A Ganglioside-induced Toxic Soluble A3 Assembly

min, the synaptosome-rich interface was removed and recen-
trifuged to remove any remaining Ficoll.

RNA Interference—Stealth™ small interfering RNA (siRNA)
duplex oligoribonucleotides against PC12 cell TrkA (Gen-
Bank™ number NM_021589) and the p75 neurotrophin
receptor (p75NTR) (GenBank™ number NM_012610) were
synthesized by Invitrogen. The siRNA sequences used were as
follows: rTrkA-siRNA (position 1370) sense (5'-GCCCUC-
CUCCUAGUGCUCAACAAAU-3') and antisense (5'-AUUU-
GUUGAGCACUAGGAGGAGGGC-3'); rTrkA-siRNA-con-
trol sense (5'-GCCCUCCGAUCUCGUCAACAUCAAU-3")
and antisense (5'-AUUGAUGUUGACGAGAUCGGAGGGC-
3"); rp75-siRNA (position 1212) sense (5'-CAGCCUGAA-
CAUAUAGACUCCUUUA-3") and antisense (5-UAAAG-
GAGUCUUAUAUGUUCAGGCUG-3); rp75-siRNA-control
sense (5'-CAGGUAAACAUAUAGUCCCUCCUUA-3") and
antisense (5'-UAAGGAGGGACUAUAUGUUUACCUG-3").
The control siRNA had a random sequence. siRNA oligonu-
cleotides were transfected into PC12 cells using Lipofectamine
2000 (Invitrogen) according to the manufacturer’s protocol.

RESULTS

Toxicity of AB Assembly Formed from Arctic-type AB—We
treated primary neurons with seed-free wild- or Arctic-type
AP, which had been preincubated for 2 h in the absence or
presence of GM1 ganglioside (10 or 20% molar ratio in the lipids
composing liposomes). Unexpectedly, extensive neuronal
death was observed in the culture treated with Arctic-type AS,
which had been preincubated for 2 h in the presence of GM1
ganglioside at a 10% molar ratio in liposomes (Fig. 1A). The
extent of neuronal death under this condition was greater than
that under any other conditions examined in this study (Fig. 1,
A and B).

To quantitatively characterize the toxic AB assembly, we
examined its toxicity against NGF-treated PC12 cells (PC12N
cells). We found that PC12N cells are also sensitive to the toxic
AP assembly formed from Arctic-type AS (Fig. 1C). We per-
formed an LDH release assay of cultures of PC12N cells under
various conditions. The level of LDH released from the PC12N
cells, which were treated with the toxic Af assembly, increased
depending on A dose (Fig. 1D), GM1 ganglioside dose (Fig.
1E), and the duration of the exposure of the cells to the toxic A3
assembly (Fig. 1F). In regard to the time course of Af preincu-
bation with GM1 ganglioside, the level of released LDH
increased with peak value at 2 h and then decreased in conjunc-
tion with an increase in the ThT fluorescence intensity of the
incubation mixtures (Fig. 1G).

The Toxic AP Assembly Is Soluble—Importantly, the toxicity
of the AB incubated in the presence of GM1 ganglioside was
observed exclusively in the supernatant obtained by ultracen-
trifuging the incubation mixture (Fig. 24), suggesting that the
toxic A assembly is soluble. To examine the possibility that a
TApis formed in the presence GM1 ganglioside, we performed
dot blotting using an oligomer-specific antibody (anti-Oligo)
(23). TAB in the incubation mixtures was readily recognized by
anti-Oligo (Fig. 2B). The specificity of TA recognition by anti-
Oligo was confirmed by the finding that TA toxicity was sig-
nificantly neutralized by coincubating the mixtures with anti-
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Oligo in the cultures of PC12N cells and primary neurons (Fig.
2C). However, coincubation with a monoclonal antibody
{4396C), which inhibits AB fibrillogenesis through binding to
GM1 ganglioside-bound Af as a seed (40), failed to inhibit the
induction of TAS toxicity (Fig. 2D).

TAB Formation from Wild-type AB—We then examined
whether TAB is also formed from wild-type AB (AB40). We
first investigated how TAP is formed from wild-type A in the
presence of liposomes containing GM1 ganglioside. Interest-
ingly, TAP is favorably formed from wild-type A in the pres-
ence of GM1 ganglioside at a 15% molar ratio in liposomes (Fig.
3A). TAB toxicity was not significant in the nanomolar range of
AB (Fig. 3B).

