
R E S E A R C H A R T I C L E

Homozygous CADPS2 Mutations Cause Neurodegenerative Disease
with Lewy Body-like Pathology in Parrots

Oswaldo Lorenzo-Betancor, MD, PhD,1,2† Livio Galosi, DVM,3† Laura Bonfili, MS, PhD,3

Anna Maria Eleuteri, PharmD, PhD,3 Valentina Cecarini, MS, PhD,3 Ranieri Verin, DVM, PhD,4

Fabrizio Dini, DVM,3 Anna-Rita Attili, DVM, PGDip,3 Sara Berardi, DVM, PhD,3 Lucia Biagini, DVM,3

Patrizia Robino, DVM, PhD,5 Maria Cristina Stella, MS, PhD,5 Dora Yearout, BS,1 Michael O. Dorschner, PhD,6

Debby W. Tsuang, MD, MS,1,7‡* Giacomo Rossi, DVM, MS, PhD,3‡* and Cyrus P. Zabetian, MD, MS1,2‡*

1Veterans Affairs Puget Sound Health Care System, Seattle, Washington, USA
2Department of Neurology, University of Washington School of Medicine, Seattle, Washington, USA

3School of Biosciences and Veterinary Medicine, University of Camerino, Matelica, Italy
4Department of Comparative Biomedicine and Food Science, University of Padova “Agripolis”, Legnaro, Italy

5Department of Veterinary Sciences, University of Torino, Torino, Italy
6Department of Pathology, Center for Precision Diagnostics, University of Washington, Seattle, Washington, USA

7Department of Psychiatry, University of Washington School of Medicine, Seattle, Washington, USA

ABSTRACT: Background: Several genetic models that
recapitulate neurodegenerative features of Parkinson’s
disease (PD) exist, which have been largely based on
genes discovered in monogenic PD families. However,
spontaneous genetic mutations have not been linked to
the pathological hallmarks of PD in non-human
vertebrates.
Objective: To describe the genetic and pathological find-
ings of three Yellow-crowned parrot (Amazona
ochrocepahala) siblings with a severe and rapidly pro-
gressive neurological phenotype.
Methods: The phenotype of the three parrots included
severe ataxia, rigidity, and tremor, while their parents
were phenotypically normal. Tests to identify avian viral
infections and brain imaging studies were all negative.
Due to their severe impairment, they were all euthanized
at age 3 months and their brains underwent neuropatho-
logical examination and proteasome activity assays.
Whole genome sequencing (WGS) was performed on the
three affected parrots and their parents.
Results: The brains of affected parrots exhibited neuro-
nal loss, spongiosis, and widespread Lewy body-like

inclusions in many regions including the midbrain, basal
ganglia, and neocortex. Proteasome activity was signifi-
cantly reduced in these animals compared to a control
(P < 0.05). WGS identified a single homozygous mis-
sense mutation (p.V559L) in a highly conserved amino
acid within the pleckstrin homology (PH) domain of the
calcium-dependent secretion activator 2 (CADPS2) gene.
Conclusions: Our data suggest that a homozygous
mutation in the CADPS2 gene causes a severe neurode-
generative phenotype with Lewy body-like pathology in
parrots. Although CADPS2 variants have not been
reported to cause PD, further investigation of the gene
might provide important insights into the pathophysiol-
ogy of Lewy body disorders. © 2022 The Authors. Move-
ment Disorders published by Wiley Periodicals LLC on
behalf of International Parkinson and Movement Disorder
Society. This article has been contributed to by U.S.
Government employees and their work is in the public
domain in the USA.
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Introduction

The development of genetic animal models that mani-
fest the full spectrum of features in Parkinson’s disease
(PD) has been challenging.1 Currently, there are several
such models, but none of them completely mimic the
clinical findings and associated neuropathological hall-
marks of PD.1 These include mice expressing truncated
C-terminus α-synuclein which is more prone to
aggregation,2–4 conditionally expressing either wild-
type (WT) or A53T human α-synuclein,5,6 and
expressing A53T α-synuclein on a null parkin7 or DJ-1
background.4,8–11 Of the existing vertebrate models,
only transgenic mice expressing A53T α-synuclein
driven by the mouse prion promoter (mPrP) display the
full range of α-synuclein pathology that is observed in
human brains, which includes α-synuclein aggregation,
fibrils and truncation, α-synuclein phosphorylation and
ubiquitination, and progressive age-dependent non-
dopaminergic neurodegeneration.12–15 However, this
model does not show progressive degeneration of the
dopaminergic system.1 Conversely, autosomal recessive
knockout models based on PRKN, PINK1, or DJ-1
genes do not show any substantial behavioral or
progressive nigrostriatal pathology, nor the typical
neuropathological PD hallmark of α-synuclein aggrega-
tion.7,16–23

The Yellow-crowned parrot (Amazona ochrocephala)
is a species native to tropical Central and South Amer-
ica. Descriptions of neurodegenerative pathologies in
parrots and other birds are uncommon, and in most
instances the pathology is related to environmental
exposures to toxins such as organophosphates and
heavy metals that induce axonopathies.24 Rare cases
with central nervous system involvement such as a
Lafora disease-like syndrome in cockatiels25 and cere-
bellar degeneration in parrots26 and chickens27 have
been described, but Lewy body (LB) pathology has
never been reported in birds. Here we present a
Yellow-crowned parrot pedigree with a severe progres-
sive early onset neurodegenerative phenotype and wide-
spread Lewy body-like pathology.

