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Abstract  

 

Loss of mesencephalic dopamine (MesDA) neurons in Parkinson’s disease (PD) results in 

80-98% striatal dopamine (DA) deficiency and a hypokinetic movement disorder. In the 

last four decades, several toxin and genetic animal models of DA deficiency have been 

generated to study disease pathways of PD. Which model is the best depends on the 

specific focus of research. Here, we present the Pitx3-deficient aphakia (ak) mouse as a 

naturally occurring mouse model of DA deficiency, and compare it with other available 

mouse models of DA deficiency. Similar to PD, ak mice exhibit >70% loss of ventral tier 

substantia nigra pars compacta (SNc) DA neurons with relative sparing of dorsal tier SNc 

neurons. This loss causes >90% reduction of striatal DA levels, 20% striatal atrophy and 

hypokinetic locomotor deficits during nigrostriatal pathway-sensitive tests, which can be 

reversed by the DA-precursor 3.4-dihydroxyphenylalanine (L-DOPA). Pitx3-deficient ak 

mice thus faithfully model the selective parkinsonian pattern of SNc DA neuron loss and 

associated striatal pathology. Interestingly, polymorphisms in the human PITX3 gene are 

associated with increased susceptibility to PD. However, the SNc DA neuron loss in ak 

mice occurs during embryonic/fetal development and is complete at birth. In addition, no 

α-synuclein-positive Lewy bodies have thus far been reported in these mice. ATM 

knockout, En1 heterozygote/En2 double knockout, Girk2 knockout/weaver, MitoPark, 

MPTP/rotenone-treated, Nurr1 heterozygote knockout, Parkin-Q311X overexpressing, and 

VMAT2 low expressor mice exhibit 26-85% loss of SNc DA neurons during adult life and 

are therefore better models to study the cellular mechanisms that occur during SNc 

neuron loss. ATM knockout, MPTP/rotenone-treated, Parkin-Q311X overexpressing, and 

VMAT2 low expressor mice also have α-synuclein-positive inclusions in the SNc.   
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Introduction  

 

The neurotransmitter dopamine (DA) is an important modulator of many central nervous 

system (CNS) functions, including motor control, neuroendocrine hormone release, 

cognition, emotional behaviour and reward-related behaviour.
214

 In mammals, DA 

neurons are located in the ventral midbrain/mesencephalon to form the ventral 

tegmental area (VTA) and substantia nigra (SN).
41

 DA neurons arising from VTA project to 

the nucleus accumbens and prefrontal cortex, and are involved in emotional, motivational 

and reward-related behaviours.
305

 The SN is composed of the dorsally situated pars 

compacta (SNc) that exhibits intense DA synthesis, and the ventrally situated pars 

reticulata (SNr) that contains hardly any DA neurons but is populated by cells that express 

the neurotransmitter γ-aminobutyric acid (GABA) instead. DA neurons arising from the 

SNc project to the neostriatum (corresponding to the caudate-putamen (Cd/Put) in 

primates),
41

 the main structure of the basal ganglia which receives inputs from virtually all 

cortical areas and in turn affects the frontal cortex via its pallidal and subsequent thalamic 

projections.  

 

Progressive death of selected but hetereogenous populations of mesencephalic DA 

(MesDA) neurons, most importantly DA neurons of the SNc and to a lesser extent of the 

VTA, is the pathological hallmark of Parkinson’s disease (PD),
35

 together with the presence 

of α-synuclein/ubiquitin-positive Lewy bodies and Lewy neuritis throughout the central, 

peripheral and enteric nervous systems.
38,49

 Historically, PD is characterized by the classic 

triad of slowly progressive tremor, rigidity and bradykinesie/akinesia.
270

 It is the second 

most frequent neurodegenerative disorder after Alzheimer’s disease, with a prevalence of 

±1% at 65 years of age, increasing to 4-5% by the age of 85, affecting millions of people 

worldwide.
48,82

 At the onset of motor dysfunction, 60-70% of SNc neurons are estimated 

to be lost.
154

 Within the parkinsonian SNc, neuronal loss tends to be greatest in the ventral 

tier (vSNc), with the dorsal tier (dSNc) relatively spared.
76,101

 Calbindin D28K (CB), member 

of the class of calcium-binding proteins, specifically marks the dSNc.
133,375

 The selective 

MesDA neuronal loss results in 80-98% regional loss of striatal DA,
35,69,197

 26-38% striatal 

atrophy,
123,227

 and secondary modulation of DA receptor levels and neuropeptide genes 

expression.
105,106,160,276,294

 Since its introduction in the late 1960s, the DA-precursor 3.4-

dihydroxyphenylalanine (L-DOPA) remains the most effective drug for symptomatic 

treatment of PD.
39,72,262

 

 

Although there are rare familial forms of PD, the majority of PD is sporadic and its specific 

etiology remains unknown. There is evidence for a role of both genetic and environmental 

factors like exposure to pesticides, farming, well water and rural living.
120,212

 In PD, as in 
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many other neurodegenerative disorders, animal models have provided tremendous 

insight in its pathogenesis and are a valuable tool for testing new treatment strategies. In 

the last four decades, several toxin and genetic animal models of DA deficiency have been 

generated to study disease pathways of PD. Here, we present the Pitx3-deficient aphakia 

(ak) mouse as a naturally occurring mouse model of DA deficiency that exhibits a pattern 

of MesDA neuron loss and striatal DA loss which are highly similar to PD. In addition, we 

compare the ak mouse with other available mouse models of DA deficiency. 

 

Dopamine deficiency in the Pitx3-deficient aphakia mouse  

 

In 1968, Varnum and Stevens described the recessive ak mutation that occurred 

spontaneously in the 129/Sv-Sl
J
 mouse strain.

