu, K., Sawamoto, K., 2012. Neuronal regeneration in a zebrafish
model of adult brain injury. Dis. Models Mech. 5 (2), 200-209. https://doi.org/
10.1242/dmm.007336.

Kizil, C., Kaslin, J., Kroehne, V., Brand, M., 2012. Adult neurogenesis and brain
regeneration in zebrafish. Dev. Neurobiol. 72 (3), 429-461. https://doi.org/
10.1002/dneu.20918.

Kohtala, S., 2021. Ketamine—50 years in use: from anesthesia to rapid antidepressant
effects and neurobiological mechanisms. Pharmacol. Rep. 73 (2), 323-345. https://
doi.org/10.1007/5s43440-021-00232-4.

Li, X., Li, Y., Zhao, J., Li, L., Wang, Y., Zhang, Y., Li, Y., Chen, Y., Liu, W., Gao, L., 2018.
Administration of ketamine causes autophagy and apoptosis in the rat fetal
hippocampus and in PC12 cells (February). Front. Cell. Neurosci. 12, 1-11. https://
doi.org/10.3389/fncel.2018.00021.

Lindsey, B.W., Aitken, G.E., Tang, J.K., Khabooshan, M., Douek, A.M., Vandestadt, C.,
Kaslin, J., 2019. Midbrain tectal stem cells display diverse regenerative capacities in
zebrafish. Sci. Rep. 9 (1), 1-20. https://doi.org/10.1038/541598-019-40734-z.

Loane, D.J., Stoica, B.A., Faden, A.I, 2015. Neuroprotection for traumatic brain injury,
first ed. In: Handbook of Clinical Neurology. Elsevier B.V. https://doi.org/10.1016/
B978-0-444-52892-6.00022-2

Loftus, L.V., Amend, S.R., Pienta, K.J., 2022. Interplay between cell death and cell
proliferation reveals new strategies for cancer therapy. Int. J. Mol. Sci. 23 (9)
https://doi.org/10.3390/ijms23094723.

Ly, F., Leach, L.L., Gross, J.M., 2022. mTOR activity is essential for retinal pigment
epithelium regeneration in zebrafish. PLoS Genet. 18 (3), 1-29. https://doi.org/
10.1371/journal.pgen.1009628.

Lundberg, M., Curbo, S., Bohman, H., Agartz, 1., Ogrem S.0., Patrone, C., Mansouri, S.,
2020. Clozapine protects adult neural stem cells from ketamine-induced cell death in
correlation with decreased apoptosis and autophagy. Biosci. Rep. 40 (1), 1-11.
https://doi.org/10.1042/BSR20193156.

Mak, Y.T., Lam, W.P.,, Lii, L., Wong, Y.W., Yew, D.T., 2010. The toxic effect of ketamine
on SH-SY5Y neuroblastoma cell line and human neuron. Microsc. Res. Tech. 73 (3),
195-201. https://doi.org/10.1002/jemt.20774.

Martinet, W., De Meyer, G.R.Y., Andries, L., Herman, A.G., Kockx, M.M., 2006. Detection
of autophagy in tissue by standard immunohistochemistry: possibilities and
limitations. Autophagy 2 (1), 55-57. https://doi.org/10.4161/auto.2217.

Marz, M., Chapouton, P., Diotel, N., Vaillant, C., Hesl, B., Takamiya, M., Lam, C.S.,
Kah, O., Bally-Cuif, L., Stréhle, U., 2010. Heterogeneity in progenitor cell subtypes in
the ventricular zone of the zebrafish adult telencephalon. Glia 58 (7), 870-888.
https://doi.org/10.1002/glia.20971.

Obermann, J., Wagner, F., Kociaj, A., Zambusi, A., Ninkovic, J., Hauck, S.M.,
Chapouton, P., 2019. Stem Cell Rep. 12 (2018), 1-16. https://doi.org/10.1016/j.
stemcr.2018.12.005.

Peters, A.J., Villasana, L.E., Schnell, E., 2018. Ketamine alters hippocampal cell
proliferation and improves learning in mice after traumatic brain injury.
Anesthesiology 129 (2), 1278-1295. https://doi.org/10.1097/
ALN.0000000000002197.

