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Abstract 

 

Preferential neurodegeneration of dopaminergic neurons in the ventral tier of the 

substantia nigra is a hallmark of Parkinson’s disease (PD). The homeobox transcription 

factor Pitx3 is similarly and selectively expressed in the same neurons. Pitx3 deficiency in a 

natural mouse mutant, the aphakia (ak) mouse, was correlated with the loss of these 

neurons and with a deficit in locomotor activity. We now report that the locomotor deficit 

of ak mice is established by 40 days of age and that it can be rescued by injection of 3,4-

dihydroxyphenylalanine (L-DOPA). We further show that downstream striatal correlates of 

midbrain neuronal losses in ak mice, as assessed by expression-levels of dopamine 

receptors, enkephalin, dynorphin and neurotensin, and dopamine transporter binding are 

highly similar to neuroadaptive phenomena as observed with rapid neurodegeneration 

induced by neurotoxin administration in adult animals, or following slowly progressive 

neurodegenerative processes as seen in PD patients. Taken collectively, these data 

support the idea that ak mice represent a selective model of midbrain dopaminergic 

deficiency that closely ressembles the neuropathology associated with PD, and suggest ak 

mice are a good model to assess therapies for PD as well as to understand susceptibility of 

these neurons to neurodegeneration. 
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Introduction 

 

Mesencephalic dopaminergic (MesDA) neurons play a critical role in the control of 

locomotor activity as revealed in Parkinson’s disease (PD), which is associated with 

neurodegeneration of these neurons.
175

 The severity of symptoms associated with PD has 

been correlated with progressive cell death of MesDA neurons, particularly in the 

substantia nigra (SN). Severe PD is associated with an almost complete loss of ventral tier 

dopamine (DA) neurons of SN pars compacta (vSNc) and with relative sparing of dorsal tier 

DA neurons (dSNc).
76,197,375

 While relatively rare forms of inherited PD have been 

associated with mutations in α-synuclein and Parkin genes,
198,279

 the pathogenesis of the 

vast majority of PD remains poorly understood. 

 

The particular sensitivity of vSNc DA neurons to degeneration is likely reflective of a 

different developmental origin and, consequently, of a unique genetic program for these 

neurons compared to other DA neurons. While the Nurr1 orphan nuclear receptor has 

been associated with development of MesDA neurons,
381

 its distribution is much wider 

than the pattern of neuronal loss in PD.
382

 We have identified the homeobox transcription 

factor Pitx3 for its unique expression in MesDA neurons.
322

 Pitx3 is also expressed in the 

eye lens,
310

 and a spontaneous mouse mutant of this gene, the aphakia (ak) mouse, was 

identified on the basis of its ocular dysgenesis.
308,310

 Also, rare forms of familial cataracts 

and anterior segment mesenchymal dysgenesis (ASMD) were associated with mutations in 

the human PITX3 gene.
36,307

 In the midbrain, the gene for tyrosine hydroxylase (TH), which 

is a marker of DA neurons, appears to be a target of Pitx3.
220

  

 

We have previously shown that ak mice constitute a loss-of-function mutation for 

midbrain expression of Pitx3.
351

 The major defect of these hypomorphic mutant mice 

seems to be at the level of MesDA neuron survival. At post-natal day (P) 100, ak mice are 

characterized by an almost complete loss of vSNc DA neurons and a loss of about 50% of 

ventral tegmental area (VTA) DA neurons. SNc cell loss is complete by birth whereas there 

is no detectable cell loss in VTA before at least six weeks post-natally.
258,351

 The loss of 

these cells appears in part due to apoptosis and the pattern of cell loss closely resembles 

the distribution of Pitx3 expression in MesDA neurons.
351

 It is striking that this pattern also 

corresponds to the neuropathology of human PD.
175

 In P100 ak mice, midbrain neuronal 

losses are associated with 93% DA-level reduction in the SNc projection area, the dorsal 

striatum, and 69% DA-level reduction in the VTA projection area, the ventral striatum.
351

