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Abstract

The derivation of dopamine neurons is one of the best examples of the clinical potential
of embryonic stem (ES) cells but the long-term function of the grafted neurons has not
been established. Here we show that after transplantation into an animal model, neurons
derived from mouse ES cells survived for over 32 weeks, maintained midbrain markers
and had sustained behavioral effects. Microdialysis in grafted animals showed DA
release was induced by depolarization and pharmacological stimulants. Positron
emission tomography (PET) measured the expression of pre-synaptic dopamine
transporters (DAT) in the graft and also showed that the number of postsynaptic DA D,
receptors was normalized in the host striatum. These data suggest that ES-cell derived
neurons show DA release, reuptake and stimulate appropriate post-synaptic responses
for long periods after implantation. This work supports continued interest in ES cells as

a source of functional DA neurons.
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Introduction

Parkinson’s disease is a neurodegenerative disorder characterized by the progressive
loss of dopaminergic neurons in the substantia nigra. Transplantation of dopamine
(DA) neuron precursors into the striatum of patients suggests that neuronal replacement
may be a feasible treatment [1]. However, two recent double-blind transplantation trials
with Parkinson’s disease patients raise concerns about both the therapeutic benefit and
disabling consequences of fetal cell grafting [2, 3, 4]. Further development of a
transplantation therapy requires a consistent source of DA neurons and clear evidence of

DA function in pre-clinical models.

Fetal human tissue is currently used as a source of DA neurons, but this supply
is limited and difficult to develop as a routine technology. In principle, the controlled
proliferation and differentiation of fetal precursor cells is an attractive source for cell-
based therapies. Precursor cells in the fetal midbrain can expand in tissue culture and
generate DA neurons that provide behavioral recovery in Parkinsonian animals [5, 6].
However, these cells only proliferate for short periods in culture and do not provide
sufficient numbers of DA neurons. Embryonic stem (ES) cells may overcome the
limitations of fetal donor tissue by offering both extensive cell proliferation and
controlled differentiation to DA neurons [7, 8]. DA neurons derived from mouse and
non-human primate ES cells integrate and provide behavioral recovery in several
experimental animal models [9, 10, 11, 12, 13, 14]. More recent work shows that
human ES cells also differentiate into DA neurons, but the function of these cells has
not been fully established [15, 16, 17, 18, 19, 20]. Indeed, little evidence exists that
neurons derived from ES cells from any species survive with DA function for long

periods after grafting to the adult brain.
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In the present study, the stability of DA neurons derived from ES cells was
analyzed in vivo with a particular focus on their dopaminergic properties. Microdialysis
was used to directly measure DA and DA breakdown products generated by grafted
cells. Positron emission tomography (PET) imaging was used to measure both the
presynaptic dopamine transporter (DAT) and the postsynaptic D, dopamine receptor.
We found that neurons derived from mouse ES cells survive in vivo for several months,
express presynaptic dopaminergic features and influence postsynaptic DA response

mechanisms in striatal host cells.
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Materials and Methods

In vitro differentiation of ES cells to DA neurons. Mouse R1 ES cells were induced to
differentiate into neurons with DA phenotype using a previously established five-stage
protocol [8]. This method is based on the formation of embryoid bodies (EBs) and
further selection, proliferation and differentiation of neural progenitors into postmitotic

neurons.

Immunocytochemistry and histological procedures. Cultured cells were fixed for
immunostaining either at the proliferation or differentiation stages in 4%
paraformaldehyde/0.15% picric acid/phosphate buffered saline (PBS). The analysis of
transplanted animals was made essentially as described [10]. Briefly, 32 weeks after
grating, rats were anesthetized with sodium pentobarbital and transcardially perfused
with isotonic saline, followed by the fixative solution used for cultured cells. The brains
were dissected, postfixed for 4 h, cryoprotected with 30% sucrose for 24 - 48 h, and
then frozen in isopentane cooled by solid CO,. Cryostat sections (25 um) were stained
as floating slices. Fixed cells or brain slices were incubated with the primary antibodies
overnight at 4 °C. The following antibodies were used: mouse anti-engrailed-1 (En-1)
1:10 (Developmental Studies Hybridoma Bank, Iowa City, [A); rabbit anti-Lmx1b,
1:5000 (gift from C. Birchmeier); goat anti-Foxa2, 1:50 (Santa Cruz Biotechnology,
Santa Cruz, CA); rabbit anti-tyrosine hydroxylase (TH), 1:400 (PelFreeze Biologicals,
Rogers, AR); mouse anti-TH, 1:1000 (Sigma); mouse anti-Hu 1:50 (Molecular Probes,
Eugene, OR); rabbit anti-Ptx3, 1:1000 (gift from J. P. Burbach); rabbit anti-RALDH],
1:100 (gift from G. Duester); mouse anti-calbindin, 1:3000 (Sigma) and rat anti-DA
transporter (DAT), 1:5000 (Chemicon, Temecula, CA). Appropriate fluorescent-tagged

secondary antibodies (Molecular Probes) and 4'-6-diamidino-2-phenylindole (DAPI)
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nuclear counterstain were used for visualization. We used a Zeiss 510 confocal
microscope to make optical sections of the cells after staining. Cells were counted in
vitro by systematic sampling of 20 X fields. Twenty fields were counted per tissue
culture well and 4 wells were analyzed for each condition in three independent
differentiation experiments. TH+ somata in grafted animals were counted in every third
section on 20 X fields (n=5). Only clearly stained cells with visible dendrites were

scored as positive neurons.

