RESEARCH—ANIMAL

Hyung Ho Yoon, MS*:

Jin Hoon Park, MD, PhD§*
Yong Hwan Kim, BS1l
Joongkee Min, PhD#

Eunmi Hwang, PhD||

C. Justin Lee, PhD||

Jun-Kyo Francis Suh, PhD#
Onyou Hwang, PhD**

Sang Ryong Jeon, MD, PhD:

$Department of Neurological Surgery and
**Department of Biochemistry and Molecular
Biology, University of Ulsan College of
Medicine, Seoul, Republic of Korea;
§Department of Neurological Surgery, Gang-
neung Asan Hospital, University of Ulsan
College of Medicine, Gangneung, Republic
of Korea; Department of Computer Science
and Engineering, Bioengineering Graduate
Program, University of Notre Dame, Notre
Dame, Indiana; ||Center for Neural Science and
WCI Center for Functional Connectomics,
Korea Institute of Science and Technology,
Seoul, Republic of Korea; #Center for Bionics
of Korea Institute of Science and Technology,
Seoul, Republic of Korea

*These authors contributed equally to
this work.

Correspondence:

Sang Ryong Jeon, MD, PhD,
Department of Neurological Surgery,
Asan Medical Center,

University of Ulsan College of Medicine,
Pungnap-2 dong, Songpa-gu,

Seoul 138-736, Korea.

E-mail: srjeon@amc.seoul.kr
Received, October 14, 2013.
Accepted, January 14, 2014.
Published Online, January 23, 2014.

Copyright © 2014 by the
Congress of Neurological Surgeons.

WHAT IS THIS BOX?

A QR Code is a matrix
barcode readable by QR
scanners, mobile phones
with cameras, and
smartphones. The QR
Code above links to
Supplemental Digital
Content from this
article.

NEUROSURGERY

Optogenetic Inactivation of the Subthalamic
Nucleus Improves Forelimb Akinesia in a Rat
Model of Parkinson Disease

BACKGROUND: The inhibition of neuronal activity by electrical deep brain stimulation
is one of the mechanisms explaining the therapeutic effects in patients with Parkinson
disease (PD) but cannot specifically activate or inactivate different types of neurons.
Recently, a new technology based on optogenetics has been developed to modulate
the activity of specific neurons. However, the therapeutic effects of optical inactivation
in the subthalamic nucleus (STN) have not been fully investigated.

OBJECTIVE: To perform various behavioral tests to evaluate changes in motor func-
tions in a PD rat model after optogene expression and, unlike previous studies, to assess
the therapeutic effects of direct optogenetic inactivation in the STN.

METHODS: 6-Hydroxydopamine-induced hemiparkinsonian rats received injections of
hSynapsin1-NpHR-YFP adeno-associated virus or an equivalent volume of phosphate-
buffered saline. Three weeks after injection of adeno-associated virus or phosphate-
buffered saline, the optic fiber was implanted into the ipsilateral STN. A stepping test,
a cylinder test, and an apomorphine-induced rotation test were performed in
3 sequential steps: during light-off state, during light stimulation, and again during
light-off state.

RESULTS: Stepping tests revealed that optical inhibition of the STN significantly
improved 6-hydroxydopamine-induced forelimb akinesia. PD motor signs, as assessed
by cylinder and apomorphine tests, were not affected by optical inhibition. Immuno-
fluorescence revealed that halorhodopsin was highly expressed and colocalized with
vesicular glutamate transporter 2 in the STN.

CONCLUSION: Optogenetic inhibition in the STN may be effective in improving con-
tralateral forelimb akinesia but not in changing forelimb preference or reducing
dopaminergic receptor supersensitivity. These findings are useful as a basis for future
studies on optogenetics in PD.

KEY WORDS: Deep brain stimulation, Forelimb akinesia, Halorhodopsin, hSynapsin1, Optogenetics, Parkinson
disease, Subthalamic nucleus
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eep brain stimulation (DBS) is a surgical

treatment for advanced Parkinson disease

(PD), resulting in remarkable ameliora-
tion of motor function and a reduction in the
need for medication.'” However, the mecha-
nisms underlying DBS are not clear. One
hypothesis is that the inserted electrode may
lead to an elevated extracellular potassium level,
resulting in inhibition of neuronal activity in the
target area in the PD rat model.*> However, it is
difficult to activate or inactivate a specific neuron
because of the nature of nonspecific electrical
stimulation.® Recently, a new technology using
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optogenes and illumination has been developed, leading to the
modulation of specific neurons.”®

To investigate the therapeutic effects of this new optogenetic
stimulation method, the subthalamic nucleus (STN), which is the
most common target of electrical DBS in PD patients, was used to
assess optogene expression. Optical stimulation of the STN with
halorhodopsin has previously been performed in a hemiparkinso-
nian rat model generated by 6-hydroxydopamine (6-OHDA)
injection.® After optical inhibition with halorhodopsin in the
STN, no therapeutic effects, as assessed by rotational behavior,
were observed in the rats, whereas high—frequency electrical
stimulation produced therapeutic effects.” Unfortunately, drug-
induced rotation tests in PD rats do not fully mimic the symptoms
of PD seen in humans.”!! Thus, more adequate behavioral
evaluation methods are needed to determine the efficacy of optical
STN inhibition.

