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 Abstract: The prevalence of neurodegenerative diseases is increasing globally, with an imperative 

need to identify and expand the availability of pharmaceutical treatment strategies. Alzheimer's dis-

ease is the most common neurodegenerative disease for which there is no cure and limited treat-

ments. Rodent models are primarily used in Alzheimer's disease research to investigate causes, pa-

thology, molecular mechanisms, and pharmaceutical therapies. However, there is a lack of a com-

prehensive understanding of Alzheimer's disease causes, pathogenesis, and optimal treatments due 

in part to some limitations of using rodents, including higher economic cost, which can influence 

sample size and ultimately statistical power. It is necessary to expand our animal model toolbox to 

provide alternative strategies in Alzheimer's disease research. The zebrafish application in neuro-

degenerative disease research and neuropharmacology is greatly expanding due to several vital 

strengths spanning lower economic costs, the smaller size of the organism, a sequenced character-

ized genome, and well described anatomical structures. These characteristics are coupled to the con-

served molecular function and disease pathways in humans. The existence of orthologs for genes as-

sociated with Alzheimer's disease in zebrafish is also confirmed. While wild-type zebrafish appear 

to lack some of the neuropathological features of Alzheimer's disease, the advent of genetic editing 

technologies has expanded the evaluation of the amyloid and neurofibrillary tangle hypotheses using 

the zebrafish and exploration of pharmaceutical molecular targets. An overview of how genetic edit-

ing technologies are being used on the zebrafish to create models to investigate the causes, patholo-

gy, molecular mechanisms, and pharmaceutical targets of Alzheimer's disease is detailed. 
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1. INTRODUCTION 

As of 2020, there are over 50 million people worldwide 
with dementia, with approximately 10 million new cases 
appearing each year. Among those 50 million patients, 30-35 
million have been diagnosed with Alzheimer's disease (AD). 
While dementia tends to impact an older population (>65 
years), it should not be regarded as a normal part of aging. 
AD has a prevalence of 10-30% in individuals aged >65 
years, with more than 95% having the sporadic form of AD 
known as late-onset Alzheimer's disease (LOAD) and less 
than 5% having early-onset AD (EOAD). Familial AD 
(FAD), most commonly associated with EOAD, has provid-
ed scientists with the vast knowledge of molecular events 
underlying the disease progression through studies identify-
ing common genetic mutations in these patients. These ge-
netic targets have then been interrogated in laboratory mod-
els and confirmed to produce pathologies similar to those 
observed in AD patients.  

Clinical characteristics of AD include progressive 
memory loss, speech and motor impairments, depression, 
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and delusion, eventually leading to a decrease in health 
standards. AD pathogenesis is characterized by the failure to 
clear the amyloid-β (Aβ) peptide from interstitial fluid in the 
brain.  

Improper clearance of Aβ leads to accumulation of Aβ 
peptides and plaque formation. This toxic oligomerization of 
Aβ peptides is hypothesized to be the initiating factor for a 
cascade of neurotoxic events in AD, including synaptic dam-
age or dysfunction, which leads to neuronal dysfunction, 
injury, and/or death. This chain of events is known as the 
amyloid cascade hypothesis. While this hypothesis is sup-
ported by observing patients with EOAD and LOAD, some 
observations from transgenic animal studies and therapeutic 
studies are not well supported by this hypothesis [1]. Dis-
crepancies between animal studies and human studies, along 
with failures in human clinical trials aimed at reducing Aβ 
production (e.g., L-411,575 and LY-450,139), accumulation, 
and aggregation (i.e., Alzhemed

TM
), highlight a need to ex-

plore alternative explanations for AD pathogenesis.  

An alternative hypothesis is the tau hypothesis. In the tau 
hypothesis of pathogenesis, tau is modified, leading to oli-
gomerization. Oligomerization starts a cascade of events that 
produce neurofibrillary tangles (NFTs). These NFTs located 
inside the cell body cause neuronal cell death and trigger a 
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cascade of molecular events, including inflammation that 
causes further neuronal degeneration [2]. While there are 
studies that imply that the peripheral nervous system is im-
plicated in AD, most existing knowledge and research have 
been dedicated to effects on the central nervous system 
(CNS).  

The CNS is composed of three parts: the spinal cord, 
brain stem, and brain. The spinal cord conveys sensory in-
formation to the brain and is responsible for transmitting 
signals from the brain to the trunk and limbs [3, 4]. The 
phosphorylated tau protein and the NFTs are found in AD 
patients' spinal cord [5]. In 2018, Yeh et al. found that AD 
cumulative incidence in spinal cord injury patients is higher 
than in non-spinal cord injury patients [6]. Another study by 
Lorenzi et al. found that spinal cord features related to the 
presence of spinal cord atrophy were significantly reduced in 
AD patients compared to healthy controls [7, 8]. While this 
area of AD research is of interest, it is not the main focus.  

Similar to the spinal cord, the brain stem may also be a 
target of neurodegeneration and a source of the cognitive and 
behavioral symptoms of AD [9], but it is not a major current 
direction in AD research. Instead, currently, the main focus 
of AD research is on brain tissue. Brain tissue comprises 
three major components: white matter, grey matter, and cer-
ebral vasculature. The gray matter, which contains glial cells 
(oligodendrocytes, microglia, astrocytes, and ependymal 
cells), is implicated in AD pathology. It is hypothesized that 
the oxidative stress, neuroinflammation, and excitotoxicity 
associated with phosphorylated tau and Aβ peptides promote 
loss of myelin in the CNS. There is also evidence that NG2-
glia—oligodendrocyte progenitor cells (OPCs) are disrupted 
during the AD pathological cascade [10, 11]. This disruption 
alters the production of glial cells that myelinate the axons of 
neurons, which is an essential process needed for rapid syn-
aptic signaling. The impact of AD is also observed on astro-
cytes [10, 12], microglia [13], and specific ependymal cells 
called tanycytes [14]. In AD, the synaptic terminal of neu-
rons is also thought to be altered by AD pathology. The syn-
aptic terminal, including pre-and post-synaptic terminals, 
appears to have impaired mitochondrial transport [15] and is 
related to decreased synaptic function and survival due to 
reduced ATP transport from the mitochondria [16]. The last 
foundational component of the brain directly damaged in the 
onset of AD is the cerebral vasculature and its interface with 
brain parenchyma, the blood-brain barrier (BBB). It has been 
shown in human brain endothelial cell lines [17, 18] and 
human post-mortem samples [19] that Aβ deposition in brain 
blood vessels leads to an inflammatory response and/or cyto-
toxicity, and this dysfunction of the BBB can contribute to 
the onset and progression of AD [20]. As it is not yet known 
if the amyloid or tau cascades are the driving mechanisms of 
AD, current research directed towards the mechanisms, pa-
thology, and treatments focuses on the amyloid and tau hy-
potheses.  

2. MOLECULAR BASIS AND CURRENT UNDER-
STANDING OF THE PROGRESSION OF AD 

As mentioned above, the two main pathological hall-
marks of AD are Aβ plaques and neurofibrillary tangles 
(NFTs). The presence of Aβ plaques in the brain of AD pa-

tients gave life to the amyloid cascade hypothesis. It is now 
believed that the increased production or decreased clearance 
of Aβ begins decades before the onset of clinical symptoms. 
The cascade set off by the accumulation and eventual aggre-
gation of the Aβ monomer promotes oligomerization of the 
peptide; eventually, these oligomers form Aβ fibrils. These 
Aβ fibrils are large and insoluble and further assemble into 
plaques. Aβ oligomers, to some degree, can still spread 
through the brain [21]. These initial plaques can mature to 
senile plaques and inhibit synaptic function. Initial synaptic 
dysfunction is believed to occur in a preclinical disease 
stage. The synaptic dysfunction progresses, and neuritic inju-
ry follows (severe neuronal dysfunction, degeneration, 
death) [22, 23]. The increase in homeostatic levels of mole-
cules involved in cell death and inflammation activates neu-
ronal ionic homeostasis, kinase and phosphatase activity. 
This change in kinase and phosphatase activity contributes to 
the destabilization of the microtubule protein tau and hyper-
phosphorylation of tau that leads to oligomerization and 
NFTs. Tau-mediated neuronal injury is considered the bi-
omarker which indicates that a patient may move from pre-
clinical symptoms to mild cognitive impairment (MCI). Neu-
ronal cell death and inflammation continue as a patient with 
MCI progresses to the final disease stage, dementia [24]. 