Grafting and implantation of microdialysis probe holders. All experimental procedures
conformed to the Guide for Care and Use of Laboratory Animals and were approved by
the NINDS Animal Care and Use Committee. Taconic Farms (Germanton, NY)
provided adult female Sprage-Dawley rats (170-190 g) with unilateral 6-hydroxy-
dopamine (6-OHDA) lesions. A total of 8 ng 6-OHDA was infused in 4 pL over 4 min
into the nigrostriatal pathway. The animals were housed in a temperature-controlled
environment with a 12-h light-dark cycle for at least one week before the experiments
began. Standard rat chow and distilled water were supplied ad libitum. ES cell-derived
neurons were trypsinized at day 2-3 of differentiation stage and re-suspended at 80,000
viable cells per pL after vital trypan blue exclusion counting. Animals were
anesthetized with isofluorane, and two grafts were implanted by injecting 3 pL of the
cell suspension into the lesioned striatum at the following coordinates: anteroposterior
(AP) =+ 0.3 mm (first graft), - 0.3 mm (second graft), mediolateral (ML) = -3.0 mm
and dorsoventral (DV) = - 6.0 mm relative to bregma and the skull, with the tooth bar
set at 0.0 mm. We deposited 0.5 pL of cell suspension (grafted) or medium without
cells (sham), waited 1 min, advanced the syringe 0.5 mm dorsally, and injected 0.5 pL.

This procedure was repeated 5 times to deposit cells over a distance of 2.5 mm in the
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dorsoventral axis. Implanted cells totalled 480,000 per animal — i.e., a number that we
previously showed to promote behavioral recovery [10]. We then implanted
microdialysis probe holders bilaterally with stereotaxic coordinates AP = 0.0 mm, LM =
+ 3.0 mm, and DV = — 2.0 mm and secured them with acrylic cement. Small screws
were introduced into the skull, taking care of not damaging the brain, to provide support
to the cement, which covered the probe holders and closed the wound completely. Sham
and grafted subjects were immunosuppressed with cyclosporine A during the length of
the experiment (Neoral, Novartis, 10 mg/kg/day, intraperitoneally, i.p.), starting 24 h

before grafting [10].

Rotational behavior. Stereotypic rotational behavior was assessed (Rota Count-8,
Columbus Instruments, Columbus, OH) for 70 min after injection of amphetamine (2.5
mg/kg, subcutaneous; Sigma). Asymmetry scores are expressed as net 360° turns per
min. Rotations were measured before and after cell grafting. Animals with stable scores
of >6 ipsilateral turns per min after lesion were used further. Spontaneous rotational test

was performed as described [21].

Microdialysis experiments. Twelve weeks after implantation surgery, 4-mm long
microdialysis probes (CMA, Solna, Sweden) were introduced in both striata to measure
extracellular monoamine concentrations. In vitro recovery experiments with the dialysis
membranes had values of 18%, 15%, 17% and 11% for DA, DOPAC, HVA and 5-
HIAA, respectively. The probes were perfused with artificial cerebrospinal fluid at 2
pL/min, and fractions were collected every 10 min. Monoamines were stabilized by
adding a solution containing 0.1 N perchloric acid, 0.02% EDTA and 1% ethanol, kept

at 4 °C, frozen in dry ice, and then stored at -80 °C until measurement. Extracellular DA
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increases were obtained through chemical depolarization (isosmotic solution with 100
mM potassium chloride), DA uptake blockade (50 pM nomifensine), and reversal of
DA uptake (30 uM amphetamine). Dialysate samples were quantified for monoamine
content by high-performance liquid chromatography (HPLC) with electrochemical

detection (GBC, Hubbardston, MA). No recovery correction was performed.

["*FJFECNT Imaging. PET DAT scans were performed at NIH 24 - 28 weeks
following ES-cell transplantation. Animals were anesthetized with 1.5-2.0 % isoflurane,
and body temperature was maintained at 36.5 - 37.0 °C. The ATLAS (Advanced
Technology Laboratory Animal Scanner) PET device has an aperture of 11.8 cm
diameter and a 2 cm axial field-of-view [22]. Each animal was positioned prone in the
PET scanner so that striatum and cerebellum were within the field of view. Images were
reconstructed by 3D ordered subset expectation maximization algorithm (3 iterations),
achieving a 1.65 mm full-width at half maximum resolution at the center [23, 24, 25].
The reconstructed voxel size was 0.56 x 0.56 x 1.125 mm. Coronal images were created
for subsequent data analysis. Image data were not corrected for attenuation or scatter,

which was relatively minor because of the rat's small head.

['"SFJFECNT was prepared as previously described [26, 27] with the principal
modification being that the intermediate 1-['*F]fluoro-2-tosyloxyethane was purified by
semi-preparative HPLC (acetonitrile/water gradient; Waters RP18 XTerra column 7.8
mm x 300 mm) and isolated in acetonitrile via solid phase extraction. The '*F-labeled
alkylating agent was then reacted with 0.75 mg of CNT (2B-carbomethoxy-3-3-(4-
chlorophenyl)nortropane. The alkylation reaction was performed in an open, heated

vessel (110 °C; 10 min), and the acetonitrile solvent (originally ~1.2 mL) was
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concentrated to less than 0.1 mL by a low flow of helium gas (10 mL/min) that was
bubbled into the solution. A second HPLC purification on the semi-preparative column
using an acetonitrile/10 mM NH; gradient afforded ['"*F]FECNT of high chemical and
radiochemical purity. Specific activity at the time of injection ranged from 42.6
GBg/umol (1.2 Ci/umol) to 235.6 GBg/umol (6.4 Ci/umol), with a mean = S.D. of

126.5 = 75.7 GBg/umol (3.4 = 2.0 Ci/umol).

