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Abstract 

In recent years our understanding of Parkinson’s disease has expanded both in terms of pathological 

hallmarks as well as relevant genetic influences. In parallel with the aetiological discoveries a 

multitude of PD animal models have been established. The vast majority of these are rodent models 

based on environmental, genetic and mechanistic insight. A major challenge in many of these models 

is their ability to only recapitulate some of the complex disease features seen in humans. Although 

symptom alleviation and clinical signs are of utmost importance in therapeutic research many of these 

models lack comprehensive behavioural testing. While non-motor symptoms become increasingly 

important as early diagnostic markers in PD, they are poorly characterized in rodents. In this review 

we look at well-established and more recent animal models of PD in terms of behavioural 

characterization and discuss how they can best contribute to progression in Parkinson’s research. 

Introduction 

200 hundred years have passed since James Parkinson first described Parkinson’s Disease (PD); a 

progressive neurodegenerative disorder that affects approximately 2-3% of people aged over 65 [1, 

2]. The disease is normally diagnosed on the clinical presentation of bradykinesia as well as one of 

the other cardinal symptoms; resting tremor, rigidity and postural instability. Although PD is primarily 

considered to be a motor disorder, it is evident that there are numerous non-motor symptoms such as 

hyposmia, constipation, sleep disorders and depression [3]. The main symptoms of PD arise due to 

the loss of dopaminergic neurons in the substantia nigra pars compacta (SNpc), which causes 

imbalance of the nigrostriatal pathway. However, pathology across the rest of the brain is thought to 

be responsible for some of the non-motor symptoms. Importantly, Lewy bodies, one of the hallmarks 

of PD, are highly enriched in the brains of affected individuals [4]. These are proteinaceous inclusions 

that are primarily formed of aggregated forms of α-synuclein [5], but also contain a variety of different 

proteins and membranous components [6].  

Many different genes have been associated with PD, either through pedigree genotyping, linkage or 

genome-wide association studies [7]. Mutations in these genes cause familiar variants of PD or are, 

along with others, considered risk factors in sporadic disease. The majority of Parkinson’s cases, 

however, remain idiopathic. This shows a combination of genetic and environmental contribution to 

PD pathology, which along with the diverse array of symptoms and key pathological hallmarks, makes 

PD a difficult disease to fully recapitulate in animal models. An ideal PD model is thought to reflect a 

progressive and age-dependent disease presentation with key motor and non-motor symptoms. 

Pathologically the model should include loss of dopaminergic neurons in the SNpc and reduced 

dopamine content in the striatum as well as neuroinflammation and aggregation pathology 

reminiscent of Lewy bodies. These criteria are rarely fully met, yet a plethora of different PD models 

exists, ranging from Drosophila to non-human primates. Rodents are however, often preferred due to 

their relative rapid breeding cycle and mammalian genome.  

The rodent models of PD can be broadly divided into environmental models, including the widely used 

MPTP mouse and 6-OHDA rat models, and genetic models with knock-in and knock-out rodents 

based on known PD-associated genes. The induced aggregation models represent a middle ground 



and centres on the progressive accumulation of α-synuclein in PD brains. Most of these models have 

been assessed in terms of motor impairment and neuropathology, with clear variability between 

studies. 

Environmental models of Parkinson’s disease 

The now well-characterised MPTP model was identified when a batch of contaminated heroin resulted 

in the hospitalisation of users with irreversible PD [8]. MPTP is converted via astrocytes to MPP+, 

which targets the mitochondrial complex I specifically in dopaminergic neurons through selective 

dopamine transporter (DAT) import and thus results in cell death [9]. In some mice strains MPTP 

treatment results in acute non-progressive dopaminergic cell loss accompanied by reductions in 

striatal dopamine, while rats and other strains are more resistant to its effects [10]. Motor tests have 

been widely employed, but the severity depends on the treatment regime, with many studies reporting 

no or transient motor phenotypes. Additionally, transient effects on sleep [11, 12] and colon motility 

[13] as well as cognitive disturbances [14, 15] have been found in the acute MPTP model. The main 

caveat of the MPTP models has been the acute dosing, which gives sickness behaviour and cell-

death within hours [10]. In contrast, chronic exposure to MPTP induces a more progressive neuronal 

loss and some studies report inclusion pathology in remaining neurons [16-19], although this is 

controversial [20-22]. Many of these studies also report progressive motor dysfunction [17, 18, 20, 23, 

24] with Schintu et al. observing additional olfactory deficits [25]. The chronic and sub-acute MPTP 

models could hence be more suitable for treatments as it gives a larger window of early symptomatic 

stages in which to apply a drug. 

