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Abstract
Since the first report of Alzheimer’s disease (AD) in 1906, scientists have made remarkable progress in elucidating 
its molecular mechanisms, pathogenic processes, and core neuropathological features. However, effective 
therapeutic strategies for AD remain elusive, and the disease is still fundamentally incurable. The use of animal 
models constitutes a critical step in investigating pathological mechanisms and conducting preclinical experiments. 
With advances in transgenic technology, a variety of mouse models have been developed to replicate the 
pathological changes, as well as cognitive and motor impairments, observed in AD patients. These models have 
played a pivotal role in studying the pathogenesis of AD and screening potential therapeutic approaches. For 
example, the Tg2576 mouse model can simulate AD-related pathological alterations, including β-amyloid (Aβ) 
plaque deposition, neuroinflammation, and cognitive impairment. Nevertheless, mouse models have limitations in 
mimicking the complex pathology and clinical manifestations of human AD. In contrast, some medium- to large-
sized animals in nature, such as canines and non-human primates (NHPs), can spontaneously develop AD-like 
pathological changes. For instance, NHPs exhibit high similarity to humans in terms of brain structure and function, 
and their spontaneous AD-like pathological changes provide a more human-relevant model for investigating AD 
pathogenesis and drug screening. This article elaborates on the pathological characteristics, clinical manifestations, 
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advantages, and disadvantages of five distinct animal models (mouse, cat, dog, sheep and NHPs) in experimental 
research, thereby providing a reference for model selection in AD studies.

Keywords: Alzheimer’s disease, animal models, mouse, cat, dog, sheep, non-human primates

INTRODUCTION
According to Gustavsson et al., approximately 416.4 million people were on the Alzheimer’s disease (AD) 
continuum as of 2022[1]. This includes 32.3 million people with AD, 69 million in the prodromal stage, and 
315.2 million in the preclinical stage. AD is emerging as one of the most expensive, deadly, and burdensome 
diseases. Approximately 5% of AD cases are early-onset familial AD (EOFAD). These patients develop 
pathological changes and cognitive dysfunction before the age of 65, typically due to mutations in the 
amyloid precursor protein (APP) gene, presenilin 1 (PSEN1), or presenilin 2 (PSEN2) genes. However, the 
majority of AD patients develop sporadic AD (SAD) later in life, termed late-onset sporadic AD 
(LOSAD)[2-4]. In terms of pathophysiology, the primary feature of AD is the accumulation of β-amyloid 
(Aβ), and most animal models exhibit only neurofibrillary tangles (NFTs) and neurodegeneration[5,6]. Aβ can 
spread continuously throughout the brain, affecting regular physiological activity in the cortex, limbic 
regions, brainstem, and cerebellum[7]. NFTs are formed by the aggregation of the microtubule-associated 
protein tau, and their synergy with Aβ deposition has been associated with significant neuronal loss and 
cognitive impairment. In most animal model designs, the primary design directions are often the temporal 
location of the appearance of biological markers and the similarity of their clinical symptoms to those of AD 
patients. That is, the pathological and clinical similarity between the animal model and AD patients is an 
essential index for evaluating the model’s applicability.

Neuropathology of AD
Aβ is a cleavage product of the glycoprotein APP, which is commonly found in the brain as part of a 
biological signal transduction process[8]. APP is a transmembrane protein that can be digested by α, β, and γ 
enzymes to produce Aβ peptides of different lengths, of which the Aβ of amyloid plaques formed in AD is 
mainly Aβ42[9,10]. Research evidence suggests that soluble Aβ oligomers (AβOs) are major neurotoxic 
substances and are responsible for progressive neurodegeneration in AD patients[11,12]. Soluble AβOs can 
rapidly downregulate the membrane expression of postsynaptic spinal proteins, including N-methyl-D-
aspartate (NMDA)-type glutamate and Ephrin receptor B2 (EphB2) receptors, thereby blocking 
hippocampal long-term potentiation and promoting long-term synaptic depression[12,13]. Dysregulation of 
Aβ levels in the brain leads to Aβ deposition and insoluble Aβ plaques, which in turn lead to cognitive 
impairment in Alzheimer’s patients[14,15]. In AD, Aβ triggers an imbalance in the activities of different 
protein kinases and phosphatases, leading to disturbances in cellular conductance and causing 
phosphorylation of tau proteins[16,17]. Hyperphosphorylated tau (p-tau) decreases its affinity to microtubules 
and increases its degradation through the ubiquitin proteome pathway, ultimately leading to fibrosis and 
aggregation into NFTs[18,19]. Santacruz et al. showed that suppressing the expression of mutant tau 
transgenes reduced neurodegeneration, enhanced memory function, and ameliorated motor impairments 
while maintaining neuronal counts, despite persistent NFT accumulation[20,21].