While the amyloid cascade is widely accepted, numerous 
failures in clinical trials to improve disease state through the 
removal of Aβ plaques support the notion that Aβ plaques 
and their toxicity may be a pathology that appears later in 
disease progression. Alternatively, the tau hypothesis pro-
poses that hyperphosphorylation of tau and subsequent oli-
gomerization and NFT products cause neuronal death. As a 
result of the increased cell death and the release of oligomer-
ic tau filaments, an anti-inflammatory response is activated. 
Activated microglial cells release molecules that cause in-
flammation, which induces neuronal degeneration in cells 
directly targeted by NFTs and oligomeric tau filaments [25]. 

While several leads into potential neuropharmacological 
treatments have been uncovered, the approved drugs can 
only ameliorate some of the AD symptoms. Unfortunately, 
no current intervention alters the underlying disease mecha-
nism. With a void still present in our understanding of how 
AD pathology progresses and the underlying cascade of mo-
lecular events, the need for additional robust biological mod-
els is evident. Over the past 20 years, most preclinical stud-
ies have used transgenic mice to study the efficacy and tox-
icity of potential therapeutics. In most preclinical studies 
preceding the safety and efficacy testing in early stages of 
phase 1 clinical trials, transgenic mice are used to screen and 
offer pertinent information regarding the potential mecha-
nism of drug activity in vivo. The two most common trans-
genic mice used are the 3xTg-AD and 5xFAD mice. In order 
to have significant pathology associated with neurodegenera-
tion including synaptic and neuronal loss, transgenic mice 
have to express three or more familial AD / AD-associated 
gene mutations. The 3xTg-AD mouse genome houses mutant 
alleles of PSEN1, APP, and MAPT. The 5xFAD mouse 
bears three APP and two PSEN1 mutant alleles. Transgenic 
mice models without multiple mutations fail to support the 
amyloid cascade hypothesis as observations indicate no 
changes in neurodegeneration. While these transgenic mice 
models do support the amyloid cascade hypothesis, there are 
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discrepancies between behavior improvements in these 
transgenic mice lines and AD patients in clinical trials. These 
differences and high costs associated with rodent model test-
ing have slowed down progress towards developing AD 
therapeutics, supporting the need for complementary eco-
nomic whole animal models with high-throughput assaying 
potential.  

3. THE ZEBRAFISH AS A COMPLEMENTARY 
MODEL FOR AD RESEARCH 

The zebrafish (Danio rerio) is an in vivo whole animal 
model with increasing popularity in all areas of biological, 
disease, and drug discovery research due to several strengths, 
including the smaller size of the organism, lower economic 
costs associated with husbandry and maintenance, ex vivo 
development, and shorter life periods. Furthermore, the 
zebrafish possesses high biological, structural, functional, 
and genetic conservations with mammals, including mice 
and humans. As such, the zebrafish is being widely applied 
in neurobiology and neurological disease research to define 
molecular mechanisms of neuropathology.  

The zebrafish brain is functionally and molecularly simi-
lar to mammals. Brain endothelial cells (BECs) from adult 

zebrafish exhibit restrictive barrier properties to both large 

(44 kDa) and small (443 Da) tracers, such as horseradish 
peroxidase (HRP), sulfo-NHS-biotin (N-hydroxysulfo- 

succinimidobiotin), and small biotin adducts. Tight junction 

molecules are expressed at cerebral endothelial cell junc-
tions, including claudin-5 (cldn5a) and tight-junction pro-

tein-a (tjpa). Tight junction molecule gene expression has 

been observed as early as three days post-fertilization (dpf). 
Central artery (CtA), metencephalic artery (MtA), and mid-

dle cerebral vein (MCeV) exhibit restrictive properties to 

Rhodamine-dextran (10 kDa), DAPI (350 Da), and FITC-
dextran (2000 kDa) by 3 dpf [26]. The near-transparent cho-

rion of zebrafish embryos allows for the use of non-invasive 

real-time tracing of fluorescent molecules for evaluating the 
permeability of BECs and also eases genetic manipulation. 

The early appearance of myelinated axons and the regulation 

and communication of myelination cells are also conserved 
in zebrafish [27]. Moreover, promising research studying 

underlying mechanisms of spinal cord injury in the zebrafish 

highlights potential application in AD research [28, 29]. Fur-
thermore, key molecular targets associated with AD are con-

served in the zebrafish genome, including the presenilins, 

amyloid precursor protein and amyloid-beta, beta- and gam-
ma secretases, and MAPT (Table 1).  

3.1. The Presenilins  

PSEN genes in humans play a normal role in develop-

ment. In zebrafish, psen1 and psen2 are orthologs of PSEN. 
These zebrafish orthologs are expressed at higher levels in 

zebrafish during development [30]. Knockdown psen1 

zebrafish with inhibited psen1 function display conserved 
phenotypes with presenilin knockout (KO) mice, implying 

functional importance during somite formation and notch 

signaling [26, 31, 32]. To study the brain's histaminergic 
system [26],

 
researchers use mutant zebrafish lacking psen1 

activity. Sundvik et al. found that not only is psen1 a regula-

tor for histaminergic neuronal development, but indirectly, 

psen1 mediates cognitive functions in usually affected AD 

patients. Interestingly, the loss of expression of the psen2 
ortholog appears to have the most significant effect on Notch 
signaling [33], a phenotype not usually observed in Psen2 

KO mice [34]. The impact of Notch signaling loss during 

zebrafish development decreases the production of interneu-
rons in the spinal cord, which is an area disturbed in AD 

patients [5, 35].  

3.2. APP Co-orthologs 

The amyloid-beta precursor protein (APP) in the 
zebrafish is present as a set of orthologs: appa and appb. 
These orthologs have a widespread expression in the CNS 
during development [36]. The near-transparent embryonic 
chorion and complete genome sequence allowed researchers 
to develop zebrafish genetic models fusing green fluorescent 
protein (GFP) to an appb regulatory sequence for visualiza-
tion of the developmental stage-specific location of appb 
gene expression in real-time [36, 37]. Liao et al. found that 
both appa and another closely related APP gene, amyloid-
beta precursor-like protein 2 (aplp2), accumulated in the 
vasculature of the mutant zebrafish [38]. Expression inhibi-
tion of appa or appb during development led to two different 
results with appa inhibition having little effect and inhibition 
of appb resulting in a body length reduction. Treatment with 
human APP mRNA ameliorated these pathological changes 
in the zebrafish larvae [39]. Furthermore, the treatment of 
appb inhibiting zebrafish larvae with human APP mRNA 
was "more effective" than treatment with mRNA encoding 
human mutant forms of APP, including the Swedish double 
mutation K595N and M596L [39]. These findings support 
the conservation and similarity of APP in zebrafish. 

3.3. Amyloid-beta (Aββ) 

While amyloid-beta (Aβ) has not been observed to accu-
mulate in the brain tissue of zebrafish naturally, Aβ func-

tional and toxicity assays are possible with both the wild-

type and genetically modified lines of zebrafish [25, 40, 41]. 
Genetically modified lines allow investigations into pertur-

bations that influence Aβ accumulation and treatments that 

ameliorate Aβ.  

