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A B S T R A C T   

Animal disease models are important for neuroscience experimentation and in the study of neurodegenerative 
disorders. The major neurodegenerative disorder leading to motor impairments is Parkinson’s disease (PD). The 
identification of hereditary forms of PD uncovered gene mutations and variants, such as loss-of-function mu-
tations in PTEN-induced putative kinase 1 (Pink1) and the E3 ubiquitin ligase Parkin, two proteins involved in 
mitochondrial quality control, that could be harnessed to create animal models. However, to date, such models 
have not reproducibly recapitulated major aspects of the disease. Here, we describe the generation and 
phenotypic characterization of a combined Pink1/Parkin double knockout (dKO) rat, which reproducibly ex-
hibits PD-relevant abnormalities, particularly in male animals. Motor dysfunction in Pink1/Parkin dKO rats was 
characterized by gait abnormalities and decreased rearing frequency, the latter of which was responsive to 
levodopa treatment. Pink1/Parkin dKO rats exhibited elevated plasma levels of neurofilament light chain and 
significant loss of tyrosine hydroxylase expression in the substantia nigra pars compacta (SNpc). Glial cell 
activation was also observed in the SNpc. Pink1/Parkin dKO rats showed elevated plasma and reduced cere-
brospinal levels of alpha-synuclein as well as the presence of alpha-synuclein aggregates in the striatum. Further, 
the profile of circulating lymphocytes was altered, as elevated CD3+CD4+ T cells and reduced CD3+CD8+ T cells 
in Pink1/Parkin dKO rats were found. This coincided with mitochondrial dysfunction and infiltration of CD3+ T 
cells in the striatum. Altogether, the Pink1/Parkin dKO rats exhibited phenotypes similar to what is seen with PD 
patients, thus highlighting the suitability of this model for mechanistic studies of the role of Pink1 and Parkin in 
PD pathogenesis and as therapeutic targets.   

1. Introduction 

Parkinson’s disease (PD) is a prevalent, chronic, and progressive 
neurodegenerative disorder that affects 1–3% of the population over 60 
years of age worldwide (Miller and O’Callaghan, 2015). Clinically, PD is 
characterized by motor symptoms including bradykinesia, rigidity, 
resting tremor, and postural instability. Pathologically, PD is charac-
terized by the loss of dopaminergic (DA) neurons in the substantia nigra 
pars compacta (SNpc) and the presence of eosinophilic inclusions known 
as Lewy bodies containing alpha-synuclein (α-syn) and ubiquitin (Hirsch 
et al., 2016; Klein and Westenberger, 2012). This loss in SNpc DA neu-
rons leads to a reduction in the release of dopamine in the striatum; as an 

outcome, motor symptoms of PD become apparent (Exner et al., 2012; 
Hirsch et al., 2016). Along with α-syn, neurofilament lightchain (NfL) 
considered a marker of axonal damage in a variety of acute and chronic 
neurological diseases, has become a promising candidate as a cerebro-
spinal fluid (CSF) and plasma biomarker for alpha-synucleinopathies, 
including PD (Canaslan et al., 2021; Quadalti et al., 2021), and might 
predict disease progression in dementia with Lewy bodies (Pilotto et al., 
2021a). There are two forms of PD: sporadic, with likely multiple gene 
and environmental causative factors; and familial, genetically inherited 
in either autosomal recessive or dominant fashion. 

The generation of animal models that reproducibly recapitulate 
characteristic features of PD is necessary for studies to elucidate 
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mechanisms of disease pathogenesis, enable diagnostic and prognostic 
biomarker screens, and to develop and test therapeutic strategies. Ani-
mal models treated with the neurotoxin methyl-4-phenyl-1,2,3,6- 
tetrahydropyridine (MPTP) and 6-hydroxydopamine (6-OHDA) have 
yielded a great wealth of information. Studies using MPTP have been 
important for understanding nigral DA neuron loss and subsequent 
striatal adaptations and pointed to the role of mitochondria in PD 
pathogenesis. However, the pathogenic background of the MPTP model 
is of a toxic nature rather than a neurodegenerative process as in human 
PD (Klemann et al., 2016). The intracerebral infusion of 6-OHDA is also 
of a toxic nature and induces massive destruction of nigrostriatal DA 
neurons. Studies using 6-OHDA have allowed investigation of motor and 
biochemical dysfunctions in PD (Grigoryan et al., 1996). While the 
majority of PD cases are idiopathic, the identification of hereditary 
forms of PD uncovered gene mutations and variants, such as 
loss-of-function mutations in PARK6 and PARK2, the genes encoding 
mitochondrial quality control proteins PTEN-induced putative kinase 1 
(Pink1) and the E3 ubiquitin ligase Parkin, which could be harnessed to 
create animal models (Klein and Westenberger, 2012). In Drosophila, 
Pink1 mutation results in a reduction in life span and degeneration of 
muscles and DA neurons, while Parkin mutations led to a defect in their 
ability to fly and climb (Clark et al., 2006; Park et al., 2006). These 
behavioral defects were driven by cell death of muscle subsets and DA 
neuronal degradation (Greene et al., 2003; Whitworth et al., 2005). 
Unfortunately, mice are resistant to neurodegeneration upon the loss of 
Pink1 and Parkin (single or double deletion) (Gispert et al., 2009; 
Goldberg et al., 2003; Kitada et al., 2007, 2009; Von Coelln et al., 2004), 
while in rats, Pink1 but not Parkin deficiency does lead to motor 
impairment and nigral DA neuron loss, but without complete penetrance 
(Creed et al., 2019; Dave et al., 2014; de Haas et al., 2019; DeAngelo 
et al., 2022; Grant et al., 2015; Kelm-Nelson et al., 2021; Orr et al., 2017; 
Villeneuve et al., 2016). 

Here, we describe the generation and phenotypic characterization of 
a novel rat model of PD through combined knockout of Pink1 and Par-
kin. Motor dysfunction, specifically early gait abnormalities and 
decreased rearing frequency were present in Pink1/Parkin dKO rats. 
Pink1/Parkin dKO rats exhibited elevated plasma levels of neurofila-
ment light chain and significant loss of tyrosine hydroxylase expression 
in the SNpc, suggesting DA neuron loss. Glial cell activation was also 
observed in the SNpc. Pink1/Parkin dKO rats showed elevated plasma 
and reduced cerebrospinal levels of α-syn as well as the presence of α-syn 
aggregates in the striatum. Further, the profile of circulating lympho-
cytes was altered, as elevated CD3+CD4+ T cells and reduced CD3+CD8+

T cells in Pink1/Parkin dKO rats were found. This coincided with 
mitochondrial dysfunction and infiltration of CD3+ T cells in the stria-
tum. These rats reproducibly exhibit PD-relevant abnormalities, partic-
ularly in males, enabling studies on PD pathogenesis as well as potential 
preventative and therapeutic paradigms. 

2. Materials and methods 

2.1. Generation of Pink1/Parkin double knockout (dKO) rats 

The generation and characterization of Pink1 and Parkin single KO 
rats has been described previously (Dave et al., 2014). The Pink1 and 
Parkin single KO rats were obtained from SAGE Labs (and now available 
from Envigo). Pink1/Parkin double knockout (dKO) rats were generated 
by crossing Pink1− /− rats with Parkin− /− rats to obtain Pink1+/− /Parkin 
± rats, which were interbred to obtain Pink1− /− /Parkin− /− rats (now 
available from Envigo). To confirm the deletion of 26 bp in Park6 (gene 
encoding Pink1), genotyping was performed using 5′-CCCTGGCTGACT 
ATCCTGAC-3′ forward and 5′-CCACCACCCACTACCACTTACT-3′ reverse 
primers. Deletion of 5 bp in Park2 (gene encoding Parkin) was tested 
after DNA was amplified using a forward 5′-GGTGTCTTGGCTCAGT 
GTGA-3′ and reverse 5′-GCCACCCAGAATAGCATCTC-3’. Amplified Po-
lymerase Chain Reaction (PCR) samples were sent to ACGT Inc 

