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Fig. 1. Schematic representation of the primary structure of NPCI in which some special domains are emphasized. TM, transmembrane regions. Exon
boundaries are indicated by vertical lines. The reported NPCI mutations are depicted as follows: circles indicate missense mutations, triangles indicate
frameshift mutations including nonsense mutations, and rectangles indicate in-frame mutations including deletions and insertions. Black spots indicate the
severe late infantile type, gray indicates the intermediate juvenile type, and white indicates the milder adult type NP-C.

loops, six small cytoplasmic loops, and a short cyto- 2. Methods

plasmic tail (Figs. 1 and 2) [9,11,12). The exact function

of NPC1 and the role of cholesterol accumulation in the 2.1. Patients

neuropathology of NP-C remain to be defined. Here, we

report on our ongoing comprehensive molecular analysis NP-C was diagnosed in a total of 13 patients based on
of NPCI and describe two novel disease-causing filipin staining of skin fibroblasts [1,2]. Clinical features of
mutations. these patients are summarized in Table 1 [13,14].
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Fig. 2. Localization of NPCI mutations. The mutations reported in this study are depicted in the NPC1 protein scheme proposed by Davis and foannou (2000)
[13). Circles indicate missense mutations, triangles indicate frameshift mutations including nonsense mutations, and rectangles indicate in-frame mutations
with deletions and insertions. Black spots indicate the late infantile type of NP-C, gray indicates the juvenile type, and white indicates the adult type.
Underlines indicate new mutations reported in this paper. Fs, frameshift; and del, deletion.
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Table 1
Clinical features of NP-C patients
Clinical Cell Ethnic Sex Onset of Neurological  Hepatosplenc Qutcome Amino-acid
type strain group neurological  signs megaly change
origin signs
Late OHS PN M 1.5 years Epilepsy, HSM 1.5 years C956Y 837Fs-838X
infantile psychomotor (alive) '
delay
KUR JPN F 2.5 years Epiilepsy, HSM 7 R518Q R518Q
deterioration (homo)
UET JPN F 2 years Deterioration, No 4 years R518Q R518Q
cataplexy, (alive) {(homo)
spastic
tetraplegy
TAN JPN M 25 years Epilepsy, Mild SM ? R518Q T1205R
ataxia,
deterioration
UCH JPN F 2.5 years Ataxia, HSM 5years  H510P H510P
deterioration (dead) (homo}
AMA  IPN F 3 years Epilepsy, HSM 4 years Cl77G 119Fs-130X
psychomotor (alive)
delay
YAM  IPN M 2 vyears Ataxia, HSM 3years  V1065G  1206Fs-1241%X
1 months deterioration 9 months
(alive)
GMI11¢ Caucasian M 5 years Epilepsy, 7 10 years 11061T 740-741FS
‘ deterjoration (alive) del {in frame
deletion)
NAK IPN M 4 years Epilepsy, No 4 years GI1236E 7
3 months deterioration 3 months
{alive)
Juvenile SAS JPN F 13 years Epilepsy, Mild SM 17 years  16Fs-56X ?
ataxia, (alive)
deterioration
END PN M 15 years Dystonia, Mild SM 17 years Y1088C  LI213F
ataxia, V8O (ative)
END2 JPN F 14 years Dystonia, Mild SM 15 years Y1088C  LI213F
ataxia, VS0 (alive)
Adult KAl JPN M 25 years Dementia, SM 42 years  V88IM 1015-1032GHAAYSSAVNILLGHGTRdel
type ataxia, {dead) (in-frame)
dystonia,

epilepsy, VSO

M, male; F, female; JPN, Japanese; HSM, hepatosplenomegaly; SM, splenomegaly; VSO, vertical supranuclear ophthalmoplegia; Fs, frame shift; X, stop;
del, deletion; homo, homozygous; undetlines, new mutations reported in this study,

All patients were unrelated, with the exception of END and
END2, who were siblings. Primary cell cultures derived
from patients’ skin fibroblasts were collected after informed
consent. Sixty-four normal control DNA samples were
obtained from blood given by Japanese volunteers. Control
skin fibroblast samples were aiso collected from volunteers.

2.2. Molecular analysis

DNA was extracted from cell cultures by proteinase K
digestion followed by phenol-chloroform extraction [13].
Total RNA was isolated using the guanidinium thiocya-
nate extraction method [15]. The following procedures
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summarize the analysis of genomic mutations in skin
fibroblast DNA of NP-C patients. All exons of NPCI
were amplified by polymerase chain reaction (PCR) as
described previously [14]. Mutation screening was carried
out by single-strand conformational polymerphism
(SSCP) analysis [14]. PCR products showing aberrant
bands were directly sequenced using a Bigye terminator
cycle sequencing kit (Applied Biosystems, USA) accord-
ing to the manufacturer’s recommendations. Both strands
of each PCR product were sequenced with the same
primers that were used for PCR. Sequence data were
obtained using an ABI PRISM 3100 genetic analyzer
(ABI) and results were analyzed with Genetyx computer
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software (Software Development, Tokyo, Japan). A
population study involving 64 normal control samples
was performed to confirm the absence of frequent
polymorphisms in the NPC! gene.

2.3. Northern blotting

Total RNA (20 pg) from each patient or control
subject was subjecied to electrophoresis on a 1%
agarose/0.6 M formaldehyde gel, and subsequently
transferred to a nylon membrane (Hybond-N*, Amersham
Pharmacia Biotech, Buckinghamshire, UK). After UV
crosslinking (Funakoshi, Tokyo, Japan) and prehybridiza-
tion at 68°C for 20 min with Perfecttyb (TOYOBOQ), the
membrane was hybridized for 2 h with NPC/ cDNA

probe (kindly provided by Dr Peter G. Pentchev) labeled

with [a->2P] dCTP (Amersham Pharmacia Biotech) by
means of the BcaBest labeling kit (Takara, Tokyo, Japan).
The membrane was washed twice with 2 X SS8C (Sodium
Chloride, Sodium Citrate) containing 0.1% SDS at
68°C for 5 min, and twice with 0.1 x S$SC/0.1% SDS
at 68°C for 15 min. Radioactive bands were visualized
using the Bic-Rad Molecular Imager. The blots were also
stripped and probed with human beta-actin ¢cDNA as an
internal control.