In-depth studies reveal that exclusive focus on Aβ/tau neurotoxicity, neglecting their interactions, yields no 
therapeutic efficacy[22-24]. There are multiple phosphorylation sites on tau, which are phosphorylated by a 
variety of enzymes, including a-kinase, c-kinase, cyclin-dependent kinase 5 (CDK-5), and glycogen synthase 
kinase-3β (GSK-3β)[25]. Aggregated Aβ can accelerate the hyperphosphorylation of tau by mediating the 
activation of CDK-5 and GSK-3β[26,27]. Also, Aβ toxicity is associated with tau. Phosphorylated tau interacts 
with Fyn kinase, and activated Fyn forms N-methyl-D-aspartate receptor (NMDAR)-postsynaptic density 
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protein 95 (PSD95)-Fyn complexes (NMDARs) with NR2B. Activation of NMDARs increases Ca2+ influx 
into the cell, leading to dysfunctional mitochondrial dynamics and ultimately, the overproduction of 
reactive oxygen species (ROS) and apoptosis[28-30] [Figure 1].

Animal models of AD have a long history, including rhesus monkeys, crab-eating macaques, marmosets, 
sheep, mini-pigs, dogs, cats, rats, mice, zebrafish, Drosophila, roundworms, and others. These animal 
models are classified into higher mammals, rodents, birds, amphibians, fish, and invertebrates, providing 
researchers with diverse perspectives for studies. As a typical animal model, mouse models have made 
significant contributions to research on the molecular mechanisms and pathological characteristics of AD 
pathogenesis. However, since AD is associated with multiple factors (such as age and environment), these 
models cannot fully capture the complexity of AD. Cat and dog models can spontaneously develop AD-like 
pathology, and their age of onset and living environment are similar to those of humans, enabling them to 
better simulate the pathological and clinical symptoms of AD. Nevertheless, current research on these two 
models remains limited. Sheep and non-human primate (NHP) models can also develop AD spontaneously 
and are more similar to humans in anatomy and physiology, but they have high rearing costs and are 
difficult to implement in a quantifiable manner. This article introduces the pathological and behavioral 
characteristics of five different types of animal models (mouse, cat, dog, sheep and NHPs), providing 
references for researchers in selecting models for studying AD pathological mechanisms, model 
development, and drug clinical trials.

MOUSE MODELS
To date, researchers have designed many mouse models for AD research, all of which share similar 
pathology and symptoms to human AD. Model studies have supported the application of biomarkers such 
as Aβ42/40 and p-tau in the early diagnosis of AD, and verified the role of controlling cardiovascular risk 
factors and cognitive training in delaying the progression of AD. However, many mouse models can only 
simulate partial pathological features of AD. For example, some models can only exhibit Aβ plaques but fail 
to form NFTs. Environmental factors may play an important role in the occurrence and development of 
AD, such as lifestyle, diet, and infection[31]. Mouse models also have significant differences from humans in 
terms of living environment. New AD risk factors and molecular pathways related to disease pathogenesis 
are continuously revealed with next-generation high-throughput genomic approaches to AD. Genome 
editing tools, such as clustered regularly interspaced short palindromic repeats (CRISPR), can efficiently 
generate specific gene mutations in rats and design animal models that match AD’s characteristics. 
Compared with traditional transgenic methods, CRISPR-engineered models exhibit significant advantages 
in terms of precision and efficiency. They allow for precise editing of specific genes, possess extremely high 
flexibility and versatility, and can be used for various genetic manipulations as well as the construction of 
complex genetic backgrounds. However, CRISPR technology also faces operational challenges, including 
relatively complex procedures, high costs, and risks associated with off-target effects.

Transgenic (Tg) models
Among the transgenic mouse models in the past, there are some more complete transgenic mouse models 
of AD pathology. The triple-transgenic mouse model of AD (3xTg-AD) was developed in 2003 by co-
microinjecting two separate transgenes, encoding human APPSwe and human tauP301L, into single-cell 
embryos of pure mutant PS1M146V knock-in (KI) mice[32]. In an assay of soluble and insoluble Aβ40 and Aβ42 
in the hippocampal and cortical tissues of 3xTg-AD mice (with soluble and insoluble corresponding to 
recently produced Aβ and Aβ still present in plaques, respectively), both forms of Aβ40 and Aβ42 in both 
tissues increased with age, remaining at lower levels at 4 and 12 months and rising significantly by 18 
months. In line with this, Aβ plaques also increased with age, with a significant increase in plaque volume at 



Page 4 of Yang et al. Ageing Neur Dis. 2025;5:25 https://dx.doi.org/10.20517/and.2025.2918

Figure 1. Deposition of Aβ and the process of interaction with p-tau. In the non-amyloidogenic processing pathway, APP is cleaved by α-
secretase and γ-secretase, ultimately generating non-toxic soluble fragments (such as sAPPα and P3); In the amyloidogenic processing 
pathway, APP is cleaved by β-secretase and processed by γ-secretase to produce Aβ peptides. Aβ activates CDK-5 and GSK-3β, 
accelerating tau hyperphosphorylation. Phosphorylated tau activates Fyn kinase, which assembles with NR2B to form NMDAR 
receptors. Their activation induces calcium influx, disrupts mitochondrial balance, generates excessive ROS, and ultimately triggers cell 
apoptosis; Aβ leads to the sustained loss of dendritic spines and glutamatergic synapses by reducing the activation of NMDARs or 
enhancing the activation of NMDAR-dependent calcineurin. Aβ: β-amyloid; p-tau: hyperphosphorylated tau; APP: amyloid precursor 
protein; sAPPα: secreted amyloid precursor protein alpha; P3: amyloid β-peptide 17-40/42; CDK-5: cyclin-dependent kinase 5; GSK-3β: 
glycogen synthase kinase-3β; NR2B: glutamate ionotropic receptor NMDA type subunit 2B; NMDAR: N-methyl-D-aspartate receptor; 
ROS: reactive oxygen species; AICD: amyloid precursor protein intracellular domain; PSD95: postsynaptic density protein 95; NADH: 
nicotinamide adenine dinucleotide, reduced form; ATP: adenosine triphosphate; NFT: neurofibrillary tangle.

