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ABSTRACT

Human adult olfactory epithelial-derived neural progenitors (hONPs) can differentiate along several
neural lineages in response to morphogenic signals in vitro. A previous study optimized the trans-
fection paradigm for the differentiation of hONPs to dopaminergic neurons. This study engrafted
cells modified by the most efficient transfection paradigm for dopaminergic neural restriction and
pretransfected controls into a unilateral neurotoxin, 6-hydroxydopamine-induced parkinsonian rat
model. Approximately 35% of the animals engrafted with hONPs had improved behavioral recovery
as demonstrated by the amphetamine-induced rotation test, as well as a corner preference and
cylinder paw preference, over a period of 24 weeks. The pre- and post-transfected groups produced
equivalent responses, indicating that the toxic host environment supported hONP dopaminergic
differentiation in situ. Human fibroblasts used as a cellular control did not diminish the parkinsonian
rotational deficits at any point during the study. Increased numbers of tyrosine hydroxylase (TH)-
positive cells were detected in the engrafted brains compared with the fibroblast-implanted and
medium-only controls. Engrafted TH-positive hONPs were detected for a minimum of 6 months in
vivo; they were multipolar, had long processes, and migrated beyond their initial injection sites.
Higher dopamine levels were detected in the striatum of behaviorally improved animals than in
equivalent regions of their nonrecovered counterparts. Throughout these experiments, no evidence
of tumorigenicity was observed. These results support our hypothesis that human adult olfactory
epithelial-derived progenitors represent a unique autologous cell type with promising potential for
future use in a cell-based therapy for patients with Parkinson’s disease. STEM CELLS TRANSLA-
TIONAL MEDICINE 2012;1:492-502

[10, 11]. Studies using cell grafts obtained from
pooled fetal ventral mesencephalic dopaminer-
gic neurons pioneered this approach [12, 13]. Im-
provements were achieved after the engraft-

INTRODUCTION

Parkinson’s disease (PD) is a worldwide neurode-
generative disease whose incidence increases

with population longevity [1]. PD is characterized
by extensive loss of dopaminergic (DA) neurons
in the substantia nigra [2]. Although drugs help
relieve the symptoms and potential therapeutic
strategies for PD are in clinical trials [3], no cure is
available. The major treatment for PD is oral
L-3,4-dihydroxyphenylalanine (.-DOPA) [4], the
precursor of dopamine that can cross the blood-
brain barrier [5]. .-DOPA becomes less effective
for two reasons: (a) during the progression of the
disease, the neurons become less sensitive to the
drug [6], and (b) L-DOPA does not prevent or res-
cue the DA neurons from degeneration [7]. Deep
brain stimulation can benefit PD patients as a
component of a medical regimen [8, 9], although
the results are variable.

Alternative therapeutic approaches suggest
that cell replacement may have significant merit

ment, but they were accompanied by dyskinesia
[14, 15]. Stem cells represent an alternative re-
placement population because of their unlimited
capacity for self-renewal and potential for differ-
entiation depending on their origin and the mi-
croenvironmental conditions [16, 17]. Mouse
and porcine embryonic stem cells (ESCs) have
been used in replacement strategies for the
treatment of PD animal models, and behavioral
improvements have been observed [18, 19].
However, a source of human cells is essential for
clinical trials. Dopaminergic lineage-restricted
human embryonic stem cells (hESCs) provide re-
lief of parkinsonian symptoms when trans-
planted into a rodent model of PD but frequently
result in teratomas [20, 21]. Human induced plu-
ripotent stem cells (hiPSCs) may also be a prom-
ising resource [22-24]. hiPSCs can be obtained
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from somatic cells and reprogrammed to an embryonic-like state
[25]. hiPSCs are similar to hESCs in morphology, proliferation,
surface antigens, gene expression, epigenetic status of pluripo-
tent cell-specific genes, and telomerase activity [26]. Transplan-
tation of hiPSCs has been shown to diminish the parkinsonian
behavioral deficits in rodent models of PD; unfortunately in
many cases, similar to their embryonic counterparts, the en-
grafted population formed tumors containing tissues from the
three germ layers [22, 25]. Collectively, the studies outlined
above provide proof of concept that cell replacement is a viable
therapeutic strategy for the treatment of individuals with PD.
What is needed is a cell source to replace lost or damaged DA
neurons that is stable, will not be tumorigenic, and eliminates
the ethical concerns associated with embryonic tissues.

The olfactory epithelium (OE) is a unique source for neural
progenitors that can be harvested by minimally invasive endo-
scopic nasal surgery [27]. Furthermore, since no demonstrable
olfactory deficits result from OE biopsy, the tissue could be used
to generate an autologous progenitor population from patients
with PD [27]. An autologous source provides total histocompat-
ibility and eliminates the need for immunosuppressive therapy,
as well as long waiting lists for available donors. Methods for the
isolation and culture of a neurosphere forming population of
neural progenitors have been developed [28]. More than 150
patient-specific cell lines of human adult olfactory neural pro-
genitors (hONPs) have been established from cultures of adult
OE isolated from cadavers [28] and patients undergoing endo-
scopic sinus surgery [27]. These lines have been cryopreserved.
The donor’s age or sex and the cells’ time in culture has no effect
on the cells’ functional capacities.