Materials and Methods
Animals

Three 3-month-old Yellow-crowned Amazons
(Amazona ochrocephala) were brought to the School of
Biosciences and Veterinary Medicine of the University
of Camerino in Italy, showing severe neurological
symptoms. Subsequently, DNA samples from their par-
ents, two uncles, and their grandparents were acquired
using blood collected during routine annual veterinary
visits.

Clinical Visit and Exams
The clinical history of the three affected parrots and

their family was collected. From the three affected
birds, blood samples were collected at multiple times to
perform hematological and biochemical analyses. Given
that viral and bacterial infections can cause neurologi-
cal manifestations in birds, polymerase chain reaction
(PCR) testing for chlamydophila, avian polyomavirus,
avian bornavirus, paramyxovirus, and beak and feather
disease virus was conducted.28 Anti-ganglioside anti-
body serology was performed to exclude any form of
parrot ganglioneuritis.28 Brain neuroimaging was per-
formed with a veterinary magnetic resonance imaging
(MRI) 0.2 Tesla (Esaote S.p.A, Genova, Italy), using T2
(transverse and sagittal), T1 (transverse), FLAIR (dor-
sal), and STIR (dorsal) sequences.

Pathological Analysis
Given that the parrots were unable to feed themselves

and the neurological symptoms worsened, with even-
tual death imminent, they were humanitarianly eutha-
nized at the age of 3 months. A complete necropsy was
carried out and all organs were fixed in 10% buffered
formalin for histological examination. Brain tissue was
stained with hematoxylin and eosin, Congo red dye,
Luxol fast blue, PAS, and immunohistochemistry (IHC)
was performed using an anti-synaptophysin antibody
(Agilent Technologies, Inc., Santa Clara, CA, USA),
anti-neurofilament antibody (Merck KGaA, Darmstadt,
Germany), and an α-synuclein antibody (Santa Cruz
Biotechnology, Inc., Dallas, TX, USA). Small portions
of brain (1 mm3) were fixed in 2.5% glutaraldehyde for
24 hours and then in Millonig buffer for electron
microscopy. After dehydration, the sections were
embedded in epoxy resin. Semi-thin toluidine blue 1%
stained sections were produced to assess target areas
for ultrastructural analysis. Ultra-thin sections (75 nm)
were then mounted on copper grids and examined
under a Philips EM208S (FEI UK, Cambridge, UK)
transmission electron microscope.
To explore the involvement of a CADPS2 mutation

in the pathology, IHC was performed with a CADPS2
polyclonal antibody (Invitrogen Corporation, MA,
USA) followed by a TUNEL assay. The expression of
CADPS2 was analyzed and quantified using ImageJ/Fiji
1.52p software (NIH, USA) as previously reported.29

As a control for IHC, western blot, and proteasomal
analysis, the brain of a healthy parrot of the same spe-
cies that died without brain lesions was used.

Western Blot and Proteasomal Analysis
Brains were homogenized in 50 mM Tris buffer,

150 mM KCl, 2 mM EDTA, pH 7.5 (1:5 weight/
volume of buffer). Homogenates were immediately cen-
trifuged at 13,000g for 20 minutes at 4�C and the
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supernatant was collected for enzyme activity assays
and western blotting. Protein content was determined
by the Bradford method30 using bovine serum albumin
(BSA) as standard.
Proteasome peptidase activities in brain homogenates

were determined using synthetic fluorogenic peptides:
Suc-Leu-Leu-Val-Tyr-AMC was used for chymotrypsin-
like (ChT-L) activity, Z-Leu-Ser-Thr-Arg-AMC for
trypsin-like (T-L) activity, and Z-Leu-Leu-Glu-AMC
for peptidyl-glutamyl-peptide hydrolyzing (PGPH)
activity.31 The incubation mixture contained brain
homogenates (15 μg total proteins), the proper sub-
strate (5 μM final concentration), and 50 mM Tris–HCl
pH 8.0, up to a final volume of 100 μL. Incubation was
performed at 37�C for 60 minutes and the fluorescence
of the hydrolyzed 7-amino-4-methyl-coumarin (AMC)
was detected (AMC, λexc = 365 nm, λem = 449 nm;
pAB, λexc = 304 nm, λem = 664 nm) on a SpectraMax
Gemini XPS microplate reader. The 26S proteasome
ChT-L activity was tested by including in the reaction
mix 10 mM MgCl2, 1 mM dithiothreitol, and 2 mM
ATP. Brain homogenates were also analyzed through
western blotting assays using anti α-synuclein (C-20)
primary antibody (sc-7011, from Santa Cruz Biotech-
nology, Heidelberg, Germany). The bands were quanti-
fied by using a densitometric algorithm. Each western
blot was scanned (16 bits greyscale) and the obtained
digital data were processed through Image J (NIH)32 to
calculate the background mean value and its standard
deviation. The background-free image was then
obtained by subtracting the background intensity mean
value from the original digital data. The integrated den-
sitometric value associated with each band was then
calculated as the sum of the density values over all the
pixels belonging to the considered band having a den-
sity value higher than the background standard devia-
tion. The band densitometric value was then
normalized to the relative GAPDH signal intensity. The
ratios of band intensities were calculated within the
same western blot. All calculations were carried out
using the Matlab environment (The MathWorks Inc.,
MA, USA).33

