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Abstract 

 

Neurons of the neostriatum are organized in anatomically and chemically distinct patch 

and matrix compartments. Dopaminergic neurons of the substantia nigra and ventral 

tegmental area provide early input to the embryonic neostriatum and may play an 

important role in neostriatal morphogenesis. Our group and others have demonstrated 

early loss of dopaminergic neurons in the Pitx3-deficient aphakia (ak) mouse, associated 

with a >90% reduction in neostriatal dopamine levels and a hypokinetic movement 

disorder. Here, we show scant or absent dopaminergic fibers in the adult ak dorsolateral 

and medial neostriatum, altering the chemical anatomy of µ-opioid receptor stained 

patches. Furthermore, neostriatal neurons numbers are comparable in ak and wild-type 

animals, but the volume of the ak neostriatum and its neurons is significantly reduced. We 

propose that early nigrostriatal dopaminergic loss in ak mice results in loss of trophic 

support to the developing neostriatum.    
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Introduction 

 

The neostriatum, which is the major component of the basal ganglia, displays a complex 

organization of neurochemical systems that relates to its neuroanatomical connections. 

Two neurochemically distinct compartments, the patches and matrix, are arranged in a 

mosaic fashion. They receive different afferents from the cortex and mesencephalic 

dopaminergic (MesDA) neurons and give rise to separate projection systems to the 

midbrain. In rodents, dopamine (DA) inputs to the patches arise from ventral tier neurons 

of the substantia nigra pars compacta (vSNc) and from islands of DA neurons in the SN 

pars reticulata (SNr), whereas DA inputs to the matrix arise from a dorsal set of neurons in 

the ventral tegmental area (VTA) and the dorsal tier of the SNc (dSNc).
132

 Patches project 

to SNc neurons and the matrix projects to SNr neurons.
125

 Neurons of the neostriatum are 

born in the lateral ganglionic eminence (LGE), a transient embryonic neuroepithelial 

structure bordering the lateral ventricles in the basal telencephalon,
104

 with patch neurons 

born earlier than matrix neurons.
355

 Postnatally, the neostriatum undergoes extensive 

naturally occurring cell death that eliminates approximately 25-30% of its neurons, sparing 

those neurons with early projections to the midbrain.
102,109

 

 

DA and its receptor binding sites are present early in embryonic brain development, prior 

to the onset of synaptogenesis, suggesting a role in development independent of its role 

at the mature synapse.
213

 In mice, future DA neurons differentiate into SN and VTA at 

embryonic day (E) 10.
85,190

 By E13 their extended axons reach the LGE and the DA content 

of the forebrain remains high from E13 onward throughout the period of neostriatal 

neurogenesis.
261

 Indeed, early embryonic DA has been shown to modulate cell cycle 

regulation in the murine LGE, resulting in an increase in cell output.
261

 Mechanical and 

pharmacological lesions of DA inputs to the rodent neostriatum throughout development 

alter the neurochemical properties of the patches,
130,208,325,356

 but only mechanical lesions 

during the first postnatal week seem to cause substantial death of neostriatal neurons.
354

     

 

We and other groups recently discovered that the naturally occurring aphakia (ak) mouse, 

bearing deletions in the promoter and exon-1 of the homeobox gene Pitx3,
284,308

 shows 

marked developmental loss of DA neurons in the SN and VTA.
161,258,321,351

 DA cell loss in the 

SN starts as early as E12.5,
321

 whereas those of the VTA disappear in the first postnatal 

weeks.
351

 In adult ak mice, DA neurons are reduced by 71% in SN, with relative sparing of 

dSNc, and by 52% in VTA.
296,351

 In the adult ak neostriatum, DA levels are reduced by 

93%,
351

 together with significantly decreased DA D3 receptor levels and increased levels of 

DA D2 receptor and enkephalin.
350

 Ak mice exhibit reduced spontaneous locomotor 

behavior that can be rescued by injection of 3,4-dihydroxyphenylalanine (L-DOPA).
162,351
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In the present work, we used the ak mouse to study the effects of early embryonic DA 

depletion on the development of the neostriatum since the specific pattern of 

developmental DA cell loss in this mouse potentially offers new insights in the role of DA 

in the development of the neostriatum and its patch/matrix compartmentalization. First, 