In our present study, we provide therapeutic evidence of STN
inhibition using optical stimulation with halorhodopsin. The
stepping test has previously been used to monitor unilateral motor
deficits in a rat model of PD.'®'*'? By performing this test, we
were able to clarify whether the motor signs of animals improved
during light stimulation.

METHODS

Experimental Animals

Seventeen male Wistar rats (Orient Bio Inc, Seongnam, Korea)
weighing 250 to 300 g at the beginning of the experiment were housed
in a room with a 12 hour/12 hour light/dark cycle and free access to food
and water. All procedures complied with the guidelines of the Institutional
Animal Care and Use Committee of the Asan Institute for Life Sciences
(Seoul, Korea).

6-OHDA Lesion Surgery

Surgical procedures were performed under general anesthesia induced
by intraperitoneal injection of a mixture of 35 mg/kg zoletil (Virbac S.A.,
Carros, France) and 5 mg/kg rompun (Bayer, Leverkusen, Germany).
A total of 17 rats received unilateral injections of 8 pg 6-OHDA (Sigma,
St. Louis, Missouri) in 4 L of 0.9% saline with 0.1% ascorbic acid into
the right medial forebrain bundle at the following coordinates: AP —2.2
mm, L +1.5 mm relative to the bregma, and V —8.0 mm from the dura
by the Paxinos rat atlas, with the tooth bar set at +4.5 mm.'* The toxin
was delivered at a rate of 1 wL/min with a 33-gauge Hamilton syringe
and an automated microsyringe pump (Harvard Apparatus, Holliston,
Massachusetts). After injection, the needle was kept in place for
5 minutes to prevent the solution from flowing backward and was then
retracted over a subsequent 5 minutes.

Preparation of hSynapsin1-NpHR-YFP
Adeno-Associated Virus

The adeno-associated virus (AAV) vector plasmid pAAV2-hSynapsinl-
NpHR-YFP was constructed by removing the CMV promoter from
pAAV2-CMV  (Stratagene, La Jolla, California) and inserting the

hSynapsinl promoter and NpHR-YFP sequence (plasmid 26775,
Addgene). pAAV-RC plasmid harbors the AAV replication and capsid
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genes encoding the replication and virus capsid structure protein,
respectively. The pHelper plasmid contains the essential subset of
adenovirus genes, VA, E2A, and E4, necessary for AAV production in
HEK293 cells. For AAV2/2 production, 3 AAV plasmids (10 pg of each
plasmid) were cotransfected into HEK293 cells by use of a polyethyle-
nimine transfection kit (polyplus, Illkirch-Graffenstaden, France).

Injection of hSynapsin1-NpHR-YFP AAV

The minimum number of viral particles was 1.0 X 101° per 1 mL,
which is a concentrated virus package. Three weeks after injection of
6-OHDA, viral injections were performed under general anesthesia
induced by intraperitoneal injection of a mixture of 35 mg/kg zoletil and
5 mg/kg rompun. The rats were randomly separated into 2 groups. The
NpHR group (n = 10) received injections of 2.3 pL hSynapsin1-NpHR-
YFP AAV targeted at the ipsilateral STN (coordinates: AP, —3.8 mm;
L, +2.5 mm relative to the bregma; and V, —7.8 mm from the dura®® ).
The control group (n = 7) received an equivalent volume of phosphate-
buffered saline (PBS) injections. The AAV and PBS were delivered at
a rate of 0.5 wL/min with a Hamilton syringe and an automated
microsyringe pump in the same way as for the procedure of 6-OHDA
injections.

Optic Fiber Implantation and Light Stimulation

Optic fibers (200-wm core, 245-pm outer diameter, numerical
aperture of 0.53, RM3 type, and flat tip; Doric lenses; Québec City,
Québec, Canada) were cut to the length of 8.5 mm to optimize STN
depth. At least 3 weeks after injection of AAV or PBS, the animals were
positioned in a stereotactic frame under general anesthesia. After scalp
incision, 4 burr holes were drilled to fix screws around the insertion site
of the optic fiber. The optic fiber was implanted with the use of
a stereotactic cannula holder into the center of the STN at the same site
of AAV or PBS injection. The optic fiber was firmly fixed with
surrounding screws with dental cement (Vertex; Zeist, Nederland). For
light stimulations, the optic fiber was connected to the fiberoptic rotary
joint and LED (light-emitting diode) fiberoptic light source (Doric
lenses) that produces amber (590 nm) light. Spectral bandwidth was
17-nm full-width half-maximum, and output power with a fiber with
a 200-pm core and a numerical aperture of 0.53 was 1.1 mW by the
manufacturer’s measurement for amber (590 nm).