Whole Genome Sequencing Methods
DNA was extracted from liver of the three affected

parrots and from blood of their family members. Whole
genome sequencing (WGS) of the three offspring and
their parents was performed at the University of
Washington with 1 μg of DNA on a HiSeq 2000
Sequencing System (Illumina, San Diego, CA). The
WGS data were aligned using a standard BWA pipeline
to the budgerigar (Melopsittacus undulatus) reference
genome (Budgerigar v6.3)34 which contains 25,212
scaffolds of an undetermined number of chromosomes.
The budgerigar genome shares more than 99.9%

homology with the Amazona ochrocephala genome.
Annotation was performed with ANNOVAR soft-
ware35 using Ensembl and UCSC gene databases for
the Budgerigar v6.3 reference genome. Given the reces-
sive inheritance pattern of the disease (both parents
were healthy and related to each other with their three
offspring affected), all intergenic variants were first
removed, and the remaining variants were restricted to
those for which both parents were heterozygous, and
the three offspring were homozygotes. The ortholog
variants in humans were annotated according to the
gene transcript ENST00000449022.7. The candidate
variant identified in the WGS analysis was assessed for
co-segregation with disease by Sanger sequencing in all
members of the pedigree (Fig. 1A). Primers were
designed using Primer3 v.0.4.0 (https://bioinfo.ut.ee/
primer3-0.4.0/) and are available on request.

Results
Clinical Description

A severe neurological condition was observed in three
hand-reared parrot siblings birthed from two different
clutches from the same parents, who were siblings
(Fig. 1A). The grandparents were wild parrots, while
the rest of the animals had been born in captivity. The
three affected birds hatched from artificially incubated
eggs and were hand-fed. On veterinary examination
they exhibited uncoordinated movements, head tilt, and
stargazing (twisted back; see Supplementary video and
Fig. 2A–D) early in life (2 months). The breeder
reported that they never exhibited normal behavior or
movements since birth and were never able to assume a
physiological position in the container where they were
housed. The early motor signs were stiff neck muscles,
and often hyperextension of the limbs, in association
with early-onset persistent tremor. Tremor was the
most noticeable sign observed. It usually began inter-
mittently in one wing and increased considerably when
the parrots were under stress or fatigued. The tremor
rapidly became bilateral and diffuse, though some
degree of asymmetry was still evident. The parrots were
unable to perch and they had to be hand-fed despite
their age, as they were not able to eat independently.
One of the three siblings developed aspiration pneumo-
nia due to his inability to assume an upright position.

Complementary Analyses
Hematological and biochemical findings from blood

samples obtained at multiple times were not diagnostic.
PCR testing for avian polyomavirus, avian bornavirus,
paramyxovirus, beak and feather disease virus, and
chlamydophila were all negative. The parrots were also
seronegative for anti-ganglioside antibodies. Brain MRI
was negative for notable pathology.
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On pathological examination, the main microscopic
findings observed in the brain included moderate to
severe neuronal loss, microspongiosis, and reactive
astrogliosis. There were widely distributed variably
sized (up to �100 μm in diameter), round to elongate,
well-defined eosinophilic structures that occasionally
contained fine boat-shaped clefts, imparting a crinkled
appearance in both gray and white matter. These

abundant neuronal and axonal eosinophilic inclusions
lacked a distinctive core and halo and resembled Lewy
bodies (LBs) and Lewy neurites,36,37 which did not
stain positively with Congo red, Luxol fast blue, or
PAS. Large spherical bodies were occasionally observed
in cerebellar Purkinje cells, and multiple small round
bodies composed of similar material were noted within
pericardial and proventricular ganglia. IHC performed

FIG. 1. (A) Parrot pedigree. p.V559L segregated with disease in a recessive pattern. The grandparents were captured in the wild, but the remainder of
the parrots were born in captivity. Consanguinity of both parents is represented by a horizontal double line. Affected parrots are represented with black
symbols and unaffected parrots with clear symbols. Plus and minus symbols indicate mutant and wild-type alleles, respectively. (B) Human CADPS2
protein structure. CH domain, calponin homology domain (family of actin-binding domains found in both cytoskeletal proteins and signal transduction
proteins); PH domain, the pleckstrin homology domain is a protein domain that occurs in a wide range of proteins involved in intracellular signaling or
as constituents of the cytoskeleton; MHD1 domain, the munc13-homology domain 1 may function in a Munc13-like manner to regulate membrane traf-
ficking; DRD2 (dopamine receptor D2) interaction region; (C) amino acid V562 schematic view that shows its high conservation across species. Red
arrow shows the affected valine. Green arrow indicates the budgerigar (common parakeet) which was used as the reference sequence for the parrot.
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with anti-synaptophysin and neurofilament antibodies
failed to stain the eosinophilic bodies. In contrast,
strong α-synuclein immunostaining suggested that the
round intraneuronal structures were consistent with
cortical Lewy body-like inclusions (LBLIs) (Fig. 3).
These LBLIs were also present in the neocortex, amyg-
dala, hypothalamus, periaqueductal gray matter, dorsal
vagal nucleus, in some cerebellar Purkinje cells, and in
the basal ganglia. Some pale bodies and axonal spher-
oids were present in the same structures. There were no
plaques, tangles, or granulovacuolar degeneration in
the hippocampal formation. The IHC against
α-synuclein confirmed the presence of LBLIs in the
above-mentioned structures. The CADPS2 immuno-
staining revealed a homogeneously distributed increase
of the CADPS2 signal in the affected parrots’ brains
when compared to a control (2.5-fold higher than con-
trol; Fig. 3F), but LBLIs did not stain positive for
CADPS2 (Fig. 3G).
In the affected parrots, a conspicuous feature of neu-

rons harboring α-synuclein-positive LBLIs was somal
chromatolytic changes, defined by distension of the cell
body, displacement of the nucleus toward the periphery
of the soma, and dissolution of the Nissl substance. These

