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Parkinson’s disease (PD) is a neurodegenerative movement disorder,
characterized by the motor symptoms of tremor, rigidity, postural instability and
slowness of movement. These motor symptoms are caused by the death of the
dopamine-producing neurons in the substantia nigra (SN) of the midbrain,
however the underlying cause of this selective neurodegeneration is unknown.
Many lines of evidence support a causative role for mitochondria in this
dopaminergic cell death, and specifically the inhibition of complex | of the
electron transport chain. Here we show that the specific removal of complex |
function from the mouse does not produce a loss of dopaminergic cell bodies like
that seen in PD, nor does it produce a loss of the dopamine-producing protein
tyrosine hydroxylase (TH) in the striatum. These data suggest that inhibition of
complex | is not sufficient to account for the selective dopaminergic cell death of
PD. However, we did observe significant axonal dystrophy in dopaminergic
axons, and a reduction of mitochondrial size consistent with decreased
mitochondrial fusion, both of which are implicated in PD pathogenesis. Although
it remains to be determined whether these effects are specific to dopamine
neurons, these data are consistent with a cooperative role for complex | inhibition
in the degeneration of the nigrostriatal pathway and the loss of dopaminergic

axons.
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Chapter 1

INTRODUCTION

Parkinson’s disease

Patients with Parkinson’s disease (PD) experience characteristic motor
symptoms of tremor, rigidity, slowness of movement, and postural instability, as
well as many other symptoms of varying severity, both physical and
psychological (Jain and Goldstein, 2012). PD is characterized by the formation
of proteinaceous inclusion bodies called Lewy bodies, and by a progressive
degeneration of the dopaminergic neurons of the substantia nigra (SN)
innervating the striatum, which contributes to planning movements and
modulating executive function. The loss of dopamine neurons in the SN is
sufficient to produce the hallmark motor symptoms of PD, although degeneration
also occurs in other brain regions (Braak et al., 2003). No cure exists, and the
current standard of care is dopamine replacement therapy, which does not slow
the progressive degeneration. Intractable PD cases are often treated with deep
brain stimulation, in which a stimulating electrode is surgically implanted primarily
in the sub-thalamic nucleus (STN). The electrode is believed to activate the
inhibitory afferents decreasing the output activity of the STN (Gradinaru et al.,
2009). However even this extreme intervention has not been shown to slow
disease progression (Sidiropoulos et al., 2012) despite promising early trends to
the contrary (Tagliati et al., 2010). Because there is no therapy to slow or
reverse disease progression, elucidating the causal factors is paramount in PD

research. Although the cause of the progressive selective dopaminergic



neurodegeneration in non-heritable (sporadic) PD is unknown, many theories
have been proposed including mitochondrial dysfunction (Schapira, 2011),
pesticide exposure (Moretto and Colosio, 2011; Wirdefeldt et al., 2011), oxidative
stress (Henchcliffe and Beal, 2008; Jenner, 2003), protein misfolding (Olanow
and McNaught, 2011), excitotoxicity (Caudle and Zhang, 2009), metal exposure
(Wirdefeldt et al., 2011), inflammation (Barnum and Tansey, 2010), differential
expression of calcium channels (Hurley and Dexter, 2012), and the theory of
synergy between several of these causes (Carvey et al., 2006). There is also a
possibility that PD represents a multitude of independent conditions with different
causes, convergent on the selective or even arbitrary destruction of the SN.
Roughly 10% of all cases of PD are attributable to genetic mutations, and
the rest of cases are sporadic. Many of the genetic forms fall into the category of
autosomal recessive juvenile-onset Parkinsonism (AR-JP), rather than the late
adult onset of the sporadic form of PD. The divergence of these AR-JP
symptoms from the more common sporadic form predicts that their mechanism of
onset could be different as well. However, they are extremely useful for
providing a window into possible explanations of the selective vulnerability of
dopamine neurons. The most common genetic forms of PD are caused by
mutations in the genes a-synuclein, parkin, leucine-rich repeat kinase 2 (LRRK2),
PTEN-induced putative kinase 1 (PINK1), DJ-1, and ATP13A2 (Lesage and Brice,
2009). Of these, PINK1 and DJ-1 encode proteins targeted to mitochondria, and
parkin has been found to be recruited to the mitochondria by PINK1, and to
regulate mitochondrial synthesis and degradation, the latter by a process known

as mitophagy (Castillo-Quan, 2011). Furthermore, the PD-linked mutations of a-
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synuclein were found to result in mitochondrial degeneration (Martin et al., 2006)
and interference with mitochondrial functions (Devi et al., 2008), and the a-
synuclein protein was found to contain a non-canonical mitochondrial targeting
signal (Devi et al., 2008). The functioning of mitochondria has also been found to
be impaired as a result of the pathogenic forms of LRRK2 (Mortiboys et al., 2010)

and ATP13A2 (Grunewald et al., 2012).

Mitochondria

Many independent lines of research suggest an integral role for
mitochondria in the pathogenesis of PD. The first chemical agent discovered to
cause selective and permanent dopaminergic degeneration of the central
nervous system when applied systemically in animals, and indeed the only agent
demonstrated to reliably cause this condition in humans, MPTP (Langston et al.,
1983; Langston and Ballard, 1983), was discovered to act as an inhibitor of
mitochondrial complex | (Nicklas et al., 1987). Mitochondrial complex I, or NADH
dehydrogenase, is the first and largest protein complex of the electron transport
chain (ETC), which along with ATP synthase carries out the process of oxidative
phosphorylation. It was later discovered that another complex | inhibitor,
rotenone, could also mimic the Parkinsonian phenotype in laboratory animal
models (Alam and Schmidt, 2002; Betarbet et al., 2000; Marella et al., 2008),
although the selectivity of rotenone for dopamine neurons has been contentious
(Cicchetti et al., 2009; Greenamyre et al., 2010; Hoglinger et al., 2006; Schmidt
and Alam, 2006). While MPTP’s selectivity for dopamine neurons comes from

being a substrate of the dopamine transporter (Javitch et al., 1985; Pifl et al.,



1993), rotenone freely crosses the plasma membrane of all cells, and inhibits
complex | systemically. The observation that dopamine neurons appear to
harbor a selective vulnerability to both of these inhibitors, but by dissimilar
mechanisms of selectivity, supports the hypothesis that complex | inhibition is
sufficient to produce the characteristic selective neurodegeneration of PD
(Betarbet et al., 2000).

The hypothesis was further strengthened when it was shown that the
dopaminergic degeneration from MPTP and rotenone could be prevented by
transgenic over-expression of the analogous NADH dehydrogenase from yeast,
NDI1 (Marella et al., 2008; Seo et al., 2006). NDI1 is a single-polypeptide NADH
dehydrogenase, which differs from mammalian complex | in that it is not inhibited
by MPTP or rotenone. It also differs in that it does not translocate protons across
the mitochondrial inner membrane (Perales-Clemente et al., 2008), but like
complex | it does transfer electrons from NADH to ubiquinone, the next electron
carrier in the ETC. The concurrent restoration of dopamine cell survival and the
ETC, in spite of MPTP or rotenone, seemed to corroborate of the idea that the
inhibition of the role of complex | in the ETC was obligatory for the selective
death of dopamine neurons in the MPTP and rotenone models of PD.

Mitochondrial involvement in PD is also implicated by several of the genes
responsible for genetic forms of PD. Though not confirmed in vivo, it was
reported in vitro that DJ-1 binds to complex | and is necessary for complex |
function (Hayashi et al., 2009; Heo et al., 2012). Prior to this, DJ-1 has been

believed to function as a sensor of oxidative stress (Cookson, 2010).



Much of the research linking familial PD and mitochondria however is not
specific to complex |. In drosophila, PINK1 and parkin proteins were reported to
act in a shared molecular signaling pathway (Pallanck, 2010), which participates
in maintaining the balance of mitochondrial dynamics, the twin processes of
fission and fusion that allow mitochondria to mediate a continual interchange of
components and material while maintaining their size and structure. Recently the
field of mitochondrial dynamics has surged with respect to neurodegenerative
disease. Mitochondria experience a complex dynamic equilibrium between
fission and fusion, wherein the individual mitochondrial particles of the cell are
not isolated or stationary, but rather undergo a continual ballet of combining and
dividing. The reason for this extensive dynamism is still being explored, but a
number of functions have been uncovered through which mitochondrial dynamics
can enhance a cell’s fitness. Sharing DNA between mitochondria to compensate
for mutation (Nakada et al., 2001), dimerization of ATP synthase on the inner
mitochondrial membrane (Gomes et al., 2011), and increasing the efficiency of
energy production (Blackstone and Chang, 2011) have been proposed benefits.
Mitochondrial dynamics have also been shown to adjust mitochondrial size and
segregate damaged proteins to better facilitate autophagy (Twig et al., 2008) and
for transport along axons (Ishihara et al., 2009), both of which may have
implications for neurodegeneration. The PINK1/parkin pathway has been
proposed to preferentially segregate damaged mitochondria and isolate them
from further fusion, so they can be degraded (Pallanck, 2010). In an

independent pathway, parkin was shown to indirectly regulate the transcription of



PGC-1q, a transcriptional coactivator with an important role in mitochondrial
biogenesis (Shin et al., 2011).

