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ABSTRACT
Rodent models that accurately recapitulate key aspects of human disease have long been fundamental to the successful devel-
opment of clinical interventions. This is greatly underscored in the neurodegenerative disease field, where preclinical testing of 
anti-prion therapeutics against rodent-adapted prions resulted in the development of small molecules effective against rodent-
adapted prions but not against human prions. These findings provided critical lessons for ongoing efforts to develop treatments 
for patients with neurodegenerative diseases caused by misfolding and accumulation of the proteins tau and α-synuclein, or 
tauopathies and synucleinopathies, respectively. To avoid the potential pitfalls previously identified in the prion field, this review 
focuses on rodent models currently available to study tau and α-synuclein disease pathogenesis, emphasizing the strengths and 
limitations of each with the particular goal of better supporting preclinical research.

1   |   Introduction

Most neurodegenerative diseases, including Alzheimer's dis-
ease (AD) and Parkinson's disease (PD), are caused by the 
misfolding and accumulation of proteins within the brain. 
Each neurodegenerative disorder is neuropathologically de-
fined both by which protein or proteins have misfolded, as 
well as the type and distribution of the resulting neuropatho-
logical lesions. For example, AD patients develop both extra-
cellular β-amyloid (Aβ) plaques (Glenner and Wong  1984a, 

1984b) and intracellular neurofibrillary tangles (NFTs) 
made of microtubule-associated protein tau (MAPT), or tau 
(Brion et  al.  1985), whereas PD patients develop Lewy bod-
ies (LBs) and Lewy neurites (LNs) made of misfolded α-
synuclein (Polymeropoulos et al. 1997; Spillantini et al. 1997). 
Interestingly, while Alois Alzheimer's seminal report using 
Bielshowsky silver stain to detect what we now know are 
NFTs in the brain was published in 1911 (Alzheimer 1911), it 
was not until 1984 that George Glenner and Colin Masters first 
isolated Aβ plaques from post-mortem AD patient samples 
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(Glenner and Wong 1984a, 1984b). One year later, Jean-Pierre 
Brion showed that the NFTs in AD patients were made of 
the protein tau (Brion et  al.  1985). Similarly, while James 
Parkinson first described what we now refer to as PD in 1817 
(Parkinson 1817), LBs were not described until 1912 (Forster 
and Lewy  1912). Moreover, the presence of α-synuclein in 
LBs was not discovered until 1997, through both genetic link-
age and immunohistochemistry (Polymeropoulos et al. 1997; 
Spillantini et al. 1997).

In the intervening time between the first reports of these dis-
eases and our current understanding of the role of misfolded 
protein aggregates in their etiologies, several clinical strategies 
were developed and tested with varied success. For example, 
due to the loss of cholinergic neurons in AD patients (Davies 
and Maloney 1976), acetylcholinesterase inhibitors—donepe-
zil, rivastigmine, galantamine—emerged as AD therapeutics 
with the goal of increasing the amount of acetylcholine signal-
ing in the brain. A similar approach for PD patients targeting 
the lost dopaminergic neurons in the substantia nigra uses 
levodopa, or L-Dopa, to replace the decreased dopamine sig-
naling. Importantly, these drugs are symptom-alleviating but 
not disease-modifying. As mounting research has shown that 
proteins like Aβ, tau, and α-synuclein use the prion mecha-
nism of disease (discussed in (Prusiner 2017)), in which a mis-
folded protein fibril serves as a template to subsequently induce 
misfolding of additional proteins, novel therapeutic strategies 
that target this underlying disease pathogenesis have been the 
primary focus of drug development. Here, the use of antibod-
ies and small molecules that interfere with the self-templating 
process, an array of gene therapy approaches that reduce the 
amount of normal protein available as substrate for misfold-
ing, and proteolysis targeting chimeras (PROTACs) that target 
fibril degradation via the ubiquitin-proteosome system (Békés 
et al. 2022) are only some of the strategies currently in preclin-
ical or clinical testing, or in the case of Aβ antibodies, avail-
able in the clinic.

Given the current focus of therapeutic strategies for neurodegen-
erative diseases, it is imperative for the field to learn from key 
failures identified during efforts to develop small molecules for 
prion diseases, disorders in which protein misfolding and aggre-
gation are the major, if not sole, drivers of disease. In prion dis-
eases, the cellular form of the prion protein (PrPC) misfolds into 
the pathogenic conformation (PrPSc). Subsequent conversion 
of PrPC into PrPSc occurs at the catalytic surface of misfolded 
amyloid fibrils, resulting in the progressive spread of disease 
throughout the brain. Interestingly, the most common prion 
disease impacting humans—Creutzfeldt Jakob Disease (CJD) 
– transmits neurological disease to humanized mice (Telling 
et al. 1994); however, all attempts to develop robust cell culture 
systems for CJD prions have failed. As a result, in vitro screens 
for drug discovery efforts have relied upon animal prions, most 
notably the mouse-adapted prion RML (isolated by transmit-
ting sheep scrapie to mice at Rocky Mountain Laboratories). 
For example, in 2010, a small molecule screen for anti-prion 
compounds against RML led to the discovery of a group of 
2-amino-thioazoles, including the molecule IND24, with po-
tent inhibitory effects (Ghaemmaghami et al. 2010). Subsequent 
studies testing these compounds found that IND24 treatment 
doubles the lifespan of mice inoculated with RML prions (Berry 

et al. 2013); however, treatment had no effect in mice inoculated 
with CJD prions (Giles et al. 2017).

This devastating setback carries with it a critical lesson for ther-
apeutic development for all protein misfolding diseases. While 
CJD and RML both feature the misfolding of PrPC into PrPSc, 
each disease is caused by a distinct misfolded conformation 
or disease strain. Initial evidence for the presence of distinct 
disease-causing strains was seen via differences in incubation 
periods, neuropathological lesion profiles, clinical signs, and 
biochemical stabilities of PrPSc fibrils (Bessen et al. 1995; Bessen 
and Marsh 1992; Caughey et al. 1998; Telling et al. 1996), but 
more recent breakthroughs in cryo-electron microscopy 
(cryo-EM) have confirmed that PrPC misfolds into a distinct ag-
gregate conformation in each disease (Alam et al. 2024; Hallinan 
et al. 2022; Hoyt, Alam, et al. 2022; Hoyt, Standke, et al. 2022; 
Kraus et al. 2021; Manka et al. 2023; Manka et al. 2022). These 
structural findings provide definitive support for the strain hy-
pothesis, which posits that the conformation PrPC misfolds into 
determines which disease a human or animal will develop. In 
reflecting on the outcomes from the IND24 studies, the lesson 
becomes quite clear: it is not enough to simply focus on targeting 
the protein associated with disease, but efforts must also focus 
on the PrPSc strain present in the target patient population.

Beginning in 2017, cryo-EM studies have also provided clear 
support for the role of the strain hypothesis in patients with tau- 
and α-synuclein-driven diseases, or tauopathies and synucle-
inopathies, respectively. A series of studies from Michel Goedert 
and Sjors Scheres have shown that tau adopts distinct fibril con-
formations in patients with AD (Fitzpatrick et al. 2017), Pick's 
disease (PiD) (Falcon et  al.  2018), chronic traumatic encepha-
lopathy (CTE) (Falcon et  al.  2019), corticobasal degeneration 
(CBD) (Zhang et  al.  2020), argyrophilic grain disease (AGD), 
progressive supranuclear palsy (PSP), globular glial tauopathy 
(GGT), and GGT-PSP-Tau (Shi et  al.  2021). Similarly, distinct 
α-synuclein conformations were identified in patients with 
multiple system atrophy (MSA) (Schweighauser et  al.  2020; 
Yan et al. 2024), PD (Yang et al. 2022), and juvenile-onset sy-
nucleinopathy (Yang et al. 2023). Recognizing the ever-growing 
parallels between prion diseases and other protein misfolding 
disorders, it is critical that ongoing and future drug discovery 
efforts targeting proteins like tau and α-synuclein recognize and 
learn from the mistakes made during the discovery of IND24.

With this objective in mind, here we focus on the strengths and 
limitations of the currently available rodent models for pre-
clinical studies supporting therapeutic development targeting 
tau and α-synuclein misfolding. The drug discovery process 
is lengthy and filled with several opportunities for failure to 
occur. However, a major component of successfully translat-
ing a treatment from bench to bedside is the predictive nature 
of the animal model system used to support in  vivo efficacy 
testing (Figure  1). Programs in which the model system used 
provides the best link to human biology are undoubtedly more 
likely to succeed. By building a stronger bridge to the clinical 
target, drug discovery programs can de-risk that final transla-
tional jump by employing model systems that accurately reca-
pitulate the desired aspects of human disease. In the following 
sections, we will emphasize the strengths that each currently 
available rodent model for tau and α-synuclein offers, while also 
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underscoring their major drawbacks as well as opportunities for 
advancement to better support drug discovery for tauopathy and 
synucleinopathy patients.

