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ABSTRACT: Background: AAV2-neurturin (CERE-
120) is designed to deliver the neurotrophic-factor, neu-
rturin, to the striatum to restore and protect degenerat-
ing nigrostriatal neurons in Parkinson’s disease (PD). A
common hypothesis is that following expression in the
striatum, neurotrophic-factors like neurturin (NRTN) will
be transported from degenerating terminals to their cell
bodies in the substantia nigra pars compacta (SNc).

Methods: We tested this concept using immunohisto-
chemistry, comparing the bioactivity of AAV2-neurturin
in brains of PD patients versus those of nonhuman pri-
mates similarly treated.

Results: NRTN-immunostaining in the targeted striatum
was seen in all PD cases (mean putaminal coverage:
~15% by volume); comparable expression was
observed in young, aged, and parkinsonian monkeys. In
the SNc cell bodies, however, only rare evidence of
neurturin was seen in PD, while ample evidence of
intense nigral-NRTN was observed in all monkeys.
NRTN-expression was associated with occasional,

sparse TH-induction in the striatum of PD, but nothing
apparent in the SNc. In primates, NRTN produced ro-
bust TH-induction throughout the nigrostriatal neurons.

Discussion: These data provide the first evidence that
gene therapy can increase expression of a neurotrophic-
factor deep in the PD brain and that clear but modest
enhancement of degenerating neurons can be induced.
They also provide important insight regarding deficiencies
in the status of nigrostriatal neurons in advanced PD, sug-
gesting that serious axon-transport deficits reduced the
bioactivity of AAV2-NRTN by limiting the protein exposed
to the cell body. Thus, future efforts using neurotrophic-
factors to treat neurodegenerative diseases will need to
target both the terminal fields and the cell bodies of
degenerating neurons to assure maximal benefit is
achieved.VC 2010Movement Disorder Society
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Parkinson’s disease (PD) is a chronic motor disorder
whose symptoms are associated with degeneration of
dopamine-producing neurons originating in the sub-

stantia nigra pars compacta (SNc) and projecting to
the striatum (including the putamen). No treatments
protect against the continued degeneration of these
neurons and, over time, all therapies fail. CERE-120 is
an AAV2-based gene transfer vector designed to
deliver the neurotrophic factor human neurturin
(NRTN) to these degenerating neurons as a treatment
for PD. Neurotrophic factors are naturally-occurring
proteins that restore function and prevent death of
damaged neurons. NRTN and glial cell line-derived
neurotrophic factor (GDNF) are structural and func-
tional homologs shown to restore and protect dying
dopaminergic neurons in animal models of PD.1–4

However, the use of neurotrophic factors as a treat-
ment for neurodegenerative diseases has proven
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extremely difficult, in large part due to obstacles that
preclude targeted delivery of adequate and sustained
levels of protein to the degenerating neurons.5–9

Gene therapy may provide a means to overcome
these obstacles by distributing protein throughout
the targeted region for the life of the transduced
cells. For these reasons, AAV2-NRTN (CERE-120)
was developed, and following extensive preclinical
testing,4,10–15 was tested in PD patients using stereo-
tactic delivery to the putamen. A Phase 1 trial in 12
moderately advanced PD patients identified no safety
issues, while suggesting possible improvement on
several measures of motor function.16 A subsequent
double-blind-controlled Phase 2 trial in 58 subjects
further supported the safety of CERE-120, but failed
to discern any benefit compared to sham surgery on
the primary endpoint (UPDRS-motor-‘‘off’’ at 12-
months). However, several secondary endpoints sug-
gested modest clinical benefit, while no measurement
favored sham-control. Moreover, a protocol-pre-
scribed analysis of all data from patients whose
treatment remained blinded at 15 to 18 months (n
¼ 30) suggested significant benefit with CERE-120
on the primary and secondary endpoints with no
measurement favoring sham.17

Two PD patients in the Phase 2 trial died from non-
AAV2-NRTN-related events, and their brains were
examined histologically. Here, we report the effects of
delivering AAV2-NRTN to the putamen in these
patients, comparing the expression of NRTN in puta-
men and nigra, and TH-induction in nigrostriatal neu-
rons, to that following the same treatment in young,
aged, and parkinsonian monkeys.