3.4. β-secretase & γ-secretase 

Both β-secretase and γ-secretase are attractive AD targets 

for drug development [42-44]. Studies characterizing the 
molecular function and expression of bace1 and bace2 have 

used wild-type zebrafish and zebrafish with their genomes 

edited with zinc finger nucleases (ZFNs) [45]. These studies 
support the use of zebrafish as a tool for screening β-

secretase inhibitors for selective and specific therapeutics. 

3.5. MAPT 

The zebrafish genome contains the co-orthologs, mapta 
and maptb, for human MAPT. Both mapta and maptb have 

been manipulated to further understand the function and role 

their ratios play in AD pathogenesis. The use of transgenic 
zebrafish expressing human MAPT showed biochemical 

changes consistent with those observed in human tauopathies 

supporting similarities among zebrafish Mapta and Maptb 
and human MAPT [46].  
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Table 1.  Zebrafish orthologs of human genes mutated in FAD. 

Protein Human Gene and Protein Length 
Zebrafish Gene and Protein 

Length 
Amino Acid Similarity References 

Amyloid Precursor Protein 

APP appa & appb 

[36] 
APP Protein: 695 a.a. 

Appa Protein: 738 a.a. 74% 

Appb Protein: 694 a.a. 77% 

β-secretase 

BACE1 & BACE2 bace1 & bace2 
[42] 

BACE1 Protein: 501 a.a. Bace1 Protein: 505 a.a. 82% 

BACE2 Protein: 518 a.a. Bace2 Protein: 462 a.a. - [43] 

γγ-secretase 

PSENEN psenen 
[44, 45] 

PSENEN Protein: 101 a.a. Psenen Protein: 101 a.a. 91% 

NCSTN ncstn 

[46] 
NCSTN Protein: 709 a.a. Ncstn Protein: 707 a.a. 56% 

APH1b aph1b 

APH1b Protein: 257 a.a. Aph1p Protein: 258 a.a. - 

Prensenilin-1 
PSEN1 psen1 

[47] 
PSEN1 Protein: 456 a.a. Psen1 Protein: 456 a.a. 75% 

Prensenilin-2 
PSEN2 psen2 

[30] 
PSEN2 Protein: 456 a.a. Psen2 Protein: 441 a.a. 76% 

Apolipoprotein E  

APOE apoea 

 [48, 49] 
APOE Protein: 317 a.a.  

Apoea Protein: 269 a.a. 49% 

apoeb 

Apoeb Protein: 281 a.a. 51% 

Sortilin related receptor 1 
SORL1  sorl1 

[50] 
SORL1 Protein: 2214 a.a. Sorl1 Protein: 2213 a.a. 64% 

 

3.6. Potential Limitations and Areas of Continued Re-

search 

Overall, research shows that many parts of the CNS that 
are implicated in AD disease progression and pathology are 
conserved in zebrafish. In addition, there is also a similarity 
in molecular expression and function of AD genetic targets, 
supporting the use of the zebrafish to address AD-related 
research questions. While the zebrafish is an advantageous 
model to use for molecular analysis, some limitations have 
been noted. For example, zebrafish have been indicated to 
lack some of the complexity needed for advanced cognitive 
behavior observations, but research on zebrafish cognitive 
behavior is continuing and providing a better understanding 
of similarities and differences [51-54]. These studies include 
those focused on the histaminergic system using psen1 -/- 
zebrafish, in which these genetically modified zebrafish lar-
vae were less responsive to light compared to wild-type 
zebrafish [55, 56]. This behavioral observation is supported 
by previous studies that histamine is a “wakefulness promot-
ing factor” and mediator of vigilance and cognitive perfor-
mance [57]. Further studies are expanding our understanding 

of additional behavioral traits in larval and adult zebrafish. 
Expansion in this research area and others will continue to 
provide an overall better understanding of similarities and 
differences between the zebrafish and mammals, and ulti-
mately permit improved interpretation and translation poten-
tial.  

4. EDITING THE ZEBRAFISH GENOME 

Zebrafish embryos are easy to manipulate using various 
gene-editing technologies. The zebrafish possess both a ver-
tebrate neural structure and a homologous and fully se-
quenced genome with several gene orthologs of genes mu-
tated in EOAD (Table 1), as discussed previously. Genetic 
modifiers, such as morpholino oligonucleotide (MO) injec-
tions, are often used to demonstrate the conservation of gene 
and protein function in zebrafish. However, a limitation of 
studies that only briefly modify gene expression is that these 
approaches can only block translation or create alternative 
splicing events for a short time window and do not allow 
researchers to observe the late onset of phenotypes. The ease 
in genetic manipulation and sequenced genome allows 
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Fig. (1). Popular methods in the gene-editing toolbox organized by important functional characteristics. [BAC: bacterial artificial chromo-

some; CRISPR-Cas9: clustered regularly interspaced short palindromic repeats–associated nuclease 9; TALENs: transcription activator-like 

effector nucleases]. (A higher resolution/colour version of this figure is available in the electronic copy of the article). 
 
scientists to use zebrafish for analyzing the function of genes 
and molecular pathways using additional genomic editing 
systems. Systems developed to modify an organism's DNA 
range from targeted to non-targeted, specific to selective, 
resource-consuming to economical, and user-friendly to 
nearly inaccessible (Fig. 1). Non-targeted methods include 
those using microinjection or electroporation with naked 
DNA and bacterial artificial chromosomes (BACs) for 
transgenesis. The use of naked DNA for BAC transgenesis 
results in approximately 1-3% germline transmission [58].  

Stable germline transmission can be achieved with ~15% 
transmission rate using Tol2 transposons with BACs (trans-
poson-mediated BAC transgenesis). Naked DNA alone is an 
example of a non-targeted system; however, this method for 
transgenesis is not preferred as transgene integration occurs 
at a much lower rate. Targeted genomic editing systems that 
can produce and introduce mutations in DNA include DNA 
transposons, zinc-finger nucleases (ZFNs), transcription ac-
tivator-like effector nucleases (TALENs), and clustered 
regularly interspaced short palindromic repeats–associated 
nucleases (CRISPR-Cas). There are many ways to edit the 
zebrafish genome, and the editing technology selected is 
based on desired outcomes in the research. For example, for 
research geared at characterizing a gene's location, non-
targeted transgenesis methods like transposon-mediated 
BAC transgenesis or BAC transgenesis are quick and easy 
systems to use. Alternatively, CRISPR-Cas technologies 
make a double-stranded break (DSB) in predicted protein-
coding and non-coding regions of DNA and are often used to 

determine protein-coding areas, promoters, enhancers, si-
lencers, and insulators. CRISPR-Cas systems can also be 
used to determine if a protein function is conserved in 
zebrafish. Determining the location and time of expression or 
gene translation is achieved using non-targeted systems and 
targeted editing systems like CRISPR-Cas9. When multiple 
systems are an option, efficiency, germline transmission 
rates, type of edit, size of insert, and ease-of-use are then 
considered. Some of the most common and efficient methods 
are detailed below in the subsequent sections. 

4.1. Transposable Elements 

DNA transposons are a useful tool for generating trans-
genic zebrafish. Many transposable elements can be used for 
practical chromosomal engineering; however, the more 
common and effective transposable element is the Tol2 
transposon system. This system via transposase (TP)-
dependent cut-and-paste mechanism, a Tol2 element placed 
on either side of a DNA sequence, is reliable for integrating 
a transgene or a mutated DNA. This Tol2 transposase can 
mediate BAC transgenesis. Combining a BAC plasmid and 
an iTol2 cassette increases the observed rate of integration of 
BACs into the zebrafish genome. The Tol2-compatible BAC 
plasmid is constructed in E. coli by recombineering. A re-
porter gene (such as GFP) is introduced in the BAC and in-
tegrated by homologous recombination. This BAC contain-
ing the reporter gene, the transgene, and iTol2 cassette, is 
microinjected into a transparent zebrafish embryo at the sin-
gle-cell stage. Integration rates of edit are based on applica-
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tion and construct sizes. This method has a large carrying 
capacity greater than 160 kb.  