2   |   Rodent Models to Investigate Human 
Tauopathies

2.1   |   Variability of Tau Pathology in Human 
Patients

Tau is an intracellular, soluble protein that is critical for po-
lymerizing and stabilizing microtubules in neurons (Cleveland 
et al. 1977; Iqbal et al. 1986). Alternative splicing of exons in the 
tau gene (MAPT) gives rise to 6 different isoforms ranging from 
352 to 441 amino acids, which can include 0, 1, or 2 N-terminal 
insertions and either 3 or 4 repeats in the repeat domain (RD) of 
the protein (Goedert et al. 1992, 1989). Expression of these 6 iso-
forms varies by age and brain region, with a notable shift from 
0N3R expression during infancy to a more balanced 3R:4R ex-
pression in adulthood (Goedert and Jakes 1990; Hefti et al. 2018; 
Majounie et al. 2013; Trabzuni et al. 2012). In the disease state, 
misfolded tau forms neuropathological inclusions that can be 
distinguished by type (e.g., NFTs versus coiled bodies), distribu-
tion in the brain, and isoform composition.

As previously noted, tau was first associated with demen-
tias after it was isolated from brain tissue from both familial 
and sporadic AD cases in the 1980s (Brion et  al.  1985; Kosik 
et al. 1986; Wood et al. 1986). The NFTs in AD patients contain 
a mixture of both 3R and 4R tau isoforms (Goedert et al. 1992) 
and are found in the presence of Aβ plaques. While MAPT mu-
tations are not seen in the subset of AD cases that are familial 
in etiology, mutations do occur in the genes for the amyloid pre-
cursor protein (APP), which is cleaved to form Aβ, and in pre-
senilin-1 and -2 (PSEN1 and PSEN2), which are involved with 
APP cleavage (Goate et al. 1991; Levy-Lahad et al. 1995; Rogaev 

et al. 1995; Sherrington et al. 1995). Mutations in these genes are 
associated with 5%–10% of familial early onset Alzheimer's dis-
ease (< 60 years old) and are highly penetrant (Conidi et al. 2015; 
Cruts et al. 1998; Gatz et al. 2006; Kosik et al. 2015; Lanoiselee 
et al. 2017; Parker et al. 2019; Rovelet-Lecrux et al. 2006; Sala 
Frigerio et al. 2015; Wingo et al. 2012). In general, NFT pathol-
ogy is typically first seen within the hippocampus and ento-
rhinal cortex, with subsequent spread to the fronto-temporal 
cortices. Along with tau pathology, AD patients also exhibit 
substantial synapse and neuron loss (Braak and Braak  1991). 
Notably, familial and sporadic AD patients are neuropatholog-
ically similar but differ in the age of disease onset.

NFTs made of both 3R and 4R tau isoforms were also identified 
in patients with punch drunk syndrome or dementia pugilis-
tica, which results from repeated head trauma (Martland 1928; 
Millspaugh 1937; Schmidt et al. 2001). Now known as chronic 
traumatic encephalopathy (CTE), this disease has overlapping 
pathologies with AD. CTE is defined by both NFTs and astro-
cytic tau tangles that cluster around blood vessels in the sulcal 
depths of the cortex. Aβ plaque deposition is seen in the late 
stages of the disease in 43% of older patients, while TDP-43 neu-
ronal cytoplasmic inclusions are seen in patients several years 
before death (Bieniek et al. 2021; McKee et al. 2016, 2023, 2013). 
For example, in a study of American football players in 2017, 91% 
of players with stage IV CTE had Aβ deposition and 83% had 
TDP-43 pathology (Mez et al. 2017).

In contrast with AD and CTE, tauopathies known as fronto-
temporal lobar degenerative diseases (FTLDs) are defined by 
the presence of only 3R or 4R tau isoforms in the brain. These 
include the 3R tauopathy PiD, as well as the 4R tauopathies AGD, 
CBD, GGT, and PSP. Most of these diseases were first identified as 
tauopathies by linking mutations in MAPT to patients with each 
disease, though GGT was identified as a unique sporadic tauopa-
thy in 2001 (Bigio et al. 2001; Buée et al. 2000; Hutton et al. 1998; 
Poorkaj et al. 1998). PiD is characterized by distinct tau inclusions 

FIGURE 1    |    Steps in the drug discovery process. Preclinical testing to support a drug discovery program begins with target selection and assay 
development, which can either be in a cell-free system or an in vitro cellular model. Lead discovery begins with high-throughput screening of com-
pound libraries and may include in silico screening. Data from high-throughput screens is used by medicinal chemists to test structure–activity re-
lationships and test combinatorial chemistry. Additional in vitro studies are then used to determine compound mechanism of action and select lead 
candidates. Lead candidates are further refined in pharmacokinetic (PK)/pharmacodynamic (PD) studies before in vivo efficacy testing and toxicity 
studies can proceed. Successful candidate molecules are then advanced into clinical testing prior to submission for FDA review. Made using Biore​
nder.​com.

http://biorender.com
http://biorender.com


4 of 34 Journal of Neurochemistry, 2025

termed Pick bodies and exhibits frontotemporal lobe atrophy, se-
vere neuron loss, and gliosis (Constantinidis et al. 1974). By com-
parison, AGD is characterized by atrophy of the ambient gyrus in 
the medial temporal lobe and the presence of tau accumulating 
into Gallyas-positive argyrophilic grains along with pretangles, 
coiled bodies within glia, and astrocytic tau inclusions (Tolnay 
and Clavaguera  2004). CBD patients are differentiated by the 
presence of astrocytic plaques versus astrocytic tufts in PSP, as 
well as a greater white matter and forebrain involvement in CBD 
compared to a more dominant hindbrain and subcortical NFT 
component in PSP (Dickson  1999; Dickson et  al.  2002; Hauw 
et al. 1994). Finally, there are three neuropathologically distinct 
subtypes of GGT defined by the region-specific presence of non-
argyrophilic 4R tau-immunoreactive globular astroglial inclu-
sions along with argyrophilic 4R tau-immunoreactive globular 
oligodendroglial inclusions (Ahmed et al. 2013; Kon et al. 2019).

Despite the fact that each tauopathy differs in its associated 
pathologies, the underlying pathogenic mechanism is thought 
to be due to misfolding and spreading of tau throughout the 
central nervous system (Prusiner 2012; Williams 2006). Given 
this shared disease pathogenesis, animal models used to study 
tauopathies and support preclinical research efforts have histor-
ically relied on overexpression of a single isoform of the human 
tau protein [either mutant or wild-type (WT)]. However, given 
the complexity and variability seen in human disease, a major 
challenge for the field is developing model systems capable of re-
capitulating the same variability seen in the target patient popu-
lation. In the following sections, we discuss key lessons the field 
has learned from frequently used rodent models, as well as their 
limitations and appropriate uses.

2.2   |   Mapt Knockout Models

Knockout (KO) models of murine Mapt laid the foundation for 
developing humanized transgenic tauopathy models. While 
tau plays a critical role in microtubule stabilization in human 
neurons, most of the reported rodent KO models described to 
date lack overt cognitive or motor phenotypes (Ayers et al. 2024; 
Dawson et al. 2001; Fujio et al. 2007; Harada et al. 1994; Tucker 
et al. 2001). Among the reported models (Table 1), four are func-
tional KOs generated by inserting various targeting cassettes 
that disrupt Exon 1 of Mapt. Harada et  al. Dawson et  al. and 
Fujio and colleagues engineered Mapt KO models by inserting a 
PGK-neo cassette, which only allows for the production of short 

tau fragments that lack microtubule binding capacity (Dawson 
et  al.  2001; Fujio et  al.  2007; Harada et  al.  1994). Using these 
mice, Dawson et al. found a delay in the elongation of hippocam-
pal neurons in primary cultures, while Harada et al. observed 
deficiencies in microtubule number and density in the cerebel-
lum of KO animals (Dawson et  al.  2001; Harada et  al.  1994). 
Despite these deficiencies, the mice were histologically normal 
when compared to littermates that maintained one or both cop-
ies of functional tau, which could in part be due to compensa-
tory mechanisms of other neuronal microtubule-associated 
proteins. In 2001, Tucker and colleagues inserted the enhanced 
green fluorescent protein (EGFP) gene sequence into the Mapt 
gene, resulting in the expression of the first 31 amino acids of 
tau fused to EGFP (Tucker et al. 2001). This approach allowed 
the research team to visualize neurons during axonal elongation 
using fluorescence microscopy. Consistent with the first three 
KO models generated, these mice also lack overt cognitive or 
motor phenotypes. In contrast, the KO mouse model developed 
by Gumucio and colleagues in 2013 exhibits mild sensorimotor 
deficits as the mice age (Gumucio et al. 2013). Rather than dis-
rupting exon 1, the neo cassette was used to disrupt exon 10, 
which may contribute to these differences. In alignment with 
the likelihood of deficits being linked to targeting a downstream 
exon in the gene construct, Ayers et al. recently developed a rat 
KO model using a transcription activator-like effector nuclease 
(TALEN) approach to target exon 2 of Mapt, and again found a 
lack of deficits when targeting a more 5′ region of the gene (Ayers 
et  al.  2024). Together, the generation of Mapt KO models has 
provided important insight that other microtubule-stabilizing 
genes may compensate for tau function, which is fundamental to 
several ongoing gene therapy strategies targeting tau reduction 
in the brain, though it should be noted that a germline MAPT 
KO may result in compensatory changes in gene expression that 
would not occur in therapeutic knockdowns. Notably, these 
findings also suggest that loss of normal tau function alone is 
likely not a major driver of disease pathogenesis. Instead, these 
data better align with the gain of toxic function hypothesis, or 
even a compounding effect in which both the gain of function 
and loss of function contribute to disease.