18 months. Interestingly, the pathologic features were more pronounced in female than male mice. The p-
tau pathology was also observed in 3xTg-AD mice, and strong signals of phosphorylated tau [AT8+ 
(antibody against paired helical filament tau phosphorylated at the Serine 202 and Threonine 205 sites) and 
p-tau217+] were present in the brains of 3xTg-AD mice at 18 months of age. NFTs were only found in the 
hippocampus of 18-month-old female 3xTg-AD mice, and there were no NFTs in males or any other brain 
regions[33]. Oakley et al. (2006) developed a transgenic mouse model co-expressing five FAD mutations 
(5XFAD mice)[34]. Immunofluorescence analysis of brain tissues at various ages revealed progressive age-
dependent accumulation of Aβ. At 4 months of age, plaques appeared as compact circular structures, while 
with advancing age (12-18 months), these deposits evolved into irregular morphologies with diffuse halos in 
subcortical regions, the CA1 hippocampal subfield, and cortical areas - a pattern mirroring those observed 
in human AD’s pathology[35]. The Tg2576 mouse model, expressing the human APP isoform harboring the 
Swedish double mutation (APPswe), represents one of the most extensively studied disease models for 
amyloid pathology and cognitive deficits[36]. Elevated Aβ levels are detected starting from early ages (< 5 
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months old), with amyloid plaque deposition initiating in the hippocampus and cerebral cortex at 9-12
months of age[37-39]. These plaques progressively accumulate thereafter, reaching concentrations comparable
to those observed in AD brains. In Tg2576 mice, Apolipoprotein E (ApoE) and p-tau show age-dependent
increases starting at 12 and 18 months, respectively, escalating with age. Notably, p-tau accumulates
prominently in lipid rafts of incredibly aged Tg2576 brains[40].

Thy1-ApoE4/C/EBPβ mice
CCAAT/enhancer-binding protein β (C/EBPβ) is a pro-inflammatory cytokine-activated transcription
factor that enhances δ-secretase (cleaves APP and tau) and selectively promotes ApoE4 expression in
human neurons[41,42]. Overexpression of C/EBPβ has been shown to accelerate AD pathology in 3xTg and
5xFAD mouse models[43]. Based on this understanding, researchers bred Thy1-ApoE4/C/EBPβ double
transgenic mice. The model was able to show progressive learning and memory deficits, and in Morris
Water Maze (MWM) experiments, mice showed no deficits at 2 months of age, cognitive deficits at 6
months, which worsened by 12 months, while their operant function remained consistently normal.
Positron emission tomography (PET) imaging showed that Aβ PET signals were significantly elevated in
this model mouse at 6 months and further enhanced at 12 months. The size of Aβ aggregates also increased
with age, and there were extensive Aβ deposits in the forebrain, with the cortex being the most abundant. In
an examination of tau NFT pathology, Thy1-ApoE4/C/EBPB mice were found to have both total Tau and p-
Tau increased in an age-dependent manner and to share a similar protofibrillar structure to human tau
aggregates, which exhibit infectivity and neurotoxicity.

Streptozotocin intracerebroventricular (STZ-icv) mice and STZ-icv rats
AD pathology can also arise when there is insulin resistance or glucose deficiency in the brain[44,45].
Streptozotocin (STZ) is a cytotoxic compound that can lead to insulin resistance in the brain by inhibiting
the Akt/protein kinase B pathway (Akt/PKB) and insulin receptor signaling pathways, as well as activating
glycogen synthase-3β, which promotes Aβ accumulation and Tau hyperphosphorylation[46]. Scientists
established an streptozotocin intracerebroventricular (STZ-icv) mouse model by injecting a low dose 
of STZ[47]. In the STZ-icv mouse model, memory impairment showed a clear dose-dependent 
relationship and was most pronounced at the highest STZ-icv dose. Cognitive function declined sharply 
within the first month post-injection, showed some improvement later, but ultimately continued a 
gradual decline. The number of Aβ42 in the brains of STZ-icv mice was age-dependent and tended to 
spread (from the cortex to the hippocampus) compared to controls. P-tau was similarly age-dependent, 
with AT8+ signaling particularly strong during months 6 and 9 after STZ injection.

STZ-icv rats can exhibit most of the pathological features of AD and are regarded as a non-transgenic
preclinical model of AD[48,49]. Similarly, they also exhibit a distinct dose dependency. Aβ plaques can first be
detected in rats approximately 3 months old at a dose of 40 mg/kg[50], while at a lower injection dose of
3 mg/kg[51], they can be detected as early as 6 months of age - this time point roughly corresponds to the
progression of symptoms in human AD. The pattern of cognitive decline in STZ-icv rats is highly similar to
that in mice, characterized by an acute decline in the first month, followed by a partial improvement (at 3
months) and subsequent progressive decline[51]. This may indicate that the early cognitive decline is due to
the toxic effects of STZ, while the late progressive decline is a continuation of the brain damage induced by
STZ, which is more consistent with the pathological process of AD.