To establish the methodology with ['*FJFECNT, we used three groups of naive
rats that underwent one of the following procedures: (1) Five animals received a bolus
injection of 15-34 MBg/h ['SFJFECNT and were scanned for 120 ~ 180 min using 24 or
27 frames of increasing duration (6 x 20 s, 5 x 1 min, 4 x 2 min, 3 x 5 min, 3 x 10 min,
3-6 x 20 min). (2) Five animals received 32-63 MBg/h ['"®F]JFECNT as a constant
infusion for 240 min (30 frames: 6 x 20 s, 5 x 1 min, 4 X 2 min, 3 X 5 min, 3 x 10 min, 9
x 20 min), during which serial blood samples (25 puL) were collected every 20 min via a
femoral artery catheter. (3) Four animals were injected subcutaneously with
methylphenidate (10 mg/kg) at the midpoint of constant infusion that was the junction
of two 100-min acquisition (46 frames: 6 x 20 s, 5 x 1 min, 4 x 2 min, 3 x 5 min, 3 x 10

min, 2 x 20 min and 6 x 20 s, 5 x 1 min, 4 x 2 min, 3 x 5 min, 3 x 10 min, 2 x 20 min).

For 6-OHDA-lesioned rats, [18F]FECNT was administered as a constant infusion
of 26 - 37 MBg/h and a volume of 0.45 - 0.75 mL/h. Rats with 6-OHDA lesions were
uniformly scanned for 240 min, and a blood sample (50 pL) was collected from a lateral
saphenous vein between 180 and 190 min after starting the infusion. Blood samples
were centrifuged at 1,800 g for 3 min. Plasma samples (50 - 80 pL) were mixed with

300 pL of acetonitrile containing UV-standard of FECNT followed by the addition of
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100 pL of distilled water and mixed well. Radioactivity in this mixture was measured to
calculate the concentration of total radioactivity (i.e., parent tracer plus metabolites) in
plasma. Deproteinized plasma samples were then centrifuged at 9,400 g for 4 min to
remove the denatured proteins. To correct plasma parent concentrations for the presence
of radiometabolites, the supernatant was analyzed with reversed phase HPLC on
Novapak C;g column (Waters Corp., Milford, MA) with a radial compression module
RCM-100 and a mobile phase of MeOH:H,O:Et;N (80:19.9:0.1) at a flow rate of 1.5
mL/min. Recovery was always more than 90 %. All radioactivity measurements were
decay-corrected to the time of injection (T;, = 110 min). We found that the
concentrations of parent ['"*F]FECNT in plasma were similar in femoral arterial and

saphenous venous samples (unpublished data).

We recently reported that a radiolabeled metabolite of ['*FJFECNT accumulates
in rat brain and confounds the ability to quantify DAT [28]. The radiometabolite results
from N-dealkylation and is an '*F-labeled two-carbon fragment, which rapidly converts
from fluoroethanol to fluoroacetyladhyde to fluoroacetic acid. The latter is charged and
accumulates in brain. As described in Results, we developed a method of constant
infusion of ["*F]JFECNT for the current study to provide reliable quantitation of the
density of DAT in rodent brain. In brief, after constant infusion of the radiotracer, the
concentration of parent radiotracer in plasma as well as specific binding in brain
(defined as activity in striatum minus that in cerebellum) becomes stable. The ratio of
specific binding in brain to the plasma radiotracer concentration is distribution volume,

which is proportional to density (Bmax) of DAT [29].
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["'C]Raclopride Imaging. After DAT imaging at NIH, the animals were transported to
Brookhaven National Laboratory for PET DA D, receptor scans that were performed 30
— 32 weeks after ES-cell transplantation. Rats were anesthetized intraperitoneally with
ketamine (100 mg/kg) / xylazine (10 mg/kg) and placed in a stereotaxic head holder in a
prone position on the Concorde microPET R4 scanner bed (Concorde Microsystems,
Knoxville, TN). Animals were then injected via tail vein catheter with a mean dose of
1.56 nmol/kg [''C]raclopride (6.5 + 3.0 MBq for grafted and 5.5 + 2.8 MBq for sham;
specific radioactivity was 81 — 170 GBg/umol and injected volumes were <500 pL).
[''C]raclopride binding in the microPET R4 has been previously demonstrated as a
reproducible and suitable method to study the D, receptor availability in the rodent
brain [30, 31]. The microPET R4 scanner has a 12-cm animal port with an image field
of view of ~11.5 cm. Total acquisition time was 60 min (24 frames: 6 x 10s,3x20s, 8
X 1 min, 4 x 5 min, 3 x 10 min), and data acquired in fully dimensional mode with
maximum axial acceptance angle (£ 28 deg). Images were reconstructed using FORE
rebinning [32], followed by 2-dimensional filtered back-projection with a ramp cutoff at
Nyquist frequency. Using the rat stereotaxic atlas [33] and the Hardarian glands as
reference points, the coronal planes of the striatum and cerebellum were identified as
slices 6 and 16, respectively, caudal to the Hardarian glands (slice thickness 1.2 mm)

[34, 32, 33, 30].

Image Analysis. To define brain anatomic structures, MRI images were acquired using a
7T horizontal small animal MRI system (Bruker Biospin, Billerica, MA) with a spin
echo sequence (TR = 1500 ms, TE = 10.29 ms) from naive rats with a similar body
weight. PET images were analyzed with PMOD v2.4 (pixel-wise modeling computer

software, PMOD Group, Zurich, Switzerland). Coregistration (FSL Library, Oxford) of
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PET with the MRI images facilitated the placement of regions of interest over striatum
and cerebellum. In the images of both ['"*F]JFECNT and [“C]raclopride, the right
striatum (non-lesioned side) was typically delineated on 3-4 different coronal planes,
from which a central single image plane was chosen for analyzing regions of interest so
as to minimize axial partial-volume effects [31]. The regions of interest (~22-28 mm")
followed the anatomical contour of the right striatum in the MR image (Fig. 5D) and/or
the stereotaxic rat brain atlas [33]. To be symmetrical, each template of the right
striatum was copied and pasted/mirrored to the left striatum, with slight manual

adjustment of placement according to anatomical references.