(Wheeling, IL) for sequencing. Further, a Park2 deletion primer set was 
developed in our lab that can be amplified using PCR using Wild Type 
forward 5′-CCAGTCTCGGAATTGCCTGTCCC-3′ and reverse 5′-TCTGC 
AGGTGCCGCACTGAAC-3′, and Parkin Deletion forward 5′-AATTTCCC 
GGTGCTGCAAACAC-3′ and reverse 5′-GTCTGCAGGTGCCGCACTCGG 
A-3’ (Supplemental Fig. S1). All rats were kept on the Long Evans 
Hooded (LEH) background. Pink1/Parkin dKO rats were viable and 
fertile; however, a high death rate of dams during childbirth was 
observed (approximately 30%). Only male rats were utilized in these 
experiments, and all rats were weighed at 1, 3, 6, 9, and 12 months. The 
average body weight of Pink1/Parkin dKO rats was significantly higher 
than wild-type (WT) controls at 9 and 12 months of age (Supplemental 
Fig. S2). One 9-month-old WT rat was excluded from the study since it 
developed an abdominal tumor. Rats were kept in a tempe 
rature-controlled environment with a 12-h light/dark cycle and free 
access to rat chow and water. Experiments were conducted in accor-
dance with the National Research Council’s Guide for the Care and Use 
of Laboratory Animals and the National Institutes of Health re-
quirements, and were approved by the University of Nebraska Medical 
Center Institutional Animal Care and Use Committee (IACUC). This 
report adheres to the ARRIVE guidelines. 

2.2. Cylinder test 

The cylinder test was used to assess rearing frequency and sponta-
neous forelimb use during rearing. In brief, rats at 1, 3, 6, 9 and 12 
months of age were placed in a transparent cylinder with a mirror at a 
45◦ angle placed below the cylinder to facilitate capture of the rearing 
and forelimb use from beneath the cylinder. Rats were placed in the 
cylinder for 5 min, and activity was recorded using a Sony HDR-CX210 
video camera. The cylinder was cleaned with 70% ethanol between 
animals. Recordings were analyzed blindly with respect to animal ge-
notype by 3 individuals, and then the number of rears and forepaw 
touches during rearing from the 3 individuals were averaged for each 
rat. 

2.3. Open field test 

The open field test was used to assess rearing frequency for both 
unsupported and supported rears, as well as response to levodopa 
treatment. Briefly, rats at 12 months of age were placed in the open field 
arena consisting of four transparent Plexiglas walls and a white PVC 
floor. Prior to testing each animal, the entire open field arena was 
cleaned using 70% ethanol. All open field tests were 5 min in duration, 
and activity was recorded from the side and above. On day 1, the rats 
were removed from their home cage and placed in the open field. On day 
2, the rats were injected with benserazide (12.5 mg/kg) 30 min prior to 
levodopa (10 mg/kg) administration. The rats were removed from their 
home cage and placed in the open field 60 min after levodopa admin-
istration. Benserazide and levodopa were both dissolved in saline and 
injections were intraperitoneal. Recordings were analyzed blindly with 
respect to animal genotype with the number of unsupported and sup-
ported rears during rearing averaged for each rat. 

2.4. Gait analysis 

A RatWalker system was developed by our group to measure gait in 
rats (Stauch et al., 2021) based on adaptations to the MouseWalker 
system developed to measure gait in mice (Mendes et al., 2015). Briefly, 
the rat home cage was placed at the end of the walker so the rats could 
walk freely on the walking floor toward their home cage without 
turning. The rats’ gait was captured from a mirror at 45◦ angle beneath 
the walking floor using GoPro Hero6 camera that was set to record 120 
frames/second. Videos were then trimmed to include 4 complete strides 
per rat from each of the 3 trials, converted into a series of images using 
ImageJ, and uploaded to the MouseWalker software which was written 
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in MATLAB (Mendes et al., 2015). The software was able to measure 
different gait parameters including stride velocity, stride length, step 
cycle, swing duration, stance duration, and swing velocity. Data repre-
senting left and right limbs were grouped. 

2.5. Immunofluorescence staining and confocal microscopy 

Rats were anesthetized with isoflurane and euthanized at 12 months 
of age by decapitation. Brains were removed and fixed in 4% para-
formaldehyde for 24 h at 4 ◦C. Brains were then rinsed with 1x PBS three 
times for 10 min prior to cryoprotection using 30% sucrose for 2 days at 
4 ◦C. After cryoprotection, the brains were rinsed with 1x PBS and then 
embedded in 3% agar for tissue sectioning using a vibrating microtome 
(Leica Biosystems VT1000S, Buffalo Grove, IL, USA). 50-μm coronal 
sections were collected on SuperFrost Plus slides (Fisher Scientific) after 
slicing and stored at − 20 ◦C until staining. 

Tissue slides were briefly washed in 1x PBS and blocked/per-
meabilized for 1 h with a 1x PBS solution containing 5% donkey 
(Jackson ImmunoResearch Laboratories) and goat serums (Vector Lab-
oratories) and 0.5% Triton X-100 (Sigma-Aldrich). Slides were then 
incubated overnight at 4 ◦C with primary antibodies: α-Synuclein 
Aggregate (Lewy Body) (1:3000, Cat #ab209538, Abcam, Waltham, 
MA, USA), CD3e (1:150, Cat #MA1-90582, RRID #AB_1956722, Ther-
moFisher, Waltham, MA, USA), Tyrosine Hydroxylase (TH) (1:2000, Cat 
#MAB318, Lot #2464515, Millipore, Temecula, CA, USA), α-Synuclein 
(1:1000, Cat #D37A6, Lot #4179, Cell Signaling Technology, Danvers, 
MA, USA), GFAP (1:1000, Cat #EPR1034Y, Lot #68428, Abcam), and 
Iba1 (1:500, Lot #019–19741, FUJIFILM, Chuo, Osaka, Japan). After 
primary antibody incubation, slides were rigorously washed in 1xPBS 
and incubated for 2 h at room temperature with secondary antibodies: 
Alexa Donkey anti-Mouse 647 (1:1000, Cat #A-31571, Invitrogen, 
Waltham, MA, USA) and Alexa Goat anti-Rabbit 568 (1:1000, Cat #A- 
11036, Invitrogen). The slides were rinsed and incubated for 10 min 
with DAPI (5 μg/ml, Cat #D1306, Lot #2328994, Invitrogen) for nu-
clear counterstain. After a final set of washes, the microscope slides were 
mounted using Vectashield Plus Antifade Mounting Medium (Cat #H- 
1900, Vector Laboratories) and placed under coverslips (Fisher Scien-
tific) for them to be imaged using a confocal microscope. 

Stained slides were imaged at 4x, 10x, 20x (~25 z-stacks), 40x (~25 
z-stacks), and 60x (~12 z-stacks) using a Nikon A1R upright confocal 
microscope. The images were obtained at 1024x1024 pixel size (1-μm 
steps for the z-stacks) with 561 and 640 nm lasers. 

Analysis was performed in ImageJ (https://imagej.nih.gov/ij/) 
including: percent area (% area) quantification of 10x images from five 
different sections, morphology observations, and puncta/cell counts for 
the corresponding 4x and 10x images. Percent area was obtained by 
setting a consistent threshold across all images and generating an ROI of 
interest (substantia nigra pars compacta or striatum) to then measure 
the signal’s area, area fraction (% area), and the mean gray value. These 
area fractions provided a quantification of the fluorescent signals from 
the selected area of interest. For counting puncta/cells, the Cell Counter 
plugin (https://imagej.nih.gov/ij/plugins/cell-counter.html) was used 
to count each of the objects of interest in a non-biased manner. 

2.6. Enzyme-linked immunosorbent assays (ELISAs) 

Cerebrospinal fluid (CSF) was collected from the rats at 12 months 
via the intra-cisterna magna using a ½ inch 25 G needle. Peripheral 
blood was collected using vacutainer tubes containing K2EDTA from the 
rats at 1, 3, 6, 9, and 12 months and plasma was isolated. CSF and 
plasma were stored at − 80 ◦C. ELISAs for rat α-syn and rat NfL were 
performed according to manufacturer’s recommendations (LS Bio). 
Standard curves were fit using a sigmoidal, four parameter logistic (4 
PL) on GraphPad Prism 9. The CSF samples were diluted 1:5 and assayed 
in duplicate. The plasma samples were diluted 1:3 and 1:9 and assayed 
in duplicate. The standard curves for each individual plate were used to 

transform the absorbance values for that particular plate into protein 
concentrations (pg/mL) and the two dilutions were then averaged. This 
way, any variation between plates and sample preparation would be 
nullified. 

