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lesions, including those caused by oxidative damage such
as strand breaks, base modification, and abasic sites, will
block the progression of the polymerase, resulting in a
decrease in amplification of the intact mitochondrial
genome.

FCS sensitively measures fluctuations in fluorescence
intensity generated by only a few fluorescent molecules dif-
fusing in and out of an extremely tiny volume element at
the subfemtoliter level in solution. The characteristics of
the fluctuations are dependent on the base length and the
concentration [8-10]. Thus. FCS probably detects a
decrease in the LPCR product, which has the same base
length as intact mtDNA. Furthermore, because of the
short analysis time and the economic efficiency of the small
sample volume, FCS would be advantageous for massive
specimen analysis [9].

The purpose of this study was to test the feasibility of
detecting mtDNA damage caused by oxidative stress using
the LPCR-FCS method. After human embryonic kidney
203 (HEK-293) cells, used as test cells, were treated with
different concentrations of H.O» for 60 min, total cellular
DNA was extracted. The mtDNA genome was amplified
by LPCR and the product was confirmed with restriction
enzymes, We added the fluorescent dye YOYO-I to the
LPCR medium to detect fluorescence fluctuations resulting
from both the LPCR products and primer. Fluorescence
autocorrelation functions were analyzed using a two-com-
ponent model, and the optimal amount of template DNA
was determined first. Then the dependence of the fraction
of the LPCR product on H>O, was evaluated,

Materials and methods
Cell culture

HEK-293 cells were grown in a 5% CO, humidified
atmosphere at 37 °C in Dulbecco’s modified Eagle’s medi-
um (DMEM} supplemented with 10% fetal bovine serum,
2 % 10° U/L penicillin G, and 200 mg/L streptomycin sul-
fate. The cells were routinely split every 3-4 days, and
10% cells were plated in 60-mm dishes 14-16 h before expo-
sure to 0--0.4 mM H,Q5 for 60 min [1]. Then the cells were
washed once with phosphate-buffered saline (PBS) and har-
vested immediately by brief trypsinization (0.25%).

DNA isolation and LPCR

Using a GeneBall DNA isolation kit (TaKaRa, Japan),
30 pg of total cellular DNA was extracted from 10° cells.
The concentration of total cellular DNA was determined
by absorption at 260 nm with a SmartSpec 3000 spectro-
photometer (Bio-Rad, USA). The primer nucleotide
sequences were as follows: for the 16.2-kb fragment of
the mitochondrial genome, the forward primer 5-TGAG
GCCAAATATCATTCTGAGGGGC-3' and the reverse
primer 5-TTTCATCATGCGGAGATGTTGGATGG-3
[7}; for the 17.6-kb fragment upstream of the nuclear B-glo-

bin gene (GenBank, NG_000007), the forward primer
5. TGCACCTGCTCTGTGATTATGACTATCCCACA
GTC-3' and the reverse primer 5'-ACATGATTAGCA
AAAGGGCCTAGCTTGGACTCAGA-3'. The B-globin
gene encoded in the nuclear chromosome was used as a
control to confirm mtDNA-specific damage.

LPCR were performed in a PC707 thermal cycler (Astec,
Japan) using a TaKaRa LA Taq PCR kit as described by
the manufacturer. The thermal cycle profile was as follows:
initial denaturation for I min at 94 °C, followed by 20
cycles for mtDNA or 24 cycles for $-globin at 94 °C dena-
turation for 30 s and 68 °C primer extension for 15 min. A
final extension at 72 °C was performed for 10 min at the
completion of each profile. To confirm the LPCR product,
parts of the product were digested with four restriction
enzymes: FEcod47l (TaKaRa), Huaelll (TaKaRa), Hgal
(New England BioLabs, USA)}, and BspMI (New England
BioLabs). Each digest was analyzed on gel.

Fluorescence spectra of YOYO-1

The fluorescent cyanine dye YOYO-1 was purchased
from Molecular Probes (USA). LPCR product-YOYO-!
complexes were made by mixing equal volumes of LPCR
medium and 1 pM YOYO-1 in 10 mM Tris (pH 7.4). The
mixed solution was incubated at room temperature for
30 min before use. Fluorescence spectra of YOYO-1 solu-
tion (0.5 pM) were recorded with an FP6500 fluorescence
spectrophotometer (Jasco, Japan).

FCS measurement

FCS measurement was performed using a ConfoCor
fluorescence correlation measurement system (Carl Zeiss
Jena, Germany), as described elsewhere [11]. A sample
droplet (20 pl) was set on a cover glass and was excited
with approximately 10 kW/em? of laser power (Ar") at
488 nm. The fluorescence signal was detected through a
dichroic mirror (>510 nm) and a bandpass filter (515-
560 nm). Measurements were conducted at room
temperature.

Theoretical works on fluorescence correlation spectros-
copy have been published previously by various authors
[12-14]. Briefly, because fluorescence intensity fluctuates
with only a few fluorescent molecules diffusing in and out
of the volume element, the fluorescence intensity at time
1, 1{1), changes into I(s + 1) 7 seconds later. The fluores-
cence autocorrelation function is calculated from a random
fluctuation of fluorescence intensity as follows:

Gx) = w (1)
(1)) ‘ _

The typical shape of an autocorrelation in Eq. (1) usual-
ly has high amplitude for time ranges shorter than approx-
imately ! ms and almost no amplitude for time ranges
longer than approximately | ms. This suggests that every
molecule that gives a correlation signal occupies the
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volume element for a shorter time but that only a few mol-
ecules stay for a longer time. Therefore, a high amplitude
lasts when large molecules stay in the volume element for
a longer time because they diffuse slowly.

In the current study, the fluorescence autocorrelation
function, G(r), was fitted to a simple two-component mod-
el, where the variables were the average number of fluores-
cent molecules (), the translational diffusion time of the
free fast-moving component of the primer (Tprimer), and
the translational diffusion time of the slow-moving compo-
nent of the LPCR product (7psoduet)s a8 shown in the fol-
lowing equation:
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where Tprimer product = ""(2)/4Dprimcr.pmduclwS = Wo/:m,V is the
fraction of the slow-moving component, w, is the radius of
the detection field (volume element), 2z, is the field length,
Dyrimer and Dypogye are the translational diﬂ'Llsi011 constants
of the free fast-moving product and the slow-moving prod-
uct, respectively, and s is the structure parameter. The data
analysis was performed using the nonlinear least-squares fit-
ting method with the FCS ACCESS computer program
(EVOTEC BioSystems, Germany). In the current study, s
(0.192) was obtained previously with rhodamine 6G as the
reference standard. After determining Tprimer A0 Tproguet
(see Results and discussion later), y and & were obtained
from the fitting of every autocorrelation function.

The optimal amount of template DNA was determined
first, and then the effect of H,O, exposure on DNA damage
was evaluated by changes in fraction in FCS measurement
of LPCR products for mtDNA and the B-globin gene. The
results were compared with those obtained by gel
electrophoresis.

Frequency of DNA lesions

Assuming a random distribution of lesions, the Poisson
equation (¢™, where s = lesion frequency) was used to cal-
culate the lesion frequency per genomic strand: s = —In
(Ag4/A,) = lesion frequency/strand, where A, = the fraction
of the slow component obtained from a given amount of
nondamaged DNA template and 44 = the fraction of slow
component of the DNA template damaged by a particular
dose of H,0, [15].

Densitometric analysis after gel electrophoresis

After the LPCR mixture was applied to 1% agarose gel,
the gel was stained with fluorescence dye (Gelstar, TaKa-
Ra). Then the digital image of the gel was recorded with
a CCD camera (C-3040, Olympus, Japan) under UV light.

The relative abundance of the LPCR product in each sam-
ple on gel was quantified by densitometric analysis using
Scion Image (Scion, USA). After background subtraction,
the intensities in the band of interest were divided by the
highest band intensity in each gel, and the abundance
was expressed as relative band intensity.

Statistical analysis

The results were analyzed for statistical significance by
the unpaired Student’s 1 test using Microcal Origin (Origin-
Lab, USA). Values are expressed as the means and stan-
dard errors of three to five individual experiments unless
stated otherwise.

Results and discussion
LPCR products labeled with YOYO-1

Using total DNA extracted from normal cells without
H>05 treatment, the mtDNA genome and target sequence
of B-globin were amplified by LPCR. Both products were
electrophoresed and appeared as single bands near
17 kbp on the gel. These were confirmed by the digestion
with four restriction enzymes, demonstrating a pattern of
fragment distribution identical to that expected from the
GenBank data (data not shown).

