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Abstract

Parkinson's disease (PD) is the second most common neurodegenerative disorder behind
Alzheimer's disease. There are currently no therapies proven to halt or slow the progressive
neuronal cell loss in PD. A better understanding of the molecular and cellular causes of PD is
needed to develop disease-modifying therapies. PD is an age-dependent disease that causes the
progressive death of dopamine-producing neurons in the brain. Loss of substantia nigra
dopaminergic neurons results in locomotor symptoms such as slowness of movement, tremor,
rigidity and postural instability. Abnormalities in other neurotransmitters, such as serotonin, may
also be involved in both the motor and non-motor symptoms of PD. Most cases of PD are sporadic
but many families show a Mendelian pattern of inherited parkinsonism and causative mutations
have been identified in genes such as Parkin, DJ-1, PINK1, alpha-synuclein and Leucine Rich
Repeat Kinase 2 (LRRK?2). Although the definitive causes of idiopathic PD remain uncertain, the
activity of the antioxidant enzyme glutathione peroxidase 1 (Gpx1) is reduced in PD brains and
has been shown to be a key determinant of vulnerability to dopaminergic neuron loss in PD animal
models. Furthermore, Gpx1 activity decreases with age in human substantia nigra but not rodent
substantia nigra. Therefore, we crossed mice deficient for both Parkin and DJ-1 with mice
deficient for Gpx1 to test the hypothesis that loss-of-function mutations in Parkin and DJ-1 cause
PD by increasing vulnerability to Gpx1 deficiency. Surprisingly, mice lacking Parkin, DJ-1 and
Gpx1 have increased striatal dopamine levels in the absence of nigral cell loss compared to wild-
type, Gpx17/~, and Parkin™~DJ-17/~ mutant mice. Additionally, Parkin~/~DJ-17/~ mice exhibit
improved rotarod performance and have increased serotonin in the striatum and hippocampus.
Stereological analysis indicated that the increased serotonin levels were not due to increased
serotonergic projections. The results of our behavioral, neurochemical and immunohistochemical
analyses reveal that PD-linked mutations in Parkin and DJ-1 cause dysregulation of
neurotransmitter systems beyond the nigrostriatal dopaminergic circuit and that loss-of-function
mutations in Parkin and DJ-1 lead to adaptive changes in dopamine and serotonin especially in the
context of Gpx1 deficiency.
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Introduction

Parkinson's disease (PD) is the most common neurodegenerative movement disorder and
afflicts millions of people worldwide. The severity of the primary clinical symptoms, which
include bradykinesia, resting tremor, rigidity, and postural instability, increases over the
course of many years. Postmortem examinations reveal a profound and selective loss of
dopaminergic neurons in the substantia nigra that project to the caudate and putamen of the
dorsal striatum. The loss of dopaminergic innervation of the striatum underlies the primary
clinical symptoms, which can be ameliorated with dopaminergic medications. Although the
definitive cause of nigral dopamine neuron loss remains unknown, aging is the greatest risk
factor for PD, consistent with the increased prevalence of PD in elderly populations. The
capacity of cells to clear reactive oxygen species and repair oxidative damage to proteins,
lipids and nucleic acids diminishes with age (Liddell et al., 2010), suggesting a potential role
for cumulative oxidative stress in PD pathogenesis.

The majority of PD cases are idiopathic with no clear family history of parkinsonian
symptoms. However, genetic linkage studies of families with Mendelian patterns of
inherited parkinsonism have identified causal mutations in several genes (Dawson et al.,
2010, Horowitz and Greenamyre, 2010, Lopez and Sidransky, 2010, Corti et al., 2011,
Hattori, 2012, Varcin et al., 2012). Among these are the loss-of-function mutations in the
Parkin and DJ-1 genes that were the first to be causally linked to recessive parkinsonism
(Kitada et al., 1998, Bonifati et al., 2003). Both Parkin and DJ-1 are widely expressed
throughout the brain and other tissues (Shimura et al., 1999, Stichel et al., 2000, Kuhn et al.,
2004, Shang et al., 2004, Xie et al., 2009) but it is not obvious why loss of Parkin or DJ-1
function causes selective neurodegeneration and clinical PD symptoms. Presumably,
dopaminergic neurons within the nigrostriatal pathway are more susceptible than other cells
to both parkinsonian genetic mutations and to factors that cause idiopathic PD, which
remain uncertain. Parkin functions as an E3 ubiquitin ligase (Shimura et al., 2000) and
promotes autophagy of dysfunctional mitochondria (Narendra et al., 2008). This suggests an
important role for Parkin in preventing the accumulation of damaged mitochondria, which
are major cellular sources of free radicals and oxidative stress. The exact cellular function of
DJ-1 remains uncertain, but it has been reported to be an atypical peroxiredoxin-like
peroxidase (Andres-Mateos et al., 2007) and may be a sensor of oxidative stress (Choi et al.,
2006).

