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Abstract: The annual turquoise killifish (Nothobranchius furzeri) is a laboratory model organism for
neuroscience of aging. In the present study, we investigated for the first time the levels of serotonin
and its main metabolite, 5-hydroxyindoleacetic acid, as well as the activities of the key enzymes of
its synthesis, tryptophan hydroxylases, and degradation, monoamine oxidase, in the brains of 2-,
4- and 7-month-old male and female N. furzeri. The marked effect of age on the body mass and the
level of serotonin, as well as the activities of tryptophan hydroxylases and monoamine oxidase in the
brain of killifish were revealed. The level of serotonin decreased in the brain of 7-month-old males
and females compared with 2-month-old ones. A significant decrease in the tryptophan hydroxylase
activity and an increase in the monoamine oxidase activity in the brain of 7-month-old females
compared to 2-month-old females was shown. These findings agree with the age-related alterations
in expression of the genes encoding tryptophan hydroxylases and monoamine oxidase. N. furzeri
is a suitable model with which to study the fundamental problems of age-related changes of the
serotonin system in the brain.
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1. Introduction

The brain serotonin (5-HT) system plays a key role in the regulation of neuronal
plasticity [1], numerous physiological functions and various kinds of behavior [2], while
its dysfunctions are associated with grave psychopathologies [3–7]. The key enzyme of
5-HT synthesis in the mammalian brain is tryptophan hydroxylase 2 (TPH2) hydroxylating
L-tryptophan to 5-hydroxytryptophan [8,9]. Indeed, the genetic [10–14] or pharmacologi-
cal [15–17] deficiency of TPH2 activity dramatically decreases the level of 5-HT in the mouse
brain. The synthesized 5-HT released from the endings of 5-HT neurons into the synaptic
cleft regulates multiple physiological functions and the kinds of behavior via 14 different
kinds of 5-HT receptors [18–20]. The duration of physiological and behavioral effects of
5-HT are regulated by the transmembrane 5-HT transporter (SERT) that reuptakes 5-HT
from the synaptic cleft into the 5-HT neurons [21], where the enzymes monoamine oxidases
A and B (MAOA and MAOB) oxidize 5-HT to 5-hydroxyindoleacetic acid (5-HIAA) [22–24].
Inhibitors of SERT and MAOs increase the 5-HT level in the synaptic cleft and are clinically
effective antidepressants [3–7]. In general, the levels of 5-HT, 5-HIAA, the 5-HT turnover
rate (5-HIAA/5-HT), TPH2, MAOA and MAOB activities indicate the functional activity of
the brain 5-HT system [3–7].

Age-related alterations in the functional activity of the brain 5-HT system frequently
accompany psychic disorders in senior patients [25]. The vast amount of knowledge
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concerning age-related changes in the brain biogenic amines was based on results ob-
tained from senior people using the positron emission tomography assay and postmortem
studies as well as experiments carried out on old laboratory monkeys and rodents [see
reviews [26–28]]. However, these studies are dramatically limited due to ethical norms and
the relatively long life span of laboratory monkeys (>20 years) and rodents (>3 years).

Annual turquoise killifish, Nothobranchius furzeri, inhabit ephemeral ponds in south-
eastern Africa. Their fertilized eggs survive the dry season in diapause. The larvae hatch
immediately after the pond is filled with water, grow rapidly, reach sexual maturity within
4–6 weeks, continuously mate and spawn during the wet season and die at the age of
6–8 months [29–31]. Six- to eight-month-old N. furzeri show morphological and behavioral
hallmarks of aging, such as reduced coloration in males, emaciation, spinal curvature,
spine and face malformations [29,31], reduced spontaneous, exploratory activities [32] and
impaired learning performance [33,34]. N. furzeri is a suitable model organism for the study
of human aging and age-related disorders [35–39].

The brain 5-HT system regulates the physiological functions and behavior of killifish.
Indeed, chronic treatment with small doses of a 5-HT transporter blocker, fluoxetine,
decreases body size as well as increases fecundity and sociability in N. furzeri [40,41].
The anatomical, cellular and neurochemical organization of the 5-HT system in fish is
homologous to those of mammals [42,43]. However, there are some differences in the
molecular organization of the 5-HT system in the brain of N. furzeri. Namely, three different
genes, Tph1a, Tph1b and Tph2, encoding three different tryptophan hydroxylases (TPH1a,
TPH1b, TPH2), as well as the only Mao gene encoding the only monoamine oxidase (MAO),
are expressed in the brain of N. furzeri [44]. Recently dramatic age-related alterations in
the expression of the main 5-HT related genes encoding TPH1b, TPH2 and MAO in the
brain of N. furzeri were shown [44]. At the same time, the levels of the 5-HT, 5-HIAA levels,
5-HIAA/5-HT turnover rate and TPHs and MAO activities indicate the functional activity
of the brain 5-HT system on the molecular level. So far only one study concerning the levels
of 5-HT and 5-HIAA in the brain of mature (4-month-old) males and females of N. furzeri
has been published [see [45]].

Therefore, the aim of the present study was to investigate age-dependent alterations in
the levels of 5-HT, 5-HIAA and 5-HIAA/5-HT turnover rate and TPHs and MAO activities
in the brain of young, mature and old males and females of N. furzeri.