3. Results

3.1. NPC1l mutations

All mutations identified in this study are depicted in a
schematic representation of the secondary structure of
NPCI shown in Fig. 2. A novel one-base-pair deletion in
exon 16 at nucleotide 2508 or 2509 (c.2508[-2509]A del)
was identified in patient OHS (Table 1). This mutation
resulted in a frameshift at amino acid 837 and created a stop
codon at position 838 (837Fs-838X), predicating a truncated
protein. Therefore, this mutation was considered to be a
disease-causing mutation. A second novel mutation was
identified in patient YAM. This missense mutation involved
a T-to-G transversion at nucleotide 3194 in exon 21
(T3194G), resulting in the substitution of valine for glycine
at position 1065 (V1065G) (Table 1). This mutation was
considered to be a disease-caunsing mutation since it was not
found in any of the normal controls. Patient YAM also
carried & previously known mutation, ¢.3615[-3618]A del
{1206Fs-1241X) {14], in exon 24.

In patient NAK,, a 32-base pair deletion was identified in
a non-coding intronic sequence, IVS13 -40-9 32-bp del.
To ascertain whether this was a disease-causing mutation,
we analyzed the ¢DNA sequence corresponding to exons
13~15 and found no aberrant splicing product {(data not
shown). Therefore, this deletion appeared to represent a
normal variant.
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Fig. 3. Northern blot analysis of NPCI mRNA in cultured fibroblasis from
NP-C patients. Total RNA (20 p.g) in each lane was probed with 32p_jabeled
DNA fragments of NPCI cDNA (upper lane) and human beta-actin (bottom
lane). RNA. from 13 patients (Table 1) with Jate infantile, juvenile or adult
onset NP-C was analyzed as indicated. C1 and C2 represent normal control
RNA. Fs, frameshift; and del, deletion.

3.2. Northern blorting

To further understand NP-C pathophysiology, NPC/
mRNA levels were examined in patient cultured skin
fibroblasts (Fig, 3). We found that nine (KUR, UET, TAN,
UCH, YAM, NAK, END, END2, and KAI) of the 13
samples exhibited increased levels of NPC! mRNA
compared to normal controls. Of the seven patients in the
late infantile type, five (KUR, UET, TAN, UCH, and YAM)
showed increased mRNA. levels. With the exception of
YAM, all alleles of these five patients contained missense
mutations. Two patients, KUR and UET, had the same
genotype (homozygous for R518Q). The remaining two
patients in this group, OHS and AMA, had a frameshift
mutation in one allele and exhibited normal NPCI mRNA
expression (Fig. 3). In the juvenile type, END and END2,
siblings with the same genotype (Y1088C, L1213F),
showed increased NPCI mRNA levels. NAK who had a
missense mutation only in an allele showed increased level.
SAS with a frameshift mutation and GMi10 with an
in-frame deletion showed almost same amount of mRNA
with normal controls. In the adult type, KAI also showed an
increased NPCI mRNA level.

4. Discussion

Since the discovery of the NPCI gene {9], we have
identified a total of 31 different disease-causing mutations in
Japanese NP-C patients [13,14]. Many octher research
groups have also identified NPCJ mutations, and a total of
122 different NPC! mutations have been described
including the two novel mutations reported in this study
[13,14,16-24]. All of the known NPCI mutations are
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depicted in Fig. 1, which clearty shows the clustering of
mutations on the cysteine-rich loop previously described by
Greer et al. [17].

In this study, two novel NP-C-related mutations were
identified. One mutation is localized to the cysteine-rich
luminal loop and the second is in the transtembrane region
(Fig. 2). Almost all known NPC! mutations have been
reporied as single instances; however, a few occur
frequently. 11061T is a common mutant allele in Western
countries and correlates with a classic juvenile phenotype
[18]. In this study, one patient showed the recurrent
mutation, 1206Fs-1241X, in exon 24, In the 21 Japanese
patients investigated in our laboratory, R518Q and
1206Fs-1241X were found in seven and four alleles,
respectively, suggesting that these are relatively common
mutations in Japanese patients [13,14].

It is difficult to make genotype-phenotype correlations
because patients with mutations affecting the cysteine-rich
loop show phenotypic variability. Therefore, additional
information on NPC! mutations is required to further
elucidate such relationships. An understanding of the
molecular mechanisms underlying NP-C will enable
practical prenatal diagnosis {25].

Previously, we quantified NPC1 levels in membrane
preparations from cultured fibroblasts to investigate the
impact of NPCI mutations on protein expression [14]. In the
iate infantile form (the most severe form of NP-C), thereisa
clear reduction in NPC1 levels and in some cases it is
undetectable [14]. This evidence indicates that the amount
of expressed protein correlates with a particular phenotype.

To date, there has been no published study focusing on
the expression of NPCI mRNA but only just one about
mouse routant npc™™ having a frameshift mutation, resulting
in premature truncation of the open reading frame [25].
Loftus et al. demonstrated their data with a marked
reduction of Npcl mRNA levels in the tissues derived
from npc™/npc™ [26]. In our study, we showed the
expressed amount of NPCI mRNA in the cells derived from
human skin fibroblasts. Using Northern blots, we showed
that patients carrying only missense mutations (KUR, UET,
TAN, UCH, END, and KAI} showed increased levels of
NPCI mRNA. However, some patients having at least one
frameshift mutation (OHS, AMA, and SAS) displayed
nearly normal levels of NPC! mRNA. One piausible
explanation for this finding is that NPC! mRNA expression
from the alleies of missense mautations is increased to
compensate for loss of function. On the other hand,
transcription of mRNA from alleles containing frameshift
mutations appears to be inhibited or restrained same as
npc"®/npe™" mouse [26].

The only discrepancy between the present results and our
previous Western blot results [14] is that the patients with
missense mutations who presented with the late infantile
form of NP-C have decreased levels of NPC1 despite having
increased levels of NPCI mRNA. From this evidence we
speculate that mutant NPC1 translated from mRNAs
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containing missense mutations may not exhibit proper
tertiary structure and thus may exhibit reduced activity.,

It remains unexplained as to why neuronal cells die in
patients with NP-C. However, our present data may provide
clues toward a resolution of this issue, and additional
characterization of NP-C-associated mutations will
further our knowledge of the genetic and molecular bases
for this disease.
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Abstract