Stepping Test

The stepping test was performed twice at 1 and 4 to 6 weeks after optic
fiber implantation. Each stepping test was performed in 3 sequential steps:
during light-off state (prelight test), during light stimulation, and during
light-off state (postlight test). The stepping test was performed as
previously described with slight modifications.'®'® Briefly, both hind
limbs were firmly fixed in 1 hand of the experimenter, and 1 of the
forelimbs was fixed in the other hand. The test was repeated with both
the contralateral and ipsilateral forelimbs. The rostral part of the rat was
lowered onto a treadmill (Jeung Do Bio & Plant Co, Seoul, Korea) that
was moving at rate of 0.9 m/5 s. The rat’s body remained stationary
while the unilateral forelimb was allowed to spontaneously touch the
moving treadmill track for 10 seconds. All of the experiment sessions
were video recorded to allow the number of adjusted steps taken in the
backward direction to be counted. Every rat performed the stepping test
twice in each session, and the number of steps taken was averaged across
the 2 trials. Data are expressed as a percentage of contralateral forelimb
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touches from combined forelimb touches. When the rats used both
forelimbs symmetrically, the contralateral forelimb touch rate was 50%.

Cylinder Test

The cylinder test was performed at 2 to 3 weeks after optic fiber
implantation. Each cylinder test was performed in 3 sequential steps:
during light-off state (prelight test), during light stimulation, and during
light-off state (postlight test). The cylinder test was performed as
previously described.'” Briefly, a rat was placed in a transparent glass
cylinder (20-cm diameter, 35-cm height) until he explored the walls
vertically with his forelimbs > 20 times. All the tests were recorded to
count the number of spontaneous wall contacts. The first 20 wall
contacts were included for data analysis and are expressed as the number
of wall contacts in the contralateral forelimb, ipsilateral forelimb, and

both forelimbs.

Apomorphine-Induced Rotation Test

The apomorphine-induced rotation test was performed at 2 to 3 weeks
after optic fiber implantation. The test was performed in 3 sequential
steps: during light-off state (prelight test), during light stimulation, and
during light-off state (postlight test). Apomorphine (0.25 mg/kg, Sigma)
in sterile water was administrated subcutaneously, and rats were
immediately connected to the fiberoptic rotary joint (Doric lenses).
Rotational behavior was recorded for a total of 30 minutes (prelight test for
10 minutes, light stimulation for 10 minutes, and postlight test for
10 minutes). Data are expressed as the net (contralateral — ipsilateral
turns) average rotations per min.

Tissue Processing

For tissue fixation, rats were transcardially perfused with 0.9% saline
containing 10 000 IU heparin (Hanlim Pharm, Seoul, Korea), followed by
4% paraformaldehyde in PBS. Brains were extracted and postfixed
overnight in the same fixative, followed by dehydration in 30% sucrose
until they sank. Coronal sections (40-wm thickness) of the STN
(AP, —3.36 to —4.08 mm) and substantia nigra (SN; AP, —4.8 to
—6.0 mm) were collected with the use of a cryotome (Thermoscientific,
Waltham, Massachusetts) and preserved under free-floating conditions
in 0.08% sodium azide (Sigma) in PBS at 4°C.

Histology

For the detection of YFP expression, serial coronal sections of the STN
were washed in 0.5% bovine serum albumin in PBS (pH 7.4) and
incubated with DAPI (KPL, Gaithersburg, Maryland) in PBS. Cover-
slipped slides were then observed by confocal microscopy (Carl Zeiss,
Oberkochen, Germany; Leica, Wetzlar, Germany). Immunostaining
and immunofluorescence procedures were performed as previously
described.’® STN sections were incubated overnight with a rabbit
antivesicular glutamate transporter 2 (VGLUT2; 1:300; Synaptic
Systems, Gottingen, Germany) in 0.5% bovine serum albumin in
PBS. They were subsequently incubated for 2 hours with Alexa Fluor
555 goat anti-rabbit IgG (Invitrogen, Carlsbad, California). Fluorescent-
labeled tissues were coverslipped with DAKO fluorescent mounting
medium (DAKO, Glostrup, Denmark). SN  sections (rostral
section, —4.8 mm; medial section, —5.4 mm; caudal section, —6.0
mm) were selected and incubated overnight with a mouse anti-tyrosine
hydroxylase (TH; 1:2000; Sigma) antibody in 0.5% bovine serum
albumin in PBS (pH 7.4). They were subsequently incubated for 2 hours

NEUROSURGERY

OPTOGENETIC INACTIVATION IMPROVES FORELIMB AKINESIA

with biotinylated anti-mouse IgG (1:200; Vector Laboratories, Burlin-
game, California) in the same solution. The complexes of primary and
secondary antibody were visualized with a diaminobenzidine (R&D
Systems, Minneapolis, Minnesota) colorimetric reaction.

