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Table 1
RNA editing efficiency of single motor neurons in SBMA

Case Age at death Sex No. of CAG Postmortem GluR2(+) MN with 100% editing efficiency
(year) repeats” delay (h) MNP (% of GluR2(+) MN)

SBMA, case 1 71 M 48 25 12 12 (100)

SBMA, case 2 78 M 42 2.5 16 16 (100)

SBMA, case 3 60 M - 1 16 16 (100)

# Number of CAG repeats in the androgen receptor gene.
> Motor neurons in which GluR2 RT-PCR anplifying product was detected.

repeat expansion in the androgen receptor gene has been
demonstrated in SBMA (La Spada et al., 1991), and
pharmacological castration is therapeutically effective in
animal models (Katsuno et al., 2002, 2003), the death cascade
responsible for SBMA is likely different from sporadic ALS. In
this paper, an investigation is carried out into whether or not the
dying mechanism underlying sporadic ALS is the same as
ALS1 and SBMA by determining the editing status of the
GIuR2 /R site in single motor neurons.

2. Materials and methods

The aninals used in this study were SOD19** and SOD1"™® transgenic
muale rats (Nagai et al., 2001) (n=3 each) that had exhibited progressive
neuronuscular weakness with their littermmates as the control (n=3 each)
(Table 2). The first sign of disease in these rats was weakness of their hindlimbs,
mostly exhibited by the dragging of one limb. Onset of motor neuron disease
was scored as the first observation of abnormal gait or evidence of limb
weakness. The mean age of onset of clinical weakness for the SODI3A
and SOD1™R lines was 122.9 & 14.1 and 144.7 + 6.4 days, respectively. As
the disease progressed, the rats exhibited marked muscle wasting in their
hindlimbs, and then in the forelimbs. The mean duration after the clinical
expression of the disease in the SOD1%** and SOD1™® lines was 8.3 = 0.7
and 24.2 & 2.9 days, respectively (Nagai et al., 2001). The rats were killed 3
days and 2 weeks after the onset for the SOD1“** and SODI™* lines,
respectively, and we examined their fifth lumbar cord. Animals were handled
according to Institutional Animal Care and Use Committee approved protocols
that are in line with the Guideline for Animal Care and Use by the National
Institute of Health. Spinal cords were isolated after deep pentobarbiturate
anesthesia. In addition, spinal cords were obtained at autopsy from three
genetically confirmed patients with SBMA (Table 1). Written informed consent
was obtained from all subjects prior to death or from their relatives, and the
Ethics Committees of Graduate School of Medicine, the University of Nagoya
and the University of Tokyo approved the experimental procedures used. Spinal
cords were rapidly frozen on dry ice and maintained at —80 8C until use.

Table 2
RNA editing efficiency of single motor neurons in mutated human SODI
transgenic rats

Case (n) GluR2(+) MN with 100%
MN? editing efficiency
(% of GluR2(+) MN)
SOD19%341 13 13 (100)
SOD19%42 21 21 (100)
SOD1S4:3 21 21 (100)
SOD1HR_ 19 19 (100)
SOD1HeR 2 23 23 (100)
SOD1H6R.3 20 20 (100)
SOD19%%4, littermates (3) 2 22 (100)
SOD1™R  littermates (3) 20 20 (100)

2 Motor neurons in which GluR2 RT-PCR amplifying product was detected.

Single motor neurons were isolated and collected into respective single test
tubes that contained 200 ml of TRIZOL Reagent (Invitrogen Corp., Carlsbad,
CA, USA) using a laser microdissection system as previously described
(Kawahara et al., 2003b, 2004) (LMD, Leica Microsystems Ltd., Genmany)
(Fig. 1a). After extracting total RNA from single neuron tissue, we analyzed the
RNA editing efficiency at the GluR2 Q/R site by means of RT-PCR coupled
with digestion of the PCR anplified products with a restriction enzyme Bbv-1
(New England BioLabs, Beverly, MA, USA) (Takumn et al., 1999; Kawahara
et al., 2003a, 2004), and the editing efficiency was calculated by quantitatively
analyzing the digests with a 2100 Bioanalyser (Agilent Technologies, Palo Alto,
CA, USA), as previously described (Kawahara et al., 2003a). Briefly, after gel
purification using Zymoclean Gel DNA Recovery Kit according to the man-
ufacturer’s protocol (Zymo Research, Orange, CA, USA), PCR products were
quantified using a 2100 Bioanalyser. An aliquot (0.5 nmg) was then incubated at
37 8C for 12 hwith 10 x restriction buffer and 2 U of Bovl in a total volume of
20 i and inactivated at 65 8C for 30 min. The PCR products had one intrinsic
Bbvl recognition sites, whereas the products originating from unedited GluR2
mRNA had an additional recognition site. Thus, restriction digestion of the PCR
products originating from edited rat (278 bp) and human (182 bp) GluR2
mRNA should produce two bands (human GluR2 in parenthesis) at 219
(116) and 59 (66) bp, whereas those originating from unedited GluR2 mRNA
should produce three bands at 140 (81), 79 (35), and 59 (66) bp. As the 59
(66) bp band would originate from both edited and unedited mRNA, but the 219
(116) bp band would originate from only edited mRNA, we quantified the
molarity of the 219 (116) and 59 (66) bp bands using the 2100 Bioanalyser and
calculated the editing efficiency as the ratio of the former to the latter for each
sanple.

The following primers were used for PCR for rat and human GluR2
(amplified product lengths are also indicated): for rat GluR2 (278 bp): rF
(5% AGCAGATTTAGOCCCTACGAG-3%) and R (5-CAGCACTTTCGAT
GGGAGACAC-3Y. for human GluR2, the first PCR (187 bp): hG2F1 (5%
TCTGGTTTTCCTTGGGTGCOC-3% and hG2R1 (5-AGATCCTCAGCACT
TTCG-3%; for the nested PCR (182bp): hG2F2 (5“GGITTTCCITG
GGTGCCTTTIAT3% and hG2R2 (5-ATCCTCAGCACTTTOGATGG-3Y).
We confirmed that these primer pairs were situated in two distinct exons with
an intron between them and did not amplify products originating from other
GluR subunits (data not shown). PCR amplification for rat GluR2 was initiated
with a denaturation step that was carried out at 95 8C for 2 min, followed by 40
cycles of 95 8C for 30's, 62 8C for 30 s, and 72 8C for 1 min. PCR anplification
for hurman GluR2 began with a 1 min denaturation step at 95 8C, followed by 35
cycles of denaturation at 95 8C for 10s, annealing at 64 8C for 30s and
extension at 68 8C for 60's. Nested PCR was conducted on 2 i of the first
PCR product under the same conditions with the exception of the annealing
temperature (66 &).

3. Results

The number of motor neurons was severely decreased in the
spinal cord of SBMA patients, and we analyzed 44 neurons
dissected from three cases (12 fromcase 1, 16 fromcases 2 and
3). Restriction digestion of the PCR products yielded only 116
and 66 bp fragments but no 81 or 35 bp fragments as seen in
AL S motor neurons in all the SBMA motor neurons examined.
Likewise, restriction digestion of the PCR products from motor
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Fig. 1. (a) A single motor neuron from an SBMA patient before (left) and after (right) the dissection with a laser-miicrodissector. (b and ¢) An exanple of
electropherogram by a 2100 Bioanalyser. Sarmples are the Bbv-1-digest of PCR product from tissues of a single motor neuron from an SBMA patient (b) and froma
mutated human SOD1P** transgenic mouse (¢). LM: lower marker (15 bp), HM: higher marker (600 bp).

neurons of mutated human SODI transgenic rats yielded only
219 and 59 bp fragments (Fig. 1). Therefore, the values of RNA
editing efficiency at the /R site of GIluR2 were 100% in 44
motor neurons from three SBMA cases (Table 1), 55 single
motor neurons from three SOD19%4 transgenic rats, 62
neurons from three SQD1 MR transgenic rats, as well as in 42
neurons from three littermate rats of each group (Table 2). The
consistent finding that the GluR2 YR site is 100% edited in
motor neurons of SBMA patients and transgenic rats for
mutated human SOD! 1s in marked contrast to the finding in
ALS motor neurons that the editing efficiency widely varied
armong neurons ranging from 0% to 100% (Kawahara et al.,
2004).

4. Discussion

Compared to the significant underediting reported for the
GluR2 (YR site in motor neurons of sporadic ALS (Kawahara
et al., 2004), GluR2 mRNA in all the examined motor neurons
of the mutated human SODI transgenic rats with two different
mutation sites and SBMA patients was completely edited at the
QR site. We have confirmed that postimortem delay hardly
influenced the editing efficiency at the GIuR2 QYR site
(Kawahara et al., 2003b), hence the significant difference in the
postmortemdelay between the SBMA patients in this study and
ALS patients in the previous report (Kawahara et al., 2004)
would not have affected these results. We examined the motor
neurons in the spinal cord segment corresponding to the
hindlimb of mutated human SOD1 transgenic rats after their
hindlimbs had become weak, indicating that the motor neurons
examined were already pathologically affected. Likewise, we
found that only a small number of motor neurons rerrained in
the spinal cord of SBMA patients. Thus our results indicate that
GluR2 RNA editing was complete in the dying motor neurons
in both the mutated human SOD! transgenic rats and SBMA
patients, inplying that the neuronal death mechanism is not
due to the underediting of GluR2 mRNA seen in sporadic
ALS. Since the pathogenic mechanism underlying ALSI is
considered to be the saime as in mutant human SODI1 transgenic
animmals, motor neurons in affected ALS1 patients would be
expected to have only edited GluR2 mRNA. Indeed, an
association study of the SODI gene in a considerable nurmber of
patients with sporadic ALS reported no significant association
with mutations of the SODI gene (Jackson et al., 1997). Due to

the lack of appropriate animal model for sporadic ALS, mutant
human SOD1 transgenic aniimals have been used as a model
for ALS in general, particularly in studies searching for
therapeutically effective drugs. However, it should be kept in
mind that mutated human SOD] transgenic animals are merely
a suggestive model for sporadic ALS and a gain of toxic
function in mutated SOD1 kills motor neurons via mechanisms
other than the demise of RINA editing. There are likely multiple
different death pathways in motor neurons, and motor neurons
in sporadic ALS, ALS] and SBMA die by different death
cascades.

Acknowledgements

This investigation was supported in part by grants-in-aid for
Scientific Research on Priority Areas from the Ministry of
Education, Culture, Sports, Science and Technology of Japan
and grants from the Ministry of Health, Labor and Welfare of
Japan (to SK), and a grant from Japan ALS Association (to
YK).

References

Brusa, R., Zimmermann, F., Koh, D., Feldmeyer, D., Gass, P, Seeburg, P,
Sprengel, R., 1995. Early-onset epilepsy and postnatal lethality associated
with an editing-deficient GluR-B allele in mice. Science 270, 1677-1680.

