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Abstract

Objective—Lesch–Nyhan disease (LND) is caused by congenital deficiency of the purine 

recycling enzyme, hypoxanthine-guanine phosphoribosyltransferase (HGprt). Affected patients 

have a peculiar neurobehavioral syndrome linked with reductions of dopamine in the basal 

ganglia. The purpose of the current studies was to determine the anatomical basis for the reduced 

dopamine in human brain specimens collected at autopsy.

Methods—Histopathological studies were conducted using autopsy tissue from 5 LND cases and 

6 controls. Specific findings were replicated in brain tissue from an HGprt-deficient knockout 

mouse using immunoblots, and in a cell model of HGprt deficiency by flow-activated cell sorting 

(FACS).

Results—Extensive histological studies of the LND brains revealed no signs suggestive of a 

degenerative process or other consistent abnormalities in any brain region. However, neurons of 

the substantia nigra from the LND cases showed reduced melanization and reduced 

immunoreactivity for tyrosine hydroxylase (TH), the rate-limiting enzyme in dopamine synthesis. 

In the HGprt-deficient mouse model, immunohistochemical stains for TH revealed no obvious loss 

of midbrain dopamine neurons, but quantitative immunoblots revealed reduced TH expression in 

the striatum. Finally, 10 independent HGprt-deficient mouse MN9D neuroblastoma lines showed 

no signs of impaired viability, but FACS revealed significantly reduced TH immunoreactivity 

compared to the control parent line.
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Interpretation—These results reveal an unusual phenomenon in which the neurochemical 

phenotype of dopaminergic neurons is not linked with a degenerative process. They suggest an 

important relationship between purine recycling pathways and the neurochemical integrity of the 

dopaminergic phenotype.

Lesch–Nyhan disease (LND) is an inherited disorder with a characteristic neurobehavioral 

phenotype that includes a movement disorder dominated by generalized dystonia, 

intellectual disability, and recurrent self-injurious behavior.1–4 The disorder is caused by 

mutations in the HPRT1 gene, leading to deficiency of the purine recycling enzyme, 

hypoxanthine-guanine phosphoribosyltransferase (HGprt).5,6

The mechanisms by which HGprt deficiency leads to the neurological and behavioral 

problems are not well understood. However, there is strong evidence that they arise from 

dysfunction of basal ganglia circuits, and particularly dopaminergic pathways.7,8 

Neurochemical studies of LND brains collected at autopsy have revealed 60 to 80% loss of 

dopamine throughout the basal ganglia.9–11 Positron emission tomography studies have 

demonstrated similar reductions of dopamine transporters and dopamine uptake.12,13 These 

studies have led to suggestions that dopamine neurons or their axonal projections are 

damaged.9,13 However, several histopathological studies of autopsied brains have not 

revealed any consistent loss of neurons in the substantia nigra.1,11,14 The reason for 

profound loss of dopamine-related measures with apparently preserved nigral dopamine 

neurons has never been established.

Dysfunction of dopaminergic pathways also is observed in animal and cell models of HGprt 

deficiency.15 The HGprt knockout (HGprt−) mouse model has a 30 to 60% loss of striatal 

dopamine and associated biochemical markers such as homovanillic acid, 

dihydroxyphenylacetic acid, tyrosine hydroxylase (TH), aromatic amino acid decarboxylase, 

and dopamine transporters.16–18

However, quantitative stereological studies of these mutant mice have revealed no loss of 

midbrain dopamine neurons or their axonal projections.19 Several HGprt-deficient cell 

models also have shown loss of dopaminergic markers with no apparent loss of 

viability.20–25 In these cell models, mRNA expression profiling has revealed broad 

disruption of the neurotransmitter phenotype. These findings from cell and animal models 

have led to suggestions that HGprt deficiency disrupts early developmental programs that 

lead to the expression of the dopaminergic neurochemical phenotype. This hypothesis was 

explored in the current studies by examining the integrity of midbrain dopamine neurons in 

the brains of 5 LND brains collected at autopsy. Key findings were confirmed in the HGprt− 

mouse model19 and the MN9D cell model21 of HGprt deficiency.