Imaging and Nigral Cell Counting

Fluorescent images were obtained with confocal microscopes (Carl
Zeiss or Leica) with the ZEN microscope software (Carl Zeiss). For nigral
cell counting, TH-immunopositive cells on both sides of the SN were
observed in 3 coronal sections with a Nikon 80i microscope (Nikon,
Tokyo, Japan) with NIS-Elements F3.0 software at X100 magnification.
Data are expressed as the percentage of cell loss in the ipsilateral
compared with the contralateral SN.

Statistical Analysis

All data are presented as mean = SD. All statistical analyses were
performed with SPSS (version 12.0.1; SPSS Inc, Chicago, Illinois).
A 1-way analysis of variance with a Tukey post hoc test was used to
analyze behavioral parameters between 2 groups. A repeated measures
analysis of variance was conducted to analyze differences in time-
dependent patterns in the stepping tests. TH-positive cells in the
groups were compared by use of independent-samples # tests. A value
of P < .05 was regarded as statistically significant.

RESULTS

Behavioral Analysis for Forelimb Akinesia

Before halorhodopsin injection, stepping tests showed that all rats
in the halorhodopsin from the Natronomonas pharaonis (NpHR)
group and the control group had similar contralateral forelimb
akinesia induced by 6-OHDA unilateral injection (data not
shown). After NpHR expression, the ratio of contralateral forelimb
touches in the prelight test was not different between the NpHR
and control groups (15.0 = 6.3% and 14.5 % 6.1%, respectively;
P = .88). During light stimulation, the NpHR group showed
significant improvement in the use of the contralateral forelimb
compared with the control group, which showed a continuous
decrease in contralateral forelimb touches (38.8 * 8.1% vs 9.8 =
6.3%; P < .001). In the NpHR group, there was also a significant
increase in contralateral forelimb touches during light stimulation
compared with the light-off states (prelight, 15.0 = 6.3%;
postlight, 17.5 * 10.1%; P < .001) at 1 week after optic fiber
implantation (see Figure 1A and Video, Supplemental Digital
Content 1, htep://links.Iww.com/NEU/A614, which demonstrates
the stepping test of contralateral forelimb touches). The improve-
ment in contralateral forelimb akinesia during light stimulation
persisted significantly in the NpHR group at 4 to 6 weeks after
optic fiber implantation (34.3 = 10.9%; P = .002 vs light-off
states). In the control group, there was no significant change in
contralateral forelimb touches during light stimulation compared
with light-off states at 4 to 6 weeks after optic fiber implantation
(prelight, 21.9 = 6.3%; light, 13.7 = 8.8%; postlight, 16.4 =
5.7%; P = .22). There was also no significant change in time-
dependent patterns between 1 and 4 to 6 weeks after optic fiber
implantation in the NpHR group (P = .93; Figure 1B).
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FIGURE 1. Optical inactivation of the subthalamic nucleus (STN) induces improvements in contralateral forelimb akinesia. A,
stepping tests were performed to evaluate whether contralateral forelimb akinesia could be improved by light stimulation of NpHR
in the STN. Data are shown as the rate of contralateral forelimb touches (%) in both forelimb rouches. In the NpHR group, the
contralateral motor deficit of hemiparkinsonian rats was significantly improved during light stimulation compared with light-off
states and the control group ("P < .001, P < .001). B, the NpHR group showed persistent improvement during light
stimulation compared with the light-off states at 1 and 4 to 6 week after optic fiber insertion ("P < .001, #P = .002). C, the
preference of forelimb use in the cylinder test was not affected by optical stimulation of NpHR in the STN. D, the control group
showed no significant change in the preference of forelimb use during optical stimulation compared with the light-off state. E,
apomorphine-induced rotation tests were not affected by optical stimulation in either the NpHR or the control group. Data are

expressed as the net (contralateral—ipsilateral turns) average rotations per min.

In the cylinder test, all rats in the NpHR and control groups
showed remarkable motor deficits in the use of their contralat-
eral forelimbs in the light-off states. The number of contralateral
forelimb contacts in the prelight test was 1.6 = 1.4 in the
NpHR group and 3.0 * 1.8 in the control group. Both the
NpHR and control groups showed no significant change in the
number of wall contacts by contralateral forelimb during light
stimulation compared with the light-off states (Figure 1C and
1D). The number of contralateral forelimb contacts in the light
stimulation test was 2.1 * 3.3 in the NpHR group and 1.9 =
1.7 in the control group. These effects persisted in the postlight

536 | VOLUME 74 | NUMBER 5 | MAY 2014

test for both groups (NpHR group, 1.2 * 3.2; control group,
1.4 = 0.8).