The use of 6-hydroxydopamine (6-OHDA) provides a more readily reproducible lesion toxin model 

with high levels of SNpc dopaminergic cell death within the first few days following injection.  

Additionally, the level and acuteness of cell death can be modulated depending on the injection site 

within the nigro-striatal system [26]. The unilateral 6-OHDA injection produces a well-described 

stereotyped rotational behaviour upon dopamine agonist treatment, which has provided the basis for 

many neuroprotective studies [27]. In addition to showing rotarod and paw reaching motor 

impairments this model has also demonstrated more complex behavioural and cognitive impairments 

including extended operant box [28, 29] and Morris water maze testing [30]. An additional advantage 

of the 6-OHDA rat model is its ability to portray dyskinesias, a common side-effect of L-dopa 

treatment [27]. The emergence of abnormal involuntary movements after treatment with dopamine 

agonists can aid in preventive and symptomatic drug evaluation [31]. In summary, the 6-OHDA model 

provides selective dopaminergic cell death with highly replicable lesions, but is limited in terms of 

progression and modelling the age-related effects of PD and does not show inclusion pathology. 

The rotenone rat model is based on a pesticide that also inhibits Complex I [32]. This model has the 

advantage of being able to induce loss of dopaminergic neurons upon systemic exposure, with α-

synuclein positive inclusions present in nigral neurons [33], but shows high individual variability 

depending on administration protocol [34]. These drawbacks have lately been addressed with lower 

doses and new administration routes. Many motor tests have been employed in this model showing 

deficiencies in endurance, posture and activity, for further details see Johnson et al [34]. Systemic 

toxicity has been an issue [35], but in the newer models the motor symptoms have correlated with 

dopaminergic neuron loss and could be reversed by apomorphine, a dopamine agonist [36]. Loss of 

smell and constipation are two of the earliest symptoms of PD and the mucous membranes of the 

nose and gut have been suggested as nucleation sites for environmentally introduced pathology. 

Notably, intragastric infusion of rotenone led to widespread synuclein pathology with inclusions seen 

in the enteric nervous system as well as in the brainstem and substantia nigra [37]. The systemic 

administration of rotenone hence more accurately portrays environmental exposure than toxins 

injected directly into the brain such as 6-OHDA. Although this model is largely used for its motor-

disturbances, some studies have reported non-motor symptoms including sleep disturbances, gastric 

impairment, depressive/anxiety-like behaviour and reduced sense of smell [34]. 



Neuroinflammation is an important feature found in sporadic PD [38-40], and both the MPTP [41, 42] 

and the rotenone [43] model feature this element to some degree through invasion of T-cells, 

microglial activation, astrocytosis and cytokine response, adding to the face validity of these models 

[44]. In addition, the treatment of rodents with lipopolysaccharide (LPS), a potent microglial activator, 

induces toxicity to dopaminergic neurons in vivo both in mouse and rat models [45]. The LPS model 

notably features amphetamine induced rotational behaviour [46] as well as decreased movement 

parameters in automated tracking analysis [47]. These changes were transient in young rats, but 

failed to improve in older rats. In addition the LPS model has been used to accentuate phenotypes in 

other models, both genetic and environmental, which will be discussed later in this review.  

Other toxin-induced models are able to induce loss of dopamine, but are less comprehensive than the 

aforementioned models [26]. Collectively, the toxin models have been fundamental to the 

development of the existing symptomatic treatments of PD [27], but show difficulties in predicting 

efficacy of disease-modifying treatments due to their acute nature [48]. However, the advances in 

treatment regimes and delivery routes have sparked new interest in the toxin models as progressive 

models. In addition, these models can be combined with genetic models to investigate gene-

environment interactions in PD.   

Genetic models of Parkinson’s disease 

Due to the multifaceted nature of PD, many genes have been associated with the disease, but with 

stringent criteria applied, only six genes have been confirmed as monogenic PD variants [49]. These 

comprise of the recessively inherited Parkin, PINK1 and DJ-1, as well as the autosomal dominant 

SNCA, LRRK2 and VPS35.  