 

Ak mice fail to initiate spontaneous locomotor activity at night when normal rodents do,
351

 

and show motor deficits in several nigrostriatal pathway-sensitive behavioural tests.
162
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In the present work, we have assessed the onset of the locomotor deficit and found it was 

present at the time when only SNc but not VTA is affected by neuronal cell losses. The 

effects of MesDA deficiencies on downstream structures, such as the striatum, and their 

pattern of gene expression were investigated by in situ hybridization and the functional 

integrity of those downstream structures was assessed by rescue experiments with 3,4-

dihydroxyphenylalanine (L-DOPA). As in other PD models, ak mice have reduced DA D3 

receptor mRNA levels and normal DA D1 receptor mRNA levels in the striatum, together 

with a selective increase in DA D2 receptor mRNA in the dorsolateral striatum (StDL). 

Similarly, they exhibit increased enkephalin (ENK) mRNA levels and normal dynorphin 

(DYN) mRNA levels, with a strong increase in neurotensin (NT) mRNA levels in the 

ventrolateral (StVL) and dorsomedial (StDM) portions of the striatum. L-DOPA was found 

to elicit a locomotor response in ak mice and this response was correlated with 

biochemical changes such as expression of the immediate early response gene Nur77 (also 

known as Nerve-Growth Factor Inducible B, NGFI-B). Collectively, these data support the 

idea that ak mice are a faithful model of PD as it exhibits the cell specificity of 

neurodegeneration observed in the human pathology, highly similar neuroadaptive 

phenomena at the level of the striatum and a locomotor deficit that is rescued by L-DOPA. 

 

Materials and Methods 

 

Animals and locomotor activity 

Ak mice were described previously.
351

 They were maintained in the C57Bl/6 background in 

a barrier pathogen-free facility with 12 hours (h) light-dark cycle (lights on at 6 a.m.) and 

water and food freely available. For locomotor activity measurements, mice were housed 

singly in 10 x 18 x 8 inch cages with water and food freely available for 24 h before 

experimentation. At the start of a locomotor activity measurement session, mice were 

placed together with their cage in the OptoVarimex enclosure (Columbus Instruments). 

Thus, animals were maintained in their normal cage environment. For spontaneous 

ambulatory activity measurements, P40 ak and C57Bl/6 wild-type (wt) mice were 

monitored for a complete 24 h light cycle. For the L-DOPA dose-response experiments, 

methyl L-DOPA hydrochloride (Sigma) was dissolved in 0.9% NaCl together with 

benserazide (Sigma) at a weight ration of 4:1. L-DOPA doses ranged from 3-100 mg/kg. L-

DOPA or vehicle (0.9% NaCl) were administered as a 0.3 ml intraperitoneal (ip) injection. 

P100-200 ak mice were tested twice on consecutive days, once being injected with L-

DOPA on the first day and vehicle on the following day and the second time in reverse 

order. Ambulatory activity was measured until 6 h post-injection. For marker studies, mice 

were sacrificed 3 h post-injection. 
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Autoradiography 

For determination of DA D2 receptor binding site density, a buffer containing 50 mM Tris-

HCl, 120 mM NaCl, 5 mM KCl, 1 mM CaCl2, 1 mM MgCl2 and 5,7 mM ascorbic acid (pH 7.4) 

was used with 0.2 nM [
125

I]iodosulpride (specific activity: 2200 Ci/mmol, Dupont NEN
TM

, 

Guelph CA).
237

 One µM (+)-eticlopride (RBI, Natick, MA) was used to determine non-

specific binding. Slides were exposed against BiomaxMR sensitive films (Kodak, New 

Haven, USA) for 2 days. Quantification of autoradiograms was performed using 

computerized analysis (ImageJ software, Wayne Rasband, NIH), as previously described.
99

 