The PINK1/parkin pathway of mitochondrial clearance is reported to be
initiated by reduced mitochondrial membrane potential (Pallanck, 2010). It was
also reported that DJ-1 acts in parallel to perform similar functions (Thomas et al.,
2011). While a reduction of mitochondrial membrane potential can result from
complex | inhibition, it also can be the result of inhibition of complex Ill or IV. And
furthermore, the rescue of MPTP and rotenone intoxication by NDI1, an NADH
dehydrogenase that does not translocate protons across the mitochondrial
membrane, suggests that the membrane polarization capacity of complex | is
dispensable. Conversely, direct disruption of the fission-fusion balance can itself
produce a deficit of oxidative phosphorylation (Van Bergen et al., 2011).
Therefore, while the roles of PD genes are consistent with the complex |
hypothesis of PD pathogenesis, they don’t specifically support it.

Mitochondrial function may also be regulated by a-synuclein, a gene
linked with familial PD as well as a major protein component of Lewy bodies
(Spillantini et al., 1997). It has been reported that a-synuclein drives
mitochondrial fission (Nakamura et al., 2011), although it does so by directly
altering the mitochondrial membrane, not by regulating the proteins that ordinarily
mediate mitochondrial dynamics (Nakamura et al., 2011). a-Synuclein was also
shown to enter mitochondria using a non-canonical targeting signal (Devi et al.,
2008), and from there to inhibit complex | activity and increase reactive oxygen
species (Devi et al., 2008). However it was later reported that this inhibition is

not related to a-synuclein’s pathological potential (Loeb et al., 2010). Finally, it
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was found that a-synuclein’s mitochondrial function may be triggered in response
to acidification of the cytoplasm (Cole et al., 2008). This may suggest a position
for a-synuclein as part of a reaction to other pathological conditions within the cell,
reminiscent of the models in which DJ-1 responds to oxidation state and in which
PINK1 and parkin respond to loss of mitochondrial membrane polarization. While
the evidence grows that a-synuclein plays an important role in mitochondrial
processes, including but not exclusive to complex |, the implications of this

relationship remain unclear.

Mouse model

The goal of this study was to determine whether the genetic removal of
complex | function is sufficient to produce dopaminergic neurodegeneration
consistent with a model of PD in vivo. Despite previous evidence suggesting the
necessity of complex | function in the survival of dopamine neurons, it was
demonstrated by our lab that the direct genetic ablation of complex | function in
cultured dopaminergic primary neurons did not affect the level of survival or
apoptosis (Choi et al., 2008). Although this seems to contradict the hypothesis
that complex | inhibition can result in the degeneration of dopamine neurons, it
could still be argued that the time course of dopamine neuron degeneration
needs simply to be longer than it is possible to maintain primary dopamine
neurons in culture. The rotenone model of dopamine degeneration in rats and
mice does not take effect until 4 weeks after the beginning of treatment (Betarbet
et al., 2000; Inden et al., 2007), and reports suggest that it is even more disease

relevant after 8 weeks (Inden et al., 2011). In this study, we use an in vivo model
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of complex | deletion, which allows us to extend the experimental time course for
up to 5 months.

Our in vivo strategy of genetic complex | deletion also permits us to
access other parameters of dopamine neuron vulnerability. It could be argued
that interaction with glia or other neurons mediates an elevated dependency on
complex | function, and in vivo neurons can be expected to form synapses and
interact with glia in ways that are out of reach in culture. The physiological role of
glia is necessary to the dopamine degeneration from MPTP, and has been
proposed to contribute to idiopathic PD (Barnum and Tansey, 2010). And the
pattern of neuronal activity has been proposed to contribute to the degeneration
in PD (Caudle and Zhang, 2009; Hurley and Dexter, 2012). Furthermore it has
been argued that the degeneration of dopamine axons, rather than cell bodies, is
the primary determinant of clinically apparent progression of PD (Cheng et al.,
2010). By studying the dependence of dopamine neurons on complex | in vivo,
we are able to address these concerns.

Genetic deletion of complex | function is accomplished by knocking out the
gene ndufs4 (Choi et al., 2008; Kruse et al., 2008; Quintana et al., 2010).
NDUFS4 is one of over 40 protein subunits that comprise complex |, and without
NDUFS4 complex | fails to assemble or function (Budde et al., 2000; Scacco et
al., 2003; van den Heuvel et al., 1998). Mutations in ndufs4 in humans result in
Leigh syndrome (Assouline et al., 2012), which progresses rapidly with a life
expectancy of about 1 year. Symptoms of tremor and rigidity have been reported
in Leigh syndrome (Macaya et al., 1993). Mutations in another complex | subunit

gene, ndufv2, was suggested to correlate with a mild form of PD, but the result



was inconclusive due to small sample size (Nishioka et al., 2010). In mice with
ndufs4 deletion, developing juveniles experience severe dystonia, hypoactivity,
failure to thrive, motor deficits, and ultimately die at around 50 days after birth
(Kruse et al., 2008). The cause of death is suspected to be respiratory failure,
associated with inflammation in the vestibular nuclei of the brainstem (Quintana
et al., 2012), and restoration of ndufs4 in this nucleus can prolong their lifespan
(Quintana et al., 2012). This severe developmental phenotype interferes with the
ability to conduct experiments on adult, developed animals that might be
vulnerable to progressive neurodegeneration. It is for this reason that the
inducible knockout (Quintana et al., 2010) was chosen for this study. In the
inducible ndufs4 knockout, mice express the Cre recombinase protein but it
remains inactive until stimulated by the drug tamoxifen. Upon exposure to
tamoxifen, the Cre protein enters the nucleus and excises the second exon of the
ndufs4 gene, which results in a premature stop codon. The mice also carry a
reporter gene, LacZ preceded by a floxed-stop codon, so that upon Cre
activation the LacZ will become subject to gene transcription. In this study, the
mice are phenotypically normal until they are adults at 12 weeks after birth, at
which point tamoxifen is administered, inducing Cre activation and ndufs4
deletion. Mice lacking the Cre gene are also treated with tamoxifen, and used as
wild type controls. This allows us to avoid the severe developmental disorders
resulting from the conventional ndufs4 knockout, and it also allows us to exclude
the possibility that differences we observe were due to developmental

compensation.



10

Using this mouse, we examined whether the genetic deletion of complex |
in adults produces any degeneration of dopamine neurons of the SN.
Specifically we examined the induced ndufs4 knockout mice for behavioral
phenotypes and the loss of dopaminergic cell bodies in the SN characteristic of
PD. In addition, to determine whether loss of complex | activity affects the axon
integrity in the striatum or mitochondrial dynamics of dopamine neurons, we
analyzed the staining intensity and structure of dopamine axons, and the size
and shape of mitochondria of the TH+ neurons in the SN, from wild type and

induced ndufs4 knockout mice.
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Chapter 2

RESULTS
These results fall into 5 categories: (1) verification of the induced ndufs4
knockout, (2) testing of dopamine-dependent motor deficits, (3) measuring the
survival of dopamine cell bodies in the substantia nigra (SN), (4) assessing the
preservation and structure of dopamine axons in the striatum, and (5) examining
mitochondrial morphology for evidence that there had been a shift in

mitochondrial dynamics after the induced knockout of ndufs4.

Knockout induction was verified in adult animals. Animals age 12-13
weeks were administered tamoxifen (250 mg/kg body weight) for 10 days, to
activate the ER" receptor and thereby induce the knockout of the ndufs4 gene.
To determine whether tamoxifen stimulation had resulted in reduced levels of
NDUFS4 protein expression we performed western blot analysis on whole brain
lysates from induced ndufs4 knockout animals and wild type littermate controls.
We found that the levels of NDUFS4 protein in tissues of induced knockout
animals were significantly decrease compared with wild type littermates (Fig. 1A).

To assess whether the activity of complex | was similarly reduced, isolated
mitochondria from whole brains were analyzed for the rate of oxygen
consumption using the polarography method (Tieu et al., 2003). The rate of
decline in oxygen was recorded after adding the substrates necessary for
complex | function, and compared to the rate of oxygen decrease after

inactivating complex | by the addition of rotenone. We found that the complex I-
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dependent rate of oxygen consumed was significantly slower from induced
knockout tissues than from wild type littermate controls (Fig. 1B).

To examine the pattern of Cre recombinase activation in the tissues of the
SN, the expression levels of the reporter gene, Rosa26-LacZ, were quantified by
immunohistochemistry. The SN was located by counter-staining with tyrosine
hydroxylase (TH) to identify dopamine neurons (Fig. 1C). We found that the
intensity of LacZ immunofluorescence in the SN was significantly higher in

ndufs4 knockout animals after induction than in wild type littermates (Fig. 1D).