Biophysical and Structural Features of TAB—To determine
the biophysical and structural features of TAB, we performed
SDS-PAGE of the incubation mixtures containing TAB. How-
ever, no high molecular weight bands corresponding to possible
AP assemblies were detected. Bands were observed only after
cross-linking pretreatment with glutaraldehyde (Fig. 44), con-
sistent with previous findings showing that soluble AB assem-
blies are probably degraded by denaturing gel electrophoresis
{6) unless they are cross-linked (44, 45). A morphological anal-
ysis of TAB by electron microscopy failed to detect any definite
structure under conditions in which protofibrils, which had
been prepared as previously reported (30), were readily detect-
able (Fig. 4B). In contrast, spherical particles with diameters of
10-20 nm, along with rod-shaped structures, were observed by
AFM in the supernatant obtained by ultracentrifuging the incu-
bation mixtures containing TAf3 (Fig. 4C). We then determined
the molecular mass of TAp by size exclusion chromatography,
which was followed by dot blotting using anti-Oligo. The
immunoreactivity was recovered as a single peak with relative
molecular masses of 200300 kDa (Fig. 4D). The recovery of
TAB immunoreactivity in the same fraction was also observed
in the incubation mixture containing wild-type AS (AB40) and
GM1 ganglioside at a 15% molar ratio in liposomes (Fig. 4D).
Furthermore, the collected peak showed a significant toxicity
against PC12N cells (Fig. 4E).

