or more of ganglioside complexes as shown in the Ta-
ble: GD1a/GM]1, GD1b/GT1b, and GM1/GT1b. We
plan to investigate intensively the presence of antibod-
les to the various ganglioside complexes using sera from
a larger group of GBS patients.

In view of characteristics of glycosphingolipids form-
ing clusters extensively in the plasma membrane,” it is
no wonder that clustered glycoepitopes of ganglioside
complexes in the membrane are targeted by serum an-
tibodies in GBS patients. No studies, however, have
ever found antibodies to the ganglioside complex in
sera from patients with GBS and related disorders. OD
values of the anti-GD1a/GD1b antibodies were much
higher than those of the anti-GD1a or anti-GD1b an-
tibodies, and anti-GD1a/GD1b antibody-positive sera
often showed litle or no reactivity to GD1a or GDI1b
in the ELISAs (see Table), indicative that mixing
GDla with GDI1b produced a ganglioside complex
and new glycoepitopes that differ from those of GDla
or GDI1b alone. What the structure of these glyco-
epitopes formed in the GD1a and GD1b mixture has
yet to be determined.

Glycosphingolipids penetrate the outer leaflet of the
plasma membrane via ceramide and are preferentially
packaged with cholesterol, forming lipid rafts. These
lipid rafts, protein-linked microdomains in the plasma
membrane, are called detergent-insoluble glycolipid-
enriched complexes or glycosphingolipid-enriched
membranes. Within the plasma membrane microdo-
mains, glycosphingolipids, particularly gangliosides, are
believed to interact with important transmembrane re-
ceptors or signal transducers involved in cell adhesion
and signaling.”® Because proteins in the microdo-
mains are not free to spread over the plasma mem-
brane, specific ones tend to be concentrated within
microdomains that often are essential for protein
function. Antibodies ro a ganglioside complex there-
fore may alter the function of the axon or Schwann
cell through their binding to clustered epitopes of gly-
cosphingolipids in the plasma membrane microdo-
mains. Consequently, they may directly induce nerve
conduction failure and severe disability in patients
with GBS.

Some antiganglioside antibodies are correlated with
the clinical phenotypes of GBS% an ani-GQlb
antibody is associated with Miller Fisher syndrome’
and the anti-GM1, GD1la, and GalNAc-GDla anti-
bodies with pure motor type of GBS.*'°~"> Anti-
GD1a/GD1b antibody also may be correlated with a
GBS phenotype. Anti-GD1a/GD1b  antibody-posi-
tive patients with GBS tend to have severe disabilities
and cranial nerve deficits. Clinical studies of larger
numbers of patients with GBS are needed to clarify
the clinical importance of anti-GD1a/GD1b anti-
b()dy.
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Anti-GQ1b antibody as a factor predictive
of mechanical ventilation in
Guillain-Barré syndrome

K. Kaida, MD, PhD; S. Kusunoki, MD, PhD; M. Kanzaki, MD; K. Kamakura, MD, PhD;
K. Motoyoshi, MD, PhD; and I. Kanazawa, MD, PhD

Abstract—Compared with 87 unventilated patients with Guillain-Barré syndrome (GBS), 44 ventilated patients with
GBS more frequently had multiple cranial nerve involvement (91 vs 50%; p < 0.001) and IgG anti-GQ1b antibody (27 vs
8%; p = 0.006). In GBS patients without ophthalmoparesis, the presence of IgG anti-GQ1b antibody was associated with
respiratory failure (12 [3/25] vs 0% [0/67]; p = 0.04). The presence of the antibody may be a factor predictive of respiratory

failure in GBS.
NEURQLOGY 2004,62:821-824

Poor prognosis for disabilities and prolonged recov-
ery are common for ventilated patients with Guil-
lain-Barré syndrome (GBS).22 Comparison of clinical
features between ventilated and unventilated pa-
tients with GBS has identified factors predictive of
progression te mechanical ventilation,'? leading to
an appropriate choice of therapy and improvement of
prognoses in patients with severe GBS. Antiganglio-
side antibodies, which are frequently present in the
acute-phase GBS sera, may be immunologic markers
associated with certain neurologic features.®? We in-
vestigated the clinical features of and antiganglio-
side antibodies in ventilated and unventilated
patients with GBS to determine factors predictive of
progression to artificial ventilation.

Methods. Study population. Between January 1998 and Sep-
tember 2000, acute-phase GBS sera, collected from 329 patients
with GBS at various general and teaching hospitals throughout
Japan, were sent to us. Those sera were obtained on admission
and before treatment. Patients’ clinical data, also sent to us at
that time, were examined by neurologists. The GBS diagnosis was
defined clinically by the eriteria of Asbury and Cornblath.* Those
with clinically defined GBS were divided into two groups: venti-
lated (GBS-AV[+] group) and unventilated patients. Control pa-
tients {(GBS-AV[-] group) were selected systematically (one in
every three consecutive cases in our files) from unventilated pa-
tients with GBS to reduce the effects of selection bias. Clinical and
electrophysiologic features of the GBS-AV(+) and GBS-AV(-) pa-
tients were analyzed.

Analyses of clinical and electrophysiologic features. Patient
disakilities were graded on the Hughes Functional Grading Scale.®
Neurologic symptoms were analyzed during the course of the dis-
ease. Electrophysiologic data were evaluated as described previ-
ously® and categorized as “primary demyelinating,” “primary
axonal,” “inexcitable,” “equivocal,” or “normal.”

Analyses on antiganglioside antibodies. Serum antibodies to
nine ganglioside antigens (GalNAc-GDla, GM1, GM2, GM3,
GD1a, GD1b, GD3, GT1hb, and GQ1b) were investigated by ELISA,
as described elsewhere.® IgG anti-GT1a antibody was also investi-
gated in some patients' sera. GalNAe-GDla was prepared in our
laboratory from bovine brain. The other gangliosides were pur-
chased from Sigma (St. Louis, MO). :

Statistical analysis. Differences in proportions were tested by
Fisher exact probability test or the x? test. The Student #test was
used to compare ages and the Mann-Whitney test to compare
onset with nadir (days) of the GBS-AV(+) and GBS-AV{-) groups.
The time of nadir, when a patient was most severely affected, was
determined by each attending physician. Frequency of antigan-
glioside antibody was analyzed with a multiple logistic regression
model. The dependent variable was artificial ventilation, and the
independent variables were IgG anti-ganglioside antibodies that
were positive in the sera of >3 patients in 131 total subjects,
Two-tailed p values of <0.05 were considered significant. These
analyses were performed with StatView (SAS, Cary, NC) and Sta-
tistica (3.0; Statsoft, OK) software.

Results. Study population. Of 329 patients with clini-
cally defined GBS, 44 (13%) required artificial ventilation
(GBS-AV{+] group). Of the 285 unventilated GBS patients,
94 were selected systematically as described in Methods, 7
of whom were excluded because of incomplete clinical data.
The GBS-AV(—) group therefore consisted of 57 unventi-
lated male and 30 unventilated female patients with GBS.
No significant differences were found between the two
groups as to gender and age.

Clinical and electrophysiologic features. Clinical fea-
tures of the patients in the two groups are given in table 1.
Most of the GBS-AV(+) patients had cranial nerve deficits,
in particular facial and bulbar palsies (see table 1). Thirty-
one GBS-AV(+) patients had more than two of the extraoe-
ular, facial, and bulbar palsies. There was no difference
between the two groups in the distribution of limb weak-
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Table 1 Clinical features of and electrophysiological findings for GBS patients with and without artificial veniilation

GBS-AV(+), GBS-AV(-), 0Odds
Clinical features n = 44 n = 87 p Value® ratio
Age, y; mean (95% CI) 42 (36-48) 41 (38—45)t 0.8%
Male, no. (%) 27(61) 57 (66} >0.9
Antecedent infections, no. (%} § I
RT 26 (60) 45 (56) 0.54
GI 7(186) 24 (30) 0.2
Onset to nadir, d 1 e
Mean (95% CI} 5.9(5.0-6.8) 6.8(5.8-17.9) 0.741%
Cranial nerve deficits, no. (%) § i
Positive 39 (1) 41 (50} <0.0001 9.8
II1, IV, VI 19 (44) 15(18} 0.004 35
VII 33(7T7) 25 (30} <0.0001 7.5
XX 28 (65) 28(34) 0.002 3.6
X1 6(14) 1(1) 0.01 13
XI1 8{19) 4(5}) 0.04 " 45
Sensory disturbances, no. (%) §8 I
No 11¢28) 20(25) 0.87
Sensory loss 13(33) 31(39) 0.71
Electrophysiclogy, no. (%) I 11
Primary demyelinating 16 (52) 22 (58) >0.9
Primary axonal 2(7) 3 (8} >0.9
Inexcitable 3(10) [1X ()] 0.17
Normal o 2(5) 0.6
Equivocal 10(32) 11 (29 >0.9

* Two-tailed p value; T n = 85; $ Student t-test; §n = 43; || n = 80; In = 36; **n = 73; 1t Mann-Whitney U test; $fn = 82; §§n = 39;

fin=319%n = 38.

GBS = Guillain"Barré syndrome; AV = artificial ventilation; RT = respiratory tract infection; GI = gastrointestinal tract infection.

ness and sensory disturbance. Detailed information on au-
tonomic dysfunction was not obtained. Electrophysiologic
findings were “primary demyelinating” type dominant in
both groups (see table 1).

Treatment and prognosis. Treatment and prognosis in
GBS-AV(+) and GBS-AV{(-) groups are summarized in ta-
ble 2. GBS-AV(+) group patients tended to be treated more
extensively than GBS-AV(-} group patients. Because the
long-term follow-up data often were incomplete, short-term
prognoses were evaluated (see table 2).

Frequencies of antiganglioside antibodies. Antiganglio-
side antibody frequencies in the GBS-AV(+) and GBS-
AV(—) groups are shown in table 3. IgG anti-GQ1b and
anti-GT1a antibodies occurred significantly more often in
the GBS-AV(+) group. The frequency of anti-GQ1lb anti-
bodies in GBS-AV(+) patients with ophthalmoparesis
(9719 = 47.4%) equaled that in GBS-AV(-} patients with
ophthalmoparesis (7/15 = 46.7%), with no significance (p >
0.9, 2 test). The frequency of anti-GQlb antibodies in
GBS-AV(+) patients without ophthalmoparesis (3/25 =
12%) was higher than that in GBS-AV(-) patients without
ophthalmoparesis (0/67 = 0%; p = 0.04, Fisher exact prob-
ability). As for the frequency of IgG anti-GTla antibody,
however, there were no such significant differences: GBS-
AV(+) with ophthalmoparesis {(9/19 = 47.4%) vs GBS-
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Table 2 Therapy and prognosis in GBS-AV(+) and GBS-AV(-)
groups

GBS-AV(+), GBS-AV(-),
Parameters n =42 n="75 p Value
Treatment, no. (%)
PE 15 (36) 12(16) 0.03
1A 16(38) 35{(47) 0.7
DFFP 12 (29) 15(20) 0.6
IG 11 (26) 4{5.3) 0.004
Combination 11(26) 7(9.3) 0.03
therapy
Prognosis,* no. (n}
1 mo 351 (371 18(28) 0.005
2 mo 23(27) 10017 0.1

* Beoring >2 on the Hughes Grading Scale {23).

t No. of patients scoring >2 on the Hughes Grading Scale 1 mo
after disease onset.

in = total no. of patients with available follow-up data,

GBS = Guillain—Barré syndrome; AV = artificial ventilation;
PE = plasma exchange; 1A = immunoadsorption; DFPP =
double-filtered plasmapheresis; IVIG = IV immunoglobulin.