Ndufs4 knockout produced a behavior deficit in the open-field and rotarod
tests. PD in humans produces a number of characteristic motor deficits, such as
tremor, rigidity, slowness, and postural instability. This motor phenotype is
reflected in several rodent models of PD, in the form of decreased latency to fall
from an elevated rotating rod (rotarod), and decreased spontaneous activity in an
open field, including extending upwards on the hind legs (rearing).

To probe whether the induced ndufs4 knockout animals experienced
motor deficits consistent with PD, we challenged the ndufs4 knockout and wild
type mice to perform the rotarod task. The rotarod is a widely used test to
assess behavior deficits in PD rodent models (Meredith and Kang, 2006), and
performance on this task has been reported to depend on an intact nigrostriatal
dopamine system (M. Angela Cenci, 2005). No decrease in latency to fall was
observed in the knockout animals compared with wild type littermates
immediately after knockout induction (Fig. 2A; two-way ANOVA, F1, 100y = 0.17, p

= 0.68), nor at 1 month after induction (Fig. 2A; two-way ANOVA, F1 s2)=0.04, p
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= 0.85). However, at 2 months after knockout induction latency to fall was
significantly longer in wild type mice than knockout (Fig. 2A; two-way ANOVA, F,
112) = 10.10, p = 0.002). The difference in latency remained at 3 months after
knockout induction (Fig. 2A; two-way ANOVA, F1 gy = 31.89, p < 0.0001), and 5
months after induction (Fig. 2A; two-way ANOVA, F(1, 44y = 6.29, p = 0.016).

To explore whether this behavior deficit was dopamine-dependent,
animals were injected with L-dopa, however this resulted in no improvement in
their performance (Fig. 2B). Wild type and induced knockout mice were injected
with 25 mg/kg L-dopa following 12.5 mg/kg benserazide, or vehicle control, one
hour prior to rotarod testing. Injection with L-dopa did not increase latency to fall
in the knockout or wild type mice (Fig. 2B; two-way ANOVA, WT: F(1,32)=2.95, p
=0.10; KO: F(1,32) = 1.29, p = 0.26). Each score was then normalized to the
same animal’s score prior to L-dopa injection, but this also failed to reveal any
increase in latency to fall (Fig. 2C; two-way ANOVA, WT: F1 32 = 3.20, p = 0.08;
KO: F1,32)=0.22, p = 0.64). We also observed that the general health of the
knockout animals was faltering by 5 months after knockout induction, while the
wild type littermates were stable. The body weight of the knockout animals was
reduced, as was the quality of their grooming, posture, and attentiveness to
being handled (data not shown).

To determine whether ndufs4 knockout results in a change in
spontaneous motor behavior, wild type and knockout mice were allowed to freely
explore an open field for 20 minutes while electronic sensors recorded their
movements. We found that there was no significant difference in behaviors in

the open field immediately or 1 month after knockout induction, but there was a
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significant decline in speed, distance, and rearing activity at 2 months after
knockout induction (Fig. 3A, B). The reduction in distance and speed traveled

also persisted at 3 months after knockout induction (Fig. 3A, data not shown).

Ndufs4 knockout did not result in degeneration of dopaminergic cell
bodies in the substantia nigra. If the progressive death of dopaminergic neurons
in the SN in PD is due to a deficiency in complex | activity, then we would expect
to see a reduction in the surviving number of dopaminergic neurons in the
knockout animals compared with their littermate controls. Conversely, if
inhibition of complex | function is extraneous to dopamine neuron death, then we
would expect to see no reduction in dopamine neuron survival following direct
genetic deletion of complex |. To test these two possibilities, we measured the
number of TH+ neurons that remained in the SN 3 and 5 months after ndufs4
knockout induction (Fig. 4A, B). We found that the number of TH+ neurons
remaining in the knockout mice was not statistically different from the number
found in their wild type littermates (Fig. 4C, D). TH+ cell bodies were counted if
they contained an intact nucleus and were located inside the SN. All intact TH+
cell bodies were counted in every 4™ coronal section of 30 um thickness. At both
3 months (Fig. 4C) and 5 months (Fig. 4D) after the induction of the knockout no

statistically significant difference was observed in the number of TH+ cell bodies.

Ndufs4 knockout did not result in reduction of TH intensity in the striatum.
In PD, the dopamine-releasing axons are believed to degenerate and disappear

in advance of the disappearance of their cell somas. Therefore, dopaminergic
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fibers may degenerate in the striatum, even though the number of dopaminergic
cell bodies in the SN remains unchanged. On the other hand, if the removal of
complex | activity does not result in neurodegeneration, we would expect to see
no difference in the degree of dopaminergic innervation of the striatum in the
knockout animals compared with wild type littermates. To determine if there was
any degeneration of dopamine axons in the striatum of ndufs4 knockout animals
we measured the level of intensity produced by TH immunofluorescence. We
captured images from normalized locations across the striatum, from animals
sacrificed 3 months and 5 months after induction of ndufs4 knockout using
constant imaging parameters and staining conditions. Fluorescence intensity of
the striatum was normalized to the background fluorescence of the corpus
callosum in the same image. Surprisingly, at 3 months after knockout induction,
the knockout mice displayed higher levels of TH+ immunofluorescence in the
striatum than their wild type littermates (Fig. 5C). This pattern of increase
persisted along the rostrocaudal axis of the striatum (Fig 5D, two-way ANOVA,
F1,121) = 26.12, p < 0.0001). For this analysis, we aligned the data taken from
each animal using anatomical features, in particular the genu of the corpus
callosum, so that the values from each location along the rostrocaudal axis within
the striatum could be compared across different animals. At 5 months after
knockout induction, there was no longer an increase in TH+ immunofluorescence
in the striatum of knockout animals, leaving no difference between the TH+
intensity of the two genotypes (Fig. 6C). The convergence between wild type
and knockout TH immunofluorescence intensity at 5 months after knockout

induction was persistent along the rostrocaudal axis of the striatum (Fig. 6D).
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Ndufs4 knockout resulted in axonopathy of dopaminergic fibers in the
striatum. Although the intensity of TH-immunoreactive staining in the striatum
was not reduced in the induced ndufs4 knockout mice, whether the axon fiber
structure was intact in the knockout mice remained to be determined. To test the
integrity of the axonal branch structure in the striatum we collected images of TH
labeled axons using confocal fluorescence microscopy. A series of images was
captured from coronal sections spaced at regular 240um intervals from rostral to
caudal (cf. Piggott et al., 1999a; Piggott et al., 1999b; Rea and Simon, 1981),
normalized in position to the genu of the corpus callosum. In each coronal
section, the image was captured from the center of the striatum of one
hemisphere. In these images, the fine axon fiber structure was identified and
quantified. We translated each image into a skeletonized graph (Fig. 7A-C; see
Methods for details), and used this graph to quantify the number of axonal
junctions in a single field, the aggregate length of all the fibers in the field, the
average path distance traversed by each individual axon fragment, and the
number of axon fragments per field. Using this method, we found that there was
no statistical difference in axon structure between the ndufs4 knockout animals
and their wild type littermates at 3 months after knockout induction (Fig. 7D). To
confirm this result, a second series of images was captured, from the
dorsomedial boundary of the striatum, adjacent to both the lateral ventricle and
the corpus callosum. The same imaging and analysis methods were used to
quantify these images. Similar to the previously measured location, this

dorsomedial location revealed no significant differences between the axon
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structures of wild type and knockout animals 3 months after knockout induction
(Fig. 7E).

Confocal images were collected and analyzed again at 5 months after
knockout induction. At this time point, a significant reduction was observed in the
number of junctions, the aggregate length of axon fibers, and the average path
length of each sectioned axon fragment in images collected from the central
striatum (Fig. 8A). A second image series was also taken from the dorsomedial
location of the striatum, and this series showed the same axonal deterioration in
the number of junctions, aggregate axon fiber length, and the average path
length of individual axon fragments of knockout mice compared with wild type
littermates. In addition, a significant difference was seen between genotypes in
the number of axon fragments (Fig. 8B). Taken together, these results are
consistent with a degeneration of the fine structure of dopamine axons located in
the striatum by 5 months after induction of ndufs4 knockout but not by 3 months.

We next determined whether this axonopathy was distributed uniformly
throughout the striatum. We aligned the data taken from each animal to the genu
of the corpus callosum, so that the values from each location along the
rostrocaudal axis within the striatum could be compared across different animals.
In the images from the center of coronal sections of the striatum we observed a
larger degree of disparity between knockout and wild type littermates in the
rostral end of the striatum (Fig. 8C, E, G). In the images from the dorsomedial
boundary of coronal sections of the striatum, we saw a greater significance of

degeneration in the caudal end of the structure (Fig. 8D, F, H). However, these
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differences are minor, and a significant extent of axonopathy was observed
across the entire rostrocaudal axis.