4.2. TALENs 

Transcription activator-like effector nucleases (TALENs) 
employ custom-designed and loci-specific proteins fused to 
sequence-independent nuclease domain, similar to zinc-
finger nucleases, to generate targeted mutations. As a pro-
tein-based system, TALENs use sequence-specific binding 
motifs to create targeted DSBs. TALENs are composed of 
two molecular parts: (1) transcription activator-like effectors 
(TALEs) and (2) nucleases (e.g., Fok I). TALENs are con-
sidered a system with high gene-editing specificity as a 
product of the required homodimerization of the core DNA 
binding motifs attached to the TALE nuclease. Off-target 
effects are relatively rare using TALENs attributing to the 
TALE's high DNA binding specificity and length of the tar-
get sequence (15-19 bp) and the regulation of endonuclease 
activity by nuclease homodimerization. TALENs create a 
specific DSB that is efficiently transmitted in the germline 
[59]. 

4.3. CRISPR-Cas9 

The CRISPR-Cas9 system is a relatively new gene-
editing technology composed of two fundamental molecules: 
a cluster of short repeat sequences separated by unique se-
quence spacers and directed by guide RNA and a CAS pro-
tein with nuclease activity. CRISPR-Cas9 is used to create 
transgenic and mutant zebrafish lines via induction of a 
DSB, point mutation, or insertion of a genomic sequence. 
CRISPR-based screens of knockout zebrafish, such as ge-
nome-wide CRISPR screens, facilitate the discovery of func-
tional non-coding elements. Knockouts are created when the 
CRISPR-Cas9 induced DSB makes a frameshift mutation via 
one of two gene repair pathways. This CRISPR-induced 
frameshift changes a codon and subsequently silences trans-
lation of the modified gene. A knock-in using CRISPR-Cas9 
is achieved using both homology-dependent and independent 
recombination. Homology-dependent recombination (HDR) 
requires the genomic sequence inserted to be 20 bp or less 
and to have homologous flanking arms. CRISPR-Cas9 
knock-in using larger inserts or exogenous DNA typically 
utilizes the non-homologous end-joining (NHEJ) pathway. 
The integration rates of mutations and transgenesis are much 
higher than any other gene-editing system, and technologies 
are expanding into other CRISPR-Cas-based editing systems 
(e.g., Cas12, Cas13, among others) [60].  

5. GENETICALLY ENGINEERED ZEBRAFISH ALZ-
HEIMER'S DISEASE MODELS 

One of the earliest factors identified by researchers as be-
ing imperative to consider during the development and as-
sessment of AD therapeutics is the need for increased speci-
ficity of drugs. Some drugs approved for clinical trials are 
selective and target Aβ or tau peptides or other APP and tau-
associated proteins; however, in doing so, physiologically 
relevant peptides that did not contribute to the formation of 
senile Aβ plaques or the presence of oligemic tau were elim-
inated. While preclinical data was promising, phase one and 
phase two trials of many studies were discontinued due to 
discrepancies between animal data and the adverse events 

recorded during safety and efficacy clinical trials. One rea-
son may be the lack of specificity for the pathologic forms of 
Aβ and tau protein. There is still a need to understand which 
molecules are and are not associated with the amyloidogenic 
pathway. There is always a need to identify the sequence of 
events and which pathologies are symptoms of the critical 
event leading to neurodegeneration in AD patients. As such, 
several genetically engineered zebrafish AD models have 
been developed to address mechanistic, progression, and 
therapeutic AD research challenges.  

5.1. Zebrafish App Models 

Several strategies have been employed in the develop-
ment of zebrafish App models to address AD research ques-
tions. For example, using a transgenic zebrafish that express-
es green fluorescent protein (GFP) in vascular endothelial 
cells, Cameron et al. determined that exposure to monomeric 
Aβ peptides can induce angiogenesis in developing zebrafish 
[37]. This transgenic zebrafish model, Tg(kdr:eGPF)s843, 
was conceived from microinjection of a linearized construct 
consisting of a zebrafish gene, eGFP tag, and promoter. This 
model is important as it can be used to determine the long-
term effects of Aβ exposure in the cerebral vasculature and 
consequences of hypervascularization in adult transgenic 
zebrafish. Research with this model highlighted a conserved 
physiological role of Aβ and APP in the zebrafish [37]. 

Another transgenic zebrafish expressing GFP, Tg(zAppb-
i1-eGFP), was developed and used to analyze the expression 
of the zebrafish APP ortholog appb [39]. Research with this 
model showed Appb expression to be localized in the brain. 
Furthermore, researchers observed Appb expression in the 
developing vasculature. The ease of use of genomic editing 
systems in zebrafish allows researchers to control and verify 
human APP expression in the zebrafish CNS. These simple 
models are useful to screen potential molecules that can de-
crease the presence of Aβ or App by measuring their fluo-
rescence signal in both qualitative and quantitative assays.  

Morpholino oligonucleotide (MO) injections are a less 
permanent genomic modification used to inhibit the transla-
tion of a zebrafish protein temporarily. MO injections of 
APPa-MO and APPb-MO at the one-cell stage produced a 
defective convergent-extension movement during gastrula-
tion. This observed change in phenotype was rescued by 
human APP695 mRNA, but not human APP containing the 
fAD Swedish mutation (APPswe) [61]. This result not only 
shows the physiological conservation of APP in zebrafish 
but demonstrates that specific MOs can be used to elucidate 
molecular targets.  

More permanent genomic integration was achieved using 
the Tol2 gene trap with a red fluorescent protein (RFP). Re-
searchers integrated Tol2 gene traps with RFP into APP 
orthologs and amyloid precursor-like protein 2 (aplp2). The 
Tol2 gene trap localized expression of appa and aplp2 and 
presented no RFP protein expression signal in brain endothe-
lial cells [62]. This observation is consistent with the hy-
pothesis that appa and aplp2 are secreted by neurons [62]. 

Using CRISPR-Cas9 to generate permanent genetic edits 
is more efficient than the system used to study APP and 
APLP2 orthologs' expression. For example, a CRISPR-Cas9 
system was used to efficiently introduce a homozygous mu-
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tation that manufactured a premature stop codon in exon 2 of 
appb. This loss-of-function mutation, confirmed by western 
blot, also underlined the presence of compensatory mecha-
nisms when protein translation was inhibited in the APP 
pathway [42, 43].  

Another research group used the Tol2 gene-editing sys-
tem to insert the human APP gene (APPswe) in the zebrafish 
genome under the control of the zebrafish appb promoter 
[63]. The Tol2 plasmid used to generate this transgenic 
zebrafish contained a zebrafish promoter, exogenous human 
cDNA, and a CMV promotor and eGFP tag. eGFP expres-
sion was used to examine the time and location of expression 
of the transgene. The zebrafish telencephalon, which is com-
parable to the mammalian hippocampus, was morphological-
ly altered in this transgenic model. Both histopathological 
and ultrastructural shifts were detected in the cerebral micro-
vasculature and in neurons, which was supported by results 
of previous studies [25, 41, 54, 64, 65]. A novel outcome of 
this integration was the visualization of Aβ deposition in the 
brain of the transgenic adult zebrafish. Increased optimiza-
tion of this genetic modification to the zebrafish genome is a 
promising future direction as an AD disease model with Aβ 
pathology in the zebrafish brain, increasing the ease and pace 
of screening of potential small molecule therapeutics and 
immunotherapies. 

Genetically modified zebrafish APP models also include 
those that allow scientists to attain a simplified representa-
tion of Bace1 and Bace2 protein function. Bace1 and Bace2 
are proteins produced by bace1 and bace2, orthologs of hu-
man BACE1. Again, BACE1 is responsible for 1 of 2 en-
zymes that cleave APP into Aβ peptides 40 and 42. Consid-
ering the role of the β-secretase, many researchers have at-
tempted to target BACE1 and BACE1 protein to treat AD 
symptoms and progression. The zebrafish bace1 ortholog is 
highly homologous to human BACE1. This orthology is sup-
ported by evidence that bace1 possesses transmembrane do-
main characteristics. Comparison of protein sequences re-
vealed that Bace1 is 74-82% identical to BACE1 and shares 
both protease active sites and the transmembrane domain 
[42, 66]. Researchers interested in the phenotype of bace1 -/- 
loss-of-function used zinc finger nuclease mRNA to generate 
a loss of function bace1 -/- mutant alleles to further investi-
gate this genetic target.  