Table 3 Antiganglioside antibody frequency

GBS-AV(+), GBS-AV(-), p Odds
n =44 n = 87 value* ratio
Antibody positive, 25(57) 54 (62} >0.9
no. (%}
IgG class, no. (%)
Anti-GM1 4(9) 19 (22) 0.11
Anti-GM2 0 00}
Anti-GM3 00 0(0)
Anti-GD1la 6(14) 4(5) 0.13
Anti-GalNAe-GD1a 3(D 13(15) 0.36
Anti-GD1b 9(20) 14(186) 0.7
Anti-GD3 2(5) 1(1) 0.44
Anti-GT1b 3D 2(2) 0.4
Anti-GQ1b 12 (27) 7(8) 0.006 4.29
Anti-GM1b 2(5) 33 >0.9
Anti-GTla 11(31)* 11 (13)F 0.04 296
IgM class, no. (%)
Anti-GM1 4(9 13 (15) 0.51
Anti-GM2 1(2) 7(8) 0.36
Anti-GM3 L)) V(D)
Anti-GDla 1(2) 0(0) 0.67
Anti-GalNAe¢-GD1a 2(5) 9 (10) 043
Anti-GD1b 1(2) 33 >0.9
Anti-GD3 [y} 1(1) >0.9
Anti-GT1b 1(2) o 0.67
Anti-GQ1b 2(5) 3(3) >0.9
Anti-GM1b 1(2) 2(2) >0.9
Anti-GTla NS NS
*n = 35.
Tn =82

GBS = Guillain=-Barré syndrome; AV = artificial ventilation;
NS = not studied.

AV(-) with ophthalmoparesis (7/15 = 46.7%; p > 0.9, x*
test), GBS-AV(+) without ophthalmoparesis (2/25 = 8.0%)
vs GBS-AV(-) without ophthalmoparesis (4/67 = 6.3%;
p > 0.9, Fisher exact probability). A multiple logistic re-
gression model identified only IgG anti-GQ1b antibody as
an independent variable correlated with artificial ventila-
tion (p = 0.04, odds ratio 7.23).

Discussion. Cur findings show that multiple cra-
nial nerve involvement and the presence of IgG anti-
GQ1lb antibody are important factors predictive of
respiratory muscle weakness in GBS. Multiple logis-
tic testing may obscure statistical correlation when
variables are not appropriately selected. We selected
eight IgG antiganglioside antibodies as individual
variables in view of the validity of a multiple logistic
regression model. Although pure pharyngeal palsy
without respiratory muscle weakness can be an im-
portant indication for artificial ventilation, all venti-
lated patients in our study had respiratory muscle

weakness with or without pharyngeal palsy. Bulbar
and facial palsies have been reported to be predictive
features of respiratory muscle weakness in GBS.! An
overlap of lower cranial nerve involvement, ophthal-
moplegia, and facial diplegia is common in GBS.?
Our results are consistent with these reports. Cer-
tain muscle groups (extraocular, levator, pharyngeal,
neck, and respiratory muscles) are preferentially in-
volved in such neuromuscular transmission disor-
ders as myasthenia gravis and botulism. The
inference based on clinical features is that neuro-
muscular junction (NMJ) involvement may contrib-
ute to cculomotor, facial, and respiratory muscle
weakness in ventilated patients with GBS.

This inference is supported by our findings that
the presence of anti-GQ1b antibody i1s associated
with respiratory muscle weakness. In vitro electro-
physiologic and morphologic studies show that hu-
man and mouse anti-GQ1b antibodies have an
a-latrotoxin (LTx)-like blockade effect on neuromus-
cular transmission.®! Moreover, passive transfer of
sera from botulism or Miller-Fisher syndrome (MFS)
patients produced respiratory muscle weakness in
mice.® In GBS patients with respiratory paresis, the
motor nerve terminals of the respiratory muscle may
be a candidate for the target of anti-GQ1b antibod-
ies. Because few MFS patients have respiratory pa-
resis, respiratory muscle weakness cannot be
explained by the presence of anti-GQ1b antibody
alone. Infrequency of respiratory failure in MFS may
be associated with differences in the vulnerability to
and thresholds of the o-LTx-like effect of anti-GQ1b
antibodies in the NMJ of various muscle groups, in
addition to the fine specificity of anti-GQ1b antibody.
On the other hand, the specific binding of anti-GQ1b
IgG antibedies to the paranodal myelin of the oculo-
motor, trochlear, and abducens nerves may account
for the exceptionally high occurrence of ophthalmo-
plegia in patients with anti-GQ1b IgG antibodies.!®

Frequency of ventilated patients with GBS and
their mortality rate in our series were lower than
those in previous reports,'? which might result from
advances in supportive care and the recent wide-
spread use of specific treatments such as plasma-
pheresis and IV immunoglobulin therapy.

Thus, the presence of IgG anti-GQ1b antibody may
be a factor predictive of respiratory failure. Develop-
ment of a more rapid and easier assay system of anti-
ganglioside antibodies is desired for practical use.
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Primitive neural stem cells
from the mammalian epiblast
differentiate to definitive
neural stem cells under the
control of Notch signaling
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!Department of Neurology, University of Tokyo, Tokyo
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Toronto, Ontario M55 1A8, Canada

Basic fibroblast growth factor [FGF2)-responsive defini-
tive neural stem cells first appear in embryonic day 8.5
{(E8.5) mouse embryos, but not in earlier embryos, al-
though neural tissue exists at E7.5. Here, we demon-
strate that leukemia inhibitory factor-dependent (but not
FGF2-dependent) sphere-forming cells are present in the
carlier (E5.5-E7.5) mouse embryo. The resultant clonal
sphere cells possess self-renewal capacity and neural
multipotentiality, cardinal features of the neural stem
cell. However, they also retain some nonneural proper-
ties, suggesting that they are the in vivo cells’ equivalent
of the primitive neural stem cells that form in vitro from
embryonic stem cells. The generation of the in vive
primitive neural stem cell was independent of Notch sig-
naling, but the activation of the Notch pathway was im-
portant for the transition from the primitive to full de-
finitive neural stem cell properties and for the mainte-
nance of the definitive neural stem cell state.

Received March 31, 2004; revised version accepted May 26,
2004,

The epiblast is endowed with positional information
along its anteroposterior axis by the primitive streak
stage at embryonic day 6.5 [E6.5), and the anteromedial
part of the epiblast is further specified to form neural
plate by E7.5 in the mouse embryo. Expression of neural
tissue-specific marker genes, such as Nestin and SoxI,
first becomes detectable at E7.0-E8.0 [Wood and Episko-
pou 199%; Kawaguchi et al. 2001). This happens before
the first appearance of basic fibroblast growth factor
(FGF2)-responsive neural stem cells at E8.5 (Tropepe et
al, 1999). Thus, the first neurally specified cell in the
epiblast could be a transient neural progenitor cell that is

[Keywords: Neural stem cell; embryonic stem cell; epiblast; neuroecto-
derm; leukemia inhibitory factor; Notch signaling]

3Present address: Division of Neurobiology & Bioinformatics, National
Institute for Physiclogical Sciences, Aichi 444-8585, Japan.
Corresponding authors.

4E-MALIL shitoshi@nips.ac.jp; FAX 81-564-59-5247.

SE-MAIL derek.van.der.kooy@utoronto.ca; FAX {416) 978-3844.

Article and publication are at htep://www.genesdev.org/egi/doi/10.1101/
gad.1208404,

induced (by signals from mesoderm or endoderm) to
yield neural stem cells, or perhaps, more interestingly, a
primitive neural stem cell itself that builds the neural
plate before giving rise to the definitive neural stem cell.
Here, we define the “definitive” neural stem cell as the
neural stem cell that is present in the late embryonic or
adult brain and proliferates in response to FGF2 (and epi-
dermal growth factor [EGF|, or has the potential to ac-
quire EGF responsiveness) to form clonal floating sphere
colonies in vitro.

We developed a colony-forming ES sphere assay, in
which embryonic stem (ES) cells are cultured in serum-
free media in the presence of leukemia inhibitory factor
|LIF; at clonal density or as single cells] to generate nes-
tin* floating sphere colonies (ES spheres; Tropepe et al,
2001). The ES sphere-forming cells show the cardinal
features of neural stem cells, self-renewal and neural
multipotentiality, but also possess some pluripotency in
generating nonneural progeny, and hence were termed
primitive neural stem cells (Tropepe et al. 2001). We sug-
gest that in the absence of positive or negative instruc-
tive signals, primitive neural stem cells default from ES
cells. Although some endogenous signals {e.g., FGF2)
may be in fact indispensable for neural induction, sur-
vival, or proliferation, these signals may be concealed by
autocrine mechanisms (Streit et al. 2000; Tropepe et al.
2001; Wilson and Edlund 2001; Ying et al. 2003). We
hypothesize that epiblast cells are inhibited by endog-
enous factors [e.g., bone morphogenetic proteins [BMPs|}
until definitive neural stem cells are created, as this in-
hibition is relieved when the neural tube forms later in
embryogenesis. This hypothesis predicts that primitive
neural stem cells can be isolated from the early mouse
embryo prior to E7.5 in vivo,

Historically, Notch signaling in Drosophile was
thought to maintain cells in an undifferentiated state
through a lateral inhibition mechanism [Artavanis-Tsa-
konas et al. 1995; Kimble and Simpson 1997}, The Notch
signaling also plays significant roles in mammalian neu-
rogenesis: disruption of Notch pathway genes results in
the reduction of the neural stem cell pool size {Naka-
mura et al. 2000; Hitoshi et al. 2002). The activation of
this signaling promotes the symmetrical divisions of
neural stem cells, and thereby enhances the self-renewal
ability of the neural stem cells, However, little is known
about molecular mechanisms underlying the generation
of primitive and definitive neural stem cells in vivo. In
this study, we used an in vitro colony-forming sphere
assay to isolate primitive neural stem cells from early
mouse embryos and demonstrated a role for Notch sig-
naling in the generation of definitive neural stem cells.

