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Abstract

Transplantation and functional analysis of mouse
embryonic stem cell-derived dopamine neurons in a

Parkinsonian rat model

Yoon Hee Cho

Department of Medical Science
The Graduate School, Yonsei University

(Directed by Professor Jin Woo Chang)

Embryonic stem cells (ESCs) are good for applicaoch a Parkinson's
disease because it primarily involves the degeiveréass of a specific cell
type, namely the midbrain dopaminergic (DA) neuronthe substantia nigra.

To test thein vivo effect of a high yield of DA neurons (90% of total



neurons) which had been generated from a gengticaitified mouse ESC
line, N2, the cells were transplanted into a ratledaf Parkinson’s disease
(PD). The PD animals grafted with N2-derived cedlsowed significant
behavior improvements compared with sham controlemf 2 weeks
posttransplantation, whereas animals with naived®d+ed cells (~28% DA
neurons of total neurons) showed only a modestvergo Furthermore,
hyperactivity observed in the subthalamic nuclesiEN), pedunculopontine
nucleus (PPN), and substantia nigra pars reticii&tpor) of PD rat models
was dramatically reduced by the grafting of N2-dedli cells. The number of
DA neurons in the striatum which originated from Nafting was much
higher compared to that from D3 grafting, and threurons efficiently
released DA in the brain, showing a good correfatigith behavioral

recovery.

Key words: Embryonic stem cells, Differentiation,of@amine neurons,
Parkinson disease, Behavior recovery



Transplantation and functional analysis of mousbergonic
stem cell-derived dopamine neurons in a Parkinsoraa
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Yoon Hee Cho

Department of Medical Science
The Graduate Schooal, Yonsei University

(Directed by Professor Jin Woo Chang)

[ . INTRODUCTION

Parkinson's disease (PD) is a neurodegenerativeddischaracterized by the
progressive loss of dopaminergic (DA) neurons im shibstantia nigra pars
compacta (SNpc) and a reduction in striatal dopatifin This leads to a
variety of symptoms including the primary motor idi$ of tremor,

bradykinesia, and rigidity, as well as other nortangroblems. In PD, the
progressive loss of DA neurons in the SNpc leadsnfmaired information

processing in the basal ganglMore specifically, it is thought that the
reduction in the dopamine level is responsible ttee imbalance in the
activities of the direct and indirect pathways frame striatum to the basal

ganglia output structures, the pars reticulartéhefsubstantia nigra (SNpr),



and the internal portion of the globus pallidus {GP The increased
activity of basal ganglia output structures in dopamine-depleted state may
be partially due to an elevation of the excitatdrive from the subthalamic
nucleus (STN). The reduction of subthalamic neuronogut has been found
to reverse the behavioral effects in Parkinson&s, iprimates, and humans.
5,6,7,8,9,10

Deep brain stimulation of the GPi and the subthaamcleus (STN), which
is believed to relieve the motor symptoms by legdio depolarization
blockageof neurons in the aréd&™ Although neurosurgical treatment, deep
brain stimulation, has been found to be benefifial some patients with
advanced PD, the prevailing strategy for the treatmof PD is
pharmacological. Current approaches for the treattnoé PD include the
treatment with combined L-DOPA and carbidopa, whidktrease the
synthesis and release of dopamine. These treatrmenfsarticularly effective
in alleviating the akinesia and the rigidity duriegrly stages of the disease.
However, as the disease progresses, less dopaseumens are available to
synthesize dopamine, the effectiveness of the nweatt decreases and L-
DOPA-induced dyskinesia appeats.

Thus, an alternative approach for restoration ef damaged DA system is
transplantation of DA-synthesizing cellSell transplantation to replace lost
neurons, such as the case of PD is based on asvsolthe predominent
symptoms of PD are dependent on the loss of the neArons in the
nigrostriatal pathway: and DA neurons grafted itite dopamine-deficient
striatum can replace those neurons lost as a refstiie disease process and
can reverse, at least in part, the major symptohtheo disease. Therefore,
cell transplantation is a new approach for the ttneat of progressive
neurodegenerative disease. Many studies have eeptirat fetal brain cells

can relieve the symptoms of PB® However, this approach also has



limitations, including an ethical issue and thehtgcal difficulty of obtaining
large amounts of fetal brain tisstfé>**'"'® To obtain DA-synthesizing
cells from other sources, many scientists havel tiwedevelop protocols for
inducing DA neurons from embryonic stem cells (ES&§%22:2324.25.26

ESCs are pluripotent and capable of self-renewaCdare derived from the
inner cell mass of mammalian blastocysts. Becaafs¢heir ability to
proliferate indefinitelyin vitro while maintaining an undifferentiated state
with their developmental potential to differentidm¢o most cell types, ESCs
are not only useful to analyze critical steps df development but also as a
potential source for cell replacement ther&d$2°**%3 These ESCs are
good for application such a PD because it primanplves the degenerative
loss of a specific cell type, namely the midbraifs @eurons in the substantia
nigra®3* For the purpose of applying the ESCs to PD, masgarchers
have tried to develop protocols by which ESCs fromany species can
differentiate into DA neuronal phenotypgg®?:22232425.2635 This study
analyze of ESCs-derived DA neuron application femiparkinsonian rat
model. Several laboratories have demonstratedotieiotypes characteristic

of midbrain DA neurons can be efficiently induckdvitro and/orin vivo
from mouse and primate ESCs. The five-stage meisodne of most
successfuin vitro induction procedures in which mouse ESCs aredisivn

to form embryoid bodies (EB), followed by selectiamd expansion of
nestif neural precursors, and differentiation into neusalbtypes’
Another efficientin vitro method for DA neuron induction is the co-culture
method with PAG6 feeder cells that have stromaldetived inducing activity
(SDIA).** This method can generate as much as 34% of tyrosine
hydroxylase (TH) cells among Tujlneurons, in the presence of signaling
molecules such as sonic hedgehog (Shh), fibrobjastth factor (FGF) 8,

and ascorbic acid. Recently reported that, in thesgnce of signaling



molecules, the co-culturing of Nurrl-expressing s®UESCs (N2 or N5)
with PA6 stromal cells can synergistically generat®ugh DA neurons to
compose up to 90% of total neurcAsRecent data from this and other
groups demonstrated that forced expression of Narrttanscription factor
critical for the development of midbrain DA neurgh$’ can greatly facilitate
the induction of DA neurons from mouse ESZ%. These cells show that
the high yield of DA neurons efficiently functioris a Parkinsonian rat
model.