In the apomorphine-induced rotation test, all rats in the NpHR
(102 £ 3.7) and control (10.2 % 2.1) groups showed
contralateral rotations after apomorphine administration. These
rotations were persistent during light stimulation in both the
NpHR (10.8 * 3.2) and control (8.6 = 1.8) groups. This effect
also persisted in the postlight test (NpHR group, 10.7 * 3.2;
control group, 10.0 * 2.1). There was no significant change
induced by light stimulation in either group (NpHR, P = .91;
control, P = .25; Figure 1E).
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NpHR-YFP Expression Patterns and
Immunofluorescence for VGLUT2 in the STN

Confocal imaging revealed that YFP-expressing cells were
observed largely in the STN but were not detected in the zona
incerta or internal capsule, which is adjacent to the STN. The tip
of the optic fiber reached only the restricted area in the STN
(Figure 2A). Immunofluorescence for VGLUT?2 revealed that the
majority of YFP-expressing cells were VGLUT2 positive

OPTOGENETIC INACTIVATION IMPROVES FORELIMB AKINESIA

(Figure 2B). Colocalization of YFP and VGLUT?2 signals is
shown in detail in Figure 2C.

TH Immunohistochemistry

Three sections through the SN (rostral section, —4.8 mm;
median section, —5.4 mm; caudal section, —6.0 mm from bregma)
showed considerable loss of TH-positive cells in the lesion (NpHR
group, 93.1 = 1.6%; control group, 93.6 = 4.7%; Figure 3A-3C),

Optic fiber

r4
STN .

Overlay

200,000 nm

FIGURE 2. Confocal images showing glutamatergic neurons expressing NpHR-YFP in the subthalamic nucleus (STN). A,
NpHR-YFP was expressed in the target of the STN, and the end of the optic fiber (red arrow) was located exclusively in the STN.
B, vesicular glutamate transporter 2-(VGLUT2; a glutamatergic marker) positive cells were overlaid with NpHR-YFP expression
in the STN. C, NpHR-YFP was found to be expressed in the plasma membrane rather than in the nucleus (B, X100; C, X400
magnification). IC, internal capsule; PLH, peduncular part of the lateral hypothalamus; ZI, zona incerta.
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used in this study. A, rostral. B, median. C, caudal sections.

FIGURE 3. Tyrosine hydroxylase immunobhistochemistry results showing unilateral complete lesions of the substantia nigra in rats

indicating that the animals that were used in the present study had
complete lesions.

DISCUSSION

The mechanism of DBS action in humans is known to be
related to the generation of orthodromic and antidromic trains of
pulses that modulate the basal ganglia oscillations.'? In addition to
this mechanism, the inhibition of glutamatergic neurons in the
STN is another hypothesis regarding the underlying mechanisms
for the therapeutic effects of STN DBS.*® This inactivation of
the STN may decrease the firing pattern entropy of inhibitory
neurons in such areas as the globus pallidus interna and substantia
nigra pars reticulate, thereby ameliorating motor signs in PD.?%
Recently, based on this idea, clinical trials of AAV2-glutamic acid
decarboxylase injection into the STN to add an inhibitory GABA

538 | VOLUME 74 | NUMBER 5 | MAY 2014

outflow were conducted. This resulted in a decrease in excessive
excitatory glutamatergic output to the globus pallidus interna and
substantia nigra pars reticulate, indicating positive results.>>2°
NpHR is a membrane protein that can pump chloride ions
inwardly when illuminated with yellow light (590 nm), resulting
in inhibition of the action potential.**"~” Therefore, application
of NpHR into STN and light stimulation might exert therapeutic
effects by STN inhibition. A previous study showed that optical
activation of afferent fiber to STN by channelthodopsin, which
has neuronal activation effect by blue light (wavelength, 470 nm),
was effective in eliciting therapeutic effects on motor signs as
measured by the rotation test, but optogenetic inhibition of
excitatory neurons in the STN itself via NpHR was not effective.®
We consider that rotation tests appear insufficient to evaluate
proper motor signs of PD because asymmetrical dopamine release
or supersensitivity of the dopaminergic receptor is poorly related
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to human PD.'%?%3! 1n our present study, we performed

spontaneous behavioral tests for unilateral forelimb akinesia to
assess the efficacy of optical stimulation in the STN for
optogenetic inhibition using halorhodopsin.

To evaluate forelimb akinesia, the stepping test and the cylinder
test were used, which can assess changes in motor deficit of the
contralateral forelimb and indicate the preference of either fore-
limb, respectively.'” The rats that received AAV-NpHR injection
into the ipsilateral STN showed significant improvement in
contralateral forelimb akinesia during light stimulation in the
stepping test but did not show any changes in the preference of
forelimb use in the cylinder test. These results indicate that
transient inactivation of neurons in the STN by optical
stimulation was effective for contralateral forelimb akinesia but
may not be sufficient to improve asymmetrical preference in
using the ipsilateral forelimb. This finding supports our notion
that a variety of behavioral tests should be performed to analyze
improvements in motor deficits in a unilateral rat model of PD
and that the cylinder test may be inappropriate in this model
because rats cannot alter their preferable forelimb during a short
period of optical stimulation. An evaluation using various optic
illumination parameters would be needed to elucidate optogenetic
effect in the cylinder test. The therapeutic effect seen in the
stepping test was maintained for 1 month (Figure 1B). Even
though the response to the light stimulation in the second test
seemed to be less sensitive than that of the first test, there was no
statistical significance (P = .85). Besides, the PD control group
showed no significant changes in contralateral forelimb touches
during prelight, light, and postlight stimulation, suggesting that the
therapeutic effect of forelimb akinesia was caused not by a lesion or
surgical effect but by optical inactivation of neurons in the STN.