neurons also showed nuclear condensation. Subsets of
large neurons had this chromatolytic signature, showing
TUNEL-positive staining (Fig. 3H). Subsets of neurons in
brainstem and neocortex were TUNEL-positive, indicat-
ing cells with double-stranded DNA breaks. In apoptotic
neurons, varying degrees of nuclear alterations, ranging
from moderate to major chromatin condensation and, in
some of these neurons, disappearance of the nucleolus,
were observed. Though the nuclear envelope appeared
grossly intact it was convoluted. Some of these dying
neurons were partially or totally engulfed by glial cells,
suggesting an ongoing phagocytic process.
Finally, electron microscopy imaging identified the

eosinophilic material constituting LBLIs as accumula-
tions of short granular electrondense material on a
translucid background and organized in short filaments
at the periphery (Fig. 4). The presence of an electro-
ndense core, characteristic of LBs in neurons of patients
with PD, was not evident in our samples. The material
was largely confined to neuronal bodies, and accumula-
tion within the axons was minimal. In LBLIs-containing
neurons, the mitochondria were reduced in number and
had a dysmorphic appearance with vacuolization and
poorly defined and irregular cristae (Fig. 4).

FIG. 2. Clinical features. The affected parrots showed a twisted head (A), arthrogryposis (B), and impaired balance and coordination leading to falls and
an inability to maintain an upright position (C, D).
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Proteasome and Western Blot Analyses
Significantly reduced ChT-L and T-L proteasomal

activities were observed in affected parrots compared to
the control (P < 0.05; Fig. 5A), suggesting a deficit in
proteostasis. Moreover, the densitometric analyses
obtained from five separate blots detected a significant
increase of α-synuclein levels in brain homogenates of

each of the three parrots compared to the control
(P < 0.05; Fig. 5B).

Whole Genome Sequencing Results
We identified 88 variants genome-wide that remained

after filtering was performed (see Supplementary
Table S1). Twelve were upstream variants, six were

FIG. 3. (A, B). Mutated parrot midbrain and periventricular area. (A) In the periventricular area some intracytoplasmic inclusions in neurons are immuno-
positive for α-synuclein (brown staining). In the insert, the same hematoxylin and eosin (H&E)-stained section indicates the submeningeal periventricular
area in which a scattered inflammatory infiltrate is present. (B) Higher magnification of the hippocampal area showing that the cytoplasm of a large pro-
portion of neurons stained positive for α-synuclein. A vacuolated appearance of the cytoplasm in these neurons is apparent. Immunosections were
counterstained with Meyer’s hematoxylin. Scale bar A = 250 μm, B = 150 μm. (C–H) Mutated and control parrot midbrain comparison. (C) Schematic
diagram of the bird midbrain. Modified from Krauzlis et al.58 with permission of Elsevier Science & Technology Journals. OT, optic tectum; lpc, nucleus
isthmi pars parvocellularis; lmc, nucleus isthmi pars magnocellularis. (D) Presence of anti-CADPS2 antibody stain in the periventricular area of the mid-
brain in a healthy control parrot (D) compared to an affected parrot (G). Note the difference of expression and localization, as also quantified in (F), in
the CADPS2-positive neurons (brown stain). (F) CADPS2 expression analyzed and quantified using ImageJ/Fiji 1.52p software (NIH, USA). The data
point marked with an asterisk is statistically significant compared to the affected bird (*P < 0.05). (E, H) Presence of neurons showing TUNEL-positive
nuclei in the same parrot’s midbrain region. There is a high concentration of TUNEL-positive, brown-stained neuronal nuclei in a clear pre-apoptotic
state in the section belonging to the affected parrot (H), while the TUNEL-positive nuclei in the same area of the healthy parrot are few and very lightly
stained (E). Immunosections were counterstained with Meyer’s hematoxylin. Scale bar D and G = 250 μm; E and H = 200 μm.
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downstream variants, one was located in the 30 UTR
region of a gene, 62 were intronic variants, five were
synonymous variants, and one was a missense variant
that was located in the calcium-dependent secretion
activator 2 (CADPS2; JH556570.1:3828757C > G;
c.1675G > C; p.V559L) gene. The ortholog position
and mutation in the human CADPS2 gene located on
chromosome 7 is: g.122130303C > G; c.1684G > C;
p.V562L. This amino acid is highly conserved across
species, including invertebrates (see Fig. 1B, 1C), and
resides in the pleckstrin homology (PH) domain of the
protein.

Discussion

In this study we report three parrot siblings with a
rapidly progressive neurodegenerative disease which we
propose is caused by a spontaneous homozygous mis-
sense mutation (c.1675G > C; p.V559L) in the CADPS2
gene. The affected parrots displayed some clinical fea-
tures of PD including rigidity and tremor though their
phenotype was not limited to pure parkinsonism. Their
brains displayed widespread neuronal loss and intra-
neuronal α-synuclein and ubiquitin-positive inclusions
consistent with LBLIs. The affected neurons displayed
dysmorphic mitochondria with morphological similari-
ties to the shrunken, swollen, or vacuolated mitochon-
dria that have been reported in the brains of some PD
patients.38 Many of the LBLIs-containing neurons were
TUNEL-positive indicating an apoptotic state.
The onset of disease in these parrots was very early,

even in comparison to early-onset monogenic forms of
PD in humans. This species of parrot has a long
lifespan and has been reported to live up to 56 years in
captivity.39 The fact that the affected parrots had
abnormal movements since birth and displayed wide-
spread LBLIs throughout the brain by age 3 months

