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Parkinson’s disease (PD) is characterized by the progressive loss of dopaminergic neurons in the substantia nigra pars compacta
(SNpc). In this study, we generated a transgenic model by crossing germline Parkin–/– mice with PolgAD257A mice, an established
model of premature aging and mitochondrial stress. We hypothesized that loss of Parkin–/– in PolgAD257A/D257A mice would exacerbate
mitochondrial dysfunction, leading to loss of dopamine neurons and nigral-striatal specific neurobehavioral motor dysfunction. We
found that aged Parkin–/–/PolgAD257A/D257A male and female mice exhibited severe behavioral deficits, nonspecific to the nigral-striatal
pathway, with neither dopaminergic neurodegeneration nor reductions in striatal dopamine. We saw no difference in expression levels
of nuclear-encoded subunits of mitochondrial markers and mitochondrial Complex I and IV activities, although we did observe sub-
stantial reductions in mitochondrial-encoded COX41I, indicating mitochondrial dysfunction as a result of PolgAD257A/D257A mtDNA
mutations. Expression levels of mitophagy markers LC3I/LC3II remained unchanged between cohorts, suggesting no overt mitophagy
defects. Expression levels of the parkin substrates, VDAC, NLRP3, and AIMP2 remained unchanged, suggesting no parkin dysfunction.
In summary, we were unable to observe dopaminergic neurodegeneration with corresponding nigral-striatal neurobehavioral deficits,
nor Parkin or mitochondrial dysfunction in Parkin–/–/PolgAD257A/D257A mice. These findings support a lack of synergism of Parkin
loss on mitochondrial dysfunction in mouse models of mitochondrial deficits.
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Significance Statement

Producing a mouse model of Parkinson’s disease (PD) that is etiologically relevant, recapitulates clinical hallmarks, and exhibits re-
producible results is crucial to understanding the underlying pathology and in developing disease-modifying therapies. Here, we
show that Parkin–/–/PolgAD257A/D257A mice, a previously reported PD mouse model, fails to reproduce a Parkinsonian phenotype.
We show that these mice do not display dopaminergic neurodegeneration nor nigral-striatal-dependent motor deficits.
Furthermore, we report that Parkin loss does not synergize with mitochondrial dysfunction. Our results demonstrate that Parkin–/–/
PolgAD257A/D257A mice are not a reliable model for PD and adds to a growing body of work demonstrating that Parkin loss does not
synergize with mitochondrial dysfunction in mouse models of mitochondrial deficits.
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Figure 1. Physiologic data of 12-month-old mice. A, Schematic depicting breeding scheme to produce Parkin–/–/PolgAD257A/D257A mice. Female and male mice are depicted with the
symbol for females and males respectively. B, Representative gel confirming genotypes of pups. C, D, Body weight of 12-month-old female and male mice. Results are the mean6 SEM,
n = 7–15 per group. Datasets were unbiasedly analyzed using ROUT outlier analysis with a maximum false discovery rate (q) of 0.1%. Data were found to be normally distributed via
D’Agostino and Pearson test. SDs did not significantly differ per Brown–Forsythe test of variance. Significance of means was analyzed via ordinary one-way ANOVA (C: F(3,41) = 40.94
****p , 0.0001; D: F(5,37) = 15.97 ****p , 0.0001). Post hoc Tukey’s test resulted in ****p , 0.0001 for all PolgAD257A/D257A-expressing mice compared with wild-type and Parkin–/–

for both male and female cohorts, ns, not significant. E, F, Mass of spleen and liver (organs with known defects in PolgAD257A/D257A mice) were recorded. Mass was normalized to body
weight and then further normalized to the average wild-type organ mass/body weight ratio. Results are the mean6 SEM, n = 14–25 per group. Datasets were unbiasedly analyzed using
ROUT outlier analysis with a maximum false discovery rate (q) of 0.1%. Data were found to be normally distributed via D’Agostino and Pearson test. Brown–Forsythe test of variance found
that SDs differed significantly; therefore, significance of means was determined via a Welch one-way ANOVA (E: W(3.0,42.16) = 65.89 ****p , 0.0001; F: W(3.0,43.85) = 93.922
****p , 0.0001). Post hoc Dunnett’s T3 test resulted in E: ****p , 0.0001 for all PolgAD257A/D257A-expressing mice compared with wild-type and Parkin–/–; F: ****p , 0.0001 for all
PolgAD257A/D257A-expressing mice compared with wild-type and Parkin–/–, ns, not significant. G, Mass of hearts were recorded. Mass was normalized to body weight and then further nor-
malized to the average wild-type organ mass/body weight ratio. Results are the mean6 SEM, n = 14–25 per group. Datasets were unbiasedly analyzed using ROUT outlier analysis with
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Introduction
Parkinson’s disease (PD) is a progressive neurodegenerative dis-
ease characterized by the degeneration of dopamine neurons in
the substantia nigra pars compacta (SNpc). Although a sporadic
disease, mutations encoding the gene for the E3 ligase Parkin
result in the second most common form of familial PD (Kitada
et al., 1998; Bonifati, 2014). Data suggests that mutations in
PRKN result in abnormal mitochondrial quality control, point-
ing to deficits in mitophagy, fission/fusion, transport, and/or bio-
genesis (Ge et al., 2020). The relative contributions of each arm
of the mitochondrial quality control to dopamine cell death in
PD is an area of active investigation (Grenier et al., 2013; Ge et
al., 2020; Panicker et al., 2021).

We have previously reported that adult conditional Parkin–/–

mice exhibit dopamine neurodegeneration, motor deficits, and
abnormal mitochondria morphology and function. We further
linked the loss of Parkin to the accumulation of PARIS, a
Parkin substrate, which was found to suppress regulators of mi-
tochondrial biogenesis (Shin et al., 2011; Pirooznia et al., 2020).
Interestingly, germline Parkin knock-out (KO) mice (Parkin–/–)
lack an obvious PD phenotype and corresponding dopaminer-
gic loss (Fleming et al., 2005; Perez and Palmiter, 2005).
In an effort to generate a mouse model of PD that does not ster-
eotaxically or pharmacologically target dopaminergic neurons,
thus a more etiologically relevant model, we generated a double
transgenic line by crossing germline Parkin–/– mice with the mi-
tochondrial DNA (mtDNA) PolgA D257A mice (PolgA1/D257A),
a model of mitochondrial dysfunction and premature aging simi-
lar to a prior report (Pickrell et al., 2015). PolgAD257A/D257A mice
display a progressive accumulation of mtDNA mutations, result-
ing in a reduction in oxidative phosphorylation (OXPHOS)
function and a significantly shortened lifespan (Kujoth et al.,
2005).

We initially generated the Parkin–/–/PolgAD257A/D257A double
transgenic mouse model to better understand the role of mito-
chondrial quality control and the contributions of defects in
mitophagy versus mitochondrial biogenesis in promoting dopa-
minergic neurodegeneration because it had been reported that
the Parkin–/–/PolgAD257A/D257A mice exhibited loss of dopamine
neurons and that the absence of Parkin in PolgAD257A/D257A

mice lead to enhanced motor deficits and mitochondrial dys-
function (Pickrell et al., 2015). We hypothesized that deficits in
mitochondrial biogenesis would predominate over deficits in
mitophagy. To test our hypothesis we used behavioral, metabolic,
and biochemical assessments in Parkin–/–/PolgAD257A/D257A;
PolgAD257A/D257A, Parkin–/–, and wild-type (WT) littermate
controls.

Materials and Methods
Animals
PolgAD257A/D257A mice were previously reported (Kujoth et al., 2005) and
were obtained from The Jackson Laboratory: B6.129S7 (Cg)-
Polgtm1TproI/J). Mice were genotyped with primer set: PolgA_F
59-TCCACTGAGGGAGCTTCTGT-39 and PolgA_R 59-CTTCC

CTAAAGACCGCAGGG-39. Using these primers allowed for the
amplification of the, knock-in allele, resulting in a positive band
that was 171-bp higher than the wild-type band. These results were
confirmed via sequencing. Parkin–/– mice were used as previously
described (Von Coelln et al., 2004) in which exon 7 was deleted,
generating a catalytically null mutant. All mice were backcrossed to
C57Bl/6 mice (Charles River) for at least 10 generations. The four ge-
notypes of mice used in this study were WT (Parkin1/1/PolgA1/1),
Parkin–/–, PolgAD257A/D257A, and Parkin–/–/PolgAD257A/D257A. Animals
were housed in a climate-controlled room with a 12/12 h light/dark
cycle. Mice were given unlimited access to food and water. Both male
and female mice were used.