358
 The mutation causes blindness due to 

microphthalmia with absence of lens, iris and pupil. In 2001, Rieger et al. reported the 

genetic defect in the ak mouse, which constitutes of two 5’ deletions in the homeobox-

containing transcription factor Pitx3, including one that deletes exon 1.
284

 In the CNS, Pitx3 

expression is confined to MesDA neurons and is maintained throughout adult life in both 

rodents and humans.
322

 We and other groups discovered that ak mice are deficient in 

midbrain Pitx3 expression and exhibit marked loss of MesDA neurons.
161,258,321,351

 

 

Midbrain pathology 

Analysis of the adult ak MesDA system showed a 71% reduction of cells expressing 

tyrosine hydroxylase (TH), the rate-limiting enzyme in DA synthesis, in the SN and a 52% 

reduction in the VTA.
351

 Together with a, respectively, 57% and 34% reduction of Nissl-

stained neurons, these findings indicate that ak mice have a net loss of MesDA neurons.
351

 

Most of the ak SNc is depleted of DA neurons, with the exception of the CB-expressing DA 

neurons in dSNc.
296,351

 Although no α-synuclein/ubiquitin-positive Lewy bodies have thus 

far been reported, the maintenance of dSNc DA neurons in ak mice is provocative in the 

context of human PD, where relative sparing of these neurons also occurs (Fig. 

1).
76,101,133,375

 This suggests that Pitx3 is necessary for survival of the neuronal 

subpopulation that is most susceptible in PD. In fact, our re-evaluation of Pitx3 expression 

in the MesDA system of normal mice revealed that Pitx3 and TH are co-expressed only in 

vSNc and about half of the VTA DA neurons,
351

 although other groups reported Pitx3 

expression throughout the MesDA system.
203,321,383

 Analysis of the developing ak MesDA 

system showed developmentally affected SNc from embryonic day (E) 12.5,
321

 suggesting 

a role of Pitx3 in the terminal differentiation of these neurons. VTA, on the other hand, 

has normal DA neuron numbers until postnatal day (P) 50,
258,351

 with an almost 50% loss 

thereafter,
351

 suggesting a maintenance function of Pitx3 in VTA DA neurons. 
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MesDA cell loss in Parkinson’s 

disease (PD) and in aphakia (ak) mice
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Figure 1. Similar distribution of midbrain dopaminergic (MesDA) neuronal loss in individuals with Parkinson’s 

disease (PD) and in aphakia (ak) mice. (A) Schematic outline of the right MesDA system of a normal human 

showing the distribution of DA neurons (black dots) in the substantia nigra pars compacta (SNc) and ventral 

tegmental area (VTA). (B) Individuals with PD typically have the most severe DA cell depletion in the ventral tier 

of SNc (vSNc), followed by the dorsal tier of SNc (dSNc) and VTA. (C) The right midbrain of a normal mouse 

showing the distribution of DA neurons in SNc and VTA. (D) In ak mice, vSNc is almost depleted of DA cells, with 

dSNc and VTA relatively spared. 
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Striatal pathology 

The MesDA neuronal depletion in ak mice causes a dramatic reduction of DA innervation 

in the striatum; DA terminals are scant or absent in the dorsal, dorsolateral and medial 

subterritories of the neostriatum, with relative preservation of DA innervation in the 

ventrolateral neostriatum and nucleus accumbens (Fig. 2).
30,352

 Morphological analysis 

showed a 20% reduction in neostriatal volume compared to normal mice.
352

 The observed 

pattern of DA loss and atrophy in ak mice are strikingly similar to what is seen in 

individuals with advanced PD (Fig. 2).
35,69,123,197,227

 DA D3 receptor and µ-opioid receptor 

(MOR) expression levels in ak mice were reduced,
317,350,352

 whereas the reported results on 

expression levels of DA D1 and D2 receptors, dynorphin (DYN), enkephalin (ENK) and 

substance P (SP) were ambiguous (Table).
88,317,323,350

 Literature on striatal expression levels 

of DA receptors and neuropeptides in PD also contains disagreements (Table). 

 

Locomotor deficit and pharmacological treatment 

Although ak mice do not have tremor, they showed a marked reduction in spontaneous 

activity during active night hours, with >50% reduced walking distance and ±50% less 

stereotypic movements (grooming, scratching and other non-ambulatory activities) as 

compared to wild-type mice.
350,351

 On nigrostriatal pathway-sensitive tests, ak mice 

showed a ±50% reduction in exploratory activity in the transparent cylinder and 

significantly slower movements and smaller steps on the challenging beam test.
162,317

 

These results indicate that ak mice mimic the akinesia, slower movements and shorter 

steps observed in PD patients. In addition, the locomotor deficits can be significantly 

restored by treatment with L-DOPA.
162,350

 Nowadays, rescue of parkinsonian symptoms by 

L-DOPA is considered an important criterium for the diagnosis of PD,
201

 and validation of 

animal models of PD critically revolves around the observation that L-DOPA treatment 

leads to behavioural reversal of symptoms.
80

 Chronic L-DOPA treatment in ak mice 

induced dyskinetic behaviors,
88

 again highly similar to PD.
72

     

 

Pitx3 and Parkinson’s disease 

In recent years, several studies have investigated whether genetic variations in the human 

PITX3 gene influence the risk of acquiring PD or the age of onset of this disorder. 