These progenitors produce, without genetic modulation, the
broad trophic support required for ameliorating motor neuron
degeneration. They have the capacity to differentiate into motor
neurons and to synthesize and release key trophic factors includ-
ing glial cell line-derived neurotrophic factor (GDNF), brain-de-
rived neurotrophic factor (BDNF), nerve growth factor, fibroblast
growth factor-B, neurotrophin (NT)-3, NT-4, vascular endothelial
growth factor, and ciliary neurotrophic factor (CNTF) [29, 30].
They also exhibit high levels of the neural crest marker periph-
erin [28]. Furthermore, through the production of neurotrophic
factors, these progenitors, following their engraftment into the
spinal cord, have been shown to rescue distant, axotomized neu-
rons in the red nucleus of the brain from retrograde atrophy [31].
These neurotrophins may influence their environment such that
the patient’s endogenous stem population may be modulated,
which in turn could replace lost neurons [32]. In addition, they
promote rubrospinal tract axonal regeneration, which demon-
strates that once engrafted into the spinal cord they can exert
their influence over considerable distances into the brain [31,
33].

hONPs have the potential to differentiate along several neu-
ral lineages, dependent on environmental signals in vitro [34,
35]. Therefore, with a proper local microenvironment, the
hONPs can differentiate to DA neurons [34]. It has been reported
that the genes Pitx3 and Nurrl are essential for the survival and
differentiation of DA neurons in the striatum [36—38]. Both tran-
scription factors function as dopaminergic promoters in chick,
mouse, rat, and human embryonic cells [39—42]. They also par-
ticipate in dopaminergic restriction and dopamine production of
hONPs in vitro [43]. Furthermore, Pitx3 and Nurrl were found to
induce TH expression synergistically [23, 44]. In those studies,
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the hONPs were transfected with Pitx3 and Nurrl, after which
they remained tyrosine hydroxylase (TH)-positive following 4
months of selection. After 6 months of cryostorage, p/RES-Pitx3-
Nurrl (IPN)-transfected hONPs retain their ability to produce
and release dopamine and therefore have the distinct potential
to serve as a stable population for cell therapy for PD [43]. Pre-
transfected and post-transfected hONPs have equivalent capac-
ity to produce neurotrophins, including BDNF, CNTF, GDNF,
NT-3, etc., which are important for the survival and function of
DA neurons [23, 45, 46]. Recent studies indicate that these neu-
rotrophins can optimize the microenvironment of damaged ar-
eas and induce endogenous stem cells to replace or rescue de-
generating neurons [47, 48]. Therefore, genetically modified
hONPs, as well as the nontransfected hONPs, may have a dual
ability to serve as replacements for dead or dysfunctional dopa-
minergic neurons and provide protective permissive microenvi-
ronments that can rescue dying or damaged neurons from fur-
ther degeneration while simultaneously having the potential to
activate endogenous progenitors.

This study evaluated the function of IPN-transfected and pre-
transfected hONPs in a unilateral 6-hydroxydopamine (6-OHDA)-
lesioned rat model of PD [49], which is widely used in the study of
PD [24, 50, 51]. Human fibroblasts served as a cellular control,
whereas the culture medium alone was a vehicle control. In the
pilot studies two different toxin injection sites, the medium fore-
brain bundle [52] and the striatum [50], were evaluated. Both
models performed equivalently; the striatum was selected as the
injection site for the data shown in this report. Several different
hONP lines, doses, and vehicle volumes were transplanted into
the animalsin theinitial studies. The hONP lines were equivalent.
Therefore, the optimized paradigm with a single hONP line was
used in the experiments.

MATERIALS AND METHODS

Cell Preparations

PIRES-Pitx3-Nurrl-transfected and pretransfected hONPs from
the same patient-specific cell line were thawed and cultured in
minimal essential medium with 10% heat-inactivated fetal bo-
vine serum (Gibco, Grand Island, NY, http://www.invitrogen.
com) (10% OE) for 1 week, as described previously [28, 43]. Cryo-
preserved hONPs retain their viability and progenitor nature.
Figure 1A—1C demonstrates the immunoreactivity of previously
frozen hONPs to nestin, a well-known neural stem cell marker, as
well as their neural crest origin, as shown by substantial perinu-
clear peripherin reactivity. After recovery from cryopreservation
and dilution of dimethyl sulfoxide, these cells divided every
18-20 hours and at low density maintained their perikaryal in-
tegrity as they settled down on a solid substrate (Fig. 1D); as their
concentration increased, they formed neurospheres (Fig. 1). Hu-
man skin fibroblasts (crl-1836; American Type Culture Collection,
Manassas, VA, http://www.atcc.org) were cultured under iden-
tical conditions. The hONPs were adapted to serum-free growth
medium via serial dilution of serum every day for 3 days until the
cells were placed in DFBNM (Dulbecco’s modified Eagle’s medium/
F-12 medium supplemented with 1% B27 and 0.5% N2 and 100
ug/ml gentamicin; Gibco). Cells were detached and suspended
in DFBNM, and viability was analyzed using 0.4% trypan blue
stain (15250; Gibco) according to the manufacturer’s protocol.
Only viable cells were counted, and cells at a concentration of
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2,500 cells per microliter were prepared and kept on ice until
engraftment.