Pole test
The pole test was performed as previously published (Ogawa et al., 1985;
Matsuura et al., 1997) with slight modifications. Briefly, the mouse was
placed face-up on top of a wrapped metal pole (diameter 8 mm; height
55 cm). To familiarize the mouse to its new environment, a tray with
cage bedding was placed at the bottom of the pole. Each mouse was
trained for 3 d. On the fourth day, the mouse was subjected to timed tri-
als that were video recorded. Because of large variability trials, each
mouse performed five trials, with a minimum of 1 min of rest in between
each trial set. The time it took for the mouse to turn around and descend
the pole was recorded. The mouse was given 120 s to turn and 120 s to
descend the pole, giving each trial a maximum value of 240 s. If the
mouse failed to turn in 120 s, the rater manually turned the mouse and
started the clock, again recording the time of descent until a maximum
of 120 s. If the mouse fell, it was given a maximum score of 120 s for
descent. An average of all five trials was used with the total trial time (la-
tency plus descent) used for analysis.

Openfield
The Photobeam Activity System (PAS)-Openfield suite from San Diego
Instruments was used in the Johns Hopkins University School of
Medicine Animal Behavior Core. Raters were trained in the use of the
equipment, and equipment and animal handling were conducted per
manufacturer and behavioral core protocol, respectively. Briefly, animals
were brought into the suite for acclimation 1 h before testing. Each sta-
tion was wiped down with 10% bleach before use. At the beginning of
the testing period, each mouse was placed in the middle of the 16 � 16-
inch photobeam box. The testing period concluded at the end of 15 min.
Mice were placed back in their cages and each station was cleaned.

Grip strength
The Grip Strength Test from BIOSEB was used according to the manu-
facturer’s protocol. Mice were trained 1 d before testing. In brief, mice
were held by the tail and their forelimbs were allowed to grip the mesh
strength plate. Mice were gently pulled backwards, away from the meter,
in a horizontal plane. The force applied to the grid at peak tension (the
point before the mouse lost its grip) was recorded in grams. The same
protocol was used to determine hindlimb strength, although in this test
the mouse was allowed to grip the grid with both its forelimbs and hin-
dlimbs, giving a reading of total limb strength. Force readings were nor-
malized to body weight for analysis.

Immunochemistry
Mice were perfused with ice cold 1� PBS (Quality Biologicals, pH 7.4),
and the brains were dissected from the skulls. The left hemisphere was
immediately placed in a 15-ml conical tube (Falcon) with cold 4% para-
formaldehyde/PBS (Santa Cruz, pH 7.4). Conical tubes were placed on a
rotator overnight at 4°C. After fixation, the 4% paraformaldehyde/PBS
solution was replaced with cryoprotective 30% sucrose/PBS (pH 7.4) and
continued to rotate at 4°C until the brains migrated to the bottom of the
conical tubes. Brains were frozen at �80°C and then were cut in serial
coronal sections (30-mm sections throughout the entire brain) using a
HM440E microtome (Microm). Free floating sections were collected in a
12-well plate (Falcon), allowing for the collections of four complete z-
stacks per brain. Sections were blocked with a 10% goat serum/PBS/0.2%
Triton X-100 solution for 1 h and then incubated with a primary

/

a maximum false discovery rate (q) of 0.1%. Data were found to be normally distributed
via D’Agostino and Pearson test. SDs for heart mass did not significantly differ.
Significance of means was analyzed via an ordinary one-way ANOVA (G: F(371) = 55.26
****p, 0.0001). Post hoc Tukey’s test resulted ****p, 0.0001 for all PolgAD257A/D257A-
expressing mice compared with wild-type and Parkin–/–, ns, not significant. Analysis and
graphs were produced using GraphPad Prism 8.4.3.
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Figure 2. Behavioral and neuromuscular data of 12-month-old mice. A, Schematic of the pole test. B, Latency values of pole test of 12-month-old mice. Results are the median 6 SEM,
n = 17–25 per group with an average of five trials per mouse used for analysis. Datasets were unbiasedly analyzed using ROUT outlier analysis with a maximum false discovery rate (q) of
0.1%. Data were found to be non-normally distributed via D’Agostino and Pearson test (with two out of the four groups being found to be non-normally distributed). Significance of medians
was analyzed via Kruskal–Wallis nonparametric ANOVA (KW(4,82) = 7.271, p= 0.0637). Post hoc Kruskal–Wallis test for multiple comparisons resulted in no significant differences (ns)
between groups. C, Schematic depicting directionality of force (mouse) versus tester in grip strength testing. D, E, Total limb and forelimb strength (in gram*force) normalized to body weight
(grams). Results are the mean6 SEM, n = 13–23 per group. Datasets were unbiasedly analyzed using ROUT outlier analysis with a maximum false discovery rate (q) of 0.1%. Data were found
to be normally distributed via D’Agostino and Pearson test. Brown–Forsythe test of variance found no difference in SDs. Significance of means was analyzed via an ordinary one-way ANOVA
(D: F(3,73) = 10.21 ****p, 0.0001; E: F(3,72) = 3.012 *p= 0.0536). Post hoc Tukey’s test was performed and resulted in D: *p= 0.0117 for wild-type versus Parkin–/–, ***p= 0.0003 for wild-
type versus PolgAD257A/D257A, and ****p, 0.0001 for wild-type versus Parkin–/–/PolgAD257A/D257A; E: *p= 0.0398 for wild-type versus Parkin–/–/PolgAD257A/D257A , ns, not significant. Forelimb
and total limb strength at three, six, and nine months is provided in Extended Data Figure 2-1. F, Openfield data analyzing total distance traveled in the xy direction during the 15-min testing
period. Results are the mean6 SEM, n = 17–24 per group. Datasets were unbiasedly analyzed using ROUT outlier analysis with a maximum false discovery rate (q) of 0.1%. Data were found
to be normally distributed via D’Agostino and Pearson test. SDs were found to differ significantly per Brown–Forsythe test of variance. Therefore, significance of means was analyzed via a
Welch one-way ANOVA (W(5.0,51.85) = 36.71 ****p , 0.0001). Post hoc Dunnett’s T3 test resulted in ****p , 0.0001 for wild-type versus all PolgAD257A/D257A-expressing mice and for
Parkin–/– versus all PolgAD257A/D257A-expressing mice. G, Average speed of locomotion during 15-min test period. Results are the mean6 SEM, n = 17–24 per group. Datasets were unbiasedly
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antibody specific to tyrosine hydroxylase (TH; rabbit polyclonal; Novus
Biologicals, NB 300-109; 1:500). This was followed by incubations with a
biotin-conjugated anti-rabbit antibody (Vector Laboratories; 1:1000),
ABC reagents (Vector Laboratories), and SigmaFast DAB Peroxidase
Substrate (Sigma). These sections were then mounted on glass slides
(Fisher Scientific) and allowed to dry. Sections were counterstained with
Nissl (0.09% thionin for 7min, followed by formalin acetic acid for
1min), and glass coverslips (Fisher Scientific) were mounted using DPX
mountant (Sigma). Slides were allowed to dry for at least 24 h before
stereological counting.

Stereological neuron counting
Neurons were quantified using an optical fractionator and a com-
puter-based image analysis system. Slides were placed on a motorized
stage (Ludl Electronics) attached to an Axiophot photomicroscope
(Carl Zeiss Vision) containing a Hitachi HV C20 video camera.
Quantification of neurons was conducted using Stereo investigator
software (MicroBrightField) as previously described (Mandir et al.,
1999). In brief, staining was done on every fourth section of the mid-
brain. Total number of TH-positive and Nissl-positive neurons were
calculated via Stereo Investigator software for each genotype (n= 6–8).
These quantifications were multiplied by a factor of two, as only the
right hemisphere of each brain was used for immunohistochemistry.

Determination of striatal catecholamines
HPLC with electrochemical detection was performed to determine the
concentration of striatal catecholamines. Snap-frozen striatal tissue from
the left hemisphere of mice were weighed and sonicated in 0.2 ml of
0.1 M perchloric acid with 0.01% EDTA containing 25 g/ml 3,4-dihy-
droxybenzylamine (DHBA; Sigma) as an internal standard. After centrif-
ugation (15,000 � g, 10min, 4°C), 20ml of the supernatant was injected
onto a C-18 reverse phase Spheri 5, RP-18, 4.6 mm 25 cm catecholamine
column (BASi). The mobile phase consisted of 0.15 M chloroacetic acid,
0.2 mM EDTA, and 0.86 mM sodium octyl sulfate, 4% acetonitrile and
2.5% tetrahydrofuran (pH 3.0). Flow rate was kept at 1.5 ml/min.
Biogenic amines and their metabolites were detected by a Prostar ECD
(Model 370) electrochemical detector (Varian), with the working elec-
trode kept at 0.6 V. Data were collected and processed on a Star
Chromatography Workstation 5.52 (Varian).