Results and Discussion

Mouse E7.5 neuroectoderm was dissociated to single
cells and cultured in serum-free media containing LIF to
clonally generate nestin® floating sphere colonies (Fig.
1A). When dissociated cells from E7.5 CDI1 and from
green fluorescent protein |GFPJ-expressing neuroecto-
derm were equally mixed (at a final density of 10 cells/
pL) and then proliferated to form LIF-dependent spheres,
spheres containing both GFP* and GFP~ cells never were
observed (Fig. 1A), suggesting that the primary LIF-de-
pendent spheres were clonally derived from single cells.
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Figure 1. LIF-dependent primitive neural stem cell spheres. (A) The
spheres ({top left) generated from the E7.5 mouse neuroectoderm
were immunopositive for nestin (bottom left). Dissociated E7.5 neu-
roectoderm cells from CD1 embryos and from GFP mouse embryos
were mixed in equivalent proportions (to a final cell density of 10
cells/uL} and proliferated to form LIF-dependent spheres {top right).
The complete lack of GFP* cells in the white spheres [bottom right)
shows that the spheres were clonally derived from single cells. Bar,
0.1 mm. {B) The average sphere numbers in the presence of LIF
{11 = 32 embryos), FGF2 (n = 16 embryos), or both (n = 35 embryos)
per embryo are shown. {C) Single primary LIF-dependent spheres
produced secondary spheres in the presence of both LIF and FGF2
{1 = 10 or more). (D] Single secondary spheres cultured in both LIF
and FGF) responded to either FGF2 or ECGF to produce tertiary
spheres (n = 16 or more). {E] The primary and passaged E7.5 sphere
contained cells that could differentiate into BIII tubulin® neurons,
GFAP" astrocytes, or 04~ oligodendrocytes in vitro, Bar, 40 um. |F)
The average numbers of LIF-dependent spheres (open circles) and
FGF2/EGF-dependent forebrain neurospheres {closed circles| per
animal that were isolated at different times throughout develop-
ment and into the adult mouse are plotted.

At E7.5, very few spheres formed in the media contain-
ing only FGF2, and adding FGF2 did not significantly
increase the numbers that formed in LIF alone (Fig. 1B},
However, FGF2 secreted from the primary LIF-depen-
dent cells themselves (Fig. 2A) may suffice for transduc-
ing the FGF2 signal through auwtocrine or paracrine
mechanisms, leaving open the possibility that the acti-
vation of FGF signaling is necessary for the formation of
spheres from E7.5 neuroectoderm.

Self-renewal and neural multilineage potential are
hallmark features of neural stem cells. The primary E7.5
primitive neural stem cell spheres cultured in LIF were
capable of producing secondary spheres after dissociation
in the presence of both LIF and FGF2, but only very
poorly in the presence of LIF slone or FGF2 alone [Fig.
1C). No secondary spheres were found in EGF alone.
However, the secondary spheres cultured in both LIF and

Primitive NSCs exist in vivo

FGF2 could be dissociated again to produce clonal ter-
tiary spheres in the presence of either FGF2 alone or EGF
alone (Fig. 1D). These neural stem cells then could be
maintained and passaged in either of the same media, In
vivo, EGF-dependent neural stem cells start to descend
from their earlier FGF2-dependent ancestor neural stem
cells {Tropepe et al. 1999), and the sequence and time
course of their lineage appears to be maintained in vitro
by the primitive neural stem cells isolated from the
E5.5-E7.5 embryo. Cells from the primary LIF-dependent
as well as passaged FGF2- or EGF-dependent sphere
could differentiate into neurons, astrocytes, or oligoden-
drocytes in vitro (Fig. 1E), demonstrating that the LIF-
dependent primitive neural stem cells (and then their in
vitro definitive FGF2- and EGF-dependent neural stem
cell progeny] were multipotent in the neural lineage.
These observations suggest that the primitive, LIF-de-
pendent neural stem cells derived from E5.5-E7.5 em-
bryos in vivo have a capacity to self-renew and also show
neural multipotentiality as definitive neural stem cells.

To exclude the possible involvement of mesenchymal
cells in sphere formation, we dissected earlier embryos
before the migration of mesodermal tissue beneath the
anterior neuroectoderm. LIF-dependent spheres could be
isolated from the epiblast at the prestreak stage (E6.5) or
even at the egg cylinder stage (E5.5; Fig. 1F). During the
E7.5-E8.5 period, LIF-dependent sphere-forming neural
stemn cells diminished and were replaced by the emer-
gence of FGF2-dependent definitive neural stem cells
(Fig. 1F). These results parallel the emergence from ES
cells in vitro of LIF-dependent, clonal primitive neural
stem cell spheres, which then give rise directly to clonal
FGF2-dependent spheres in vitro (Tropepe et al. 2001).
Thus, LiF-dependent primitive neural stem cells are
present in the epiblast/neuroectoderm of E5.5-E7.5
mouse embryo. These primitive neural stem cells
emerge independent of mesodermal influence in vivo,
although these experiments do not rule out a possible
role for visceral endoderm effects in vivo,

ES-derived primitive neural stem cell spheres express
some nonneural marker genes such as GATA4 {an eatly
primitive and definitive endodermal marker; Tropepe et
al. 2001}, in addition to neural precursor markers such as
FGF5 and Sox2 and a neural marker Sox1 {Fig. 2B). FGF5
is expressed in primitive ectoderm but down-regulated
after E7.5 in the mouse embryo (Hébert et al. 1991},
whereas Sox1 expression is first detectable in the neural
plate at E7.5 of the mouse embryo, and Sox2 is expressed
earlier in the epiblast (Wood and Episkopou 1999). These
gene expression properties of ES cell-derived spheres are
unaltered after repeated passaging procedures (Fig. 2B).
RT-PCR was used to analyze marker gene expression in
the primary LIF-dependent and passaged EGE-dependent
spheres from the E6.5 mouse epiblast, a time when me-
soderm does not underlie the anterior epiblast, Primary
E6.5 epiblast-derived spheres showed a gene expression
pattern very similar to that of ES spheres; they expressed
GATA4, FGF5, Sox2, and Sox1 (Fig. 2B}, but did not ex-
press Brachyury {a mesodermal marker), HNF4 (a2 mature
endodermal marker), or cytokeratinl? (a epidermal
marker]. In contrast, E6.5 spheres that were passaged in
EGF down-regulated GATA4 and FGF5 expression and
presented a similar gene expression pattern to that of
definitive neural stem cell neurospheres isolated- from
the later embryonic brain [Fig. 2B). These results suggest
that epiblast-derived LIF-dependent spheres arise from
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was much weaker {and sometimes below de-
tectable levels) compared with the substantial
expression in El4.5 definitive neurospheres
(Fig. 2C,D). After passaging in vitro, FGF2- or
EGF-responsive tertiary E6.5 spheres up-regu-
lated the Hes5 gene to an extent similar to that
observed in the E14.5 brain-derived neuro-
spheres. In contrast, passaged ES spheres
{which self-renew in the presence of LIF and
FGF2 but never in the presence of EGF) contin-
ued to express only weakly [if at all} the Hes5
gene (Fig. 2C, D). These results suggest that
Notch signaling is activated strongly during the
transition from primitive to definitive neural
stem cells in vitro and in vivo.

The in vivo roles of Notch signaling in the

FET S

Figure 2. Gene expression profiles of the primary tissue and clonal spheres. [4]
Primary E7.5 neuroectoderm-derived spheres (E7.55), tissue (E7.5T) from which the
sphere derived, and E14.5 definitive neural stem cell neurospheres [E14.55) were
analyzed by RT-PCR for the expression of FGF2 and FGF receptor 1{FGFR1]. B,C)
Primary and tertiary EG.5 epiblast-derived spheres (1° and 3° E6.5), as well as
ES-derived primitive neural stem cell spheres (1° and 3° ES) and primary E14.5
definitive neural stem cell spheres (E14.5) were analyzed by RT-PCR. (D) The
amounts of Hes5 gene mRNA were quantified by real time RT-PCR using the
LightCycler system. The ratios of Hes5 mRNA copy numbers to those of B-actin

are shown. Data represent means  S.E.M. [*) P < 0.05.

the proliferation of a neural stem cell equivalent to the
ES cell-derived primitive neural stem cells. However, the
in vivo E6.5 primitive neural stem cells differentiate in
vitro into neural stem cells that are similar to those de-
rived from the forebrains of late embryos or adult mice,
unlike the ES-derived primitive neural stem cells whose
gene expression profiles do not mature to resemble de-
finitive neural stem cells and do not produce EGF-re-
sponsive definitive neural stem cells.

Notch signaling is essential for the maintenance of the
neural stem cell, by enhancing the self-renewal of the
neural stem cell and by inhibiting its differentiation into
neuronal and glial progenitors {Nakamura et al. 2000;
Hitoshi et al. 2002). The generation of primary ES
spheres in vitro was unaltered in ES cells deficient for
the common Notch downstream signaling factor RBP-J
(Hitoshi et al. 2002}, suggesting that the formation of
primitive neural stem cells is independent of Notch ac-
tivity. However, the role of Notch signaling on the gen-
eration of primitive neural stem cells in vivo remains
unknown. Expression profiles for Notch pathway genes
from the tissues of early embryos, from which spheres
were generated, and from the clonal epiblast spheres
themselves, were analyzed by RT-PCR (Fig. 2C). Notch
activation was assessed by the extent to which Hes3, one
of the downstream target genes of Notch signaling, was
expressed (de la Pompa et al. 1997; Donoviel et al. 1999,
Handler et al. 2000). Hes5 expression was first detected
in the neuroepithelium at E8.5, when definitive FGF2-
dependent neural stem cells first appear in vivo. The
other molecules in the Notch pathway were expressed
stably in the primary and passaged ES-derived and E6.5
epiblast-derived primitive neural stem cell spheres, as
well as in E14.5 definitive neural stem cell neurospheres
(Fig. 2C). However, Hes5 expression (assessed by quan-
titative RT-PCR| in the LIF-dependent, primary E6.5
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generation of primitive and definitive neural
stem cells were further investigated using
mouse embryos deficient for Notch! (Conlon et
al. 1995). Comparable numbers of LIF-depen-
dent primitive neural stem cells were present
in the neural plate of E7.5 Notch1™/~ embryos
and their littermate controls |Fig. 3A}. The pri-
mary LIF-dependent spheres from E7.5
Notch1™/~ embryos expressed less Hes5 than
their littermate controls {Fig. 3B}, but still re-
tained neural multipotentiality (Fig. 3C). On
the other hand, the FGF2-responsive definitive
neural stem cells in the E8.0 NotchI™/~ em-
bryos were significantly lower in number than those in
their littermate controls (Fig. 3D). This decrement was
not due to a delayed transition in the Notch!~/~ embryos
from primitive to definitive neural stem cells, because
LIF-dependent primitive neural stem cell numbers de-
creased similarly between E7.5 and E8.0 in Notchl~-
and control embryos {Fig. 3A). The number of tertiary
EGF-responsive definitive neural stem cells generated by
passaging primary E7.5 LIF-dependent primitive neural
stem cell spheres in vitro was reduced greatly in
Notch1~/~ embryos compared with their littermate con-
trols (Fig. 3E). Thus, the Notchl mutation impaired the
transition from the primitive to definitive neural stem
cells not only in vivo (Fig. 3A,D), but also in vitro (Fig.
3E).