2. Results
2.1. Body Mass in 2-, 4- and 7-Month-Old Males and Females of N. furzeri

Marked effects of the “Age” (F(2,42) = 19.86, p < 0.001), “Sex” (F(1,42) = 140.25,
p < 0.001) factors and the factor interaction (F(2,42) = 8.23, p < 0.001) on body mass of
N. furzeri were revealed. As expected, in each age group the males were heavier than the
females (Figure 1). The body mass of males progressively increased with age, while the
body mass of females did not alter with age (Figure 1).
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2.2. Levels of 5-HT, 5-HIAA and 5-HIAA/5-HT Rate in the Brain of 2-, 4- and 7-Month-Old Males
and Females of N. furzeri

A significant effect of the “Age” factor on the 5-HT level, the 5-HIAA/5-HT turnover
rate, but not on the 5-HIAA level in the brain of N. furzeri was shown (Table 1). The level
of 5-HT progressively decreased, while the 5-HIAA/5-HT turnover rate progressively
increased with age in the brain of males and females of N. furzeri (Figure 2). The 5-HIAA
level did not change with age in the brain of males and females of N. furzeri (Figure 2). At
the same time, no effect of the “Sex” factor and the factor interaction on these traits was
observed (Table 1). In each age group, the 5-HT and 5-HIAA levels and the 5-HIAA/5-HT
turnover rate in males did not differ from those in females (Figure 2).

Table 1. Two-way ANOVA of the effects of “Age”, “Sex” factors and their interaction on the variability
of the 5-HT and 5-HIAA levels and the 5-HIAA/5-HT turnover rate in the brain of N. furzeri.

Trait Age Sex Interaction

5-HT F(2,41) = 38.23, p < 0.001 F(1,41) = 2.77, p = 0.1 F(2,41) = 2.42, p = 0.1
5-HIAA F(2,41) = 1.37, p = 0.27 F(1,41) < 1 F(2,41) = 1.72, p = 0.19

5-HIAA/5-HT F(2,41) = 11.69, p < 0.001 F(1,41) = 2.84, p = 0.1 F(2,41) < 1Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 4 of 13 
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mature and old females compared to young females (Figure 3). 

Figure 2. Levels of the 5-HT, 5-HIAA and 5-HIAA/5-HT turnover rate in the brain of 2 (young)-, 4
(mature)- and 7 (old)-month-old male and female N. furzeri. * p < 0.05, ** p < 0.01, *** p < 0.001 vs.
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2.3. Activity of TPH in the Brain of 2-, 4- and 7-Month-Old Males and Females of N. furzeri

A significant effect of the “Age” factor (F(2,42) = 3.48, p = 0.04), but not of the “Sex”
factor (F(2,42) = 1.63, p = 0.21), and the factor interaction (F(2,42) = 2.42, p = 0.1) on TPH
activity in the brain of N. furzeri was found. The TPH activity decreased in the brain of
mature and old females compared to young females (Figure 3).
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TPHs and MAO Activities in the Brain of Male and Female N. furzeri 

Significant positive correlations between the TPH activity, the 5-HT and 5-HIAA lev-
els in the brain of male and female N. furzeri were shown (Table 2). As expected, the 5-
HIAA/5-HT turnover rate positively correlated with the 5-HIAA level and negatively cor-
related with the 5-HT level (Table 2). At the same time, no statistically significant correla-
tion between the MAO activity on one hand and the 5-HT and 5-HIAA levels and the 5-
HIAA/5-HT turnover rate on the other hand in the brain of males and females of N. furzeri 
was found (Table 2). 

Figure 3. TPH activity in the brain of 2 (young)-, 4 (mature)- and 7 (old)-month-old male and female
N. furzeri. * p < 0.05, ** p < 0.01 vs. young females; $ p < 0.05 vs. young males.

2.4. Activity of MAO in the Brain of 2-, 4- and 7-Month-Old Males and Females of N. furzeri

Marked effect of the “Age” factor (F(2,42) = 6.24, p = 0.004), but not of the “Sex” factor
(F(2,42) < 1), and the factor interaction (F(2,42) < 1) on the MAO activity in the brain of
N. furzeri was found. The MAO activity increased in the brain of old females compared to
young and mature females (Figure 4).
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2.5. Correlations between the Levels of the 5-HT, 5-HIAA and 5-HIAA/5-HT Turnover Rate and
TPHs and MAO Activities in the Brain of Male and Female N. furzeri

Significant positive correlations between the TPH activity, the 5-HT and 5-HIAA levels
in the brain of male and female N. furzeri were shown (Table 2). As expected, the 5-HIAA/5-
HT turnover rate positively correlated with the 5-HIAA level and negatively correlated with
the 5-HT level (Table 2). At the same time, no statistically significant correlation between
the MAO activity on one hand and the 5-HT and 5-HIAA levels and the 5-HIAA/5-HT
turnover rate on the other hand in the brain of males and females of N. furzeri was found
(Table 2).
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Table 2. Pearson’s correlation coefficients between the TPH, MAO activities, the 5-HT and 5-HIAA
levels and the 5-HIAA/5-HT turnover rate in the brain of 2-, 4- and 7-month-old male and female
N. furzeri.

TPH MAO 5-HT 5-HIAA

TPH
MAO −0.04
5-HT 0.59 −0.18

5-HIAA 0.50 0.31 0.13
5-HIAA/5-HT −0.22 0.24 −0.65 0.55

Statistically significant values are in bold. The correlation coefficients significances were corrected according to
Bonferroni.

Principal component analysis revealed three factors that defined 93.1% variability in
the 5-HT and 5-HIAA levels, the 5-HIAA/5-HT turnover rate and the TPHs and MAO
activities in brains of males and females. The first factor negatively correlates with the TPH
activity, the 5-HT level and the 5-HIAA/5-HT turnover rate (Table 3, Figure 5). It reflects
a decrease in the TPH activity and the 5-HT level and an increase in the 5-HIAA/5-HT
turnover rate in old killifish. The second factor positively correlates with the TPH activity
and the 5-HIAA level (Table 3, Figure 5). Finally, the third factor positively correlates only
with the MAO activity (Table 3). This three-factor model reveals a significant effect of age
on these traits in males and females (F(6,84) = 9.43, p < 0.0001).

