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axonal spheroids is not topographically correlated with the
sites of neuronal loss that preferentially involve cerebellar
Purkinje cells, VPL-VPM thalamic neurons, and GABAer-
gic interneurons (Higashi et al., 1993; March et al., 1997;
Tanaka et al., 1988; Yamada et al., 2001). On the other hand,
recent studies have demonstrated that the degeneration of
axons precedes that of neuronal cell body, suggesting the
occurrence of dying back processes (Ong et al., 2001). This
raises the possibility that spheroid formation may represent a
unique form of distal axonopathy in which the terminal
portion of axons and presynaptic axon terminals are prefer-
entially affected, which could result in synaptic dysplasia and
differential vulnerability of axons depending on their length.

To study on the pathogenetic role of spheroid formation
in neurodegeneration in NP-C, we focused on the sites of
termination of central processes of dorsal root ganglion
(DRG) neurons. The gracile nuclei of the medulla oblon-
gata, one of the principal sites of termination of lengthy
myelinated axons derived from large-sized lumbosacral
DRG neurons, are known for the development of neuro-
axonal dystrophy (NAD) (Jellinger, 1973). NAD, unlike
nonspecific axonal swelling, is characterized by unigue
ultrastructural features such as accumulation of smooth
membrane, tubulo-membranous aggregates, and a few neu-
rofilaments (Seitelberger, 1986), and develops as a function
of normal aging in rodents as well as humans (Fujisawa and

Fig. 1. The gracile nuclei of normal aging mouse ([¢-month-old, Balb/c}. {a) Light microscopy revealed a varied appearance of neuroaxonal dystrophy in the
nuctei. Most dystrophic elements are spherical to oval in shape and showed granular (arrowheads) or homogenous texture (amwows). (Epon semithin section
stained with Teluidine blue (x265)}. (b) This electron micrograph illustrates a dystrophic axon indicated with a curved arrow in a, The enlarged presynaptic
terminal is electron lucent and is interspersed with many vesicles and a tubulo-vesicular network (%6900). (Inset) Higher magnification of the ares indicated
with an arrow showing a synaptic junction (%23,000). (¢) This electron micrograph illustrates the spheroid indicated with a large arrowhead in a. The Hghe
micrescopic granular appearance of dystrophic axons corresponds to clusters of degenerated mitochondria, interspersed neurofilaments, and dense bodies
{ % 9800). (Inset} A higher magnification of the periphery of the NAD indicated with * in a, showing tubulo-vesicular structures (x29,500).
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Fig. 2. Longitudinal (a and b) and axial (c) sections of the dorsal column nuclei at 3 weeks (2) and 6 weeks (b and ¢) of age of NP-C mice. (a and b) At 3 weeks,
dot-like axonal spheroids (stained dark with Toluidine blue) could be recognized exclusively in the gracile nuclei (thick arrow) and not in the gracile fasciculus
(arrowheads). At 6 weeks, the spheroids are seen not cnly in the nucleus but atso in the proximal portion of the gracile fasciculus, and they increased in density
and in individual size. Asterisks (*) indicate the location of the obex. {¢) A representative axial section of the medulla oblongata from a 6 — week-old NP-C
mouse cut at {he level of the obex showing the pair of dorsal column nuclei: thick arrows indicate the adjacent gracile nuclei, and the arrowheads the adjacent
cuneste nuclei. Even in this low magnification, the massive involvement of the gracile nuclei by axonal spheroids is evident. (Epon semithin section stained

with Teluidine blue. a and b, x 60; ¢, x40.)

Shiraki, 1978). On the other hand, the cuneate nuclei with
shorter length of afferents compared with the gracile are far
less prone to develop neuroaxonal dystrophy than the
gracile despite both nuclei, collectively known as dorsal
column nuclei, having the same physiological functions
subserving sensory transmission of tactile and propriocep-
tive sensations from the upper (cuneate) and the lower
{gracile} extremities to the sensory thalamus. In the spinal
cord, the substantia gelatinosa of the spinal dorsal horn
(lamina II} is the predominant site of termination of smatl-
sized DRG neurons, largely subserving pain and tempera-
ture sensation. Unlike dorsal column nuclei, which receive
exclusively myelinated fiber afferents, the substantia gelat-
inosa receives mostly unmyelinated afferents (Giuffrida and
Rustioni, 1992; Ralston and Ralston, 1979; Rustioni and
Sotelo, 1974). Thus, given this inherent propensity for DRG
neurons tc develop axonal dystrophy and their marked
variance in the length and size of central processes, the
study of projections of DRG neurons should provide an
important clue for the understanding of the mechanism of
neurodegeneration in NP-C.

In this study, we employed electron microscopy and
morphometric techniques to define structural alterations of
the central processes of DRG neurons of Balb/c npc™, an
authentic murine model of human NP-C with identical
genetic and chemical defects. We found that the central
processes of DRG neurons of the NP-C model mouse are
affected in a length-dependent manner; the changes being
by far the most dramatic in the gracile nuclei compared to
the cuneate and the dorsal horn on the spinal cord, and they
were assoclated with axonal loss and a strikingly early
development of axonal dystrophy identical to that seen in
the aging gracile nucleus.
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Material and methods

Animals

A colony of Balb/c npc™ mutant mice has been main-
tained and the genotype of each mouse was determined by
PCR using genomic DNA isolated from a small piece of the
tail as described (Loftus et al., 1997). Thirteen affected mice
of 3, 6, and 9 weeks of age (n = 4 each) and 15 age-matched
control mice {(» = 4) were used in this study. Moreover, to
access the effect of aging of the gracile NAD in Balb/c mice,
4- and 5 (r = 1 each)-, 10 (»# = 2)-, and 16-month-cld mice
(n = 2) were aiso studied.

Table 1 )
The density of axonal spheroids in NPC mice
Age Diameter (um)
(in weeks) 5 =10 215
Ilm=4 Gracile 50+ 1.4 (3.8) 0 0
Cuneate 0 0 0
6(n=4) Gracile 60.2 + 199 135+81 1513
(17.3)
Cuneate  12.5 £ 3.1 1.5+ 13 ¢
(12.7)
9(m=235) Gracile 107.2 £ 13.8 380275 104429
(33.9)
Cuneate  30.8 + 84 42 +13 04 £ 05
(19.3)

The axonal spheroids (greater than 5 pm in diameter) were identified in a
selected rectangle-shaped area (81,000 pm?) in the gracile and cuneate
nuclei in which the density of spheroid was greatest. The numbers in the
parentheses indicate the diameter (um) of the largest spheroid in the series.
All assessments were made on a single axijal section at the level of obex. In
age-matched controls, no spheroids could be found.
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Light and electron microscopy rinized PBS followed by freshly prepared 4% paraformal-
dehyde containing 0.5% glutaraldehyde in 0.1 M

Animals were anesthetized by sodium pentobarbital phosphate buffer. The brain and the spinal cord with
solution (Dinabot) and perfused transcardially with hepa- attached lumbar dorsal root ganglia (DRGs) were resected

Fig. 3. Light microscopy of the dorsal column nuclef at 3-, 6-, and 9-week-old NP-C mice. In the left column {a, ¢, and €) are representative pictures from the
gracile nuclei at 3, 6, and 9 weeks, respectively, and at the right column (b, d, and ¢) are those from the adjacent cuneate nuclei. In the gracile nuclei, the
progressive increase in the size and the density of axonal spheroids is evident with increasing age especially between 6 and 9 weeks (¢ and e). At 3 weeks, the
spheroids only have a granulated appearance. At 6 and 9 weeks, axonat spheroids with a granular appearance often have a laminar distribution {arrows in ¢ and
¢). In addition, axonal spheroids with a homogenous texture with or without coexisting granular aggrepates are also seen (arrowheads in ¢ and e). Compared
with gracile nucleus, the cuneate nuclei (b, d, and f) revealed strikingly fewer spheroids, although both granular and homogenous forms {armowheads in f) are
also recognized. Note the apparently degenerated shrunken neuron (arrow in a) in gracile nuclei of 3-week-old NP-C mice, which was rarely seen and is
unlikely to represent fixation artifacts, (Epon semithin section stained with Toluidine blue, x 340.)
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and postfixed overnight in the same fixative. The medulia
oblongata was cut through the axial plane passing the
obex (n = 4 or 5) (Fig. 2¢) or cut longitudinally through
the gracile nucleus and fasciculus (z = 1 or 2). Tissue
blocks of the VPL-VPM thalamus, spinal cord at the
level of C2, mid-thoracic and L4, and DRGs were also
cut. The dorsal and ventral roots were sampled immedi-
ately proximal to the L4 and L5 DRG on the right side;
their identification could be easily made by dissecting
rostrally from the sciatic nerve. The tissue blocks were
postfixed in 1% osmium tetroxide, dehydrated in a graded
ethanol series, and then embedded in Epon 812 (Poly-
science, Warrington, PA). Sections {1 um thick) were cut
and stained with 1% toluidine blue. For ultrastructural
studies, ultrathin sections from selected blocks were cut
and stained with uranyl acetate and lead citrate. They
were examined with a Hitachi HS-9 or Joel 1200 electron
IICTOSCOpE.