Animal Model and Cell Transplantation

All animal care and surgical interventions were in accordance
with the University of Louisville’s Public Health Service Policy on
Humane Care and Use of Laboratory Animals and with the ap-
proval of the university’s Institutional Animal Care and Use Com-
mittee and Institutional Biosafety Committee. The endoscopic
biopsy of the olfactory epithelium was approved by the Univer-
sity Institutional Review Board.

Establishment of Parkinsonian Rat Model

Female Sprague-Dawley rats (200—250 g; Charles River Labora-
tories, Wilmington, MA, http://www.criver.com) were main-
tained under a 12-hour light/dark cycle with constant temper-
ature and humidity. Food and water were available ad libitum.
Twenty-four hours prior to surgery, animals were weighed and
assigned identification numbers.

The animals were anesthetized using ketamine (Hospira Inc.,
Lake Forest, IL, http://www.hospira.com)/xylazine (Ben Venue
Laboratories, Bedford, OH, http://www.benvenue.com) at 37.7
and 5 mg/kg, respectively. After anesthesia and 30 minutes be-
fore lesion, desipramine (D3900; 25 mg/kg i.m.; Sigma-Aldrich,
St. Louis, http://www.sigmaaldrich.com) was given to protect
noradrenergic neurons from 6-OHDA toxicity, and pargyline
(P8013; 50 mg/kgi.m.; Sigma-Aldrich) was given to inhibit endog-
enous monoamine oxidase. A prophylactic dose of general anti-
biotics and penicillin (100,000 units/kg i.m.; Butler Schein Animal
Health, Dublin, OH, http://www.butlerschein.com) was adminis-
tered to prevent infection.

Figure 1. Following 6 months of cryo-
preservation, human adult olfactory neu-
ral progenitors retained their viability and
expressed their neural progenitor nature.
They formed neurospheres that detached
from the substratum and became free-
floating; occasional cells expressing a
more neuronal-like phenotype could be
seen. (A): Merged confocal image demon-
strating the presence of the neural stem
cell marker-filament nestin (green); the
neural crest intermediate filament pe-
ripherin (red); and 4',6-diamidino-2-phe-
nylindole, which highlights nuclear DNA
(blue). (B): Nestin only. (C): Peripherin
only (red). (D): Cellular integrity is evident
with this image.

Animal hair was shaved, and the skin was prepared with a
Betadine solution (Purdue Pharma L.P., Stamford, CT, http://
www.purduepharma.com) at the surgical site. Animals were
mounted in a stereotaxic apparatus, and the scalp was opened. A
small burr hole was made in the skull. For striatum injection, 28
g of free base 6-OHDA hydrochloride (H116; Sigma-Aldrich)
was dissolved immediately before use in 8 ul of sterile saline
containing 0.01% ascorbic acid and injected into the right stria-
tum at the coordinates given by the brain atlas of Paxinos and
Watson [53]. Four injection sites were used to ensure broad and
uniform distribution of the neurotoxin; they were located as fol-
lows from the bregma: anterior-posterior (AP): —1.3 mm, lateral
(L): 2.6 mm, depth (D): 5mm; AP: —0.4 mm, L: 3.0 mm, D: 5 mm;
AP: 0.4 mm, L: 4.2 mm, D: 5 mm; and AP: 1.3 mm, L: 4.5 mm, D:
5 mm. Two microliters of 6-OHDA solution was dispensed into
each point with a 31-gauge needle at a rate of 2 ul/minute. The
needle was left in place for an additional 2 minutes to prevent
backflow and then slowly removed. The hole was filled with a
piece of gel foam, and the scalp was closed. Five milliliters of
0.9% saline was given to counteract any fluid/blood loss. Penicil-
lin (100,000 units/kg i.m.; Butler Schein Animal Health) and bu-
prenorphine (0.02 mg/kg i.m.; Bedford Laboratories, Bedford,
OH, http://www.bedfordlabs.com) were administrated for post-
operative care for an additional 2 days postsurgery.

Assignment of Experimental Groups

The rotation test (below) was the standard behavioral assess-
ment used to evaluate animals. Grouping of the qualified rats
(=6 rotations per minute on average, based on a total of 542 =
270 turns for 45 minutes) was performed before engraftment. In
all experiments, animals were distributed to one of five groups
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with equivalent rotational means. Three groups received unilat-
eral (right, same side with 6-OHDA diffusion) cell transplantation
(IPN [n = 39], pretransfected hONPs [n = 30], human fibroblast
[n = 7]), and one group received a vehicle injection (n = 30). A
separate group was designed as a sham group and did not re-
ceive any additional treatment except for cyclosporine through-
out 24 weeks post-toxin (n = 14).