2.7. PBMC isolation and hematological profiling 

Peripheral blood was collected using vacutainer tubes containing 
K2EDTA from the rats at 12 months and PBMCs were isolated. Whole 
blood was centrifuged at 900×g for 20 min at RT to separate erythro-
cytes, plasma, and the buffy coat. Plasma was collected and stored at 
− 80 ◦C. The buffy coat was removed, diluted with 1x PBS, and overlayed 
on Ficoll-Hypaque prior to centrifugation at 400×g for 30 min at RT. The 
PBMC layer was collected, diluted with 1x PBS, and centrifuged at 
500×g for 7 min at RT. The resulting pellet was lysed with 1x RBC lysis 
buffer, diluted with 1x PBS, and centrifuged at 400×g for 7 min at RT. 
The PBMC pellet was resuspended in 1x PBS and counted using a 
Beckman Coulter z1 particle counter. PBMCs were cryopreserved in 
Fetal Bovine Serum with 10% DMSO and stored in liquid nitrogen. Cells 
were thawed within 6 weeks of isolation and underwent flow cytometric 
assessments. Peripheral blood was also collected from the rats at 9 and 
12 months of age and processed for blood cell enumeration using the 
Hemavet 950 FS according to the manufacturer’s instructions (Drew 
Scientific). A significant elevation in the number of platelets was found 
in the Pink1/Parkin dKO rats at both ages, while the profiles of all other 
blood elements remained unaltered (Supplementary Fig. S3). 

2.8. Flow cytometry 

PBMCs were washed and stained with Live/Dead Fixable Blue Dead 
Cell Stain (L3224, Invitrogen) in PBS. Cells were then washed and 
blocked with anti-CD32 (Clone D34-485, 1:50) BD Biosciences) to pre-
vent Fc-Mediated non-specific binding. After blocking, cells were 
stained with antibodies in staining buffer containing PBS, 1% Bovine 
Serum Albumin (BSA), and 0.1% Sodium Azide at 4 ◦C for 30 min in the 
dark. Antibodies used were CD45 (Clone OX-1, 1:100, BV605), CD4 
(Clone OX-35, 1:100, V450), CD8 (Clone OX8, 1:100, BUV805), and 
B220 (Clone HIS24, 1:100, BB700) from BD Biosciences; CD3 (Clone 
REA223, 1:100, APC) from Miltenyi Biotec, and CD161 (Clone 3.2.3, 
1:100, BUV805) from BioLegend. Cells were then washed with staining 
buffer and fixed in a buffer containing PBS and 4% paraformaldehyde. 
Flow cytometric compensation was performed using OneComp eBeads 
and the samples were analyzed using a BD LSRFortessa X50 (BD Bio-
sciences) with laser - filters: 355 nm - 450/50 (Live/Dead), 405 nm - 
610/20BP (CD45), 638 nm - 670/30BP (CD3), 405 nm - 427/25BP 
(CD4), 355 nm - 820/60BP (CD8), 488–525/50BP (CD161), and 488 nm 
- 710/50BP (B220). Gating strategy, controls, and data provided as 
Supplementary File S1. 

2.9. Bioenergetics 

Oxygen consumption rates (OCR) and extracellular acidification 
rates (ECAR) were measured at 37 ◦C on the Seahorse XFe96 Extracel-
lular Flux Analyzer using 6 technical replicate wells for each indepen-
dent biological replicate (n = 6 for WT and n = 5 for dKO). PBMCs were 
plated at 750,000 cells/well in XF assay medium containing 4 mM L- 
glutamine and 25 mM glucose. Three baseline measurements of OCR 
and ECAR were recorded prior to sequential injection of oligomycin (O, 
3.5 μM, ATP synthase inhibitor), carbonyl cyanide 4-(trifluoromethoxy) 
phenylhydrazone (FCCP, F, 1 μM, mitochondrial oxidative phosphory-
lation uncoupler), rotenone (R, 14 μM, complex I inhibitor) and anti-
mycin A (A, 14 μM, complex III inhibitor). For OCR measurements: non- 
mitochondrial respiration, which corresponds to the average of the three 
measurement values after injection of rotenone combined with anti-
mycin A, for each well was subtracted from all other values for that well 
before calculation of the following mitochondrial respiratory 
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parameters: basal respiration (average of the first three measurement 
values before the injection of oligomycin); maximal respiration (average 
of the three measurement values after the injection of FCCP); respiration 
driving proton leak (average of the three measurement values after the 
injection of oligomycin); respiration driving ATP synthesis (basal 
respiration minus respiration driving proton leak); and spare respiratory 
capacity (maximal respiration minus basal respiration). For ECAR 
measurements, the glycolytic parameters: basal glycolysis (the average 
of the first three measurement values before the injection of oligomy-
cin), maximal glycolysis (the average of the three measurement values 
after the injection of oligomycin), and glycolytic reserve capacity 

(maximal glycolysis minus basal glycolysis) were calculated. For com-
parisons across assay plates using independent PBMC isolations for each 
plate, absolute rates of OCR and ECAR were converted to relative 
percent response from baseline (third measurement before oligomycin 
injection). The Seahorse Wave Controller Software 2.6 package was used 
for data collection. 

2.10. Statistical analysis 

Grubb’s test (α = 0.05) identified outliers (GraphPad Software 9). To 
compare the means between two groups, statistical significance was 

Fig. 1. Effects of double deletion of Pink1 and Parkin on gait via conventional analysis. Graphs demonstrating: (A) the time in seconds between two consecutive 
initial walkway contacts of the same paw (step cycle), which consists of the (B) duration in seconds of contact of a paw with the walkway (stance phase) and (C) the 
duration in seconds of no contact for a paw with the walkway (swing phase). LF, left front; RF, right front; LH, left hind; RH, right hind. Data shown as truncated 
violin plots with median and quartiles indicated by black horizontal lines. Significant in dKO compared to WT (n = 4–6 per group; p < 0.05*, 0.01**, 0.001***, 
0.0001****) using two-way ANOVA followed by Holm-Sidak multiple comparisons test. (For interpretation of the references to colour in this figure legend, the reader 
is referred to the Web version of this article.) 
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assessed by unpaired parametric two-tailed t-test (GraphPad Software 
9). For comparing the means among three or more groups, statistical 
significance was assessed by two-way ANOVA and Holm-Sidak’s mul-
tiple comparisons test (GraphPad Software 9). The relationship between 
each gait parameter and velocity was compared using nonlinear least 
squares regression (second order polynomial (quadratic)) and extra 
sum-of-squares F test (GraphPad Software 9). 

3. Results 

3.1. Pink1/parkin dKO rats show gait abnormalities 

Gait disturbances are a defining feature of PD occurring early during 
disease course and include decreased arm swing, slower walking speed, 
and shorter steps (Zanardi et al., 2021). We previously reported gait 
abnormalities in Pink1/Parkin dKO rats at an early age, 2 months 
(Stauch et al., 2021). Here, to evaluate the age-related progression of the 
gait changes, we quantitatively examined the walking behavior in freely 

Fig. 2. Regression analysis to reveal gait quality changes in dKO rats. Visualization of gait parameters plotted as a function of speed (stride and swing velocity). 
Relationships of (A) stride length, (B) swing duration, and (C) stance duration as a function of stride velocity. (D) Relationship of stride length as a function of swing 
velocity. Each of the parameters behaves differently as a function of velocity with aging, as illustrated by best fit non-linear regression curves (solid lines) and 95% 
confidence bands (dashed lines). The fit of one curve to both data sets was compared with the fit of individual curves fit to each dataset. Gait parameters with 
significant differences between WT and dKO rats (Extra sum-of-squares F test) are highlighted in blue (WT) and red (dKO). (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.) 
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walking Pink1/Parkin dKO and WT rats at 1, 3, 6, 9, and 12 months of 
age using an optical touch sensor based on frustrated total internal 
reflection (FTIR). It is important to note that the Pink1/Parkin dKO rats 
experience temporary hindlimb dragging, which was previously re-
ported in male Pink1 single KO (sKO) rats (Dave et al., 2014). In contrast 
to Pink1 sKO rats where approximately 30% of males exhibit hindlimb 
dragging, we find that 100% of male Pink1/Parkin dKO rats exhibited 
this phenotype by 6 months of age. The earliest age of onset observed 
was 4 months of age. The duration of this hindlimb dragging varies with 
resolution within 4–8 weeks after onset. As such, at 6 months of age, the 
gait analysis was complicated by the fact that the Pink1/Parkin dKO rats 
exhibit hind-limb dragging, and as such animals unable to swing their 
hind limbs were excluded. 