Morphometry

The image analysis program Macscope™ (Mitani Co.
Fukui, Japan) was used. Digital photo images were obtained
with a light microscope and an attached CCD camera
interfaced with a computer. The numbers of axonal sphe-
roids with diameter larger than 5 pm were counted with a
final magnification on the display screen at x2000 of a
rectangle-shaped area of 81,000 pm® in the location in
which the density of spheroids is greatest in the gracile
and cuneate nuclei of affected mice for each age group (n >
4). For quantitation of nerve root lesions, the total number
of myelinated fibers was counted and the total fascicular
area was measured from the pair of ventral L4 + 5 and
dorsai L4 + 5 roots, respectively. Statistical analysis was
performed using Student’s non-paired ¢ tests.

Results

Light and electron microscopy of the gracile nuclei of
normal aging mice

In the control gracile nuclei of 3, 6, and 9 weeks (n =
4-5) and 5 months (n = 2) of age Balb/c mice, axonal
spheroids were not identified. At 11 and 14 months (n =
2 each), the appearance of spheroids was a constant
feature in the gracile nucleus, a finding that was more
gvident at 14 months of age. The dystrophic axons were
spherical in shape and exhibited a granular, homogenous,
or mixed appearance (Fig. la). Ultrastructurally, dystro-
phic axonal swellings revealed an admixture of mito-
chondria, vesicles, dense bodies, neurofilaments, and
tubular networks (Figs. 1b and c). Occasionally, synaptic
contact with dendrites could be recognized, clearly indi-
cating the presynaptic nature of these dystrophic elements
(Fig. 1b). '
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Light microscopy of NP-C mouse

The dorsal column nuclei and the spinal dorsal horn
When examined on longitudinal sections of the gracile
nuclei and fasciculus, the spheroids could be recognized
only in the gracile nuclei proper at 3 weeks (Fig. 2a). By 6
and 9 weeks, they could also be seen in the proximal portion
of the gracile fasciculus (Fig. 2b). Compared with the
gracile nuclei, the cuneate nuclei contained fewer spheroids
that started to appear at 6 weeks (Fig. 2¢). The size and the
density of the axonal spheroids in the gracile nucleus
increased dramatically between 6 and 9 weeks (Table 1).

Fig. 4. Representative photographs of the spinal dorsal horn at the level of
cervical (C2), middle thoracic (T), and lumbar (£.5) spinal segments from a
9-week-0ld NP-C mouse. Axonal spheroids are frequently seen in lamina I
and outer portion of lamina 11 (substantia gelatinosa) as welt as lamina Iil
and IV. The dramatic appearance of axonal spheroids in lamina I {arrow)
was a conspicuous feature in upper cervical spinal cord segments compared
with thoracic and lumbar segments. (Epon semithin sections stained with
Toluidine blue, % 1100.)
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Morphologically, three forms could be recognized; one
showing granular, often laminar arrangement, the other
showing homogeneous density containing lucent clefis,
and a mixiure of the two (Fig. 3). Intracytoplasmic inclu-
sions were also evident in the neuronal perikarya, certain
glial cells, and endothelial cells. Reactive astrocytes and

infiltration of foamy macrophages were apparent at 6 weeks
and in greater number at 9 weeks.

In the spinal dorsal hom, only a few spheroids could be
recognized at 3 weeks at lamioa III. At 6 and 9 weeks, they
became increased in number and size, and could be recog-
nized in the entire lamina (I-IV), although they were espe-

Fig. 5. Electron microscopy of the gracile nucleus of NP-C mouse. (a) Low power view of the gracile nuclei at 3 weeks. An axonal spheroid {arrowheads) is
seen studded with mitochondria and dense bodies. Typical lamellated inclusions characteristic of NP-C are seen in a dendrite (*} that forms synapses with two
axon terminals (arrows) containing dense bodies and mitochondria. (Inset) Higher magnification of the area indicated with a thin arrow showing the synaptic
junction. Also note the presence of inclusions in capillary endothelial cell { X 7800). (b) This electron micrograph shows dystrophic axon terminals of 6-week-
old NP-C mice. In addition to an increased number of synaptic vesicles, mitochondria and dense bodies of varied size, tubular structures are seen in the center
(arrow). Three synaptic junctions are formed on its surface (arrowheads} ( % 16,400). (¢} This electron micrograph illustrates a degenerating presynaptic axon
terminal at & weeks, showing shrunken electron-dense cytoplasm filled with dense amorphous materials ( % [3,900). (d) This electron micrograph illustrates
typical dystrophic axons that had a lamellar appearauce by light microscopy. The core of the dystrophic axon largely consisted of an accumuiation of
mitochondria, while its periphery contains more filamentous material and vesicles. Six-week-old NP-C mouse ( X 7000). (Inset) Higher magnification of the
area indicated with arrow revealing several synaptic junctions between the dystrophic axon and dendrite { x 8000). (¢) This electron micrograph illustrates the
typical ultrastructure of the dystrophic axons with homogeneous appearance by light microscopy. An enlarged dystrophic axon terminal (ax} filled with tubulo-
membranous aggregates, vesicles, and filamentous materials is in synaptic contact with a dendrite (den). The latter contains lamellated inclusions characteristic
of NP-C (arrow). Note a filopodic process budding from the enlarged dysirophic axen terminal (amowheads). Nine-week-old NP-C mouse (% $000).
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Fig. 5 (continued).

cially conspicuous in lamina I and IIl (Fig. 4). Among the
three levels of spinal cord segments examined (C2, mid-
thoracic and L35), their appearance was consistently most
dense at the C2 segment, probably reflecting the unique
cytoarchitectural features of the upper cervical spinal cord
(Webster and Kemplay, 1978). The axonal spheroids were
generally granular in light microscopic appearance, though
occasionally, features of well-developed axonal dystrophy
could be recognized.

Table 2
The result of quantitative study on L4 and 5 spinal nerve roots
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-Ultrastructural observations of dorsal column nuclei and

the spinal dorsal horn of the NP-C mice with special
altention to the synaptic junctions

At 3 weeks, well-developed synaptic junctions charac-
teristic of gracile nuclei could be easily identified (Rustioni
and Sotelo, 1974). Lamellated inclusions characteristic of
NP-C were occasionally found in postsynaptic elements
(Fig. 5a). Presynaptic axons contained such inclusions less
often, but instead revealed early dystrophic changes
(Lampert, 1967) consisting of an increased number of
neurofilaments, mitochondria, vesicles, and dense bodies.
Large axonal spheroids identified by light microcopy con-
sisted of a massive collection of mitochondria and dense
bodies, although synaptic junctions could rarely be found
on the surface (Fig. 5a). At 6 weeks, enlarged dystrophic
presynaptic terminals and degenerating presynaptic termi-
nals were occasionally found (Figs. 5b and c). The ultra-
structural substrate of the light microscopic appearance of
an enlarged granular spheroid corresponded to a massive
accumnulation of mitochondria (Fig. 5d), while those with
glassy appearance corresponded to diffuse accumulation of
tubulo-membranous structures (Fig. 5¢). Other subcellular
organelles included neurofilaments, dense bodies, myelin-
like figures, and electron-lucent clefis. Synapses could
occasionally be found even in spheroids with typical
ultrastructural features of neuroaxonal dystrophy (Fig.
5e). These features were ultrastructurally indistinguishable
from those seen in aging control mouse gracile nuclei
(Figs. Ib and ¢).