Burnashev, N., Monyer, H., Seeburg, P, Sakmann, B., 1992. Divalent ion
permeability of AMPA receptor channels is dominated by the edited formof
a single subunit. Neuron 8, 189-198.

Hure, R.I., Dingledine, R., Heinemann, S.F., 1991. Identification of a site in
glutamate receptor subunits that controls calcium permeability. Science
253, 1028-1031.

Jackson, M., Al-Chalabi, A., Enayat, ZE., Chioza, B, Leigh, PN., Morrison,
KE., 1997. Copper/zinc superoxide dismtase 1 and sporadic amyotrophic
lateral sclerosis: analysis of 155 cases and identification of a novel insertion
mutation. Ann. Newrol. 42, 803-807.

Katsuno, M., Adachi, H., Doyu, M., Minamiyarma, M., Sang, C., Kobayashi, Y.,
Inukai, A., Sobue, G., 2003. Leuprorelin rescues polyglutamine-dependent
phenotypes in a transgenic mouse model of spinal and bulbar nuscular
atrophy. Nat. Med. 9, 768-773.

Katsuno, M, Adachi, H, Kume, A., Li, M, Nakagomi, Y., Niwa, H,, Sang, C,,
Kobayashi, Y., Doyu, M, Sobue, G., 2002. Testosterone reduction prevents
phenotypic expression in a transgenic mouse model of spinal and bulbar
musscular atrophy. Neuron 35, 843-854.

Kawahara, Y., Ito, K., Sun, H., Aizawa, H., Kanazawa, 1., Kwak, S., 2004. RNA
editing and death of motor neurons. Nature 427, 801.

Kawahara, Y., Ito, K., Sun, H., Kanazawa, 1., Kwak, S., 2003a. Low editing
efficiency of GluR2 mRNA is associated with a low relative abundance of

-199 -



14 Y Kawahara et al./Neuroscience Research 54 (2006) 11-14

ADAR2 mRNA in white matter of normal human brain. Eur. J. Neurosci. 18,
23-33.

Kawahara, Y., Kwak, S., Sun, H., Ito, K., Hashida, H., Aizawa, H., Jeong, S.-Y,
Kanazawa, 1., 2003b. Hunan spinal motonewons express low relative
abundance of GIuR2 mRNA: an inmplication for excitotoxicity in ALS. J.
Neurocheim 85, 680-689.

Kuner, R, Groom, AL, Bresink, 1., Komau, H.C., Stefovska, V., Mulller, G.,
Hartrmann, B., Tschauner, K., Waibel, S., Ludolph, A.C., Ikonomidou, C.,
Seeburg, PH., Turski, L., 2005. Late-onset imotoneuron disease caused by a
functionally modified AMPA receptor subunit. Proc. Natl. Acad. Sci. US.A.
102, 5826-5831.

Kwak, S., Kawahara, Y., 2005, Deficient RNA editing of GluR2 and neuronal
death in amyotropic lateral sclerosis. J. Mol. Med. 83, 110-120.

La Spada, AR., Wilson, E.M., Lubahn, D.B., Harding, A.E., Fischbeck, K.H.,
1991. Androgen receptor gene mutations in X-linked spinal and bulbar
nuscular atrophy. Nature 352, 77-79.

Nagai, M., Acki, M., Miyoshi, I., Kato, M., Pasinelli, P, Kasai, N., Brown Jr,
R.H., Itoyama, Y., 2001. Rats expressing human cytosolic copper-zinc
superoxide disimutase transgenes with amyotrophic lateral sclerosis: asso-
ciated murtations develop motor newron disease. J. Neurosci. 21, 9246-
9254.

Rosen, DR, Siddique, T., Patterson, D, Figlewicz, D.A., Sapp, P., Hentati, A,
Donaldson, D., Goto, J., O Regan, J.P, Deng, HX., etal., 1993. Mutations
in CwZn superoxide dismutase gene are associated with familial amyo-
trophic lateral sclerosis. Nature 362, 59-62.

Takuma, FL, Kwak, S., Yoshizawa, T., Kanazawa, 1., 1999. Reduction of GluR2
RNA editing, a molecular change that increases calcium influx through
AMPA receptors, selective in the spinal ventral gray of patients with
amyotrophic lateral sclerosis. Amn. Neurol. 46, 806-815.

Verdoom, T., Bumashev, N., Monye, RH., Seeburg, P, Sakimann, B., 1991.
Structural determinants of ion flow through recombinant glutamate receptor
channels. Science 252, 1715-1718.

- 200 -



Downloaded from jnnp.bmjjoumnals.com on 15 March 2006

Progression and prognosis in pure autonomic
failure (PAF): comparison with multiple system
atrophy

N Mabuchi, MHirayama, Y Koike, H Watanabe, H Ito, R Kobayashi, K Hamada and
G Sobue

J. Neurol. Neurosurg. Psychiatry 2005;76;947-952
doi:10.1136/jnnp.2004.049023

Updated information and services can be found at:
http:/innp.bmjjournals.com/cgi/‘content/full/76/7/947

References

Rapid responses

Email alerting
service

These include:

This article cites 31 articles, 8 of which can be accessed fiee at:
http://jnnp.bmjjournals.comv/cgi/content/full/76/7/947#BIBL.
You can respond to this article at:

http:/fnmp.bmjjournals .com/cgifeletter-s ubmit/76/7/947

Receive fiee email alerts when new articles cite this article - sign up in the box at the
top right comer of the article

Topic collections

Articles on similar topics can be found in the following collections

Other Neurology (3525 articles)
Parkinson's disease (347 articles)

Notes

To order reprints of this article go to:
http://www.bmjjournals.com/cgi/reprintform

To subscribe to Journal of Neurology, Neurosurgery, and Psychiatry go to:
http:/www.bmjjournals.com/subscriptions/

-201 -



Downloaded from jnnp.bmijjournals.com on 15 March 2006
947

Progression and prognosis in pure autonomic failure (PAF):
comparison with nultiple system atrophy

N Mebuchi, M Hirayama, Y Koike, H Watanabe, H Ito, R Kobayashi, K Hamada, G Sobuc

J Neurol Neuroswrg Psychiatry 2005:76:947-952. doi: 10. 1136/ jinp.2004.049023

Objective: To clarify the progression of autonomic synptoms and functional deterioration in pure
autononic failure (PAF), particularly in comparison with nultiple system atrophy (MSA).

Methods: The investigation imohved eight patients with PAFQW F=7/ 1; mean age atonset, 57 years)and
22 with probable MSA matched for age at onset (M F=14/ 8; onset 56 years). Subjects were followed up
for neurological symptoms. activities of daily living, and autonomic fimction for more than seven years.
Autonomic functional tests were carried out

Results: In PAF, fainting or sudomotor dysfunction occurred first, followed by constipation and syncope.
Urinary dysfimction developed late, and respiratory dysfimction was not evident. This clinical course
contrasted sharply with that in MSA, where early urinary dysfinction usually proceeded to sudonwotor
dystunction or orthostatic hypotension (p=0.004), followed by respiratory dysfunction (p=0.0004).
Results of pharmacological tests also distinguished PAF from MSA. Progression and prognosis in patients
with PAF did not worsen. unlike the steady progressive autonomic dysfunction in MSA (p, 0.0001.
p. 0.0001, p=0.0009, and p=0.003, for progression to modificd Rankin scale grade I, IV, V. and
death. respectively).

Conclusions: The time course and pattern of progression of autonomic failure differed significantly
between PAF and MSA. Patients with PAF had slower finctional deterioration and a better prognosis.
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most recent evaluation, 19 (10} years) who were referred to

eurodegencrative disorder characterised by gradually

progressive severe autonomic disturbances without other
neurological features. In the past. PAF was defined as severe
orthostatic hypotension without other neurological deficits,
and was reforred to as idiopathic orthostatic hypotension.
However, this has proved to be a heterogencous condition.
including diseases such as PAF, acute autonomic neuropathy,
the early stages of Shy-Drager syndrome, and Parkinson’s
disease with autonomic failure.”*

Bannister & al’ classified primary autonomic failure into
three categories: Parkinson’s disease with autonomic failure,
multiple system atrophy (MSA), and purc autonomic failure.
In 1996, a consensus statement was established concerning
PAF.® but it has remained uncertain whether the autonomic
failure of PAF can readily be distinguished from those of
MSA and Parkinson’s discase with autonomic failure. In
addition. although the clinical course of both MSA and
Parkinson’s disease with autonomic failure has been
described to some extent. details of the natural history of
PAF have not been fully assessed because of its rarity and
very slow progression.”' Previous reports have noted longer
survival in patients with PAF than in those with MSAS 1%
Orthostatic hypotension and anhidrosis/hypohidrosis are the
main clinical symptoms in PAF, but their severity, prognosis,
and progression have been only incompletely assessed. To
clarify the clinical features, particularly the natural course of
PAF. we observed ecight patients who fulfilled the PAF
consensus statement and maintained a follow up for at least
five years. We show that their features are distinct from those
of another form of primary autonomic failure, MSA

Pu‘c autonomic failure (PAF) is a sporadic idiopathic

METHODS

Patients

We examined eight patients with PAF (seven men, one
woman; mean (SD) age at onset, 57 (14) years: mean age at
first evaluation, 68 (12) years; mean duration from onset to

the Nagoya University Hospital or its affiliated hospitals in
Aichi prefecture between 1988 and 1997, We evaltuated these
patients clinically from onset for between seven and 32 years.
We reviewed the clinical records preceding our own follow up
period, and also obtained information by interviewing the
patients and family members.

According to the consensus statement,” PAF is charac-
terised by orthostatic hypotension, various other autonomic
signs without more widespread neurological involvement,
and a low resting supine plasma noradrenaline concentra-
tion. The statement acknowledged that some patients would
later prove to have other disorders such as MSA" but did not
state how long a period of follow up was required to confirm
a diagnosis of PAF. Early MSA with predominant autonomic
failure is particularly difficult to distinguish from PAF. We
estimated that most MSA patients can be diagnosed by
follow up for five years or more after onset.”’® and we
therefore serially examined putative PAF patients for more
than five vears from onset to exclude those with MSA We
also excluded patients with acute autonomic neuropathy.
Parkinson’s disease with autonomic failure. and other
discases presenting with autonomic signs by neurological
examination, imaging (magnetic resonance imaging and
positron emission tomography). and neurophysiological tests.

We also investigated 22 probable MSA patients'”” matched
according to age at onset (14 men, eight women; mean age at
onset, 56 (8) years; mean age at first autonomic test, 61 (7)
years; mean interval from onset. 8 (3) years) who had
detailed clinical information particularly concerning auto-
nomic features. and follow up intervals from over five years
to 16 years after onset. All patients with MSA presented with
autonomic failure as an initial symptom or with predoninant
autonomic failure at their first clinical visit. and fulfilled the
criteria for a probable MSA diagnosis.”

