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A B S T R A C T   

Progression of cognitive decline with or without neurodegeneration varies among elderly subjects. The main aim 
of the current study was to illuminate the molecular mechanisms that promote and retain successful aging in the 
context of factors such as environment and gender, both of which alter the resilience of the aging brain. Envi-
ronmental enrichment (EE) is one intervention that may lead to the maintenance of cognitive processing at older 
ages in both humans and animal subjects. EE is easily applied to different model organisms, including zebrafish, 
which show similar age-related molecular and behavioral changes as humans. Global changes in cellular and 
synaptic markers with respect to age, gender and 4-weeks of EE applied with sensory stimulation were inves-
tigated using the zebrafish model organism. Results indicated that EE increases brain weight in an age-dependent 
manner without affecting general body parameters like body mass index (BMI). Age-related declines in the 
presynaptic protein synaptophysin, AMPA-type glutamate receptor subunits and a post-mitotic neuronal marker 
were observed and short-term EE prevents these changes in aged animals, as well as elevates levels of the 
inhibitory scaffolding protein, gephyrin. Gender-driven alterations were observed in the levels of the glutamate 
receptor subunits. Oxidative stress markers were significantly increased in the old animals, while exposure to EE 
did not alter this pattern. These data suggest that EE with sensory stimulation exerts its effects mainly on age- 
related changes in synaptic dynamics, which likely increase brain resilience through specific cellular 
mechanisms.   

1. Introduction 

Cognitive decline can be observed to varying degrees in individuals 
as they age even in the absence of neurodegenerative diseases. Previous 
studies suggest that age-related declines in cognitive processing are 
associated with subtle biological alterations regulating synaptic dy-
namics and plasticity in the brain and these likely underlie synaptic 

dysfunction in the aging brain (Adams et al., 2001; Mattson et al., 2001; 
VanGuilder et al., 2010). Additionally, there is a large heterogeneity in 
aged populations exhibiting susceptibilities to cognitive decline and 
associated alterations in biological markers of cellular aging (Gamberger 
et al., 2017). One element that influences brain aging is the environment 
in which the individual experiences. Evidence suggests that environ-
mental manipulations can influence behavioral performance in 
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conjunction with biochemical and structural changes in the brain, which 
determine the course of cognitive aging (Marcon et al., 2018; Mora et al., 
2007). Another component that likely contributes to heterogeneity of 
the aging population is gender and sexually dimorphic patterns can be 
observed at many levels ranging from molecular changes in the brain to 
behavior (Grimm and Eckert, 2017; Gur and Gur, 2002; McCarrey et al., 
2016). Therefore, it is crucial to determine the molecular mechanisms in 
the aged brain that will promote and retain successful cognitive abilities 
with respect to environment and gender, both of which can alter brain 
resilience throughout the aging process and likely underlie some of the 
heterogeneous profile of cognition in the elderly. 

Environmental enrichment (EE) is considered an intervention that is 
non-invasive and easily translatable to elderly human subjects from 
studies utilizing animal aging models. EE, which is a method of exposure 
to a perceptually, socially, physically and cognitively-stimulating envi-
ronment, has been shown to promote the maintenance of cognitive 
processing at older ages in both human and animal subjects (McDonald 
et al., 2018; van Praag et al., 2000). While the methods used for EE in 
animals and humans may be species-specific, there is considerable 
conservation among the plasticity-related processes and very likely the 
biological changes as well (Clemenson et al., 2015; McDonald et al., 
2018). However, due to the constraints of studying biological changes at 
the cellular and synaptic level in the human brain, animal models are 
required in order to identify the neurobiological consequences of 
possible ameliorative effects of EE. 

EE has been suggested as a promising intervention for attenuating 
age-related decrements and retain successful aging. There are important 
aspects of this intervention that need to be taken into consideration 
when deciding how to apply it, and one of these factors is the age at 
initiation. Studies have shown that the behavioral benefits and 
amelioration in the brain depend on the age of the animal. Firstly, EE has 
the possibility of being effective in old animals. For example, EE im-
proves spatial memory acquisition and recall, as measured by perfor-
mance on the radial arm maze and Morris water maze tasks (Frick and 
Fernandez, 2003; Bennett et al., 2006). These improvements in old 
enriched animals were accompanied by structural modifications in the 
brain, as well as the neurobiological changes (Frick and Fernandez, 
2003; Mora et al., 2007; Pham et al., 2002). Additionally, differential 
effects of EE can be observed in young subjects as compared to old age 
groups. To illustrate, it was shown that radial maze performance of both 
young and mature rats were improved with the application of EE but 
neurochemical changes were prominently observed only in young 
groups (Mora-Gallegos et al., 2015). Moreover, similar age-dependent 
alterations were observed in zebrafish with results showing that 
neuroplasticity-related gene expression patterns were modulated by EE 
at younger ages more prominently compared to old animals (Manuel 
et al., 2015). Therefore, systematic investigation of the different age 
groups within the same EE paradigm will provide insights about possible 
age-dependent regulation of EE and the optimal time interval to observe 
the positive effects of this intervention. 

Only a few studies of EE have included both male and female subjects 
within the same experimental design. This is important because those 
studies utilizing either male or female individuals have reported dif-
ferential results regarding EE-dependent changes in the brain (Bennett 
et al., 2006; Frick and Fernandez, 2003), so it is unclear if both genders 
respond equivalently to EE. It is also evident that there are gender dif-
ferences with respect to how individuals age (Grimm and Eckert, 2017; 
Gur and Gur, 2002; Karoglu et al., 2017; McCarrey et al., 2016) and this 
could be an important contributor to the heterogeneity with aging. Thus 
a critical aim of the current study was to include both males and females, 
which will provide crucial insights into the possible gender-dependent 
regulation of EE in the context of aging. 

The zebrafish model organism was used as the gerontological model 
in the current study. This was done because it shows gradual age-related 
cognitive decline in spatial learning and memory, flexibility, general-
ization of the learned responses, and entrainment to spatial and 

temporal cues (Yu et al., 2006). Additionally, biomarkers of aging that 
include increased senescence-associated beta galactosidase activity, 
increased reactive oxygen species (ROS) activity, decreased neuro-
genesis, and altered synaptic proteome and transcriptome levels are 
similar across humans and zebrafish (Arslan-Ergul et al., 2016; Karoglu 
et al., 2017; Kishi et al., 2003). Moreover, gender-related patterns in 
brain aging have been described in zebrafish, in a manner similar to 
other aging mammals (Arslan-Ergul and Adams, 2014; Karoglu et al., 
2017). Finally, studies have successfully applied enrichment methods to 
young adult zebrafish groups and indicated its ameliorating effects on 
both behavioral and biochemical measures (Marcon et al., 2018; Volgin 
et al., 2018; von Krogh et al., 2010), but EE paradigms in old zebrafish 
are still relatively limited in showing its possible effects on attenuating 
age-related alterations (Manuel et al., 2015). Therefore, systematic 
investigation of the interactions among age, gender and EE are still 
needed in order to understand the contribution of these factors in 
explaining the heterogeneity and nature of the susceptibility to age- 
related cognitive decline in humans, as well as establishing the zebra-
fish model for studying age-dependent effects of EE. 

In the current study EE as a possible positive regulator in changing 
the course of the aging process with respect to global brain levels of 
neuronal, glial, proliferative, presynaptic and excitatory/inhibitory 
synaptic markers, as well as oxidative stress-related markers were 
investigated. A short-term EE that was sensory in nature and achieved 
through the addition of plants, swimming tubes, bottom gravel, and sea 
pictures was carried out in young adult and old male and female 
zebrafish for a duration of four weeks. Our results demonstrated that EE 
did not alter body mass index (BMI) values but a significant increase was 
seen in the brain weight of the old enriched animals as compared to old 
fish in the barren environmental condition. The results indicated EE 
prevented an age-related decrease in the levels of post-mitotic neuronal 
marker DCAMKL1 while other cellular protein markers were relatively 
stable. In terms of synaptic proteins, age-related declines were observed 
in the levels of the presynaptic marker, SYP, and excitatory synaptic 
marker NR2B in the old animals from the barren environment and this 
decrease was reversed by EE. Also, EE resulted in a significant increase 
in GEP, which is an inhibitory synaptic marker, in the old age groups. 
Moreover, in terms of oxidative stress markers including ROS activity 
and lipid peroxidation, aging-related significant increases were revealed 
that were independent of the environmental conditions. To the best of 
our knowledge, the current study is one of the first to investigate the 
effects of an EE application that is mostly sensory in nature on body 
parameters, synaptic and cellular markers, as well as oxidative stress- 
related indicators in the brains of both male and female zebrafish 
within the context of aging. 