We conducted apomorphine-induced rotation tests for 30 minutes
(prelight for 10 minutes, light stimulation for 10 minutes, and
postlight for 10 minutes). During rotation tests, the amount of time
sufficient for optic stimulation is not well known, but we believe
10 minutes is sufficient to compare results between groups. In this
study, no significant changes in rotation were observed during light
stimulation in either group, suggesting that inactivation of STN
neurons by halorhodopsin stimulation did not affect postsynaptic
changes in the dopaminergic neurons induced by presynaptic
dopaminergic depletion. However, inhibition of STN neurons by
halorhodopsin stimulation modulated the output to the globus
pallidus interna or substantia nigra pars reticulate as shown by the
motor improvements during the stepping test.

The hSynapsinl promoter used in the present study has
previously been used to express optogenes in neurons with the
exception of glial cells.”®** % Synapsin1 plays an important role
in activity of vesicles in glutamatergic and GABAergic termi-
nals,”> indicating that NpHR-YFP could be expressed in
glutamatergic neurons of STN using the hSynapsinl promoter.
In addition, a previous study showed that the AAV-hSynapsinl
combination could transduce either excitatory or inhibitory
However, cell bodies of the STN are strongly
immunoreactive to glutamate but not to GABA, indicating that

IlCUI'OHS.33
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neuronal cell bodies in STN are glutamatergic neurons,”**® and
the AAV-hSynapsinl combination could be selectively localized
in STN by injection. In our present study, NpHR-YFP was
expressed in the cell bodies of STN under the control of
hSynapsinl. Immunofluorescence for VGLUT2, which is
a specific marker of glutamatergic neurons, revealed colocaliza-
tion between YFP-expressing cells and VGLUT2-positive cells,
indicating that NpHR is expressed in glutamatergic neurons of
the STN. In addition, it was reported that selective glutamatergic
inactivation could be achieved by strict insertion of optic fibers
into the STN.? In our study, the tip of the inserted optic fiber
was located exclusively in the STN area, which could increase the
selectivity of the optic inhibition effect of STN.

We did not perform in vivo electrical recordings of neuronal
activity, but it is well established that expressed halorhodopsin
with light stimulation inhibits action potential occurrence.”
Besides, the present study showed that NpHR is expressed in
glutamatergic neurons of the STN. Thus, it is reasonable to infer
that inactivated STN neurons by NpHR expression and light
illumination resulted in the improvement of stepping test.

TH immunohistochemistry revealed that all rats in this study
had considerable cell loss in the lesions of the SN and that the loss
was sufficient to cause contralateral forelimb akinesia. This
indicates that the therapeutic effect of forelimb akinesia was
induced not by spontaneous improvement but by optical
inactivation in the STN.

CONCLUSION

The results of our present study reveal that inhibition of
glutamatergic neurons in the STN using optogenetics may be
effective in improving contralateral forelimb akinesia but not in
changing forelimb preference or reducing dopaminergic receptor
supersensitivity. These findings suggest that it is important to
assess the effect of optogenetic stimulation using appropriate
behavioral methods, which may be useful for future studies of
optical modulation in PD.

Disclosure

This work was supported by a “KRCF National Agenda Project,” by the Pioneer
Research Center Program through the National Research Foundation of Korea
funded by the Ministry of Science, ICT, and Future Planning (NRF-2010-
0019351); by the Gangneung Asan Hospital (Biomedical Research Center
Promotion Fund, 2012-06); and by an Asan Life Science Institute Grant (13-241)
from the Asan Medical Center, Seoul, Republic of Korea. The authors have no
personal financial or institutional interest in any of the drugs, materials, or devices
described in this article.

REFERENCES

1. Benabid AL, Pollak P, Gao D, et al. Chronic electrical stimulation of the ventralis
intermedius nucleus of the thalamus as a treatment of movement disorders.
J Neurosurg. 1996;84(2):203-214.

2. Kringelbach ML, Jenkinson N, Owen SL, Aziz TZ. Translational principles of
deep brain stimulation. Nat Rev Neurosci. 2007;8(8):623-635.

3. Breit S, Schulz JB, Benabid AL. Deep brain stimulation. Ce// Tissue Res. 2004;318
(1):275-288.

VOLUME 74 | NUMBER 5 | MAY 2014 | 539

020z Aieniga4 g uo Jasn Aleiqi AlisiaAiun eaioy AQ 879/ by Z/SES/S v . Aoensqe-ajonie/Aiebinsoinau/woo dno olwapese//:sdiy Woll papeojumod



YOON ET AL

20.

