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projection neurons. Activity patterns of other interneurons during
task performance remain to be studied. The striatum is classified
into p-opiate receptor-rich patch compartment (or striosome) and
matrix compartment (Graybiel, 1990), but the relationship between
somatotopy and patch-matrix organization is unclear.

Other motor cortices also project to the striatum (Figure 3B;
Takada et al., 1998a,h, 2001; Inase et al., 1999; Tachibana et al.,
2004). The highest motor cortices, such as pre-SMA, PMdr, and
CMAr, project to the anterior part of the striatum, especially to the
bridge region connecting the caudate nucleus.and putamen. The
forelimb regions of the PMdc and PMvc project to two independent
regions in the SMA territory of the putamen. On the other hand,
the CMAc, which shows activity similar to that of the MI, projects
to the MI territory. Projections from the primary somatosensory
cortex also project to the MI territory (Flaherty and Graybiel,
1993). The projection patterns seem to obey the following rules:
The motor cortices whose functions are distinct project to the dif-
ferent regions of the striatum, whereas the motor cortices whose
functions are similar project to the common striatal regions in a
convergent manner. The prefrontal cortex projects to the rostral
part of the putamen anterior to the anterior commissure and the
head of the caudate nucleus (prefrontal territory of the striatum),
and the limbic cortex projects to the ventral striatum (limbic terri-
tory; Selemon and Goldman-Rakic, 1985; Haber et al., 1990; Parent,
1990). Eye movement-related neurons are located in the central part
of the caudate nucleus (oculomotor territory; Hikosaka et al., 1989).

SUBTHALAMIC NUCLEUS {STN)

The STN, another input station of the basal ganglia, receives corti-
cal inputs from the frontal lobe. The dorsal part of the STN is the
motor territory and shows somatotopic organization (Figure 4A;
Monakow et al., 1978; Nambu et al., 1996). The MI projects to the

lateral part (Ml territory), and the SMA projects to the medial part
(SMA territory). The orofacial, forelimb, and hindlimb regions
of the MI project to the lateral to medial parts of the lateral STN,
while those of the SMA project to the medial to lateral parts of the
medial STN. Therefore, two sets of somatotopic representations,
which are mirror images of each other, are represented in the lateral
and medial parts of the STN. The MI also partly projects to the
somatotopically corresponding body parts in the SMA territory,
and the SMA partly projects to the MI territory, vice versa. Thus,
inputs from the MI and SMA partly converge in the STN. The
forelimb regions of the PMdc and PMvc also project to the forelimb
region of the SMA territory (Figure 4B; Nambu et al., 1997). The
somatotopy of the STN reflects not only input organization, but
also output organization, because similar somatotopy is observed
after transneuronal retrograde labeling of rabies virus by its injec-
tion into the MI (Miyachi et al., 2006).

The somatotopy of the STN has also been confirmed by elec-
trophysiological methods. Cortical stimulation of the MI and SMA
induces a short latency excitation and a subsequent long latency
excitation (Nambu et al., 2000}, which are mediated by the cortico-
STN (hyperdirect) and cortico-striato-GPe-STN (indirect) path-
ways, respectively. By observing cortically evoked responses, similar
somatotopy can be drawn, with some neurons receiving convergent
inputs from the MI and SMA. STN neurons in the MI territory
change their activity (mostly excitation) in relation to active or
passive movements of the corresponding body parts on the con-
tralateral side (DeLong et al.,, 1985; Wichmann et al., 1994). STN
neurons in the SMA territory may also show task-related activity.
Microstimulation in the MI and SMA territories does not evoke
movements, while that in the most lateral part of the STN often
evokes movements probably because of the current spread to the
internal capsule (Wichmann et al., 1994).
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FIGURE 4 | Somatotopy of the subthalamic nucleus (STN) and substantia
nigra (SN). (A) Somatotopy of the STN is shown in a frontal section. In the
dorsal part of the STN, the lateral part receives somatotopic inputs from the Ml,
and the medial part from the SMA. The Ml also projects partly to the medial part,
and the SMA to the lateral part. Ventral to the motor territory, there exist the
oculomotor and prefrontal territories. The most medial part is occupied by the
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limbic territory. Modified from Nambu et al. (2002b). (B) Input from motor
cortices to the STN is schematically shown in a horizontal section. Modified
from Takada et al. (2001). (C) Somatotopy of the SNris shown in a frontal
section. The orofacial region of the SNris a continuation of that of the GPi (see
Figure 5). Ventral to the motor territory, there exist the oculomotor and
prefrontal territories.
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Concerning other motor cortical inputs, the CMAc projects to
the MI territory of the STN, and the pre-SMA and CMATr project
to the SMA territory (Figure 4B; Inase et al.,, 1999; Takada ¢t al.,
2001). Thus, more convergence may occur in the cortico-STN pro-
jections than in the cortico-striatal projections (compare Figure 4B
with Figure 3B), suggesting that the hyperdirect pathway assembles
information from more wide areas of the motor cortices than the
direct and indirect pathways do. Ventral to the motor territory in the
STN, there exist the oculomotor territory (Matsumura et al., 1992)
and the prefrontal territory (Monakow et al., 1978; Parent, 1990;
Figure 4A). The most ventromedial part of the STN is occupied
by the limbic territory (Parent, 1990).

EXTERNAL AND INTERNAL SEGMENTS OF THE GLOBUS
PALLIDUS {GPe AND GPi}

The motor territory of the striatum (i.e., the caudal aspect of the
putamen) projects to the ventral two-thirds of the caudal GPe and
GPi, and thus, these areas are the motor territories of the globus pal-
lidus (Smith and Parent, 1986; Parent, 1990) that show somatotopic
organization (Figure 5). In GPe/GPi neurons, cortical stimulation
evokes a triphasic response composed of early excitation, inhibi-
tion, and late excitation, which are mediated by the cortico-STN-
GPe/GPi (cortico-STN-GP1i: hyperdirect), cortico-striato-GPe/GPi
(cortico-striato-GPi: direct), and cortico-striato-GPe-STN-GPe/
GPi (cortico-striato-GPe-STN-GPi: indirect) pathways, respectively
(Nambu et al., 2000; Kita et al., 2004; Tachibana et al., 2008). The
somatotopy in the GPe/GPi can be drawn by observing responses
evoked by the stimulation of the MI and SMA. Neurons respond-
ing to the orofacial, forelimb, and hindlimb regions of the MI
are located along the ventral-to-dorsal axis in the GPe and GPi
(MI territory, Figure 5; Yoshida et al., 1993). Neurons responding
to the corresponding regions of the SMA are also locdted along
the ventral-to-dorsal axis, but in more rostral and dorsal parts of
the GPe/GPi (SMA territory). Stimulation of the PM also evokes
responses in the SMA territory. GPe/GPi neurons rarely respond
to cortical stimulation of multiple body parts, and thus, the oro-
facial, forelimb, and hindlimb regions of GPe/GPi are clearly and
distinctly identified. On the other hand, many neurons respond
to the stimulation of both the MI and SMA, and the somatotopic
representation in the MI territory and that in the SMA territory
are partly fused in the rostro-caudal central zone. Most GPe/GPi
neurons show triphasic responses evoked by cortical stimulation,
suggesting that the hyperdirect, direct, and indirect pathways origi-
nating from a certain body region in the cortex converge at a single
GPe/GPi neuronal level.

The above-mentioned somatotopy is also supported by ana-
tomical studies. The injection of anterograde tracers into the MI,
SMA, and convergent territories in the putamen revealed the termi-
nals in the GPe/GPi (Kaneda et al., 2002). Terminals from the SMA.
territory of the putamen are located more anterior and dorsal to
those from the MI territory. The convergent territory of the puta-
men projects to the area in-between, and these three projection
territories do not overlap. Transsynaptic anterograde and retro-
grade labeling studies by injecting herpes simplex virus into the
MI reported similar results (Hoover and Strick, 1993, 1999; Strick
etal., 1993; Akkal et al., 2007), although there is some discrepancy,
such as that the PMyv territory of the GPe/GP1 is located ventrally

to the MI territory. Dendritic fields of GPe/GPi neurons extend
widely in the direction perpendicular to the striato-pallidal fibers,
and this is considered to be the basis for information convergence
(Percheron et al., 1984; Yelnik et al., 1984). However, somatotopic
organization through the striato-pallidal projections is well pre-
served as described above.

Neurons in the MI and SMA territories of the GPe/GPi change
their activity in relation to active and passive movements of the
corresponding body parts on the contralateral side (DeLong, 1971;
Georgopoulosetal,, 1983; DeLongetal., 1985; Hamadaetal,, 1990).
However, response patterns are different between these territo-
ries. Neurons in the MI territory show movement-related activ-
ity, while those in the SMA territory show delay-related activity
(Nambu et al., 1990). On the other hand, response patterns in the
GPe and GPi neurons during task performance are very similar.
Microstimulation in the GPe/GPi does not induce any movements.