Gaucher disease (GD) is the most commeon form of sphingolipidosis and is caused by a defect of B-glucosidase (B-Glu). A carbohydrate
mimic N-octyl-p-valienamine (NOV) is an inhibitor of R-Glu. When applied to cultured GD fibroblasts with F2131 3-Glu mutation, NOV
increased the protein level of the mutant enzyme and up-regulated cellular enzyme activity. The maximum effect of NOV was observed in F2131
homozygous cells in which NOV treatment at 30 uM for 4 days causeda ~ 6-fold increase in the enzyme activity, up to ~ 80% ofthe activity in
control cells. NOV was not effective in cells with other B-Glu mutations, N3708, L444P, 84CG and RecNecil. Immunofluorescence and cell
fractionation showed localization of the F213I mutant enzyme in the lysosomes of NOV-treated cells. Consistent with this, NO'V restored
clearance of "*C-labeled glucosylceramide in F2131 homozygous cells. F213I mutant 3-Glu rapidly lost its activity at neutral pH in vitro and this
pH-dependent loss of activity was attenuated by NOV, These results suggest that NOV works as a chemical chaperone to accelerate transport and
maturation of F213I mutant 3-Glu and may suggest a therapeutic value of this compound for GD.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Gaucher disease; B-glucosidase; Valienamine; Glucosylceramide; Chaperone

1. Introduction

Gaucher disease (GD) is an inherited lipid storage
disorder, characterized by lysosomal accumulation of glu-
cocerebroside (glucosylceramide; GlcCer) in monocyte-
macrophage cells [1]. It is caused by a defect of acid B-
glucosidase (B-Glu; glucocerebrosidase EC 3.2.1.45).
Patients with GD exhibit hepatosplenomegaly, anemia, bone

Abbreviations: a-Gal A, a-galactosidase A; o-Glu, a-glucosidase; p-
Gal, p-galactosidase; B-Giu, p-glucosidase; B-Hex, B-hexosaminidase;
NOEV, N-octyl-B-epi-valienamine; NOV, N-octyl-B-valienamine; DGJ, 1-
deoxy-galactonojirimycin; ER, endoplasmic reticulum; GD, Gaucher
disease; GlcCer, glucosylceramide; HPTLC, high performance thin layer

chromatography; NN-DGJ, N-(n-nonyl)-deoxy-nojirimaycin
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lesions and respiratory failure, with or without progressive
neurological symptoms. Patients without neurological
symptoms are classified as type 1, whereas those with
neurological symptoms are classified into type 2 (acute
infantile form) and type 3 (juvenile form).
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Current therapeutic strategies for GD include enzyme
replacement and substrate depletion. Enzyme replacement
has been achieved by intravenous administration of mac-
rophage-targeted recombinant p-Glu [2} and it has been
proven to be quite effective for visceral, hematologic and
skeletal abnormalities [3,4]. Unfortunately, the efficacy to
neurological manifestations of this therapy is, if any,
limited [5-7]. A high cost as well as necessity to continue
the infusion every 2 weeks is not negligible, when indi-
cation of enzyme replacement is considered in practice [4].
Substrate depletion has been achieved by oral administra-
tion of N-butyl-deoxynojirimycin, which inhibits glucosyl-
transferase and decreases substrate biosynthesis. This
therapy has been reported to be beneficial for non-neuro-
pathic GD [8,9].

We have proposed a novel therapeutic strategy for
glycolipid storage disorders to accelerate transport and
maturation of mutant enzymes by using enzyme inhib-
itors as a chemical chaperone. This strategy was first
applied to Fabry discase (o-galactosidase A [a-Gal A]
deficiency) and we found that 1-deoxy-galactonojirimycin
(DGJ), an inhibitor of a-Gal A, markedly enhanced
activity of mutant enzymes in lymphoblasts from Fabry
patients [10]. Although up-regulation of enzyme activity
by an inhjbitor appeared paradoxical, evidence was
presented that DGJ prevented pH-dependent degradation
of mutant «-Gal A at the site of its synthesis [ie., the
endoplasmic reticulum (ER)]. With the aid of DGJ,
mutant o-Gal A escaped the ER quality control system
and was transported to the lysosome where it is stabi-
lized because of the acidic condition and restored cellular
enzyme activity. This strategy was then tested in GMI-
galactosidosis [B-galactosidase (B-Gal) deficiency] and
we found that DGJ as well as another derivative N-(n-
butyl)-deoxy-galactonojirimycin could up-regulate activity
of mutant human R-Gal expressed in fibroblasts from B-
Gal knockout mice [11]. In pursuit of the same thera-
peutic strategy, Sawkar et al. [12] reported that an
inhibitor of -Glu, N-(n-nonyl)-deoxynojirimaycin (NN-
DNJ) up-regulated activity of N3708 mutant p-Glu in
GD fibroblasts. Although it is yet to be tested whether
NN-DNIJ can correct GicCer accumulation in N370S GD
cells, their findings suggested that this strategy might be
extended io GD.

Valienamine is a synthetic carbohydrate mimic and we
have prepared various N-alkyl and N,N-dialkyl-B-valien-
amines in continuation of a chemical modification pro-
gram [13]. Among these substances, N-octyl-@-epi-
valienamine (NOEV) is an inhibitor of p-Gal and we
have provided evidence that NOEV worked as a chemical
chaperone to up-regulate mutant B-Gal activity both in
cultured cells and in mice [14]. N-octyl-B-valienamine
(NOV) is an isomer of NOEV and exerted the strongest
inhibition of B-Glu activity in the mouse liver [15], The
purpose of the current studies was to test a possibility
that NOV could up-regulate mutant B-Glu activity in

cultured human cells. Preliminary findings of the current
studies have been reported [16].

2. Materials and methods
2.1. Materialy

Dulbecco’s Modified Eagle’s Medium (DMEM), fetal calf
serum (FCS) and dialyzed serum were obtained from Gib-
coBRL. NOV was synthesized in our laboratory (Central
Research Laboratories, Seikagaku). Stock solution of NOV
was prepared in H,O at 3 mM and stored at —20 °C. A
mouse monoclonal antibody against human 3-Glu (clone
8E4, Ref. [17]) was a kind gift from Dr. Barranger JA. Rabbit
polyclonal anti-hexosaminidase A {HexA) has been de-
scribed [18]. Rabbit polyclonal anti-calnexin was from Cal-
biochem. [1-'*C]Serine (1.85 GBq/mmol) was from
American Radiolabeled Chemicals (St. Louis, MO).

2.2. Cell culture

Human skin fibroblasts were cultured in DMEM/10%
FCS at 37 °C in 5% CO,. We used two lines of control cells
(H11, H34) and five lines of GD celis with 3-Glu mutations
of 754A(F2130)/754A(F2131), 754A(F2131)/1448C(L444P),
1126G(N3708)/84GG, 1448C(L444P)/RecNcil, and
1443C(1.444P)/1448C{LA44P) [19]. 84GG causes premature
termination of the encoded protein and RecNcil causes amino
acid substitutions L444P and A456P [1]. Cuiture medium
was replaced every 2 days with fresh media supplemented
with or without NOV at the concentrations indicated.