Western blot analysis
Mice were perfused with ice cold 1� PBS (Quality Biologicals, pH 7.4),
and the brains were dissected from the skulls. The right hemisphere was
regionally dissected on ice and immediately snap frozen. Tissue was ho-
mogenized in a 1� RIPA Buffer (Sigma) and protease/phosphatase in-
hibitor cocktail (CST). Once lysed, homogenates were freeze-thawed
from dry ice to ice three times. Samples were vortexed for 10–20 s at the
end of each thaw. Lysates were centrifuged at 14,000 rpm (Optima TLX

micro-ultracentrifuges, TLA 100.3 rotor) at 4°C for 30min and the frac-
tions were collected. The protein concentration was measured via BCA
assay (Pierce) and analyzed via Western blot. The Novex Bis-Tris system
(including 4–12% Bis-Tris gel, MOPS buffer, LDS) was used according
to manufacturer’s protocol; 20mg of protein was loaded per well. Protein
was transferred to methanol-activated PVDF membranes. Membranes
were stained with Ponceau to ensure even transfer. Membranes were
blocked with 5% nonfat milk in 1� PBS-T for 1 h. Membranes were
washed three times for 5 min each with PBS-T. Membranes were incu-
bated with primary antibodies in 1� PBS-T at 4°C overnight. Antibodies
used are as follows: NDUFA9 (Abcam; 1:1000), UQCRC2 (Proteintech;
1:1000), COXIV (Proteintech; 1:1000), PDHA (CST; 1:1000, SDHA
(CST; 1:1000), VDAC (CST; 1:1000), LC3I/II (CST; 1:1000), Parkin
(CST; 1:500), b -actin-HRP (Thermo; 1:10,000). Thermo luminol sub-
strates were applied according to manufacturer’s protocol and mem-
branes were imaged on a GE AI600 Chemiluminescent Imager. Western
blottings were quantified using ImageJ.

Mitochondrial enzyme activity
The activity of Complex I and IV activity in flash frozen ventral mid-
brain tissue was determined by using the Complex I Enzyme Activity
Microplate Assay kit (ab109721, Abcam) and the Complex IV Rodent
Enzyme Activity Microplate Assay kit (ab109911, Abcam) according to
the manufacturer’s instructions. Briefly, tissue of ventral midbrain was
dissected and homogenized with PBS, centrifuged at 1000 � g for
10min at 4°C, and the protein concentration of collected supernatant
were measured using the Bradford Assay. Detergent was added to sam-
ples after adjusting sample concentration and incubated 30min on ice.
The supernatant was collected after centrifugation at 12,000 � g
for 20min at 4°C, 250-mg total protein per sample was resuspended in
200-ml assay buffer, added into plate and following 3-h incubation at
room temperature. Based on the oxidation reaction, colorimetric
changes were recorded at 450 nm (Complex I) or 550 nm (Complex IV).
The complex activity was calculated from the change in absorbance
using the extinction coefficients of the respective dyes.

mtDNA copy number
Total DNA was extracted from snap-frozen striatal tissue using Qiagen
DNeasy kit. Aliquots of DNA were used for Real Time Quantitative PCR
(Viaa7, Applied Biosystems ABI Prism 7700 Sequence Detection System,
Applied Biosystems). PowerUP SYBR green reagent (Thermo) was used per
manufacturer’s instructions, with 10ng of template DNA used for amplifi-
cation. The primer sequences used are as follows: mtCOXI_6530F, 59-
AGGCTTCACCCTAGATGACACA-39; mtCOXI_6647R, 59-GTAGCGT
CGTGGTATTCCTGAA-39; mtCOXI_6620_F, 59-AGGCTTCACCCTA
GATGACACA-39; mtCOX I_ 6647_R, 59-GTAGCGTCGTGGTATTCCT
GAA-39; mtND4_F, 59-AACGGATCCACAGCCGTA-39; mtND4_R, 59-
AGTCCTCGGGCCATGATT-39; mtdloop_F, 59-TCCTCCGTGAAACC
AACAA-39; mtdloop_R, 59-AGCGAGAAGAGGGGCATT-39; mtCYTB_F,
59-ATTCCTTCATGTCGGACGAG-39; mtCYTB_R, 59-TGAGCGTAGAA
TGGCGTATG-39, GAPDH_6530_F, 59-GCAGTGGCAAAGTGGAGATT-
39; GAPDH_6530_R, 59-GAATTTGCCGTGAGTGGAGT-39; GAPDH_
6620_F, 59-GCAGTGGCAAAGTGGAGATT-39; GAPDH_6620_R, 59-
GAATTTGCCGTGAGTGGAGT-39.

Sequences of primers used to measure mtDNA copy number;
mtCOX1_6530F, mtCOX1_6647R, GAPDH_6530_F, and GAPDH_
6530_R were previously reported in (Pickrell et al., 2015); mtCOX1_
6620F, mtCOX1_6836R, mtCYTB_F, mtCYTB_R, GAPDH_6620_F,
and GAPDH_6620_R were previously reported previously (Stevens et
al., 2015).

Experimental design and statistical analysis
Power analysis was conducted using G*Power3.1.9.6. Raw data supplied
by the first author from Figure 1B of the original Pickrell et al., 2015 arti-
cle was used to determine the appropriate effect size (Pickrell et al.,
2015). To be conservative, the maximum standard deviation between
groups was used (2167.146). The effect size was determined to be
0.8557729. Using this effect size, an a priori power analysis was

/

analyzed using ROUT outlier analysis with a maximum false discovery rate (q) of 0.1%. Data
were found to be normally distributed via D’Agostino and Pearson test. SDs were not found
to differ significantly. Significance of means was analyzed via an ordinary one-way ANOVA
(F(5,121) = 52.80 ****p , 0.0001). Post hoc Tukey’s test was performed for and resulted in
****p , 0.0001 for wild-type versus all PolgAD257A/D257A-expressing mice and for Parkin–/–

versus all PolgAD257A/D257A-expressing mice , ns, not significant. H, Total resting time, defined
as a period of four or more seconds with no photobeam breaks, in 15-min test period.
Results are the mean 6 SEM, n = 17–24 per group. Datasets were unbiasedly analyzed
using ROUT outlier analysis with a maximum false discovery rate (q) of 0.1%. Data were
found to be normally distributed via D’Agostino and Pearson test. SDs were found to differ sig-
nificantly per Brown–Forsythe test of variance. Therefore, significance of means was analyzed
via a Welch one-way ANOVA (W(5.0,74.83) = 68.21 ****p, 0.0001). Post hoc Dunnett’s T3
test resulted in ****p, 0.0001 for wild-type versus all PolgAD257A/D257A-expressing mice and
for Parkin–/– versus all PolgAD257A/D257A-expressing mice , ns, not significant. Analysis and
graphs were produced using GraphPad Prism 8.4.3. Distance traveled, average speed and total
resting time at three, six, and nine months is provided in Extended Data Figure 2-2. Pole test,
forelimb and total strength, distance traveled, average speed, and total resting time in male
and female mice at 12months is provided in Extended Data Figure 2-3.
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Figure 3. Neuropathological analysis of ventral midbrain tissue of 12-month-old mice. A, Representative images of immunohistochemical analysis of 12-month-old ventral midbrain sections.
TH1 neurons are stained via, 3’-diaminobenzidine (D)AB (Brown) and Nissl1 (a pan-neuronal marker) are stained blue. B, Stereological quantification of TH1 and Nissl 1 neurons in the
substantia nigra. Quantifications multiplied by factor of two to extrapolate to whole-brain values. Results are the mean6 SEM, n = 6–8 per group. Datasets were unbiasedly analyzed using
ROUT outlier analysis with a maximum false discovery rate (q) of 0.1%. No outliers were removed. Data were found to be normally distributed via D’Agostino and Pearson test. Data analyzed
using two-way ANOVA (Fc(3,52) = 2.143 p = 0.1060), ns, not significant. C, D, HPLC analysis of striatal dopamine and DOPAC content normalized to total protein concentration. Striatum of right hemi-
sphere of 12-month-old mice were used. Quantifications multiplied by factor of two to extrapolate to whole-brain values. Results are the mean6 SEM, n = 8–9 per group. Datasets were unbias-
edly analyzed using ROUT outlier analysis with a maximum false discovery rate (q) of 0.1%. Data were found to be normally distributed via D’Agostino and Pearson test. SDs were found to differ
significantly per Brown–Forsythe test of variance. Therefore, significance of means was analyzed via a Welch one-way ANOVA (D: W(3.0,13.86) = 0.6434 p=0.5999; E: W(3.00,15.59) = 3.661
*p= 0.0357). Post hoc Dunnett’s T3 test resulted in no significant differences between groups, ns, not significant. E, HPLC analysis of striatal 3MT content normalized to total protein concentration.
Striatum of right hemisphere of 12-month-old mice were used. Quantifications multiplied by factor of two to extrapolate to whole-brain values. Results are the median6 SEM, n = 8–9 per group.
Datasets were unbiasedly analyzed using ROUT outlier analysis with a maximum false discovery rate (q) of 0.1%. Data were found to be non-normally distributed per D’Agostino and Pearson test.
Significance of medians was analyzed via Kruskal–Wallis nonparametric ANOVA (KW(4,33) = 13.17, *p=0.0043). Post hoc Kruskal–Wallis test for multiple comparisons resulted in **p=0.0024 for
wild-type versus PolgAD257A/D257A and **p=0.0042 for Parkin–/– versus PolgAD257A/D257A, ns, not significant. F–H, HPLC analysis of striatal HVA, norepinephrine, and epinephrine content normalized
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performed. Power was maintained at 80% and the resulting total sample
size was determined to be 20 (n= 5/group).

