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Abstract

Objective—Autosomal dominant parkinsonism, hypoventilation, depression and severe weight loss
(Perry syndrome) is an early-onset rapidly progressive disease. At autopsy, previous studies have
found severe neuronal loss in the substantia nigra without Lewy bodies. Transactive response DNA-
binding protein of 43 kDa (TDP-43) has recently been identified as a major ubiquitinated constituent
of neuronal and glial inclusions in frontotemporal lobar degeneration with ubiquitin-positive
inclusions and in amyotrophic lateral sclerosis. This study reports clinical, genetic and
neuropathologic investigations of Perry syndrome.

Methods—Clinical data and autopsy brain tissue samples were collected from eight patients from
four genealogically unrelated kindreds with Perry syndrome. Brain tissue was studied with
immunohistochemistry and biochemistry for TDP-43. Patients were screened for mutations in the
progranulin (GRN) and TDP-43 (TARDBP) genes.

Results—The mean age at onset was 47 years (range: 40-56), and the mean age at death was 52
years (range: 44-64). In all patients, we identified TDP-43-positive neuronal inclusions, dystrophic
neurites and axonal spheroids in a predominantly pallidonigral distribution, and we demonstrated
changes in solubility and electrophoretic mobility of TDP-43 in brain tissue. The inclusions were
highly pleomorphic and predominated in the extrapyramidal system, sparing the cortex, hippocampus
and motor neurons. There were no mutations in GRN or TARDBP.

Interpretation—~Perry syndrome displays unique TDP-43 pathology that is selective for the
extrapyramidal system and spares the neocortex and motor neurons.
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Introduction

Perry syndrome is characterized by rapidly progressive and fatal autosomal dominant
parkinsonism, central hypoventilation, depression and severe weight loss [1]. Seven families
have been described so far including the original Canadian family reported by Perry et al.
[2-10]. The mean age of onset is 46 years (range: 30-56 years) and the mean disease duration
is five years (range: 2-10 years). Most patients die from hypoventilation/respiratory
complications, some unexpectedly at night, and some by suicide. Previous autopsy studies have
shown severe neuronal loss in the substantia nigra (SN) and in the locus ceruleus, with few or
more often no neuronal cytoplasmic inclusions with conventional staining. Recently, selective
loss of putative respiratory neurons in the ventrolateral medulla and dorsal raphe nucleus was
reported, which may represent the pathologic substrate of central hypoventilation [11].
Clinicopathological correlation has been poor so far, in that 1) the severity of SN neuronal loss
outweighs the relatively mild parkinsonism observed in patients, and 2) no pathological lesion
has been identified that would convincingly account for severe weight loss or depression.

Transactive response DNA-binding protein of 43 kDa (TDP-43), a nuclear protein implicated
in transcription regulation and exon skipping, was recently identified as a major ubiquitinated
protein constituent of neuronal inclusions found in sporadic and familial forms of
frontotemporal lobar degeneration with ubiquitin-positive inclusions (FTLD-U) with or
without motor neuron disease (MND), and amyotrophic lateral sclerosis (ALS) [12-15].

Herein, we describe TDP-43-positive inclusions in eight patients with Perry syndrome from
four genealogically unrelated families. Morphologically, the inclusions are comparable to
those found in FTLD-U and ALS. In Perry syndrome, TDP-43 pathology has a distinct
distribution that predominantly affects the extrapyramidal system, but spares the cortex,
hippocampus and motor neurons.

Material and methods

Clinical and pathologic material for this study was collected through the international
consortium established by Z.K.W. in 2001 [16]. The study was approved by the Institutional
Review Board of the Mayo Clinic under the auspices of the Morris K. Udall Center for
Excellence in Parkinson Disease Research, and by each individual Institutional Review Board
through established collaborations.

Patients were examined by experienced movement disorders neurologists from France (three
patients), Japan (two patients), the United States (two patients), and Canada (one patient). All
patients were members of previously published families (French, Canadian, Japanese and West
Virginia families) [2,3,5,6,8,10], and the neuropathology of one Japanese patient (from the
same Japanese family) was reported recently [11]. Patient 1 from West Virginia and the
Canadian patient have not been reported before (patients WV 1 and CA in Table 1).