The present study demonstrates that DA-synthescailg from mouse ESCs
that a very high proportion of midbrain DA neurof-to 90% of Tujl
neurons) can be generated from Nurrl-overexpressougse ESCs using the
optimized PA6 co-culture method within a short pdrbf time (~14 days)
can functionally integrate into host rat brain Wissand can also lead to
behavioral recovery in a rodent model of PD. To estigate the
transplantation effects of ESCs in a rat PD models, evaluated the
behavioral test such as a forepaw adjusting stepaed an apomorphine
induced rotation test at pre-transplantation anst-goafting mouse ESCs in
the parkinsonian rat models. We analyzed histollgiassessment for
transplanted THcells by immunohistochemistry.

We studied analysis of dopamine, implanting witltnodialysis probe in the
ipsilateral striatum of experimental animals.

To electrophysiologically investigate the transpddion effect, we examined
the firing rates and firing patterns in the PPNp&Nind STN by extracellular
single-unit microelectrode recording. In PD, thegressive deficit of DA
cells in the SNpc results in hyperactivity in thd@, STN, and PPN due to

impaired information processing in the basal gangli



II. MATERIALS AND METHODS

1. In vitro Differentiation of ESCs

Undifferentiated mouse ESCs (the wild-type D3 andgridexpressing N2)
were maintained on gelatin-coated dishes in DMENb¢§G, Rockville, MD,
USA) supplemented with 2mM glutamine (Gibco), 0%01 2-
mercaptoethanol (Gibco), 1x non-essential amindsa@ibco), 10% donor
horse serum (Sigma), and 2000U/ml human recombierakémia inhibitory
factor (LIF; R & D Systems, Minneapolis, MN, USA)o differentiate ESCs,
PAG6 cells were plated on gelatin coated culturdalisto make a uniform
feeder monolayer 1 day before the addition of DN@rcells. ESCs were
then allowed to differentiate on the PA6 feederlscébr 14 days. ES
differentiation medium | [G-MEM medium (Glasgow ririmum essential
medium, Gibco) supplemented with 10% knockout sereptacement (KSR,
Gibco), 0.1 mM nonessential amino acids (GibcomM sodium pyruvate
(Sigma), 0.1 mM 2- mercaptoethanol (Gibco) and PESibco)] was used
for 8 days and then replaced with ES differentiatinedium Il [G-MEM
medium (Gibco) supplemented with N-2 supplementb¢@j, 0.1 mM
nonessential amino acids (Gibco), 1 mM sodium pgre(Sigma), 0.1 mM
2- mercaptoethanol (Gibco) and PEST (Gibco)] fomdditional 6 days. The
culture medium was changed on day 4 and every dtoethereafter. During
differentiation of N2 cells, signaling moleculescbuas Shh, FGF 8 were

treated during days 5-9 and ascorbic acid was addedg days 9-14°

2. Immunostaining



After 14 days of differentiation on PAG6 feeder IgyESCs were fixed with
4% formaldehyde for 30 minutes, rinsed with phospiffered saline
(PBS), and then incubated with blocking buffer (PB8% normal donkey
serum {NDS} or normal goat serum {NGS}, and 0.1%tdm X-100) for 10
minutes. Cells were incubated overnight &t 4vith primary antibodies
dilutes in PBS containing 2% NDS or NGS. The foliogvantibodies were
used: rabbit antB-tubulin (1:2,000; Covance, Richmond, CA, USA), efne
anti-TH (1:200; Pel-Freez, Rogers, AK, USA).

The coverslips were washed with PBS and then intedbwaith fluorescent
labeled secondary antibodies {Alexa Fluor 488 (gyear Alexa Fluor 568
(red)-labeled donkey/goat IgG (1:500 Molecular Rydnvitrogen, Carlsbad,
CA) in PBS with 2% NDS or NGS for 30 minutes atmotemperature. The
coverslips were rinsed fors310 minutes in PBS and mounted onto slides
using Gel/Mount (Biomeda Corp., Foster City, CARII€ were examined
using a Leica TCS/NT conforcal microscope equippeith krypton,
krypton/argon, and helium lasers. Cells were calindecording to the

protocol to set up previousf§ with a slight modification.

3. Semiquantitative reverse transcription polymerase chain

reaction analysis

The procedure was performed as described previduslger differentiation,
total RNA from ESC-derived neurons was extractadgughe Easy-Spin kit
(Intron, Korea) and DNase | treatment to avoid geieccontamination. Total
RNA (1 ng each) was reverse transcribed with power cDNAt®gis kit

(Intron, Korea) as manufacture’s instruction. Payase Chain Reaction



(PCR) conditions were optimized, and linear ampdifion range was
determined for each primer by varying annealing perature and cycle
number. PCR products were identified by size.