Overexpression of either protein is neuroprotective in vitro and in vivo (Lo Bianco et al.,
2004, Zhou and Freed, 2005, Vercammen et al., 2006, Ulusoy and Kirik, 2008, Hayashi et
al., 2009, Junn et al., 2009, Bian et al., 2012). In particular, DJ-1 is protective against
various oxidative stresses (Yokota et al., 2003, Taira et al., 2004, Kim et al., 2005, Menzies
et al., 2005, Meulener et al., 2005, Moore et al., 2005, Yang et al., 2005, Zhang et al., 2005,
Andres-Mateos et al., 2007, Junn et al., 2009) and both proteins localize to mitochondria in
cells undergoing oxidative stress (Horowitz and Greenamyre, 2010, Kawajiri et al., 2010,
Shulman et al., 2011, Thomas et al., 2011). Cysteine 106 of DJ-1 is unusually sensitive to
oxidation and is required both for the neuroprotective effects of DJ-1 and for localization of
DJ-1 to mitochondria in response to oxidative stresses (Canet-Aviles et al., 2004, Kim et al.,
2005, Lev et al., 2008, Junn et al., 2009, Cookson, 2010, Mullett and Hinkle, 2011).
Mutations in the Parkin gene lead to impaired mitochondrial respiratory chain function and
to increased markers of oxidative stress in humans and genetic animal models (Muftuoglu et
al., 2004, Palacino et al., 2004, Rodriguez-Navarro et al., 2007, Vinish et al., 2011, Vincent
et al., 2012, Hauser and Hastings, 2013, Vincow et al., 2013). Together, these data suggest
that the cellular mechanism by which loss-of-function mutations in Parkin and DJ-1 cause
parkinsonism involves diminished protection against oxidative stress.
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Despite the high penetrance of loss-of-function Parkin and DJ-1 mutations in humans
(Bonifati, 2007), similar mutations in mice do not produce the characteristic loss of nigral
dopaminergic neurons that is the most prominent postmortem neuropathological feature of
PD (Goldberg et al., 2003, Itier et al., 2003, Palacino et al., 2004, VVon Coelln et al., 2004,
Fleming et al., 2005, Goldberg et al., 2005, Kim et al., 2005, Perez et al., 2005, Perez and
Palmiter, 2005, Fleming and Chesselet, 2006, Sato et al., 2006, Andres-Mateos et al., 2007,
Manning-Bog et al., 2007, Yang et al., 2007, Zhu et al., 2007, Chandran et al., 2008, Frank-
Cannon et al., 2008, Kitada et al., 2009, Pham et al., 2010, Rousseaux et al., 2012). Thus,
within the two-year lifespan of mice, additional stress may be required for Parkin and DJ-1
knockout mice to reproduce the neurodegeneration that occurs in humans. It has been
demonstrated that mice deficient for DJ-1 are more susceptible to nigral cell loss induced by
mitochondrial toxins and oxidative stressors such as paraquat, rotenone, and 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP) (Kim et al., 2005, Manning-Bog et al., 2007,
Paterna et al., 2007) and Parkin knockout mice are more susceptible to nigral cell loss
induced by chronic exposure to lipopolysaccharide (Frank-Cannon et al., 2008).
Compensatory changes in enzymes that protect against oxidative stress could explain the
lack of nigrostriatal degeneration in Parkin and DJ-1 knockout mice in the absence of
additional stresses (Andres-Mateos et al., 2007, Rodriguez-Navarro et al., 2007).
Specifically, DJ-1 knockout mice have an age-dependent increase in both the levels and
activity of glutathione peroxidase (Gpx1), but not catalase, the two major enzymes that
remove hydrogen peroxide from cells (Andres-Mateos et al., 2007). Parkin knockout mice
also have an age-dependent increase in Gpx1 activity as well as decreased levels of reduced
glutathione in the midbrain of aged knockout mice (Rodriguez-Navarro et al., 2007).
Moreover, Gpx1 knockout mice are more susceptible to MPTP and overexpression of Gpx1
can protect against 6-hydroxydopamine-induced nigral cell loss (Bensadoun et al., 1998,
Klivenyi et al., 2000, Zhang et al., 2000, Ridet et al., 2006). These studies suggest that the
level of Gpx1 activity is a key determinant of vulnerability to nigral neuron loss in PD
animal models and that compensatory increases in Gpx1 activity might explain the absence
of nigral cell loss in Parkin and DJ-1 knockout mice. Even in the absence of mutations,
Gpx1 activity decreases with age in human substantia nigra (VVenkateshappa et al., 2012) but
not in rodent substantia nigra (Benzi et al., 1989), which may explain the increased
vulnerability to nigral cell loss in humans compared to rodents bearing PD-linked mutations.

To better understand the role of Parkin and DJ-1 loss-of-function mutations in PD
pathogenesis and to potentially generate a mouse model that better recapitulates the age-
dependent neurochemical, neuropathological and behavioral characteristics of PD, we
combined Parkin and DJ-1 loss-of-function mutations and tested them in the context of
Gpx1 deficiency on a C57BL/6 mouse genetic background. Mice deficient in all three genes
(Parkin™~DJ-17/-Gpx1~/~) were viable but did not exhibit age-dependent loss of nigral
neurons, decreased striatal dopamine, or motor impairments consistent with PD. Contrary to
our expectations, Parkin”~DJ-17/-Gpx1~/~ mice had increased striatal dopamine levels
while Parkin™"DJ-17/~ mice did not have increased striatal dopamine levels, but showed
increased serotonin levels in both the striatum and the hippocampus. Mice with increased
serotonin also showed improved rotarod behavior performance and were less “distracted”
when performing the rotarod test. These data reveal roles for Parkin and DJ-1 in regulating
serotonin levels and potentially compensatory increases in striatal dopamine levels in the
absence of Gpx1, Parkin and DJ-1. These surprising behavioral and neurochemical
phenotypes expand the apparent functions of Parkin and DJ-1 and suggest that the
pathogenic mechanisms of Parkin and DJ-1 mutations may involve dysregulation of
dopaminergic and serotonergic neurotransmission.
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Materials and Methods