88

Neurotoxicology 97 (2023) 78-88

Polster, B.M., 2013. AIF, reactive oxygen species, and neurodegeneration: a “complex”
problem. Neurochem. Int. 62 (5), 695-702. https://doi.org/10.1016/j.
neuint.2012.12.002.

Robinson, B.L., Dumas, M., Cuevas, E., Gu, Q., Paule, M.G., Ali, S.F., Kanungo, J., 2016.
HHS public access. Neurotoxicol. Teratol. 54, 52-60. https://doi.org/10.1016/j.
ntt.2016.02.004.Distinct.

Robinson, B.L., Dumas, M., Ali, S.F., Paule, M.G., Gu, Q., Kanungo, J., 2017.
Cyclosporine exacerbates ketamine toxicity in zebrafish: Mechanistic studies on
drug-drug interaction. J. Appl. Toxicol. 37 (12), 1438-1447. https://doi.org/
10.1002/jat.3488.

Rosenfeldt, M.T., Ryan, K.M., 2011. The multiple roles of autophagy in cancer.
Carcinogenesis 32 (7), 955-963. https://doi.org/10.1093/carcin/bgr031.

Santos, C., Pinto, M.D.L., 2018. Chapter 27 - Inmunohistochemical assessment as a tool
for investigating developmental toxicity in zebrafish (Danio rerio). Methods Mol.
Biol. 1797, 461-476. https://doi.org/10.1007/978-1-4939-7883-0_25.

Satoh, J.I., Motohashi, N., Kino, Y., Ishida, T., Yagishita, S., Jinnai, K., Arai, N.,
Nakamagoe, K., Tamaoka, A., Saito, Y., Arima, K., 2014. LC3, an autophagosome
marker, is expressed on oligodendrocytes in Nasu-Hakola disease brains. Orphanet J.
Rare Dis. 9 (1), 1-11. https://doi.org/10.1186/1750-1172-9-68.

Schmidt, R., Stréhle, U., Scholpp, S., 2013. Neurogenesis in zebrafish - from embryo to
adult. Neural Dev. 8 (1), 1-13. https://doi.org/10.1186/1749-8104-8-3.

Sevrioukova, L.F., 2011. Apoptosis-Inducing factor: structure, function, and redox
regulation. Antioxid. Redox Signal. 14 (12), 2545-2579. https://doi.org/10.1089/
ars.2010.3445.

Suzuki, S., Uchida, K., Harada, T., Nibe, K., Yamashita, M., Ono, K., Nakayama, H., 2015.
The origin and role of autophagy in the formation of cytoplasmic granules in canine
lingual granular cell tumors. Vet. Pathol. 52 (3), 456-464. https://doi.org/10.1177/
0300985814546051.

Templeton, G.F., 2011. A two-step approach for transforming continuous variables to
normal: Implications and recommendations for IS research. Commun. Assoc. Inf.
Syst. 28 (1), 41-58. https://doi.org/10.17705/1cais.02804.

Wang, C.Q., Ye, Y., Chen, F., Han, W.C., Sun, J.M,, Lu, X., Guo, R., Cao, K., Zheng, M.J.,
Liao, L.C., 2017. Posttraumatic administration of a sub-anesthetic dose of ketamine
exerts neuroprotection via attenuating inflammation and autophagy (December).
Neuroscience 343, 30-38. https://doi.org/10.1016/j.neuroscience.2016.11.029.

Waullimann, M.F.; Rupp, B.; Reichert, H. (1996). 5 The brain of the zebrafish Danio rerio:
a neuroanatomical atlas External view a b. In Neuroanatomy of the Zebrafish Brain ||
The brain of the zebrafish Danio rerio: a neuroanatomical atlas. (pp. 19-87). https://
doi.org/10.1007/978-3-0348-8979-7_5.

Zhang, F., Wang, S., Lv, C., Zhang, M., Yang, L., Guo, X., 2018. Lin28b and Sox2 regulate
anesthesia-induced neural degeneration in neural stem cell derived neurons. October
2017 Eur. J. Pharmacol. 820, 167-172. https://doi.org/10.1016/j.
ejphar.2017.12.031.