Spatial (stride length) and temporal (stance and swing duration, 
swing velocity) gait measurements that are known to be speed depen-
dent were obtained. Stride velocity was significantly increased in dKO 
rats compared to WT rats at 9 months of age only (no significant changes 
were found at 1, 3, 6, and 12 months, Fig. 1A). Conventional analysis of 
the gait data independent of speed revealed several differences between 
WT and dKO rats. The stride length was significantly increased at 3 and 9 
months for dKO rats (Fig. 1B). Step cycle is the time between two 
consecutive initial contacts of the same paw with the walkway floor. 
When we examined the duration of the step cycle each age, significant 
differences were observed in the dKO rats compared to WT rats, in which 
a decrease in the average duration of step cycle was observed at 1, 3, and 
9 months of age (Fig. 1C). The step cycle is composed of two stages, the 
stance phase, which is the duration of contact of a paw with the walkway 
floor, and the swing phase, which is the duration of no contact of a paw 
with the floor. When we examined the swing duration, we found sig-
nificant reductions for dKO rats at 6 months (Fig. 1D). We found sig-
nificant reductions for dKO rats in the stance duration at 1, 3, and 9 
months (Fig. 1E). The swing velocity was unaltered, except at 6 months 
where it was increased for dKO rats (Fig. 1F). 

Analyzing gait data sets as a function of walking speed (stride ve-
locity) allows one to assess whether a change in a gait parameter reflects 
a change in velocity only or a change in gait quality or signature. Such 
analysis can be performed by testing whether best-fit regression curves 
representing the datasets from the animals with different genetic back-
grounds are shared (Broom et al., 2017). For each age, we compared the 
fit of individual curves to each dataset to the fit of one curve to both data 
sets combined by an F-test. The stride length changes we observed for 
dKO rats at 3 months (Fig. 1B) are due to a change in gait quality or 
signature rather than a change in velocity, since we found significant 
differences in the stride length as a function of stride velocity regression 
curves (Fig. 2A). In contrast, the stride length changes observed at 9 
months (Fig. 1B) appear to be velocity-dependent since the comparison 
of curves did not reveal significant differences (Fig. 2A). Regression 
analysis of swing duration data in a velocity-dependent manner revealed 
significant differences at 1 month (Fig. 2B) although decreased swing 
duration by conventional analysis did not reach significance at this age 
(Fig. 1D) pointing to changes in gait signature. Of note, the comparison 
of curves for swing duration as a function of stride velocity at 6 months 
was not significant (Fig. 2B) so the reduced swing duration at 6 months 
(Fig. 1D) is velocity dependent. Stance duration decreases observed at 1, 
3, and, 9 months (Fig. 1E) are due to altered gait quality as revealed by 
the significant regression analysis (Fig. 2C). A comparison of curves did 
not reveal significant differences in stride length as a function of swing 
velocity at any age (Fig. 2D). This reveals that the changes in stride 
length are dependent on swing velocity. 

Summarizing, these data show that double deletion of Pink1 and 
Parkin affects both spatial and temporal aspects of gait, including 
changes in gait quality/signatures, and that these alterations are 
dependent on the age examined. 

3.2. Reduced rearing frequency and tremorigenesis in Pink1/Parkin dKO 
rats 

To investigate whether the combined deficiency of Pink1 and Parkin 
leads to functional deficits in limb activity and/or locomotor asymme-
try, the cylinder test was used to measure rearing frequency and spon-
taneous forelimb use in the rats at 1, 3, 6, 9, and 12 months of age. While 
no significant alterations in rearing frequency were uncovered at 1 and 3 
months of age, at 6, 9, and 12 months of age the Pink1/Parkin dKO rats 
exhibited a significant reduction in the number of rears compared to 
age-matched WT controls (Fig. 3A, Supplementary Videos 1 and 2). 
While both the WT and Pink1/Parkin dKO rats used the right and left 
paw indifferently at 6 and 12 months of age (Supplementary Fig. S4), 
Pink1/Parkin dKO rats showed a reduced number of paw touches using 
both simultaneously (Fig. 3B) as well as the left (Fig. 3C) and right 
(Fig. 3D) paws separately as compared to WT controls, which corre-
sponds to the decreased rearing frequency. We did uncover preferential 
use of the right over left paw in WT rats at 3 months of age (Supple-
mentary Fig. S4), which was unexpected. This finding highlights the 
importance of assessing the number of paw touches for each paw before 
brain injury to establish a baseline when using injury and lesion models, 
including the 6-OHDA and MPTP models of PD. 

To confirm the cylinder test results, rearing frequency at 12 months 
of age was also evaluated in an open field and consistent with the cyl-
inder test findings Pink1/Parkin dKO rats showed reduced rearing fre-
quency (Fig. 4A, Supplementary Videos 3 and 4). Specifically, we found 
that the Pink1/Parkin dKO rats exhibited lower frequency of unsup-
ported rears. To evaluate the motor response to levodopa in the Pink1/ 
Parkin rats, rearing frequency was measured before and after levodopa 
treatment. As seen in Fig. 4B (Supplementary Video 5), treatment with 
levodopa resulted in a shift in rearing frequency characterized by a 
decrease in the number of supported rears and an increase in the number 
of unsupported rears. 

In addition to the hindlimb dragging phenotype, several other 
qualitative visual observations were made, including observing tremors 
in the dKO rats while at rest, especially prominent in the forelimbs as 
well as the lower trunk and flank (Supplementary Video 4). Tremor is 
one of the most visible features of PD, and the typical PD tremor occurs 
at rest and usually begins in a limb, often in hands or fingers (Heu-
sinkveld et al., 2018). Further, the dKO rats exhibit abnormal move-
ments of the mouth and tongue (Supplementary Video 4) reminiscent 
of lingual dyskinesia or lingual protrusion dystonia, which are described 
in PD patients (Maiola et al., 2016; Sheehy et al., 2008). While rats can’t 
vomit, they can regurgitate, and the dKO rats appear to occasionally 
undergo retching movements (Supplementary Video 4), suggesting 
they may be experiencing gastroparesis, another symptom in PD. These 
behaviors appeared at least partially ameliorated by levodopa treatment 
as the observed frequency and severity was reduced (Supplementary 
Video 5). 