These observations prompted us to ask if Notch acti-
vation promotes the transition from the LIF-dependent
ES cell-derived primitive neural stem cell to the EGF-
dependent neural stem cell. ES cell-derived spheres,
which can be maintained continucusly in LIF and FGF2
media but not in EGF media, were infected with retro-
virus expressing constitutively active Notchl or control
retrovirus {both express enhanced GFP as a reporter; Fig.
4A), and then cultured in LIF and FGF2 media to gener-
ate secondary ES spheres. The resultant individual sec-
ondary ES spheres showed variable GFP expression pat-
terns, because infection and retroviral gene integration
may occur at different times during sphere formation,
Strongly GFP* secondary ES spheres were selected under
a fluorescent microscope and passaged to yield tertiary
ES spheres in LIF and FGF2 or in EGF alone. Significant
numbers of EGF-responsive tertiary ES spheres were ob-
served only after infection with active Notch1 retrovirus
(Fig. 4B), whereas very few EGF-responsive tertiary ES
spheres were found after control retrovirus infection,
The numbers of tertiary ES spheres grown in both LIF
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Figure 3. The formation of neural stem cell spheres from Notchl
mutant embryos. (4] The numbers of primary LIF-dependent
spheres from E7.5 and E8.0 Notchl™/- embryos [n=7 at E7.5 and
n =6 at E3.0) and littermate controls (n ~ 18 at E7.5 and n = 25 at
E8.0) are shown. (B) The expression of Hes5 was abolished in the
primary E7.5 Notchl™- spheres. |C) The primary E7.5 Notchl~-
spheres retained muitipotentiality within the neural lineage. Bar, 50
pm. |D) The numbers of primary FGF2-dependent neurospheres
from E8.0 Notchl”- embryos (n=19) and littermate controls
{n =57} (*] P<0.05. (E] The primary LIF-dependent spheres from
each E7.5 Notch!™'- (n = 7] and littermate control [n = 18] embryo
were separately passaged twice in vitro to generate tertiary EGF-
dependent neurospheres. The numbers of EGF-dependent tertiary
neurospheres from each embryo are shown,

and FGF2 were comparable between the ES spheres in-
fected with active Notchl and with control retrovirus,
demonstrating that cell numbers plated and viability of
the cells were comparable between both groups. Notch
signaling was activated, as assessed by the greater
amounts of Hes5 gene expression in the tertiary EGF-
responsive spheres infected with the active Notchl ret.
rovirus than in similar spheres infected with the control
retrovirus (Fig. 4C). These results demonstrated that ac-
tivation of the Notch pathway promotes the emergence
of EGF-responsive spheres from LIF-dependent ES
spheres. Thus, both in vivo data using the Notch1/~ em-
bryos and in vitro experiments using the ES cell-derived
spheres suggest that Notch activation is important for
the transition from the LIF-dependent primitive neural
stem cell to the EGF-dependent definitive neural stem
cell and for the maintenance of the definitive neural
stem cell state.

Early experiments using animal cap explants {that are
uncommitted ectoderm and normally give rise to epider-
mis| from Xenopus blastula-stage embryos revealed that
after dissociation at low density, the cells became neural
tissue {Godsave and Slack 1989; Grunz and Tacke 1989,
Sato and Sargent 1989). Later, this fating to neural cells
was shown to be accomplished by the inhibition of
TGEF-B activity (Smith et al. 1993; Hemmati-Brivanlou
and Melton 1994, Sasai et al. 1995}, lcading to the pro-

Primitive NSCs exist in vivo

posal that neural fate specification from uncommitted
blastocyst tissue occurs by a default mechanism. We
have shown that this default model may be applicable to
mammalian neural induction by demonstrating that
mouse ES cells cultured at low cell density (or even as
single cells] in serum-free media took on neural identi-
ties after 4 h {Tropepe et al. 2001]). In the presence of LIF,
a small percentage of the ES cells that may default to a
neural state proliferated as primitive neural stem cells in
vitro (Tropepe et al. 2001}, We suggest that in vivo,
where cell density and cell-to-cell interactions are high,
pluripotent inner cell mass and epiblast cells receive
dense signals that inhibit neural induction and the cells
may acquire minimal neural identities as primitive neu-
ral stem cells {or at least as potential primitive neural
stem cells in vivo), until neural inhibition is fully sup-
pressed by TGF-3 family antagonists at E7.5-E8.5 when
definitive neural stemn cells are formed.

QOnly a few cells that reside in the anterior part of E7.5
neurcectoderm formed clonal primitive neural stem cell
spheres [~0.1%]. The isolation of only rare primitive neu-
ral stem cells might be explained in three ways. First,
most [if not all) of the putative neuroectodermal cells
possess the potential to respond to LIF to proliferate and
form spheres, but many may be unable to survive the
trituration and serum-free culture conditions. Second,
only a few specific cells among all of the putative neu-
roectoderm cells retain [or can take on) a neural stem cell
fate. It would be intriguing to use factors that enhance
the survival of [primitive) neural stem cells in the serum-
free spheze assay. Indeed, we have found some survival
factors increase the cell viability of ES-derived neural
cells so that much higher frequencies of spheres are
formed (Smukler et al. 2003). However, these same sur-
vival factors appear not to increase the frequency of iso-
lating primitive neural stem cells from the epiblast {S.
Hitoshi, unpubl.), suggesting that only a few epiblast/
eatly neuroectoderm cells may have the potential to be
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Figure 4. Active Notchl retrovirus infection of ES spheres, (A} A
schema of the experimental procedures. Some of secondary spheres
infected with the retrovirus showed GFP* expression. After passag-
ing, tertiary spheres infected with pMXIE-NotchlIC were homog-
enously positive for c-Myec that is tagged to NotchlIC. Bar, 0.1 mm.
{B) The numbers of tertiary spheres generated in both LIF and FGF2
and in EGF-only media are shown. Data represent means + S.E.M.
from three independent experiments. [*] P < 0.05. [C) The amounts
of Hes5 gene expression were quantified (n < 3),
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primitive neural stem cells. Third, the rarity of primitive
neural stem cells in the epiblast/neurocectoderm might
derive from the presence of a few pluripotent ES cells
that remain until E7.5 of mouse development. However,
this third possibility seems unlikely because ES cells
never have been isolated from mouse embryos after the
egg cylinder stages (Smith 2001} and because the number
of sphere-forming primitive neural stem cells increased
during E5.5-E7.0 in the epiblast/neurcectoderm {present
study).

In the mouse embryo deficient for Notch pathway
molecules, the size of the definitive neural stem cell pool
is reduced (Nakamura et al. 2000; Hitoshi et al. 2002).
Activation of Notch signaling is indispensable for main-
taining the neural stem cell by enhancing its self-re-
newal capacity and by repressing differentiation into pro-
genitor cells (Fig. 5; Hitoshi et al. 2002). The current
results suggest an additional role for Notch signaling in
neural stem cell ontogenesis; activation of Notch path-
way is required for the transition from the primitive neu-
ral stem cell to the definitive neural stem cell, which
subsequently acquires EGF responsiveness. The reduc-
tion of definitive neural stem cells observed in E8.0
Notch1~/~ embryos in vivo, as well as the reduction seen
in the EGF-responsive tertiary spheres from E7.5
Notch1™/~ primitive neural stem cell spheres in vitro, are
consistent with this model. Certainly, the appearance of
some definitive neural stem cells in the E7.5 Notch™/~
embryos suggests that other signaling pathways may per-
mit some transition from primitive to definitive neural
stem cells. However, another model also is possible: de-
finitive neural stem cells are generated from the primi-
tive neural stem cells independent of Notch signaling,
but definitive neural stem cells may require Notch sig-

Nofch signaling activation
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Figure 5. A model of neural stem cell development, LIF-dependent
primitive neural stem cells can be generated directly from single ES
cell in vitro after relieving TGF-B inhibition {Tropepe et al. 2001)
and now have been shown to exist [at least potentially in vivo and
literally in vitro) in the E5.5-E7.5 epiblast/neuroectoderm of mouse
embryos. Whether or not FGF signaling promotes the induction of
primitive neural stem cells in vivo [or just their survival or prolif-
eration) remains to be determined. Activation of the Notch pathway
could be required for the transition from primitive to definitive
neural stem cells that autonomously acquire EGF responsiveness
(@) and/or for the maintenance of definitive, FGF2- or EGF-depen-
dent neural stem cells by enhancing their self-renewal (@) and thus
suppressing their differentiation into neuronal or glial unipotential
progenitors |@).
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naling for their maintenance, as suggested previously
{Hitoshi et al. 2002). These two possibilities are not mu-
tually exclusive and current data do not allow us to dis-
criminate between them. Later in development, Notch
signaling may play additional roles in enhancing the
symmetric and self-renewing divisions of definitive neu-
ral stem cells and suppressing asymmetric division of
neural stem cells to produce neuronal and glial progeni-
tor cells (Hitoshi et al. 2002). This later function appears
inconsistent with the recent notion of an instructive role
for Notch signaling to produce glia from neural progeni-
tor cells in the mammalian central nervous system [Gai-
ano et al, 2000). However, this inconsistency disappears
if adult forebrain neural stem cells acquire some glial
features [but do not differentiate into unipotential glial
cells), as suggested by demonstrations that Notch signal-
ing enhances GFAP transcription in adult neural pro-
genitor cells {Tanigaki et al. 2001) and that at least some
of the GFAP-expressing astrocytes in the adult forebrain
subependyma are, indeed, neural stem cells {Doetsch et
al. 1999, Morshead et al. 2003).

Materials and methods

Animals and eell culture

CD1 mice (Charles River) were used in this study, The generation and
genotyping of Notchl mutant mice (Conton et al, 1995) and GFP trans-
genic mice {Hadjantonakis et al. 1998) on a CD1 background have been
described. Midday of the plugged day was termed E0.5 and the staging of
the early embryos followed [Downs and Davies 1993). Prospective head
regions from E7.5 mouse embryos at late primitive streak stage or at early
headfold stage, or from E8.0-E8.5 embryos at late headfold stage but
before turning were excised and treated with papain (1 unit/mL, Wor-
thington) in phosphate-buffered saline contzining 0.2 mg/mL cysteine, 5
mg/mL glucose, and 0.4 mg/mL bovine serum albumin for 4 min, Neu-
roepithelium was detached from underlying tissue and triturated into
single cells. Usually, 2000-3000 viable cells were collected from each
E7.5 embryo. The cells were cultured in serum-free media [Tropepe et al.
1999] containing LIF (I x 10° units/mL, Chemicon| and B27 supplement
{Invitrogen). The cells from each embryo at E7.5 or EB.O were cultured in
24.well [0.5 mL/well} plates, where usual cell densities were below 10
cells/pL. The anterior parts of the £6.5-E7.0 embryos at the early primi-
tive streak stage were excised, triturated into single cells, and cultured as
described earlier. Distal portions of the E5.5-E6.5 embryos at the egg
cylinder stage or at the preprimitive streak stage were also excised,
roughly triturated leaving smalt clumps, and then cultured as described
earlier. The dissection and cell culture of forebrains from mouse embryos
at and after £8.5 or adult mice, the passaging procedures, differentiation
assay, and immunohistechemical analysis procedures also have been de-
seribed [Tropepe et al. 1999; Hitoshi et al. 2002}.