Parkin, PINK1 and DJ1 

Parkin, PINK1 and DJ-1 are all thought to act in parallel in the regulation of mitochondrial quality in 

the cell [50]. Due to their recessive inheritance pattern, knock-out mice have been favoured to model 

loss-of-function of the proteins. Although some studies have reported mild motor impairment in 

individual DJ-1, Parkin and PINK1 knockout mice, no neurodegeneration has been found [51-54]. 

Notably, a triple knockout of PINK1, Parkin and DJ-1 show no loss of SNpc neurons accompanied by 

increased striatal dopamine in aged mice [55]. Rat models might show more promise as a recent 

study thoroughly characterized individual DJ-1, PINK1 and Parkin knockout rats and found that DJ-1-/- 

and PINK1-/- rats showed progressive motor defects accompanied by a 50% loss of SNpc neurons at 

8 months of age [56]. Parkin-/- rats, in contrast, were indistinguishable from wild-type controls. Despite 

the relatively minor behavioural disturbances and the lack of cell loss, these models have provided 

mechanistic insight into pathways disturbed in PD. In addition, both behavioural and pathological 

findings suggest that these models might represent an early disease stage. This can be used both to 

investigate pre-motor symptoms and genetic susceptibility either alone or in combination with 

environmental models. 

LRRK2  

One of the most common forms of genetic PD is caused by mutations in LRRK2 and is 

symptomatically indistinguishable from the sporadic disease [2]. LRRK2 encodes a multidomain 

protein with both kinase and GTPase functions, whose mutations are thought to influence its kinase 

activity as well as its association with interaction partners [57, 58]. Most models therefore focus on 

expressing mutated versions of the protein. Some traditional knock-in models expressing either the 

G2019S [59] or R1441C [60 ] mutations have shown progressive reduction in dopamine release and 

altered dopaminergic neurotransmission respectively, but little has been shown in these models in 

terms of behaviour or cognitive deficits. Recent models take advantage of bacterial artificial 

chromosomes (BAC), which allows for large genomic segments to be effectively inserted into the 

genome. Thus, the endogenous promotor as well as upstream and downstream regulatory elements 



can be included in the model, which ensures better temporal and spatial expression. These models 

have revealed relatively low expression of LRRK2 in SNpc dopaminergic neurons [61, 62], yet 

agreement has been reached that overexpression of G2019S [62, 63] or R1441G/C LRRK2 leads to a 

reduction in dopamine release accompanied by impaired motor function [61, 64], which can be 

corrected by administration of L-Dopa [61]. Overexpression of wild-type LRRK2 however, yields 

inconsistent results both in regards to striatal dopamine release and behavioural activity level in these 

mice [61-63, 65]. Interestingly, none of these models report any dopaminergic cell loss or α-synculein 

pathology, but some report tau pathology, which is known to occur in the brains of LRRK2 patients 

[62, 64]. The discrepancies between these studies may arise from differences in LRRK2 species, 

human vs. mouse, or expression levels of the transgene. Little has been shown in these models in 

terms of non-motor dysfunction apart from age related decline in spontaneous alternation reported in 

G2019S and R1441C rats [61]. Knockout models of LRRK2 have also been studied in the hope of 

revealing its normal function, but have been unfruitful [66, 67]. No alterations in the nigrostriatal 

system have been demonstrated, even in aged rodents, which may be due to the remaining 

expression of LRRK1 or other compensatory methods. A question still remains whether LRRK2 

mutations induce a purely gain of function phenotype, hence broader behavioural characterization of 

both knock-in and knock-out models is required.  

VPS35 

VPS35 encodes vacuole protein sorting-35, a protein essential for the retrieval of membrane proteins 

from the Golgi apparatus to the endoplasmic reticulum [68]. VPS35 knockout mice are embryonically 

lethal [69], therefore heterozygous and conditional knockout mice using the DAT-promotor have been 

established [70, 71]. These mice are viable and show loss of neurons in SNpc preceded by a 

decrease in striatal dopamine levels. They also show motor deficits, which emerge earlier and are 

more severe in the conditional knockout than in the heterozygous mice. In addition, age-dependent α-

synuclein accumulation could be seen in the midbrain of both mouse-lines. Further studies of this 

model are warranted, but it represents an interesting genetic model with a comprehensive phenotype.  