KI mouse models of AD
To circumvent the limitations of transgenic technology, such as overexpression artifacts, random genetic
integration, and ectopic spatiotemporal expression[52], scientists have developed next-generation mouse
models using the KI approach. These include APP, Tau, ApoE, and other KI models.
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Xia et al. homologously recombined three pathogenic coding mutations (Swedish, Arctic, and Austrian) 
into the mouse genome, generating a novel mouse model, APPSAA. Analysis of the spatial distribution of Aβ 
plaques across the whole brain revealed that Aβ plaques in homozygous mice increased with age at 4 and 8 
months, whereas no Aβ plaques were detected in heterozygous APPSAA mice or wild-type mice. Compared 
with commonly used transgenic models (e.g., APP and 5XFAD), the density of Aβ plaques in homozygous 
APPSAA mice was comparable, which also induced neurodegeneration[53,54]. However, APPSAA mice exhibit 
particularly prominent behavioral alterations, with cognitive impairment, hyperactivity, and habituation 
deficits observed in old age[54].

TREM2 is a surface receptor on microglia that regulates microglia function. The researchers found that the 
elevated density of microglia around Aβ plaques in AD patients may be associated with a mutation in a gene 
on TREM2 (TREM2 R47H)[55,56]. Based on this theory, the B6J.APOE4.Trem2*R47H mouse model was 
developed. This model has a humanized ApoE KI mutation, encoding the E4 isoform, and a CRISPR/Cas9-
generated R47H point mutation in the Trem2 gene[57]. Exceptionally, this type of mouse model does not 
produce Aβ plaques or p-tau. Still, at 4-24 months of age, they exhibit age-related progressive deficits in 
locomotion, coordination, and wheel-running activity, providing insights into age-related pathology beyond 
the classical features of AD[58].

More mouse models are included in Table 1. While mouse models elucidate mechanistic pathways, their 
translational limitations underscore the need for models that better replicate AD complexity.

CAT MODELS
In addition to rodent models, cats can naturally exhibit AD-related pathological features, including Aβ 
accumulation, NFT formation, and neuronal loss, providing a unique natural model for research[78]. 
Compared with mouse models that rely on transgenic mutations (which can only simulate partial pathology 
through artificial intervention), AD-like lesions in cats are characterized by spontaneity and the co-
occurrence of multiple pathologies. They are more consistent with the human disease process.

In their study on the brain tissues of cats of different ages, Chambers et al. found that cats over 8 exhibited 
Aβ deposition, and Aβ42 aggregation could be detected[78,79]. In sections treated with formic acid (FA), 
extracellular Aβ aggregates were observed in nerve cells throughout the cerebral cortex; these parenchymal 
Aβ deposits had no central core, which was different from the mature plaques in human AD and AD 
models of Tg mice. The latest experimental results showed that the youngest cat with extracellular Aβ 
deposition was only 4 years old[80], and a 4-year-old cat was equivalent to a human aged about 32 years, 
which was highly consistent with when Aβ began to accumulate in humans (starting from 20 years old)[81,82]. 
In addition, in cats over 15 years old, Aβ first accumulated in the cortex and then spread to the 
hippocampus. Moreover, the cortex and hippocampus of cats were most affected by Aβ deposition, while 
the cerebellum was the least affected (consistent with humans, where the cerebellum is only involved in the 
final stage of Aβ progression)[7,80,83]. These findings further demonstrate the similarity between Aβ pathology 
in cats and AD in humans.

Consistent with humans, cats have six isoforms of tau protein, and their p-tau protein possesses many 
epitopes identical to those found in the human AD brain, such as AT8 and PHF-1 (antibody against tau 
phosphorylated at the Ser396/404 sites) epitopes[79]. This compensates for the molecular-level limitations of 
previous transgenic-dependent experimental animals in simulating tau pathology. Regarding pathological 
manifestations, AT8-positive p-tau can be detected in the cytoplasm of some cat neurons, and its 
distribution is consistent with that in the human brain; the overall distribution of tau protein also matches 
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Table 1. Differences in pathological manifestations and behavioral characteristics among different types of mouse models

Phenotype
Model Type

Aβ p-tau General observations Gender 
difference

Ref.

Transgenic models

3xTg-AD APPSwe 
TauP301L 
PS1M146V

Increases with age in the 
hippocampus and cortex

Strong signals present at 18 months of 
age

Increased fear, anxiety, startle response, and freezing 
behavior

More pronounced 
in females

[33,59]

5XFAD APPKM670/671NL*I716V*V717I 
PS1M146L*L286V

Increases with age in the 
rostrocaudal axis

A significant increase at 3 months of age, 
followed by a subsequent decline

Deterioration of sensory functions, decline in cognitive 
abilities, and emergence of neuropsychiatric 
symptoms

More pronounced 
in females

[35,60,
61]

Tg2576 APPK670N/M671L Increases with age increases with age, as observed at 18 
months

Cognitive impairment and behavioral deficits typically 
emerge by 9 months of age