Pathologic material included fixed and frozen brains (two patients, one from Canada and one
from West Virginia), fixed tissue embedded in paraffin (five patients, three from France and
two from Japan), and unstained tissue on glass slides (one patient from West Virginia).
Neuropathologic evaluation of the two fixed and frozen brains followed a standardized
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dissection and staining protocol [17]. Histologic stains included hematoxylin and eosin and
thioflavin-S fluorescent microscopy. Immunohistochemistry for tau (CP13, Peter Davies,
Albert Einstein College of Medicine, Bronx, NY), a-synuclein (NACP; Mayo Clinic), ubiquitin
and a-internexin (both antibodies from EnCor Biotechnology, Alachua, FL) and TDP-43
(ProteinTech Group, Chicago, IL) was performed as previously described [18]. For TDP-43
biochemistry, tissue was homogenized and subjected to sequential fractionation [12]; the urea
fraction was loaded on Tris-HCI polyacrylamide gels and transferred to polyvinylidene
difluoride membranes after electrophoresis. Membranes were probed with rabbit antibody to
TDP-43 (1:1,000, Protein Tech Group, Chicago, IL), followed by anti-rabbit antibody
conjugated to IRDYE-800 (1:10,000; LI-COR BioSciences, Lincoln, NE) [18]. Blots were
imaged using the Odyssey Infrared Imager (Licor BioSciences, Lincoln, NE). Semi-
quantitative values were obtained for each type of TDP-43-positive pathology (neuronal
cytoplasmic inclusions = NCI, neuronal intranuclear inclusions = NI, glial cytoplasmic
inclusions and axonal spheroids) using a four point scale (0, none; 1, at least 1; 2, more than 1
but sparse; 3, moderate-to-frequent).

DNA was extracted from blood (four patients not included in the present study, one from the
French family, and three from three unrelated Japanese families) and frozen brain (two patients,
CA and WV 1) using standard methods. All genes linked to Parkinson disease or atypical
parkinsonism, including LRRK2, SNCA, PRKN, PINK1, DJ-1, ATP13A2, MAPT, SCA2 and
SCAS3, were examined for mutations and excluded (unpublished data). For this study, direct
gene sequencing was performed for GRN and TARDBP on an ABI 3730 DNA analyzer
(Applied Biosystems, Foster City, CA). TARDBP copy-number analyses was performed using
TagMan gene expression assays (Applied Biosystems) to exons 2, 4 and 6 of TARDBP and to
exon 5 of PSEN2 as endogenous control (primers available on request). Real-time PCR with
25 ng genomic DNA as template was performed on an ABI 7900 using the TagMan method
according to standard procedures. All samples were run in triplicate. The FAM-fluorescent
signal was analyzed using SDS2.2.2 software, and genomic copy number determined by
relative quantification.

Genealogical and clinical description

Genealogical studies performed on all seven reported kindreds with Perry syndrome (including
the four of the present study) identified no ancestral relationship between them. A summary
of clinical and pathological data on these families was recently published [1]. Here we report
two new cases from the West Virginia and Canadian families (Table 1, WV 1 and CA). Briefly,
the West Virginia family currently consists of seven patients (six previously reported) over
three generations [10]. The original Canadian family described by Perry et al. in 1975 currently
consists of 13 patients (10 previously reported) over four generations [2,3].

Of the eight patients included in the present study, there were five men and three women, with
a mean age of onset of 47 years (range: 40-56), and a mean age at death of 52 years (range:
44-64) (Table 1).

All patients presented with mild to moderate parkinsonism consisting of variable combinations
of bradykinesia, rest tremor or postural tremor, rigidity and axial signs. Depression or apathy
was present in all but one patient, and severe weight loss was apparent in four patients.
Respiratory symptoms were present in five patients, and severe central hypoventilation was
documented in two of them. Of three patients free of respiratory symptoms during disease
progression, one died of acute pneumonia with respiratory insufficiency and another died
suddenly at night of unexplained cause.
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The previously unreported Canadian patient (Table 1, CA) presented at age 53 with a two-year
history of weight loss (16 kg), shortness of breath, fatigue, loss of energy, sleep disturbance
and mild postural tremor. His father was Patient 111-3 in the original Perry family [3]. He had
mild micrographia, hypomimia, bilateral postural and kinetic hand tremor, altered postural
reflex and reduced arm swing. Over the next year, apathy worsened, and he developed
intermittent rest tremor, dysarthria, dysphagia and shortness of breath even when sitting. Two
polysomnograms established severe central sleep apnea with tachypnea, but only mild
nocturnal hypoventilation; however, during the second exam performed at age 53, the patient
slept for less than four hours. He died unexpectedly at age 54.