Age-dependent alterations in the first (F(2,42) = 30.23, p < 0.0001), but not in the second
(F(2,42) < 1) and the third (F(2,42) = 3.12, p = 0.055) factors, were revealed. Statistically
significant differences between 2- and 4- (p = 0.0002), 2- and 7- (p < 0.0001) and 4- and 7- (p
= 0.0057) month-old males were revealed (Figure 5).
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Figure 5. Individual scores for sixteen 2 (young)-month-old, fifteen 4 (mature)-month-old and sixteen
7 (old)-month-old males and females (1:1) of N. furzeri along with factor 1 and factor 2 yielded by the
principal component analysis. These factors generalize the 5-HT and 5-HIAA levels, 5-HIAA/5-HT
turnover rate and TPH and MAO activities in the brain. The coordinates of the two axes represent the
factor scores of individual animals. All 16 scores corresponding to 2-month-old, six out of 15 scores
corresponding to 4-month-old and one out of 16 scores corresponding to 7-month-old killifish are
located in the left half of the graphic. Nine out of 15 scores corresponding to 4-month-old and fifteen
out of 16 scores corresponding to 7-month-old killifish are located in the right half of the graphic.
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Table 3. Factor loadings for the 5-HT and 5-HIAA levels, the 5-HIAA/5-HT turnover rate and the
TPH and MAO activities in the brain of 2-, 4- and 7-month-old male and female N. furzeri.

Factor 1 (41.5%) Factor 2 (35.2%) Factor 3 (16.4%)

TPH −0.61 0.68 −0.11
MAO 0.40 0.42 0.81
5-HT −0.90 0.26 0.10

5-HIAA 0.16 0.95 −0.17
5-HIAA/5-HT 0.84 0.40 −0.33

Statistically significant values are in bold. Factor loadings were calculated as the correlation coefficients between
each original variable and this factor. Their significances were corrected according to Bonferroni.

3. Discussion

In this study, three age groups of killifish, namely (1) relatively young (2-month-old),
(2) mature (4-month-old) and (3) old (7-month-old), when natural death of fish begins to
occur [29–31], were investigated. The results confirmed and verified earlier findings [44,45]
that: (1) males are heavier than females of the same age; (2) the body mass of males
progressively increased with age, while no age-related alteration in body masses in females
was seen; and (3) sex does not affect the 5-HT and 5-HIAA levels or the 5-HIAA/5-HT
turnover rate in the brain.

Some age-related alterations in the expression of key 5-HT-related genes in the brain
of male and female N. furzeri kept in large groups in the tanks of 125 L were shown
previously [44]. The main aim of the present study was to investigate the age-related
alterations in the 5-HT and 5-HIAA levels and the 5-HIAA/5-HT turnover rate as well as
in the TPH and MAO activities in the brain of males and females of N. furzeri. In this study,
killifish kept in small groups (one male and one female) in tanks of 6.8 L were used. It was
shown that the tank size did not affect the 5-HT and 5-HIAA levels in the brain of males
and females of N. furzeri [45].

The progressive decrease in the 5-HT level and the increase in the 5-HIAA/5-HT
turnover rate in the brain of males and females with age were revealed. The statistically
significant decrease in TPH activity and the increase in MAO activity in the brain of
7-month-old (old) females compared to 2-month-old (young) females were also shown.
Similar (but statistically insignificant) age-related alterations in TPH and MAO activities
were observed as tendencies in the brain of males.

The age-related changes in TPH activity seems to be a cause of the observed age-
related alterations in the 5-HT and 5-HIAA levels. Indeed, two later indices positively
correlate with the alterations in the TPH activity in the brain of males and females. At the
same time, the marked age-dependent changes in the MAO activity do not correlate with
the age-related alterations in the 5-HT and 5-HIAA levels.

A probable interpretation of these finding is the following: Firstly, TPH activity is the
key factor defining the 5-HT and 5-HIAA levels. The deficit of the TPH activity results
in a dramatic decrease in the 5-HT and 5-HIAA levels in the brain of mice [10–17]. An
irreversible inhibitor of TPH, p-chlorophenylalanine, dramatically decreases the 5-HT and
5-HIAA levels in the brain of zebrafish [46,47]. Secondly, an MAO inhibitor, pargyline,
dramatically increases the 5-HT level and decreases the 5-HIAA concentration in the brain
of zebrafish [46,47]. Therefore, the age-related decrease in TPH activity and increase in
MAO activity together accelerate the observed age-dependent decrease in the 5-HT levels
in killifish brain. At the same time, these opposite age-related dynamics of TPH and MAO
activities seems to prevent any age-related changes in the 5-HIAA level in the brain of
N. furzeri.

The observed dramatic increase in MAO in the brain of old killifish compared to young
animals is in good agreement with the age-related increase in the Mao gene expression [44].
The age-related elevation in the Mao gene expression seems to cause the observed age-
dependent increase in MAO activity in the brain of killifish. This result agrees well with the
elevation of the MAOA activity in the brain of rats [48] and humans [49–51] during aging.
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Age-dependent TPH2 alterations in the mammalian brain are obscure. Some authors did
not find any difference in the Tph2 mRNA level in the brain structures between young and
old rats [52], while other authors reported increase and decrease in the TPH2 activity in
midbrain and medulla, respectively, in old rats compared to middle-aged ones [53]. In the
present study, we also showed the progressive decrease in the TPH activity in the killifish
brain with aging. The molecular mechanism of the age-related decrease in the TPH activity
is unclear, since three genes, Tph1a, Tph1b and Tph2 encoding corresponding enzyme
molecules, are expressed in the brain of killifish [44] and the impacts of TPH1a, TPH1b
and TPH2 on total enzyme activity is still obscure. Moreover, the observed age-dependent
decrease in the TPH activity disagrees with absence of age-dependent dynamics in these
genes expression the brain of killifish females [44].