In 0.5 M YOYO-! solution containing the mtDNA
LPCR product, intense fluorescence was observed near
510 nm. as shown in Fig. IA. YOYO-1 alone had little fluo-
rescence at that wavelength. When interacted with the prim-
er for mtDNA amplification, it had weak fluorescence that
was one-third the fluorescence intensity of the coexistent
solution of the mtDNA LPCR product. The fluorescence
spectra and the intensity of the primer for the B-globin gene
and of the LPCR product were identical to those for mtDNA
{data not shown). Thus, the interaction between each LPCR
primer and YOYO-1 also caused fluorescence.

Diffusion time of primer and LPCR products

The fluorescence autocorrelation functions of the primer
for mtDNA amplification, the LPCR products for mtDNA,
and the B-globin gene are shown in Fig. 1B. The tunction of
the mtDNA LPCR product was nearly identical to that of
the B-globin LPCR product due to similar base length but
was largely shifted to the right compared with that of the
primer. The fluorescence autocorrelation function of the
primer for B-globin gene amplification was identical to that
for mtDNA (data not shown). These results suggested that
the LPCR product diffused much slower than the primer
due to its longer length.

By fitting the autocorrelation function of the primer for
mtDNA amplification to a simple one-component model,
where y =0 in Eq. (2), the diffusion time was obtained
{Table 1). Then the fluorescence correlation functions of
the mtDNA and B-globin LPCR products were fitted to
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Fig. 1. {A) Fluorescence spectra (@) ol 0.5uM YOYO-| associated with
the mIDNA LPCR product, having an emission maximum at 510 am.
YOYO-1 alone (5K) had little fluorescence at the wavelength, When
interacted with the primer for mtDNA amplification, it had a weak
fuorescence (A). which was one-third the fluorescence in the solution
containing the mDNA LPCR product. (B) Typical normalized autocor-
relation functions of the LPCR products of mIDNA and B-globin und the
primer for mDNA amplification.

a simple two-component model with a fast-moving compo-
nent of the free primer and a slow-moving component of
the LPCR product using Eq. (2). The diffusion times of
the LPCR products (Tproduct) Were determined by curve fit-
ting of autocorrelation data to the two-component model
and were found to be 182404 ms for mtDNA and
19.6 & 3.3 ms for B-globin (Table 1). In the following anal-
ysis, the obtained values were considered as constant to
reduce the number of free parameters.

Dependence of template DNA amount on fraction of slow
component

Because the relationship between the amount of tem-
plate DNA and the number of LPCR products is linear,
the fraction was also expected to be dependent on the

Tuble |
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Fig. 2. (A} Changes in normalized autocorrelation functions of mMIDNA
LPCR producls due to the amount of template DNA (0.4-80 ng). (B)
Dependence of amount of template DNA on the fraction of the slow
component obtained from two-component analysis of the autocorrelation
function of the mtDNA LPCR product (@, means + SE) and on relative
band intensity by densitometry after gel electrophoresis(O, means — SE).
Regression lines are y = 55 4 1.6x (R = 0.90) (or the fruction of the slow
component and y =17+ 19x (R=10.99) for the relative bund intensity
(2-20 ng of total DNA).

amount. As shown in Fig. 2A, the autocorrelation function
of LPCR products was shifted to the left with the decrease
in template DNA from 80 to 0.4 ng, showing a decrease in
the slow component. When the functions were analyzed
with the two-component model, the fraction of the slow
component decreased consistently (Fig. 2B). At more than
20 ng, the fraction seemed to be saturated. The changes in
the fraction were similar to the results obtained from den-
sitometry (~17 kbp), although the values of the fraction in
FCS were different from those of relative band intensities,
which were normalized with the band intensity of 80 ng
of template DNA. The results suggest that we can detect
the decrease in LPCR product, caused by oxidative stress,
if up to 20 ng of template DNA is used under the current
conditions of LPCR.

Effect of H>05 on fraction of slow component

Cells were treated with various concentrations of H;O0-
up to | mM for |h. Just after exposure to 1 mM, cells
detached from culture dishes. Under conditions up to
0.4 mM, cells remained attached. When cells were treated
with 0.4 mM H,0s, cell growth was suppressed 2 days after
the treatment, probably due to apoptosis [1].



200 Detection of mitochondrial DNA damage 1Y, Nomura et al. | Anal, Biochem. 350 (2006) 196--201

After exposure up to 0.4 mM H-0, for 60 min, total
DNA of the cells was extracted. With 20 ng of total
DNA as a template, the target sequence was amplified
and FCS measurement was conducted. When 0.1 mM
H>,0, was added, a decrease in the fraction for the
mtDNA LPCR product from 79.34+ 54 to 67.9 + 3.4%
was observed. At 0.4 mM, the fraction was decreased sig-
nificantly to 53.9 £50% (Fig. 3A). The pattern of
change was similar to the result of the gel electrophore-
sis, although the values of fractions obtained by FCS
were different from those of relative band intensities,
which were normalized with the highest band intensity
in each gel. The fraction of the nuclear-encoded B-globin
LPCR product remained unchanged, that is, approxi-
mately 60% under conditions up to 04mM H,0,
(Fig. 3B). H,Os-induced mtDNA lesion frequency
increased with its dose (Fig. 3C). The frequencies were
0.17 £0.07 lesions/10 kb with 02mM treatment and
0.25 +0.05 .lesions/10 kb with 0.4 mM treatment, We
confirmed that there was little effect of H,0, on the f3-
globin LPCR product on gel. The results shown in
Fig. 3 were consistent with those obtained in previous
studies indicating that mtDNA was more sensitive than
nuclear DNA to H,O, exposure [1,4]). Therefore, the
results suggest that oxidative damage of mtDNA can
be detected by the LPCR-FCS method,

Primary screening of oxidative stress-induced mitDN A
damage

The analysis time of FCS measurement was approxi-
mately 5 min, whereas that of gel electrophoresis was more
than 3 h, in the current study. The current method is pro-
posed only for a rapid primary screening, not for accurate
evaluation of oxidative damage in the mtDNA genoine.
When the ratio of mtDNA to the nuclear-encoded gene
LPCR product is significantly low due to a decrease in
the intact mtDNA genome, the screened sample from
FCS can be immediately subjected to detailed analysis such
as sequencing,

The current measurements of FCS were carried out with
a 20-pl sample volume, although theoretically the volume
can be reduced to 4 volume element on the order of
10715 L [9]. Practically, the sample volume for LPCR can
be reduced to I pl. Thus. this LPCR~FCS method would
also have a great advantage from an economic point of
view. Physical handling of such a small sample volume
can be done by using a capillary tube or a small sample

pit on a glass surface covered by a thin film or cover glass .

for mass examination.

In contrast to common methods used previously without
amplification, such as Northern blotting and HPLC—elec-
trochemical detection, target DNA was amplified in our
method so that a smaller sample could be employed.
Although our method has some of the same limitations
as other methods with amplification (e.g., real-time
PCR), the DNA sample can be reduced due to the tiny vol-
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Fig. 3. (A) HaO, dependence on the [taction of the slow component
obtained {rom two-component analysis of the autocorrelation function of
the mtDNA LPCR product (@, means + SE)and on relative band intensity
obtained by densitometry afler gel electrophoresis (O, means — SE). (B)
H20, dependence on the [raction lor B-globin. (C) Lesion frequencies in
mIDNA (@, means + SE) and B-globin gene (A, means — SE). evaluated by
FCS. #P < 0.05 compared with the fraction without H,0, treatment.

ume element. In this study, we used 20 ng of total DNA. As
shown in Fig. 2B, 2ng of total DNA was sufficient to
detect the mtDNA LPCR product. Furthermore, because
30 pg of total DNA was isolated from 10° cells, mtDNA
damage could be detected using a few hundred cells.
Currently, real-time PCR may be the most sensitive and
precise method for detection and quantification of nucleic
acids. However, it is a compleéx technique and substantial
problems are associated with its reproducibility. Further-
more, in contrast to our method measuring after PCR,
the real-time PCR method measures fluorescence intensity
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during PCR so that its target usually ranges from 100 to
500 bp. If real-time PCR is expanded for a long target
sequence, setting the optimal PCR conditions becomes
complicated. Our LPCR-FCS method makes possible the
evaluation of oxidative stress-induced mtDNA damage
without a complex process.

In conclusion, the current method would be advanta-
geous for epidemiological studies to determine the relation-
ship between mtDNA damage and the diseases in which
mitochondrial deficiencies might be relevant.

Acknowledgment

This study was supported financially in part by a Grant-
in-Aid for Scientific Resedrch (C 2 14580761) from the Min-
istry of Education, Science, Sports, and Culture of Japan.