Immunocytochemistry

Immunocytochemical analyses were performed as described previously
{Hitoshi et al. 2002). We used anti-nestin mouse monoclonal (IgG; 1:100;
Chemicon), anti-plI tubulin mouse monoclonal {IgG; 1:200; Sigma),
anti-GFAP rabhit polyclonal {[gG; 1:400; Chemicon), anti-O4 mouse
moengelonal {IgM; 1:40; Rochel, or anti-c-Myc mouse monoclonal [IgG;
1:500; Santa Cruz| antibodies as primary, followed by appropriate FITC-
or TRITC-conjugated secondary antibodies. Cultures were counterla.
beled with the nuclear stain Hoechst 33258 (1 pg/mL; Sigma).

RT-PCR

cDNA synthesis, some of the primer sequences, and PCR cycling proce-
dures have been described [Tropepe et al. 2001; Hitoshi et al. 2002).
Primer sequences and PCR cycling conditions will be provided on re-
quest. Quantitative RT-PCR analyses for Hes5 and B-actin were per-
formed using the LightCycler system (Roche) and using the same proce-
dures described previously [Takahashi et al. 2003},

Retrovirus infection
The construction of replication-incompetent retroviral vector, pMXIE
and NotchtIC-pMXIE, retrovirus preparation, and infection procedures



have been described {Hitoshi et al. 2002). Primary ES spheres were dis-
soctated, infected with retrovirus, and then cultured in LIF and FGF2
media to generate secondary ES spheres. The resultant individual sec-
ondary ES spheres showed variable GFP expression patterns, because
infection and retroviral gene integration may occur at different times
during sphere formation. Strongly GFP* secondary ES spheres were
picked up under a fluorescent microscope and passaged to yield tertiary
ES spheres.
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Ganglioside GM1 has been considered to have a neu-
rotrophic factor-like activity. To analyze the effects of
endogenously generated GM1, the rat pheochromocy-
toma cell line PC12 was transfected with the GM1/GD1b/
GAl synthase gene and showed increased expression
levels of GML1. To cur surprise, GM1*-transfectant cells
(GM1* ecells) showed no neurite formation after stimu-
lation with nerve growth factor (NGF). Autophosphoryl-
ation of NGF receptor TrkA and activation of ERK1/2
after NGF treatment were scarcely detected in GM1™
cells. Binding of **I-NGF to PCl12 cells was almost
equivalent between GM1™* cells and controls. However,
dimer formation of TrkA upon NGF treatment was
markedly suppressed in GM1* cells in both cross-link-
ing analysis with Bis(sulfosucecinimidyl)suberate 3 and
1ZL.NGF binding assay. The sucrose density gradient
fractionation of the cell lysate revealed that TrkA pri-
marily located in the lipid raft fraction moved to the
non-raft fraction in GM1* cells. p757'® and Ras also
moved from the raft to non-raft fraction in GM1™* cells,
whereas flotillin and GM1 persistently resided in the
lipid raft. TrkA kinase activity was differentially regu-
lated when GM1 was added to the kinase assay system in
vitro, suggesting suppressive/fenhancing effects of GM1
on NGF signals based on the concentration. Measure.
ment of fluorescence recovery after photobleacking re-
vealed that the membrane fluidity was reduced in GM1*
cells, These results suggested that overexpressed GM1
suppresses the differentiation signals mediated by NGF/
TrkA by modulating the properties of the lipid raft and
the intracellular localization of NGF receptors and rel.
evant signaling moelecules,

Gangliosides, sialic acid-containing glycosphingolipids, are
thought to play important roles in the development and fune-
tion of the nervous system, because they accumulate in brain
tissues of vertebrates, and their profiles of carbohydrate moiety
alter with development (1, 2). Recently, a number of glycoesyl-
transferase genes have been isolated, and studies of these
genes have shown that the various expression patterns of gan-
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gliosides are determined basically by the combination of acti-
vated glycosyltransferase genes (3). Among camplex ganglio-
sides, GM1%2 has been most rigorously studied, because it is
one of the major ganglicsides in vertebrate brain (2) and shows
specific binding with the cholera toxin B subunit resulting in
impartant biological events such as ¢cAMP response (4). Since
GM1 synthase cDNA was isolated by us (5), the mRNA expres-
sion of the gene has been directly examined, and a high expres-
sion level in the rat fetal brain has been demonstrated.

Recently, membrane microdomains such as glycolipid-en-
riched microdomains, detergent-insoluble microdomains, or
lipid rafts have been thought of as sites for signal transduction
as well as for endocytosis and cholesterol turnover on the cell
membrane (6). They are enriched in cholesterol, glycosylphos-
phatidylinositol-anchored proteins, sphingomyelin, glycosphin-
golipids, and various signaling molecules such as growth factor
receptors, G-proteins, and Sr¢ family tyrosine kinases (7). Al-
though ganglioside GM1 has been used as a mere marker of
rafts, we demonstrated that GM1 might regulate the signal
magnitude of PDGF/PDGFR by altering the intracellular local-
tzation of PDGF receptor (R) in Swiss3T3 cells (8). There have
also been a number of reports indicating the effects of glyco-
sphingolipids on the growth/differentiation signals (9). These
reports suggested that GM1 might affect the structure/function
of lipid rafts in neurcnal cells, resulting in the regulation of
differentiation/proliferation signals.

A rat pheochromocytoma cell line PC12 has been widely used
as a differentiation maodel of neuronal cells, because they show
neurite extension after nerve growth factor (NGF) stimulation
(10). The effects of NGF are mediated at least in part by TrkA
(11}, the high affinity NGF receptor containing a tyrosine ki-
nase activity. Mutoh ef al. (12) demonstrated that GM1 binds to
TrkA tightly on the surface of PC12 cells and enhances the
effects of NGF (12). Exogenous GM1 enhanced the TrkA phos-
phorylation and neurite formation when added with a low
concentration of NGF, Furthermore, it could rescue PC12 cells

! The abbreviations used are: GM1, GalB1,3GalNAcB1, 4(NevAca2,3)-
GalBl,4Gle-ceramide; GM3, NeuAca?2,3GalB1,4Glc-ceramide; GT1b,
NeuAca2,3Galfl,3GalNAeSL 4(NeuAca2,8NeuAca?2,3)Gal31,4Gle-
ceramide; NGF, nerve growth factor; FBS, fetal bovine serum; PBS,
phosphate-buffered saline; FITC, fluorescein isothiocyanate; mAb,
monoclonal antibody; MAPK, mitogen-activated protein kinase;
ERKis), extracellular signal-regulated kinase(s); MEK, MAPK/ERK ki-
nase; FRAP, fluorescence recovery after photobleaching; PDGF, plate-
let-derived growth factor; PDGFR, PDGF receptor; CTB, cholera toxin
B subunit; MTT, 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium
bromide; B33, Bis{sulfosuccinimidyl)suberate; Mes, 2-morpholincetha-
nosulfonic acid; GEM, glycolipid-enriched micredomain(s).

2 Ganglioside nomenclature is based on that of Svennerholm {53),

This paper is available on line at http://www.jbc.org
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from apoptotic death induced by serum deprivation {13). These
results seemed to reflect the neurotrophic nature of GM1. How-
ever, it is not clear whether endogenously generated GM1 plays
the same roles as exogenous GM1.

In the present study, we established stable transfectant lines
of PC12 with the GM1/GD1b/GAl synthase cDNA, which we
had isolated previously (5}, and analyzed the response to NGF.
To our surprise, marked alterations in the cell response to the
induced differentiation and in the activation of signaling mol-
ecules were found in GM1* cells. We also demonstrated dra-
matie changes in the intraeellular localization of NGF recep-
tors and relevant molecules, i.e. the majority of TrkA, p75™TT,
and Ras moved from the raft to the non-raft fraction in GM1™
cells, whereas the raft markers such as GM1 and flotillin per-
sistently stayed in the raft fraction. These results suggested
that GM1 plays critical roles in the regulation of the physico-
chemical nature of lipid raft and of the bio-signals to determine
the cell fates.

EXPERIMENTAL PROCEDURES

Materials—Mouse 2.55 NGF was obtained from Alomone Laboratory
{Jerusalem, Israel). Anti-NGF receptor Trkd antibodies (C-14, rabbit
1zG; B-3, mouse IgG) and an anti-caveolin-1 antibody were from Santa
Cruz Biotechnology (Santa Cruz, CA). Anti-TrkA (rabbit 1gG) was from
Upstate biotechnology (Lake Placid, NY). Anti-p75 (rabbit IgG) was
from Promega (Madison, WI). Anti-flotillin (rabbit IgG) and anti-phes-
photyrosine monoclonal antibodies {mAb) (PY20) were from BD Trans-
duction Laborataries (Lexington, KY). Anti-ERK1/2 rabbit IgG, anti.
phospho-ERK1/2 rabbit IgG, and anti-rabbit IgG conjugated with
horseradish peroxidase were from New England Biolahs {(Beverly, MA).
An anti-Ras mAb was from Seikagaku Co. (Tokye, Japan). Cholera
toxin B subunit {CTB) conjugated with biotin was from LIST Biclogical
Laboratories (Campbell, CA). CTB-Alexa555 was from Molecular Prabe
(Eugene, OR}. **S[.NGF (~1500 Ci/mmol) was from Amersham Big-
sciences. Protein A-Sephargse 4 Fast Flow was from Amersham
Biosciences. Immobilon-P Transfer Membrane was from Millipore
(Bedford, MA). Anti-phospho-TrkA (New England Biclabs) and anti-
extracellular domain of TrkA antibodies were purchased from Upstate
Biotecknology (Lake Plaeid, NY).

Recombinant DNA—Human g1,3-galactosyltransferase cDNA clone
pMI1T-9 (5) was digested with Xhol-Xbal and inserted into the Xhol-
Xbal site of pMIKneo to obtain pMIKneo/M1T-8. pMIKneo is a mam-
maliah expression vector with the SRa promoter and was generously
presented by Dr. K. Maruyama (Tokyo Medical and Dental University).

Cell Culture and Transfection—PC12 cells were maintained in RPMI
1640 medium supplemented with 10% horse serum and 5% fetal calf
serum, at 37 °C in a humidified atmosphere containing 5% CO, as
described previously (14). PC12 cells used for ¢DNA transfection were
plated in a 60-mm plastic tissue culture plate (Faleon} at a density of
7 X 10° cells/4 mlplate. The plasmid pMIKneo/M1T-2 (4 pg) was
transfected into cells with LipofectAMINE (Invitrogen, Rockville, MD}
according to the manufacturer’s instructions. Stable transfectant cells
were selected in the presence of 250 pg/ml G418 (Invitrogen) and
maintained continuously in the presence of G418 {200 pg/ml).