4. Materials and Methods
4.1. Animals

The experiments were carried out on 24 males and 24 females of N. furzeri of the
ZMZ1001 strain. The progenitors of these killifish were received from the European
Research Institute of Biology of Ageing (ERIBA, Groningen, Netherlands) [44,45]. The
breeding and hatching of these fish were carried out in the fish facility of Institute of
Cytology and Genetics SB RAS (Novosibirsk, Russia) (supported by the budget project No.
FWNR-2022-0023) according to the published protocol [54]. The larvae were fed ad libitum
three times per day with freshly hatched brine shrimps (Artemia salina) for the first three
weeks after hatching. At the age of 21 days post-hatch, young fish were reared in pairs (one
male and one female) in 8 L glass tanks (20 cm in length, 20 cm in depth, 20 cm in width,
water depth was 17 cm, the final volume was 6.8 L). Fresh water (pH~7.4, [Ca++]~50 mg/L,
[Mg++]~17 mg/L) in the tanks was constantly filtered and aerated with a filter, model 019
(Barbus, Xiaolan, China), and its temperature was 27 ◦C. Every tank was equipped with
a plastic plant 7 cm and a dish (10 cm in diameter, 3 cm in height) filled with sand for
spawning. Every day (at 17:00), the tanks were cleaned and 20% of water was substituted
by tap water filtered through the expert hard filter (Barrier, Noginsk, Russia). The 12 h
light/12 h dark (“light on” mode at 09:00) photoperiod was maintained. Killifish were fed
ad libitum two times per day with frozen blood worms (Chironomus plumosus). To avoid
competition for food, we added as many worms as fish could eat in an hour. The fish were
kept in these tanks until euthanasia.

There were three age groups of killifish: 62-day-old ones (8 males and 8 females),
120-day-old ones (8 males and 8 females) and 210-day-old ones (8 males and 8 females).
Fish in the last age group showed all morphological markers of aging, such as reduced
coloration in males, emaciation, spinal curvature, spine and face malformations. Moreover,
the death frequency in this group was high. The fish were euthanized by immersion into
0.1% tricaine methanesulfonate (Sigma-Aldrich, St. Louis, MO, USA) solution and then into
cold water (+2 ◦C); their bodies were immediately dried with dry napkins and their masses
were measured using an Ohaus PA-512 electronic balance (Ohaus Corporation, Parsippany,
NJ, USA) with an accuracy of 10 mg. Then, their whole brains were immediately removed,
frozen with liquid nitrogen and stored at −80 ◦C [44,45].

In the present study the 5-HT and 5-HIAA levels, as well as TPH and MAO activities
were assayed in each brain. The brain was homogenized in 150 µL of 50 mM Tris HCl,
pH 7.6 with 1 mM dithiothreitol (Sigma-Aldrich, St. Louis, MO, USA) using a motor-
driven grinder (Z359971, Sigma-Aldrich, St. Louis, MO, USA). An aliquot of 50 µL of the
homogenate was immediately mixed with 150 µL of 0.6 M HClO4 and spun for 15 min at
12,700 rpm (+4 ◦C). The clear supernatant was diluted twice with pure water and used to
assay 5-HT and 5-HIAA levels by HPLC, while the pellet was diluted in 1 mL of 0.1 M NaCl
and used for protein quantitation by Bradford (Bio Rad, Hercules, CA, USA) according
to the manufacturer’s protocol. The remaining 100 µL of the homogenate was spun for
15 min at 12,700 rpm (+4 ◦C). The clear supernatant was transferred into clear tube. The
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supernatant and pellet were kept at −80 ◦C and used to assay TPH and MAO activities,
respectively.

4.2. Assay of 5-HT and 5-HIAA Concentrations

The 5-HT and 5-HIAA contents were assayed in the diluted supernatant by HPLC on
Luna C18(2) column (5 µm particle size, L × I.D. 100 × 4.6 mm, Phenomenex, Torrance,
CA, USA) with electrochemical detection (750 mV, DECADE II™ Electrochemical Detector;
Antec, Hoorn, The Netherlands) as was described in a previous study [45]. The standard
mixes containing 0.5, 1 and 2 ng of 5-HT and 5-HIAA (Sigma-Aldrich, St. Louis, MO, USA)
were repeatedly assayed throughout the entire procedure and used to plot the calibration
curves for each substance. The areas of peaks were estimated using LabSolution LG/GC
software version 5.54 (Shimadzu Corporation, Kyoto, Japan) and calibrated against the
calibrated curves for corresponding standards [45]. The 5-HT and 5-HIAA content was
expressed in ng/mg protein assayed by Bradford.

4.3. Assay of TPH Activity

An aliquot of 15 µL of pure supernatant was incubated for 15 min at 27 ◦C in the
presence of L-tryptophan (Sigma-Aldrich, St. Louis, MO, USA) (0.4 mM), cofactor 6-methyl-
5,6,7,8-tetrahydropteridine (Sigma-Aldrich, St. Louis, MO, USA) (0.3 mM), decarboxylase
inhibitor m-hydroxybenzylhydrazine (Sigma-Aldrich, St. Louis, MO, USA), catalase (Sigma-
Aldrich, St. Louis, MO, USA) (5 µ) and 1 mM dithiothreitol in a final volume of 25 µL. The
reaction was stopped with 75 µL 0.6 M HClO4, centrifuged for 15 min at 12,700 rpm. The
clear supernatant was diluted by twofold with pure water and the 5-HTP concentration
was determined in the diluted supernatant using high performance liquid chromatogra-
phy (see Section 4.2) using standards of 25, 50 and 100 pmoles of 5-HTP (Sigma, USA).
Another aliquot of 10 µL of supernatant was mixed with 90 µL of 0.1 M NaOH for protein
quantitation by Bradford (Bio Rad, Hercules, CA, USA) according to the manufacturer’s
protocol. The TPH activity was expressed in the pmoles of 5-HTP formed per minute per
mg of protein measured according to Bradford.