In the substantia gelatinosa of the spinal dorsal hom,
dystrophic cell processes containing dense bodies and
increased numbers of mitochondria were found at 6 weeks.
Characteristicaily, glomeruli, 2 morphological signature of
primary endings of dorsal root ganglion neurons in the
spinal dorsal horn, revealed hypertrophic changes with
increased number of vesicles, mitochondria, and dense
bodies. Occasionally, tubulo-vesicular profiles could be seen
in the enlarged terminal axons composing glomeruli.

Age Animals Dorsal roots Ventral roots
(weeks) Total number of Total fascicular area Total number of Total fascicular area
myelinated axons (hundreds of umz) myelinated axons (hundreds of um?)

3 Control (2 = 5) 3955 + 101 5387 + 159 1828 £ 258 452.0 = 285
NP-C (n=4) 3561 + 107%* 5721 £ 171 1698 + 71.3 4722 + 28.9

6 Control (i = 3) 4791 % 136 1018 + 55.0 1950 + 60.1 681.2 £ 39.0
NP-C (n = 4) 4564 + 235 9576 + 48.2 1779 £+ 43.5 568.5 £ 32.6

9 Control (1 = 5} 4947 1+ 72 1233 + 46.5 1946 + 53.9 930.5 & 44.2
NP-C (# = 5) 4222 + 77* 871.7 £ 38.3%* 1781 £ 13.3%* 650.2 + 24.0%*

The L4 and 5 dorsal and ventral spinal nerve roots of the right side were examined in the study {see Materials and methods). Note that there was a significant
decrease in myelinated axons in the dorsal roots at 3 and 9 weeks but not at 6 weeks. The decrease at 3 weeks was apparently due to delayed myelination in NP-

€ mouse. Each figure represents mean = SEM.
*P < 0.005.
** P < (.05,
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Quantitative study on spinal dorsal nerve roots

The total number of myelinated axons of combined L4
and 5 dorsal roots increased from 3 to 6 weeks in both
controls and NP-C, reflecting an ongoing myelinating
process during that period, and reached a plateau at 6 weeks
(Table 2). At 3 and 9 weeks, there was a significant
difference in the number of myelinated axons between
controls and NP-C mice. The difference at 3 weeks probably
reflects delayed myelination, which is known to occur in
NP-C mice (Higashi et al., 1991). At 9 weeks, there was a
statistically more significant (P < 0.005) decrease in the
number of myelinated axons in NP-C mice compared to
age-matched controls with a concordant decrease in the total
fascicular area.

Discussion

It has heen well established that the development of
axonal swellings (spheroids) is one of the cardinal histo-
pathological features of brains of NP-C involving brains of
both human and mice (Higashi et al., 1991; Vanier and
Suzuki, 1998) along with neuronal storage and neuronal
loss, all of which eventually affect the entire CNS. The
cerebelium and VPL—VPM thalamus are among the earliest
sites of involvement in NP-C, although the underlying
mechanism of neurodegeneration is unknown. Recently, it
has been demonstrated that axons degenerate earlier than the
cell body in NPC mouse brain. Thus, in cerebellar Purkinje
cells, axonal spheroids could be recognized in the projec-
tions of Purkinje cells to the deep cerebellar nuclei before
involvement of the cell bodies (March et al., 1997). Similar
observations were made in the cortical pyramidal neurons
and the hippocampus (Ong et al., 2001). These findings
suggest that spheroid formation involving the axon termi-
nals and not loss of neuronal cell body could account for
certain functional abnormalities in NP-C, especially in the
early stage of the illness. However, few ultrastructural
studies of the presynaptic axon terminals have been avail-
able to further elucidate this point. In the present study, we
have systematically studied the presynaptic axon terminals
of the central processes of DRG neurons of NP-C mouse
and found that axonal spheroid most substantially involved
lengthy axons projecting to the gracile nuclei compared with
shorter axons terminating in the cuneate. Dystrophic axons
were much less frequent in the anterior horn of the lumbar
spinal cord in which some collaterals of large myelinated
axons, also projeciing to the gracile nucleus in the dorsal
column, subserve a local reflex arc. This strongly suggests
that the length of axons determines whether the same
neuronal processes develop axonal spheroid either early or
late in the disease processes. It is also noteworthy that
lamina II of the spinal dorsal hom (substantia gelatinosa)
consistently develops fewer axonal spheroids compared to
lamina IH-IV. Because, unlike lamina III and IV, the

substantia gelatinosa receives a majority of unmyelinated
fiber afferents, an observation also consistent with the idea
that large myelinated axon terminals are more prone to
develop spheroids than those of small unmyelinated axons
even if the axonal length is the same.

In the present study, it is important to note that axonal
spheroids in the gracile nuclei of NP-C mice began to
exhibit characteristic ultrastructural features of axonal dys-
trophy already at 6 weeks, whereas in controls, such features
could not be recognized until 5 months. Despite a variety of
conditions in which axonal dystrophy is identified, it is
regarded as a distinct form of axonopathy that could be
separated from simple axonal spheroids by the presence of
tubulo-vesicular elements {Schmidt, 1993; Seitelberger,
1986). The occurrence of gracile axonal dystrophy (GAD)
with such ultrastructural characteristics has been well
known as a function of age in humans (Fujisawa and
Shiraki, 1978} and has also been described in certain
metabolic and hereditary conditions (Jellinger, 1973; Sei-
telberger, 1986). Predominant involvement of presynaptic
DRG axon terminals is a characteristic feature (Matsuda et
al., 1985). Previous ultrastructural studies of aging mouse
gracile nuclei demonstrated that only a few axonal swellings
are present at 8 months of age, and dystrophic axons were
evident at 21-23 months {Johnson et al., 1975). Even in
senescence-accelerated (SAM) mice, dystrophic axons
could not be detected before 2 months by sensitive
NADPH-d histochemistry (Kawamata et al., 1997). In the
GAD mutant mouse, in which dying-back type axonal
degeneration is a characteristic morphological feature, dys-
trophic axons were first recognized in the gracile nucleus as
early as 40 days of age (Kikuchi et al., 1990; Mukoyama et
al., 1989). Thus, the strikingly early appearance of GAD in
the NP-C model mouse may make this animal a useful
model in studying the cellular mechanisms of neuroaxonal
dystrophy. It is known that the formation of GAD can be
accelerated in rodents experimentally by peripheral axotomy
and in humans by limb amputation (Hachisuka et al., 1989;
Ohara et al., 1995, 2000). In the NP-C mouse model,
however, the peripheral axons are reportedly well preserved
(Higashi et al., 1995), making this an unlikely explanation
for the premature appearance of GAD. It may be that the
centrally directed axons of DRG neurons of NP-C mouse
are more vulnerable than peripherally directed axons; a
condition that has been designated as central distal axonop-
athy syndrome (Thomas ¢t al.,, 1934).