Neurite Outgrowth Assay—PC12 cells and the transfectants were
seeded at 1 X 10° cells/well in a type I collagen-coated 48-well culture
plate (Falcon) and were either treated with 100 ng/ml 2.58 NGF (Alam-
one Laboratories) in serum-free medium or left untreated in the serum-
containing medium. Neurite-bearing cells were counted for the follow-
ing 4 days. To analyze the effect of exogenous GM1 on neurite
outgrewth, PC12 cells were treated with either serum-free medium or
medium containing 100 ng/ml NGF, 5 ng/ml NGF, 50 uM GM1 (Sigma),
or 5 ng/m] NGF with 50 pM GM1 (preincubated with 50 uny GM1for 12 h
at 37 °C, then treated with 5 ng/ml NGF). The percentage of cells
bearing neurites of various lengths was counted from days 1 to 4.

Flow Cytometry—The cell surface expression of gangliosides was
analyzed by flow eytometry (BD Biosciences), using the anti-ganglicside
mAbs as described previously (8); mAbM2590 (anti-GM3), mAb10-11
(anti-GM2), mAb92-22 (anti-GD1a), mAbR24 (anti-GD3), mAD220--51
{anti-GD2}, mAb370 {(anti-GD1b), mAbh CDR73-6 (anti-fucosyl-GM1),
and mAb549 (anti-GT1b). The cells were incubated with mAbs for 45
min on ice and then stained with FITC-conjugated goat anti-mouse IgM
or IgG (Cappel, Durham, NC). To analyze GM1, cells were incubated
with the CTB subunit-biotin conjugates {(List Biological Labaratories,
Inc., Campbell, CA) for 45 min on ice, and then stained with FITC-
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conjugated avidiz (EY Laboratories, San Mateo, CA). Centrol samples
were prepared using the second antibody zlone. The intensity of stain-
ing was measured and presented in arbitrary units as the log of fluo-
rescent intensity.

MTT Assay—3 X 10° cells were seeded with serum-containing me-
dium in 98-well plates. At 0-5 day of culture, MTT assay was performed
as deseribed (8). Growth of ¢eils was quantified by assessing the redue-
tion of MTT to formazan, measured as the abserbance at 590 nm using
a plate reader ImmunoMini NJ-2300 (System Instrument, Tokye,
Japan).

Electrophoresis and Immunoblotting—PC12 cells and transfectants
were plated in 60-mm tissue culture plates in serum-containing me-
dium, then cells were treated as described below. For the assay of
mitogen-activated protein kinase (MAPK) and TrkA phosphorylation,
the medium was replaced with serum-free medium and incubated for
1 h. Then cells were incubated with 100 ng/ml 2.58 NGF for 0, 5, 15, 30,
60, and 120 min at 37 °C. After each treatment, the medium was
removed, and cells were washed three times with 3 ml of serum-free
medium, then solubilized in 200 pl of lysis buffer (10 mM Tris-HC!, pH
7.4, 150 mMm NaCl, 10 mm MgCl,, 0.5% Nonidet P-40, 1 mM NaVQ,, 1 mM
phenylmethylsulfonyl fluoride, 20 units/ml aprotinin). Lysed cells were
transferred into microcentrifuge tubes, centrifuged at 3,000 rpm for 10
min, and the supernatant was collected to remove nuclei.

Lysates were separated with SDS-PAGE using 7-12% gels, The
separated proteins were transferred onto an Immobilon-P {polyvinyli-
dene difluoride) membrane (Millipore). Elots were blocked with 10%
skim milk in phosphate-buffered saline (PBS) for 1 h. The membrane
was first probed for 1 h with primary antibodies at the dilution sug-
gested by the suppliers. After washing three times with PRST (0.05%
Tween 20 in PBS), the blots were then incubated for 1 h with goat
anti-rabbit IgGs or goat anti-mouse IgGs conjugated with horseradish
peroxidase (1:4000). After the membranes were washed three times
with PBST, bound conjugates were visualized with an ECL detection
system (PerkinElmer Life Science). For detection of GM1, the mem-
branes were probed with CTB-biotin (1:500) and detected with an ABC
leit {Vector Laboratories). To analyze the effects of the reduced GT1b
expression, the transfectant cells were cultured with exogenous GT1b
(50 paf) and used for immuncblotting as described above after confir-
mation of GT1b incorporaticn on the cell surface with flow cytometry.

Immunoprecipitation—Cells were lysed with lysis buffer (10 mm
Tris-HCl, pH 7.4, 10 mM EDTA, 1% Nonidet P-40, 0.4% deoxycholate, 60
mM B-octylglucoside, 1 mM™ phenylmethylsulfonyl fluoride, 1 mm
Na,VO,, 0.1 mg/ml aprotinin). After sonication (3 X 20 s), insoluble
material was removed by centrifugation at 4 °C (10,000 X g for 2 min).
The lysate was incubated with antibodies at 4 °C overnight. The im-
mune-complex was precipitated after incubation with protein A-Sepha-
rose¢ (Amersham Biosciences) for 2 h. The beads were washed three
times with the lysis buffer, and the precipitates were solubilized in a
Laemmli sample buffer by heating for 3 min at 98 °C.

TrkA Receptor Cross-linking—Cells were plated at a density of 6 X
10%/10-cm dish, and serum-starved for 1 h before NGF treatment. Then,
cells were washed with plain medium without serum and treated with
NGF (50 ng/m)) for 5 min at 37 °C. The medium was removed, and cells
were washed twice with ice-cold PBS, and then cross-linked using 1 mM
BS3 in a cross-linking buffer {25 mM HEPES, pH 8.5, 120 mx™ NaCl, 6
mM KC}, 1 mM MgCl,, 10 mmM EGTA) at 4 °C for 1 h. The cross-linking
reaction was terminated by adding 1 m Tris-HCL (pH 7.4) to a final
concentration of 0.1 M. Then, cells were washed twice in Tris-buffered
saline and lysed in the lysis buffer as described above. TrkA was
immunoprecipitated, and immunoprecipitates were separated on a 7%
gel with an acrylamide/bisacrylamide ratio of 200:1. Samples were
transferred onto membranes and immuncblotted with an anti-Trk an-
tibody (B-3).

Isclation of Raft Fraction—Microdomain rafts were prepared using a
non-detergent extraction method essentially as deseribed by Song ef al,
{15). Ceils were plated at a density of 2 X 107/15-cm dish and cultured
up to 90% confluency, and five dishes of cells were used for each
preparation. After being washed twice with ice-cold PBS, the cells were
scraped in 1 ml of 0.5 M sodium carbonate buffer, pH 11.0. The cells
were homogenized sequentially using a loose fitting Dounce homoge-
nizer (10 strokes), a Polytron tissue grinder (three 10-s bursts), ard a
sonicator {three 20-s8 bursts). All procedures were carried out at 4 °C.
The homogenate (1 ml) was then adjusted to 45% {(w/v) sucrose by
adding 1 ml of 90% (w/v) sucrose prepared in 2x MNE buffer (25 mM
Mes, pH 6.5, 150 mM NaCl, 5 mm EDTA). The final pH of the mixture
was 10.2. A discontinuous sucrose gradient was formed by overlaying 2
m! of 353% (w/v) sucrose onto the mixture, and then 1 ml of 5% (w/v)
sucrase was overlaid. Both of these layers were prepared with MIWE
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Fic. 1. Expression levels of gangliosides in the transfectant eells. The cell surface expression levels of ganglicsides in each cell line were
analyzed by flow cytometry. A, actual flow cytometric patterns of gangliosides examined are presented. Cells were stained with the anti-ganglioside
mAbs. Controls were prepared with second antibody alone and presented by thin lines with dark shading. B, expression levels of gangliosides are
shown on the basis of mean fluorescence intensities. The mean flucrescence values with individual antibodies were subtracted with thase of
corresponding controls. The expression levels of gangliosides were indicated in the abscissa with logarithm. V1 and V2 are vector control cells
transfected with a vector alone, and M3 and M6 are GM1* cells. C, to compare the distribution pattern of GM1 in the cells, we used CTB-Alexa555
far staining cell surface GM1. Whereas GM1 showed the patched distribution in vector control cells, it was distributed throughout the plasma
membrane with much stronger intensity in GM1* cells. The criginal magrification is X400, and two panels at the botfom are 2.5-fold more

magnified.

containing 0.25 M sodium carbonate. The samples were centrifuged at
20,000 X g in an SW50.1 rotor for 16 h at 4 °C. From the top of the
gradient, 0.5 ml of each fraction was collected to vield 10 fractions. The
compenents in each fraction were concentrated by centrifugation at
100,000 X g for 2 h at 4 °C in MNE buffer, and precipitates were
resolved in the lysis buffer and used for immunoprecipitation or West-
ern immunoblotting.

NGF-TrkA Cross-linking—Cells were resuspended in a hinding
buffer (Hanks’ containing 1 mgfml each of glucose and bovine seram
albumin) at 5 X 10° cells/m! and incubated at 4 °C for 1 h with 1 nM
1ZLNGF (2750 dpm)}. To correct the nonspecific binding, unlabeled
NGF (1 pM) was added during the binding. To cross-link NGF with
TrkA, BS3 was added to a final concentration of 1 mm to the reaction
mixture, and the mixture was incubated at 4 °C for 1 h. After the
cross-linking reaction was terminated, cells were washed and lysed in
the lysis buffer. The lysates were used for immunoprecipitation with an
anti-Trk antibody, and the immunoprecipitates were separated using a
7% ge! as described above. ***I-NGF-bound proteins were detected with
autoradiography using an imaging plate and BAS2000 Bioimage Ana-
lyzer™ (Fujifilm, Tokyo),

NGF Binding Assay—Cells were resuspended in a binding buffer at
1 % 10% cells/0.2 ml and incubated at 37 °C for 45 min with various
concentrations (5 pM to 10 nn) of 12°I-NGF. The reaction mixture was
overlaid onto 5% bovine serum albumin in 0.32 M sucrose and was

centrifuged at 10,000 X g for 1 min at 4 °C. The supernatants were
collected, and the tips of tubes containing the cell pellets were cut off. A
1,000-fold excess of unlabeled NGF was used to assess the nonspecific
binding. The radioactivity was counted in a y-counter, and the results
were analyzed on the basis of Scatchard plot.

In Vitro Kinase Assay—The PC12 lysate was used for immunopre-
cipitation with an anti-TrkA antibody as described above. Immunopre-
cipitates were washed twice with the lysia buffer and twice with the
Tris-buffered saline containing a phasphatase inhibitor (100 uM
Na,V0,). Immunoprecipitates were resuspended in a tyrosine kinase
assay buffer (50 mm HEPES, pH 7.4, 20 mM MnCl,, 5 mM MgCl,, 1 M
dithicthreitol, 100 aM Na,VO,, 5 pCi/sample [v-*?P)JATP) and then
incubated for 10 min at 30 °C in the presence of various concentrations
of GM1. The kinase reaction was terminated by adding Laemmli sam-
ple buffer followed by boiling. Relative kinase activity was measured by
scanning the bands in the autoradiogram as described above. The
effects of GM3 or GT1b were also examined for comparison.