References

[1] F.M. Yakes, B. van Houten, Mitochondrial DNA damage is more
exlensive and persists longer than nuclear DNA damage in human
cells following oxidative stress, Proc. Natl. Acad. Sci. USA 94 (1997)
514519,

{21 W.J. Driggers, S.P. LeDoux. G.L. Wilson, Repair of oxidative
damage within the mitochondrial DNA of RINy 38 cells, 1. Biol.
Chem. 268 (1993) 22042-22045,

{3] J.H. Santos. L. Hunakova, Y. Chen, C. Bortner, B. van Houten, Cell
sorting experiments link persistent mitochondrial DNA damage with
loss of mitochondrial membrane potential and apoptotic cell death. 1.
Biol. Chem. 278 (2003) 1728-1734. :

[4] G. Wang. T.K. Hazra, S. Mitra, H.M. Lee, E.W. Englander,
Mitochondrial DNA damage and a hypoxic response are induced

by CoCl, in rat neuronal PCI2 cells. Nucleic Acids Res. 28 (2000
2135-2140. :

{5] M. Deschauer, A, Krasnianski, S. Zierz. R, Taylor, False-positive
diagnosis of a single, large-scale mitochondrial DNA deletion by
Southern blot analysis: the role of neutral polymorphisms. Genet.
Test. 8 (2004) 383 387.

[6] C. Richter. J.W. Park, B.N. Ames, Normal oxidative damage to
mitochondrial and nuclear DNA is extensive. Proc. Natl. Acad. Sci.
USA 85 {1988) 6465-6467.

[7}S. Cheng. R. Higuchi, M. Stoneking., Complete mitochondrial
genome amplification, Nat. Genet. 7 (1994) 350-351.

[8] Y. Nomura, M. Kinjo. Real-time monitoring of in vitro transcrip-
tional RNA using fluorescence correlation spectroscopy. ChemBio-
Chem 5 (2004) 1701-1703.

[9] M. Kinjo, Detection of asymmetric PCR products in homogeneous
solution by fluorescence correlation spectroscopy. BioTechniques 25
(1998) 706--715.

[10} M. Kinjo, R. Rigler. Ultrasensitive hybridization analysis using
fluorescence correlation spectroscopy. Nucleic Acids Res. 23 (1995)
1795-1799.

[11] Y. Nomura, H., Tanaka. L. Poellinger, F. Higashino, M. Kinjo.
Monitoring of in vitro and in vivo translation ol green Nluorescent
protein and its fusion proteins by fluorescence correlation spectros-
copy, Cytometry 44 (2001) 1-6.

[12] M. Kinjo, Quantitative analysis by the polymerase chain reaction
using fluorescence correlation spectroscopy. Anal. Chim. Acta 365
(1998) 43-48.

[13] R. Rigler. U. Mets, J. Widengren. P. Kask. Fluorescence correlation
spectroscopy with high count rate and low background: analysis of
translational diffusion, Eur. Biophys. J. 22 (1993) 166--175.

[14] S. Aragon. R. Pecora, Fluorescence correlation spectroscopy as i
probe of molecular dynamics. J. Chem. Phys. 64 (1976) 1791-1803.

[15] D.P. Kalinowski, S. llenye. B. Van Houten. Analysis of DNA
damage and repair in murine leukemia L1210 cells using a quanti-
tative polymerase chain reaction assay. Nugleic Acids Res. 20 (1992)
3485-3494.



Expert
Opinion

. Introduction

. Recombinant adeno-associated

viral vectors

. Local production of dopamine
in the striatum

. Protection of the nigrostriatal
pathway

. Suppression of the overactive
subthalamic nucleus

. In vivo monitoring of
transgenes by PET

. Regulation of transgene
expression

. Expert opinion and conclusion

For reprint orders, please
contact:
reprints@ashley-pub.com

Ashley Publications A
www.ashley-pub.com

Review

Gene Therapy

Gene therapy for Parkinson’s
disease using recombinant
adeno-associated viral vectors

Shin-ichi Muramatsu®, Hideo Tsukada, Imaharu Nakano & Keiya Ozawa
Hichi Medical School, Division of Neurology, Department of Medicine, 3311-1 Yakushiji,
Minami-kawachi, Tochigi, 3290498 Japan

Existing strategies for gene therapy in the treatment of Parkinson’s disease
include the delivery of genes encoding dopamine (DA)-synthesising enzymes,
leading to localised production of DA in the striatum; genes encoding factors
that protect nigral neurons against ongoing degeneration, such as glial cell
line-derived neurotrophic factor; and genes encoding proteins that produce
the inhibitory transmitter y-aminobutylic acid (GABA) in the subthalamic
nucleus (STN), thus suppressing the hyperactive STN. Recombinant adeno-
associated viral (rAAV) vectors, which are derived from non-pathogenic
viruses, have been shown to be suitable for clinical trials. These rAAVs have
been found to transduce substantial numbers of neurons efficiently and to
express transgenes in mammalian brains for long periods of time, with
minimum inflammatory and immunological responses. In vivo imaging using
positron emission tomography is useful for monitoring transgene expression
and for assessing the functional effects of gene delivery. Vector systems that
regulate transgene expression are necessary to increase safety in clinical
applications, and the development of such systems is in progress.

Keywords: AAV, adeno-associated virus, dopamine, gene therapy,
glial cell line-derived neurotrophic factor, Parkinson's disease, positron emission tomography
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1. Introduction

Parkinson’s disease (PD) is a common neurodegenerative disorder among the elderly,
with an estimated prevalence of 1% in individuals > 60 years old. During the
progression of PD there is a loss of neurons in the substantia nigra pars compacta
(SNc), which projects to the striatum (caudate and putamen), leading to a substan-
tial decrease in the dopamine (DA) content of the striatum. Although our under-
standing of the molecular basis of PD has advanced following the identification of
mutations in the a-synuclein, parkin, DJ-1, PINKI and LRRK2 genes associated
with familial PD [1-3], the cause of PD largely remains unknown and to date there is
no curative therapy.

The primary symptoms of PD are motor disturbances, including resting tremor,
muscular rigidity and bradykinesia. These symptoms become apparent after 40 — 50%
of the neurons in the SNc have been lost and striatal DA has been reduced to
~20% of nommal levels . The introduction of the DA precursor
L-3,4-dihydroxyphenylalanine (L-dopa) in the late 1960s represented a major
therapeutic advance in the management of PD, demonstrating that the replace-
ment of DA is important in alleviating the motor symptoms of this disease.
Although virtually all PD patients benefit clinically from L-dopa therapy, L-dopa
becomes less effective as the disease progresses. Frequent systemic administration
of high-dose L-dopa causes oscillations in motor performance {56 and deleterious

10.1517/14712598.5.5.663 © 2005 Ashley Publications Ltd ISSN 1471-2598 663
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complications, including hallucinations due to dopaminer-
gic stimulation of the mesolimbic system (7. Thus, novel
therapeutic interventions that complement or substitute for
oral L-dopa administration are required.

Unlike other neurological disorders that affect broad
regions of the brain, PD is primarily confined to the well-
defined nigrostriatal dopaminergic system. Stereotactic tech-
niques based on microelectrode recording of neural activities
and magnetic resonance imaging-assisted navigation have
become established in clinical practice and can be used in
gene therapy to deliver vectors into the striatum.

2. Recombinant adeno-associated viral vectors

Among the various gene delivery vehicles tested preclinically
for PD, the recombinant adeno-associated viral (rAAV) vector
has been found most suitable for clinical applications, due to
both its efficacy and safety. This vector is the only one based
on the use of a non-pathogenic and replication-defective virus.
Efficient and long-term gene expression has been achieved in
mammalian brains without substantial toxicity or immune
response [8-11]. Wild-type adeno-associated viruses (AAVs) are
small, non-enveloped, single-stranded DNA viruses of the
Parvoviridae family assigned to the genus Dependovirus.
Productive infection with AAV has been found to require
coinfection with a helper virus, such as adenovirus or herpes
virus (127, Until the mid-1990s, only AAV serotype 2 (AAV-2)
had been sequenced, making it a major platform for gene ther-
apy vector development [13-20]. So far > 100 different AAV
sequences have been isolated from human and non-human
primates [21], and their recombinants have been investigated
extensively for tissue tropism and transduction efficiency. This
has led to an increase in transduction efficiency, as well as
being associated with changes in tissue or cell type tropism or
vector distribution patterns in a given tissue [22-26].

Although chromosomal rearrangements in association
with rAAV integration have been observed in a transformed
cell line (271 and in regenerating hepatocytes {28, rAAV is
more commonly present iz vive as duplex, circular and
head-to-tail concatemers, most of which are episomal in
non-dividing cells in the absence of selection [29). Preferential
integration into active regions of the chromosome and into
actively transcribed genes is not unique to rAAV vectors (30],
inasmuch as it has been noted even in adenoviruses, which
are generally considered to be non-integrating. In addition,
the promoter activity of the terminal repeat sequence of AAV
is much weaker than that of retrovirus, probably limiting
transcription to the inward direction of the viral genome.
Thus, the risks of insertional mutagenesis and activation of
oncogenes are quite low. Other safety aspects of tAAV vectors
have been reviewed elsewhere [31,32].