Materials and Methods

Human Brain Tissue

Formalin-fixed brains were collected at autopsy from 5 males with LND and 6 male controls 

spanning the same age range (Table 1). The diagnosis was confirmed in each LND case by 

the occurrence of the classical clinical phenotype together with either biochemical evidence 
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of reduced HGprt enzyme activity or molecular evidence for a pathological mutation in the 

HPRT1 gene. Tissue blocks were collected from multiple regions of the cerebral cortex, 

hippocampus, amygdala, entorhinal cortex, basal ganglia, hypothalamus, and thalamus 

including subthalamic nucleus, midbrain, brainstem, and cerebellum. Tissue was embedded 

in paraffin and cut via microtome at 8μm. A complete neuropathological survey was 

conducted with hematoxylin/eosin stains to assess tissue quality and identify any overt 

defects. Immunostains for TH and ubiquitin were performed on sections from the basal 

ganglia (focusing on the putamen), midbrain (focusing on the substantia nigra), and 

brainstem (focusing on the locus coeruleus).

Immunohistochemistry was performed following deparaffinization and rehydration of the 

sections. The sections were first preheated at 60°C for 5 to 30 minutes, followed by rinses in 

Histo-Clear (National Diagnostics, Atlanta, GA) or xylenes 3× for 5 to 10 minutes each. 

They then were immersed in acetone for 20 to 30 seconds followed by 1 wash in 100% 

ethanol and 2 washes in 95% ethanol for 20 to 30 seconds each. The slides were microwaved 

twice for 2.5 minutes in citrate buffer (pH 6.0) and allowed to cool to room temperature for 

30 minutes. The sections were next pretreated in 3% H2O2 in methanol for 5 minutes at 

40°C followed by 3 rinses in 0.075% Brij 35 solution (Sigma-Aldrich, St Louis, MO) and 

equilibrated for 10 minutes in TS Brij buffer consisting of 100mM Tris-Cl (pH 7.5), 100mM 

NaCl, 5mM MgCl2, and Brij 35. The sections then were incubated for 15 minutes at 40°C in 

2% normal serum in TS Brij buffer (pH 7.5).

Immunostaining was performed using the T1299 mouse monoclonal anti-TH primary 

antibody (Sigma, St Louis, MO) at a dilution of 1:100 with the Vectastain alkaline 

phosphatase ABC kit (Vector Laboratories, Burlingame, CA). Negative controls, consisting 

of sections incubated without primary or secondary antibodies, were included in each 

experiment. The primary anti-TH antibody was diluted in 15mM NaCl, 5mM MgCl2, and 

100mM Tris-HCl at pH 7.5, applied at 4°C overnight. The biotinylated secondary antibody 

was diluted 1:200 in blocking solution. The tissues were rinsed 3× in TS Brij buffer, 

incubated with the secondary antibody for 30 minutes at 37°C, and then rinsed again 3× with 

TS Brij buffer. The sections were next incubated in the Vector avidin-biotin complex mix for 

1 hour at 37°C, and the stain was developed by incubating for 5 minutes at room 

temperature with the Vector Red alkaline phosphatase substrate (Vector Laboratories). 

Sections were rinsed and counterstained with aqueous hematoxylin (Genetex, Irvine, CA).

Sections were viewed using an Olympus (Tokyo, Japan) BX51 microscope. 

Photomicrographs were taken using Olympus CellSens v1.5 in TIFF format. The images 

were imported into Illustrator v15.0 (Adobe Systems, San Jose, CA), cropped to focus on 

the elements of interest, and annotated with text or arrows. No adjustments were made in the 

TIFF images regarding brightness, contrast, or color balance.

Knockout Mouse Model

The animals used in these studies were HGprt-competent (HGprt+) and congenic HGprt− 

mutant mice bred on a C57BL/6J background for >20 generations (C57BL/6JHPRTBM3).19 

Normal males were mated with heterozygous females to generate HGprt− males and HGprt+ 

littermate controls. All animals were housed on a 14:10-hour light:dark cycle with food and 
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water ad libitum. Mutants were distinguished from normal mice by molecular confirmation 

of the mutation by polymerase chain reaction applied to a DNA sample isolated from a tail 

clip. All procedures conformed to guidelines recommended by the National Institutes of 

Health Guide for the Care and Use of Laboratory Animals and the Emory University Animal 

Care and Use Committee.

