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Abstract

Immunostaining with anti-tyrosine hydroxylase (TH) revealed that a small
subset (~2.5%) of primary neurons (from rat embryonic E13-14 midbrains) is
dopaminergic (DA). In this study, we tested whether DA neurons in culture are
selectively degenerated by well-known PD toxins such as rotenone (5-100nM)
and MPP* (10uM). Both toxins significantly decreased the number of DA neurons
and neurite length after 24-hour incubation. Interestingly, our results showed
that mitochondria in DA neurites were also degenerated by these toxins. Since
mitochondria play a critical role in proper synapse signaling and PD is directly
linked to mitochondria dysfunction, we wanted to study altered properties of
DA synaptic mitochondria in the early stage of PD. With triple staining of anti-
TH, a fixable synaptic marker FM1-43fx and a mitochondrial dye MitoTracker
Orange (MTO), we identified DA synaptic mitochondria. Our data demonstrated
that DA synaptic mitochondria are degenerated by MPP* and rotenone, and that
this effect likely occurs prior to the degeneration of DA cell bodies. Therefore,
our cellular PD model can be used to study presymptomatic alterations
underlying development of PD pathology. Our study will help to understand
mechanisms underlying selective loss of DA neurons, which is possibly due to
the degeneration of DA synaptic mitochondria.
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LRRK2) have been identified and they are directly associated with the
pathogenesis of PD [7, 8, 3]. In contrast, the majority of PD cases
(~90 - 95%) are thought to occur sporadically without clear genetic
linkage. Thus, neurotoxin-induced loss of DA neurons is widely used
to model non-genetic, environmental onset of PD [9, 3].

Abbreviations

DA: Dopaminergic; DIV: Day(s) in vitro, FM1-43fx: A
Fixable Synaptic Marker; FOV: Field Of View; MPP*: 1-Methyl-4-
PhenylPyridinium; MTO: MitoTracker Orange; NB: Neurobasal; PD:

Parkinson’s disease; TH: Tyrosine Hydroxylase
The neurotoxins 1-methyl-4-phenylpyridinium (MPP*) and

rotenone have been used in a wide range of animal PD models
(e.g. worm, Drosophila, rat, primate) since they show selective loss
of DA neurons and motor impairment. Therefore, we believe these
two toxins to be excellent chemical tools for PD research examining
early changes in sub-cellular structure of DA neurons. In this study,
we examined early degenerative changes in sub-cellular structure
(e.g. synapse, neurite length, synaptic mitochondria) of DA neurons
mediated by PD toxins.

Materials and Methods

Rat DA neuronal cultures and PD toxin treatment

Introduction

Dopamine (DA) is an important neurotransmitter mediating
a variety of higher brain function (e.g. cognition, motor function;
[1]). Indeed, selective loss of DA neurons in the substantia nigra is
a key pathological feature of Parkinson’s disease (PD) which causes
DA deficits and thus disturbs motor function [2, 3, 4]. However,
preceding the selective loss of DA neurons, there must be changes in
the sub-cellular structure of these neurons. It is known that neurite
or synaptic loss precedes degeneration of DA cell bodies [5], strongly
indicating that there is substantial damage to DA neurons and
synapses at the sub-cellular level before PD symptoms are clinically
detected. Therefore, characterization of these early changes is crucial
not only to understand mechanisms underlying initiation of DA

Primary neuronal cultures were prepared from embryonic
rat ventral midbrain (E13-14) and grown in neurobasal (NB)
culture media supplemented with B-27 as previously described
[10, 11]. Timed pregnant Sprague Dawley rats were ordered from
a commercial supplier (Harlan Laboratories). Primary neuronal
cultures were maintained in 37°C incubator with 5% CO, supply.

degeneration but also to provide clues on how PD pathology initiates
and develops. Additionally, it contributes to development of early
detection methods and therapeutic strategies for PD. However, the
presymptomatic characteristics are not currently well understood at

molecular or cellular levels.