2.3, Enzyme assays

Lysosomal enzyme activities in cell lysates were deter-
mined as described [14,18,20,21]. Briefly, cells were scraped
into ice-cold H>O (10%ml) and lysed by sonication. Insoluble
materials were removed by centrifugation at 12,000 x g for
10 min at 4 °C and protein concentrations were determined
with a BCA microprotein assay kit (Picarce). Ten microliters
of the lysates was incubated at 37 °C with 20 ul of the
substrate solution in 0.1 M citrate buffer, pH 4.5. The
substrates were 4-methylumbelliferone-conjugated B-p-gal-
actopyranoside (for p-Gal, Ref. [14]), p-p-glucopyranoside
(for B-Glu, Ref. [20]), a-D-glucoside (for o~Glu, Ref, [21])
and N-acetyl-B-D-glucosaminide (for p-Hex, Ref. [18]). The
reaction was terminated by adding 1.0 ml of 0.2 M glycine
sodium hydroxide buffer (pH 10.7). One unit of enzyme
activity was defined as nanomoles of 4-methyl-umnbeliiferone
released per hour.

2.4. Western blotting

Cell lysates (20 pg protein) were electrophoresed on a
10% SDS-PAGE and transferred to a PVDF membrane.

125



H, Lin et al, / Biochimica et Biophysica Acta 1689 (2004) 219-228 221

The blots were probed with antibodies against B-Glu
(1:500) or HexA (1:1000) and developed with an ECL
kit (Amersham Pharmacia). Densitometry was performed
by using an NIH image software.

2.5. Immunofluorescence

We used staining procedures described previously
[22]. Briefly, cells grown on cover glasses were fixed
with 4% paraformaldehyde and permiabilized with 1%
Triton X-100. Cells were incubated with anti-B-Glu
(1:100), followed by Alexa488-conjugated anti-mouse
IgG. Fluorescent images were collected by using a
Bio-Rad MRC1024 confocal laser microscope. For lo-
calization of lysosomes, cells were exposed to Lyso-
tracker Red (5 pg/ml; Molecular Probe) for 1 h prior to
fixation.

2.6. Subcellular fractionation

Cell homogenates were fractionated by using Opti-prep
(Axis-Shield plc., Dundee, UK) as described [23]. Briefly,
cells were homogenized with a potter homogenizer in ice-
cold buffer [HEPES 10 mM pH 7.0, 1 mM EDTA, 1
mM EGTA supplemented with a protease inhibitor cock-
tail (Bochringer)]. Homogenates were overlaid on Opti-
prep and centrifuged at 100,000 x g for 16 h at 4 °C.
Twelve fractions were recovered from the top and num-
bered accordingly.

2.7. Metabolic labeling of GicCer

Cellular glycolipids were labeled with [**Clserine as
described [24]. Briefly, cells were cultured for 1 week in
dialyzed serum supplemented with essential amino acids
except for serine, and incubated with ['*Clserine (I pC/
mi) for 3 days. The labeled cells were cultured in fresh
DMEM/10% FCS for 5 days with or without NOV, We
analyzed labeled lipids by high-performance thin layer
chromatography (HPTLC) as described [25]. In brief,
cells were harvested at the time indicated, and lipids
were extracted with chloroform/methanol (2:1 v/v) and
purified by an alkaline treatment. Neutral glycolipids
were purified by C18 affinity chromatography. HPTLC
was performed with chloroform/methanol/water (55:25:4)
as a developing solvent. Labeled lipids were visualized
by autoradiography (Fuji-BAS 2500: Fuji, Tokyo, Japan)
and densitometry was performed using an NIH image
software.

2.8. pH-dependent stability of §-Glu in vitro

Cell Iysates were incubated in 0.1 M citrate-phosphate
bufferatpH 5, 6 or 7 at 37 °C for the time indicated. Incubation
was terminated by the addition of 3 volumes of 0.2 M citrate-
phosphate buffer (pH 4.5), immediately foliowed by chilling
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on ice. The enzyme assay was done at pH 4.5 as described
above.

3. Results
3.1. Inhibition of human B-Glu by NOV in vitro

Chemical structures of NOV and its isomer NOEV are
shown in Fig. la. NOV inhibited B-Glu activity in mouse
liver extracts with an ICso value of 0.03 pM [15]. To test
whether it also works on the hutnan enzyme, we deter-
mined B-Glu activity in lysates from conmtrol human
fibroblasts in the absence or presence of NOV. NOV
caused dose-dependent inhibition of B-Glu activity with
an 1Cso value of 3 uM (Fig. 1b), indicating that it also
works on human R-Glu. NOV contains a C8 fatty acid acyl
moiety chain (Fig. la). A related compound with a C6

a HO
X
Y "
HO "\ (CHe}7CHs

OH

NOV: X=H, Y=0H
NOEV: X=0H, Y=H

(=)

1001

50+

Enzyme activity (% conirol)

0 * v — Ll T T T
9 8 7 6 5 4 3
-Log M NOV

Fig. 1. Effects of NOV on lysosomal enzyme activities in lysates from
control human fibroblasts. {2} Chemical structures of NOV and its isomer
NOEV. (b) Dose dependence. Enzyme activity in H11 cell lysates was
determined in the absence or presence of increasing concentrations of NOV.
Each point represents means of triplicate determinations obtained in a single
expetiment. Values were expressed as relative to activity in the absence of
NOV {100%). Values in the absence of NOV in this experiment were B-Glu
142, o-Glu 94 and p-Hex 5089 (units/mg prefein). Similar results were
obtained in two other experiments.
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fatty acid acyl moiety chain inhibited human R-Glu with
an ICsq value of 30 pM (data not shown), suggesting that
the inhibitory activity can be regulated by the length of
this chain. NOV caused no inhibition of other lysosomal
enzymes a-Glu and R-Hex in the same cell lysates,
suggesting a specificity of NOV as an inhibitor of p-Glu
(Fig. 1b).