2.3   |   Spontaneous Models of Tauopathy

Over the last 20 years, several groups created a variety of rodent 
models that develop a spontaneous tauopathy to both better 
understand disease pathogenesis in human patients as well as 

TABLE 1    |    Rodent tau knockout models.

Model Targeting Vector Knockout Region Phenotype Ref.

TAU−/− PGK-neo cassette Exon 1 None (Dawson et al. 2001)

Tau−/− PGK-neo cassette Exon 1 None (Fujio et al. 2007)

Tau−/− PGK-neo cassette Exon 1 None (Harada et al. 1994)

Tau knockout EGFP knock-in Exon 1 None (Tucker et al. 2001)

E10−/− Neo cassette Exon 10 Sensorimotor deficits 
by 13–17 months

(Gumucio et al. 2013)

Mapt knockout rat [Cy23] TALEN Exon 2 None (Ayers et al. 2024)
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perform preclinical studies for drug discovery efforts (Table 2). 
These models vary in isoform expression (single isoform ver-
sus multiple isoforms) and the absence or presence of familial 
MAPT mutations in the human transgene. Two models express-
ing 3R tau were developed with the goal of recapitulating PiD 
in a rodent. The T44 model, which expresses the WT 0N3R iso-
form, develops argyrophilic lesions within the spinal cord and 
brainstem but lacks robust cortical pathology or cognitive im-
pairment (Ishihara et  al.  1999). Moreover, substantial neuron 
loss in the spinal cord results in progressive motor weakness. 
Notably, when the T44 model was crossed with the TAU−/− line 
(Dawson et al. 2010), no tau inclusions were seen, and the same 
motor weakness was not reported (He et al. 2020). By compar-
ison, the mThy-1 3R Tau model expresses 2N3R tau with the 
L266V and G272V mutations and develops tau inclusions and 
neuronal loss predominantly in the forebrain (Rockenstein 
et al. 2015). This is accompanied by both cognitive and motor 
deficits by 6–8 months of age, increasing the translatability of 
the model to human disease phenotypes.

While a limited number of 3R mouse models exist, the list of 
models expressing 4R tau isoforms is quite extensive (Table 2). 
Many of these models develop a spontaneous tauopathy, 
lending to their use in studying the spreading of pathogenic 
tau throughout the brain. For brevity, we will focus our dis-
cussion on two of the most thoroughly characterized and 
frequently used models, the Tg2541 and PS19 mice (Allen 
et al. 2002; Yoshiyama et al. 2007). Michel Goedert's labora-
tory developed the Tg2541 model in 2002 to recapitulate many 
aspects of human disease. Homozygous Tg2541+/+ mice ex-
press 0N4R tau with the P301S mutation and develop wide-
spread tau pathology throughout the cortex, hippocampus, 
midbrain, brainstem, and spinal cord by ~4 months of age 
(Allen et  al.  2002). This results in severe motor impairment 
and paralysis by 6–7 months of age. By comparison, hemizy-
gous Tg2541+/− mice do not develop any tau pathology by the 
same age and hindlimb clasping is not seen until ~12 months 
(Woerman et al. 2017). The PS19 mice, which were developed 
by Virginia Lee's laboratory in 2007, express 1N4R tau with 
the same P301S mutation (Yoshiyama et al. 2007). These mice 
also develop tau inclusions starting around 6 months old in 
several forebrain regions. While both mouse lines exhibit 
progressive motor phenotypes, they differ in their transgene 
expression levels—tau expression is 5x that of endogenous 
tau in the PS19 mice and 2x in the Tg2541+/+ mice (Allen 
et al. 2002; Yoshiyama et al. 2007). It should also be noted that 
the PS19 line must be used as hemizygous mice, which may 
contribute to the extensive variability in disease onset and age 
of tau pathology formation reported in the model (Woerman 
et  al.  2017). In contrast, the Tg2541+/+ mice develop a more 
uniform disease onset as well as tau fibril and neuropathology 
formation, though it is important to note that an unexplained 
increase in transgene expression in female mice around 
24 weeks old results in a slightly earlier disease onset in fe-
male animals (Woerman et al. 2017). While both models are 
widely used, the uniformity of the Tg2541+/+ model enhances 
the value of the line for therapeutic efficacy studies. Notably, 
power analyses using disease onset data from the two models 
showed that adequately powered efficacy studies capable of 
detecting an effect size of 10% would require 8 Tg2541+/+ mice 
versus 92 PS19 animals (Woerman et al. 2017).

Other models were engineered to evaluate the role of spe-
cific tau fragments in aggregation or use the Tet On/Off sys-
tem to control tau transgene expression. For example, the 
TauRDΔK280 mice express the RD of 4R tau using a Tet Off 
system and have been used to show that the 4RD region of 
tau is sufficient to induce tau pathology and neuronal loss 
(Mocanu et  al.  2008; Sydow et  al.  2011). Notably, this pa-
thology is rescued if expression is abrogated, suggesting the 
brain has the capacity to clear tau pathology in the absence 
of continued protein translation. Other models expressing 
pro-aggregation or disease-causing mutations, such as A152T 
(Decker et  al.  2016; Maeda et  al.  2016), G272V, P301L/S 
(Ayers et al. 2024; de Calignon et al. 2012; Lewis et al. 2000; 
Terwel et  al.  2005), V337M (Tanemura et  al.  2001), R406W 
(Tatebayashi et  al.  2002; Zhang et  al.  2004), or even a com-
bination of mutations (Flunkert et  al.  2013; Schindowski 
et al. 2006; Xia et al. 2022) were developed to study specific 
subsets of tauopathy. The variety of these models enables spe-
cific targeted expression or patterns of pathological deposition 
depending on what hypothesis is being investigated. For ex-
ample, the rTgTauEC model expresses human 0N4R*P301L 
tau in a subset of neurons in the entorhinal cortex, which may 
have utility for understanding neuronal damage in AD (de 
Calignon et al. 2012). By comparison, the SPAM mice, which 
express 0N4R tau with the P301S and S320F mutations, de-
velop tau pathology in the brain, but neuron loss only occurs 
in the enteric nervous system, which could support investiga-
tion of tau pathogenesis in the periphery (Xia et al. 2022).

Finally, there is an additional subset of models that express 
various WT tau isoforms to mimic the onset of spontaneous 
tauopathies in human patients (Andorfer et  al.  2003; Duff 
et  al.  2000; Probst et  al.  2000; Wheeler et  al.  2015; Zhang 
et  al.  2004). These models vary in transgene expression lev-
els from 1x to 12x and rely on multiple promoters, impacting 
the translatability of findings across model systems. While 
some of these mice develop tau neuropathology, others fail to 
develop inclusions or lack the neuronal death seen in human 
patients. This may seem to be a major detractor; however, the 
lack of spontaneous disease makes these valuable models that 
may be useful for establishing injection models. For example, 
the ALZ17 mice (Probst et  al.  2000) were critical for initial 
studies investigating inducible models of tauopathy using 
intracranial (i.c.) injection with human patient samples (dis-
cussed below).

The spontaneous models of tauopathy have been pivotal in 
generating key data about tau spreading via connected neu-
roanatomical tracts, but they remain limited in their ability 
to study the consequences of tau strain biology. An additional 
weakness of all spontaneous models described above is the 
targeted expression of a single tau isoform, given our current 
lack of understanding about how different isoforms interact in 
disease. To better address this, the more complicated mouse 
tauopathy models express all 6 isoforms of WT human tau 
(Andorfer et  al.  2003; Duff et  al.  2000; Umeda et  al.  2013). 
Initial efforts to accomplish this goal using an artificial chro-
mosome resulted in the 8c mouse model, which preferentially 
expresses the 3R tau isoforms over the 4R isoforms and does 
not develop deficits or pathology (Duff et  al.  2000). The 8c 
model was then crossed with the EGFP knock-in line (Tucker 
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et al. 2001), which resulted in a similar preference for 3R ex-
pression and a lack of deficits, but cortical and hippocampal tau 
pathology developed by 3 months of age (Andorfer et al. 2003). 
Subsequently, Umeda et al. generated the Tau 10 + 16 model, 
which harnesses the intronic mutation in exon 10 that leads 
to an increase in splicing and expression of the 4R tau iso-
forms (Umeda et  al.  2013). This model develops tau neuro-
pathology that spreads with age in the mice, as well as mild 
cognitive deficits. Two more recently developed mouse models 
have achieved the goal of expressing equal ratios of 3R and 4R 
tau (He et al. 2020; Hosokawa et al. 2022). He et al. achieved 
this goal by crossing a mouse line that relies on an artificial 
chromosome to express MAPT (McMillan et al. 2008) with a 
second mouse model harboring an additional artificial chro-
mosome carrying the E10 + 14 mutation to gain the desired 
ratios of the 6 tau isoforms (He et al. 2020). In an alternative 
approach, Hosokawa et al. used CRISPR-Cas9 to remove the 
5′ splice site of intron 10 in endogenous Mapt to prevent the 
alternative splicing of exon 10 that results in 4R tau produc-
tion (Hosokawa et  al.  2022). The investigators crossed these 
CRISPR-Cas9 mice to derive a 3R/3R mouse line, which was 
then bred with WT 4R/4R mice to achieve their final experi-
mental 3R/4R mouse tau model. Interestingly, neither model 
develops spontaneous tau pathology nor overt phenotypic 
deficits.