Recent genetic discoveries firmly established that familial forms
of PD are directly associated with mutations of certain genes [3,
6]. So far, at least 6 genes (a-Syn, parkin, UCHL-1, DJ-1, PINK1,

6-8 day old neurons were treated with PD toxins, MPP* (10uM) or
rotenone (5, 20 and 100nM) for 24 hours. Finally, cultured neurons
were fixed and stained with antibodies (e.g. anti-TH) and/or
fluorescent dyes (e.g. FM1-43fx, MitoTracker Orange - see below).
PD toxins were purchased from Sigma and all other reagents used
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here were purchased from Invitrogen. For all our experiments, MPP*
was prepared and disposed according to the guideline reviewed in
[12]. Rotenone was similarly handled.

Quantification of DA neurites

Anti-TH antibody (Chemicon) was used to identify DA neurites
in addition to the cell body. Stained neurites were observed under a
fluorescent microscope (Olympus IX71). Images were taken using a
Spot CCD digital camera (Diagnostic Instruments). Using a neuron/
neurite tracing software Neurolucida (BMF software), we manually
traced neurites and cell bodies to create “skeletons,” which allowed
the Neurolucida software to calculate neurite length (Figure 2B).

Quantification of DA mitochondria

DA mitochondria were stained using fixable mitochondria-
specific fluorescent dyes (i.e. MitoTracker Orange (MTO),
Invitrogen). Cultures were incubated in 50nM MTO for 1 hour
at 37°C in NB media. MTO labels all mitochondria in neuronal
cultures; thus signals positive for both anti-TH and MTO staining
were considered DA mitochondria and thus quantified using a Java-
based image processing software program Image]. Morphological
properties of DA mitochondria (e.g., size, number, elongation, etc)
were examined as described previously [13].

Quantification of DA synapses

FM1-43fx is a fixable styryl dye known to identify functional
synapses, particularly presynaptic terminals. This lipophilic dye
(50nM) is taken-up by presynaptic endocytosis after neurons are
depolarized by exposure to 50mM KCl for 5 min [14]. Since this
dye recognizes all functional synapses, rat neuronal cultures were
subsequently stained with anti-TH antibody. Regions double-stained
with FM1-43fx (a fixable form of FM1-43, Invitrogen) and anti-TH
antibody were identified as functional DA synapses (presynaptic
punctae).

DA synaptic mitochondria

Triple staining was required in order to identify mitochondria
specific to DA synapses. Therefore, DA neuronal cultures were
stained with anti-TH, FM1-43fx and MTO. All three signals (i.e. FM1-
43fx, MTO, anti-TH) were distinguishable using epifluorescence
microscopy. The overlapping fluorescent signals were considered DA
synaptic mitochondria and quantified using Image]J.

Results

Dopaminergic (DA) neurodgeneration by PD toxins

Using the primary rat midbrain neuronal cultures containing
dopaminergic (DA) neurons (Figure 1), we first examined whether
DA neurons were degenerated by exposure to PD toxins (MPP* and
rotenone). DA neurons were identified using a DA marker anti-
tyrosine hydroxylase (TH) antibody. The percent of DA neurons in the
culture was 2.5+/-2.4% (n=18). This percent was significantly reduced
when primary neuronal cultures (6-8 days old) were incubated for
24 hours with either 10uM MPP* or 100nM rotenone (Figure 1D).
The effect of 20nM rotenone was intermediate while there was no
change in the number of DA neurons when exposed to 5nM rotenone
(Figure 1D). In order to examine whether DA neurons are selectively
degenerated, we determined the total number of neurons in each field
of view (FOV) in the presence or absence of toxin exposure. Individual
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Figure 1: Parkinson's disease (PD) toxins selectively degenerated
dopaminergic (DA) neurons in rat primary neuronal cultures.

(A) Three DA neurons immunostained with anti-tyrosine hydroxylase (TH)
antibody.

(B) A merged image of anti-TH in (A) and bright field views. A small subset of
cultured neurons (indicated by arrows) is dopaminergic.