4.4. Assay of MAO Activity

The MAO activity was assayed using 5-HT as a natural substrate and was defined as
the amount of the product, 5-hydroxyindoleacetic aldehyde, synthesized per minute per
mg of protein, according to [55] with modifications.

Briefly, the pellet obtained during TPH assay (see Section 4.3) was suspended in
100 µL of 50 mM Tris HCl, pH 7.6, using a motor-driven grinder (Z359971, Sigma-Aldrich,
St. Louis, MO, USA), and then it was spun for 15 min at 500 rpm (+4 ◦C). The MAO activity
was assayed in the turbid supernatant. An aliquot of 10 µL of the turbid supernatant
was incubated for 10 min at 27 ◦C with 0.1 mM of 5-HT in the final volume of 25 µL. The
reaction was terminated by 75 µL of 0.6 M HClO4, spun for 15 min at 12,700 rpm. The
clear supernatant was diluted by twofold with pure water and the 5-hydroxyindoleacetic
aldehyde concentration was determined in the diluted supernatant using high performance
liquid chromatography (see Section 4.2) using standards of 500, 1000 and 2000 pmoles of
5-hydroxyindoleacetic aldehyde (Cymit Quimica S.L., Barcelona, Spain). Another aliquot
of 10 µL of the turbid supernatant was mixed with 90 µL of 0.1 M NaOH for protein
quantitation by Bradford (Bio Rad, Hercules, CA, USA), according to the manufacturer’s
protocol. The MAO activity was expressed in pmoles of 5-hydroxyindoleacetic aldehyde
formed per minute per mg of protein measured according to Bradford.

4.5. Statistics

All data were tested using the Kolmogorov’s test and met the assumption of normality.
Data were presented as the mean ± SEM and analyzed by two-way ANOVA with “Age”
and “Sex”, including their interaction, as independent factors. Post hoc analyses were
carried out using Fisher’s LSD multiple comparison test when appropriate. The number
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of variables was reduced through principal component analysis with factor varimax nor-
malized rotation. Factor loadings were calculated as the correlation coefficients between
each original variable and this factor. The factor differences between the age groups were
analyzed by discriminant function analysis. Statistical significance was set at p < 0.05.
The significance of factor loadings and Pearson’s correlation coefficients was corrected
according to Bonferroni.

5. Conclusions

The present work is a logical development of our early study concerning the age-
dependent alterations in the 5-HT-related gene expression in the brain of N. furzeri [44].
Here, the age-related changes in the 5-HT and 5-HIAA levels, the 5-HIAA/5-HT turnover
rate and TPH and MAO activities in the brains of killifish (N. furzeri) were studied. The
following results were obtained:

1. No effect of sex on the 5-HT and 5-HIAA levels or the TPH and MAO activities in the
brain was shown.

2. The 5-HT level was decreased, while 5-HIAA/5-HT was increased in the brain of
males and females during aging.

3. No age-related dynamic in the 5-HIAA level in the brain of males and females was
observed.

4. The TPH activity was decreased, while the MAO activity was increased in the brain
of females during aging.

MAO inhibitors are promising therapeutic agents for treatment of certain age-related neu-
rodegenerative diseases, including Parkinson’s and Alzheimer’s diseases [56,57]. N. furzeri is a
promising model species accelerating the study of the MAO involvement in the mechanisms
and therapy of age-related psychopathologies.

Author Contributions: Conceptualization, A.V.K. and I.E.S.; Methodology, A.V.K., I.E.S. and V.S.E.;
Validation, A.V.K., I.E.S., V.S.E. and A.B.A.; Investigation, I.E.S., V.S.E. and A.B.A.; Resources, I.E.S.,
Writing—Original Draft Preparation, A.V.K.; Writing—Review and Editing, V.S.E., I.E.S. and A.B.A.;
Project Administration, A.V.K.; Funding Acquisition, A.V.K. All authors have read and agreed to the
published version of the manuscript.

Funding: The study was supported by the Russian Science Foundation, grant No. 21-15-00035.

Institutional Review Board Statement: The study was conducted in the Department of Genetic
Collections of Neural Disorders at the Federal Research Centre Institute of Cytology and Genetics,
the Siberian Branch of the Russian Academy of Sciences, in accordance with the recommendations of
the Directive 2010/63/EU of the European Parliament and the Council of 22 September 2010 on the
protection of animals used for scientific purposes and was approved by the Committee on the Ethics
of Animal Experiments of the Russian National Center of Genetic Resources of Laboratory Animals
(protocol No. 34 of 15 June 2016). All efforts were made to minimize the number of killifish and their
suffering.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors are grateful to Eugene Berezikov, the group leader of the Laboratory
of Stem Cell Regulation and Mechanisms of Regeneration of the European Research Institute of
Biology of Ageing (ERIBA, Groningen, The Netherlands) for kindly providing the eggs of N. furzeri.
The authors are grateful to Helen Zhorova for her assistance in the rearing of N. furzeri.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Lesch, K.P.; Waider, J. Serotonin in the modulation of neural plasticity and networks: Implications for neurodevelop-mental

disorders. Neuron 2012, 76, 175–191. [CrossRef]
2. Lucki, I. The spectrum of behavior influenced by serotonin. Biol. Psychiatry 1998, 44, 151–162. [CrossRef] [PubMed]

http://doi.org/10.1016/j.neuron.2012.09.013
http://doi.org/10.1016/S0006-3223(98)00139-5
http://www.ncbi.nlm.nih.gov/pubmed/9693387


Int. J. Mol. Sci. 2023, 24, 3185 10 of 11

3. Maes, M.; Meltzer, H.Y. The serotonin hypothesis of major depression. In Psychopharmacology; The fourth generation of progress;
Bloom, E.E., Kupfer, N.N., Eds.; Raven Press: New York, NY, USA, 1995; pp. 933–944.