suggests that abnormal α-synuclein aggregation began
during embryonic stages.
The CADPS2 gene codes for a member of the CADPS

protein family.40 This family includes two main genes,
CADPS1 and CADPS2, which are expressed at the
highest levels in brain.41–43 A mouse study showed that
CADPS1 regulated catecholamine release from neuro-
endocrine cells, while CADPS2 regulated the release of
two neurotrophins, brain-derived neurotrophic factor
(BDNF) and neurotrophin-3 (NT3).44 A more recent
study of CAPDS2 distribution in mouse brain reported
the highest concentrations of CADPS2 immunoreactiv-
ity in the midbrain, cerebellum, and hippocampus.
Within the midbrain, peak immunostaining was
observed in the cells and mesh-like fiber system of the
substantia nigra (SN), ventral tegmental area (VTA),
and interpeduncular nucleus (IPN), and overlapped
with tyrosine hydroxylase (TH; a dopaminergic neuron
marker45) immunoreactivity in the SN and VTA but
not in the IPN. Clear immunoreactivity for CADPS2,
but not CADPS1, was substantially localized to TH-
positive neurons in mesencephalic-striatal co-cultures.46

This suggested that CADPS2 is predominantly
expressed in dopaminergic neurons of the SN and
VTA.46 In addition, the same study showed that
CADPS2 immunostaining overlapped with BDNF–TrkB
signaling in the hippocampus.46

Taken together, these data suggest that CADPS2 reg-
ulates presynaptic BDNF release in dopaminergic neu-
rons, which is particularly relevant to PD and other
neurodegenerative diseases. In animal models of PD,
BDNF enhances the survival of dopaminergic neurons,
improves dopaminergic neurotransmission, and acceler-
ates recovery of motor function.47 The mutation that
we observed in this study (p.V559L) occurs in the PH
domain of the protein and previous in vitro experi-
ments comparing different mouse splice isoforms sug-
gest that this region is required for efficient BDNF

FIG. 4. Transmission electron microscopy of a mutated parrot neuron. (A) Intracytoplasmic Lewy body-like inclusions (LBLI) (black arrows) character-
ized by accumulations of short granular electrondense material on a translucid background and organized in short filaments at the periphery. (B) Higher
magnification of the same LBLI. A general reduction of mitochondria is observed in the neuron, and the two mitochondria near the LBLI show loss of
cristae and a rounded-degenerate appearance. In neurons containing LBLIs, many mitochondria displayed spherical pleiomorphism with poorly defined
and irregular cristae and a finely granular matrix. Some small spherical bodies were also observed without cristae. Scale bar A = 2 μm; B = 0.5 μm.
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release.48 Thus, one mechanism by which mutations in
CADPS2 might induce neurodegeneration is by altering
the appropriate release of BDNF.
CADPS2 is located in the “autism susceptibility locus

1” on chromosome 7q31.3249 and genetic variants have
been associated with autism spectrum disorders and
intellectual disability.50 A Cadps2�/� knockout mouse
was generated and assessed for behaviors that model
facets of autistism.48 The mice displayed several “autis-
tic-like behavioral phenotypes” including impaired social
interactions, hyperactivity, and decreased exploratory
behavior, but they did not show any deficits in motor
function and had normal lifespans and reproductive abil-
ity. Their brains exhibited several abnormal cell pheno-
types, such as significantly fewer parvalbumin-positive
GABAergic interneurons in neocortex and hippocampus,
but they did not display the widespread neuronal loss
observed in the parrots we report here. While no LBLIs
were reported, α-synuclein immunohistochemistry was
not performed so it is unclear whether abnormal

α-synuclein aggregates were present. There are several
potential explanations for the differences in phenotype
between these Cadps2�/� knockout mice and the homo-
zygous p.V559L parrots including large differences in
the genetic background of the organisms and the nature
of the specific mutations. While no CADPS2 protein was
detected in the Cadps2�/� mouse brains, 2.5-fold ele-
vated levels of the mutant protein were found in the
brains of the parrots, and how p.V559L alters CADPS2
function is not yet known. An example of such pheno-
typic heterogeneity has been reported for RAB39B in
humans. Null mutations in the gene often result in men-
tal retardation associated with autism and/or epilepsy,51

while a missense mutation in the gene (p.G192R) causes
typical levodopa-responsive PD.52

Two of the most important familial PD-related genes
are LRRK2 and SNCA.53 Interestingly, one study per-
formed in cell lines with overexpression of either
LRRK2 or α-synuclein showed that CADPS2 expres-
sion is differentially regulated by LRRK2 and SNCA.54