Cell Transplantation

The rats were anesthetized, prepared, and mounted for the sur-
gery; a hole was made in each skull. On the basis of an initial pilot
series of studies, the minimal dose that produced a maximal
response was determined to be 15,000 cells in a total volume of
6 ul. Higher concentrations did not produce greater responses.
In fact, concentrations of greater than 50,000 per 6 ul were in-
hibitory. The concentration used in this study was substantially
below the widely used levels of other cell types. However, hONPs
maintain a high level of viability following their engraftment,
whereas many other cell types undergo dramatic reductions in
number in the host environment. To ensure that the cells were
evenly distributed in the neurotoxin-treated area, the cells were
implanted into the striatum of the animal in three specific loca-
tions (AP: —0.8 mm, L: 2.8 mm, D: 5 mm; AP: 0 mm, L: 3.6 mm, D:
5mm; AP: 0.8 mm, L: 4.4 mm, D: 5 mm), which were strategically
placed between the four neurotoxin injection sites. The injection
at each point was administered for 1 minute, and the syringe was
allowed to remain in place for an additional 2 minutes before it
was slowly withdrawn to prevent reflux of the solution. At the
surgery site, the skin was sutured and 5 ml of 0.9% saline was
given intradermally. Penicillin (100,000 units/kg i.m.; Butler
Schein Animal Health) and buprenorphine (0.02 mg/kgi.m.; Bed-
ford Laboratories) were administered for postoperation care for
an additional 2 days after surgery. Cyclosporine (Bedford Labo-
ratories) was injected intramuscularly at a dosage of 10 mg/kg
body weight every other day for at least 10 weeks starting from
the day of transplantation. All cellular control and nonengrafted
animals received the same dosage of cyclosporine at the same
frequency.

Behavioral Analysis

Amphetamine-Induced Rotation Test

Three weeks after injection of 6-OHDA, the rats were stimulated
with amphetamine (3.0 mg/kg i.p., 3.0 mg/ml, 0.1 ml/100 g X
rat; A5880; Sigma-Aldrich). A determination of the number of
rotations began 15 minutes after drug injection to allow for dif-
fusion and continued for 45 minutes (recorded in a 3 X 15-min-
ute pattern). Only rats that rotated six or more turns per minute
(for a total of 270 rotations in 45 minutes) were used for the
remainder of the experiment. Those rats were assigned ran-
domly into control or cell engrafted groups. All groups were
coded after cell engraftment; the rotation test was performed
once every 2 weeks starting from the third week through 6
months. Decoding occurred at the conclusion of the study.

Complementary Behavioral Tests

Corner Test. Rats were placed in a right-angle corner with the
forelimbs raised off the floor. The direction the animal turned to
leave the corner was recorded for eight consecutive times. The
number of left turns out of eight trials was summarized and av-
eraged for each group.
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Limb-Use Asymmetry (Cylinder) Test. Rats were placed in a
clear cylinder (30 cm tall by 22 cm in diameter). The number of
wall contacts made by their forelimbs (left, right, or both) was
recorded for 3 minutes. The ratio of left/right usage was calcu-
lated and averaged for each group.

These tests were performed once before the neurotoxin injec-
tion for baseline and were continued once every week starting
from the second week post-treatment until 6 months after cell
transplantation or medium administration.

Immunohistochemistry

Animals were deeply anesthetized with ketamine/xylazine ad-
ministered intraperitoneally and perfused transcardially with a
phosphate-buffered saline wash followed by a 4% buffered para-
formaldehyde (P-6148; Sigma-Aldrich) fixative. Removed brains
were cryoprotected overnight in a 4% buffered paraformalde-
hyde followed by 20% sucrose (59378; Sigma-Aldrich) at 4°C. The
striatum of each animal was located and dissected with a brain
cutting block and mounted in frozen O.C.T. compound (Sakura
Finetek, Torrance, CA, http://www.sakura.com). Coronal sec-
tions (12 wm) were cut with a sliding microtome (CM3050S;
Leica, Heerbrugg, Switzerland, http://www.leica.com). Sections
were reacted with an antibody against TH (monoclonal; Sigma-
Aldrich) using the ABC method (Vector Laboratories, Burlingame,
CA, http://www.vectorlabs.com). Some sections were used for
double labeling of TH expression and anti-human nuclear local-
ization (MAB 1281; Chemicon, Temecula, CA, http://www.
chemicon.com). Nuclear DNA staining was achieved with 1:500
4',6-diamidino-2-phenylindole (Molecular Probes, Eugene, OR,
http://probes.invitrogen.com).

Dopamine Assay

The rats were terminated with an overdose of ketamine/xylazine
4 months after cell or medium injection, brains were removed,
and each animal’s striatum was dissected with a brain slicer and
lysed in RIPA buffer (R0278; Sigma-Aldrich) with a tissue grinder
(101020; Kimble Chase, Vineland, NJ, http://www.kimble-chase.
com) in the presence of protease inhibitor (P8340; Sigma-Al-
drich). Total protein of each sample was determined, and dopa-
mine production was analyzed quantitatively with a dopamine
enzyme immunoassay kit (Dopamine EIA; Immuno-Biological
Laboratories Co., Takasaki, Gunma, Japan, http://www.ibl-
japan.co.jp) according to the manufacturer’s protocol.

Statistical Analysis

All data are presented as means with error bars equivalent to the
SD of the mean. The analysis was performed using GraphPad
software. Student’s t test was used for comparisons and deter-
mination of significant differences between groups. Significance
was considered to exist at p > .05.

