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ARTICLE INFO ABSTRACT

Keywords: Alzheimer’s disease (AD) is an age-related neurodegenerative disorder. Transgenic and pharmacological AD
Alzheimer’s disease models are extensively studied to understand AD mechanisms and drug discovery. However, they are time-
Zebrafish

consuming and relatively costly, which hinders the discovery of potential anti-AD therapeutics. Here, we
established a new model of AD in larval zebrafish by co-treatment with aluminum chloride (AlCl3) and D-
galactose (D-gal) for 72 h. In particular, exposure to 150 uM AlCls + 40 mg/mL D-gal, 200 pM AICl3 + 30 mg/mL
D-gal, or 200 pM AICl3 + 40 mg/mL D-gal successfully induced AD-like symptoms and aging features. Co-
treatment with AlCl3 and D-gal caused significant learning and memory deficits, as well as impaired response
ability and locomotor capacity in the plus-maze and light/dark test. Moreover, increased acetylcholinesterase
and p-galactosidase activities, p-amyloid 1-42 deposition, reduced telomerase activity, elevated interleukin 1 beta
mRNA expression, and enhanced reactive oxygen species production were also observed. In conclusion, our
zebrafish model is simple, rapid, effective and affordable, incorporating key features of AD and aging, thus may

Aluminum chloride
D-galactose
High-throughput screening

become a unique and powerful tool for high-throughput screening of anti-AD compounds in vivo.

1. Introduction

Alzheimer’s disease (AD) is an age-related and progressive neuro-
degenerative disease characterized by memory loss, cognitive deficits,
and severe behavioral disturbances. AD has a prevalence of 10-30 % in
individuals aged > 65 years. More than 90 % cases of AD are sporadic
(onset >65 years) and less than 10 % of cases are familial (usually with
an onset before 65 years of age) [1]. As the world’s population is
increasingly aging, the number of patients with AD is expected to reach
130 million worldwide by 2050, which will cause a heavy burden on the
families and society as a whole [2]. The main hallmarks of AD are
B-amyloid (AB) deposition in senile plaques, emergence of hyper-
phosphorylated tau protein in neurofibrillary tangles, and loss of
cholinergic neurons in the basal forebrain. In addition, other factors,
such as oxidative stress and neuroinflammation, are also involved in the
pathogenesis of AD [3]. Due to the complex and incompletely under-
stood etiology of AD, the currently approved drugs such as donepezil can
only ameliorate some of the AD symptoms, but cannot prevent the
progression of AD [4]. Many rodent models of AD have been intensively
studied, providing a considerable insight into AD mechanisms. How-
ever, these models are relatively costly and take long time to develop,
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which slows down progress towards developing AD therapeutics [5-8].
Therefore, other inexpensive in vivo AD models with high-throughput
screening capacity that can rapidly and efficiently identify more active
and specific compounds with therapeutic potential are rather necessary.

Zebrafish (Danio rerio) has high biological, structural, functional, and
genetic similarities with humans and is rapidly emerging as an attractive
model for research on human diseases [9,10]. In addition, zebrafish is an
excellent model for time- and cost-efficient high-throughput drug
screening because of its small size, high fecundity, easy husbandry, and
transparent embryonic and larval stages [11,12]. Many small molecules
shown to have therapeutic activity in zebrafish have made it to clinical
trials, e.g., leflunomide for the treatment of melanoma [13]. Several
pharmacological models of AD in zebrafish, including those induced by
aluminum trichloride (AlCl3) [14], scopolamine [15], and okadaic acid
[16], have been used to rapidly screen potential therapeutics for AD.
Notably, aluminum represents an environmental risk factor for AD, as
toxic effects of water, food, and other sources contaminated by
aluminum have been linked to an increase in AD occurrence [17,18].
Aluminum easily crosses the blood-brain barrier and accumulates in the
brain, especially in the frontal cortex and hippocampus [19]. Exposure
to AlCl3 causes cholinergic dysfunction, Ap accumulation,
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neuroinflammation, oxidative stress, and ultimately affects memory and
learning both in rodents and zebrafish [20-22]. Previous studies re-
ported that daily exposure to appropriate concentrations of AlCl;3 for 3-5
days could successfully induce an AD-like pathology in zebrafish.
Accordingly, some potential anti-AD compounds such as linarin [23]
and trihydroxy piperlongumine [24] were discovered in the zebrafish
model of AD induced by AICl;. Therefore, AlCl3 is an appropriate and
efficient agent to induce AD-like manifestations in zebrafish.