DAT binding of ["*FJFECNT was quantified as an equilibrium distribution
volume that was calculated as the stable level of specific binding in the brain divided by
the stable plasma concentration of radiotracer [35, 29]. Specific binding was defined as

11

the uptake in striatum minus that in cerebellum. D, receptor binding of [ C]raclopride

was analyzed with a multilinear reference tissue model [25].

Statistical analysis. Each group of data passed a normality test before it was analyzed
with parametric statistics. An unpaired two-tailed student’s #-test was used to assess
group differences; a paired two-tailed student’s r-test was performed to make
comparisons between bilateral striata. Significance was considered when p < 0.05 or p <

0.01.
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Results

Expression of midbrain specific markers in precursors and differentiated neurons.

Mouse ES cells were differentiated following a five-stage protocol that allows efficient
differentiation of DA neurons [8, 10]. Markers of regional identity such as Enl, Pax2
and Otx2 showed that this method generated proliferating neural precursors with mid-
and hindbrain phenotypes. The mid/hindbrain boundary region and the mesencephalic
floor plate act as organizing centers regulating neuronal differentiation by the
production of fibroblast growth factor (FGF)-8 and sonic hegdehog (Shh) [36]. The
differentiation of ES cells into DA precursors was regulated by these signals and, thus,
provided additional evidence that the in vitro generated cells mimic aspects of normal
midbrain development. The five stages of the differentiation protocol are: (1)
proliferating ES cells; (2) differentiating ES cell aggregates, EBs; (3) nestin-positive
cells that migrate from the EBs under minimal growth conditions; (4) a proliferative
step when these CNS precursor cells expand in number in the presence of FGF-8 and
Shh; and (5) a differentiation step when neurons are generated. At step 4, many cells
expressing the transcription factors Enl, Lmx1b and Foxa2 were observed (Fig.1A, B).
Approximately 40 % of the total cells expressed Enl, a gene that has an important role
in midbrain progenitors (Fig. 1B) [37]. 8 % of the cells co-expressed all three genes
(Fig. 1B). Cell autonomous expression of Lmx1b and Foxa2 are thought to be essential
for the differentiation of DA neurons and the floor plate [38, 39]. During normal
development, Foxa2-positive floor plate cells directly generate the Lmx1b-positive DA
neurons [40] (Kittappa, Wang and McKay; unpublished observations). The co-

expression of Foxa2 and Lmx1b suggests that this precursor cell type is also present in
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ES derived Enl-positive populations (Fig. 1A, B). The presence of Enl+, Foxa2-,
Lmx1b+ cells was not expected from in vivo studies and might reflect short term
regulation of the expression of the Foxa2 protein rather than a cell of a different fate
[41]. These data show that 30 % of the cells express Enl in combination with Foxa2 and

Lmx1b, genes expressed in the ventral midbrain.

In the final step, this protocol generates neurons from neural precursors. After
10 days of differentiation in stage 5, the gene expression profile of the differentiated
neurons was assessed. All tyrosine hydroxylase positive (TH+) cells expressed the
neuronal marker Hu (Fig. 1C). Approximately 11 + 1 % of Hu+ cells were also TH+.
This result is consistent with previous data suggesting that without genetic manipulation
a small proportion of neurons acquire the dopaminergic fate [8,10]. Foxa2 is also
expressed in mature DA neurons (Kittappa, Wang and McKay; unpublished data) and
30 £ 3 % of the Foxa2+ neurons generated in vitro co-expressed TH (Fig. 1C). Enl was
co-expressed in all TH+ neurons, as has been observed in differentiated adult DA
neurons and in DA neurons generated in the lab (Fig. 1C) [37, 10]. Ptx3 is a
transcription factor specifically expressed in DA neurons [42]. Ptx3 was co-expressed
in the great majority of TH+ neurons (99 + 1 %; Fig. 1C). Calbindin is expressed in the
dorsal part of the substantia nigra pars compacta and the ventral tegmental area of rats
[43]. Only a small proportion (1 + 0.1 %) of the TH+ neurons co-expressed calbindin in
vitro (Fig. 1C). RALDHI1 is also a specific marker of DA neurons in the ventral part of
the substantia nigra pars compacta [44, 45]. In ES cells-derived neurons, 42 = 1 % of
TH+ cells express RALDHI (Fig. 1C). The DAT 1is critical to appropriate
neurotransmitter recycling [46, 47]. DAT was expressed by TH+ cells after longer

times of in vitro differentiation (20 days in stage 5, Fig. 1C). Calretinin expression is
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found in the substantia nigra pars compacta and the ventral tegmental area. Calretinin+
cells were observed in stage 5, but none of them co-expressed TH (data not shown).
These data suggest that TH+ neurons derived from ES cells have patterns of gene

expression characteristic of dopaminergic cells in the ventral midbrain.

In this study the mouse ES cells were not genetically manipulated and simple
differentiation conditions for DA neurons were employed. The presence of neurons co-
expressing TH and other markers of the ventral DA cell in the substantia nigra suggests
that ES cells may generate the DA neuron type at most risk in Parkinson’s disease [48].
Other types of neurons are also present. A clear example is the small proportion of
serotonint+ neurons that may represent hindbrain monoaminergic cells as we have
previously noted [10]. This analysis of gene expression raised the question of whether
the transplanted population of cells had sufficient DA neurons of the ventral pars

compacta type to be effective in the lesioned striatum.

