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Abstract 

Alzheimer’s disease (AD) is a multifactorial, rapidly progressing neurodegenerative disorder. As the exact cause 
of the disease is still unclear, the drug development is very challenging. This review encompasses the commonly used 
AD models involving various chemicals, heavy metals and endogenous substances induced models and the trans-
genic models. It also provides insight into the reliable emerging models of AD that may overcome the shortcomings 
associated with available models. Chemicals like streptozotocin, scopolamine, colchicine and okadaic acid render 
the animal susceptible to neuroinflammation and oxidative stress induced neurodegeneration along with amyloid-β 
deposition and tau hyperphosphorylation. Similarly, endogenous substances like acrolein and amyloid-β 1–42 are 
efficient in inducing the major pathologies of AD. Heavy metals like aluminum and fluoride and mixture of these have 
been reported to induce neurotoxicity therefore are used as animal models for AD. Transgenic models developed 
as a result of knock-in or knock-out of certain genes associated with AD including PDAPP, APP23, Tg2576, APP/PS1, 
3 × Tg and 5 × FAD have also been incorporated in this study. Further, emerging and advanced pathomimetic models 
of AD are provided particular interest here which will add on to the current knowledge of animal models and may aid 
in the drug development process and deepen our understanding related to AD pathogenesis. These newly discov-
ered models include oAβ25-35 model, transgenic model expressing 82-kDa ChAT, oDGal mouse and APP knock-in rat. 
This study may aid in the selection of suitable model for development of novel potent therapeutics and for exploring 
detailed pathogenic mechanism of AD.
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Background
Animal models play a crucial role in the development 
of therapeutics and determining the efficacy of a new 
drug candidate. Alzheimer’s disease is a rapidly pro-
gressing neurodegenerative disease which is one of the 
major cause of dementia around the world accounting 
for 50–70% of the cases [1, 2]. Animal models are excel-
lent tools for investigating the pathogenic underpin-
nings of the disease processes as well as for developing 
novel therapeutic approaches. All existing AD animal 
models have drawbacks that must be carefully examined 
before employing them in any study. None of the exist-
ing AD models wholly resemble the pathophysiology 
of AD therefore, the majority of research is conducted 
to develop models that actively manipulate animals 
to mimic the disease’s symptoms completely. Differ-
ent aspects of AD have been modeled using a variety of 
animal species. Rats were initially the preferred species, 
but over the past ten years, the growing understand-
ing of sophisticated genetic procedures created in mice 
have encouraged the usage of transgenic models as well 
[3]. Similarities in the pathology of AD in rodent brain 
with those in human AD brain make the animals more 
suitable for AD research (Fig. 1). The major pathologies 
associated with the progression of AD and other neuro-
degenerative diseases like amyotrophic lateral sclerosis 
[4] are Aβ and tau accumulation, neuroinflammation [5, 
6] mitochondrial dysfunction [7], oxidative stress [8], ER 
stress [9], apoptosis [10] and platelet aggregation [11, 12]. 
Most of the AD cases are early onset or sporadic type 

whereas the late onset type accounts for only 10% of the 
cases. Therefore, most of the models rely on the patho-
genesis of sporadic AD. Although both the AD types are 
having similar pathologies including deposition of amy-
loid plaques, formation of neurofibrillary tangles and loss 
of cholinergic neurons, the difference lies in the genetic 
pattern. In familial AD there occurs mutation in the PS1 
gene which promotes the formation of diffuse amyloid 
plaques resulting in the stimulation of Aβ42/43 deposition 
[13]. Various substances are there which are being used as 
a model to develop AD in the animals. These substances 
comprise different chemicals, endogenous substances 
and heavy metals which are toxic when exposed in quan-
tities beyond their permissible range. Compounds that 
act via recognized disease-modifying pathways enter the 
clinical studies but somehow fail. This may be due to the 
compromised data associated with preclinical studies of 
the compound regarding its target specificity, optimiza-
tion, and translational properties may be due to improper 
selection of the animal model. This study describes the 
common animal models used in Alzheimer’s research 
and the emerging models which may aid in the drug 
development process [14].

Main text
Animal models of AD
Various substances have been used to induce AD in 
animals to investigate the efficacy of novel therapeutics 
and to find out plausible mechanisms involved in the 
progression of the disease. Based upon the molecular 
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pathways to be studied in the animals the models are 
selected. Various chemicals, endogenous substances 
and heavy metals are used for induction of AD in ani-
mals which simulate various pathologies of the disease 
including amyloid plaque deposition, tau hyperphos-
phorylation, oxidative stress, neuroinflammation, 
apoptosis and autophagic dysfunction. The mechanism 
of these substances which leads to AD progression in 
the animal models, salient features and the timeline are 
described in Tables 1, 2 and 3 and illustrated in (Fig. 2).

Chemical induced animal models of AD
Chemicals obtained from various sources have been 
employed since long time for the induction of AD 
in animals. Based upon the dose, duration and route 
of administration these chemicals exhibit neuro-
toxic effect and increase their scope for use in disease 
induction.

Streptozotocin
Streptozotocin (STZ) is a glucosamine-nitrosourea 
compound acquired from soil bacteria Streptomycetes 
achromogenes. It was originally approved for its antican-
cer activity. Later studies reported its diabetes inducing 
ability in experimental models but the dose was around 
40  mg/kg of body weight via intraperitoneal route that 
is way higher than the dose required to induce AD i.e., 
3  mg/kg and that too via intracerebroventricular route 
[15, 16]. STZ have been reported to induce cognitive def-
icits in animal models [17]. STZ results in aggregation of 
amyloid beta and increase in GSK3β expression involved 
in the hyperphosphorylation of tau protein. The pathways 
that can be targeted for studying new drug candidate in 
STZ induced animal models comprise of neuroinflam-
mation, oxidative stress and biochemical modulations 
like increase in GSK-3β levels [17]. STZ efficiently alters 
both short term and long term memory [18]. STZ has 
also been found to promote brain insulin alterations as it 
affects the insulin receptors present in the brain. Altered 