More pronounced 
in females

[37,40,
62-64]

hAβ-KI (Apptm1.1Aduci) Rising Aβ40/42 without Aβ 
plaques

\ Significant cognitive and memory deficits Not mentioned [65]

Thy1-ApoE4/C/EBPB (Thy1-ApoE4 C/EBPB) Increases with age Increases with age and has nerve fiber 
degeneration

Cognitive deficits 
normal motor function

Not mentioned [66]

Metabolic damage model

d-Galactose mice Glucose metabolism 
disorder

Non-occurrence Non-occurrence Cognitive and memory impairment (evident in males) More pronounced 
in males

[67,68]

STZ-icv mice Glucose deficiency Aβ42 increases with age p-Tau increases with age Memory impairment and cognitive decline More pronounced 
in females

[47]

STZ-icv rats Glucose deficiency Dose-dependent, detectable Aβ 
as early as 3 months of age

Detectable as early as 1 month of age 
with time-dependent increase

Rapid decline in the first month of age Not mentioned [50,51]

KI mouse models

APPSAA APPSwedish*Arctic*Austrian Increases with age at 4 and 8 
months

Elevated overall levels at 8 months of age Cognitive impairment, hyperactivity, and habituation 
deficits

No detected sex 
effect

[53,54]

B6J.APOE4.Trem2*R47H Apoetm1.1(APOE*4)Adiuj 
Trem2R47H

Non-occurrence Non-occurrence Motor and coordination dysfunction More pronounced 
in females

[57]

Other AD mouse models

SAM8 Models of accelerated 
aging

Significant Aβ deposition The cortex, striatum, and hippocampus 
all showed p-tau

Significant decline in learning and memory skills More pronounced 
in males

[69-72]

Acrolein-induced mice Acrolein-induced Aβ secretion rises without 
significant deposition

Elevated p-tau levels Mild cognitive impairment with learning and memory 
loss

Not mentioned [73,74]

AAV1-I2CTF mice Viral injection Increased Aβ expression Elevated p-tau levels 
Observed neurodegeneration

Learning and memory deficits Not mentioned [75]

42 Elevated p-tau levels Learning and memory deficits Experiments were  
                                                                                                                                                                                                 performed on 
                                                                                                                                                                                                 males only

AlCl3 induced mice Metal ion Increased expression of Aβ [76,77]

Aβ: p-Tau: AD: Alzheimer’s disease; APP: amyloid precursor protein; PS1: presenilin 1; STZ: streptozotocin; KI: knock-in; SAM8: senescence-accelerated mouse prone 8; AAV1: adeno-associated virus serotype 1.

dysfunction induced
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the reports in the human brain[79]. These p-tau aggregates often occupy the entire cytoplasm but are present 
in neurons with normal morphology, thus being identified as pre-tangles[80,84]. Another experiment showed 
that a large number of NFTs exist in the hippocampus of aged cats (very few in the cerebral cortex), and 
their distribution is consistent with that of intracellular Aβ, with colocalization with p-tau and ubiquitin. In 
aged cats with cerebral Aβ deposition and hippocampal NFTs, the number of hippocampal neurons is 
significantly reduced; however, in cats without NFTs, no apparent neuronal loss is observed even in the 
presence of Aβ[78]. This feature is consistent with the findings from human AD studies, further 
demonstrating the unique value of cats as experimental animals in recapitulating the pathological 
progression of AD. In terms of behavioral characteristics, due to limited research content, the 
standardization level of behavioral testing for cat models is low. Commonly used AD behavioral tests (such 
as the MWM and Y-Maze) are rarely applied in cats, lacking standardized protocols, which leads to poor 
data comparability. Moreover, cognitive deficits in cats are difficult to quantify through simple behavioral 
tasks, requiring the design of complex environmental enrichment experiments, which are highly challenging 
to operate.

DOG MODELS
In some studies of older dogs, it has been found that there is a natural decline in cognitive ability in many 
different areas (including learning and memory), which may reflect neurodegeneration in the brains of 
older dogs[85]. Using dogs as animal models of AD has unique advantages; domesticated or captive dogs 
share a familiar environment (including diet) with humans and can better model AD’s polymorphic and 
multifactorial nature. In addition, dogs have similar pharmacokinetics to humans and can predict drug 
effectiveness when developing drugs for AD[86]. Taking this a step further, it was found that the cognitive 
dysfunction in older dogs is related to the Aβ deposition and tau pathology in their brains. The amino acid 
sequence of Aβ is the same in dogs and humans[87,88]. In the brains of aging dogs, different brain regions 
show varying degrees of Aβ deposition, which occurs first in the dog’s prefrontal cortex, followed by the 
temporal cortex, hippocampus, and occipital cortex. This is similar to the distribution in the brains of AD 
patients[7,89,90]. The formation and maturation of Aβ deposits correlate with the severity of cognitive deficits. 
They are related to the age and size of the dog, with small and medium-sized dogs having significantly more 
Aβ deposits in the ventral hippocampal region than large dogs[91]. It has been observed in previous 
experiments that the prefrontal cortex of older dogs tends to show high levels of Aβ deposition when they 
show deficits in reversal learning and complex working memory. In contrast, high levels of Aβ deposition 
occur in the entorhinal cortex when size discrimination and object proximity learning deficits are 
present[92,93]. The modeling features may be more helpful for us to draw the relationship between changes in 
brain Aβ levels in AD patients presenting with various cognitive deficits. In AD patients, Aβ is deposited not 
only outside neuronal cells but also in the cerebral vascular wall, resulting in cerebral amyloid angiopathy 
(CAA), which disrupts the blood-brain barrier and vascular wall integrity[94-96]. CAA pathology is also 
frequently seen in older dogs, with deposition of Aβ in both cerebral and peripheral vessel walls, and the 
most affected region is the frontal cortex, further illustrating the similarities between AD in older dogs and 
humans[91,97-101]. However, the main component of Aβ deposits in human blood vessels is Aβ40, whereas in 
aged dogs, it is mainly Aβ40 and Aβ42[102].