The zebrafish has a co-ortholog of bace1 and bace2. A 
loss-of-function bace2 -/- mutant has also been generated 
using N-ethyl-N-nitrourea (ENU) mutagenesis to further 
understand similarities and differences to bace1. In the bace2 
mutant, a point mutation changing nucleic acid C to A leads 
to a premature in-frame stop codon. The resulting truncated 
Bace2 protein did not have protease active sites. Upon con-
firmation of mutation and loss-of-function, the bace1 -/- mu-
tant was then crossed with transgenic zebrafish lines express-
ing GFP. The transgenic lines used included Tg(foxd3:GFP) 
and the double transgenic line, Tg(claudink:Gal4); 
Tg(14xUAS:GFP). The Tg(foxd3:GFP) line drives the ex-
pression of GFP under the control of the forkhead box D3 
promoter (foxd3). This transgenic line can be used to analyze 
Schwann cells. The double transgenic line using 
[Tg(claudink:Gal4); Tg(14xUAS:GFP)] drives membrane 
bound GFP expression under the control of claudin k pro-

moter and is used to evaluate myelination. The zebrafish that 
were a cross between bace1 -/- mutants and the transgenic 
line expressing GFP under the control of claudin k promoter 
had a consistent myelination phenotype similar to Bace1-KO 
mice, including a severe reduction in Schwann cell mye-
lination in the PNS [67, 68]. Evaluation of the effect of no 
bace1 activity on myelination of oligodendrocytes was pos-
sible with a cross of the bace1 -/- mutated line and the 
Tg(foxd3:GFP) line. This homozygous bace1 -/- mutant can 
be used as a positive control for screening β-secretase inhibi-
tors (BSIs) and for evaluating that these inhibitors do not 
affect CNS myelination at a molecular level. In addition, 
using the claudin k:GFP transgenic zebrafish to screen other 
BSIs allows researchers to visualize the effects of BSIs on 
Schwann cell myelination.  

While CRISPR systems are still relatively new to the ge-
nomic editing tool kit, new nucleases with different affinities 
are already being used to edit the zebrafish genome to create 
App models. For example, the CRISPR-Cpf1 system was 
applied to generate a null mutation in sorl1 and then TALEN 
pair was used to introduce an early-onset familial AD-like 
frameshift mutation in sorl1 [69]. The application of models 
being developed indicates that the zebrafish genome can be 
modified to study familial mutations and how these familial 
mutations behave mechanistically [68].  

5.2. Zebrafish Tau Models 

There are several models of tauopathy in zebrafish. These 
tauopathy models include two models with transient expres-
sion of human tau fused to GFP under either a gata2 pro-
moter or neuronal HuC/D promoter [69]. The expression of 
human tau under both promoters showed tau phosphoryla-
tion. Eventually, a stable model generated by expressing 
TAU0N4R, controlled by enolase promoter, was prepared 
[70]. The transgenic zebrafish generated with FTDP-17 mu-
tation led to a disruption in the cytoskeleton, which is a pa-
thology observed in human NFTs. This model allowed re-
searchers to study the functional consequence of human tau 
mutations on sites associated with hereditary dementias (e.g., 
G272V, K280, P301S, S305N, and R406W) and those mu-
tated at selected post-translational modification sites.  

Zebrafish tauopathy models are used to evaluate signal-
ing factors and drugs that can alleviate neuronal death in-
duced by pathogenic tau oligomers [71]. Studies with 
zebrafish tauopathy models support the hypothesis that tau 
oligomers are more toxic to neurons than aggregates of hy-
perphosphorylated tau and that truncated forms of Tau pro-
tein are neurotoxic. Tauopathy models were used to evaluate 
the effect of Nrf2 overexpression and distal acquired demye-
linating symmetric neuropathy (DADs) treatment.  

As mentioned above, certain zebrafish lines expressing 
human tau are not stable. Using the zebrafish eno2 promoter, 
Bai et al. generated a stable tauopathy model [72]. A BAC 
strategy was used to develop two models: one to confirm the 
utility of the eno2 gene and promoter and a second to ob-
serve the expression of human tau under the control of the 
enolase promoter. These previous tauopathy models laid the 
path for an optimized model that could overcome their short-
comings. For instance, using a medaka Tol2 transposable 
element mRNA and bidirectional expression system, Paquet 



Use of Zebrafish Genetic Models to Study Current Neuropharmacology, 2022, Vol. 20, No. 3    531 

et al. generated a transgenic zebrafish with stable expression 
of human tau-Proline(P) 301 Leucine (L) [73]. Both human 
TAU

P301L 
and DsRed were integrated into the zebrafish ge-

nome to permit the identification of the tau-expressing cells 
in real-time by the co-expression of DsRed fluorescence. It is 
important to note that at five weeks, this mutant zebrafish 
line displayed NFTs. After the successful and efficient gen-
eration of zebrafish expressing human TAU

P301L
, characteri-

zation of tau hyperphosphorylation in adult zebrafish brains 
was possible, and studies found that human TAU

P301L
 ex-

pression resulted in hyperphosphorylated tau, but no NFTs 
[74]. Future studies could use this tauopathy model to evalu-
ate the role of tau phosphorylation in neurodegeneration and 
to screen therapeutics for decreasing Tau phosphorylation 
following environmental perturbations. 

5.3. Zebrafish Presenilin Models 

Presenilin activity is a significant component of the as-
partyl protease complexes responsible for γ-secretase cleav-
age of APP [75]. Presenilin is the catalytic component of γ-
secretase, a complex fabricated from four different integral 
membrane proteins [76]. There are also early reports of pre-
senilin 1 participation in tau phosphorylation. Previous stud-
ies have shown that tau and GSK-3β bind to the same re-
gions of PSEN1 [77], and that PSEN1 mutation can reduce 
cytoskeletal association and eventually potentiate tau phos-
phorylation [45]. This evidence of presenilin proteins inter-
acting with both Aβ and tau suggests a molecular link be-
tween Aβ production and tau phosphorylation in patients 
with AD. PSEN1 and PSEN2 are two of four loci focused for 
studying AD pathological etiology. Presenilins could become 
a target in therapeutics for patients with early-onset AD. It is 
estimated that 200+ PSEN1 mutations and ~20 PSEN2 muta-
tions are directly linked to the onset of familial AD [78].  

Several genetic editing strategies have been employed to 
study the presenilins in zebrafish. MO injection was used to 
inhibit protein translation of Psen1 and Psen2 in zebrafish 
embryos and induced changes in melanocytes, leading to an 
increase in dorsal longitudinal ascending (DoLA) interneu-
rons [79]. Psen2 inhibition reduced Notch signaling and 
changed the expression of neurogenin1 (neurog1) in the spi-
nal cord of zebrafish. While the genomic modification here 
is temporary, using MOs to block Psen2 protein expression 
in the zebrafish creates a sensitive bioassay to evaluate the 
non-apoptotic activity of Psen2 protein.  

Another study assessed the regulatory protein, presenilin 
enhancer 2 (Pen-2), using MO injection [26]. This study 
demonstrated that knockdown of Pen-2 directly induced a 
p53-dependent apoptotic pathway. Islet-1 (a LIM homeodo-
main protein), acetylated tubulin, trigeminal (a complex of 
cranial neurons), and Rohon-Beard (RB) neurons were eval-
uated for survival after knockdown of Pen-2, Psen1, or Aph-
1. Researchers found that knockdown of Psenen (Pen-2) re-
sulted in the loss of axons and neurons positive for acetylat-
ed tubulin and islet-1. It was also discovered that the knock-
down of p53 could rescue the resulting massive neuronal 
apoptosis.  