Our quantitative studies on the spinal dorsal roots indi-
cated that there was a significant axonal loss evident only at
9 weeks (£ < 0.005), which is well in accord with the
accelerated formation of axonal dystrophy observed be-
tween 6 and 9 weeks. Because the number of dorsal root
axons faithfully reflects the number of DRG neurons, the
results strongly suggest that a population of DRG neurons
die and disappear during this period. In this regard, the
temporal relationship between the neuronal loss of DRG and
in sensory thalamus seems worthy of comment. It has been
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previously shown that degeneration of VPL—VPM thalamic
neurons (but not VL neurons) began by 4-5 weeks of age
and progressed gradually to 12—13 weeks (Yamada et al.,
2001). The number of VPL—VPL neurons of NPC mice was
reduced to one-third the number of those age-matched
controls at 6 weeks. In the present study, we found that
the lumbar dorsal root axons of NPC mice did not show
significant loss at 6 weeks and, even at 9 weeks, the amount
of neuronal loss was only 15%, indicating that the degen-
eration of DRG neurons occurs late and with lesser severity
compared with that of sensory thalamus, Therefore, degen-
eration in sensory thalamus is not likely to represent an
ascending trans-synaptic process, more likely reflecting the
different underlying mechanism of neurodegeneration be-
tween two sites,

Although the physiological role of NP-C-1 protein in
neurons has not been fully elucidated, recent evidence
indicates that the NP-C-1 protein is involved in transmem-
brane transport of fatty acids and functions in vesicular
redistribution of endocytosed lysosomal cargo (Davies et al.,
2000). In NP-C-1-deficient hamster ovary cells, we have
shown that the transport of CT-GM] complexes from early
endosomes to the plasma membrane depends on the func-
tion of NP-C-1 protein (Sugimoto et al, 2001). In the
central nervous system, the NP-C-1 protein is shown to
reside in perisynaptic astrocytic processes (Patel et al,
1999), which may suggest that NP-C-1 protein released
from the astrocytes may have a direct role in regulaiing the
segmental composition and configuration of distal presyn-
aptic axons. Thus, it is possible that regionally disrupted
activity of NP-C-1 protein in NP-C mouse may impair
synaptic integrity, thereby causing premature dystrophic
changes in presynaptic axon terminals. Alternatively, there
are several lines of evidence that suggest that NP-C-1
protein may play an important role in regulating the integ-
rity of axonal transport. The formation of meganeurites and
ectopic dendrites represents morphologic sequelae of gan-
glioside accumulation in neurons including NP-C mice
{Vanier and Suzuki, 1998; Zervas et al., 2001). Moreover,
axonal spheroids in the brain of NP-C mice have been
shown to contain hyperphosphorylated cytoskeletal proteing
and are associated with co-accurmuiation of P25 and cdk5
(Karten et al., 2002). Deregulation of ¢dk5—P25 in axons
may lead to cytoskeletal abnormalities. More recently, it has
been demonstrated that transport of endogenously synthe-
sized cholesterol is impaired in NPC-1-deficient neurons
{Bu et al., 2002).

Finally, clinical relevance of the premature development
of GAD in NP-C seems worthy of consideration. The dorsal
column nuclei are sensory relay nuclei subserving tactile
and joint position sensation and project to thalamic VPL-
VPM nuclei. In NP-C patients and in mutant mouse as well,
motor incoordination is one of the cardinal manifestations of
the disease {Miyawaki et al., 1982; Morris et al., 1982).
Prolongation or absence of the somatosensory evoked
cortical potentials following median or peroneal nerve
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stimulation is commonly found in human NP-C (Higgins
et al., 1992). It is quite likely that the failure of proper
synaptic connection secondary to synaptic dysplasia we
have described could affect proper proprioceptive percep-
tion, resulting in sensory ataxia.

In conclusion, the present study has demonstrated an
occurrence of length-dependent axonopathy in the central
processes of DRG neurons, which is accompanied by the
strikingly early appearance of axonal dystrophy in the
gracile nucleus and, subsequently, loss of DRG neurons.
Further studies are required to elucidate the role of NP-C-1
protein in causing this unique form of axonopathy.
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Abstract 8-Toxin (perfringolysin O) binds to cell surface
cholesterol and forms oligomeric pores that cause mem-
brane damage. Both in cytotoxicity and cell survival as-
says, a mutant Chinese hamster ovary cell line NPC1(~)
that Jacked Niemann-Pick C1 showed reduced sensitivity
to 6-toxin, compared with wild-type (wt) cells. BC@ is a
derivative of f-toxin that retains cholesterol-binding ac-
tivity but lacks cytotoxicity. Confocal and electron mi-
croscopy revealed the presence of multiple vesicles which
bound BC8, both on the cell surface and in the extracel-
lular space of these cells. BCP binding to raft mi-
crodomains was verified by its resistance to 1% Triton
X-100 at 4°C and recovery of bound BC# in floating low-
density fractions on sucrose density gradient fractionation.
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BC8-labeled vesicles were abolished when NPC1(-) cells
were depleted of lipoproteins and also when treated with a
Rho-associated kinase inhibitor Y-27632. In addition,
simijlar vesicles were observed in wt cells treated with
progesterone. In parallel with these results, 6-toxin sensi-
tivity of NPCi(-) cells was increased when cells were
depleted of lipoproteins or treated with Y-27632, where-
ag that of wt cells was decreased by progesterone. Qur
findings suggest that sequestration of toxin to raft-enriched
cell surface vesicles may underlie reduced semsitivity of
NPC1-deficient cells to 6-toxin.

Keywords Cholesterol - Low-density lipoprotein -
Progesterone - @-toxin - Perfringolysin

Introduction

Niemann-Pick disease type C (NPC) is an autosomal re-
cessive lipid storage disorder characterized by progressive
neurodegeneration, hepatosplenomegaly, and premature
death (Vanier and Suzuki 1998). The major complemen-
tation group of this disease is caused by mutations in the
NPCI gene (Carstea et al. 1997). The gene product NPC1
is a mammalian homologue of a resistance-nodulation-
division family of prokaryotic permease that primarily
resides in the late endosome (Higgins et al. 1999; Davies
et al. 2000). NPC1 plays a critical role in intracellular
cholesterol transport and the most prominent phenotype
of NPC cells is free cholesterol accumulation in the late
endosomal/lysosomal system, which is caused by im-
paired transport of low-density lipoprotein (LDL)-derived
cholesterol from these compartments to other cellular
sites such as the plasma membrane and the endoplasmic
reticulum {Ory 2000).

Besides endosomal accumulation, several lines of ev-
idence suggested alierations in the content/distribution
of cell surface cholesterol in NPC cells. First, plasma
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membrane fluidity is critically influenced by cholesterol
content and it was reduced in NPC human fibroblasts
(Koike et al. 1998). Second, cholesterol is the major
constituent of cell surface rafts, including caveolae, and
both NPC heterozygous human fibroblasts and mouse
liver contained high protein levels of caveolin-1 (Garver
et al. 1997a, b). Third, NPC cells had reduced sensitivity
to the cytotoxicity of cholesterol-binding polyene antibi-
otics filipin and amphotericin B (Ohno et al. 1993; Higaki
et al. 2001). Given the critical roles of cell surface rafts in
diverse cellular functions (Simons and Ikenen 1997), al-
terations in content/distribution of cholesterol at the ceil
surface may be pertinent to NPC pathology. However, 1t
has not been defined how cell surface cholesterol is al-
tered in NPC cells. Specifically, it is not known how these
cells acquire resistance to cholesterol-binding cytotoxins.

g-Toxin (perfringolysin O), a thiol-activated cytolysin
produced by Clostridium perfringens, is a protein that
binds to membrane cholesterol (Ohno-Iwashita et al.
1991, 1992) and forms oligomeric pores that cause mem-
brane damage (Billingion et al. 2000). #-Toxin digested
with subtilisin Carlsberg protease (C8) lacks the capacity
for oligomerization and hemolytic activity below 20°C
(Ohno-Iwashita et al. 1988). Biotinylated C# (BC6) has
the same binding affinity to membrane cholesterol as
¢-toxin and €@ but possesses no hemolytic activity even
at 37°C (Iwamoto et al. 1997). BCA has been shown to
bind to cholesterol in membrane microdomains that fulfill
the biochemical criteria of rafts (Waheed et al. 2001) and
has been used as a cytochemical probe to evaluate the
topology and distribution of cell surface rafts in intact
cells (Fujimoto et al, 1997; Hagiwara et al. 1999; Mébius
et al. 2002). BC@ was also used as a probe to visualize
intracellular cholesterol accumulation in NPC cells (Sugii
et al. 2003) and mouse brains (Reid et al. 2004) under
conditions in which cells or tissue sections were fixed and
became permeable to this toxin.

The initial purpose of the current studies was to ex-
amine whether NPC cells had any alteration in their
sensitivity to @-toxin cytotoxicity. Since we found re-
duced sensitivity of these cells, we went on to explore an
underlying mechanism by using BC@ as a probe. For our
purpose, both #-toxin and BCE were applied to unfixed,
live cells in the current studics.