Long-term sustained behavioral recovery induced by partial restoration of DA

striatal terminal field.

Neurons derived from the same batch as characterized above were grafted into the
striatum of 6-OHDA lesioned animals. The behavior of transplanted animals was
measured for up to 32 weeks after the surgery as a first measure of long-term survival of
functional grafted neurons. Four weeks after implantation into the dorsal striatum, the
grafts caused an abrupt change of amphetamine-induced rotational behavior (Fig. 2A).
The kinetics of the behavioral recovery was comparable to that in our previous study

[10]. In contrast, a gradual change in behavior has been reported when no specific in
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vitro steps were used to control ES cell differentiation prior to grafting [9]. With the
exception of a slight change at 12 weeks after grafting that is coincident with the
placement of a microdialysis probe and a possible disruption of dopaminergic terminals,
this behavioral change was stable for 32 weeks. Non-pharmacological evaluation of
rotational behavior was also performed until 14 weeks after transplantation

demonstrating significant recovery (Fig. S1).

ES cell-derived progeny in the host brains were identified with the mouse-
specific M2 antibody, allowing clear identification of the graft (Fig. 2B). TH+ cells with
elaborate dendritic processes were observed. The maintenance of the midbrain
phenotype in grafted TH+ neurons was assessed by the expression of some midbrain-
related markers. Grafted TH+ neurons expressed RALDHI1 and calbindin (Fig. 2B).
Differently from the in vitro situation, we found that some TH+ neurons in the graft
expressed calretinin (Fig. 2B). The grafts projected a dense extension of TH-positive
processes into the dorso-lateral striatum (Fig. 2C;). RALDHI1 immunostaining
identified projections in a similar distribution to TH in the dorsal striatum (Fig. 2C;3).
On the unlesioned side of the brain, RALDH1-positive processes from the DA neurons
of the ventral substantia nigra projected to the dorso-lateral striatum, as previously
reported (Fig. 2Cy) [44]. At 32 weeks, 5385 £ 4638 (mean + S.E.M.) TH+ cells were
found in lesioned striatum of grafted animals. Thus, grafted DA neurons survived in
large numbers for 32 weeks, maintained midbrain markers, extended strong RALDH1

projection to the dorso-lateral striatum and regulated behavior.
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DA release and monoamine levels in grafted animals.

Microdialysis was used to monitor DA production by the grafted cells. Extracellular
monoamine levels were measured simultaneously in the lesioned and non-lesioned
striata of sham and grafted animals. Baseline DA levels were elevated on both sides of
the brain after grafting, although only in the grafted side reached statistical significance
when comparison was performed against both striata of sham animals (Table 1). In
contrast to DA itself, the metabolites DOPAC and HVA showed right/left asymmetry.
Grafting caused a partial restoration of DOPAC and HVA concentrations to about 10 %
of basal levels (Table 1). The level of the 5-HT metabolite, 5S-HIAA, was not altered by
the lesion to the DA neurons. Meanwhile, a significantly higher level was found in the
grafted striatum either as a consequence of SHT-positive neurons in the graft as we have
shown [10] or due to sprouting of intrinsic serotonergic afferents to striatum induced by
grafted DA cells [49, 50]. The cause and consequence of bilaterally elevated basal DA
levels are not known but these data demonstrate that DA and its metabolites are elevated

in grafted animals.

Extracellular DA levels were measured following three pharmacological
challenges: (1) depolarization induced by K ions, (2) inhibition of DAT reuptake with
nomifensine, and (3) administration of amphetamine, which causes the release of DA
via DAT [51]. Perfusion of isosmotic 100 mM K", 50 pM nomifensine and 30 uM
amphetamine each caused increased DA levels in the non-lesioned striata (Fig. 3A). On
the lesioned side of sham animals, treatment evoked no change in DA levels
establishing that the lesions were virtually complete (Fig. 3B). Although DA levels

were much lower than those in non-lesioned sides, the ES cell-derived neurons
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responded to the three treatments (Fig. 3B). Significant differences were found between
sham and grafted groups after K'-induced depolarization and nomifensine perfusion. In
the case of amphetamine, the differences did not reach statistical significance, perhaps
due to the variability of the graft response. In both grafted and non-lesioned sides,
DOPAC and HVA values decreased after high potassium and amphetamine stimulation
as has been previously shown in grafts of DA neurons derived from fetal midbrain (Fig.
3C) [52]. These measurements show that depolarization and DAT blockade elevates

extracellular DA levels.

['*FIFECNT imaging showed partial recovery of DA terminals in the lesioned

striatum following transplantation.

PET provides a useful non-invasive measure of PD-related changes associated with
disease severity [53, 54]. PET imaging has been used to monitor the function of grafted
human fetal DA neurons [55, 2, 56, 57]. We developed a method that was independent
of cerebral blood flow to measure the abundance of the pre-synaptic DAT in the
striatum of rats, using the recently developed radiotracer, 2p-carbomethoxy-33-(4-
chlorophenyl)-8-(2-ﬂuoroethyl)nortropane([ISF]FECNT) [26, 27]. We found that
['"*FJFECNT generates a radiolabeled two-carbon fragment that accumulates in rat brain
[28]. The levels of this radiometabolite were measured following injection of the
radiotracer (Fig. 4A). The radioactive signal in the cerebellum was stable after about
~30 min. In contrast, the striatum with a high density of DAT showed a stronger signal