For TH immunostains, animals were deeply anesthetized with pentobarbital and perfused 

transcardially with 4% paraformaldehyde in 0.1M phosphate buffer and stored in fixative 

overnight. Tissue then was placed in 30% sucrose in 0.1M phosphate buffer for at least 1 

week. Brains were sectioned serially on a microtome into 6 series in the coronal plane at a 

thickness of 30μm and stored at −20°C in a cryoprotectant solution consisting of 30% 

glycerol, 30% ethylene glycol, and 0.1M phosphate buffer. One series of brain sections of 

each animal was immunostained for TH. Free-floating sections were washed in 50mM Tris 

with 150mM NaCl at pH 7.4, then treated in 0.4% Triton X-100 (TX-100) in the same buffer 

for 30 minutes at room temperature. Sections were then rinsed with the buffer, and blocked 

in 5% normal horse serum and 0.1% TX-100 in buffer for 1 hour. Next, sections were 

incubated in mouse monoclonal antibody to TH (1:100, T1299, Sigma-Aldrich) containing 

1% normal horse serum, 0.1% TX-100, and 0.01% sodium azide for 3 days at 4°C. After 

rinsing 3× in 0.1% TX-100, sections were incubated in biotinylated horse anti-mouse 

secondary antibody (1:500, BA-2000, Vector Laboratories) with 1% normal horse serum, 

0.1% TX-100, and 0.01% sodium azide overnight at 4°C. Sections were rinsed in buffer 

once again, and the stain was developed using the Vectastain Alkaline Phosphatase ABC kit 

and the Vector Red alkaline phosphatase substrate kit at pH 7.9. Stained sections were 

mounted onto glass Superfrost slides, dehydrated, and coverslipped.

For quantitative immunoblots, striatum and midbrain tissues were dissected from 8 HGprt− 

mice and 8 age- and sex-matched littermate controls. The experiment was repeated 

independently with an additional 4 mutants and 4 controls, for a total of 12 HGprt− mutants 

and 12 controls. Samples were sonified (Sonifier 450; Branson, Danbury, CT; duty cycle = 

30%; output control level = 3) in 20mM Tris-HCl (pH 7.4) containing protease inhibitor 

(Complete Mini, EDTA-free; Roche, Mannheim, Germany) and centrifuged at 12,000rpm 

for 20 minutes at 4°C. Protein concentrations were determined in the supernatants according 

to the BCA method (Thermo Fisher Scientific, Logan, UT). Equivalent amounts of total 

protein (5μg) were loaded and separated on 12% mini-protean TGX precast gels (Bio-Rad, 

Hercules, CA) and electroblotted to nitrocellulose membranes (GE Healthcare Biosciences, 

Pittsburgh, PA). Membranes were blocked at room temperature in 5% nonfat dry milk in 

phosphate-buffered saline (PBS) containing 0.05% Tween-20 (PBST). Membranes were 

then incubated overnight at 4°C with 1:1,000 of rabbit anti-TH polyclonal antibody (Pel-

Freez, Rogers, AR), 1:500 of rabbit anti-actin polyclonal antibody (Abcam, Cambridge, 

MA), and 1:1,000 of rabbit anti-HPRT polyclonal antibody (Aviva Systems Biology, San 

Diego, CA) in PBST containing 5% dry milk. After washing 3× in PBST, the membranes 

were incubated with 1:1,000 of anti-rabbit immunoglobulin G horseradish peroxidase–linked 

secondary antibody (Cell Signaling, Danvers, MA) in PBST containing 5% dry milk for 1 

hour at room temperature, followed by 3 additional washing steps in PBST. Signals were 

visualized using the Immun-Star chemiluminescent kit (Bio-Rad) and scanned with an 

Image Reader LAS-3000 (Fujifilm, Valhalla, NY). Quantification of signal intensities was 
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performed with Multi Gauge v3.1 software (Fujifilm). Statistical analysis was performed 

using Sigmaplot (Systat Software, San Jose, CA).

MN9D Cell Culture Model

Immunostains for TH were applied to 10 previously developed mouse MN9D neuroblastoma 

cell lines with complete HGprt deficiency.21 The original MN9D line was developed through 

somatic fusion of primary midbrain dopaminergic neurons from an embryonic day 14 mouse 

with the mouse neuroblastoma line N18TG2.26 The parent MN9D line and all 10 HGprt− 

mutant lines were immunostained simultaneously for TH, and fluorescence intensities were 

quantified by flow-activated cell sorting (FACS). A sample of ∼106 cells was washed 3× 

with cold PBS at pH 7.4 and fixed with 1% paraformaldehyde for 20 minutes at room 

temperature. Cells were washed once with PBS and incubated with 0.5% saponin in PBS for 

10 minutes. Cells were incubated with P4010 anti-TH primary antibody (Pel-Freez) diluted 

at 1:100 for 30 minutes at 4°C. Cells then were washed 3× with PBS and next incubated 

with goat antirabbit Alexa Fluor 488 secondary antibody (Invitrogen, Carlsbad, CA) at a 

dilution of 1:100 for 30 minutes at 4°C. Finally, the cells were washed and examined by 

FACS in a FACSort analyzer (Becton Dickinson, Franklin Lakes, NJ) with CellQuest 

software (BD Biosciences, Franklin Lakes, NJ).