Materials and methods

Materials

Filipin, methyl-S-cyclodextrin (MACD), human LDL, and lipo-
protein-deficient serum (LPDS) were obtained from Sigma. Pro-
gesterone was from ICN Biomedicals. Cholesteryl oleate [choles-
teryl-4-1*Cl, ("*C]-CE, 50 Ci/mmol) was from American Radio-
labeled Chemicals. Y-27632, lactate dehydrogenase (LDH) cyto-
toxicity assay kits, and MTT (3-(4,5-dimethylthiazol-2-yl1)-2,5-
diphenyltetrazolium bromide) cell survival assay kits were from
Wako (Tokyo, Japan).

108

Preparation of #-toxin and its derivatives

6-Toxin was expressed in E. coli, purified, and the cytotoxic ac-
tivity of each batch was determined by a hemolysis assay as de-
scribed (Shimada et al. 1999). 6-Toxin was digested with subtilisin
Carlsberg to yield C6 and then biotinylated to yield BCE (Twamoto
et al. 1997).

Cell culture

NPC1(-) is a Chinese hamster ovary (CHO) cell line that does not
express any NPC1 protein (Higaki et al, 2001). “Knock in” cells
were a derivative of NPC1{-)} cells that stably expressed wild-type
(wt) human NPC1 (Sugimoto et al. 2001). All cells were main-
tained in Ham’s F12/10% bovine calf serum (BCS) at 37°C in a
humidified atmosphere containing 5% CO,. Human skin fibroblasts
were cultured as described (Yamamoto et al. 2000).

Cytotoxicity and cell survival assays

Cells in 96-well plates were incubated with §-toxin in serum-free
F12/25 mM HEPES pH 7.4/0.01% bovine serum albumin (BSA).
Cytotoxicity in short-term incubations (<30 min) was assessed by
LDH activity released into the medium using an LDH assay kit.
The medium was filtered through 0.22-pm-pore filters and sub-
jected to the assay. Cell viability in long-term incubations (up to
24 h) was assessed by mitochondrial MTT conversion using an
MTT cell survival assay kit.

Microscopy

Cells were washed with PBS and incubated for 3¢ min at 4°C with
10 gg/ml BCE in binding buffer (F12/25 mM HEPES pH 7.4/0.01%
BSA). For confocal microscopy, BC8-labeled cells were washed,
fixed with PBS/4% paraformaldehyde and incubated for 1 h with
10 pg/ml FITC-avidin. Cells were counterstained with propidium
iodide or Texas red-phalloidin as described (Okazawa et al. 1998;
Sugimoto et ak. 2001) and fluorescent images were obtained with a
BioRad MRC1024 confocal microscope. Filipin staining was con-
ducted as described (Higaki et al. 2001) and images were obtained
with a Nikon fluorescence microscope,

For scanning electron microscopy, cells were fixed with PBS/
3% glutaraldehyde and with 1% osmium tetroxide. After conduc-
tive staining with 1% tannic acid/1% osmium tetroxide, they were
dehydrated in graded ethanol and critical-point dried with liquid
carbon dioxide. The dried specimens were sputter-coated with
platinum and examined with an S-4500 Hitachi SEM at 15 kV. For
transmission electron microscopy, BC6-labeled cells were fixed
with PBS8/4% paraformaldehyde/0.1% glutaraldehyde. After wash-
ing, bound toxin was visualized by using an Elite ABC kit (Vector)
and DARB. Cells were further fixed with 3% glutaraldehyde and
with 1% osmium tetroxide, dehydrated in graded ethanol, and
embedded in Epon. Thin sections were stained with lead citrate
prior to examination using a Hitachi H-7100 electron microscope at
75 kV.

Sucrose gradient fractionation

Fractionation was performed as described (Waheed et al. 2001)
with minor modifications. After BC# binding, cells were recovered
by scraping in 1% Triton X-100/TRIS-buffered saline (TBS;
25 mM TRIS-HCI pH 7.4, 150 mM NaCl, 5 mM EDTA) and
homogenized by using a Teflon homogenizer. Homogenates were
adjusted to 40% sucrose (w/v), overlaid with 2.4 ml 35% sucrose
and 1.3 ml 5% sucrose in TBS, and centrifuged at 250,000 g for
18 h at 4°C in an SW50 rotor. A total of eleven 0.4-ml fractions
were collected from the top. The pellet was suspended in 0.4 ml
TBS and designated as 12th fraction, Proteins in each fraction were



separated by 10% SDS-PAGE and transferred to 2 PVDF mem-
brane. BC# was detected using an Elite ABC kit (Vector) and an
ECL system (Amersham). For determination of free cholesterol
content in each fraction, total lipids were extracted in chloroform/
methanol (2:1 v/v), and cholesterol content was measured using a
cholesterol assay kit (Molecular Probes). In brief, the extracts were
mixed with a reaction mixture containing cholesterol oxidase,
horseradish peroxidase, and 10-acetyl-3,7-dihydroxyphenoxazine
- (Amplex red). In this reaction, H;O; generated by oxidation of
cholesterol reacts with Amplex red to yield resorufin. Fluorescence
of resorufin was determined by a fleorescence microplate reader.

[*“C1-CE LDL labeling and thin-layer chromatography (TLC)

['*C]-CE LDL was prepared as described (Lusa et al. 2001). To
maximize LDL incorporation, cells were cultured in LPDS for
3 days and treated with compactin (50 4M; Sankyo, Tokyo, Japan)
for 6 h. The sterol-deprived cells were incubated for 16 h with
[*#C)-CE LDL (50 ug/ml, 10° cpm/ml) in F12/10% LPDS, and then
chased for 24 h in F12/10% BCS. Extracellular vesicle fractions
from ["*C]-CE LDL-loaded cells were prepared as described (Dolo
et al. 2000). Briefly, culture medium was harvested, centrifuged at
4°C at 300 g for 20 min, and then at 1,500 g for 30 min to eliminate
cell debris. The supernatant was centrifuged twice at 150,000 g for
1 h and the final pellet was resuspended in PBS. Total lipids were
extracted from cells and extracellular vesicle fractions and were
analyzed by TLC as described (Sugimoto et al. 2001). Briefly,
lipids were extracted in chloroform/methanol (2:1 v/v) and sepa-
rated on Sitica Gel 60 (Merck) in hexane/diisopropylether/acetic
acid (65:35:2 v/v/v) and the autoradiograph was developed with
BAS 2000 (Fujitsu, Tokyo).

Results

Reduced sensitivity of NPC1(-) cells
to #-toxin cytotoxicity

We examined cellular sensitivity to #-toxin by using two
assays,.an LDH release assay and an MTT conversion
assay. In short-term exposures to the toxin up to 30 min,
the amounts of LDH released into the medium were lower
in NPC1{-) than in wt cells (Fig. 1a), suggesting reduced
sensitivity of NPC1(-) cells. This was confirmed by an
MTT assay that evaluated cell viability in long-term ex-
posures to the toxin up to 24 h; compared with wt cells,
NPC1(-) cells retained statistically higher viability at the
toxin concentration of 0.1 HU/ml (Fig. 1b).

BC8 binding to cell surface vesicles of NPC1(—) celis

Given the difference in #-toxin sensitivity, we examined
the binding of BC8. When wt cells were incubated with
BC& at 4°C for 30 min, bound BCE was distributed in an
irregular pattern on the cell surface with some toxin
concentrated in tiny patches. The distribution was quite
different in NPC1(-) cells, and BC# was detected on
multiple large speckles. As a control, these BC8-labeled
speckies were absent in “knock in” cells that stably ex-
pressed NPC1 (Fig. 2a). At a higher magnification, some
of the speckles formed a ring-like structure and appeared
to protrude from the cell surface (Fig. 2b). Cell surface
binding of BC@ was clearly seen in a vertical scan image
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Fig. 1la, b Sensitivity of Chinese hamster ovary cells to @-toxin
cytotoxicity, a Lactate dehydrogenase (LDH) release assay. The
reaction time was 20 min in dose-response experiments (left) and
the concentration of #-toxin was 1 HU/ml in ime course experi-
ments (right). Values were expressed as relative to the values from
cells lysed with 1% Tween 20. b MTT cell survival assay. The
reaction time was 12 h (left) and the concentration was 0.1 HU/mi
(right). Values were expressed as relative to the values from un-
treated cells. Each point represents the mean+SEM of three deter-
minations each done in triplicate. * P<0.05, significantly different
from the values of wt cells. NPCI Niemann-Pick C1, wt wild-type

of the cells counterstained with Texas red-phalloidin,
which showed a partial overlap between signals from
bound BC6@ and those from cortical actin filaments
(Fig. 2c). Similar patterns were observed when cells were
incubated with BC6 at room temperature or 37°C, and
there were no obvious signals from intracellular struc-
tures in either condition {data not shown).