Animals

Parkin knockout mice and DJ-1 knockout mice were generated as previously described
(Goldberg et al., 2003, Goldberg et al., 2005) and backcrossed to strain C57BL/6J for 10
generations, then intercrossed for two generations to obtain homozygous double knockout
mice (Parkin™/"DJ-17/") and wild-type controls. Gpx1 knockout mice on a C57BL/6
background were obtained from Dr. Holly Van Remmen at The University of Texas Health
Science Center at San Antonio. Gpx1 knockout mice were crossed with Parkin™~DJ-17/~
double knockout mice for two generations to produce Parkin™~DJ-17-Gpx1*/~ mice, which
were intercrossed to produce homozygous triple knockout mice (Parkin™~DJ-17/~Gpx17")
and Parkin™~DJ-17/~ mice. When possible, paired littermates were used as controls.
Experimental procedures involving the use of animals or animal tissue were performed in
accordance with the NIH Guidelines for Animal Care and Use and approved by the
Institutional Animal Care and Use Committee at The University of Texas Southwestern
Medical Center. Animals were housed in a climate-controlled facility with ventilated cages
and standard commercial lab diet. Behavioral tests were performed between 10 AM and 4
PM during the 6 AM to 6 PM light cycle.

Behavioral tests

Locomotor—To measure spontaneous locomotor activity, mice were placed individually
in a clean cage within an infrared photobeam activity monitor (San Diego Instruments) and
were allowed to move freely in the dark for 2 hours. The number of beam breaks was
recorded in 5-minute bins as a measure of locomotor activity.

Rotarod—To measure motor function, mice were placed on an accelerating rotarod (I1TC
Life Science Inc) and the speed of rotation was increased from 5 to 45 revolutions per
minute (RPM) over 5 minutes. The latency to fall from the rotarod was recorded. Data were
collected for 4 trials per day for 2 days.

Fixed-speed rotarod and distraction measurements—To delineate the role of
motor and non-motor factors (“distraction™) on rotarod performance, fully trained mice were
tested on a rotarod with fixed rotation rates of 5, 10, 15, or 20 RPM for a maximum of 5
minutes. For each speed, the latency to fall from the rotarod was recorded for 4 trials per day
for 2 days. Mice were videotaped during the last two trials and the first 30 seconds of each
video were analyzed with a stopwatch for time not focused on the task, which was measured
as time in which the mice were not facing forward. All mice included in the video analysis
stayed on the rotarod for the full 30 seconds.

Odor test—To measure olfactory function, mice were placed in a clean cage containing a
dry cotton swab within reach, and given 15 minutes to acclimate to their surroundings. The
dry cotton swab was replaced by a cotton swab dipped in water for 3 minutes, followed by a
cotton swab dipped in vanilla and finally a cotton swab dipped in urine collected from
unfamiliar mice. Mice were videotaped during all three trials and the total time spent
investigating each cotton swab was recorded using a stopwatch.

Stereology of Dopaminergic Neurons

Stereology was performed according to previously described methods (Frank-Cannon et al.,
2008). Brains were removed and placed in 10% neutral buffered formalin at 4° overnight,

processed for paraffin embedding and sectioned in the coronal plane at 20-micron thickness.
Every fifth slide was stained for unbiased stereology. Slides were deparaffinized, rehydrated
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in graded ethanol solutions and blocked with 5% normal goat serum for 1 hour prior to
incubation in primary antibody (anti-tyrosine hydroxylase AB152, Chemicon) diluted
1:1000 at 4°C overnight. Sections were washed, incubated with biotinylated goat anti-rabbit
secondary antibody, horseradish peroxidase conjugated avidin (ABC Elite, VVector) and were
developed in DAB solution with NiCl enhancement prior to dehydration and coverslipping.
A microscope with a motorized stage and Stereoinvestigator software was used to count the
tyrosine hydroxylase-positive neurons in the substantia nigra of each section, with a
counting frame of 50 microns by 50 microns and a grid size of 100 microns by 100 microns.
The total number of bilateral substantia nigra dopamine neurons was estimated by counting
neurons from one hemisphere.

Stereology of Hippocampal Serotonergic Fibers

Mice were perfused with 50mL of 1x phosphate buffered saline (PBS) followed by 4%
paraformaldehyde in 1xXPBS. Following perfusion, the brain was removed and placed in 4%
paraformaldehyde solution overnight, followed by 10% and 30% sucrose overnight. Brains
were frozen in OCT and sectioned sagitally at 14-micron thickness on a cryostat. Every 40t
section was stained and used for unbiased stereology. Tissue was permeabilized with 0.3%
Triton-X 100 prior to blocking with 10% normal donkey serum. Slides were then incubated
in primary antibody (goat anti-serotonin transporter HTT-G0-af970, Frontier Labs)
diluted1:250 at 4°C overnight. Slides were washed in 1% fish skin gelatin prior to
incubation in secondary antibody (donkey anti-goat Alexafluor 488, Jackson
Immunoresearch) diluted 1:200. Slides were stained with DAPI prior to coverslipping.
Stereology was performed to measure immunoreactive fibers using the Spaceballs probe in
Stereoinvestigator software, with a 200 x 200 micron grid and a hemisphere with a 10-
micron radius.