The statistical significance of the rostrocaudal distributions of axon
parameters at 5 months after knockout induction were analyzed by two-way
ANOVA as follows. At the central location, we observed a significant reduction in
junctions (Fig. 8C; two-way ANOVA, F1, 102) = 46.97, p < 0.0001), in total length
(Fig. 8E; two-way ANOVA, F1,102) = 48.48, p < 0.0001), and in average length of
axon fragments (Fig. 8G; two-way ANOVA, F1, 102) = 55.87, p < 0.0001). At the
dorsomedial location, we observed a significant reduction in junctions (Fig. 8D;
two-way ANOVA, F1 102) = 29.69, p < 0.0001), in total length (Fig. 8F; two-way
ANOVA, F1,102) = 31.67, p < 0.0001), in the average length (Fig. 8H; two-way
ANOVA, F1,102) = 26.30, p < 0.0001), and in the number of axon fragments (data

not shown, two-way ANOVA, F1, 105y = 12.46, p = 0.0006).

Ndufs4 knockout resulted in axonal spheroids. In the process of analyzing
axon structure, we noted that the TH+ axons of the striatum in knockout animals
showed the formation of certain enlargements and swellings, referred to as
axonal spheroids. Spheroids are an early marker of axon degeneration. Figure
9 shows the morphology of TH immunolabeled axons in the striatum of knockout
mice (Fig. 9B) and their wild type littermates (Fig. 9A). As seen in these
representative images, the knockout is replete with axonal spheroids while the
wild type has nearly none. The occurrence of spheroids was quantified in both
wild type and knockout tissues, by an experimenter blind to genotype, and we

observed a striking increase in the number of spheroids in the TH+ axons of
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knockout animals compared with wild type littermates, both at 3 months (Fig. 9C)
and at 5 months (Fig. 9D) after induction.

To determine if the spatial distribution of these spheroids was focal or
generalized, we analyzed the distribution of spheroids along the rostrocaudal
axis of the striatum. We observed that spheroid formation was elevated along
the entire length of the central striatum at 3 months (Fig. 10A) and 5 months (Fig.
10C) after induction of the ndufs4 knockout. In the dorsomedial striatum, the
spheroids were also significantly elevated along the entire rostrocaudal axis, with
additional concentration near the midpoint along the axis, both at 3 months (Fig.
10B) and 5 months (Fig. 10D) after knockout induction.

The appearance of these spheroids at 3 months after induction, before a
deterioration of axon fibers is observed, provides an explanation for some of the
earlier data we collected. Spheroids appear to be wider and emit more
immunofluorescence than ordinary axon fibers of the same length. If spheroids
form prior to a decrease in axonal arbor complexity, then they could be expected
to augment the baseline level of immunofluorescence intensity, similar to the
result we recorded in the tissues from 3 months after knockout induction (Fig. 5C,
D), even though the axon structure appeared unchanged as measured by the
skeletonization assay (Fig. 7D, E). Furthermore, if spheroids persist or
accelerate after a decrease in axonal arbor complexity, then the fluorescence
intensity they contribute could compensate for that intensity lost as ordinary axon
fibers degenerate, with the result that the aggregate fluorescence intensity
appears unchanged, similar to the result we recorded in the tissues from 5

months after knockout induction (Fig. 6C, D), even though the axon structure
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appeared to be significantly reduced as measured by the skeletonization assay

(Fig. 8).

Mitochondrial morphology was altered in dopamine neurons from ndufs4
knockout SN. Mitochondrial dynamics have been shown to be disrupted in
animal or cell culture models of several Parkinson-causing genes including
PINK1, DJ-1 and parkin (Lutz et al., 2009; Wang et al., 2012). Changes in
mitochondrial dynamics have additionally been reported after rotenone treatment,
which is another PD model (Barsoum et al., 2006; Benard et al., 2007). As a
mitochondrial protein, NDUFS4 also has the potential to interfere with the shape
or dynamics of the mitochondria directly, regardless of disease relevance. To
assess whether mitochondria in the dopaminergic neurons were structurally
affected by the loss of ndufs4, we used an antibody against the mitochondrial
marker protein Tom20 to visualize the mitochondria in TH+ neurons. We
compared the total Tom20 immunofluorescence intensity of each cell, and
observed no difference between the cells taken from knockout and wild type
animals at 3 months after knockout induction, whether measured directly or
normalized for the volume of the cell body (Fig. 11A). However at 5 months after
knockout induction, we did observe a significant decrease in Tom20 staining
intensity in the cells imaged from knockout animals (Fig. 11B).

To compare the mitochondrial structure between genotypes, we measured
their size, length and count using two quantitative techniques (see Methods for
details), a skeletonization model (Fig. 12A-C) and a space-filling model (Fig. 13A-

C). Using the skeletonization model, we observed no difference in total length of
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mitochondria in the TH+ cells of knockout animals compared with wild type
littermates. However, we did observe a significant decrease in average length at
both 3 months (Fig. 12D) and 5 months (Fig. 12E) after knockout induction. We
recorded no difference in the count of mitochondrial particles at 3 months after
knockout induction (Fig. 12D), but we did detect a significant increase in the
count at 5 months after induction (Fig. 12E). Increases in count and decreases
in average length suggest a shift towards fission or fragmentation of mitochondria.

Using the space-filling model, we observed no change in the count or
aggregate volume of mitochondrial particles at 3 months (Fig. 13D) or 5 months
(Fig. 13E) after knockout induction. However, we did observe a significant
decrease in average volume of mitochondrial particles in TH+ cells from ndufs4
knockout animals, at 5 months (Fig. 13E) but not 3 months (Fig. 13D) after
knockout induction, compared with the mitochondria of TH+ cells from wild type
littermates. This decrease is consistent with the results we collected from the
skeleton assay, indicating that the average mitochondrial particles from 5 months
after knockout induction seem to be both shorter length and smaller volume than

the mitochondria of wild type littermates.
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Chapter3

DISCUSSION

Numerous lines of evidence have suggested that interference with mitochondrial
complex | constitutes the impetus of PD pathogenesis. First, evidence of
reduced complex | activity was found in the post-mortem tissues of human
patients with PD (Keeney et al., 2006; Mizuno et al., 1989; Parker et al., 1989).
Second, two chemically diverse complex | inhibitors, MPTP and rotenone, have
long been used to recapitulate the phenotype of PD in animal models (Dauer and
Przedborski, 2003). And furthermore these animal models can be rescued by
over-expressing the yeast complex | analog NDI1 (Barber-Singh et al., 2009;
Marella et al., 2008), which is rotenone- and MPTP-insensitive.

However, these reports do not exclude the possibility that complex |
inhibition is a consequence of disease pathology, and not itself the cause.
Alternative explanations for the toxicity of both rotenone and MPTP have been
proposed. Rotenone is a potent destabilizer of microtubules (Choi et al., 2011;
Marshall and Himes, 1978), and rotenone and MPTP both cause increases in
oxidative stress (Cleeter et al., 1992; Li et al., 2003). The yeast NADH
dehydrogenase NDI1, which has been used to rescue rotenone and MPTP, also
reduces the amount of oxidative damage (Marella et al., 2008). The observation
that NDI1 expression protects against rotenone or MPTP is consistent with the
hypothesis that oxidative stress, not the loss of complex | activity, is the
mechanism of selective dopaminergic neurodegeneration. As the authors note,
“these observations provide further support for the hypothesis that oxidative

damage is the primary mechanism by which complex | inhibitors cause toxicity”
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(Sherer et al., 2007). If complex | inhibition causes oxidative damage, and
oxidative damage causes complex | inhibition (Cleeter et al., 1992), then
separating cause from effect will be extremely difficult, and it prevents us from
concluding that complex | inhibition per se is necessary or sufficient for dopamine
degeneration in this model.

NDI1 protection can also be mediated by elevating ATP levels, or reducing
NADH levels. ATP and other intracellular nucleotides can act as pro-survival
factors, by binding to cytochrome C and inhibiting apoptosome formation
(Chandra et al., 2006). High levels of NADH have been shown to stimulate
endogenous dopamine biosynthesis, by enhancing the level of H4Biopterin, a co-
factor of TH (Vrecko et al., 1997). This has even been used to raise dopamine
levels in PD patients (Kuhn et al., 1996). Elevated dopamine biosynthesis could
result in dopamine auto-oxidation and cytotoxicity (Hastings et al., 1996). This
has been proposed to mediate the selective vulnerability of dopamine neurons in
PD (Miyazaki and Asanuma, 2008). Therefore simply by metabolizing its
substrate, an NADH dehydrogenase can reduce the risk to dopamine neurons of

oxidative stress.