To examine accelerated brain aging, Hin and colleagues 
used the zebrafish to model the K115fs mutation, a 
frameshift mutation in PSEN2 leading to a "premature" stop 
codon [31]. This premature stop in sequence leads to a trun-

cated ORF and is another early-onset familial AD mutation 
of PSEN2. Several pathological alterations were inspected in 
the mutant zebrafish brain and were found to be comparable 
to alterations in human AD brains. The mutants produced via 
TALENs provided evidence of increased oxidative stress and 
that altered energy metabolism preceded AD. This model 
and the same genome editing concept, but more efficient 
technology, can be used to evaluate early alterations in the 
brain of fAD-mutation carriers. For example, since oxidative 
stress and energy metabolism were altered, these and other 
endpoints can be assessed as these outcomes are thought to 
be early events in AD [80]. 

One area that remains a therapeutic challenge is the resto-
ration of cognitive function. Many drugs have shown prom-
ise in preclinical trials and were deemed safe in phase 1 of 
clinical trials but failed to meet primary behavioral im-
provements (e.g., those tested in the mini-mental state exam-
ination, call detail record, and free and cued selective re-
minding test) in phases 2 and 3. The histaminergic system is 
a promising target for therapeutics aimed at improving cog-
nitive function scores and psen1 is confirmed to regulate 
histamine neuron development and behavior in zebrafish 
[81]. In a psen1 -/- zebrafish (PS1 hu2547) model prepared 
by targeting-induced local lesions in genomes (TILLING), it 
was determined that this mutation resulted in significant al-
terations in the histaminergic system during development 
and that these changes persisted into adulthood. There was 
also evidence that changes in the histaminergic system may 
be explained by dysfunction in the gamma-secretase com-
plex that regulates the development of histaminergic neurons 
via Notch signaling. This finding filled a significant 
knowledge gap that could not be addressed in knockout mice 
since the absence of PS1 is lethal and causes significant de-
fects to the skeleton and CNS [82]. psen1 expression influ-
encing the histaminergic system was further supported by 
evidence that other neurotransmitter systems implicated in 
AD were not impaired in the psen1 -/- zebrafish.  

6. AD THERAPEUTICS 

There is a great need for improved AD therapeutic strate-
gies. Acetylcholinesterase inhibitors (AChEIs) were among 
the first drugs approved for AD treatment and included 
drugs, such as rivastigmine, galantamine, and donepezil. As 
of 2017, only five medications developed to improve AD 
symptoms, including cognitive function, were approved by 
the US Food and Drug Administration (FDA). Aside from 
the AChEIs, another drug memantine (an NMDA receptor 
antagonist) is used to treat moderate-to-severe AD symp-
toms, unlike donepezil, which is approved for use at all stag-
es of AD [83]. Currently, individuals are either affected by 
early-onset AD [5% of total AD cases in the US, including 
familial (>5%) and sporadic (>~1%)] or late-onset AD (95% 
of total AD cases in the US). Patients who begin to experi-
ence mild cognitive decline and other symptoms described to 
occur during the end of the preclinical stage can undergo 
specialized injection of radiolabeled tracer agent and PET 
scan to detect deposition of Aβ. While this method accurate-
ly diagnoses the disease, it is still a limited used diagnostic 
with most AD cases confirmed post-mortem (with 96% sen-
sitivity and 100% specificity). Aside from assessing degrees 
of increasing cognitive dysfunction, other AD clinical mark-
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ers include a semi-invasive evaluation of cerebral spinal flu-
id (CSF) for Aβ1-42, hyperphosphorylated human tau pro-
tein, and total tau protein content. Regardless of if a patient 
is suffering from cognitive impairment or moderate or pro-
gressive AD-like dementia, current treatment is limited to the 
two previously mentioned classes of pharmacological thera-
peutics [i.e., AChEIs or the NMDA receptor antagonist me-
mantine (or a mixture of both)] [84]. Currently, approved 
AD therapeutics are void of treatments that target etiological 
pathologies of AD or improvement in cognitive scores. 
However, neuropharmacological research is focused on de-
termining the keystone event that, if targeted, can reverse 
and or prevent clinical symptoms of AD, including cognitive 
decline and neurodegeneration via Aβ plaques and NFTs. 

6.1. APP Therapeutics 

The toxic Aβ plaques observed in AD patients are classi-
fied as senile, diffuse, and neuritic [85]. Aβ is formed via 
proteolytic cleavage by β- and γ-secretases of APP, known 
as the amyloidogenic pathway. Aβ1-42 (a product of the amy-
loidogenic pathway) and Aβ1-40 (a physiologically relevant 
molecule in the brain) are the two primary forms for Aβ oli-
gomers. To reduce plaques, researchers have targeted small 
molecules, secretases, and modulators in the amyloidogenic 
pathway. Small molecules of interest include Aβ peptides in 
both soluble and insoluble forms. Inhibition of small mole-
cules via therapeutics focuses on inhibiting accumulation of 
Aβ and/ or inhibiting the formation of plaques. Elayta and 
PRI-002 are small molecules currently in clinical trials. Elay-
ta, which has been declared safe for phase 3 clinical trials, is 
a small molecule antagonist of sigma-2 receptors. Inhibition 
of sigma-2 receptors reduces oligomer binding. The mecha-
nism of action of this small molecule is still unknown but 
assumed to compete with oligomeric Aβ. This reduction of 
Aβ at synapses reduces the toxicity induced by subsequent 
Aβ oligomers. PRI-002 is an enantiomeric peptide designed 
to interfere with Aβ's oligomerization, and this occurs 
through binding of this small molecule to Aβ42 monomers 
and stabilizing them. Due to the promising data produced in 
preclinical studies with transgenic mice, PRI-002 is ap-
proved for phase 1 clinical trials. A small molecule anti-
inflammatory drug, thalidomide, has entered the list of po-
tential therapeutics. A drug known for its controversial arri-
val to the pharmaceutical scene in the early 1960s, thalido-
mide, has found a new application in therapeutics based on 
its immunosuppressive and anti-angiogenic activity. A more 
refined, more potent, and less toxic agent, lenalidomide, has 
been enrolled as a potential small-molecule therapeutic to 
reduce amyloid pathology and gliosis. This derivative of 
thalidomide has been shown to have reduced amyloid pa-
thology and gliosis in vitro and preclinical studies as an anti-
inflammatory drug. These and many other small molecule 
inhibitors are currently under review in clinical trials, most 
of which were set to end in 2020 or early 2021.  

Another area of therapeutic interest for researchers is an-
ti-aggregation agents. These agents can be combined for 
combination therapy (e.g., ALZT-OP1) or modified amino 
acid residues (e.g., ALZ-801). ALZT-OP1 is considered a 
combination therapy as it contains cromolyn and ibuprofen. 
Ibuprofen acts as a typical anti-inflammatory compound by 
suppressing cytokine release, while cromolyn sodium binds 

to Aβ peptides and inhibits polymerization into an oligomer 
[86]. ALZ-801, similar to ALZT-OP1, inhibits Aβ oligomer 
formation [87, 88]. This modified amino acid ALZ-801 is a 
prodrug of homotaurine and is metabolized to a compound 
typically found in the brain that inhibits Aβ aggregation [89]. 
Both of these anti-aggregation agents are under review and 
in different stages of clinical trials.  

Beta- and gamma-secretase are two target molecules of 
interest that have produced mixed results in using targeted 
approaches to treat AD. BACE1 is an essential enzyme for 
producing Aβ peptides. Inhibitors of BACE1 that have made 
it through clinical trials with FDA approval are few. One 
example is citalopram, a small molecule of interest as it has 
been shown to reduce Aβ in the CSF by 25% through in-
creased stimulation of the non-amyloidogenic pathway [90]. 
While there are attractive candidates for both small mole-
cules observed in AD pathology and secretases directly in-
volved in producing the proteins that lead to toxic effects 
observed in AD patients, a portion of the molecular cascade 
and the pathological events are still unclear.  