DA depletion in ak mice occurs throughout the period of embryonic neostriatal 

neurogenesis and postnatal cell death. Second, ak cell losses predominantly affect DA 

neurons in vSNc and those occupying SNr (that project to the patches), whereas DA 

neurons in dSNc and VTA (that innervate the matrix) are relatively spared. Third, these lost 

vSNc neurons are normally the main projections neurons of the patches. Thus, in ak mice 

the neostriatum develops in hypodopaminergic conditions and developing patches lack 

their proper afferent and efferent vSNc neurons. Here, immunohistochemical studies 

demonstrate scant or absent DA fibers in the dorsolateral and medial ak neostriatum, 

altering the chemical anatomy of µ-opioid receptor (MOR) stained patches. Using 

unbiased stereology, we show comparable neostriatal neuron numbers in adult ak and 

control animals. However, neuronal soma size is significantly reduced in ak mutants, as 

estimated using the nuclear probe. We therefore propose that early nigrostriatal DA loss 

in ak mice results in loss of trophic support to the developing neostriatum, which is 

reflected in changes in neuronal size rather than reduced cell number. 

 

Materials and Methods 

 

All animal procedures were performed in accordance with the Canadian Council on Animal 

Care guidelines for the use of animals in research and were approved by the McGill 

University Animal Care Committee. Ak mice homozygous for the Pitx3 mutation were 

purchased from Jackson Laboratories (Maine, USA) and backcrossed to C57Bl/6 mice. A 

total of 5 adult male mutant and 5 adult male wild-type (wt) C57Bl/6 mice were used. 

Animals were transcardially perfused with 4% paraformaldehyde (PFA; in phosphate 

buffer, pH 7.4) at postnatal day (P) 100-170. Brains were then removed, postfixed for 12 

hours (h), and cryoprotected by immersion in buffered sucrose (30%, pH 7.4) for an 

additional 48 h before cutting. Sectioning was performed using a freezing microtome 

(Micron, Germany) at 50 µm. Floating coronal sections were collected in phosphate 

buffered saline (PBS) as 6 separate sets so that each set contained every sixth serial 

section. One series of sections was immunostained for tyrosine hydroxylase (TH), the rate-

limiting enzyme in DA synthesis,
253

 and another for MOR, a postsynaptic neurochemical 

marker of patches,
157,362

 using an avidin-biotin-peroxidase
 
complex (ABC) method as 

previously described.
351

 Antibodies used were mouse anti-TH (1:1000, Immunostar, USA) 

and rabbit anti-MOR (1:750, Immunostar, USA). Floating sections were incubated in anti-

TH or anti-MOR antibody overnight, washed in PBS three times, and incubated for 1 h with 
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biotinylated anti-mouse or anti-rabbit secondary antibody (1:200, Vector, USA). Following 

another set of washes, ABC (Vector, USA) was used as per manufacturer’s instructions and 

the final reaction was revealed by 3’3’-diaminobenzidene (DAB) in the presence of 0.006% 

hydrogen peroxide. A third series of sections was Nissl-stained in 0.1% cresyl violet. 

Sections were dehydrated and coverslipped. Photographs were captured using a digital 

camera (Microfire, Optronics, USA). 

 

Unbiased estimates of neuron numbers in the neostriatum were obtained using
 
the optical 

disector method,
148

 as previously described.
351

 The entire rostro-caudal extent of the 

neostriatum was examined in a 1:6 series of Nissl-stained coronal sections using an 

Olympus BX40 microscope equipped with an XYZ movement-sensitive stage and Stereo 

Investigator software (Microbrightfield, USA). The first and last coronal sections with 

visible caudate-putamen were used as rostral and caudal limits of the reference volume. 