The prefrontal territory of the striatum projects to the rostral
GPe and dorsal one-third of the caudal GPe/GPi, and thus, these
areas are the prefrontal territory (Smith and Parent, 1986; Parent,
1990). Ventral striatum projects to the VP, the most rostral part of
the GPe and the most medial part of the GPi, and thus, these areas
correspond to the limbic territory (Haber et al., 1990; Parent, 1990).

SUBSTANTIA NIGRA (SN}

The SNr and GPi are the output nuclei of the basal ganglia and
considered to be a continuum, which is divided into the SNr and
GPi by the internal capsule. The motor territory of the striatum
projects to the dorsal one-third of the SNr, and thus, this area is
considered to be the motor territory of the SNr (Figure 4C; Smith
and Parent, 1986; Parent, 1990). Neurons in the dorsolateral part

SMA
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FIGURE 5 | Somatotopy of the extemal and internal segments of the
globus pallidus (GPe and GPi). The GPe and GPi have their own somatotopic
representations. The somatotopy in the SMA territory is located rostrodorsally
to that in the Ml territory. Two territories overlap partly in the rostro-caudal
zone. Dorsal one-third of the GPe/GPi is occupied by the prefrontal territory.
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of this area respond to the stimulation of the MI, especially to
that of the orofacial region, and change their activity in relation
to active or passive movements of the orofacial region (Delong
et al., 1983; Kitano et al.,, 1998). The orofacial region of the SNr
is considered to be a continuation of the orofacial region of the
GPi (see Figures 4C and 5). SNr neurons in the part ventral to
the orofacial region receive inputs from the SMA territories of
the putamen, and change their activity during task performance.
However, the somatotopy is not clearly organized, and their activity
is not so distinct compared to that of GPineurons (Wichmann and
Kliem, 2004). The prefrontal territory of the striatum projects to
the rostromedial two-thirds of the SNt (Smith and Parent, 1986)
that also include the oculomotor territory (Hikosaka and Wurtz,
1983; Figure 4C). The limbic territory of the striatum projects to
the most medial part of the SNr (Haber et al., 1990).

The SNc is composed of dopaminergic neurons, and projects
to the striatum and other basal ganglia nuclei. Dopaminergic pro-
jections from the SNc to the striatum display weak topography,
and the terminal fields of a single dopaminergic neuron are large
(Parent et al., 1983; Parent, 1990; Matsuda et al., 2009). SNc¢ neu-
rons do not respond to active or passive body part movements, but
respond to novel sensory stimuli and/or rewards (DeLong et al.,
1983; Schultz and Romo, 1990). Recent studies suggest that SNc¢
neurons code the difference between the expected reward and the
real reward (a temporal difference error in reinforcement learning).
These observations suggest that the SNc¢ has no clear somatotopy.

THALAMUS

- The motor thalamus is a target structure of the basal ganglia, and
also shows somatotopy (Figure 6). Subnuclei located in the rostral
part of the motor thalamus receive inputs from the basal ganglia.
The oral part of the ventrolateral nucleus (VLo) and the principal
part of the ventroanterior nucleus (VApc) receive inputs from the
GPi. The medial part of the ventrolateral nucleus (VLm) and the
magnocellular part of the ventroanterior nucleus (VAmc) receive
inputs from the SNr. On the other hand, subnuclei located in the
caudal part, such as the oral part of the ventroposterolateral nucleus
(VPLo), the caudal part of the ventrolateral nucleus (VLc) and
area X, receive cerebellar inputs (Jones, 2007). Thus, projections
from the SNr, GPi and cerebellar nuclei terminate in the rostral
to caudal parts of the motor thalamus, and the overlap of their
terminals is minimal. The VApc, VLo, VPLo, and VLc project to
the motor cortices, and thus, most of the motor cortices receive
inputs from both the basal ganglia and the cerebellum through
the motor thalamus (Jones, 2007). The MI receives basal ganglia
inputs through the VLo, and cerebellar inputs through the VPLo
(Holsapple et al., 1991).

The VLo and VPLo display clear somatotopic organization
(Figure 6). The orofacial, forelimb, and hindlimb regions are rep-
resented in the medial to lateral parts (Asanuma et al., 1983; Vitek
etal., 1994). VLo neurons change their activity in relation to active
movements of the corresponding body parts (Anderson and Turner,
1991; Nambu et al., 1991; Vitek et al.,, 1994). However, sensory
inputs are not clearly identified, and the microstimulation in the
VLo does not induce any movements (Buford et al., 1996; Vitek
et al., 1996). On the other hand, VPLo neurons respond clearly to
active and passive movements of discrete body parts (one to several

joints) on the contralateral side. Microstimulation in the VPLo
induces movements in the corresponding body parts, contralateral
to the stimulation side. The somatotopy can also be confirmed by
the anatomical study of the thalamo-cortical projections (Asanuma
et al., 1983; Holsapple et al., 1991). Therefore, the thalamus has
at least two sets of somatotopic representations: one in the GPi-
receiving region (VLo) and the other in the cerebellar-receiving
region (VPLo).

FUNCTIONAL SIGNIFICANCE OF THE SOMATOTOPY

Each nucleus of the basal ganglia shows clear somatotopic organiza-
tion, and information originating from cortical regions represent-
ing different body parts rarely converges in the cortico-basal ganglia
circuitry. These observations suggest that information related to
different body parts, such as forelimb and hindlimb, is processed
independently through the cortico-basal ganglialoop. On the other
hand, information from different but related cortical areas, such
as the forelimb regions of the MI and SMA, is processed in both
convergent and non-convergent manners. However, the functional
roles of such convergence remain to be elucidated.

SOMATOTOPY AND MOVEMENT DISORDERS

The pathophysiology of movement disorders can be explained by
the changes of the firing rates and patterns in the basal ganglia,
especially in the GPe, GPi, and STN. In addition, changes in the
somatotopy have been reported in movement disorders. In a normal
state, GPe and GPi neurons respond specifically to the movement
of one direction of a single joint on the contralateral side. On the
other hand, GPe/GPi neurons in a Parkinsonian state respond to
multiple movements of multiple joints, sometimes of the upper
and lower limbs and of both sides (Filion et al., 1988). Loss of func-
tional segregation was also reported in the GPi-receiving thalamus
(Pessiglione et al., 2005). Dopamine is considered to contribute to
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FIGURE 6 | Somatotopy of the thalamus. Somatotopy of the thalamus is
shown in a frontal section. Both the oral part of the ventrolateral nucleus of
the thalamus (VLo) receiving pallidal projections and the oral part of the
ventroposterolateral nucleus of the thalamus (VPLo) receiving cerebellar
projections have their own somatotopic representations. Their somatotopic
representations are continuous rostrocaudally. Modified from Asanuma et al.
(1983).
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isolate information related to movements of specific body parts.
Loss of dopamine may induce a crosstalk of information related
to different body parts (Bergman et al., 1998).

In dystonia, somatotopy of the basal ganglia is also disorganized
(Vitek et al., 1999; Chiken et al., 2008). GPe/GP1i neurons respond
to stimulation of multiple body parts, and they are intermingled.
Dystonic patients show a phenomenon known as “motor overflow.”
Such a phenomenon may be explained by disorganization of the
somatotopy. When patients try to move one body part, for example,
a hand, not only the hand region, but also other regions, such as the
neck region, of the GPi could be inhibited by somatotopic disorgani-
zation. This may lead to unintended movements of other body parts,
such as the neck, that accompany intended movements of a hand.

Hemiballism is caused by lesions in the STN, such as a hemor-
rhage or infarction. Hemiballism in the lower limb is common,
while that in the orofacial regions is rare (Carpenter et al., 1950;
Hamada and DeLong, 1992). Hemiballism in the upper limb is
associated with that in the lower limb. These characteristics can
be explained by the mirror image organization of the somatotopy
in the STN (Figure 4A; Nambu et al., 1996). It is supposed that
the inactivation of both the MI and SMA territories of the cor-

responding body parts is necessary to produce hemiballism. Small

lesions in the central STN affect both lower limb regions of the
MI and SMA territories, and thus cause hemiballism in the lower
limb. Large lesions affecting both upper limb regions of the MI
and SMA territories also affect both lower limb regions, and thus
hemiballism in the upper limb is accompanied by that in the lower
limb. Lesions affecting both orofacial regions of the MI and SMA
territories should be rare because they are remotely located.
Abnormal firing rates and patterns in the motor territory of
the basal ganglia cause motor symptoms of the movement dis-
orders. The target of stereotaxic surgery, including deep brain

stimulation (DBS), for treatment of movement disorders aimed
at the motor territory of the basal ganglia, such as the GPi and
STN. The somatotopy gives us useful indices to identify the tar-
gets during steréotaxic surgery (Kaplitt et al., 2003). STN-DBS
sometimes induces side effects of mood changes. This may be
explained by the current spread from the motor territory to the
limbic and prefrontal territories of the STN because of the small
size of the STN. On the other hand, GP-DBS does not induce
psychological side effects, probably because the motor territory
is remotely located from the limbic and prefrontal territories
in the GPi.