Primer sequences were: Oct4(5-CGTTCTCTTTGGAAAGGTGI3', 5'-
ACACTCGGACCACGTCTTTC-3), Sox1(5-CAATGCGGGGAGGAGAA
GTC-3', 5-'CTCTGGACCAAACTGTGGCG-3"), TH(5-TTGGCTGZCG
CACATTTG-3";5'-ACGAGAGGCATAGTTCCTGAGC-3’), DAT(5'-CAGA
GAGGTGGAGCTCATC-3',5-GGCAGATCTTCCAGACACC-3'), GAPDH
(5-GGCATTGCTCTCAATGACAA-3',5-AGGGCCTCTCTCTTGCTCTC
-3’). For semiquatitative RT-PCR, PCR reactions wereied out with 1x IN
Reaction Buffer (Epicentre Technologies, Madison, WSA), 1.4 nM of
each primer, and 2.5 units of Tag | DNA polymer@&®mega, Madison, WI,
USA). Samples were amplified in an Eppendorf Thewyater (Brinkmann
Instruments, Westbury, NY, USA) under the followicgnditions: denaturing
step at 95 °C for 40 seconds; annealing step &€ 66r 30 sec; amplification
step at 72 °C for 1 min for 20 to 35cycles

4. Production of a Parkinsonian rat model, and cell transplantation

Male Sprague-Dawley rats weighing 200-230g weredus® generate

Parkinsonian rat models. The surgical procedurepeaformed as described
previously*”*

In brief, animals per groups were housed in a teatpee-controlled room on
a 12hr.-light/12hr.-dark schedule with free acces$ood and water. Rats
were anesthetized with a mixture of ketamine (75kg)g acepromazine
(0.75 mg/kg) and rompun (4 mg/kg) and mounted #teaeotaxic apparatus.
A neurotoxin 6-OHDA hydrobromide (Sigma, St LouisO, 8 ug free base

in 4 ul of 0.2 % ascorbic acid) was injected into thedmal forebrain bundle



according to the following stereotaxic coordinaid®:.—4.4 mm, ML 1.2 mm
relative to bregma, and DV -7.5 mm from the durlae Thjection was made
at a rate of 0.5ul/min using a cannula, and wasrolbed using a Hamilton
microsyringe. The connection between the cannulktla® microsyringe was
composed of polyethylene tubing. To prevent theadnergic neurons
being destroyed, desipramine (12.5 mg/kg, i.p.) adsinistered 30 min
prior to the 6-OHDA infusion.

After two weeks of the development of 6-OHDA-indddesions, animals
were tested for turning and forepaw adjusting steppas described in a
previous study® One week after behavioral testing, mouse ES oeie
transplanted using a sterilized stainless steallad6.3 mm O.D.) connected
to a Hamilton microsyringe. Undifferentiated mouse(ds (the wild type D3
and Nurrl-expressing N2) were maintained and diffeated as described
previously®® Naive D3 and N2 —derived cells were transplanted iat
striatum atin vitro differentiation day 9 (precursor cells) of totdl days. 4
1l of the cell suspension (110 cells/u) was injected into the ipsilateral
striatum [AP, +0.2 mm; ML, 3.0mm; DV, 4.5mm (&) and 5.5mm (2u(),
respectively] over a period of 3 min. A time lapske4 min before the
removal of the needle allowed the cells to setther The rats were given an
injection of cyclosporin A (10 mg/kg, i.p.; ChonguK Dang Pharm., Seoul,
Korea) 24 hr before grafting and this was continugdtil sacrifice.
Behavioral testing of mouse ES cell grafted groas wonducted after th&%2
4™ 6" and § weeks of transplantation.

Experimental groups were divided into 4 groups) @ normal group, 10 rats
without lesions; {i) a sham control group with 6-OHDA lesions (n=1(Q)

a 6-OHDA lesioned group transplanted with neurogrgveéd from wild-type

mouse ES cells (D3, n=25); antr] a 6-OHDA lesioned group transplanted

10



with neurons derived from Nurr-expressing ESCs (N225). Teratoma
formation was observed in four animals among 5@nats for D3 and N2
cell grafts.

5. Behavioral Tests

After two weeks of the development of 6-OHDA-indddesions, animals
were tested for turning behavior (apomorphine &tr@g/kg i.p., in saline
containing ascorbic acid at 2 mg/ml; Sigma, St. iEpiMO, USA) and
forepaw adjusting stepping, as described in a prsvstudy?’

A. Forepaw adjusting step test

Two weeks after the development of 6-OHDA-inducesidns, the animals
were moved across a table at a speed of 90 cm/1Rsés were held at the
rear part of the torso by one hand with their hintlk lifted and one forepaw
was held steady with another hand of the experianesu as to bear weight
on the other forepaw. During this interval, the temof adjusting steps of
the weight-bearing forepaw to compensate for theremmnt of the body

were counted. The speed of the belt on the treddrag controlled by a d.c.
servomotor (Bison Gear and Engineering Corp.) apdwaer controller unit

(Motor Master, Glendale, CA). The belt of the tneditlwas made of flexible

rubber and the surface was covered with cloth tapgve a textured surface
for the forepaw movements.

Each stepping test consisted of five trials forhedorepaw, alternating

between forepaws. In all experiments, the averddgbeofive trials for each

forepaw was used for analysis.

11



B. Apomor phine-induced rotation test

Drug-induced rotations were measured using an aittxn rotometer
consisting of a rotation bowl and a tether attadioeithie torso of the rat. In 6-
OHDA lesion experiments, apomorphine-induced rotat{0.1 mg/kg, i.p.)
was determined two weeks after the 6-OHDA lesioonmediately following
the stepping test. In all experiments, the totahber of rotations during the

1 h test was used for analysis.