Supplementary video related to this article can be found at htt 
ps://doi.org/10.1016/j.bbih.2023.100656 

3.3. Elevated NfL levels in plasma and loss of tyrosine hydroxylase 
staining in the SNpc of Pink1/Parkin dKO rats 

PD is characterized by the progressive loss of DA neurons in the 
SNpc, and previous studies have reported DA neurodegeneration in 
Pink1 sKO rats but not in Parkin sKO rats (Dave et al., 2014; DeAngelo 
et al., 2022; Villeneuve et al., 2016). To determine if combined defi-
ciency of Pink1 and Parkin results in DA neuron loss in the SNpc, brains 
from 12-month-old WT and Pink1/Parkin dKO rats were immunostained 
for tyrosine hydroxylase (TH). TH is the rate-limiting enzyme that 
converts tyrosine to L-DOPA (L-3,4-dihydroxyphenylalanine), a pre-
cursor to dopamine and thus a marker of DA neurons. In Pink1/Parkin 
dKO rats the percent positive area of staining for TH showed significant 
reductions compared to WT rats (Fig. 5A and B). The TH positive neuron 
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population appeared relatively healthy in the WT group, unlike in the 
Pink1/Parkin dKO brains, in which most of the cell bodies were 
completely absent with some remaining projections across the pars 
compacta towards the pars reticulata region. Of note, the ventral 
tegmental area was spared in the Pink1/Parkin dKO rats and exhibited 
TH staining comparable to WT rats. Neurofilament light chain (NfL), a 
marker of neuronal degeneration, is elevated in the blood of many pa-
tients with neurological and neurodegenerative diseases, including PD 
(Hansson et al., 2017; Lin et al., 2018; Pilotto et al., 2021a, 2021b). In 
fact, blood NfL is among the most promising candidate biomarkers of 
neuroaxonal injury and has been proposed as a blood-based biomarker 
of neurodegeneration in PD (Backstrom et al., 2020; Hansson et al., 
2017). Thus, we measured plasma levels of NfL in the WT and Pink1/-
Parkin dKO rats. While unchanged at 1 month, we found significantly 

increased plasma levels of NfL in the Pink1/Parkin dKO rats at 3, 6, 9, 
and 12 months of age (Fig. 5C). Taken together, these findings show that 
elevated plasma NfL levels coincide with reduced TH staining in the 
SNpc of 12-month-old Pink1/Parkin dKO rats, suggesting loss of DA 
neurons in the SNpc. 

3.4. Glial morphology changes indicative of activation in the SNpc of 
Pink1/Parkin dKO rats 

In PD, the loss of DA neurons in the SNpc is associated with a glial 
response, composed mainly of activated microglia and, to a lesser extent, 
of reactive astrocytes (Kline et al., 2021). Thus, we performed immu-
nofluorescent staining in the SNpc for Iba1 and GFAP to assess the 
presence and morphology of microglia and astrocytes, respectively. As 

Fig. 3. Cylinder test reveals reduced rearing frequency in dKO rats at 6, 9, and 12 months. The cylinder test was used to assess hindlimb and forelimb use in WT and 
dKO rats at 1, 3, 6, 9, and 12 months of age. Truncated violin plots with median and quartiles indicated by black horizontal lines. Significant in dKO compared to WT 
(n = 5–6 per group; p < 0.01**, 0.001***, 0.0001****) using two-way ANOVA and Holm-Sidak multiple comparisons test. 

Fig. 4. Open field rearing uncovers impaired unsup-
ported rearing in dKO rats at 12 months that is 
responsive to levodopa. The open field arena was 
used to assess unsupported and supported rearing in 
WT and dKO rats at 12 months of age. (A) Quantifi-
cation of total, unsupported, and supported rears in 
WT and dKO rats. Truncated violin plots with median 
and quartiles indicated by black horizontal lines. 
Significant in dKO compared to WT (n = 6 per group; 
p < 0.05*, 0.001***) using two-way ANOVA and 
Holm-Sidak multiple comparisons test. (B) Quantifi-
cation of unsupported and supported rears in dKO 
rats before and after levodopa treatment. Lines con-
nect the data points for the same rat before and after 
levodopa. Significant after compared to before levo-
dopa (n = 6 per group; p < 0.05*, 0.01**) using un-
paired two-tailed t-test.   
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seen in Fig. 6A, the morphology of the microglial cells observed within 
the SNpc of the Pink1/Parkin dKO rats at 12 months of age exhibited an 
amoeboid shape, whereas those in the WT rats had normal branching. 
The retraction of microglial branches towards the circumference of the 
cell is thought to be correlated with glial activation. Similarly, the as-
trocytes in the SNpc of the Pink1/Parkin dKO rats appeared swollen with 
little to no branching reminiscent of gemistocytic reactive astrocytes, 
whereas the astrocytes in the SNpc of the WT rats maintained their 
ramified morphology (Fig. 6B). Taken together, these findings reveal 
glial morphology changes indicative of activation coincide with reduced 
TH staining in the SNpc of the Pink1/Parkin dKO rats suggesting gliosis 
likely contributes to pathogenesis in this rat model. 

3.5. α-Syn aggregation in the striatum of Pink1/Parkin dKO rats 

In addition to loss of DA neurons in the SNpc and the presence of 
gliosis, the major neuropathological finding in postmortem brains of PD 
patients is the presence of Lewy bodies (Srinivasan et al., 2021), which 
are intracytoplasmic inclusions of protein aggregates whose primary 
component is α-syn. Immunofluorescent staining in the SNpc of the 
Pink1/Parkin dKO rats at 12 months of age revealed no major changes in 
α-syn expression; although the pattern of staining appears more diffuse 
(Supplementary Fig. S5). However, α-syn normally localizes predomi-
nantly to presynaptic terminals and α-syn aggregation at the synapse is 

an early event in PD and is associated with impaired striatal synaptic 
function (Srinivasan et al., 2021). Thus, we performed immunofluores-
cent staining for α-syn in the striatum at 12 months of age. As seen in 
Fig. 7, in the striatum of the Pink1/Parkin dKO rats, α-syn appeared 
aggregated as puncta and were absent in the WT rat striatum (Fig. 7A). 
To confirm that the observed α-syn puncta were in fact aggregates, a 
conformation-specific antibody for α-syn aggregates was used for 
immunofluorescent staining in the striatum. Indeed, α-syn aggregates 
were observed in the striatum of the Pink1/Parkin dKO rats but not in 
the WT rats (Fig. 7B). Measuring α-syn levels in biofluids might be a 
potential biomarker for PD diagnosis (Chang et al., 2019; Lin et al., 
2017); therefore, we used ELISAs to detect α-syn in the cerebrospinal 
fluid (CSF) and plasma from the rats. The CSF α-syn concentration was 
significantly decreased in Pink1/Parkin dKO rats compared to WT rats at 
12 months of age (Fig. 7C). Conversely, we found overall increased 
levels of plasma α-syn in the Pink1/Parkin dKO rats compared to 
age-matched WT rats, with the changes reaching significance at 1, 6, 9, 
and 12 months of age (Fig. 7D). 

3.6. Altered circulating lymphocytes and T cell infiltration into the brain 
of Pink1/Parkin dKO rats 

Literature suggests α-syn might activate T cells in the periphery and 
that T cell infiltration into the brain might contribute to PD pathogenesis 

Fig. 5. Loss of TH staining in the SNpc of dKO rats at 12 months. (A) Z-stack maximal projection of a representative TH labeling merged with DAPI on 12-month-old 
(a, c, e, g) WT and (b, d, f, h) dKO SNpc. Objective/scale bar: (a, b) 4x/500 μm, (c, d) 10x/250 μm, (e, f) 20x/100 μm, (g, h) 40x-oil/50 μm. TH in red, DAPI in blue. 
White outlines highlighting the SNpc and SNr. (B) Quantification of TH positive staining (% area). Significant in dKO compared to WT (n = 5 per group; p < 0.01**) 
using unpaired two-tailed t-test. (C) ELISA quantification of NfL in plasma from WT and dKO rats at 1, 3, 6, 9, and 12 months. Significant in dKO compared to WT (n 
= 5–7 per group; p < 0.01**, 0.0001****) using two-way ANOVA followed by Holm-Sidak multiple comparisons test. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the Web version of this article.) 
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(Brochard et al., 2009; Lindestam Arlehamn et al., 2020; Sulzer et al., 
2017). Since we found elevated plasma α-syn levels, we next employed a 
validated flow cytometric panel (Barnett-Vanes et al., 2016) to charac-
terize the major leukocyte subsets circulating in the periphery using 
PBMCs from WT and Pink1/Parkin dKO rats at 12 months of age. Using 
antibodies targeted against a multitude of surface antigens our gating 
strategy first removed debris and dead cells (LIVE-DEAD stain), cell 
clumps (FSC-H and FSC-W; exclude doublets and clustered cells), or 
CD45− cells (excludes erythrocytes and plasma cells). This resulted in a 
population of live leukocytes which were then sequentially separated, 
first for T lymphocytes by CD3 which were further delineated by CD4 
and CD8, and then NK cells were identified by CD161 and B cells by 
CD45R. Changes in the circulating leukocytes, specifically increased 
numbers of CD3+ CD4+ T cells and decreased numbers of CD3+ CD8+ T 
cells were found in Pink1/Parkin dKO rats compared to age-matched WT 
controls (Fig. 8). Further, immunofluorescence staining for CD3 in the 

striatum revealed increased numbers of CD3+ T cells in the Pink1/Par-
kin dKO rats (Fig. 9). These results indicate that T cells infiltrated into 
the brain at a time that coincides with the presence of α-syn pathology in 
the striatum. 