(C) An example image of neuronal cultures co-stained with anti-TH (green)
and a nuclear dye DAPI (blue). DAPI signal was used to quantify total neurons
in the culture [16]. Scale bar = 40um.

(D) Degeneration of DA neurons by PD toxins, MPP* (10uM) or rotenone
(5-100nM).

(E) A graph showing the total number of cells in control, in the presence of
MPP* (10uM) or rotenone (100nM). Cells were exposed to PD toxins for 24
hours before immunostaining. Neuronal cultures used in these experiments
were 6-8 days in vitro (DIV) in neurobasal (NB) media. Number of individual
experiments is shown in parentheses. Student'’s t-test, ***p<0.001.

cells in the neuronal culture were quantified using a nuclear dye DAPI
[15, 16]. Figure 1E shows that there was no observable difference
in the total number of cells in culture with or without exposure,
confirming the selective degeneration of DA neurons by these two
PD toxins. Our results demonstrate that we successfully developed a
cellular PD model using these toxins. Therefore, this model was used
to further study early sub-cellular changes in DA neurons.

Reduced length of DA neurites after 24 hour MPP* or
rotenone exposure

In addition to selective loss of DA neurons, we observed that
the overall length of DA neurites was reduced in the presence of
either MPP* or rotenone (Figure 2). In order to quantify changes
in neurite length, we traced all DA neurites using Neurolucida and
quantified their length. The toxin treatments, especially rotenone at
higher concentrations (e.g. 100nM), resulted in significantly shorter
neurites (Figure 2C). In contrast, DA soma size was unaffected by
toxin exposure (Figure 2B). This reduced neuritic length suggests
likely changes to the sub-cellular structure of DA neurons such as
synapses and mitochondria colocalized to neurites.

Degeneration of mitochondria in DA neurites after 24 hour
MPP* or rotenone exposure

Since some PD causing factors (e.g. MPP*, rotenone) are
known to compromise mitochondrial function [17, 18], we wanted
to examine structural properties of mitochondria in DA neurites,
which are likely very important for DA signaling in the nervous
system. When the toxin treatments (e.g. MPP*, rotenone) inhibit
complex I of the mitochondria, the resulting stress is expected to
cause larger mitochondria to undergo mitochondrial fragmentation
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Figure 2: Reduced neurite length by either MPP* or rotenone.

(A) A DA neuron shows well developed neurites which were stained with
anti-TH antibody.

(B) A DA neuron treated with 10uM MPP* was used to trace neurites.
(Inset) Skeletons of traced neurites (red & green) and cell body (white) were
measured using Neurolucida (see Materials and Methods). Scale bar = 50pm.
(C) A graph showing the neurite length comparison between the control and
different concentrations of the rotenone and MPP* treatments.

(D) Cell body size showed no significant decrease. The number of neurons
analyzed is shown in parentheses. All data from 4 separate experiments from
4 different rats. Student's t-test, ** p<0.01, **p<0.001.

and mitophagy, yielding a reduced number of mitochondria that are
smaller in size. In this study, therefore, we analyzed morphological
changes in DA mitochondria by examining changes in mitochondria
number, size and elongation using Image] as previously reported [13].
In order to quantify mitochondrial morphology specifically in DA
neurites, primary neuronal cultures were stained with both anti-TH
antibody and MitoTracker Orange (MTO) - a fixable mitochondrial
dye (Figure 3A & B). Then, regions where the two fluorescent signals
were overlapping indicated the mitochondrialocalized to DA neurites
(Figure 3C). Elongation was calculated by taking the inverse of the
value for circularity (1/circularity), which was calculated by Image].
This is best thought of as a measure of mitochondrial shape. Higher
values are indicative of abstract shapes, and thus longer mitochondria,
while a value of 1 (the minimum value) would be considered a perfect
circle and, in this context, a fragmented mitochondria. The number
and size of mitochondria were reduced by MPP* and rotenone (5,
20 or 100nM; Figure 3D-F). However, mitochondrial elongation was
not significantly affected by MPP* or 100nM rotenone (Figure 3F).
The reason for this observation is not clear yet but it might be due
to strong mitophagy effects [19, 20] of MPP* and higher rotenone
concentrations. If so, fragmented circular mitochondria would be
removed and thus elongation would increase while the number of
mitochondria would be reduced by MPP* and 100nM rotenone. Our
results show that the number and size of mitochondria in DA neurites
were reduced, and mitochondria became less elongated by 5 and
20nM rotenone, strongly indicating mitochondrial fragmentation by
PD toxins.
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Figure 3: Mitochondria in DA neurites are degenerated by either MPP* or
rotenone.