Interestingly, polymorphisms in the PITX3 promoter were shown to be associated with 

sporadic Parkinson’s disease.
115,155,377

 Similar associations were also shown for PITX3 

polymorphisms in intron 1 and exon 3,
218

 with even more robust associations with early 

onset PD (onset age ≤50 years),
34,218

 and familial PD.
218

 These findings stress the relevance 

of further studies in ak mice, to better understand the neurodegenerative 

pathophysiology observed in human PD. 
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Striatal pathology in Parkinson’s 

disease (PD) and aphakia (ak) mice
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Figure 2. Similar distribution of striatal pathology in individuals with Parkinson’s disease (PD) and in aphakia (ak) 

mice. (A) Schematic outline of the rostral right striatum of a normal human showing DA terminals throughout the 

caudate/putamen (Cd/Put) and nucleus accumbens (Acc). (B) Individuals with PD typically have the most severe 

DA loss in the dorsal and intermediate subterritories of the Cd/Put, with relative sparing of the ventral 

subterritory and Acc. Their Cd/Put is 26-38% smaller. (C) The right rostral striatum of a normal mouse showing 

DA terminals throughout the Cd/Put and Acc. (D) In ak mice, DA terminals are largely absent in the dorsal Cd/Put 

and relatively preserved in the ventral Cd/Put and Acc. 
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Toxin and genetic models of dopamine deficiency 

 

Toxin mouse models of dopamine deficiency 

Neurotoxins that target MesDA neurons were the primary approach to study PD in 

animals models until the 1990s. The most common toxin models in rodent include the 

unilateral 6-hydroxydopamine (6-OHDA) lesioned rat and mouse
337,344

 and the 1-methyl-4-

phenyl-1,2,3,6-tetrahydropyridine (MPTP) mouse.
156

 Recently, the mitochondrial complex 

I inhibitor rotenone was also shown to cause selective degeneration of the MesDA system 

and other key pathological features of human PD.
59,166

 The characteristics of the different 

toxin models are summarized in the Table.  

 

Genetic mouse models of dopamine deficiency 

The discovery of genes involved in familial forms of parkinsonism has caused major 

breakthroughs in the study of PD. α-Synuclein (=PARK1/PARK4) was the first gene to be 

linked to familial PD,
279

 and led to the identification of α-synuclein being one of the major 

components of Lewy bodies and glial cytoplasmic inclusions in PD.
326

 This discovery put 

protein misfolding and abnormal protein aggregation (also called proteinopathy) at the 

center of the research on the ‘synucleinopathy’ PD.
50

 Several transgenic mouse lines 

including α-synuclein knockout mice or overexpressors of mutated human α-synuclein 

have been generated since.
238

 In the recent years, other familial forms of abnormal 

protein aggregation causing parkinsonism have been linked to mutations of genes like 

Parkin (=PARK2),
198

 UCHL1 (=PARK5),
368

 PINK1 (=PARK6),
347

 DJ-1 (=PARK7),
45

 and LRRK2 

(=PARK8).
267

 The characteristics of the transgenic mouse models of these proteinopathy 

genes are summarized in the Table.  

 

DA function can be affected by altering DA synthesis, its release/clearance and DA 

receptor signalling. Transgenic mouse models of important genes involved in all these 

steps like TH,
385

 vesicular monoamine transporter 2 (VMAT2, that sequesters DA in 

secretory vesicles),
62,71

 DA transporter (DAT),
135

 and DA-receptors,
20,89

 have now been 

generated. The characteristics of the hypodopaminergic TH and VMAT2 knockout models 

are summarized in the Table.  

 

Finally, several transgenic mouse models of genes involved in the development, 

differentiation and maintenance of MesDA neurons, like the phosphatidylinositol-3 (PI-3) 

kinase-related protein kinase ataxia telangiectasia (ATM),
95

 homeobox-containing 

transcription factors Engrailed1/2 (En1/2),
311

 G-protein regulated inward-rectifier 

potassium channel Girk2/weaver,
304

 and nuclear receptor Nurr1,
178

 or so called tissue-
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specific knockout mouse models with disrupted gene expression under the control of the 

DAT promoter are available. Their characteristics are also summarized in the Table. 

 

Discussion 

 

The ideal mouse model of parkinsonian dopamine deficiency 

For direct relevance to sporadic PD, the ideal mouse model of DA deficiency should have 

the following characteristics: first, a “clinically” normal complement of MesDA neurons at 

birth with selective and gradual loss commencing in adulthood. The SNc DA loss should 

consistently exceed 50% and preferentially affect vSNc DA neurons with relative sparing of 

dSNc DA neurons. Second, the model should have easily detectable motor deficits, 

including the cardinal features of PD, that can be reversed by L-DOPA. Third, the model 

should show development of α-synuclein-positive inclusion body pathology throughout 

the central, peripheral and enteric nervous systems. Fourth, if the model is genetic, it 

should be based on a single mutation to allow robust propagation of the mutation, as well 

as crossing with enhancer or suppressor strains. Fifth, it should have a relatively short 

disease course of a few months, allowing rapid and less costly screening of therapeutic 

agents. Thus far, this ideal mouse model does not exist; its development most probably 

awaits elucidation of the cause of sporadic PD. However, several of the currently available 

mouse models of DA deficiency recapitulate characteristics of PD.    

 

Toxin mouse models of dopamine deficiency 

The scientific interest in toxin models of PD is justified given the broad spectrum of natural 

and synthetic compounds in our environment that affect mitochondrial complex I. The 

degree of MesDA neuron loss in 6-OHDA- and rotenone-treated mice, however, is highly 

variable and unpredictable, and approximately 10% of the animals do not survive toxin 

treatment. For both models, it is therefore difficult to generate sufficient numbers of 

animals with comparable MesDA neuron losses in order to perform reproducible 

experiments with therapeutic agents. In rotenone-treated mice, it is unlikely that the 

reported locomotor deficit only results from DA depletion since reduced motor 

coordination and balance were observed in animals with normal levels of striatal DA.
268

 If 

one decides to use a toxin mouse model of PD, the MPTP-treated mouse might be a better 

choice. Several intraperitoneal, subcutaneous and even oral dosage regimens have been 

developed that consistently result in ≥50% loss of MesDA neurons,
42,244,282

 with SNc more 

affected than VTA.
77

 Whether vSNc is more affected than dSNc has not been analysed yet. 