6. Extracdlular single-unit microrecording

The extracellular unit recording procedure (nornadl n=5, PD model: n=5,
D3 graft: n=10, N2 graft: n=10) and statistical lgses were performed as
described previousl. In brief, for the extracellular unit recordingg, £0
weeks after transplantation, the rats were aneatiietvith urethane (1.3
mg/kg i.p.). A Glass microelectrode (WPI, SarasbBla, USA, impedance 7-
10 Mohm at 100Hz) filled with 2.5% pontamine skwélin 0.5 M sodium
acetate buffer (pH 7.6) was used for single recgsli Microelectrodes were
stereotaxically guided through the drilled skullribinole to the target
coordinates; (pedunculopontine nucleus(PPN): APAT8 ML; 1.8 mm and
DV, 6.6-7.2 mm; substantia nigra pars reticulatdlS: AP-5.3 mm, ML,
2.4 mm and DV; 7.4-8.0 mm; subthalamic nucleus (BB¥-3.7 mm, ML;
2.5 mm and DV, 7.4-8.0 mm from the dura). Electriignals were amplified
using a DAM 80 preamplifier (WPI, Sarasota, FL, JS#bridge mode. The
signals was displayed on a storage oscilloscoparamitored with an audio
amplifier (WPI, Sarasota, FL, USA). Single unitieity was isolated with a
window discriminator, and firing rate data was eoted on a computer
equipped with Spike 2 software (version 2.18, Cadger Electronic Design,
UK). Visual inspection of digital neuronal activignd raster displays were

12



useful complements for the computer based anatystse discharge patterns
of the units. The isolated units were monitoreddbteast 10 min to ensure
the stability of their firing rate, firing patteand spike morphology, and then
5-10 min of spontaneous activity was recorded.h&t énd of recording, the
location of the tip of the recording microelectrodas marked, at -3 for
20-30 min, by an iontophoretic deposit of pontamsky blue. After the
completion of the recordings, animals were deeplgsthetized; their brain
was perfused, removed, and sectioned for histadbgionfirmation of the
recording site. The storage signal was convertestjt@mre wave pulses with
the aid of a window discriminator and a personahgoter. The mean firing
rate, the mean interspike interval (ISI) and disgba pattern were
investigated for each neuron. The ISIs allowed aiuation of the degrees
of neuron’s burst frequency, following an algorititescribed by Hutchison
et al’®

7. Histological assessment for transplanted TH* immunoreactive

cells

Histological assessment for transplanted” Tdéells (normal rat: n=4, PD
model: n=5, D3 graft: n=16, N2 graft: n=17) wasfpened by modifying the
methods reported previousty?**' Briefly, 10 weeks after transplantation of
D3 and N2 cells, the grafted rats were anesthetiziéd 25% urethane
(Sigma) in PBS and intracardially perfused with 185 of normal saline
followed by 250 ml of ice-cold 4% paraformaldehyidePBS. Brains were
postfixed in the same solution, cryoprotected 8o sucrose in PBS for 48
hours and frozen. Brains were sectioned on a fngemiicrotome (section

thickness: 10m) and collected in PBS. Serial sections spanniagtaft were

13



made. The staining of THneurons was performed using rabbit anti-TH
antibody (Pel-Freeze Rogers, AK, USA, 1:250). Cmgnbf TH" neurons
was performed on every tenth of serial sectionsguai Zeiss Axioplan light
microscope with a 20x lens. Quantitative data freerial sections was
expressed as meanstS.E.M/section.

8. Analysis of dopamine

For DA detectiorin vivo, animals in each group (normal rat: n=3, PD model:
n=3, D3 graft: n=4, N2 graft: n=4) were implantedhamicrodialysis probes
(CMA/11 Guide Cannula, CMA Microdialysis AB, Soln&weden) in the
ipsilateral striatum (coordinates: AP to bregma22#im; LA from midline,
2.5mm; ventral to the surface of the dura, -6.0nrhe probe was perfused
with artificial cerebrospinal fluid (aCSF) at aworate of 2:4/min for 4 h
(CMA102 Microdialysis Pump). The aCSF consistedlds mM, 2.7 mM
KCI, 1.2 mM CaC}- 2H,0, 1.0 mM MgC} - 6H0O, 2.0 mM NaHPQ, pH
7.4 with HPQ,. The Guide cell (+400 mV) was used to perform Higla
clean-up of the mobile phase prior to sample igectThe samples were
introduced into the autosampler at a mobile phase fate of 1.0 ml/min.
Neurotransmitter separation was carried out by meafna reverse-phase
column (ESA HR-80 column: /8, ODS, 80X4.6 mm; ESA Bioscience,
Cheimsford, MA, USA). Mobil phase consisted of 7B reodium phosphate
monobasic, 1.7 mM OSA, Triethylamine, 0.1 mM EDTAeonitrile.

Typical values of applied potential used in thespra experiment were -100
mV at Electrode 1 and +200 mV at Electrode 2. Clatmgrams were
analyzed with peak areas, which were classifiedh Wit retention times of

reference substances.

14



[II. RESULTS

1. High yield of DA neurons from mouse ES cells efficiently

induces behavior recovery in a Parkinsonian rat model

The co-culturing of Nurrl-expressing mouse ESCH WAA6 stromal cells
synergistically generate a high proportion of DAir@s up to 90% of total
neurons, while naive D3 cells induce a compositidnabout 28% DA
neurons? (Figure 1) These neurons expressed high levelsidbrain DA
markers and released DA.