100 O N370S/84GG

3.2. Up-regulation of F213I mutant -Gl activity in GD
cells treated with NOV

To explore an effect of NOV on mutant p-Glu activity,
GD cells with five different genotypes were cultured for 4
days with increasing concentrations of NOV, and p-Glu
activity in cell lysates was determined (Fig. 2a, right). NOV
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Fig. 2. Effects of NOV on cellular p-Glu activity. (a) Dose dependence. Two lines of control cells (left) and five limes of GD cells (right) were cultured for 4
days in the absence or presence of increasing concentrations of NOV and p-Glu activity in cell lysates was determined, (b) Time course. F2131/F213] cells were
cultured in the presence of 30 uM NOV up to 7 days (®). A subset of cells was cultured with NOV for 4 days, washed and further cultured without the drug for
5 days (Q). At the time indicated, cells were harvested and B-Glu activity in cell lysates was determined. (<) Specificity of the effects of NOV, F2131/F2131
cells were cultured in the presence of indicated drugs (all at 20 uM) for 4 days and p-Glu activity in cell lysates was determined (left). In separate experiments,
the same drugs were applied to mouse fibroblasts that express human R201C B-Gal and B-Gal activity in cell lysates was determined (right). Each point or bar
represents mean := 5.E. of three determinations each done in triplicate. *P < 0.05, statistically different from the values in the absence of the dmg {7 test).
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caused dose-dependent increases in B-Glu activity in two
lines of GD cells, F2131/F2131 and F2131/L444P. The
maximum effect of NOV was observed in F2131 homozy-
gous cells in which treatment at 30 pM caused a ~ 6-fold
increase in the enzyme activity, up to ~ 80% of the basal
activity in control cells. NOV at the same concentration
caused a ~ 3-fold increase in F2131/L444P cells. There
appeared to be an optimal concentration of NOV, because it
was less potent at a higher concentration (100 pM). NOV
caused no substantial increase in the enzyme activity of GD

BGlu

B-Glu band densities {% control)

F2131/F2131
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cells with other mutations, indicating a specificity of this
up-regulation for F2131 mutant 3-Glu. This effect of NOV,
however, was also observed in wild-type B-Glu with a
different dose dependence profile; NOV at 3 pM caused a
~ 1.5-fold increase in the two control cell lines but was pot
effective at 30 pM (Fig. 2a, left).

Time-course analysis using F2I31/F2131 cells showed
that in the presence of NOV (30 pM), B-Glu activity
increased in a time-dependent manner and reached a
plateau on day 4. When cells were deprived of NOV on

L444P/L444P

Fig. 3. Effects of NOV on the protein level and intraceltular localization of mutant §-Gla. Cells were cultured with (+) or without (— ) NOV at 30 uM for 4
days. (a) Westem blotting. Cell lysates were analyzed by Wester blotting with antibodies against B-Glu or Hex o subunit (left). Twenty micrograms of protein
was loaded in each lane, Molecular weights are given on the left (kDa). Densities of B-Glu bands were quantified by densitometry (right). Each bar represents
mean + S.E. of 3 determinations. *P<0.05, statistically different from each other (¢ test). (b) Anti-p-Glu immunofluorescence. (c} Pouble labeling of F2131/
F2131 cells with anti-B-Glu and Lysotracker Red. In b and ¢, shown are the representative images obtained with a confocal microscope. All the images were
obiained at the same laser intensity and window level, (@) Cell fractionation. Cells were cultured with (@) or without (O) NOV at 30 pM for 4 days. Cell
homogenates were subjected to Opti-prep fractionation and each fraction was assessed for activity of -Glu (upper) or #-Hex (tower). Fractions from F213¥/
F213I cells were also subjected to anti-calnexin Western blotting. Each point represents mean values of triplicate determinations obtained in a single

experiment. Similar results were obfained in two other experiments.
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Fig. 3 (continued).

day 4, the activity gradually decreased thereafter but was
still more than three times higher than the basal level on
day 9 (Fig. 2b).

We have shown that both DGJ and NOEV could up-
regulate the activity of R201C mutant (3-Gal that was
expressed in fibroblasts derived from @B-Gal knockout
mice [11,14]. To test specificity of NOV, first, we
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examined whether DGJ or NOEV could up-regulate
F2131 B-Glu activity, and found that neither of these
substances caused any changes in the activity (Fig. 2c,
lefty. Second, we examined whether NOV could up-
regulate the activity of R201C mutant p-Gal, and found
that unlike DGJ and NOEV, NOV had no effect on this
mutant enzyme (Fig. 2c, right).
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3.3. NOV increased the protein level of F2131 mutant 3-Glu
and restored its localization in the lysosome

To examine the effect of NOV on the protein level,
cell lysates were subjected to Western blotting with 8E4
monoclonal anti-p-Glu antibody and the protein levels
were estimated by densitometry. This analysis showed
that NOV treatment (30 uM for 4 days) of F213LF2131
cells caused a significant increase in the protein level of
F213F mutant 3-Glu. The same treatment did not increase
the protein levels in N3708/84GG and control cells. As
reported previously [26], the antibody did not recognize
£444P mutant B-Glu. As a control, NOV treatment
caused no changes in the protein levels of Hex o« subunit
(Fig. 3a).

Next, we examined intracellular localization of B-Glu
by immunofluorescence and cell fractionation. Anti-3-Glu
staining of control cells showed localization of B-Glu
immunoreactivity in perinuclear punctate structures and
this localization was not affected by NOV treatment. p-
Glu immunoreactivity in F213LF2131 cells was lower
than in control cells and there was no clear localization
in perinuclear punctate structures. When these cells were
treated with NOV, however, the immunoreactivity was
clearly seen in these structures (Fig. 3b). Localization of
F2131 mutant B-Glu in the lysosome of NOV-treated cells
was evidenced by co-localization of the immunoreactivity
and a lysosome marker Lysotracker Red (Fig. 3c). p-Glu
immunoreactivity was mnot detectable in LA444P/L444P
cells, indicating the specificity of this antibody staining
(Fig. 3b).

When control cells were subjected to subcellular fraction-
ation on Opti-prep, B~Glu activity was recovered in fractions
#3—5. The same analysis of F213I/F213] cell fractions
showed broad distribution of mutant B-Glu activity with
peaks at #3 and #11. Both peaks were small but were
consistently observed in three independent determinations,
Anti-calnexin Western blotting showed that #11 contained a
high amount of this ER marker protein [27]. NOV treatment
of control cells caused marginal increases { ~ 1.1-fold) in p-
Glu activity recovered in #3 —5. The same treatment of F213V/
F2131 cells cansed ~ 4-fold increases in #3—5. As a control,
we measured B-Hex activity in each fraction. Both in control
and F2131/F2131 cells, B-Hex activity was recovered in #3—4
and to a lesser degree, in #5-8. P-Hex activity in each
fraction was not affected by NOV treatment in either cell
line (Fig. 3d).