that declines as the ligand dissociates from the transporter.
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These observations led us to administer ['*FJFECNT as a constant infusion to
achieve steady state levels of parent radiotracer in plasma and equilibrium levels of
receptor binding in brain. Following constant infusion of ['"*F]FECNT, radioactivity in
both striatum and cerebellum increased for at least 240 min, but the substraction (STR-
CBL) of these two signals was stable after ~120 min (Fig. 4B). Specific binding was
defined as the difference between uptake in striatum and cerebellum. This specific
uptake reached equilibrium levels by 150 min. The slopes of the fitted lines were only
5.6 = 4.6 percent per hour, expressed as the mean = S.D. of the absolute value of slope
relative to the value at 150 min (n = 5 rats). Measurements of arterial blood samples
showed plasma ['"*FJFECNT reached steady-state after ~150 min constant infusion (Fig.
4B). Plasma concentrations of the parent tracer separated from radiometabolites of
individual rats after 150 min of constant infusion were fitted linearly. The slopes of
these fitted lines were 3.7 + 5.6 percent per hour, expressed as the mean of the absolute
values. Injection of methylphenidate displaced the specifically bound signal in the
striatum to background levels providing additional support for the specific measurement

of DAT in the striatum (Fig. 4C).

Distribution volume is a time- and blood flow-independent parameter that is
linearly proportional to receptor density [35]. The constant infusion paradigm allowed a
relatively simple calculation of distribution volume as the mean specific binding (=
striatum minus cerebellum) from 150 to 210 min divided by the plasma radiotracer
concentration at 180 - 190 min. The non-lesioned side (right) of the striatum preserved
robust uptake of the tracer (Fig. 5B), similar to concentrations seen in naive animals
(Fig. 5A). In contrast, uptake in the lesioned (left) striatum of sham rats, measured as

the ratio of the lesioned/non-lesioned was reduced by more than 90 % (Fig. 5B, E). The
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tracer uptake was not significantly different in rats receiving the sham procedures (5 + 3
%) compared to no-intervention lesioned animals (4 = 3 %; Fig. 5E). In contrast, tracer
uptake was partially restored to 38 £ 17 % of controls in the lesioned striatum after

grafting (Fig. 5C, E; p <0.01).

Specific binding of ['*FJFECNT in the lesioned and transplanted striatum (Fig.
6B) was higher than that of sham animals (Fig. 6A). The distribution volumes of the
non-lesioned striata were similar in sham and transplanted rats (Fig. 6C). In contrast, the
distribution volumes of the lesioned striata were significantly increased by
transplantation (Fig. 6C; 6.71 = 1.7 vs. 1.15 £ 0.23, p < 0.01; mean = S.E.M.).
Distribution volume measurements correct for potential blood flow changes in the

lesioned striata and show that grafting is associated with long-term expression of DAT.

[''C]raclopride imaging indicated normalization of upregulated postsynaptic D,

receptors.

PET imaging was also performed with [''C]raclopride, which binds to D, dopamine
receptors that are present postsynaptically on a subset of striatal medium spiny neurons.
Treatment with 6-OHDA caused asymmetrical uptake of [''C]raclopride, consistent
with increased density of D, receptors on the side of the lesion [58]. The binding
potential of [“C]raclopride increased significantly in sham animals when left and right
striata were compared (2.01 + 0.28 vs. 1.52 + 0.34, p < 0.01, n=4, mean = S.E.M.).
Transplantation normalized D, receptors so that the uptake of [''Clraclopride was

similar in both striata (1.51 = 0.18 vs 1.50 + 0.08, n=5, mean = S.E.M.) and

significantly different to left side of sham animals (p=0.01; Fig. S2). These data suggest
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that grafted neurons act on host targets cells to correct the super-sensitive increase in

DA D; receptors.
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Discussion

To validate ES cells as a suitable source of DA neurons for cell-based therapy in
Parkinson’s disease, it is important that the neurons maintain DA neurotransmitter
functions for prolonged periods. In previous studies we have used electrophysiological
and behavioral tools to characterize grafted neurons [10]. However, the
electrophysiological approach may be subject to a bias due to the choice of specific
neurons for recording and the behavioral measures are indirect tests of neuronal
function. In this work we have defined long-term dopamine function in grafted animals.
The expression of Enl, Lmxlb and Foxa2 characterizes neural progenitor cells
generated from ES cells as midbrain cells. After further in vitro differentiation, many
TH+ neurons maintained the midbrain phenotype defined by expression of Enl, Foxa2,
Ptx3 and RALDHI1. These results extend our previous observations by showing that ES
cells without genetic modification, generate neurons that sustain dopamine functions for

long periods after grafting.

The ES cell-derived DA neurons restored the terminal axonal field in the dorso-
lateral striatum and expressed the midbrain markers calbindin, calretinin and RALDH1
suggesting that a at least a proportion of the grafted TH+ neurons maintain this specific
midbrain phenotype following transplantation. Retinoic acid modulates the level of
striatal DA receptors [59, 60, 61] and retinoic receptor mutant mice show locomotor
defects that can be related to decreased levels of DA receptors [62]. Future work should
more fully characterize the DA neurons in the graft to determine if RALDH1-positive
cells specifically project to the host and analyze the role of retinoic acid on pre- and

post-synaptic functions.
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Previous studies show that the effect of grafted primary cells on behavior
requires the continued presence of DA neurons [63]. The behavioral data reported here
show that transplanted animals have altered behavior for seven months. Microdialysis
suggests that the grafted cells have activity-dependent release and a high affinity
reuptake system for dopamine. The elevated baseline DA level compared to the partial
recovery of stimulated DA release points to autoregulatory mechanisms that maintain a
normal DA tone despite the inadequate restoration of dopaminergic synapses. A similar
phenomenon has been observed in studies of grafted fetal nigral tissue [64, 65, 66]. A
canditate to control baseline DA level is the DAT. PET chemistry confirms the
expression of the DAT, however post-translational modifications regulate DAT function

and may explain the elevated DA level in the presence of DAT [67, 51].