Overall, spontaneous tauopathy rodent models have been 
largely informative about the underlying role of tau misfolding 
and spread in disease pathogenesis. However, some models, 
such as the PS19 line, suffer from high levels of animal-to-
animal variability, complicating and limiting their potential use. 
As an alternative, rodent models with a more consistent onset 
of disease, like the Tg2541+/+ mice, are highly valuable for pre-
clinical applications, such as evaluating the effect of antisense 
oligonucleotides or small molecule therapeutic candidates on 
disease. Importantly, research using Tet On/Off animals has not 
only shed important insight into how pathogenic tau spreads 
throughout the brain, but has also led to critical findings about 
the brain's ability to clear mature tau inclusions in the absence 
of new protein synthesis. The use of various MAPT mutations 
in rodent models has generated key data about the mechanis-
tic consequences of each disease-associated mutation, though it 
is important to note that the presence of a MAPT mutation is 
not sufficient to induce bona fide tauopathy in a rodent. Lastly, 
successfully recapitulating human expression levels of the 6 iso-
forms of tau has been challenging, though more recent progress 
on this front has led to models that can better mimic tau biology 
in the human brain (He et al. 2020; Hosokawa et al. 2022).

2.4   |   Inoculation Models of Induced Tauopathy

Tau inoculation models began in earnest as investigators began 
to hypothesize that the protein relies on the prion mechanism 
of disease to cause progressive spread throughout the brain 
(Table  3). Several studies used WT mice, which predomi-
nantly express the 4R isoforms in the adult brain (McMillan 
et  al.  2008). While this is not ideal for studying tau isoform 
specificity in tauopathies that incorporate 3R tau, it led to a mul-
titude of important discoveries. The pivotal first papers from 
Clavaguera et al. demonstrated that aged Tg2541+/+ mouse brain 

samples, as well as human patient samples, can induce tau pa-
thology formation following i.c. injection into the hippocampus 
(Clavaguera et al. 2013, 2009). At the same time, other groups 
began using recombinant in vitro generated pre-formed fibrils 
(PFFs) made using 2N4R tau to induce disease (Guo et al. 2016). 
These initial studies ushered in an era of work focused on trans-
mitting human tauopathy patient samples to WT mice follow-
ing i.c. injection. Despite a mismatch in species compatibility 
with endogenous mouse tau, human samples were still able to 
induce inclusion formation in WT mice with varying levels of 
spread away from the injection site (Cornblath et al. 2021; Ferrer 
et  al.  2019; Guo et  al.  2016; He et  al.  2020; Lasagna-Reeves 
et al. 2012; Narasimhan et al. 2017; Saito et al. 2019; Weitzman 
et  al.  2020). Interestingly, the WT mouse studies highlighted 
important information about isoform specificity in disease. PiD 
patient samples induced negligible tau inclusions, likely due to 
a lack of 3R tau in the adult mouse brain (Ferrer et al. 2019; He 
et al. 2020), while 4R tauopathies induced mouse tau misfold-
ing and even maintained cellular specificity with CBD, GGT, 
and PSP causing oligodendrocytic inclusions similar to those 
seen in human patients (Ferrer et al.  2019, 2020; Narasimhan 
et al. 2017).

In addition to WT mice, transmission studies have relied 
upon several humanized mouse models, leading to import-
ant discoveries about strain biology. Four inoculation models 
express all 6 tau isoforms of human or mouse tau: the hTau 
mice (Andorfer et al. 2003), the 6hTau mice (He et al. 2020), 
a MAPT knock-in model (along with a corresponding 
MAPT/APP knock-in) (Saito et  al.  2019), and the Tau 3R/4R 
mice (Hosokawa et al. 2022). Andorfer et al. created the hTau 
model in 2003, which develops spontaneous tau inclusions 
around 3 months old (Andorfer et al. 2003). Interestingly, in-
jections using samples from PiD, AD, CBD, and GGT did not 
accelerate the formation of inclusions, but tau pathology was 
seen near the hippocampal injection site (Ferrer et  al.  2022; 
Mate de Gerando et  al.  2024; Miao et  al.  2019; Zareba-
Paslawska et al. 2020). Of note, Zareba-Paslawska et al. found 
oligodendrocytic inclusions in CBD-injected mice, which led 
them to investigate the cellular distribution of 3R and 4R iso-
forms in the hTau model. Their work reported that the highest 
expression level of 4R tau is in oligodendrocytes in these mice, 
highlighting the importance of understanding the cellular 
distribution of each isoform in animal models, particularly 
those that rely on artificial chromosomes (Zareba-Paslawska 
et  al.  2020). Additionally, because this model relies on the 
EGFP knock-in mouse (Tucker et al. 2001), it is possible that 
the tau fragment fused to EGFP may interfere with or con-
tribute to pathology formation in these experiments. The most 
complex of these models is the 6hTau mouse line, which was 
created by Virginia Lee's laboratory in 2020, expressing equal 
levels of 3R and 4R tau isoforms (He et al. 2020). Consistent 
with other PFF studies, they found that PFFs made using ei-
ther the 1N3R or 1N4R isoforms are inefficient at inducing 
tau misfolding, whereas i.c. injection of human patient sam-
ples successfully induced inclusion formation (He et al. 2020; 
Weitzman et  al.  2020; Xu et  al.  2021). Moreover, the 6hTau 
model was able to recapitulate strain-specific pathologies, 
with PiD, AD, CBD, and PSP inducing isoform-specific inclu-
sions, and CBD and PSP causing astrocytic and glial pathology 
(He et  al.  2020; Weitzman et  al.  2020; Xu et  al.  2021). Saito 
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et al. created the MAPT knock-in model, which also expresses 
more 3R than 4R tau (Saito et  al.  2019). Mice injected with 
tau isolated from AD patient samples caused minimal pa-
thology 3 months post-injection (mpi). Similar studies in the 
AppNL-G-F/MAPT double knock-in line found that the presence 
of Aβ augmented the spread of tau pathology, though the in-
clusions remained soluble, limiting the relevance of the ap-
proach to human disease (Saito et al. 2019). Lastly, Hosokawa 
et al. built the Tau 3R/4R mouse model, which expresses equal 
ratios of all 6 isoforms of mouse tau rather than human tau 
(Hosokawa et al. 2022). Mice injected with AD and CBD pa-
tient samples developed tau inclusions by 6 mpi, whereas mice 
injected with PiD patient samples showed inclusion formation 
by 12 mpi. This model provides an attractive alternative to 
WT mice for studying the spectrum of 3R and 4R tauopathies, 
though questions about the human/mouse species barrier 
still exist.

Several overexpression models have also been used to study 
i.c. transmission of tauopathy patient samples. The hTau, 
Tg2541+/+, THY-Tau22, PS19, and ALZ17 mouse models all 
develop spontaneous tau pathology to some extent (Table  2) 
which is an inherent weakness when studying the induction 
of tauopathy, as the true cause of the resultant pathology re-
mains unclear (Allen et al. 2002; Andorfer et al. 2003; Probst 
et al. 2000; Schindowski et al. 2006; Yoshiyama et al. 2007). 
As discussed above, PiD, AD, CBD, and GGT injections in 
the hTau model induced tau inclusion formation, but the 
mice did not show overt differences between each tauopathy 
strain injected, raising questions about how well the model 
can recapitulate the varied strain biology seen in human dis-
ease (Ferrer et  al.  2022; Mate de Gerando et  al.  2024; Miao 
et al. 2019; Zareba-Paslawska et al.  2020). Despite the spon-
taneous development of tau pathology, the ALZ17, Tg2541+/+, 
PS19, and THY-Tau22 models demonstrated that pathology 
formation can be accelerated when seeded with various patho-
genic tau samples (Table  3). Experiments using the ALZ17 
model showed that injections using aged Tg2541+/+ mouse 
samples, as well as 4R tauopathy patient samples, accelerate 
the formation of tau inclusions (Clavaguera et al. 2013, 2009). 
Interestingly, despite the expression of 4R tau, Clavaguera 
et al. showed that PiD patient samples were also able to induce 
tau pathology (Clavaguera et  al.  2013). Similarly, i.c. inocu-
lations in the Tg2541+/+ and PS19 mouse models resulted in 
earlier onset of tau pathology; moreover, strain-specific phe-
notypes were preserved following transmission to the PS19 
model (Ahmed et  al.  2014; Boluda et  al.  2015; Clavaguera 
et al. 2014; Iba et al. 2013, 2015; Kaufman et al. 2016, 2017; Liu 
et al. 2024; Mate De Gerando et al. 2023).

While these initial studies provided important insights into dis-
ease pathogenesis in tauopathy patients and even highlighted 
notable strain differences, each model expresses different tau 
isoforms and mutations using a variety of promoters. These mix-
and-match approaches likely contribute to the variability seen 
in experimental outcomes, adding challenges to data interpreta-
tion for the experimental paradigm being tested. A major conse-
quence of this is the remaining lack of a highly reproducible and 
successful model system for studying patient-derived tauopathy 
strains without the background interference from spontaneous 
disease in the mice.