Patients and Methods

Vector Design and Construction

CERE-120 is an AAV2 vector genetically engineered
to express only human NRTN.11

Parkinson’s Autopsy Cases

Patients who previously met entry criteria and
signed an IRB-approved informed consent received
CERE-120 (5.4 � 1011 vg), distributed via four sepa-
rate needle tracts per hemisphere and two deposits per
tract. One subject (#1802) was a 59-year-old man
who had been diagnosed 10.2 years earlier and died
from a pulmonary embolism on Day 90, post-CERE-
120 treatment. The second subject (#1904) was a 73-
year-old man who had been diagnosed 9.5 years ear-
lier and suffered a fatal myocardial infarction on Day
47 post-CERE-120. Subject #1904 had baseline
UPDRS motor off/on scores of 34/21 and a self-
reported diary off time of 1.33 hr/day. Subject #1802
had baseline UPDRS motor off/on scores of 51/34 and
a self-reported diary off time of 4.7 hr/day. Brains

were fixed following postmortem intervals of 6 and 13
hours, respectively, with a modified Zamboni’s solu-
tion and sectioned at 40 lm. Only one hemisphere
was available from the second subject. Brains were
stained for NRTN and tyrosine hydroxylase (TH),
using non-PD aged humans as positive controls. Both
brains demonstrated typical pathological features of
PD, with marked loss of cells in SNc, coupled with
multiple a-synuclein-stained Lewy bodies.

Nonhuman Primate Cases

Ten Rhesus monkeys (Macaca mulatta) were
administered intraputaminal doses of AAV2-NRTN
within the range administered to the PD patients,
based on relative striatal volume, except for two
young monkeys who intentionally received a substan-
tially lower dose (�4% of human dose by striatal
volume) and their brains evaluated only 28 days
later. All housing and experimentation was IACUC
approved.4,12–14 Following CERE-120 administration,
monkeys were anesthetized, perfused transcardially
with 0.9% saline, followed by a modified Zamboni’s
fixative and the brains sectioned. Some of these mon-
keys were part of previous publications,4,12,13 though
the specific data presented here were not previously
published.
Two young monkeys (�5 years old) were adminis-

tered 0.5 � 1011 vg of CERE-120 per hemisphere in
two deposits in a total volume of 25 lL within the
striatum and euthanized 1 month later, and an addi-
tional young monkey received 1.0 � 1011 vg per hemi-
sphere of CERE-120 and was euthanized three months
later.
Three aged monkeys (22–25 years old) were admin-

istered 3 � 1011 vg of CERE-120, unilaterally, via five
deposits (30 lL each) distributed throughout the stria-
tum and euthanized 8 months later.
Five monkeys (age range: 6–10 years) received uni-

lateral, intracarotid infusions of MPTP resulting in
motor dysfunction. They were then administered 1.5
� 1011 vg of CERE-120 4 days later, via five deposits
(15 lL each) distributed throughout the striatum, as
well as a single, 10 lL injection into the SNc (0.2 �
1011 vg dose) and euthanized 10.5 months later.

Immunohistochemical Analysis of Neurturin
and Tyrosine Hydroxylase

Immunoperoxidase labeling was used to visualize
NRTN and TH within the human and nonhuman pri-
mate striatum and SN, as previously reported.4 A ster-
eologic sampling method, combined computer-assisted
imaging software, and the Cavalieri method was used
to quantify volume of NRTN expression in the pri-
mate striatum. For the human cases, two different
methods were independently employed to compute
volume of NRTN expression in putamen. One method
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(at Rush University) employed volumetric analyses
based on stereological sampling of 6 to 11 sections
throughout each putamen. The second method (Cere-
gene) sampled all sections found to contain putamen
(19–29 sections per each case).The percent of NRTN
expressed within each targeted structure was then cal-
culated based on the volumes of the entire target,
using values from in-house human and primate histo-
logical sections and MRI scans, as well as published
values to provide an estimate of nonhuman primate
caudate/putamen of �1200 mm3/hemisphere and
human putamen of �4000 mm3/hemisphere).