Additional genetic models 

Heterozygous mutations in GBA, which encodes the lysosomal enzyme glucocerebrosidase (GCase), 

are the most common genetic risk factor for developing PD [72]. In cellular neuronal models of PD 

heterozygous point mutations in GCase lead to aberrant protein processing, ER stress, perturbed 

autophagy and lysosomal dysfunction, which impact on normal α-synuclein degradation [73]. In 

synuclein mouse models, increase of GCase levels or stability can alleviate some of their phenotypes, 

including an improvement in motor testing and a reduction in α-synuclein pathological load [74, 75]. 

Conversely, introducing the GBA heterozygous L444P mutation in mice overexpressing human A53T 

α-synuclein exacerbates motor impairment on the rotarod [76]. Currently none of the GBA PD models 

has undergone extensive behavioural or biochemical phenotyping, which is required to gain in depth 

knowledge of how GCase influences the development of PD.  

Apart from the well-established PD genes, atypical cases of familial Parkinsonism, such as ATP13A2 

[77, 78] and FBXO7 [79], have recently been modelled in rodents resulting in strong behavioural 

phenotypes accompanied by neuropathological changes. Collectively these models might provide 

useful mechanistic insight into subsets of Parkinsonian disorders, which can be transferred to the 

broader sporadic cases. In addition specialized treatments targeting these familiar variations will be 

highly beneficial for the patients affected. 

An interesting genetic model is the MitoPark mouse [80], which is based on findings from toxic and 

genetic models implicating mitochondrial dysfunction as a major pathway disturbed in PD. These mice 

have the mitochondrial transcription factor A (Tfam) knocked out under the DAT promoter, giving 

dopaminergic neurons in these mice chronic mitochondrial dysfunction that leads to progressive loss 

of SNpc neurons. Despite this, the mice develop normally until 6 weeks of age when they show 



emerging motor impairment that progresses to paralysis over the course of 30 weeks [81]. 

Interestingly, the motor symptoms have been shown to be preceded by mild cognitive impairment 

[82]. This model thus recapitulates some of the progressive nature of PD, including early symptoms of 

the disease, but is limited to specific neurons and fails to capture the widespread aggregation 

pathology. 

α-synuclein  

Although α-synuclein is responsible for the main histopathological hallmarks of PD and it is clear that 

mutations, duplication or triplication of the gene result in early onset genetic forms of PD, its function 

as yet, is poorly defined [83].   

Knock-in and knock-out models 

Despite being a highly abundant protein, constitutive knockout of the gene only causes relatively 

minor phenotypes with two different α-synuclein knockout mouse models showing alterations in 

synaptic dynamics but no behavioural phenotypes [84, 85]. The synuclein family includes two 

additional homologues; β- and γ-synuclein, which may compensate for the loss of α-synuclein. In the 

absence of any synucleins mice demonstrate a hyperactive phenotype despite having significant 

reductions in striatal dopamine [86]. A recent study in which all combinations of synuclein knockout 

mice were compared, importantly on the same genetic background and housing conditions, it was 

reported that normal striatal dopamine content was dependent on the presence of α-synuclein 

whereas β-synuclein seems to be important in maintaining normal motor function during aging [87]. 

Due to the apparent lack of phenotypes in these knockout mice many have concluded that α-

synuclein does not have a substantial role in dopaminergic survival and that its role can be 

compensated. However, these studies seem consistent with a role for α-synuclein in the normal 

release of synaptic vesicles.  

A number of overexpression models of α-synuclein with expression driven by various promotors 

including PDGFβ, PrP and Thy-1 have been produced [88-91]. Although all of these models 

demonstrate behavioural and neuropathological phenotypes, the Thy-1 model has been most 

extensively characterised and recapitulates various features of PD, including astroglial and microglial 

activation as well as increased levels of TNF- α, TLR1,4 and 8 [92]. Importantly, this model 

demonstrates phosphorylated and proteinase K resistant aggregates of α-synuclein throughout the 

brain and further pathology in the enteric nervous system [91]. Extensive behavioural characterisation 

has also been carried out in this model revealing deficits in both fine and gross motor behaviours. In 

addition, early non-motor phenotypes are prevalent with the mice showing impaired olfactory function, 

disrupted circadian rhythms, colonic deficits and cognitive disturbances [91]. The aforementioned 

promoters drive high expression throughout the central nervous system including motor neurons, 

which complicates interpretation of motor phenotypes. To specifically drive expression in 

dopaminergic neurons, synuclein has been expressed under the tyrosine hydroxylase promoter [93, 

94]. However, no strong phenotypes were observed; most likely due to the weak nature of this 

promoter.  