(A) A DA neuron stained with anti-TH antibody.

(B) Mitochondria in culture were stained with a mitochondria-specific dye
MitoTracker Orange (MTO, 50nM).

(C) Mitochondrial signals in DA cell body and neurites. The overlapping
fluorescent signals of (B) were used to analyze changes in mitochondrial
structure by PD toxins, MPP* and rotenone. Staining of cell bodies with MTO
was saturated and eliminated from the analysis. Scale bar = 40pum.

(D-F) Number of mitochondria (D) and the average size (E) of neuritic
mitochondria with or without exposure to MPP* or rotenone. The number
of mitochondria and the average size (pixels) of the mitochondria were
decreased by these toxins. (F) Mitochondrial elongation was reduced by
rotenone (5 and 20nM). All data from 3 separate experiments. Number (n) of
images analyzed: Control (n=45); MPP* (n=12); Rotenone 5nM (n=9), 20nM

(n=6), 100nM (n=22). Student t-test, * p<0.05, ** p<0.01, ***p<0.001.

Degeneration of DA synapses by PD toxins, MPP* and
rotenone

A prime cellular locus for DA signaling is the synapse. Therefore,
we wanted to examine altered DA synapse morphology after exposure
to MPP* or rotenone. In order to identify synapses in culture, we
used a fixable FM1-43fx (50nM) (see Materials and Methods).
The observation with FM1-43fx was consistent to the additional
experiments identifying DA synapses using another synaptic marker
anti-synaptotagmin antibody (Figure 4A). The number of DA
synapses (Figure 4C) was drastically decreased by 10uM MPP* and
rotenone (5 and 20nM). Furthermore, no DA synapses could be
observed after 100nM rotenone treatment. MPP* decreased the size
of DA synapses whereas rotenone (5 and 10nM) did not show effects
on DA synapse size (Figure 4D).

Degeneration of DA synaptic mitochondria by MPP* or
rotenone

Finally, we examined effects of PD toxins on mitochondria
closely associated with DA synapses (DA synaptic mitochondria).
Identification of DA synaptic mitochondria required triple staining
of neuronal cultures with anti-TH, MitoTracker Orange (MTO) and
FM1-43fx dyes. Figure 5A shows three examples of mitochondria
identified with MTO that are in close association with functional
synapses in a DA neuron. Mitochondria such as these were analyzed
using ImageJ. MPP* and rotenone drastically decreased the number
of DA synaptic mitochondria (Figure 5B). MPP* also decreased the
size of DA synaptic mitochondria. However, there was no difference
in synaptic mitochondrial size and elongation after rotenone
exposure (Figure 5C & D). This result is different from Figure 3F.
At this time, we are not certain whether this observation is related
to the potential limitation of triple staining. This might be addressed
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Figure 4: Degeneration of DA synapse by either MPP* or rotenone.

(A) DA synapses identified by overlapping anti-TH (green) and synaptic
marker anti-synaptotagmin signals (orange). Examples of DA synapses (anti-
synaptotagmin positive) indicated by arrows. Scale bar = 30um.

(B1) DA synapses identified by overlapping anti-TH (green) and another
synaptic marker FM1-43fx signals (red). Scale bar = 50pum.

(B2) Examples of DA synapses (FM1-43fx positive) indicated by arrows. This
bright field image is the enlarged image of the rectangle in (B1).