21.

22.

23.

24.

25.

26.

. Shin DS, Samoilova M, Cotic M, Zhang L, Brotchie JM, Carlen PL. High

frequency stimulation or elevated K+ depresses neuronal activity in the rat
entopeduncular nucleus. Neuroscience. 2007;149(1):68-86.

. Sutton AC, Yu W, Calos ME, et al. Elevated potassium provides an ionic

mechanism for deep brain stimulation in the hemiparkinsonian rat. Eur / Newrosci.
2013;37(2):231-241.

. Gradinaru V, Mogri M, Thompson KR, Henderson JM, Deisseroth K. Optical

deconstruction of parkinsonian neural circuitry. Science. 2009;324(5925):354-359.

. Carter ME, de Lecea L. Optogenetic investigation of neural circuits in vivo. Trends

Mol Med. 2011;17(4):197-206.

. Deisseroth K, Feng G, Majewska AK, Miesenbock G, Ting A, Schnitzer MJ. Next-

generation optical technologies for illuminating genetically targeted brain circuits.
J Neurosci. 2006;26(41):10380-10386.

. Lindner MD, Plone MA, Francis JM, Emerich DF. Validation of a rodent model

of Parkinson’s disease: evidence of a therapeutic window for oral Sinemet. Brain

Res Bull. 1996;39(6):367-372.

. Olsson M, Nikkhah G, Bentlage C, Bjorklund A. Forelimb akinesia in the rat

Parkinson model: differential effects of dopamine agonists and nigral transplants as
assessed by a new stepping test. / Newurosci. 1995;15(5 pt 2):3863-3875.

. Scherfler C, Puschban Z, Ghorayeb I, et al. Complex motor disturbances in

a sequential double lesion rat model of striatonigral degeneration (multiple system
atrophy). Neuroscience. 2000;99(1):43-54.

. Grealish S, Jonsson ME, Li M, Kirik D, Bjorklund A, Thompson LH. The A9

dopamine neuron component in grafts of ventral mesencephalon is an important
determinant for recovery of motor function in a rat model of Parkinson’s disease.
Brain. 20105133 (pt 2):482-495.

. Yoon HH, Min ], Shin N, et al. Are human dental papilla-derived stem cell and

human brain-derived neural stem cell transplantations suitable for treatment of
Parkinson’s disease? Neural Regen Res. 2013;8(13):1190-1200.

. Kollensperger M, Stefanova N, Pallua A, et al. Striatal transplantation in a rodent

model of multiple system atrophy: effects on L-Dopa response. / Neurosci Res.
2009;87(7):1679-1685.

. Salin P, Manrique C, Forni C, Kerkerian-Le Goff L. High-frequency stimulation

of the subthalamic nucleus selectively reverses dopamine denervation-induced
cellular defects in the output structures of the basal ganglia in the rat. / Neurosci.
2002;22(12):5137-5148.

. Paille V, Henry V, Lescaudron L, Brachet P, Damier P. Rat model of Parkinson’s

disease with bilateral motor abnormalities, reversible with levodopa, and

dyskinesias. Mov Disord. 2007;22(4):533-539.

. Schallert T, Fleming SM, Leasure JL, Tillerson JL, Bland ST. CNS plasticity and

assessment of forelimb sensorimotor outcome in unilateral rat models of stroke,
cortical ablation, parkinsonism and spinal cord injury. Newropharmacology. 2000;
39(5):777-787.

. Hwang O, Baker H, Gross S, Joh TH. Localization of GTP cyclohydrolase in

monoaminergic but not nitric oxide-producing cells. Synapse. 1998;28(2):140-153.

. Montgomery EB Jr, Gale JT. Mechanisms of action of deep brain stimulation

(DBS). Neurosci Biobehav Rev. 2008;32(3):388-407.

Ammari R, Lopez C, Bioulac B, Garcia L, Hammond C. Subthalamic nucleus
evokes similar long lasting glutamatergic excitations in pallidal, entopeduncular
and nigral neurons in the basal ganglia slice. Neuroscience. 2010;166(3):808-818.
Murer MG, Riquelme LA, Tseng KY, Pazo JH. Substantia nigra pars reticulata
single unit activity in normal and 60HDA-lesioned rats: effects of intrastriatal
apomorphine and subthalamic lesions. Synapse. 1997;27(4):278-293.

Ni Z, Bouali-Benazzouz R, Gao D, Benabid AL, Benazzouz A. Changes in the
firing pattern of globus pallidus neurons after the degeneration of nigrostriatal
pathway are mediated by the subthalamic nucleus in the rat. Eur J Neurosci. 20005
12(12):4338-4344.

Sanders TH, Clements MA, Wichmann T. Parkinsonism-related features of
neuronal discharge in primates. / Neurophysiol. 2013;110(3):720-731.