The remaining statistical analyses were conducted using GraphPad
Prism version 8.4.3 and 9.4.1 software. ROUT analysis for outlier identi-
fication with a max false discovery rate at 0.1% was performed on each
dataset. Next, the D’Agostino and Pearson test for normality was con-
ducted. If data were distributed normally, the Brown–Forsythe test of
variance was performed to determine whether SDs differed significantly
between groups. If SDs did not differ, one-way or two-way ANOVA fol-
lowed by Tukey’s analyses was performed to determine the significance
of differences among multiple experimental groups. If SDs significantly
differed, significance of means was analyzed via Welch one-way
ANOVA followed by post hoc Dunnett’s T3 test of multiple compari-
sons. Data are expressed as the mean 6 SEM, and values with p , 0.05
considered statistically significant. If data were not normally distributed
(�50% of the groups were non-normally distributed), significance of
medians was analyzed via Kruskal–Wallis test followed by post hoc
Kruskal–Wallis test of multiple comparisons. Data in these analyses are
expressed as the median 6 SEM, and values with p , 0.05 considered
statistically significant.

Results
We generated Parkin–/–/PolgAD257A/D257A and appropriate litter-
mate controls via the cross shown in Figure 1A. Because female
mice are the primary contributor of mitochondria to pups and
PolgAD257A/1 parents may still accumulate damaged mitochondria
over time, we used PolgAD257A/1 male mice at every possible step
in the breeding scheme, thus limiting the potential vertical transfer
of PolgAD257A/1-dependent mtDNA mutations to newborn mice.
Mice were born at expected Mendelian ratios and appeared normal.
Genotypes were confirmed via PCR and gel electrophoresis (Fig.
1B). Both male and female mice harboring the PolgAD257A/D257A

exhibited reduced body weight by 12months (Fig. 1C,D). Previous
reports stated that loss of Parkin partially rescued the splenomegaly
phenotype observed in the PolgAD257A/D257A line (Pickrell et al.,
2015). We did not observe worsening or amelioration of

hepatosplenomegaly or cardiac hypertrophy in Parkin–/–/
PolgAD257A/D257A mice compared with PolgAD257A/D257A

mice (Fig. 1E–G).

Absence of nigro-striatal-dependent motor dysfunction in
Parkin2/2/PolgAD257A/D257A mice
We first tested whether Parkin–/–/PolgAD257A/D257A mice dis-
played progressive motor dysfunction or behavioral deficits.
Mice were subjected to Openfield and grip strength analysis ev-
ery three months until 12months of age and pole tests at
12months of age, the time point at which broad respiratory
chain dysfunction in PolgAD257A/D257A has been reported (Ross
et al., 2013). The pole test is a widely used behavioral test for PD-
related nigral-striatal-dependent motor dysfunction in PD
mouse models (Ogawa et al., 1985). The pole test is defined by
placing a mouse face up on top of a pole of a prespecified height
and recording the time it takes the mouse to turn around and
successfully run down the pole (Matsuura et al., 1997; Fig. 2A).
We observed no significant difference in latency times for the
pole test for 12-month-old Parkin–/–/PolgAD257A/D257A mice
compared with wild-type (Fig. 2B).

Neuromuscular strength was analyzed via grip force readings
of both forelimbs and total limbs (Fig. 2C). We observed signifi-
cant reductions in total limb strength in all PolgAD257A/D257A

-expressing lines compared with wild type at 12months (Fig.
2D) as well as a reduction in forelimb strength between 12-
month-old wild-type and Parkin–/–/PolgAD257A/D257A cohorts
(Fig. 2E). Differences in forelimb strength were first seen in both
PolgAD257A/D257A and Parkin–/–/PolgAD257A/D257A cohorts at
sixmonths (Extended Data Fig. 2-1A–C). However, these differen-
ces in forelimb strength were not present at ninemonths (Extended
Data Fig. 2-2A–C). Furthermore, reductions in total limb strength
were observed in Parkin–/–/PolgAD257A/D257A mice at six and nine
months (Extended Data Fig. 2-1D–F). It should be noted that there
were no differences between any PolgAD257A/D257A-expressing
groups at 12 months, confirming that neuromuscular strength defi-
cits at 12 months are ultimately a result of the PolgAD257A/D257A

mutation (Fig. 2D,E). Unexpectedly, Parkin–/– mice displayed
reductions in total limb strength at nearly all time points. Because
Parkin–/–mice were observed to weigh slightly more than wild-type
mice at nearly every time point, we believe that normalization
to body weight contributed to some of the differences observed
in the grip strengths. These findings are supported by analysis
of non-normalized force readings, which demonstrated no dif-
ferences between groups at early time points, with significant
reductions in both forelimb and total limb strength in all
PolgAD257A/D257A -expressing lines compared with wild-type
and Parkin–/– at 12months.

Locomotor activity was investigated using the Openfield test,
a behavioral test commonly performed to assess locomotion, ex-
ploration, and emotionality in rodents. There was a progressive
decline in the distance traveled in all cohorts with the
PolgAD257A/D257A mutation when compared with wild-type and
Parkin–/– mice at 12 months (Fig. 2F). This paralleled a previous
report of reduced locomotor activity in aged PolgAD257A/D257A

mice (Dai et al., 2013). All mice with the PolgAD257A/D257A back-
ground exhibited significant reductions in the average speed of loco-
motion at 12months (Fig. 2G). Furthermore, they displayed an
increase in resting time, quantified as a period of four or more sec-
onds without movement, by 12 months (Fig. 2H). These changes
were initially seen at six months, with both PolgAD257A/D257A and
Parkin–/–/PolgAD257A/D257A mice demonstrating loss of speed and
distance compared with controls (Extended Data Fig. 2-2B,E).