2. Methods 

2.1. Animals 

A total of 93 wild-type zebrafish (AB strain) were used in the current 
study including both young (6 month-old), and old (27 month-old) male 
and female animals. These ages were chosen due to the fact that age- 
related cognitive decline starts at 24 months of age in zebrafish (Yu 
et al., 2006), and this would permit the determination of whether or not 
environmental enrichment (EE) might ameliorate the cellular effects of 
aging-related deteriorations related to cognitive alterations. Addition-
ally, zebrafish are considered as adult-like after passing 3–6 months of 
age (Kimmel et al., 1995), therefore, using 6 month-old animals as the 
young group ensures that the observed effects were not confounded by 
any latent brain maturation processes. All zebrafish prior to the 
enrichment intervention were maintained in a controlled and recircu-
lating housing system, ZebTec (Techniplast, Italy), in the Bilkent Uni-
versity Molecular Biology and Genetics Fish Facility. This system 
enables the maintenance of a constant temperature of 27.5 ◦C and pH of 
7.5, as well as stable water quality parameters for the well-being of the 
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fish. All fish were subjected to a light:dark cycle of 14L:10D. In the 
standard system conditions, zebrafish were fed twice with dry flakes and 
once with Artemia per day. 

2.2. Experimental tanks 

Individual glass aquaria with the dimensions of 50 × 15 × 30 cm 
were used and enrichment was achieved via introduction of bottom 
gravel, swimming tubes and artificial plants. The biggest challenge for 
performing EE in zebrafish is maintaining similar water quality pa-
rameters in both the enriched and barren-control environments. In the 
literature, generally enrichment paradigms were conducted using 
separate tanks from the control groups (Manuel et al., 2015; Marcon 
et al., 2018). However this procedure has limitations because artificial 
plants and bottom-gravel can release some materials into the water, as 
well as increase the overall surface area which can lead to an accumu-
lation of biological waste. Thus, any differences due to the EE paradigm 
might be associated with a confounding factor of the variance in the 
water quality parameters across the enriched and control tanks. Our 
experimental tanks illustrated in Fig. 1 were designed by us taking into 
consideration these issues. 

The length of the aquarium (50 × 15 × 30 cm) was divided into two 
equal compartments with dimensions of 23 × 15 × 30 cm. Between the 
compartments, two plexiglas, opaque black separators (15 × 30 cm with 
a 3 mm thickness) were placed into glass notches, which were attached 
to the walls of aquarium (Fig. 1A). In order to permit water flow between 
the compartments, holes with a radius of approximately 1.5 mm were 
drilled into the plexiglas plates. Since the holes in the separator might 

lead to visual contact and sensory stimulation between the compart-
ments, two separators with holes in non-overlapping locations were 
used. There was a small compartment, which was 3 cm in length, be-
tween the separators that was used to empty and fill water in the tank, 
which permitted us to not disturb the fish. Both compartments in one 
tank were equipped with an air pump and a heater (Fig. 1B). To elimi-
nate visual interference from irrelevant stimuli, the three walls of tanks 
were covered, and for the EE compartment, the paper had pictures of the 
sea and plants with the barren environment having dark blue paper 
(Fig. 1C). The color of the paper surrounding the tank was important due 
to the fact that the fish were raised in system tanks that were blue in 
nature and they were habituated to this basic type of environment. 
Moreover, previous studies indicated that this background color did not 
elicit any significant stress response in zebrafish as compared to bright 
background colors (Pavlidis et al., 2013). 

2.3. Experimental procedure 

When the experimental zebrafish had reached the required age of 
maturity, they were randomly assigned to one type of environmental 
condition, either enriched or barren. Although shorter durations of EE, 
such as one week, can have effects on zebrafish brains (von Krogh et al., 
2010), other studies have indicated that longer periods of an enrich-
ment, such as four weeks, will alter molecular signatures that include 
reactive oxygen species (ROS) activity and gene expression patterns, as 
well as reduce the vulnerability against extrinsic factors like stress 
(Manuel et al., 2015; Marcon et al., 2018). Thus, a duration of four 
weeks was chosen for the current study. Initially the different zebrafish 

Fig. 1. Representative photographs of the tank system used for environmental enrichment. (A) Two plexiglas separators with holes in non-overlapping locations. (B) 
The separate compartments equipped with an air pump and a heater. (C) The experimental tanks with both the enriched and barren environmental conditions. The 
enriched side contains bottom gravel, an artificial plant and tubes, which were used as sensory enrichment materials, and the barren side contains no accessories. 
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groups were habituated to the tank for one week, and following that 
period exposed to the experimental protocol for 4 weeks. Since our setup 
was not a recirculating system, one-third of water was emptied and fresh 
system water was added in intervals of every 2 days. Additionally, the 
air pumps were cleaned thoroughly throughout the entire duration of 
the experiment. Prior to each tank cleaning, water samples from tanks 
were collected, and these samples were subjected to pH and nitrate tests 
for monitoring the water quality. The temperatures of tanks were 
recorded daily, and the fish were fed with dry flakes two times a day and 
Artemia once a day. The feeding regimen was the same standard protocol 
as that given to the animals in the main recirculating system in the 
zebrafish facility (Bilkent University, Ankara, Turkey). 

After the experiments were terminated, zebrafish were anesthetized 
by submersion in ice-cold system water for 10 min, and when full 
movement ceased they were decapitated with a scalpel blade. The 
weight and length of the animals were recorded. The head was opened 
from the ventral surface. Following detachment of the gills, the eyes 
were dissected from the optic nerves, then the skull was opened carefully 
and the brain was removed and weighed. The trunk was examined to 
determine the gender of each animal. Fish that contained testes were 
designated as males and those with ovaries were identified as female. All 
tissues, including the brain, gills, eyes and trunk were snap frozen in 
liquid nitrogen, and then stored at − 80 ◦C for further experimental 
analysis. The experimental protocol for this study was approved by the 
Bilkent University Local Animal Ethics Committee (HADYEK) with the 
approval date: Sep 12, 2018 and no: 2018/28. 

2.4. Protein isolation 

Brains were homogenized in 250 μl of lysis buffer (150-mM NaCl, 
1.0% NP-40, 0.1% SDS, 50-mM Tris-HCl pH 8.0) containing protease 
inhibitor (Roche, Mannheim, Germany: 05892970001) by passing the 
tissue through a syringe (1 ml, 26 gauge). Lysates were incubated on ice 
for 30 min and centrifuged (Himac CT15E, VWR Hitachi, Darmstadt, 
Germany) at 13,000 rpm for 20 min at +4 ◦C. Supernatants were 
collected and aliquoted. Total protein amounts of the supernatants were 
determined using a Bradford reagent (Sigma, St. Louis, MO, USA: 
B6916) and bovine serum albumin (BSA) as the standard. 