Results from FACS-based measurements of fluorescence intensities of TH immunostains 

were not normally distributed, so pairwise comparisons of the HGprt+ parent cell line with 

each of the HGprt− mutant cell lines were performed via the Wilcoxon 2-sample test and 

SAS 9.3 software (SAS Institute, Cary, NC).

Results

Hematoxylin and Eosin Surveys of Autopsy Material

LND brains collected from patients spanning the ages from 5 to 34 years and controls in the 

range from 5 to 92 years old were investigated (see Table 1). In keeping with prior 

reports,1,14 there were no obvious abnormalities in the cerebral cortex, hippocampus, 

amygdala, entorhinal cortex, basal ganglia, hypothalamus, thalamus, subthalamic nucleus, or 

brainstem. None of the LND cases showed evidence for a neurodegenerative process, and no 

Lewy bodies were found in any brain region. The patterned loss of cerebellar neurons 

described in a prior report14 was not apparent in our cases.

The most consistent abnormality in the LND brains was a reduction of pigmentation in the 

midbrain, evident at both the gross and microscopic levels (Fig 1). Four of 5 LND brains had 

clearly reduced melanin, whereas 1 was judged to have normal levels (LND3). The reduced 

pigmentation in the LND brains appeared to reflect a combination of processes. First, nigral 

pigmentation due to melanin deposition is an age-dependent process.27–30 The first 

neuromelanin granules typically appear around the third year of life, and they increase with 

age. The lower pigmentation thus could reflect the relatively young ages of some of the 

LND cases. Despite the age-dependence of melanin deposition, most LND cases had less 

pigmentation than age-matched controls. Another process that contributed to reduced 

pigmentation was that 3 LND cases were judged to have mild to moderate reduction of 
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nigral neurons (LND1, LND2, and LND4). This reduction was not age-dependent, as it was 

observed in the youngest case (LND1, age 5 years) yet not the oldest case (LND5, age 34 

years). Three LND cases also appeared to have relatively small nigral neurons (LND1, 

LND4, and LND5). Nigral neurons were normal in number and size for LND3. These results 

suggest that reduced melanization might reflect a combination of processes including young 

age, a reduction in nigral neurons, and/or a reduction in nigral neuron sizes. However, 

subjective impressions of mild neuronal loss or changes in neuronal size could not be 

confirmed quantitatively because of the small numbers of brains available.

In addition to the relatively consistent reductions in midbrain melanization, individual cases 

showed a few incidental abnormalities (see Table 1). In LND1 and LND3, mild gliosis and 

pigmentary incontinence were noted in the substantia nigra. These changes were not seen in 

the other cases. In LND2, ubiquitin immunohistochemistry revealed a faint cytoplasmic 

label with round or linear inclusions in several neurons in the substantia nigra. These 

changes were not identified in other regions of LND2 or in any of the other LND cases. In 

LND4, there was moderate spongiform change and scattered microglial nodules in many 

regions, with evidence for Candida invasion, consistent with the history of Candida sepsis 

and respiratory failure. LND4 also showed an area of subacute or old contusion with 

hemorrhage in the inferior frontal cortex. LND5 showed extensive vascular proliferation 

throughout the brain, in agreement with the history of chronic respiratory distress before 

death. In summary, the most consistent abnormality was a reduction in melanization, 

although some cases showed additional incidental findings.

TH Immunostains of Autopsy Material

Because melanin deposition is a byproduct of dopamine metabolism, the lower levels of 

melanin might also reflect chronically low levels of dopamine synthesis, consistent with 

prior biochemical studies showing reduced dopamine and related metabolites in the LND 

brain.9–11 To address this possibility, midbrain sections were immunostained for TH, the 

rate-limiting enzyme in the synthesis of dopamine. Controls consistently showed robust 

immunoreactivity for TH in melanized nigral neurons, including the youngest case (5 years 

old) and a 92-year-old with Parkinson disease (Fig 2). However, there was a consistent 

reduction in staining intensity in all LND cases. Because each LND case was stained 

simultaneously with at least 1 age-matched control, it is unlikely that these differences in 

staining intensity reflected day-to-day variation in staining efficiency. Careful inspection of 

the LND cases always revealed a few midbrain neurons that stained normally for TH, 

interspersed with a larger population of neurons that stained poorly. These few well-stained 

cells imply that relatively normal TH staining is achievable in the LND tissue and not related 

to poor tissue quality from inadequate fixation, overfixation, or poor storage conditions. TH 

immunostaining of fibers in the putamen also was weaker in the LND cases compared to 

controls (not shown), consistent with findings in the substantia nigra. However, it was not 

possible to determine whether this loss of staining was due to loss of staining intensity in 

individual axons, or actual loss of axons.