Although various genetic and environmental factors have been
demonstrated to be linked to the development of AD, the single greatest
risk factor of that condition is age [25]. Increasing evidence suggests
that gradual accumulation of pathological changes during normal aging
likely contributes to the cognitive impairments observed in older in-
dividuals. The aging brain commonly harbors different pathological
features, some of which are AD-related pathologies [25]. In particular,
cellular senescence may be an important factor in AD pathophysiology,
so senolytic therapies, e.g., a combination of dasatinib and quercetin,
may be as an attractive alternative strategy in AD treatment [26,27].
D-galactose (D-gal) is known to induce brain aging owing to the con-
version of D-gal into aldose and hydrogen peroxide, resulting in
increased reactive oxygen species (ROS) levels [28]. Chronic adminis-
tration of D-gal at low doses was shown to induce changes that mimic
natural aging processes in animals, including cognitive impairment,
oxidative stress, increased inflammatory response, as well as gene
transcriptional alterations [28,29]. Therefore, when AlCl;3 is used to
model AD in young animals, its combination with D-gal may better
simulate AD-like symptoms in the elderly. Previous studies have shown
that a combination of D-gal and AlCl3 induces changes in rodents that
resemble natural aging, e.g., memory impairment, hair loss, humped
back, as well as AD-like features, such as deficits in the cholinergic
system, expression of high levels of A proteins, oxidative stress, and
inflammation [5,30,31]. However, the rodent AD models have limita-
tions, such as high cost of housing and suboptimal suitability for
large-scale screening.

In the present study, in order to overcome some shortcomings of the
rodent AD models, we attempted to establish a new AD model in
zebrafish by a combined treatment with AlCl3 and D-gal at different
concentrations. The behavioral performance parameters, such as
learning and memory, response ability, and locomotor capacity were
evaluated by the plus-maze and light/dark test. Moreover, we investi-
gated the main hallmarks of AD and aging to determine whether the AD
model in zebrafish was successfully established.

2. Results

2.1. Effects of co-treatment with AICl3 and D-gal at different doses on
learning and memory

To explore the optimal combination of AlCl3 and D-gal concentra-
tions to cause learning and memory impairments, we first determined
the maximum tolerance concentration by evaluating the mortality of
zebrafish from exposure to three different concentrations of AlCl3 (160,
180 and 200 pM) in combination with 51.2 mg/mL D-gal at 2 days post-
fertilization (dpf) for 72 h. Results showed that 5 dpf zebrafish mortality
increased significantly with the increase in AlCl3 concentration.
Notably, when the concentration of AlCl3 reached 200 pM, all zebrafish
in the study perished (Fig. S1). Therefore, we reduced AlICl3 and D-gal
concentrations and used combinations of 60, 80, 100, or 140 uM AlCl3
with 25.6 mg/mL D-gal. We found that zebrafish subjected to any of
these four combined treatments showed long survival and good physical
condition. Moreover, the learning and memory ability of zebrafish after
exposure to these combined treatments was evaluated using the plus-
maze test, a color preference assay based on zebrafish showing an
innate preference for blue over other colors [32]. The four experimental
zebrafish groups did not show any significant difference in the total
distance swam in the blue region compared to that in the control group
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(Fig. S2), suggesting that at these concentrations, AlCl3 and D-gal did not
impair learning and memory in zebrafish.

Based on these results, we further adjusted the concentrations of
AlCl3 and D-gal and used the following five combinations: 150 pM AlCl3
+ 30 mg/mL D-gal, 150 uM AlCl;3 + 40 mg/mL D-gal, 200 uM AICl3 + 20
mg/mL D-gal, 200 pM AlCl3 + 30 mg/mL D-gal, and 200 pM AICI3 + 40
mg/mL D-gal. All zebrafish exposed to these five combinations survived
and moved normally. Based on this, we further evaluated the perfor-
mance of the zebrafish in learning and memory tests. As shown in Fig. 1,
except for the group treated with 150 uM AlCl3 + 30 mg/mL D-gal,
zebrafish treated with the remaining four combinations moved signifi-
cantly less in the blue region than did control zebrafish, indicating that
co-administration of these four doses of AlCl3 and D-gal significantly
dysregulated learning and memory in zebrafish (Fig. 1).