Furthermore, this model exhibits dramatic DA loss in the striatum,
14,153,244,282

 and reduced 

locomotor activity.
14,42,153,244,282

 Interestingly, this model is one of the few in which (dose-

related) tremor has been reported.
153

 Literature on the presence of α-synuclein/ubiquitin 



 Midbrain pathology Striatal pathology Locomotor deficit and 

pharmacological treatment 

 

Link with Parkinson’s disease 

     

Parkinson’s disease Progressive >60-70% loss of vSNc 

DA neurons with relative sparing of 

dSNc CB+ DA neurons
76,175

  

 

Widespread presence of α-

synuclein/ ubiquitin-positive Lewy 

bodies
38,49

 

Progressive >80-98% loss of 

neostriatal DA,
35

 most prominently 

in rostral and dorsal Cd/Put
197

  

 

26-38% striatal  atrophy
123,227

  

 

D1: ↑
285 

or =
276

  

D2: ↑
149,276,294

  

D3: ↓
276,294

 or =
160 

DYN: =
319,334

   

ENK: ↓
106,335

  

MOR ↓
105

   

SP ↓ (Put)
106,286

  

Progressive rigidity, bradykinesia, 

postural instability, tremor +/-
270

  

 

L-DOPA reverses symptoms,
39

 but 

longterm treatment causes 

response fluctuations including 

dyskinesias
72

  

NA 

     

Toxin models     

     

6-OHDA 

Unilateral stereotactic injection of  3 

µg
231

 or 3.9-5.4 µg
165

 into median 

forebrain bundle (MFB), or 4 µg
11

 or 

6 µg
231

 into striatum 

Note: ±10% mortality (bilateral 

injections: ±35% mortality)
11

  

4-100%
165

 or >80%
11

  loss of SNc DA 

neurons  

65-85% (striatal versus MFB 

injection respectively)
231

 or >90%
11

 

loss of DA  

Correlation between SNc DA neuron 

loss and amphetamine-induced 

rotation, forelimb asymmetry 

(cylinder test
165

) and reduced motor 

coordination and balance (rotarod 

test
165

),
 

or temporary reduced 

motor coordination up to 28 ds 

after injection
11

  

L-DOPA reverses symptoms and 

longterm treatment causes 

dyskinesias
231

 

Pesticides and environmental toxins 

might inhibit mitochondrial complex 

I in a similar fashion
176

 

     

MPTP 

Two intraperitoneal doses of 10-30 

mg/kg at 16 h interval
153

,
 
8 sub-

47%
282

,  65%
42 

or 70%
244

 loss of SNc 

DA neurons 

Absence
312

 or presence
244

 of   α-

49% loss of DA after 4 mos
282

, MPTP 

dose-related 11, 17 and 67% loss of 

DA at 4 ds after injection
153

, 70% 

Reduced spontaneous locomotor 

activity (open-field monitor
14,282

), 

motor coordination (grid test
244

; 

Abuse of the synthetic pethidine 

derivate 1-methyl-4-phenyl-4-

propionoxypiperidine (MPPP) by 



cutaneous doses of 15 mg/kg over 

10 ds
42

, 10 subcutaneous doses of 

25 mg/kg over 5 wks at 3.5-day 

intervals
244

, 10 intraperitoneal 

doses of 30 mg/kg over 5 ds
14

, or 

daily oral dose of 20mg/kg for 4 

mos
282

 

synuclein/ubiquitin-positive 

inclusions in SN  

loss of DA at 10 ds after injections  

recovering to 55% loss after 40 ds
14

,  

90-93% loss of DA at 1 wk after 

injections recovering to 70-80% loss 

after 3-24 wks
244

 

stepping test
42

) and movement 

initiation
153

. MPTP dose-related 

tremor
153

 

L-DOPA reverses symptoms
42

 

young drug addicts caused an 

outbreak of persistent 

parkinsonism.
79

 Pesticides and 

environmental toxins might inhibit 

mitochondrial complex I in a similar 

fashion
176

 

     

Rotenone 

30 mg/kg orally for 28 ds
166

, or 5 

mg/kg intragastrically for 3 mos
268

 

Note: ±7% mortality
166

 

16%
268

 or 25-75%
166

 loss of SNc DA 

neurons 

Presence of α-synuclein/ubiquitin-

positive inclusions in SN
166,268

  

No
268

 or 25%
166

 loss loss of DA Reduced motor coordination and 

balance (rotarod test
166,268

) 

L-DOPA reverses symptoms (in rat)
5
 

Pesticides and environmental toxins 

might inhibit mitochondrial complex 

I in a similar fashion
176

 

     

Genetic models     

Familial PD genes     

     

Human α-Synuclein (=PARK1/4) 

overexpression: wildtype human α-

synuclein
238,257

, mutated human 

hm
2
 α-SYN

283
 or truncated mutated 

human α-synuclein Syn130m
360

    

Tendency toward
257

 or 25-45% loss 

of SNc DA neurons at 8 and 52 

wks
360

  

Presence of α-synuclein/ ubiquitin-

positive inclusions in SN
238,257,283

 

Tendency toward reduced DA 

levels
257

, age-related loss of DA: 

normal at 7-9 mos, 40% loss at 16-

18 mos
283

, 35-55% loss at 8 and 52 

wks
360

 , or 50-60% loss of TH 

innervation at 12 mos
238

  