In a new study of older dogs with Canine cognitive dysfunction (CCD), researchers performed 
immunohistochemical and immunofluorescence analyses using the AT8 anti-tau (Ser202, Thr205) antibody. 
And found that p-tau deposits showed a broad pattern similar to human AD neuropathology but did not 
co-localise with Aβ plaques[103]. In contrast, in another study, anti-p-tau (Ser396) antibody was additionally 
added, and Ser396 p-tau protein was found to be significantly elevated in all assessed regions (including 
frontal lobe, occipital lobe, temporal lobe, internal capsule, and thalamus) in dogs with CCD, except the 
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hippocampus. Interestingly, AT8 immunolabeling in CCD dogs in the latter experiment was sparse and 
confined to the superficial layers of the inferior temporal lobe, which is inconsistent with the results of the 
former experiment. The possible reason is that AT8 labeling is considered a relatively late marker of tau-
related changes in AD, and the CCD dogs in the latter experiment had not yet reached late progression[104]. 
Although p-tau can be found in many experiments, no study has confirmed the presence of large numbers 
of mature NFTs, which is different from human AD[104-106]. And this may also suggest that dementia in dogs 
may be caused in part by p-tau-induced diminished synaptic function rather than by the toxic effects of 
NFTs.

Older dogs as natural animal models better reflect the pathophysiology of AD than transgenic mouse 
models, and testing products for AD in canine models may help determine the efficacy of these compounds 
in humans. In a development for an Aβ42 vaccine, animal studies showed that it reduced the presence of Aβ 
plaques in the frontal cortex of the dog’s brain and maintained frontal cortex function[107]. However, over 
time, the dogs did not improve their cognitive function and had an increased frequency of cerebral 
microbleeds. This phenomenon was also observed in subsequent clinical human trials[108]. Similar examples 
include the evaluation of two cholinesterase inhibitors (donepezil and phenylserine tartrate) in a canine 
model[109], where both drugs ameliorated complex working memory impairments in dogs, consistent with 
subsequent human clinical trial reports[110,111]. In summary, these examples demonstrate the potential 
effectiveness of old-fashioned dog models in screening therapeutic drugs for attention deficit disorders.

SHEEP MODELS
Compared with the above-mentioned models, sheep are more similar to humans in anatomy, neurobiology, 
lifespan, and genetics, and can make up for the limitations of animal models in simulating human 
pathology[111]. The brain structure of sheep is highly homologous to that of humans, with a highly 
gyrencephalic neocortex and distinct differentiation between cortical and subcortical structures[113] 
[Figure 2]. The amino acid sequences of key AD-related proteins [APP, Aβ42, β-secretase (BACE1), PS1, 
and presenilin-2 (PS2)] in sheep are highly homologous to those in humans. Although the overall homology 
of the APOE protein in sheep is the lowest compared with that in humans, the amino acids at its key 
positions are consistent with those of the human E4 allele[114]. Meanwhile, sheep possess genetic and 
reproductive advantages that NHPs lack, such as a relatively short gestation period, multiple offspring, and 
a short time to sexual maturity. Additionally, in terms of ethics and economy, sheep are more suitable for 
disease research than other large model animals.

In terms of pathological manifestations, previous studies have detected Aβ and tau lesions in aged sheep[115]. 
A multi-age detection showed that Aβ42 could be detected in the neurons of sheep over 5 years old, but no 
Aβ deposition was found. Another study revealed that diffuse Aβ plaques existed in all cortical regions of 8- 
and 14-year-old sheep, and the number of plaques in 14-year-old sheep was greater than that in 8-year-old 
sheep. Sheep younger than 8 years old had low p-tau levels (close to the lower limit of detection), and only 
pre-tangles were observed[114]. In contrast, a large number of mature NFTs could be found in 16- and 21-
year-old sheep, suggesting that sheep neuropathology is also age-related[116]. Currently, these studies have 
not reflected the clinical manifestations of aged sheep, and further research is needed to confirm whether 
these lesions lead to impairments in sheep’s cognitive and learning functions. The use of sheep in 
neurodegenerative disease research remains rare, and even rarer in pathological mechanism research. 
Therefore, sheep may not be suitable for preclinical experimental research on drug mechanisms for the time 
being, and the focus should be placed on research into pathogenic mechanisms.
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Figure 2. Comparison of the human brain and the sheep brain. The “frontal lobe-limbic system connections” and “basic sensory-motor 
integration frameworks” in sheep share a common evolutionary origin with those in humans in terms of the underlying neural circuits 
(such as thalamic-frontal projections and limbic system-orbitofrontal connections).