Fig. 1 Pathological similarities between human and rodent brain in AD. This figure shows the similarities in the pathologies of rodent brain 
and human brain during the progression of Alzheimer’s disease. There occurs accumulation of amyloid plaques and formation of tangles 
along with other hallmarks like neuroinflammation, oxidative stress and synaptic dysfunction. These similarities make the animals suitable for AD 
research which may aid in the development of potent therapeutics for AD
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GSK-3β level is associated with both Alzheimer and dia-
betes induced dementia progression [19]. Studies on 
various rat and mouse models have proven Alzheimer 
inducing potential of STZ. ICV injection of 3 mg/kg body 
weight of STZ for 21  days exacerbated neuroinflamma-
tion, synaptic plasticity dysregulation and amyloidogen-
esis in Swiss albino mice of 20–25 g and 3 × Tg-AD mice 
progressing to Alzheimer’s disease [20, 21] Oxidative 
stress and mitochondrial dysfunction was also seen at 
this dose in Wistar rats along with alteration in intracere-
bral glucose metabolism when STZ was administered for 
14 days [22, 23]. Single ICV injection of STZ unilaterally 
in dose 3  mg/kg takes 21  days to develop AD patholo-
gies [24, 25]. In another study 3 mg/kg of ICV-STZ when 
administered in two alternate days induced AD within 
14 days however, when administered bilaterally, patholo-
gies were seen in 21 days [26, 27]. The pathologies asso-
ciated with STZ induced AD models resemble with the 
human AD brain pathologies in various aspects. These 
include, oxidative damage, mitochondrial dysfunction 
and caspase mediated apoptotic death. Further the Aβ 
deposition location was similar to that in the AD patients 
[15]. These studies support the reliable AD inducing 

potential of STZ. But a major drawback of STZ induced 
AD model is that it requires surgical precision in admin-
istration of STZ in the specific brain regions which is a 
very tedious process [28].

Scopolamine
Scopolamine is isolated from Atropa belladonna L and is 
a tropane alkaloid [29, 30]. It has been used to treat gouty 
arthritis [31]. Scopolamine is a drug of choice for motion 
sickness and its derivatives have been used as antispas-
modics. Due to its good BBB permeability, it is often used 
to establish experimental model for neurological disor-
ders. It results in cholinergic dysfunction and amyloid-β 
accumulation [32]. It is muscarinic receptor antagonist 
which blocks the muscarinic acetylcholine receptors 
causing synaptic dysfunction and cognitive impairment 
[33]. Intraperitoneal injection of scopolamine in rats 
in a dose of 2 mg/kg/day for 6 weeks increased the lev-
els of accumulated amyloid-β and increased the phos-
phorylation of tau protein. It exacerbates the expression 
of GSK3-β affecting the hyperphosphorylated tau levels 
[34]. Another study using 1  mg/kg scopolamine intra-
peritoneally for 9 days reported cholinergic insufficiency 

Table 1 Characteristics features of various animal models of AD

S. No. Animal model Major pathology Merits Demerits Method of 
administration /Dose

References

1. Streptozotocin Neuroinflammation
Oxidative stress
Biochemical modula-
tions

Induces sporadic AD 
that is highly prevalent

Long term develop-
ment of amyloid 
and tau pathologies
No effect on contextual 
fear memory, High 
mortality

ICV/ 3 mg/kg [17, 28, 130, 131]

2. Scopolamine Cholinergic dysfunction Different parameters 
can be evaluated there-
fore aids in developing 
multitarget therapy
No Involvement of any 
surgical procedure

Do not completely 
mimic AD pathologies
Mainly used for preven-
tive AD treatments

ICV/ 2 mg/kg [28, 32, 36, 132, 133]

3. Colchicine Tau hyperphosphoryla-
tion

Mimics sporadic AD 
pathologies
Excitotoxicity can 
also be explored

High mortality
Adverse effects

ICV/15 μg/5 μl
Orally/0.3 mg/kg

[28, 42, 61]

4. Okadaic acid Tau hyperphosphoryla-
tion

Similar characteristic 
pathologies of AD
Rapid disease induction

Side effects due 
to acting upon PP2A 
that is expressed 
throughout the body

ICV/70 ng/day [48, 52, 53, 61]

5. Amyloid-β1-42 Amyloid-β aggregation
Neuroinflammation

Exhibit predictive, face, 
and construct validity

Neurofibrillary tangles 
are not seen
Adult rodents are used 
instead of old ones

ICV/ 80 μmol/L
Intrahippocampal/ 
1 µg/µL

[54, 61]

6. Acrolein Oxidative stress
Neuroinflammation

Simulates multiple AD 
pathologies

Typical Aβ plaques 
as seen in AD individu-
als are not observed

Intragastric/ 2.5 mg/
kg/day

[64, 66]

7. Heavy metals Oxidative stress, Neurofi-
brillary tangles

Ease of aluminum 
administration
Less mortality rates

Plaques pathology 
is different from AD 
in humans

Intraperitoneally/ 
100 mg/kg
Orally/ 150–300 mg/kg

[61, 134]
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Table 3 Timeline for the emergence of pathophysiological and behavioral hallmarks in various animal models of AD

S.No. Animal model Timeline for Pathophysiological 
alterations

Timeline for behavioral 
alterations

References

1. Streptozotocin 21 days 15 days [20, 21, 136, 137]

2. Scopolamine 13 days 9 days [35, 36]

3. Colchicine 2 weeks 21 days [138, 139]

4. Okadaic acid 13 days 10 days [140, 141]

5. Amyloid-β1-42 15 days 14 days [142, 143]

6. Acrolein 12 weeks 4 weeks [144, 145]

7. Heavy metals 25 days 21 days [146, 147]

8. PDAPP 6–9 months 3–4 months [148, 149]

9. APP23 6 months 3 months [150, 151]

10. Tg2576 3 months 9–10 months [88, 148]

11. hAPP-J20 5–6 months 9–12 months [96, 97]

12. P301S mice 6 months 9–12 months [101]

13. APP/PS1 2–3 months 120–250 days [148]

14. 3 × Tg 6–12 months 4 months [108, 109]

15. 5 × FAD 2 months old 4–5 months [152]

Fig. 2 Animals models and their characteristic pathological features. This figure represents various animal models described in this 
study along with the consequent pathologies induced by different substances. These substances are administered by various routes 
including intracerebroventricular, intrahippocampal, intraperitoneal and oral. These pathologies subsequently lead to the progression of Alzheimer’s 
disease
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and oxidative stress due to decreased levels of anti-
oxidants like CAT and SOD in the rats [35]. Suggesting 
the long-term administration of scopolamine induces 
amyloid plaques deposition and hyperphosphorylation 
of tau but administration for short duration only stimu-
lates oxidative stress condition and cholinergic dysfunc-
tion. Scopolamine when given in a dose of 0.7 mg/kg by 
IP route increases the expression of AchE and oxidative 
stress [36]. Reports suggested that this model produces 
similar disruption of functional connectivity in the brain 
as observed in AD patients [33]. In a dose of 2 mg/kg it 
disrupts working and spatial memory and learning within 
10 days of administration [37]. However, it does not have 
profound effect on hyperphosphorylation of tau and Aβ 
aggregation, rendering this a lacuna of this model [28].