To examine whether this BCO-labeling pattern was a
common feature of NPC cells, we repeated the labeling
experiments using cultured skin fibroblasts from an NPC
patient, UCH, which do not express any NPC1 protein
(Yamamoto et al. 2000). Again, BC8 was found on mul-
tiple speckles at the surface of UCH cells, and as in
NPCL(-) cells, some of these speckles formed ring-like
structures when observed at a higher magnification, and
partially colocalized with signals from cortical actin fi-
laments (data not shown). These BC#-positive speckles
were absent in control cells (Fig. 2d).

Next we characterized BC@ binding by electron mi-
croscopy. Scanning electron microscopy revealed the
presence of a large number of cell surface vesicles on
NPCI1(-) cells with a diameter of 0.2-1 um. Similar
clusters of cell surface vesicles were also found in wt cells
but in smaller numbers than in NPC1(~) cells (Fig. 2e).
Because these vesicles were also present on cells pro-
cessed without prior BCO binding (data not shown), their
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formation was not secondary to toxin binding. Trans-
mission electron microscopy showed localization of
bound BC@ on the cell surface vesicles and the juxtapo-
sitional plasma membrane (Fig. 2f upper panef). Some of
the BCO-labeled vesicles appeared to be detached from
the plasma membrane and were found in the extracellular
space (Fig. 2f lower panel). No signal was detectable in
control samples processed without BCO (data not shown).

Increased levels of BC# in floating low-density fractions
of NPC1(-) cells

Biochemically, raft microdomains are characterized by

* insolubility in Triton X-100 at cold and by recovery in

floating low-density fractions on sucrose gradient frac-
tionation (Simons and lkonen 1997). To verify BCH
binding to raft microdomains in CHO cells, homogenates
were prepared from BCf-labeled cells in 1% Triton X-
100 at 4°C and then fractionated on a sucrose density
gradient. BCO bound to wt cells was recovered in two
compenents. The first component with high buoyancy
resided in fractions #4-5 and the second with low buoy-
ancy in bottom fractions #10-12, indicating that at least a
part of bound BCA was recovered in floating low-density
fractions. The total amount of BCA recovered from
NPCI1(-) cells was higher than that from wt cells. On
fractionation, there were increased levels of BC6 in
fractions #3 and #4, with a concomitant decrease in the
levels of the bottom fractions. Thus in NPC1(-) cells,
bound BC# was more preferentially recovered in floating
low-density fractions, and within these fractions appeared
to be localized in fractions with higher buoyancy
(Fig. 3a).

To verify BC# binding to cholesterol, we tested effects
of MBCD which extracts cell surface cholesterol. Both in
wt and NPC1(-) cells, treatment of cells with MBCD
(2 mM for 30 min) prior to BC# binding totally abolished

. the recovery of BC# in floating low-density fractions and

also reduced the levels in bottom fractions, thus dimin-
ishing the differences between the two cell lines (Fig. 3a).
To confirm that these MBCD effects were secondary to
cholesterol depletion, we determined free cholesterol
content in each fraction. Total free cholesterol contents
were 73£2 and 124+7 mg/mg protein in wt and NPC1(-)

Fig. 2a-f Bictinylated @-toxin nicked with subtilisin Carlsberg
protease (BCH) binding to live cells. a—~d Detection by confocal
microscopy. Cells were incubated for 30 min at 4°C with 10 ug/ml
BC8, fixed, and counterstained with propidium iodide (a, b, d) or
Texas red-phalloidin (c). Bound BC#® was visualized with FITC-
avidin. b BCé-labeled structures in the rectangular area (left) are
shown enlarged on the right. ¢ Vertical scan image. d Images of
human skin fibroblasts from a control subject and an NPC patient
UCH. Bar 10 pm. e Scanning electron microscopy. Enlarged im-
ages of the rectangular areas in upper panels are shown in lower
panels. Bar 10 ym. f Transmission electron microscopy. Bound
BC8& was visualized by high electron densities of osmified DAB.
Shown are the representative images of BC8-labeled vesicles. Bar
0.5 um :
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Fig. 3a—¢ Sucrose gradient fractionation of cell homogenates, a, b
Cells were treated with or without memyl-ﬁ-cyclodextrin (MBCD;
2 M for 30 min) and labeled with BC@ as indicated in the legend
to Fig. 2. Cell homogenates prepated in TBS/1% Triton X-100 were
subjected to a sucrose density centrifugation and fractionated from
the top. Levels of BC# (a) and free cholesterol ¢(h) in each fraction
were determined. ¢ Confocal microscopy. Cells were labeled with
BC9, fixed, and treated with 1% Triton X-100 at 4°C for 30 min or
they were treated with MBCD prior to BC8 binding. Bar 10 um
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cells, respectively, and these values were reduced to 64+2
and 1065 mg/mg protein after MBCD treatment (n=3,
means+=SEM). There were two components that contained
relatively high levels of free cholesterol; the first at #2-~5
and the second at #7~11. In both components, the Ievels
were higher in NPC1(-) than wt cells. In both cell lines,
MpBCD treatment decreased the levels in the first com-~
ponent and abolished the difference between the two cell
lines. This treatment also caused a shift in the distribution
of free cholesterol within the second component; it de-
creased the levels in #10-11 and increased the levels in
#7-8 (Fig. 3b). This shift was observed in both cell lines
and the differences in the levels between the two cell lines
were not abolished.

Resistance of BCA binding to Triton X-100 was
demonstrated in intact cells; incubation of BC6-labeled
cells with 1% Triton X-100 at 4°C for 30 min caused no
discernable changes of the labeling. Effects of MBCD
were also demonstrated in intact cells; MBCD treatment
caused a decrease in BC# labeling of both cell lines and
completely abolished the labeling of cell surface vesicles
in NPC1(-) cells (Fig. 3c).

Suppressed formation of BC6-labeled vesicles
in lipoprotein-depleted NPC1(=) cells

Any alteration in the plasma membrane cholesterol con-
tent/distribntion of NPC1-deficient cells may be second-
ary to endosomal free cholesterol accumulation, which
can be abolished by culturing cells in LPDS. To see
whether the formation of BC6-labeled vesicles was ac-
companied by endosomal free cholesterol accumulation,
we examined whether these vesicles were present in cells
cultured in LPDS. As expected, when NPC1{-) cells were
cultured in LPDS for 3 days, their endosomal free cho-
lesterol accumulation was no longer detectable with fili-
pin (Fig. 4a). These cells also lost BC6-labeled vesicles as
revealed by confocal microscopy (Fig. 4b) and scanning
electron microscopy (Fig. 4c¢). Also, there was a clear
reduction of BCE recovered in floating low-density frac-
tions on a sucrose density gradient both in wt and
NPCI1(-) cells and the difference between the two cell
lines was no longer detectable (Fig. 4d).

The absence of BCP-labeled vesicles in lipoprotein-
depleted cells suggested that at least part of the choles-
terol contained in these vesicles derived from LDL. To
confirm this, we loaded cells with [**C]-CE LDL and
examined whether ['*CJ-labeled free cholesterol (['4C]-
FC) was incorporated into extracellular vesicle fractions
of the culture medium. In these experiments, cells were
first cultured in LPDS and treated with compactin to
maximize LDL loadlng These lipoprotein-depleted cells
were then loaded with [**C]-CE LDL for 16 h, chased in
the presence of 10% BCS for 24 h, and harvested for lipid
analysis. The chase period was necessary to induce en-
dosomal free cholesterol accumulation in NPC1(-) cells.
TLC analysus of cellular lipids showed that there was a
marginal increase in the level of [ 4¢CI-FC in NPCI{-)
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cells compared with that in wt cells. The same analysis of
lipids extracted from extracellular vesicle fractions
showed the presence of [14C]—FC in these fractions from
NPC1(-) cells and its absence in those from wt cells
(Fig. 4e).