2.2. Effects of co-treatment with AICl3 and D-gal at different doses on
response ability

Zebrafish larvae show a clear and distinct pattern of swimming
movement in response to light and dark conditions. This swimming
behavior is strongly linked to social interaction, anxiety, learning and
memory, and defense [33]. In the present study, we evaluated the
response ability of zebrafish under alternating light-dark stimulation. In
the control group, the movement speed was fast in the dark environment
and slow in the bright environment (Fig. 2A), which was reflected in the
large difference between relative speeds per minute in the bright and
dark environments (Fig. 2B). After co-treatment with the five combi-
nations of AlClz and D-gal described in the previous paragraph, the
speed change in the light and dark compartments (Fig. 2A, B) as well as
the total distance swam (Fig. 2C, D) significantly decreased. These re-
sults indicated that co-administration of AlCl; and D-gal weakened the
response ability and locomotor capacity of zebrafish. Taking into ac-
count the results of the plus-maze test, we concluded that learning and
memory, response ability, and locomotion were significantly impaired
upon exposure to the following four combinations of AICl3 and D-gal:
150 pM AlICl; + 40 mg/mL D-gal, 200 pM AlICl3 + 20 mg/mL D-gal,
200 pM AlCl3 4+ 30 mg/mL D-gal, and 200 pM AlCl3 + 40 mg/mL D-gal.
Therefore, subsequent experiments were carried out using these four
combinations.

2.3. Effects of co-treatment with AICl3 and D-gal at different doses on
acetylcholinesterase activity

Acetylcholinesterase (AChE), an important enzyme responsible for
acetylcholine hydrolysis in the brain and inducing cholinergic neuronal
dysfunction, is currently the primary target of AD therapy [34]. There-
fore, after treatment with different doses of AlCl; and D-gal at 2 dpf for
72 h, we determined the AChE activity of 5 dpf zebrafish to confirm
successful construction of an AD model. We found that the fluorescence
intensity associated with a product of enzymatic reaction catalyzed by
AChE in zebrafish treated with the four selected combinations of AlCl3
and D-gal was significantly higher compared to that in the normal
control group (Fig. 3A). This finding aligns with the observed behavioral
performance of zebrafish as discussed above.

2.4. Effects of co-administration of AlCls and D-gal on Af1_42 plaques

Ap deposition is an important clinical hallmark in patients with AD.
We next examined the level of AB;_42, a highly neurotoxic amyloid
peptide that accumulates in the brains of patients with AD [35]. As
shown in Fig. 3B, only few Af;_42 plaques were observed in the control
group. In contrast, there was a notable increase in the content of Ap;_42
plaques observed in zebrafish treated with any of the selected four
combinations of AlCl3 and D-gal (Fig. 3B). This increasing trend was
consistent with the increase in AChE activity, suggesting that exposure
to these four combinations of AICl; and D-gal may induce AD-like
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Fig. 1. Assessment of color-associated learning and memory in the plus-maze test. A: Schematic diagram of plus-maze and representative swimming trajectories in
the plus-maze test. B: Quantitative analysis of the ratio of distance swam in the blue area to the total distance swam in 2 dpf zebrafish after exposure to four different
combinations of AlCl; and D-gal for 72 h. Data are presented as the mean + SEM (n = 30 zebrafish larvae per group), and the distance of five zebrafish represents one
data point. Statistical significance of treatment effects was assessed using one-way ANOVA with Dunnett’s multiple comparison test and illustrated as follows:

**p < 0.01 (versus the control group).
manifestations in zebrafish.

2.5. Effects of co-treatment with AlCl3 and D-gal at of different doses on
the levels of f-galactosidase and telomerase activities