RESULTS

The Effect of Cell Engraftment on Behavioral Activity

Based on a series of six individual equivalent experiments, ani-
mals receiving hONPs had reduced behavioral deficits following
the engraftment of IPN-transfected and the matched pretrans-
fected cells into the striatum of animals 3 weeks after 6-OHDA. In
contrast, in a single experiment that was initiated after the first
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Figure 2. Effect of engraftment on rotation. (A): Engraftment with human adult olfactory neural progenitors (transfected and nontrans-
fected) reduced rotation compared with medium or fibroblasts (p < .01). (B): Effect of time on rotation. No differences were found between
fibroblast and medium groups. (C, D): Corner and cylinder analyses were equivalent to the rotation. (B-D): Error bars indicate SD. Abbrevia-

tions: d, days; IPN, p/RES-Pitx3-Nurrl; NS, not significant; w, weeks.

series, animals transplanted with the medium or human fibro-
blasts remained unchanged from neurotoxin-treated controls.
Six months after engraftment and 27 weeks after the 6-OHDA,
approximately 36% (14 of 39) of the engrafted animals in the
IPN-transfected group exhibited at least a 50% rotational reduc-
tion (behavioral recovery). IPN transfection initiated the dopa-
minergic differentiation of the hONPs and resulted in improve-
ment that was detected 6 weeks post-transplantation. In
contrast, 33% (10 of 30) of the pretransfected hONPs also exhib-
ited 50% rotational reduction, although the improvement re-
quired a longer postengraftment period. The IPN engrafted ani-
mals improved in week 6 postengraftment, whereas the
pretransfected animals did not show improvement until 12
weeks. At the conclusion of these experiments (27 weeks), no
significant difference in level or degree of recovery was detected
between pretransfected and post-transfected groups (p > .05);
the improved rotation levels were reduced to 43% of the initial
levels in both groups. In a single additional experiment that was
the last in the series also summarized in Figure 2, human fibro-
blasts were used as a cellular control to further evaluate the
specific role of the hONPs in cell replacement therapy. This ex-
periment was undertaken after the other preceding experi-
ments, which were performed in a double-blinded fashion, were
decoded, and surprisingly, it was determined that the pretrans-
fected and the IPN transfect were found to produce equivalent
responses. Animals receiving the fibroblasts had no improve-
ment for the duration of the experiment (18 weeks postengraft-
ment), which was significantly different from the IPN-trans-

fected or pretransfected hONP groups (p < .05). There was no
difference between the medium control or fibroblast-engrafted
animals (p > .05); neither group improved throughout the treat-
ment. In contrast, a significant difference was observed between
the hONP (pre- and/or post-transfected) animals and the medi-
um-only control and/or fibroblast-engrafted groups (p < .01)
(Fig. 2A, 2B).

The corner preference and cylinder tests were performed for
comparison with the rotational results. Normal animals tended
to turn left and right equivalently in the corner test, whereas
those receiving the unilateral 6-OHDA turned toward the toxin-
injected side (the right side, in this study) much more frequently
than to the left. In contrast, the corner preference test demon-
strated that those animals with diminished rotations had re-
duced preference and turned to both the left and right when
faced into a corner. Animals with no rotational improvement
similarly had an overwhelming preference to turn to the right. In
contrast, the fibroblast-engrafted and the medium-only control
animals continued their preference for the right, turning to to-
ward the right seven times more than to the left (Fig. 2C). In the
cylinder climbing test, normal animals used their right and left
front paws equally against the glass wall as they reached for the
top of the cylinder, whereas the toxin-injured animals had a
strong preference to use their left. In this study, the animals with
improved rotational deficits also had improved cylinder tests;
their left/right paw usage increased from 10% to 40% over 24
weeks following engraftment, which was three times as great as
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Figure 3. Effect of unilateral 6-hydroxydopamine on striatal dopaminergic neurons. No TH reactivity occurred in the lesioned striatum (right
side) over 24 weeks (A-D). Dopaminergic neurons were found in the lesion sites of animals engrafted with transfected and nontransfected
human adult olfactory neural progenitors (E, F); medium- and fibroblast-administered controls lacked dopaminergic neurons (G, H). Local-
ization is shown as described in the text. Magnification, X4.5. Abbreviations: IPN, p/RES-Pitx3-Nurr1; Non-Trans, nontransfected; TH, tyrosine

hydroxylase; W, weeks.

the human fibroblast transplanted or medium-only treated con-
trols (Fig. 2D; supplemental online Movie 1).

Transplanted hONPs Promote TH Expression in the
Toxin-Injured Sites

Unilateral treatment of the striatum with the 6-OHDA destroyed
all TH-positive cells after 3 weeks, as demonstrated by the lack of
immunoreactivity in the area of treatment. No detectable spon-
taneous recovery of TH-positive cells occurred throughout 24
weeks postneurotoxin, nor was TH-positive immunoreactivity
observed in any toxin-treated region of the sham-operated con-
trols (sham group, Fig. 3A—3D), nor was it detected in the human
fibroblast or medium-only groups (Fig. 3G, 3H). The left sides of
the brains, which did not receive the toxin, expressed TH in the
striatum, whereas the right-side striatum did not exhibit any TH
regeneration over 24 weeks after the toxin injection, nor was it
restored in the cellular or medium controls. In contrast, both the
pre- and post-transfected hONP-engrafted animals, which im-
proved in the behavior tests, exhibited greater TH expression
in sections of their striatum compared with the controls (Fig.
3E, 3F).