Colchicine
Colchicine is an alkaloid that is toxic to the neuronal cells 
and is derived from Autumn crocus. For many years it 
has been used as an anti-inflammatory drug to treat vari-
ous inflammation related diseases. The mechanism by 
which it shows anti-inflammatory activity has been well 
described in the literature. One of the mechanism is inhi-
bition of microtubule polymerization which interferes in 
the release of inflammatory mediators [38]. For exam-
ple, colchicine in a rat model at a dose of 0.3 mg/kg body 
weight when administered orally twice for 24  h showed 
anti-inflammatory effects [39]. However, when given via 
intracerebroventricular route in high doses colchicine has 
been seen to potentiate neuroinflammation. Colchicine 
disrupts the stabilization of microtubules and increases 
neurofibrillary tangles formation which causes cytoskel-
etal damage and hinders axonal transport. This results 
in death of neuronal cells specially in the olfactory area, 
subventricular zone, basal forebrain and dentate gyrus 
ultimately leading to cognitive impairment. Further it 
leads to enormous production of ROS, developing oxida-
tive stress condition which exacerbates cognitive decline 
[40]. Colchicine affects the hippocampal and cortex neu-
ronal health associated with working and reference mem-
ory [41]. Colchicine has also been reported to bind with 
tubulin fibers resulting in tau hyperphosphorylation and 
microtubule disintegration resulting in hippocampal and 
basal forebrain cholinergic neuronal death [42].

In Wistar rats, colchicine has been reported to cause 
neuroinflammation and subsequent neurodegeneration 
by a single ICV injection in a dose of 15  μg/5  μl. It is 
also associated with increase in oxidative stress and NO 
production. In addition it alters the activity of BACE-1 
increasing the accumulation of Aβ and stimulates the 
release of inflammatory cytokines [43]. ICV injection 
of colchicine in the lateral ventricles of rats in a dose 

of 15  µg/5  µl of artificial CSF caused neuroinflamma-
tion and neurodegeneration by augmenting the release 
of inflammatory mediators consequently increasing the 
activity of Cox-2 and synthesis of prostaglandins [44]. 
In another study involving Wistar albino rats, colchi-
cine in a single dose of 7.5 μg in 5 μl artificial CSF was 
reported to induce cognitive impairments by increasing 
the inflammatory markers including pro-inflammatory 
cytokines, TNF-α and Cox-2 suggesting its neurotoxic 
effect in varying doses [45]. The clinical similarity of 
this model is that it affects mainly the hippocampal 
region of the brain and impairs the memory and learn-
ing functions [46]. Disadvantage associated with this 
model is that a large number of animals is required as 
the mortality is high and it requires time to develop AD 
pathologies [42].

Okadaic acid
Okadaic acid (OKA) is a polyether C38 fatty acid toxin 
derived from Hallichondria okadai, a black sponge. It is 
a selective blocker of protein phosphatase1 and protein 
phosphatase2A involved in tau dephosphorylation and is 
considered very effective for studying neurotoxicity and 
other regulatory mechanisms. OKA stimulates hyper-
phosphorylation of tau protein by increasing GSK-3β 
expression and results in the formation of neurofibrillary 
tangles progressing AD pathology [47]. It also induces 
oxidative stress, neuroinflammation, glial activation, cho-
linergic dysfunction, glutamate excitotoxicity, and mito-
chondrial dysfunction. 10 nM to 1 μM OKA was used to 
induce Alzheimer’s disease in Zebra fish which resulted 
in cognitive decline of the fishes [48]. In rats 200 ng/kg of 
ICV-OKA interfere with the expression of MAPK1/3 and 
MAPK14 that are involved in the regulation of tau phos-
phorylation [49]. In another study, 2 µl OKA dissolved in 
DMSO was injected in the hippocampus at a concentra-
tion of 0.2 µM using artificial cerebrospinal fluid for dilu-
tion. OKA induced memory and cognitive dysfunction 
resulting due to decreased expression of BDNF in the rat 
hippocampus. The PI3K/GSK-3β/Akt pathway is consid-
ered to be involved in this discrepancy related to BDNF 
[50]. 70 ng/day administration of OKA for 14 days in hip-
pocampal region of the brain unilaterally shoed NFT for-
mation and cognitive decline [51]. Similar to AD patients, 
the activity of protein phosphatases (PP2A) is reduced in 
this model which leads to accumulation of hyperphos-
phorylated tau protein. Along with this it produces oxi-
dative stress, neuroinflammation and neurotoxicity [52]. 
The disadvantage of this model is that it does not develop 
amyloid pathology associated with AD which will hinder 
the evaluation of the effect of novel drug candidate on 
amyloid plaque build-up [53].
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Endogenous substances induced animal models of AD
There are some endogenous substances which have the 
potential to induce AD in animals. Commonly used sub-
stance is Amyloid-β 1–42 which causes degeneration 
of neurons in the brain regions responsible for cogni-
tive functions and promotes amyloid plaque deposition. 
Another recently developed animal model is acrolein 
induced AD model which results in neurodegeneration 
and cognitive impairment in the animals. These models 
have been described herein.