The levels of senescence-associated p-galactosidase and telomerase
activity are commonly used as cell aging biomarkers [36]. The
p-galactosidase activity in the 200 pM AlCls + 20 mg/mL D-gal treat-
ment group showed no significant difference from that in the control
group (Fig. 4A, B). However, co-treatment with other three
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combinations of AlCl; and D-gal dramatically increased f-galactosidase
activity (Fig. 4A, B). In contrast, we found that telomerase activity in all
four treatment groups were about twofold lower than that in the control
group (Fig. 4C). These results indicate that exposure to the combinations
of 150 pM AICl; + 40 mg/mL D-gal, 200 uM AICI; + 30 mg/mL D-gal,
or 200 pM AICl3 + 40 mg/mL D-gal induced significant aging features in
zebrafish.
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Fig. 2. Assessment of the response ability and locomotor behavior in the light-dark test. A: Locomotor patterns and average speed during dark-light stimulations of
zebrafish after exposure to four different combinations of AICl; and D-gal from 2 to 5 dpf. B: Quantitative analysis of the average speed change during light-dark
stimulations. C: Representative traces of total locomotor activity in different groups during all light-dark stimulations. D: Quantitative analysis of total distance
swam during all light-dark stimulations. In B and D, data are presented as the mean + SEM (n = 10 zebrafish larvae per group). Statistical significance of treatment

effects was assessed using one-way ANOVA with Dunnett’s multiple comparison test and illustrated as follows: * * p < 0.01 (versus the control group).

2.6. Effects of co-treatment with AlCls and D-gal at different doses on il1b
mRNA expression

Inflammation is a hallmark of aging and driver of multiple age-
related diseases such as AD [37]. Age-related build-up of senescent
cells in the brain might be responsible for creating the perfect
pro-inflammatory conditions to favor the onset of AD in the presence of
other risk factors [27]. Interleukin 1 beta is one of the most common
pro-inflammatory markers, and we found that il1b mRNA expression in
each treatment group was about twofold higher than that in the control
group (Fig. 5A), suggesting that notable inflammation was induced by
the four used combinations of AlCl3 + D-gal.
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2.7. Effects of co-treatment with AICls and D-gal at different doses on the
ROS level

Oxidative stress plays a key role in the progression of aging and AD.
Furthermore, overproduction of ROS results in oxidative stress [38].
Therefore, we further investigated the impact AlCl3 and D-gal at
different doses on oxidative stress in zebrafish using an
oxidation-sensitive probe (CM-H2DCFDA) to measure ROS production.
We found that fluorescence intensity of ROS in the 200 pM AlCl;3
-+ 20 mg/mL D-gal group was similar to that in the control group
(Fig. 5B). However, exposure of zebrafish to other three combinations of
AlCl3 + D-gal markedly increased ROS fluorescence intensity (Fig. 5B),
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Fig. 3. Determination of AChE activity and AB;_42 content. A, B: Quantitative analysis of AChE fluorescence intensity (A) and Af;_42 plaques (B) after exposure of 2
dpf zebrafish to four combinations of AICl3 and D-gal for 72 h. Data are presented as the mean + SEM (n = 3). Statistical significance of treatment effects was
assessed using one-way ANOVA with Dunnett’s multiple comparison test and illustrated as follows: * p < 0.05, * * p < 0.01 (versus control group).
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Fig. 4. Determination of p-galactosidase and telomerase levels. A: Representative images of staining for p-galactosidase. B, C: Quantitative analysis of p-galactosidase
(B) and telomerase (C) activities after exposure of 2 dpf zebrafish to four different combinations of AlCl; and D-gal for 72 h. Data are presented as the mean + SEM
(n=10in Band n = 3 in C). In B and C, statistical significance of treatment effects was assessed using one-way ANOVA with Dunnett’s multiple comparison test and
illustrated as follows: * * p < 0.01 (versus control group).

indicating that co-treatment with those three combinations of AlCl; and 3. Discussion
D-gal significantly increased the ROS level.
At present, there is an urgent need to develop an in vivo model of AD
with high-throughput screening capacity that can rapidly and efficiently
identify more active anti-AD compounds with therapeutic potential.
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Fig. 5. Determination of il1b expression and ROS levels. A: Quantitative analysis of the relative il1b mRNA expression normalized by actbl mRNA level in 2 dpf
zebrafish exposed to four combinations of AICl; and D-gal for 72 h. B: Quantitative analysis of the fluorescence intensity of ROS levels after exposure of 2 dpf
zebrafish to four different combinations of AlCl; and D-gal for 72 h. Data are presented as the mean + SEM (n = 3 in A and n = 10 in B). Statistical significance of
treatment effects was assessed using one-way ANOVA with Dunnett’s multiple comparison test.