The possibility of reduced TH immunoreactivity due to issues related to tissue quality was 

further considered by examining brainstem sections containing locus coeruleus neurons 
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from each case (Fig 3). Hematoxylin and eosin immunostains revealed normal numbers of 

locus coeruleus neurons in all LND cases. All LND cases also had normal staining intensity 

for TH in the locus coeruleus, although the youngest case had reduced melanin pigmentation 

(LND1). These results demonstrate regional selectivity of TH deficits, and they argue 

against the concept that low TH immunoreactivity in the midbrain was due to poor tissue 

quality.

TH Immunoreactivity in HGprt− Knockout Mice

Histopathological studies of human autopsy material are valuable for revealing 

abnormalities in the human brain, but rigorous quantitative studies of formalin-fixed human 

brains are rarely feasible. To determine whether the reductions of TH might be replicated in 

a more rigorously controlled experimental model, we turned to the HGprt− knockout mouse 

model of LND. Prior biochemical studies of these mice have revealed 30 to 60% loss of 

dopamine and its metabolites.16–18,31 Conversely, quantitative stereological studies of the 

same mouse revealed no structural abnormalities of TH-immunopositive cells or axonal 

projections in the basal ganglia, even at the electron microscopic level.19 Because enzyme-

amplified immunohistochemical methods are not ideally suited for detecting quantitatively 

small reductions in the target antigen, an explanation for this discrepancy is that intact 

dopaminergic neurons have lower levels of TH, analogous to findings in the LND brain 

described above. To address this possibility, we quantified TH expression.

In keeping with prior studies,19 there were no obvious reductions in the numbers of TH-

immunopositive midbrain neurons in the HGprt− mice (Fig 4). Also consistent with prior 

studies, these neurons had a normal size and morphology. Immunoblots of tissue from the 

midbrain and striatum (Fig 5) revealed bands with the expected molecular weights for TH 

(60kDa) and actin (42kDa). A band for HGprt at 25kDa was seen only for the normal 

control mice, as expected. Results for TH/actin ratios were examined via 2-way analysis of 

variance with HGprt status and brain region as explanatory variables. This analysis revealed 

significant differences between the normal and HGprt− mice for the striatum (F = 27.6, p < 

0.001) but not the midbrain (F = 2.4, p > 0.10). These results show reduced TH expression in 

the HGprt− mouse model, although the reductions are not as robust as those observed in the 

human LND brain and can be measued only in the striatum.

TH Immunoreactivity of MN9D Culture Model

We next turned to a previously developed MN9D tissue culture model of HGprt deficiency, 

where prior studies again have shown significant loss of dopamine without signs of impaired 

viability.21 Here we immunostained the cells for TH and conducted FACS analyses to obtain 

rigorously quantifiable results at the single-cell level. Quantitative comparisons of 

fluorescence intensities calculated from >20,000 gated cells per line revealed significant 

variation between and within each cell line. However, each of the HGprt− MN9D lines had 

lower median TH intensity values than the parent HGprt+ line (Table 2). Pairwise statistical 

comparisons with the Wilcoxon 2-sample test confirmed each of the 10 HGprt− lines to be 

significantly lower than the parent line (p < 0.001).
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All 10 HGprt− MN9D lines had higher TH immunoreactivity than negative controls without 

primary antibody, indicating that TH was low but not absent (Fig 6). These results confirm 

significant reductions of TH expression in the cell model. They imply that the effect of 

HGprt is a cell-intrinsic phenomenon that does not depend on interactions among other cell 

populations in an intact brain.

To determine whether the reduction of TH expression might be reversible by restoration of 

HGprt activity in the HGprt− MN9D lines, each of the 10 mutants was transfected with a 

cDNA encoding HGprt and revertants isolated by growing in hypoxanthine-

aminopterinthymidine tissue culture medium as previously described.32 The dopamine 

phenotype was not restored to levels observed in the parental control MN9D line. These 

results imply one of two possibilities. The first is that loss of HGprt activity results in a 

permanent reduction in TH and dopamine expression in the MN9D cell model due to 

irreversible developmental processes. The second is that isolation of HGprt− MN9D 

subclones selectively favors survival of those with low TH expression.