CONCLUSION

In this article, I have described that each nucleus of the basal gan-
glia shows clear somatotopic organization, and that information
related to different body parts is processed independently through
the cortico-basal ganglia loop. I would like to point out the follow-
ing unsolved questions: In the topographic projections from one
nucleus to another nucleus, what kind of information is added?
What kind of information is originated? How do converging inputs
from multiple motor cortices contribute to the execution of vol-
untary movements? How is the somatotopy in each nucleus of the
basal ganglia organized during development? These are important
questions closely related to the functions of the basal ganglia. The
somatotopic perspective way of view will be a good clue and guide
for further understanding of the basal ganglia.
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Dystonia is a neurological disorder characterized by sustained or repetitive involuntary mus-
cle contractions and abnormal postures. In the present article, we will introduce our recent
electrophysiological studies in hyperkinetic transgenic mice generated as a model of DYT1

f,g:;%fh’;am Emory University, dystonia and in a human cervical dystonia patient, and discuss the pathophysiology of dys-
USA tonia on the basis of these electrophysiological findings. Recording of neuronal activity
Jose Obeso, Universidad de Navarra,  in the awake state of DYT1 dystonia model mice revealed reduced spontaneous activity
Spain with bursts and pauses in both internal (GPi) and external (GPe) segments of the globus
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excitation and subsequent long-lasting inhibition, the latter of which was never observed
in normal mice. In addition, somatotopic arrangements were disorganized in the GPi and
GPe of dystonia model mice. In a human cervical dystonia patient, electrical stimulation of
the primary motor cortex evoked similar long-lasting inhibition in the GPi and GPe. Thus,
reduced GPi output may cause increased thalamic and cortical activity, resulting in the

involuntary movements observed in dystonia.

Keywords: dystonia, globus pallidus, extracellular recording, stereotactic surgery, movement disorders

INTRODUCTION
Dystonia is a neurological disorder characterized by sustained
" or repetitive involuntary muscle contractions and abnormal pos-
tures. The pathophysiology of dystonia is poorly understood. No
consistent neuropathological or biochemical changes have been
detected yet. On the other hand, abnormal neuronal activity in
the basal ganglia has been reported during stereotactic surgery for
deep brain stimulation (DBS) in dystonia patients (Vitek et al.,
1999; Zhuang et al., 20045 Starr et al., 2005; Tang et al., 2007).

In the present article, we will introduce our recent electrophys-
iological studies in hyperkinetic transgenic mice generated as a
model of DYT1 dystonia (Chiken et al., 2008) and in a human cer-
vical dystonia patient (Nishibavashi et al., 2011), and discuss the
pathophysiology of dystonia on the basis of these electrophysio-
logical findings. Firstly, we investigated the neuronal activity in the
entopeduncular nucleus and globus pallidus in transgenic model
mice of DYT1 dystonia (Chiken et al., 2008), the most common
type of human primary generalized dystonia. Secondly, we also
had a chance to record neuronal activity in the internal (GPi) and
external (GPe) segments of the globus pallidus of a human cervi-
cal dystonia patient during stereotactic surgery (Nishibavashi et al.,
2011). The entopeduncular nucleus and globus pallidus in rodents
correspond to the GPi and GPe in primates, respectively, and thus,
we will call these nuclei GPi and GPe hereafter. The GPi and GPe
are two important nuclei in the basal ganglia circuitry, and their
abnormal neuronal activity has been reported in movement dis-
orders. We paid special attention to the responses of GPi and GPe
neurons evoked by cortical stimulation. In voluntary movements,

activity originating in the cortex is transmitted through the basal
ganglia circuitry and finally reaches the output station of the basal
ganglia, i.e., the GPi. Cortical stimulation can mimic informa-
tion processing through the basal ganglia circuitry (Nambu et al.,
20023 Tachibana et al., 2008). Motor cortical stimulation typically
induces triphasic responses composed of early excitation, inhi-
bition, and late excitation in GPi and GPe neurons of normal
monkeys and rodents (Yoshida el al., 1993; Nambu et al., 2000;
Chiken and Tokuno, 2003). The origin of each component has
been identified, with the amplitudes and durations reflecting neu-
ronal activity of the corresponding basal ganglia pathways and
nuclei. In the studies by Chiken et al. (2008) and Nishibayashi
et al. (20113, long-lasting inhibition was evoked in the GPi and
GPe of both DYT1 dystonia model mice and a human cervical
dystonia patient.

MATERIALS AND METHODS

ANIMAL STUDY

The DYT1 gene on chromosome 9934 codes the torsinA pro-
tein (Ozelius et al., 1997). A three-base pair (GAG) deletion in
the DYT1 gene, resulting in the loss of a glutamic acid residue
(AE) in the torsinA protein (Ozelius et al., 1997), causes human
DYT1 dystonia. Recently, Shashidharan et al. (2005) generated
a transgenic mouse model by overexpression of human AE-
torsinA. These transgenic mice developed hyperkinesia and rapid
bidirectional circling. They also exhibited abnormal involuntary
movements with dystonic-appearing self-clasping of limbs and
head-shaking.

Frontiers in Systems Neuroscience

www.frontiersin.org

November 2011 | Volume & | Article 89 | 1



Nambu et al.

Pathophysiology of dystonia

In the study by Chiken <t ol {200s), six DYT1 dystonia model
(5—-28 weeks old, both male and female) and six age-matched nor-
mal mice were used. The experimental protocols were approved by
the Animal Care and Use Committees of the Mount Sinai School
of Medicine and the National Institutes of Natural Sciences, and
all experiments were conducted according to the guidelines of
the National Institutes of Health Guide for the Care and Use
of Laboratory Animals. Each mouse was anesthetized with ket-
amine hydrochloride (100 mg/kg body weight, i.p.) and xylazine
hydrochloride (4-5 mg/kg,1.p.), and fixed in a conventional stereo-
taxic apparatus. The skull was widely exposed. The exposed skull
was completely covered with transparent acrylic resin, and then a
small U-frame made of acetal resin for head fixation was mounted
and fixed on the head of the mouse.

After recovery from the first surgery (2 or 3 days later), the
mouse was positioned in a stereotaxic apparatus with its head
restrained using the U-frame head holder under light anesthesia
with ketamine hydrochloride (30~50 mg/kg, 1.p.). A part of the
skull in one hemisphere was removed to access the motor cor-
tex, GPi, and GPe. Two pairs of bipolar stimulating electrodes (tip
distance, 300400 um) made of 50-pm-diameter Teflon-coated
tungsten wires were inserted into the primary motor cortex, one
into the caudal forelimb region and the other into the orofacial
region. These regions were confirmed by observing movements
evoked by intracortical microstimulation. Stimulating electrodes
were then fixed therein using acrylic resin.

After full recovery from the second surgery, the mouse was posi-
tioned in a stereotaxic apparatus with its head restrained painlessly
using the U-frame head holder. The mouse lay down quietly in the
awake state. For single unit recording of GPi and GPe neurons,
a glass-coated Elgiloy-alloy microelectrode (0.8~1.5 M at 1 kHz)
was inserted vertically into the brain through the dura mater using
a hydraulic microdrive. Signals from the electrode were amplified,
converted to digital pulses using a window discriminator, and sam-
pled using a computer. Spontaneous discharges were recorded, and
spontaneous discharge rates and autocorrelograms (bin width of
0.5 ms) of the neurons were calculated from continuous digitized
recordings for 30s. Electrical stimulation of the primary motor
cortex (200 ws duration single pulse, 20~50 wA strength), which
induced muscle twitches in the corresponding body parts, was
delivered. Similar intensities were used for dystonia model and
normal mice. Responses to cortical stimulation were examined by
constructing peristimulus time histograms (PSTHs; bin width of
1 ms) for 100 stimulus trials.

HUMAN STUDY
In the study by Nishibavashi et al. {2011}, one cervical dystonia
patient received stereotactic surgery for DBS electrode implanta-
tion into the bilateral GPi. The patient was 62-year-old female,
and had a disease duration of 32 months, and a Toronto western
spasmodic torticollis rating scale (TWSTRS) score of 54. Micro-
electrode recordings were performed to identify the targets. In
addition, 10 Parkinson’s disease patients [eight male and two
female; mean age, 61.9 years; mean disease duration, 126 months;
mean levodopa dosage, 460 mg/day; preoperative unified Parkin-
son’s disease rating scale (UPDRS), 25.3 (best)—66.6 (worst)] were
also investigated for comparison. Medications were withdrawn

18 h before operation in most patients. This study was approved
by the ethical committee of Wakayama Medical University and
followed its guidelines.