Nurrl and SDIA may cooperatively induce the DA phtgpe. Furthermore,
when treated with the signaling molecules (SM), ucimgreater effect was
observed with statistical significancp € .05), and approximately 90% of
Tuj1" neurons were THunder the optical condition. We did not test the
effect of individual signaling molecule in this expment. However, the
previous report indicates that each signaling mo&ebas a marginal effect
on the differentiation into DA neurons and a muokager effect when treated
in combination?®

TH" cells exist in many neuronal phenotypes includigand noradrenergic
(NA) neurons. Therefore, previous study was deteeth whether TH
neurons generated by the optimidadvitro condition Il have the midbrain
DA neuron phenotype. Tha vitro differentiated N2 cells under condition I
were co-stained using antibodies against TH, AAD®@]T, GABA and 5-
HT.*®(data not shown)

In order to investigate mMRNA expression of midbr&A neuron-specific

markers, semiquantitative reverse transcriptionyais|awas carried out for

15



N2 clones at day 0, 9, and 14 during in vitro d#fgiation of N2 ES cells
after on the PA6 feeder layer.(Figure 2) ExpresssbnTH mRNA was
increased in N2+SM (II) from 9day differentiatioAdditional DA markers
expression of such as DAT, and sox1 were also dieatig upregulated on
14day differentiation of N2 ES cells in N2+SM{ condition.

The extent and location of the lesions induced hg 6-OHDA were
confirmed by assessing the loss of TH-immunoreaatills and fibers in the
substantia nigra pars compacta (SNc) and striatuma rat Parkinsonian
model with 6-OHDA. (Figure 3)

16
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TUJ1 TH

N2 P
| :
sM(Il) ’

Figure 1. Immunostaining of TH neurons generated by N2 cells under

condition 1l. As a results of detection th&tubulin and TH-positive cells by
immunocytochemistry in differentiated D3 and N2 #&M (II)] cells, the
co-culturing of Nurrl-expressing mouse ESCs with6Pstromal cells
synergistically generate a high proportion of DAIrens compare to naive
D3 cells.

17



Oct4
Sox1
Tujl
TH

DAT
GAPDH

Figure 2. Semiquantitative reverse transcription polymerdssrcreaction
analysis for DA neuron markers.

Semiquantitative RT-PCR analyses of midbrain DAkees afterin vitro
differentiation of N2+SM(Il) conditions. Expressiaf TH mRNA was
increased in N2+SM (1) from 9day differentiatiohdditional DA markers
expression of such as DAT, and sox1 were also dieatls upregulated on

14day differentiation of N2 ES cells under the NRKSI ) condition.

18



1
#

Figure 3. Immunohistochemistry of tyrosine hydroxylase (TiH)6-OHDA
treated side showing the total degeneration of ohipa fibers in the
striatum(upper), and dopamine cell bodies in thec S the 6-OHDA
injected side (lower, right) in hemiparkinsonian meodels compared to the
normal side (left). SNpc: substantia nigra pars gacta

19



To examine then vivo effect of the ESCs-derived DA neurons, the cells
were transplanted into an animal model of PD. Thenkbdels induced by
the 6-OHDA were confirmed by the observed increagbe apomorphine-
induced rotation(>500 turns/1lhr.) and the observeduction in the
forepaw stepping number (Pre-TP in Tablel and 12¢. dxtent and location
of the lesions were also confirmed by assessing ltdss of TH-
immunoreactive cells and fibers in the SNpc anidtsim.(Figure 3) After

3 weeks of lesion development, animals were givenspension of 4x£0
ESCs into the striatum of PD models.

We transplanted thex410° cells into the striatum of rat PD models on the
9" day of a 14 dayn vitro differentiation. Effects of the grafted cells on
behavior recovery were evaluated at tH& 2" 6" and & weeks of
transplantation with forepaw adjusting step (Figér@nd an apomorphine-
induced rotation test (Figure 5)

The forepaw adjusting step is a non-pharmacologgstland thus reflects a
more direct measure of motor deficits.As shown in figure 4, a control
PD group (sham) showed almost no stepping until &eks
(0.08+0.08~0.63+0.275). However, the PD animals grafted with
differentiated N2 cells (90% DA neurons/total newgp showed a
significant  improvement  over time in  stepping numbe
(0.54+0.14-10.49+0.64) and recovery of >75% (>10 steps) ategks
after transplantation as compared with the wildetyp13 steps, data not
shown). In contrast, the PD models grafted withv@ad3-derived cells
(28% DA neurons/total neurons) showed a modest duggnent in
stepping over time, about 3 steps at 8 weeks aftityy.

In 6-OHDA lesion experiments, apomorphine-inducetdtion (0.1 mg/kg,
I.p.) was determined two weeks after the 6-OHDAOesimmediately

following the stepping test. In all experiments tbtal number of rotations
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during the 1 hour test was used for analysis bymEpphine injection
(Table 3, Figure 5).

The apomorphine stimulation of the PD models indugenovement bias
contralateral to the lesion side. Sham controlsveldoa consistently high
number of rotations (> 500), whereas the PD modeddted with N2-
derived cells showed a significant reduction (4983%22-60.6+24.2, at
8week) in rotational scores from 2 weeks posttramation compared
with a sham control group (512.2+87%®45+105.6, at 8 week). As in a
forepaw adjusting step test (Figure 4), howeveimats grafted with D3-
derived cells showed a slight, but not significatécrease in rotation
compared with the PD animal grafted N2-derivedsceBraft sizes after
transplantation of D3- and N2-derived cells werailsir (data not shown).
Taken together, high levels of DA neurons diffeiaed from N2 ESCs
more efficiently bring about behavior recovery iRarkinsonian rat model

than did wild-type D3 ESC-derived neurons.
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Table 1. The forepaw adjusting stepest after grafting ESCs in rat PD

models.