The corpus callosum, globus pallidus, external capsule, lateral ventricle and anterior 

commisure were used as boundaries for the area of analysis. In the more caudal sections, 

the borders of the caudate-putamen were the external capsule, globus pallidus, bed 

nucleus of the stria terminalis, substantia innominata and dorsal amygdala. The boundary 

of the neostriatum and ventral striatum in precommissural sections was delineated by a 

line drawn from the ventral tip of the lateral ventricle to the dorsal border of the piriform 

cortex, as described in detail in previous work.
297

 In each section, the area of analysis was 

traced at 10x magnification to estimate the surface area. Nissl cell counts were performed 

at 100x magnification (oil, NA 1.25) using a 60x60 µm counting frame. A 10 µm dissector 

was placed 1 µm below the surface of the section at counting sites located at 500 µm 

intervals. Glia were excluded on the basis of size (<7.0 µm diameter) and morphology. 

Cavalieri’s method was used to estimate the volume of the reference region.
230,265

  

 

For analysis of cell size, a four-ray isotropic nucleator probe was applied to estimate the 

cross-sectional area and volume of neostriatal neurons.
148

 The longest axis of each cell 

was determined during application of the nucleator, and the cells were divided into three 

subgroups based on size. Again, glia were excluded on the basis of size (<7.0 µm diameter) 

and morphology. Statistical analysis was performed by one-way analysis of variance 

(ANOVA) with the Student-Newman-Keuls post hoc test for comparison between groups. 

 

Results 

 

To study the effects of developmental MesDA cell loss on the neurochemistry of the 

neostriatum, brains of adult wt and ak mice were immunostained and examined at 

multiple coronal levels for TH and MOR (Fig. 1 and 2).  
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Figure 1. Loss of neostriatal dopaminergic fibers in aphakia (ak) mice. Tyrosine hydroxylase (TH) 

immunohistochemistry in adult ak (B,D,F) and wild-type (wt) (A,C,E) mice demonstrates marked loss of dopamine 

(DA) innervation throughout the neostriatum. Rostrocaudal positions are indicated in millimeters relative to 

bregma in the lower right corner. DA terminals are largely absent in the dorsolateral and medial neostriatum and 

relatively preserved in the ventrolateral neostriatum and nucleus accumbens. Note the denser patches of DA 

fibers visible on a background of lower innervation density in the upper part of the ventrolateral ak neostriatum 

(B,D,F). Scale bar:in A, 250 µm for A-F. 
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Figure 2. Loss of neostriatal µ-opioid receptor (MOR) expressing patches in ak mice. MOR immunohistochemistry 

in adult ak (B,D,F) and wt (A,C,E) mice demonstrates marked loss of MOR expression throughout the neostriatum. 

Rostrocaudal positions are indicated in millimeters relative to bregma in the lower right corner. MOR-patches are 

absent in the dorsolateral and medial neostriatum, lightly stained in the upper parts of the ventrolateral 

neostriatum and relatively preserved in its lower parts (B,D,F). Scale bar: in A, 250 µm for A-F. 
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Figure 3. Developmental dopaminergic depletion in ak mice does not alter neostriatal neuron numbers but 

reduces neostriatal volume and neuronal cell size. (A) Stereological estimates of the total number of neostriatal 

neurons using the optical fractionator technique are similar for adult ak mice compared to wt controls. The 

average number of neostriatal neurons is 1.35 million (n = 5). (B) Stereological estimates of neostriatal volume 

using Cavalieri’s method shows a significantly reduced neostriatal volume (± 18%) in adult ak mice compared to 

wt controls, 5.3 versus 6.5 mm
3
 (p<0.05, n=5). (C) Stereological estimates of frequency distribution of neostriatal 

neuronal long axis, determined with a four-ray isotropic nucleator probe, shows a shift in frequency distribution 

to neurons with a smaller long axis in ak mice compared to wt controls. (D) Ak mice have significantly smaller 

neostriatal neurons compared to wt controls, 295 versus 413 µm
3
 (p<0.05, n=5). 