Time course of neurodegeneration in ndufs4 knockout model

In this study we sought to answer the question of whether the loss of
complex | activity causes dopaminergic neurodegeneration. By inducing the
knockout in mature, adult mice, we were able to monitor the effects of the loss of
complex | activity on dopamine neurons in their native milieu over the course of 5

months. The fact that we did not see any reduction in the number of surviving
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TH+ neurons following genetic deletion of complex | suggests that lack of
complex | activity is not sufficient to explain the dopaminergic cell death in PD.
This agrees with previous findings in dissociated primary dopaminergic neuron
culture (Choi et al., 2008). The toxicant models of complex | inhibition take effect
on a much shorter timescale than 5 months. MPTP’s effect is immediate in mice
and both human and non-human primates. Even gradual application of MPTP
only required 1 month to observe PD-like symptoms (Fornai et al., 2005).
Similarly, the rotenone model of PD in rats and mice takes only 1 month before
neurodegeneration is apparent (Betarbet et al., 2000; Inden et al., 2007). In the
present study, the absence of cell death after 5 months suggests that it is not
forthcoming, however the possibility remains that at longer time points,
dopaminergic neurodegeneration might have been observed in the ndufs4
knockout.

The ability of adult mice lacking ndufs4 to survive for 5 months after
knockout induction may be due to compensatory mechanisms. The conventional
ndufs4 knockout mouse was found to have an elevation in the level of complex Il
activity (Kruse et al., 2008), which like complex | transports electrons to
ubiquinone, and like NDI1 it does not translocate protons across the
mitochondrial inner membrane. It was hypothesized that the energy demands of
the developing brain might accelerate the damage caused by insufficient
oxidative phosphorylation (Kruse et al., 2008), which is consistent with the
observation that the duration of viability is longer when ndufs4 knockout is
induced in adulthood. Other possible compensatory mechanisms were identified

in a Drosophila model of nearly complete loss of ATP synthase activity. It was
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found that this mutant strain compensated for the lack of oxidative
phosphorylation by increasing glycolysis, ketogenesis, and Kreb’s cycle activity

(Celotto et al., 2011).

Implications of motor deficits

We observed a motor deficit on the rotarod test, however this phenotype
did not seem to be specific to the dopamine system because it was not
ameliorated by injection of L-dopa, the dopamine precursor. Because we found
a significant deterioration of the dopamine axons in the striatum, the lack of a
motor improvement after L-dopa injection is likely due to either (1) a failure to
metabolize L-dopa to dopamine by dopa decarboxylase, or (2) the damage of
other neuron types necessary for normal motor performance in the induced
ndufs4 knockout mice. This second reason is likely, due to a recent finding that
the conventional ndufs4 knockout mouse experiences severe respiratory defects,
and that ndufs4 deletion in the vestibular nuclei of the brainstem was both
necessary and sufficient to produce this phenotype (Quintana et al., 2012). ltis
plausible that the same brain regions would be vulnerable to ndufs4 knockout

induced at adulthood, and that they would be required to perform the rotarod task.

Axonal degeneration and spheroids

In this study, we observed axonopathies in the striatum of ndufs4
knockout mice 5 months after knockout induction resembling axonal
fragmentation, retraction, and the formation of axonal spheroids. These axonal

spheroids were consistent with those observed in the dystrophic striatal axons of
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mice transgenically expressing the PD-linked R1441G mutation of LRRK2 (Li et
al., 2009b). Similar to our findings, these transgenic LRRK2 mice showed no
reduction in total TH expression in the striatum, despite axonal dystrophy and
behavioral deficits (Li et al., 2009b). Other pathogenic LRRK2 mutations
G2019S and 12020T were also shown to result in spheroid inclusions, as well as
a significant reduction of neurite length and arbor complexity in cultured rat
cortical neurons after transfection (MacLeod et al., 2006), and cultured
transgenic mouse dopamine neurons (Ramonet et al., 2012) and hippocampal
neurons (Parisiadou et al., 2009). Axon degeneration has been reported in other
PD models as well. After MPTP more reduction was seen in the dopaminergic
axon fibers in the medial forebrain bundle than in the dopaminergic cell bodies in
the SN of the same animals (Li et al., 2009a). And in cultured dopaminergic
neurons, it was reported that MPP+ treatment resulted in microtubule
destabilization and a shortening of neurites and a beading morphology due to
impaired axonal transport (Li et al., 2009a). These reports suggest that the
axonal dystrophy, both spheroids and reduction in axon length and complexity,
which we observed in ndufs4 knockout animals 5 months after knockout
induction, is consistent with the structural axon defects resulting from the PD-
causing mutations in the LRRK2 gene and the PD toxicant model MPTP.

Axonal spheroids were also described in the brains of patients with PD
and Dementia with Lewy Bodies (DLB), in the hippocampus but not in the
striatum (Galvin et al., 1999). Similar axonal morphologies have also been
observed in mouse models of Alzheimer’s disease (Tsai et al., 2004),

Huntington’s disease (Li et al., 2001), and also human Alzheimer brains (Stokin
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et al., 2005), human Creutzfeld-Jacob disease brains (Liberski and Budka, 1999),
human HIV dementia brains (Adle-Biassette et al., 1999), human multiple
sclerosis brains (Ferguson et al., 1997; Trapp et al., 1998), and models of
traumatic brain injury (Cheng and Povlishock, 1988) and axotomy and 6-OHDA
lesion (Cheng et al., 2011).

The axonal spheroids which we observed in ndufs4 knockout mice were
visible earlier in the experimental time-course than the disappearance of TH+
axon fibers. This sequence suggests that the axonal dystrophy began early on,
and is consistent with other reports of axonal spheroids, which appear preceding
axon fragmentation (Coleman, 2005). This could provide a promising avenue to
measure the effectiveness of future experimental interventions to elucidate or
prevent the axonal degeneration due to ndufs4 knockout, or possibly other
complex | inhibition models. Further study will be required to determine if this
axon degeneration or spheroid formation is specific to dopamine neurons. [f
other neuron types are also affected then spheroid formation may precede the
degeneration of axons in those cells as well.

It has been reported that the arborizations from individual SN neurons are
dense, widespread, and greatly overlap each other, with the breadth of a single
arbor spanning about 3% of the volume of the striatum (Matsuda et al., 2009). It
is mainly for this reason that visually extricating a single neuronal arbor from its
neighbors is extremely difficult without using exogenous cell tracers prior to death.
We decided to simply treat each axon fragment contained within the sectioned

tissue equally, regardless of whether they originate from the same or different
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neurons in the SN. With enough samples, this strategy should allow us to arrive

at the same result as the examination of individual axonal arbors.

Degree of axon degeneration compared with loss of cell bodies in PD

It is difficult to know what degree of dopamine axon or cell body
degeneration constitutes a similarity with that seen in PD. One widely repeated
figure is at the time of symptom onset the PD patient has already lost 80% of the
dopaminergic terminals in the striatum and upwards of 50-60% of the
dopaminergic cell bodies in the SN (Alberio et al., 2012; Dauer and Przedborski,
2003; Matsuda et al., 2009; Stoessl et al., 2011). This figure could be related to
a report by Fearnley and Lees who observed in 1991 that out of six subdivisions
of the human SN, the lateral ventral tier showed the greatest degree of cell loss
at 68% decrease (Fearnley and Lees, 1991). However this was the most
severely affected segment of the SN, and their estimate of the number of
neurons lost in the entire SN at the time of onset was only 30%. Another
estimate of neuron loss at time of onset reported a 29% reduction (Greffard et al.,
2006). These studies used linear or logarithmic regression from the remaining
neurons at time of death, to project backward to the time of symptom onset.
Other studies use regression to estimate the dopamine content in the striatum,
rather than cell bodies in the SN. They report that reduction of dopamine at
disease onset was calculated to be 68% and 82% for patients with disease onset
at age 60 and 73 respectively (Riederer and Wuketich, 1976)By measuring the
relative level of vesicular monoamine transporter 2 (VMAT2) activity as a marker

for the extent of dopaminergic innervation at time of death, rather than dopamine
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content, it was calculated that about 50% reduction in VMAT2 innervation
correlated with disease onset, regardless of age (Scherman et al., 1989). Finally
the relative activity of dopamine terminals can be measured in living patients in
vivo using radio-labeled substrates. This also allows us to distinguish, in patients
who display symptoms unilaterally, the difference in lesion between the
symptomatic and asymptomatic sides, likely representing the window within
which the degree of dopamine loss transitions from benign to pathological. By
use of this method it was observed that the difference between the symptomatic
and asymptomatic sides of unilateral PD patients lies somewhere between 38-
53% reduction in dopamine and 51-62% reduction in VMAT2 (Lee et al., 2000).
In total, these findings are consistent with the hypothesis that degeneration of
axons in PD occurs prior to, or at least in greater proportion to, the degeneration
of the neuron soma in the SN. Furthermore the estimates of axon function in PD
vary widely, and some parameters of axon function might be reduced by as little
as 40% (Lee et al., 2000). Therefore it is possible that the proportion of axon
degeneration we observed might be consistent with the degeneration of PD at
the time of symptom onset, and thereby contribute to disease even if it fails to
elicit any degeneration of nigral cell bodies. Further investigation of the
functional consequences of this degeneration would be needed to answer this

question.