Abbreviations: AVP, arginine-vasopressin; HUT, head up tilt test, MSA,
multiple systemn atrophy; PAF, pure autonomic failure
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Table 1

Clinical profiles of eight patients with pure autonomic failure at their first visit

Patient

Variable i

Sex M M M
Onset aye (y)

Time untit first evaluaton (v
Duration of observation (y)
Hypohidrosis

Fainmess

Svacope - - -
Constipation + - -
Difficulty in urination - - +
Incontinence’ urinary urgency - - -
Respiratory disturbance -
Plasma noradrenaline (py/ ml) * 3
Orthostatic hypotension +
Denervation supersensitivity + i
Modified Rankin scale ] ¢ 0
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Procedures
We evaluated all eight patients with PAF and 22 with MSA
with a passive multistage head up tilt test (FHUT) and a
noradrenaline infusion test. The HUT was performed as
follows. Blood pressure and heart rate were measured
continuously by tonometry (SA-250; Colin, Komaki. Japan).
After blood pressure stabilised at the supine stage, changes in
biood pressure and heart rate were recorded continuously
through 20° 40°% and 60° head up tilting for five minutes
cach. Orthostatic hypotension was defined as a fall in systolic
blood pressure of more than 30 mm [g during the 60° head
up tilt.™

Blood samples were collected at the rested supine stage
and after 60° head up tilting from all patients for evaluation
of plasma noradrenaline and arginine-vasopressin (AVP).
Differences in AVP between after 60° head up tilting and the
supine position were calculated as DAVP. Additionally, a
noradrenaline infusion test was carried out as follows. Avery
low (0.3 ngmin) or a low (3 ngmin) concentration of
noradrenaline was infused intravenously while blood pres-
sure was monitored for changes. If diastolic or systolic blood
pressure rosc by more than 10 mm Hg or 25 mm Hg.
respectively, the patient was considered to have denervation
supersensitivity involving the sympathetic nervous system."
Four patients were re-evaluated two, five, six, and 11 years
later, respectively. We also carried out 123I—metaiodebenZ)l—
guanidine (MIBG) scintigraphy and evahiated the heart/
mediastinum (H/M) ratio from delayed images, as previously
described >

We followed up all eight patients and noted the time points
when new autonomic symptoms appeared, including hypo-
hidrosis, faintness and syncope, constipation, urinary dys-
function, impotence, and respiratory distress, and considered
such clinical features in sequence to assess the natural
clinical course. We evaluated hypohidrosis in terms of
inspection of the skin and recording of patient symptoms.
Dry skin or reduced perspiration was noted on some parts of
the body., with compensatory hyperhidrosis elsewhere.
Patients often noted their reduced perspiration in summer
and felt severe fatigue, which sometimes limited their
capacity for outdoor work. Faintness was defined as a
floating sensation while in the upright position without loss
of consciousness, or as symptomatic orthostatic hypotension
during the head up tilt test. Syncope was defined as a
blackout or loss of consciousness. including severe blurred
vision. Constipation was defined by the passage of stools at
intervals of three days or more, or complaints of straining,

WWW,JNIP.COM

Urinary dysfunction was defined as urination twice at night
or more than five times in the daytime, urinary urgency,
incontinence, or difficulty in urination. Impotence was
defined as difficulty in achieving normal sexual function.
Respiratory disturbances were defined either as the presence
of sleep apnoea, including heavy snoring. or as difficulty in
respiration. Onsct of an autonomic symptom was defined as
the time when the patient first noted the symptoni.

Statistics

The Mann-Whitney U test for non-parametric statistics was
used as appropriate. Kaplan—Meier analyses were employed
to estimate the natural course of autonomic features and
disease progression, assessed by the modified Rankin scale in
both PAF and MSA patients. Log-rank test statistics were
used to determine whether the Kaplan-Meier curves differed
between PAF and MSA. Calculations were done using the
statistical software package Stat View (Abacus Concepts,
Berkeley, California, USA). Statistical significance was
defined as a probability (p) value of . 0.05.

RESULTS

Clinical profiles of PAF on the first visit to the hospitals
Clinical profiles of the eight patients with PAF at their first
examination at our hospital are presented in table 1. They
had many complaints suggesting autonomic disturbances,
but the specific features varied. The carliest age at onset was
35 years, and the latest was 78 years. The interval from onset
to presentation at our hospital varied from one to 27 years.
Each patient showed various autonomic disturbances at that
time, but faintness and hypohidrosis had been experienced
by all patients. Other autonomic symptoms were as follows:
urinary dysfunction in five, syncope in four, constipation in
three, and impotence in two. Al patients had very low
plasma noradrenaline concentrations, orthostatic hypoten-~
sion. and denervation supersensitivity according to the
noradrenaline infusion test.

Clinical manifestations of MSA

The initial symptoms in all 22 patients with MSA were those
of autonomic failure. Median time from onset to the presence
of concomitant autonomic and motor manifestations (evolu-
tion from onset to probable MSA) was 2.0 years (range 1 to
10). At the first clinical visit. seven of the 22 patients
presented with severe autonomic failure but failed to fulfil
consensus diagnostic criteria of MISA.
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Figure 1 Box and whisker plot of the autonomic nervous testing
comparing purc autonomic failure (PAF) with multiple system atrophy
(MSA). (A) Systolic blood pressure fall during orthostatic hypotension.
(B Plasnm noradrenaline (NA) concentration. (C) Differences in
arginine-vasopressin (AVP) concentration betweernt 60" head up tilt and
supinc posture caleulated as DAVP. (D) Heart’ mediastinum (H M) ratio
from ' lmetaiodobenzylguanidine (MIBG) delayed imaging. (B)
Systolic blood pressure increase during noradrenaline infiision test.

Hp 0,004, #p=0.0003, #¥p=0,003, #=p=0.002, = p=0.0004,
Manr-Whitney U test.

949

Autonomic nervous system testing in PAF and MSA
We found significant differences between PAF and MSA
patients with respect to the following:

Nﬁxcstatic hypatension evaluated by the head up tilt test
(mean (SD): PAF. 68.9 (22.5) mum Hg; MSA, 36.3 (20.4)
mm Hg p= 0.004 (fig 1A);

oradrenaline ooncentratiar: PAF, 36.1 (23.2) pg/ml; MSA
189.9 (121.9) pg/ml; p= 0.0003 (fig 1B);

N)A\/P: PAF, (10.7) pg/ml; MSA, 034 (0.62) pg/ml;
p= 0.003 (fig 10):

/M ration PAF, 1.15 (0.03); MSA, 2.04 (0.44); p= 0.002
(fig 1D);

Nlcx‘adrmaline infusian test: PAF, 70.1 (23.2) mm HHg; MSA,

23.7 (11.0)y mm Hg p= 0.0004 (fig 1E).

Clinical course of autonomic failure

Kaplan-Meier curves depicting the natural clinical course of
PAF and MSA are shown in fig 2. Hypohidrosis, faintness and
syncope. constipation, urinary dysfunction, and respiratory
disturbance were assessed sequentially.

Hypohidrosis

Six patients noted hypohidrosis or anhidrosis as an initial
symptom, and seven became aware of hypohidrosis within
five years of onset. Hypohidrosis was one of the earliest and
most important symptoms of patients with PAF. In contrast,
patients with MSA noted hypohidrosis at a significantly later
stage of discase (p= 0.027).

Faintness and syncope

These  symptoms  represented  orthostatic hypotension.
Usually faintness preceded syncope. Faintness was often
noted as an initial autonomic symptom in PAF. Four of cight
patients first noted hypohidrosis in the same year as they first
experienced faintness. In our series, five patients complained
of faintness as an initial symptom, and seven noted faintness
within five years of onset. Syncope appeared at (imean (SD))
6 (7) vears after the onset of faintness, and half the patients
had experienced syncope within five years. However, two
patients first noted syncope more than 19 years after
experiencing faintness. In patients with MSA, faintness was
observed later in the course of illness. with risk of progression
to synoope differing significantly between the two groups

Constipation

Constipation was among the early symptoms of PAF. In our
series, three patients noted constipation as an initial
symptom, and five noted constipation within five years of
onset; all patients complained of constipation within 13
years. Constipation was the second earliest symptom in our
PAF patients, while patients with MSA also complained of
constipation at a relatively early stage of disease. No
significant differences were seen between the two groups in
time from onset of first symptom to development of
constipation (p= 0.46).

Urinary dysfunction

In the early stages few PAF patients noted urinary dysfunc-
tion, while at a later stage most patients had this complaint.
In our series. urinary dysfunction appeared at (mean (SD)) 9
(9) vears after the onset of hypohidrosis, faintness, and
constipation. Only three patients noted urinary urgency,
urinary frequency, or incontinence in the first five years.
Among types of urinary dysfunction, difficulty in urination
was rare in PAF patients. We evaluated the results of
urodynamic studies in five of the eight PAF patients, at four,
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Figure 2

Progression of autonomic symptons including hypohidrosis (A), fainmess (B), syncope (C), constipation (D), urinary dysfunction (8), and

respiratory disurbance (F) in patients with pure autonomic failure (PAF) and multiple system awophy (MSA). Hypohidrosis was an carlier symptom in
PAF than in MSA (panel A, p=0.027). Faintness and syncope were earlier symptoms in PAF than in MSA (panel R p =0.04: panel C, p=0.002).
Developnent of constipation was similar between the two diseases (panel D). Urinary dysfunction was a later syroptom in PAF than in MSA (panel B,
p=0.004). Respiratory disturbance did not occur in our PAF patients, but MSA patients had these problens at an carly stage (pancl F, p=0.0004).

six, 10, 13, and 17 years after the onset of PAF, respectively.
Two of the five patients were essentially asymptomatic and
had normat study results. Three patients were symptomatic,
one of whom had an overactive bladder and the other an
underactive bladder; the third had normal results. In our
series, all eight patients had urinary dysfunction by 30 years
after onset. Thus urinary dysfunction typically emerged in
late stage PAF. In contrast, MSA patients developed urinary
dysfunction at a very early stage of their disease (p= 0.004),
often as an initial autonomic symptom in about a quarter of
the patients. Within five years, more than 75% of MSA
patients had urinary dysfunction. especially difficulty in
urination. Thus urinary symptoms occuired early and were
particularly prominent in MSA.
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Figure 3 Differences in time remaining independent in activities of
daily living (AIXD assessed by the modified Rankin scale between
patients with pure autonomic filure (PAF) and multple system atophy
(MSA). Round syirbols represent censored data. Significant differences
were scen between PAF and MSA for tree ADLmilestones and for
survival, by KaplanmMeier analysis and log-rank tests. mR Iil, nodified
Rankin scale, grade Ilf (moderate impairnent requiring minimal support
such as a cane, stair rails, and so on): difference between PAF and MSA
significant at p, 0.0001.
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Respiratory disturbances

Respiratory disturbances such as sleep apnoea were uncom-
mon in patients with PAF. Indeed, in our series. no patient
had rvespiratory difficulties in 30 years of follow up. In
contrast, respiratory disturbance was one of the most
important features in patients with MSA (p= 0.0004).
About half the MSA patients had this complaint within five
years. and subsequently the prevalence of respiratory
disturbances increased. More than 80% of the MSA patients
had respiratory disturbances by 10 years.