(C-D) The number of synapses in DA neurons significantly decreased when
the cells were treated with the PD toxins. The number of synapses in DA
neurons (C) signficantly. However, the size of DA synapses (D) was not
changed by rotenone. The overlapped anti-TH and FM1-43fx images were
used to quantify the number of synapses using Image J. No DA synapses
were observed when cultures were exposed to 100nM rotenone, and thus
DA size was not analyzed for this concentration of rotenone. The number
of neurons analyzed is shown in parentheses. All data from 2 separate
experiments. Student's t-test, * p<0.05, ** p<0.01, ***p<0.001.

in future experiments using GFP-tagged mitochondria specifically
expressed in DA neurites and a synaptic dye. We observed that
some DA synapses possess more than one mitochondrion, thus
DA synaptic mitochondria (Figure 5B) outnumbered DA synapses
(Figure 4C). Nonetheless, our triple staining protocol enabled us to
identify and quantify DA synaptic mitochondria that were altered by
two PD toxins, MPP* and rotenone.

Discussion

In this study, we show that DA neurons in rat primary culture
are selectively degenerated by PD toxins. Also our data demonstrate
that sub-cellular structures (e.g. neurites, synaptic mitochondria)
present in DA neurons are degenerated by either MPP* or rotenone.
Morphological properties of mitochondria in DA neurites and
synapses were quantified using epifluorescence microscopy and
image analysis software (e.g. Image], Neurolucida). Additionally, our
data indicates that sub-cellular structure (e.g. mitochondria, synapse)
of DA neurons is more sensitive to PD toxins because 5nM rotenone
fragmented mitochondria in DA neurites and decreased the number
of DA synapses whereas the same concentration did not alter the
number of DA neurons (Figure 1). These data are consistent with the
hypothesis that DA synapses should be compromised prior to the
loss of DA neurons, leading to failure of DA synaptic transmission
and ultimately to the development of PD motor symptoms. Better
understanding of these early alterations may provide new information
related to the onset of PD symptoms and new strategies to better treat
patients at this stage of the disease.
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Figure 5: Degeneration of DA synaptic mitochondria by either MPP* or
rotenone.

(A) Identification of DA synaptic mitochondria using triple staining method
(see Materials and Methods). Using SPOT Advanced software, the anti-
TH (green), MitoTracker Orange (white — pseudocolor) and FM1-43fx (red)
images were overlapped. The resulting overlapped image was used with
ImageJ to quantify synaptic mitochondria. The colocalization function of
ImageJ identified areas where all three images overlapped (indicated by
arrows); considered to be DA synaptic mitochondria.

(B) Reduction of DA synaptic mitochondria after exposure to PD toxins. No
DA synapses were observed when exposed to 100nM rotenone.

(C-D) Changes in size (pixels) (C) of DA synaptic mitochondria and elongation
(D) in the absence or presence of either MPP* or rotenone. Number of images
analyzed in parentheses. All data from 2 separate experiments from two
different rats. Student’s t-test, * p<0.05, ***p<0.001.

We believe this primary DA neuronal culture provides certain
advantages over animal or tissue-based models. The first advantage
is the ability to observe sub-cellular structures with enhanced
resolution. Compared to the traditional rat PD model using the intact
midbrain which is three dimensional, the cellular model shows a two
dimensional arrangement of neuronal processes and thus allows easy
quantification of changes in sub-cellular structures. In contrast, the
intact midbrain contains far too many synapses and mitochondria in
close proximity to allow such meaningful quantification. It is essential
to characterize individual DA synapses and mitochondria to study
presymptomatic changes by PD toxins. Second, the DA neuronal
culture is easily amenable to pharmacological and biochemical
manipulations in order to further dissect pathophysiological
mechanisms of PD onset at the sub-cellular level as drugs or chemicals
can be directly added to the culture medium. In contrast, for a whole
animal model, these chemicals should be introduced systematically,
orally or via injection. Given that some mouse models expressing
mutant PD genes do not show typical cellular and behavioral
symptoms of PD [21, 22], rat DA neuronal culture appears to be a
promising model to study early alterations in DA neuronal system.