Measurement of tissue neurotransmitter levels

Statistics

Results

Mice were euthanized and the striatum was quickly dissected on an ice-cold glass dish,
weighed, frozen on dry ice and stored at —80 prior to analysis. Samples were combined with
50-fold (weight:volume) ice-cold 0.1 N perchloric acid containing 0.2 mM sodium
metabisulfite. The tissue was disrupted by brief sonication and centrifuged at 4°C for 20
minutes at 15,000 x g to pellet proteins and cell debris. 200 uL of the supernatant was
transferred to a clean tube, and 20 uL was injected onto an HPLC with a C18 column and
eluted with isocratic MDTM mobile phase (ESA) at a rate of 0.6 mL/min. Monoamines
were detected with a model 5014B electrochemical cell (ESA) set to a potential of +220
mV. Peak areas were normalized to tissue weight and compared to external standards for
quantification.

Data analysis was performed using SigmaPlot software. One way ANOVA was used to
account for multiple genotypes. Where appropriate, repeated measures two-way ANOVA
was used to account for multiple trials. Where p<0.05, Tukey's post hoc analysis was used to
further analyze differences between groups. Planned comparisons were performed using
Student's t-test.

Normal number of nigral dopaminergic neurons in Parkin=/~DJ-1~/-Gpx1~/~ mice

Triple knockout mice bearing combined loss-of-function mutations in the PD-linked genes
Parkin and DJ-1, as well as the antioxidant Gpx1 gene, were born at the expected Mendelian
ratio and had no apparent differences in viability or longevity compared to wild-type mice.
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Because age-dependent loss of dopaminergic neurons in the substantia nigra is the primary
pathological characteristic of PD and the cause of the motor symptoms observed in patients,
we investigated whether Parkin™~DJ-17-Gpx1~~mice exhibit progressive loss of nigral
neurons. Coronal brain sections were stained using an antibody specific for tyrosine
hydroxylase (TH), a marker of dopamine-containing neurons, and rigorous stereological
methods were used to estimate the number of dopaminergic neurons in the substantia nigra
of mice at ages 6, 12 and 18 months. \We observed statistically similar numbers of TH-
immunoreactive neurons in each genotype at age 6 months (Figure 1A), 12 months (Figure
1B) and 18 months (Figure 1C). These data indicate that the number of dopaminergic
neurons is not significantly altered in Parkin”"DJ-17/~Gpx1~/~ mice.

Increased striatal dopamine in Parkin=/~DJ-1~/~Gpx1~/~ mice

Nigral dopaminergic neurons project to the dorsal striatum (caudate and putamen) and
compensatory changes in dopamine levels and dopamine turnover at presynaptic terminals
in the striatum have been hypothesized to occur during presymptomatic stages of PD
(Bernheimer et al., 1973). We therefore investigated whether Parkin™/"DJ-17-Gpx1~~ mice
have altered levels of striatal dopamine even with normal nigral neuron numbers. We used
HPLC with electrochemical detection to measure the levels of dopamine and its metabolites
DOPAC, HVA and 3-MT in the striatum of mice at ages 6, 12 and 18 months.
Parkin™~DJ-17/~ mice and mice with a single Gpx1 deficiency showed no change in striatal
dopamine levels compared to wild type mice (Figure 2). Surprisingly, dopamine levels were
significantly elevated in Parkin™"DJ-17-Gpx1~/~ mice at 18 months (p<0.05, one-way
ANOVA). At earlier ages, striatal dopamine levels are not significantly different by
ANOVA, however, t-test shows significant differences between wild-type and
Parkin™"DJ-17-Gpx1~~ mice at age 12 months (p= 0.0019) and 6 months (p=0.0475)
(Figure 2). We found no significant differences in dopamine turnover, calculated as the ratio
of dopamine metabolites to dopamine (data not shown). These results suggest that
Parkin™~DJ-17/~Gpx1~/~ mice have compensatory changes in striatal dopamine levels.

Altered serotonin in multiple brain regions of Parkin~/~DJ-1~/~ mice

In addition to showing an increase in striatal dopamine, our HPLC analysis revealed that
serotonin levels are significantly increased in the striatum of Parkin~"DJ-17~ mice and
Parkin™~DJ-17/-Gpx1~/~ mice at age 12 months (p<0.01, one-way ANOVA) and in the
striatum of Parkin™~DJ-17/~ mice at 18 months (p<0.05, one-way ANOVA) (Figure 3). No
consistent differences were observed in serotonin turnover or in the levels of 5-HIAA, the
primary metabolite of serotonin (data not shown).

We found no genotype-dependent differences in dopamine levels in other brain regions,
such as frontal cortex and hippocampus (data not shown). However, serotonin was
significantly elevated in the hippocampus of Parkin™~DJ-17/~ mice compared to wild type
(p<0.05, one-way ANOVA) (Figure 4A). Deletion of both Parkin and DJ-1 is evidently
required for the increased hippocampal serotonin because single knockout mice were not
different from wild type (Figure 4A).