Surgery including microelectrode recordings was performed
under local anesthesia. Burr holes were made bilaterally on the
coronal suture about 30mm lateral from the midline. After
dural incision, a strip electrode with four platinum discs (5-mm-
diameter) spaced 10 mm apart (Unique Medical, Tokyo, Japan)
was inserted into the subdural space in the posterolateral direction,
and placed on the upper limb region of the primary motor cortex
ipsilateral to the target GPi. Electrical stimulation (1.0 ms duration
single pulse, 1-20 mA strength at 1 Hz) was delivered through two
of the four discs. A pair of discs inducing muscle twitches in the
contralateral upper limb at the lowest intensity was selected. In the
following recordings, stimulation was delivered through this pair
at an intensity inducing clear muscle twitches (4-16 mA) at 1 Hz. A
microelectrode (FC1002, Medtronic, Minneapolis, MN, USA) was
inserted through the same burr hole targeting the tentative target
in the posteroventral GPi, which was determined on the basis of
magnetic resonance imaging (MRI). Neuronal activity was ampli-
fied, displayed (Leadpoint 9033A0315, Medtronic), and fed to a
computer for online analysis. The responses induced by electrical
stimulation of the cortex were assessed by constructing PSTHs (bin
width of 1 ms) for 20-120 stimulus trials. Spontaneous discharge
rates and patterns were analyzed from autocorrelograms (bin
width of 0.5ms) constructed from continuous digitized record-
ings for 50 s. On the basis of the microelectrode recordings, DBS
electrodes (Model 3387, Medtronic) were implanted bilaterally
into the GPi.

RESULTS

SPONTANEQUS ACTIVITY OF GPi AND GPe NEURONS IN DYT1
DYSTONIA MODEL MICE

GPi (50.6 4= 15.7 Hz, mean 4 SD, n=94; Figure 1A) and GPe
(54.54 16.3 Hz, n="70) neurons in normal mice fired contin-
uously at a high discharge rate. Traces of digitized spikes and
autocorrelograms indicated that GPi (Figures 1A,B) and GPe neu-
rons fired irregularly in normal mice. On the other hand, the
firing frequency of GPi (27.8 & 19.1 Hz, n=90; Figure 1C) and
GPe (35.4+ 19.0 Hz, n=204) neurons in DYT1 dystonia model
mice was significantly lower than that in normal mice (Figure 1E;
p < 0.001, Mann—Whitney U test). Discharge patterns also differed
in dystonia model mice (Figures 1C,D). Bursts and pauses were
frequently observed in GPi (thick black lines and thick white lines
in Figure 1C) and GPe neurons of dystonia model mice.

RESPONSES OF GPi AND GPe NEURONS TO CORTICAL STIMULATION
INDYT1 DYSTONIA MODEL MICE

Cortical stimulation typically evoked a triphasic response com-
posed of early excitation, followed by inhibition, and late excitation
in GPi (Figure 2A) and GPe neurons of normal mice. On the
other hand, the most common response pattern of GPi (56%)
and GPe (41%) neurons in dystonia model mice was short-latency
monophasic or biphasic excitation followed by long-lasting inhi-
bition (Figure 2B), a pattern never observed in normal mice. The
duration of the long-lasting inhibition was 73.7 & 29.4 ms in the
GPi (n=29) and 66.7 & 31.3 ms in the GPe (n=46).
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FIGURE 1 | Spontaneous activity of neurons in the internal segment
of the globus pallidus (GPi} in DYT1 dystonia model mice. (A,C) Spikes
are shown as digital signals in normal {A) and dystonia model! (C) mice.
Bursts and pauses in the digital signals are indicated by horizontal black
thick lines and horizontal white thick lines, respectively. (B,D) Auto-
correlograms are shown in normal (B} and dystonia model (D) mice. (E)
Box plots of firing rates in normal (left) and dystonia model (right) mice. The
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FIGURE 2 | Responses of GPi neurons to cortical stimulation in DYT1
dystonia model mice. (A) Raster and peristimulus time histograms
{PSTHSs) for normal mice. Cortical stimuli were delivered at time 0 (arrows}
for 100 trials. {B) Raster and PSTHs for dystonia mode! mice. Abnormal
responses with long-lasting inhibition were observed. Modified from
Chiken et al, 12008},

SOMATOTOPIC ORGANIZATION OF THE GPi AND GPe IN DYT1
DYSTONIA MODEL MICE
Stimulation of both forelimb and orofacial regions of the motor
cortex was performed. By observing cortically evoked responses,
cortical regions projecting to each GPi neuron could be identi-
fied. In normal mice, many neurons responded to stimulation of
the forelimb region, and a small number of neurons responded to
stimulation of the orofacial region (Figure 3A). The number of
neurons with convergent inputs from both forelimb and orofacial
regions was small (7%). On the other hand, the number of GPi
neurons with convergent inputs was increased in dystonia model
mice (28%).

The locations of recorded GPi neurons are plotted on the basis
of cortical inputs in Figure 3B. In the GPi of normal mice, the
neurons with forelimb inputs were distributed over a wide area

of the GPi, although not in its most medial portion (Figure 3B
top). A few neurons with orofacial inputs were found in the lat-
eral portion of the GPi. In dystonia model mice, however, such a
segregation disappeared. The number of GPi neurons with oro-
facial inputs and those with convergent inputs was increased, and
they intruded into the central portion of the GPj, although the
most medial portion remained unresponsive (Figure 3B bottom).
Similar changes were also observed in the GPe. These observa-
tions suggest that somatotopic arrangements are disorganized in
the GPi and GPe of dystonia model mice.

ACTIVITY OF GPi AND GPe NEURONS IN A HUMAN CERVICAL
DYSTONIA PATIENT

Neurons were recorded mostly in motor territories of the GPi
and GPe. The firing rates of GPi (62.3+12.1Hz, n=9) and
GPe (45.84+17.6Hz, n=11) neurons in a cervical dystonia
patient were significantly lower than those of GPi (92.7 £+ 40.1 Hz,
n=34) and GPe (81.0 £ 52.5 Hz, n = 17) neurons in Parkinsonian
patients (p < 0.05, t-test). Most GPi and GPe neurons of a cervical
dystonia patient showed burst (6/9 GPi and 5/11 GPe) or oscilla-
tory (1—4 Hz) burst (1/9 GPi and 6/11 GPe) activity (Figure 4A).
More than one-third of recorded neurons (6/13 GPi and 4/11
GPe in a cervical dystonia patient and 21/68 GPi and 18/45 GPe
in Parkinsonian patients) showed responses to cortical stimula-
tion. These GPi and GPe neurons were considered to be located
in the upper limb regions of the GPi and GPe, because these neu-
rons often responded to sensory stimulation of the upper limb.
In Parkinsonian patients, response patterns to cortical stimulation
were combinations of early excitation, inhibition, and late excita-
tion (data not shown). On the other hand, in a cervical dystonia
patient, long-lasting inhibition preceded by excitation (Figure 4B)
and long-lasting monophasic inhibition (Figure 4C) were the typ-
ical response patterns. These response patterns are very similar to
those observed in dystonia model mice (compare Figures 4B,C
with Figure 2B).
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DISCUSSION

The first part of the present article characterized the electrophysi-
ological properties of transgenic mice developed to express human
AE-torsinA as a model of DYT1 dystonia. These mice exhib-
ited: (1) decreased GPi and GPe activity with bursts and pauses,
(2) cortically evoked long-lasting inhibition in the GPi and GPe,
and (3) somatotopic disorganization in the GPi and GPe. In the
second part, similar activity changes, such as decreased activity
with bursts and cortically evoked long-lasting inhibition, were
also observed in the GPi and GPe of a human cervical dystonia
patient. These neuronal abnormalities may be responsible for the
symptoms observed in dystonia.

DECREASED GPi AND GPe ACTIVITY IN DYSTONIA
In the present article, reduction of the spontaneous firing rates of
GPi and GPe neurons was observed in dystonia model mice and

a human cervical dystonia patient. Alteration of firing patterns
was also observed in both of them, including bursting discharges
and pauses. Decreased discharge rates and irregularly grouped dis-
charges with intermittent pauses in GPi and GPe neurons were
also reported in patients with generalized dystonia (Vitek ¢t al.,
19993 Zhuang of al., 20045 Starr et al, 2005) and cervical dystonia
(Tang et al, 2007), Dystonic hamsters with paroxysmal gener-
alized dystonia also exhibited reduced and bursting GPi activity
(Cernert ot al., 2002), The correlation between abnormal neu-
ronal activity and abnormal movements was not investigated in
the present mice study, because it was difficult to observe abnor-
mal movements under head fixation. The mechanisms responsible
for decreased firing rates may include: (1) alteration of mem-
brane properties of GPi and GPe neurons, (2) increased inhibitory
inputs to the GPi and GPe, such as GABAergic inputs from the
striatum, and/or (3) decreased excitatory inputs to the GPi and
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GPe, such as glutamatergic inputs from the subthalamic nucleus
(STN). Inhibitory inputs from the striatum to the GPi and GPe
were increased in dystonia model mice as discussed in the next
section.

CORTICALLY EVOKED LONG-LASTING INHIBITION IN GPi AND GPe
NEURONS OF DYSTONIA

In normal mice, cortical stimulation typically induced triphasic
responses composed of early excitation, inhibition, and late exci-
tation in GPi and GPe neurons. Similar triphasic responses were
also observed in the GPi and GPe of rats and monkeys. The ori-
gin of each component has been intensively studied (Rvan and
Clark, 1997; Maurice el al,, 1998, 1999; Nambu et al., 2000; Kita
et al, 2004; Tachibana et al, 2008). Early excitation is medi-
ated by the cortico-STN-GPe/GPi pathway, while inhibition and
late excitation are mediated by the cortico-striato-GPe/GPi and
cortico-striato-GPe-STN-GPe/GPi pathways, respéctively.