TAB Formation in the Presence of Natural Neuronal
Membranes—Next, we tested whether TAB can be formed in
the presence of natural neuronal membranes. We incubated
Arctic-type ABin the presence of synaptosomes prepared from
brains of mice from three different age groups. The degree of
TAp formation was significantly higher in the incubation mix-
ture containing synaptosomes prepared from the hippocampus
of aged (2-year-old) mouse brains than in any other incubation
mixtures, including those containing synaptosomes from the
hippocampus or the whole brain minus the hippocampus from
younger (1-month-old and 1-year-old) mouse brains (Fig. 54).
To determine the possibility that an alteration in the lipid
composition of neuronal membranes, particularly GM1 gan-
glioside, underlies the acceleration of TAB formation, we
determined the levels of GM1 ganglioside, cholesterol, and
phospholipids in synaptosomes prepared from hippocampi
of young (1-month-old) and aged (2-year-old) mouse brains.
Notably, the GM1 ganglioside level significantly increased,
whereas cholesterol level significantly decreased with age
(Fig. 5B).
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FIGURE 1. Toxicity of Ap assembly formed in the presence of GM1 ganglioside against primary neurons and PC12N cells. A, primary cortical neurons cultured
for 48 h in serum-free N2-supplemented medium were treated at 37 °C for 48 h with incubation mixtures containing seed-free wild-type AB (A340) or Arctic-type A3
(AB40) atafinal concentration of 25 um, which had been preincubated at 50 umand 37 °Cfor 2 h in the absence or presence of GM1 ganglioside-containing liposomes.
The GM1 ganglioside concentration in the incubation mixtures was 500 um; the molar ratio of GM1 ganglioside in liposomes varied as indicated. Neurons were stained
with calcein AM (Invitrogen)/ethidium homodimer, showing green staining for viable cells and red staining for dead cells. Bar, 50 um. B, the number of viable neurons
in the culture shown in A was determined. Each column indicates the average of three percentages * S.D. relative to that of control cultures in which neither AB nor
GM1 ganglioside was added. *, p < 0.0001 (one-way analysis of variance combined with Scheffe’s test). C, representative images of NGF-treated PC12 (PC12N) cells
treated at 37 °C for 48 h with incubation mixtures containing Arctic-type A (AB40) at a final concentration of 25 um, which had been preincubated at 50 umand 37 °C
for 2 h in the absence or presence of GM1 ganglioside-containing liposomes. The GM1 ganglioside concentration in the incubation mixtures was 500 um, and the
molar ratio of GM1 ganglioside in liposomes was 10%. Bar, 50 um. D and £, dose-response curves for the level of LDH released from cells treated with incubation
mixtures containing AB, which had been preincubated as described in C. The concentrations of AB and GM1 ganglioside varied as indicated. The LDH value indicates
the percentage level of LDH released following treatment with incubation mixtures relative to the level of LDH released following treatment with Triton X-100. D, the
points indicate LDH levels in the incubation mixtures containing GM1 ganglioside minus those lacking GM1 gangliosides, which were negligible below 25 um AB. F
and G, time course curves for level of LDH released from the cells treated with incubation mixtures containing A3, which had been preincubated as described in A. The
durations of cell treatment (F) and A preincubation in the presence of GM1 ganglioside (G) varied as indicated. ThT fluorescence intensities in the incubation mixtures
are also shown in G. D-G, each point indicates the average of four values * S.D.
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FIGURE 2. Recognition of toxic Af assembly by oligomer-specific anti-
body. A, the level of LDH released from PC12N cells treated at 37 °C for 48 h
with supernatant (sup) or precipitate (ppt) obtained by ultracentrifuging
(540,000 X g, 15 min) incubation mixtures (whole) containing Arctic-type A3
(AB40) at final concentration of 25 um, which had been preincubated at 50 um
and 37 °C for 2 h in the absence or presence of 500 um GM1 ganglioside (the
molar ratio of GM1 ganglioside in liposomes was 10%). Each value indicates
the percentage level of LDH released following treatment with incubation
mixtures relative to the level of LDH released following treatment with Triton
X-100. Each column indicates the average of three values = S.D. *, p < 0.0001.
B, dot blot analysis of supernatant (sup) obtained by ultracentrifuging incu-
bation mixtures (whole) containing Arctic-type Af alone, GM1 ganglioside
alone, or Arctic-type A plus GM1 ganglioside. The blots were reacted with
anti-Oligo (BIOSOURCE Inc., Camarillo, CA) or cholera toxin subunit B-horse-
radish peroxidase conjugate (Sigma) (CTX). C, the level of LDH released from
PC12N cells and primary neurons treated at 37 °C for 48 h with incubation
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FIGURE 3. TAB formation from wild-type AB. A, the level of LDH released
from NGF-treated PC12 (PC12N) cells treated at 37 °C for 48 h with incubation
mixtures containing Arctic-type AB (AB40), wild-type A (Aj340) at a final
concentration of 25 um, which had been preincubated at 50 umfor 2 hat 37 °C
in the presence of GM1-ganglioside-containing liposomes. The GM1 gangli-
oside concentration in the incubation mixtures was 500 um, and the molar
ratio of GM1 ganglioside in liposomes varied as indicated. Each value indi-
cates the percentage level of LDH released following treatment with incuba-
tion mixtures relative to the level of LDH released following treatment with
Triton X-100. Each column indicates the average of three values = S.D.* p <
0.0001. 8, the level of LDH released from PC12N cells treated at 37 °C for48 h
with incubation mixtures containing wild-type A at various concentrations,
which had been preincubated in the absence or presence of 500 um GM1
ganglioside (the molar ratio of GM1 ganglioside in liposomes was 15%). Each
pointindicates the LDH levelin the incubation mixtures containing GM1 gan-
glioside minus that of the incubation mixtures lacking GM1 gangliosides,
which was negligible below 25 um for wild-type AB.

Putative Mechanism Underlying TAB-induced Neuronal
Death—To characterize cell death induced by TAB, we per-
formed nuclear staining with a membrane-permeable dye,
Hoechst 33258. PC12N cells, which were treated with incuba-
tion mixtures containing TA for 12 h, showed characteristics
of apoptotic changes, including retracted neurites, shrunken