Pre-existing antibodies to naturally infecting AAV-2 are
found in 80% of the human population, and neutralising anti-
bodies can be induced after rAAV vector administration.
These antibodies may compromise transgene expression [33,34],
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Figure 1. Biosynthetic pathway of DA. Three enzymes are
necessary for efficient DA production. TH converts dietary tyrosine
into L-dopa, which in turn is converted into DA by AADC. GCH is
the rate-limiting enzyme for the biosynthesis of BH,, the essential
TH cofactor. All three of these enzymes are synthesised in the
substantia nigra and transported to the striatum. Drastic
reduction in the activities of these enzymes results in the
depletion of DA in the striatum, leading to the manifestation of
motor symptoms.

AADC: Aromatic-L-amino acid decarboxylase; BH,: Tetrahydrobiopterin;
DA: Dopamine; GCH: Guanosine triphosphate cyclohydrolase [;

GTP: Guanosine triphosphate; L-dopa: L-3,4-dihydroxyphenylalanine;
PLP: Pyridoxal 5"-phosphate; SNc: Substantia nigra pars compacta;

TH: Tyrosine hydroxylase.

and the presence of elevated neutralising antibody titres
should be considered as exclusion criteria for clinical trials,
although further studies are necessary to more specifically
define the antibody titre that would constitute exclusion.
Different rtAAV vector serotypes will permit successful retrans-
duction in response to significant levels of neutralising
antibodies to one or more rAAV vectors.

3. Local production of dopamine in the striatum

3.1 Biosynthesis of dopamine

One potential strategy of gene therapy for PD is to restore
local production of DA by delivering genes of DA-synthesis-
ing enzymes into the striatum [9-11,35-39]. Three enzymes are
necessary for efficient DA synthesis: tyrosine hydroxylase
(TH), aromatic L-amino acid decarboxylase (AADC) and
guanosine triphosphate cyclohydrolase I (GCH) (Figure 1).
TH is the rate-limiting enzyme that converts L-tyrosine to
L-dopa; AADC converts L-dopa to DA; and GCH is the rate-
limiting enzyme in the biosynthesis of the essential TH
cofactor, tetrahydrobiopterine (BH,). These three enzymes
are synthesised in SNc neurons and are anterogradely trans-
ported to the striatum. In advanced PD, the severe loss of
dopaminergic nerve terminals is associated with an 80 — 95%
depletion of striatal TH and AADC activity (40-42], leading to
a profound decrease in DA. Failure to respond to L-dopa ther-
apy may result from a reduction in AADC activity, decreased
DA storage capacity in synaptic vesicles, postsynaptic changes
in striatal and/or abnormalities of
non-dopaminergic neurotransmitter systems. AADC s
present in DA-denervated striatum within non-dopaminergic
neurons and glial cells, but endogenous AADC activity in the

output neurons
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striatum is considered insufficient, at least in primates [3543].
Although L-dopa may function as a neurotransmitter or
modify behaviour through DA-independent mechanisms,
central inhibition of AADC with 3-hydroxybenzylhydrazine
(NSD-1015) has been shown to result in the abolition of the
L-dopa motor effect (44], corroborating the classical concept
that L-dopa is pharmacologically inert and its effects are medi-
ated by DA and metabolites. Thus, most of the L-dopa
produced in the striatum after gene transfer must be
converted to DA in situ. Along with decreases in the levels of
BH,, TH and DA observed in PD, the activity of GCH in the
striatum is also decreased in this disease [45]. As a low level of
endogenous BH, does not yield sufficient TH activity, GCH is
thought to regulate TH activity by regulating BH, biosynthesis,
thus indirectly controlling DA production in TH-containing
DA neurons [45-47). In dominantly inherited dopa-responsive
dystonia, a mutation in the gene encoding GCH results in a
decrease in the level of BH,, a further decrease in TH activity
and a decrease in DA production [48]. Although BH, can cross
the blood-brain barrier, uptake of exogenous BH, from the
blood is low [49] and the primary source of BH, in the brain is
via intracellular biosynthesis. Thus, GCH gene transfer into
striatal cells may offer a more efficient method of supplying
BH, than its exogenous administration.

3.2 Dopamine production in animal models

The availability of well-characterised rodent and
non-human primate models makes PD a suitable candidate
for gene therapy experiments. These models use neurotoxins
that selectively elicit DA neuronal death in the SNc and
deplete nigrostrital DA. A rat model of PD is generated by
injecting 6-hydroxydopamine (6-OHDA) into the striatum
or nigrostriatal pathway {501. Systemic or intracarotid admin-
istration of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) into monkeys replicates all the cardinal signs of
PD, including tremor, rigidity, bradykinesia and postural
instability. The primate MPTP model is useful in evaluating
motor functions and in assaying transduction efficiency in
the larger striatum.

The limited packaging capacity of tAAV vectors (< 5 kb)
makes it impossible to use a single vector to express all three
enzymes. However, one cell could be simultancously trans-
duced with multiple rAAV vectors encoding different
enzymes. Although the addition of AADC via genetically
modified fibroblasts to a system expressing TH and GCH has
been reported to result in reduced production of L-dopa, due
to feedback inhibition of DA on TH (51,521, direct gene trans-
fer of AADC and TH into the striatum using rAAV vectors
has been found to be beneficial in 6-OHDA-lesioned
rats [10,36). Local production of striatal DA was higher in cells
expressing GCH, TH and AADC than in cells expressing TH
and AADC, and these results have been confirmed in a
primate model [38]. rAAV vectors have been shown to
efficiently introduce genes encoding DA-synthesising
enzymes into the striatum of the MPTP model, resulting in
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the restoration of motor functions with robust transgene
expression and elevated DA synthesis in the treated putamen.

So far, dyskinesia has not been observed in preclinical studies
of rAAV vector-mediated gene delivery of DA-synthesising
enzymes. Moreover, rAAV vector-mediated delivery of TH and
GCH was found to reverse peak-dose dyskinesia in a rat model
of PD (53). Continuous DA production in the striatum may
account for the reduced likelihood of dyskinesia. It has been
clinically shown that, compared with drugs that have a long
duration of effect, short-acting pulsatile DA agonists are more
likely to induce dyskinesia in PD patients (5]. Compared with
conventional oral therapies, continuous intraduodenal infusion
of L-dopa/carbidopa has a greater effect on motor performance
improvement, but without increasing dyskinesia [541.

Gene transfer of AADC alone, in combination with oral
administration of L-dopa, could be a shorteut to start clinical
trials in PD patients (35,39]. Although these patients would still
need to take L-dopa to control their PD symptoms, DA
production could be regulated by altering the dose of L-dopa.
It could be argued that the major reason for failure of L-dopa
therapy is that adverse effects overwhelm the therapeutic
response (shrinking of the therapeutic window). Many of the
late-stage complications of PD result from the very high doses
of L-dopa required to induce a therapeutic response. Experi-
mental and clinical experience using inhibitors of catechol-O-
methyl-transferase (COMT) indicates that a reduction in the
dose of L-dopa is important in controlling the dyskinesia
associated with prolonged DA half-life [55]. Restoring decar-
boxylating capacity by gene transfer could potentially allow
lower doses of L-dopa and reduce the long-term adverse
effects associated with escalating L-dopa therapy [10,35,39,41,56].

4. Protection of the nigrostriatal pathway

An alternative approach to the treatment of PD is to protect
the nigrostriatal pathway from progressive degeneration by
providing genes encoding growth factors (s7), antioxidant
molecules or antiapoptotic substances [581. The slow progres-
sive nature of degeneration in PD makes this approach attrac-
tive for arresting or even reversing parkinsonian symptoms.
One potential candidate for this strategy is glial cell line-
derived neurotrophic factor (GDNF) (57,59, a small glyco-
protein that provides strong tropic support for DA
neurons [60}. Application of the GDNF protein, however, is
limited by its short half-life and its poor ability to cross the
blood-brain barrier. An attempt to treat PD patients by direct
injection of GDNF protein into the ventricles was unsuccess-
ful 61). A Phase I safety trial of continuous delivery of GDNF
into the postero-dorsal putamen of five PD patients showed
alleviation of off-medication motor symptoms and
dyskinesia (621, and positron emission tomography (PET)
detected increased DA storage, both in the putamen and the
substantia nigra, suggesting retrograde transport of GDNE
Delivery of the gene encoding GDNF by viral vectors would
be advantageous for PD patients, in that a single injection
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would provide sustained GDNF production in the brain. This
method does not require implantation of an infusion device,
which is likely to increase patient morbidity as well as long-term
risks of infection. Many studies have demonstrated that delivery
of the GDNF gene via tAAV (6367, adenoviral (6873} or
lentiviral [74,75] vectors protects nigral DA neurons in rodent
and primate models of PD. Intrastriatal administration of tAAV
vector expressing GDNF prevented the degeneration of DA
neurons and promoted behavioural recovery, even 4 — 5 weeks
after the onset of progressive degeneration (66.67). This delayed
rescue is important for clinical application, as a substantial
number of DA neurons are lost prior to the appearance of
symptoms characteristic of PD.