During the last several decades, many PD models have been
developed either using genetic manipulation or challenge by PD
toxins [23, 24, 6]. So far, the vast majority of studies using those
models have been focusing on mechanisms underlying selective loss
of DA neurons and behavioral PD symptoms. However, few PD
models have been developed to study early alterations in DA neurons
by PD causing factors, either genetic or environmental toxins. To the
best of our knowledge, the present study is the first to characterize
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mitochondria at DA synapses. Considering motor dysfunction in PD
is a DA synaptic signaling failure, our ability to examine properties
of DA synaptic mitochondria altered by PD causing factors (mutant
genes or toxins) will provide a unique opportunity to understand
important early alterations in DA synaptic transmission and resulting
onset of PD pathology, allowing possible identification of molecular
markers for the presymptomatic stage of PD.

MPP* and rotenone are known to have the same target: complex
I in the mitochondria [25]. In general, our data is consistent with
such findings because in our study MPP* and rotenone caused
mitochondrial degeneration in DA neurites as evidenced by
decreased number and size of mitochondria. However, MPP* did not
alter mitochondrial elongation whereas elongation did decrease in
the presence of rotenone. In addition, the effects of these two toxins
on DA synaptic morphology were different (i.e. see DA synapse size
in Figure 4D). Interestingly, it has been reported that rotenone also
disrupts microtubule structure [26] and microglia activation [27],
which contributes to rotenone toxicity. Controversy remains as to
whether complex I inhibition is required for rotenone toxicity in DA
neurons [28]. In our study, mitochondrial morphology was altered
because MPP* and rotenone likely interfered with mitochondrial
fusion and/or fission. For example, rotenone causes fragmentation
of DA mitochondria (i.e. reduced number, size and elongation of
mitochondria; Figure 3), possibly by inhibiting fusion or enhancing
fission. This can be validated by blocking drpI or opa 1 using RNAi
gene transfection. Drpl suppression will result in impairment of
fission while Opal suppression inhibits fusion [25, 20]. Alternatively,
photo-convertible MitoDendra2 can be used to determine whether
fusion or fission is inhibited by toxins as this approach allows the
live tracking of mitochondrial dynamics such as morphological
changes (fission/fusion) [29, 30]. This future study will elucidate
new information on mechanisms underlying fragmentation of
mitochondria by either MPP* or rotenone, and possibly distinguish
different actions of the two toxins.

Our study shows that sub-cellular structures (e.g. synaptic
mitochondria) of DA neurons are degenerated by either MPP* or
rotenone, but we expect the functional properties of DA neuronal
signaling to change prior to the alterations of sub-cellular structures.
Since alterations of electrophysiological properties by PD causing
factors have been understudied, it will be very interesting to examine
the functional properties of DA neuronal signaling such as excitability
of DA neurons and synaptic DA release [31, 32]. This will be a logical
outgrowth of the current study, providing a complete analysis of early
alterations induced by PD toxins at the level of DA neuronal function
and sub-cellular structure. One more interesting future study will
be to examine chronic effects of PD toxins on early changes in DA
neuronal signaling as the current study showed only their acute
effects (24 hours). Although many PD studies addressed acute effects
of PD toxins on DA neurons [33, 30], a chronic PD toxin model with
rat DA neuronal culture (e.g. treatments lasting 7 days to 5 weeks)
will provide time-dependent changes of presymptomatic structural
and functional properties of DA signaling.

Conclusion

. Both rotenone and MPP* selectively degenerated DA
neurons.

. Neurite length of DA neurons was decreased after
exposure to either PD toxin.

. The number and size of mitochondria in DA neurites
were reduced as a result of either rotenone or MPP*
exposure.

. The number of DA synapses and DA synaptic
mitochondria decreased when neurons were exposed to
either PD toxin.

. A cell model was successfully developed for primary DA
neuronal cultures that can examine sub-cellular changes
in DA neurite length and DA synaptic mitochondria.
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