/

to total protein concentration. Striatum of right hemisphere of 12-month-old mice were used.
Quantifications multiplied by factor of two to extrapolate to whole-brain values. Results are the
median 6 SEM, n = 8–9 per group. Datasets were unbiasedly analyzed using ROUT outlier
analysis with a maximum false discovery rate (q) of 0.1%. Data were found to be normally dis-
tributed via D’Agostino and Pearson test. SDs were not found to differ significantly. Significance
of means was analyzed via an ordinary one-way ANOVA (G: F(3,29) = 1.2 p= 0.3050; H:
F(3,28) = 2.4 p=0.0868; H: F(2,25) = 0.3 p= 0.7653), ns, not significant. I, J, HPLC analysis of
striatal 5HT and 5HIAA, a 5HT metabolite, content normalized to total protein concentration.
Striatum of right hemisphere of 12-month-old mice were used. Quantifications multiplied by
factor of two to extrapolate to whole-brain values. Results are the median 6 SEM, n = 8–9
per group. Datasets were unbiasedly analyzed using ROUT outlier analysis with a maximum
false discovery rate (q) of 0.1%. Data were found to be normally distributed via D’Agostino and
Pearson test. SDs were not found to differ significantly. Significance of means was analyzed via
an ordinary one-way ANOVA (J: F(3,29) = 0.8779 p=0.4642; K: F(3,28) = 1.529 p= 0.2286), ns,
not significant. K, DOPAC-dependent dopamine turnover as assessed by (DOPAC1HVA)/dopa-
mine. Significance of means analyzed via ordinary one-way ANOVA (F(2,29) = 4.367
*p= 0.0118). Post hoc Tukey’s test resulted in *p=0.0208 for Parkin–/– versus Parkin–/–/
PolgAD257A/D257A, ns, not significant. L, 3MT-dependent dopamine turnover as assessed by
(3MT1HVA)/dopamine. Significance of means analyzed via ordinary one-way ANOVA
(F(2,29) = 6.282 **p=0.0020). Post hoc Tukey’s test resulted in *p=0.0310 for wild-type versus
Parkin–/–/PolgAD257A/D257A, *p=0.0254 for Parkin–/– versus PolgAD257A/D257A, and **p =
0.0049 for Parkin–/– versus Parkin–/–/PolgAD257A/D257A, ns, not significant. M, Serotonin (5HT)
turnover as assessed by 5HIAA/5HT. Significance of means analyzed via ordinary one-
way ANOVA (F(2,29) = 6.449 **p= 0.0118). Post hoc Tukey’s test resulted in *p= 0.0195
for wild-type versus PolgAD257A/D257A, *p= 0.0355 for wild-type versus Parkin–/–/
PolgAD257A/D257A, *p= 0.0121 for Parkin–/– versus PolgAD257A/D257A, and **p = 0.0222
for Parkin–/– versus Parkin–/–/PolgAD257A/D257A, ns, not significant. Analysis and graphs
were produced using GraphPad Prism 8.4.3.
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Figure 4. Neuropathological analysis of striatal tissue of 12-month-old mice. A–C, HPLC analysis of olfactory bulb dopamine, DOPAC, and norepinephrine content normalized to total protein
concentration. Olfactory bulb of right hemisphere of 12-month-old mice were used. Quantifications multiplied by factor of two to extrapolate to whole-brain values. Results are the mean6
SEM, n = 8–9 per group. Datasets were unbiasedly analyzed using ROUT outlier analysis with a maximum false discovery rate (q) of 0.1%. Data were found to be normally distributed via
D’Agostino and Pearson test. SDs were not found to differ significantly. Significance of means was analyzed via an ordinary one-way ANOVA (A: F(3,32) = 9.4 ***p= 0.0001; B: F(3,32) = 2.4
****p, 0.00001; C: F(3,32) = 5.886 **p= 0.0026). Post hoc Tukey’s test resulted in A: **p= 0.046 for wild-type versus PolgAD257A/D257A, ***p= 0.0002 for wild-type versus Parkin–/–/
PolgAD257A/D257A, and *p= 0.0116 for Parkin–/– versus Parkin–/–/PolgAD257A/D257A; B: *p= 0.0154 for wild-type versus Parkin–/–, ****p, 0.00001 for wild-type versus PolgAD257A/D257A and for
wild-type versus Parkin–/–/PolgAD257A/D257A, and *p= 0.0153 for Parkin–/– versus Parkin–/–/PolgAD257A/D257A; C: **p= 0.0015 for wild-type versus Parkin–/–/PolgAD257A/D257A, ns, not significant.
D, HPLC analysis of olfactory bulb HVA content normalized to total protein concentration. Olfactory bulb of right hemisphere of 12-month-old mice were used. Quantifications multiplied by fac-
tor of two to extrapolate to whole-brain values. Results are the mean6 SEM, n = 8–9 per group. Datasets were unbiasedly analyzed using ROUT outlier analysis with a maximum false discovery
rate (q) of 0.1%. Data were found to be normally distributed via D’Agostino and Pearson test. SDs were found to differ significantly per Brown–Forsythe test of variance. Therefore, significance of
means was analyzed via a Welch one-way ANOVA (D: W(3.0,16.71) = 28.77 ****p, 0.00001). Post hoc Dunnett’s T3 test resulted in ***p= 0.046 for wild-type versus PolgAD257A/D257A,
****p, 0.00001 for wild-type versus Parkin–/–/PolgAD257A/D257A, **p= 0.0031 for Parkin–/– versus PolgAD257A/D257A, and ***p= 0.0007 Parkin–/– versus Parkin–/–/PolgAD257A/D257A, ns, not signifi-
cant. E, F, HPLC analysis of olfactory bulb 5HT and 5HIAA content normalized to total protein concentration. Olfactory bulb of right hemisphere of 12-month-old mice were used. Quantifications mul-
tiplied by factor of two to extrapolate to whole-brain values. Results are the mean 6 SEM, n = 8–9 per group. Datasets were unbiasedly analyzed using ROUT outlier analysis with a maximum
false discovery rate (q) of 0.1%. Data were found to be normally distributed via D’Agostino and Pearson test. SDs were not found to differ significantly. Significance of means was analyzed via an
ordinary one-way ANOVA (E: F(3,32) = 7.249 ***p=0.0008; F: F(3,32) = 17.31 ****p, 0.00001). Post hoc Tukey’s test resulted in E: ***p= 0.004 for wild-type versus Parkin–/–/PolgAD257A/D257A;
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These reductions progressed in significance and severity from six to
nine months (Extended Data Fig. 2-2C,F). Similarly, an increase
in resting time was observed in Parkin–/–/PolgAD257A/D257A at
six months, and by nine months both PolgAD257A/D257A and
Parkin–/–/PolgAD257A/D257A mice demonstrated significant increases
in their time spent resting (Extended Data Fig. 2-2H,I). The loss of
endogenous Parkin in the context of PolgAD257A/D257A did not sig-
nificantly impact the neuromuscular behavioral defects observed.
Furthermore, no sex effects were observed in behavior tests
(Extended Data Fig. 2-3).

Dopaminergic neurons in the SNpc remain intact in
Parkin2/2/PolgAD257A/D257A mice
Thus far, our data has suggested that behavioral changes were the
result of the PolgAD257A/D257A genotype. To further explore any
underlying neurochemical deficits in Parkin–/–/PolgAD257A/D257A,
we performed immunohistochemistry for TH1 neurons in ventral
midbrain tissue of 12-month-old mice (Fig. 3A). Unbiased stereo-
logic cell counting revealed no observable changes in the amount
of TH1 or Nissl1 neurons in the SNpc of any of the groups,
including Parkin–/–/PolgAD257A/D257A mice (Fig. 3B) These data
indicate that there was no dopaminergic neurodegeneration in the
ventral midbrain.

We next assessed striatal dopamine and dopamine degrada-
tion products in 12-month-old mice. In agreement with our ster-
eological data, there were no significant changes in dopamine or
its degradation products dihydroxyphenylacetic acid (DOPAC),
homovanillic acid (HVA), norepinephrine, or epinephrine (Fig.
3C,D,F–H). Similar to prior reports (Pickrell et al., 2015), we did
observe a reduction in 3-methoxytyramine (3-MT), a dopamine
degradation product, in PolgAD257A/D257A mice compared with
both wild-type and Parkin–/– mice; however, we saw no reduc-
tion in Parkin–/–/PolgAD257A/D257A mice (Fig. 3E).

Another method to assess striatal catecholamine dysregula-
tion is to calculate turnover rates. Dopamine turnover can be
determined by using the following equations: (1) DOPAC-de-
pendent dopamine turnover [(DOPAC 1 HVA)/dopamine]
or (2) 3MT dependent dopamine turnover [(3MT 1 HVA)/
dopamine]. Using this approach, we found a significant reduc-
tion in DOPAC-dependent dopamine turnover in Parkin–/–/
PolgAD257A/D257A mice compared with Parkin–/– mice, but not
wild-type mice (Fig. 3K). Analysis of 3MT-dependent dopa-
mine turnover showed substantial reductions in Parkin–/–/
PolgAD257A/D257A mice and PolgAD257A/D257A mice compared
with Parkin–/– mice (Fig. 3L). There was also a reduction in
Parkin–/–/PolgAD257A/D257A mice versus wild-type mice (Fig.
3L). These results imply that both PolgAD257A/D257A mice and
Parkin–/–/PolgAD257A/D257A mice exhibit some striatal dopa-
mine dysregulation without dopaminergic neuronal loss. These
results agree with previous findings, which report striatal

dopamine dysregulation in PolgAD257A/D257A mice (Dai et al.,
2013). No differences were observed between PolgAD257A/D257A

mice and Parkin–/–/PolgAD257A/D257A mice in dopamine or in
dopamine turnover, suggesting that dysregulation is a result
of the PolgAD257A/D257A knock-in and is not significantly
impacted by Parkin loss.

Serotonergic neurons from the raphe nuclei project, in part,
to the striatum and are critical for a variety of neurologic func-
tions including mood, memory processing, sleep, and cognition
(Charnay and Léger, 2010). Analysis of striatal serotonin, also
known as 5-hydroxytryptamine (5-HT) and its degradation
product 5-hydroxyindoleacetic acid (5HIAA) demonstrated no
differences between cohorts at 12 months of age (Fig. 3I,J). These
data are contrary to previous work which reports a significant
increase in serotonin levels in striatal tissue (Pickrell et al., 2015).
Serotonin turnover can be calculated by normalizing 5HIAA to
5-HT. We observed a significant reduction in serotonin turnover
of PolgAD257A/D257A mice compared with both wild-type and
Parkin–/– mice (Fig. 3M), implying that aged PolgAD257A/D257A

mice experience striatal catecholamine and indolamine
dysregulation.

An early clinical sign that precedes motor dysfunction in PD
patients is anosmia or the loss of one’s sense of smell. A prior
report indicated a significant increase in serotonin and norepi-
nephrine levels in striatal and olfactory bulb tissue of Parkin–/–/
PolgAD257A/D257A mice (Pickrell et al., 2015). They postulated
that the upregulation of these neurotransmitters may be a com-
pensatory mechanism by which neurons react to the loss of do-
pamine. Our analysis of these brain regions, however, displayed
reductions in serotonin (5-HT) in Parkin–/–/PolgAD257A/D257A

mice, as well as significant decreases in 5HIAA in all mice
expressing the PolgAD257A/D257A mutation (Fig. 4E,F).
Interestingly, there were no substantial differences in sero-
tonin turnover, implying that serotonin dysregulation in
the olfactory bulb occurs as a result of reduced serotonin
levels, not in the ability to breakdown serotonin (Fig. 4H).
Our analysis also revealed a significant decline in dopa-
mine, DOPAC, HVA, and DOPAC-dependent dopamine
turnover in all PolgAD257A/D257A-expressing mice (Fig. 4A,
B,D). These differences are likely because of the effect of
mtDNA mutations, as both PolgAD257A/D257A mice and
Parkin–/–/PolgAD257A/D257A were affected and loss of Parkin
did not lead to further decline in metabolite concentrations.
Contrary to a prior report (Pickrell et al., 2015), we
observed a reduction in olfactory bulb norepinephrine in
Parkin–/–/PolgAD257A/D257A mice (Fig. 4C). Parkin–/– mice
also displayed reductions in dopamine metabolites, suggest-
ing that germline Parkin–/– mice themselves exhibit olfac-
tory-bulb dopamine dysregulation at 12 months of age (Fig.
4B,G). This was expected as reductions in olfactory bulb do-
pamine were reported in this specific germline Parkin–/–

line (Von Coelln et al., 2004).