Survival of hONPs After Engraftment

Twenty-four weeks after engraftment, dopaminergic neurons
were detected in the toxin-injured striatum of the hONP trans-
planted animals (Fig. 4A, 4B). Two groups of dopaminergic neu-
rons could be distinguished on the basis of reactivity to human
nuclear antigen. Many neurons were double-labeled, reflecting
their human origin. However, some of the dopaminergic neurons
did not react with the human antigen, suggesting either that
these neurons resulted from an endogenous population of stem
cells or that they reflect rescued damaged host neurons. Intact,
engrafted TH-positive hONPs resembled multipolar neurons
with long processes that frequently passed out of the plane of
focus (Fig. 4C, 4D). Furthermore, TH-positive processes were
found well beyond the injection sites (Fig. 4E, 4F). TH-positive
perikarya and processes were detected 800 wm away from the
implantation sites. Approximately 35% of the animals that re-
ceived either the pre- or post-transfected hONPs were partially
recovered. A quantitative study demonstrated differences in the
number of TH-positive cells between recovered and nonrecov-
ered transfected animals (p < .05) and between prerecovered
and the pretransfected nonrecovered animals (p < .05). No sig-
nificant differences were observed between the recovered
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transfected and recovered pretransfected animals (p < .05).
Similarly, no differences were found between the nonrecovered
animals of these two groups (p > .05) (Table 1). No TH-positive
cells were observed in the toxin-injured striatum of the human
fibroblast animals, the medium-only animals, or the sham con-
trols. Human fibroblasts were not detected 4 months after trans-
plantation.

Analysis of the Dopamine Levels

Dopamine enzyme immunoassay was used 4 months after toxin
injury to determine the dopamine levels in the striatum sections
of half brains (HB). The left HBs that never received 6-OHDA
contained 1.44 * 0.68 dopamine (pg)/total protein (mg) (D/TP),
which was 14 times as great as that of the toxin-injured and
medium-only-injected HBs (0.11 = 0.04 D/TP). The recovered
pretransfected and post-transfected tissue had D/PT levels of
0.27 *= 0.07 and 0.41 * 0.11 (pg/mg), respectively. The D/PT
levels of pretransfected and post-transfected nonrecovered HBs
averaged 0.11 = 0.03 and 0.13 + 0.03 (pg/mg), respectively. The
improved animals exhibited higher levels of dopamine compared
with the nonrecovered or the medium-only controls. The dopa-
mine levels in the left side (untreated) brains were significantly
higher than those of all the right sides. There was no significant
difference between the transfected recovered and nontrans-
fected recovered. The dopamine levels in the treated brains of
recovered and nonrecovered animals were statistically different
from each other (Fig. 5).

DiscussioN

Although PD is characterized by the degeneration of dopaminer-
gic neurons in the substantia nigra, the etiology and cure remain
unknown [2]. Pharmacological agents transiently relieve symp-
toms, losing their effectiveness with prolonged use [54, 55]. Sub-
stantial proof-of-concept studies, aimed at developing a cell re-
placement therapy, are ongoing [10, 11]. Early attemptsincluded
the transplantation of embryonic tissues such as mesencephalic
tissue [56, 57], fetal nigral cells [58, 59], or ventral midbrains
[60]. With the relief of parkinsonian symptoms, these trials
raised concerns. (a) There was a lack of donor tissue; each pa-
tient receiving this surgery required 3-5 fetal brains [56], which
increased the risk of bacterial or viral infection. (b) Even with
well-experienced surgical teams, the outcomes were unreliable.
(c) Dyskinesia occurred in a significant proportion of patients [14,
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Figure 4. Immunolocalization of engrafted hONPs in the 6-hydroxydopamine-lesioned striatum. IPN-transfected hONPs (A-D) and the

pretransfected hONPs (E-G) were intact and TH-positive 24 weeks after the engraftment. High-magnification microscopy revealed that the
transfected and nontransfected hONPs had TH-positive processes (C, G), which were observed beyond the injection sites (D, F). (H): Pretrans-
fected hONPs; lower power image equivalent to (D) demonstrating similar migration from the site of engraftment as in (D) for the transfected
cells. Note that not all of the TH-positive cells double-labeled with human nucleus antigen, reflecting the multifaceted action of hONPs (cell
rescue and endogenous stem cell differentiation). Scale bars = 20.0 um (B, C, G), 50.0 um (A, E, F), 100.0 um (H), and 200.0 um (D).
Abbreviations: DAPI, 4',6-diamidino-2-phenylindole; hONP, human adult olfactory neural progenitor; IPN, p/RES-Pitx3-Nurrl; TH, tyrosine

hydroxylase.

Table 1. Significance (p value) between engraftment groups

Group TRecov TNoRecov PreTRecov PreTNoRecov
TRecov .008 .63
TNoRecov .008 11
PreTRecov .63 .009
PreTNoRecov 11 .009

There was no difference in tyrosine hydroxylase-positive cell numbers
between the recovered transfected and nontransfected human adult
olfactory neural progenitor-engrafted animals (p > .1) or between the
nonrecovered transfected and nontransfected animals (p > .1). There
was a difference between the behaviorally recovered and the
nonrecovered animals (p > .05).