Models expressing mutant α-synuclein or truncated variants, as found in Lewy bodies, have also been 

developed [89, 90, 95-98]. On a whole, these models present with similar phenotypes to those 

described above with alterations in striatal dopamine, motor dysfunction, neuroinflammation and 

pathological inclusions more widely reported than in wild-type overexpression models. 

Genomic DNA locus (BAC/PAC) transgenics 

A different genetic approach is the BAC transgenics where spatially and temporally relevant α-

synuclein gene expression is achieved by the endogenous promoter. These animals show motor 

phenotypes as well as gastrointestinal, olfactory and sleep disturbances [99]. However, expression of 



human α-synuclein on the background of endogenous mouse α-synuclein could confound the 

interpretation of these findings. Janezic et al produced a BAC transgenic model harbouring the entire 

human α-synuclein locus expressed in endogenous α-synuclein knockout mice [100]. These mice 

show an early and persistent reduction in the release of dorsal striatal dopamine followed by 

progressive motor impairment. Constipation, a key non-motor symptom, was also evident in these 

mice from a young age and at 18 months of age they show a 30% reduction in dopaminergic neurons 

of the SNpc. In addition the BAC technology has been used to express mutant versions of α-

synuclein, E46K [101] and A30P [102], in rats and mice respectively, with the animals showing rather 

mild phenotypes. The similar PAC genomic locus vector was used to drive the overexpression of 

A53T and A30P α-synuclein in mice, causing early enteric dysfunction and motoric disturbance in the 

case of the A53T mutant [103]. 

These models have demonstrated that changes in the normal expression of α-synuclein are enough 

to drive behavioural, non-motor and neurotransmission phenotypes. Despite this, it fails to induce the 

hallmark aggregation pathology seen in human patients. 

Viral overexpression models 

Given α-synucleins prominent role in Lewy bodies, the genetic models have been complemented by 

viral vectors used to overexpress wild-type or mutant α-synuclein directly in regions of interest [104]. 

Most studies have focused on rAAV mediated overexpression in Sprague-Dawley (SD) rats where 

protein expression is increased by approximately 2-5x the amount of endogenous rat α-synuclein 

[105-108]. The pathology in these models shows aggregation of α-synuclein in the SNpc as well as 

other brain regions. These differ from the classical Lewy bodies, with only a few studies showing 

filamentous and/or phosphorylated aggregates [106, 109, 110]. Most studies, however, report 

degeneration of neurons in the SNpc ranging from 20-80 % as reviewed in Volpicelli-Daley et al [111], 

with the variability largely depending on vector, serotype and titer of the virus [108, 112]. Several of 

the viral overexpression models have assessed the impact of PD relevant mutations in α-synuclein, 

but the results have been varied. One study has found the A53T mutant to give little or no nigral 

toxicity [113]. However, other studies have shown the A53T mutation to give a stronger [114], or 

similar phenotype to wild-type α-synuclein overexpression, including behavioural deficits that are 

correctable using L-dopa and ubiquitin positive α-synuclein aggregates [115, 116]. 

These models are all based on a unilateral injection with pathology mostly seen in the ipsilateral 

striatum. The dopamine agonist apomorphine can be used to primarily increase activity in the 

unaffected side, which leads to rotational behaviour. This induced phenotype poorly represents PD 

symptoms, however, depending on neuronal loss, most studies report an increase in such rotations 

[111]. Additional tests have revealed gait alterations [117] and forepaw asymmetry in rAAV injected 

rats [112, 118, 119], which has been rescued upon L-Dopa administration [120]. In terms of non-

motor symptoms, one group found deficiencies in ultrasonic vocalizations [112], while a recent study 

showed an increase in avoidance behaviour connected to impairment of cholinergic striatal neurons 

[121]. In addition to the rat models some mice models have also used viral vector injection. Most of 

these studies find a loss of dopaminergic neurons reminiscent of the rat studies [115, 122-124]. Two 

studies assessed behaviour and found increased forelimb asymmetry, and additional motor 

impairment across several tests [115, 124]. Similar to the other unilateral injection models, these 

models offer the advantage of using the contralateral hemisphere as an internal control, but subtle 

behavioural features can be overlooked due to compensation from the unaffected hemisphere.  