FIG. 5. Proteasome activity and α-synuclein levels. (A) Proteasome activity in control (c) and affected (1–3) parrots. 20S proteasome chymotrypsin-like
(ChT-L), trypsin-like (T-L), and peptidyl-glutamyl-peptide hydrolyzing (PGPH) activities and the 26S proteasome ChT-L activity were measured in brain
homogenates as described in the Materials and Methods section. Results are expressed as fluorescence units (f.u.). Data points marked with an aster-
isk are statistically significant compared to the control bird (*P < 0.05). (B) Western blot detection of α-synuclein levels in activity in brain homogenates
of control (c) and affected (1–3) parrots. The densitometric analyses obtained from five separate blots and representative immunoblots are shown. Anti-
GAPDH antibody was used to confirm equal protein loading and to normalize the target protein. The detection was performed using an ECL western
blotting analysis system. Data points marked with an asterisk are statistically significant compared the control bird (*P < 0.05).
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This study showed a significant upregulation (�2-fold)
in both WT and G2019S-LRRK2-expressing cells,
when compared to control SHSY5Y cells. Therefore,
overactivation of LRRK2, independent of the G2019S
mutation, led to increased CADPS2 transcriptional acti-
vation suggesting that enhanced LRRK2 cellular func-
tion would be sufficient to induce transcriptional
dysregulation.54 The same study evaluated CADPS2
promoter-dependent transcriptional activity in human
neuroblastoma SK-N-SH cells overexpressing WT or
the PD-causing SNCA A30P mutation. In contrast to
LRRK2-overexpressing cells, CADPS activity was
reduced �20% and � 35% in WT- and A30P cells,
respectively, when compared to control cells. The effect
was again independent from disease-causing muta-
tions.54 Transcriptomic analyses in mice overexpressing
human WT α-synuclein have suggested that SNCA may
control synaptic vesicle release by downregulating the
expression of Cadps2,55 which is critical for constitu-
tive vesicle trafficking and secretion.56 Thus, CADPS2
expression might be regulated in part by genes that are
well-established as playing a role in PD pathogenesis.
A recent study that analyzed the contribution of all

midbrain cell types to PD pathology using single-cell
sequencing of human mesencephalon tissue identified a
neuronal cell cluster characterized by CADPS2 over-
expression and low TH levels that was almost exclusively
present in idiopathic PD but not controls.57 Aside from
low TH these neurons displayed a pattern of neuronal
markers similar to typical dopamine neurons. Thus, the
authors suggested that these high CADPS2-expressing
cells might represent degenerating dopamine neurons that
have lost their dopaminergic identity.57

Our results suggest that mutations in the CADPS2
gene cause a severe neurodegenerative phenotype asso-
ciated with LBLIs in parrots. Although CADPS2 vari-
ants have not been reported to cause neurodegenerative
diseases in humans, further investigation of the gene in
animal models might provide important insights into
the pathophysiology of LB disorders.

Acknowledgments: This work was supported by Merit Review Award
I01 CX001702 from the US Department of Veterans Affairs Clinical Sci-
ence Research and Development Service and a Research & Development
Seed Grant from the Veterans Affairs Puget Sound Health Care System.
Open Access Funding provided by Universita degli Studi di Camerino
within the CRUI-CARE Agreement.

Data Availability Statement
The data that support the findings of this study are

available from the corresponding authors upon request.

References
1. Dawson TM, Ko HS, Dawson VL. Genetic animal models of

Parkinson’s disease. Neuron 2010;66(5):646–661.

2. Wakamatsu M, Ishii A, Iwata S, et al. Selective loss of nigral dopa-
mine neurons induced by overexpression of truncated human alpha-
synuclein in mice. Neurobiol Aging 2008;29(4):574–585.

3. Tofaris GK, Spillantini MG. Alpha-synuclein dysfunction in Lewy
body diseases. Mov Disord 2005;20(Suppl 12):S37–S44.

4. Daher JP, Ying M, Banerjee R, et al. Conditional transgenic mice
expressing C-terminally truncated human alpha-synuclein
(alphaSyn119) exhibit reduced striatal dopamine without loss of
nigrostriatal pathway dopaminergic neurons. Mol Neurodegener
2009;4:34.

5. Nuber S, Petrasch-Parwez E, Winner B, et al. Neurodegeneration
and motor dysfunction in a conditional model of Parkinson’s dis-
ease. J Neurosci 2008;28(10):2471–2484.

6. Lin X, Parisiadou L, Gu XL, et al. Leucine-rich repeat kinase 2 regu-
lates the progression of neuropathology induced by Parkinson’s-dis-
ease-related mutant alpha-synuclein. Neuron 2009;64(6):807–827.

7. von Coelln R, Thomas B, Andrabi SA, et al. Inclusion body forma-
tion and neurodegeneration are parkin independent in a mouse
model of alpha-synucleinopathy. J Neurosci 2006;26(14):3685–
3696.

8. Ramsey CP, Tsika E, Ischiropoulos H, Giasson BI. DJ-1 deficient
mice demonstrate similar vulnerability to pathogenic Ala53Thr
human alpha-syn toxicity. Hum Mol Genet 2010;19(8):1425–1437.

9. Matsuoka Y, Vila M, Lincoln S, et al. Lack of nigral pathology in
transgenic mice expressing human alpha-synuclein driven by the
tyrosine hydroxylase promoter. Neurobiol Dis 2001;8(3):535–539.

10. Thiruchelvam MJ, Powers JM, Cory-Slechta DA, Richfield EK. Risk
factors for dopaminergic neuron loss in human alpha-synuclein
transgenic mice. Eur J Neurosci 2004;19(4):845–854.

11. Richfield EK, Thiruchelvam MJ, Cory-Slechta DA, et al. Behavioral
and neurochemical effects of wild-type and mutated human alpha-
synuclein in transgenic mice. Exp Neurol 2002;175(1):35–48.

12. Lee MK, Stirling W, Xu Y, et al. Human alpha-synuclein-harboring
familial Parkinson’s disease-linked Ala-53 --> Thr mutation causes
neurodegenerative disease with alpha-synuclein aggregation in trans-
genic mice. Proc Natl Acad Sci U S A 2002;99(13):8968–8973.

13. Giasson BI, Duda JE, Quinn SM, Zhang B, Trojanowski JQ,
Lee VM. Neuronal alpha-synucleinopathy with severe movement
disorder in mice expressing A53T human alpha-synuclein. Neuron
2002;34(4):521–533.