Shift in mitochondrial size in ndufs4 knockout
We observed a small but significant reduction in the average size of

mitochondrial particles within the dopaminergic neurons of ndufs4 knockout mice
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compared to their wild type littermates. This difference is consistent with a shift
in the balance of mitochondrial dynamics towards greater fission or a reduction in
fusion. It was recently shown that loss of the AR-JP genes parkin or PINK1
result in an increase in mitochondrial fission in human dopaminergic SH-SY5Y
cells (Lutz et al., 2009), and that in cultured mouse hippocampal neurons, PINK1
knock-down produced a shortening of the average mitochondrial particle length
by 18% in the soma and 12% in the processes (Lutz et al., 2009). Our result
supports a shift in the balance of mitochondrial dynamics away from fusion,
which would be consistent with the PINK1/parkin model in which PINK1
accumulates on depolarized mitochondria and recruits parkin to mediate their
clearance by way of disabling mitochondrial fusion (Pallanck, 2010). If ndufs4
knockout causes a reduction in mitochondrial membrane potential, then this
model predicts that PINK1 would recruit parkin to these mitochondria and
facilitate their degradation. A competing model has also been proposed, in which
PINK1 knockout actually causes a reduction in mitochondrial membrane potential,
by itself inhibiting complex | (Morais et al., 2009), although another study found
that genetic silencing of PINK1 had a larger effect on complex IV activity than on
complex | (Gegg et al., 2009). This model also predicts that parkin will segregate
depolarized mitochondria by disabling fusion. Both models of the role of the PD-
related protein parkin in mitochondrial dynamics are consistent with the results
we observed. Future studies could test the role of parkin in regulating
mitochondrial size in the ndufs4 knockout by measuring changes in parkin
localization, or by testing if the changes in mitochondrial size are dependent on

parkin expression.
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Our results are also consistent with reports from studies of complex |
deficiency in human patients. Using fibroblasts cultured from patients with
complex | mutations, the structure of mitochondria was reported to be
significantly effected, in a trend consistent with mitochondrial fission (Koopman et
al., 2005). Primary fibroblast cell lines were derived from 13 patients with
isolated complex | deficiencies including 4 with ndufs4 mutations, 8 with other
complex | gene mutations, one patient with no known mutation, and 4 control
patient cell lines. Researchers found a small reduction in the average length of
mitochondria and an increase in count of mitochondria, in many of the patient cell
lines (Koopman et al., 2005). Furthermore, this phenotype was rescued by
fusing the cells from two patients with mutations in different genes, ndufs1 and
ndufs2 (Koopman et al., 2005). This restoration was attributed to
complementation between the un-mutated gene from each cell, identifying the
mutations as the cause of the morphological changes. This report suggests that
our mitochondrial results might be shared across species and cell types.
Furthermore, the report of reversal upon complementation suggests that the
change in size we demonstrated might be a result of complex | deficiency, not an

indirect reaction to axon degeneration or other neuron-specific challenges.
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Chapter 4

FUTURE DIRECTIONS

In this study we discovered distinct axonopathies occurring long after the
induction of ndufs4 knockout. This long delay makes experiment design difficult,
however it does recapitulate the extremely long time-course of disease
pathogenesis believed to take place in human sporadic PD. Prior to this work,
our lab had shown that ndufs4 knockout caused no deleterious effect on the
survival of dopamine neurons in culture (Choi et al., 2008; Choi et al., 2011), but
it was not known whether ndufs4 knockout recapitulated any PD-related
characteristics, cell death notwithstanding. Now that we have shown that ndufs4
knockout results in clear axonal dystrophy in dopaminergic neurons, it will be
interesting to investigate whether and to what degree this pathology is selective
to dopaminergic neurons over other neuronal types.

In future experiments, it will also be of interest to observe how far the
observed axonopathy progresses. Unfortunately, in the inducible model used for
this study, no further progression was possible due to the flagging health of the
animal subjects. The induced knockout was not restricted to the brain, and while
subjects lived for far longer than the 50 day lifespan of the conventional ndufs4
knockout, their body weight and other signs of general welfare were falling at the
time the experiment ended. Indeed, the planned experimental time-course of 6
months needed to be abbreviated to 5 months for this reason. It was recently
discovered that the lifespan of the conventional ndufs4 knockout mouse can be
extended by viral re-expression of ndufs4 in the vestibular nuclei (Quintana et al.,

2012). The vestibular nuclei play a role in regulation of breathing (Hernandez et
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al., 2004), and the conventional ndufs4 knockout mice showed breathing
irregularities (Quintana et al., 2010; Quintana et al., 2012), so this may have
contributed to the behavior deficits we observed in the inducible ndufs4 knockout
animals, as well as to the deterioration of their overall health. Viral Cre
expression in the SN could provide a knockout of ndufs4 in all the cell types in
the region, both neuronal and glial, without incurring the shortened lifespan which
seems to be related to the vestibular nuclei. The conditional ndufs4 knockout
restricted to dopamine neurons using the dopamine transporter promoter (DAT-
Cre) remains healthy for over 2 years (Sterky et al., 2011). Therefore, if similar
axonopathies are observed in the striatum of any of these ndufs4 knockout
models, then study of further progression of the condition would be achievable.

Using any SN-specific induction also includes another experimental
advantage in that the dopaminergic axons express a marker protein produced by
the floxed-stop Rosa26-LacZ reporter gene. This will hopefully make it possible
to measure the degeneration of dopaminergic axons irrespective of TH protein
expression. It has been reported that dopaminergic axons cease expression of
TH prior to retraction or degradation, making them difficult to visualize accurately
(Cheng et al., 2011). However, ectopically expressed marker proteins are often
not subject to this limitation (Cheng et al., 2011). Wild type littermates do not
express the marker, which would interfere with using the same marker to
measure both wild type and knockout tissues. However it has been reported that
the loss of TH expression in surviving former dopaminergic neurons accounts for
only 3% of neurons in wild type or vehicle controls (Baquet et al., 2009), while the

inactivation of TH expression in disease model conditions like MPTP can be
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much higher (Ozaki et al., 1988). This suggests that the reporter gene is only
needed in the knockout animals, while in wild type the reporter and endogenous
markers (e.g. TH) will be nearly redundant. This could easily be confirmed by
using Ndufs4/Rosa26-LacZ heterozygotes expressing Cre in the control group.
Ndufs4 heterozygotes were reported to be indistinguishable from wild type (Choi
et al., 2008; Kruse et al., 2008), suggesting ndufs4 haplo-sufficiency and
therefore the heterozygote can be used for control.

Our observations of the reduction in mitochondria size and volume 5
months after knockout induction were consistent with a trend towards
fragmentation or fission. It has been proposed that mitochondrial dynamics in a
healthy neuron help support normal axonal transport (Saxton and Hollenbeck,
2012), and that SN neurons’ extensive transport requirements and distant axon
terminals might contribute to their selective vulnerability to alterations of
mitochondrial dynamics in PD. Therefore it will be interesting to examine
whether transport of mitochondria to the axon terminals is disrupted in the ndufs4
knockout, and indeed whether the levels of axon transport correlate with
mitochondrial fragmentation in the somas of the same animals. Axonal spheroid
formation accompanying axon damage or fragmentation has also been attributed
to defects in axon transport (Coleman, 2005), although other potential causes
have also been proposed. It will be interesting to see whether the widespread
increase in axonal spheroids that we observed is accompanied by defects in
axonal transport, or is related to mitochondrial fission or ATP production. The
mitochondrial fission protein DRP1 can be inhibited in vivo by conditional

knockout (Kageyama et al., 2012) or by systemic injection of DRP1 inhibitors
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(Grohm et al., 2012), that could be used to test whether fission is necessary for
the observed axonal degeneration. Conversely, viral over-expression of DRP1
could determine whether increase in fission is sufficient to produce axonopathy.
Finally, tracing individual axons with dyes or exogenous markers (Matsuda et al.,
2009) could reveal if fragmented mitochondria correlate with axon degeneration

within the same neuron.
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Chapter 5

METHODS

Animals. All animal experiments were performed with the approval of the
Institutional Animal Care and Use Committee of the University of
Washington. Mice were maintained on rodent diet (5053, PicoLab) and
water available ad libitum in a vivarium with a 12 hr light/dark cycle at 22°C.
Generation of ndufs4°/°* Cre-ER'" mice has been described (Quintana et
al., 2010). At 12 weeks of age, both Cre and non-Cre male animals were orally
administered freshly dissolved Tamoxifen (Sigma) at a dose of 250 mg/kg body
weight dissolved in corn oil (Sigma) and 2% acetic acid (VWR), once daily for 10
days. Tamoxifen administration was halted when body weights dropped to 85%
of starting weight, and resumed when weights rebounded (2 weeks later).
Therefore, the dosing schedule used was 8 consecutive days, followed by 2
more consecutive days, 2 weeks later.