Experimental
Groug

Sham 0.08+0.080.511+0.1 0.55+0.4 0.65+0.09 0.63+0.28
D3 0.51+0.17 1.53+0.47 2.1+0.62 2.37+0.512 3.03+1.53
N2 0.54+0.146.34+0.11" 8.23+1.21" 9.11+1.26" 10.49+0.64

Pre TP 2 4 6 8

! The results in the adjusting step test are espresis the number of
steps/0.9 m of treadmill (at a rate of 0.075 m/seith the lesioned side
forepaw

2. Experomental groups were divided sham; a shartralagroup with 6-
OHDA lesions, D3; a 6-OHDA lesioned group transgganwith neurons
derived from wild-type mouse ES cells, and N2; @PA lesioned group
transplanted with neurons derived from Nurrl-exgresmouse ESCs

3, pre-TP; before transplantation,"2 4" 6" and & weeks of
transplantation.

* Significantly different from sham controls at p€6, ** at p<0.01.
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=

Pre TP 3 4 V] 8
Weeks after grafting

Figure 4. The forepaw adjusting stepping test after graftmguse ESCs in
rat PD models.

The behavior in PD animals grafted with neuronsveer from wild-type
D3 cells (n=25) or Nurrl-overexpressing N2 cellss28) and sham
controls (n=10) was tested before transplantatwe TP) and at 2, 4, 6,
and 8 weeks postgrafting. A control PD group shoadedost no stepping
until 8 weeks. However, the PD animals grafted witfierentiated N2
cells showed a significant improvement over timestiepping number at 8
weeks after transplantation as compared with thé-type. The results in
the adjusting step test are expressed as the nuaibsteps/0.9 m of

treadmill (at a rate of 0.075 m/sec) with the lesid side forepaw.
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Table 2. The apomorphine-induced rotatotest after grafting mouse
ESCs in rat PD models.

Experimental
Groug

Sham  512.2+87.0 580.7+250595.5+238 535.5+107545+105.6
D3 580.7+86.2 499.2+121 483+121.6425.2+65.4374+85.1
N2 469.6+33.2268.1+25.0936.5+33.9 81.6+33.9 60.6+24.7

Pre TP 2 4 6 8

! The results in the apomorphine-induced rotati (mg/kg, i.p.) test are
expressed as the number of rotation/1lhour afteBiB&IDA lesion.

2. Experomental groups were divided sham; a shartralagroup with 6-

OHDA lesions, D3;a 6-OHDA lesioned group transpdantvith neurons
derived from wild-type mouse ES cells, and N2;alB@\ lesioned group
transplanted with neurons derived from Nurrl-exgiresmouse ES cells

3. pre-TP; before transplantation,"2 4" 6" and & weeks of

transplantation.

* Significantly different from sham controls at p€6, ** at p<0.01.
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Figure 5. The apomorphine-induced rotation test after grgftimuse ESCs
in rat PD models.

The behavior in PD animals grafted with neuronsveedrfrom wild-type D3
cells (n=25) or Nurrl-overexpressing N2 cells (nF2hd sham controls
(n=10) was tested before transplantation (pre Ti)a 2, 4, 6, and 8 weeks
postgrafting. Apomorphine-induced rotation respgoesiehour. Animals with
sham surgery showed no change in rotational sceee time. In contrast,
animals with N2 cells showed a significant reduttio rotation over time.
Animals with D3 cells showed modest, but non-sigaifit reduction. *

Significantly different from sham controls at p<®,0* at p<0.01.
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2. Electrophysiological effects of grafted mouse ES cells

To electrophysiologically investigate the transpddion effect, we examined
the firing rates and firing patterns in the PPNpgNind STN by extracellular
single-unit microelectrode recording. In PD, thegressive deficit of DA
cells in the SNpc results in hyperactivity in thd@, STN, and PPN due to
impaired information processing in the basal gaigif As previously

reported®’ 243

we observed hyperactivity in the SNpr, STN, andNRP 6-
OHDA lesioned rats. (Table 3) PD models with shamgery exhibited a
significant increase in the mean firing rates ofe¢h areas compared to
normal rats. (PPN; 16.05+2:81.87+2.3, STN; 21.23+2-634.28+3.8,
SNpr; 23.02+1.75-20.05+2.14)

Following ES cell grafting in the PD models, howewbe mean firing rates
were significantly decreased in all three areaspaoed with sham controls
10 weeks postgrafting (Figure 6). The firing ratesPPN and SNpr were
slightly lower in N2 grafts than in D3 grafts, kthie firing rate in STN was
almost the same between the two grafts. Howeverraghason the firing rates
in the grafts became lower than those in normal iayet to be elucidated.
Representative firing patterns in the SNpr of egrup are shown in figure 7.
Neuronal activity of a sham control was higher 85pikes/sec) compared to
that in a normal rat (20.8 spikes/sec). In hemkPaonian models grafted
with DA neurons derived from N2 cells, the firingtiaity was significantly
decreased (10.4 spikes/sec).

These results demonstrate that reinnervation ohBdrons by the grafting of
ES cells induces decreased firing rates in SNpN,%ihd PPN neurons. Each
position of extracellular single-unit microelecteotecording was confirmed
by the identification of neurons by their stere@tatocation and the

histological location of the electrode tip aftentophoresis with pontamine
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sky blue (-184A for 20 min) (Figure 8) by staining with cresyl-igo
staining. We confirmed position of SNpr recordingirsed with cresyl violet,

and compared to rat atlds.
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Table 3. In vivo electrophysiological effect®f grafted ES cells in rat PD

models.
Experimental PPN ST SNDbP
Groug P
Normal 16.05+2.8 21.23+2.0 23.02+1.75
Sham 21.87+2.3 34.28+3.8 30.05+2.14
D3 12.78+1.7 10.35+1.27 16.14+2.04
N2 10.62+0.9 10.79+1.43 9.00+0.95

! The extracellular single-unit recordings werefgened from STN, SNpr,
and PPN in hemi-Parkinsonian models grafted with msAirons derived
from D3 or N2 cells and in sham controls. The rssuin
electrophysiological recording were expresses niieag rate.