3.7. Impaired mitochondrial respiration in PBMCs from Pink1/Parkin 
dKO rats 

Since Pink1 and Parkin function together to modulate mitochondrial 
quality control we used the Seahorse XF analyzer metabolic assay 
platform to simultaneously assess mitochondrial (OCR, oxygen con-
sumption rate) and glycolytic (ECAR, extracellular acidification rate) 
function in PBMCs isolated from the 12-month-old WT and dKO rats. As 
shown in Fig. 10, PBMCs from the dKO rats exhibit impaired maximal 
mitochondrial function (Fig. 10A) in the absence of changes in glycolysis 
(Fig. 10B). Fig. 10C shows the OCR versus ECAR showing PBMCs from 

Fig. 6. Gliosis in the SNpc of dKO rats at 12 months. (A) Z-stack maximal projection of a representative (a, b) TH labeling, (c, d) Iba1 labeling, (e, f) TH and Iba1 
labeling merged with DAPI, and (g, h) Iba1 labeling merged with DAPI on 12-month-old on 12-month-old (a, c, e, g) WT and (b, d, f, h) dKO SNpc. Objective/scale 
bar: (a–f) 20x/100 μm, (g, h) 60x-oil/50 μm. TH in red, Iba1 in green, DAPI in blue. (B) Z-stack maximal projection of a representative (a, b) TH labeling, (c, d) GFAP 
labeling, (e, f) TH and GFAP labeling merged with DAPI, and (g, h) GFAP labeling merged with DAPI on 12-month-old on 12-month-old (a, c, e, g) WT and (b, d, f, h) 
dKO SNpc. Objective/scale bar: (a–f) 20x/100 μm, (g, h) 60x-oil/50 μm. TH in red, GFAP in green, DAPI in blue. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.) 
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dKO rats have a low OCR and a low ECAR as compared to PBMCs from 
WT rats, suggesting overall lower metabolic function due to combined 
loss of Pink1/Parkin. 

4. Discussion 

In this current study, the Pink1/Parkin dKO rat model was generated 
and characterized, with the finding of a reproducible mammalian model 
of PD which will enable mechanistic studies to understand the combined 
loss-of-function of Pink1 and Parkin. The Pink1/Parkin pathway(s) 
appear key in PD pathogenesis as well as prevention/treatment para-
digms. Pink1 and Parkin are both proteins involved in mitochondrial 
quality control (Pickles et al., 2018), and when they carry 
loss-of-function mutations lead to familial forms of PD. Pink1 and Parkin 
mutation incidence in patients are higher in early-onset PD (<40 years 
old); however, the pathological features of Pink1 and Parkin are 
different. Mutation in Parkin induces less severe motor abnormalities 
and fewer motor complications in response to DA replacement with 
levodopa, while mutation in Pink1 has a high rate of 
medication-induced dystonia and development of other non-motor 
symptoms such as dementia (Lesage et al., 2020). Upon screening for 
Pink1 mutations in 175 parkinsonism patients with parkin mutations, 
two sibling pairs and one sporadic patient were found to be carrying 

both Pink1 and Parkin mutations (Funayama et al., 2008). Thus, the 
presence of digenic forms of PD highlights the importance of under-
standing the effects of combined loss-of-function of Pink1 and other PD 
genes, including Parkin. 

To elucidate the pathophysiological changes associated with loss-of- 
function mutations in Pink1 and Parkin, several different mammalian 
animal model KOs have been generated and characterized. While the 
mouse KO model of Pink1 displayed some motor abnormalities, those 
deficits were mild and there was no sign of DA neuronal loss in the SNpc 
or DA loss in the striatum (Kitada et al., 2007). Even though Parkin 
mutation is the most common autosomal recessive form of PD in 
humans, neither mouse nor rat Parkin KO models showed substantial 
abnormalities; although a slight impairment in DA release was found in 
mice (Itier et al., 2003; Kitada et al., 2007). The Pink1 KO rat was one of 
the first mammalian genetic models to show significant PD-like changes 
(Dave et al., 2014). These two KO rat models showed motor impairments 
and DA neuron loss in the SNpc (Dave et al., 2014; DeAngelo et al., 2022; 
Villeneuve et al., 2016). Further, Pink1 KO rats exhibited abnormalities 
in basal and evoked DA (Creed et al., 2019). Of note, while male Pink1 
KO rats exhibit hind-limb dragging, female Pink1 KO rats do not, and 
only approximately 30% of the male Pink1 KO rats appear to be affected 
suggesting incomplete penetrance, which is supported by contradictory 
findings showing the presence (Dave et al., 2014; DeAngelo et al., 2022; 

Fig. 7. Aggregated α-syn in the striatum of dKO rats at 12 months. (A) Z-stack maximal projection of a representative α-syn labeling merged with DAPI on 12-month- 
old (a, c) WT and (b, d) dKO striatum. Objective/scale bar: (a, b) 4x/500 μm, (c, d) 20x/100 μm. α-syn in green, DAPI in blue. (B) Z-stack maximal projection of a 
representative α-syn aggregate labeling merged with DAPI on 12-month-old (a, c) WT and (b, d) dKO striatum. Objective/scale bar: (a, b) 4x/500 μm, (c, d) 20x/100 
μm. α-syn aggregate in red, DAPI in blue. (C) ELISA quantification of α-syn in CSF from WT and dKO rats at 12 months. Significant in dKO compared to WT (n = 4–5 
per group; p < 0.05) using unpaired two-tailed t-test. (D) ELISA quantification of α-syn in plasma from WT and dKO rats at 1, 3, 6, 9, and 12 months. Significant in 
dKO compared to WT (n = 4–7 per group; p < 0.05*, 0.01**, 0.001***) using two-way ANOVA followed by Holm-Sidak multiple comparisons test. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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Villeneuve et al., 2016) versus absence (de Haas et al., 2019; Grant et al., 
2015; Orr et al., 2017) of significant loss of DA neurons in the SNpc. 
Incomplete phenotype penetrance can complicate mechanistic studies; 
however as discussed previously (Kelm-Nelson et al., 2021) Pink1 KO 
rats indeed mimic the human symptomatology showing motor as well as 

non-motor and non-classical motor abnormalities and as such are a 
useful model to study PD. 

To assess motor function in the Pink1/Parkin dKO rats, three motor 
behavior tests were performed: gait analysis, the cylinder test, and open 
field rearing. To quantitatively assess gait in the freely-walking rats, we 
used an optical touch sensor based on frustrated total internal reflection 
(fTIR), which records and tracks the footprints of rodents as they move 
on a walkway. Using this approach we previously described the walking 
behavior of WT rats and uncovered gait abnormalities in the dKO rats at 
2 months of age (Stauch et al., 2021). We uncovered gait abnormalities 
in the dKO rats as early as 1 month of age that persisted as they aged to 9 
months. Swing velocity, stride velocity and length were increased, while 
step cycle, swing and stance duration were decreased. Of these, swing 
duration (at 1 month), stride length (at 3 months), and stance duration 
(at 1, 3, and 9 months) changes in the dKO rats are due to a change in 
gait quality or signature rather than a change in velocity. At 12 months 
of age no significant gait alterations were found in the dKO rats versus 
the WT rats; however, this could be due to age-related changes in the 
walking style of the WT rats. Reduced walking speed is a hallmark of 
functional decline in aging across species, and the slowing of gait during 
aging combined with the speed dependence of gait metrics imposes 
challenges when assessing gait signatures in aging animals (Broom et al., 
2021). Our findings reveal that the dKO rats have a shorter step cycle 
and take quicker steps. Individuals with PD walk slower than healthy 
controls through a largely reduced stride length despite showing higher 
cadence, and reduced walking speeds denote a compensation strategy to 
avoid fallings in PD patients (Zanardi et al., 2021). 