2.5   |   Multi-Gene Models of Alzheimer's Disease

AD is perhaps the most difficult tauopathy to model using a 
strategy that accurately reflects the co-pathologies of the dis-
ease. There are seven commonly used models that incorpo-
rate transgenic human tau along with APP, and in some cases 
PSEN1 or 2 (Table 4). Three of these models incorporate the 
0N4R tau isoform under the control of various promoters. 
Jackson et al. designed a mouse line with Tet Off MAPT ex-
pression; however, this model only develops tau inclusions and 
neuronal loss adjacent to the formation of Aβ plaques within 
the cortex and lacks the widespread tau pathology seen in AD 
patients (Jackson et al. 2016). The APPSwe-Tau and 3xTg-AD 
mouse models incorporate the P301L FTLD mutation (Lewis 
et al. 2001; Oddo et al. 2003). Both models develop Aβ plaques 
within the cortex and tau inclusions separate from the plaques, 
suggesting the two form independently rather than the Aβ 
pathology inducing tau inclusion formation, as is thought to 
occur in human patients. Interestingly, the APPSwe-Tau mice 
develop particularly dense inclusions in the spinal cord and 
pons earlier (3–6 months) than the 3xTg-AD mice, which pri-
marily develop inclusions in the hippocampus by 12 months 
despite the differences in their tau expression levels (1-2x 
and ~ 7x, respectively) (Lewis et  al.  2001; Oddo et  al.  2003). 
The TauPS2APP and PLB1-triple mouse models express 2N4R 
tau at similar levels using the Thy1.2 and CamKIIα promoters, 
respectively (Grueninger et  al.  2010; Platt et  al.  2011). Both 
models develop tau inclusions in the hippocampus within a 
similar timeframe but vary drastically in their formation of 
Aβ plaques. Huang et  al. developed a knock-in model with 
the P290S mutation in exon 10 of murine Mapt, which is the 
equivalent of the human P301S mutation, resulting in mutant 
tau expression at physiological levels (Huang et  al.  2022). 
These mice develop plaques within the piriform cortex by 18 
months old, along with tau inclusions in the hippocampus and 
cortex. Notably, these animals also develop neuronal loss in 
the piriform cortex, which is not consistently seen. Finally, in-
soluble tau isolated from the terminal AppNL-G-F KIxMaptP290S 
KI mice was able to seed aggregation in HEK293T cells ex-
pressing human 0N4R*P301S tau (Huang et al. 2022). Of note, 
none of the previously discussed models fulfill the key crite-
ria of expressing both 3R and 4R tau isoforms to match the 
isoform specificity of AD. Saito and colleagues developed the 
first model that expresses the 6 isoforms of tau; however, these 
mice failed to develop any insoluble tau inclusions, suggest-
ing the role of additional factors necessary for the induction 
of tau misfolding that are not included in the design of the 
AppNL-G-F/MAPT double knock-in (Hashimoto et  al.  2019; 
Saito et al. 2019).

To date, no models have been able to accurately recapitulate the 
pathology of AD in the presence of all tau isoforms. Familial 
AD cases predominantly involve mutations in either the APP 
gene or the PSEN1/2 genes, leading to the hypothesis that Aβ 
misfolding somehow precedes and initiates tau misfolding in 
disease. However, data from currently available animal mod-
els suggest that in these mice, Aβ and tau act independently 
of one another, which may in part be due to the occasional use 
of FTLD-associated tau mutations to initiate tau misfolding. 
It is also possible that time or animal age may create a limita-
tion to these models; the effect of Aβ plaques in mediating tau 
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misfolding may require longer than the lifespan of a mouse, as 
this process likely occurs over years to decades in humans. To 
facilitate the development of new AD rodent models that will en-
able better clinical translation, the MODEL-AD consortium has 
generated several mouse lines that will be characterized using 
the MODEL-AD phenotyping pipeline that was specifically de-
signed to characterize measures relevant for translatable, pre-
clinical testing (Benzow et al. 2024).

2.6   |   Limitations of Tauopathy Rodent Models

Despite the extensive knowledge gained from research using 
tauopathy rodent models, several key limitations remain. 
First, multiple promoters are used to drive transgene expres-
sion, which impacts what brain regions develop pathology, 
and therefore, determines how neuropathology spreads (Odeh 
et  al.  2011). This complicates the translatability of regional 
pathology in transgenic animals to human disease, as disease 
in the rodent may be more influenced by the promoter than 
the disease itself. As an example, models like the Tg2541+/+ 
animals develop hindbrain-predominant pathology, whereas 
tauopathies in human patients typically impact more fore-
brain regions. Notably, apart from knock-in models, the Mapt 
promoter is not used to drive transgene expression, which may 
offer an important approach for better mimicking tau expres-
sion profiles in the human brain. Second, a lack of standard 
criteria for characterizing new models limits comparisons be-
tween these valuable tools. For example, a thorough investiga-
tion of when pathogenic tau develops, how it spreads through 
the brain, and the amount of variability in disease onset are 
only a handful of the criteria that should be reported to better 
enable the use of both spontaneous and inoculation model sys-
tems in drug discovery studies. In the same vein, a more rig-
orous approach to using inoculation models is needed. Each 
lab performs injections at different ages into different brain 
regions and then investigates the effect of injection at dif-
ferent time points, detracting from the field's ability to draw 
direct comparisons between studies. Agreement on a more 
consistent approach would greatly enhance the value of these 
studies. Third, there is substantial variability in which tau iso-
form(s) an animal model expresses, with the vast majority ex-
pressing a single isoform. While this certainly simplifies work 
in the rodent system, it lacks the inherent complexity seen 
in human tauopathies and detracts from the opportunity to 
better understand isoform specificity in each disease. This is 
further compounded by the potential role of post-translational 
modifications to each isoform in mediating tau misfolding 
and toxicity.

Despite recent advances in tauopathy rodent models, perhaps 
the most significant limitation is the lack of models that fully 
recapitulate tau strain biology in human patients. Cryo-EM 
studies have revolutionized our understanding of how tau 
misfolds in disease while bolstering support for the strain hy-
pothesis. As shown in Figure 2, a pivotal body of work from 
Michel Goedert and Sjors Scheres has shown that tau adopts 
unique fibril conformations in patients with AD, CTE, AGD, 
CBD, GGT, PSP, and PiD (Falcon et al. 2018, 2019; Fitzpatrick 
et  al.  2017; Zhang et  al.  2020). These structures are nota-
bly distinct from the tau fibril conformations isolated from 

both the PS19 and Tg2541+/+ mouse models (Schweighauser 
et al. 2023), which may in part be due to the expression of a 
single mutant isoform in both transgenic models. Future re-
search efforts should focus on resolving cryo-EM structures 
of tau fibrils isolated from other tauopathy mouse models 
to determine if currently available models are better able to 
recapitulate the known human tau strains. As the field con-
tinues to push toward therapeutic development for tauopathy 
patients, the obvious mismatch in strain biology between pre-
clinical models and clinical targets is reminiscent of the les-
sons learned from the failures seen with the development of 
IND24 for prion disease. Given the frequency of failed clinical 
trials for tauopathy patients, a highly plausible hypothesis ex-
plaining the poor translatability of preclinical models is that it 
is due to their inability to recapitulate the strain biology seen 
in human disease.

3   |   Rodent Models to Investigate Human 
Synucleinopathies

3.1   |   Variability of α-Synuclein Pathology in 
Human Patients

Α-synuclein is a 140-amino acid protein localized to the nucleus 
and presynaptic terminal of neurons. It is thought to play a role 
in SNARE complex formation, vesicle recycling, neurotrans-
mitter release (Burré et  al.  2010), and potentially in repairing 
double-stranded DNA breaks (Schaser et al. 2019). Because α-
synuclein is an intrinsically disordered protein, it can adopt a 
myriad of conformations, some of which are pathogenic, leading 
to protein accumulation throughout the central and sometimes 
peripheral nervous systems. This disease mechanism underlies 
several neurological conditions collectively referred to as synu-
cleinopathies, all of which are defined by the ability of misfolded 
α-synuclein to use the prion mechanism of disease.

Synucleinopathies are a class of movement disorders that are 
subcategorized into two main groups based on their predomi-
nant neuropathological features. In the first, the presence of 
neuronal LBs and LNs in various brain regions defines Lewy 
body diseases (LBDs), which include PD, dementia with Lewy 
bodies (DLB), and Parkinson's disease with dementia (PDD) 
(Emre et  al.  2007; McKeith et  al.  2005; Spillantini, Crowther, 
Jakes, Hasegawa, et al. 1998; Spillantini et al. 1997). Within this 
subgroup, the distribution of LBs throughout the patient's brain 
varies by disease. PD patients typically show LB accumulation 
throughout the brainstem, substantia nigra, and basal ganglia, 
while in DLB and PDD, LBs are also found in the cerebral cortex 
(McKeith et al. 2005). In the second category, MSA is defined 
by glial cytoplasmic inclusions (GCIs) in oligodendrocytes and 
neuronal cytoplasmic inclusions in neurons (Papp et  al.  1989; 
Spillantini, Crowther, Jakes, Cairns, et  al.  1998; Wakabayashi 
et al. 1998). MSA patients can be further stratified into two sub-
types—cerebellar (MSA-C) and parkinsonian (MSA-P)—based 
on the predominant clinical signs at the time of evaluation.