4. Van Praag, H.M. Can stress cause depression? Prog. Neuropsychopharmacol. Biol. Psychiatry 2004, 28, 891–907. [CrossRef]
5. Willner, P.; Scheel-Krüger, J.; Belzung, C. The neurobiology of depression and antidepressant action. Neurosci. Biobehav. Rev. 2013,

37 Pt 1, 2331–2371. [CrossRef]
6. Hamon, M.; Blier, P. Monoamine neurocircuitry in depression and strategies for new treatments. Prog. Neuropsycho-Pharmacol.

Biol. Psychiatry 2013, 45, 54–63. [CrossRef] [PubMed]
7. Miller, B.R.; Hen, R. The current state of the neurogenic theory of depression and anxiety. Curr. Opin. Neurobiol. 2015, 30, 51–58.

[CrossRef]
8. Walther, D.J.; Peter, J.U.; Bashammakh, S.; Hörtnagl, H.; Voits, M.; Fink, H.; Bader, M. Synthesis of serotonin by a second

tryptophan hydroxylase isoform. Science 2003, 299, 76. [CrossRef]
9. Walther, D.J.; Bader, M. A unique central tryptophan hydroxylase isoform. Biochem. Pharmacol. 2003, 66, 1673–1680. [CrossRef]

[PubMed]
10. Gutknecht, L.; Waider, J.; Kraft., S.; Kriegebaum, C.; Holtmann, B.; Reif, A.; Schmitt, A.; Lesch, K.P. Deficiency of brain 5-HT

synthesis but serotonergic neuron formation in Tph2 knockout mice. J. Neural. Transm. 2008, 115, 1127–1132. [CrossRef]
11. Savelieva, K.V.; Zhao, S.; Pogorelov, V.M.; Rajan, I.; Yang, Q.; Cullinan, E.; Lanthorn, T.H. Genetic disruption of both tryptophan

hydroxylase genes dramatically reduces serotonin and affects behavior in models sensitive to antidepressants. PLoS ONE 2008,
3, e3301. [CrossRef]

12. Beaulieu, J.M.; Zhang, X.; Rodriguiz, R.M.; Sotnikova, T.D.; Cools, M.J.; Wetsel, W.C.; Gainetdinov, R.R.; Caron, M.G. Role of GSK3
beta in behavioral abnormalities induced by serotonin deficiency. Proc. Natl. Acad. Sci. USA 2008, 105, 1333–1338. [CrossRef]

13. Mosienko, V.; Beis, D.; Pasqualetti, M.; Waider, J.; Matthes, S.; Qadri, F.; Bader, M.; Alenina, N. Life without brain serotonin:
Reevaluation of serotonin function with mice deficient in brain serotonin synthesis. Behav. Brain. Res. 2015, 277, 78–88. [CrossRef]

14. Kulikova, E.A.; Kulikov, A.V. Tryptophan hydroxylase 2 as a therapeutic target for psychiatric disorders: Focus on animal models.
Expert Opin. Ther. Targets 2019, 23, 655–667. [CrossRef]

15. Cervo, L.; Canetta, A.; Calcagno, E.; Burbassi, S.; Sacchetti, G.; Caccia, S.; Fracasso, C.; Albani, D.; Forloni, G.; Invernizzi, R.W.
Genotype-dependent activity of tryptophan hydroxylase-2 determines the response to citalopram in a mouse model of depression.
J. Neurosci. 2005, 25, 8165–8172. [CrossRef] [PubMed]

16. Kulikov, A.V.; Osipova, D.V.; Naumenko, V.S.; Terenina, E.; Mormède, P.; Popova, N.K. A pharmacological evidence of positive
association between mouse intermale aggression and brain serotonin metabolism. Behav. Brain Res. 2012, 233, 113–119. [CrossRef]
[PubMed]

17. Hagsäter, S.M.; Pettersson, R.; Holmäng, A.; Eriksson, E. Serotonin depletion reduces both acquisition and expression of
context-conditioned fear. Acta Neuropsychiatr. 2021, 33, 148–155. [CrossRef] [PubMed]

18. Barnes, N.M.; Sharp, T. A review of central 5-HT receptors and their function. Neuropharmacology 1999, 38, 1083–1152. [CrossRef]
19. Pytliak, M.; Vargová, V.; Mechírová, V.; Felšöci, M. Serotonin receptors—From molecular biology to clinical applications. Physiol.