Optical gray densities were transformed into µCi/mg of tissue equivalent using standard 

curves generated with [
125

I]-microscales (Amersham, Oakville, CA). For DA D3 receptors, 

binding of [
125

I]7-hydroxy-PIPAT, (specific activity: 2200 Ci/mmol, Amersham, Oakville, CA) 

was performed as previously described.
55,222

 In brief, slides were dried and then pre-

incubated three times for 5 min each at room temperature in 50 mM 4-(2-hydroxyethyl)-

1-piperazineethanesulfonic acid buffer (HEPES) (pH 7.5) containing 1 mM 

ethylenediaminotetra-acetic acid (EDTA) and 0.1% bovine serum albumin (BSA). Sections 

were air-dried and then re-incubated in the same buffer containing 0.2 nM [
125

I]7-hydroxy-

PIPAT for 90 min at 22°C. One µM DA was added to the above incubation buffer with 

some adjacent sections to estimate non-specific binding. Slides were then rinsed three 

times in ice-cold HEPES buffer containing 100 mM NaCl. After brief dipping into ice-cold 

distilled water, slides were dried and apposed to BiomaxMR films (Kodak, New Haven, CT) 

for 3 days. For autoradiography of DA transporter (DAT), we performed [
125

I]RTI-121 

binding (20 pM).
44

 Specific binding was obtained by subtraction of non-specific binding 

obtained in presence of 5 µM mazindol. Incubation buffer was composed of Na2HPO4 10 

mM, KH2PO4 1.8 mM, NaCl 137 mM and KCl 2 mM, pH 7.5. Slides were pre-incubated in 

phosphate buffer for 30 min. Buffer containing ligand was placed on slides and incubated 

for 1 h at room temperature. Then, slides were rinsed in the same buffer at 4°C, two times 

for 20 min. Finally, slides were immersed for 5 seconds in water to remove salts. After 

drying, slides were exposed against Kodak film for 40 h. 

 

In situ hybridization procedures 

Cryostat coronal brain sections (12 µm) were mounted onto Snowcoat X-tra
TM 

slides 

(Surgipath, Winnipeg, CA) and stored at -80° Celsius (C) until used. Brain sections were 

fixed in 4% paraformaldehyde at 4°C for 20 min. Specific [
35

S]UTP-radiolabeled 

complementary RNA (cRNA) probes were used. The Nur77 (NGFI-B), preproenkephalin, 

prodynorphin and neurotensin/neuromedin N precursor probe preparations have been 

described in detail elsewhere.
27,99

 Single-stranded riboprobes cRNA were synthesized and 

labeled using Promega riboprobe kit (Promega, Madison, WI) with appropriate RNA 

polymerase (T3 or T7) and [
35

S]-UTP (8X10
6
 cpm, Perkin Elmer Inc., CA). In situ 
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hybridization of riboprobes with tissue sections was done at 55-58°C, overnight, in 

standard hybridization buffer containing 50% formamide (Beaudry et al. 2000). Tissue 

sections were then apposed against BiomaxMR (Kodak, New Haven, USA) radioactive 

sensitive films for 2 to 10 days. Quantification of autoradiograms was performed using 

computerized analysis (ImageJ software, Wayne Rasband, NIH). Optical gray densities 

were transformed into µCi/g tissue equivalent using standard curves generated with 
14

C-

microscales (Amersham, Oakville, CA). Brain areas investigated included lateral (StL), 

medial (StM), dorsolateral (StDL), dorsomedial (StDM), ventrolateral (StVL) and 

ventromedial (StVM) portions of the striatum, shell (AcSh) and core (AcC) of the nucleus 

accumbens, medial prefrontal (mPFC), cingulated (CC) and somatosensory (SSP) cortices, 

hippocampus, SN and VTA. 

 

Statistical analysis 

Data were compared using analysis of variance (one-way ANOVA), followed by Fisher’s 

protected least significant difference (PLSD) post hoc test. 