α-synuclein protein spread models 

In recent years evidence has accumulated supporting the hypothesis that α-synuclein pathology can 

spread in vivo in a “prion-like” fashion. Braak and colleagues observed that the Lewy body pathology 

is found in different brain regions corresponding to disease progression [4]. In addition it was shown 

that transplants of neuronal grafts to PD patients had accumulated aggregations 20 years after 



transplantation [125]. Experiments in cell-culture have further confirmed that α-synuclein can be 

secreted from and taken up into neurons [126] and new rodent models are currently evolving to 

investigate the spread of α-synuclein in vivo. In this respect it has been shown that brain tissue from 

symptomatic mice or synucleinopathy patients can aggravate pathology when injected into 

asymptomatic M83 transgenic A53T mice [127-129] or induce pathology in wild-type mice [130, 131]. 

However, the use of biological material makes it unclear if α-synuclein is the acting agent and 

therefore pre-aggregated recombinant α-synuclein, so called pre-formed fibrils, are also used [132-

143]. The initial study reported cell-loss in the SNpc of 35 % in non-transgenic mice [132], but this has 

been inconsistent across laboratories [143]. When aggregates are reported in α-synuclein spread 

models they stain positive for phosphorylated α-synuclein, p62 and ubiquitin to various degrees, 

hence resembling the composition of Lewy bodies. Further contributing to relevant PD pathology; 

astrogliosis and microgliosis are reported in some [127, 136], but not all [131], of these models. 

Different administration routes have shown that α-synuclein fibrils can spread from the periphery [144, 

145] and gastrointestinal exposure to brain homogenates of PD patients or recombinant forms of α-

synuclein have shown transport via the vagal nerve to the brain in rats [146]. Some studies show 

motor impairment post-injection [132, 134, 138] and a  recent study with α-synuclein oligomers 

infused into the cerebroventricular space of mice in addition showed the presence of both olfactory 

and anxiety symptoms [147]. Direct exposure of fibrillar mouse and human α-synuclein to the olfactory 

bulb has shown widespread pathology [142, 148]  accompanied by a decline in olfactory retention, but 

without motor or anxiety deficits [149]. In rats motor deficits [144] as well as a decrease in ultrasonic 

call frequency, duration and vocalisation amount has been shown [150]. Follow up studies stress that 

considerations need to be taken into account for these models regarding the material injected. 

Different results have been obtained with mouse vs. human and oligomeric vs ribbon and fibrillar α-

synuclein as well as with varying concentrations and fibrillar length [138, 144, 149, 151]. In addition 

the strain and gender of mice might influence their susceptibility to α-synuclein pathology [111, 134]. 

Taken together, these models show promise in respect to therapeutic development focused on 

preventing α-synuclein pathology. 

Future directions of PD rodent modelling 

Recent years have seen a large increase in animal models for Parkinson’s disease with rodent 

models dominating the field. Each model has its own strengths and limitations that are important to be 

aware of when designing a study. Administration of environmental agents leads to acute cell-death 

with limited aggregation pathology and can therefore be said to represent an advanced disease state. 

These models have been widely used to study symptomatic or neuroprotective treatments, but 

present only a short time window for manipulation of disease-progression. However, as improved 

dosing schemes and routes of administration are implemented, this window might expand.  