Results

NRTN Expression

For the two PD cases, neurturin expression was
quantified in the three available hemispheres 7 weeks
or 3þ months post-AAV2-NRTN treatment following
death from unrelated causes. NRTN-immunoreactivity
was seen in all hemispheres, restricted to the targeted
putamen (see Fig. 1). Two independent, blinded analy-
ses conservatively estimated NRTN protein covered
�15% of the entire putamen by volume. The dosing
paradigm employed for CERE-120 was intended to
distribute the AAV2-NRTN as widely as possible
throughout the putamen, while limiting spread to sur-
rounding sites to reduce potential side effects.5,6,18 De-
tectable NRTN protein was seen in 93%, 58%, and
80% of all putaminal sections analyzed, in each of the
three hemispheres studied.
In contrast to the strong NRTN expression in the

putamen (i.e., terminal field of the dopamine nigral
neurons), very little NRTN staining was seen in the
SNc (i.e., neuronal cell bodies of these same neurons)
despite appreciable, surviving dopaminergic, melanin-
positive neurons (Fig. 2A–C).
Two young monkeys were administered a particu-

larly low dose of CERE-120 (less than 4% of the
human PD dose, by relative volume of each targeted
structure) and euthanized only 1 month later, to pro-
vide a conservative estimate of the early-onset bioac-
tivity of CERE-120 with low NRTN expression levels.
The volume of striatal NRTN expression in these two
monkeys was estimated to be only 5.6% and 1.8%.
Despite this low level of striatal NRTN expression,
and in contrast to the PD cases, NRTN retrograde
labeling was easily seen within SNc perikarya (see Fig.
3) and anterogradely transported NRTNþ fibers were
seen coursing within the globus pallidus and SN pars
reticulata.
For the three aged monkeys administered AAV2-

NRTN 8 months earlier, NRTN was estimated to
cover 4, 19, and 25% (mean 16%) of the entire stria-
tum, by volume. Despite the variation in striatal
NRTN coverage, NRTN was consistently observed in

the SNc (see Fig. 4), in contradistinction to the PD
tissue.
For the five MPTP-treated monkeys (administered

AAV2-NRTN 4 days following MPTP treatment eu-
thanized 10 months later), a mean of �13% of the
entire putamen by volume stained for NRTN (8%,
8%, 13%, 15%, and 23%, respectively). Similar to
other primate studies, extensive evidence for retro-
gradely and anterogradely transported NRTN within
the substantia nigra pars compacta and reticulata,
respectively, was observed (see Fig. 5).

Tyrosine Hydroxylase Immunohistochemistry

Examination of the human PD autopsy tissue found
only scant evidence for TH induction following
CERE-120. The clearest evidence for TH induction
was observed in the targeted striatum, well within the
boundaries of some of the most intense sites of NRTN

FIG. 1. Photomicrographs, illustrating neurturin (NRTN) immunohisto-
chemical staining throughout sections of the PD putamen. A: Case
1904-left hemisphere; B: Case 1802-right hemisphere; C: Case 1802-
left hemisphere. Scale bar represents 5 mm.
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staining (see Fig. 6A–C). This signal, reflecting only
sparse TH-positive fibers, was observed on average in
50% of the NRTN-positive putaminal sites shown in
Figure 1 (i.e., 0%, 62%, and 80%, respectively). No
evidence for TH induction was found in the SNc of
the PD brains, despite the presence of numerous mela-

nin-containing, THþ dopaminergic neurons (see Figs.
2A,B and 6D,E).
In contrast to the sparse TH-induction signal in the

PD cases, TH-induction following AAV2-NRTN treat-
ment in monkeys was consistently observed in nigro-
striatal neurons, was generally robust and typically

FIG. 2. Example of melanin-positive neurons and NRTN-immunostaining in PD substantia nigra, pars compacta (SNc). While many clusters of mela-
nin-positive, dopaminergic perikarya were observed in nigra (A: low magnification and B: high magnification), only rarely did any nigral neurons
show evidence for NRTN staining (e.g., C: high magnification). Panels A and B illustrate the general failure of nigrostriatal neurons to retrogradely
transport NRTN to nigral perikarya following intraputaminal delivery of AAV2-NRTN, whereas Panel C illustrates a rare example of NRTN in the nigra
from successful retrograde transport. Scale bar represents 220 lm in panel A and 22 lm in panels B and C.