Discussion

The present study is the largest autopsy evaluation of LND to date. In keeping with prior 

case reports and smaller series, no obvious abnormalities were identified in most brain 

regions. However, midbrain substantia nigra neurons showed reduced pigmentation and 

significantly reduced staining for TH, the rate-limiting enzyme for dopamine synthesis. The 

reduced staining did not appear to reflect poor tissue preservation in the LND brains, 

because sporadic substantia nigra neurons and most locus coeruleus neurons stained 

normally for TH. The reduction of TH in these neurons is consistent with the reduction of 

pigmentation, because neuromelanin is a byproduct of dopamine metabolism. The reduction 

of TH observed in the human brains is consistent with results from the HGprt− knockout 

mouse model, where there are no reductions in the numbers of THimmunopositive midbrain 

neurons or striatal fibers, yet there are reductions in TH staining on quantitative 

immunoblots. The reductions of TH in the human autopsy material also are consistent with a 

similar phenomenon in the HGprt− MN9D cell model, where there is significantly reduced 

TH, without reduced cell viability. Finally, the reductions in TH are consistent with 

reductions in dopamine levels that have been documented for the human LND brain,9–11 the 

HGprt− knockout mouse,16–18 and the MN9D cell model.21

Several prior studies have suggested that abnormal function of dopamine neurons plays an 

important role in the clinical phenotype of LND by affecting specific sub-circuits of the 

basal ganglia.7,33 For example, the major motor problem is dystonia, a movement disorder 

that has been linked with early developmental dysfunction of dopamine pathways and the 

motor circuit of the basal ganglia involving the putamen and motor cortex.34,35 The 

behavioral phenotype, in particular self-injurious behavior, has been linked with early brain 

dopamine loss in the limbic circuit involving the ventral striatum and orbitofrontal 

cortex.36–38 The pattern of cognitive deficits shows prominent problems with attention and 

executive functions, defects that have been proposed to result from dysfunction of pathways 

involving the caudate and dorsolateral prefrontal cortex.3,39 The clinical problems are not 

likely to be related to a simple deficiency of dopamine in these pathways, because 
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administration of the dopamine precursor L-dopa or direct-acting dopamine agonists is not 

therapeutic.40 One potential explanation is that dopamine neurons fail to mature properly, a 

possibility that is consistent with several gene expression studies of HGprt− cell models 

showing disruption of molecular pathways for dopamine neuron development.20,25,41–43 If 

this is the case, the loss of dopamine or TH reflect an aspect of a broader developmental 

defect in these neurons, and restoration of dopamine alone may be insufficient.

Although most attention has focused on basal ganglia dopamine neurons in LND, recent 

studies have shown that downstream targets of these neurons in the basal ganglia and 

associated cortical regions also are affected.39 Because dopamine itself plays a significant 

role in neuronal development, independent from its role as a neurotransmitter,44 

abnormalities in the basal ganglia and cortex may be secondary to dopamine loss. However, 

it is also possible that the basal ganglia and cortex are affected directly by the loss of HGprt. 

Although we did not detect any obvious neuropathological abnormalities in these regions of 

our LND brains, subtle changes in neuronal numbers or morphologies in these or other 

regions could have been overlooked.

Limitations of the Current Studies

Although studies of autopsy material are important for revealing abnormalities occurring 

directly in the human brain, they also have certain limitations. The first limitation involves 

the relatively small number of cases studied, which is related to the rarity of LND. In this 

regard, it is important to emphasize that our study is the largest ever reported. Altogether, 

there are only 25 prior neuropathological studies including a total of 33 brains of LND 

reported in the literature, with no consistent abnormalities.1,14 Signs of a degenerative 

process are notably absent from these reports. Our cases did not show the multifocal atrophy 

of the cerebellar granular layer described in a prior study.14 Only 1 prior study reported a 

detailed examination of midbrain dopamine neurons for 2 LND cases,11 and the small 

number of cases and variability in staining made it difficult to identify any consistent 

defects. Despite the small number of cases, our findings were robust and relatively 

consistent across our cases.

The second limitation is that tissue quality in autopsy studies is difficult to control because 

of variable antemortem and postmortem conditions. A lengthy or critical illness can affect 

tissue quality, and lengthy postmortem intervals or prolonged fixation can affect staining 

intensity. However, the tissue evaluated for the current studies was of suitable quality for 

identifying most common types of pathology. The findings in the LND brain are not likely to 

be related to poor tissue quality or poor staining for several reasons. First, melanization is a 

relatively stable phenomenon that is not sensitive to tissue fixation and is relatively 

insensitive to postmortem interval. Second, reduced TH staining in the midbrain was not 

likely to reflect poor tissue preservation or overfixation, because TH staining in the locus 

coeruleus of the same brains was normal. Finally, the key finding of reduced TH could be 

replicated in the HGprt− knockout mouse model and a tissue culture model, where technical 

issues related to tissue quality can be excluded.