Progression of orthostatic hypotension and
noradrenaline supersensitivity

Orthostatic hypotension

Orthostatic hypotension (fig 1A) was a major clinical feature
i PAF, being marked even in the early stages of the disease.
Blood pressure fall varied from 34 to 108 mm Hg at
presentation to our hospital, and the extent of orthostatic
hypotension progressed markedly in most patients over the
next two to 11 years. In seven patients blood pressure fell by
more than 50 mun Hg, and most patients experienced
syneope.

Noradrenaline supersensitivity

The noradrenaline infusion test estimates denervation super-
sensitivity at peripheral noradrenaline receptors, suggesting
disease involvement of the peripheral sympathetic nervous
system. At an early stage, PAF patients all showed excessive
rises in blood pressure of 30 mm Hg or more with infusion of
a low concentration of noradrenaline (3 or 0.3 ng/min),
indicating the presence of denervation supersensitivity
(fig 1E). After two to 11 years, however, the extent of blood
pressure rise in response to noradrenaline infusion was
smaller than at an carly stage, suggesting emergence of some
compensatory mechanism or secondarily induced insensitiv-
ity of noradrenaline receptors.

- 205 -



Downloaded from jnnp.bmjjournals.com on 15 March 2006

Progression and prognosis in pure autonomic failure

Activities of daily living and prognosis

PAF patients did not show diminishing capacity for activities
of daily living { ADL) up to a late stage (fig 3). In our series
three patients died. but they maintained nearly normal ADL
throughout their lives. One patient who died at 90 years, 12
years after disease onset, could walk alone without assistive
devices until he was 89 years old (modified Rankin scale, O
tol); rapid deterioration in the last year of life resulted from a
subdural haematoma. Another patient who died at 82 years,
32 years after onset, could perform all his daily activities
unassisted until he was 81. He was essentially bedridden for
the last year of life because of myelodysplastic syndrome. The
third patient, who died aged 84 years 12 years after disease
onset, remaining healthy and active (modified Rankin scale 0
to 1) until he died suddenly of a severe stroke.

Although both MSA patients and PAF patients have severe
autonomic disturbances, functional and survival prognoses'
were significantly worse in MSA than in PAF. In our series,
median time from onsct to modified Rankin scale grade Hl in
MSA was four years (p. 0.0001 v PAF); grade 1V, seven years
(p= 0.0009); grade V, nine years (p. 0.0001); and death, 11
years (p= 0.003). In contrast to MSA PAF carried a relatively
good prognosis for function and survival.

DISCUSSION

PAF is a chronic progressive necurodegenerative disease
characterised by scvere autonomic failure without other
neurological deficits. Uniquely. PAF patients can maintain a
long healthy life, in contrast to patients with other types of
primary autonomic failure. Pathological reports of PAF have
described Lewy bodies in the intermediolateral grey columns
of the thoracolumbar spinal cord, suggesting that PAF is a
form of Lewy body disease.”™™

Qur study is the first assessment of long term progression
of autonomic symptoms and ADL status in PAF, particularly
in comparison with MSA. Although a consensus has been
reached over the diagnostic criteria for PAF,® long term follow
up observation of the clinical features is important to identity
the differences between PAF and autonomic failure in other
neurodegenerative  diseases,  particularly MSA  and
Parkinson’s disease with autonomic failure.” * * We investi-
gated clinical features of eight patients with PAF over follow
up periods ranging from seven to 32 years.

It is generally accepted that patients with PAF have
autonornic failure resulting in peripheral but not central
involvement. The results of supine noradrenaline levels.
DAVP, B3 1.MIBG, and the noradrenaline infusion test clearly
confirm this. In contrast, patients with MSA have patterns
suggesting a predominantly central involvement, although
some patients with probable MSA also have low noradrena-
line concentrations, increased DAVP, a reduced H/M ratio,
and raised blood pressure during the noradrenaline infusion
test. These neuropharmacological tests would be useful for
differentiating PAF from MSA ecarly in the course of the
iliness. Further studies are needed to clarity their sensitivity,
specificity, and positive predictive value.

In our study, orthostatic hypotension and related faintness
and syncope were the most important clinical features of
PAF. and developed at a very carly stage. Furthermore,
orthostatic hypotension worsened gradually as the disease
progressed in spite of medical treatment for hypotension. In
contrast, MSA patients were less likely to have syncope than
PAF patients. Progression of MSA is relatively rapid,'* so MSA
patients are often wheelchair bound or nearly bedridden
before showing severe hypotension with syncope.'® About
half the patients with MSA noted faintness by four years
after onset, at a time when most of them were wheelchair
bound and spent a considerable amount of their waking time
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lying down. This may limit the exposure of MSA patients to
syncope.

Another important autonomic abnormality observed in
PAF was sudomotor impairment. Hypohidrosis or anhidrosis
was a major complaint in patients with PAF. Emecrgence of
orthostatic hypotension, sometimes with loss of conscious-
ness, and sudomotor dysfunction at a very early stage were
striking characteristic features in PAF, in contrast to MSA
where these symptoms were absent in the early phase of the
disease.

A striking clinical characteristic of PAF was the absence of
respiratory dysfunction such as sleep apnoea until a very late
phase of disease. This feature again contrasted with MSA,
where respiratory dysfunction was a major problem, threat-
ening life in the later phase of discase.

Constipation and urinary dysfunction are among the
characteristic symptoms of primary autonomic failure syn-
drome including PAF, MSA, and Parkinson’s disease with
autonomic failure™ * Urinary problems have been docu-
mented in the past to some extent,”' ' representing a
characteristic feature of PAF, especially in the late phase.
Sakakibara & al®™ reported that all six of their patients with
PAF who complained of urinary disturbances showed
abnormalities on urodynamic studies. In our series, five of
eight patients underwent urodynamic evaluation, and two
with urinary symptoms showed a hyperactive or underactive
bladder. However. the severity of the urodynamic abnorm-
alitics and associated symptoms was mild. in agreement with
the previous report.” In contrast. patients with MSA have
severe urinary dysfunction, especially difficulty in urination™
and noctumal urinary frequency, with residual urine,
detrusor hyperreflexia. low compliance, and detrusor sphinc-
ter dyssynergy on urodynamic studies. Intermittent self
catheterisation is often required even carly in the course of
the illness.

On the basis of these observations, we can assume that
orthostatic hypotension and sudomotor dysfunction precede
urinary dysfunction and particularly respiratory dysfunction
in the development of autonomic disturbances in PAF, while
in MSA urinary dystunction precedes orthostatic hypotension
and sudomotor dysfunction. and respiratory dysfunction is a
serious problem even at an early stage. Modes of progression
of autonomic symptoms seem to be an bmportant way of
distinguishing between PAF and MSA

The evolution of the change in blood pressure during the
noradrenaline infusion test in PAF is difficult to explain.
While the clinical features became worse over the course of
several years in PAF patients, in contrast the degree of blood
pressure elevation during the test became smaller with time.
The same method was used for the test on each occasion, and
no previous reports provide an explanation for this phenom-
enon. Age related changes such as atherosclerosis or changes
in drug treatment might have contributed, but further study
is necessary.

Patients with PAF had a better prognosis than those with
MSA. Even the three patients with PAF who died during
follow up lived independently until one or two years before
they died all died of concurrent diseases. Various factors
contributed to this advantage in ADL and long term
prognosis. First, patients with PAF did not have severe
urinary disturbances, which would lessen the risk of
recurrent urinary infections, and they also did not have life
threatening respiratory failure. Second. while management of
orthostatic hypotension remains challenging late in the
course of illness, administration of plasma volume expansion
fluids, fludrocortisone, and sympathomimetic agents can be
effective in ameliorating symptoms and preventing faintness
and syncope with resulting head injuries or bone fractures
which could compromise ADL and survival. Third, patients
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with PAF in this study showed no motor or cognitive
impairment. No parkinsonism or dementia. which would
have affected daily activities or required additional treatment,
was evident during the course of their illness. Further studies
are needed to evaluate the significance of the pathological
background for temporal features of autonomic, motor, and
cogriitive involvements.

The precise epidemiology of PAF has not been assessed,
either in Japan or in Western countries. To our knowledge,
relatively few cases of PAF have been studied or described,
and necropsy reports are far less common than for MSA. In
our Japanese series, more than 200 patients with MSA were
referred to hospital during the course of the study, but only
eight patients with PAF were diagnosed during the same
period. Although physician referral patterns may have on
mfluence, PAF appears to be uncommon in Japan compared
with MSA. Further studies should be undertaken to clarify
the incidence and prevalence of PAF worldwide.
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Gene Expression Profile of Spial Motor
Neurons in Sporadic Anmyotrophic
Lateral Sclerosis

Yue-Mei Jiang, PhD,' Masahiko Yamamoto, MD,' Yasushi Kobayashi, MD,' Tsuyoshi Yoshihara, PhD,'
Yideng Liang, PhD,’ Shinichi Terao, MD,? Hideyuki Takeuchi, MD,' Shinsuke Ishigaki, MD.'
Measahisa Katsuno, MD,' Hiroaki Adachi, MD,’ Jun-ichi Niwa, MD,' Fumiaki Tanaka, MD,'

Manabu Doyu, MD,' Mari Yoshida, MD,? Yoshio Hashizume, MD,” and Gen Sobue, MD'

The causative pathomechanism of sporadic amyotrophic lateral sclerosis (ALS) is not clearly understood. Using niicroar-
ray technology combined with laser-captured microdissection, gene expression profiles of degenerating spinal motor
neurons isolated from autopsied patients with sporadic ALS were examined. Gene expression was quantitatively assessed
by real-time reverse transcription polymerase chain reaction and in situ hybridization. Spinal motor neurons showed a
distinet gene expression profile from the whole spinal ventral hom. Three percent of genes examined were downregu-
lated, and 1% were upregulated in motor neurons. Downregulated genes included those associated with cvtoskeleton/
axonal transport, transcription, and ccll surface antigens/receptors, such as dynactin, microtubule-associated proteins,
and carly growth response 3 (BGR3). In contrast, cell death-associated genes were mostly upregulated. Promoters for cell
death pathway, death receptor 3, cycling Al and C, and caspases-1, -3, and -9, were upregulated, whereas cell death
inhibitors, acetyl-CoA transporter, and NF-«B were also upregulated. Morcover, neuroprotective neurotrophic factors
such as ciliary neurotrophic factor (CNTF), Hepatocyte growth factor (HGF), and glial cell line-derived neurotrophic
factor were upregulated. Inflammation-related genes, such as those belonging to the cytokine family, were not, however,
significantly upregulated in either motor neurons or ventral homns. The motor neuron-specific gene expression profile in
gporadic ALS can provide direct information on the genes leading to neurodegeneration and neuronal death and are

helpful for developing new therapeutic strategies.