Amyloid‑β 1–42
It has been shown that the Aβ1−42 fibril exhibits signifi-
cant toxicity when administered in-vivo because it results 
in greater pathophysiological damage than the Aβ1−40 
fibril. Aβ1−42 peptide is therefore thought to be a pow-
erful stimulator of neuroinflammation and other patho-
genic aspects of AD like oxidative stress [54]. Aβ1–42 
aggregation is the major hallmark for Alzheimer’s disease 
which further triggers the progression of the disease. 
Rats are administered with 80 μmol/L of Aβ1–42 intracer-
ebroventricularly diluted with 5 µl double distilled water. 
A total of 8 doses in the study are given every other day at 
a rate of 1 µl/min for 5 min. Aβ oligomers have been seen 
to induce synaptic disruption, neuroinflammation which 
leads to degeneration of neurons and ultimately cognitive 
decline [55]. When Aβ1–42 was administered by intra-
hippocampal route, it induced neuroinflammation and 
upregulated APP expression along with decreasing the 
expression of protein phosphatases. These all pathologies 
have been observed in AD patients too [8] making this a 
clinically relevant model of AD. Neuronal loss was also 
observed in the experimental animals. Using the Stere-
otaxic co-ordinates: 3.6  mm posterior to the bregma, 
2.4  mm left/right to the midline and 2.8  mm ventral to 
the bregma Aβ1–42 was injected on each side of the hip-
pocampus with a volume of 1 μL containing 4 μg Aβ1–42 
[56]. In another rat model Aβ1-42 was given 5 µL in a con-
centration of 1 µg/µL in sterile saline solution in the lat-
eral ventricles. The co-ordinates used were left, relative to 
the bregma; 0.8 mm posterior, 1.2 mm lateral [57]. Sin-
gle i.c.v. injection of Aβ1−42 in a dose of 4 µl also induced 
neurodegeneration in animals [58]. The disadvantage 
associated with the model is that the sudden induction of 
the disease does not allow much similarity to the human 
AD. Further, there is a need of good surgical skills and 
precise administration is required [59, 60]. Moreover, 
Neurofibrillary tangles are rarely observed and adult rats 
are used instead of old ones [54, 61].

Acrolein
Acrolein is a neucleophilic α, β‐unsaturated aldehyde. 
It is found as an endogenous substance in human body 

[62]. Acrolein is a component of reuterin which is an 
organic compound and a potent source of acrolein. It is 
produced by gut microbiota when glycerol is present. It 
can also be formed by hydroxyl amino acids when these 
are acted upon by myeloperoxidase in the presence of 
hydrogen peroxide and chloride ion. Moreover copper 
dependent amine-oxidation of spermidine and spermine 
is also a source for acrolein [63]. It has been reported 
that there is increased level of acrolein in AD brains. In 
a mouse model it was seen that acrolein administration 
induced cognitive impairment along with deposition of 
Aβ and increased phosphorylation of tau. In addition it 
stimulated microglia and astrocytes resulting in neuro-
inflammation and synaptic dysfunction [62]. Intragastric 
administration of acrolein by gavage in a dose of 2.5 mg/
kg/day for 8 weeks resulted in fluctuation in the level of 
oxidative markers like superoxide dismutase and malon-
dialdehyde. Further cortex and hippocampal BACE1 
activity was found to be increased along with decrease 
in the expression of A disintegrin and metalloproteinase 
domain containing protein 10 (ADAM-10) involved in 
the proteolytic cleavage of APP which prevents Aβ gen-
eration [64]. In another study acrolein in a dose of 3 mg/
kg/day for 2 weeks induced oxidative stress in rats lead-
ing to neurodegeneration. It decreased the levels of anti-
oxidants and activated MAPK pathway Acrolein has also 
been found to induce tau hyperphosphorylation by acti-
vating JNK/p38/ERK1/2 pathway along with increase in 
Aβ concentration [65]. The disadvantage of this model is 
that typical Aβ plaques as seen in AD individuals are not 
observed in acrolein induced AD models [66].

Heavy metal induced animal models of AD
Environmental risk variables including heavy metals have 
a significant effect  on the progression of AD and asso-
ciated dementia. Lead, cadmium, and manganese are 
potent neurotoxic components that result in AD upon 
prolonged exposure. Although manganese is a vital ele-
ment required for neuronal survival, it has been reported 
to exhibit hazardous effect when exposed to excessive 
amounts. Therefore, due to their neurotoxic effect these 
heavy metals have been used to induce AD models that 
have been described herein [67].

Aluminum
Aluminum has been recognized as a neurotoxic sub-
stance since ages. Its intake has been reported to gener-
ate pathological hallmarks that are associated with the 
progression of AD. Al exposure has been reported to 
cause cholinergic dysfunction which eventually leads 
to synaptic dysfunction and cognitive impairment [68]. 
Aluminum chloride easily enters the brain via BBB and 
accumulates there mainly in the hippocampus. In a study, 



Page 9 of 18Dhapola et al. Laboratory Animal Research           (2023) 39:33  

rats were orally administered with 50, 150 and 450 mg/
kg of aluminum for 90  days and it was observed that 
the mRNA levels of proinflammatory markers including 
IL-1β, IL-6, TNF-α and MHC II were increased. Also, the 
expression of neuronal survival proteins like BDNF was 
found to be decreased. This resulted in deformed syn-
aptic plasticity and impaired cognitive functions [69]. 
Another study reported that when rats were intraperito-
neally administered with aluminum chloride at a dose of 
100 mg/kg bw for 60 days, it stimulated the expression of 
acetylcholinesterase. APP and gamma secretase activity 
was also enhanced which increased the levels of accumu-
lated amyloid-β in the hippocampus and cortex region of 
the brain [68, 70, 71]. In Wistar rats, aluminum chloride 
when given orally in a dose of 150 mg/kg/day for 90 days 
exerted neurotoxicity by stimulating neuroinflammation, 
oxidative stress and amyloid-β accumulation in the hip-
pocampus of the rat brain. The similar pathologies have 
been observed in AD brains [5]. It also decreased the 
levels of anti-oxidants like superoxide dismutase [72]. 
In another rat model AlCl3 in a dose of 300 mg/kg body 
weight for 10  weeks induced cognitive impairment by 
causing oxidative stress, cholinergic insufficiency, amy-
loid plaque deposition and neurofibrillary tangle for-
mation [73]. This suggests that aluminum can be used 
to induce AD in animal models for studying the safety 
and efficacy of various developing drugs. The amyloid-β 
plaques and NFTs have not been observed much in alu-
minum induced model rendering it a limitation of this 
model [66].