 

As previously reported, DA levels are reduced by 93% in the ak neostriatum and by 69% in 

the ak nucleus accumbens.
351

 TH immunostaining showed significant loss of neostriatal 

TH-positive fibers in ak mice, with scant or absent input to the dorsolateral and medial 

neostriatum and relative preservation of inputs to the ventrolateral neostriatum and 

nucleus accumbens (Fig. 1). Within the relatively spared ventrolateral TH immunostaining, 

that by itself also seems to contain a dorsal to ventral density gradient of DA fibers, 

patches of DA fibers are visible on a background of lower innervation density (Fig. 1B,D,F). 

 

Immunostaining for MOR showed a similar dorso-ventral gradient in the neostriatum. 

MOR-patches are absent in the dorsolateral and medial part, lightly stained in the upper 

part of the ventrolateral neostriatum and relatively preserved in its lower parts (Fig. 2). 
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To determine whether developmental DA depletion influences the number of neurons in 

the adult ak neostriatum, total numbers of neurons in the neostriatum were determined 

on Nissl stained sections using the optical fractionator technique. Unbiased stereology 

showed similar neuronal number in the neostriatum of ak mice compared to wt controls 

(Fig. 3A). The average number of neostriatal neurons was 1.35±0.13 million for ak mice 

and 1.39±0.09 million for wildtype controls (±SD, n=5). These numbers are similar to 

results obtained in previous studies of the neostriatum of adult C57Bl/6 mice.
102

 

 

Morphological analysis of the ak neostriatum showed a significant reduction in neostriatal 

volume (±18%) compared to wt controls, 5.3 versus 6.5 mm
3
 (Fig. 3B, p<0.05, n=5). 

Neostriatal neurons in ak mice showed a shift in frequency distribution to neurons with a 

smaller long axis compared to wt controls (Fig. 3C), with a significant reduction in neuronal 

volume (±29%), 295 versus 413 µm
3
 (Fig. 3D, p<0.05, n=5). 

 

Discussion and perspectives 

 

Our understanding of the role of DA in neostriatal development stems from animal studies 

employing pharmacological or mechanical lesions of DA neurons and transgenic mice. 

Embryonic and perinatal 6-hydroxydopamine (6-OHDA) lesions and late embryonic and 

neonatal mechanical lesions of the SN in rats result in a reduction of MOR-binding, but do 

not cause substantial disruption of patch-matrix compartmentalization.
130,208,325,356

 Late 

embryonic mechanical lesions of the SN do not cause obvious neostriatal shrinkage or cell 

death,
356

 whereas first postnatal week mechanical lesions cause a greater than 50% 

shrinkage of the ipsilateral neostriatum due to death of neostriatal neurons and disruption 

of patch/matrix compartmentalization.
354

 On the other hand, first postnatal week 6-OHDA 

lesions of the SN do not produce substantial neostriatal shrinkage.
56

 Transgenic DA-

deficient mice seem to have a smaller neostriatum with more compact neurons, although 

no volumes were reported.
385

 The size of the neostriatum in DA D1 receptor knockout 

mice is reduced by 22%, but no quantative data on neostriatal cell numbers were 

reported.
90

 Thus, although DA clearly regulates MOR expression, a uniform conclusion on 

the developmental role of DA in neostriatal neurogenesis and patch/matrix 

compartmentalization cannot easily been drawn from these results.    

 

Neostriatal dopamine afferents in ak mice are reduced in a dorsal to ventral manner  

DA inputs to the patches arise from vSNc neurons and islands of SNr neurons, whereas DA 

inputs to the matrix arise from dSNc and VTA neurons.
132

 Since vSNc/SNr DA neurons are 

lost and dSNc/VTA DA neurons relatively spared in ak mice,
296,351

 TH immunostaining of 
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the ak neostriatum in the present study was expected to show absence of DA inputs to 

the patches and relative sparing of DA inputs to the matrix. Interestingly however, TH 

immunostaining showed a dorsoventral gradient in the neostriatum, with scant or absent 

input to the dorsolateral and medial neostriatum, without any residual input to the matrix. 