Immunofluorescence Study—Cells were cultured on a poly-L-lysine-
ccated coverslip, and cells were fixed with 4% paraformaldehyde in
PBES. Then, cells were treated with CTB-Alexa555 (10 pg/ml) in PBS for
1 h at 4 °C. The fixed cells were analyzed with a confocal laser miere-
scope Fluaview FV500™ (Olympus, Tokyo).

Rho Kinase Assay—To determine the alteration in the activation
levels of Rho, activated Rho was isolated and analyzed with the method
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of Ren et al. {16) using a Rho Activation Assay kit (Cytoskeleton,
Denver, CO) according to the manuofacturer's instruction. Cells were
plated at a density of 6 X 10%/10 e dish. After being washed, cells were
lysed with lysis buffer, and the cell Jysates were centrifuged at 10,000 %
g for 5 min at 4 °C, and the supernatants were incubated with Rho-
tekin-RBD heads under rotation for 1k at 4 *C. The beads were washed
three times with the lysis buffer, and the precipitates were sclubilized
in a Laemmli sample buffer, heated for 3 min at 98 °C, and then
separated in SDS-PAGE. Eound Rho proteins were detected by Western
immuncblotting using an anti-Rho polyclonal antibody in the kit.
Measurement of the Membrane Fluidity by Fluorescence Recovery
after Photobleaching—{Cells were cultured on a glass bottom dish coated
with poly-D-lysine, and the medium was replaced with a standard
externa!l solution (10 mM Hepes, 150 mM NaCl, 5 mm KCl, 2 mM CaCl,,
1 mm MgCl,, 10 mM glucose) prewarmed at 37 °C. A fluorescent probe,
Dil (DilIC,,; D-252, Meclecular probes, Eugene OR) was added to the
standard external solution at 2.5 pg/ml and incubated for 10 min, to be
incorporated into the cell membranes. FRAP analyses were performed
with a confocal laser scanning microscope (Olympus) equipped with a
stage heater at 37°C. A small area of the labeled membrane was
photobleached by full laser power (100%), resulting in the immediate
reduction of the intensity of fluorescence. A selected area (3-um square)
on the labeled cell membrane was photobleached for 8—15 s by a 488-nm
laser beam. Then, the flucrescence recovery in the photobleached area
was immediately recorded using a time-lapse opticn of the system until
the fluorescence was recovered at a plateau level. Relative recovery in
fluorescence intensity was calculated for 60 s after photobleaching and
analyzed by Microsoft Excel. FRAP was calculated by a ratio of post-
bleach intensity/pre-bleach intensity, and the membrane fluidity was
evaluated by comparing the percentage of FRAP to a plateau as follows.
Fluorescence intensities at a pre-photobleach state and the post-photo-
bleach intensities at a plataau were expressed as average values of 10
scans. In each experiment, the value obtained at pre-photobleach was
taken as 100% and that at just after photobleach was taken as 0% te
compensate for the differences among experiments, The half-maximal

recovery of fluorescence (f.4) was also calculated on the basis of the
duration () of fluoreseence recovery reaching a plateau.

RESULTS

Expression of Gangliosides in GM1 Synthase Gene Transfec-
tant Cells (GM1* Cells)—After the transfection of PC12 cells
with a GM1 synthase gene expression vector {pMIKneo/M1T-
9}, or pMIKneo, two transfectant lines (M1 and M3) and two
vector controls (V1 and V2) were established, respectively. Ex-
pression profiles of gangliosides were examined by flow eytom-
etry (Fig. 14). The mean fluorescence values of individual gan-
gliosides obtained by subtracting those of corresponding
controls are shown in Fig. 1B. Among the gangliosides exam-
ined, expression levels of GM1 and fucosyl-GM1 markedly in-
creased in the transfectants (M3 and M6). Expression levels of
other gangliosides showed no apparent change compared with
those in the vector control lines (V1 and V2) except that GT1b
expression level reduced after the transfection. To compare the
distribution pattern of GM1 on the cell membrane, we stained
the cultured cells with CTB-Alexa555. Whereas GM1 in vector
control cells showed a weak and patched distribution, those in
the GM1* cells showed very strong staining and a uniform and
thick distribution throughout the plasma membrane (Fig. 1C).

No Neurite Extension with NGF in PCI2 Cells Transfected
with GM1 Synthase eDNA—To examine the effects of GM1
expressed endogenously on NGF-induced differentiation, the
GM1"* cells and vector controls were cultured with or without
50 ng/m! NGF for § days. Fig. 2 shows the morphological
change in controls and GM1™ cells after 5 days of NGF treat-
ment. As reported previously, cell proliferation was reduced
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Fic. 3. Reduced phosphorylation of TrkA and ERKI1/2 after NGF treatment in the transfectant cells. A, time courses of the
phosphorylation levels of TrkA in the vector controls (VI and V2) and the GM1™ cells (M3 and M6) were analyzed. Cells were treated with NGF
(50 ng/ml) for the times indicated. TrkA was immunoprecipitated with an anti-Trk antibody (C-14), and immunoblotting was carried out using
PY-20 (upper) or anti-TrkA antibody (bottom). B, activation of ERK1/2. Cells were treated as described in A and were then lysed with Nonidet P-40
lysis buffer, and total lysates were separated by 12% SDS-PAGE. Western blotting was carried cut using an anti-phoesphorylated ERK1/2 antibody
(upper} or an anti-ERK1/2 (lower). A similar experiment was repeated, and essentially similar results were cbtained. C, GM1 synthase gene
transfectants were treated with GT1b (50 uM) for £ h, and the cell surface GT1b was detected with flow cytometry {lef?). Then, phosphorylation of
ERK1/2 after NGF treatment was examined as described above (right). Note that there are no differences between M3 and Mé in B and those in C.

and neurite formation was observed in vector control cells (Fig.
2A). In contrast, the GM1* cells showed no neurite extension,
although cell proliferation was not affected (Fig. 2, A and B}.
Quantitative analysis of the neurite formation revealed that
only 10-20% of GM1™ cells showed neurites longer than twice
the cell diameter even on day 4 of culture (Fig. 2C). On the
other hand, 80% of control cells showed neurites longer than
twice the diameter, Although the vector controls showed little
neurite outgrowth when treated with low density of NGF (5
ng/rol), the pretreatment with GM1 (50 pan) enhanced the out-
growth as previously reported (12, 13) (data not shown). In
contrast, GM1* cells showed no neurite outgrowth even when
stimulated with a high concentration of NGF (100 ng/ml) (data
not shown).

Reduced Phosphorylation of TrkA and ERKs with NGF
Treatmeni—It has been known that exogenously added GM1
enhanced NGF-induced neurite extension. Te determine the
effects of the overexpressed GM1 on NGF-derived signals in the
GM1* cells, the time course of tyrosine phosphorylation of Trk
after NGF treatment was investigated, Tyrosine phosphoryla-
tion of TrkA was detected at 5 min after NGF treatment and
gradually reduced in the control cells (Fig. 3A), On the other
hand, tyrosine phosphorylation of TrkA was scarcely detected
in the GM1™ cells. As for the downstream ERK1/2 phospheryl-
ation, only weak phosphorylation was found at 5 min after the
NGF stimulation in the GM1* cells correspondingly with the
reduced phosphorylation of TrkA (Fig, 3B). In the control cells,
the phosphorylation of ERK1/2 was clearly detected at 5 min
after NGF treatment with subsequent slow reduction. Immu-

noblots with anti-ERK1/2 antibody demonstrated that applied
lysates contained equivalent amounts of ERE proteins (Fig. 3B,
bottom panels). To examine the effects of the reduced GT1b
expression level in the GML1™ cells, the transfectant cells were
cultured in the presence of exogenous GT1b and were analyzed
for the phosphorylation of ERK1/2. GT1b was well incorporated
on the membrane (Fig. 3C). The phosphorylation patterns of
ERK1/2 after NGF stimulation showed no change after GT1b
incorporation, suggesting that the reduced NGF signals in the
GM1™ cells were not due to the loss of GT1b expression.
NGF Binding Was Equivalent between the Controls and
GM1* Cells—Using gradually diluted *?I-labeled NGF, NGF
binding to the controls and to the GM1™ cells was investigated
as described under “Experimental Procedures.” Nonspecifie
binding of ***[-labeled NGF was determined by adding excess
amounts {X1000) of cold NGF, and the values were used to
subtract from the individual counts. The 1#*I.]abeled NGF spe-
cifically bound to PC12 cells in a dose-dependent manner. The
Scatchard plots indicated that PC12 cells express two kinds of
NGF receptors, i.e. a high affinity receptor and a low affinity
receptor, as previously reported. B, ., values calculated from
the high affinity binding curves were 2.52 % 10% pmol/10® cells
and 2.62 X 107 pmol/10® cells for V1 and V2, respectively.
Thaose for M3 and M6 were 2.08 % 10? pmol/10° cells and 2.44 %
10?2 prol/10® cells, respectively (Fig. 4). In addition, the disso-
ciation constants (K, values} of NGF were 0.55 and 0.53 nw for
V1 and V2, respectively, and K values for M3 and M6 were
0.46 and 0.56 nM, respectively (Fig. 4). There were no signifi-
cant differences in the binding levels and kinetics between the
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FIG. 4. NGF binding was equivalent between the controls and GM1* cells, Using gradualiy diluted '?*I-labeled NGF, NGF binding to the
vector controls and GM1* cells were investigated. Two vector control cells and two GM1™* cells were analyzed. Nonspecific binding was obtained
by adding 1000-fold excess amounts of unlabeled NGF, and the values were used for the subtraction. Scatchard plot analysis was performed, and
the results of individual samples are presented. Insets are the binding curves, Note that there is no significant difference in the binding kinetics
between the controls and GM1* cells. B, values calculated from the high affinity binding curves are expressed with the unit (X 102 pmal/105 cells)
in the individual figures.

Fi16.5. Reduced dimerization of
TrkA with NGF treatment in GMI1
synthase gene transfectant cells, The
cell surface proteins were cross-linked
with B33 under NGF treatment as de-
scribed under “Experimental Proce-
dures.” After eross-linking, TrkA was im-
munoprecipitated and  detected by
immunoblotting using an anti-TrkA anti-
body. The results were reproducible in
three independent experiments. The ar-
row represents the TrkA monomer; ar-
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FiG. 6. Reduced dimerization and binding of dimers with NGF
in the transfectant cells as shown with ligand-receptor cross-
linking. Cells were incubated with ***[-NGF (1 nM) at 4 °C for 1 h and
then with a cross-linker BS3 for 1 h. TrkA was immunoprecipitated and
analyzed. A, bands represent TrkA bound with '2*I-NGF, TrkA mono-
mer (arrow) and dimer {arrowhead) were found in vector control cells
{lznes I and 3), whereas mainly monomer form of TrkA was detected in
GM1* cells. B, an evidence for the binding specificity. When binding
was carried out in the presence of a 1000-fold excess of unlabeled NGF
{(indicated with *+7}, the bands completely disappeared, suggesting that
NGF epecifically bound to TrleA.
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Fic. 7. Alteration in the flotation in
a sucrose gradient of NGF receptors
in the GM1* cells. Cells were lysed un-
der detergent-free conditions, and the ex-
tracts were fractionated. Fractions were
subjected to immuneblotting analysis us-
ing the antibodies against the proteins
indicated. GML was detected with CTB.
A, the results of vector control cells. B, the
results of GM1* cells. Note an increased
ratio of TrkA and P75"™® in non-raft frac-
tions (6-10) in the GM1™* cells.