2, Experomental groups were divided sham; a shartralagroup with 6-
OHDA lesions, D3;a 6-OHDA lesioned group transpdantvith neurons
derived from wild-type mouse ES cells, and N2;alB®2\ lesioned group
transplanted with neurons derived from Nurrl-exgiregsmouse ES cells
3. PPN; pedunculopontine nucleus

4 STN; subthalamic nucleus

®. SNpr; substantia nigra pars reticulata

* Significantly different from sham controls at p8€6, ** at p<0.01.
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Figure6. Invivo electrophysiological effects of grafted ESCs in D

The extracellular single-unit recordings were parfed from STN, SNpr,

and PPN in hemi-Parkinsonian models grafted withri2drons derived from
D3 or N2 cells and in sham controls at 10 weekdgpafling. Compared to
the normal rats, PD rat models exhibited a sigaifiancrease in mean firing
rates in the SNpr, STN, and PPN. Following ES (@8 or N2) grafting in

the PD models, the mean firing rates in the SNAMN,Sand PPN were
significantly decreased. *p<0.05, **p<0.01 in comip@mn with values from

sham controls. PPN; pedunculopontine nucleus, SStidthalamic nucleus,

SNpr; substantia nigra pars reticulata
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1sec

Figure 7. Representative discharge patterns of SNpr recoidedach
group.

Neuronal activity of a sham control was higher 83pikes/sec) compared
to that in a normal rat (20.8 spikes/sec). In h&aikinsonian models
grafted with DA neurons derived from N2 cells, tlieng activity was
significantly decreased (10.4 spikes/sec). PPNupedopontine nucleus,

STN; subthalamic nucleus, SNpr; substantia nigra pticulata

30



Figure 8. Cresyl-violet staining of recording site in SNpr

Cresyl-violet staining showing the pontamine skyebinark corresponding to
a neuron which was recorded at the end of a tra@Npr. Each position of
extracellular single-unit microelectrode recordimgs confirmed by the
identification of neurons by their stereotaxic lboca and the histological
location of the electrode tip after iontophoresithvpontamine sky blue (-18

A for 20 min) Magnification, 40X. SNpr; substantigna pars reticulata
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3. DA production of grafted EScells

To examine the correlation between the behaviavvwery and the number of
DA neurons in the grafts, we next analyzed the Tells which originated
from ESCs in the striatum of the rat brain (Figugedl0). Ten weeks after
transplantation, the recipient rats were sacrifi¢ee@d by perfusion, and then
analyzed for TH neurons by immunostaining. In the N2-derived gedifts,
we were able to find many THcell bodies (Figure 9, right). In contrast,
fewer TH cell bodies were detected in the D3-derived cedftg (Figure 9,
left), although the same number of cells was triaméed in both cases. When
we counted the number of Thtells (Figure 10), we determined the ‘TH
cells/section to be 187.638.7 for the N2 graft and 52.43.33 for the D3
graft.

The difference in the number of Tidells is consistent with the difference in
behavior recovery between N2 and D3 grafts, indigaik good correlation
between TH cell numbers and behavior recovery.

For DA detectionin vivo, animals in each group were implanted with
microdialysis probes in the ipsilateral striatunmeTprobe was perfused with
aCSF at a flow rate of/2/min for 4 hour, collected the sample and then
analyzed of dopamine by reverse-phase HPLC.(Fijlje The DA level in
PD models was much lower than that in normal natgreas the DA level
(~0.08 uM) in animals grafted with N2-derived cefllas almost the same as
that (~0.09 uM) of normal rats (Figure 12), showihgt transplanted N2
cells efficiently release DA, and thus, induce fioeal recovery of brain
circuitry. These results have the correlation tleéavior recovery and the
histological assessments. However, DA level (~uD5 secreted by the D3-
derived cell grafts was lower than that (~0.08 [OW)N2 cell grafts. Taken
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together, our results show that the high yield &f ileurons generated from
mouse ES cells also efficiently functions vivo after transplantation in a

Parkinsonian rat model.
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Figure 9. Survival of N2 cells after grafting mouse ESCs itite striatum of
hemi-Parkinsonian rats.

Immunohistochemical staining using anti-TH antiboaty 10 weeks after
implantation of D3 and N2 ES cells into 6-OHDA msed striatum.
Numerous TH neurons were found within the N2 cells grafts Htjgin
comparison to D3 cell grafts (left). Scale bars, /&0

D3;a 6-OHDA lesioned group transplanted with neardarived from wild-
type mouse ESCs, and N2;a 6-OHDA lesioned groupspianted with

neurons derived from Nurrl-expressing mouse ESCs
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Figure 10. Number of TH neurons/section in the striatum grafts.
Immunohistochemical staining using anti-TH antiboaty 10 weeks after
implantation of D3 and N2 ES cells into 6-OHDA Msed striatum was
analyzed by counting the number of DA neuron/sectidumber of TH
neurons/section in the striatum after transplamtat#x16 cells) with D3 and
N2 ESCs. The number of DA neurons/section in N2 Bxddgrafts was
187.63+18.7 and 52.13+5.33, respectively. D3;a @@@Hesioned group
transplanted with neurons derived from wild-typeus® ES cells, and N2;a
6-OHDA lesioned group transplanted with neuronsiveer from Nurrl-

expressing mouse ESCs
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Figure 11. The production of DA in the striatum of grafted rselES cells.
The amount of DA in the striatum was analyzed bygrodialysis. DA level
(~0.08 puM) secreted by the N2 ES cell graft, butb® cell graft (~0.05 uM),
in a hemi-Parkinsonian striatum was similar to {#.09 uM) of a normal
rat. D3;a 6-OHDA lesioned group transplanted widunons derived from
wild-type mouse ES cells, and N2;a 6-OHDA lesiomgedup transplanted

with neurons derived from Nurrl-expressing mous€&£S
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nunute

Figure 12. DA analysis in the striatum of grafted mouse ESCs.