Behavior, open field. Mice were placed gently into the center of a 10cm x 10cm
chamber and allowed to move freely for 20 minutes. The X, y and z coordinates
were measured by infrared beams using TruScan software (Coulbourn
Instruments).

Behavior, rotarod. Mice were placed gently on an elevated rotating rod device
(San Diego Instruments) 4 mice at once, in isolated enclosed lanes. The rod was
elevated 1 foot above a 1-inch layer of foam. For training, the rod was turned at
a constant speed of 4 rpm. This training lasted until all 4 mice were able to

remain on the rod without falling for 60 seconds. For testing, the rod accelerated
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steadily from O rpm to 40 rpm at a steady increase over 300 seconds. Infrared
beams electronically recorded the time and distance traveled by each mouse
before falling. Mice were allowed between 60 and 300 seconds between trials.
Eight consecutive trials were recorded from each mouse, and the last 4 trials
were used for data analysis.

L-Dopa injection. All drugs were freshly dissolved in isostatic saline. Mice were
IP injected with benserazide (Fisher) at 12.5 mg/kg body weight, followed twenty
minutes later by IP injection with L-dopa (Fisher) at 25 mg/kg body weight. After
60 minutes mice were administered the rotarod test as described.

Western Analysis. Freshly extracted brain tissues were mechanically
homogenized and prepared as described (Derijard et al., 1994).

Complex | Activity Assay. Mitochondria were isolated as described (Tieu et al.,
2003). Isolated mitochondria were assayed for oxygen consumption by
polarography as described (Tieu et al., 2003).

Immunohistochemistry. Mice were transcardially perfused with ice cold
phosphate buffered saline (PBS) followed by 4% paraformaldehyde (PFA) in
PBS. Brains were extracted and incubated in 4% PFA overnight, then in 30%
sucrose in PBS until saturated, then frozen on dry ice. Coronal sections of 30
pMm thickness were collected on slides using a Leica cryostat and stored at -20 C.
Tissues were permeabilized in 1% triton X-100 (Sigma) and 10% normal goat
serum (Gibco) or donkey serum (Sigma) for 1 hour prior to primary antibody
incubation in 0.25% triton X-100 and 10% normal goat serum for 2 days at 4 C.
Slides were incubated in secondary antibody (Invitrogen) for 4 hours at room

temperature. Hoechst 33342 (Invitrogen) was applied for 15 minutes. For
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mitochondrial imaging, hydrophobic barrier applied for staining was removed
using xylenes, and precision-thickness coverslips (Deckglaser) were used for
mounting. Aqua-Polymount was used for all slides. Primary antibodies used
were rabbit anti-TH (1:2000, Pel-Freez), rabbit anti-Tom20 (1:100, Santa Cruz),
sheep anti-TH (1:500, Millipore), mouse anti-B-gal (1:1000, Promega), and
mouse anti-MAP2 (1:1000, Sigma).

Axon structure analysis. One in every eight 30um coronal sections of the
striatum was captured by Olympus Fluoview-1000 laser scanning confocal
microscope. Image stack was captured using 60x oil immersion lens, 1x zoom, 3
optical slices with 0.47um step size, 1024x1024 pixels. This 3D image was
analyzed in a script developed for this purpose (Fig A1), executed in the FIJI (Fiji
Is Just Imaged) distribution of the ImageJ software (NIH). The method of
analysis began with the Tubeness plug-in (Sato et al., 1998), which detects
directionality in the image irrespective of gain. The output of the tubeness plugin
was thresholded to a 2 bit image, which was converted to a skeletonized graph
using the Skeletonize plug-in (Arganda-Carreras et al., 2010). Finally, the
Analyze Skeleton plug-in produced the numbers of junctions, paths, and lengths
contained in the skeleton (Arganda-Carreras et al., 2010). The number of “slab
voxels” was used to compare total length, and the “longest shortest path” was
used to compare average length.

Mitochondria structure analysis. Confocal images of individual cells
immunopositive for both TH and LacZ were captured using 100x oil immersion
lens, 4x zoom, 30 optical slices with 0.100 pym step size, 640x640 pixels. This

3D image was subjected to deconvolution using Huygens Professional software,
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with signal to noise ratio of 40 (empirically derived using Tom20 immunostaining).
The deconvolved image was analyzed in a script developed for this purpose (Fig
A2), executed in FIJI (ImagedJ). Briefly, the TH channel was used to mask a
region of interest in the Tom20 channel. The 3D Object Counter plugin was used
to produce the measures of count and volume, and then the tubeness and
skeletonize plugins were used as above to produce a measure of length (“longest
shortest path”).

Statistical Evaluations. Comparisons were made using one-way ANOVA or two-
way ANOVA for repeated measures. Statistical significance was achieved when

p <0.05 (*), p<0.01 (**), p<0.001 (***). All error bars represent S.E.M.
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Figure 1. Verification of the induced knockout.

(A) NDUFS4 protein expression in the brain was measured by western blot. (B)
The oxygen consumption rate of purified mitochondria from the brain was
measured by polarography. The rate before and after addition of rotenone was
compared to isolate complex | dependent oxygen consumption. The complex |
dependent oxygen consumption was significantly lower in knockout mitochondria
(filled bar) compared with wild type (open bar). (C) Representative images
showing Rosa26-LacZ (green) reporter protein immunostaining in the SN. The
SN was located by TH immunostaining (red). Scale bar: 100 um. (D)
Quantification of the intensity of LacZ immunostaining in the SN from ndufs4
knockout animals (filled bar) compared with wild type littermates (open bar).
Abbreviations: WT, wild type; iKO, induced knockout; TH, tyrosine hydroxylase;
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Figure 2. Ndufs4 knockout mice were impaired on the rotarod.

(A) The latency of mice to fall off the rotarod was tested in 4 consecutive trials,
at 5 time points after knockout induction. At 2 months or more after knockout
induction, the latency to fall was significantly shorter in knockout animals (filled
bars) compared to wild type littermates (open bars). (B) Mice were re-tested
after injection of L-dopa, at 3 months after knockout induction. No rescue of
motor behavior was seen after L-dopa injection (hashed bars) compared with
vehicle injection (smooth bars). (C) The rotarod scores from B were normalized
for each animal’s pre-dopa score.
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Figure 3. Spontaneous activity in the open field.

(A) At 2 months or more after knockout induction, distance traveled was
significantly shorter by ndufs4 knockout mice (filled bars) compared with wild
type littermates (open bars). (B) The time spent in the vertical plane (rearing)
was significantly less in knockout animals (filled bars) compared with wild type
(open bars), at 2 months after knockout induction. But the difference at 3 months
was not significant.
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Figure 4. The number of remaining TH+ neurons in the SN was not
reduced in ndufs4 knockout.

(A, B) Representative images showing TH+ cell bodies in wild type (A) and
knockout (B) SN tissues. The white line indicates the location of the SN. Scale
bar: 250 um for A, B. (C, D) The number of remaining TH+ cell bodies with
intact nucleus in the SN was quantified at 3 months (C) and 5 months (D) after
knockout induction. The SN was quantified from very fourth coronal 30 pm
section along the entire rostrocaudal length of the SN. The difference in survival
number between knockout (filled bars) and wild type (open bars) was not
significant at either time point, by one-way ANOVA.
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Figure 5. TH+ staining intensity of dopaminergic innervation in the
striatum was increased after 3 months.

(A, B) Representative images of TH+ immunostaining in striatum of wild type (A)
and induced ndufs4 knockout (B) animals 3 months after knockout induction.
Scale bar: 250 ym for A, B. (C) Quantification of TH immunofluorescence
intensity in wild type (open bar) and induced knockout (filled bar) striatum. (D)
Quantification of the pattern of TH immunofluorescence of wild type (solid line)
and induced knockout mice (dashed line) along the rostrocaudal axis of the
striatum. Striatal sections were normalized to the genu of the corpus callosum.
Abbreviations: str, striatum; cc, corpus callosum; lv, lateral ventricle; ctx, cortex;
a.u., arbitrary units.
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Figure 6. TH+ staining intensity of dopaminergic innervation in the
striatum was not different at 5 months after knockout induction.

(A, B) Representative images of TH+ immunostaining in striatum of wild type (A)
and induced ndufs4 knockout (B) animals 5 months after knockout induction.
Scale bar: 250 ym for A, B. (C) Quantification of TH immunofluorescence
intensity in wild type (open bar) and induced knockout (filled bar) striatum. (D)
Quantification of the pattern of TH immunofluorescence of wild type (solid line)
and induced knockout mice (dashed line) along the rostrocaudal axis of the
striatum. Striatal sections were normalized to the genu of the corpus callosum.
Abbreviations: str, striatum; cc, corpus callosum; lv, lateral ventricle; ctx, cortex;
a.u., arbitrary units.
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Figure 7. Structure of TH+ axons was not affected at 3 months after
ndufs4 knockout induction.