14. Dawson T, Mandir A, Lee M. Animal models of PD: pieces of the
same puzzle? Neuron 2002;35(2):219–222.

15. Chesselet MF. In vivo alpha-synuclein overexpression in rodents: a
useful model of Parkinson’s disease? Exp Neurol 2008;209(1):
22–27.

16. Kim RH, Smith PD, Aleyasin H, et al. Hypersensitivity of DJ-
1-deficient mice to 1-methyl-4-phenyl-1,2,3,6-tetrahydropyrindine
(MPTP) and oxidative stress. Proc Natl Acad Sci U S A 2005;
102(14):5215–5220.

17. Andres-Mateos E, Perier C, Zhang L, et al. DJ-1 gene deletion
reveals that DJ-1 is an atypical peroxiredoxin-like peroxidase. Proc
Natl Acad Sci U S A 2007;104(37):14807–14812.

18. Kitada T, Pisani A, Porter DR, et al. Impaired dopamine release and
synaptic plasticity in the striatum of PINK1-deficient mice. Proc Natl
Acad Sci U S A 2007;104(27):11441–11446.

19. Gispert S, Ricciardi F, Kurz A, et al. Parkinson phenotype in aged
PINK1-deficient mice is accompanied by progressive mitochondrial
dysfunction in absence of neurodegeneration. PLoS One 2009;4(6):
e5777.

20. Gautier CA, Kitada T, Shen J. Loss of PINK1 causes mitochondrial
functional defects and increased sensitivity to oxidative stress. Proc
Natl Acad Sci U S A 2008;105(32):11364–11369.

21. Perez FA, Palmiter RD. Parkin-deficient mice are not a robust model
of parkinsonism. Proc Natl Acad Sci U S A 2005;102(6):2174–
2179.

22. Itier JM, Ibanez P, Mena MA, et al. Parkin gene inactivation alters
behaviour and dopamine neurotransmission in the mouse. Hum
Mol Genet 2003;12(18):2277–2291.

Movement Disorders, 2022 9

C A D P S 2 M U T A T I O N I N P A R R O T S



23. Goldberg MS, Pisani A, Haburcak M, et al. Nigrostriatal dopami-
nergic deficits and hypokinesia caused by inactivation of the familial
parkinsonism-linked gene DJ-1. Neuron 2005;45(4):489–496.

24. Gambalunga A, Pasqualato F, Lotti M. Soluble phenyl valerate
esterases of hen sciatic nerve and the potentiation of organophos-
phate induced delayed polyneuropathy. Chem Biol Interact 2010;
187(1–3):340–343.

25. Britt J, Paster M, Gonzales C. Lafora body neuropathy in a cocka-
tiel. Companion Anim Pract 1989;19:31–33.

26. Reece RL, Butler R, Hooper PT. Cerebellar defects in parrots. Aust
Vet J 1986;63(6):197–198.

27. Markson LM, Carnaghan RB, Young GB. Familial cerebellar degen-
eration and atrophy; a sex-linked disease affecting light Sussex pul-
lets. J Comp Pathol 1959;69(2):223–230.

28. Rossi G, Dahlhausen RD, Galosi L, Orosz SE. Avian ganglioneuritis
in clinical practice. Vet Clin North Am Exot Anim Pract 2018;21(1):
33–67.

29. Cecarini V, Bonfili L, Gogoi O, et al. Neuroprotective effects of p62
(SQSTM1)-engineered lactic acid bacteria in Alzheimer’s disease: a
pre-clinical study. Aging 2020;12(16):15995–16020.

30. Bradford MM. A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein-dye
binding. Anal Biochem 1976;72:248–254.

31. Eleuteri AM, Angeletti M, Lupidi G, Tacconi R, Bini L, Fioretti E.
Isolation and characterization of bovine thymus multicatalytic pro-
teinase complex. Protein Expr Purif 2000;18(2):160–168.

32. Schneider CA, Rasband WS, Eliceiri KW. NIH image to ImageJ:
25 years of image analysis. Nat Methods 2012;9(7):671–675.

33. Marchini C, Angeletti M, Eleuteri AM, Fedeli A, Fioretti E. Aspirin
modulates LPS-induced nitric oxide release in rat glial cells. Neu-
rosci Lett 2005;381(1–2):86–91.

34. Ganapathy G, Howard JT, Ward JM, et al. High-coverage sequenc-
ing and annotated assemblies of the budgerigar genome. Gigascience
2014;3:11.

35. Wang K, Li M, Hakonarson H. ANNOVAR: functional annotation
of genetic variants from high-throughput sequencing data. Nucleic
Acids Res 2010;38(16):e164.

36. Kosaka K, Oyanagi S, Matsushita M, Hori A. Presenile dementia
with Alzheimer-, Pick- and Lewy-body changes. Acta Neuropathol
1976;36(3):221–233.

37. Okazaki H, Lipkin LE, Aronson SM. Diffuse intracytoplasmic gangli-
onic inclusions (Lewy type) associated with progressive dementia and
quadriparesis in flexion. J Neuropathol Exp Neurol 1961;20:237–244.

38. Martin LJ. Biology of mitochondria in neurodegenerative diseases.
Prog Mol Biol Transl Sci 2012;107:355–415.

39. Brouwer K, Jones, ML, King CE, Schifter H. Longevity records for
Psittaciformes in captivity. International Zoo Yearbook, 2000;37(1):
299–316.