On the other hand, in dystonia model mice we examined,
cortical stimulation induced early excitation followed by late long-
lasting inhibition in GPi and GPe neurons. Similar response pat-
terns were induced in GPi and GPe neurons of a human cervical
dystonia patient. These abnormal patterns of responses may be
generated through the cortico-basal ganglia pathways. The early
excitation seems to be mediated, at least in its early phase, by
the cortico-STN-GPe/GPi pathway, as in normal mice, since the
latency of the early excitation in dystonia model mice was short
and similar to that in normal mice. The origin of the late long-
lasting inhibition may be (1) increased inhibitory input via the
striato-GPe/GP1 pathway, or (2) decreased excitatory input via the
STN-GPe/GPi pathway. The latter explanation seems less likely to
be correct, since our preliminary observation indicates that the
spontaneous activity of STN neurons is unchanged in dystonia
model mice. Thus, increased activity through both cortico-striato-
GPi direct and cortico-striato-GPe indirect pathways is considered
to be the fundamental change in dystonia. The above observa-
tions also suggest that spontaneous excitation in the cortex that is
transmitted to the GPi and GPe through the cortico-basal ganglia
pathways could also induce short-latency excitation and long-
lasting inhibition, which might be the origins of bursts and pauses,
respectively.

SOMATOTOPIC DISORGANIZATION IN THE GPi AND GPe OF DYSTONIA
The somatotopic organization in the GPi and GPe was observed
in normal mice as well as monkeys (Del.ong et al., 1985; Yoshida
el al., 1993). On the other hand, in dystonia model mice, soma-
totopic arrangements were disorganized, and many GPi and GPe
neurons received convergent inputs from both forelimb and oro-
facial regions. Widened somatosensory receptive fields in pallidal
neurons were reported in patients with generalized (Vitek et al.,
1999) and focal (Lenz et al., 1998; Sanger et al., 2001) dystonia.
Interference of information processing may occur through the
cortico-basal ganglia pathways. One explanation for this could be
that each single GPi or GPe neuron receives inputs from more stri-
atal neurons in dystonia model mice than in normal mice. Such an
explanation agrees well with the hypothesis that in dystonia, inhi-
bition in the GPi/GPe is increased through the striato-GPe/GPi
pathways as described in the previous section.

PATHOPHYSIOLOGY OF DYSTONIA

The GPj, the output nucleus of the basal ganglia, is composed of
GABAergic inhibitory neurons and fires at high frequency in nor-
mal states. Its target structures, such as the thalamus and frontal
cortex, are thus continuously inhibited. Striatal inputs reduce GPi
activity in a temporal fashion, excite thalamic and cortical neurons
through disinhibitory mechanism, and finally release appropriate
movements with appropriate timing (Figure 5A; Nambu et al,,
2000, 2002). On the other hand, in dystonia model mice and a
human cervical dystonia patient, cortical excitation induced long-
lasting inhibition in the GPi (Figure 5B). This suggests that even
tiny amounts of spontaneous or voluntary neuronal activity orig-
inating in the cortex are transmitted through the cortico-basal
ganglia pathways to induce strong, long-lasting inhibition in the
GPi. Moreover, somatotopic disorganization was noted in the GPi
of dystonia, and cortical activation could induce inhibition over a
wide area of the GPi. Reduced GPi output may activate wide areas
of the thalamus and cortex in an uncontrollable fashion, resulting
in the involuntary movements observed in dystonia. In a similar
manner, the cortical areas controlling agonist and antagonist mus-
cles are concurrently activated, and co-contraction of agonist and
antagonist muscles could be induced. This may also explain the
“motor overflow” that is unintentional muscle contraction during
voluntary movements in dystonia. Activation of the upper limb
region in the motor cortex, for example, may inhibit large areas
of the GPi and finally induce involuntary movements of multiple
body parts (Figure 5B).

CONCLUSION

The activity of GPi and GPe neurons in DYT1 dystonia model
mice and a human cervical dystonia patient was investigated. Both
of them showed similar activity changes, such as decreased spon-
taneous activity with bursts and long-lasting inhibition evoked
by cortical stimulation, indicating increased activity through

A Normal B

Forelimb  Orofacial
Striatum

Dystonia

Forelimb  Orofacial

STNQ)

GPi

Normal movements involuntary movements

FIGURE 5 | Schematic diagrams showing information processing
through the basal ganglia in normal {A) and dystonia (B) conditions. In
dystonia (B), cortical activation induces strong inhibition over a wide area of
the GPi. Reduced GPi output may cause strong excitation in the thalamus
(Th) and cortex (Cx) through disinhibitory mechanism, resulting in the
involuntary movements. disinh, disinhibition; ex, excitation; inh, inhibition;
STN, subthalamic nucleus. Modified from Chiken et al. (2008).
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the cortico-striato-GPi direct and cortico-striato-GPe indirect
pathways. Such a mechanism may explain the pathophysiology of
dystonia: Neuronal activity originating in the cortex is transmit-
ted through the cortico-basal ganglia pathways to induce strong,
long-lasting inhibition in the GPi. Reduced GPi output may
cause increased thalamic and cortical activity, resulting in the
involuntary movements.
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Abstract

Loss-of-function mutations in the ubiquitin ligase parkin are the
major cause of recessively inherited early-onset Parkinson disease
(PD). Impairment of parkin activity caused by nitrosative or dopamine-
related modifications may also be responsible for the loss of dopa-
minergic (DA) neurons in sporadic PD. Previous studies have shown
that viral vector-mediated delivery of parkin prevented DA neuro-
degeneration in several animal models, but little is known about
the neuroprotective actions of parkin in vivo. Here, we investigated
mechanisms of neuroprotection of overexpressed parkin in a modi-
fied long-term mouse model of PD using osmotic minipump ad-
ministration of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP).
Recombinant adeno-associated viral vector-mediated intranigral de-
livery of parkin prevented motor deficits and DA cell loss in the mice.
Ser129-phosphorylated a-synuclein-immunoreactive cells were in-
creased in the substantia nigra of parkin-treated mice. Moreover,
delivery of parkin alleviated the MPTP-induced decrease of the active
phosphorylated form of Akt. On the other hand, upregulation of p53
and mitochondrial alterations induced by chronic MPTP administra-
tion were barely suppressed by parkin. These results suggest that the
neuroprotective actions of parkin may be impaired in severe PD.
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INTRODUCTION

Parkinson disease (PD) is a progressive neurodegenera-
tive disorder characterized clinically by resting tremor, rigidity,
akinesia, and postural instability (1). The pathologic hallmarks
of PD are loss of dopaminergic (DA) neurons in the substantia
nigra (SN) pars compacta (SNpc) and intraneuronal protein in-
clusions termed Lewy bodies, which are composed mainly of
a-synuclein (aSyn) (2). Both environmental and genetic fac-
tors are considered to be involved in PD pathogenesis (1, 3).
Sporadic cases represent more than 90% of total patients with
PD, but there are several inherited forms caused by mutations in
single genes (1). Among these familial forms of PD, approxi-
mately 50% of recessively inherited early-onset parkinsonism
is caused by loss-of-function mutations in the parkin gene
PARK2 (4).

PARK?2 encodes a 465-amino acid protein that func-
tions as a ubiquitin ligase (5). Most PARK? patients seem to
lack Lewy bodies (6-9), suggesting an important role for
parkin in Lewy body formation (10). Several putative sub-
strates of parkin have been reported and can be divided into
2 subgroups: those that are destined for proteasomal degra-
dation by receiving canonical K48-linked polyubiquitina-
tion (11) and others that acquire multiple physiological or
pathophysiological functions by receiving monoubiquitina-
tion or K63-linked polyubiquitination. The latter may be
involved in inclusion formation (12—-16). In animal models,
loss of parkin increases mitochondrial dysfunction and oxi-
dative damage (17), impairment of evoked dopamine release
(18), and vulnerability to inflammation-related neurodegen-
erative insult (19). S-Nitrosylation or covalent binding of
dopamine-related compounds may be responsible for par-
kin inactivation and subsequent DA cell death in sporadic
PD (20-22). Moreover, there is increasing evidence that
ectopically overexpressed parkin provides neuroprotective
effects in genetic and environmental PD models, includ-
ing LRRK 2-transgenic (23) and PINKI-knockdown fruit flies
(24), 6-hydroxydopamine—lesioned rats (25), and mice treated
transiently with 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) (26). We previously reported that recombinant adeno-
associated viral (tAAV) vector-mediated delivery of parkin
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prevented aSyn-induced DA neuronal loss in rat and monkey
brains (27, 28).