The West Virginia patient (Table 1, WV 1) was 42 when evaluated for a one-year history of
apathy and lethargy, tremor when using his hands, and sleep disturbance with sleep apnea
treated with chronic positive airways pressure. He was the son of Patient I1-7 from the West
Virginia family [10]. He displayed reduced facial expression, upper limbs and neck rigidity,
decreased arm swing and mild postural instability. Over the following year, he became
uncomfortable around people, socially withdrawn, and he complained of feeling restless. He
became more motionless and rigid, and only marginally benefited from carbidopa/levodopa
25/100 mg three times a day. Neuropsychological exam showed a frontal dysexecutive
syndrome with decreased initiation and speed, severe perseveration and a memory retrieval
deficit. A single polysomnography performed at age 43 failed to confirm hypoventilation or
significant sleep apnea; however, the patient only slept three hours during the exam. He died
at age 44.

Neuropathology

Examination was conducted on eight patients, including fixed and frozen brain samples (two
patients, one from Canada and one from West Virginia), fixed tissue embedded in paraffin
(five patients, three from France and two from Japan), and unstained tissue on glass slides (one
patient from West Virginia)

Macroscopically, there was no significant atrophy of the hemispheres, median structures or
deep white matter and nuclei (Figure 1A, B). There was depigmentation of the SN and locus
ceruleus (arrow in Figure 1C, D, respectively).

On histologic evaluation, there was severe neuronal loss and gliosis in the SN, with no Lewy
bodies or neurofibrillary tangles. Some degree of neuronal loss was also present in the lentiform
nucleus, hypothalamus, periaqueductal gray matter, locus ceruleus, dorsal raphe nucleus and
brainstem reticular formation. Immunohistochemistry showed ubiquitin and TDP-43-positive
neuronal inclusions, dystrophic neurites, glial cytoplasmic inclusions and axonal spheroids
(Figure 2). The majority of abnormal TDP-43 immunoreactivity was in NCI (Figure 2A-C, E,
F), but there were rare NII (Figure 2A, inset). NCI were morphologically pleomorphic with
round, irregular, granular, rod-like and skein-like shapes (Figure 2A, B, B inset, C, E, F).
Neurites were also detected, and they tended to be short lentiform processes, but were
occasionally longer with thin and curvilinear profiles (Figure 2D, D inset). TDP-43
immunoreactive axonal spheroids, with a granular or foamy appearance, were common in the
SN and globus pallidus. Scattered oval dense inclusions, presumably in astrocyte foot
processes, were found abutting capillaries (Figure 2E, inset). The SN was most affected,
followed by the globus pallidus and the substantia innominata (Table 2). TDP-43-
immunoreactive inclusions were present in the inferior olivary nucleus, striatum, subthalamic
nucleus and midbrain tegmentum; inconsistently found in the hippocampal dentate fascia,
pontine and medullary tegmentum, hypothalamus, spinal cord gray matter and thalamus;
negligible (with only a few dystrophic neurites) in the locus ceruleus, hippocampal pyramidal
layer and spinal cord anterior horn; and absent in the frontal, temporal, parietal and entorhinal
cortices, upper and lower motor neurons, amygdala, pontine base and hypoglossal nucleus
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(Table 2). The inclusions were negative for tau, a-synuclein and a-internexin, but positive for
ubiquitin.

In the CA and WYV 1 patients, TDP-43 biochemistry showed the presence of pathologic
hyperphosphorylated and truncated 25 kDa fragments in the urea fraction of the globus pallidus
and SN, but not in the temporal cortex, in line with immunohistochemistry results (Figure 3).
These pathologic forms of TDP-43 were similar to those found in the temporal cortex of FTLD-
U and were absent in a neurologically normal control brain (Figure 3).