40. Grishanin RN, Kowalchyk JA, Klenchin VA, et al. CAPS acts at a
prefusion step in dense-core vesicle exocytosis as a PIP2 binding pro-
tein. Neuron 2004;43(4):551–562.

41. Tissue expression of CADPS2. Human Protein Atlas. https://www.
proteinatlas.org/ENSG00000081803-CADPS00000081802/tissue.

42. Tissue expression of CADPS. Human Protein Atlas. https://www.
proteinatlas.org/ENSG00000163618-CADPS/tissue.

43. Sjostedt E, Zhong W, Fagerberg L, et al. An atlas of the protein-
coding genes in the human, pig, and mouse brain. Science 2020;367
(5947). https://doi.org/10.1126/science.aay5947

44. Sadakata T, Mizoguchi A, Sato Y, et al. The secretory granule-
associated protein CAPS2 regulates neurotrophin release and cell
survival. J Neurosci 2004;24(1):43–52.

45. Seroogy KB, Lundgren KH, Tran TM, Guthrie KM, Isackson PJ,
Gall CM. Dopaminergic neurons in rat ventral midbrain express
brain-derived neurotrophic factor and neurotrophin-3 mRNAs.
J Comp Neurol 1994;342(3):321–334.

46. Sadakata T, Itakura M, Kozaki S, Sekine Y, Takahashi M,
Furuichi T. Differential distributions of the Ca2+ �dependent acti-
vator protein for secretion family proteins (CAPS2 and CAPS1) in
the mouse brain. J Comp Neurol 2006;495(6):735–753.

47. Palasz E, Wysocka A, Gasiorowska A, Chalimoniuk M,
Niewiadomski W, Niewiadomska G. BDNF as a promising thera-
peutic agent in Parkinson’s disease. Int J Mol Sci 2020;21(3):1170.
https://doi.org/10.3390/ijms21031170

48. Sadakata T, Washida M, Furuichi T. Alternative splicing variations
in mouse CAPS2: differential expression and functional properties of
splicing variants. BMC Neurosci 2007;8:25.

49. Lamb JA, Barnby G, Bonora E, et al. Analysis of IMGSAC autism
susceptibility loci: evidence for sex limited and parent of origin spe-
cific effects. J Med Genet 2005;42(2):132–137.

50. Bonora E, Graziano C, Minopoli F, et al. Maternally inherited genetic
variants of CADPS2 are present in autism spectrum disorders and
intellectual disability patients. EMBO Mol Med 2014;6(6):795–809.

51. Giannandrea M, Bianchi V, Mignogna ML, et al. Mutations in the
small GTPase gene RAB39B are responsible for X-linked mental
retardation associated with autism, epilepsy, and macrocephaly.
Am J Hum Genet 2010;86(2):185–195.

52. Mata IF, Jang Y, Kim CH, et al. The RAB39B p.G192R mutation
causes X-linked dominant Parkinson’s disease. Mol Neurodegener
2015;10:50.

53. Klein C, Westenberger A. Genetics of Parkinson’s disease. Cold
Spring Harb Perspect Med 2012;2(1):a008888.

54. Obergasteiger J, Uberbacher C, Pramstaller PP, Hicks AA, Corti C,
Volta M. CADPS2 gene expression is oppositely regulated by
LRRK2 and alpha-synuclein. Biochem Biophys Res Commun 2017;
490(3):876–881.

55. Cabeza-Arvelaiz Y, Fleming SM, Richter F, Masliah E,
Chesselet MF, Schiestl RH. Analysis of striatal transcriptome in mice
overexpressing human wild-type alpha-synuclein supports synaptic
dysfunction and suggests mechanisms of neuroprotection for striatal
neurons. Mol Neurodegener 2011;6:83.

56. Cisternas FA, Vincent JB, Scherer SW, Ray PN. Cloning and charac-
terization of human CADPS and CADPS2, new members of the
Ca2+�dependent activator for secretion protein family. Genomics
2003;81(3):279–291.

57. Smajic S, Prada-Medina CA, Landoulsi Z, et al. Single-cell sequenc-
ing of human midbrain reveals glial activation and a Parkinson-
specific neuronal state. Brain 2022;145(3):964–978

58. Krauzlis RJ, Bogadhi AR, Herman JP, Bollimunta A. Selective atten-
tion without a neocortex. Cortex 2018;102:161–175.

Supporting Data

Additional Supporting Information may be found in
the online version of this article at the publisher’s
web-site.

10 Movement Disorders, 2022

L O R E N Z O - B E T A N C O R E T A L

V iew  pub l i ca t i on  s t a t s

https://www.proteinatlas.org/ENSG00000081803-CADPS00000081802/tissue
https://www.proteinatlas.org/ENSG00000081803-CADPS00000081802/tissue
https://www.proteinatlas.org/ENSG00000163618-CADPS/tissue
https://www.proteinatlas.org/ENSG00000163618-CADPS/tissue
https://doi.org/10.1126/science.aay5947
https://doi.org/10.3390/ijms21031170
https://www.researchgate.net/publication/363447565

	 Homozygous CADPS2 Mutations Cause Neurodegenerative Disease with Lewy Body-like Pathology in Parrots
	  Introduction
	  Materials and Methods
	  Animals
	  Clinical Visit and Exams
	  Pathological Analysis
	  Western Blot and Proteasomal Analysis
	  Whole Genome Sequencing Methods

	  Results
	  Clinical Description
	  Complementary Analyses
	  Proteasome and Western Blot Analyses
	  Whole Genome Sequencing Results

	  Discussion
	  Acknowledgments
	  Data Availability Statement

	  References