Fluoride
Foods, water, air, additives, industrial effluents, pesticide 
residues, and some medications are contributors of fluo-
ride ingestion. Sodium fluoride has been found to induce 
neurotoxicity in the rat offspring when NaF in 3 doses 25, 
50 and 100 mg/L in drinking water from the day of preg-
nancy till 21st day post-delivery was administered. NaF 
results in apoptosis, disturbs autophagic flux by decreas-
ing the expression of autophagosomes and lysosomal 
fusion proteins like ATG14 and SNARE resulting in cog-
nitive deficits [74]. In a study when rats were adminis-
tered with 15 mg/L of sodium fluoride (NaF) in drinking 
water for 45 days it induced cholinergic deficits and oxi-
dative stress. In addition, acetylcholine levels were found 
to be decreased in the brain areas involving hippocam-
pus, cerebrum and cerebellum [75]. It has also been 
reported that when pregnant rats were exposed with 5 
and 10 mg/L of fluoride, offspring has motor deficits [76]. 
Similar to AD patients the antioxidant activity of the AD 
model brain is compromised leading to oxidative stress 
and AD progression [77].

Mixture of heavy metals
Mixture of heavy metals has been observed to be a potent 
strategy for inducing AD model. In a study, rats were 
treated orally with the combination of aluminum, cad-
mium and fluoride in a dose of 50  mg/kg, 5  mg/kg and 
20 mg/kg respectively for 90 days. This led to neurotoxic-
ity in the rats induced by the generation of free radicals 
and overexpression of inflammatory mediators. The level 
of neuroinflammatory cytokines has been detected to be 
increased in post mortem AD brains suggesting the clini-
cal relevance of this model [78]. In addition, heavy metals 
elevate the deposition of Aβ and tau tangles along with 
increase in the expression of AChE and monoamine-oxi-
dase (MAO) enzyme [78]. In another rat model, a mix-
ture of aluminum chloride and iron was administered to 
induce AD like pathologies.  AlCl3 in a dose of 100  mg/
kg and iron in a dose of 120  µg/g were given orally for 
28  days which resulted in oxidative stress, cytokine 
storm, dyshomeostasis of neurotransmitters level and 
other biochemical modulations. It also affected the levels 
of accumulated amyloid-β and hyperphosphorylated tau. 
The expression of NF-κB and caspase-3 were also found 
to be altered which indicates the stimulation of neuroin-
flammation in the brain of the rats treated with  AlCl3 and 
Fe [79]. The disadvantage of this model is that amyloid 
plaques pathology is different from that in human AD 
brains [61].

Transgenic animal models of AD
As the major hallmarks of the disease are amyloid-β 
accumulation and tau hyperphosphorylation, various 
approaches are made to attain the desired pathological 
features by genetically developing models possessing the 
genes promoting the specific pathologies. Salient features 
of most commonly used transgenic models have been 
considered herein along with the merits and demerits 
associated with these models (Fig. 3) (Table 2).

PDAPP mice
It was the first transgenic AD model which was related to 
increased level of Aβ1-42 by several folds in the brain. To 
establish this model FAD mutated transgene containing 
AD models were employed, in which this transgene was 
over expressed. Platelet derived growth factor-β (PDGF) 
was used as promoter for stimulating APP having 
FAD related mutation (V717F). Unrelated to its name, 
PDGF is abundant in the brain too. The resulting model 
acquired 18 times increased APP RNA and 10 times 
increase in human APP protein that eventually increased 
the Aβ levels [80].

The pathological hallmark of this model is increase 
in the level of accumulated Aβ1-42 in the cortex and 
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hippocampus regions of the brain. This Aβ deposition 
leads to neurite degeneration and activation of glial cells 
including astrocytes and microglia which furthers initi-
ates other complications like neuroinflammation which 
goes with the age [81].

The advantages of this model is that the pathological 
condition arising as a result of Aβ accumulation includ-
ing tau hyperphosphorylation, synaptic dysfunction and 
BACE1 over-expression are very similar to human AD 
pathologies [82]. Further, when developing the treatment 
for AD, this model will help in establishing the effect of 
novel therapeutic compound in γ-secretase and BACE-1 
activity. Although this model comes up with lots of mer-
its, it possesses demerits too which include the difficulty 
in distinguishing the activity of functional Aβ and over-
produced Aβ and unlike humans, cognitive decline some-
times occurs way before the accumulation of Aβ. Further, 
standardization of this model is also troublesome as dif-
ferent strains, varying promoters and transgene con-
structs are employed [83].

APP23 mice
The APP23 transgenic mouse model was first reported 
by Sturchler-Pierrat and colleagues. To establish this 

model the expression of human APP751 cDNA which 
incorporated Swedish double mutation (K670N/
M671L) was triggered by using neuron-specific murine 
Thy-1 as a promoter. Originally C57BL/ 6xDBA2 back-
ground was used, but then constantly backcrossed 
to C57BL/6. The resulting model over expresses the 
transgene for APP seven folds in comparison to the 
wild type mouse. The increased APP expression was 
observed predominantly in the hippocampus and neo-
cortex region of the brain involved in AD pathology 
[84].

APP23 transgenic mice are characterized by the 
build-up of amyloid plaques which are more rigid and 
keep on accumulating exponentially with age. It has 
been reported that Aβ plaque buildup is more prompt 
in female mice than in male ones. Other complica-
tions like neuroinflammation, synaptic dysfunction, 
neuronal loss and hyperphosphorylated tau has also 
been observed along with Aβ. Aged APP23 mice were 
reported to have cholinergic insufficiency and degener-
ated neurons in the CA1 hippocampal region [85]. The 
drawback of this model is its inability to develop the 
major hallmark of the disease i.e., neurofibrillary 
tangles.