The PET study supports the utility of DAT imaging as a noninvasive in vivo
marker for the survival of grafted DA neurons. ['*FJFECNT was previously used in
monkeys [26], healthy human subjects, and patients with Parkinson’s disease [27], with
a high ratio of specific to nonspecific uptake. Contrary to prior reports [26],
['"*FJFECNT showed significant accumulation of a polar radiometabolite in rat brain
[28]. Because of the time dependent changes in both parent and radiometabolite in
brain following a typical bolus injection, no single time point could be a priori selected
to measure DAT density. For example, Fig. 4A shows that the ratio of striatum to
cerebellum continuously declined after about 30 min. At what time does this ratio of
specific to nonspecific uptake reflect DAT density? In the current study, we
administered ['*FJFECNT as a constant infusion and obtained temporally stable levels
of specific binding in striatum as well as the concentration of parent radiotracer in

plasma. Distribution volume is the ratio at equilibrium of specific binding in brain to the
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concentration of drug in plasma, and it is usually regarded as the “gold standard”
measurement of in vivo receptor density. A simple left/right ratio of activity in lesioned
to non-lesioned striata can be used to measure DAT levels (Fig. SE). However, this
ratio can not distinguish whether the lesion or transplant caused any changes to the
control side of the brain. Distribution volume can accomplish this comparison, and we
report that DAT densities were the same in non-lesioned striata of sham and

transplanted animals.

DAT imaging in rodents has been used to monitor fetal mesencephalic [68] and
ES-cell transplantation [9]. The latter study used [''C]CFT, a close chemical analog of
['"F]JFECNT, and found that at nine weeks after transplantation, the grafted striata of
animals with behavioral improvement reached ~75-90 % of DAT levels in the
contralateral/non-lesioned side [9]. We report DAT levels of only ~40 % in the graft,
with wide variation from ~15 — 55 %. The difference between these two studies may be
caused by the development of teratomas in the previous study and altered blood flow.
In animals grafted with the multi-step protocol no teratomas were found and this is a
pre-requisite for the long survival times studied here. Our results show that significant

behavioral recovery occurs when ~40 % of DA terminals are restored.

The level of D, receptor expression on striatal neurons was measured by
[“C]raclopride PET imaging. Suppression of upregulated postsynaptic D, receptors by
fetal DA grafts has been shown in Parkinsonian rats [69, 70, 71] and in a PD patient 10
years after fetal transplantation [55]. Our data show that D, receptor densities may be
normalized throughout the striatum despite the partial restoration of DA fibers found in

the grafted animals. Efficient uptake of DA has been shown in primary grafted DA
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neurons [65, 72, 73] but other studies report diffusion of extracellular DA that may
elevate DA tone over non-reinnervated areas [74, 75, 76]. The elevated baseline DA we
report in grafted animals may account for the normalization of D, receptor binding.
Recent work shows that DA denervation leads to rapid changes in spine density in
striato-pallidal medium spiny neurons [77]. It will be interesting to analyze other

features of postsynaptic neurons including spine density in grafted animals.

In summary, the data presented here show that both pre- and postsynaptic
functions can be restored by grafting DA neurons derived from ES cells. The immortal
nature of ES cells will allow genetic manipulations to more precisely define the
mechanisms regulating the survival and function of DA neurons. This feature will be

particularly valuable for cell-therapy studies with human ES cells.
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Table 1. Basal levels of monoamines (nM) in perfusates from striatum of sham and

grafted animals in lesioned and non-lesioned sides.

Treatment Sham Grafted

Side Left lesioned Right non-lesioned Left lesioned Right non-lesioned
DA 0.76 £0.10 0.78 £ 0.06 2.18+0.16° 2.05+0.69
DOPAC 426+2.07° 3105707 233+£44° 2861 £ 734
HVA 3.87+2.53°  2283+437 240+41° 2110 £421
5-HIAA 115+35 127 £ 38 362+78* 204 £ 55

Table I. Data (mean + S.E.M.) are averaged from three baseline samples (paired #-test; *

p <0.01 left grafted vs. left and right sham sides; b p <0,01 left sham vs. right sham).
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Figure legends:

Figure 1. Expression pattern of midbrain related markers by progenitors and
differentiated neurons generated from ES cells. A) Triple immunocytochemical
labelling for Enl, Lmx1b and Foxa2 in progenitor cells (day 4, stage 4). B) Different
cell populations expressing different combinations of genes were observed at this stage.
The results are shown as mean + S.E.M. C) Triple immunocytochemical labelling in
differentiated DA neurons (day 10, stage 5). TH+ cells express neuronal marker Hu.
Foxa2 expression is maintained in differentiated TH+ neurons. En1 is expressed in TH+
neurons and Ptx3 expression emerges in most of them. Few TH+ neurons expressed
calbindin, which did not co-localized with Ptx3 gene. A fraction of TH+ neurons (42 +

1 %) expressed RALDHI1 protein. Some TH+ also co-expressed DAT. Scale =20 pm.