FIG. 3. NRTN staining in young monkeys administered low dose of AAV2-NRTN to striatum, intentionally covering only 5.6% and 1.8% of striatal
volume (panels A and B, respectively). Figures represent the coronal section with greatest area of NRTN protein for each monkey. Despite modest
NRTN coverage of striatum, NRTN was clearly seen in nigra only 1 month after AAV2-NRTN administration (panels C and D). Scale bar represents 2
mm in panels A and B. Scale bar in panel C represents 1 mm in lower magnification photos in panels C and D, and in higher magnification photos
in C and D, represents 400 lm.
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mirrored the extent and intensity of NRTN expression
in the striatum and the nigra. This was evident even at
28 days postdosing, with substantially lower doses,
and less NRTN expression, than in the PD cases.
Finally, in further contrast to the TH response in PD
brain, the area of TH induction in monkey striatum
consistently exceeded that of NRTN staining in adja-
cent sections (Fig. 7).

Discussion

Attempts to develop neurotrophic factors as thera-
peutic agents for neurodegenerative diseases have per-
sisted for decades. While their potential for
substantially advancing treatment is still generally
acknowledged, significant obstacles with delivery con-
tinue to hamper their translation to clinical practice.
The present novel data warn that the long-standing
delivery issues are likely even more complex for
human CNS diseases than previously appreciated, but
also demonstrate that gene therapy may offer the
means to overcome these issues, while providing valu-
able insight for a path forward.
We show that gene therapy can produce targeted

expression of a potentially potent therapeutic protein
deep within the brains of neurodegenerative patients.
Administration of AAV2-NRTN (CERE-120) to the
putamen in the PD brain resulted in clear expression

of NRTN in the targeted putamen, conservatively esti-
mated to cover �15% of the structure by volume.
While it is not known how much coverage is required
for clinical benefit in PD patients, this amount is
clearly within the range that provided biological bene-
fit in several nonhuman primate models,4,12–14 and the
accumulated animal and human safety data now pro-
vide the justification for responsibly expanding that
coverage further. However, an equally important ob-
servation is that, in contrast to all prior animal stud-
ies, NRTN expression in the PD putamen did not
result in labeling of the neuronal cell bodies in the
SNc, despite putaminal coverage more than sufficient
to produce this response in young, aged, and MPTP-
parkinsonian monkeys. This distinction suggests a pro-
found difference in the status and function of nigro-
striatal neurons in advanced PD versus typical animal
models used for PD translational research. Moreover,
if future attempts to develop neurotrophic factors for
diseases like PD are to be successful, they likely will
have to take this difference into account.
Of equal interest is the modest AAV2-NRTN-medi-

ated TH-induction seen in the putamen following
AAV2-NRTN administration and subsequent NRTN
expression. Since TH is a major enzyme for dopamine
synthesis and a surrogate for functional enhancement
of degenerating dopamine neurons, our data offer the
first evidence that gene therapy delivering a neurotro-
phic factor can enhance impaired markers of

FIG. 4. NRTN in 3 aged monkeys treated with AAV2-NRTN administration to striatum. Note abundant NRTN-positive cells in substantia nigra in all 3
cases (bottom panels) following NRTN expression in striatum (top panels), even in case when volume of NRTN coverage was only 4%. Scale bar in
top panels represents 2.0 mm, and 0.2 mm in lower panels.
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dopamine function in the degenerating neurons of the
PD brain. However, the lack of a robust and consist-
ent TH signal in the putamen (in conjunction with the
no detectable TH-induction in the SNc) suggests the
biological response achieved was suboptimal and very
likely insufficient to produce satisfactory clinical
improvement. These findings therefore provide a plau-
sible explanation for the modest and inconsistent clini-
cal effects reported for patients enrolled in the
controlled AAV2-NRTN study.17