Owing to the small size, high fecundity, low cost, and transparency of
the larvae, zebrafish larvae have been increasingly utilized in high-
throughput behavioral analysis to discover potential therapeutically
relevant compounds [39]. Aging is associated with a decline in cognitive
performance, which is the biggest risk factor for the development of AD
[25]. Both normal aging and AD are associated with overlapping and
increased levels of pathology [25]. Despite several studies have
described the usefulness of AlCl3 as a common toxic agent to induce AD
model in zebrafish, but in those models, symptoms of aging are difficult
to simulate. In addition, D-gal is an accepted drug for accelerating aging,
and studies have reported that combining D-gal with AlCl3 in rodents
can induce both aging and AD-like characteristics. However, the estab-
lishment of these rodent AD models usually takes 8-12 weeks [5,40,41],
and our study also found that mice exposed to different doses of AlCl3
and D-gal for 4 weeks showed no notable difference in locomotor and
memory abilities, and significant impairments were observed after 10
weeks (Fig. S3). Therefore, in the current study, we constructed a
zebrafish model of AD after co-treatment with AlCl; and D-gal from 2
dpf to 5 dpf, which has not been reported previously. This model com-
bines AD-associated pathology and natural aging signs, and is simple,
rapid, effective and affordable, enabling for screening a large number of
anti-AD compounds in zebrafish.

A wide range of complex behaviors observed in mammalian models,
including learning and memory, aggression, anxiety, social interaction,
object discrimination, color and place preference have been compre-
hensively classified and characterized in zebrafish [42]. Therefore,
different behavioral tests such as the T/Y-maze test, novel object
recognition test, light-dark test and novel diving test were used to
evaluate cognitive abilities, locomotion, exploratory tendencies, and
anxiety in this zebrafish AD model [12]. Zebrafish have rich color vision,
which is a distinct advantage over the rodent models. The majority of
the behavioral assays are based on color discrimination and involves
visual stimuli (either rewarding or aversive) used as cues for learning in
zebrafish. Buatois et al., [43]. Due to its relative simplicity and ease,
color preference screening using zebrafish larvae is suitable for
high-throughput screening applications. Zebrafish larvae have been re-
ported to show an innate preference for the blue color rather than for the
red, green or yellow color in the T-maze and plus-maze tests [44].
Natural color preference is a major factor by which learning, memory,
decision-making, and functionality of the zebrafish visual system can be
assayed [45,46]. Therefore, we first investigated the effects of different
combinations of AlCl3 and D-gal using a plus-maze with four differently
colored arms (red, yellow, blue, and white), and used the ratio of
movement in the blue area to the total movement as an evaluative index
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for learning and memory impairment in this study. The results showed
that zebrafish in all four experimental groups showed a significant
decrease in the proportion of distance swam within the blue area, sug-
gesting that the learning and memory function was obviously impaired.
Sang et al. reported that zebrafish exposed to AlCl3 (140 pM) from 2 to 5
dpf exhibited obvious dyskinesia and reduced response efficiency [47,
48]. Similarly, these four combinations of AlCl3 and D-gal in our study
also significantly impaired the response ability and locomotor capacity
of zebrafish larvae, as was observed in the light-dark test. These
behavioral changes in zebrafish were similar to those previously
described in mice and rats treated with AlClz and D-gal [5,49].

Acetylcholine is an important cholinergic neurotransmitter for
learning and memory, and its concentration in the synaptic cleft is
regulated by AChE activity [34]. Pharmacological inhibition of AChE by
drugs such as donepezil is currently considered as classic clinical treat-
ment for AD. In addition, Ap peptides in the brain play a key role in AD
pathogenesis. The aggregation of Ap peptides, particularly of Af;_42, a
key subtype with a higher neuronal toxicity and accumulation rate than
those of ABy_40, initiates the pathogenic cascade and ultimately leads to
neuronal dysfunction and dementia [35]. Therefore, increased activity
of AChE and Ap;_43 deposition are two important hallmarks of AD. Sun
et al. reported that in a zebrafish AD model induced by AlCl3 (80 pM)
from 3 to 6 dpf, increased AChE activity and large Ap plaques in the
brain of AD zebrafish were observed [14]. Previous studies reported that
combined administration of AlCl; and D-gal significantly increase AChE
activity and Ap;_42 deposition in mice and rats, causing the development
of learning and memory impairments [49,50]. Similarly, our findings
showed that the combinations of AlCl3 and D-gal that induced an
obvious cognitive deficit and impaired response ability and locomotion
in zebrafish also significantly increased the activity of AChE and AB; 42
deposition. These results imply that the four different combinations of
AlCl3 and D-gal used in our experiments can be successfully utilized to
establish an AD model in zebrafish.