Fiotillin

B

vi

FractionNo. 1 2 3 4 5 6 7 8 910

GM1 - - 1—--—--

Suppression of NGF Signals with Qverexpressed GM1 in PC12

control cells and the GM17 cells, suggesting that overexpressed
GM1 did not disturb the NGF binding itself.

Reduced Dimerization of TrkA with NGF Treatment in the
GMI™ Cells—The GM1" cells showed neither neurite exten-
sion nor signal activation after NGF treatment. Then, TrkA
dimerization after NGF treatment was investigated. The cell
surface proteins were cross-linked with BS3 under the NGF
treatment as described under “Experimental Procedures.” Af-
ter cross-linking, TrkA was immunoprecipitated from the eell
lysates, and separated in a 7% gel followed by immunocblotting
using anti-TrkA antibody (B-3). The immuncblotting showed
high molecular mass bands (about 300 kDa) corresponding to
TrkA dimer at 5 min after NGF treatment in control cells. On
the other hand, the dimer bands of TrkA were scarcely found in
the GM1™* cells (Fig. 5).

Reduced Complex Formation between TrkA Dimer and NGF
in the Transfectants—Based on the reduction in the phospho-
rylation and dimerization of TrkA in the GM1* cells, we ques-
tioned whether NGF binding to TrkA is attenuated by overex-
pression of GMI1. The simple binding assay showed no
differences as shown in Fig. 4. Then, the dimer formation was
markedly reduced in GM1™ cells (Fig. 5). Therefore, we exam-
ined NGF binding to TrkA monomer and dimer with cross-
linking experiment. Cells were incubated with *2°I-NGF (1 nm)
at 4 °C for 1 h, and then with a cross-linker BS3 for 1 h. TrkA
was immunoprecipitated and analyzed by SDS-PAGE and au-
toradiography. Radioactive bands, corresponding to the *°I-
NGF-bound TrkA monomer (~150 kDa) and **I-NGF-bound
dimer {(~300 kDa}, were found in vector control cells (Fig. 64).
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Fic. 8. GM1 differently affects TrkA
tyrosine kinase activity in vitro. Im-
munoprecipitation with anti-Trk anti-
body was performed. Immunoprecipitated
TrkA was mixed with various concentra-
tions of GM1 (4), GM2 or GT1k (B), and
its kinase activity was measured by add-
ing [y-**PJATP and incubating for 10 min
at 30 °C, followed by SDS-PAGE and au-
toradiography. Relative intensity of each
band was measured by National Insti-
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In contrast, dimer bands were hardly detected in GM1* cells,
whereas the band intensities of the monomer were equivalent
with those in the controls. These findings indicated that the
monomer form of TrkA in the GM1™ cells binds with NGF at
the similar level with that in the control cells, although the
transfectant cells could not form TrkA dimer or could not bind
with NGF, if present. Taken together with the results in Fig. 5,
the former case appeared more likely. When binding was car-
ried out in the presence of a 1000-fold excess of unlabeled NGF
(Fig. 68), all bands completely disappeared, suggesting that
NGF specifically bound to TrkA, :

Alteration in the Flotation in a Sucrose Gradient of NGF
Receptors in GM1 Synthase Gene Transfectant Cells—Because
GM1 has been considered to be localized in lipid rafts, overex-
pression ¢f GM1 may affect the nature of rafts. Then, we
examined the effects of GM1 overexpression on the intracellu-
lar localization of NGT receptors (TrkA and p75%™) by isclat-
ing lipid rafts with a detergent-free method. Ten fractions from
the discontinuous sucrose gradient were prepared and ana-
lyzed for distribution of p75™TY, TrkA, and raft markers, such
as flotillin. The distribution of Ras as well as GM1 was also
analyzed. Immunoblot analysis showed that most of flotillin,
Ras, and GM1 were found in fractions 3 and 4 containing the
raft fraction (Fig. 7A). The majority of TrkA and p75N™F were
also detected in this raft fraction. These results indicated that
PC12 cells contained the lipid raft in buoyant density, GM1
content, and protein constituents. To our surprise, the distri-
bution pattern of TrkA and P75%T® dramatically changed in
the GM1™* cells (Fig. 7B). The main portions of TrkA and
p75™™ were detected in the non-raft fraction comprising frac-
tions 6-10, suggesting that the distribution of NGF receptors
are strongly affected with the expression levels of GM1, prob-
ably based on the modification of the properties of GEM/rafts.
The Ras protein also moved in part from the raft to the non-raft
fraction, whereas GM1 and flotillin consistently existed in the
raft fraction.

GM1 Differentially Regulates TrkA Tyrosine Kinase—To an-
alyze direct effects of GM1 on the TrkA kinaze activity, immu-
noprecipitated TrkA was used for the in vitro kinase assay in
the presence of various concentrations of GM1. As shown in
Fig. BA, low concentrations of GM1 rather enhanced the kinase
activity, whereas relatively high concentrations of GM1 (>500
pM) suppressed the kinase in a dose-dependent manner. To
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Relatlve kinase activity (%}
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examine the specificity of GM1 in the enhancing effect on the
TrkA kinase activity, GM3 or GT1lb was also added to the
kinase assay system at various concentrations (Fig. 8B). Con-
sequently, as shown in Fig. 8B, clearly neither GM3 nor GT1b
ephanced TrkA activity at any concentration as GM1 did.

Rho Is Not Modulated in the GM1 Synthase Gene Transfec-
tants—Because RhoA has been shown to be involved in the reg-
ulation of neuronal differentiation and neurite outgrowth (17),
overexpression of GM1 might suppress the neurite extension by
modulating the Rho activity. Then, we ezamined the activation
level of Rho in the GM1 synthase gene-transfectant cells. Acti-
vated Rho was not detected in either the vector controls or the
GM1* cells, although LPA could induce an activated Rho band
(data not shawn). Therefore, it was not likely that GM1 affected
the Rho kinase activity'in the transfectant cells.

High Expression of GM1 Resulted in the Reduction of Mem.-
brane Fluidity—Because the GMI1* cells showed reduced
dimerization of the TrkA receptor (Figs. 5 and 6), and an
altered intracellular localization of TrkA receptors (Fig. 7), we
thought that overexpression of GM1 might affect the mem-
brane fluidity. Then, we examined the effects of overexpression
of GM1 on the plasma membrane fluidity in live cells using a
FRAP system as described under “Experimental Procedures.”
To examine the membrane fluidity in living cells with FRAP
experiments, we stained cell surface GM1 by using CTB-Al-
exab55. As shown in Fig. 1C, GM1* cells were stained uni-
formly and strongly, and vector control cells showed patched
distribution with low intensity. Furthermore, CTB-Alexa555
rapidly underwent endocytosis within 5-10 min, causing trou-
bles to compare FRAP between these two cell types. In con-
trast, cell surface membranes were uniformly and moderately
stained with Dil in both the vector controls and GM1™ cells.
Therefore, we used Dil instead of CTB-Alexab55 for cell surface
labeling in FRAP experiments. Cells were loaded with 2.5
pg/ml Dil for 10 min, then photobleach was applied to plasma
membrane and the fluorescence recovery in these bleached
regions was monitored. Fluorescence of Dil was markedly lost
after photobleaching, and recovery was observed for ~60 s after
photobleaching. Although the fluorescence recovery of mem-
brane in vector control cells was 41.37%, the recovery in the
GM1" cells was 24.8% (Fig. 9B). The £, values of fluorescence
recovery were 7.27 = 1.9 5 and 9.36 * 2.8 s for vector control
and GM1 synthase gene transfectants, respectively (Fig. 9C).
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These data suggested that overexpression of GM1 reduced the
membrane fluidity and might result in the interference with
the dimerization and phosphorylation of TrkA.

DISCUSSION

The characteristic expression patterns of gangliosides in the
nervous tissues during development have suggested that they
play important roles in the neurogenesis of vertebrates (18).
Glycosyltransferase genes responsible for the synthesis of gan-
gliosides also showed correspending expression patterns dur-
ing brain development (19). Because exogenously added gan-
gliosides induced differentiation of neuronal cells in vitro (20),
various gangliosides are thought to have neurotrophic effects,
and have been administrated to experimental animals after
generating artificial neurological damages or disorders by me-
chanical or chemical manipulation (21), by the injection of toxic
reagents (22) or by ischemic treatment (23). Although various
gangliosides have often had positive effects presumably due to
their neurotrophic activity, it has been difficult to elucidate the
molecular mechanisms for the effects of gangliosides endog-
enously generated in the cells or tissues.

A number of studies have been performed to investigate the
effects of gangliosides on the function of nerve growth factor
receptors {12, 13, 24 -27). Physical and functional association of
GM1 with NGF receptor TrkA was reported {24-26). Activa-
tion of TrkA with GM1 (24, 26), or enhancement of the TrkA
dimerization due to NGF with GM1 (25) was also reported.
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Ferrari et al. (13) reported that GM1 alone could at least partly
replace the activity of NGF. In particular, Mutch et al. (12)
reported that exogenously added GM1 tightly binds to TrkA
and enhances the phosphorylation of TrkA when stimulated
with NGF. Rabin et al. (27) showed that GM1 activated Trk
receptors via the induction of neutrophin release. However, it is
not clear whether exogenously added GM1 actually acts in the
same way as endogenously generated GMI, because the den-
sity and molecular topology of the added GM1! on the cell
membrane are hard to be determined. Its molecular form and
effect in the liquid on the cultured cells are also difficult to be
precisely determined.

Using a cloned GM1/GD1b/GAl synthase gene (5), we have
tried to modify the ganglioside composition of PC12 cells and
succeeded in obtaining clones expressing higher levels of GM1.
Although the gene produet had activity to produce not only
GM1 but GD1b (5}, the resulting transfectant cells expressed
increased levels of GM1 and fucosyl-GM]1, and reduced levels of
GT1b. Consequently, we conld analyze the effects of GM1 de-
rived from introduced cDINA on the response to NGF.

In the response toa NGF, GM1* cells showed much reduced
reaction in both the neurite extension and the activation of
TrkA/ERK1/2 signaling pathway. The vector control cells
showed fairly good neurite formation and prompt phosphoryl-
ation of TrkA upon NGF treatment. ERK1/2 were also acti-
vated quickly with a peak at 5 min after NGF treatment. In