Recent studies indicate that there are functional in-
teractions of parkin with PINK1, which is involved in
mitochondrial quality control (29-33). However, the neu-
roprotective actions of parkin against long-term mitochon-
drial insult are relatively unknown in vivo. This study was
designed to dissect the parkin-mediated neuroprotection
in a long-term environmental model of PD. We generated
modified high-dose and long-term MPTP mice using Alzet
osmotic minipumps and investigated the impact of tAAV-
mediated parkin delivery.

MATERIALS AND METHODS

Mice -
Normal male C57BL/6] mice were purchased from
Charles River Laboratories (Kanagawa, Japan). All experi-
mental protocols were approved by the Ethics Review Com-
mittee for Animal Experimentation of Juntende University
and by the Animal Experimentation and Ethics Committee
of the Kitasato University School of Medicine.

Preparation of rAAV Vector

The plasmid pAAV-MCS (CMV promoter; Stratagene,
La Jolla, CA) carrying human pgrkin complementary DNA
(named pAAV-MCS-parkin) or human aSyn complementary
DNA (pAAV-MCS-aSyn) was constructed as previously re-
ported (27, 34). High-titer serotype-1 rAAV (rAAV1) vector
stocks were prepared using the plasmid pAAV-MCS-parkin,
PAAV-MCS-aSyn, or pAAV-hrGFP (humanized recombinant
green fluorescent protein; Stratagene), as described (28, 35).
The rAAV1 vectors wete purified by ultracentrifugation in a
gradient density of OptiPrep solution (Axis-Shield PoC AS,
Oslo, Norway), which was then removed by ultrafiltration
using Centricon Plus-20 (10,000 MWCO; Millipore Corp,
Temecula, CA). The titers of rAAV1 to produce parkin (named
rAAV1-parkin), aSyn (rAAV1-aSyn), or hrGFP (rAAV1-
hrGFP) were 5 x 10'! genomes per milliliter.

Stereotaxic Injection of rAAV1 Vectors

Mice were anesthetized with sodium pentobarbital
(50 mg/kg body weight, intraperitoneally [i.p.]) and positioned
in a sterectaxic frame. For immunohistochemistry (IHC) and

measurement of the striatal dopamine and its metabolites,
rAAV1 vector was injected unilaterally. For Western blotting,
the rAAV1 vector was injected bilaterally. The skull was
exposed, and a small portion of the skull over the SN was
removed with a dental drill. Subsequently, the rAAV1 vector
was injected into the SN (2 pnL; 2.8 mm posterior and 1.3 mm
lateral from the bregma, 4.4 mm below the dural surface; tooth
bar = —2 mm) through a 5-uL Hamilton microsyringe, as
previously described (35).

MPTP Infusion

The 13-week-old mice (~30 g body weight) were im-
planted i.p. with the Alzet osmotic minipumps (Model 2004,
releasing rate = 0.25 pL/h, reservoir volume = 200 pL;
Durect Corp, Cupertino, CA), filled with saline (control
group), 250 mg/mL. MPTP-HCI1 (50-mg/kg-per-day group;
dissolved in saline; Sigma-Aldrich Corp, St Louis, MO), or
500 mg/mL MPTP-HCI (100-mg/kg-per-day group). For bolus
injection, mice were injected i.p. with MPTP at 30 mg/kg per
day for 5 consecutive days (designated as subacute; n = 4).

For rAAV l-injected mice, the same Alzet minipumps
filled with saline (control group) or 250 mg/mL MPTP-HCI
(50-mg/kg-per-day group) were implanted at 14 days after
injection of the TfAAV1 vectors. MPTP was handled in ac-
cordance with guidelines reported by Przedborski et al (36).

Behavioral Analysis

To evaluate behavioral changes, the mice were analyzed
by a rotarod test 25 days after implantation of the osmotic
minipurnp (i.e. 3 days before death). Mice were kept for
300 seconds twice on a rotarod apparatus accelerating from
0 to 32 rpm at 45-minute intervals (Model 7650, rota-rod for
mice; Ugo Basile Biological Research Apparatus, Comerio
VA, IT). The latency times (seconds) to fall were measured by
accelerating from 0 to 32 rpm in 300 seconds.

rAAV1-injected mice were analyzed by apomorphine-
induced rotation test 25 days after the minipump implantation
(3 days before death). Mice were habituated in a circular
chamber (16 c¢m in diameter) for 10 minutes. Then, after the
injection of apomorphine-HCl (0.5 mg/kg i.p., dissolved in
saline containing 30% ascorbic acid; Sigma-Aldrich Corp),
rotation behavior was monitored for 40 minutes using a video
recorder. In a previous report, apomorphine-challenged rats
rotated toward the side with weaker DA neurotransmission
(37), and the number of contralateral full body turns was

TABLE. Numbers of Mice Used for rAAV1 Injection Experiments

Immunohistochemistry and Other Studies

Unilateral Injection of rAAYV1 Vectors; Killed 28 Days After Minipump Implantation

Group rAAV]-hrGFP/saline rAAV1-parkin/saline rAAV1-hrGFP/MPTP rAAV1-parkin/MPTP
No. mice analyzed/injected 4/4 4/4 4/6 5/6
Western Bilateral Injection of rAAV1 Vectors; Killed 7 Days After Minipump Implantation

Group rAAV1-hrGFP/saline rAAV1-parkin/saline rAAV1-hrGFP/MPTP rAAV [-parkin/MPTP
No. mjce analyzed/injected 4/4 4/4 4*/6 4*/6

Numbers of mice injected with the rAAV1 vector (injected) and used for data analyses (analyzed) are shown. For immunohistochemistry and measurements of dopamine and its
metabolites, mice that exhibited foreign protein expression in more than ~80% of the area of thé entire rostrocaudal region of the substantia nigra pars compacta were used for
the analyses. In Westem blotting analysis, the protein samples that showed an intense foreign protein expression were used for the analyses.

*One mouse died before minipump implantation.

trGFP, humanized recombinant green fluorescent protein; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; rAAV1, recombinant adeno-associated viral vector 1.
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counted by playing back the recorded videotape. A full-body
turn was defined as continuous and pivotal turning exceeding
180 degrees.

Tissue Processing

At 7 or 28 days after implantation of the minipumps, or
25 days after the first injection of MPTP (subacute group),
mice were deeply anesthetized with sodium pentobarbital
(250 mg/kg, i.p.) and perfused transcardially with phosphate-
buffered saline (PBS). The brains were removed en bloc from
the skull and cut coronally along the anterior tangent to the
median eminence. The striatal tissues were then dissected and
immediately frozen on dry ice. For Western blotting, the brain
blocks including the entire rostrocaudal extent of the SN were
cut coronally at 2-mm thickness (Figure, Supplemental Digi-
tal Content 1, parts A, B, http:/links.lww.com/NEN/A252).
After removal of the cortical and hippocampal tissues, the
ventral midbrains were cut horizontally along the ventral end
close to the SN to remove the tissues including the median
eminence and pontine nucleus. Then, ventral parts of mid-
brain tissues (~1.2 mm from the ventral end) were dissected
horizontally, from which the ventrolateral tissues including
SN pars reticulata were removed (Figure, Supplemental Dig-
ital Content 1, parts A, B, http://links.Iww.com/NEN/A252),
and immediately frozen on dry ice. For IHC, the posterior
parts of brain blocks, including the entire rostrocaudal extent
of the SN, were fixed overnight in 4% paraformaldehyde
in PBS and immersed in PBS containing 30% sucrose
until sinking. Coronal sections of the SN were cut serially
at 20-pwm thickness by a cryostat (CM1900; Leica Micro-
systems, Wetzlar, Germany).

The rAAV1-aSyn-injected (n = 3) and rAAV1-hrGFP-
injected mice (n = 3) were killed at 4 weeks after injection.
Brain tissues including the entire rostrocaudal extent of the
SN were fixed overnight in 4% paraformaldehyde in PBS and
processed for THC as described previously.

Antibodies

The primary antibodies used for IHC were rabbit anti-
hrGFP (diluted at 1:500; Stratagene), rabbit anti-parkin (no.
2132; 1:500; Cell Signaling Technology, Inc, Danvers, MA),
mouse anti-parkin (no. 4211, clone Park8; 1:200; Cell Sig-
naling Technology), mouse anti-tyrosine hydroxylase (TH)
(1:10000; Calbiochem, San Diego, CA), rabbit anti-TH
(1:5000; Calbiochem), sheep anti-TH (1:1000; Calbiochem),
mouse anti-glial fibrillary acidic protein (clone abl0062;
1:500; Abcam, Cambridge, MA), mouse anti-human aSyn
(clone LB509; 1:200; Invitrogen Corp, Carlsbad, CA), rabbit
anti—Ser129-phosphorylated aSyn (clone ab59264; 1:500;
Abcam), and rabbit anti-translocase of the outer membrane
20 (Tom20) antibodies (FL-145; 1:500; Santa Cruz Bio-
technology, Inc, Santa Cruz, CA).