The robust TH signal in nonhuman primates in
response to AAV-NRTN is in marked contrast to the
limited signal in PD in a number of important ways,
including: (1) the intensity of TH signal was far less in
PD, (2) it occurred with less frequency and reliability,
and (3) it occurred within a much smaller portion of
the putamen, well within the region of NRTN expres-
sion. This lack of robust TH-induction in PD is con-
sistent with the lack of NRTN-labeled SNc neurons,
for it is commonly recognized that to optimally acti-

vate cellular repair genes in degenerating neurons,
neurotrophic proteins must be elevated in the cell
bodies of those neurons. Yet, the observation that
even a weak TH response was induced in the degener-
ating PD nigrostriatal neurons may be very important.
Together with the evidence for a similarly weak
NRTN signal in the SNc, it suggests that strategies
assuring greater neurotrophic exposure to degenerat-
ing perikarya are likely required to gain a more rapid
and robust neurotrophic response and thus more
meaningful clinical benefit.
Conventional wisdom, based on considerable animal

research with neurotrophic factors (primarily GDNF)
in degenerating nigrostriatal neurons, argued that tar-
geting the terminal fields of these neurons (i.e., the
striatum) is both necessary and sufficient to gain opti-
mal neurotrophic benefit (and that targeting the SNc
is unnecessary or even counter-productive).19–21 This
perspective was further supported by seminal research
with neurotrophic factors demonstrating that they

FIG. 5. NRTN in striatum and nigra of MPTP monkeys treated with AAV2-NRTN. Panels A and C: sections from a monkey with 8% NRTN coverage
of striatum (lowest coverage in group). Panels B and D: monkey with ~23% coverage of putamen (highest coverage in group). Open arrow denotes
edge of relatively small AAV2-NRTN nigra injection (note that NRTN-stained nigral neurons are seen several mm away, reflecting retrograde transport
of NRTN from striatum). Scale bar (in B) represents 2 mm in panels A and B. Scale bar (in D) represents 1 mm in C and D lower magnification pan-
els and 208 lm in C and D higher magnification insets.
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most often function by being taken-up by the neuron’s
terminals and retrogradely transported to their cell
bodies to induce trophic effects.22,23 Indeed, delivering
GDNF or NRTN to the terminal field in the striatum
has consistently been shown to be sufficient to elevate
GDNF and NRTN levels in both the axon terminals
as well as the cell bodies in the nigra via retrograde
transport.8,24–26 We show here for the first time that
this does not occur in a similar fashion in advanced
PD, revealed by the paucity of NRTN-positive peri-
karya in the nigra, despite clear NRTN in the puta-
men and sufficient dopamine neurons in the SNc.
It is noteworthy that many of the studies demon-

strating the protective effects of intrastriatal GDNF
and NRTN against 6-OHDA neurotoxicity preadmi-
nistered the neurotrophic factor before toxin exposure,
and in so doing, assured that adequate protein had
been transported to the cell bodies well before the
neurons began to degenerate and axonal transport
mechanisms became impaired (e.g., as shown in Refs.
21, 27, and 28). The data convincingly demonstrate
that it is not necessary to directly administer the pro-
tein to the nigra when using an experimental para-
digm that results in nigral exposure of the trophic
factor prior to significant degeneration, but do not

demonstrate that nigral exposure of the trophic factor
is not essential. Similarly, data showing injections of
GDNF into the nigra, in addition to the striatum, are
without benefit and may be harmful21 also should be
interpreted with care. These data merely show that
when sufficient nigral GDNF exists from retrograde
transport of striatal GDNF, the additional targeting of
the nigra is unnecessary and may even produce dose-
related side effects.
A major observation of this article is the failure to

achieve evidence of retrograde transport of NRTN
from the striatum to the SNc in humans with
advanced PD, in contradistinction to several nonhu-
man primate models, involving a range of dosing pa-
rameters. One possible explanation may relate to
differences in tissue fixation, since the monkey tissue
was fixed by intracardiac perfusion, while both PD
brains were immersion-fixed following a postmortem
interval of 6 or 13 hours. However, multiple converg-
ing lines of evidence support a conclusion that the dif-
ferent results are indeed due to a transport deficiency
in advanced PD and not due to difficulties with stain-
ing the human tissue. First, despite the huge difference
in NRTN staining pattern in the nigra between PD
patients and nonhuman primates, the NRTN staining
pattern seen in striatum is indistinguishable. Second,
NRTN-expressing neurons in the PD striatum were
detectable well outside the major sphere of intense
NRTN staining, suggesting that even lower levels of
NRTN can be detected with immunostaining. Third,
monkey SNc neurons consistently displayed TH-upreg-
ulation secondary to retrograde NRTN transport, but
no such upregulation was seen in the PD cases. Since
TH-staining was seen in many unaffected brain