Res. 2011, 60, 15–25. [CrossRef]
20. Barnes, N.M.; Ahern, G.P.; Becamel, C.; Bockaert, J.; Camilleri, M.; Chaumont-Dubel, S.; Claeysen, S.; Cunningham, K.A.;

Fone, K.C.; Gershon, M.; et al. International Union of Basic and Clinical Pharmacology. CX. Classification of Receptors for
5-hydroxytryptamine; Pharmacology and Function. Pharmacol. Rev. 2021, 73, 310–520. [CrossRef] [PubMed]

21. Grouleff, J.; Ladefoged, L.K.; Koldsø, H.; Schiøtt, B. Monoamine transporters: Insights from molecular dynamics simulations.
Front. Pharmacol. 2015, 6, 235. [CrossRef] [PubMed]

22. Shih, J.C.; Thompson, R.F. Monoamine oxidase in neuropsychiatry and behavior. Am. J. Hum. Genet. 1999, 65, 593–598. [CrossRef]
23. Shih, J.C.; Chen, K.; Ridd, M.J. Monoamine oxidase: From genes to behavior. Annu. Rev. Neurosci. 1999, 22, 197–217. [CrossRef]

[PubMed]
24. Shih, J.C.; Wu, J.B.; Chen, K. Transcriptional regulation and multiple functions of MAO genes. J. Neural. Transm. 2011, 118, 979–986.

[CrossRef] [PubMed]
25. Felice, D.; O’Leary, O.F.; Cryan, J.F.; Dinan, T.G.; Gardier, A.M.; Sánchez, C.; David, D.J. When ageing meets the blues: Are current

antidepressants effective in depressed aged patients? Neurosci. Biobehav. Rev. 2015, 55, 478–497. [CrossRef]
26. Buhot, M.C.; Martin, S.; Segu, L. Role of serotonin in memory impairment. Ann. Med. 2000, 32, 210–221. [CrossRef]
27. Fidalgo, S.; Ivanov, D.K.; Wood, S.H. Serotonin: From top to bottom. Biogerontology 2013, 14, 21–45. [CrossRef] [PubMed]
28. Kuo, C.Y.; Lin, C.H.; Lane, H.Y. Molecular Basis of Late-Life Depression. Int. J. Mol. Sci. 2021, 22, 7421. [CrossRef]
29. Cellerino, A.; Valenzano, D.R.; Reichard, M. From the bush to the bench: The annual Nothobranchius fishes as a new model

system in biology. Biol. Rev. Camb. Philos. Soc. 2016, 91, 511–533. [CrossRef]
30. Terzibasi, E.; Valenzano, D.R.; Cellerino, A. The short-lived fish Nothobranchius furzeri as a new model system for aging studies.

Exp. Gerontol. 2007, 42, 81–89. [CrossRef]
31. Platzer, M.; Englert, C. Nothobranchius furzeri: A model for aging research and more. Trends Genet. 2016, 32, 543–552. [CrossRef]
32. Genade, T.; Benedetti, M.; Terzibasi, E.; Roncaglia, P.; Valenzano, D.R.; Cattaneo, A.; Cellerino, A. Annual fishes of the genus

Nothobranchius as a model system for aging research. Aging. Cell 2005, 4, 223–233. [CrossRef]
33. Valenzano, D.R.; Terzibasi, E.; Genade, T.; Cattaneo, A.; Domenici, L.; Cellerino, A. Resveratrol prolongs lifespan and retards the

onset of age-related markers in a short-lived vertebrate. Curr. Biol. 2006, 16, 296–300. [CrossRef] [PubMed]

http://doi.org/10.1016/j.pnpbp.2004.05.031
http://doi.org/10.1016/j.neubiorev.2012.12.007
http://doi.org/10.1016/j.pnpbp.2013.04.009
http://www.ncbi.nlm.nih.gov/pubmed/23602950
http://doi.org/10.1016/j.conb.2014.08.012
http://doi.org/10.1126/science.1078197
http://doi.org/10.1016/S0006-2952(03)00556-2
http://www.ncbi.nlm.nih.gov/pubmed/14563478
http://doi.org/10.1007/s00702-008-0096-6
http://doi.org/10.1371/journal.pone.0003301
http://doi.org/10.1073/pnas.0711496105
http://doi.org/10.1016/j.bbr.2014.06.005
http://doi.org/10.1080/14728222.2019.1634691
http://doi.org/10.1523/JNEUROSCI.1816-05.2005
http://www.ncbi.nlm.nih.gov/pubmed/16148224
http://doi.org/10.1016/j.bbr.2012.04.031
http://www.ncbi.nlm.nih.gov/pubmed/22561036
http://doi.org/10.1017/neu.2021.3
http://www.ncbi.nlm.nih.gov/pubmed/33593455
http://doi.org/10.1016/S0028-3908(99)00010-6
http://doi.org/10.33549/physiolres.931903
http://doi.org/10.1124/pr.118.015552
http://www.ncbi.nlm.nih.gov/pubmed/33370241
http://doi.org/10.3389/fphar.2015.00235
http://www.ncbi.nlm.nih.gov/pubmed/26528185
http://doi.org/10.1086/302562
http://doi.org/10.1146/annurev.neuro.22.1.197
http://www.ncbi.nlm.nih.gov/pubmed/10202537
http://doi.org/10.1007/s00702-010-0562-9
http://www.ncbi.nlm.nih.gov/pubmed/21359973
http://doi.org/10.1016/j.neubiorev.2015.06.005
http://doi.org/10.3109/07853890008998828
http://doi.org/10.1007/s10522-012-9406-3
http://www.ncbi.nlm.nih.gov/pubmed/23100172
http://doi.org/10.3390/ijms22147421
http://doi.org/10.1111/brv.12183
http://doi.org/10.1016/j.exger.2006.06.039
http://doi.org/10.1016/j.tig.2016.06.006
http://doi.org/10.1111/j.1474-9726.2005.00165.x
http://doi.org/10.1016/j.cub.2005.12.038
http://www.ncbi.nlm.nih.gov/pubmed/16461283