2.5. Western blot 

The protocol for the Western blotting experiments was followed as 
described previously (Celebi-Birand et al., 2020; Karoglu et al., 2017; 
Tuz-Sasik et al., 2020). For protein detection, 15–30 μg of total protein 
from each protein sample was loaded into 10% SDS-PAGE gels in cohorts 
that included one representative animal tissue sample from each 
experimental group, and the places of cohorts in the gel were changed 
for the technical replicates to avoid any introduction of systematic gel- 
to-gel variability. The protein samples of the cohorts from each group 
were separated under reducing and denaturing conditions and trans-
ferred for 90 min at 100 V to PVDF membrane. Following the transfer, 
the membranes were blocked using a blocking buffer that contained 5% 
non-fat dried milk powder in Tris-buffered saline with Tween 20 (137 
mM NaCl, 20 mM Tris-HCl, 0.3% Tween 20, pH 7.6) (TBS-T) at room 
temperature for 1 h. Following this blocking procedure, the membranes 
were then incubated with the primary antibodies of interest at +4 ◦C 
overnight with gentle agitation. Primary antibody incubation was fol-
lowed by multiple washing steps with TBS-T for 30 min, and then sec-
ondary antibodies were incubated for 1 h at room temperature, which 
was followed by washing with TBS-T. Primary and secondary antibodies 
utilized in the current study are listed in Table 1. All of the listed anti-
bodies, except those directed against NR2B and GluR2/3, have been 
optimized by our group previously for use with zebrafish brain samples 
(Celebi-Birand et al., 2020; Karoglu et al., 2017). For the antibodies 
directed against NR2B and GluR2/3 were tested with zebrafish brain 
lysates and positive control protein samples to determine if they were 

producing the expected molecular weight band. The visualized bands for 
these two antibodies were observed at the expected molecular weights 
in both zebrafish brain lysates and positive controls (Supplementary 
Fig. 1). 

Protein bands were detected and visualized with Femto Supersignal 
(Thermoscientific, Rockford, IL, USA: 34095) and a ChemiDoc MP 
System (BioRad, Hercules, CA, USA). Quantitative analyses of band in-
tensities were conducted using ImageJ software (NIH, Bethesda, MD, 
USA) by author MUT-S, who was blind to the age, gender and envi-
ronmental condition of each of the groups of cohorts. Band intensities 
were normalized as described previously (Karoglu et al., 2017; Tuz-Sasik 
et al., 2020). First, band intensities were normalized to their averaged 
cohort intensity within the same membrane and then these intensities to 
their corresponding β-tubulin intensity, which was used as a house-
keeping control. 

2.6. Brain acetylcholinesterase (AChE) activity measurements 

For measurement of AChE activity, the brains were homogenized in 
150 μl of ice-cold phosphate buffered saline (PBS; Biowest, Nuaille, 
France: L0615) by passing the brain tissue through a 1 ml, 26 gauge 
syringe, and then centrifuged (Himac CT15E, VWR Hitachi, Darmstadt, 
Germany) at 10,000 ×g for 10 min at +4 ◦C. Supernatants were 
collected and total protein amounts were determined by using a Brad-
ford reagent (Sigma, St. Louis, MO, USA: B6916) and bovine serum al-
bumin (BSA) as the standard. Samples were subjected to an AChE Assay 
(Abcam, Cambridge, UK: ab138871) using the manufacturer’s in-
structions. The range of the standard concentrations was between 1000 
mU/ml – 1 mU/ml. From the brain samples, 40 μg of total protein was 
used for each reaction and each test sample and standards were loaded 
in duplicates. The absorbance of the samples and the standards were 
measured with a Spectramax M5 microplate reader (Molecular Devices, 
Sunnyvale, CA, USA). The optical densities (ODs) were measured at 410 
nm and means of the plate blanks were subtracted from each value. 
Linear fitting was used between the ODs of the standards and their 
known concentrations to calculate the concentrations of the test 
samples. 

Table 1 
Primary and secondary antibodies utilized in the Western blot experiments.  

Antigen Supplier Cat# Use Dilution Total 
protein 
loading 
amount 
into the gel 

PSD95 Abcam ab18258 Primary 1:5000 15 μg 
SYP Abcam ab32594 Primary 1:10,000 15 μg 
GEP Abcam ab185930 Primary 1:2500 30 μg 
GABA-A- 

a1 
Abcam ab211131 Primary 1:1000 30 μg 

GluR2/3 LSBio LS- 
C15368 

Primary 1:1000 15 μg 

NR2B LSBio LS- 
C25797 

Primary 1:1000 30 μg 

GFAP Abcam ab53554 Primary 1:2000 30 μg 
DCAMKL1 Abcam ab109029 Primary 1:1000 30 μg 
HuC Abcam ab78467 Primary 1:2000 30 μg 
PCNA Abcam ab18197 Primary 1:1000 30 μg 
β-Tubulin CST #2146 Primary- 

Housekeeping 
1:5000 15–30 μg 

Rabbit- 
HRP 

CST #7074 Secondary 1:5000 – 

Goat-HRP Abcam ab97100 Secondary 1:10,000 – 

PSD95: Post-Synaptic Density 95; SYP: Synaptophysin; GEP: Gephyrin; GABA-A- 
a1: Gamma-Aminobutyric acid type A alpha 1 subunit; GluR2/3: Glutamate 
Receptor 2 and 3; NR2B: N-methyl D-aspartate receptor-type subunit 2B; GFAP: 
Glial fibrillary acidic protein; DCAMKL1: Doublecortin like kinase 1; HuC: Em-
bryonic lethal abnormal vision (ELAV; Drosophila) like 3; PCNA: Proliferating 
cell nuclear antigen; HRP: horseradish peroxidase. 
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2.7. Brain reactive oxygen species (ROS) levels measurements 

Homogenates in PBS used for the AChE assay were also tested to 
determine ROS levels. The 2′,7′-Dichlorodihydrofluorescein diacetate 
(DCF), a fluorescent probe, was utilized to detect the content of the free 
radicals. The protocol for this assay was followed as described previ-
ously (Marcon et al., 2018). Briefly, 25 μl of supernatants were mixed 
with 5 μl of 1 mM DCF (Sigma, St. Louis, MO, USA: D6883) in a 96-well 
plate with a final reaction volume of 200 μl. Plates were incubated at 
37 ◦C for 30 min, then the fluorescent wavelength of the plates was read 
with a SpectraMax M5 microplate reader (Molecular Devices, Sunny-
vale, CA, USA) with a 488 nm excitation and 525 nm emission. The 
results are given as relative fluorescence units. 

2.8. Brain lipid peroxidation levels assessments 

To investigate brain lipid peroxidation levels across the comparison 
groups, a commercially available kit detecting the malondialdehyde 
(MDA) content, which is a reactive molecule and produced when there is 
a lipid peroxidation, was utilized (Abcam, Cambridge, UK: ab118970) 
following manufacturer’s instructions. Briefly, snap frozen brains were 
homogenized in 303 μl of MDA lysis buffer by passing the brain tissue 
through a 1 ml, 26 gauge syringe. Homogenates were centrifuged at 
13,000 ×g for 10 min at 4 ◦C, and then supernatants were collected and 
total protein amounts were assessed with a Bradford reagent (Sigma, St. 
Louis, MO, USA: B6916). From the supernatants and standards a volume 
of 200 μl was mixed with 600 μl of TBA solution and incubated at 95 ◦C 
for 60 min, following that period samples were placed on ice for 10 min. 
From these reactions, 200 μl of the samples and standards were loaded 
into a 96 well plate in duplicates and optical densities (ODs) were 
measured at 532 nm with a SpectraMax M5 microplate reader (Molec-
ular Devices, Sunnyvale, CA, USA). 

2.9. Statistical analysis 

Statistical analyses were conducted using SPSS 19 (IBM, Istanbul, 
Turkey). Assumptions of normality including normal distribution and 
homogeneity of variance were checked with both Shapiro-Wilk and 
Levene’s tests, respectively. In the cases where the assumptions of 
normality were fulfilled, a three-way ANOVA was carried out with the 
factors of environment with two levels (enriched and barren), age with 
two levels (young and old), and gender with two levels (male and fe-
male) to determine their effects on body parameters, protein expression 
levels, ROS and AChE activity and lipid peroxidation measurements. 
Significance levels in all cases were set to p < 0.05. In the cases of sig-
nificant main effects or interactions, Bonferroni post-hoc comparison 
and simple effects analyses followed by ANOVA were performed. In the 
situations where the assumptions of normality were violated, the non- 
parametric Kruskal-Wallis and Mann Whitney U tests were utilized 
with p values adjusted for the number of comparisons, which make them 
more stringent. These are the non-parametric equivalents of the para-
metric tests. GraphPad Prism 8 (GraphPad Software, San Diego, CA, 
USA) was used for the generations of the graphs illustrated in the 
following figures. 