Another area of interest for AD treatment is passive and 
active immunotherapy using monoclonal antibodies. In 
transgenic mice, immunotherapy decreased the amount of 
Aβ in the brain and improved cognitive function associated 
behavior [91]. In 2012, the safety, tolerability, and antibody 
response of CAD106, an active Aβ immunotherapy, were 
determined [92]. The findings prompted a subsequent study 
two years later to assess the long-term safety, tolerability, 
and antibody response to CAD106. The results indicated that 
CAD106 might be a valuable therapeutic [93]. Like 
CAD106, another potential immunotherapeutic, CNP520, 
was under clinical investigation as an intervention/ treatment 
[94], but as of 2019, this CNP520 arm of a combination 
study was discontinued as it presented worsened cognitive 
function in patients. Phase 3 trials evaluating immunothera-
peutic lecanemab (BAN2041) are also underway; it is one of 
the more promising potential drugs showing an association 
with slowed cognitive decline in human trials. Another mon-
oclonal antibody with ongoing clinical trials is donanemab, 
LY3002813. This passive immunotherapeutic binds to large 
oligomers, like lecanemab, but with higher affinity. This 
plaque-binding antibody does not cause microhemorrhages 
or other issues reported with others [95, 96]. While there 
seem to be a few candidates for treating AD via monoclonal 
antibodies, there are also vaccines in development to target 
AD pathologies. A few currently under clinical evaluation 
include ABvac 40 and UB-311. UB-311 is a synthetic pep-
tide vaccine that couples a helper T-cell epitope, which stim-
ulates a type 2 regulatory immune response [97]. UB-311 
and ABvac40 were both found safe for phase 2 clinical trials 
and are still ongoing. ABvac40 is different from UB-311 and 
other vaccines developed for AD as ABvac40 targets the C 
terminus of Aβ40 [98].  

Unfortunately, almost seven years after the first initially 
developed monoclonal antibodies, immunotherapy has yet to 
improve patients' cognitive scores during clinical trials. As 
with many newly developed therapeutics influenced by the 
amyloid cascade hypothesis, the ongoing development of 
immunotherapies proceeds with the intent to improve and/ or 
preserve cognition in patients with MCI due to AD. To some 
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extent, the lack of success in correlating cognitive improve-
ment with decreases in levels of Aβ in all forms supports the 
notion that insoluble forms of Aβ are a result of the actual 
initiator of neurodegeneration and not the initiator itself. The 
scientists who believe that Aβ oligomers and plaques are a 
clinical sign that the disease has set in, tend to overlap with 
those who think hyperphosphorylated tau and NFTs may be 
more closely related to providing insight on the progression 
and treatment of the disease. While many researchers disa-
gree on the time of arrival of tau protein, many agree on the 
toxicity of hyperphosphorylated tau in the nervous system.  

6.2. Tauopathy Therapeutics 

Detachment, hyperphosphorylation, and aggregation 
eventually lead to neuronal death. Kinases, including glyco-
gen synthase kinase 3β (GSK3β), cyclin-dependent kinase 5 
(CDK5), extracellular signal-regulated protein kinase 2 
(ERK2), and microtubule affinity-regulating kinase 
(MARK), are all directly involved in phosphorylating tau (a 
molecular event believed to initiate detachment of normal 
tau from microtubules). The goal of inhibiting hyperphos-
phorylation is to inhibit or slow down further destabilization 
of microtubules by the detachment of normal tau from the 
microtubules. There are no known CDK5 inhibitor therapeu-
tics in development. In general, CDK inhibitors as a thera-
peutic treatment in clinical trials are associated with multiple 
myeloma and lymphocytic leukemia [99]. Like CDK5 in-
hibitors described above, ERK2 inhibitors are also not of 
interest as a target for therapy. In the long-term, the goal of 
therapeutics aimed at inhibiting hyperphosphorylation is to 
prevent the subsequent oligomerization and aggregation of 
the available and hyperphosphorylated tau. However, inhibit-
ing these molecules is not the main direction of research. 
Instead, removing hyperphosphorylated tau and inhibiting 
the aggregation and/or oligomerization is the main focus of 
tau therapeutic development and research. A few small mol-
ecule inhibitors of tau aggregation are in phase 1 (e.g., 
LY3372689) and phase 3 (e.g., LMTM) clinical trials. 
LY3372689 is an inhibitor of the O-GlcNAcase (OGA) en-
zyme, a post-translational modifier that regulates proteins 
like tau. N-GlcNAcylation (the addition of N-
acetylglucosamine to serine and threonine residues) of tau 
reduces the formation of the subsequent toxic aggregates. 
LMTM (or TRx0237), a purified version of methylene blue, 
is the second generation of Rember

®
. This second generation 

is said to prevent tau aggregation or remove existing aggre-
gates and to possess better pharmacokinetics. 

Tau immunotherapy is a growing area of therapeutic re-
search and development. Similar to APP-based immunother-
apies, researchers have developed both vaccines (active im-
munotherapy) and antibodies (passive immunotherapies). 
The molecular nature of the AADvac1 vaccine has not been 
disclosed; however, this active vaccine elicits an immune 
response to pathologically modified forms of tau. This vac-
cine finished phase 1 trial, and while no data has been post-
ed, it is evident that further trials are needed to establish 
proof of clinical efficacy [100]. ACI-35 is a liposome-based 
vaccine designed to mount an immune response to certain 
pathological conformers of phosphorylated tau without elic-
iting an autoimmune response against its physiological rele-
vant forms. In preclinical rodent studies, ACI-35 injection 

preferentially induced more polyclonal IgG antibodies spe-
cifically targeted for phosphorylated tau than non-
phosphorylated tau [101]. Unlike AADvac1, ACI-35 has 
moved into phase 2 of clinical trials.  

Active clinical trials for passive tau immunotherapies are 
numerous. BIIB076 is a human recombinant monoclonal 
anti-tau IgG1 antibody. In vitro, this antibody targets the 
mid-domain of tau and blocks tau from aggregating. This 
antibody also blocks the uptake of tau into neuronal cells and 
the propagation of tau in interneurons [102]. Phase 1 of 
BIIB076 clinical trials ended in March 2020, and the results 
are anxiously anticipated. Bepranemab is a humanized mon-
oclonal IgG4 antibody; however, unlike BIIB076, this anti-
body binds to tau near the microtubule-binding domain. Re-
searchers believe that antibodies that bind to central regions 
may interfere with cell-to-cell propagation of pathogenic 
aggregated tau than antibodies that target the N-terminal. In 
January of 2021, phase 2 clinical trials for JNJ-63733657 (a 
humanized IgG1 monoclonal antibody) began. This passive 
therapy is designed to interfere with the cell-to-cell propaga-
tion of pathogenic, aggregated tau. While this antibody has 
some of the same design specifications, this potential thera-
peutic is supposedly more potent and has a higher affinity for 
phosphorylated tau [60]. Gosuranemab (or BIIB-092) is an-
other humanized IgG4 monoclonal anti-tau antibody. Phase 
2 trials of BIIB-092 are still ongoing, but results presented at 
the CTAD conference indicated no adverse events that could 
be attributed to the antibody and a 100% decrease in un-
bound N-terminal tau fragments in the CSF occurred [103]. 

Monoclonal antibodies, such as E2814 and Lu AF87908, 
target phosphorylated tau and have at least begun the first 
clinical trial phase. Semorinemab (or RO7105705), an anti-
tau IgG4 antibody, is designed to target extracellular tau to 
limit microglial activation and inflammatory responses. 
Small molecules, antibodies, and vaccines make up the most 
potential therapeutics, but another investigational therapeutic 
has arrived on the scene: DNA/RNA-based IONIS-
MAPTRx, or BIIB080. BIIB080 is the first antisense oligo-
nucleotide (ASO) developed to target tau expression and has 
entered clinical trial in 2019.  