Striatal GDNF appears to be important for the occurrence
of functional reinnervation. However, the expression of
GDNF in nigral DA neurons may be detrimental, because
intense local sprouting may prevent regeneration of the
lesioned axons toward the striatum (64,76,77). Expression of low
levels of GDNEF in the striatum is sufficient to provide protec-
tive effects without affecting DA synthesis [78]. Although it
remains to be verified whether neurotoxin-induced animal
models faithfully reflect the human disease, neuroprotective
gene therapy with neurotrophic factors holds promise as a
novel treatment of PD. Furthermore, neuroimaging tech-
niques {79] and genetic analysis of some familial cases [1,3] have
provided an opportunity for detecting at-risk individuals prior
to the appearance of the symptoms characteristic of PD, thus
enabling the application of eatlier gene therapy with GDNE

5. Suppression of the overactive
subthalamic nucleus

Hyperactivity of the subthalamic nucleus (STN) is considered a
major functional abnormality of PD [80]. Based on a model of
basal ganglia circuitry, depletion of DA in the striatum
increases the activity of neurons expressing the D2 receptor.
These neurons send their inhibitory projections to the external
segment of the globus pallidus (GPe), which leads to the over-
inhibition of GPe neurons. Reduced inhibitory input from
GPe in the STN results in overactivation of the nucleus, and
excessive drive of the STN to the internal segment of the
globus pallidus (GP1) and to the substantia nigra pars reticulata
(SNr) exerts inhibitory effects on the thalamocortical projec-
tion and brainstem nucleus. During the past decade, deep
brain stimulation of the STN, which may modify STN output,
has become a routine treatment for advanced PD patients,
providing improvements in motor function, although the
fundamental mechanism of STN stimulation remains to be
defined. The success of STN stimulation in PD patients,
together with the symptomatic relief mimicked by infusion of
the GABA, agonist into the STN [81] or directly into the
SNr [82] in a primate model of PD, suggests another gene ther-
apy approach: rAAV vector-mediated gene transfer of gluta-
mate decarboxylase (GAD), an enzyme involved in the
biosynthesis of the inhibitory neurotransmitter y-aminobutylic

Dopaminergic terminal
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Figure 2. Schematic diagram of a DA synapse,
demonstrating specific ligands for PET. [B-''C]L-dopa and
['8F]FMT are AADC substrates. Transporter markers include
high-affinity ligands for the neuronal DAT, including the cocaine
analogue [''C]B-CFT, as well as ligands that bind the VMAT2, such
as ["'C]DTBZ. Ligands for the D, receptor, such as [''Clraclopride,
compete with DA and reflect the synaptic DA level. Black circles
represent DA.

[B-1*C]L-dopa: [B-''C]L-3,4-dihydroxyphenylalanine;

[1'CIB-CFT: [''C]2B-carbomethoxy-3p-(4-fluorophenyltropane;

AADC: Aromatic-L-amino acid decarboxylase; DA: Dopamine;

DAT: DA transporter; [''CIDTBZ: ['' Cldihydrotetrabenazine;

[*8FIFMT: 6-['8F]-m-tyrosine; PET: Positron emission tomography;

VMAT: Vesicular monoamine transporter.

acid (GABA), into the STN [83,84). The underlining physiolog-
ical changes in PD include, in addition to increases in the firing
rate of the STN, the tendency of pallidal neurons to fire in
more irregular patterns, as well as abnormal oscillatory
synchronisation in the basal ganglia (85]. A Phase I clinical trial
is underway at present to determine the extent to which GAD
gene transfer into the STN remedies these abnormalities.

6. In vivo monitoring of transgenes by PET

PET is a valuable technique for imaging altered DA func-
tion in PD [8s-88]. The effects of therapeutic gene delivery
can be assessed using specific positron-labelled ligands devel-
oped for evaluating each process of DA turnover [s9]
(Figure 2). In addition, the level and duration of transgene
expression can be directly monitored in vive when the tracer
is a substrate for the transgene product (90]. The first tracer
used to visualise and assess the integrity of DA presynaptic
systems was 6-[18F]-fluoro-L-dopa (FDOPA), a fluoro-
analogue of L-dopa. FDOPA is taken up into the DA termi-
nals, decarboxylated by AADC, trapped and stored in synap-
tic vesicles. FDOPA uptake is highly correlated with viable
DA cells in MPTP-lesioned monkeys (911 and in post-
mortem human PD brains (921. One shortcoming that
complicates the use of this agent is that metabolites of
FDOPA, such as 3-O-methyl-FDOPA, formed by the action
of the ubiquitous enzyme COMT, enter the brain and dimin-
ish image contrast. An alternative tracer is [B-!!C]L-dopa,
which undergoes less 3-O-methylation 9394 and has a
shorter half-life (20 min for "'C). The use of this tracer has
made it possible to obtain sequential imaging data not only
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during the early steps of DA metabolism (e.g., decarboxyla-
tion by AADC), but also during DA receptor binding and
DA transporter availability in the same subject on the same
day. With an ~ 2-h interval between PET scans, each can be
performed without any interference by radioactivity from
the previous scan. In addition, PET scans can be performed
using the non-catecholic tracer 6-['®F]-m-tyrosine (EMT),
which is also a good substrate for AADC and is not metabo-
lised by COMT [87.90,951. As FMT uptake has about twice
the sensitivity of FDOPA uptake, FMT and [B-"'C]L-dopa
are the ligands of choice for assessing the distribution and
activity of AADC delivered by rAAV vectors.

To evaluate the functional effects of gene therapy in PD,
DA release following pharmacological challenges can be
measured indirectly iz vive, as reflected by reductions of
DA receptor availability to selective antagonists such as
[M'Clraclopride (9698). A 1% change in striatal ['C}raclo-
pride binding corresponds to at least an 8% change in
synaptic DA levels 99). PET measurements with [>°O]H,0
can also monitor alterations in regional cerebral blood flow,
both during resting conditions and in response to stimuli.
In PD, activation was found to be reduced in the premotor
and prefrontal cortices during performance of a paced
motor task [100].

7. Regulation of transgene expression

Most of the existing rAAV vectors rely on strong viral
promoters that exhibit constitutive expression of trans-
genes. Excess production of therapeutic proteins, however,
can often cause adverse effects. Vector constructs that allow
the regulation of gene expression are necessary to maintain
functional concentrations within therapeutic windows.
However, so far there are no clinically available regulatable
systems based on rAAV vectors, although several systems
have been developed for preclinical studies. The most
popular systems incorporate inducible promoters, which
can respond to drugs and/or hormones. Inducing agents
employed in  these systems include RU486
(mefipristone) (101, rapamycin [102] and tetracycline [103].
Another system by which transgene expression can be shut
down is viral vector-mediated delivery of bacteriophage
Cre recombinase [104]. In this system, the therapeutic gene
is flanked by loxP sequences, allowing the Cre recombinase
to excise the transgene. RNA technology, including RNA
interference {105,106 and ribozymes [107,108), has become
more popular, and these systems can be used to reduce
transgene expression. In addition, cell type-specific
promoters may be useful for targeting specific brain regions,
although rAAV vectors based on AAV2 preferentially

transduce neurons.
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8. Expert opinion and conclusion

rAAV vectors have been found to expand the potential of gene
therapy, allowing the treatment of a wide range of neurological
diseases, including PD [25.109]. Two Phase [ clinical trials test-
ing rAAV vectors for PD have been initiated in the US. These
trials involve the delivery of the GAD gene into the STN and
the delivery of the AADC gene into the putamen. Vectors used
in these protocols do not contain a regulatory component for
controlling gene expression. However, stimulation or coagula-
tion of STN potentially reverses the unanticipated effects of
GAD expression, and DA cannot be synthesised in the
absence of L-dopa administration after transfer of the AADC
gene. Incorporation of a regulatory component is necessary to
increase safety in future dlinical trials that are intended to
allow local DA synthesis without L-dopa administration.
However, DA receptor antagonists, such as haloperidol, could
be used in cases of DA overproduction.