FIG. 6. Representative photomicrographs from PD putamen (top pan-
els A–C) and substantia nigra (bottom panels D–F). Panels B and C
provide example of TH induction in putamen, relative to NRTN expres-
sion in adjacent section (A), following AAV2-NRTN administration.
Note TH signal: (i) was observed only well within the area of NRTN
staining, (ii) was sparse, and (iii) occurred only ~50% of the time
NRTN was seen. Panels D–F depict representative example of TH1
neurons and fibers in PD substantia nigra (D and F) and nigrostriatal
pathway of the same hemisphere (E). Scale bar (in A) represents 1332
lm in A and B, 100 lm in C, E, and F and 833 lm in D.

FIG. 7. Typical examples of TH induction in aged (top) and young
(bottom) monkeys, showing relationship between NRTN expression in
striatum (left panels) and corresponding TH induction (middle panels).
For the aged monkey, the right-hand panel depicts TH-ir on his con-
tralateral (untreated) side. For young monkey, a representative section
from a control monkey injected with formulation-buffer is depicted.
Note that in these (and typically all) monkey studies, the area of TH
induction extends well beyond boundaries of NRTN staining. Scale
bar represents 2 mm.
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regions in the PD cases (e.g., hypothalamus), the lack
of evidence for TH-induction in SNc neurons argues
for a lack of NRTN protein and against problems
with detection. Finally, a weak TH induction pattern
was observed in the putamen of the PD cases, also
arguing against a detection issue. All these pieces of
evidence support the conclusion that reduced NRTN
protein in the PD nigra is most likely due to impaired
transport of protein from the striatum to the SNc.
Another difference between the monkey tissue and the
human PD tissue was that the monkeys were injected
with CERE-120 into both structures of the striatum
(i.e., caudate and putamen), whereas the human PD
patients were given CERE-120 into the putamen, only.
However, this difference also cannot easily explain the
profound differences in NRTN observed in the nigra
between the two. In nonhuman primates, NRTN was
easily detected in all regions of the substantia nigra
including the ventrolateral portion, which preferen-
tially innervates the postcommissural putamen (and
not the caudate). Thus, this protein could only exist in
the nigra via retrograde transport from the putamen.
The absence of similar NRTN in the human PD cases
following CERE-120 administration to the putamen
argues for a clear difference in the bioactivity of
CERE-120 in the nigrostriatal system of nonhuman
primates versus moderately advanced PD patients.
While nonhuman primate models have proven to be

invaluable in identifying and elucidating novel treat-
ment approaches for neurodegenerative diseases like
PD3,4,29–32 the novel data presented in this article,
coupled with an emerging thesis in the literature
regarding axonal transport deficiencies (see below)
warn that it may likely be important to further refine
models of neurodegeneration intended to support
translational R&D efforts. The search for new means
of inducing neuronal death far more slowly than does
MPTP and 6-OHDA will likely be required, thus pro-
viding a longer ‘‘window of opportunity’’ to study
and/or exploit functional deficits that likely accom-
pany the pathogenesis that eventually kills the neu-
rons. Recent efforts by Chung et al.33 inducing axonal
transport deficiencies by over-expressing alpha-synu-
clein raise intriguing possibilities into novel
approaches for possibly developing such models.
Though we did not perform any measurements of

axonal transport in our study, a loss of retrograde
transport in nigrostriatal neurons undergoing severe
degeneration in Parkinson’s disease represents the
most parsimonious explanation for the lack of NRTN
protein in the SNc. Others have previously noted that
deficient axonal transport frequently precedes dying
back of axon terminals in animal neurodegeneration
models, while similar evidence is accumulating that
disruptions in axonal transport occur well in advance
of cell death and frank axonal degeneration in many