3.4. NOV restored clearance of '*C-labeled GleCer in
F213L/F2131 cells

NOV-induced increase of mutant 3-Glu activity in the
lysosome of F2131/F2131 cells prompted us to examine
whether NOV could correct abnormal catabolism of
GlcCer in this cell line. By using conventional HPTLC
analysis of cellular lipid extracts, accurnulation of GleCer
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was barely detectable in GD skin fibroblasts, most likely
because of the low level of this lipid in these cells (data
not shown). Therefore, we employed metabolic labeling
of cellular glycolipids with ['*C]serine and assessed
clearance of *C-labeled GleCer. When control celis were
chased for 5 days after the metabolic labeling, the content
of “C-GlecCer decreased by ~ 50%. This clearance of
40 GleCer was retarded in F213I/F2131 cells in which
there was only a ~ 10% decrease. Inclusion of NOV (30
uM) in the chase medium had no effect in control cells
but accelerated the clearance in F213I/F2131 cells. In the
presence of NOV, the content of HC.GleCer in F213¥
F213I cells decreased by ~ 50% and reached a level that
was comparable to that in control cells (Fig. 4b). The
HPTLC analyses showed that besides “*C-GlcCer, clear-
ance of '*C-LacCer was retarded in F2131/F213I cell and
again it was accelerated by NOV (Fig. 4a). In addition,
NOV caused decreases in the levels of “C-labeled lipids
that corresponded to the positions of CTH, SM and
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Fig. 4. Effects of NOV on cellular clearance of *C-labeled GleCer. (a)
HPTLC separation of '*C-labeled cellular lipids. Cells were labeled with
MC_gerine for 3 days and then chased up to 5 days in the presence or
absence of NOV (30 uM). At the beginning {day 0) and the end (dzy 5) of
the chase period, cells were harvested and neutral glycolipid fraction was
analyzed by HPTLC. Positions of standard lipids are given on the left
{LacCer, lactosylceramide; CTH, ceramide trihexoside; SM, sphingomye-
lin). (b) Densitometry. Densities of "*C-GicCer bands on autoradiographs
were quantified using an NIH image software. Values were expressed as
relative to the band density of H1I cell extracts at the beginning of the
chase period (day 0) as 100%. Each bar represents mean = S.E. of three
determinations,
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globoside. The decreases, however, were observed both in
control and F2131/F2131 cells and the identities of these
lipids were left unresolved.

3.5. NOV attenuated pH-dependent loss of F2131 mutant f3-
Glu activity in virro

Some mutations of lysosomal enzymes affect pH-depen-
dent protein stability [1] and we reported that an o-Gal A
inhibitor DGJ prevented in vitro degradation of mutant o-
Gal A at neutral pH [10]. To examine whether a similar
mechanism underlined NOV effects on F213I mutant 3-Glu,
we compared pH-dependent stability of wild-type and F2131
mutant B-Glu and tested an effect of NOV. In these experi-
ments, we used cell lysates prepared from unireated control
cells and from F2131/F213] cells that had been treated with
NOV at 30 pM for 4 days and further cultured without the
drug for 1 day. When F2131/F2131 ceil lysates were incu-
bated at pH 7, mutant B-Glu activity was rapidly lost and
there remained less than 5% activity at 1 h. Mutant 3-Glu
activity also decreased in acidic conditions at pH 5 or 6, but
~ 60% activity retained at 1 h under these conditions. In
contrast, there were only marginal decreases of wild-type #-
Glu activity in control cell lysates and more than 80%
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Fig. 5. Effects of NOV on pH-dependent loss of F2131 mutant p-Glu
activity in vitro, (a) Time course. Cell lysates were incubated at 37 °C in
0.1 M citrate-phosphate buffer at the indicated pH and the enzyme activity
was determined at pH 4.5. (b} Effects of NOV. F2131/F213] cell lysates
were incubated at pH 7 in the absence or presence of NOV at the
concentrations indicated. Each point represents mean values of wriplicate
determinations obtained in a single experiment. Values were expressed as
relative to the activity before the incubation (100%). Similar results were
obtained in two other experiments.
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activity retained after 1-h incubation at every pH (Fig.
5a). The decrease of F2131 mutant B-Glu activity at neutral
pH was attenuated by NOV in a dose-dependent manner
(Fig. 5b).

4. Discussion

We found in the current study that, when applied to GD
cells with F2131 mutations, NOV up-regulated cellular -
Glu activity (Fig. 2) and accelerated cellular clearance of
GleCer (Fig. 4). NOV caused a modest but significant
increase in the protein level of the mutant enzyme and
increased its activity in the lysosome (Fig. 3). We also found
pH-dependent loss of F2131 mutant B-Glu activity in vitro
and its prevention by NOV (Fig. 5). These findings are most
likely explained by an activity of NOV as a chemical
chaperone to accelerate transport and maturation of F2131
mutant B-Glo. Although details are yet to be proven, we
suppose that F213I mutant 3-Glu is degraded in the ER
becanse of its instability at neutral pH. With the aid of NOV,
this mutant 3-Glu is protected from degradation and is
transported to the lysosome where it is stabilized because
of the acidic condition and cellular enzyme activity is
restored. Since effects of NOV on ER enzymes responsible
for B-Glu degradation have not been examined, an alterna-
tive possibility remains to be excluded that the observed
effects of NOV were seoondary to inhibition of such
enzyme(s). Although we have shown negative effects of
NOV on some other lysosomal enzymes in vitro (Fig. 1b),
potential effects of this compound on ER enzymes must be
the subject of future studies.

Because NOV is an inhibitor of B-Glu (IC50=3 uM,
Fig. 1b), it should inhibit B-Glu activity at the lysosome if
it reaches to an appropriate concentration in this compart-
ment. NOV was most effective in inducing F213] mutant
R3-Glu activity at 30 pM in the medium (Fig. 2a), which
was 10 times higher than its ICs, value. NOV at this
concentration, however, failed to inhibit **C-GleCer clear-
ance both in control and F213I/F2131 cells (Fig. 4). One
possible explanation for this apparent lack of inhibition is
that at 30 uM in the medium, the concentration of NOV in
the lysosome did not rise high enough to inhibit @-Glu
activity (whereas the concentration in the ER did rise high
enough to prevent mutant 3-Glu degradation), If this is the
case, the action of NOV as a B-Glu inhibitor may emerge
at inappropriately high concentrations. Indeed, NOV was
less effective at 100 uM in increasing F2131 mutant p-Glu
activity (Fig. 2a), although it is yet to be proven that it was
due to this action of NOV. We noticed similar dose
dependence for DGJ to increase mutant «-Gal A activity
in Fabry lymphocytes [10]. Thus, it is apparent that there
is an appropriate concentration range for an enzyme
inhibitor to up-regulate cellular enzyme activities.