(A) Representative of confocal image of TH+ axon fibers in the striatum (white).
Scale bar: 10 ym for A-C. (B) Skeletonized graph of image in A. (C) Overlay of
A (grayscale) and B (green). (D, E) The number of junctions, total length,
average length, and count of axon fragments was analyzed by skeletonized
model at 3 months after knockout induction. Images were collected from the
center (D) or the dorsomedial boundary adjacent to the lateral ventricle and
corpus callosum (E) of the striatum at six normalized locations along the
rostrocaudal axis. No differences were detected between genotypes using one-
way ANOVA.
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Figure 8. The structural complexity of TH+ axons was reduced in
ndufs4 knockout animals 5 months after knockout induction.

(A) Confocal images of TH+ axons were analyzed by skeletonized model as in
Fig. 7. The number of axon junctions, total axon length, and average fragment
length was significantly decreased in knockout animals (filled bars) compared
with wild type littermates (open bars). Images were collected from the center of
coronal sections of the striatum at 6 normalized locations along the rostrocaudal
axis. The results are shown pooled from individual animals. (B) A second
series of images, collected from the dorsomedial boundary of the striatum was
analyzed identically to A. At 5 months after knockout induction at this coronal
location, axon structure of knockout animals (filled bars) compared to wild type
(open bars) demonstrated significant decreases in number of junctions, total
length, average length, and the count of axon fragments. (C, E, G) Axon
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structural changes at the central location in the striatum persisted from rostral to
caudal within the striatum. The number of junctions (C), total length (E), and
average length (G) of fragments was decreased in knockout animals (dashed
lines) compared with wild type littermates (solid lines). Sequential sections from
each animal were normalized to the genu of the corpus callosum (cc). (D, F, H)
Axon structural changes at the dorsomedial location in the striatum also persisted
from rostral to caudal within the striatum.
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Figure 9. Axonal spheroids formed in the dopamine axons of ndufs4
knockout.

(A, B) Representative images of wild type (A) and induced knockout (B)
dopamine axons in striatum. Spheroids are identified by magenta arrowheads.
Scale bar: 40 ym for A, B. Insets: enlarged view. Scale bar: 20 ym. (C)
Quantification of the frequency of axonal spheroids in the central or dorsomedial
striatum, of wild type (open bars) or knockout (filled bars) animals.
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Figure 10. Axonal spheroid formation along the rostrocaudal axis of

the striatum.

(A, B) Quantification of axonal spheroids at 3 months after knockout induction in
ndufs4 knockout (dashed lines) or wild type (solid lines) littermates. Images were
collected from the center (A) or the dorsomedial boundary (B) of serial coronal
sections of the striatum. (C, D) Quantification as in A and B, at 5 months after

knockout induction.
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Figure 11. Tom20 immunofluorescence intensity was reduced in
ndufs4 knockout.

(A) Quantification of the intensity of Tom20 staining of single TH+ cells in the SN
of wild type (open bars) or knockout (filled bars) animals 3 months after induction
of ndufs4 knockout. (B) Quantification as in A, of wild type (open bars) or
knockout (filled bars) littermates 5 months after induction of ndufs4 knockout.
Intensity of fluorescence was not reduced at 3 months after knockout induction,
but was reduced at 5 months post-induction.
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Figure 12. Average length of mitochondrial particles was reduced in
TH+ cells of ndufs4 knockout animals.

(A-C) Representative image of Tom20 staining analyzed by skeletonization
model. Tom20 immunofluorescence (A) was converted to 3 dimensional
skeletonized graph (B). Overlay (C) with both Tom20 (red) and skeletonized
graph (green). Scale bar: 3 ym for A-C. (D, E) The skeletonized structures of
mitochondrial particles were measured from TH+ cell bodies in the SN at 3
months (D) and 5 months (E) after ndufs4 knockout induction. The average
length of skeletonized mitochondrial particles was significantly shorter in the TH+

cells of knockout animals (filled bars) compared with wild type littermates (open
bars).
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Figure 13. Average volume of mitochondrial particles was reduced
at 5 months after knockout induction.

(A-C) Representative images of Tom20 immunostaining analyzed by the space-
filling model. A 3 dimensional image stack of Tom20 immunoflourescence is
presented using a maximume-intensity projection (A), a 3-dimensional rendering
(B), or a single-plane image (C). Scale bar: 3 um for A-C. (D) No significant
difference was observed in count, total volume or average volume of
mitochondrial particles labeled by Tom20 immunoreactivity at 3 months after
knockout induction between wild type (open bars) and knockout animals (filled
bars). (E) At 5 months after knockout induction, a significant decrease in
average volume of mitochondrial particles was observed in the TH+ cells of
knockout animals (filled bars) compared to wild type littermates (open bars).
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APPENDIX

dirl ="/path/to/files/"; // this folder contains a folder for each animal, which
contains a number of oif files and their accompanying folders from Fluoview
outDir = “/path/to/output/”; // this folder will be filled with the data files generated
list = getFileList(dir1);
run("Bio-Formats Macro Extensions");
setBatchMode(true);
for (i=0; i<list.length; i++) [
dir2 = dir1+list[i];
list2 = getFileList(dir2);
for (j=0; j<list2.length; j+=2) [
fname = list[i]+list2[j];
Ext.openlmagePlus(dir2+list2[j]);
rename(fname);
run("Split Channels");
selectWindow(fname);
run("Z Project...", "start=1 stop=3 projection=[Max Intensity]");
selectWindow("MAX_"+fname);
run("Tubeness", "sigma=0.414 use");
run("8-bit");
setThreshold(15, 255);
run("Convert to Mask");
run("Skeletonize (2D/3D)");
saveAs("]peg", outDir+fname+".jpg");
run("Analyze Skeleton (2D/3D)", "prune=none calculate");
selectWindow("Longest shortest paths");
saveAs("Results"”, outDir+fname+".xIs");
close();
close();
close();
close();

Figure A1. The ImageJ/Fiji macro used to collect data for the skeletonization
assay. The macro takes a folder of confocal stack images and produces a folder
of xls spread-sheets containing the analysis of all the skeleton graphs produced,
as well as a jpg file showing the resulting skeleton that was used to generate the
analysis. The xlIs spreadsheets are internally tab-delineated text files. The
macro should be saved with filename extension “ijm.”
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dirl = "/path/to/files/";

dir2 = "/path/to/output/";

list = getFileList(dir1);

run("Bio-Formats Macro Extensions");

setBatchMode(true);

for (i=0; i<listlength; i++) [
fname = list[i];
aname = substring(fname, 0, lengthOf(fname)-4);
Ext.openlmagePlus(dirl+fname);
run("Split Channels");
selectWindow("C2-"+fname);
rename("TH"+aname);
resetMinAndMax();
run("8-bit");
setThreshold(9, 255);
run("Convert to Mask", "calculate black");
run("Divide...", "value=255 stack");
selectWindow("C1-"+fname);
rename("TOM"+aname);
resetMinAndMax();
run("8-bit");
imageCalculator("Multiply stack”, "TOM"+aname, "TH"+aname);

run("8-bit");

run("3D Objects Counter”, "threshold=30 slice=1 min.=10 max.=Infinity
exclude_objects_on_edges objects statistics summary");

selectWindow/("Statistics for TOM"+aname);

saveAs("Results", dir2+aname+"TOM.xls");

selectWindow("Objects map of TOM"+aname);

run("8-bit");

setMinAndMax(0, 22);

call("ij.ImagePlus.setDefault16bitRange", 0);

run("Z Project...", "start=1 projection=[Max Intensity]");

selectWindow("MAX_Objects map of tubeness of TOM"+aname);

saveAs("PNG", dir2+aname+"TOMMAP.png");

close();

selectWindow(“TOM”+aname);

run("Tubeness", "sigma=0.3 use"); // sigma is the expected width of tubes
selectWindow("tubeness of TOM"+aname);
setAutoThreshold("Default dark™);

setThreshold(15, 255);

run("Convert to Mask"," black");

run("Skeletonize (2D/3D)");

run("Z Project...", "start=1 projection=[Max Intensity]");
selectWindow("MAX_tubeness of TOM"+aname);
saveAs("Jpeg", dir2+aname+"skel.jpg");

run("Analyze Skeleton (2D/3D)", "prune=none calculate");
selectWindow("Longest shortest paths");
saveAs("Results", dir2+aname+"skel.xIs");

close(); close(); close(); close(); close(); close();

beep();
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Figure A2. The ImageJ/Fiji macro used to collect data for the mitochondria assay.
The macro takes a folder of deconvolved confocal stack images and produces a
folder of xls spread-sheets containing the analysis of all the 3D object analyses
produced, as well as a jpg file showing the resulting object map that was used to
generate the numbers. The xIs spreadsheets are internally tab-delineated text
files. The macro should be saved with flename extension “ijm.”
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