Fig. 3 Transgenic and emerging models of AD. There are various knock-in and knock-out models of AD which overexpress certain genes related 
to AD pathology. Models like PDAPP, APP23, Tg2576 and hAPP-J20 overexpress APP gene to produce increased amount of Aβ along with other 
pathologies. P301S model exhibits increased tau hyperphosphorylation and models including APP/PS1, 3 × Tg and 5 × FAD show various 
pathologies altogether comprising Aβ deposition, tau hyperphosphorylation, neuroinflammation and other pathologies. Further figure shows 
newly discovered models which mimic the AD associated pathologies resulting in the development of reliable model for studying the pathogenesis 
and therapeutics for AD. These models include oAβ25-35 model, transgenic model expressing 82-kDa ChAT, oDGal mouse and APP knock-in rat
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Tg2576 mice
The Tg2576 mouse model of AD exhibits double Swed-
ish mutation of APP with hamster prion protein (PrP) 
promoter. This mutation results in increased synthesis 
of Aβ42 and Aβ40. Studies revealed that as these mice 
undergo aging, amyloid plaques similar to those observed 
in AD patients’ brain are seen. Further, behavioral and 
cognitive deficits has also been observed in Tg2576 mice 
which progresses with the age [86].

The pathologies associated with this model include 
amyloid plaques formation and neuroinflammation [87]. 
There is deficiency of antioxidants like GPX1, SOD1, and 
SOD2 in the neocortex region of Tg mice at 3 months of 
age. PGC1-α, the major regulator of these anti-oxidants, 
is also less expressed in the neocortex of Tg2576. Further, 
pathologies associated with the mutation are more prom-
inent in female Tg2576 mice than in male mice [88]. In 
addition to these, gliosis and astrocytosis has also been 
reported as the mice reach 12 months of age. Long-time 
retention of amyloid plaques in the cerebral cortex region 
of the brain disturbs glucose metabolism which leads to 
neurodegeneration [89].

The Tg2576 model has a substantial benefit that neu-
ritic plaques start to develop at about 6–7  months and 
increases exponentially with age. Additionally, these age-
related alterations develop at the same time as cognitive 
deficiencies, indicating that these mice can be used to 
study Aβ-modifying therapeutics ameliorating cognitive 
deficits [90]. Another advantage is that these mice exhibit 
clinical traits that are similar to those of AD patients 
facilitating researchers to study the disease and the 
mechanisms involved more precisely [91]. Relatively slow 
rate of Aβ deposition is considered to be both the merit 
and demerit of this model [92]. in some studies, even 
after 22  months Tg2576 mice reflected only scant Aβ 
pathology and plaque burden [93]. Therefore the major 
disadvantage is that the AD phenotype is developed late 
in Tg2576 models [94].

hAPP‑J20 mice
The hAPP-J20 mouse model of AD expresses Swedish 
(K670N and M671L) and Indiana (V7171F) mutations on 
a C57Bl/6 × DBA2J background with PDGF as promoter 
[95]. As these mice attain the age of 5 months, they begin 
to develop amyloid plaques due to increased expression 
of Aβ1-42 which aids in studying pathologies associated 
with Aβ. This AD model is characterized by recognition 
and spatial memory deficits in-line with amyloid plaque 
deposition in the hippocampus and cortex region of the 
brain [96].

By the age of 5–6 months, J20 mice develop Aβ plaques 
in the hippocampus and exhibit long-term memory 
deficits [97]. Over-activation of astrocytes and reactive 

microglia have been seen in these models that results in 
neuroinflammation [96]. Trans-arachidonic acid (TAA) 
may be employed as an oxidative stress biomarker of 
AD since the production of endogenous TAA may be 
ascribed to Aβ-induced nitro-oxidative stress in AD 
brain. Supporting this a study revealed that the level of 
endogenous TAA in the hippocampus of J20 mice was 
significantly higher than the other mice used in the study 
i.e., B6 mice. A positive correlation was found between 
TAA level and the disease progression [98].

The advantage of this model is that it can be used for 
better evaluation of spatial memory with the help of 
Morris Water Maze since it has high propensity for thig-
motactic swimming [99]. As far as the disadvantage is 
concerned, tau hyperphosphorylation has not been seen 
in these models. It has been noted that neuronal cell loss 
and inflammatory response occur way earlier than the 
deposition of amyloid plaques in these models that makes 
it difficult to study the development of amyloid pathology 
[99].

P301S mice
P301S mice exhibiting tauopathy contains P301S muta-
tion expressing the 383 aa isoforms of human tau regu-
lated by murine thy1 promoter. This model exhibits 
increased tendency to form tau tangles or neurofibrillary 
tangles. With age these mice out-show other pathologies 
including motor abnormalities and paraparesis [100]. 
When the mice attain 6 months of age, tau tangles have 
been seen aggregated in the brain along with atrophy of 
hippocampus and entorhinal cortices as the mice reaches 
9–12  months of age. Further, synaptic loss has been 
reported in the hippocampus region in 3 months of age 
followed by microglial activation resulting in neuroin-
flammation [101]. The disadvantage of this model is that 
amyloid plaque formation is not observed in the brain. 
Further, no association is seen in AD patients between 
the genetic mutation and tau pathology [66].

APP/PS1
A human/mouse chimeric amyloid precursor protein 
and a human presenilin-1 are expressed together in APP/
PS1mice, and both of these proteins possess mutations 
linked to familial AD. These mutations cause persistent 
amyloid-β accumulation, neuroinflammation, and cog-
nitive decline. Only single mutation of APPswe was not 
efficient for generating Aβ deposits. It was seen that it 
takes around 24  months to develop visible amyloid-β 
aggregates when there was only APPswe mutation. How-
ever, co-expression of PS1dE9 augmented Aβ42 deposits 
within 6 months of mice age [102].

This model shows neuroinflammation associated with 
amyloid plaques along with synaptic dysfunction. Aβ is 
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believed to be one of the main factors contributing to 
the prolonged inflammatory reaction in the AD brain, 
although the specific molecular pathway  by which Aβ 
exhibits its deteriorating effect is yet unknown. In the 
region of senile plaques, Aβ buildup and agglomeration 
can trigger the onset of inflammatory responses and 
stimulate microglia and reactive astrocytes [103].

When compared to other AD mouse models APP/PS1 
mice exhibits higher number of plaques and substan-
tially larger [104]. The possible advantages of this model 
are: amyloid plaques can be seen earlier and the build-
up is also rapid; the morphology of the formed plaques 
resembles to that in humans; variability internally among 
the animals is not seen and there is no difference in the 
pathologies between both the genders; and, high chances 
of production of homozygous line [105]. However, this 
model also comes with some drawbacks including late 
onset of cognitive dysfunctions which occurs at around 
11 months of age. In addition, there is no sign of motor 
deficits associated with AD in APP/PS1 model [106].