The cylinder test revealed reduced rearing frequency in Pink1/Par-
kin dKO rats at 6 months that persisted at 9 and 12 months of age. 
Previously, a reduction in rearing frequency was reported starting at 4 
months in Pink1 KO (but not Parkin KO) rats (Dave et al., 2014). The 

Fig. 8. Altered levels of circulating lymphocytes in dKO rats at 12 months. 
PBMCs were isolated from 12-month-old WT and dKO rats and processed for 
flow cytometric analysis. Data shown as truncated violin plots with median and 
quartiles indicated by black horizontal lines. Significant in dKO compared to 
WT (n = 4–5 per group; p < 0.05*, 0.001***) using two-way ANOVA followed 
by Holm-Sidak multiple comparisons test. 

Fig. 9. Increased occurrence of CD3+ T cells in the striatum of dKO rats at 12 months. (A) Z-stack maximal projection of a representative (a, b) CD3 labeling and (c, 
d) CD3 labeling merged with DAPI on 12-month-old on 12-month-old (a, c, e, g) WT and (b, d, f, h) dKO striatum. Objective/scale bar: (a–d) 20x/100 μm. CD3 in 
green, DAPI in blue. (B) Z-stack maximal projection of a representative CD3 labeling merged with DAPI on 12-month-old dKO striatum. Objective/scale bar: 60x-oil/ 
50 μm. CD3 in green, DAPI in blue. (C) Quantification of CD3 positive staining (number of cells/section). Significant in dKO compared to WT (n = 5 per group; p <
0.05*) using unpaired two-tailed t-test. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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only difference in the assessment of rearing frequency between our 
current study and the previous study was the test apparatus used, which 
was the cylinder test versus an open field arena, respectively. Using an 
open field arena to assess rearing at 12 months of age, we found reduced 
rearing frequency in dKO rats, specifically unsupported rears were 
affected. Further, we found that open field rearing deficits were 

responsive to levodopa treatment. Similar to rearing tests in quadruped 
rodents, the 5 times sit-to-stand test (5xStS) is used to quantify func-
tional lower extremity strength in bipedal humans (Duncan et al., 2011). 
During the 5xStS, individuals are seated in a chair and then the amount 
of time it takes for the patients to stand up and sit down five times is 
recorded. While strength has been thought to be the fundamental 

Fig. 10. Impaired mitochondrial respiration in PBMCs isolated from dKO rats at 12 months. Top panel: graphical representation of the OCR (A) and ECAR (B) 
responses over time. Sequential injections are indicated as O (the ATP synthase inhibitor oligomycin), F (the ATP synthesis uncoupler FCCP), R/A (a mixture of the 
complex I and III inhibitors rotenone and antimycin A, respectively). Bottom panel: mitochondrial respiratory parameters calculated from the OCR (A) and glycolytic 
parameters calculated from the ECAR (B). Significant in dKO compared to WT (n = 5 per group; p < 0.01**) using two-way ANOVA followed by Holm-Sidak multiple 
comparisons test. (C) Overall energetic phenotype of the PBMCs shown as OCR as a function of ECAR. 
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construct influencing 5xStS results, in people with PD, performance on 
the 5xStS is most related to balance and bradykinesia and can be used to 
determine whether an individual with PD may be at risk of falling 
(Duncan et al., 2011). Indeed, populations known to have balance 
problems including those with PD perform the 5xStS more slowly than 
healthy older adults (Duncan et al., 2011). As stated above, rearing 
frequency, particularly unsupported rearing, decreased in dKO rats, 
reflecting a loss of balance correlating with human PD 5xStS outcomes. 

Pink1/Parkin dKO rats exhibit hindlimb dragging in 100% of males 
and 30% of females. Further, approximately 30% of dams died during 
childbirth. While we focused here on characterizing the male Pink1/ 
Parkin dKO rats, these findings suggest combined deficiency of Pink1 
and Parkin also affects female rats, albeit perhaps without complete 
penetrance, and as such future studies are warranted. Of note, older 
male Pink1/Parkin dKO rats weigh more than their WT counterparts, 
hinting that a metabolic abnormality may develop with aging. 

In addition to the hindlimb dragging phenotype, several other 
qualitative visual observations were made, including observing tremors 
in the dKO rats while at rest, especially prominent in the forelimbs, 
lower trunk and flank. Tremor is one of the most visible features of PD, 
and the typical PD tremor occurs at rest and usually begins in a limb, 
often in hands or fingers (Heusinkveld et al., 2018). Further, the dKO 
rats exhibit abnormal movements of the mouth and tongue reminiscent 
of lingual dyskinesia or lingual protrusion dystonia, which are described 
in PD patients (Maiola et al., 2016; Sheehy et al., 2008). While rats can’t 
vomit, they can regurgitate, and the dKO rats appear to occasionally 
undergo retching movements, suggesting they may be experiencing 
gastroparesis, another symptom in PD. These behaviors appeared at 
least partially ameliorated by levodopa treatment as the observed fre-
quency and severity was reduced. Future quantitative assessments are 
warranted. 

Coinciding with the motor deficits at 12 months of age, a clear 
reduction in staining for TH was observed in the SNpc of dKO rats. The 
cell bodies of the TH-expressing neurons were almost completely absent, 
with only some remaining axonal projections exiting the SNpc. In 
addition to reduced TH expression, our study found higher levels of NfL, 
a marker for neuronal degeneration, in the plasma from the dKO rats 
compared with age-matched controls. Taken together, these findings 
reveal loss of TH expressing DA neurons in the SNpc of dKO rats. 
Elevated plasma NfL levels have been found in PD patients versus con-
trol subjects (Pilotto et al., 2021b) and in PD patients with dementia 
compared to non-demented PD patients (Lin et al., 2018). Additionally, 
blood NfL concentration can be used to distinguish PD from atypical 
parkinsonian disorders (Hansson et al., 2017). Further, PD patients with 
increased plasma NfL exhibit more severe motor and non-motor symp-
toms, and worse motor progression (Pilotto et al., 2021b). Our findings 
correlate motor abnormalities with NfL plasma levels in the dKO rats. 

PD is known to have a neuroimmune element, with the presence of 
gliosis from distressed microglia and astrocytes in the brain (Kam et al., 
2020). Microglia and astrocytes in the 12-month-old dKO rat brain 
exhibited morphological changes characteristic of a reactive and/or 
post-reactive phenotype. In the dKO SNpc, microglia were more amoe-
boid with less branching when compared to WT rats. The branch 
retraction of microglia and adoption of an amoeboid cellular shape has 
been reported to be present in post-mortem brains of PD patients (Doorn 
et al., 2014a, 2014b). Similar to the microglia, the branching of the 
astrocytes in the dKO SNpc was extremely retracted exhibiting 
morphology reminiscent of gemistocytic astrocytes. Gemistocytic as-
trocytes are thought to be a post-reactive deteriorating stage of astrocyte 
activation, these are rare and reports on their presence have been 
limited to certain glioblastomas, some psychiatric disorders, and en-
cephalitis cases (Karnam et al., 2017; Miyahara et al., 2018; Williams 
et al., 2014). The presence of astroglia atrophy has been reported in 
some neurodegenerative diseases, including Alzheimer’s disease 
(Verkhratsky et al., 2019); although, to the best of our knowledge, little 
to no data are available reporting the presence of gemistocytic 

astrocytes in PD patients, let alone a mammalian model of the disease. 
Microgliosis and astrocytic gliosis has been reported in human brains 
with PD-linked PD (Steele et al., 2015). Immunostaining for GFAP has 
been performed in the SNpc from autopsied brains of three 
Parkin-mutated patients revealing loss of staining (Kano et al., 2020). 
This is in line with our finding, since we observe post-reactive deterio-
rating astroglia in dKO rats. This suggests astrocytes degenerate and are 
absent from the SNpc at end-stages of the disease. Additional, histo-
logical evaluations of post-mortem brains from PD patients harboring 
Pink1 and/or Parkin mutations might shed light on the role of 
post-reactive glia in hereditary PD. 