3. Results 

3.1. Environmental enrichment increases brain weight in an age- 
dependent manner without inducing changes in body weight parameters 

Body mass index (BMI) measurements were not significantly affected 
by age (χ2(1) = 0.003, p = 0.954, Fig. 2A) due to the fact that both length 
and weight measurements, which are used to calculate the BMI, were 
increasing with the age of the animal. On the other hand, effect of 
gender was statistically significant (χ2(1) = 63.253, p < 0.0005, Fig. 2A) 
with females having higher BMIs as compared to males and this 

difference was significant across all ages and environmental treatment 
groups (barren young: p < 0.0005; barren old: p < 0.0005; enriched 
young: p = 0.003; enriched old: p = 0.001). Environmental enrichment 
(EE) did not alter the BMI significantly (χ2(1) = 0.901, p = 0.343, 
Fig. 2A), which implies that this intervention does not lead to changes in 
feeding behavior or overall locomotor activity, both of which could in-
fluence the BMI. Moreover, in a pilot study we have analyzed overall 
locomotor activity including the swimming speed and distance moved of 
animals from both the barren environmental condition as compared to 
enriched environment. From these video analyses no significant loco-
motor activity change between the environmental conditions was 
observed. This suggests that there is no altered physical activity 
depending on the environmental condition (Supp. Table 1 and Video 1). 

Brain weight measurements showed a significant main effect of age 
(F(1,85) = 129.579, p < 0.0005, Fig. 2B), with old zebrafish from both 
the barren and enriched environments having significantly higher brain 
weight as compared to their young counterparts (barren: p < 0.0005, 
enriched: p < 0.0005). Additionally, a main effect of gender was also 
found to be significant (F(1,85) = 42.622, p < 0.0005, Fig. 2B), with 
males having higher brain weights compared to females and pairwise 
comparisons indicated that this gender difference is significant in the 
young barren (p = 0.004), young enriched (p = 0.003), old barren (p =
0.002) and old enriched (p < 0.0005) zebrafish. The effect of environ-
ment was marginally significant (F(1,85) = 3.782, p = 0.055) with 
enriched animals tending to show increased brain weight as compared 
to animals in the barren group. Interestingly, a significant age by envi-
ronment interaction was observed in the brain weight measurements (F 
(1,85) = 6.594, p = 0.012, Fig. 2B). While there was no change in the 
young groups, old animals in the enriched condition have significantly 
increased brain weight in relation to old subjects in the barren envi-
ronment condition (p = 0.002). Interactions between the other factors 
were not found to be significant (age by gender: F(1,85) = 0.422, p =
0.518; gender by environment: F(1,85) = 0.135, p = 0.714; age by 
gender by environment: F(1,85) = 0.116, p = 0.734). These results 
indicate that EE is likely exerting its effect on the brain in an age- 
dependent manner without altering the overall body parameters. 

3.2. Quantitative Western blot analyses shows that post-mitotic neuronal, 
presynaptic, excitatory and inhibitory proteins are differentially altered by 
environmental enrichment in an age-dependent manner with no robust 
changes in glial and proliferation markers 

In order to reveal the effects of EE and its possible interactions with 
age and gender on specific cellular populations and proliferation dy-
namics, the levels of two neuronal markers of embryonic lethal, 
abnormal vision (ELAV; Drosophila) like 3 (HuC) and doublecortin like 
kinase 1 (DCAMKL1), a glial marker of glial fibrillary acidic protein 
(GFAP), and a global proliferation marker, proliferating cell nuclear 
antigen (PCNA), were analyzed (Fig. 3). Moreover, these interventions 
can also change the synaptic dynamics in the absence of cellular or 
proliferative alterations. For this reason, synaptic protein levels were 
also investigated (Fig. 3). Synaptophysin (SYP) was assessed as an in-
dicator of presynaptic integrity. Post-synaptic density 95 (PSD95), 
α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)-type 
glutamate receptor subunits 2 and 3 (GluR2/3), and N-methyl D-aspar-
tate (NMDA)-type receptor subunit 2B (NR2B) were used to determine 
any effects on elements of excitatory neurotransmission. Finally, the 
components of inhibitory neurotransmission, gephyrin (GEP) and 
gamma-aminobutyric acid (GABA) receptor subunit alpha-1 (GABA-A- 
a1) were examined. As a housekeeping control protein, β-tubulin (TUB) 
was utilized for further normalization. TUB has been previously used for 
normalization by our laboratory in which we observed no statistical 
differences with respect to age, gender and environmental interventions 
such as diet (Celebi-Birand et al., 2020; Karoglu et al., 2017; Tuz-Sasik 
et al., 2020). To examine the quantitative differences of the brain pro-
tein levels, protein lysates from young and old, male and female brains 
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from each environmental condition were run in cohorts in the same gel 
as shown in Fig. 3. 

3.2.1. Environmental enrichment prevents age-related declines in post- 
mitotic neuronal protein levels, while early-differentiated neuronal, glial and 
proliferative markers are not prominently affected 

Alterations in the protein levels of neuronal markers were investi-
gated with respect to EE. An early-differentiated neuronal marker, HuC 
(Kim et al., 1996) was not significantly altered by the factors of envi-
ronment, age and gender or their interactions (environment: F(1,24) =
0.041, p = 0.841; age: F(1,24) = 0.015, p = 0.904; gender: F(1,24) =
0.135, p = 0.716; age by gender: F(1,24) = 0.029, p = 0.866; age by 
environment: F(1,24) = 1.119, p = 0.301; gender by environment: F 
(1,24) = 0.008, p = 0.930; Age by gender by environment: F(1,24) 
=0.0001, p = 0.988, Fig. 4A). DCAMKL1 was analyzed as a post-mitotic 
neuronal marker (Shin et al., 2013). A significant main effect of age was 

revealed on the DCAMKL1 levels, older zebrafish had significantly 
declined levels of DCAMKL1 (F(1,24) = 6.206, p = 0.020, Fig. 4B). 
Pairwise comparisons indicated a significant age-dependent reduction in 
barren environmental condition (p = 0.038), while no significant 
decline was observed in the subjects exposed to the enriched environ-
ment (p = 0.199). The main effects of environment and gender or any 
interaction among the factors were not statistically significant on 
DCAMKL1 levels (environment: F(1,24) = 3.589, p = 0.070; gender: F 
(1,24) = 0.052, p = 0.822; age by gender: F(1,24) = 0.004, p = 0.950; 
age by environment: F(1,24) = 0.388, p = 0.539; gender by environ-
ment: F(1,24) = 0.638, p = 0.432; age by gender by environment: F 
(1,24) =0.002, p = 0.962, Fig. 4B). These data suggest that EE does not 
significantly alter an early-differentiated neuronal marker but has im-
plications on preventing age-related declines in the levels of a post- 
mitotic neuronal marker. 