More specifically, we confirmed key findings from the human LND brains using 

experimental models where experimental conditions could be precisely controlled and 
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rigorous quantitative methods could be applied. Studies of the HGprt− knockout mouse 

model of LND, with both TH immunostains and quantitative immunoblots, imply a 

reduction in TH expression, although the differences are not as great as those observed in the 

human LND brain or the cellular models. The results provide an explanation of prior 

conflicting studies of the mouse model, which has significant loss of striatal dopamine, with 

no obvious reduction in the numbers of midbrain dopamine neurons.17,19 Studies of the 

MN9D model of HGprt deficiency also confirmed the human autopsy finding of 

significantly reduced TH immunoreactivity.

Of course, surrogate animal or tissue culture models of disease have their own limitations. 

The most important limitation involves uncertainty regarding whether results from the 

mouse brain or rodent cell lines examined in vitro can be extrapolated to human brain. 

Another limitation is the lack of melanin deposition in the mouse brain and cell models, 

making it impossible to verify the finding of reduced pigmentation in the human LND brain. 

Finally, we did not evaluate our animal or cell models for subtle signs of neuronal injury that 

might disclose poor neuronal health without overt cell death. Despite some differences and 

limitations of the MN9D and knockout mouse models, they provide converging evidence 

from different experimental approaches that the loss of HGprt has a significant influence on 

expression of TH in substantia nigra neurons, with no obvious degenerative process.

Cell Death versus Loss of Neurotransmitter Phenotype

The relative preservation of substantia nigra neurons with apparent loss of neurochemical 

phenotype observed in our LND cases is unusual, but it is not unprecedented. A prior study 

described a similar phenomenon involving melanin-positive but TH-negative substantia 

nigra neurons in Parkinson disease and related Parkinsonian syndromes.45 Such neurons 

were found with a frequency of 17% in Parkinson diseases and an even higher frequency of 

64% in progressive supranuclear palsy. The authors attributed this phenomenon to an agonal 

state, in which unhealthy and dying nigral neurons were unable to maintain expression of 

TH. This explanation does not seem applicable to LND, where there is no evidence for a 

neurodegenerative process. An alternative explanation is that the mechanisms controlling the 

expression of the neurochemical phenotype of a dopamine neuron are separable from those 

controlling viability. Another study of Parkinson disease showed that a substantial 

proportion of melanin-positive substantia nigra neurons did not stain normally for Nurr1, a 

transcription factor known to control the neurochemical phenotype of dopamine neurons.46 

Some lines of Nurr1-deficient mice also show preservation of substantia nigra neurons that 

have lost most of the usual biochemical markers of the dopamine neuron phenotype.47,48 

These results from Parkinson disease and related models are consistent with the concept that 

molecular controls of the neurochemical phenotype may be separable from cell death. That 

is, a dopamine neuron may not die, but may lose its ability to communicate with its usual 

neurotransmitter. Either mechanism would result in failure of dopaminergic signaling.

Reductions of TH and nigral pigmentation also have been reported for dopa-responsive 

dystonia, which is most often due to defects in the gene encoding guanosine triphosphate 

cyclohydrolase.49–51 This enzyme is involved in the synthesis of the biopterin cofactor that 

is essential for the function of TH during dopamine production. In this disorder, the loss of 

Göttle et al. Page 10

Ann Neurol. Author manuscript; available in PMC 2016 April 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



TH may reflect coregulation of biopterin and TH, or a reduced half-life of TH due to lack of 

substrate stabilization.52 These mechanisms cannot explain the reductions of TH in LND, 

where there is no evidence for loss of biopterin.31

Our results, combined with similar observations from other disorders, imply that otherwise 

viable dopaminergic neurons may lose their neurochemical functionality. Understanding the 

mechanisms responsible for dissociating the neurotransmitter phenotype from cell viability 

has important implications for therapy, because restoring the neurochemical phenotype may 

be easier than replenishing lost neurons or preventing neuronal death. The relationship 

between loss of HGprt-mediated purine recycling and loss of dopamine or TH suggests that 

these mechanisms involve purine pathways.
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Figure 1. 
Histopathology in the substantia nigra. Representative hematoxylin and eosin stains of 

midbrain sections from control (CON1–CON4, CON6) and LND (LND1–LND5) brains are 

shown. In at least 3 independently stained sections at different levels of the midbrain, there 

was an impression of reduced neuromelanin pigmentation in 4 cases (LND1, LND2, LND4, 