Aging is a natural process characterized by a progressive functional
decline of tissues, organs, and organ systems that leads to an increased
susceptibility to age-related diseases and, ultimately, to death [25].
B-Galactosidase is a biomarker of aging, and its activity increases with
advancing age in both zebrafish and humans [51,52]. The activity of
telomerase, another marker of cellular aging, decreases with age, and
such decline has been associated also with aging-related diseases.
Environmental factors, including diet and lifestyle, affect the rate of
telomere shortening, which can be reversed by telomerase [53]. In
zebrafish, telomerase expression increases during the development be-
tween larval and juvenile stages, continues during young adulthood, and



L. Luo et al.

subsequently declines at older ages [54]. A significant increase in
fB-galactosidase activity and a significant decrease in telomerase activity
were observed in rodent models of aging induced by treatment with
D-gal [55,56]. Additionally, although rodent models of AD induced by
administration of AlCl3 and D-gal replicate the aging process and induce
AD-like symptoms, there are few studies on the biochemical indicators
related to aging. In the present study, we found that f-galactosidase
activity was dramatically increased after treatment with three different
combinations of AlCls and D-gal, whereas telomerase activity was
significantly decreased in all treatment groups. Based on these results,
we concluded that our zebrafish AD model induced by the combinations
of 150 puM AlCl3 + 40 mg/mL D-gal, 200 pM AlCl3 + 30 mg/mL D-gal,
or 200 pM AICl; + 40 mg/mL D-gal showed obvious changes in aging
biomarker. Therefore, compared with the characteristics of the previ-
ously described zebrafish AD model induced by AICl3 alone, our
zebrafish larval AD model additionally emphasizes the aging process
and therefore may better simulate the symptoms of elderly AD patients.

There is considerable evidence that inflammation and oxidative
stress are important hallmarks of aging and drivers of multiple age-
related diseases, such as AD [57]. The levels of oxidative stress and
inflammation are well established to be increased in the brain of patients
with AD [58]. D-gal is a reductive monosaccharide that stimulates
excess production of ROS and advanced glycation end products, leading
to oxidative stress, mitochondrial dysfunction, and inflammatory re-
sponses [28,29]. D-gal shortens life spans of mice with cognitive im-
pairments and neurodegeneration associated with aging symptoms by
increasing oxidative stress and inflammatory response [29]. Exposure to
AlCl3 also causes neuroinflammation and oxidative stress, and ulti-
mately affects memory and learning both in rodents and zebrafish [20,
21]. Previous studies reported that different combinations of AlCl3 and
D-gal increase generation of pro-inflammatory factors such as IL-1$ and
IL-6, as well as enhance production of oxidative stress factors such as
ROS in rodents ([59,60]). In line with this, our results showed that the
il1b mRNA expression and ROS levels were significantly increased in
zebrafish exposed to different combinations of AlCl3 and D-gal. These
changes were in accord with altered fish behavior and changes in other
biomarkers discussed above, further supporting the notion that this
treatment can be used to successfully establish a valid AD model in
zebrafish.

In conclusion, our study demonstrated that 2 dpf zebrafish exposed
to several combinations of 150 pM AlCl; + 40 mg/mL D-gal, 200 pM
AlCl3 + 30 mg/mL D-gal, or 200 uM AICl; + 40 mg/mL D-gal for 72 h
reliably develop AD-like symptoms and manifest aging features. This
zebrafish AD model showed significant learning and memory deficits
and impairments in response ability and locomotion. Importantly, there
is a strong synergistic effect of AlCl3 and D-gal on cognitive impairment
than that by AlCls (150 or 200 pM) or D-gal (30 or 40 mg/mL) alone
(Fig. S4). Furthermore, some typical biochemical features of AD and
aging were observed, such as increased AChE and f-galactosidase ac-
tivities, AB;_42 deposition, reduced levels of telomerase, augmented il1b
mRNA expression, and enhanced ROS production. Presence of other
known AD pathologies, such as neurofibrillary tangles of hyper-
phosphorylated tau protein and mitochondrial dysfunction, should be
explored in this model in the future. In summary, we have established a
new zebrafish AD model that is simple, rapid, effective and low-cost,
which may helpful in understanding mechanisms of AD, as well as in
high-throughput screening of potential anti-AD compounds.