A critical difference to note between LBD and MSA patients 
is that no familial mutations have been identified in MSA pa-
tients. Alternatively, several genetic mutations are seen in fa-
milial LBD cases, a handful of which are in the α-synuclein 
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gene, SNCA. These mutations, which account for ~2% of PD 
cases (Bandres-Ciga et al.  2020; Lesage and Brice 2009; Tran 
et  al.  2020), include the A30P/G, E46K, H50Q, G51D, A53E/
T/V, and T72M mutations (Appel-Cresswell et al. 2013; Fevga 
et al. 2021; Kruger et al. 2001; Lesage et al. 2013; Liu et al. 2021; 
Pasanen et  al.  2014; Polymeropoulos et  al.  1997; Yoshino 
et al. 2017; Zarranz et al. 2004). Notably, the heterogeneity in 
the role of SNCA mutations across synucleinopathies adds addi-
tional challenges to the development of rodent models capable 
of recapitulating the α-synuclein strain biology seen in human 

patients. In the following sections, we will discuss both the ap-
propriate uses and limitations of the currently available rodent 
model systems based on their behavioral and pathologic disease 
characteristics.

3.2   |   Snca Knockout Models

In ongoing efforts to understand the role of the synuclein fam-
ily in neurophysiology, several groups generated functional KO 

FIGURE 2    |    Comparison of tau fibril structures isolated from human tauopathy patient samples and transgenic mouse models of disease. Cryo-
electron microscopy evaluation of tau isolated from either human patient samples or terminal transgenic mouse brains shows that transgenic mouse 
models do not develop tau fibril conformations consistent with those seen in human patients. (A) Alzheimer's disease (AD) shown in orange [PDB: 
7UPG; (Seidler et al. 2022); structure (PDB: 5O3L) originally published by (Fitzpatrick et al. 2017)]. (B) Chronic traumatic encephalopathy (CTE) 
shown in light pink [PDB: 6NWP; (Falcon et al. 2019)]. (C) Argyrphillic grain disease (AGD) type I shown in dark pink [PDB: 7P6D; (Shi et al. 2021)]. 
(D) Corticobasal degeneration (CBD) type I shown in dark green [PDB: 6TJO; (Zhang et al. 2020)]. (E) Glial globular tauopathy (GGT) type I shown 
in dark blue [PDB: 7P66; (Shi et al. 2021)]. (F) Progressive supranuclear palsy (PSP) shown in light green [PDB: 7P65; (Shi et al. 2021)]. (G) Pick's dis-
ease (PiD) shown in purple [PDB: 6GX5; (Falcon et al. 2018)]. (H) PS19 mouse model shown in fuscia [PDB: 8Q92; (Schweighauser et al. 2023)]. (I) 
Tg2541+/+ mouse model shown in light orange [PDB: 8Q96; (Schweighauser et al. 2023)].
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mouse models (Table 5). The synuclein family consists of three 
proteins—α-synuclein, β-synuclein, and γ-synuclein—though 
only α-synuclein misfolding is implicated in the disease patho-
genesis of synucleinopathies. Interestingly, while α-synuclein 
is thought to play a role in SNARE complex formation, vesi-
cle recycling, neurotransmitter release (Burré et al. 2010), and 
double-stranded DNA repair (Schaser et al. 2019), no cognitive 
or motor deficits are seen in the two functional Snca KO mod-
els generated using a neo cassette (Cabin et al. 2002; Schlüter 
et al. 2003). While both mouse models exhibit normal life spans, 
the Snca−/− model does show a reduction in pre-synaptic vesi-
cles, as well as the reserve–resting pool of synaptic vesicles in 
the hippocampus, though neither appears to alter synaptic trans-
mission (Cabin et al. 2002). Using a Cre-dependent conditional 
KO approach, Ninkina et al. developed a mouse line with a sin-
gle ectopic loxP site to facilitate the deletion of α-synuclein in 
specific cell populations or brain regions (Ninkina et al. 2015). 
Using this line with a tamoxifen-inducible Cre-ERT2 transgene, 
the KO mice also show a lack of behavioral effects or changes in 
synaptic function.

The lack of deficits observed in Snca KO models may be ex-
plained by compensation from both β- and γ-synuclein. To gen-
erate a triple synuclein KO model, Greten-Harrison et al. crossed 
the α-synuclein functional KO (Schlüter et  al.  2003) with the 
β-synuclein (Chandra et  al.  2004) and γ-synuclein functional 
KO lines, and found that despite having a normal brain archi-
tecture through 24 months of age, the mice have an altered 
synaptic structure and decreased lifespan (Greten-Harrison 
et al. 2010). Starting as early as 3 months old, the hippocampal 
synaptic puncta are ~30% smaller in triple KO mice compared to 
age-matched WT controls, but these effects are rescued by over-
expression of human α-synuclein. Notably, these models have 
served an important role in deciphering the normal role of α-
synuclein in the neuron, which has been imperative for many 
gene therapy strategies currently in development that aim to re-
duce α-synuclein expression. Moreover, as noted previously re-
garding tau KO models, these findings also indicate that disease 
pathogenesis in synucleinopathies is much more likely to arise 
from a gain of toxic function or a combinatorial effect of gain of 
function and loss of function, rather than being purely caused by 
loss of normal α-synuclein function alone.

3.3   |   Spontaneous Models of Synucleinopathy

The synucleinopathy field has relied heavily on the use of hu-
manized transgenic mouse models that spontaneously develop 
clinical signs and α-synuclein pathology to investigate the role 
of α-synuclein in disease pathogenesis (Table 6). While some of 
these models are bred onto an endogenous mouse Snca knockout 
background to prevent interference from mouse α-synuclein in 
disease, this is more the exception than the rule. Instead, studies 
using SNCA-expressing mice typically focus on using different 
promoters to evaluate the effect of transgene expression in var-
ious brain regions and cell types, as well as relying on familial 
SNCA mutations to initiate disease.

A handful of models use the Thy1 promoter, as this glycopro-
tein is a terminal marker of differentiation and is therefore ex-
pressed in all neurons (Spanopoulou et al. 1991). These include 
the Thy1-G51D and Thy1-3D mice (Nuber et al. 2024), as well 
as the 3KL model (Nuber et  al.  2018). By comparison, several 
synucleinopathy mouse models use the MoPrP.Xho promoter to 
achieve neuronal expression, due to high expression of PrPC in 
neurons (Bendheim et al. 1992). Among these models, the most 
widely used is the TgM83 line developed by Virginia Lee's lab-
oratory (Giasson et  al.  2002), though this group also includes 
the PrPMtA (Gispert et al. 2003), −/−/A53T (Cabin et al. 2005), 
TgM20 (Giasson et  al.  2002), and TgM47 lines (Emmer 
et al. 2011), as well. While many of these models develop spon-
taneous α-synuclein pathology, it is predominantly located in 
neurons, making these models better suited for investigating 
disease biology in LBDs rather than MSA. As an alternative, 
there are three mouse models that use oligodendrocyte-specific 
promoters to drive SNCA expression. These include the prote-
olipid protein, or PLP, promoter (Kahle et al. 2002), the myelin 
basic protein, or MBP, promoter (Shults et al. 2005) and the cy-
clic nucleotide phosphodiesterase, or CNP, promoter (Yazawa 
et  al.  2005). While these models develop oligodendroglial in-
clusions more consistent with MSA, their major weakness is 
the forced expression of α-synuclein in oligodendrocytes rather 
than neurons. Previous studies found that oligodendrocytes 
typically do not express α-synuclein at easily detectable levels 
(Asi et al. 2014; Djelloul et al. 2015; Miller et al. 2005; Ozawa 
et  al.  2001; Solano et  al.  2000) while more recent work using 

TABLE 5    |    Rodent α-synuclein knockout models.

Model Targeting vector Knockout region Phenotype Ref

B6(Cg)-Sncatm1.2Vlb/J LoxP Exon 2 None (Ninkina 
et al. 2015)

Snca−/− Neo cassette Exons 4–5 None (Cabin 
et al. 2002)

α-synuclein single KO Neo cassette α: Exon 2 None (Schlüter 
et al. 2003)

αβ-synuclein double KO α: (Schlüter et al. 2003) 
X β: Neo cassette

β: Exon 1 None (Chandra 
et al. 2004)

αβγ-synuclein triple KO αβ: (Chandra et al. 2004) 
X γ: Neo cassette 

(Ninkina et al. 2003)

γ: Exons 1–3 Decreased survival 
starting at 12 months

(Greten-
Harrison 

et al. 2010)
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RNAscope to detect α-synuclein transcripts in oligodendro-
cytes in both control and MSA patient samples found evidence 
of SNCA transcripts in oligodendrocytes, but oligodendroglial 
expression was substantially lower than was observed in neu-
rons (Kon et al. 2024, 2023). Given this measurable difference 
in expression level by cell type, it is plausible that the pathology 
seen in oligodendrocyte-specific overexpressing models is due 
to altered cellular biology.

Circumventing the shortcoming of using models that rely on the 
non-endogenous promoter to facilitate transgene expression, 
other mouse lines rely on artificial chromosomes that incorpo-
rate not just the gene, but several upstream and downstream reg-
ulatory elements as well. These models tend to result in SNCA 
expression levels that are closer to endogenous protein expres-
sion, which is likely a contributor to the later onset of brain pa-
thology, if any develops, as seen in these lines. Moreover, there is 
often a peripheral component to synucleinopathies, particularly 
within the gastrointestinal tract. Notably, many of the models 
that rely on an artificial chromosome develop α-synuclein inclu-
sions in the enteric nervous system concurrent with prolonged 
gut transit time and reduced colonic motility. This is particularly 
prominent in the models developed by Robert Nussbaum's labo-
ratory (Kuo et al. 2010).