The amount of DA in the striatum was analyzed bgrodialysis. DA level
(~0.08 uM) secreted by the N2 ES cell graft, butb® cell graft (~0.05 uM),
in a hemi-Parkinsonian striatum was similar to .09 uM) of a normal

rat.
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IV. DISCUSSION

The distinguishing features of ESCs are their diypdo be maintained
indefinitely in an undifferentiated state and thieility to develop into
multilineage cells under certain conditions. By m@spressing the Nurrl
transcription factor (N2 cell line) and coculturimgth PA6 stromal cells in
the presence of signaling molecules, such as SHiH FGF8, we have
developed amn vitro protocol by which a high yield of DA neurons (9@
total neurons) was efficiently generated from mobSecells (figure 15° In
this study, we attempted to transplant the DA nesirproduced by this
protocol into a Parkinsonian rat model to determirieether these neurons
also efficiently bring about a functional improvemhé& PD animal models.
Behavior recovery by N2 cell grafting (~90% DA neus/total neurons) was
much more prominent in both apomorphine-inducedtiat and forepaw
stepping tests compared to naive D3 cell graftir@B¢ DA neurons/total
neurons) (Figure 4,5).

In the forepaw stepping test, Animals grafted wiN2 cells showed a
dramatic increase (0.54+0:24.0.49+0.64 at 8 weeks) compared to sham
controls 0.08+0.08-0.63+0.275 at 8 weeks). Animals with D3 cells shdwe
modest, but non-significant increase. In anotherhabioral test,
apomorphine-induced rotation test, animals withnshsurgery showed no
change in rotational score over time (545+105.® ateeks). In contrast,
animals with N2 cells showed a significant reduttio rotation over time
(60.64+24.2 at 8 weeks).

These results indicate that the efficiémtvitro protocol can be translated to
the in vivo context well. In the PD model, hyperactivity iret&Npr, STN,
and PPN can be induced by impaired information ggsimg in the basal
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ganglia which results from the death of DA cellstie SNpc. A current
model of the motor pathway postulates that D1 dépanmeceptors on
striatonigral neurons act to increase the actioftyhe inhibitory GABAergic
striatonigral projectioi**° Thus, due to the DA loss of the striatum in rat PD
models, striatal GABAergic neurons projecting to pgNshould become
underactive, leading to less inhibition of this mutt nucleus. This, in turn,
should lead to overactivation of the GABAergic Sheurons, which would
be further amplified by an increased excitatoryuinfrom the STN® The
hyperactivity of the STN is based on the hypothtss the loss of DA in the
striatum causes a reduction in the activity of thkibitory GABAergic
pallidosubthalamic pathwaylnterestingly, hyperactivity in the SNpr, STN,
and PPN of PD models was dramatically reduced éyrimsplantation of ES
cell-derived neurons (Figure 6), which signifieg tlestoration of neuronal
circuitry. In PPN and SNpr, the firing rates welightly lower in N2 grafting
than in D3 grafting, although they were similaiSTN.

Figure 9 shows that, 10 weeks after transplantatidmigher number of DA
neurons were detected in the striatum of N2-grafteidhals compared with
that of D3-grafted animals although graft sizesmeein two were similar.
The number of DA neurons was 3.6 fold higher ingd&fted animals than in
D3 grafted animals (Figure 10). This differencetiea number of DA neurons
led to the difference in the behavior recovery lnd N2- and D3-grafted
animals (Figure 4, 5). Although the DA content iB Phodels with D3-
derived cells was low (~0.08MV), the DA content (~0.08M) secreted from
PD animals with N2-derived cells was similar tottt§a0.09 uM) of the
normal rat (Figure 11), and the level of behavieravery in the PD model
with N2-derived cells nearly reached the level ofmal rats by 8 weeks after
grafting (Figure 4, 5). Thus, this DA secretiondecorrelates well with the

degree of behavior recovery. Therefore, these tesufgest that oun vitro
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protocol is also very effective in the vivo context after transplantation. The
reinnervation of DA neurons by the transplantatioin ES cell-derived
neurons is believed to improve Parkinsonian moyonpgoms, presumably
by reducing the activity of the basal ganglia ottgtructures®*’ The
observed behavioral effects were dependent onuhaval of DA neurons
within the striatum, since grafting of other tisspeduces no behavioral
effects?®*° Following the development of an efficient diffetiation method
from mouse ES cells and application of these della Parkinsonian rat
model, in the next step, we are now pursuing tlieiefit induction of DA
neurons from human ES cells and their applicatm®arkinsonian animal

models.
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V. CONCLUSION

In this study, we attempted to transplant the DAiroas produced by
overexpressing the Nurrl transcription factor (M8 &ne) and coculturing
with PA6 stromal cells in the presence of signalimgiecules, such as SHH
and FGF8 into a Parkinsonian rat model to determinether these neurons
also efficiently bring about a functional improvemhé PD animal models.
The PD animals grafted with N2-derived cells showaghificant behavior
improvements. Furthermore, hyperactivity observed®D rat models was
dramatically reduced by the grafting of N2-derivadls. The number of DA
neurons in the striatum which originated from Nafting was much higher
compared to that from D3 grafting, and the neurdfisiently released DA
in the brain, showing a good correlation with bebial recovery.

The reinnervation of DA neurons by the transplaotatof ESC-derived
neurons is believed to improve Parkinsonian moyongoms, presumably

by reducing the activity of the basal ganglia otigituctures.
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