One possible cause of the observed increase in hippocampal serotonin levels is an increase
in serotonergic projections to the hippocampus. Therefore, we quantified serotonin-releasing
fibers, defined as axons immunoreactive for the serotonin transporter (SERT) in the
hippocampus, by stereological analysis. The estimated summed length of all serotonergic
fibers in the hippocampus was calculated. Although there was a trend towards increased
SERT-positive fibers in the hippocampus of DJ-17~ mice and Parkin™~DJ-17~ mice
compared to both wild type and Parkin™~ mice, this difference was not statistically
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significant (Figure 4B). Together, these data indicate the significant effects of Parkin and
DJ-1 deficiency on the regulation of non-catecholamine neurotransmitters in the brain.

Improved rotarod performance of Parkin=/~DJ-1~/~ mice

Because Parkinson's disease causes deficits in motor function, we investigated whether mice
with combined PD-linked mutations have altered performance in established behavioral tests
of motor function. Furthermore, because age is the greatest risk factor for PD, separate
cohorts of mice were tested at ages 6, 12, and 18 months to assess whether motor abilities
changed with age.

We examined spontaneous locomotor behavior by placing mice individually in automated
activity monitors and measuring spontaneous locomotor activity for two hours. As expected,
locomotor activity decreases during the two-hour test as the animals acclimate to a new
environment. At all three ages tested, the activity of mutant mice was indistinguishable from
wild type mice (Figure 5).

In addition to the locomotor test, we analyzed the behavior of mice on the rotarod test,
which measures the ability of mice to stay on top of a rotating horizontal rod as the speed of
rotation accelerates from 5 to 45 RPM over 5 minutes. The rotarod test has been used for
many years to detect rodent neurological deficits affecting motor coordination and balance
(Dunham and Miya, 1957). Separate cohorts of mice were tested at ages 6, 12 and 18
months and the latency to fall off the rotarod was analyzed by two-way repeated measures
ANOVA with trial as the repeated measure. All genotypes showed increasing latency over
the 8 trials, as expected. Contrary to our expectations, Parkin~DJ-1/~ mice and
Parkin™"DJ-17-Gpx1~~ mice were able to stay on the rotarod significantly longer than
wild-type mice. At age 6 months, there was a trend towards increased latency to fall in
Parkin™~DJ-17/~ and Parkin~DJ-1/~Gpx1~/~ mice but this difference was not statistically
significant (Figure 6A). However, at ages 12 and 18 months, Parkin~/~DJ-17~ and
Parkin™"DJ-17-Gpx1~~ mice showed increased latency to fall compared to wild type in
trials 6, 7 and 8 (p<0.05 at 12 months and p<0.001 at 18 months, two-way repeated
measures ANOVA) (Figure 6B, C). There was no significant difference between wild-type
and Gpx1~/~ mice at any age nor was there an additive effect of Gpx1 ™/~ to
Parkin™"DJ-17/~. We did not observe differences in anxiety levels measured by open field
or elevated plus maze, indicating that altered anxiety cannot explain the rotarod behavior
differences (data not shown). These data suggest that Parkin/"DJ-17/~ and
Parkin™~DJ-17/~Gpx1~/~ mice show age-dependent improvement in rotarod performance
compared to Gpx1~/~ and wild type mice.

The surprising improvement in rotarod performance of Parkin™~DJ-17/~ mice and
Parkin™/~DJ-17-Gpx1~/~ prompted us to re-examine the rotarod performance of Parkin™/~
mice and DJ-17/~ mice, especially because they had been backcrossed from a hybrid to a
pure C57BL/6 genetic background since our previous studies (Goldberg et al., 2003,
Goldberg et al., 2005). We compared the rotarod performance of wild-type, Parkin™",
DJ-17/~ and Parkin™~DJ-17~ mice in young (6 month) and aged (13 and 16 month) cohorts
(Figure 7A-C). At ages 6, 13 and 16 months, Parkin™~DJ-17/~ perform significantly better
than wild type (p < 0.001, two-way repeated measures ANOVA) (Figure 7B, C). Therefore,
the improvement observed in Parkin™"DJ-17/~ and Parkin™~DJ-17-Gpx1~/~ mice may be
due to a synergistic effect of DJ-1 and Parkin deficiencies. The effect of Gpx1-deficiency on
rotarod performance appears to be negligible because there is no difference in rotarod
performance between Parkin—/-DJ-1-/- and Parkin—/-DJ-1-/-Gpx1-/- mice (Figure 6) and
no difference in rotarod performance between wild-type mice and Gpx1—/— mice.
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To investigate whether the increased rotarod latencies in Parkin”~DJ-17/~ mice were due to
improved motor skills or non-motor aspects of this test, we measured the latencies of fully
trained 8-month-old wild-type and mutant mice to fall off the rotarod at fixed speeds of 5,
10, 15 and 20 RPM for 5 min (Figure 8). Wild-type mice fell off the rotarod significantly
faster than Parkin™~, DJ-17/~ and Parkin~"DJ-17~ mice at all speeds tested, including low
speeds, such as 5 and 10 RPM, that did not challenge the motor abilities of the mice. We
also analyzed video recordings of mice during the fixed-speed rotarod test. It was apparent
that all mice could easily perform the task at slow speeds and that the mice that fell off did
so upon turning around or exploring the left or right sides of the rod rather than facing
forward. An investigator blind to genotype analyzed the videos with a stopwatch and
measured the time each mouse was not facing forward, which was considered “distracted”
from the task, during the first 30 seconds of the fixed-speed rotarod test. We observed that at
10, 15 and 20 RPM, Parkin™~DJ-17/~ mice spent significantly less time “distracted” on the
rotarod compared to wild type mice (p<0.05-0.001, one-way ANOVA) (Figure 9A-C). At5
RPM, the same trend was observed, likely accounting for the longer latencies to fall
compared to wild-type mice (Figure 8A).