Genetic knock-in/knock-out models seek to replicate familiar variants of PD under the assumption that 

these share similar disease mechanisms to idiopathic PD. These models have given valuable insight 

into pathways affected in PD and pointed to specific drug targets, but gross motor symptoms have 

been absent in many models. Yet expanded testing show subtle phenotypes present in these mice 

suggesting we might be modelling an early phenotype. It is estimated that motor symptoms in patients 

only occur after a loss of 30-50% of striatal dopamine [152-154]. The so called die-back mechanism 

suggests that synapses and axons degenerate before the cell-bodies in the SNpc are affected, which 

might present a therapeutic window given that reliable diagnostic criteria are available. Many of the 

genetic models show disturbances in synaptic machinery [155], which are thought to precede 

neuronal loss in PD. Indeed, some models show early elevations in striatal dopamine content, which 

could result in toxicity at the synapse [56, 156]. This abundance of dopamine results in hyperactive 

behavioural phenotypes [156] mirroring the elevated dopamine levels seen in LRRK2 carriers prior to 

the onset of symptoms [157]. The notion that incorrect storage of dopamine leads to cell toxicity is 

further supported by increased PD risk in people carrying variants of the dopamine transporter gene 

[158] and progressive cell death in mouse models with reduced vesicular monoamine transporter 



(VMAT) expression [159]. The lack of severe phenotypes in many genetic models might in this way 

provide a more accurate representation of the early disease state than the environmental models. 

Previous genetic models are predominantly made in mice due to the relatively easy manipulation of 

their genome and embryonic stem cells. However, with the newly developed techniques in gene 

editing, the hurdle of making genetic rat models is also largely overcome [160]. The move to rat 

models gives more severe phenotypes for the PINK-/- and DJ-1 knockouts [56] as well as the SNCA 

BAC model [161]. Due to their larger size, imaging such as PET and fMRI is more feasible in such 

models. In addition they allow access to a more extensive range of behavioural tests due to their 

ability to perform more challenging cognitive tasks [160].  

Induction of α-synuclein pathology by injection of aggregated protein is enough to cause behavioural 

deficits with several studies also showing cell death and decline in striatal dopamine. Although caution 

should be taken when interpreting the pathological findings in these models [162], they contribute to 

the hypothesis that synucleinopathies can be viewed as “prion-like” disorders [163]. Like some of the 

toxin models, they offer the ability to investigate the olfactory and gastrointestinal systems as initiation 

sites for the disease, but it is clear that strict biochemical accuracy is required in the production of α-

synuclein that is to be injected. In addition to traditional motor features of PD, these models also focus 

on early detection of symptomatic behaviour, such as olfaction, paralleling progression of pathology. 

One challenge present across models is the apparent higher resistance of rodent dopaminergic 

neurons to degeneration compared to humans. For instance, mouse α-synuclein naturally harbours 

the A53T mutation, which causes PD in humans. Rodents also seem more resistant to toxins, with 

rats and certain mouse strains not responding significantly to MPTP. The lack of penetrance for risk-

factor genes and the fact that less than 10% of PD cases can be attributed to genetic causes suggest 

heavy environmental influence. A plausible paradigm in PD research is therefore the multiple hit 

concept [164], where different pathways contribute to cell-death. Several models now take advantage 

of the combination of genetic vulnerability and toxic insult to the cell. For instance it has been shown 

that DJ1-/- mice show an increased vulnerability to MPTP compared to control mice [165, 166]. 

Additionally PINK1-/- mice show increased degeneration of dopaminergic neurons upon 

overexpression of α-synuclein compared to control [167]. Interestingly, α-synuclein may be able to 

modulate MPTP toxicity with reports of resistance to the toxin in α-synuclein KO models [18, 168-

170]. Vice-versa, the overexpression of α-synuclein combined with rotenone exposure produced 

increased behavioural impairment and neuronal loss [171]. The recent induced α-synuclein 

aggregation model has also been combined with LRRK2 G2019S overexpression in rats, showing 

that these rats are more vulnerable to synuclein aggregation [172]. Also the induction of 

neuroinflammation has been shown to enhance PD features in other models. Pre-treatment of rodents 

with polyinosinic;polycytidylic acid [poly(I:C)], a viral agent, sensitizes DA neurons to subsequent 6-

OHDA [173] or paraquat [174] treatment, most likely through microglial activation. In terms of genetic 

models it has been shown that Parkin-/- mice show an increased vulnerability to LPS [175]. The same 

is true in mice that express wild-type or A53T mutant α-synuclein where LPS causes neuronal death 

[176, 177]. In addition LRRK2 has been found to be necessary for microglial activation upon LPS 

treatment, hence underscoring the possible role of LRRK2 as an inflammatory modulator [178]. The 

multiple hit paradigm hence opens new avenues for established models with limited pathology and 

might trigger cell death even in the more robust rodent dopaminergic neurons. 