neurodegenerative diseases (e.g., ALS, AD, and
HD).34–37 Early-stage deficiencies in axonal transport
in these other diseases have been linked to many of
the same axonal pathogenic events observed in
PD,34,36,37 suggesting the plausibility for a similar loss
of axonal transport in PD. Moreover, several gene
mutations causally linked to PD (e.g., parkin, PINK1,
DJ-1, and LRRK) are known to impair mitochondrial-
energy function, and axonal transport is highly
energy-dependent, further supporting the plausibility
of an axonal transport deficiency in PD. Additionally,
at least 2 familial a-synuclein mutations implicated as
causal in PD have been directly associated with
impaired axonal transport in cultured neurons, while
rats over-expressing a-synuclein (via administration of
AAV-a-synuclein to the SN) display frank axonal
transport loss prior to dying back of terminals and
SNc cell death.33 Finally, a-synuclein deposits in PD
axons have been coupled to transport impairments in
PD brains,36 with the authors stating that ‘‘such
deposits almost certainly will interfere with axon func-
tion and severely or completely suppress transport of
substances through the axon’’. Thus, the lack of
NRTN protein in the SNc cell bodies, despite suffi-
cient expression of NRTN within the terminal fields
of those neurons, offers additional empirical support
for the emerging concept that impairments in axonal
transport may be an important, (possibly early) patho-
genic event in many human neurodegenerative dis-
eases, including PD.
Collectively, these data provide a plausible hypothe-

sis for why the advanced PD patients treated with
AAV2-NRTN in the double-blinded trial17 did not
demonstrate a significant benefit in the primary end-
point at 12 months, but did show some benefit after a
longer latency. We postulate that deficiencies in axo-
nal transport resulted in far less NRTN than expected
reaching the nigral cell bodies following CERE-120
administration to the putamen, thus blunting the neu-
rotrophic response, especially within 12 months. At
the same time, the limited amount of NRTN that did
reach the nigral cell bodies likely induced a very mild
trophic response (as evidenced by occasional NRTN-
positive nigral neurons and the sparse TH induction in
these PD cases). Over time, one might expect this ini-
tial NRTN signal and trophic response to become
amplified, leading to a gradual induction of repair
genes, improvement in cell function and the enhanced
clinical response observed at the later time points.
In addition to offering a plausible explanation for

the past clinical results observed with AAV2-NRTN,
the data we report here also argue that targeting the
striatal terminal fields only, is likely insufficient for
achieving clinically meaningful effects in moderately
advanced PD patients. Rather, it is likely necessary to
also target nigral cell bodies to ensure that adequate
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NRTN is expressed there, so that genes to repair these
degenerating cells can be induced more effectively,
thus improving their function, perhaps including more
efficient transport (i.e., via a positive, feed-forward
process). These functional changes, in turn, might lead
to more robust and rapid clinical improvement.
In conclusion, the data presented in this manuscript

provide the first evidence that gene therapy can be
used to target expression of a neurotrophic protein
(NRTN), selectively to the brain region of major
degeneration in advanced Parkinson’s patients. Fur-
ther, we demonstrate that these degenerating neurons
can respond to the neurotrophic-factor, for expression
of NRTN is associated with a clear, albeit modest,
trophic-response typically associated with improved
dopaminergic function (i.e., TH-induction). Finally,
our studies demonstrate that targeting the nigrostriatal
system in PD must take into account deficiencies in
the integrity of the nigrostriatal tract, which appa-
rently limit axonal transport from the terminal fields
of the degenerating neurons to their cell bodies. Thus,
conventional, putaminal-only dosing (employed in sev-
eral inconclusive trials in the past) likely provides sub-
optimal levels of neurotrophic factor in the cell body,
significantly limiting the biological effects, and thus
the potential clinical benefit of this therapeutic
approach. In sum, our data collectively argue that
gene therapy may provide the means to overcome the
long-standing delivery issues associated with using
neurotrophic factors for treating neurodegenerative
diseases. However, to achieve optimal biological
effects and therapeutic benefit, they also argue it is
likely necessary to directly target the degenerating cell
bodies (in the case of PD, the cells in the SNc), along
with traditional targeting of their terminal field (in
PD, the striatum). A Phase 1/2 clinical trial is under-
way to test the safety and efficacy of nigral and puta-
minal administration of CERE-120 in PD patients
who experience motor complications despite adequate
antiparkinsonian therapy (ClinicalTrials.gov identifier:
NCT00985517).
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