Loss of parkin does not enhance mitochondrial dysfunction
in PolgAD257A/D257A mice
To further investigate whether loss of endogenous Parkin affects
mitochondrial dysfunction induced by the PolgAD257A/D257A

mutation, we quantified the steady-state expression level of mito-
chondrial markers in the ventral midbrain of 12-month-old
mice. Western blots were performed with a panel of commer-
cially available antibodies. We found no differences in expression
levels of most mitochondrial markers tested, including NDUFA9
(subunit of Complex I) and UQCRC2 (subunit of Complex III;

/

F: **p= 0.0056 for wild-type versus Parkin–/–, ****p, 0.00001 for wild-type versus
PolgAD257A/D257A and for wild-type versus Parkin–/–/PolgAD257A/D257A, ns, not significant. G,
DOPAC-dependent dopamine turnover as assessed by (DOPAC1HVA)/dopamine. Significance of
means analyzed via ordinary one-way ANOVA (F(3,32) = 12.41 ****p, 0.00001). Post hoc
Tukey’s test resulted in *p=0.0260 for wild-type versus Parkin–/–, ****p, 0.00001 for wild-
type versus PolgAD257A/D257A and for wild-type versus Parkin–/–/PolgAD257A/D257A, ns, not signifi-
cant. H, Serotonin (5HT) turnover as assessed by 5HIAA/5HT. Data were found to be normally
distributed via D’Agostino and Pearson test. SDs were found to differ significantly per Brown–
Forsythe test of variance. Therefore, significance of means was analyzed via a Welch one-way ANOVA
(D: W(3.0,17.32) = 4.339 *p=0.0142). Post hoc Dunnett’s T3 test resulted in no significant differen-
ces (ns) between groups. Analysis and graphs were produced using GraphPad Prism 8.4.3.
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Figure 5. Steady-state expression of mitochondrial and mitophagy markers. A, Representative Western blot illustrating mitochondrial marker expression in ventral midbrain tissue of 12-
month-old mice. B–E, Quantification of Western blot mitochondrial marker expression analysis of ventral midbrain tissue of 12-month-old mice. Results are the mean6 SEM, n = 8 mice per
group. Experiments were run in a minimum of experimental triplicate with the average of results used for analysis. ImageJ was used for optical density analysis. Quantifications were normal-
ized to b -actin to account for loading differences and then to wild-type values to normalize against batch effect. Datasets were unbiasedly analyzed using ROUT outlier analysis with a maxi-
mum false discovery rate (q) of 0.1%. Data were found to be normally distributed via D’Agostino and Pearson test. SDs were found to differ significantly per Brown–Forsythe test, likely
because of batch effect. Therefore, significance of means was analyzed via a Welch one-way ANOVA (B: W(3.0,13.89) = 0.2700 p= 0.8459; C: W(3,13.58) = 0.7985 p= 0.5156; D: W
(3,13.98) = 3.607 *p= 0.0406; E: W(3,13.0) = 1.145 p= 0.3068). Post hoc Dunnett’s T3 multiple comparisons test was conducted on D data and resulted in no significant (ns) differences
between groups. F, G, Quantification of Western blot mitochondrial marker expression analysis of ventral midbrain tissue of 12-month-old mice. Results are the mean6 SEM, n = 8 per group.
Experiments were run in a minimum of experimental triplicate with the average of results used for analysis. ImageJ was used for optical density analysis. Quantifications were normalized
to b -actin to account for loading differences and then to wild-type values to normalize against batch effect. Datasets were unbiasedly analyzed using ROUT outlier analysis with a maximum
false discovery rate (q) of 0.1%. Data were found to be normally distributed via D’Agostino and Pearson test. SDs were not found to differ significantly per Brown–Forsythe test. Significance
of means was analyzed via ordinary one-way ANOVA (F: F(3,28) = 9.173 ***p= 0.0002; G: F(3,28) = 0.4631 p= 0.9739). Post hoc Tukey’s test for data in F resulted in **p= 0.0064 for
wild-type versus PolgAD257A/D257A, **p= 0.0039 for wild-type versus Parkin–/–/PolgAD257A/D257A, **p= 0.0059 for Parkin–/– versus PolgAD257A/D257A, and **p= 0.0036 for Parkin–/– versus
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Fig. 5B–F; Extended Data Fig. 5-1A,B). There were, however, sig-
nificant reductions in the levels of Complex IV (Fig. 5G;
Extended Data Fig. 5-1A,B). This is understandable as NDUFA9,
UQCRC2, succinate dehydrogenase (SDHA) complex flavo-
protein subunit A (a subunit of Complex II), pyruvate dehy-
drogenase E1 subunit a 1, and voltage-dependent anion-
selective channel 1 (VDACI) are nuclear-encoded mito-
chondrially-targeted proteins, whereas COX4I1 (a subunit
of Complex IV) is a mitochondrially-encoded subunit and
would be directly affected by mtDNA mutations.

We further assessed whether loss of endogenous Parkin
impacted mitochondrial complex activity in flash-frozen ventral
midbrain tissue of 12-month-old mice. We observed no differen-
ces in Complex I or Complex IV activities comparing wild-type
to PolgD257A/D257A and Parkin–/–; PolgD257A/D257A (Fig. 5J,K). In
addition, there were no changes in the levels of the parkin sub-
strates AIMP2 or NLRP3 implicated in the death of DA neurons
(Y. Lee et al., 2013; Panicker et al., 2022) in adult Parkin–/– mice
(Extended Data Fig. 5-2A–D).

Because Parkin is known to be a key player in mitophagy, we
investigated whether loss of Parkin effected expression levels of
mitophagy markers. The conversion of soluble LC3I to activated,
lipid-conjugated LC3II is considered to be necessary for auto-
phagosome formation, a required step for mitophagy (Stevens et
al., 2015). Therefore, we analyzed the steady-state levels of
LC3I and LC3II as a readout for active mitophagy (Tanida
et al., 2008; Stevens et al., 2015). We observed no significant
differences between cohorts in LC3I or LC3II, suggesting

that Parkin–/–/PolgAD257A/D257A mice maintain the ability
to form autophagosomes (Fig. 5H,I).

Assessing mtDNA copy number is an indirect readout of the
number of mitochondria per cell in a given amount of tissue
(Malik and Czajka, 2013). It can also be used to investigate defi-
cits in mitophagy, which would lead to an accumulation of dam-
aged mitochondria and mtDNA, or mitochondrial biogenesis,
which would result in a reduction of the mitochondrial pool and
mtDNA. Because the depletion of mtDNA in whole-brain lysates
of PolgAD257A/D257A mice was previously reported (Pickrell et al.,
2015), suggesting defunct mitochondrial biogenesis, we next
determined the mtDNA copy number in striatal tissue of 12-
month-old mice (Stevens et al., 2015). This technique is done by
isolating total DNA from tissue and performing qRT-PCR using
mtDNA-specific primers (Fig. 6A; Materials and Methods).
These results are then normalized to a nuclear encoded house-
keeping gene, such as GAPDH, to to normalize the variance
between samples, and then again to wild-type values to normal-
ize against batch effect. We ran a panel of mtDNA primers prob-
ing several different loci, including ND4, COXI, CYTB, and the
Dloop region (Pickrell et al., 2015; Stevens et al., 2015; Fig. 6G).
During our initial analysis we used a mixed effects model with
matching across rows, which assumes that all loci analyzed
depend on the expression level of each other, appropriate in the
case of mtDNA as the mitochondrial genome is circular dsDNA
(Fig. 6C). This mixed-effects model also accounts for noninde-
pendence between samples, meaning it accounts for the same bi-
ological samples being tested at each locus. When employing this
statistical method, we observed no significant differences in the
copy number of most mtDNA loci, indicating that mtDNA copy
number remains unchanged in ventral midbrain tissue of
PolgAD257A/D257A mice, regardless of the absence or presence of
Parkin (Fig. 6G). Interestingly, the mixed-effects model found a
consistent and substantial increase in the copy number of the
Dloop region, the highly conserved origin of replication of mtDNA,
in PolgAD257A/D257A mice and Parkin–/–/PolgAD257A/D257A mice.