Along with DA neuron cell loss, the formation of Lewy bodies pri-
marily composed of α-syn aggregates is a histological hallmark of PD 
pathology. The dKO rats showed no significant changes in α-syn in the 
SNpc; however, in the striatum a signal redistribution and formation of 
α-syn puncta was observed. These findings are similar to those obtained 
in the Pink1 KO rat, where no α-syn protein level changes were observed 
but a shift of the protein from the cytosolic fraction towards the synaptic 
compartment was found in brain homogenates (Creed and Goldberg, 
2018). Indeed, α-syn is a presynaptically localized protein, and the SNpc 
DA nerve synapses are located in the striatum, where we observe α-syn 
aggregation. Using an aggregation specific α-syn antibody, we 
confirmed that the observed puncta in the striatum were in fact α-syn 
aggregates. Increasing evidence suggests aggregation of α-syn at the 
synapse is an early event in PD pathogenesis and is associated with 
impaired striatal synaptic function and DA neuronal death (Faustini 
et al., 2022; Srinivasan et al., 2021). While PD patients with Parkin 
mutations rarely exhibit Lewy pathology (Schneider and Alcalay, 2017), 
only seventeen studies published from 1994 to 2018 have investigated 
post-mortem brains from such patients with a focus on Lewy body for-
mation and of these eight reported the presence of Lewy bodies and one 
showed basophilic Lewy body-like inclusion bodies (reviewed in 
(Madsen et al., 2021)). Even less is known about PD patients with Pink1 
mutations but reports exist of clear Lewy body pathology at autopsy 
(Samaranch et al., 2010; Steele et al., 2015). CSF levels of total α-syn 
have been reported to be lower in patients with PD and dementia with 
Lewy bodies compared with controls (van Steenoven et al., 2018). 
Similarly, we found lower levels of α-syn in the CSF from dKO rats. In 
contrast, we found elevated levels of α-syn in the plasma from dKO rats. 
Plasma α-syn levels have been found to be higher in PD patients, predict 
cognitive decline in PD, and moderately correlate with motor severity in 
patients with early PD (Chang et al., 2019; Lin et al., 2017). 

Chronic inflammation is associated with neurodegenerative disor-
ders, including PD and often includes vascular inflammation of the CNS 
and altered distributions of peripheral blood populations. Our results 
suggest that loss of Pink1 and Parkin in the dKO model is not associated 
with significant differences in numbers of peripheral whole blood lym-
phocytes, leukocytes, or erythrocytes; however, we did observe a sig-
nificant elevation in the number of platelets that did not coincide with 
an increase in mean platelet volume. Alterations in platelet dynamics are 
reported in conjunction with PD clinically yet remain controversial. In 
one study the reported mean platelet volume was elevated in PD but not 
AD patients relative to healthy controls, while platelet counts were 
comparable (Kocer et al., 2013). Conversely, a more recent study re-
ported no significant difference in mean platelet volume in PD patients 
(Geyik et al., 2016). Both studies reported a significant negative corre-
lation between mean platelet volume and Heohn and Yahr scale score 
and postulate that inflammation may play an important role in last-stage 
disease. In addition to altered mean platelet volume, low count, 
impaired glutamate uptake, reduced monoamine transporter 2 expres-
sion, and mitochondrial dysfunction have also been reported in platelets 
from PD patients (Benecke et al., 1993; Ferrarese et al., 1999; Haas et al., 
1995; Sala et al., 2010). Of note, the highest concentration of α-syn per 
mg of cellular protein in blood is found in these small platelets (Stefa-
niuk et al., 2022; Tashkandi et al., 2018). Although we did not observe 
differences in mean platelet volume, our observation of elevated 
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platelets supports a role for platelet dysfunction in the pathology of PD. 
Future investigations focusing on a more comprehensive characteriza-
tion of platelet abnormalities in the dKO model will be of significant 
interest. 

While we did not uncover significant differences in total numbers of 
leukocytes, we did find that the populations of circulating leukocytes 
were different in the dKO rats. In particular, we found elevated levels of 
CD3+ CD4+ T cells and reduced levels of CD3+ CD8+ T cells. Further, we 
uncovered a significant increase in CD3+ T cell infiltration into the 
striatum of dKO rats. CD3+ CD4+ and CD8+ T cells, but not B cells, have 
been identified in brain specimens from individuals with PD (Brochard 
et al., 2009). T cell involvement in PD has been extensively studied in 
the MPTP and adeno-associated virus (AAV)-mediated expression of 
α-syn in mouse models (reviewed in (Baird et al., 2019)). Consistent 
with evidence that T cells contribute to PD pathogenesis, modulation of 
T cells in preclinical models can mediate neuroprotection (Benner et al., 
2004; Brochard et al., 2009; Kosloski et al., 2013). Pink1 KO mouse T 
cells have been found to be less effective at suppressing bystander T cell 
proliferation under conditions favoring Treg polarization (Ellis et al., 
2013). Further, a strong inflammatory phenotype has been reported in 
both Pink1 and Parkin KO mice (Sliter et al., 2018). Intestinal infection 
with Gram-negative bacteria in Pink1 KO mice leads to brain infiltration 
by CD8+ T cells (Matheoud et al., 2019). Epidemiological studies have 
revealed a link of autoimmune disorders with PD (Li et al., 2012). While 
a paucity of research exists on T cells in genetic PD patients, some of the 
strongest evidence for T cell involvement in PD pathogenesis have come 
from recent studies examining autoimmunity to α-syn. Using peptides 
spanning the α-syn protein, both CD4+ and CD8+ T cell responses could 
be identified (Lindestam Arlehamn et al., 2020; Sulzer et al., 2017). 
These responses were especially prominent in CD4+ T cells; and 
included both T helper 1 (Th1) and Th2 cells. A follow-up study reported 
last year revealed that T cell responses to α-syn were strongest in the 
preclinical phase and early in disease onset, and subsequently decreased 
(Lindestam Arlehamn et al., 2020). In support of α-syn directed CD4+ T 
cell mediated pathogenesis, in an AAV-expression of α-syn mouse model 
of PD, MHC (the mouse HLA equivalent) class II was required for disease 
(Harms et al., 2013). Thus, T cell reactivity to α-syn may represent not 
only a predictive biomarker, but a potentially modifiable pathogenic 
mechanism in PD. Taken together, our data suggests the dKO rat model 
will be invaluable for studying the interplay between α-syn, T cells, and 
PD pathogenesis. 

Pink1 and Parkin mediate mitochondrial quality control, and we 
found that PBMCs isolated from 12-month-old dKO rats exhibit impaired 
maximal mitochondrial function while glycolytic function was unal-
tered. We also note an overall decrease in the energetic status of the 
PBMCs from the dKO rats at both basal and maximal conditions. PBMCs 
from young (2–3 months) Pink1 sKO rats showed increased mitochon-
drial respiration and glycolysis as compared to WT (Grigoruta et al., 
2020). Mitochondrial dysfunction in PBMCs has been found in prodro-
mal and early PD patients (Smith et al., 2018). Thus, additional studies 
will inform on the contribution of peripheral immune cell metabolic 
changes and relevance to disease progression. 

In conclusion, we generated a novel Pink1/Parkin dKO rat, which 
upon phenotypic characterization was found to reproducibly display 
pathological features similar to those observed in PD. Motor dysfunc-
tion, specifically early gait abnormalities and decreased rearing fre-
quency were present in Pink1/Parkin dKO rats. Pink1/Parkin dKO rats 
exhibited elevated plasma levels of neurofilament light chain and sig-
nificant loss of tyrosine hydroxylase expression in the SNpc, suggesting 
DA neuron loss. Glial cell activation was also observed in the SNpc. 
Pink1/Parkin dKO rats showed elevated plasma and reduced cerebro-
spinal levels of α-syn as well as the presence of α-syn aggregates in the 
striatum. Further, the profile of circulating lymphocytes was altered, as 
elevated CD3 CD4+ T cells and reduced CD3 CD8+ T cells in Pink1/ 
Parkin dKO rats were found. This coincided with mitochondrial 
dysfunction and infiltration of CD3+ T cells in the striatum. This model 

provides an important tool to explore disease pathogenesis and thera-
peutic strategies for patients with PD and to expand our knowledge 
about the importance of Pink1/Parkin-dependent mitochondrial quality 
control within and beyond the brain. 
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