 

Results 

 

Locomotor phenotype correlates with SN cell loss 

SN cell loss in the ak mouse is complete by birth whereas there is no detectable cell loss in 

VTA before at least six weeks post-natally.
258,351

 In addition, at this early age ak mice were 

shown to have both normal DA levels in the ventral striatum and normal retrograde 

labelling of VTA neurons projecting to the striatum.
161,258

 Thus, at this early age 

mesolimbic DA projections do not seem to be affected in ak mice. In order to assess 

whether locomotor deficits of ak mice correlate with SN or VTA cell loss, we assessed 

spontaneous locomotor activity in young ak mice at the time when VTA cell loss is not 

significant. Earliest age at which we could perform these studies was P40: these young ak 

mice show similarly reduced spontaneous locomotor activity at nighttime (Fig. 1) as P100 

ak mice.
351

 These data strongly correlate the loss of spontaneous locomotor activity with 

neuronal cell loss in SN rather than in VTA. It is interesting to note that the initial 

ambulatory reaction of mice to a novel environment (observed in the first hour of 

measurement) was greater in young C57Bl/6 control mice than in ak mice (Fig. 1). In 

contrast, the opposite was observed in P100 ak compared to C57Bl/6 mice.
351

 

 

Rescue of locomotor deficit by L-DOPA 

Since ak mice lose most of their vSNc DA neurons during fetal stages (between embryonic 

day (E) 12 and birth), it is possible that development of downstream structures involved in 

locomotor activity is altered in a permanent manner during this developmental phase.  
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p ≤ 0.05

 
 

Figure 1. Locomotor deficit in young aphakia (ak) mice at post-natal day (P) 40. Ak and age-matched C57Bl/6 

wild-type (wt) mice were assessed for spontaneous ambulatory activity for a complete 24 hours (h) light-dark 

cycle. Distance (cm) covered during each 1-h period is shown for ak and wt. Data are represented as means ± 

standard error of the mean (SEM) for the indicated number of animals. 

 

In order to assess this, we attempted chemical rescue of locomotor activity using the DA 

precursor L-DOPA, following the same rationale as for the use of this substance in the 

treatment of PD. For this experiment, a single dose of L-DOPA was injected ip at 10 a.m. in 

ak mice; control ak mice were injected with vehicle alone. Similar results were obtained 

when L-DOPA was injected at 5 p.m. (data not shown). Increasing doses of L-DOPA 

resulted in stimulation of spontaneous locomotor activity, with larger doses having more 

prolonged effects (Fig. 2). Longer effects observed at 50 and 100 mg/kg (Fig. 2E,F) is 

probably due to the time required to clear L-DOPA. In order to assess dose-responsiveness 

of locomotor activity relative to L-DOPA injected, initial peak ambulatory activity was 

plotted relative to L-DOPA dose (Fig. 3). This indicated a dose-related response that 

reached a plateau at a dose of 25 mg/kg, with higher dosages having more prolonged but 

no greater effect. These data clearly show that ak mice are not markedly impaired in their 

ability to respond to DA stimulation despite loss of nigrostriatal DA projections. 
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Figure 2. Rescue of locomotor activity in ak mice following L-DOPA injection. Increasing doses of L-DOPA were 

injected intraperitoneally (ip) in ak mice as indicated. Each mouse served as its own control, being injected with 

L-DOPA on the first day and with vehicle the following day. The order of injection did not change the results. 

Spontaneous ambulatory activity was recorded as in Figure 1. Data are represented as means ± SEM for the 

indicated number of animals. 

 

Biochemical correlates of L-DOPA rescue 

The orphan nuclear receptor Nur77 (NGFI-B) is expressed predominantly in the dorsal 

striatum in normal mice or rats, but experimental models of PD such as produced by 

injection of 6-hydroxydopamine (6-OHDA), result in strong stimulation of Nur77 

expression throughout the striatum.
328

 We therefore compared expression of this gene in 

wt, ak and ak plus L-DOPA mice. We found that ak mice exhibited a selective increase of 

Nur77 expression in ventral portions of the striatum (Fig. 4a indicated by arrows and 4b). 