Zhu, Q., Chang, Y., Yang, J., Wei, Q., 2014. Post-translational modifications of
proliferating cell nuclear antigen: A key signal integrator for DNA damage response
(review). Oncol. Lett. 7 (5), 1363-1369. https://doi.org/10.3892/01.2014.1943.

Zschocke, J., Zimmermann, N., Berning, B., Ganal, V., Holsboer, F., Rein, T., 2011.
Antidepressant drugs diversely affect autophagy pathways in astrocytes and
neurons-dissociation from cholesterol homeostasis. Neuropsychopharmacology 36
(8), 1754-1768. https://doi.org/10.1038/npp.2011.57.


https://doi.org/10.7554/eLife.69988
https://doi.org/10.1002/aja.1002030302
https://doi.org/10.1002/aja.1002030302
https://doi.org/10.1242/dmm.007336
https://doi.org/10.1242/dmm.007336
https://doi.org/10.1002/dneu.20918
https://doi.org/10.1002/dneu.20918
https://doi.org/10.1007/s43440-021-00232-4
https://doi.org/10.1007/s43440-021-00232-4
https://doi.org/10.3389/fncel.2018.00021
https://doi.org/10.3389/fncel.2018.00021
https://doi.org/10.1038/s41598-019-40734-z
https://doi.org/10.1016/B978-0-444-52892-6.00022-2
https://doi.org/10.1016/B978-0-444-52892-6.00022-2
https://doi.org/10.3390/ijms23094723
https://doi.org/10.1371/journal.pgen.1009628
https://doi.org/10.1371/journal.pgen.1009628
https://doi.org/10.1042/BSR20193156
https://doi.org/10.1002/jemt.20774
https://doi.org/10.4161/auto.2217
https://doi.org/10.1002/glia.20971
https://doi.org/10.1016/j.stemcr.2018.12.005
https://doi.org/10.1016/j.stemcr.2018.12.005
https://doi.org/10.1097/ALN.0000000000002197
https://doi.org/10.1097/ALN.0000000000002197
https://doi.org/10.1016/j.neuint.2012.12.002
https://doi.org/10.1016/j.neuint.2012.12.002
https://doi.org/10.1016/j.ntt.2016.02.004.Distinct
https://doi.org/10.1016/j.ntt.2016.02.004.Distinct
https://doi.org/10.1002/jat.3488
https://doi.org/10.1002/jat.3488
https://doi.org/10.1093/carcin/bgr031
https://doi.org/10.1007/978-1-4939-7883-0_25
https://doi.org/10.1186/1750-1172-9-68
https://doi.org/10.1186/1749-8104-8-3
https://doi.org/10.1089/ars.2010.3445
https://doi.org/10.1089/ars.2010.3445
https://doi.org/10.1177/0300985814546051
https://doi.org/10.1177/0300985814546051
https://doi.org/10.17705/1cais.02804
https://doi.org/10.1016/j.neuroscience.2016.11.029
https://doi.org/10.1007/978-3-0348-8979-7_5
https://doi.org/10.1007/978-3-0348-8979-7_5
https://doi.org/10.1016/j.ejphar.2017.12.031
https://doi.org/10.1016/j.ejphar.2017.12.031
https://doi.org/10.3892/ol.2014.1943
https://doi.org/10.1038/npp.2011.57

	Longitudinal effects of ketamine on cell proliferation and death in the CNS of zebrafish
	1 Introduction
	2 Materials and methods
	2.1 Chemicals
	2.2 Animals
	2.3 Ketamine exposure and sampling
	2.4 Western blot (WB)
	2.5 Immunohistochemistry (IHC)
	2.6 Statistical analysis

	3 Results
	3.1 Proliferation
	3.1.1 PCNA
	3.1.2 Sox 2

	3.2 Cellular death
	3.2.1 Apoptotic effects - AIF
	3.2.2 Autophagic effects - LC3


	4 Discussion
	4.1 PCNA
	4.2 Sox 2
	4.3 AIF
	4.4 LC3

	5 Conclusion
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data Availability
	Aknowledgements
	References