Normal olfactory function in mutant mice

In order to rule out potential sensory deficits as a cause of altered rotarod behavior, we
tested mice for olfactory function because one common preclinical symptom of PD is
anosmia (Doty et al., 1988, Doty et al., 1992, Pellicano et al., 2007). We hypothesized that
decreased olfactory function may cause Parkin™~DJ-17/~ mice to explore less and
consequently show longer latencies to fall off of the rotarod. However, we found no
evidence of impaired olfactory function in mutant mice (Figure 9D). These data suggest that
the improved rotarod performance of Parkin”~DJ-17/~ mice is not attributable to a lack of
olfactory distractions.

Discussion

In the years since mutations in Parkin and DJ-1 were identified as causes of recessive
parkinsonism, we and others have analyzed Parkin™~ mice and DJ-17/~ mice to better
understand the normal functions of Parkin and DJ-1 and to delineate the physiological
mechanisms by which loss-of-function mutations in Parkin and DJ-1 cause familial PD.
However, the absence of PD-relevant neuropathology in Parkin™~ mice and DJ-17/~ mice
has impeded efforts to study the process of mutation-induced neurodegeneration and to test
neuroprotective therapies in these knockout mice. We sought to overcome these obstacles by
crossing Parkin~/~ and DJ-17~ mice together and with Gpx1~/~ mice to test whether
mutations in Parkin and DJ-1 cause PD by increasing vulnerability to Gpx1 deficiency,
which normally occurs with age in human substantia nigra (Venkateshappa et al., 2012) but
not in rodent substantia nigra (Benzi et al., 1989). The surprising absence of age-dependent
nigral dopamine neuron loss in the substantia nigra of Parkin™"DJ-17~Gpx1~~ mice
(Figure 1) strongly suggests that the mechanisms by which loss-of-function mutations in
Parkin and DJ-1 cause PD do not require Gpx1 deficiency. Our study also revealed several
novel and surprising aspects of Parkin and DJ-1 function, including roles in the regulation of
dopamine, serotonin and non-motor behaviors.

There are no reported postmortem examinations of cases of PD linked to DJ-1 mutations,
but autopsies of Parkin-linked PD consistently show profound loss of nigral dopaminergic
neurons. Evidently, deletion of both Parkin and DJ-1 is not sufficient to induce nigral cell
loss in mice because we did not observe significant differences in the number of nigral
dopaminergic neurons measured by unbiased stereology (Figure 1). Because Gpx1-
deficiency has previously been shown to increase vulnerability to MPTP-induced nigral cell
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loss (Klivenyi et al., 2000, Zhang et al., 2000), we expected Parkin~/"DJ-17-Gpx1~~ mice
to have an age-dependent decrease in nigral dopaminergic neurons, resulting in depletion of
striatal dopamine. Instead, we observed a significant increase in the levels of striatal
dopamine in Parkin™~DJ-17/~Gpx1~/~ mice, but not in Gpx1~/~ or Parkin™~DJ-17/~ mice
(Figure 2). This may be compensation for loss of dopaminergic terminals in the striatum in
the absence of nigral neuron loss similar to the retrograde neurodegeneration thought to
occur in PD patients (Bernheimer et al., 1973) and observed in mouse models following
intrastriatal 6-hydroxydopamine injections or loss of mitofusin2 (Lee et al., 1996, Pham et
al., 2012). Alternatively, all three genes may interact to affect dopamine production,
trafficking, release, degradation, or pre-synaptic or post-synaptic signaling, resulting in a net
increase in steady-state dopamine levels. In support of this, both Parkin and DJ-1 have been
found to be located in the membranes of synaptic vesicles (Kubo et al., 2001, Usami et al.,
2011) and altered dopamine release, reuptake and synaptic plasticity within the striatum has
been observed in Parkin™~ mice and DJ-1~/~ mice (Jiang et al., 2004, Goldberg et al., 2005,
Kitada et al., 2009). It is possible that elevated striatal dopamine levels compensate for
defects in dopaminergic signaling and that without this compensation there would be
detectable locomotor behavior deficits if Parkin”/~DJ-17"Gpx1~/~ mice. Alternatively, it is
possible that the increased striatal dopamine causes behavioral phenotypes that are not
detected by our tests of locomotor function.