4. Materials and Methods
4.1. Zebrafish maintenance

Wild-type AB strain zebrafish larvae at 2 dpf used in this study were
obtained from a commercial supplier (Hunter Biotechnology Co., LTD,

Hangzhou, China, License number: SYXK (Zhejiang) 2022-0004).
Zebrafish embryos were produced through natural pairwise mating
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conducted within our aquaculture facility. Only embryos that developed
normally and reached appropriate stages were chosen for experiments.
Zebrafish were kept at 28 °C in aerated water (200 mg instant ocean sea
salt L7%; conductivity: 450-550 pS/cm; pH: 6.5-8.5; hardness:
50.0-100.0 mg/L CaCOs3). All experiments were conducted in accor-
dance with the Association for Assessment and Accreditation of Labo-
ratory Animal Care International (AAALAC, 001458) and Institutional
Animal Care and Use Committee (IACUC-2023-6463-01) guidelines.

4.2. Establishment of zebrafish AD model

D-galactose (D-gal, J2126173) and aluminum -chloride (AlCls,
C1628001) were purchased from Aladdin Biochemical Technology Co.,
Ltd (Shanghai, China). Stock solutions of D-gal (160 mg/mL) and AlClg
(50 mM) were prepared using 1 x E3 medium (5 mM NacCl, 0.17 mM
KCl, 0.33 mM CaCly, 0.33 mM MgSO,), diluted as needed, and prepared
on demand. The majority of zebrafish developmental processes occur
within the first day, and they hatch at 2 dpf [61]. Thus, 2 dpf zebrafish
were chosen to establish the model. The 2 dpf larval zebrafish were
randomly allocated into 6-well microplates at a density of 30 per well.
Then they were co-treated with different doses of water-soluble D-gal
and AlCl3 (Fig. 1 and S1) from 2 to 5 dpf at a temperature of 28 °C to
establish a zebrafish model of AD. The normal control group was also
established, with each well containing 3 mL of fluid that was refreshed
daily.

4.3. Color-associated learning and memory test (plus-maze test)

Behavioral tests were performed on zebrafish larvae at 5 dpf. The
plus-maze tank had four identical arms designed in the shape of a cross
that were painted in four different colors (yellow, blue, red and green;
see Fig. 1A for the schematic diagram), as previously reported [32].
Zebrafish inherently incline to swim towards blue color, therefore dis-
playing increased activity in the blue arm. However, this tendency is
diminished during cognitive impairment [44]. The distance swam by
zebrafish in each of the four regions within 10 min was recorded by an
automated computerized video-tracking system (V3.11, ViewPoint Life
Sciences, France). Each group contained 30 zebrafish, and five zebrafish
were randomly selected to be placed in the maze at a time. The total
distance swam by these five zebrafish in the blue zone and the total
distance in all four zones were recorded, so each group contained six
data points. The ratio of the distance swam in the blue compartment to
that swam in the whole maze was used to evaluate the learning and
memory ability of zebrafish.

4.4. Response ability assessment and locomotor test (light-dark test)

To evaluate the response ability and locomotion of zebrafish, the
light-dark test was conducted as previously described [32,62]. After
exposure to D-gal and AlCl; for 72 h, zebrafish at 5 dpf were distributed
into 96-well plates, with one fish per well. The zebrafish were accli-
mated for 15 min before the motility recording. The tests were
completed in 20 min, containing two cycles of dark/light phases (5 min
of darkness and 5 min of light, alternately). The total distance swam in
20 min and speed changes during light-dark stimulations were recorded
by a video-tracking system for further analysis.

4.5. Determination of AChE activity

After the behavioral studies, the concentrations of AlCl; + D-gal that
caused significant cognitive and response impairment in zebrafish were
selected to further evaluate the effects on AChE activity. Zebrafish at 5
dpf were euthanized by freezing using liquid nitrogen. Cold physiolog-
ical saline was added to the larvae at a ratio of 1:9 (mass:volume), ho-
mogenized using automated tissue homogenization, and centrifuged at
2500 rpm for 10 min. The supernatant was collected for the
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determination of AChE activity by using an Amplite™ Fluorimetric
Acetylcholinesterase Assay Kit (2760191, AAT Bioquest, Pleasanton,
CA, USA) according to the manufacturer’s instructions [14]. The fluo-
rescence at excitation and emission wavelengths of 490 and 525 nm was
monitored using a Spark multimode microplate reader (Tecan, Austria).