The effect of NOV on cellular enzyme activity was
specifically observed in GD cells with F213T mutations
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but not in cells with other point mutations N370S, L444P
and RecNcil (1444P and A456P) (Fig. 2a). Although a
precise molecular basis is left unknown, this selectivity
might depend on the differences in the stability of individ-
ual enzymes, or alternatively, on the differences of NOV-
binding capacities. In this context, the lack of NOV effects
on N3705/84GG cells is in contrast to the reported effects
of NN-DNJ that caused a twofold increase of R-Glu
activity in N370S homozygous cells [12]. It should be
clarified in future studies whether this difference in the
effects of NOV and NN-DNJ is due simply to the cell lines
employed, or to differential binding capacities of N3703
mutant enzyme fo these substances.

N370S is the most common mutation in GD patients
and is associated only with type 1 non-neuronopathic GD
[1]. F2131 is one of the two prevalent mutations in
Japanese GD patients, found in 15% of alleles [19].
Clinically, patients with F2131 mutations have either
non-neuronopathic or neuronopathic GD. NOV may be
of particular therapeutic value in the latter group, since
there is no established therapy against GD brain lesions.
We have shown that NOEV, an isomer of NOV, could
penetrate the blood—brain barrier in mice [14]. It must be
determined in a future study whether NOV penetrates the
blood~brain barrier and exerts its activity on mutant PB-
Glu in the brain.

Finally, besides F2131, other B-Glu mutant forms are a
potential target of NOV or related compounds. In this
context, it should be noted that in a report of a neuro-
nopathic GD patient with G202R mutations, ultrastructural
immunohistochemistry revealed the absence of the mutant
protein in the lysosome, despite its abundant presence in
the ER [28). So far, nojirimycin derivatives have been an
only known class of carbohydrate mimics with chemical
chaperone activity for lysosomal enzymes [10-12]. To-
gether with NOEV [14], NOV represents a novel class of
carbohydrate mimics with a potential chemical chaperone
activity. It is a subject of future studies to test whether
NOV and related compounds work as a chemical chaperone
for other B-Glu mutant forms, and further for other mutant
lysosomal enzymes.
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Niemann-Pick disease type C (NP-C) is a progressive neurological disorder of lipid metabolism. The Balb/C npcl mutant strain is a
genetically authentic murine model of NPC, which reproduce the clinical and histologic features of human NP-C. In the present study, we
show that cholecystokinin (CCK)-immunoreactive fibers in the thalamic VPL nuclei, which are densely distributed in controls, degencrate in
NPC mice. This degeneration is associated with the appearance of CCK-immunoreactive axonal spheroids containing characteristic
intracellular inclusions of NP-C. These observations provide supportive evidence of the occurrence of dying-back axonopathy of neurons in

the dorsal column nuclei in this mouse model.
© 2004 Elsevier B.V. All rights reserved.
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Niemann-Pick disease type C (NP-C) is an autosomal
recessive disorder of lipid storage metabolism. Neuro-
pathologically, it is characterized by the widespread
appearance of axonal spheroids, an accumulation of
intraneuronal cytoplasmic inclusions, and neuropal loss
[2,13]. A Balb/C-npcl mutant strain is a genetically
authentic murine model of NP-C, and homozygous mice
show progressive weight loss and tremor/ataxia until death
at 12—-14 weeks of age [9,10]. The sensory thalamus is
one of the most vulnerable in this mouse model with
neuronal loss beginning as early as 4 weeks of age; its
degeneration may be responsible for the early appearance
of motor incordination in these animals [15]. Although the
mechanism of neurodegeneration in NP-C is currently
unknown, the apparent topographical differences in terms

* Corresponding author. Tel.: +81 263 58 3121, fax: +81 263 86 3190.
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of neuronal vulnerability may reflect the differential role
played by NP-Cl protein in a particular neuronal
population.

Cholecystokinin (CCK) is the most ubiquitous neuro-
peptide in the central nervous system. In sensory nervous
system of both humans and rodents, CCK localizes in the
dorsal root ganglia and is known to be upregulated in case
involving peripheral nerve injury including nerve trans-
ection {3,14]. The appearance of CCK-immunoreactive
axonal spheroids has been described in aging rat gracile
nuclei {8]. CCK mRNA is also found in the sensory neurons
of the dorsal column nuclei of the medulla oblongata [1].
Recent studies have demonstrated that CCK-immunoreac-
tive fibers are present in the VPL thalamus and that the
source of their immunoreactivity could be ascribed to the
ipsilateral gracile nuclei, suggesting that CCK plays an
important role in modulating the gracile-VPL thalamus
sensory pathway [1.4].
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We recently reported that in Balb/c npcl mice, an
authentic animal model of NP-C, the neurons of the VPL/
VPM thalamus started to degenerate as early as 5 weeks
of age, indicating one of the most vulnerable sites in the
CNS in terms of ncuronal loss [15]. The VPL thalamus
receives afferents from the dorsal colummn nuclei in the
medulla oblongata, and also receives diffuse afferents
from the cerebra)l cortices. It is stil! unknown whether this
process accompanies or precedes the degeneration of the
presynaptic terminals of the fibers projecting from the
gracile nuclei. In this study, we employed CCK-immuno-
histochemical analysis to investigate the alteration of
afferent terminals of the fibers projecting from the gracile
nucleus. We found that CCK-immunereactive fibers in the
VPL thalamus of NP-C mice underwent progressive
degeneration associated with the formation of axonal
spheroids. '