Ann Neurol 2005;57:236-251

Amyotrophic lateral sclerosis (ALS) is a devastating
newrodegenerative disease characterized by loss of mo-
tor neurons in the spinal cord, brainstem, and motor
cortex! Initial symptoms include weakness of the
limbs, abnormalities of speech, and difficulties in swal-
lowing, The weakness ultinately progresses to conr
plete paralysis, and half of the patients die within 3
vears after the onset of symptoms, mostly because of
respiratory failure. Approximately 10% of all ALS pa-
tients show familial traits, and 20 to 30% of famihal
ALS patients are associated with a mutation in the cop-
per/zinc superoxide dismutase 1 gene (SODI). How-
ever, more than 90% of ALS patients are sporadic, not
showing any familial trait. The presence of Bunina
bodies in the remaining spinal motor neurons is a hall-
mark of sporadic ALS cases™ So far, several hypoth-
eses about the pathogenesis of sporadic ALS have been

proposed based on extensive research on sporadic ALS:
oxidative stress, glutamate excitotoxicity, nmpaired ax-
onal transport, mitochondrial dysfinction, neurotro-
phic deprivation, proteasomal dysfunction, neuroin-
flammation, autoinmmnity, viral infection, and
others*™'! Nevertheless, the actual pathogenic mecha-
nism of the selective motor neuron degeneration and
ultimate cell death in sporadic ALS remains unknown.
There have been extensive studies using animal models
and culture systerns for familial ALS, especially with
SOD1 mutations, but no similar approach is available
for studying sporadic ALS.

Recently advances in DNA microarray technology
make it possible to analyze global gene expression pro-
files of thousands of genes in normal as well as patho-
logical tissues. Global gene expression studies using
DNA microarray technology have generated valuable
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information about cell behavior in tissues consisting of
homogeneous cell types, cultured cells, and cancer tis-
sues of monoclonal origin.'>'? In the case of neuronal
tissues, particularly those of patients with neurological
diseases, however, the complexity of tissues containing
rmuidtiple lineages of cells, such as nawons, glial cells,
and vascular tissues places limitations on the use of
DNA microarray technology. In the lesions of ALS spi-
nal cords, there are reduced mumbers of motor neurons
with glial cell proliferation, meking it difficult t0 ex
amine 1motor neuron-specific gene expression.
Taser-captured microdissection (LCM) has been re-
ported to make it possible to isolate single individual
neurons ffom neural tissues with well-preserved mRNA
quality."*" In addition, RNA amplification tech-
niques preserving the relative amounts of individual
mRNAs have been developed recently.'™” TCM and
RNA amplification combined with DNA microarray
analyses have been reported to enable studies of cell
type-specific gene expression profiles in tissues with
multiple cell lineages.'>'" Such integrated analysis sys-

Table 1. Daails of Pationts Examined in This Study

tem provide an effective tool for investigating the cel-
lular events affecting cell type-specific gene expression
profiles in neurodegenerative diseases such as ALS. In-
deed, we and other groups demonstrated that these in-
tegrated systems could be applied successfully to de-
scribe cell-specific gene expression profiles in newronal
tissues.'>'®

In this study, we applied integrated LCM, RNA an
plification, and DNA microarray analysis to cdlarify al-
terations of motor neuron-specific gene expression in
sporadic ALS cases and successflilly obtained expression
gene database in situ from degenerating motor netrons
in sporadic ALS spinal cord.

Patients and Methods

Tisues fran Anpotrophic Lateral Sderess and

Caontrd Patients

Fresh specimens of lumbar spinal cord (L4 to L5 segment)
from 14 sporadic ALS patients (nine men, five women) and
13 neurologically normal patients (ninc nen, four women)
were obtaned at autopsy (Table 1). Diagnosis of ALS was

Age Duration of Postmortem Spinal Cord Neuropathology
Patients Sex (vr) Hiness (yr) Delay (hr) Diseases Motor Newron Losy/'Gliosis
ALSI M 72 3.7 6 ALS (B UL, LL) Moderate/mild
AL M 71 2.3 5 ALS (LL, UL) Moderate/mld
ALS3 M 58 1.8 13 ALS (UL, L1, B Severe/severe
AlLS4 M 43 2.6 5 AIS(LL, B Moderate/mild
ALSS M 53 2.8 11 ALS (B, UL, L) Moderate/severe
ALSH F 79 4.0 4 ALS(UL LL, B) Sevore/severe
ALS7 F 39 2.5 3 ALS (UL) Mild/mild
ALSR F 67 2.0 7 ALS (UL B) Severe/mild
ALSO M 74 4.3 10 ALS (11, B) Severe/muld
ALSIO F 47 1.8 4 ALS (B UL LL) Mild/mild
ALSI1 M 74 4.5 12 ALS (UL L) Moderate/mld
ALSI2 M 57 3.5 5 ALS (L1, UL) Severe'miild
ALSI3 F 33 3.0 8 AIS (B UL, LL) Severe/severe
ALS14 M 63 22 5 AIS (UL, B Mild/mild
Controll M 57 —_ 7 Pneumonia No
Control2 M 78 — 10 Cerebral infarction No
Control3 M 72 — 9 Lung cancer No
Control4 F 52 —_ 7 Pneumonia No
Control5 F 65 - 12 Pneumonia No
Controlo M 75 — 10 Heart failure No
Control7 M 42 - 5 Heart failure No
Control8 F 76 — 5 Pancreas cancer No
Control® F &4 — 6 Myocardial infarction No
Control10 M 48 — 13 Heart faihure No
Controll1 M 77 — 11 Heart failure No
Controll2 M 66 —_— 11 Cercbral infarction No
Control13 M 75 — 4 Pneumonia No

The age, duration of illness, and postmortem delay are indicated for the ALS and control cases. Predominant clinical features of ALS are shown:
UL = upper limbs: LL = lower limbs; B = bulbar. Neuropathological involvernent of spinal cords was graded as previously. Ten ALS samples
were used for microarray analysis: five of them (1, 7, 10, 11, and 14) were analyzed using 4.8K array for spinal motor newrons; five (2, 4. 5,
8, and 12) using 1.0K for spinal motor neurons; five (1. 3, 10, 13, and 14) using 4.8K for spinal ventral hom gray matter; and five (1, 2, 4,
5. and 13) and five (1. 2, 7, 8. and 10) control sanmples using 4.8K and 1.0K. Thirteen ALS (1-13) and 11 (1=11) control samples were used
for TagMan reverse transcription polymerase chain reaction analysis Five ALS (1, 10, 11, 13, and 14) and four control (1, 3, 5, and 12)

samples were used for in situ hybridization and immunohistochemistry.

ALS = amyotrophic lateral sclerosis.
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confirmed by El Escorial diagnostic ariteria defined by the
World Federation of Newrology and the histopathological
findings, particularly the presence of the Bunina body.™ Al
cases of ALS were sporadic and did not show any heredity.
ALS patients with SOD1 mutation were excluded. The col-
lection of tissues and their use for this study were approved
by the ethics conmitiee of Nagoya University Graduale
School of Medicine. Tissues were frozen immediately and
stored at —80°C until use. The mean ages and standard de-
viations for ALS and control patients were 62.1 = 11.0 and
66.7 + 13.1 years, and the mean postmortem intervals and
standard deviations were 7.0 = 3.3 and 85 % 3.0 hours,
respectively. The differences between the means of either age
or postmortem interval were not significant between the ALS
and control groups. The cause of death in all ALS patients
was respiratory filure, and the causes in the control patients
were pnewrnonia, lung cancer, or acute heart failure (see Te-
ble 1). Parts of the lumbar spinal cord were fixed in 10%%
buffered formalin solution, and processed for paraffin sec-
tions. The sections were staimed with hematoxylin and eosin
and Kiiver-Barrera and Holzer techniques, and histological
assesament was performed. The degree of motor neuron loss
and astrogliosis was ranked as mild, moderate or severe ac-
cording to previously reported.'*°

Laser-Captured Miarodissection of Spinal Matar
Naurans

Sections (10wim) were cut with a standard eryostat, mounted
on poly-L-tysin coated slides (Zeiss, Thomwood, NY), and
stained with hematoxylin to identify the motor neurons lo-
cated in the medial and lateral nuclel of the ventral homs of
lumber spinal cords. Afler staining with hematoxylin, the
sections were washed in RNase-free water and dried. > The
PALM Robot-Microbeamy system  (P.ALLM. Mikrolaser
Technology AG, Bemried, Germany) was used for laser cap-
ture. The pulsed laser microbeamn cut precisely around the
targeted motor neurons in the gpinal ventral hom (LOM; see
Fig 1A-C). The identity of motor neurons was ascertaned
by reverse transeription polymerase chain reaction (RT-PCR)
for choline acetyltransferase (ChAT) as described previous-
Iy.' Each laser-isolated specimen subscquently was gjected
from the glass slide with a single or several laser shots and
collected directly into the cap of a PCR tube containing de-
naturing bufler by a prooess of laser pressure catapulting in
the totally noncontact menmer previously described ™ The
LCM-isolated cells (approximately 500 pooled cells) ware
dissolbved in denaturing bufler (StrataPrep Total RNA Mi-
croprep Kit; Stratagene, San Diego, CA) and stored at
—80°C until use.

RNA Extraction of Lasa-Captured Miarodissction
Maa Naran Sanples and Spinal Vantral Ham
Haorogenates

LCM-isolated cells in denaturing buffer were thawed and
centrifuged briefly before the RNA was extracted using a
StrataPrep Total RNA Microprep Kit (Stratagenc) according
to the manufacturer’s protocol. RNA was extracted as well
fiom the total homogenates of ventral hom gray matter of
spinal cords,'® which was dissected under a dissecting micro-
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Reverse Trangription and T7 RNA Polynmerase
Anplification of RNA

Ten microliters of purified RNA obtained as described above
was mixed with 1l of O03pgml T7-oligodT  primer
(5'-TCTAGTCGACGGCCAGTGANT TGTAATACGACT-
CACTATAGGGCGT,,;-3") to initiate first-strand synthesis.
The primer and RNA were incubated in 4l of 5 X first-
strand reaction bufler, 0.1M DTT (2ul), 10mM dNTPs
(1D, 1l of RNasin, and 1] of Superscript I reverse tran-
scriptase (Invitrogen, Carlsbad, CA) at 42°C for 1 hour, and
then 30p! of 5 X second-strand synthesis buffer, 10mM
dNTPs 3ub), 4] of DNA polyimerase, 1l of Esherichia
afi RNase H, and 1l of E coli DNA ligase and 91l of
RNase-fiee H,O were added, and the mixture was incubated
at 16°C for 2 hours and then at 16°C for 10 minutes after
the addition of 2j.l of T4 DINA polviverase. Next, an Am-
pliscribe T7 Transcription  Kit  (Epicentre  Technologies,
Madison, WI) was used for RNA amplification: 8l double-
stranded cDNA, 2l of 10 X Ampliscribe T7 buffer, 1.5l
each of 100mM ATP, CTP, GTP, and UTP, 0.1 M DTT
@uh, and 2ul of T7 RNA polymerase ware incubated at
42°C for 3 hows.