Interestingly, injection of a single dose of 50 mg/kg of L-DOPA in ak mice reversed this 

change (3 h post-injection) of Nur77 gene expression, such that ventral expression of 

Nur77 in L-DOPA-treated ak mice became indistinguishable from wt mice (Fig. 4B). 
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Figure 3. Dose–response for L-DOPA induction of spontaneous locomotor activity in ak mice. For each L-DOPA 

dosage shown in Fig. 2, peak spontaneous ambulatory activity in cm/h is plotted relative to the dose of L-DOPA. 

Data are represented as means ± SEM. 

 

 
Figure 4. Modulation of Nur77 mRNA levels correlated with L-DOPA rescue in ak mice. (A) Representative 

autoradiograms revealing Nur77 mRNA in situ hybridization signals obtained with specific [
35

S]UTP-labelled 

riboprobes in wt, ak and ak plus L-DOPA (3 h post-injection of 50 mg/kg) mice. Arrows indicate ventral portions 

of striatum, where stronger modulations of Nur77 mRNA levels are observed. (B) Quantification of Nur77 mRNA 

levels in various portions of caudal striatum. Data are represented as means ± SEM (n=8; *p<0.05, ***p<0.001 

compared to wt mice). (C) Schematic illustration of striatal subdivisions areas used for quantification. StDL, 

dorsolateral portion of striatum; StDM, dorsomedial portion of striatum; StVL, ventrolateral portion of striatum 

and StVM, ventromedial portion of striatum. 
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On the other hand, L-DOPA treatment in ak mice reduced Nur77 expression in dorsal 

striatum (Fig. 4B). In many tissues, transcription of the Nur77 gene behaves like an 

immediate early response gene and changes observed in ak mice after a single injection of 

L-DOPA are consistent with such pattern of gene expression. These striatal changes in 

Nur77 expression provide a clear biochemical correlate for rescue of ak locomotor activity 

by L-DOPA, suggesting that striatal structures are not irreversibly affected in ak mice. 

Nur77 mRNA levels are also increased in the nucleus accumbens shell and core of ak mice, 

and acute administration of L-DOPA normalized Nur77 levels in these brain structures 

(Table 1). No significant modulation of Nur77 was observed in prefrontal and cingulate 

cortices or in CA1 and CA3 regions of the hippocampus of ak mice (Table 1). However, 

similar Nur77 modulation as observed in ventral striatum was observed in the 

somatosensory cortex and dentate gyrus (Table 1). Acute L-DOPA treatment, as used 

herein (50 mg/kg), did not modulate Nur77 expression in striatum of normal rats.
328
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Functional alterations in aphakia mice 

Dopamine receptors 

The loss of MesDA innervation of the striatum has been associated with various changes in 

gene expression in striatum and other structures. Studies from experimental PD models, 

as well as postmortem evaluation of parkinsonian brains, indicated that adaptive 

processes are induced in response to striatal denervation. The most consistent changes in 

postsynaptic striatal components include modulation of DA D2/D3 receptor levels, as well 

as neuropeptide genes expression.
58,128,222,294,327

 Denervation, as produced following 6-

OHDA injection in rats, induces reduction of DA D3 receptors that is accompanied by a 

selective increase of DA D2 receptors in lateral portions of the striatum.
47,147,222,251

 Ak mice 

exhibit a similar increase of DA D2 receptor binding capacity in the lateral portion of the 

striatum, whereas no change is observed in the medial portion (Fig. 5B). Note that DA D2 

receptor levels were reduced in the SN/VTA (Fig. 5A,B), which reflects the loss of DA 

autoreceptors. Ak mice exhibit a deficit of DA D3 receptors expression that is also 

consistent with DA-deficient rodent models (Fig. 6). As expected, acute L-DOPA injection 

did not reverse these modulations of DA receptor expression (Fig. 5B and 6B). Ak mice 

have normal DA D1 receptor binding site levels, as compared to normal mice (data not 

shown). 