Reduced spontaneous locomotor 

activity (open-field monitor
283,360

) 

and motor coordination and 

balance (rotarod test
238,257

; inverted 

wire screen hanging test
283

)  

L-DOPA reverses symptoms
360

 

Linked to familial autosomal 

dominant parkinsonism
205,279,380

 

     

Parkin  (=PARK2) overexpression: 

truncated mutated human Parkin-

Q311X
229

 

Age-related loss of SNc neurons: 

normal at 3 mos, 45% loss at 16 

mos 

Presence of α-synuclein/ubiquitin-

positive inclusions in SN  

Age-related 18% loss of DA at 19-21 

mos  

Reduced spontaneous locomotor 

activity (open field monitor), 

exploratory behaviour (transparent 

cylinder), motor coordination and 

balance (challenging beam), and 

somatosensory abilities (adhesive 

removal test) at 16-19 mos 

Linked to familial autosomal 

recessive juvenile parkinsonism
198

 

     

PINK1 (=PARK6) knockout 

 

No loss of SNc DA neurons
136,199

 

No α-synuclein/ ubiquitin-positive 

inclusions in SN
136

 

No
199

 or 25-30%
136

 loss of DA Age-related reduced  spontaneous 

locomotor activity: normal at 10 

mos, reduced at 16 mos (open-field 

monitor
136

) 

Linked to familial autosomal 

recessive early-onset par-

kinsonism
347,348

 and early-onset 

PD
46,346,349

 



Familial PD genes continued Midbrain pathology Striatal pathology Locomotor deficit and 

pharmacological treatment 

Link with Parkinson’s disease 

     

DJ-1 (=PARK7) knockout
140

 

 

No loss of SNc DA neurons 

No α-synuclein/ ubiquitin-positive 

inclusions in SN  

Normal DA innervation Reduced spontaneous locomotor 

activity (open-field monitor) 

Linked to familial autosomal 

recessive early-onset par-

kinsonism
45

 

     

LRRK2 (=PARK8) overexpression: 

human mutant LRRK2
R1441G

 BAC
223

 

No loss of SNc DA neurons  

Presence of phosphorylated tau-

positive neurites in dorsal striatum 

and piriform cortex 

33% reduced striatal DA release in 

freely moving mice 

Progressive age-related reduced 

spontaneous locomotor activity 

with visually apparent immobility at 

10-12 mos  (open-field monitor) 

L-DOPA reverses symptoms 

Linked to familial autosomal 

dominant  late-onset par-

kinsonism
267,387

 and PD
378

 

     

DA function genes     

     

TH knockout
385

 

Note: 100% mortality by 4 wks of 

age due to adipsia and aphagia 

No SNc DA neurons at birth  No DA innervation 

Striatal atrophy (% not mentioned) 

D2: = 

DYN: ↓ 

ENK: = 

SP: ↓ 

Reduced spontaneous locomotor 

activity (open-field monitor), 

reduced motor coordination and 

balance (rotarod test) 

L-DOPA reverses symptoms (and 

prolongs survival) 

Linked to L-DOPA responsive 

dystonia
259

 

     

VMAT2 low expressor 

 

No
71

 or progressive age-related loss 

of SNc DA neurons: 12% at 18 mos, 

26% at 24 mos
62

  

Presence of α-synuclein/ubiquitin-

positive inclusions in SN
62

 

>90% loss of DA
71

 or progressive 

age-related  loss of DA throughout 

striatum: 85% at 2 mos, 95% at 6 

mos, 98% at 12 mos
62

  

D1: = 

D2: = 

DYN: ↓ 

ENK: ↑ 

SP: ↓
70

  

Progressive age-related reduced 

spontaneous locomotor activity  

(open-field monitor
62

), reduced 

exploratory behaviour (open-field 

monitor
71

) and motor coordination 

and balance (rotarod test
71

) 

L-DOPA reverses symptoms
62,71

  

Lack of association between 

polymorphic microsatellites of 

VMAT2 gene and PD
185

, but VMAT2 

levels are  reduced in presynaptic 

dopaminergic nerve terminals in PD 

patients beyond what could be 

explained by MesDA neuron loss
221

, 

gain-of-function in VMAT2 gene 

promotor is protective for PD in 

women
137

 and VMAT2 levels are 

reduced in platelets from PD 

patients
299

   

     



Developmental genes     

     

ATM knockout Progressive age-related loss of SNc 

DA neurons: 25% at 2 mos, 75% at 4 

mos
95,96

  

Presence of α-synuclein-positive 

inclusions in SN
96

 

49% loss of DA throughout striatum 

at 4 mos
95

 

20% striatal  atrophy
95

 

D2: ↑
95 

ENK: ↓
96

 

SP: ↓
96

 

Normal spontaneous locomotor 

activity (open-field monitor
95

), 

asymmetric stride length
24,95

 

L-DOPA reverses stride length 

asymmetry
95

 

Linked to ataxia-telangiectasia
302

 

     

En1 heterozygote/ En2 double 

knockout
311

 

 

Progressive age-related loss of SNc 

DA neurons: 16% at 2 wks, 69% 

at >3 mos  

39% loss of DA throughout striatum.  

D2: ↓ 

DYN: ↓ 

SP: ↓  

Reduced spontaneous locomotor 

activity at 18 mos (open-field 

monitor), reduced motor 

coordination at 8 mos (grid/hang 

test)  

EN1 polymorphism is associated 

with increased susceptibility to 

PD
155

 

     

Girk2 knockout/weaver Progressieve age-related loss of SNc 

DA neurons: normal at 1 wk
289

, 42% 

at 3 wks, 69% at 3 mos
341

 and 85% 

at 2 yrs
134

, most prominently in 

vSNc
142

 with relative sparing of CB+ 

dSNc DA neurons
119

  

Progressieve age-related loss of DA: 

0% at 1 wk, 18% at 2 wks, 50% at 3 

wks, 75% at 6 mos
290,304

, most 

prominently in dorsal striatum
288

. 