A glia-specific marker, GFAP, was also assessed in order to gain in-
sights about glial populations that might be affected by EE, age and 
gender (Middeldorp and Hol, 2011). Apart from the glial population, 
GFAP expression can be found in progenitor cells, which give rise to 
adult neurogenesis in the brain (Garcia et al., 2004). The effects of age, 
environment and gender were not statistically significant on GFAP 
protein levels (age: χ2(1) = 0.688, p = 0.407; environment: χ2(1) =
1.945, p = 0.163; gender: χ2(1) = 0.818, p = 0.366, Fig. 4C). Addi-
tionally, PCNA was examined as a marker of global cellular proliferation 
(Edelmann et al., 2013) with respect to environment, age and gender. 
The main effects of age, environment and gender, as well as their in-
teractions was not statistically significant (age: F(1,24) = 0.533, p =
0.472; environment: F(1,24) = 3.740, p = 0.065; gender: F(1,24) =
0.120, p = 0.732; age by gender: F(1,24) = 0.053, p = 0.820; age by 
environment: F(1,24) = 0.974, p = 0.334; gender by environment: F 
(1,24) = 0.246, p = 0.625; age by gender by environment: F(1,24) 
=0.793, p = 0.382, Fig. 4D). Overall, no significant differences were 
observed in the levels of glial and proliferative markers with EE. 

3.2.2. Declining levels of a presynaptic marker and an NMDA receptor 
subunit are prevented and levels of an inhibitory scaffolding protein are 
elevated with environmental enrichment in old animals 

Although no robust changes were observed on the cellular markers, 
subtle synaptic alterations may still be observed in the brain, which 
could explain potential ameliorative effects of EE during brain aging. 
Synaptophysin (SYP) was investigated as an indicator of overall pre-
synaptic integrity (Smith et al., 2000). A significant main effect of 
environment was shown on SYP protein levels (F(1,24) = 6.706, p =
0.016) with zebrafish in the enriched environment having higher levels 
of SYP compared to the barren environment (Fig. 5A). Additionally, a 
significant main effect of age was demonstrated (F(1,24) = 11.351, p =
0.003) with SYP declining at old age compared to young. More 

Fig. 2. Effects of environmental enrichment on BMI and brain weight. (A) BMI values significantly increased in female subjects as compared to males but there was 
no effect of age or environment. (B) Brain weight of zebrafish increased significantly with aging, and males had significantly higher brain weights as compared to 
females. A significant age by environment interaction indicates that the effect of EE is significant in old animals, which have significantly increased brain weight 
compared to old subjects in the barren environment. The continuous lines indicate significant differences between age and environment groups, dashed lines 
represent significant changes between gender groups, ***: p < 0.005, Error bars = +SE. 

Fig. 3. Representative images from one cohort for Western blot analysis of 
synaptic, neuronal, glial and proliferative protein levels investigated in the 
present study for effects of age, environment and gender. All antibodies yielded 
bands at the expected molecular weights. B: Barren Environment; E: Enriched 
Environment. 
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importantly, a significant age by environment interaction was revealed 
(F(1,24) = 4.362, p = 0.048), and this indicates that the effect of age is 
dependent on the environmental condition to which the animals are 
subjected (Fig. 5A). Pairwise comparisons demonstrated that age has an 
effect on animals in the barren environment and SYP levels declined 
significantly in old zebrafish from the barren environment as compared 
to the young group in barren condition (p = 0.001). Moreover, exposure 
to an enriched environment led to significant differences at old age, SYP 
levels are significantly higher in the old enriched animals as compared 
to old subjects in the barren environment (p = 0.003). In the SYP 
analysis gender effects or gender-dependent interactions were not sta-
tistically significant (gender: F(1,24) = 0.0001, p = 0.990; age by 
gender: F(1,24) = 0.130, p = 0.722; gender by environment: F(1,24) =
0.110, p = 0.743; age by gender by environment: F(1,24) = 2.048, p =
0.165). These results suggest that this presynaptic element can be 
altered by age and environment differentially and EE is maintaining the 
levels of SYP at older ages. 

The protein levels of post-synaptic density-95 (PSD95), which is the 
main clustering and scaffolding protein binding directly to NMDA re-
ceptors and through Stargazin to AMPA receptors affecting excitatory 
function (Prange et al., 2004), were not affected by environment (F 
(1,24) = 0.484, p = 0.493), age (F(1,24) = 0.019, p = 0.891; Fig. 5B) or 
gender (F(1,24) = 0.571, p = 0.457; Fig. 5B). Also, there was no sig-
nificant interaction among these factors with respect to PSD95 levels 
(age by gender: F(1,24) = 0.429, p = 0.519; age by environment: F 
(1,24) = 0.642, p = 0.431; gender by environment: F(1,24) = 0.077, p =
0.784; age by gender by environment: F(1,24) = 0.870, p = 0.360, 
Fig. 5B). Similarly, no significant main effect of environment (F(1,24) =
0.259, p = 0.615) or gender (F(1, 24) = 1.232, p = 0.278) was observed 
on the levels of the GluR2/3 subunits of AMPA receptors, which regulate 
calcium permeability and alters plasticity dynamics (Isaac et al., 2007). 
Interestingly, a significant main effect of age was revealed with respect 
to GluR2/3 (F(1,24) = 8.736, p = 0.007, Fig. 5C). This suggests that in 
older age groups levels of GluR2/3 declined significantly. Pairwise 
comparisons showed that the effect of age is significant in the enriched 

female animals, with young enriched females having significantly 
elevated levels of GluR2/3 as compared to old enriched female zebrafish 
(p = 0.007). Additionally, young females in the enriched environment 
had significantly higher levels of GluR2/3 compared to young enriched 
males (p = 0.008). The interactions between the factors when examining 
the GluR2/3 levels were not statistically significant (age by gender: F 
(1,24) = 3.023, p = 0.095; age by environment: F(1,24) = 0.025, p =
0.876; gender by environment: F(1,24) = 3.428, p = 0.076; age by 
gender by environment: F(1,24) = 1.140, p = 0.296). The protein levels 
of NR2B, which is one of the subunits of the NMDA receptor that is 
associated with increased synaptic plasticity (Clayton and Browning, 
2001), demonstrated a significant main effect of gender (F(1,24) =
6.294, p = 0.019) with its levels increasing in females compared to males 
(Fig. 5D). Pairwise comparisons indicated that this gender difference 
was significant in old subjects exposed to an enriched environment (p =
0.017). Interestingly, a significant age by environment interaction was 
revealed with respect to NR2B (F(1,24) = 6.450, p = 0.018, Fig. 5D). 
Multiple comparisons showed that with advancing age NR2B levels 
declined significantly in subjects assigned to barren environmental 
conditions (p = 0.005), however, in the enriched environment there was 
no significant age-related decrease in the NR2B levels of the older sub-
jects (p = 0.641). Moreover, no other significant main effects or in-
teractions were observed with respect to NR2B levels (environment: F 
(1,24) = 0.005, p = 0.946; age: F(1,24) = 3.505, p = 0.073; age by 
gender: F(1,24) = 3.324, p = 0.081; gender by environment: F(1,24) =
0.230, p = 0.636; age by gender by environment: F(1,24) = 1.592, p =
0.219). These results imply that the plasticity-associated subunit of 
NMDA receptors, NR2B, can be altered in an age- and environment- 
dependent manner and that EE is associated with the stability and 
maintenance of the levels of NR2B at old age. Additionally, gender- 
dependent alterations were also observed in the elements comprising 
excitatory neurotransmission, NR2B and GluR2/3 subunit protein 
levels. 