3 × Tg or LaFerla mouse
The 3xTg-AD mouse was developed in 2003 possessing 
three familial AD mutations: the Swedish  APP  muta-
tion, the PSEN1 M146V mutation, and the MAPT P301L 
mutation regulated by a mouse Thy1 minigene whereas 
expression of mouse Psen1 with the M146V mutation is 
regulated by the cognate mouse [107].

The 3xTg-AD mouse builds amyloid plaques and neu-
rofibrillary tangles in the similar pattern as observed in 
humans which may be useful for examining the patho-
physiology involved in AD. When mice attain 6 months 
of age the long-term potentiation is affected, however, 
cognitive dysfunction begins at the age of 4 months [108]. 
Some studies revealed that the build-up of Aβ plaques 
was observed at 6 months of age and neurofibrillary tan-
gles were formed within 12 months. But it was seen that 
synaptic loss occurs way before these pathologies. How-
ever, recent studies demonstrate that at 12 months of age, 
male mice have low to no plaque and tangles, whereas 
female mice retain plaques  at 6  months and NFTs  at 
12 months of age [109].

Advantage of this model is that both the patholo-
gies plaque deposition and tangle formation can be 
seen together [110]. Furthermore, the onset of these 
pathologies is way similar to that observed in human 
AD patients. Similar to humans the plaque deposition 
is initially detected in the hippocampus and amygdala 
region of the brain followed by tau tangles that occur 
at 12 months of age in the limbic areas [111]. However, 
mutations in the Mapt gene encoding for tau protein 
is associated with parkinsonism instead of AD. Addi-
tionally, the data are challenging to evaluate due to the 

anomalies caused by the stimulation of numerous genes 
[112].

5 × FAD
The 5XFAD transgenic mouse was developed in 2006. 
This mouse possesses three FAD mutations [the Swedish 
(K670N, M671L), Florida (I716V), and London (V7171) 
mutations] and human PSEN1 with two FAD mutations 
(M146L and L286V) regulated by Thy1 promoter [113].

The major pathologies associated with 5XFAD mice are 
amyloid plaque build-up, gliosis, and neuronal loss along 
with cognitive and motor deficits [114]. Intraneuronal 
Aβ-42 builds up in puncta that co-label for Transferrin 
receptor and LAMP-1 in the soma of 5XFAD neurons 
which signifies the localization is in endosomes and lys-
osomes, respectively. Further, caspase-3 activation is also 
seen in these models in the soma and dendrites of Aβ42 
marked neurons signifying neuronal death potentiated by 
apoptosis [115].

Amyloid pathology, the major hallmark of AD, is 
promptly reconstructed by 5XFAD mice, which may 
serve as effective models for intraneuronal Aβ-42-
induced neurodegeneration and amyloid plaque devel-
opment [114]. The major disadvantage of this model is 
that it doesn’t reflect tau pathologies which makes it sig-
nificantly different from human AD pathology [113]. Tau 
pathology gradually results in neurodegeneration and 
cognitive deterioration unlike amyloid plaques which 
promptly cause neuronal death [116].

To overcome this a new model, 6xTg, has been devel-
oped in which the expression of the transgene (Tau) was 
elevated bit higher than the parental line. This model 
shows both the AD associated pathologies including Aβ 
plaques build-up (within 2  months) and tau deposition 
(within 4  months) in a single model. Further, Aβ accu-
mulation and NFT formation were more in cortex than in 
the hippocampus [116].

Emerging animal models of AD
There is a need to develop new models for studying 
the pathogenesis of AD as the current models by some 
or other ways lack behind in establishing a perfect AD 
model. Therefore, here are some newly discovered 
models that can be studied further to develop a reliable 
model for the pathological and therapeutic studies of AD 
(Fig. 3).

oAβ25‑35 model
Aβ25-35 is the smallest fragment of amyloid-β that 
acquires a β-sheet configuration resulting in aggregation. 
This fragment shows comparable neurotoxicity to Aβ40 
and Aβ42 [117]. Therefore, this is now being consid-
ered to develop new model for AD. In-vivo studies have 
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revealed that the pathologies including cognitive defi-
cits, synaptic dysfunction, neurite atrophy and neuronal 
death are quite similar to that of Aβ40 and Aβ42 [118]. 
Therefore, it can be conferred that injection of oligomeric 
Aβ25-35 (oAβ25-35) could initiate a sequence of harm-
ful events, which includes the induction of endogenous 
Aβ production and tau hyperphosphorylation resulting 
in AD-like pathology. This model demonstrates charac-
teristics that are strikingly similar to AD including neu-
roinflammation, oxidative stress, excitotoxicity, synaptic 
loss and cognitive decline. The acute oAβ25-35 model 
appears to be particularly relevant for understanding the 
mechanisms taking place during the early stage of AD, 
which starts decades before the onset of the first clinical 
symptoms [119].

Transgenic model expressing 82‑kDa ChAT
There is a vast involvement of cholinergic deficiency in 
the pathogenesis of AD in which there occurs fluctua-
tion in the activities of enzymes involved in acetylcho-
line production and degradation. It has been seen that 
there is increase in the activity of acetylcholinesterase 
(AChE) and butyrylcholinesterase (BChE) and decrease 
in the activity of choline-acetyltransferase (ChAT) [120]. 
Aging, moderate cognitive impairment (MCI), and AD 
involves the disrupted regulation of  the nuclear distri-
bution of 82-kDa ChAT, which shifts to cytoplasmic 
localization [121]. The selective sensitivity of cholinergic 
neurons, which are well known to be especially vulner-
able to the deterioration seen in AD, may be attributed 
to 82-kDa ChAT as a result of these temporal/spatial 
alterations [122]. Considering this a successful transgenic 
mouse model has been developed that expresses neu-
ronal 82-kDa ChAT by employing Cre-lox recombination 
system and Nkx2.1-Cre driver mice. The basal forebrain 
neurons mostly produced the 82-kDa ChAT mRNA and 
protein, and its intracellular localization replicated the 
age-associated trend originally observed in human nec-
ropsy brains. The cognitive  and inflammatory charac-
teristics of older 82-kDa ChAT-expressing animals were 
improved. However, its role in age-related microglial 
function needs to be thoroughly studied. Therefore, this 
transgenic mice can be used as a novel model to study 
cholinergic dysfunction associated with AD [121].