mixtures containing Arctic-type AB (Af340) at a final concentration of 25 um,
which had been preincubated at 50 um and 37 °C for 2 h in the presence of
GM1 ganglioside and anti-Oligo. Each column indicates the average of three
values x S.D. * p < 0.0001. D, the level of LDH released from PC12N cells
treated at 37 °C for 48 h with Arctic-type Ag, which had been preincubated in
the presence of GM1 ganglioside and 4396C. Each column indicates the aver-
age of three values = 5.D. n.s., not significant.
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FIGURE 4. Biophysical and structural analyses of TAB. A, Western blot of supernatants of incubation mixtures containing Arctic-type AS (AB40), which had been
incubated at 50 um and 37 °C for 24 h in the absence or presence of 500 um GM1 ganglioside (the molar ratio of GM1 ganglioside in liposomes was 10%). Ten
nanograms of AB in the incubation mixtures was subjected to SDS-PAGE (4-20% gradient gel) with (+) or without (—) cross-linking pretreatment using glutaralde-
hyde. The blot was reacted with 4G8. 8, electron micrographs of incubation mixture containing Arctic-type AS preincubated to allow protofibril formation (a) or of
incubation mixture containing TAB formed from Arctic-type AB (b). Typical protofibril structures were observed in a; however, no definite structures aside from
liposomes were observed in b. Bar, 100 nm. C, AFM image of fraction containing TAB formed from Arctic-type AS. The supernatant obtained by ultracentrifuging
(540,000 X g, 3 h) the incubation mixture containing TAS was subjected to AFM. Spherical particles along with rod-shaped structures were observed. No definite
structures were observed in the supernatants of incubation mixtures containing Arctic-type AB alone or GM1 ganglioside alone. The amplitude range is 0.1 V. Bar, 200
nm. D, size exclusion chromatography of incubation mixtures containing AS, which had been preincubated in the absence or presence of GM1 ganglioside, on a
Superose 12 column. Elution samples from 35 fractions were dot-blotted on nitrocellulose membranes. The blot was reacted with anti-Oligo or 4G8. The immunore-
activity with anti-Oligo was recovered as a single peak with an apparent molecular mass of 200-300 kDa. Five representative fractions are shown. Peaks 2 and 4
correspond to fractions containing TAB and monomeric AB, respectively. mAU, milli-absorbance unit. £, toxicities of peaks (2 and 4) collected from incubation mixtures
containing Arctic-type A (shown in D) against PC12N cells. Each column indicates the average of three values = S.D.* p < 0.0001.
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FIGURE 5. TA formation from Arctic-type Af incubated in the presence of synaptosomes. A, TAS forma-
tion was assessed by LDH release assay of PC12N cell cultures treated at 37 °C for 48 h with incubation mixtures
containing Arctic-type A (Af40) at a final concentration of 25 um, which had been preincubated at 50 um and
37 °Cfor 2 h in the absence or presence of synaptosomes {SPS) prepared from brains of mice of three different
age groups with or without anti-Oligo or an antibody specific to GM1 ganglioside (Calbiochem). Wh, whole
brain minus hippocampus; Hp, hippocampus. Each column indicates the average of four values = S.D.*, p <
0.0001; **, p < 0.005. B, lipid composition of synaptosomes prepared from young (1-month-old) and aged
(2-year-old) mouse brains. GM1 ganglioside levels were determined by densitoscanning the blot following
incubation with cholera toxin. Levels of cholesterol and phospholipids were determined using Determiner L
(Kyowa, Tokyo, Japan) and phospholipids C (Wako, Osaka, Japan), respectively. Each column indicates the

average of four values * S.D. ¥, p < 0.0001.
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FIGURE 6. Suppression of TAJ toxicity by the addition of exogenous
NGF. NGF-treated PC12 (PC12N), native PC12 cells, and primary neurons
were treated with the incubation mixture containing Arctic-type A
(AB40) at a final concentration of 25 um, which had been preincubated at
50 umand 37 °C for 2 h in the absence or presence of 500 uM GM1 gangli-
oside (the molar ratio of GM1 ganglioside in liposomes was 10%) and
exogenous NGF (100 ng/ml). TAB toxicity was assessed by an LDH release
assay in these cuitures. Each column indicates the average of three val-
ues = S.D. * p < 0.0001.
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cell bodies, and the condensation
and fragmentation of nuclei in con-
junction with an increase in the level
of LDH released from TAp-treated
PC12N cells (data not shown). To
determine if TAB toxicity is medi-
ated by NGF receptors, we first
treated PC12N cells, native PC12
cells, and primary neurons with
TAP in the presence of exogenous
NGE. In these cultures, cell death
was markedly prevented (Fig. 6). We
then knocked down the NGF recep-
tors, including TrkA and p75™TR, of
PC12 cells, SY5Y cells, and primary
neurons using specific siRNAs. The
knockdown of p75NT® or TrkA
markedly suppressed the cell death
induced by TAB in these cultures
(Fig. 7).