Gephyrin (GEP) is a scaffolding protein found at inhibitory 
GABAergic synapses and it clusters ionotropic GABAA receptors 

Fig. 4. Quantification of the levels of neuronal, glial and global cell proliferation markers following environmental enrichment. (A) The levels of neuronal marker 
HuC were not altered by age, environment and gender significantly. (B) DCAMKL1 a post-mitotic neuronal marker showed a significant decline with aging and age- 
related decrease was significant in barren environment. (C) GFAP, a glial marker and (D) PCNA, a global proliferation marker were not significantly changed by age, 
environment and gender. The continuous lines indicate significant differences between age and environment groups, *: p < 0.05, Error bars = +SE. 
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(Tyagarajan and Fritschy, 2014). No significant main effect was found in 
GEP protein levels (environment: F(1,24) = 0.613, p = 0.441; age: F 
(1,24) = 1.536, p = 0.227; gender: F(1,24) = 0.047, p = 0.831). On the 
other hand, a significant age by environment interaction was revealed in 
GEP levels (F(1,24) = 4.196, p = 0.05, Fig. 5E). Post-hoc analyses 
showed that age was significantly altering the levels of GEP in the 
enriched environment, and old enriched animals had significantly 
elevated levels of GEP as compared to young enriched animals (p =
0.029). No further significant interaction was found in the levels of GEP 
(age by gender: F(1,24) = 0.078, p = 0.782; gender by environment: F 
(1,24) = 0.004, p = 0.951; age by gender by environment: F(1,24) =
0.011, p = 0.917, Fig. 5E). GABA-A-a1 is one of the major subunits of the 
ionotropic GABAA receptors and required for normal synaptic activity 
(Rissman and Mobley, 2011). In the case of GABA-A-a1, no significant 
main effect or interaction was observed (environment: F(1,24) = 0.096, 
p = 0.759; age: F(1,24) = 1.071, p = 0.311; gender: F(1,24) = 0.456, p =

0.506; age by gender: F(1,24) = 1.233, p = 0.278; age by environment: F 
(1,24) = 2.277, p = 0.144; gender by environment F(1,24) = 2.672, p =
0.115; age by gender by environment: F(1,24) = 2.674, p = 0.115 
Fig. 5F). These data show that exposure to EE is associated with elevated 
levels of the inhibitory scaffolding protein GEP at older ages, which 
likely increases the resilience of animals against possible excitotoxic 
damage occurring with aging. 

3.3. The activity of reactive oxygen species (ROS) and content of lipid 
peroxidation increases at older ages without evident effects of 
environmental interventions 

Environment- age- and gender-mediated fluctuations in oxidative 
stress-related markers, which can alter the cellular and synaptic ho-
meostasis, were assessed in the brain tissues. Acetylcholinesterase 
(AChE) is an element of cholinergic neurotransmission and it has non- 

Fig. 5. Quantification of key synaptic protein levels following environmental enrichment. (A) SYP levels declined significantly with age in animals assigned to barren 
environmental condition. In contrast to this, there were no age-related changes in subjects with EE. Moreover, even the old zebrafish with EE have significantly 
higher levels of SYP compared to old animals in the barren environmental condition. (B) No age-, environment- and gender-dependent change was observed in PSD95 
levels. (C) GluR2/3 levels were significantly altered by age, and gender-dependent alterations were observed in the enriched environment with young enriched 
females having significantly elevated levels of GluR2/3 as compared to young enriched males and old enriched females. (D) NR2B protein levels were altered by 
gender with females having significantly higher levels of NR2B compared to males and also a significant age by environment interaction was revealed. A significant 
decline in NR2B subunit levels were observed in the barren environmental condition with aging but exposure to an enriched environment prevented this decline and 
maintained NR2B levels with aging. (E) The protein levels of the inhibitory synaptic element, GEP, showed a significant age by environment interaction with its levels 
significantly increased in old enriched animals as compared to young enriched groups. (F) GABA-A-a1 was not changed significantly by the main effects of age, 
environment and gender. Continuous lines indicate significant differences between age and environment groups, dashed lines represent significant changes between 
gender groups, *: p < 0.05, **: p < 0.01, ***: p < 0.005, Error bars = +SE. 
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enzymatic neuro-modulatory effects on synaptogenesis and neurite 
outgrowth, both of which have significant implications for learning and 
memory (Bartus et al., 1982; La Torre, 1968; Zimmerman and Soreq, 
2006). AChE can mediate oxidative stress-related processes differen-
tially in both healthy and pathological brain conditions and its activity is 
decreased by the elevated levels of oxidative stress and free radicals 
(Haider et al., 2014; Melo et al., 2003). Additionally, two oxidative 
stress markers were investigated within the context of environment, age 
and gender. The first marker was ROS activity which is the indicator of 
free radical content. The other marker was malondialdehyde (MDA) 
content which shows how much lipid peroxidation results from the 
increased levels of ROS (Zhang et al., 2013). 

The effects of environment, age and gender on AChE activity were 
not found to be statistically significant (environment: χ2(1) = 0.427, p =
0.514; age: χ2(1) = 1.138, p = 0.286; gender: χ2(1) = 0.045, p = 0.832, 
Fig. 6A). However, with respect to the ROS levels a significant main 
effect of age was observed (χ2(1) = 6.554, p = 0.010, Fig. 6B). At old 
ages, ROS activity levels were significantly elevated as compared to 
young age groups. Additionally, a significant main effect of gender on 
ROS activity (χ2(1) = 7.815, p = 0.005) was revealed with males having 
higher levels compared to females (Fig. 6B). Pairwise comparisons 
showed that the gender effect was significant in the enriched young 
group (p = 0.033), with young male animals having higher levels of ROS 
activity as compared to young females in the enriched environment. No 
significant environment-dependent modulations were observed in the 
ROS activity (χ2(1) = 0.023, p = 0.879). MDA levels, which are the in-
dicators of lipid peroxidation, showed a significant main effect of age (F 
(1,16) = 5.772, p = 0.029, Fig. 6C), with old subjects having signifi-
cantly elevated levels of MDA content as compared to young animals. 
Moreover, no other significant main effects or interactions were 
observed with respect to MDA content (environment: F(1,16) = 0.073, p 
= 0.791; gender: F(1,16) = 0.014, p = 0.909; age by gender: F(1,16) =
0.001, p = 0.977; age by environment: F(1,16) = 0.149, p = 0.705; 
gender by environment: F(1,16) = 3.385, p = 0.084; age by gender by 
environment: F(1,16) = 0.275, p = 0.607, Fig. 6C). Overall the data 
shows that the oxidative stress markers of ROS activity and lipid per-
oxidation content shared a similar significant age-dependent increasing 
pattern that was not reversed by environmental interventions. 

4. Discussion 

The current study demonstrated that a short-term environmental 
enrichment (EE) of 4 weeks, which utilizes the sensory components, did 
not lead to changes in the body mass indices (BMI) of the young and old 
animals, while at the older ages animals in the enriched environment 
had significantly increased brain weight as compared to their age- 
matched controls in the barren environment. This shows that EE ex-
erts its effect on brain weight in an age-dependent manner without 
altering the overall body parameters such as BMI. One of the main aims 
of the current study was to demonstrate the pattern of global changes in 
the brain levels of neuronal, glial, proliferative and synaptic markers, as 
well as oxidative stress related markers, in response to an EE interven-
tion within the context of aging and gender. Age-related declines were 
observed in the levels of post-mitotic neuronal marker doublecortin like 
kinase 1 (DCAMKL1), the presynaptic vesicle protein, synaptophysin 
(SYP) and excitatory post-synaptic protein subunit, N-methyl-D-aspar-
tate (NMDA)-type receptor subunit 2B (NR2B) in animals of barren 
environmental conditions, and the current sensory EE intervention 
restored and maintained their levels in the old animals. Moreover, EE 
significantly promoted the levels of inhibitory scaffolding protein 
gephyrin (GEP) levels in old animals. In terms of the levels of the 
excitatory post-synaptic proteins, NR2B and α-amino-3-hydroxy-5- 
methyl-4-isoxazolepropionic acid (AMPA)-type glutamate receptor 
subunits 2 and 3 (GluR2/3), small gender-driven effects were also 
observed with females having higher levels than males. Additionally, a 
significant increase at old age was observed in the levels of oxidative 

stress markers including reactive oxygen species (ROS) activity which 
was also altered by gender and lipid peroxidation content. Taken 
together, these data indicate the age-dependent positive effects of EE on 
the brain, with the most prominent being that EE increases brain weight 
at old age and restores any age-related declines in the levels of 
DCAMKL1, SYP and NR2B, as well as elevates GEP levels, and this may 
be done to protect against oxidative stress that increases in old subjects. 