Inputs to the ventrolateral striatum were relatively preserved. Within this relatively 

spared area, patches of DA fibers were preserved. So apparently, compensatory 

innervation from spared dSNc/VTA DA neurons is responsible for these preserved patches 

of DA fibers. And although ak dSNc/VTA DA neurons are relatively spared, those 

responsible for DA input to the matrix of the dorsolateral/medial neostriatum seem to be 

gone. Alternatively, the supposed reciprocal connections between vSNc/SNr and patches 

and dSNc/VTA and matrix are not strictly separated but more intermingled in ak mice. Or, 

more fundamentally, these mice exhibit reciprocal connections between, respectively, 

vSNc/SNr DA neurons and dorsolateral/medial neostriatum and dSNc/VTA DA neurons 

and ventrolateral neostriatum. Future experiments with anterograde and retrograde 

axonal tracers in ak neostriatum and SNc/VTA will explain the observed neostriatal TH-

immunostaining.     

 

Reduced neostriatal dopamine afferents in ak mice reduce patchy MOR expression 

Much evidence has suggested that the patchy postsynaptic MOR expression in the 

neostriatum is associated with nigrostriatal DA afferent terminals. Indeed, mechanical, 6-

OHDA and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) lesions of the rodent SN 

produce significant depletion of MOR expressing or MOR-ligand binding 

patches.
56,118,130,278,318,353,356

 Our current results of TH and MOR immunostaining in the ak 

neostriatum further support this strong association. The density of the patches of MOR 

expression in the ak neostriatum consequently follows the dorsoventral density gradient 

of TH immunostaining. MOR-patches are absent in those neostriatal regions devoid of DA 

fibers and get denser in areas with relatively preserved DA innervation. Thus, the presence 

of DA nigrostriatal projections is critical for patchy neostriatal MOR expression. Whether 

DA itself is the critical inducer for MOR expression or another factor released by DA 

neurons cannot be concluded from the current data. Neither can be determined whether 

the absence of DA in the dorsolateral and medial neostriatum of ak mice affects the 

embryonic aggregation of early born patch neurons into discrete patches embedded in the 

later born matrix neurons in these neostriatal subregions. This remains to be determined 

with intraperitoneal bromodeoxyuridine (BrdU) injections in timed-pregnant ak mice 

during the period of patch/matrix neurogenesis and these experiments are currently 

performed.          
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Developmental dopamine depletion in ak mice does not alter neostriatal neuron 

numbers but reduces neostriatal volume and neuronal cell size  

Early embryonic DA has been shown to modulate cell cycle regulation in the murine LGE, 

resulting in an increase in cell output.
261

 Experimental quantitative data elucidating the 

developmental role of dopamine in neostriatal neurogenesis is, however, scarce. Van der 

Kooy reported massive neostriatal shrinkage and more than 40% loss of neostriatal 

neurons following first postnatal week mechanical lesions of the SN,
354

 but suggested that 

concomittant lesioning of striatonigral projections might be crucial for this observation 

since both first postnatal week pharmacological lesions of the SN and transgenic DA-

deficiency did not cause obvious shrinkage.
56,385

 Our current stereology results do not 

attribute a clear role to DA in neostriatal neurogenesis or neuronal survival in ak mice. 

Total neostriatal neuron numbers in adult ak mice are no different from wt mice. Since the 

ak neostriatum contains a dorsal to ventral density gradient of DA fibers input, an analysis 

comparing neuron numbers in the different subregions of the ak neostriatum might 

provide further ‘proof’ for the DA-independency of neostriatal neurogenesis in vivo. In 

addition, quantification of ak neostriatal neurons during embryonic and postnatal 

development could determine whether compensatory plasticity from other afferent 

systems, e.g. corticostriatal inputs, may allow for survival of the appropriate number of 

neostriatal neurons. 

 

The current volumetric results point to a trophic role of DA in neostriatal development. 

Adult ak mice have a 18% smaller neostriatum and 29% smaller neuronal soma size. 

Similar reductions in neostriatal volume were reported in DA-deficient mice,
385

 and DA D1 

receptor knockout mice.
90

 Thus, DA might play a specific role in neostriatal cell growth and 

differentiation. Again, an analysis comparing neuronal volumes in the neostriatal 

subregions with different density of DA fibers’ input might further unravel this trophic role 

of DA in neostriatal development. 