Dorval AD, Russo GS, Hashimoto T, Xu W, Grill WM, Vitek JL. Deep brain
stimulation reduces neuronal entropy in the MPTP-primate model of Parkinson’s
disease. J Neurophysiol. 2008;100(5):2807-2818.

LeWitt PA, Rezai AR, Leechey MA, et al. AAV2-GAD gene therapy for advanced
Parkinson’s disease: a double-blind, sham-surgery controlled, randomised trial.
Lancet Neurol. 2011;10(4):309-319.

Kaplitt MG, Feigin A, Tang C, et al. Safety and tolerability of gene therapy with an
adeno-associated virus (AAV) borne GAD gene for Parkinson’s disease: an open
label, phase I trial. Lancet. 2007;369:2097-2105.

540 | VOLUME 74 | NUMBER 5 | MAY 2014

27. Gradinaru V, Thompson KR, Zhang F, et al. Targeting and readout strategies
for fast optical neural control in vitro and in vivo. J Neurosci. 2007;27(52):
14231-14238.

28. Yizhar O, Fenno LE, Davidson TJ, Mogri M, Deisseroth K. Optogenetics in
neural systems. Neuron. 2011;71(1):9-34.

29. Zhang F, Wang LP, Brauner M, et al. Multimodal fast optical interrogation of
neural circuitry. Nature. 2007;446(7136):633-639.

30. Battisti JJ, Uretsky NJ, Wallace LJ. Sensitization of apomorphine-induced
stereotyped behavior in mice is context dependent. Psychopharmacology (Berl).
1999;146(1):42-48.

31. Gerlach M, Riederer P. Animal models of Parkinson’s disease: an empirical
comparison with the phenomenology of the disease in man. / Neural Transm.
1996;103(8-9):987-1041.

32. Diester I, Kaufman MT, Mogri M, et al. An optogenetic toolbox designed for
primates. Nat Neurosci. 2011;14(3):387-397.

33. Nathanson JL, Yanagawa Y, Obata K, Callaway EM. Preferential labeling of
inhibitory and excitatory cortical neurons by endogenous tropism of adeno-
associated virus and lentivirus vectors. Newuroscience. 2009;161(2):441-450.

34. Kugler S, Kilic E, Bahr M. Human synapsin 1 gene promoter confers highly
neuron-specific long-term transgene expression from an adenoviral vector in
the adult rat brain depending on the transduced area. Gene Ther. 2003;10(4):
337-347.

35. Bogen IL, Haug KH, Roberg B, Fonnum F, Walaas SI. The importance of
synapsin I and II for neurotransmitter levels and vesicular storage in
cholinergic, glutamatergic and GABAergic nerve terminals. Neurochem Int.
2009;55(1-3):13-21.

36. Smith Y, Parent A. Neurons of the subthalamic nucleus in primates display
glutamate but not GABA immunoreactivity. Brain Res. 1988;453(1-2):
353-356.

Supple tal digital is available for this article. Direct URL citations

appear in the printed text and are provided in the HIML and PDF versions of this

article on the journal’s Web site (www.neurosurgery-online.com).

COMMENTS

Ithough deep brain stimulation provides substantial relief of the

motor signs of Parkinson disease, the mechanism of deep brain
stimulation is unclear. This article provides insight into possible mecha-
nisms for the treatment of Parkinson disease by modulating neuronal
activity with optogenetics. The authors demonstrate the ability to improve
contralateral forelimb akinesia with the use of optogenetics while
emphasizing the importance of selecting appropriate methods for exam-
ining the therapeutic benefits of treatments in animal models. The authors
are the first to effectively demonstrate the therapeutic benefit of optical
inhibition of the subthalamic nucleus by halorhodopsin in the rat model.
Previous studies reported improvement in rotation tests in mice using
channelrhodopsin but saw no improvement in rotation tests using

halorhodopsin."

Sara J. Hanrahan
Adam O. Hebb
Englewood, Colorado

1. Gradinaru V, Mogri M, Thompson KR, Henderson JM, Deisseroth K. Optical
deconstruction of parkinsonian neural circuitry. Science. 2009;324(5925):254-259.

his is an interesting article in a dynamic and promising area of
research. The authors have studied the effects of optogenetic inhibi-
tion of the subthalamic nucleus in a rat parkinsonian model. They have
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been able to demonstrate a behavioral effect on the modeled symptoms
through targeted inhibition of glutamatergic subthalamic nucleus neu-
rons. This article is important for a number of reasons: It further advances
the relatively recent field of optogenetic methodology; it demonstrates
a direct symptomatic benefit in parkinsonian rats via glutamatergic sub-
thalamic nucleus inhibition; and most important, it offers further insight

OPTOGENETIC INACTIVATION IMPROVES FORELIMB AKINESIA

into the pathophysiology of motor parkinsonian deficits with relevance to
therapeutic approaches, particularly deep brain stimulation and gene
therapy.

Codrin Lungu
Bethesda, Maryland
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