The primary antibodies used for Western blotting were
as follows: rabbit anti-hrGFP (1:500), mouse anti-parkin
(1:500), rabbit anti~phospho-Akt (Serd73) (no. 4060, clone
D9E; 1:1000; Cell Signaling Technology), rabbit anti-Akt
(no. 9272; 1:500; Cell Signaling Technology), mouse anti-
p53 (Pab 1801; 1:100; Santa Cruz Biotechnology), mouse
anti-Bax (B-9; 1:100; Santa Cruz Biotechnology), mouse
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anti-phospho-stress-activated protein kinase/c-Jun N-terminal
kinase (JNK) (Thr183/Tyr185) (no. 9255, clone G9; 1:1000;
Cell Signaling Technology), mouse anti-TH (1:500; Calbio-
chem), rabbit anti-PINK1 (NB100-493; 1:500; Novus Bio-
logicals, Littleton, CO), rabbit anti-DJ-1 (NB100-483; 1:300;
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FIGURE 1. Long-term and high-dose MPTP models generated
using Alzet osmotic minipumps. (A-F) Substantia nigra (SN)
sections of saline- (Saline) and MPTP-minipump mice (50 mg/kg
per day, MPTP [50] or 100 mg/kg per day MPTP [100]) immu-
nostained for tyrosine hydroxylase (TH) and counterstained with
Cresyl violet. (G-J) Numbers of dopaminergic (DA) cell bodiesin
the SN pars compacta (G), and levels of dopamine (H), 2-(3,4-
dihydroxyphenyl)acetic acid (DOPAC) (1), and homovanillic
acid (HVA) in the striatum (J). The implantation of MPTP-
minipump caused a significant degeneration of the nigro-
striatal DA neurons. Numbers of mice analyzed in each group
are indicated within the bars. Data are mean + SEM. **,
p < 0.01; and ***, p < 0.001 (1-way analysis of variance fol-
lowed by Tukey-Kramer post hoc test). Scale bars = (A)
500 pm (applicable to A-C); (D) 50 pm (D-F).
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Novus Biologicals), rabbit anti-Tom20 (FL-145; 1:200; Santa
Cruz Biotechnology), rabbit anti-Ser129-phosphorylated
aSyn (clone ab42906; 1:500; Abcam), mouse anti~Serl29-
phosphorylated aSyn (clone pSyn#64; 1:1000; Wako Pure
Chemical Industries, Ltd, Osaka, Japan), mouse anti-aSyn
(clone 42; 1:500; BD Biosciences, Franklin Lakes, NJ), and
mouse anti-actin antibodies (clone C4; 1:500; Millipore
Corp).

immunohistochemistry

Free-floating sections were washed in a PBS medium
containing 0.05% Triton X-100 (PBS-T). When the rabbit and
sheep primary antibodies were used, the sections were soaked
with 10% Block Ace (Yukijirushi-Nyugyo Co, Sapporo,
Japan) in PBS-T and then incubated with the primary anti-
bodies dissolved in PBS-T containing 2% Block Ace at 4°C

for 48 hours. When the mouse primary antibody was used,
Vector M.O.M. Immunodetection Kit (Vector Laboratories,
Inc, Burlingame, CA) was used for blocking and antibody
dilution according to the instructions provided by the manu-
facturer. Subsequently, for fluorescent visualization of the
antigens, the sections were incubated for 2 hours in fresh
medium containing fluorescein isothiocyanate—conjugated
antj-mouse or rabbit IgG and Cy3-conjugated anti-mouse,
rabbit, or sheep IgG secondary antibodies (1:200-500; Jack-
son ImmunoResearch Laboratories, Inc, West Grove, PA).
The sections were mounted on slide glass and coverslipped
with Vectashield Mounting Medium with DAPI (Vector
Laboratories). Images were captured using a confocal laser
scanning microscope (LSM510; Zeiss, Jena, Germany). For
colorimetric visualization of the antigen, the sections were
incubated for 2 hours in fresh medium containing biotinylated

FIGURE 2. Immunoreactivity for Ser129-phosphorylated a-synuclein (p-aSyn) in the substantia nigra (SN) pars compacta of MPTP-
minipump mice. (A, B) SN sections of saline- (A) or MPTP-minipump mice (50 mg/kg per day, MPTP [50]) (B) were coimmu-
nostained for the p-aSyn (dark brown/purple) and tyrosine hydroxylase (TH) (brown). p-aSyn—positive cells (arrowhead, enlarged
in [B] inset) were found in the SN of MPTP-minipump mice. (€-J) SN sections of saline- (C-F) and MPTP-minipump mice (G-J)
coimmunostained for the p-aSyn (C, D, F, G, H, }, green) and TH (C, E-G, 1, }, red), merged with anti-p-aSynin (C, F, G, }, yellow)
and visualized by fluorescence. Boxed areas in (€) and (G) are enlarged in (D-F) and (H-J), respectively. Scale bars = (A) 50 pm
(applicable to B); (€) 50 um (applicable to G); (§) 10 wm (applicable to D-F, H-}).
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anti-mouse or rabbit IgG secondary antibody (1:500), fol-
lowed by avidin-biotin-peroxidase complex (ABC Elite) (both
from Vector Laboratories, Inc) for 1 hour. Then the sections
were reacted in 0.05 mol/L Tris-HCI buffer (pH 7.6) con-
taining 0.04% diaminobenzidine and 0.002% H,0, with (dark
brown/purple- color) or without (brown color) 0.04% nickel
chloride. Images were captured using a light microscope
(ACT-1; Nikon Corp, Tokyo, Japan).

Western Blotting

Ventral midbrain tissues were sonicated in chilled
CelLytic-MT mammalian tissue lysis/extraction reagent (Sigma)
mixed with protease inhibitor cocktail set I (Calbiochem) and
phosphatase inhibitor cocktail set V (Calbiochem). The pro-
tein concentration in the lysate was determined using BCA
protein assay kit (Pierce, Rockford, IL). Each protein sample
(10 pg) was resolved by SDS-PAGE by means of Compact-
PAGE-twin (ATTO Corp, Tokyo, Japan) and then electro-
transferred to Clear Blot Membrane-P (ATTO Corp) using
powered BLOTmini (ATTO Corp). The membrane was
washed in PBS, incubated for 1 hour in a PBS medium con-
taining 50% ChemiBLOCKER (Millipore Corp) and 0.05%
Tween-20, and then incubated for 24 hours with primary
antibody in the same fresh medium. Subsequently, the mem-
brane was incubated for 2 hours in fresh medium contain-
ing horseradish peroxidase-linked anti-mouse or rabbit IgG
secondary antibody (1:10000; GE Healthcare Bio-Sciences,
Uppsala, Sweden), followed by development of chemilu-
minescence using Amersham ECL Plus Western Blotting
Detection System (GE Healthcare Bio-Sciences). The image
was captured using LAS-3000 (Fujifilm, Tokyo, Japan) and
quantified by Image Gauge software. Samples that showed
intense protein expression of hrGFP or parkin were used for
the subsequent investigations (Table).

Cell Counts ‘

Every eighth 20-wm-thick serial section of the brain
was immumnostained for parkin (for mice injected with rAAV1-
parkin) (Figure, Supplemental Digital Content 1, parts C-J,
http://links.lww.com/NEN/A252) or hrGFP (for mice injected
with rAAV1-hrGFP), Coimmunostaining for parkin or hrGFP
and TH was also performed (Figure, Supplemental Digital
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FIGURE 4. Effect of recombinant adenoc-associated viral (rAAV1)
vector-parkin delivery on striatal levels of dopamine and its
metabolites. (A-C) The striatal levels of dopamine (A), 2-(3,4-
dihydroxyphenybacetic acid (DOPAC) (B), and homovanillic
acid (HVA) (€) in rAAV1-humanized recombinant green fluo-
rescent protein (hrGFP)-injected (denoted as GFP) and the
rAAV1-parkin-injected (parkin) saline- (Saline) and MPTP-
minipump mice (MPTP). There were no effects on amounts of
these compounds. Numbers of analyzed mice in each group are
indicated within the bars. Data are expressed as percentage of
the contralateral side (% of contra). N.S., not significant (1-way
analysis of variance).