Abbreviations: PreTNoRecov, pretransfected nonrecovered;
PreTRecov, pretransfected recovered; TNoRecov, transfected
nonrecovered; TRecov, transfected recovered.

15]. Therefore, an alternate source for dopaminergic cells has
been a topic under study [61, 62]. Stem cells have potential for
cell-replacement therapy for PD because of their capacity for
self-renewal and ability to differentiate into other cell types [62].
Human ESCs were among the first populations used in a PD
model, and significant decreases in rotation tests from pretrans-
plantation levels following transplantation were reported [20,
63, 64]. Several recent studies have focused on induced pluripo-
tent stem cells (iPSCs) derived from human fibroblasts [25, 26],
human or rat primordial germ cells [65—67], or mammalian em-
bryos [68, 69]. These cells promoted behavioral recovery when
transplanted into parkinsonian animal models [24]. However,
like ESCs, in many cases (50% or more) they generated teratomas
within 69 weeks [22, 70, 71]. These studies used relatively high
numbers of cells for engraftment with a range of 100,000 to 2
million cells per treatment.

The long-term goal of the present study was to find a stable,
nontumorigenic cell source that could be used in a cell-based
therapy for Parkinson’s disease. Methods to isolate and expand
neural progenitors from human adult olfactory epithelium were
developed [36]. The tissue was obtained via endoscopic biopsy of
the olfactory mucosa in the nasal cavity without invasive surgery
or significant injury to the donor. They were cultured for 8—12
weeks until the progenitors (hONPs) were obtained as previously

described [27, 59]. The use of hONPs that can be obtained from
the patient and then returned to the patient would eliminate
ethical concerns, as well as the need for immunosuppressive
agents, since they would be autologous. Previous studies dem-
onstrated that hONPs can differentiate into neurons in response
to their local environment [72, 73].

The hONPs were lineage restricted to dopaminergic neurons
by transfection with Nurrl and Pitx3, which worked synergisti-
cally in this process [43]. Furthermore, hONPs produce a variety
of neurotrophic factors in vitro [35] and in vivo following their
engraftment [74]. Recent studies have shown that hONPs act as
biological minipumps, releasing neurotrophins that create a per-
missive regenerative environment [74]. Furthermore, the re-
leased neurotrophins, including BDNF, CNTF, GDNF, and NT-3,
have been shown to be crucial in the recovery of primate and
rodent models of Parkinson’s disease [12, 75]. The pretrans-
fected hONPs produce these essential neurotrophins, including
BDNF and NT-3, even in a serum-enriched medium [35]. This
study demonstrated that transfection of hONPs did not alter
neurotrophin production. Therefore, genetically modified and
unmodified hONPs can serve as replacements for the dead, dy-
ing, or dysfunctional dopaminergic neurons while simultane-
ously having the potential to provide a protective permissive
microenvironment to rescue dying or damaged neurons from
further degeneration and enhance the endogenous progenitor
populations. Recent studies strongly suggest that engrafted neu-
ral progenitors may be a most promising way to introduce neu-
rotrophins into the central nervous system (CNS) as a therapy for
PD [76]. Engrafted hONPs have a dual mechanism: they synthe-
size and release dopamine and enhance the deteriorating, non-
permissive environment created by the 6-OHDA with neurotro-
phins. The presence of both human reactive and nonreactive DA
neurons following 26 weeks of hONP engraftment supports this
conclusion. In contrast, the fibroblast-engrafted controls and
those animals that received medium only had no improvement,
reflecting the hostile environment created by 6-OHDA. The am-
phetamine-induced rotation test was used; it has been widely
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used to evaluate this parkinsonian model [77, 78]. Corner pref-
erence and vertical climbing data supported the rotational stud-
ies. Furthermore, when the rotations were reduced to half of the
starting level, the rat was operationally considered partially re-
covered. We predicted that animals that received IPN cells would
recover behaviorally, whereas the pretransfected hONPs im-
planted animals would not recover, or would have less recovery,
because the pretransfected hONPs produced less dopamine
than the transfected hONPs in vitro. However, 36% of the ani-
mals that received IPN-transfected hONPs improved. Surpris-
ingly, 33% of the animals engrafted with pretransfected hONPs
exhibited reduced rotation numbers equivalent to those en-
grafted with the IPN-transfected cells. There was no difference in
the final level of recovery between the two groups, although the
pretransfected cell-engrafted animals exhibited rotational re-
ductions 6 weeks later than the IPN-transfected progenitor-im-
planted animals. This might reflect the time required for the pre-
transfected hONPs to differentiate into dopaminergic neurons
and/or to affect the local microenvironment and stimulate en-
dogenous stem cells to form dopaminergic neurons. Trophic fac-
tors act neuroprotectively in Parkinson’s disease models [79, 80].
Therefore, hONPs are likely to have a dual role: “cellular protec-
tion” in addition to cellular replacement for the dopaminergic
cells.

Partial behavioral recovery has been reported in primate
Parkinson’s models in response to the human neural stem cell
transplantation; these animals exhibited improvement during a
60-day period after stem cell transplantation [12, 81]. These au-
thors suggested that the parkinsonian primate CNS may benefit
from replacement of degenerating DA neurons by differentiated
human stem cells, and/or the trophic, protective, and guidance
effects of stem cell-derived progeny, which is consistent with our
results.