Body weight and length measurements of animals were utilized for 

Fig. 6. The effects of environmental enrichment on oxidative stress related 
markers ACHE, ROS and MDA levels in the brain. (A) AChE activity did not 
show any significant changes with respect to age, gender and environment. (B) 
A significant effect of age was revealed in the ROS activity levels with old 
animals having significantly elevated levels of ROS activity compared to young 
groups. Gender-driven changes were observed in ROS activity with females 
having significantly lower ROS activity levels as compared to males. (C) MDA 
content indicating the lipid peroxidation was altered by age, with old animals 
having significantly higher MDA content as compared to young subjects. RFU: 
Relative fluorescence units. Continuous lines indicate significant differences 
between age and environment groups, dashed lines represent significant 
changes between gender groups, *: p < 0.05, Error bars = +SE. 
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the calculation of BMI, which was used to reflect possible alterations in 
feeding behavior or overall locomotor activity that might be induced by 
an environmental change. Previous studies utilizing EE have shown BMI 
changes and weight loss in rats exposed to an enriched environment 
(Pham et al., 1999). However, since these traditional EE paradigms were 
utilizing combined environmental components including sensory and 
physical exercise, environment-dependent reductions in body weight 
and BMI parameters would likely reflect increased physical activity. In 
the present study, EE was achieved through altering the sensory com-
ponents without any forced physical exercise manipulations, and no 
differences were observed in the BMI values between the environmental 
conditions, which was also consistent with the previous findings ob-
tained from young adult zebrafish (Lee et al., 2019). Additionally, an age 
effect was not observed on BMI levels, which is consistent with the 
literature, since the gain in body weight with aging is also driven by an 
age-related increase in the body length (Leibold and Hammerschmidt, 
2015). Moreover, females had significantly higher BMIs as compared to 
males independent of the factors of age and environment. This obser-
vation is in good agreement with the zebrafish literature, as female 
animals have higher BMI values due to the fact that they constantly 
produce eggs and their ovaries can account for approximately 29% of 
the total body weight (Leibold and Hammerschmidt, 2015). 

In addition to the BMI measurements, brain weights were also 
investigated among the various treatment groups. Earlier studies indi-
cated that EE in different model organisms such as rat and mice can lead 
to morphological changes in the brain and increase its total weight 
(Bennett et al., 1969; La Torre, 1968; Rosenzweig et al., 1962). Marginal 
increases in the enriched groups were also evident in the present study 
utilizing the zebrafish model. Interestingly, it was observed that EE leads 
to significant increases in brain weight in the aged group. Additionally, 
increased brain weight values were observed just with aging, and this 
expansion is in parallel with the growth of the animal, and similar to 
previous studies that demonstrated both increases in body weight and 
length parameters as well as volumetric increases in the total brain 
during normal aging in the zebrafish (Arslan-Ergul et al., 2016; Celebi- 
Birand et al., 2020). Also, gender-specific changes were observed with 
males having higher brain weight measurements compared to females. 
Overall, the current data regarding the body parameters indicate that 
the effect of this short-term EE on the brain is exerted in an age- 
dependent manner without altering the overall body parameters. 

One aim of the current study was to reveal possible changes in the 
global levels of the cellular markers in the brain with respect to EE, aging 
and gender. Two neuronal markers were studied. The first was embry-
onic lethal, abnormal vision (ELAV; Drosophila) like 3 (HuC), which is 
an early-differentiated neuronal marker, and the other is doublecortin 
like kinase 1 (DCAMKL1), which is a protein that shares high homology 
with doublecortin (DCX) and highly expressed in the zones of the active 
neurogenesis (Kim et al., 1996; Shu et al., 2006). Although, there is no 
direct measurement of HuC and DCAMKL1 within the context of an EE 
intervention, studies have shown that EE significantly increases the 
number of DCX-positive cells in both young and old animals (Leal- 
Galicia et al., 2008), and restores the declining levels of neurogenesis 
(Speisman et al., 2013). Similarly, our data indicated a significant age- 
related decline in the levels of DCAMKL1 but not in the old enriched 
animals. In the current study, EE prevented the age-related reduction in 
DCAMKL1 protein levels and maintained its levels across aging. 

In addition to the neuronal markers, a glial, more specifically the 
astrocytic marker, glial fibrillary acidic protein (GFAP) and global 
proliferating cell nuclear antigen (PCNA), which is an endogenous 
marker of cell division and labels cycling progenitor cells (Edelmann 
et al., 2013), were further analyzed and compared between environ-
mental conditions, as well as age and gender groups. No significant ef-
fect was observed on GFAP levels. Although our data indicated no 
significant differences, an increasing trend in the PCNA levels of the 
environmentally enriched group compared to barren controls was 
observed. Previously, in multiple model organisms it was shown that EE 

increases the number of PCNA-positive cells (Jeong et al., 2011; von 
Krogh et al., 2010; Young et al., 1999). These observations are in good 
agreement with our data, with an overall increasing trend with EE that 
was maintained, however, since we have investigated the global brain 
levels of GFAP and PCNA, region-specific significant changes might be 
masked. Future studies are being planned to examine the effects of 
region-specific changes in these markers. Additionally, any changes in 
protein levels assessed by Western blotting might not detect differences 
in total number but changes in the amount of protein per cell. Future 
studies are planning to address whether the total number and/or size of 
these cells change with age. 

Another aim of the current study was to investigate the global 
changes in synaptic protein levels with respect to environment, age and 
gender. Synaptophysin (SYP) is a transmembrane glycoprotein that can 
be found in the synaptic vesicles and at the presynaptic membrane 
(Kwon and Chapman, 2011). Previous studies in which different model 
organisms were utilized have demonstrated that SYP levels declined 
significantly in the aging brain (Adams et al., 2008; Karoglu et al., 2017; 
Pinto et al., 2015; VanGuilder et al., 2010). Our data followed a similar 
overall age-related decrease in SYP levels, and this decline was more 
prominent in animals in the barren environment. Converging lines of 
evidence suggests that in mammalian models EE with or without phys-
ical exercise can increase the levels of SYP across different age groups 
(Barak et al., 2013; Frick and Fernandez, 2003; Lambert et al., 2005; 
Nithianantharajah et al., 2004; Saito et al., 2012). We observed a sig-
nificant main effect of environment such that animals in the enriched 
groups have significantly higher levels of SYP, which is consistent with 
the previous work. Interestingly, we also have found a significant age by 
environment interaction in SYP levels. The data shows that its levels 
were maintained in old animals exposed to EE and these subjects have 
significantly higher levels of SYP compared to old fish in the barren 
environmental condition. Our results likely not only indicate that sen-
sory EE is capable of increasing SYP levels but also this occurs in an age- 
dependent manner. This suggests that the more robust benefits of EE on 
presynaptic elements will be observed at older ages in which subtle 
molecular alterations underlying the biological underpinnings of 
cognitive decline occur in the brain, as compared to young groups in 
which the system is more intact and less vulnerable. 

In order to understand alterations of the excitatory elements in 
neurotransmission, post-synaptic density 95 (PSD95), GluR2/3 and 
NR2B levels were assessed. PSD95 is the main clustering and scaffolding 
protein found in the excitatory synapses, and it anchors and localizes the 
main glutamatergic receptors alpha-amino-3-hydroxy-5-methyl-4- 
isoxazolepropionic acid (AMPA) and N-methyl D-aspartate (NMDA) at 
the post-synaptic membrane (Prange et al., 2004). Our data indicated 
that no overall effect of environment, age and gender were observed in 
PSD95 levels. It was previously shown that traditional EE can elevate 
PSD95 levels in major brain regions (Nithianantharajah et al., 2004), but 
studies have also indicated that physical exercise can increase PSD95 
levels (Dietrich et al., 2005; Hu et al., 2009). Therefore, the observed 
elevations with EE in the PSD95 levels in the literature may be associ-
ated with the exercise component of EE, and since our EE paradigm was 
utilizing sensory components this might be the reason why we did not 
observe environment-dependent changes in the PSD95 levels. 