In addition to differences in how the transgene is expressed, sy-
nucleinopathy models also differ in their expression of WT or 
mutant protein. As mentioned previously, there are no known 
SNCA mutations found in patients with MSA, though a hand-
ful of mutations have been identified in LBD patient families. 
Animal models that rely on the expression of WT SNCA typically 
do not develop α-synuclein inclusions or robust disease. This is 
seen in mice using artificial chromosomes, such as the SNCA-
OVX mice (Janezic et  al.  2013) and the Tg(SNCA)1Nbm mice 
(Kuo et al. 2010), as well as models using neuronal promoters for 
transgene expression, like the TgM20 line (Giasson et al. 2002). 
As a result, several models rely on the A30P, E46K, and A53T 
mutations, as these were the first three familial mutations iden-
tified in PD patient cohorts. Among these models, the TgM83 
mice (Giasson et al. 2002) are likely the most broadly used to in-
vestigate disease pathogenesis. Notably, homozygous TgM83+/+ 
mice develop a spontaneous disease around 1 year of age that is 
characterized by partial paralysis of the hindlimbs, weakness, 
and ataxia. Symptomatic animals develop neuronal α-synuclein 
inclusions in corresponding hindbrain regions, including the 
cerebellar nuclei and brainstem, in addition to extensive spinal 
cord pathology. By comparison, these same deficits are not seen 
in hemizygous TgM83+/− mice.

Given that only a small percentage of LBD cases are caused by 
SNCA mutations, and that MSA is not caused by any known 
mutation, the reliance on mutations to drive disease onset is a 
weakness of these models. It is unclear how these mutations im-
pact the disease biology under investigation, or if the resulting 
pathogenic α-synuclein strains are similar to or different from 
the strains seen in human patient samples. However, as noted 
previously when discussing the tau mouse models, the lack of 
spontaneous disease in mice expressing WT α-synuclein, or in 
asymptomatic hemizygous models with mutations, offers an im-
portant opportunity to perform injection studies in the absence 
of background interference from the model system itself.M
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3.4   |   Inoculation Models of Induced 
Synucleinopathy

Inoculation studies offer an important benefit over relying on 
spontaneous disease formation, which is the ability to investi-
gate distinct α-synuclein strains and better understand their cor-
responding biological consequences and disease pathogenesis 
(Table 7). Substantial work in the field has relied upon a model 
system first pioneered by Kelvin Luk in which recombinant 
α-synuclein PFFs are injected i.c. into WT mice (Luk, Kehm, 
Carroll, et al. 2012). In these initial studies, injection of mouse 
PFFs into the dorsal striatum resulted in α-synuclein pathology 
in the neocortex, ventral striatum, thalamus, and occipital cortex 
6 mpi. Similarly, Masuda-Suzukake et al. injected female mice 
with either murine or human WT PFFs into the substantia nigra 
and found α-synuclein inclusions in the substantia nigra, amyg-
dala, dentate gyrus, hippocampus, hypothalamus, somatosen-
sory area, visual cortex, cingulate cortex, and corpus callosum 
at 15 mpi (Masuda-Suzukake et al. 2013). Notably, the human 
PFFs were only ~90% as efficient as the mouse PFFs, stemming 
from the known human/mouse species barrier for α-synuclein 
(Luk et  al.  2016). This finding underscores a major weakness 
of the approach, which is that the most effective transmission 
studies rely on mouse α-synuclein, impeding the investigation of 
human synucleinopathy strains. Additionally, PFF transmission 
to WT mice does not regularly result in the onset of neurological 
signs, and when mice do develop disease, it occurs > 400 days 
post-inoculation (Rahayel et al. 2022). As a result, animals are 
euthanized at set time points to evaluate pathological spread in 
the brain. However, as previously discussed in detail (Woerman 
and Bartz  2024), this approach ignores the role of titer differ-
ences in determining the rate of spread in the brain. As a result, 
studies may incorrectly attribute differences in titer to unique 
strain biologies when varied lesion profiles are seen at study 
endpoints.

As an alternative, transgenic mouse models are often used for 
transmission studies, particularly in the case that i.c. injections 
result in terminal disease. While transmission studies in the 
tau field have typically relied on accelerating pathology onset 
in spontaneous disease models (see discussion above), the sy-
nucleinopathy field benefits from the availability of several 
models that do not develop spontaneous disease but do prop-
agate a variety of α-synuclein strains. This work started with 
the TgM83 mouse model, which expresses the A53T mutation, 
where initial studies showed that aged TgM83+/+ brain homog-
enates can transmit neurological disease to younger TgM83+/+ 
mice (Luk, Kehm, Zhang, et  al.  2012; Mougenot et  al.  2012). 
However, shortly after, studies using the hemizygous TgM83+/− 
mice, which do not develop spontaneous disease, also showed 
that aged TgM83+/+ brain homogenate can induce neurologi-
cal disease (Watts et al. 2013), resulting in a shift toward using 
TgM83+/− mice to avoid the confounding effects of the spon-
taneous disease background. Since then, substantial work has 
shown that MSA patient samples can transmit disease to the 
TgM83+/− mouse model following both i.c. injection (Prusiner 
et al. 2015; Watts et al. 2013) or peripheral exposure routes (Holec 
et  al.  2024; Woerman, Kazmi, Patel, Freyman, et  al.  2018). 
Moreover, studies from Joel Watts' laboratory have shown that 
this model is capable of propagating distinct α-synuclein strains 
by using WT α-synuclein PFFs that were fibrillized either under 

salt or no salt conditions. The two biochemically distinct fibril 
strains induce distinct incubation periods, clinical signs, and 
neuropathological lesions in the brains of terminal TgM83+/− 
animals (Lau et  al.  2020). Notably, however, while LBD pa-
tient samples are unable to induce clinical disease in the mice 
(Prusiner et al. 2015), two groups have shown the presence of 
subclinical pathogenic α-synuclein replication detectable in in-
oculated animals (Lau et al. 2023; Thomzig et al. 2021).

A major criticism of the studies performed using the TgM83+/− 
model is the reliance upon the A53T mutation, particularly 
because MSA patients do not have SNCA mutations and the 
A53T mutation is only seen in a subset of LBD patients. As an 
alternative, the TgM20+/− mouse line, which expresses WT α-
synuclein, has emerged as an important model based on the abil-
ity of both PFFs and MSA patient samples to induce neurological 
disease in the animals (Holec, Lee, Oehler, Ooi, et  al.  2022; 
Lloyd et al.  2022). Intriguingly, for unknown reasons, disease 
onset in TgM20+/− mice following MSA transmission occurs 
~2 months earlier in female mice compared to male animals 
(Holec, Lee, Oehler, Ooi, et  al.  2022), necessitating the need 
to increase group size to adequately power studies in this line 
when considering sex as a biological variable. These sex-specific 
effects are not typically seen in other models; for example, male 
and female TgM83+/− mice develop disease onset at similar ages 
following MSA transmission. In comparison with PFF and MSA 
studies, it should be noted that LBD patient samples are able to 
induce α-synuclein inclusions at the injection site by 6 mpi, but 
the animals fail to develop clinical disease (Lloyd et al. 2022), 
again limiting the application of the model to compare human-
derived strains.

By comparison with the TgM83 and TgM20 models, the TgM47 
mice express the E46K mutation, and while the homozygous an-
imals develop spontaneous disease, the hemizygous mice do not 
(Emmer et al. 2011). TgM47+/+ mice develop robust α-synuclein 
pathology throughout the brain 4 mpi following i.c. injection 
with a variety of WT and mutant PFFs (Sacino et al. 2014), and 
TgM47+/− mice develop terminal disease ~9.5 mpi with E46K 
PFFs (Holec, Lee, Oehler, Batia, et al. 2022). However, this model 
is resistant to MSA transmission, remaining asymptomatic to 
~475 days post-inoculation following i.c. injection (Holec, Lee, 
Oehler, Batia, et al. 2022) due to the disruption of a salt bridge 
between residues E46 and K80 that stabilizes the misfolded 
α-synuclein conformation in MSA patients (Reis et  al.  2024; 
Schweighauser et al. 2020).

Lastly, the PAC models made by Robert Nussbaum's laboratory 
(Kuo et al. 2010) have been used to study α-synuclein transmis-
sion, but do not result in motor deficits. Initial studies using 
detergent-extracted α-synuclein isolated from either MSA or 
LBD patient samples induce widespread α-synuclein inclusions 
9 mpi into the WT Tg(SNCA)1Nbm/J mice (Bernis et al. 2015). 
However, inoculation of crude brain homogenates from MSA 
and LBD patient samples was unable to achieve the same out-
come (Woerman et  al.  2019), potentially due to differences in 
sample preparation. Interestingly, MSA patient samples were 
able to induce α-synuclein pathology in the A53T-expressing 
Tg(SNCA*A53T)1Nbm mice 1 year post-injection (Woerman 
et al. 2019). Moreover, brain homogenates prepared from the af-
fected animals were able to induce neurological disease when 
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transmitted to the TgM83+/− mouse model, demonstrating the 
model is capable of propagating pathogenic α-synuclein.