The multitude of rodent PD models calls for strict practises when it comes to characterisation. It has 

been extensively shown that housing practises, experimental design and mixed background of mouse 

and rat lines can have great effect on animal behaviour [179, 180]. In addition small variations in 

protocols and negative results are often under-reported. The lack of standardization is also a problem 

when designing the models; different promotors and expression systems define the genetic models 

while overexpression and toxin models are heavily influenced by dosing regimens, expression 

quantities and routes of delivery. The lack of reproducibility is a problem especially where phenotypes 



are subtle or individual variability is high. Many of the behavioural tests currently in use are also 

conducted differently across laboratories but appreciable efforts are made to standardise the reporting 

of all studies involving in vivo animal experiments with the ARRIVE guidelines adopted by many 

journals [181]. Traditional behavioural phenotyping is also heavily dependent on the experimenter and 

often exposes the rodent to stressful situations [182]. Advances in technology allow us to test rodents 

in more replicable and relaxed settings. Phenotyping cages are getting increasingly better and offer 

readouts of a wide array of simple and complex behaviours such as circadian rhythms, spontaneous 

activity, social contact and feeding behaviour [183]. In addition newer equipment offers more accurate 

readouts of the classic motor phenotypes. Automated gait analysis systems can detect subtle 

alterations in gait that might develop before identification is possible by cruder motor tests such as the 

rotarod and pole test [184, 185]. In addition more advanced memory tests are being developed, 

mostly for fields such as Alzheimer’s disease, which should clearly be extended to model the 

cognitive features seen in PD [186].  

These paradigms can broaden the description of behaviours in rodent PD models; exemplified by a 

recent study that provided a more accurate time course for the motor impairment in A53T 

overexpressing mice, while revealing early deficiencies in grooming behaviour and spatial memory 

[187]. The non-motor symptoms in PD are often poorly characterized, but in many cases precede 

motor symptoms by decades and are reported by patients as more incapacitating in their daily life 

[188]. These symptoms include sleep disturbances, anosmia, constipation, depression, anxiety and 

other cognitive deficits. Taylor and colleagues have accurately suggested a paradigm of tests that 

includes motor as well as non-motor tests to give a more comprehensive picture of the disease 

progression in PD models [189]. To implement a similar extensive testing regime in both established 

and emerging rodent models is crucial due to the obvious burden non-motor symptoms cause PD 

patients. 

The high failure rate of drugs in neurodegeneration [190], gives incentive for scientists to develop well 

characterized animal models to increase predictive value of preclinical trials. A meta-study comparing 

clinical outcome to preclinical assessment in animals found therapies tested in more than one model 

to have a higher success rate [48]. This study also highlights that most drug treatments are given to 

young male mice and rats, which is problematic as PD is an age-related disorder. Brain plasticity is 

reduced with age, which is not factored into many genetic models where defects are present 

throughout development. Therefore conditional models may represent a way to investigate changes in 

an aged nervous system, such as the tamoxifen inducible α-synuclein knockout mouse [191]. In 

addition, a single timepoint is often used to determine outcome, whereas longitudinal studies would 

clearly be advantageous. For instance, the toxin models MPTP and 6-OHDA were heavily favoured in 

preclinical studies due to their relatively low cost and speed of degeneration. In many of these studies 

treatments aimed at disease-modification were given prior or simultaneous to the toxic event. This is a 

poor reflection of PD progression and disease-modifying therapies should be tested in progressive 

models at early symptomatic stages. Zeiss et al. conclude that the face-validity of therapeutic trials 

can be improved by cross-validation within a model in terms of age and gender as well as across 

different animal models [48]. Combined with extensive behavioural testing that more accurately 

represents the clinical situation, this could improve the prediction of therapeutic efficacy in humans. 

Conclusion 

Although no single model is currently able to recapitulate Parkinson’s disease as seen in humans we 

can target different aspects of this complex neurodegenerative disorder by utilising multiple models. 

Mechanistic insight is often based on animal models and is valuable to identify targets for therapeutic 

intervention. However, for the life quality of patients, symptom alleviation and prevention of 

medication side-effects remains a highly sought after goal. It is therefore paramount that new 

treatments are evaluated with sophisticated behavioural testing and with longitudinal study design 

aimed at validation across models.  
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