Content 1, parts K-M, http://links.lww.com/NEN/A252). Mice
that exhibited foreign protein expression in most DA cells in
more than ~80% of the area of the entire rostrocaudal region of
the SNpc were used for the subsequent investigations (Table).
The rostrocaudal area of the SNpc immunopositive for foreign
protein was determined in each mouse and used for DA cell
counting and phosphorylated aSyn (p-aSyn)-positive cell
counting. In every fourth serial section, the numbers of TH-
and Nissl-double-positive cells in the SNpc were counted both
in the rAAV1-injected and noninjected sides using a stereo-
logical method and in a blind manner, as previously reported
(35, 38). In brief, SNpc cells with nuclei optimally visible by
TH immunostaining and with nuclei, cytoplasm, and nucleoli
prominently stained by Nissl staining were counted. To avoid

FIGURE 3. Recombinant adeno-associated viral (rAAV1) vector-parkin-mediated prevention of behavioral deficit and dopaminergic
(DA) cell loss in MPTP-minipump mice. (A) Time schedule for gene delivery experiment with rAAV1 -parkin. At day 14 after
intranigral injection of rAAVT vector, Alzet osmotic minipumps were implanted i.p. to deliver saline or MPTP at a dose of 50 mg/kg
per day for 7 (Western blotting) or 28 days (immunohistochemistry and dopamine measurement). Apomorphine-induced
behavioral change was analyzed at day 25 after implantation. (B) Apomorphine-induced contralateral turns were counted in
rAAV1-humanized recombinant green fluorescent protein (hrGFP)-injected (GFP) or rAAV1-parkin-injected (parkin) saline- (Saline)
or MPTP-minipump mice. There was a significant increase in the number of contralateral turns in rAAV1 -parkin/MPTP mice. (C—F)
Substantia nigra (SN) sections of rAAV1-parkin/MPTP mice immunostained for parkin (C, brown, D, green), and tyrosine hydrox-
ylase (TH) (E, red, merged with anti-parkin in F, yellow). (G-N) Representative photomicrographs of TH- and Nissl-double-positive
cells in the ipsilateral (rAAV1-parkin, G, 1, K, M), and contralateral (noninjected) sides of the SN pars compacta (H, J, L N),in
saline- (G, H, K, L) or MPTP-minipump mice (I, J, M, N). (0) Transduction efficiencies of the rAAV1 vectors, expressed as percent
of the entire rostrocaudal region of the SN. There were no significant differences among the groups. (P) Counts of DA cell bodies in
the SNpc. Data are expressed as percentage of the contralateral side (% of contra); that is, the cell number in the rAAV1-injected
side over that in the noninjected side. rAAV1-parkin ameliorated MPTP-induced DA cell loss. Numbers of mice in each group are
indicated within the bars. Data are mean * SEM. *, p < 0.05; **, p < 0.01; ***, p < 0.001; and N.S., not significant (1-way
analysis of variance followed by Tukey-Kramer post hoc test). Scale bars = (€) 500 pm (applicable to G-J); (D) 10 um
(applicable to D-F); (K) 50 pm (applicable to K-N).
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double counting of neurons with unusual shapes, TH- and
Nissl-double-positive cells were counted only when their nuclei
and nucleoli were optimally visualized. Data were expressed
as percentage of the contralateral side, that is, the cell number
in the rAAVl-injected side over that in the noninjected
side. The numbers of the p-aSyn—positive cells visualized by
diaminobenzidine with nickel chloride were counted in every
eighth serial section of the SN.

Determination of the Striatal Levels
of Dopamine and its Metabolites by
High-Performance Liquid Chromatography
Frozen striatal tissues were sonicated in chilled 0.1 mol/L.
perchloric acid. The samples were centrifuged (20,000 x g for
10 minutes at 4°C), and the resulting supernatants were used
for the measurement of dopamine, 2~(3,4-dihydroxyphenyl)-
acetic acid (DOPAC), and homovanillic acid (HVA) concen-
trations. The high-performance liquid chromatography (HPLC)
system equipped with an 8-electrode coulometric electro-
chemical detection system (ESA-400; ESA, Inc, Chelmsford,
MA) and a reverse-phase C18 column (150 x 4.6 mm; ODS-
100s; Tosoh, Tokyo, Japan) was used. The concentrations of
dopamine, DOPAC, and HVA were determined in nanomoles
per gram of tissue.

Determination of the Striatal Level of
1-Methyl-4-Phenylpyridinium (MPP*) by HPLC

~ Mice were killed 24 hours after minipump implantation.
Striatal tissues were sonicated in chilled 0.1 mol/L perchloric
acid containing 0.1 mmol/L EDTA and an internal standard,
10 mmol/L 4-phenylpyridine (Sigma-Aldrich Corp). The sam-
ples were centrifuged (20,000 x g for 10 minutes at 4°C), and
the resulting supernatants were used for MPP" concentration
measurement (nmol/g of tissue). The HPLC system AKTA ex-
plorer (GE Healthcare Bio-Sciences) equipped with a reverse-
phase C18 column (150 x 4.6 mm; ODS-100s; Tosoh) was used.

Statistical Analysis

All data are expressed as mean + SEM. Two-tailed
Student #-test (for 2 groups) and 1-way analysis of variance
(ANOVA), followed by Tukey-Kramer post hoc test (for >3
groups) were applied. A p value less than 0.05 denoted stat-
istically significant differences.

RESULTS

Generation of a High-Dose and Long-Term MPTP

Infusion Model Using Alzet Osmotic Minipumps
The 50- and 100-mg/kg-per-day MPTP-minipump mice

had 61.3% £ 6.3% (p = 0.003262; df = 9; 1-way ANOVA

followed by Tukey-Kramer post hoc test) and 46.1% * 5.6%
(p = 0.0006822) of DA cell bodies in the SNpc found in the
saline controls (Figs. 1A-G); they had 48.1% + 5.1% (p =
6.646 x 1075 df=22) and 31.2% + 5.1% (p = 9.808 x 10™%)
of dopamine in the striatum found in the saline group,
respectively (Fig. 1H). Dopamine metabolites, DOPAC and
HVA, were also decreased (Figs. 1L, J). Levels of stri-
atal MPP" (the active metabolite of MPTP) were 4.23 +
1.46 nmol/g tissue (p < 0.05 vs the saline control group) and
7.05 + 0.64 nmol/g tissue (p < 0.001 vs control) for the 50-
and 100-mg/kg-per-day regimens, respectively (p < 0.05 and
p < 0.001, by 1-way ANOVA followed by Tukey-Kramer
post hoc test). Despite the loss of nigrostriatal DA neurons
28 days after the implantation, behavioral changes were not
evident by rotarod test (even in the 100-mg/kg-per-day MPTP
group) at 25 days after implantation of minipumps (latency
time to fall: 198.3 + 26.0 seconds in the saline group and
229.7 + 17.2 seconds in the 100-mg/kg-per-day MPTP group;
p = 0.3461).

Immunoreactivity for the Ser129-Phosphorylated
aSyn in the SN of MPTP-Minipump Mice

Fornai et al (39) previously observed electron-dense and
fibrillar neuronal inclusions containing aSyn in the SN of
MPTP-minipump model mice. One of the critical pathogenic
modifications of aSyn is the phosphorylation at Ser129 residue
(40); therefore, we examined Ser129-p-a:Syn immunoreactivity
in the SN of our MPTP-minipump mice. In preliminary studies,
the anti-p-aSyn antibody was evaluated using nigral sections
of mice that had received a stereotaxic intranigral injection
of rAAV1 vector encoding human oSyn (Figure, Supple-
mental Digital Content 2, http:/links.Iww.com/NEN/A253).
The antibody reacted specifically with DA cell bodies in the
ipsilateral side of the SN (Figure, Supplemental Digital Content
2, parts B-E, I-K, hitp:/links.lww.com/NEN/A253) in which
human aSyn is overexpressed (Figure, Supplemental Digital
Content 2, parts 2 A, D, J, hitp:/links.lww.com/NEN/A253).
We found a small number of p-aSyn—immunopositive cells
in the SN of MPTP-minipump (50 mg/kg per day) mice
(Figs. 2B, G-J; see also Fig. 5I). These cells were not seen in
saline-minipump mice (Figs. 2A, C-F; also see Fig. 51).

Amelioration of Nigral DA Cell Loss by
rAAV1-Mediated Parkin Overexpression in
MPTP-Minipump Mice

We next investigated the effect of rAAV1-mediated
overexpression of parkin on the survival of DA neurons in
MPTP-minipump mice. High-titer rAAV1-parkin or rAAV1-
hrGFP was injected unilaterally into the SN of C57BL/6 mice.

FIGURE 5. Ser129-phosphorylated aSyn (p-a.Syn) immunoreactivity in the substantia nigra (SN) pars compacta of MPTP-minipump
mice injected with recombinant adeno-associated viral (rAAV1) vector-parkin. (A) SN sections of rAAV1-parkin/MPTP mice coim-
munostained for the p-aSyn (dark brown/purple) and tyrosine hydroxylase (TH) (brown) and visualized using diaminobenzidine. A
p-aSyn—positive cell is indicated by arrowhead. (B-H) SN sections of rAAV1-parkin/MPTP mice coimmunostained for p-aSyn (B, €,
E, F, H, green) and TH (B, D, E, G, H, red), merged with anti-p-aSyn (B, E, H, yellow), and visualized by fluorescence. Boxed areas
in (B) are enlarged in (C-E and F-H). (I) Counts of p-aSyn—positive cells in the SN, visualized by diaminobenzidine. Injection of
rAAV1-parkin significantly increased the p-aSyn—positive cells in MPTP-minipump mice. Numbers of analyzed mice in each group

are indicated. Data are mean = SEM. *, p

< 0.05; **, p < 0.01; and ***, p < 0.001 (1-way analysis of variance followed by Tukey-

Kramer post hoc test). Scale bars = (A) 50 pm; (B) 50 wm; (€) 10 um (applicable to (C-H)). -
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