Overall, while these models have collectively been incredi-
bly useful for probing the differences between α-synuclein 
strains and their interactions with mutated protein substrates, 
a major limitation or caveat to the studies has recently emerged. 
Previous studies found that both clinical and pathological out-
comes are preserved through serial passaging of inoculum 
(Lau et  al.  2020; Woerman, Kazmi, Patel, Aoyagi, et  al.  2018; 
Woerman et al. 2019; Woerman et al. 2015), suggesting that the 
replication of each strain occurred with high fidelity. However, 
more recent findings indicate that strain selection and/or adap-
tation occur during transmission, leading to distinct strain biol-
ogies between the inoculum and resulting brain homogenates 
(Holec et al. 2024; Holec, Lee, Oehler, Batia, et al. 2022; Holec, 
Lee, Oehler, Ooi, et al. 2022). One potential source for this is the 
location of the A53T mutation at the protofilament interface in 
the MSA fibril structure (Schweighauser et al. 2020), which may 
force deformed templating to occur. However, without cryo-EM 
structures of the inoculum before and after passage, it is not 
fully possible to determine the mechanism of adaptation.

3.5   |   Limitations of Synucleinopathy 
Rodent Models

The model systems discussed above have generated highly valu-
able information about human synucleinopathies; however, 
there are several limitations to these models that need to be rec-
ognized, as they contribute to the appropriate experimental use 
of each. First, many rodent models rely heavily on SNCA muta-
tions to induce α-synuclein misfolding and aggregation, particu-
larly the A53T mutation, but only ~2% of familial LBD cases are 
caused by SNCA mutations (Bandres-Ciga et  al.  2020; Lesage 
and Brice 2009; Tran et al. 2020) and no mutations have been 
identified in MSA patients. Given the increasing data pointing 
to the potential for SNCA mutations to force strain adaptation 
in vivo (Holec et al. 2024; Holec, Lee, Oehler, Batia, et al. 2022), 
the use of WT-expressing models to investigate disease biology 
is increasingly important. Second, the promoters used to drive 
transgene expression are typically neuron-specific, which re-
sults primarily in neuronal pathology. While LBD pathology 
is seen in neurons, as mentioned previously, MSA is charac-
terized predominantly by GCIs in oligodendrocytes, though α-
synuclein can accumulate in neuronal cytoplasmic inclusions as 
well. Three mouse models rely on oligodendrocyte-specific pro-
moters to achieve glial inclusions. While this recapitulates the 
cell-specific pathology in MSA patients, it does not accurately 
model cell type-specific α-synuclein expression patterns in the 
human brain. An important outstanding question in the field 
pertains to how oligodendroglial pathology develops in MSA 
patients, despite the relatively lower SNCA expression in oligo-
dendrocytes compared to neurons. Unfortunately, neither the 
neuron nor the oligodendrocyte-specific transgenic mouse mod-
els are well-suited to answer this question. Mouse models using 
artificial chromosomes to express the full SNCA gene along with 
its upstream and downstream regulatory elements have also 
failed to fully recapitulate this aspect of human biology, though 
glial pathology is observed (Woerman et  al.  2019) suggesting 

knock-in models may be needed to adequately model this pro-
cess. Notably, it also remains unclear how post-translational 
modifications may contribute to the cell-to-cell spread or other 
pathogenic processes in synucleinopathies.

Finally, with the goal of developing therapeutic interventions 
for synucleinopathy patients, validation that the currently avail-
able model systems recapitulate the strain biology in human 
patients is needed. Cryo-EM studies have been valuable in de-
termining the misfolded conformation of α-synuclein in MSA 
(Schweighauser et  al.  2020; Yan et  al.  2024) and LBD patient 
samples (Yang et al. 2022), but there are currently no reported 
structures from either spontaneous or inoculated mouse models. 
This is particularly important in light of the widespread use of 
PFFs as an inoculum source in synucleinopathy models, given 
that PFFs have not been shown to adopt the same misfolded 
conformations seen in human patient samples, as discussed pre-
viously (Holec, Liu, et al. 2022). Here, again, there are import-
ant lessons to learn from the strain-specific activity of IND24 
in the prion field, emphasizing the need to better ascertain 
translatability between rodent models and the human diseases 
they are used to study. Expanding the use of cryo-EM to resolve 
α-synuclein conformations from spontaneous and inoculated 
mouse models would greatly address this growing need.

4   |   Tauopathy and Synucleinopathy Rodent 
Models Share Several Limitations

The tauopathy and synucleinopathy fields have greatly benefited 
from the widespread availability of a variety of rodent models, 
but it is important to remember that regardless of which model 
system is being used, they each have their individual strengths 
and weaknesses. No single model can address every scientific 
question about a disease or group of diseases. Instead, we must 
operate within the confines of each model, being careful not to 
over-interpret or draw false conclusions when the wrong model 
is used to interrogate an important question. It is, therefore, 
imperative that we understand the strengths and limitations of 
each model so that we can select the appropriate system for each 
hypothesis we aim to test. While several overlapping limitations 
pertain to the currently available rodent models for tauopathy 
and synucleinopathy, we conclude by focusing on three of the 
most impactful, while offering suggestions for overcoming these 
challenges.

First, the varied use of promoters for driving transgene ex-
pression in rodent models adds increasing complexity to our 
understanding of disease biology and data interpretation. For 
example, as discussed above, the choice between neuron- and 
oligodendrocyte-specific promoters detracts from our un-
derstanding of how GCI pathology forms in MSA patients. 
Moreover, the variety of neuron-specific promoters creates 
confusion when discerning which observed effects are driven 
by transgene expression and which are determined by mis-
folded protein strain. As an example, are the differences seen 
in the Tg2541 and PS19 mouse lines caused by using two differ-
ent neuron-specific promoters, or by the misfolding of tau into 
two unique conformations? Critically, the lack of Mapt or Snca 
promoters in overexpression models means that rodents have 
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transgene expression patterns that differ from protein expres-
sion in humans. As a result, those model systems fail to mimic 
the spatial and temporal distribution of lesions in human brains, 
which may be a major contributor to the inability of rodent sys-
tems to fully replicate the complexity of human disease in tauop-
athies and synucleinopathies.

Second, as we discussed previously, the lack of standard criteria 
for both characterizing model systems and performing inocula-
tion studies creates challenges when comparing findings across 
laboratories. Overcoming this obstacle will likely require in-
vesting significant time and effort into deep phenotyping across 
multiple labs to establish measured timelines for the onset of key 
features of each disease in a highly rigorous and reproducible 
manner. For example, as discussed above, a careful analysis of 
the homozygous and hemizygous Tg2541 mice, as well as the 
PS19 mouse line, established important timelines for the for-
mation of detectable pathogenic tau, the initiation and spread 
of tau pathology in the brain, the appearance of an astrocytic 
response, and the onset of progressive motor deficits leading to 
terminal disease (Figure 3, top) (Woerman et al. 2017). Similar 
time course studies were also conducted in TgM83+/− mice inoc-
ulated with MSA patient samples (Figure 3, bottom) (Woerman 
et al. 2020). While resource-intensive, these efforts are not only 
needed to better support the use of an animal model in preclini-
cal studies for therapeutic development, but they are also critical 
to determining the appropriate use of each model system. For 
example, given that a robust astrogliosis only occurred around 

24 weeks of age in the Tg2541+/+ mice, using that specific ani-
mal model to interrogate the role of the inflammatory response 
in the early stages of disease would not generate biologically 
meaningful results. Alternatively, using this line to determine 
if a small molecule can interfere with or slow the formation and 
spread of pathogenic tau, which was detectable by ~4 weeks old, 
would greatly accelerate the timeline for anti-tau therapeutic 
development.

Finally, as we strive to achieve better clinical outcomes for pa-
tients afflicted with tauopathies and synucleinopathies, it is nec-
essary to focus on how we can build better rodent models that 
provide a stronger bridge to the clinic. In the age of cryo-EM, 
evaluating the strain properties of each model system is a neces-
sary endeavor. Using both structural and biological approaches 
that ensure the strains we are studying in rodent models are 
consistent with those we aim to diagnose and treat in human 
patients will greatly strengthen the value and translatability 
of ongoing research in the field. Learning from the failure of 
IND24 to translate into a successful therapeutic requires rec-
ognizing that the pathogenic strain each potential treatment is 
tested against is imperative to the overall outcome of a drug dis-
covery program. When model systems fail to capture the strain 
properties present in the target patient population, we continue 
to risk the ability to  succeed in clinical trials. Prioritizing the 
development and selection of the right model system to support 
each experimental goal is critical to making meaningful prog-
ress for patients and their families.

FIGURE 3    |    Disease time course in rodent models of tauopathy and synucleinopathy. Previous studies deeply characterized key markers of disease 
progression in the Tg2541+/+ mice (top) and multiple system atrophy (MSA)-inoculated TgM83+/− mice (bottom). (Top) In Tg2541+/+ mice, pathogen-
ic tau is detectable in mice ~4 weeks old whereas significant tau pathology and astrogliosis are only quantifiable at 24 weeks (Woerman et al. 2017). 
Mice develop progressive hindlimb clasping around 5 months old and are moribund by 6 to 7 months old (Allen et al. 2002). (Bottom) By comparison, 
TgM83+/− mice inoculated with MSA patient samples around 6 weeks old develop pathogenic α-synuclein by 90 days post-inoculation (dpi) (Woerman 
et al. 2020). Quantifiable α-synuclein pathology (Woerman et al. 2020) and astrogliosis occur shortly before disease onset (Watts et al. 2013), when 
mice develop progressive hindlimb paralysis and become moribund. Made using Biore​nder.​com.

http://biorender.com
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