Genetic study

All coding and non-coding exons of GRN and TARDBP were screened for mutations in six
patients from six genealogically unrelated families with Perry syndrome, including the two
patients (CA and WV 1) with neuropathology described in this study. No mutations were
identified. Copy-number analysis of TARDBP in the same patients did not show evidence of
partial or complete gene deletions or duplications.

Discussion

The present study shows for the first time a molecular signature of Perry syndrome; namely,
abnormal phosphorylated and truncated forms of TDP-43 associated with NCI, NIl and
dystrophic neurites. TDP-43 is a DNA binding protein found in the nucleus in physiological
conditions, therefore its cytoplasmic localization strongly supports a pathologic role.
Furthermore, the pathologic hyperphosphorylated and 25 kDa truncated forms of TDP-43 were
detected in brain regions that also had immunohistochemical evidence of pathology (globus
pallidus and SN), but not in histologically unaffected regions (temporal cortex). The
electrophoretic and solubility profiles of TDP-43 were similar to those found in other TDP-43
proteinopathies [12,13,19]. Given that mutations in GRN [20,21] and TARDBP [22-24] are
associated with TDP-43 pathology, these genes were excluded as causes of Perry syndrome.

TDP-43-positive NCI in Perry syndrome were highly pleomorphic, and some resembled the
skein-like inclusions detected in motor neurons of ALS [23,25]. On the other hand, the
distribution of NCI was different. In ALS motor neurons are affected, while in Perry syndrome
NCI were most common in the dopaminergic neurons of the pars compacta of the SN. In
addition to NCI, TDP-43 was also detected in lentiform shaped NII; however NI1 were detected
in only four of the eight cases, and they were very sparse. N1l are found in some cases of FTLD-
U and are more frequent in familial disease [26]. For example, all cases with mutations in
GRN [26,27] and the Valosin Containing Protein gene-associated FTLD have NII [28,29]. It
should be emphasized, however, that not all cases with NII have a positive family history
[27] and not all cases with a family history have NII. Perry syndrome falls into the latter
category.

The morphology and distribution of TDP-43 immunoreactive NCI, NIl and dystrophic neurites
in cortex and hippocampus has served to delineate four subtypes of FTLD-U [30-32]. The
TDP-43 pathology in Perry syndrome defies subclassification due to absence of lesions in the
cortex and hippocampus and the consistent involvement of the SN and globus pallidus, which
are brain regions not even considered in FTLD-U subclassification schemes. The presence of
TDP-43 in axonal spheroids, particularly in the substantia nigra and globus pallidus, has not
been emphasized in previous immunohistochemical studies using antibodies to TDP-43. While
SN TDP-43-immunoreactive axonal spheroids were prominent in Perry syndrome, they are
not specific to this condition. Out of 21 cases of pathologically confirmed FTLD-U with
subtype 3 TDP-43 [31,32] pathology (12 men; mean age [+SD], 75 [+10] years), 16 (76%) had
SN TDP-43-positive axonal spheroids (unpublished data). Glial inclusions similar to those
noted in Perry syndrome are also found in FTLD-U, ALS and Guam Parkinson dementia
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complex [25,33,34]. Extramotor pathology is increasingly recognized in ALS, particularly in
ALS with dementia, where inclusions have been described in the striatum, globus pallidus,
neocortex, hippocampus, SN and inferior olivary nucleus [35,36]. The inferior olivary nucleus,
which was frequently affected in Perry syndrome, is also commonly affected in FTLD-U,
FTLD-MND and ALS [15,25].

In Perry syndrome the most distinctive pathologic feature is the distribution of the inclusions,
which primarily involves the extrapyramidal system, but spares the cortex, hippocampus and
upper and lower motor neurons. While hippocampal pathology is common in FTLD-U, it was
almost absent in Perry syndrome. Sparse neuritic pathology in the pyramidal layer of the
hippocampus and rare NCI in the dentate fascia were detected in only a few cases. None of the
cases have involvement of the neocortex.