D2: ↑
188

 

Increased (circular activity cage
304

) 

or decreased (open-field monitor
342

) 

spontaneous lcomotor activity, 

reduced exploratory behaviour 

(hole-poking test
206

), reduced motor 

coordination and balance (wooden 

beam and grid test
206

; balance rod 

test
342

). Fine rapid tremor
313

 and 

swaying movements/toppling
206,342

  

Not linked to familial or sporadic 

PD
21

 

   Intrastriatal grafting of fetal DA cells 

ameliorates symptoms
342

 

 

     

Nurr1 heterozygote knockout
178

 Progressive age-related loss of SNc 

DA neurons: 28% at 15-19 mos, 37% 

at 20-24 mos  

Progressive age-related loss of DA: 

32% at 15-19 mos, 42% at 20-24 

mos  

Increased spontaneous locomotor 

activity at 2-10 mos, progressive 

age-related reduced spontaneous 

locomotor activity at >15 mos 

(open-field monitor) and motor 

coordination and balance (rotarod 

test) 

NURR1 polymorphisms are 

associated with increased 

susceptibility to PD
174,219

 

     



Developmental genes continued Midbrain pathology Striatal pathology Locomotor deficit and 

pharmacological treatment 

Link with Parkinson’s disease 

     

Pitx3-deficiency/aphakia 

 

65-70% developmental loss of SNc 

DA neurons
161,258,321,351

, most 

prominently in vSNc with relative 

sparing of CB+ dSNc DA 

neurons
296,351

 

80% - >90%
161,258,351

 loss of DA, most 

prominently in dorsal 

striatum
30,351,352

  

20% striatal  atrophy
352

  

D1: ↓
317,323 

or =
350 

D2: =
317,323 

or ↑
350 

D3: ↓
317,350 

DYN: =
88,350 

or ↓
323

  

ENK: =
88,323

 or ↑
317.350 

MOR: ↓
352 

SP: ↓
323 

or =
317

  

Reduced spontaneous locomotor 

activity (open-field monitor
321,350,351

; 

challenging beam and pole test
162

), 

reduced exploratory behaviour 

(transparent cylinder test
162

), 

reduced motor coordination and 

balance (rotarod test
317

).  

L-DOPA reverses symptoms
162,350

 

and longterm treatment causes 

dyskinesias and increased DYN and 

ENK levels
88

 

PITX3 polymorphisms are 

associated with increased 

susceptibility to PD
34,115,155,218,377

 

Conditional knock-out     

     

MitoPark (DAT-promoter directed 

knockout of TFAM) 

Note: mice are to be sacrified at 40-

45 wks of age because of poor 

general condition
97,117 

 

Progressive age-related loss of SN 

TH-expressing neurons: 40% at 3 

mos, 60% at 5 mos, 90% at 11 mos
97

  

Presence of α-synuclein negative 

inclusions in SN
97

 

Progressive age-related loss of DA: 

15% at 6 wks, 60% at 3 mos, 85% at 

6 mos, >90% at 8 mos,
117

 most 

prominently in dorsal striatum
97

  

 

Progressive age-related reduced 

spontaneous locomotor activity and 

exploratory behaviour (open-field 

monitor
97,117

), progressive tremor, 

twitching and limb rigidity
97

  

L-DOPA reverses symptoms
97.117

 

TFAM polymorphisms seem not to 

be associated with increased 

susceptibility to PD
10,121

 

     

 

ATM: ataxia telangiectasia mutated, BAC: bacterial artificial chromosome,  CB: calbindin D28K, d: day, ds: days, DA: dopamine, DAT: dopamine transporter, D1/2/3: dopamine receptor 1/2/3, DYN: 

dynorphin, dSNc: dorsal tier of substantia nigra pars compacta, En1/2: engrailed 1/2, ENK: enkephalin, Girk2: G-protein regulated inward-rectifier potassium channel, h: hours, L-DOPA: 3,4-

dihydroxyphenylalanine, LRRK2: leucine-rich repeat kinase 2, MFB: medial forebrain bundle, mos: months, MOR: µ-opioid receptor, MPTP: 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine, NA: not 

applicable, Nurr1: nuclear receptor related 1,  6-OHDA: 6-hydroxydopamine, PD: Parkinson’s disease, PINK1: PTEN-induced putative kinase 1, Pitx3: pituitary homeobox 3, SP: substance P, TFAM: 

mitochondrial transcription factor A , TH: tyrosine hydroxylase, SN: substantia nigra, SNc: substantia nigra pars compacta, VMAT2: vesicular monoamine transporter 2, vSNc: ventral tier of substantia 

nigra pars compacta, wk: week, wks: weeks, yrs: years. 
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inclusions in the SN is ambiguous.
244,312

 A disadvantage of the MPTP model for 

experimental design is the partial recovery of striatal DA loss in the weeks following 

treatment.
14,244

 

 

Genetic mouse models of dopamine deficiency 

Familial PD genes 

None of the ‘first generation’ genetic mouse models based on knockouts of the mouse  

homologue or overexpression of the human homologues of familial PD-linked genes 

recapitulated the key symptoms of PD, such as loss of SNc neurons. Only subtle effects 

were noted, like a small decrease in DAT binding, slightly reduced DA levels in the striatum, 

abnormal response to DA agonists and small decreases in spontaneous locomotor 

activity.
111

 However, the recently generated mouse models that overexpress truncated 

mutated variants of human α-synuclein Syn130m and human Parkin-Q311X exhibit up to 