Fetal cell transplantation has been applied clinically to
patients with advanced PD, with the intention of replacing
the degenerated DA neurons. If the primary mechanism
underlying recovery in these cell therapies is restoration of
dopaminergic neurotransmission, a more straightforward
approach would be direct delivery of genes encoding
DA-synthesising enzymes into the striatum. However
replacement of DA in the striatum may have no effect on
non-motor problems in PD, including affective and auto-
nomic disturbances associated with pathologies not involving
dopaminergic pathway degeneration. Broad regions of the
brain beyond the motor parts of the basal ganglia are involved
in the manifestation of L-dopa-induced dyskinesia [110]. This
should be considered when delivery of the TH and GCH
genes is intended to reduce dyskinesia. If reconstruction of the
neural network, including the nigrostriatal pathway, is neces-
sary to ameliorate the more complex symptoms of PD, such
as dementia, a combination of gene therapy and cell trans-
plantation would be the next strategy for overcoming this
complex task. Ongoing clinical trials should provide informa-
tion showing the extent to which rAAV-mediated gene ther-
apy alleviates motor symptoms in advanced PD patients who
responded to L-dopa therapy at early stages.

Recently developed neuroimaging techniques and genetic
analysis in some familial cases of PD may provide information
enabling the identification of at-risk individuals before char-
acteristic symptoms appear. Eatlier gene therapy with neuro-
protective molecules could be applied to these at-risk
individuals, as well as to patients known to have PD. The
elucidation of the mechanism by which genetic mutations
lead to the loss of DA neurons in familial forms of PD, as well
as the detection of factors that increase the risk for PD, will
provide new targets for gene therapy 111}
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Cerebrospinal Fluid Neprilysin is Reduced in
Prodromal Alzheimer’s Disease

Masahiro Maruyama, MD, PhD." Makoto Higuchi, MD, PhD.'* Yoshie Takaki, PED,? Yukio Matsuba, BS.*
Haruko Tanji. MD, PhD." Mivako Nemoto, MD." Naoki Tomita. MD." Toshifumi Matsui. MD, PhD),!
Nobuhisa Iwata, PhD,” Hiroaki Mizukami, MD, PhD," Shin-ichi Muramatsu, MD, PhD,"

Keiva Ozawa, MD. PhD.* Takaomi C. Saido. PhD.” Hiroyuki Arai, MD, PhD.'
and Hiderada Sasaki, MD, PhD'

Amyloid §§ peptide (AB) has been implicated in Alzheimer’s disease (AD) as an initiator of the pathological cascades.
Several lines of compelling evidence have supported major roles of AB-degrading enzyme neprilysin in the pathogenesis
of sporadic AD. Here, we have shown a substantial reduction of cerebrospinal fluid (CSF) neprilysin activity (CSF-NEP)
in patients with AD-converted mild cognitive impairment and early AD as compared with age-matched control subjects.
The altered CSF-NEP likely reflects changes in neuronal neprilysin, since transfer of neprilysin from brain tissue into
CSF was demonstrated by injecting neprilysin-carrying viral vector into the brains of neprilysin-deficient mice. Interest-
ingly, CSF-NEP showed an elevation with the progression of AD. Along with a close association of CSF-NEP with CSF
tau proteins, this finding suggests that presynaptically located neprilysin can be released into CSF as a consequence of
synaptic disruption. The impact of neuronal damages on CSF-NEP was further demonstrated by a prominent increase of
CSFE-NEP in rats exhibiting kainate-induced neurodegeneration. Our results unequivocally indicate significance of CSF-
NEP as a biochemical indicator to pursue a pathological process that involves decreased neprilysin activity and AB-

induced synaptic toxicity, and the support the potential benefits of neprilysin up-regulation in ameliorating neuropa-
thology in prodromal and early AD.

Ann Neurol 2003;57:832-842

Numerous investigations have supported the conten-
tion thar senile plaques and neurofibrillary lesions,
composed primarily of amyloid B peptide (AB) and tau
proteins, respectively, are not only descriptive charac-
reristics of histopathology in brains with Alzheimer's
disease (AD). bur also mechanistically related o the
pathogenesis of AD. That all of the genetic murations
causally linked to familial AD induce overproduction
of cither total AR or selatively amyloidogenic AR42’
further provides supportive evidence for the role of AB
accumulation as an initacor of the pathological cascade

proved to be useful indicators to assist clinical diagno-
sis of AD in living patients,”™ Furthermore, several re-
cent studies have demonstrated usefulness of CSF-tau
in differentiation of prodromal AD from AD-unrelated
cognitive decline among patients with mild cognitive
impairment (MCI).*" In contrast. altered processing of
amyloid precursor protein and AR has not been de-
tected by biochemical markers such as CSF-AB42 in
MCI patients,” although it is conceived to be upstream
of tau abnormalities in the cascade of AD pachogenesis.

roward the onser of AD.”

The diagnosis of AD is definite based on magnitudes
of these hallmark lesions after an autopsy, whereas ex-
ploitation of AD-specific biochemical markers reflect-
ing central pathogenic processes, such as degeneration
of neurites and synapses and alterations of AB and rau.
for antemortem diagnosis is stll ongoing. Since 1995,
rwo categories of cerebrospinal Auid (CSF) markers,
CSF-tau and CSF-AB42. have emerged and have

Because therapeutic  approaches, including  existing
drugs® and emerging treatments moditying AR pathol-
ogr.™'" presumably have the grearest potential of being
eftective in the predementia phase of AD. accurare pre-
diction of conversion to AD in patients with MCI by
means of biological indices representing abnormal me-
wabolism of amyloid precursor protein/AB is particu-
larly crucial. This gives us a rationale of analvzing ac-
cessible body fluid in search for altered levels of
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Lable 1 Clideal Chapacreriseies of Stuely Subjects tineai — SE

Characteristic Clongrol

No.of paticnts 27
Male/temale ratio R
Age lyr) 0.0
Years of cducation 10.8
MMSE score ar baseline 8.6
Defaved recall score on WAMS-R 95.0
Years of !l»”m\uup 1.9
Changes in MMSE score by the 0.3

end of ﬁsl]n\\‘—up

Annual changes in MAISE score 014 = 0.07

SE = srandard e s\ )
Mental Stre Examinaton: WAINR -

molecules in close association with pathogenic AR ac-
cumulation in the brain.

One natable teature of AR mctabolism is that it is a
normal physiological process oceurring in diverse cell
types. Because there has been no overt evidenee for an
mereased production of AR in sporadic AD, the mo-
lecular mechanism of AR degradation s of growing in-
wrest. The neveral - endopeptidase neprilysin (BC
342410 s one of the enzymes implicated in phsi-
ological AR cataboliam. "' In ncurons, it is localized
primarily to the presvnaptic rerminals, with its ecrodo-
main facing extracellular matrix,""' " and chus s capa-
ble of degrading extracellular AR released from nerve
ends. Recent genetic approaches using neprilysin-
deficient mice have demonstrated the abilin: of nepri-
sin to ceave endogenons AR Morcover, a de-
cine of neprilvsin levels has also been found in the
brains of patients with carly-stage sporadic AD.Y stg-
gesting eritical roles played by reduced neprilysin activ-
ity in the incipient process of AR accumulation,

The purpose ol the study reported here was to assess
applicability: of maonitoring neprilysin: activides in CSF
LCSENEP) and plasma {plasma-NEP) of patients with
MO and AD tor predicion of diniaal course and for
gaining insights into molecular events carly in AR patho-
genesis. The resules showed asignilicant decrease of CSI-
NEP. which developed o ADL i patients with MCland
i patienes with mild AD. indicating uschulness of CSE-
NEP assay as an informarive clinical adjunct.

Subjects and Methods

Subjects

We studied 96 patienes tmean age * standard error, 72,5
0.8 vearst who underwent evaluations for memon distur-
bance at the Tohoku Universine Hospiaal Quipatient Clinic
en Dementias Clinical assessments by gestatricians and new-
ropsychological examinations, including Mini-Mental Stawe
Fxaminaton (NINSED and Wechsler Memore Scale—Revised
were performed for all patients, as deseribed in detail provi-
ously. ™ Our established criteria™ based on the cureent con-
senstin - were used for diagnosis of amnedc MCE and g

.

=039 = 014

stable mild cognitive impairmens pMC
Wechster Memory Scale~Revised,

MO oM \D)
3 33
570 YO/ 13
RIS I OO | IR PR )|
9.2 ol 1.7 — 0.3
26,8 =08 233 =03
GO0 LS ™A 20 —
[ I 2.0 =04 1.3 20
=07 (13 =33 04 ~=1.7 L 0.6

=403 =18 = 152

progressive MCLE AD - Al/hcimer's disease; MNISE - Nini-

diagnosis of AD was made in accordance with the National
Instinnie of Newrological and Communicadon Disorders-
Alzheimer’s Disease and Related Disorders Association crite-
ria™ Comsequendy, 38 padents Julfilled the diagnostic ori-
teria for amnesde MCL 32 patients were diagnosed as having
ADand 26 patiens were found o be cognitively normal at
hascline investigation.