In Perry syndrome the distribution of the pathology only imperfectly explains the clinical
features. The extrapyramidal system predominance, especially the severe involvement of the
SN, likely accounts for parkinsonism in Perry syndrome patients. In addition, the basal ganglia
involvement may explain the poor or transient response to levodopa. Recently, a
neuropathologic study on one of the Japanese patients reported herein found selective loss of
putative respiratory neurons in the ventrolateral medulla and in the dorsal raphe nucleus, which
most probably represents the pathological substrate of hypoventilation [11]. Depression in
Perry syndrome may stem from the loss of aminergic neurons in the locus ceruleus and ventral
tegmental area. Frontal-type apathy, which better applies to some patients than true depression,
likely results from reduced ventral tegmental area-frontal cortex dopaminergic projections
[1,5]. No convincing pathological lesion has been found that would explain the severe weight
loss displayed by many patients. We found mild pathology in the hypothalamus which may
play a role; however, NCI were sparse and not associated with overt neuronal loss and gliosis.

While TDP-43 pathology was initially thought to be a specific marker for FTLD-U and ALS,
subsequent studies have shown it in a variety of other disorders, including Guam Parkinson
dementia complex [34], Pick’s disease [13], Alzheimer’s disease [18], hippocampal sclerosis
[18], and Lewy body disease [37]. It remains unclear if TDP-43 plays a direct and
pathologically relevant role in these diseases, or if it only represents a secondary phenomenon.
In contrast to these conditions, no other pathological hallmark such as a-synuclein (Lewy
bodies) or tau-positive (Pick bodies, tangles) pathology is present in Perry syndrome. Although
further studies may challenge TDP-43 pathogenicity in Perry syndrome, the absence of other
identifiable pathology supports its designation as a TDP-43 proteinopathy.

Given the lack of mutations in either GRN or TARDBP, the present results point to a missing
link between the genetic defect and the deposition of TDP-43-positive inclusions in Perry
syndrome. This missing link may include gene-gene, gene-protein or protein-protein
interaction, whereby the mutated gene/protein influences the expression or translation of
TARDBP or acts on the processing or posttranslational modification of TDP-43. A biochemical
link between progranulin and TDP-43 was recently identified in a cell biology study, in which
caspase-dependent cleavage of TDP-43 was produced by suppression of PGRN expression by
small interfering RNA. Caspase-dependent cleavage of TDP-43 was associated with
redistribution of TDP-43 from the nucleus to the cytoplasm, reminiscent of the pattern seen in
FTLD-U and in Perry syndrome [38]. This observation supports a pathogenic role of TDP-43
which is likely to be established in a subset of neurodegenerative conditions with TDP-43-
positive pathology [39].

Our study shows that Perry syndrome is a unique entity, with a distinct TDP-43-positive
pathology and a characteristic clinical presentation. Further studies are needed to establish the
role of TDP-43 in Perry syndrome and ultimately to identify its genetic cause.
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Figure 1.

Macroscopic aspect of the brain of CA shows no significant abnormality on sagittal (A) and
coronal (B) views, but marked depigmentation of the substantia nigra (C) and locus ceruleus
(C) (arrows).
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Figure 2.
TDP-43 immunohistochemistry of the CA (A, D and G), WV 1 (B, Eand H),and JP 1 (C, F

and 1) patients shows mesencephalic or substantia nigra NCI (A-C; higher magnification in
inset of B), NII (inset in A), dystrophic neurites (D arrows, E and F; higher magnification in
inset of D), axonal spheroids (G, H), glial cytoplasmic inclusions (I, arrow; higher
magnification in inset of I), and a perivascular astrocytic inclusions (inset of E; cap= capillary).
Scale bar: 25 um (A-1), 10 um (insets of A, B, D, E and I).
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Figure 3.

Western blot of Perry patients from WV 1 and CA, one patient with FTLD-U (FTLD) and one
neurologically normal control (N) shows the normal 43 kDa TDP-43 band in all subjects. In
Perry syndrome, pathologic 25 kDa fragment and hyperphosphorylated (arrow) TDP-43 bands
are present in the globus pallidus (GP) and substantia nigra (SN), but not in the temporal cortex
(TC). Abnormal bands are similar in Perry patients and FTLD-U, and absent in the control
subject.
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