GluR2/3 are the predominant subunits of the AMPA-type glutamate 
receptors, and these subunits can regulate synaptic plasticity and effi-
cacy by controlling the local calcium influx by changing the perme-
ability of the membrane (Chetkovich et al., 2002). Our results indicated 
a significant age-related decline in GluR2/3 subunit levels which is 
consistent with previous work in which decreases in these receptor 
subunits were reported in mammalian models (Adams et al., 2008; Shi 
et al., 2007). Moreover, in the enriched environmental condition 
gender- and age-specific alterations were observed, with the enriched 
young female group having significantly elevated GluR2/3 levels 
compared to the enriched young males and enriched old females. EE 
may provide more benefits for the young female animals with respect to 
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GluR2/3 and elevated levels of this subunit have neuroprotective roles 
since the flow of calcium is limited and the levels of GluR2/3 decline in 
the cases of the increased oxidative stress (Carter et al., 2004; Kamat 
et al., 2016). In this respect ROS activity levels in the current study are 
complementary to the GluR2/3 levels, as we showed that in the enriched 
female young group there were increases in the GluR2/3 levels with 
accompanied decreases in the levels of ROS activity. Thus, in this group 
possible protective effects of this subunit were observed. Therefore, our 
data indicate that responsiveness to EE differs between the age and 
gender groups with respect to the GluR2/3 element of glutamatergic 
neurotransmission. 

NR2B is one of the predominant subunits of the NMDA receptors in 
the brain, and its expression can regulate maturation, synaptic plasticity 
and enhancement of long-term potentiation (LTP) (Clayton and 
Browning, 2001; Philpot et al., 2001). Importantly we have observed 
that in the barren environmental condition, the NR2B subunit signifi-
cantly declines with age, and this observation was consistent with the 
literature utilizing mammalian models of aging (Adams et al., 2008; Shi 
et al., 2007). It was also shown that application of EE prevents this age- 
related reduction of the NR2B levels and maintains the levels of this 
subunit at older ages, which likely increases the brain resilience of the 
animals (Cao et al., 2007). Additionally, a significant effect of gender 
was observed in our data showing that females have significantly higher 
NR2B levels compared to males. It was previously shown that sex hor-
mones such as estradiol increase the expression of NR2B receptors and 
estradiol strengthens LTP mediated by changes in NR2B levels (Smith 
and McMahon, 2006). Consistent with those findings is the fact that 
female zebrafish have higher levels of estrogen compared to males (von 
Hofsten and Olsson, 2005), and this might modulate the increased 
expression of the NR2B levels in female animals. 

Gephyrin (GEP) and the Gamma-Aminobutyric acid type A alpha 1 
subunit (GABA-A-a1) were investigated to estimate the effects of EE 
within the context of aging and gender on inhibitory neurotransmission. 
GEP is a major scaffolding protein of inhibitory synapses and it clusters 
GABAA receptors (Tyagarajan and Fritschy, 2014). GABA-A-a1 is one of 
the major subunits of the GABAA receptors that forms a high-affinity 
binding site for GABA and its expression regulates resilience against 
extrinsic factors such as stress (Ardi et al., 2016). Studies have shown 
that GEP levels can decrease in specific brain regions with aging (Pinto 
et al., 2015), and in the current study an age by environment interaction 
was shown in the GEP levels with old animals in the enriched environ-
ment having significantly increased the levels of GEP as compared to 
their younger counterparts. In the EE group an age-specific elevation of 
GEP may manifest as a higher compensation against excitotoxic damage 
that could occur with aging and increase the resilience of subjects. 
Consistent with this hypothesis, in pathological aging conditions 
increased excitotoxic damage lowers the GEP levels (Agarwal et al., 
2008). GABA-A-a1 levels were relatively stable with respect to factors of 
age and environment, previous studies indicated GABA-A-a1 levels tend 
to be stable across different age groups (Palpagama et al., 2019). 

Oxidative stress-related markers were further investigated since 
increased oxidative damage can lead to disruptions in the local calcium 
dynamics, synaptic degeneration and alterations in key synaptic and 
cellular proteins and is modulated by age and environmental in-
terventions (Mattson and Liu, 2002). ROS activity and the content of 
malondialdehyde (MDA), which is a highly reactive component pro-
duced by lipid peroxidation, were evaluated as oxidative stress markers. 
Our results indicated significant elevations of both ROS activity and 
lipid peroxidation at old ages, these observations were in conjunction 
with previous studies utilizing the mammalian models (for review see 
Mattson and Magnus, 2006). However, in the current study EE did not 
modulate these detrimental markers of the oxidative stress. It has been 
shown that short-term EE can reduce ROS activity after an exposure to 
factors such as stress and brain insults (Cechetti et al., 2012; Marcon 
et al., 2018). However, studies have demonstrated that ROS activity 
levels tend to be stable between enriched and control environments 

when an additional stressor is not applied (Marcon et al., 2018; Prado 
Lima et al., 2018). Our data showed similar patterns in parallel with 
these recent findings since no additional stressor like unpredictable 
chronic stress or induction of a brain insult was introduced within our EE 
setup (Marcon et al., 2018; Prado Lima et al., 2018). Interestingly, we 
have observed a significant main effect of gender on ROS activity levels 
with males having higher levels of ROS activity compared to females. It 
has been reported that gender-dependent susceptibilities to oxidative 
stress have been found in the brain, and females are more resistant to 
oxidative stress through sex hormone-mediated regulatory pathways 
(Giordano et al., 2013). Although, the effect of age had similar impacts 
on the oxidative stress markers ROS and lipid peroxidation, no gender- 
driven change was observed with respect to MDA content. In a recent 
study it was demonstrated that different oxidative stress markers are 
differentially altered by age and gender (Pinchuk et al., 2019). 

Acetylcholinesterase (AChE) activity levels were determined to 
investigate any possible changes in the cholinergic system since this 
enzyme is differentially altered by increased oxidative stress in both 
normal aging and pathological conditions. In normal aging, increased 
oxidative stress markers are generally associated with lower levels of 
AChE, while in the pathological conditions amyloid plaque formation 
can lead to aberrant increases in AChE levels (Haider et al., 2014; Melo 
et al., 2003). Our data showed no significant age- or environment-driven 
changes in the AChE activity. Pioneering studies in the EE literature 
have shown that EE can increase the AChE activity levels as compared to 
control groups maintained in isolation (Bennett et al., 1964; La Torre, 
1968). Another recent study has compared the effects of short-term 
sensory EE with a control group in which the animals were main-
tained in groups rather than isolation showed no significant changes in 
hippocampal AChE levels (Prado Lima et al., 2018). Likewise, our AChE 
data did not show any environment-dependent alterations and this 
observation might result from our control group, which was also 
maintained in groups and their social hierarchy to eliminate isolation 
stress. 

5. Conclusion 

Previous studies along with the current work have shown that 
environmental enrichment (EE) leads to age-dependent changes in the 
brain and these subtle molecular alterations are associated with 
increased brain resilience. The current study focused on sensory EE and 
our data have shown that short-term EE increases the brain weight in old 
animals without affecting general body parameters like BMI. Key 
cellular elements including doublecortin like kinase 1, and synaptic el-
ements such as synaptophysin and NMDA-type receptor subunit NR2B 
declined with aging in barren environmental conditions and EE reverses 
these age-related declines and lead to maintenance of the levels of these 
proteins at older ages. Moreover, the results from EE showed gender- 
driven patterns, as shown by its differential effects on AMPA-type 
glutamate receptor subunits 2 and 3 and NMDA-type receptor subunit 
NR2B. Age-related elevations were shown in the levels of oxidative 
stress markers, but EE did not alter this trend. The current study gives 
more insight about the effects of sensory EE on the brain with respect to 
factors of both age and gender in the zebrafish model. Finally, these data 
provide information about the biological underpinnings of successful 
aging achieved through EE and provide targets, which can be manipu-
lated and used for future translational research, as well as help to 
establish further the zebrafish model for studying age-related changes 
with respect to EE. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.exger.2021.111346. 
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