A colony of Balb/c npc™ mutant mice has been
maintained and the genotype of each mouse was
determined by PCR using genomic DNA isolated from a
small piece of the tail, as previously described [6].
Affected mice of 3, 6, and 9 weeks of age (n=4 each)
and age-matched control mice (#=3)} were used in this
study. Animals were anesthetized using sodium pentobar-
bital solution (Dinabot) and were perfused transcardially
with heparinized PBS followed by freshly prepared 4%
paraformaldehyde in 0.1M phosphate buffer. For the
electronmicroscopic study, glutaraldehyde was added to
the perfusion fixative to a concentration of 0.5%. The
brain and the spinal cord-were resected and postfixed
overnight in the same fixative. The coronal slices of the
brain were cut to obtain tissue blocks of the VPL/VPM
thalamus. The sections were paraffin-embedded and
stained with H and E, cresyl-violet and PAS. Immunohis-
tochemistry was performed using streptoavitin biotin
methods with the following primary antibody: rabbit
polyclomal CCK (1:10,000; the kind gift of Dr. Tramu,
University of Bordeaux), GFAP (1:500 DAKO, Stock-
holm, Sweden). The reaction products were visualized by
the avitin—biotin method (Vecstastain ABC kit, Vector lab.,
Burlingame, CA). For the electronmicroscopy, tissue
blocks were post-fixed with 1% osmium tetroxide,
dehydrated in a graded ethanol series, and then were
embedded in Epon 812 (Polyscience, Warrington, PA).
One-micrometer-thick sections were cut and stained with
1% toluidine blue, and ultrathin sections from selected
blocks were cut and stained with uranyl acetate and lead
citrate. The sections were examined under a Joel 1200
electron microscope. For the ultrastructural CCK-immuno-
histochemisry, 9-week-old NP-C mice (#=3) were perfused
with 4% paraformaldehyde. Forty-micrometer-thick sections
were cut on a vibratome and were immunostained using the
same protocol as that used for the LM sections, and then the
sections were processed for electron microscopy.

CCE-immunohistochemistry revealed abundant positive
fibrils in the control VPL nuclei (Fig. [A). The distribution

i

Fig. 1. {A and B) CCK-immunoreactive fibers in the thalamus of BALB/c
control (A) and NP-C (B) mice at 9 weeks. The arrows indicate the locatton
of the VPL nucleus. (%27} (C and D) Higher magnification of the area in
the VPL nuclei indicated by the arrows in A (for C) and B (for D). In the
controls, the CCK-immunoreactive fibers appeared in bundies, whereas in
the NP-C mice, the disintegration of CCK-immunoreactive fibers is evident.
{><180) {E) Epon semi-thin section of the VPL nucleus of an NP-C mouse
at 9 weeks. Note the many spheroids (arrowheads) with up to 14 pm in
diameter, (x320) (F) CCK-immunohistochemistry of the VPL nuclens of
NP-C mouse at 9 weeks, The arrows indicate peripheral CCK-immurios-
taining of axonal spheroids. (%320) (G} Electron microscopy of axonal
spheroids revealing the massive accumulation of lamellated inclusions.
{>4400% (F) CCK-immunoelectron microscopy. CCK-immunoreactivity
was observed in the neural process (arrow) and in axonal spheroids,
excluding intracytoplasmic inclusions. (X9900).

of positive fibrils was in accordance with those reported by
Hunt et al. in rat VPL nuclei. The fibrils appeared in bundles
or in dots (Fig. 1B). In the NP-C mice, essentially the same
bundle-like staining pattern could still be recognized at 3 and
6 weeks. At 9 weeks, fragmentation of the CCK-immunor-
eactive fibrils was evident in the VPL thalamus, as was a
decrease in the number of these fibrils (Fig. 1B,D). The
overall size of the spheroids increased at 9 weeks, compared
to that at 3 and 6 weeks, and some of the spheroids exhibited
CCK-immunoreactivity at the peripheral rim (Fig. 1F).
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Immunostaining with anti-ubiquitin antibody revealed that
many of the spheroids were ubiquitin-immunoreactive.

Epon semi-thin sections showed no neuronal loss in the
VPL nuclei at 3 weeks and only a few axonal spheroids were
observed. At 6 weeks, a loss of neurons and the appearance of
hypertrophic astrocytes were evident in the nuclei. The
axonal spheroids increased in both number and size. At 9
weeks, the nuclei revealed massive appearance of axonal
spheroids, in addition to a nearly complete loss of neurons
{Fig. 1E).

Electron microscopy revealed that the spheroids contained
numerous lamellated inclusions characteristic of NP-C (Fig.
1G). CCK-immunoreactivity was ultrastructurally localized
in the cell processes and cytoplasm of the spheroids
surrounding the inclusions (Fig. 1H). In the gracile nuclei,
the appearance of dystrophic axons with characteristic
ultrastructural features, e.g., tubulovesicular profiles, was
evident at 6 weeks [9]; in the present study, however, no
dystrophic features were recognized in the VPL thalamus at 9
weeks.

By experimentally lesioning the dorsal column nuclei
and by conducting tracer studies in combination with
immunohistochemistry, previous reports have convincingly
shown that the major source of CCK-immunoreactive fibers
is the dorsal column nuclei in the medulla oblongata [1.4].
The present immunohistochemical study confirmed the
presence of CCK-immunoreactive fibers in the VPL
thalamic nuclei in Balb/c mice, which was first demon-
strated in rats [4].

In NP-C mice, we have shown a reduction and disintegra-
tion of CCK-immunoreactive fibers in the VPL thalamic
nuclei, both of which were most evident at 9 weeks. These
findings were associated with the appearance of CCK-
immunoreactive axonal spheroids, strongly suggesting an
occurrence of axonopathy involving the afferent terminals of
gracile neurons in this NP-C mouse model. Axonal spheroid
formation {swelling) has been regarded as one of the cardinal
histological features of the NP-C brain [2,13]. However, the
ultrastructure of axonal spheroids in various locations in the
NP-C brain has not been systematically studied. Our recent
study demonstrated that in this model mice, ultrastructurally
defined dystrophic changes develop prematurely in the
presynaptic axon terminals of DRG neurons in the dorsal
column nuclei and spinal dorsal hom [11]. In the present
ultrastructurat study, no such dystrophic features were
recognized in the CCK-immunoreactive spheroids in the
VPL thalamus. This morphological difference of axonal
spheroids between the two nuclei may reflect an inherent
tendency of the dorsal column nuclei to develop axonal
dystrophy as a function of age [5]. At present, the significance
of axonal spheroid formation in neuronal degeneration is not
entirely clear. However, recent studies have demonstrated
that the degeneration of axons precedes that of neuronal cel]
body, suggesting the occurrence of dying-back axonopathy in
NP-C [7,11,12]. Our observation made on the VPL thamalus
provides supportive evidence of the occurrence of dying-
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back type degeneration in the dorsal column neurons in this
mouse model of NP-C,
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