Formation of BC@-labeled vesicles in wt cells treated
with progesterone

Progesterone inhibits intracellular trafficking of choles-
terol and induces NPC-like phenotypes including endo-
somal free cholesterol accumulation (Butler et al. 1992).
We therefore examined whether cell surface vesicles
similar to those found in NPC1(-} cells were present in
wt cells treated with this compound. When wt cells were
cultured with 40 M progesterone for 24 h, the cells had
clear accumulation of free cholesterol in their perinuclear
vesicles as revealed by filipin (Fig. 5a). In these proges-
terone-treated wt cells, BC@ stained multiple speckles on
the cell surface as analyzed by confocal microscopy
(Fig. 5b). Cell fractionation on a sucrose density gradient
revealed increased levels of BCO recovered in floating
low-density fractions of progesterone-treated cells and
this increase was accompanied by a decrease in the levels
of the bottom fractions. There also was a shift in the
distribution of BCE@ to a higher buoyancy fraction (#3)
within floating low-density fractions (Fig. 5c)

In NPC1(-) cells, progesterone treatment did not affect
free cholesterol accumulation (Fig. 5a). Likewise, it did
not affect BC@ binding to cell surface vesicles (Fig. 5b).
On cell fractionation, it did not change the levels of BCA
recovered in floating low-density fractions #3—-4. How-
ever, it appeared to increase the levels in fraction #5 as
well as the levels in the bottom fractions, as compared
with the levels from vehicle-treated cells (Fig. 5¢).

Suppressed formation of BCO-labeled vesicles
in NPC1(~) cells treated with Y-27632

Both lipoprotein depletion (Fig. 4) and progesterone
treatment (Fig. 5) showed that the formation of BCB8-la-
beled vesicles was accompanied by endosomal free cho-
lesterol accumulation. We then sought for a method to
selectively inhibit the vesicle formation and tested effects

Fig, da—e Effects of lipoprotein depletion on the formation of
BC@-labeled vesicles. Cells were cultured in 10% lipoprotein-de-
ficient serum (LPDS) for 3 days. a Filipin staining of cells treated
with 1% NP-40. b Confocal microscopy of BCB-stained cells.
¢ Scanning electron microscopy. d Sucrose gradient fractionation.
e Incorporation of ['*Cl-labeled free cholesterol ([**CJ-FC) de-
rived from [**C]-labeled cholesteryl oleate low-density lipoprotein
(("C)-CE LDL} into extracellular vesicle (ECV) and cellular
fractions. Lipoprotein-depleted cells were Ioaded with [**CJ-CE
LDL for 16 h and chased in the presence of 10% bovine calf serum
(BCS) for 24 h. Lipid extracts were analyzed by thin-layer chro-
matography followed by autoradiography. Positions of standard
lipids are given (left)

12
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Fig. Sa—c Effects of progesterone on the formation of BC6-labeled
vesicles. Cells were cultured in the presence of 40 uM progesterone
(P) or vehicle (V; 0.1% ethanol) for 24 h before staining with filipin
or BC8. a Filipin staining of cells treated with 1% NP-40. b Con-
focal microscopy of BC@-labeled cells. ¢ Sucrose gradient frac-
tionation

of a Rho-associated kinase inhibitor Y-27632, which dis-
rupts rearrangement of cortical actin filaments (Uehata et
al. 1997). This idea originated from partial colocalization
of signals from bound BC#& and those from cortical actin
filaments (Fig. 2¢) and from morphological resemblance
of cell surface vesicles to blebs of apoptotic cells, for-
mation of which could be suppressed by this compound
(Coleman et al. 2001). Although NPCI1(-) cells were
never undergoing apoptosis as evidenced by negative
staining with FITC-annexin-V and normal nuclear stain-
ing with Hoechst (data not shown), we reasoned that re-
arrangement of cortical actin filaments was also required
for the formation of cell surface vesicles.

When cells were treated with Y-27632 at 15 uM for
24 h, they lost short and thin foot-like processes and
instead protruded long and thick cytoplasmic extensions
as shown in differential interference contrast images
(Fig. 6b). These changes most likely resulted from cyto-
skeletal reorganization and were observed both in wt
and NPC1{(-) cells. This treatment caused no discern-
able changes in intracellular cholesterol accumulation as
revealed by filipin staining (Fig. 6a). However, the
same treatment abolished BC6 binding to NPC1(-) cells
(Fig. 6b) and also caused a clear reduction of BC# re-
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Fig. 6a—¢ Effects of Y-27632 on the formation of BCBS-labeled
vesicles. Cells were cultured in the absence or presence of 15 uM
Y-27632 for 24 h and stained with filipin or BC#. a Filipin staining
of cells treated with 1% NP-40. b Confocal microscopy of BCo-
labeled cells. Signals from bound BC@ (visualized with FITC-avi-
din) were imposed on differential interference contrast images. ¢
Sucrose gradient fractionation

covered in floating low-density fractions on a sucrose
density gradient (Fig. 6c¢).

Correlation between cell surface vesicle formation
and f-toxin sensitivity

To examine whether the formation of cell surface vesicles
correlated with cellular sensitivity to 0-toxin, we exam-
ined the effects of lipoprotein depletion, progesterone,
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Fig. 7a—¢ Effects of lipoprotein-depletion, progesterone, and Y-
27632 on cellular sensitivity to f-toxin. Cells were cultured in
LPDS for 3 days (a) or they were cultured in BCS in the presence
of progesterone (40 uM for 24 h; b} or Y-27632 (15 uM for 24 h;
¢). LDH release assay was conducted as described in the legend to
Fig. 1. The reaction time was 20 min. The vehicle for progesterone
(0.1% ethanol) did not affect LDH release (data not shown). For
comparison, the mean+SEM ranges of values from cells cultured in
BCS without drugs (shown in Fig. la) were superimposed in each
graph. Each point represents the mean+SEM of three determina-
tions each done in triplicate. There were no statistical differences

between the values from wt and NPC1(-) cells in either condition’

and Y-27632 on LDH release from cells exposed to 6-
toxin.

When cells were cultured in LPDS for 3 days and then
exposed to O-toxin, the amounts of LDH released were
increased in NPC1(-) cells as compared with the values
from cells cultured in normal serum. The release from
wt cells was barely affected by lipoprotein depletion and
the difference between the two cell lines was no longer
detectable (Fig. 7a). In contrast, progesterone treatment
(40 uM for 24 h) resulted in a decrease of the release in
wt cells, but not in NPC(-) cells, and again the difference
between the two cell lines was abolished (Fig. 7b). Effects
of Y-27632 were similar to those of lipoprotein depletion;
treatment with this compound (15 M for 24 h) caused an
increase in the release in NPCI1(-) cells, but not in
wt cells, and abolished the difference between the two cell
lines (Fig. 7¢).

Discussion

NPCi-deficient cells have been known for their reduced
sensitivity to cholesterol-binding cytotoxins such as fili-
pin and amphotericin B and, indeed, our NPC1(-) cells
had been selected on their resistance against filipin cy-
totoxicity (Higaki et al. 2001). Three potential mecha-

nisms had been proposed, First, NPC1-deficient cells may
bind a smaller amount of toxin presumably because of a
reduced level of cell surface cholesterol, as expected from
impaired relocation of endosomal cholesterol. Second, the
large intracellular pool of cholesterol in these cells may
protect the plasma membrane by taking up bound toxin.
Third, a localized change in lipid content/composition
may interfere with pore-forming capacities of these toxins
(De Kruijff 1990; Jacobs et al. 1997; Liscum and Munn
1999; Lang et al. 2002).