Because of the above results, we further analyzed each
mtDNA loci individually via one-way ANOVAs as previously
described (Pickrell et al., 2015). We found these results to be
loci-dependent. Both primer sets to COXI exhibited significant
reductions in mtDNA copy number in PolgAD257A/D257A mice
and Parkin–/–/PolgAD257A/D257A mice, implying decreased mito-
chondrial mass in these cohorts (Fig. 6B,C). Although the level of
statistical significance varied between COXI primer sets, these
results are similar to mtDNA copy number analysis previously
reported (Pickrell et al., 2015). Contrarily, there appeared
to be no differences between mouse cohorts using primers spe-
cific to CYTB (Fig. 6D). There was a substantial decrease in the
amplification of ND4 in PolgAD257A/D257A mice, but not
Parkin–/–/PolgAD257A/D257A mice (Fig. 6E). Moreover, one-way
ANOVA analysis further confirmed the increase in Dloop copy
number in PolgAD257A/D257A mice and Parkin–/–/PolgAD257A/D257A

mice (Fig. 6F). It should be noted that loss of Parkin did not lead to
further reductions in mtDNA copy number, regardless of the gene
loci tested. Taken together, these results suggest that quantifying
mtDNA copy number via mtDNA amplification may not be a suffi-
cient method to investigate mitochondrial mass in mouse lines that
accumulate mtDNAmutations.

Discussion
In this study, we originally set out to expand on previous work which
reported dopaminergic neurodegeneration and corresponding

/

Parkin–/–/PolgAD257A/D257A, ns, not significant. H, Representative Western blot illustrating
blot mitophagy marker expression analysis in ventral midbrain tissue of 12-month-old
mice. I, Quantification of Western blot mitophagy marker expression analysis of ventral
midbrain tissue of 12-month-old mice. Results are the mean 6 SEM, n = 8 per group.
Experiments were run in a minimum of experimental triplicate with the average of results
used for analysis. ImageJ was used for optical density analysis. Quantifications were nor-
malized to b -actin to account for loading differences and then to wild-type values to nor-
malize against batch effect. Datasets were unbiasedly analyzed using ROUT outlier analysis
with a maximum false discovery rate (q) of 0.1%. Data were found to be normally distrib-
uted via D’Agostino and Pearson test. Data were analyzed using two-way ANOVA
(Fc(3,28) = 0.2892 p = 0.8328). Uncropped Western blottings for this figure are provided in
Extended Data Figure 5-1. J, Mitochondrial Complex I activity of ventral midbrain tissue of
12-month-old mice. Results are the mean6 SEM, n = 6 per group. Experiments were run
in experimental duplicate on one plate with the average of results used for analysis.
Datasets were unbiasedly analyzed using ROUT outlier analysis with a maximum false dis-
covery rate (q) of 0.1%. Data were found to be normally distributed via Shapiro–Wilk test.
Data were analyzed using two-way ANOVA with repeated measures F(15,18) = 32.18
p, 0.0001 and a Geisser–Greenhouse’s « correction of 0.6569. Post hoc Tukey’s multiple
comparisons test was performed and demonstrated no significant (ns) differences between
group. The results are as follows: p= 0.2569 for wild-type versus Parkin–/–/; p= 0.9281 for
wild-type versus PolgAD257A/D257A, p= 0.995 for wild-type versus Parkin–/– versus
PolgAD257A/D257A, and p= 0.9522 for PolgAD257A/D257A versus Parkin–/–/PolgAD257A/D257A. K,
Mitochondrial Complex IV activity of ventral midbrain tissue of 12-month-old mice. Results
are the mean6 SEM, n = 6 per group. Experiments were run in experimental duplicate on
one plate with the average of results used for analysis. Datasets were unbiasedly analyzed
using ROUT outlier analysis with a maximum false discovery rate (q) of 0.1%. Data were
found to be normally distributed via Shapiro–Wilk test. Data were analyzed using two-way
ANOVA with repeated measures F(15,18) = 1.758 p= 0.1269 and a Geisser–Greenhouse’s «
correction of 0.6621. Post hoc Tukey’s multiple comparisons test was performed and demon-
strated no significant (ns) differences between group. The results are as follows: p= 0.6015
for wild-type versus Parkin–/–/; p= 0.2631 for wild-type versus PolgAD257A/D257A, p= 0.9822
for wild-type versus Parkin–/– versus PolgAD257A/D257A, and p= 0.3271 for PolgAD257A/D257A

versus Parkin–/–/PolgAD257A/D257A. Analysis and graphs were produced using GraphPad Prism
9.4.1. The levels of the parkin substrates, NLRP3, AIMP2 normalized to b -actin are pre-
sented in Extended Data Figure 5-2.
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Figure 6. Analysis of mtDNA copy number in aged mice. A, Schematic denoting mtDNA genome and loci of selected primer sets. Sequences are listed in Materials and Methods. B–G, qRT-
PCR analysis of ventral midbrain tissue of 12-month-old mice. Results are the mean6 SEM, n = 6 mice per group. Experiments run in experimental triplicate with the average of results used
for analysis. Quantifications were normalized to GAPDH (COXI6520 to GAPDH_Neuron, while COXI6620, CYTB, ND4, and Dloop3’ were normalized to GAPDH_PNAS) to normalize variance across
groups and then to wild-type values to normalize against batch effect. Datasets were unbiasedly analyzed using ROUT outlier analysis with a maximum false discovery rate (q) of 0.1%.
SDs did not significantly differ per Brown–Forsythe test. Significance of means analyzed via ordinary one-way ANOVA (B: F(3,26) = 11.33 ****p, 0.00001; C: F(3,26) = 7.042 **p= 0.0013; D:
F(3,26) = 5.130 **p= 0.0064; E: F(3,26) = 1.831 p= 0.1663). Post hoc Tukey’s test resulted in B: ****p, 0.00001 for wild-type versus PolgAD257A/D257A, **p= 0.0033 for wild-type versus
Parkin–/–/PolgAD257A/D257A, and *p= 0.0236 for Parkin–/– versus PolgAD257A/D257A; C: **p = 0.0011 for wild-type versus PolgAD257A/D257A, and *p = 0.0205 for wild-type versus
Parkin–/–/PolgAD257A/D257A; D: **p = 00.37 for wild-type versus PolgAD257A/D257A, ns, not significant. F, qRT-PCR analysis of Dloop of ventral midbrain tissue of 12-month-old
mice. Results are the mean 6 SEM, n = 6 mice per group. Experiments run in experimental triplicate with the average of results used for analysis. Quantifications were normal-
ized to GAPDH (GAPDH_PNAS primer set) to normalize variance across groups and then to wild-type values to normalize against batch effect. Datasets were unbiasedly analyzed
using ROUT outlier analysis with a maximum false discovery rate (q) of 0.1%. SDs did significantly differ per Brown–Forsythe test. Significance of means were analyzed via a
Welch one-way ANOVA W(3.0,13.01) = 14.24 ***p = 0.0002. Post hoc Dunnett’s T3 multiple comparisons test resulted in *p = 0.0237 for wild-type versus PolgAD257A/D257A,
*p = 0.0142 for wild-type versus Parkin–/–/PolgAD257A/D257A, *p = 0.0159 for Parkin–/– versus PolgAD257A/D257A, and **p = 0.0088 for Parkin–/– versus Parkin–/–/PolgAD257A/D257A,
ns, not significant. G, qRT-PCR analysis of ventral midbrain tissue of 12-month-old mice. Results are the mean 6 SEM, n = 6 mice per group. Experiments run in experimental
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nigral-striatal dependent motor dysfunction in Parkin–/–/
PolgAD257A/D257A mice (Pickrell et al., 2015). We planned to
investigate PARIS (Parkin Interacting Substrate, ZNF746)
expression and mitochondrial biogenesis dysfunction in this
model, with the goal to understand the relative contributions of
mitochondrial quality control pathways in PD pathology. Using
a variety of behavioral tests, we observed substantial motor and
muscular deficits in both PolgAD257A/D257A and Parkin–/–/
PolgAD257A/D257A mice. These deficits were seen at six- and
nine-month times with peak dysfunction found at 12 months.
Behavioral testing concluded at 12 months as PolgAD257A/D257A

mice die prematurely around 13months of age (Dai et al., 2013;
Perier et al., 2013). Locomotor deficits as assessed by openfield
were progressive overtime, while deficits in grip strength
appeared to fluctuate between timepoints. We speculate these
changes in grip strength may be sensitive not only to loss of
muscle mass seen in PolgAD257A/D257A-expressing mice, as pre-
viously reported (Trifunovic et al., 2004; Kujoth et al., 2005;
Hiona et al., 2010; Safdar et al., 2011), but also to changes in
body weight, as raw force readings were normalized to total
body weight, and both PolgAD257A/D257A and Parkin–/–/
PolgAD257A/D257A cohorts lost muscular mass and body weight
overtime. Notably, these deficits were not worsened by the loss
of Parkin. Finally, there were no deficits observed via the pole
test in 12-month-old mice, demonstrating that behavioral defi-
cits were nonspecific to the nigrostriatal pathway.