6.3. Challenges in Identifying Optimal AD Therapeutics 
in Mammalian Models 

Many studies of tau vaccines have demonstrated safety 
and efficacy in animal models. However, most face the 
common challenge of translating the animal study results to 
human clinical trials. The discrepancies between pathologi-
cal and cognitive improvements in preclinical studies and 
early phases of human clinical trials for Aβ- and tau-related 
therapeutics highlight a need for further scientific mechanis-
tic investigations. For example, Aβ accumulation and depo-
sition of Aβ-plaques are not significantly correlated to neu-
ronal loss and cognitive decline. This is likely because there 
are still key pieces of information missing. The debate about 
which pathological abnormality is best to target to reduce 
progression or directly inhibit further neurological decline is 
a major barrier in current and upcoming research for effec-
tive treatments. Unknown physiological roles of APP, Aβ, 
tau, and other fragments involved in AD pathology impede 
success in therapeutic development, especially in the begin-
ning. Researchers also share a knowledge deficiency in 
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Fig. (2). The use of gene-editing technology to study AD and screen potential therapeutics. Abbreviations: AD: Alzheimer’s disease; BEC: 

brain endothelial cell; CCtA: common cerebral artery; CtA: Cerebral artery; DSB: double strand break; EGFP: enhanced green fluorescent 

protein; GFP: green fluorescent protein; NFT: neurofibrillary tangle; PCeV: posterior cerebral vein; PHBC: posterior hindbrain channel; RFP: 

red fluorescent protein]. (A higher resolution/colour version of this figure is available in the electronic copy of the article). 
 
understanding the functional roles of many targets of thera-
peutics.  

A new challenge faced by scientists developing therapeu-
tics for AD includes targeting intrinsic factors that signal 
hormetic-based mechanisms. These hormetic-based mecha-
nisms can regulate adaptive cellular stress response path-

ways. The treatment carried out by Spilman et al. of APP 
mutant mice with rapamycin inhibitor stimulated neuronal 
autophagy and reduced amyloid beta pathology [104]. 
Mattson et al. found that modifying environmental factors 
could activate intrinsic mechanisms and that at a low dose 
led to amelioration of cognitive decline in 3xTg AD mice 
[105]. Brose et al. proposed another example of potential 
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therapeutics with the purpose to activate hormetic intrinsic 
factors in order to pro-actively treat rat hippocampal neurons 
[106]. In this study, Brose et al. proactively treated hippo-
campal neurons with hydroxyurea (HU) and observed pro-
tective effects against oxidative, metabolic, and excitotoxic 
stress. HU is a ribonuclease inhibitor, and in the study con-
ducted by Brose et al. [106], HU improved cellular metabol-
ic defects and activated adaptive cellular stress responses in 
vivo (Fig. 2). 

Other challenges include the timeline required and over-
all cost for large-scale preclinical animal and human clinical 
trials. The list of factors that contribute to impeding the suc-
cess of past and current potential therapeutics grows.  

6.4. Zebrafish in Drug Discovery  

The use of wild-type and genetically modified zebrafish 
can overcome many of the challenges faced with mammalian 
models in many aspects of AD research. For example, AD 
progression studies are stressed by the increased consump-
tion of resources for essential maintenance of mammalian 
models. The shorter life span and smaller size of the 
zebrafish provide scientists with the ability to economically 
maintain groups and note the progression of diseases with 
late onset. Scientific findings support genetic and structural 
conservation of the zebrafish CNS and an overall need to 
find a drug that stops and potentially ameliorates cognitive 
deterioration. While the zebrafish is being used in many as-
pects of drug discovery, much of the AD research completed 
using zebrafish is still heavily focused on elucidating the 
mechanism of AD progression. However, some zebrafish 
models have been put to use to screen potential therapeutics, 
including surfen and oxalyl surfen, Lithium, and Lanthionine 
ketamine-5-ethyl ester as well chaperone-gold nanoparticles 
[103, 107-109]. Lanthionine ketamine-5-ethyl ester (LKE) is 
a small molecule administered to zebrafish with okadaic acid 
(OKA)-induced AD to elucidate the neuroprotective proper-
ties of LKE [107]. Koehler et al. utilized these adult 
zebrafish with OKA-induced AD and found that treatment 
with LKE significantly reduced the number of apoptotic 
brain cells, increased phosphor-activation of important pro-
survival factors, and increased brain-derived neurotrophic 
factor (BDNF) in the zebrafish. Lithium is another molecule 
of interest in AD therapeutics that has been studied using the 
zebrafish model. Lithium treatment in zebrafish reversed 
impaired cognition and increased tau phosphorylation [108]. 
After intraventricular injection of Aβ into the brain of wild-
type zebrafish embryos, Nery and colleagues found signifi-
cant increases in tau phosphorylation via Ser202 and Thr205 
phosphorylation levels (two amino acids targeted by GSK-
3β) [108].  

Two small molecules, surfen and oxalyl surfen, were ap-
plied to a zebrafish model of tauopathy [103]. Surfen and its 
derivative oxalyl surfen possess heparan sulfate antagonist 
properties, which are characteristics that could assist in miti-
gating both tau hyperphosphorylation and neuronal degrada-
tion. The in vivo treatment of these small molecules in the 
transgenic zebrafish, Tg[HuC::hTau

P301L
; DsRed], signifi-

cantly reduced the accumulation of pThr181, a tau phosphor-
epitope. While small molecule screening using wild-type and 
modified zebrafish is one promising tool for AD researchers, 
the use of a different type of therapeutic, chaperone-gold 

nanoparticles, is on the horizon as a favorable inhibitor of 
amyloidosis. Javed et al. engineered βCas chaperones onto 
gold nanoparticles. These nanoparticles were then delivered 
via intracardial injection, and mitigation of Aβ42-induced 
toxicity in the brain was evaluated [109]. The intracardiac 
injection of βCas-gold nanoparticles mitigated the toxicity of 
the Aβ42 injected into the cerebrovascular region. 

6.5. Future Directions and Applications of Zebrafish Ge-
netic Models in AD Therapeutics 

As described above, zebrafish are highly responsive to 
genetic modification. The use of these genetic editing tech-
nologies in conjunction with the zebrafish model is an effi-
cient and expanding area for AD therapeutics research (Fig. 
2). The zebrafish model allows scientists to observe the ap-
pearance of pathological phenotypes rapidly and with ease 
after genetic modification due to the transparency during 
embryogenesis and rapid development. Many potential ther-
apeutics require specific regimens to evaluate efficacy. The 
length of time needed to administer these "long-term" thera-
peutics and the required amount hamper the haste required to 
assess all potential therapeutics. There is a need for a homo-
geneous in vivo model with high-throughput and high-
content screening capacity that can rapidly and efficiently 
identify more active and specific compounds with therapeu-
tic potential. Using zebrafish, it is possible to study the mo-
lecular and pathological sequences of events in a compressed 
timescale, with increased confidence and with great statisti-
cal power. 

CONCLUSION 

After many decades of intensive AD research, uncertain-
ty remains, especially with regard to the fundamental mech-
anisms underlying AD pathology. The use of many current 
disease models is followed by considerable doubt, as there 
are discrepancies between preclinical animal results and 
phase 1 safety and phase 2 efficacy results in human trials. 
Unfortunately, our lack of understanding of the fundamental 
mechanisms of AD has impeded the success of effective 
therapeutic developments. An alternative, economic, and 
efficient pathway that researchers can use to investigate as-
pects of AD development and treatment involves the use of 
zebrafish, and specifically, the use of genetically modified 
zebrafish. Zebrafish present as a complementary model sys-
tem to the more traditional rodent models when the aim is to 
discover neuropharmacological solutions for AD. 
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