LND5), mild or moderate cell loss in 3 cases (LND1, LND4, LND5), and somewhat small 

soma sizes in 4 cases (LND1, LND2, LND4, LND5).
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Figure 2. 
Tyrosine hydroxylase (TH) immunostains of the substantia nigra. Representative TH 

immunostains of midbrain sections from control (CON1–CON3, CON5, CON6) and LND 

(LND1–LND5) brains are shown. In at least 3 independently stained sections at different 

levels of the midbrain, there was an impression that all LND cases showed markedly 

reduced stain intensity in most pigmented neurons, mixed with a few scattered neurons that 

stained normally. Melanized neurons with low TH stain intensity (black arrows) can be seen 

adjacent to neurons with normal staining in the LND cases (white arrows).
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Figure 3. 
Brainstem locus coeruleus. Representative stains of brainstem locus coeruleus sections from 

a control (CON3) and LND patient (LND4) are shown. In at least 3 independently stained 

sections, the LND brains showed normal numbers and sizes of neurons in hematoxylin and 

eosin (upper panels) or tyrosine hydroxylase (TH)-immunostained sections (lower panels), 

normal melanin pigmentation, and normal TH immunostain intensity.
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Figure 4. 
Tyrosine hydroxylase immunohistochemical stains of the midbrain and striatum in control 

mice (CON; left column) and hypoxanthine-guanine phosphoribosyltransferase–negative 

(HGprt−) mice (MUT; right column). Representative sections from the midbrain are shown 

in the top panels, whereas sections from the striatum are shown in the bottom panels. 

Consistent results were obtained on tissue from 4 control animals and 4 HGprt− animals.
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Figure 5. 
Quantitative immunoblots for tyrosine hydroxylase (TH) in midbrain and striatum. The 

relative abundance of TH and actin as a loading standard are shown for immunoblots of 

midbrain and striatum. The left 8 lanes show results for 8 independent hypoxanthine-

guanine phosphoribosyltransferase–positive (HGprt+) control mice, and the remaining 8 

lanes show results for independent HGprt− mice. TH band intensities were normalized to 

actin in midbrain (bottom left) and striatum (bottom right); each value for each animal is 

presented as a separate symbol, with superimposed box-whisker plots to show median 

(center line), confidence intervals (top and bottom bar), and entire data range (whiskers). 

Results were examined by 2-way analysis of variance with brain region and HGprt status as 

explanatory variables. This analysis revealed significant differences between the normal and 

HGprt− mice for the striatum (*p < 0.001) but not the midbrain (p > 0.10). This experiment 

was repeated with 4 additional mutants and controls on an independent occasion for a total 

of 12 different control and HGprt− mice, with results similar to those shown here.
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Figure 6. 
Tyrosine hydroxylase immunostains of the MN9D cell model of hypoxanthine-guanine 

phosphoribosyltransferase (HGprt) deficiency. Fluorescence intensity histograms from flow-

activated cell sorting analyses are shown as separate panels for each of the HGprt− MN9D 

subclones (red traces) along with the HGprt+ MN9D parent cell line as control (blue traces) 

and a negative control without primary antibody (gray traces). Summary statistics for each 

mutant line (A2, A5, A6, A8, A10, T1, T2, T3, T4, and T5) are provided in Table 2. The 

results show representative traces, with the entire experiment being repeated at least 3 

independent times.
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Table 2

TH Stain Intensity for Parent and 10 HGprt− MN9D Sublines

Cell Line HGprt Status Cells Counted Median Fluorescence

MN9D parent Normal 24,700 36.5

MN9DA2 Deficient 26,900 6.9a

MN9DA5 Deficient 26,800 7.8a

MN9DA6 Deficient 24,200 23.1a

MN9DA8 Deficient 23,800 16.8a

MN9DA10 Deficient 24,400 8.1a

MN9DT1 Deficient 26,500 8.6a

MN9DT2 Deficient 26,300 35.5a

MN9DT3 Deficient 23,900 9.8a

MN9DT4 Deficient 27,200 7.4a

MN9DT5 Deficient 28,300 11.0a

Median tyrosine hydroxylase (TH) fluorescence intensity values were calculated using FlowJo software (Tree Star, Ashland, OR). The parent and 
each mutant (A2, A5, A6, A8, A10, T1, T2, T3, T4, and T5) were compared using the Wilcoxon 2-sample test. p < 0.001. HGprt = hypoxanthine-
guanine phosphoribosyltransferase.

Ann Neurol. Author manuscript; available in PMC 2016 April 11.