 

Neuropeptides: enkephalin, dynorphin, neurotensin 

It is widely documented that DA denervation and repeated L-DOPA treatment perturbate 

striatal neuropeptide expression
58,128

. Denervation increases ENK and NT mRNA levels in 

various models of PD, whereas subsequent chronic L-DOPA treatment enhances striatal 

DYN mRNA levels.
64,131,152,327

 As in other PD models, ak mice have increased ENK mRNA 

levels in the striatum (Fig. 7A) and normal levels of DYN mRNA (Fig. 7B), as compared to 

wt mice. In addition, a strong increase of NT mRNA levels is seen in the ventrolateral and 

dorsomedial portions of the caudal striatum, whereas NT levels are less dramatically 

increased in other areas of the striatum (Fig. 7C,D). Acute L-DOPA treatment did not 

further modulate DYN mRNA levels (Fig. 7B). 

 

Discussion 

 

Behavioural and biochemical characterization of the ak mouse, as presented here, indicate 

that this mouse mutant displays anatomical and functional alterations similar to PD and 

animal models of PD. Interestingly, rescue of ak locomotor deficits by L-DOPA 

demonstrates that the behavioural effects of vSNc DA neuron loss generated by genetic 

deletion in the ak locus (Pitx3) is reversible by classic DA replacement therapy.  
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Figure 5. Dopamine (DA) D2 receptor binding site levels are reduced in substantia nigra (SN) and ventral 

tegmental area (VTA) and up-regulated in lateral striatum target area of ak mice. (A) Representative 

autoradiograms of specific binding of [
125

I]iodosulpride binding in wt and ak mice coronal brain sections at the 

level of caudal striatum (level 1) and SN and VTA level (level 2). For DA D2 receptor measurements, the striatum 

was subdivided into two subterritories: lateral (StL) and medial (StM) striatum. (B) Quantification of DA D2 

receptor binding sites in various brain regions of wt, ak and ak plus L-DOPA (3 h post-injection of 50 mg/kg) mice. 

Data are represented as means ± SEM (n=8; **p < 0.01, ***p < 0.001 compared to wt mice). 
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Figure 6. DA D3 receptor binding site levels are reduced in ak mice. (A) Representative autoradiograms of specific 

binding of [
125

I]7-OH-PIPAT in wt and ak mice coronal brain sections at the level of the rostral striatum (level 1), 

caudal striatum (level 2) and SN and VTA level (level 3). For DA D3 receptor measurements, the striatum was 

subdivided into two subterritories: StL and StM. We also performed quantification of DA D3 receptor specific 

binding sites in the shell (AcSh) and core (AcC) subdivisions of nucleus accumbens. (B) Quantification of DA D3 

receptor binding sites in various brain regions of wt, ak and ak plus L-DOPA (3 h post-injection of 50 mg/kg) mice. 

Data are represented as means ± SEM (n=8; *p < 0.05, **p < 0.01 compared to wt mice). 
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Figure 7. Striatal neuropeptide mRNA levels are altered in ak mice. (A) Quantification of enkephalin (ENK) mRNA 

levels in various portions of the striatum and nucleus accumbens in wt, ak and ak plus L-DOPA (3 h post-injection 

of 50 mg/kg) mice. Data are represented as means ± SEM (n=8; *p < 0.05, **p < 0.01 compared to wt mice). (B) 

Quantification of dynorphin (DYN) mRNA levels in various portions of the striatum and nucleus accumbens in wt, 

ak and ak plus L-DOPA mice. Data are represented as means ± SEM (n=8). (C) Representative autoradiograms 

revealing neurotensin (NT) mRNA in situ hybridization signals obtained with a specific [
35