During the 2-vear follow-up period. 33 of the paticnes with
amnestic MUT progressed o AD and were thus dasificd into
progressive. MCT (pMOH. Five pationts with amnestie M
who showed unchanged or improved cognitive Tunctions re-
mained. and they were categorized as having stable M
BMEH. Paenov-cight patients with pMOT and all of the pa-
tients who were diagnosed av having ADY a0 haseline were
treated with o Smy daily dose of donepezil hydrochloride,

AL baseline vxamination, plasma and CSE wamiples were
collected from cach patient. CSFotau was determined asing a
sandwich enzyme-linked immunosorbent asay designed for
measurement of total taa INNOTEST hTau andigen: Inno-
genetics, Gent, Belgiunh as deseribed elsewhoere.” CSEZABa2
was abo quantilied with @ specitically constructed sandwich
enzyme-linked immurosorbent asay sestem.” Fhe sample
colleetion was pertormed afier written informed consent was
obuined from cach participant or 1 famile member, Demo-
graphic profiles of the patients examinad in dhis study are
summarized in Fable 1,

Phasinaand Cerebrospimid Fluid Neprilysin Activiry
Assay

Before high-throughput analvsis, neprilysin in CS1 was iden-
tfied by tamunoblowing for a subset of CSE samples with
antibody against human nepritesin (goat polvdonal; 100
dilution: Genzeme- TECHINED Minneapoliss NN Lesates
of murine primary cortival aeurons overespressing human
neprilesin’™ were wsed av contral wamples., Subsequentdy,
CSENED ol patients was Hluorometricalie asaved as
thiorphan-inhibitahle peptidase activite, based on - the previ-
ously deseribed protocol.” Brietlv, o 20p] CSF sample was
used Jor enzematic dewvage of saecinvb-ALieALPhe AN CL
with or without thiorphan. a specific inhibitor of nepribain,
Similuly. plasma-NEP was biochemically yuantified by ue
ing Spd plasma samples,

The application of luorometric assay 1o CSEF samples was
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validated by examining correlation berween intensity of im-
munobloting signal and measured CSE-NEP. In addidon,
we assessed the specificine of CSE-NEP assay by immunode-
pleting CSF samples with antibody against human neprilysin
(Genzyme-TECHNE: goar polvclonal) and prowin G aga-

vose slurry (Oncogene/Calbiochem. Cambridge, MA), Andi-
body against GABA recepror o) subunic (Santa Cruz. Sanra
Cruz Biotechnology. CA: goat polvclonal) was also used as a
control antibody tor immunodepletion.

Biochemical Characrerization of Cerebrospinal Fluid
Neprilysin

Cortical brain samples from autopsy-confirmed AD  cases
were homogenized with 4 volumes of 30mM wisthvdroxy-
mechyllaminomethane (Tris)-hvdrochloride bufter (pH 7.6}
containing 15

OmA! sodium chloride (NaCl) and protease in-
hibitor cockrail and centrifuged ar 200.000X ¢ for 20 min-
utes at 4°C. The resulrant peller was rehomogenized with 3
volumes of the above-mendoned butfer plus 1% Triron
N-100 (Sigma Labs. St Louis. MO) and centrifuged ac
200.000% ¢ for 20 minutes at 4°C. The supernatant was
then used for immunoblot analysis. CSF samples from he
patients were processed with sodium dodecyl sulfate polyv-
lamide gel electraphoresis Clean-Up Kit (Amersham Bio-
sciences, i

ac

raway, NJ). Lysares of murine primarv cortical

. . D . .
NCULONs overexpressing humun I]C‘Pl'll'\'Slﬂ :U]d recombm;\nr

protein corresponding to the extracellular domain of human
nepritvsin (Genzyme-TECHNE) were also used as control
samples. In addition, aliquots of the protein samples were
chemically deglveosvlated by using rrifluoromethanesulfonic
acid.™ The nondegheosvlated and deglycosvlated prorein
samples (—10pgl were applied ro immunoblotting with an-
ubody against human neprilvsin (Genzyme-TECHNE).

Animal Experiments

To prove the rransport of neuronal neprilysin from the brain
into CSF. we assaved CSE-NEP in neprilvsin-deficient mice
after  intrahippocampal  injection of recombinant adeno-
assoclared viral vector expressing human neprilvsin {rAAV-
NEP). which was prepared as described clsewhere.”” Twelve
neprilvsin-deticient mice (generously provided by Dr C. Ger-
ard. Harvard Medical School), aged 18 to0 20 months. were
injected with 0.6l tAAV-NED preparations (~1.3 % 10"
genome copies) into the bilateral dentare gvii of the hip-
pocampus {stereotactic coordinates: anteroposterior, 2. 4mm:
mediolateral, 2.0mm: and dorsoventral, 2.0mm). At 10 weeks
after injection. the mice were anesthetized with pentobarbiral,
and CSF was isolated from the cisrerna magna compartment
under a dissecting microscope. based on the protocol by De-
Martos and colleagues.™ CSF samples (20-30p1 from each
mouse) were combined into three pooled volumes. Afrer the
collection of CSE. blood sampling was performed by cardiac
puncture. The mice were then transcardially perfused with
phosphate-butfered saline (PBS), and the hippocarapi were
dissected. homogenized with 9 volumes of 50mM  Tris-
hyvdrochloride butfer (pH 7.6) containing 150mM NaCl and
EDTA-tree prorease inhibitor cockeail. and  cenwifuged ar
200.000% ¢ for 20 minutes at 4°C. The resultant peller was
rchomogenized with 2 volumes of above-mentioned butfer
plus 1% Triton X-100 and centrituged ar 200,000 g for 20
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minurtes at 4°C. The supernatant was used as solubilized mem-
brane fraction tor biochemical analvses. For comparison, CSF,
plasma, and hippocampal samples were ulso obmined from 12
wild-type and 12 neprilvsin-deficient mice. aged 20 w 22
months, thar were untreated. Plasma- and CSF-NEP were
measured as deseribed eardier, and a similar experimental pro-
cedure was applied to assay for hippocampal neprilysin activiny
by using 10pg protein in the membrane fraction. In the
plsma and hippocampal analyses, 3 of 12 mice were ran-
domly chosen in cach study group, and samples from the se-
lected mice were used for the assavs. In addidon, we also per-
formed immunoblortting of neprilysin in pooled CSF samples
using antdmouse neprilysin antibody (Genzyme-TECHNE:
goat polvclonal). Recombinant mouse neprilysin (Genzyme-
TECHNE) was used as a control.

Because neprilvsin in degenerating neurons can be released

into CSF due to disruption of membrane scructures to which
neprilvsin is anchored, CSE-NEP is [ikely to be affected by
not only the level of brain neprilysin, but also the magnitude
of neurcdegeneration. Hence, we examined CSF-NEP in rats
afrer low- and high-dose administrations of kainic acid (KA).
an inducer of excitotoxic insules in the CNS neurons. Ac 7
weeks old. nine female Sprague~Dawlev raws were divided into
three groups. Rats in the control group were intraperitoneally
injected with PBS, and the low- and high-dose KA groups
underwent intraperitoneal administration of 10 and 30mg/kg
KA dissolved in PBS, respectively. ‘'CSF and blood samples
were collecred in the control rats and cars treared with low-
dose KA ar 48 hours after injecrion as in the mouse experi-
ment. All rats in the high-dose KA group exhibited a lethal
status cpilepticus within 5 hours of injection. and CSF and
blood were sampled immediately after death of the animals.
After CSF and blood collections, racs in all groups were tran-
scardially perfused with PBS, and the brains were remaved.
The right hemisphere was fixed overnight with 4% parafor-
maldehyde in phosphate buffer (pH 7.4). Protein level and
enzymatic activity of neprilvsin in the CSF, plasma. and hip-
pocampal sarples were quantified by immunobloring and
Hluorometric assay. respectively, as described carlier. We also
analyzed levels of rau in CSF by inmunobloting with anri-
rau antibody {Tau-1: mouse monoclonal; Chemicon, Te-
mecula, CA). Betore immunobloting, albumin and IgG were
removed from CSE preparations using @ ProteoExtract Albu-
min/lgG Removal Kir (Calbiochem. San Diego, CA). fol-
lowed by dephosphorvlation of the samples using alkaline
phosphatase {Sigma). For histochemical and immunchisto-
chemical analyses, representative 10um {rozen sections ol the
right hemisphere were generared. Extents of excitotoxic insulrs
and symaptic loss were investigated by immunefluorescence
staining with antdbodies against calpain-cleaved a-spectrin
{rabbic polyclonul): and vesicular GABA wansporrer (117G
rabbit polvelonal: Synaptic Systems GmbH., Goettingen. Ger-
many), respectively. Amount of neprilysin was also examined
by using antineprilysin antibody (36C6: mouse monoctonal:
Novocastra Laboratories, Newcastle, United Kingdom). Im-
munostaining signals were amplified with a TSA-Direcr kic
(NEN Life Science Products. Boston, MA),