The major finding of this paper was that the absence of
Parkin in PolgAD257A/D257A mice did not lead to the loss of
DA neurons in the SNpc. Immunohistochemical analysis spe-
cific to TH1 neurons revealed no loss in the dopaminergic
neuronal population of ventral midbrain tissue, and further
HPLC assessment found no changes in striatal dopamine. We
saw significant reductions in dopamine and serotonin turnover
in all PolgAD257A/D257A mice -expressing lines. There was also a
decrease in catecholamine concentrations in the olfactory bulb
of all mice with the PolgAD257A/D257A mutation; however, loss
of Parkin did not lead to further reductions in catecholamine
content or turnover. Taken together, these data suggest that there
is catecholamine and indolamine dysregulation as a result of the
accumulation of mtDNA mutations in PolgAD257A/D257A mice
and that loss of Parkin does not enhance this dysregulation.

We also failed to see any substantial changes in expression
levels in several mitochondrial markers, including nuclear-
encoded subunits of COXI-III. There was, however, a significant
reduction in a mitochondrial-encoded subunit of COXIV, likely
because of the accumulation of mtDNA indels. Notably, this reduc-
tion was not further enhanced by the absence of Parkin. We also
failed to see statistically significant changes in Complex I and
Complex IV activity between wild-type and PolgAD257A/D257A-
expressing mice. This suggests that although there was a reduction
in Complex IV expression in PolgAD257A/D257A-expressing mice, the

activity of Complex IV did not decrease. In addition, the PolgA
mutation did not seem to affect Parkin function, as there was no
change in the steady state levels of ubiquitylation substrates of
Parkin, including VDAC, AIMP2 and NLRP3 (Y. Lee et al., 2013;
Ordureau et al., 2018; Panicker et al., 2022). Furthermore, we
observed no changes in expression level of parkin substrates in
Parkin–/– and Parkin–/–; PolgD257A/D257A, further providing evidence
for the augmentation of developmental compensatory pathways in
Parkin–/–mice.

Using a mixed effects model, mtDNA copy number analysis
revealed no significant differences in COXI, CYTB, or ND4 copy
number between groups. However, there was a significant accu-
mulation of Dloop, the highly conserved origin of replication of
mtDNA, in mice with PolgAD257A/D257A knock-in. Individual
one-way ANOVA analysis revealed inconsistent results between
loci; however, the Dloop copy number remained significantly
increased in all PolgAD257A/D257A-expressing mice. This suggests
that the conserved Dloop region is significantly less prone to
mutations compared with other the other genes tested. As such,
the Dloop region amplifies appropriately, while other less con-
served regions with mtDNAmutations do not. Alternatively, one
could postulate that the PolgAD257A/D257A knock-in may pro-
mote the accumulation of advantageous mutations in the Dloop
region, which in turn enhances primer annealing and conse-
quential amplification. This may be beneficial to cells as they try
to increase replication of mitochondria to combat severe mito-
chondria dysfunction. This finding is supported by prior work
that suggested that accumulation of mitochondrial deletions
SNpc dopaminergic neurons in PolgAD257A/D257A mice trigger a
compensatory mechanism that include augmenting mtDNA
copy number (Perier et al., 2013). Although these data further
confirm mitochondrial dysfunction as a result of the accumu-
lation mtDNA mutations because of the PolgAD257A knock-in,
they imply that loss of endogenous Parkin in does not syner-
gize mitochondrial dysfunction induced in PolgAD257A/D257A

mice.
Studies using germline Parkin knock-out mice have failed to

see neurodegeneration, implying that pathways in development
likely compensate for its loss and impair the DA neuron degen-
eration (Fleming et al., 2005). Consistent with this notion are
studies that show DA neuronal loss and neurobehavioral deficits
when Parkin is conditionally knocked out in adult animals (Shin
et al., 2011; Stevens et al., 2015; Y. Lee et al., 2017; Brahmachari
et al., 2019; Jo et al., 2021; Panicker et al., 2022; Pirooznia et al.,
2022). Because there has been a lack of an obvious Parkinsonian
phenotype in germline Parkin null mice, there have been
attempts to manipulate other genes in addition to Parkin to pro-
mote neurodegeneration. Because of the role of Parkin in mito-
chondrial quality control, there are a fair number of studies,
listed below, in which Parkin–/– mice have been crossed to differ-
ent mouse models of mitochondrial dysfunction. Like our
results, the absence of parkin did not enhance the loss of DA
neurons and progressive neurodegeneration of the MitoPark
mice (Sterky et al., 2011). PD pathology was not worse in PD-
mito-PstI mice, whose mtDNA undergoes double-strand breaks
in dopaminergic neurons (Pinto et al., 2018). Crossing parkin
KO mice to DJ-1, another autosomal recessive PD gene that
affects mitochondrial function (Andres-Mateos et al., 2007)
failed to cause a loss of DA neurons. The combined absence of
parkin, PINK1 and DJ-1 did not lead to loss of DA neurons
(Kitada et al., 2009). Studies in Drosophila in which mito-
APOBEC1 flies, a model of mitochondrial dysfunction and
motor deficits driven by an accumulation of mtDNA mutations

/

triplicate with the average of results used for analysis. Quantifications were normal-
ized to GAPDH_PNAS to normalize variance across groups and then to wild-type val-
ues to normalize against batch effect. Datasets were unbiasedly analyzed using ROUT
outlier analysis with a maximum false discovery rate (q) of 0.1%. Data were analyzed
using the mixed effects model (REML) with matching factors across rows
Fc(3,80) = 2.660, Fr(3,80) = 27.20 ****p, 0.00001, Fi(9,80) = 10.64 ****p, 0.00001.
Post hoc Tukey’s test resulted in ****p, 0.00001 for Dloop3’ amplification for wild-
type versus PolgAD257A/D257A, wild-type versus Parkin–/–/PolgAD257A/D257A, Parkin–/–

versus PolgAD257A/D257A, and Parkin–/– versus Parkin–/–/PolgAD257A/D257A, ns, not sig-
nificant. Analysis and graphs were produced using GraphPad Prism 8.4.3.
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in somatic tissues, failed to show an enhancement of mitochon-
drial dysfunction or worsening of motor deficits on loss of
Parkin (J.J. Lee et al., 2020). A study analyzing the effect of DJ-1
found that DJ1�/�/PolgAD257A/D257A mice also failed to syner-
gize with PolgAD257A as there was no dopaminergic neurode-
generation or nigral-striatal-dependent motor or enhanced
mitochondrial deficits (Hauser et al., 2015).

What might account for the differences between the results
presented here and other reports that indicate that mitochondrial
dysfunction does not synergize with loss of parkin as reported by
(Pickrell et al., 2015)? There are many factors to consider when
evaluating biochemical and behavioral differences in Parkin–/–/
PolgAD257A/D257A mice between studies. Animal housing may be
a factor, as environment and diet could impact metabolism and
gut microbiota, which in turn may affect brain function (Sudo,
2019). In this report we used a Parkin–/– line in which the first
RING finger domain, encoded by exon 7, is deleted, leading to a
catalytically null mutant line (Von Coelln et al., 2004). Because
this line was previously reported to display noradrenergic neuro-
degeneration in the locus coeruleus, we hypothesized the addi-
tional mitochondrial dysfunction would surely synergize to
induce dopaminergic neuronal loss in the SNpc. Pickrell et al.
(2015) used a Parkin–/– line in which exon 3 is replaced with
EGFP coding sequence, inducing a premature stop codon
(Goldberg et al., 2003). This line has no reported dopaminergic
neuronal degeneration. Regardless of this difference, we do not
believe exon 7 deletion versus exon 3 skipping had a true effect
on the study considering the other reports that mice with mito-
chondrial dysfunction do not synergize with the absence of par-
kin. Finally, it is important to consider the potential effects of an
underpowered study. Our group was sure to sufficiently power
our study to avoid a type 2 statistical error.

In conclusion, our results add to the bulk of work which
reports germline Parkin knock-out mice do not display neurode-
generation of SNpc dopaminergic neurons. Furthermore, it con-
tributes to findings that report a lack of synergism of Parkin loss
on mitochondrial dysfunction in mouse models of mitochondrial
deficits. A significant finding in this study is the use of a field
accepted method to measure mitochondrial mass. This method
relies on the quantification of mtDNA copy number at a DNA
level. Here, we show conflicting results of mtDNA quantification.
These results appear to be loci dependent, and we hypothesize
that the accumulation of mtDNA mutations in PolgAD257A/D257A

mice directly affect the ability of primers to anneal and amplify
appropriately. Consequently, extreme care and consideration
should be taken when analyzing mitochondrial mass in in vivo
models of mtDNAmutations.
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