S]UTP-labelled riboprobe 

in wt and ak mice. NT mRNA levels were evaluated in the rostral striatum (level 1), which included AcSh and AcC 

subdivision of the nucleus accumbens and caudal striatum (level 2), which included four subterritories: StDL, 

StDM, StVL and StVM portions of the striatum. Arrows in level 2 indicate StVL and StDM portions of the striatum, 

where stronger modulations of NT mRNA levels are observed. (D) Quantification of NT mRNA levels in various 

portions of the striatum and nucleus accumbens in wt, ak and ak plus L-DOPA mice. Data are represented as 

means ± SEM (n=8; *p < 0.05, **p < 0.01, ***p < 0.001 compared to wt mice). 

 

To date, animal models of PD, whether induced by neurotoxins or by overexpression of 

different forms of α-synuclein or Parkin,
198,279

 have not been able to reproduce the highly 

selective and stereotypic pattern of DA cell loss as observed in individuals with PD, with 

vSNc compared to dSNc being most affected.
80

 The present study indicates that loss of 
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Pitx3-positive MesDA cells in ak mice reproduces behavioural and biochemical deficits 

similar to PD and that downstream structures are still able to respond to L-DOPA challenge. 

In ak mice, MesDA cell loss has been monitored by reduction of total neuron count,
351

 and 

TH-expression.
161,258,321,351

 Analysis of MesDA neurons-associated gene expression 

indicated that DAT and DA D2 receptor mRNAs are reduced in ak mice.
321

 Here we report 

similar changes for DAT binding sites (in both DA cells and terminal fields in the striatum, 

Supplemental figure) and DA D2 autoreceptor binding site levels. These data also confirm 

the extent and selective pattern of DA innervation losses in ak mice that were previously 

assessed with TH-immunoreactivity, since reduction of DA cell components are less 

pronounced in VTA and ventral striatum, compared to SN and dorsal striatum. We also 

observed reduction of somatodendritic DA D2 autoreceptors in SN/VTA that supports, 

along with TH and DAT reductions, concommitant losses of function of TH cells in ak mice. 

 

Denervation induces important neuroadaptation in brain areas that are normally 

innervated by DA neurons. The striatum represents by far the most important structure 

where such adaptive changes are observed. We have studied three categories of genes 

that are associated with adaptive phenomena, namely post-synaptic DA D1, D2 and D3 

receptor subtypes, neuropeptides ENK, DYN and NT and the transcription factor Nur77. All 

modulations observed in ak mice coincide with alterations previously observed in animal 

models of PD or postmortem brain tissue analysis in PD patients.
47,58,127,147,222,251,294,327

 For 

example, selective upregulation of DA D2 receptor in the dorsolateral striatum and 

massive reduction of DA D3 receptor levels that are reminiscent to previous reports using 

neurotoxin-induced DA depletion,
47,222,251

 were also observed in ak mice. This indicates 

that Pitx3-deficient ak mice, a putative genetic model of PD where loss of SN DA cells 

occurred during development, generate similar neuroadaptive phenomena as observed 

with rapid neurodegeneration induced by 6-OHDA or 1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine (MPTP) administration in adult animals or following slowly progressive 

neurodegenerative processes as seen in PD patients. Note however, that since we 

performed acute rescue with L-DOPA challenges, we did not detect modulations 

associated with chronic L-DOPA treatment, as previously observed in PD models.
47,327

 

Neuropeptide gene expression patterns in ak mice are also consistent with animal models 

of PD. Ak mice display a small, but significant, selective ENK transcript increase in the 

dorsolateral striatum.
131

 NT mRNA levels were also upregulated following 6-OHDA lesions 

in rats.
152,327

 DYN mRNA levels are not affected or reduced by denervation.
131,327

 In general, 

alterations of gene patterns observed in ak mice are more restricted compared to what is 

observed in other animal models of PD. This observation reflects the more selective 