Other studies using human embryonic [81] or adult [82] stem
cells in the 6-OHDA rat model also reported some behavioral
recovery of the parkinsonian deficits following transplantation. It
was suggested that the engrafted human stem cells may be pro-
tective against the toxicity from the 6-OHDA in rats’ striatum.
Studies with an alternate, 1-methyl-4-phenyl-1,2,3,6-tetrahy-
dropyridine (MPTP) mouse model of Parkinson’s disease have
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shown that genetically modified GDNF-secreting progenitors in-
crease TH-positive cells and reduce behavioral deficits [76].
These reports support the hypothesis that the behavioral im-
provement in the hONP-engrafted animals may be the result of
two separate but complementary actions: the trophin-enriched
protective microenvironment and/or the replacement and res-
cue of dopaminergic neurons.

Control groups demonstrated that the recovery was specifi-
cally due to the engrafted hONPs rather than the toxin-lesioned
environment alone, with the medium or with the injection of
non-hONP cell types. A sham group was included with the same
dosage and location of 6-OHDA injection and evaluated for the
entire 27 weeks. Immunohistochemistry determined that no DA
neurons were restored in the sham, medium, or cellular control
groups. No TH expression was detected in any of these control
groups, indicating that the microenvironment of the lesioned
sites can only support DA neuron development induced by the
hONPs. Human fibroblasts were not detected 18 weeks after the
engraftment, which further demonstrates the specific stability
and viability of the engrafted hONP population. Therefore, the
hONPs represent a unique cell type for cell-mediated therapy of
PD with the ability to differentiate into dopaminergic neurons
and perhaps to stimulate the microenvironment for host stem
cell activationin situ. In contrast, in the recovered animals (trans-
fected and nontransfected engrafted) hONPs survived and
remained TH-positive for the duration of the experiment (a min-
imum of 24 weeks after transplantation), indicating their long-
term potential to provide dopamine- and neurotrophin-rich
environments. Furthermore, the TH-positive hONPs were ob-
served 800 um from their initial engraftment site, demonstrat-
ing that hONPs can migrate in the local environment of the
6-OHDA-lesioned striatum, which is essential to cell integration.
Similar results were reported by other groups using hESCs and
iPSCs [82-85], which survived and promoted improvement in
the behavior tests in the animals with parkinsonian symptomes.
Bjugstad et al. [82] reported that the neural stem cells isolated
from the human fetal telencephalon migrated along the nigro-
striatal pathway 4 months after transplantation in an adult mon-
key MPTP lesion. More cells were detected along the pathway 3
months postengraftment, demonstrating that the engrafted
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population did not remain entirely in the injection site but mi-
grated along pathways [82]. Studies with iPSCs engrafted into a
MPTP-lesioned mouse model demonstrate migration from the
site of transplantation in the striatum to the lesion site, localizing
in the substantia nigra [83]. Collectively these studies are in
agreement with the present study and demonstrate cell migra-
tion after transplantation, although different species and models
were used.

It has been reported that the PD models that were engrafted
with ESCs or iPSCs eventually developed teratomas and died
within 6 weeks for ESCs [56, 70, 71] and 7-9 weeks for iPSCs [17,
79]. In the present study, no tumor formation was detected 24
weeks after engraftment, suggesting that hONPs likely represent
a more stable lineage-committed population and thus are more
suited for cell replacement therapy for PD. Furthermore, the
hONPs can be cryostored in liquid nitrogen without loss of viabil-
ity for future engraftment should serial treatments become nec-
essary [43].

Dopamine EIA was applied to detect the dopamine level in
animal brains. It has been shown that the brains of parkinsonian
models have decreased dopamine levels [86]. In the hONP-en-
grafted brains, the dopamine levels in the behaviorally improved
animals were higher than in animals without improvement, sug-
gesting that the hONPs were functional and that the recovery
was partially the result of the increased dopamine levels. Others
report that intracranial transplantation with iPSCs resulted in
improved striatal concentrations of dopamine in the behavior-
ally recovered MPTP mouse model as measured by high-perfor-
mance liquid chromatography [83], which further supports the
likelihood that the observed behavioral improvement was the
result of the increased dopamine, as well as neurotrophin sup-
port provided by the engrafted hONPs.

CONCLUSION

hONPs may represent an ideal population for cell therapy for PD
because of their capacity to survive, produce dopamine, and pro-
vide neurotrophic support in the toxin-lesioned environment, as
well as the neurotoxic environment of the parkinsonian brain.

Furthermore, hONPs have a significant advantage since they can
be harvested from the patient’s olfactory epithelium without
highly invasive surgery and thus represent an autologous cell
source, where the patient is both the donor and the recipient.
This benefit eliminates the need for waiting lists for histocompa-
table donors, as well as the use of immunosuppressive agents
typically applied following cell engraftment. Finally, these stud-
ies demonstrate that genetic engineering (transfection) is not
required for an effective dopaminergic formation but that the
microenvironment of the substantia nigra can modulate hONPs
to become functional, stable, dopamine-releasing cells that may
offer long-term survival following their engraftment without tu-
mor formation. Future studies will be required to optimize en-
graftment parameters and to determine whether hONPs have a
positive action in patients with Parkinson’s disease.
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