For sccond-round amplification, 10wl of amplified RNA
(aRNA) ffom first-round amplification was mixed together
with ! of Img'ml random hexamers (Invitrogen), and
then first-stranded ¢DNA was synthesized, followed by
second-siranded  ¢DNA synthesis as described above. The
double-stranded cDNA was subjected to second-round T7 in
vitro transcription as abowe and then subsequent third-round
aRNA amplification. Afier third-round amplification, aRINA
was treated with DNase (Wako, Kanagawa, Japan) and
cleaned up using an RNeasy Kit (Qiagen, Valencia, CA) ac-
cording to the manufacturer’s protocol.

DNA Micaarray Analyss

Fluorescent ¢DNA probes were synthesized from aRNA of
laser—captured spinal motor netrons and RNA from ventral
spinal tissue homogenates using an Atlas Glass Fluoresoent
Labeling Kit (Clontech, Palo Alto, CA) according to the
manufactura’s protocol. Cy3-labeled ¢cDNA probes were
synthesized from ALS samples for spinal motor neurons and
homogenates, and CyS-labeled ¢DNA probes were synthe-
sized from control samples. BD Atlas Glass Microarray Hu-
man 1.0 and 3.8 (Clontech) dlides were hybridized with
these fluorescent labeled probes ovanight at 50°C and then
washed four times and dried according to the manufacturer’s
protocol. Individual Cy3-labeled cDNA probes from ALS
RNA samples of spinal motor neurons and homogenates for
each patient were coupled with CyS-labeled cDNA probes
from control RINA samples of those tissues, which were pre-
pared by mixing equal amounts of RNA sarmples anmplified
from the control patients. The microarrays were scarmed in a
laser scanner (GenePix 4000; Axon Instrurments, Union City,
CA), and the resulting signals were quantified and stored us-
ing GenePix Pro analysis software (Axon Instruments). The
data for each expressed gene obtained from microarray anal-
ysis were expressed as the ratios of the values of individual
ALS patients or the means of the values of ALS to the values
of the control patients. The values of gene expression levels
were means-caleulated from motor neurons of 5 or 10 inde-
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pendent individuals with ALS as well as from spinal ventral
homs of 5 individuals with ALS.

Quantitative Real-Tine Reverse Trangription
Poymerase Chain Reaction

The probe and primers for the real-time PCR were designed
using Primer3’ (S. Rozen and H. J. Skaletsky, available at
http// www-genome.wi.mit.edv/genone_software/other/
prinmxx3.html). TagMan PCR was conducted using an iCy-
cler system (Bio-Rad Laboratories, Hercules, CA) with a
QuantiTect Probe PCR Kit (Qiagen) and the cDNA accord-
ng to the manufacturer’s protocol. The reaction conditions
were 95°C for 3 minutes and then 50 cycles of 135 seconds at
95°C followed by 60 seconds at 55°C. All experiments were
performed in quadruplicate, and several negative controls
were included. For an internal standard control, the expres-
sion  of  glyceraldehyde-3-phosphate dehvdrogenase
(GAPDH) was simultancously quantified. The primers and
probe sequences for the examined genes (acetyi-CoA trans-
porter:  D88152: Bak: NM_001188; CRABPlI: NM
004378; cychin C: M74091; dynectin 1@ NM 004082;
BEGR3: NM_004430; ephrin Al: MS7730; GAPDH:
NM_002046; KIAAND231: D86E984:; and Trk(: U05012)
were desaribed in the legends for Figure 3. The threshold
cycles of each gene were determined as the number of PCR
cycles at which the increase in reporter fluorescence reached
10 tines above the baseline signal. The weight ratio of the
target gene to GAPDH gives the standardized expression
lewel.

In Situ Hybridization

Frozen sections (10wm thick) of the spinal cord were prepared
and immediately fixed in 4% parafornaldehyde. Then, they
were treated with 0,19 dicthylpyrocarbonate (DEPC) twice
for 15 minutes and prehybridized at 45°C for 1 hour.
Digosigenin-labeled cRNA probes were generated from linear-
izad plasnids for the genes of intarest using SP6 or T7 poly-
merase (Roche Diagnostics, Basel, Switzerland). Gene names
Genebank accession number, probe position (nucleotide num-
ber), and probe size were as follows: acetyl-CoA transporter,
cleotides 792-2094, 345bp; CRABP1, NM_004378, nucleo-
tides 210-545, 336bp; dynactin [, NM_004082, nucleotides
1070, 389bp; EGR3, NM_004430, nucleotides 1433-1794,
362bp; KIAAN231, D869&4, nucleatides 698-1053, 356bp;
TrkC, U05012, nucleotides 1412-1721, 310bp. After prehy-
bridization, the sections were hybridized with each
digoxigenin-labeled cRNA probe overnight at 45°C. The
washed sections were incubated with alkaline phosphatase-
corjugated anti-digoxigenin antibody (Roche Diagnostics).
The signal was visualized with NBT/BCIP (Roche Diagnos-
tics).

Tmrmunchistochamistry

Frozen sections (10pm thick) of the spinal cord were pre-
pared and immediately fixed in 4% paraformaldehyde. Then,
they were blocked with 2%% bovine serum albumin (Sigima)
in Tris-buflered saline at room tenperature for 20 minutes
and mcubated with anti-cywlin C (1:2200 dilution; Santa

Cruz Biotechnology, Santa Cruz, CA) antibody overnight at
4°C. Subsequent  procedures  were  performed  using
ENVISION+ +KIT/HRP  (diaminobenzdine  tetrahydro-
chloride; DAKO, Carpinteria, CA) according to the manu-
facturer’s protocol.

Statigical Analyses

To assess the correlation of intensity values for each labeling
sample, we used scatterplots and measured linear relation-
ships. The correlation coefficient, R, that was caleulated in-
dicates the variability of intensity values between Cy-5- and
Cy-3~labeled sanples. To perform cluster analyses of hierar-
chical clustering, self~organizng maps (SOM) and principal
component analysis after logarithmic transformation, we
used Acuity 3.0 software {(Axon Instruments). The data mea-
sured by quantitative real-time RT-PCR analysis were ana-
lyzed by Student’s t tests,

Results

T7 Amplification Preserves Gene Bxpresion Profiles
Becausz the amounts of laser-microdissected  samples
were extrenely low and did not contain enough
MRNA for further analysis, RNA amplification was re-
quired. It was critical to achieve sufficient RNA anpli-
fication and yet maintain the expression profiles of
mRNAs. We performed experiments to determine how
the expression profiles of mRNAs were affected by the
T7 amplification procedure. RNA samples were ex-
tracted from control spinal cords and a part of RNA
samples was anplified using T7 anplification. One
flourescently labeled probe was synthesized from an in-
dividually amplified RNA (aRNA) or nonamplified
RNA (nRNA) and was hybridized to microarrays. In-
dependent amplification of RNA yielded quite similar
expression patterns. The correlation of signal intensities
between independent  amplifications for the third
aRNA was R = 09157, p < 0.0001, and on the
other hand, the comrelation of signal ntensities in
nRNA was R = 0.9157, p < 0.0001 (Fig 1D, E).
Previous reports using similar amplification procedures
as ours also have confirmed the reproducibility of T7
amplification for the preservation of RINA expression
profiles.'*'>!7 In this study, the third-round anplifi-
cation was performed for the LCM-isolated motor neu-
rons, but for the spinal ventral hom homogenates a
single amplification produced enough RNA for further
analysts, and similar expression patterns were found be-
tween the first and third amplifications (data not
shown).

Gene Expressan Database of Spinal Maar Narans

and Ventral Han Hamogenates of Anmotraphic

Lateal Sdercsis

aRNA samples from the motor neurons and the ventral
hormn homogenates from the hambar spinal cords were
subjected to microarray analysis. The differences of the
gene expression levels between ALS and control sam-
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Fig 1. Varifiation of lasz-capturad microdissction (LCM) and RNA anplification. Micadissdtion of matar nawrans in spinal
ventral hom: sdtions ware gainad with hamtogdin (A); margins of notar narans were dissstad by the lasar beam (B); and no-
tar naras wae isolated Fam dides by lasy premre catapulting (O). Sattarplas of nonanplified and anplifiad RNAs arrdations
between indgpendent anrplifications of antrdl pinal cord sanples are shown using nenanplified (13) and third anplified RNAs
(F). These RNAs ware glit into two samples Rx labding of Cv5 and (33 and hybridized sparatdy to two microarrays The very
high squared cardations reflet the high rgrodudbility of the hybridizatian results with the same values betwean nonanmplified and
third anplified RNAs

ples were expressed as ratios of the values of ALS indi- tor neurons (sce Table 2) and ventral homs (see Table
viduals compared with the mean values of the controls. 4), sugeesting that motor netron overexpression 1s re-
Omne percent (52/4,845) of genes examined were signif- flected to some extent by gene expression i ventral

icantly upregulated in spinal motor neurons of ALS pa- hom homogenates. The other genes upregulated m
tients and 3% (144/4.845) were downregulated, as- motor neurons were not present i the lig for spmal

suming that the changes of 3.0-fold increase and 0.3- ventral homs, because these gene expression changes
fold decrease were significant, when the mean levels of were diluted and masked by changes ocourring in other
gene expression were calculated. In contrast with motor cell types. Because the number of spinal motor neurons

newrons, the total spinal ventral hom homogenates was decreased in ALS spinal cords, most genes that
demonstrated 0.7% (37/4,845) and 0.2% (8/4,845) were listed as downregulated genes in motor neurons
significant upregulation and downregulation of gene (see Table 3) were not found in spinal ventral homs

expression, regpectively. (see Table 5) except for three genes (CRABPI, EGR3,

The genes prominently altered in ALS are listed in and postieiotic segregation increased 2-like 11). When
Tables 2 to 5 for gpinal motor neurons and spinal ven- we categorized these altered genes in ALS motor neu-
tral hom homogenates, respectively. Several upregu- rons into several functional groups, the genes related to

lated genes listed were overlapping between spinal 1mo- cell receptors and intracellular signaling, transcription,
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Table 2. Upregilated Genes in ALS Malar Nawrans (Tap 30)