NPC1(-) cells also had reduced sensitivity to @-toxin
(Fig. 1) and resulis from BCé binding assays gave some
insights to an underlying mechanism. First, NPC1{-} cells
had rather increased levels of a cell surface BCO binding
capacity as analyzed by confocal imaging (Fig. 2) and cell
fractionation (Fig. 3), excluding that the reduced sensi-
tivity was due to a reduction in the toxin-binding capacity.
Second, since NPC1(-) cells did not internalize bound
toxin, it was unlikely that the reduced sensitivity was due
to sequestration of toxin to an intracellular cholesterol
pool. Preferential binding of BC@ to cell surface mem-
brane vesicles (Fig. 2) lets us propose a novel mechanism
that the reduced sensitivity was due to sequestration of
toxin to cholesterol-enriched cell surface vesicles. This
notion was substantiated by the comelation between the
presence of these vesicles and cellular resistance to -
toxin, When cells possessed these vesicles, as in NPC1(-)
cells cultured with normal serum (Fig. 2) or in wt cells
treated with progesterone (Fig. 5), they showed reduced
sensitivity and in opposite conditions where cells lost
these vesicles, as in NPC1(-) cells cultured with LPDS
(Fig. 4) or treated with Y-27632 (Fig. 6), they showed
higher sensitivity (Fig. 7). By using Y-27632, we were
able to suppress vesicle formation and to increase sensi-
tivity of NPC1(-) cells without interfering with endoso-
mal cholesterol accumulation, providing further evidence
for independence of cellular sensitivity from an intracel-
iular cholesterol pool.

Given the sequestration of toxin to cell surface vesi-
cles, how could this lead to cellnlar resistance? One
possible explanation is that active shedding of these
vesicles resuited in a reduction of toxin on the remaining
part of the plasma membrane. This notion copes with the
presence of BCH-labeled vesicles in the extracellular
space of NPC1(-) cells (Fig. 2), although we could not
demonstrate a localized reduction of toxin in such areas.
Alternatively, it is possible that these vesicles and the
juxtapositional plasma membrane had lipid compositions
different from other parts of the plasma membrane, and
such that 8-toxin oligomerization and/or subsequent pore
formation was interfered with in those areas.

Cell fractionation studies revealed increased levels
of BCH recovered in floating low-density fractions of
NPCI1{-) cells, and there was also a shift in the distri-
bution to higher buoyancy fractions, as compared with the
levels and distribution in wt cells (Fig. 3). Notably a
similar increase and a shift were induced in wt cells by
progesterone (Fig. 5). BC@ bound to cell surface vesicles
of NPCI(-) cells was apparently recovered in floating
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low-density fractions because of clear reductions in these
fractions from cells cultured in LPDS (Fig. 4) or treated
with Y-27632 (Fig. 6). Therefore, preferential recovery of
BC# in floating low-density fractions as well as a shift in
distribution within these fractions might reflect a differ-
ence in lipid compositions between cell surface vesicles
and other areas of the plasma membrane, which should be
determined by further analyses. In these experiments,
effects of progesterone on NPC1{(-) cells were paradoxi-
cal, as compared with those on wt cells, and it increased
the levels of BC@ in fraction #5 that had relatively lower
buoyancy within floating low-density fractions as well as
the levels in the bottom fractions (Fig. 5}. These effects,
however, were not accompanied by an alteration in cel-
lular sensitivity to 8-toxin (Fig. 7b) and their biochemical
mechanism was left unresolved.

Previous cytochemical studies showed that BC#-la-
beled raft microdomains did not evenly distribute on the
cell surface but were concentrated in specific regions such
as short processes in lymphocytes (Hagiwara et al. 1999)
and filopodia/psendopodia in platelets (Waheed et al.
2001) and lymphoblastoid cells (Mobius et al. 2002). In
addition 1o these regions, Hagiwara et al. (1999) found
dense labeling of shed membrane vesicles in lymphocytes
labeled with BC@ and FITC-avidin in the live state and,
because of its temperature dependence, suggested that
these vesicles were formed by crosslinking of cell surface
cholesterol by BCé/avidin complexes. From a morpho-
logical point of view, BC8 binding to membrane vesicles
of NPC1(-) cells is reminiscent of their finding. However,
these vesicles were present in NPC1(-} cells without BC8
labeling as analyzed by scanning electron microscopy,
and their formation did not depend on temperature as
analyzed by confocal microscopy. In addition, FITC-
avidin was applied after fixation of BC8-labeled cells in
our protocol. Although we could not exclude undetectable
changes in morphology and/or abundance of these vesi-
cles induced by BC#@ labeling, these lines of evidence
argue that the presence of these vesicles was an intrinsic
feature of NPC1{-) cells.

Implications of our findings in NPC cell pathology
remain unclear. However, it is plausible that formation
and shedding of raft-enriched membrane vesicles in
NPCI1(-) cells was caused by a disturbance in cellular
cholesterol traffic and hence is supposed to be one of
cellular responses to adapt the traffic jam. It was sug-
gested that in NPC cells, LDL-derived cholesterol jam-
med on the endosomal membrane was packaged in rafts
and was transported to multivesicular bodies via intralu-
minal membrane budding (Lusa et al. 2001). Incorpora-
tion of LDL-derived cholesterol into extracellular vesicle
fractions of NPC1(-) cells (Fig. 4¢) suggested that similar
events happened on the plasma membrane where jammed
cholesterol was packaged in rafts and was transporied to
extracellular vesicles. Thus, there may be a common
mechanism that operates both on the endosome and the
plasma membrane to regulate cholesterol-enriched mem-
brane flow. It is also left unknown how our findings relate
to in situ NPC pathology. Cells in solid organs are sur-
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rounded by extracellular matrix or other cells and it is
unlikely that they release the vesicles as observed in
cultured cells. Circulating blood cells may be the primary
target to examine whether a similar phenomenon happens
in NPC patients or animals.

In summary, we found reduced sensitivity of NPCI-
deficient CHO cells 1o 8-toxin and proposed a novel
mechanism that it was due to sequestration of toxin to
raft-enriched cell surface vesicles. Detailed mechanisms
for the formation of these vesicles and their implications
in NPC pathology should be clarified in future studies,
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Abstract

Niemann-Pick disease type C (NP-C) is an autosomal recessive lipid-storage disease that is characterized by progressive
neurodegeneration and hepatosplenomegaly. Since identification of the NPCI gene in 1997, a total of 120 disease-causing mutations
have been yeported. In this study, two novel mutations were identified, namely ¢.2508[-2509]A del (837Fs-838X) in exon 16 and T3194G
(V1065G) in exon 21. To explore the impact of NPCI mutations on transcripiion of this gene, we analyzed NPCI mRNA levels in skin
fibroblasts derived from NP-C patients. Fibroblasts from patients with missense mutations showed increased levels of NPCJ mRNA while
fibroblasts from patients with a specific frameshift mutation showed mRNA levels similar to those of normal control subjects. These results
suggest that NPC! transcription levels are altered in cells with mutations in the NPCI gene.

© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Niemann-Pick disease type C (NP-C; MIM#257220) is a
rare autosomal recessive lipid-storage disorder
characterized by impaired intracellular cholesterol transport.
The incidence of the disease is estimated at about one in 10°
live births [1]. Affected patients show hepatosplenomegaly
(HSM) and neurodegeneration. Neurological symptoms
include vertical supranuclear ophthalmoplegia (VSO),
progressive ataxia, cataplexy, epilepsy and dementia.
According to the onset of these symptoms, the disease is
classified into infantle, late infantile, juvenile and adult
forms [2]. NP-C cells are characterized by the accumulation
of a large amount of unesterified cholesterol in
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the endosomal/lysosomal (E/L) compartment as a result of
impaired movement of cholesterol from the E/L systemto the
plasma membrane [3]. Somatic cell hybridization
experiments with skin fibroblasts from unrelated NP-C
patients have demonstrated the existence of a major
complementation group comprising >95% of cases,
designated NP-C1, and a minor complementation group,
designated NP-C2 [4-6].

NPCI, the gene responsible for NP-C in the major
complementation group, has been mapped to chromosome
18q11 [7.8]. The NPC1 protein has a sterol-sensing domain
and shares significant homology with the morphogen
receptor Patched [9]. NPC1 is an integral membrane
protein that localizes to the E/L system [10]. The 4.7-kb
NPCI ¢cDNA contains 25 exons encoding a 1278-amino-
acid protein comprising thirteen transmembrane (TM)
domains, three large Iuminal loops, four small luminal