NHP MODELS
Although a variety of rodent AD models have been established, their significant evolutionary distance from 
humans leads to notable differences in biological and behavioral functions, resulting in an extremely low 
success rate of AD therapeutic drugs in clinical trials. In contrast, NHPs exhibit high homology with 
humans in terms of anatomy, physiology, neuropathology, aging process, and genomic regulation. The 
brains of NHPs are not only similar to those of humans in cortical folding, partitioning, and expansion, but 
also highly homologous in the composition and morphology of cell types, especially astrocytes[117]. 
Therefore, NHP models have been applied in the research of various neurodegenerative diseases, 
particularly in preclinical experiments. NHPs can spontaneously develop AD-like pathology. As early as 
1985, Struble et al. found a large number of Aβ plaques in the prefrontal and temporal cortices of six aged 
rhesus monkeys, while Aβ deposition in the hippocampus was relatively low - a finding similar to the 
condition of human AD patients[118]. Almost all NHP species studied develop amyloid-related lesions with 
aging, though the types of lesions vary. A study also detected p-tau in aged rhesus monkeys, and this protein 
can fibrillate into typical paired helical filament tangles[119]. All these observations suggest that NHPs may 
spontaneously develop AD-like pathological changes.

Spontaneous models
Similar AD pathology has been found in rhesus monkeys in previous investigations, but no studies have 
elucidated the relationship between their cognitive deficits and the onset of pathology. To elucidate this 
relationship, a rhesus monkey with cognitive deficits must first be found, then its brain pathology must be 
examined observationally. In a recent experiment, researchers found evidence that AD occurs naturally in 
aging rhesus monkeys. By performing the variable spatial delayed response task (VSDRT) and the human 
intruder test (HIT) on selected rhesus monkeys, the researchers identified three rhesus monkeys with severe 
cognitive deficits and a significant reduction in responsiveness to the outside world. Pathologic examination 
of Aβ plaques in the hippocampus, internal olfactory cortex, temporal cortex, and prefrontal cortex of the 
brains of the three rhesus monkeys revealed that two of the rhesus monkeys displayed significant Aβ 
plaques in AD-related brain regions. One of the two rhesus monkeys had large numbers of Aβ plaques in 
the temporal cortex, distributed in the brain parenchyma or around blood vessels. Significant glial cell 
aggregates were also seen around the Aβ plaques, which were similar to the Aβ plaques in typical patients 
with late-onset AD[83,120]. Meanwhile, a large amount of p-tau could be detected in these three rhesus 
monkeys, which was significantly different from the control group. In particular, a large number of NFTs 
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were found in these rhesus monkeys, which are absent in many other models, and immunoelectron
microscopy showed that their structure is similar to tangles in the brains of AD patients[119,121]. This may
suggest that senescent rhesus monkeys can serve as a typical animal model of AD.

AD-like pathology occurs not only in rhesus monkeys but also in other NHPs. Cynomolgus macaques are
one of the closest phylogenetic relatives to us. In a study of Cynomolgus macaques in the middle-aged
(mean age 15 years) and elderly (mean age 19 years) groups, it was found that Aβ and p-tau levels were
significantly increased in the brains of the elderly group compared to the middle-aged group, with Aβ
located essentially within neurons. The density of neurons in the prefrontal cortex was also significantly
lower in the older group than in the middle-aged group[122]. Specifically, however, no evidence of the
presence of NFTs was found in the aged group. Instead, some markers of pre-tangling were observed in the
middle-aged group (elevated levels of tau phosphorylation at the Thr231 locus)[122,123]. Similarly,
neuropathology similar to AD can be observed in another species of NHPs, the Chlorocebus aethiops
sabaeus. Aβ plaques could be found in the cortex of all the older groups (mean age 21 years) and were most
dense in the temporal lobe cortex, especially in the middle-superior temporal gyrus[124]. In the middle-aged
group (mean age 11 years), Aβ plaques were present only individually. In tau pathology, although the
number of areas positive for p-tau immunoreactivity was greater in the older group than in the middle-aged
group, it was not statistically significant[124]. Interestingly, little or no nerve fiber deformation could be
observed in the brains of Chlorocebus aethiops sabaeus and Cynomolgus macaques.

Aβ injection model
To reproduce the apparent NFT seen in patients with AD, the researchers constructed new models by
repeatedly injecting AβOs into the brain parenchyma of aged Cynomolgus macaques[125]. Neuropathological
staging of Alzheimer-related changes. The number and load of Aβ plaques in the seven AβO monkeys were
significantly higher than in control monkeys and were primarily distributed in the gray matter of the limbic
structures and neocortex, with dense plaque cores similar to those in AD patients. Observation under
confocal electron microscopy revealed that the curly filament bundles in cell bodies and the droplet
inclusions in long axons, resembling strings of pearls, were identical to the typical NFT structures in AD
patients[125,126]. More unusually, the researchers found neurodegeneration in different brain regions of AβO,
distributed around the Aβ plaques[125]. These characterizations suggest that aged Cynomolgus macaques
injected with AβO could serve as a model of AD for future drug experiments.