45% loss of SNc DA neurons.
229,360

 Whether vSNc is more affected than dSNc remains to be 

determined, and VTA DA neuron numbers were reported to be normal.
360

 Parkin-Q311X 

mice have a normal complement of SNc neurons up to the age of 3 months with 45% loss 

at 16 months,
229

 whereas Syn130m mice already exhibit a 25-45% loss at the age of 8 

weeks that remains unchanged up to 52 weeks.
360

 Thus, Parkin-Q311X mice better model 

the progressive age-related SNc neuron loss as observed in PD, albeit milder than in PD 

patients. Parkin-Q311X mice also have α-synuclein/ubiquitin-positive inclusions in the 

SNc.
229

 A disadvantage, however,  is their long disease course that does not allow rapid 

analysis. Both models exhibit significantly reduced striatal DA levels and reduced 

locomotor activity,
229,360

 although the 50-60% reduction of striatal DA in Syn130m mice
360

 

better models the 80-98% parkinsonian reduction
35

 than the 18% reduction in Parkin-

Q311X mice.
229

  

 

Dopamine function genes 

MesDA precursor cells in TH knockout mice never become dopaminergic and the animals 

do not survive beyond four weeks of age.
385

 DAT knockout mice have several 

characteristics of parkinsonian DA deficiency: one year old animals have 20% less DA 

neurons in SNc and VTA
169

 (with normal SNc DA neuron numbers in 18-24 week old 

animals
103

), and 2-4 month old animals have a >95% decrease in intracellular striatal DA.
180

 

However, extracellular striatal DA levels are five times higher,
180

 DA synthesis is 

doubled,
180

 and the animals show spontaneous hyperactivity.
135

 DAT knockout mice thus 

exhibit a hyperdopaminergic phenotype. DA receptor knockout mice do not model 

parkinsonian DA deficiency either: D1 knockout mice are hyperactive,
186,373

 whereas D2 

knockout mice have normal striatal DA content,
192

 normal extracellular striatal DA levels,
86

 

and no significant locomotor deficit except for decreased initiation of movement.
192
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VMAT2 knockout mice only survive for one to three days after birth,
363

 but VMAT2 low 

expressor mice survive into adulthood and exhibit characteristic parkinsonian-like features: 

striatal DA levels are reduced by ≥85% and the animals have reduced locomotor activity 

that can be reversed by L-DOPA.
62,71

 The 22% loss of SNc DA neurons at 24 months of age 

as reported by Colebrooke et al. did not reach statistical significance,
71

 but Caudle et al. 

reported a progressive age-related significant loss of 12% at 18 months and 24% at 24 

months of age.
62

 The latter authors also reported α-synuclein/ubiquitin-positive inclusions 

in the SN. VMAT2 low expressor mice thus model parkinsonian DA deficiency quite 

faithfully, although MesDA neuron losses are discrete and develop after a long disease 

course. Whether dSNc DA neurons are relatively spared has not been analysed yet. PD 

patients have reduced VMAT2 levels in presynaptic dopaminergic nerve terminals and 

platelets,
221,299

 and gain-of-function of the VMAT2 gene is protective for PD in women.
137

 It 

is tempting to hypothesize that reduced VMAT2 activity, causing less sequestration of DA 

and other monoamines into synaptic vesicles and thereby more DA-induced oxidative 

stress, might be a pathogenic feature of PD.     

   

Developmental genes 

Several mouse knockouts of genes involved in the development, differentiation and 

maintenance of MesDA neurons recapitulate important features of PD. Progressive age-

related SNc DA neuron loss and reduced striatal DA levels were reported for ATM 

knockout,
95,96

 En1 heterozygote/En2 double knockout,
311

 Girk2 knockout/weaver,
290,304,341

 

and Nurr1 heterozygote knockout mice.
178

 Except for the Nurr1 model, MesDA neuron 

loss in these mice exceeds 50% and occurs after a relatively short disease course of 3-4 

months. In ak mice, the 71% SNc DA neuron loss occurs during embryonic/fetal 

development.
161,258321,351

 Preferential DA neuron loss of vSNc with relative sparing of dSNc 

DA neurons was reported for both Girk2 knockout/weaver
119

 and ak mice.
296,351

 The 

relevance of these five models for human PD varies. Although ATM knockout mice 

recapitulate amost all PD features including α-synuclein-positive inclusions,
96

 the human 

gene is linked to ataxia telangiectasia (AT),
302

 a disease that mainly affects the cerebellum 

and immune system.
43

 Neuropathologic changes in the SN (including cell loss and the 

presence of Lewy bodies) have been reported in two AT patient,
2,81

 but otherwise no link 

to PD has been reported. Beside their parkinsonian features, Girk2 knockout/weaver mice 

have an important cerebellar phenotype, with loss of external granular layer neurons and 

Purkinje cells.
313

 No GIRK2 mutations were found in 50 patients with familial and sporadic 

PD.
21

 En1, En2, Nurr1 and Pitx3 are expressed in MesDA neurons from early 

embryogenesis until adulthood,
78,322,382

 and targeted deletion causes severe early 

developmental MesDA neuron loss.
161,258,315,321,351,381

 Polymorphisms in EN1,
155

 

NURR1,
174,219

 and PITX3
34,115,155,218

 are all associated with an increased susceptibility to PD. 
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One could thus hypothesize that individuals with mutations in these early developmental 

genes start their lives with less, or more vulnerable MesDA neurons and therefore carry a 

higher risk to develop PD later in life.         