GeneBank No., Genie Name Fold Change (ALS/ control)
NM 003419 Zine finger protein 10 (KOX 1) 8.86
Ug1618 Neawotensin/newromedin N precursor 8.33*
NM 004651 Ubiquitin-specific protease 11 8.13
D86984 KIAAD231] 731%
A26792 Ciliary neuronotrophic factor (CNTF) 6.76
M77830 Desmoplakin 1 & 11 (DSP; DPI & DPID 6.10
NM_005622 SA (rat hypertension-associated) homolog 547
NM 004733 Acetyl-coenzyme A transporter 533
NM_000021 Presenilin 1 (Alzheimer disease 3) 4.96
KO3020 Phenylalanine-4-hydroxylase (PAH) 4.95%
AF016268 Death receplor 5 (DRS5); cytotoxic TRAIL receptor, TNFR10b 4.91*
M74091 Gl/Sspecific ayelin C (CONC) 4.82%
NM_000275 Oculocutaneous albinism I 4.78
AF000936 SH3-binding protein 2 4.73*
NM_000384 Apolipoprotein B 4.70
M63099 Interleukin-1 receptor antagonist 4.66%
MS57730 Bphrin-Al 4.57*
119067 NFx B transcription factor p63 subunit 4.52%
U66838 Cyclin Al (CCNAT) 4.51%
NM 005021 Ectonucleotide pyrophosphatase/phosphodieserase 3 4.48
NM_001550 Interferon-related developmental regulator 1 4.45
125851 Integrin alpha E precursor (ITGAF) 4.43%
Xiedioe C-abll protooncogene 4.41
U08015 Transcription factor NF-ATc 4.40*
144378 Mothers against dpp homolog 4 (SMAD4) 4.35%
NM_005067 Sevenn in absentia (Drosophila) homolog 2 4.22
JO4536 Leukosialin precursor: sialophorin 4.19%
X06745 DNA polymerase alpha catalytic subunit 4.15%
U09s64 Serine kinase 4.09*
U37139 B 3-endonexin 4.06*

Gene expression levels are expressed as means of fold-change, which is caleulated by dividing the signals of each ALS sample by those of control

samples, in the 5 or 10 (denoted by asterisk) patients with ALS.
ALS = amyotrophic lateral sclerosis.

metabolism, and cytoskeletal architecture were down-
regulated. The functional categories of secreted and ex-
tracellular comnumication proteins and cell cycle regu-
lators were characteristically upregulated. A complete
list of the differentially expressad genes is available on-
Iine at http//wwwimed nagoya-u.acjp/neurology/index.
html.

Diflrential Gene Expresian Profiles betwen Spinal
Moar Newrans and Ventral Hom Hanogmates of
Anrnotrophic Lateral Sdercdds

To compare the expression profile of motor neurons
with that of spinal ventral hom homogenates, we per-
formed cluster analyses. Because the pattems of gene
expression from microarray analysis are impossible to
discern by eye, data analysis software (Acuity 3.0 soft-
ware; Axon Instruments) was used based on the dimen-
sionality of the data: hierarchical clustering for high di-
mensional gene space and principal component analysis
and SOM for low one. Hierarchical clustering clearly
discriminated the expression profile of isolated motor
neurons from that of ventral hom homogenates, show-
mg two grouped branches of the dendrogram with a

correlation coefficient of 0.446 (Fig 2A). Moreover, a
principal component analysis confirmed the distinction
of gene expression profiles between spinal motor neu-
rons and ventral homns (see Fig 2B). The gene expres-
sion profile of motor neurons was clustered into a sin-
gle cluster by the two clustering algorithms, which was
well separated from that of spinal ventral hom gray
matter, suggesting a relatively uniform degenerating
process in spinal motor newrons in ALS.

Moo Neuran-Spadfic Gene Bxpresian Profiles

Identified by the SdfOrganizing Map Analysis

To further analyze the expression pattern specific to
spinal motor nawons, a SOM was produced as a
nonhierarchical clustering™*° The examined genes
were subdivided into 25 clustered categories, and the
selected genes are shown in a certain group of the
SOM (see Fig 2C, Table 6). The genes contained in
the clusters reflect the expression pattem in spinal mo-
tor neurons as well as that in spinal ventral horns, and
these selected genes are somehow ditferent from those
in Tables 2 to 5 because of the different bases of clas-
sification. Clustering of the SOM showed motor neu-
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Table 3. Dowregilated Genes in ALS Motar Naurans (Bottam 30)

GeneRank No. Gene Name Fold Change (ALY control)
NM 004378 Cellular retinoic acid-binding protem 1 (CRABPI) 012
NM_ 004430 Farly growth response 3 (EGR3) 0.14
NM 005558 Ladinin 1 0.15
NM 003603 Arg/ Abl-interacting protein ArgBP2 0.15
NM 000117 Frrerin (Bmery-Dreifuss muscular dystrophy) 0.13
NM 004357 CD151 antigen 0.15
X06820 Ras honmolog gene family member B (RHOB) 0.15%
NM 003834 Regulator of G-protein signalling 11 0.16
NM_002960 S100 calciumrbinding protein A3 0.16
NM 006289 Talin 0.16
NM 000964 Retinoic acid receptor, o 0.17
NM 002391 Midkine 0.17
MO6944 Paired box protein PAX:S 0.17*
M74178 Hepatocyte growth factor-like protein 0.17*
NM_003822 Nugclear receptor subfamily 3, group A, member 2 0.17
NM 001188 BCL2-antagonig/killer 15 Bak 0.18
NM 000733 CD3E antigen, epsilon polypeptide (TiT3 complex) 0.18
NM_000408 Glyeerol-3-phosphate dehydrogenase 2 (mitochondrial) 0.18
NM 000136 Guanidinoacetate Nemethyltransterase 0.18%
MI11886 Major histocompatibility complex, class 1. C 0.18*
NM_003865 Homeo box (expressed in ES cells) 1 0.18
M36340 ADP-ribosylation factor 1 (ARF1) Q.18%
NM 001725 Baclericidal/parmreability-increasing protein 0.18
NM 005334 Host cell factor C1 (VP16-accessory protein) 0.19
NM 004192 Acetylserotonin O-methyltransferase-like 0.19
NM_002684 Postrmeiotic segregation increased 2-like 11 0.19
M11233 cathepsin I precursor (CTSD) 0.19%
NM 002313 Actin binding 1LIM protein 1 0.19
NM 002196 Insulinoma-associated 1 0.19
NM 002277 Keratin, hair, acidic, 1 0.19

Gene expression levels are expressed as means of fold-change, which is calculated by dividing the signals of each ALS sample by those of control

samples, in the 5 or 10 (denoted by asterisk) patients with ALS
ALS = anyotrophic lateral sclerosis.

ron-specific upregulated and downregulated gene ex-
pression commonly observed in five patients.

Clusters 1 (SOM1) and 6 (SOMB6) contains 110 and
169 genes, respectively, that generally are downregu-
lated in spinal motor newrons in all five cases exanm-
ined, and those are known to be imvolved in the func-
tional category of oell surface antigens and cell
receptors, transcription, and cytoskeleton. whereas clus-
ters 24 (SOM24) and 25 (SOM25) have 191 and 93
genes, respectively, that are predominantly upregulated
in spinal motor neurons in all cases and belong to the
functional category of cell signaling with extracellular
commmumication, and cell death-associated proteins.
The patten of subcellular localization of their gene
products also confirms the characteristics of the func-
tional categories of upregulated and downregulated
genes, that is, that plasma membrane and cytoskeletal
proteins are more downregulated, and extracellular se-
creted proteins are more upregulated, in ALS motor
neurons. All the genes listed in Table 3 are included in
SOM! and SOMB, whereas SOM24 and SOM25 do
not contain all of the genes listed in Table 2. The
former group of genes, with downregulation in motor
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neurons, included BCI 2-antagonist/killer 1 (Bak) and
TrkC receptor. Regarding genes related to transcrip-
tion, early growth response 3 (EGR3). cellular retinoic
acid-binding protein 1 (CRABP1), retinoic acid recep-
tors, and Musashi 1 were included in SOMI and
SOM6 as downregulated genes. The expression of dy-
nactin and microtubule-associated  proteins (MAPs),
which belong to the fimctional category of cytoskeleton
and axonal transport, was downregulated in ALS motor
nearons. On the other hand, KIAAQ231 and acetyl-
coenzyime A transporter were classified into the upregu-
lated genes in motor neurons of ALS. Regarding genes
related to cell death, the expression of cyclins Al and
C, death reoeptor 5 (DRS5), and interleukn-1 receptor
antagonist was upregulated together with that of NE-
kB, tumor necrosis factor (TNF) receptor—associated
factor 6 (TRAF6), and cagpase-i, -3, and 9 m
SOMP24 and SOM25. For genes in the category of tro-
phic factor cell signaling with extracellular comummumni-
cation, CNTF, HGF, and glial cell line-derived neu-
rotrophic factor (GDNF) were upregnlated in ALS
motor neurons, whereas midkine was downregulated.
The expression of vascular endothelial growth factor as
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Table 4. Upregilated Genes in Spinal Ventral Hams of ALS (Tap 30)

GeneBank Gene Name Fold Change (ALY control)
NM 000508 Fibrinogen, A a polypeptide 8.23
D86O84 KIAAQ231 6.09
NM_ 001801 Cysteine dioxypenase, type 1 5.81
X02544 a-1-Actd glycoprotein 1 precursor 5.59
NM 001973 ELK4, ETS-domain protein (SRF accessory protein 1) 5.12
NM_000021 Presenilin | (Alzheimer discase 3) 5.00
NM_ 002097 General transcription factor IHA 4.96
Uogo1s Transcription factor NF-ATc¢ 4.96
MS7730 Ephrin-Al 4.88
191618 Newrotensin/netromedin N precursor 4.79
AFOO0936 SH3-binding protein 2 4.50
NM_002949 Mitochondrial ribosomal protein [.12 4.11
NM 002386 Melanocortin 1 receptor 4.03
NM 001991 Enhancer of zeste (Drosophila) homolog 1 3.93
NM 000947 Primase, polypeptide 2A (58kDa) 3.92
NM 000239 Lysozyme (renal amyloidosis) 3.88
NM 001550 Interferon-related developmental regulator 1 3.67
NM_004602 Staufen (Drosophila, RNAbinding protein) 3.66
NM_000063 Complement component 2 3.58
NM. 004651 Ubiquitin-specific protease 11 3.54
NM_000397 Cytochrome b-245, § polypeptide 3.51
NM 002056 Glutamine-fructose-6-phosphate transaminase 1 3.41
125851 Integrin a E precursor (ITGAE) 3.36
NM_ 004616 Transmembrane 4 superfamily member 3 3.21
NM_003720 Down syndrome critical region gene 2 3.18
Jo4536 leukostalin precursor; sialophorin 3.15
X06745 DNA polymerase alpha catalytic subunit 3.15
KO3020 Phenylalanine-4-hydroxylase (PAH) 3.14
NM 001329 C-terminal binding protein 2 3.14
NM_000276 Oculocerebrorenal syndrome of Lowe 313

Gene expression levels are expressed as means of fold-change, which is calculared by dividing the signals of each ALS sample by those of control

samples, in the five patients with ALS.
ALS = amyotrophic lateral sclerosis.

well as NT-3 was unchanged. Furthermore, the genes
whose expression was altered significantly in spinal
ventral hom homogenates as shown in Tables 4 and 5
showed similar alterations to soire extent in the re-
maining motor newrons. However, the upregulated
genes, such as integrin o and sialophorin for cell ad-
hesion, which were demonstrated to be spinal ventral
horn—derived (see Table 4) as well as spinal motor neu-
ron~derived (Table 2) genes, were not sorted out into
SOM24 and SOM25, indicating that their upregula-
tion occurred predominantly in glial cells.