Seatistical Analyses
For group comparisons of clinical and biochemical variables,
one-way analysis of vartance was done, followed by Bonfer-



roni. muldiple comparison st Correlations between two
vartables were tested by the 1 stadistic

Results

Reeuction of Cerehrospinal Fhid Neprilysin Aetiviry

i Larly Stges of Alzheimer’s Discase Pathogenesis

In 11 CSF samples. @ close correlation between inten-
siy of neprilysin immunoblotting signal and measured

CSENEDP was observed (Figs TAC B). Morcover, CSE-
NEP was substantially reduced by immunodepleting
the samples with antineprilysin antibody (see Fig 10,
These Hindings justify the application of CSF-NEP as-
say o high-throughput analysis of CSF samples with
sutficient specificin

Quantifiecd CSE-NEP in the control. pMCE and AD
groups is shown in Figure 1D, CSE-NEP was signifi-
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Fig 2. Associution of cerebrospinal Auid seprilysin activity (CSF-NEP) (CSF-NEP) with disease severiry assessed by Aini-Meural
State Exainimation (MMSE) score and CSE-tun lovel in purients with progressive mild cognitive impaivinent (pMCD wnd Alzbei-
mers disease (AD). (4) CSF-NEP was increased with disease progression i AD parients and was significently correlared wirh
MMSE score. (B) A siguificunt corvelation benween CSF-NEP aid MAMSE seore. was also abserved when puticurs with pAMCT were

3

added to the study group. (C) CSF-NEP showed o significant aud positive corselarion with CSF-taw in AD patienss. (D) Cor
tivie berweess CSF-NEP and CSI-nan levels semived significant when parients awith pMCT weie wlo induded fir the wial

Solid lines represent the linear regression of the diz,

cantly  decreased in pMCI  patents (00108 =
0.0004pmol/min/pl; mean = SE) compared with sub-
jects in the control group (0.0146 *+ 0.0008pmol/min/
pl). There also was a significant decrease of CSF-NEP
in AD patients (0.0121 %= 0.0005pmol/min/l) com-
pated with the control group. When the AD patients
were subdivided into mild (MMSE scores. >17 points)
and moderate AD groups (MMSE scores, 9-17 poincs),
pacients with mild AD showed a significant reduction of
CSE-NEP (0.0107 = 0.0006pmol/min/pl) relative o
the conrtrol subjects (see Fig 1E). By contrast, CSF-NEP
in patients with moderate AD (0.0132 = 0.0007pmol/
min/pl) was similar ro the control level (see Fig 1E).
Alteration of CSF-NEP during progression of AD was
more intensively analyzed by plotting CSF-NEP dara in
AD patients against their MMSE scores. Notably, levels
of CSE-NEP in AD patients showed a significant inverse
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correlation with MMSE scores (Fig 2A). The correlation
remained significant after data from pMCT patients were
added to the plot (see Fig 2B). Thus, ir is conceivable
that occurrence of a prominent CSF-NEP reduction is
confined to early stages of AD pathogenesis, and there-
after CSF-NEP s likely to be reversed to greater levels
with advance of the disease,

AD patents with high levels of CSF-NEP showed
higher levels of CSF-tau. thus the comelation between
the owo variables was significant (see Fig 2C). There also
was a significant correlation benween CSF-NEP and
CSF-tau when patients with pMCT were combined wich
AD patients for analysis' (see Fig 2D). Because CSF-tau
is supposed o increase as a function of cvroskeletal dis-
ruption and abnormal tau accumulation in neurons,
these findings support an, increased diffusion of neuronal



nepribvsin ro the exemcclular macix and CSE as acon-
sequence of njuries of neuronal membranes,

CSE-NED CSE-AR42 in AD pa-
tents (R = —01120 p = 0.0% dua noc shown),

was unrelated

whereas corrclation berween these two variables became
significant when patients with AD and pMCT were in-
cuded for analysis (2 = —0.2620 p = 0.03: dara not
shown).

CSE-NEDP was noe correlated with age and sex in
anmy ot the studied groups. In additon 1o the aforemen-
tioned simple corrclation analvses, muldple regression
with stepwise selection aption was used as an explor-
atory ool for idenrificadon of primary factors that de-
cermine levels of CSP-NEP i pacicacs with pMCT and
ADC As Tisted i Table 20 MNSE score and CSFotan
Csbetan
showed the greatest partial correlation o CSE-NED,

were selected  as independent variables.

and MMSE score abso had a tendeney o be correlared
to CSF-NED

CSE-AB42 were cdiminared by the stepwise selection:

- Ocher variables, including age. sex, and

thus, i is dikely thae the marked infuence of the dis-
case severipy on both CSE-NEP and CSF-AB42 pro-
duced an apparent correladon berween these rwo CSE
measures o the simple carrelation analysis.,

CSP-NEDR 0 SMCT subjecs (00147 = 0.001 pmaol/
min/ph was similar 1o that in control subjects (p
0.05) and was significantly greater than that in pMCl
subjeces {(p 0.09), implving applicabilie ot CSF-
NEP measurement o differentiadon hetween pM I
and sMCT ar baseline examination,

Neprilvsin in CSEF oways further characterized by im-
munoblotting (Fig 3). Deglycosvlaed neprilvsin i the
brain and CSE showed the same molecular mass, which
was farger than the apparcnt molecukar weight of exera-
cettular domain of neprilysin and corresponded o the
predicred size of the Full-length form, Therefore, secre-
tion of nepribvsin from neurons o the extracellular ma-
wix likely occurs without shedding of the full-lengeh en-
rme.

Plasma-NEP did not differ among  the control
(1O6Y = 0.306pmaol/min/ul), pMCH (1777 =

Lable 20 Mudtiple Renression Awitvsis for

Gaticies awith pAICT
ceired L)

Marval
Independent Carrelation
Variable Cocllicient o
MAISTE —{1L237 {1096
CSFaau 0.292 (L0442
I RN S RN (N A

- en and CSE AR were eliminated from independent vari-
able hy the stepwine selection.

pMUT procresive mild cognirive impairment: \D
diveass VNS
brospinmal Hluid.
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fraue prisasy cutture (P03 of cartical neirons, whereas wepri-

Nysin i the sembraseaassor duted fraciioin exoracted from //,'(
brain migvated stighddy Jetster than the (NI nepeilysin. Affer
dealyensylation, the 1//'/1‘11':'1// smofecndier weight of neprilysiu in
the PC Diaisn, aid CSEF became u/)/!ll)\/llh/l(/l 8L, which
corresponeds 1o the /hu/h/u/ size af full-lengih. wnimodificd
neprifysia, e vecainfiinne exracellilor iz of Tt
ucprilysin (e NEP, 0 exhilsited sinaller dapfurrent uolecudir
sness thist other saiples.

O.429pmol/min/ph, and AD (1.944 = 0.395pmol/min/
) groups. Padents with mild (2,036 = 0.725pmol/
min/pl) and moederare AD (1816 = ().»‘i‘)-%pmul/nnn/
) exhibited similar fevels ot plasma-NEP. Moreover,
there was no significant conelation benween fevels of
CSE-NEP and p}'mnu—"\.‘l{l’ in any of the examined
aroups (R == 0.103, p = 0.05; dara not shown). Henee,
the ( SE-NEP changes in patients with pMCLand carly
AD observed in dhis study were umuhlul to the status
of plasma neprilysing but they conceivably reflected an
altered wansfer of neprilysin from the brain o CSE in
these patients. This notion was further tested by the fol-
lowing - experiments wing rAAV-treated,  neprilysin-
deficient mice and K;\—U‘L';\i‘u‘d rats.

Physiological Transfer of Neprilysin from the Brain 1o
Cerebraspinal Fluid Demonstrated i Mice

Neprilysin activiey was assayed in the hippocampus,
CSEand plasma of neprilysin-deficient mice injected
with rAAV-NED as well as unoreated wild-tvpe and
ncpril\'\in—dct‘kicn[ mice. Hippocampal nepribysin acriv-
iy was nearly undeteetable in the unteaced neprilysin-
deficient mice, whereas it prominenty incrased at 10
woeeks adter injection with rAAV-NED (1 i 4A). There
remained unnegligible signals in CSF-NEDR assay for un-
treated neprilysin-deficient mice, which may be pro-
duced by degradation of the substrace by thiorphan
semisensitive: endopepridases (see Fig 4B). In rAAV-
NElP—treared. CSE-NED
showed @ significant increase to approximarely ~0% of
CSENEP in wild-tepe mice (see Fig 413). By contrast,
plasma-NEP in neprilysin-deficient mice treated with
FAAVENED staved ar an undetectable Tevel, similar o

neprilysin-deficient mice,
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