  

Conditional knock-out 

Disrupting genes under the control of tissue-specific gene promotors using the Cre-loxP 

site recombination system is an excellent, although expensive tool to study the function of 

a gene of interest during development, differentiation and maintenance of tissues.
254

 Cre 

recombinase binds to loxP target sequences on a chromosome and either deletes or 

inverts the intervening DNA depending on the individual orientation of the loxP sites.
254

 

DAT-Cre knockin mice have successfully been shown to direct Cre expression to MesDA 

neurons.
386

 The generation of DAT-Cre mitochondrial transcription factor A (TFAM) mice 

(also called MitoPark mice) illustrated the essential role of TFAM in MesDA neuron 

maintenance: MitoPark mice develop cardinal PD features like progressive age-related SNc 

DA neuron loss, reduced striatal DA levels and reduced locomotor activity.
97,117

 However, 

SN inclusions did not contain α-synuclein,
97

 and TFAM polymorphisms have thus far not 

been associated with increased susceptibility to PD.
10,121

    

 

What is currently the best mouse model of parkinsonian dopamine deficiency?  

Since the cause of sporadic PD remains to be elucidated, all currently available DA 

deficient mice have weaknesses in modelling the different aspects of this complex human 

disease. In fact, the currently available best model to study parkinsonian midbrain 

pathology is different from the best model to study parkinsonian striatal pathology, or to 

study parkinsonian locomotor deficits. 

 

Parkinsonian midbrain pathology 

To study the cellular mechanisms that occur during MesDA neuron loss, one needs a 

mouse model with a normal complement of MesDA neurons at birth and subsequent 

progressive age-related cell death. The time-window in which cell death can be studied 

ranges from weeks in MPTP/rotenone-treated
166,244

 and En1 heterozygote/En2 double 

knockout
311

, months in ATM knockout
95,96

 and MitoPark
97

 mice, to a year or more in 

Parkin-Q311X
229

, VMAT2 low expressor
62

, Girk2 knockout/weaver
134,341

 and Nurr1 

heterozygote knockout
178

 mice. To characterize gene- and protein-expression profiles of 

MesDA neurons that are least affected by the parkinsonian cell loss, i.e. the dSNc 

subpopulation, Girk2 knockout/weaver
119

 and ak
296,351

 mice are valuable models.  

 

Parkinsonian striatal pathology 
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Since SNc DA neurons project to the dorsal striatum,
41

 PD patients typically have the most 

severe DA loss in the dorsal and intermediate subterritories of the Cd/Put, with relative 

sparing of the ventral subterritories.
35,69,197

 Thus far, such pattern of striatal DA loss has 

only been reported in Girk2 knockout/weaver
288

 and ak
30,352 

 mice, i.e. mice that also 

model the selective pattern of parkinsonian vSNc DA neuron loss most akin. Parkinsonian-

like striatal atrophy
123,227

 was reported in ATM knockout
95

 and ak
351

 mice. Literature on 

expression levels of striatal DA receptors and neuropeptides in PD patients reported 

increased D2 receptor
149,276,294

, normal DYN
334

 and reduced ENK
106,335

, MOR
105

 and SP
106,286

 

levels, but disagrees on expression levels of D1
276,285

 and D3
160,276,294

 receptors. Reports on 

expression levels of striatal DA receptors and neuropeptides in mouse models of DA 

deficiency are limited, and those available do only mention few DA 

receptors/neuropeptides (ATM knockout
95,96

, En1 heterozygote/En2 double knockout
311

, 

Girk2 knockout/weaver
188

), disagree on expression levels (ak
88,317,323,350,351

), or mention 

expression levels that do not model the levels as observed in PD patients (TH knockout
385

, 

VMAT2 low expressor
70

). 

 

Parkinsonian locomotor deficits 

The open-field monitor and rotarod test have been used in almost all mouse models of DA 

deficiency to measure reduced locomotor activity and reversal of symptoms following L-

DOPA administration. However, tasks with specific sensitivity to nigrostriatal dysfunction 

might be better to measure parkinsonian-like bradykinesia and postural instability. Several 

nigrostriatal pathway-sensitive tests, such as analysis of spontaneous exploratory activity 

in a transparent cylinder and analysis of sensorimotor coordination on the challenging 

beam and pole have been shown to provide sensitive measurements of altered function of 

the nigrostriatal DA system in mice.
110,112,139,260

 Among the mouse models discussed here, 

locomotor deficits on nigrostriatal pathway-sensitive tests have only been studied in 

MPTP-treated
260

 and ak
162

 mice. 

 

Conclusion 

 

The ideal mouse model of sporadic PD remains to be developed, but many of the currently 

available mouse models of DA deficiency recapitulate cardinal PD characteristics. Which 

model is the best depends on the specific focus of research one performs. ATM 

knockout
95,96

, En1 heterozygote/En2 double knockout
311

, Girk2 knockout/weaver
134,341

, 

MitoPark
97

, MPTP/rotenone-treated
166,244

, Nurr1 heterozygote knockout
178

, Parkin-

Q311X
229

 and VMAT2 low expressor
62

 mice all exhibit progressive age-related 26-85% SNc 

DA neurons loss during adult life and are therefore good models to study the underlying 

cellular mechanisms. The parkinsonian pattern of SNc DA neuron loss and striatal DA loss 



Mouse models of DA deficiency 

103  

are best modelled in Girk2 knockout/weaver
119,288

 and ak
30,296,351,352

 mice. The locomotor 

deficits of ak mice have also been characterized best, with the nigrostriatal pathway-

sensitive transparent cylinder test for spontaneous exploratory activity and the 

challenging beam and pole test for sensorimotor coordination.
162

  