Int. J. Mol. Sci. 2023, 24, 3185 11 of 11

34. Terzibasi, E.; Valenzano, D.R.; Benedetti, M.; Roncaglia, P.; Cattaneo, A.; Domenici, L.; Cellerino, A. Large differences in aging
phenotype between strains of the shortlived annual fish Nothobranchius furzeri. PLoS ONE 2008, 3, e3866. [CrossRef] [PubMed]

35. Terzibasi Tozzini, E.; Cellerino, A. Nothobranchius annual killifishes. Evodevo 2020, 11, 25. [CrossRef]
36. Dohi, E.; Matsui, H. The Utility of Small Fishes for the Genetic Study of Human Age-Related Disorders. Front. Genet. 2022,

13, 928597. [CrossRef] [PubMed]
37. Kodera, K.; Matsui, H. Zebrafish, Medaka and Turquoise Killifish for Understanding Human Neurodegenerative/Neurodevelop-

mental Disorders. Int. J. Mol. Sci. 2022, 23, 1399. [CrossRef] [PubMed]
38. Oginuma, M.; Nishida, M.; Ohmura-Adachi, T.; Abe, K.; Ogamino, S.; Mogi, C.; Matsui, H.; Ishitani, T. Rapid reverse genetics

systems for Nothobranchius furzeri, a suitable model organism to study vertebrate aging. Sci. Rep. 2022, 12, 11628. [CrossRef]
[PubMed]

39. Poeschla, M.; Valenzano, D.R. The turquoise killifish: A genetically tractable model for the study of aging. J. Exp. Biol. 2020,
223 (Suppl. 1). [CrossRef]

40. Thoré, E.S.J.; Philippe, C.; Brendonck, L.; Pinceel, T. Antidepressant exposure reduces body size, increases fecundity and alters
social behavior in the short-lived killifish Nothobranchius furzeri. Environ Pollut. 2020, 265 Pt A, 115068. [CrossRef]

41. Thoré, E.S.J.; Steenaerts, L.; Philippe, C.; Grégoir, A.F.; Brendonck, L.; Pinceel, T. Improving the reliability and ecological validity
of pharmaceutical risk assessment: Turquoise killifish (Nothobranchius furzeri) as a model in behavioral eco-toxicology. Environ.
Toxicol. Chem. 2019, 38, 262–270. [CrossRef]

42. Panula, P.; Chen, Y.C.; Priyadarshini, M.; Kudo, H.; Semenova, S.; Sundvik, M.; Sallinen, V. The comparative neuroanatomy
and neurochemistry of zebrafish CNS systems of relevance to human neuropsychiatric diseases. Neurobiol. Dis. 2010, 40, 46–57.
[CrossRef] [PubMed]

43. Gaspar, P.; Lillesaar, C. Probing the diversity of serotonin neurons. Philos. Trans. R. Soc. Lond. B Biol. Sci. 2012, 367, 2382–2394.
[CrossRef] [PubMed]

44. Evsiukova, V.S.; Kulikova, E.A.; Kulikov, A.V. Age-Related Alterations in the Behavior and Serotonin-Related Gene mRNA
Levels in the Brain of Males and Females of Short-Lived Turquoise Killifish (Nothobranchius furzeri). Biomolecules 2021, 11, 1421.
[CrossRef]

45. Evsiukova, V.; Antonov, E.; Kulikov, A.V. Effects of Sex and Group Size on Behavior and Brain Biogenic Amines in Short-Lived
Turquoise Killifish (Nothobranchius furzeri). Zebrafish 2021, 18, 265–273. [CrossRef]

46. Kulikova, E.A.; Fursenko, D.V.; Bazhenova, E.Y.; Kulikov, A.V. Decrease in the Activity of Striatal-enriched Pro-tein-tyrosine-
Phosphatase (STEP) in the Brain of Danio rerio Treated with p-Chlorophenylalanine and Pargyline. Mol. Biol. 2021, 55, 573–578.
[CrossRef]

47. Evsiukova, V.S.; Bazovkina, D.; Bazhenova, E.; Kulikova, E.A.; Kulikov, A.V. Tryptophan Hydroxylase 2 Deficiency Modifies the
Effects of Fluoxetine and Pargyline on the Behavior, 5-HT and BDNF-Systems in the Brain of Zebrafish (Danio rerio). Int. J. Mol.
Sci. 2021, 22, 12851. [CrossRef]

48. Banerjee, S.; Poddar, M.K. Carnosine: Effect on aging-induced increase in brain regional monoamine oxidase-A activity. Neurosci.
Res. 2015, 92, 62–70. [CrossRef]

49. Saura, J.; Andrés, N.; Andrade, C.; Ojuel, J.; Eriksson, K.; Mahy, N. Biphasic and region-specific MAO-B response to aging in
normal human brain. Neurobiol. Aging. 1997, 18, 497–507. [CrossRef]

50. Kumar, M.J.; Andersen, J.K. Perspectives on MAO-B in aging and neurological disease: Where do we go from here? Mol. Neurobiol.
2004, 30, 77–89. [CrossRef]

51. Nicotra, A.; Pierucci, F.; Parvez, H.; Senatori, O. Monoamine oxidase expression during development and aging. Neuro-toxicology
2004, 25, 155–165. [CrossRef]

52. Mitchell, E.S.; McDevitt, R.A.; Neumaier, J.F. Adaptations in 5-HT receptor expression and function: Implications for treatment of
cognitive impairment in aging. J. Neurosci. Res. 2009, 87, 2803–2811. [CrossRef] [PubMed]

53. Hussain, A.M.; Mitra, A.K. Effect of aging on tryptophan hydroxylase in rat brain: Implications on serotonin level. Drug. Metab.
Dispos. 2000, 28, 1038–1042. [PubMed]
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