MesDA neuron loss produced by Pitx3 deficiency compared to the massive MesDA cell 

degeneration induced by neurotoxins in experimental models of PD and is consistent with 
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Supplemental figure. DA transporter (DAT) binding site levels are reduced in both somatodendritic and axon 

terminal areas of ak mice. (A) Representative autoradiograms of specific binding of [
125

I]RTI-121 binding in wt 

and ak mice coronal brain sections at the level of the rostral striatum (level 1), caudal striatum (level 2) and SN 

and VTA level (level 3). (B) We performed quantification of DAT specific binding sites in the striatum and the AcSh 

and AcC subdivisions of nucleus accumbens. The striatum was subdivided into four subterritories: StDL, StDM, 

StVL and StVM portions of the striatum (corresponding to level 2). Data are represented as means ± SEM (n=8; 

**p < 0.01 compared to wt mice). 
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the topographic organization of ascending DA projections.
100

 

 

We performed acute L-DOPA challenges in order to explore the possibility of behavioural 

rescue of the akinetic phenotype of ak mice, and observed a very rapid and strong 

locomotor response to L-DOPA that is quite similar to what is observed in animal models 

of PD.
58

 The dose-response range and duration of L-DOPA effects are also comparable to 

previous reports using PD models. However, additional experiments will be required in 

order to determine if reduction of L-DOPA efficacy (wearing off) and generation of L-

DOPA-induced side effects (dyskinesias), classically observed following chronic L-DOPA 

treatment in PD patients, also appear in ak mice. 

 

Loss of vSNc DA cells mostly occurred during fetal stages in ak mice. However, DA cell loss 

from VTA occurs a few months after birth. We show here that locomotor deficits of young 

P40 ak mice is similar to older mice.
351

 This suggests that the locomotor deficits observed 

in these mice are mainly produced by DA cell loss of vSNc. This represents an additional 

pattern that is shared with PD, in which VTA-related alterations also occur at later stages 

of disease progression.
175

 It is interesting to note that the initial ambulatory reaction of 

mice to a novel environment (observed in the first hour of measurement) was greater in 

young C57Bl/6 control mice than in ak mice (Fig. 1). In contrast, the opposite was 

observed in older ak compared to C57Bl/6 mice.
351

 This age-dependent behavioural 

response may be related to the more progressive and partial MesDA cell loss in VTA, that 

may have triggered a delayed compensatory adaptive phenomenon. Indeed, previous 

behavioural studies have suggested that partial destruction of the nigrostriatal pathway 

causes hyperactivity of the mesolimbic pathway.
357

 We also observed very strong 

increases of Nur77 expression in the nucleus accumbens of old ak mice (Table 1), 

suggesting that partial cell loss of VTA also alters brain targets of the mesolimbic DA 

pathway. In addition, this stronger locomotor response of old ak mice to a novel 

environment may be responsible for the discrepancy in the literature regarding the 

locomotor phenotype of ak mice since this response (which lasted for about one hour 

following introduction of mice into a novel environment) may have initially masked the 

primary locomotor deficit of these mice observed during the nocturnal phase of the 

circadian cycle.
161,321,351

 This discrepancy is again highlighted in a recent report from 

Hwang et al., showing that ak mice were hyperactive during most of the day compared to 

wt controls.
162

 Nevertheless, the authors evidenced L-DOPA rescue of ak locomotor 

deficits in the challenging beam and pole test and of their reduced spontaneous 

exploratory activity in a transparent cylinder. This stresses the fact that significant 

differences may exist in specific mouse strains bearing the ak mutation from one 
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laboratory to another, or that differences in animal handling may produce varying 

environmental stresses. 

 

In summary, the present report indicates that the neural and locomotor deficits of ak mice 

are very similar to those of advanced PD patients and that, accordingly, L-DOPA 

administration elicits a locomotor response. The data clearly suggest that striatal functions 

downstream of MesDA neurons are not irreversibly altered by Pitx3-deficiency, and that 

locomotor deficits can be rescued in this mouse model of PD.  
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