Consistent with our results, triple mutant mice lacking Parkin, DJ-1 and PINK1 show no
loss of nigral dopamine neurons but an increase in striatal dopamine levels at 24 months
(Kitada et al., 2009). PINK1 acts in the same pathway as Parkin and is believed to recruit
Parkin to impaired mitochondria (Narendra et al., 2008). Conceivably, increased
mitochondrial free radical production in aged mice lacking Parkin, DJ-1 and PINK1 could
mimic the effect of Gpx1-deficiency in our study and explain the similar increase in striatal
dopamine. In contrast to other studies of Parkin™~ mice, there is one report of loss of
dopaminergic neurons in aged Parkin™~ mice (Rodriguez-Navarro et al., 2007) and one
report of nigral cell loss in 10-month-old Parkin conditional knockout mice (Shin et al.,
2011), however, these results require independent replication with unbiased stereological
sampling. Similarly, in contrast to other studies of DJ-17/~ mice, there is one report of nigral
neuron loss in DJ-17/~ mice (Rousseaux et al., 2012), however, this was only observed in a
subset of animals and may be due to sparse sampling methods. Our data are otherwise
consistent with numerous reports of normal numbers of nigral dopamine neurons in
Parkin™'~ mice and DJ-17~ mice (Goldberg et al., 2003, ltier et al., 2003, Palacino et al.,
2004, Von Coelln et al., 2004, Fleming et al., 2005, Goldberg et al., 2005, Kim et al., 2005,
Perez et al., 2005, Perez and Palmiter, 2005, Fleming and Chesselet, 2006, Sato et al., 2006,
Andres-Mateos et al., 2007, Manning-Bog et al., 2007, Yang et al., 2007, Zhu et al., 2007,
Chandran et al., 2008, Frank-Cannon et al., 2008, Kitada et al., 2009, Pham et al., 2010,
Rousseaux et al., 2012).

At the end stage, PD patients have decreased levels of serotonin (Scatton et al., 1983) and
midbrain serotonin transporter (SERT) (Politis et al., 2010a, Politis et al., 2010b, Roselli et
al., 2010). However, decreased dopaminergic innervation may result in an initial
compensatory increase in serotonergic innervation (Kish et al., 2008). Transgenic mice
expressing mutated human alpha-synuclein linked to PD have increased SERT by western
blot, suggesting increased serotonin levels (Graham and Sidhu, 2010, Yamakado et al.,
2012). We show here that a combined loss of Parkin and DJ-1 results in altered serotonin
levels.

Increases in neurotransmitter levels can result from increased neurotransmitter-releasing
fibers. We hypothesized that the significant increase in hippocampal serotonin levels in
Parkin™"DJ-17/~ mice is due to an increase in hippocampal serotonergic fibers. Although
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we observed a trend towards increased hippocampal SERT-positive fibers in DJ-17~ and
Parkin™~DJ-17/~ mice, they are not significantly different from wild-type and Parkin=/~
mice. It is possible that older mice would show a greater difference in SERT-positive fiber
staining. However, we believe this to be unlikely because significant differences in
neurotransmitter levels are observed as early as 6 months by t-test.

The increased hippocampal serotonin in Parkin™~DJ-17/~ mice, but not the increased striatal
dopamine in Parkin”~DJ-17/-Gpx~/~ mice, correlates with improved rotarod performance.
Mice with serotonergic system disruption have decreased performance on the rotarod test
(Holmes et al., 2002, Morelli et al., 2011) and changes in serotonin levels have been shown
to alter cognitive abilities, such as attention and learning (Buhot, 1997). Therefore, it is
possible that the altered rotarod behavior is related to the increased hippocampal serotonin.

Rotarod performance is routinely used to assess motor function in rodent models of
neurodegenerative disease. Our data indicate that mice deficient for Parkin or DJ-1 do not
have motor impairment but instead show improved performance on the rotarod task
compared to controls (Figure 7). We determined that the increase in rotarod performance
cannot be explained by an overall increase in activity because spontaneous locomotor
behavior was unchanged in Parkin~DJ-1~/~ mice compared to controls (Figure 5). Previous
studies have shown that other factors can contribute to rotarod performance, such as body
weight or sensory abilities (McFadyen et al., 2003). However, Parkin~DJ-1~/~ mice do not
exhibit changes in olfactory function, a common non-motor symptom of PD. Differences in
weight are also unlikely to account for differences in rotarod behavior because wild type
mice are, on average, larger than all other genotypes but perform no differently from
Parkin™/~ and DJ-17"~ mice despite the difference in weight.

We have rigorously tested the hypothesis that loss of Gpx1 is instrumental in the
development of PD symptoms. While adaptive changes in brain antioxidants may indeed be
neuroprotective, our results demonstrate that preventing these changes by genetic disruption
of Gpx1 is not sufficient to induce nigral neuron loss in mice deficient for Parkin and DJ-1.
In fact, our results indicate that Parkin~/"DJ-17/~ and Parkin™~DJ-17-Gpx1~/~ mice exhibit
neurochemical and behavioral phenotypes that are contrary to the expected parkinsonian
phenotype. Our study is the first to demonstrate that Parkin and DJ-1 mutations affect
striatal serotonin levels and rotarod behavior in mice. Additionally, deficiency for all three
genes causes a significant increase in striatal dopamine. We speculate that the increased
striatal dopamine might be an early-stage manifestation of nigrostriatal dysfunction induced
by these mutations in mice and suggest that this has important implications for studies of PD
pathogenesis and for efforts to develop neuroprotective therapies.
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Figure 1.

Pagrkin"‘DJ-l"‘ and Parkin™"DJ-17-Gpx1~/~ mice have normal substantia nigra cell
numbers. Bars show the mean + SEM bilateral number of tyrosine hydroxylase (TH)-
positive neurons in the substantia nigra estimated by unbiased stereology. Separate cohorts
of mice were analyzed at ages 6 (A), 12 (B) and 18 (C) months, n=4-6 mice per genotype at
each age. The groups were not significantly different from each other (one-way ANOVA).
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Page 19

W Wild Type

M Gpx1™”

O Parkin”-DJ-17

[] Parkin®-DJ-17-Gpx1--

Striatal dopamine is increased in Parkin/"DJ-17-Gpx1~~ mice. Levels of striatal dopamine
(DA) measured by HPLC with electrochemical detection. Separate cohorts of mice were
analyzed at ages 6 (A), 12 (B) and 18 (C) months, n=6-11 mice per genotype at each age.
Bars show the mean + SEM of the level of dopamine measured from microdissected
striatum. Asterisks indicate significant differences compared to wild-type mice at the same
age (*p<0.05, t-test). Parkin™/~DJ-17-Gpx1~/~ mice have increased DA levels compared to
wild type (**p<0.01, one-way ANOVA, Tukey's post-hoc) at age 18 months but not at 6 or

12 months.
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Figure3.