Figure 2. Behavioral recovery after ES cell-derived DA neuron grafting, phenotype of
grafted DA neurons and restoration of DA terminal field in 6-OHDA lesioned striatum
by grafted cells. A) Grafting of ES cells caused significant recovery of amphetamine-
induced rotational behavior. The results are shown as mean = S.E.M. (n = 5; *, P<0.01;
¥ P < 0.05 by a two-tailed r-test, compared with rats receiving sham treatment). B)
Double immunocytochemical staining of grafted DA neurons performed at the endpoint
of the experiment, i.e. 32 weeks after transplantation. Donor origin of grafted DA
neurons was confirmed by co-labelling with the mouse-specific antigen M2. Some TH+
neurons co-expressed RALDHI1 and we also found TH+/calbindin+ neurons. Double
positive neurons for TH and calretinin were present, as well as TH-/calretinin+ cells.
Scale = 20 um. C) ES cell-derived DA neurons partially restored TH and RALDH1
immunoreactivity in the lesioned side. TH (green) immunostaining is shown for the

grafted (left, C1) and non-lesioned (right, C;) sides and RALDHI (red) is shown for the
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grafted (C3) and non-lesioned (Cj) sides. DAPI staining is shown in blue color. Scale =

1 mm.

Figure 3. Effect of ES cell-derived DA neuron graft on monoamine levels studied in
vivo by microdialysis performed 12 weeks after grafting. A) Time-course on DA
concentration level after 100 mM K+ isosmotic medium, 50 uM nomifensine and 30
puM amphetamine in the lesioned and non-lesioned sides of sham and grafted animals.
B) Time-course on DA level shown in A for lesioned sides in grafted and sham groups
is shown at bigger scale. C) Time-course of DOPAC and HVA concentrations for non-
lesioned sides of both sham and grafted animals and for the lesioned side that received
DA neurons. The results are shown as mean = S.E.M. (n = 5; *, P<0.01; #, P<0.05bya

two-tailed #-test, compared with rats receiving the sham treatment).

Figure 4. Dynamic PET imaging in naive rats with ['*FJFECNT. A) About 30 min after
bolus injection of ['*FJFECNT (n = 5), activity in cerebellum (CBL) was stable despite
declining concentrations in striatum (STR). B) After ~150 min of constant infusion of
['"®F]JFECNT (n = 5), activities in striatum and cerebellum increased in a linear and
parallel manner. Specific binding (SPEC) was operationally defined as the difference
between striatum and cerebellum and, therefore, became stable after ~150 min. The
plasma concentration of ['"*FJFECNT separated from radiometabolites (upper curve)
after ~170 min of infusion was also obtained. The y-axis on left is for brain
measurements and is expressed as % of the activity infused per h. The y-axis on right is
the plasma measurements of the concentration of ['*FJFECNT and is expressed as a
percentage of the constant infusion: [(plasma ["*FJFECNT dpm/mL)/ activity (mCi)

infused per hour] * 100. C) The difference in TACs between striatum and cerebellum
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was confirmed to be specific binding, since methylphenidate displaced ['*FJFECNT in

striatum to background levels in cerebellum (n = 4).

Figure 5. Recovery on DAT binding after grafting of 6-OHDA lesioned animals
performed 24-28 weeks after transplantation. A) A naive rat showed bilaterally
symmetrical uptake of ['*FJFECNT in striata following constant infusion of the
radiotracer. B) A hemiparkinsonian rat receiving sham treatment displayed negligible
uptake in the lesioned striatum. C) ES-cell transplantation partially restored uptake of
['"SFJFECNT in the lesioned striatum of a hemiparkinsonian rat. D) PET and MRI
images of hemiparkinsonian rat with ES-cell transplantation into the left striatum were
coregistered to define anatomic structures. E) ES-cell transplantation increased the ratio
of activity in lesioned/non-lesioned striatum determined by PET imaging with
['"*FJFECNT. The ratio was greatly reduced in hemiparkinsonian rats that had either no
intervention (n = 4) or sham treatment (n = 5). This reduced ratio significantly
recovered after transplanting ES-cells into the lesioned striatum of hemiparkinsonian
rats (n = 5; *, p < 0.01 by a two-tailed #-test, compared with rats receiving the sham

treatment). The horizontal line on each group shows the mean value.

Figure 6. Recovery on ['*F]JFECNT specific binding after grafting of 6-OHDA lesioned
animals. Time activity curves following constant infusion of ['"*FJFECNT in rats with
(A) sham treatment and (B) ES cell transplantation. After 120-150 min constant
infusion, uptake in both striatum (STR) and cerebellum (CBL) ascended linearly, and
specific binding (SPEC = STR - CBL) became stable. Specific binding in the lesioned
striatum displayed a minimal level in rats receiving sham treatment (A; n = 5), but

increased to approximately 1/3 level of non-lesioned striatum after ES cell
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transplantation (B; n = 5). The y-axis is expressed as % of the activity infused per h.
Results are shown as mean + S.E.M. C) Distribution volumes of ["*FJFECNT specific
binding in striata of hemiparkinsonian rats. The distribution volumes of the non-
lesioned striata were similar in sham (n = 5) and ES cell transplanted (n = 5) animals. In
contrast, the distribution volumes of the lesioned striata were significantly higher in
transplanted than in sham animals (6.71 = 1.7 vs. 1.15 £ 0.23; *, p < 0.01 by a two-
tailed #-test, compared with rats receiving the sham treatment). The horizontal line on

each group shows the mean value.
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Supplementary figure legend:

Figure SI. Non-pharmacological evaluation of rotational behavior demonstrates
significant recovery 14 weeks after transplantation. The results are shown as mean =+
S.EM. (n = 5; * P<0.05 by a two-tailed ¢-test, compared with rats receiving sham
treatment).

Figure S2. Binding potential of [''C]raclopride in striata of hemiparkinsonian rats
measured by PET D, receptor scanning performed 32 weeks after transplantation. The
lesioned striata of sham rats (n = 4) showed a significant increase in dopamine D,
receptor binding compared to the contralateral, non-lesioned side (p < 0.01, paired two-
tailed #-test). In contrast, receptor binding in transplanted animals (n = 5) was equal on
right and left sides and significantly different from left side of sham animals (p=0.01).

Results are shown as mean + S.E.M.
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