Data Canfirmatian with Quantitative Real-Time
Reverse Transription Pdymerase Chain Reaction, In
Situ Hybridizatian, and Inmumndhigodanisry

To assure the validity of the gene expression levels de-
tected by microamray analysis, we performed quantita-
tive real-time RT-PCR analysis on some genes of in-
terest using a TagMan PCR system. Because LCM-
isolated motor newrons did not contain enough RNA
to perform real-time RT-PCR analysis, only selected
genes were assessed in notor newrons, and for other
genies the gpinal veritral hom homogenates were used as

the tenplate for quantitative RT-PCR. When the ex-
tent of mcrease or decrease of gne expression levels
was expressed as the ratio of the genes of nterest to
GAPDH, acetyl-CoA transporter and KIAAO231 were
significantly increased 3.1-fold (p < 0.001) and 3.3-
fold (p < 0.01) in spinal motor newrons of ALS, re-
spectively (Fig 3). EGR3 expression decreasad to 0.27-
fold (p < 0.01) in ALS motor neurons. These mRNA
alterations were also detected at comparable levels
when using spinal ventral hom homogenates of ALS
{acetyl-CoA transporter, 1.8-fold increase [p < 0.005];
KIAA0231, 2.3-fold increase [p < 0.05]; and EGR3,
0.41-fold decrease [p < 0.01]). In addition, the gene
expression of Bak and TrkC was downregulated 0.53-
fold (p < 0.01) and 0.40-fold (p < 0.05) in ALS
respectively. Moreover, increases of ephrin Al and ¢y-
clin C expression were observed to the extents of 2.5-
fold (p < 0.05) and 4.9-fold (p < 0.01), whereas dy-
nactin 1 mMRNA was downregulated 0.44-fold (p <
0.01), and CRABP1 mRNA was also downregnlated to
0.59-fold (p < 0.01) m ALS.

To fiuther verify the localization and extent of ex-
pression of genes of interest, we performed in situ hy-
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Table 5. Dowrrezilated Ganes in Spinal Ventral Hamns of ALS (Bottam 30)

GeneBRank Gene Name Fold Change (ALS control)
NM_000843 Glutamate receptor, metabotropic 6 022
NM 000730 cholecystokinin A receptor 0.24
NM 003134 Signal recognition particle 14kDa 0.26
NM 003163 Syntaxin 1B 0.27
NM 006476 ATP synthase, H+ transporting, mitochondrial FIFO, subunit g 0.27
NM 001610 Acid phosphatase 2, hysosonal 0.28
NM 003108 SRY (sex determining region Y)-box 11 0.29
NM 001446 Fatty acid binding protein 7, brain 0.30
NM_004583 RABSC, member RAS oncogene family 0.31
NM 001125 ADP-ribosylarginine hydrolase 0.31
NM 003320 Tubby (1mouse) homolog 0.31
NM 001731 B-cell translocation gene 1, antiproliferative 0.31
NM_ 000999 Ribosonal protein 138 0.32
NM 004128 General transaription factor [IF, polypeptide 2 (30kDa subunit) 0.32
NM 001765 CDIC antigen, ¢ polypeptide 0.32
NM 004430 Early growth response 3 (EGR3) 0.33
KO0558 Tubulin, «, ubiquitous 0.33
NM_ 006732 FBI murine osteosarconma viral oncogene homolog 13 0.33
NM 002040 GA-binding protein transeription factor, a subunit (60kDa) 0.34
NM 006161 Neurogenin 1 0.35
NM_002684 Postmeiotic segregation increased 2-like 11 0.35
NM_000801 FIK506-binding protein 1A (12kDa) 0.35
NM_ 001051 Sonmtostatin receptor 3 0.35
NM_ 005017 Phosgphate cytidylyltransferase 1, choline, alpha isoform 0.36
NM_004927 Chromosome 11 open reading frame 4 0.36
NM 000046 Aryisulfatase B 0.37
NM 004378 Cellular retinoic acid-binding protein 1 (CRABPI) 0.37
NM 001998 Fibulin 2 0.38
NM 001839 Calponin 3, acidic 0.38
NM_ 001183 ATPase, H+ trangporting, lysosomal, subunit 1 0.39

Gene expression levels are expressed as means of fold-change, which is calculated by dividing the signals of each ALS sample by those of control

sanples, in the five patients with ALS,
ALS = amyotrophic lateral sclerosis.

bridization on selected genes. The mRNAs for acetyl-
CoA trangporter, KIAAD231, and EGR3 were localized
in the remaining motor neurons (Fig 4). Spinal motor
neurons  overexpressed  acetyl-CoA  transporter  and
KIAAD231 in ALS, whereas BGR3 was underexpressed.
Moreover, TrkC, CRABPI1, Bak, and dynactin 1 gene
expression was found in motor neurons, and those sig-
nals were reduced in ALS. DRS signals were increased
in motor neurons in ALS, Cyelin C signals with punc-
tate imimunoreactivity were increased in the cytoplasm
as well as in nuclel in ALS motor neurons. The nuclear
staining of motor newrons for cyclin C was more
prominent in ALS compared with controls.

Discussion
Although reports about differential gene expression us-

ing the postmortem spinal cords, including those of

patients with ALS, have been published,”>*” the pre-
cise gene expression profiles of the degenerating motor
neurons themselves have remained to be elucidated.
Laser-captured dissection of motor neurons and subse-
quent microarray analysis are the most appropriate ap-
proaches to understanding the motor neuron—specific
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gene expression profile related to the motor neuron de-
generation process in sporadic ALS, because these ap-
proaches eliminate bias of motor neuron loss, reactive
astroglial proliferation, and other cellular reactions. In-
deed, serine kinase has been reported to be underex-
pressed in ALS spinal cord gray matter,”” but this
study showed it was overexpressed in isolated motor
newrons, suggesting that the reported underexpression
in whole gray matter was influenced by the decreased
motor neuron population. In contrast, cathepsin D ex
pression was downregulated in the ALS motor neurons
in this study, whereas it was increased in spinal cord
gray matter in a previous report,”’ indicating its up-
regulation in glial cells. In addition, clustering analyses
showed that the gene expression profile in the spinal
motor neurons was substantially different from that in
the whole homogenates of spinal ventral hom gray
matter.

The overall microarray analysis using spinal ventral
horn homogenates showed gene expression changes in
less than 1% of genes examined with more genes show-
ing increased than decreased expression. On the other
hand, the motor neuron-specific microarray analysis

-216 -



A Hierarchical clustering

|

3

T T

B Principal component analysis

€ Selforganizing map (S30OM)

BOM3

SO

SOM24

SOM25]

Fig 2. Clustering of gne expresion in spinal notar neurons and spinal ventral hans (A Hicardiical dusearing of gome oQpresom
in spinal motar naurans and ventral hans The dondrogam was praducad by higardhical duslaing of rdative opresion levds of
4,845 gmes (rons) in five pinal homogmate and five motar neuren snples (cddunmns) in nmaking a taal of 48,450 data points
Visual represmitation is shown with green represnting downregilated (<0.44), bladk rgremting intermodiate, and rod represnt-
ing upregilated (>2.28). The hierarchical dustering sucvesitilly detects two large dusters of amyatrophic Tateral sdarcsis (ALS), dis-
aiminating betwemn gpinal hanoeenates of ventral hams (sanples VI [ALST], V2 [ALSI0], V3 [ALS3], V4 [ALSI4], and V5
[ALSI3]) and nxtar nawaens (sarrples M6 [ALS1], M7 [ALSI0], M8 [ALSI4], MO [ALSI 1], and MI0 [ALS7]). with a corda-
tion coeflident of 0.446 at the branching paint. (B) Prindpal carpoent analyds of inal motar narans and ventral homns Prin-
dpal conponent analysis by six cnpments fix the 4,845 gmes shows two main dugers andsing of ginal molor neurans (M6
10) and hamogmates (VI-5). Tle nunber of patients aarespands to thee in the dendrogram. (C) Sdfarganizing map (SOM)
anabyds of ginal motar narans and ventral hams The 4,845 gnies are graupad into 25 dustars the gptimal size of which is al-
adlated from gap satigics anahyds In SOMI and SOM6, mog gnes are downreglated and in SOM24 and SOM2S the mjority
of gmies are upregilatad convronly in isdlatad nmotar newrans of five cases (M6~10). The numbers of gnes are given at the tap,
and sdected gnes are liged fr dustas 1, 6, 24, and 25 in Table 6.

showed that the proportion of significantly downregu-
lated genes was 3% of the examined genes whereas
that of upregulated genes was one third of the down-
regnlated genes. Moreover, the genes found to be
downregulated specifically in motor neurons were not
found to be downregulated in ventral homs, except for
three genes with high expression levels. These results
strongly support the notion that microarray analysis of
laser-captured isolated spinal motor neurons has an ad-
vantage especially for the detection of motor newron—
specific downregulated transcripts.

In the differentially expressed genes, cell death-asso-
ciated genes and genes related to cell signaling were
characteristically upregulated in ALS motor neurons,
whereas the genes categorized into cytoskeleton and

transcription were downregulated. In the prominently
altered genes of interest related to the cell death path-
way, acetyl-coenzyme A trangporter, which has been
cloned and shown to encode a protein with multitrans-
membranous spanning domains,™ was overexpressed
n ALS motor neurons. Acetyl-CoA transporter func-
tions as a cofactor for acetylation of gangliosides as well
as vesicular transport of acetylcholine, which is synthe-
sized flom acetyl-CoA and choline. Acetylation - has
been documented to suppress proapoptotic activity of
GD3 ganglioside, which increased in ALS neural tis-
sues, as previously shown.™" These results sugpest
that enhanced expression of acetyl-CoA transporter
may be related to the antiapoptotic mechanism for
cholinergic motor neuron degeneration in ALS.
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