oDGal mouse
Sporadic AD (sAD)  is a dementia-causing condition 
that develops gradually. The disease’s symptoms start off 
slowly and get severe as time passes. A global economic 
load, sAD is defined by a steady decline in cognitive 
abilities that results from numerous diseases. The com-
plex interactions between multiple genetic, epigenetic, 
proteostatic, and environmental variables lead to the 

etiology of sAD [123]. Currently, the available transgenic 
models focus on mimicking familial AD symptoms which 
cannot exhibit sporadic AD symptoms as they both dif-
fer symptomatically. Therefore, it’s the need of the hour 
to develop a reliable model for studying sporadic AD 
pathologies and establish its treatment. Therefore, to 
overcome these shortcomings, a new murine model, oli-
gomeric DGal (oDGal), has been developed that outline 
common AD pathologies along with behavioral altera-
tions. D-galactose is a nutrient required for the gen-
eration of AGE (advanced glycation end-products). It 
is hypothesized that AGE buildup, a prevalent sign of 
aging that is exacerbated in many peripheral and neu-
rological illnesses, will hasten oxidative damage [124]. 
Administration of Chronic D-galactose by i.p. route has 
already shown increased natural aging in different mouse 
strains. It leads to learning and memory deficits along 
with decrease in acetylcholine levels [125]. In a study 
chronic oGAL has been administered via drinking water 
employing C57Bl6/j mice. Following antioxidant therapy, 
cognitive decline and the appearance of pathology were 
delayed, which indicates ROS as the molecular trigger 
of subsequent pathologies making this model a reliable 
model for sporadic AD. The pathologies associated with 
this model were found to increase AGE levels resulting in 
increased ROS, hyperphosphorylated tau and cognitive 
decline. Further, due to elevated oxidative stress, BACE1 
activity is also stimulated. This approach is useful because 
it enables the analysis of both prodromal and sympto-
matic sAD by changing the doses, which establishes the 
required pathology  and enables to study  its impact on 
several cognitive areas. As the model is easy and afford-
able it can be used to study sporadic AD pathologies and 
develop its therapeutics [126].

APP knock‑in rat
The major pathologies associated with AD are Aβ depos-
its, tau tangles, apoptotic death and neuroinflammation 
[5]. To mimic these pathologies in animals several trans-
genic mice models have been developed that exhibit AD 
pathologies to a great extent. But rarely these model show 
tau pathology, scarce neuronal death, and generate Aβ 
plaques in the brain areas not similar to that in human 
AD brains [127, 128]. Due to shortage of tools transgenic 
rat models have been of lesser interest in comparison to 
mice for modelling AD. Therefore, a CRISPR/Cas9-based 
APP knock-in rat line with Swedish-Beyreuther/Iberian-
Arctic mutations has been developed. This rat model 
exhibits major AD pathologies that are uncommon in 
other transgenic mouse models. Inserting single chimeric 
APP gene has led to the development of reliable model 
that reflects pathologies associated with AD including 
Aβ build-up, astrocytosis and microgliosis resulting in 
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neuroinflammation, tau hyperphosphorylation and apop-
totic and necrotic neuronal death. These all ultimately 
proceed to synaptic decline and cognitive dysfunction 
[129]. Therefore, this model may aid in studying the 
pathogenesis of AD and may promote drug development.

Conclusions
Animal models continue to play a crucial role in AD 
research. A most suitable model with pronounced 
AD pathology similar to that in human is required for 
development of novel therapeutics. Pathologically and 
biochemically animal models are quite comparable 
to the human disease conditions. The rodent models 
outperform the invertebrate ones in terms of neuro-
anatomy, the endocrine system and cognitive functions. 
Several chemicals, endogenous substances and heavy 
metals are there which are used to develop models that 
show similar AD pathologies that occur in humans. 
Chemicals like streptozotocin induce neuroinflam-
mation along with other concomitant pathologies like 
oxidative stress, amyloid plaques deposition and tau 
hyperphosphorylation. Scopolamine induces cholin-
ergic dysfunction which hinders signal transduction 
process resulting in memory loss. Colchicine and oka-
daic acid are involved majorly in hyperphosphorylation 
of tau protein. Endogenous substances like amyloid-β 
and acrolein promote amyloid-β aggregation and oxi-
dative stress along with neuroinflammation respec-
tively. Heavy metals generally lead to oxidative stress 
condition in animals along with neurofibrillary tangles 
formation. All these agents ultimately lead to the pro-
gression of AD and cognitive decline. Apart from chem-
ical induced AD models, transgenic models have also 
been used to decipher disease pathology and develop 
novel treatment approaches. There are various knock-
in and knock-out models targeting the crucial genes 
involved in AD progression. The major genes include 
APP, tau genes and PSEN genes. Transgenic models for 
overexpression of APP include PDAPP, APP23, Tg2576 
and hAPP-J20. These models increase the production 
of Aβ aggregates along with other pathologies. P301S 
model is based on increasing the hyperphosphoryla-
tion of tau protein. There are some models which tar-
get multiple genes exhibiting multiple AD associated 
pathologies including APP/PS1, 3 × Tg and 5 × FAD. 
To advance the models used and to compensate the 
shortcomings of available models, novel AD models are 
under pipeline including oAβ25-35 model, transgenic 
model expressing 82-kDa ChAT, oDGal mouse and 
APP knock-in rat. These models can be further studied 
and used for various AD related evaluations regard-
ing its pathology and developing therapy. Selection of 
animal model is very crucial for studying the disease 

pathology or evaluating the risk-benefits of a new com-
pound before it can proceed to a clinical trial. Achiev-
ing a complete cure for diseases may not be realistic at 
the current stage. This is primarily due to the incom-
plete alignment between animal models and humans 
in terms of disease mechanisms. Therefore, the pri-
mary emphasis should be placed on the development of 
therapies geared towards disease modification, with the 
goal of slowing down disease progression. Additionally, 
proposing suitable animal models for this specific pur-
pose would hold significant value. This study describes 
the most commonly used animal models and emerg-
ing reliable models of AD which may aid in developing 
novel potent drug candidates for the disease.
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