Applications of NHPs
NHP models have been widely used in AD research. As a primary approach of active immunotherapy,
vaccines represent a long-sought effective preventive strategy. As early as 2004, Lemere et al. demonstrated
that Aβ vaccination in NHPs could reduce Aβ levels in cerebrospinal fluid[127]. AV-1959D, a DNA vaccine
developed to induce anti-Aβ antibody generation, has demonstrated potent Aβ antibody responses in
macaques without triggering deleterious autoreactive T cell activation in preclinical studies[128,129]. Currently,
AV-1959D has progressed to Phase I clinical trials (NCT05642429). Should its safety profile be confirmed,
subsequent studies will focus on preventive applications in high-risk populations. NHP models also serve as
valuable tools for investigating pathogenesis-related therapeutic interventions in AD. Pathological
alterations in neural circuits and synaptic connections have been established as critical contributors to
cognitive impairment in AD. Notably, brain-derived neurotrophic factor (BDNF) has been demonstrated to
prevent lesion-induced neuronal death in the entorhinal cortex, reverse neuronal atrophy, and ameliorate
age-related cognitive deficits in both adult and aged rhesus monkeys[130]. Building upon these preliminary
findings, an AAV2-BDNF gene therapy approach has advanced to Phase I clinical trials (NCT05040217).
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With the advancement of AI and molecular profiling technologies, the use of NHPs as AD models offers 
unique advantages[131,132]. Firstly, NHPs exhibit far higher sequence homology with humans in core AD-
related molecules (genes, proteins, metabolites) than rodents, enabling direct capture of molecular changes 
more closely resembling those in human AD and avoiding molecular profiling biases caused by species 
differences in rodents. Secondly, human AD is often accompanied by comorbidities (e.g., hypertension, 
diabetes mellitus, cerebrovascular disease) and a complex intracerebral microenvironment 
(neuroinflammation, blood-brain barrier impairment), and NHPs are also susceptible to these risk 
factors[133]. The application of this combination - molecular profiling using NHP models - is particularly 
suitable for core research directions such as early AD intervention, deciphering complex pathological 
mechanisms, and developing clinically translatable biomarkers, serving as a key technology-model system 
bridging basic research and human clinical trials.

PERSPECTIVES
After the first discovery of AD more than 100 years ago, AD’s underlying etiology and pathogenesis have 
been studied in depth, based on which many animal models have been designed. However, AD has a long 
course, many neurologic pathologic changes, and most ADs are late-onset, with many etiologic and 
influencing factors. Until now, no animal model has completely replicated the whole process of human AD 
pathogenesis. There are still many challenges in using animal models for AD research. First, aging is a 
critical risk factor for LOSAD, as evidenced by many animal model studies, which often focus on the earlier 
age range of the animal or a specific age stage, thereby overlooking the slow, gradual nature of AD. Second, 
rodent models widely used in AD research have significant differences in anatomy, brain development, and 
pharmacological effects from humans. Finally, while naturally occurring types of AD models can maximize 
the expression of pathological and clinical symptoms similar to those of human AD, they require higher 
financial costs, scarcer sample sizes, and more specialized researchers and facilities.

In response to these challenges, corresponding measures can be adopted to address them in future research. 
Given that most mouse models develop the disease at a relatively early age, researchers can design 
accelerated aging models to study the pathological characteristics of AD in aged mice. This approach can 
resolve the issues of long-term consumption, high labor intensity, and high costs associated with natural 
aging mouse models. Relevant experimental studies have already been carried out in this direction[134,135]. 
Similarly, these accelerated aging methods can also be applied to animal models such as cats and dogs, as 
discussed in this paper. Spontaneous large animal models exhibit a high degree of pathological similarity to 
humans, with systemic functions and anatomical structures (particularly cerebral architecture [Figure 3]) 
closely resembling those of humans. In terms of size, the brain tissue of natural animal models is larger. A 
single sample collection can be employed for multiple experiments or a variety of experimental applications. 
Therefore, preclinical trials for novel therapeutics should ideally be conducted in animal models with 
minimal species differences from humans to achieve the desired clinical outcomes. Regarding the challenges 
of high costs and limited sample sizes associated with large animal models, future solutions may involve 
establishing large-scale centralized facilities for large animal models to reduce production and maintenance 
expenses. Additionally, computational modeling techniques - such as molecular dynamics simulations and 
absorption, distribution, metabolism, excretion, and toxicity (ADMET) prediction models - could be 
employed for preliminary drug screening and evaluation, thereby minimizing the number and scale of 
animal experiments while reducing experimental costs.

Currently, there are no definitive, effective, and validated therapeutic regimens for AD applicable to the 
majority of patients. Future model development should prioritize AD drug development, with systematic 
pre-clinical evaluation of drug pharmacokinetics, pharmacodynamics, tolerability, and safety. By leveraging 
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Figure 3. A brief comparison of brain size and structure among various animal models. Cats, dogs, and sheep exhibit greater similarities 
to humans in specific functional brain regions (such as vision, emotion, and hemispheric differentiation). Monkeys demonstrate a high 
degree of homology with humans in overall brain structure, particularly in the advanced cortex.

technological innovations and modern biotechnologies, the establishment of widely accepted standardized 
AD models - alongside their comprehensive evaluation - will significantly accelerate the progression of AD 
drug clinical trials.
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