4.6. Determination of Af1_42 content

The Apj_42 content was determined using a Zebrafish Ap;_4o ELISA
kit (202308, Shanghai Enzyme Linked Biotechnology Co., Ltd, China)
according to the manufacturer’s instructions. Briefly, zebrafish at 5 dpf
were euthanized by freezing using liquid nitrogen. Cold physiological
saline was added to the larvae in a 1.5 mL tube at a ratio of 1:9 (mass:
volume), homogenized, and centrifuged at 5000 x g for 10 min. The
supernatant was collected for the assay. Absorbance was measured at
450 nm using a Spark multimode microplate reader (Tecan). The AB;_42
concentrations are presented as ng/mg total protein.

4.7. Determination of f-galactosidase activity

Briefly, after exposure to D-gal and AlCls for 72 h, zebrafish at 5 dpf
in 6-well microplates were washed with 0.01 M phosphate buffered
solution (PBS) 3 times, and p-galactosidase activity was detected using a
cell senescence f-galactosidase staining kit (091821220526, Beyotime
Biotechnology, China) following the manufacturer’s instructions. After
staining, 10 zebrafish from each experimental group were randomly
selected and photographed under an anatomical microscope (SZX7,
Olympus, Japan). Data were collected using NIS-Elements D 3.20
advanced image processing software to analyze the intensity of
fB-galactosidase staining in zebrafish.

4.8. Determination of telomerase activity

The telomerase activity was detected using a Zebrafish TE ELISA Kit
(H23Y07, Shanghai Hengyuan Biotechnology Co., Ltd, China) following
the manufacturer’s instructions. The sample preparation method was
the same as that for the AP; 4o content detection. Absorbance was
measured at 450 nm using a Spark multimode microplate reader
(Tecan). The enzyme activity is presented as IU/g total protein.

4.9. Determination of interleukin 1 beta mRNA expression

Zebrafish at 5 dpf were euthanized by freezing using liquid nitrogen.
The total RNA was extracted from the homogenized larval tissue using a
Universal RNA Extraction TL Kit C (Foshan Aowei Biological Technology
Co., Ltd, China) according to the manufacturer’s instructions. Next, 2 ug
of total RNA from each sample was reverse transcribed into cDNA using
a FastKing cDNA first chain synthesis kit (X0320, Tiangen Biomedical
Technology Co., Ltd., Beijing, China). The RT-qPCR was conducted
using the iTaq Universal SYBR Green Supermix (1725124, Bio-rad,
USA). The relative expression of the il1b gene was calculated using the
2-AAC method, with beta 1 actin as reference gene. The primer se-
quences of the above genes are as follows : .

Genes Primer sequence

beta 1 actin Forward 5'-TCGAGCAGGAGATGGGAACC-3'
Reverse 5-CTCGTGGATACCGCAAGATTC-3'

interleukin 1 beta Forward 5'-GAACAGAATGAAGCACATCAAACC-3'
Reverse 5'-ACGGCACTGAATCCACCAC-3'

4.10. Determination of ROS levels

The whole-embryo ROS levels were measured using a 5,6-chloro-
methyl-2',7"-dichloro-dihydrofluorescein diacetate ROS assay kit (CM-
HoDCFDA, 2505981, Invitrogen, USA). At 2 dpf, zebrafish were
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randomly allocated into a 6-well microplate at a density of 30 zebrafish
per well and co-treated with water-soluble D-gal and AICl3 at different
concentrations at a temperature of 28 °C. Each well contained 3 mL ROS
fluorescent detection solution, and the solution was changed daily. After
72 h of treatment, zebrafish in each group were transferred to a black
96-well enzyme plate with two fish/well and a capacity of 100 uL/well.
The ROS fluorescence at excitation and emission wavelengths of 484 and
535 nm was detected using a Spark multimode microplate reader
(Tecan).

4.11. Statistical analysis

Data analysis was conducted using Prism 8.0 software (GraphPad
Software, San Diego, CA, USA). Data are presented as the mean
+ standard error of the mean (SEM) for at least three independent ex-
periments. Statistical comparisons of multiple groups were done using
one/two-way analysis of variance (ANOVA) followed by the Dunnett’s
multiple comparison test. Effects of treatments were considered signif-
icant if p < 0.05.
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