St?iatal serotonin is increased in Parkin”/~DJ-17/~ and Parkin™"DJ-17"Gpx1~~ mice.
Levels of striatal serotonin (5-HT) measured by HPLC with electrochemical detection.
Separate cohorts of mice were analyzed at ages 6 (A), 12 (B) and 18 (C) months, n=6-11
mice per genotype at each age. Bars show the mean + SEM of the level of serotonin
measured from microdissected striatum. *p<0.05, one-way ANOVA compared to wild-type
mice at the same age.
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Figure4.

Serotonin levels are increased in the hippocampus of 15- month Parkin™~DJ-1/~ mice. (A)
Levels of serotonin (5-HT) measured by HPLC with electrochemical detection. Bars show
the mean £ SEM (n=10 per genotype). *p<0.05, one-way ANOVA compared to wild-type
mice at the same age. (B) Length of serotonergic fibers in the hippocampus measured by
unbiased stereology (n=4 mice per genotype).
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Figure5.

Pagrkin"‘DJ-l"‘ and Parkin™~DJ-17-Gpx1~/~ mice have normal locomotor activity in a
novel environment. Spontaneous locomotor activity was measured for separate cohorts of
mice at age 6 (A), 12 (B) and 18 months (C), n=6-8 mice per genotype, 8-11 mice per
genotype and 9-11 mice per genotype, respectively. For all ages, the mice acclimated to the
novel environment of the testing chamber over time, but there are no significant differences
between genotypes (one-way ANOVA). Symbols represent the mean £ SEM number of
infrared beam breaks in each 5-minute period of the 2-hour test.
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Figure®6.

Pagrkin"‘DJ-l"‘ and Parkin™~DJ-17-Gpx1~/~ mice have improved rotarod performance.
The latency to fall off an accelerating rotating rod was measured for separate cohorts of
mice at age 6 (A), 12 (B) and 18 months (C), n=6-8 mice per genotype, 10-11 mice per
genotype and 9-11 mice per genotype, respectively. Symbols represent the mean + SEM
time (seconds) before falling off the rod for each of 8 trials. While all genotypes learned the
task over multiple trials, Parkin™/"DJ-17~ and Parkin™~DJ- 17/~Gpx1~/~ mice showed a
significant increase in the latency to fall compared to wild type at ages 12 and 18 months
(**p<0.01, two-way ANOVA, Tukey's post-hoc for both Parkin™"DJ-17/~ and
Parkin™"DJ-17/~Gpx1~/"), with genotype and trial as factors.
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Figure7.

Rotarod behavior of single and double knockout mice. The rotarod performance of three
separate cohorts of mice is shown in (A), (B) and (C). 2-way ANOVA with genotype and
trial as factors showed a significant effect of trial as all genotypes learned the task and a
significant increase in the latency to fall for double knockout mice compared to wild-type
mice at all ages (p<0.0001). Asterisks indicate trials with significant differences compared
to wild-type mice according to post-hoc analysis. DJ-17/~ mice were significantly different
from wild-type mice at age 6 months but not at age 16 months. Parkin™~ mice were not
significantly different from wild-type mice at any age.
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Figure8.

Improved motor and non-motor skills in Parkin™=, DJ-17~ and Parkin™"DJ-17~ mice. A
cohort of mice at age 8 months was fully trained to perform the rotarod test and then tested
at fixed rotarod speeds of 5 (A), 10 (B), 15 (C) and 20 rotations per minute (RPM) (D). Bars
represent the mean £ SEM latency to fall off the rotating rod. The single and double knock-
out mice showed increased latency to fall compared to wild type (*p<0.0001, one-way
ANOVA, Tukey's post-hoc). Parkin™~DJ-17/~ mice also showed increased latency to fall
compared to DJ-17/~ at the lowest speed (A).
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Figure9.

Parkin™/~, DJ-17/~ and Parkin™"DJ-17/~ mice display less “distraction” behavior compared
to wild type mice. Video of the fixed-speed rotarod behavior (Figure 8) was analyzed to
measure the percent of time each mouse was not facing straight forward on the rotarod
apparatus as a surrogate measure of “distraction” (A-C). Bars show mean + SEM percent
time on the rotarod not facing forward. Parkin~DJ-17/~ mice spent more time facing
forward at 10 (A), 15 (B), and 20 (C) rotations per minute (RPM) compared to wild type
(*p<0.05, **p<0.01, and ***p<0.001, one-way ANOVA, Tukey's post-hoc). (D) Mice were
tested for the amount of time spent investigating novel odors of vanilla and urine from
unfamiliar mice. Bars represent mean + SEM time spent investigating the odor during the 3-
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minute trial. Parkin™~DJ-1~/~ and wild type mice showed comparable olfactory function
(one-way ANOVA).
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