DISCUSSION

Here, we show that a highly toxic
soluble AB assembly (TAB) can be
formed more rapidly and to a
greater extent from Arctic-type Af
than from wild-type AB. Notably,
TAP formation requires GM1 gan-
glioside at certain densities. TAB is
probably formed via a pathway dif-
ferent from one that leads to amy-
loid fibril formation. Biophysical
and structural analyses by AFM and
size exclusion chromatography
revealed that TAP is spherical with
diameters of 10-20 nm and molec-
ular masses of 200 -300 kDa. The most striking feature of TA3
is its unique toxicity. Our results suggest that TAB induces the
NGF receptor-mediated apoptosis of cultured cells.

Accumulating evidence suggests that soluble AB assemblies
are formed as intermediates en route to amyloid fibril forma-
tion. This scenario is mainly supported by the formation of
soluble Af assemblies early during the incubation period in
vitro, which is frequently followed by the appearance of mature
fibrils (5, 6, 8, 13). Indeed, certain inhibitors of A fibrillogen-
esis are potent for blocking the generation of A3 oligomers (46).
In this study, TAB was preferably formed in the presence of
GM1 ganglioside at lower densities than those required for
amyloid fibril formation (36). Furthermore, a monoclonal anti-
body specific to a seed for amyloid fibril formation (40) failed to
inhibit TAB formation. These results suggest that TAB is
formed via a pathway different from a straightforward pathway
leading to amyloid fibril formation, as was previously suggested
in the formation of other soluble A assemblies (11, 12).

In this study, monomeric Arctic-type Af3 was converted to
TAPB more rapidly and to a greater extent than wild-type AS.
The propensity of Arctic-type Af3 to form toxic nonamyloid A8
assemblies has recently attracted interest (13, 30, 34); however,
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FIGURE 7. TAB toxicity mediated by NGF receptors. PC12 cells, SY5Y cells,
and primary neurons, which had been treated with siRNAs against TrkA
or p75NTR, were exposed to incubation mixtures containing Arctic-type AB
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it remains to be clarified how the assembly of Arctic-type AB is
accelerated compared with that of wild-type AB. We previously
found that AP fibrillogenesis from Arctic-type AB is also
enhanced in the presence of SDS as well as GM1 ganglioside
(36). Thus, taken together with the results of this study, it is
likely that the negatively charged membrane surface is a pre-
ferred environment for Arctic-type AB to form soluble and
insoluble assemblies. A previous study suggested that the lat-
eral distribution of GM1 ganglioside affects the spatial arrange-
ments of the oligosaccharide chain of a molecule (47). Thus, the
conformation of GM1 ganglioside may be modulated at certain
densities, providing a favorable microenvironment for TAB
formation.

Results of this study imply that GM1 ganglioside potently
accelerates the formation of not only amyloid fibrils but also the
soluble AB assembly. It has recently been reported that AS
oligomerization is induced in the presence of lipid rafts isolated
from brain tissues and cultured cells in a ganglioside-depend-
ent manner (48). Although further studies are necessary, it may
be assumed that GM1 ganglioside-rich membrane microdo-
mains, such as lipid rafts, provide a favorable environment that
facilitates the formation of soluble AB assemblies, including A3
oligomers and dimers (49).

In this study, the incubation of Arctic-type A with synapto-
somes prepared from aged mouse brains markedly induced
TAB formation. Furthermore, the level of GM1 ganglioside sig-
nificantly increased, whereas that of cholesterol significantly
decreased with age. Our observation of an age-dependent alter-
ation in lipid composition of neuronal membranes is in agree-
ment with the result of a recent study of cerebral cortices of AD
brains (38). Taking this together with our recent observation
that the level of GM1 ganglioside in synaptosomes increases
not only with age but also with the expression of apolipoprotein
E4 (37), it is possible that TAB can be formed in the brain in
association with the risk factors for AD development.

It was previously reported that Ap-derived diffusible
ligands potently alter NGF-mediated signaling in cultured
cells (11). Moreover, many previous studies suggested that
Ap toxicities emerge through the association with p75N™®
(50-56) (for a review, see Refs. 57-59). In particular, it is
noteworthy that AS toxicity mediated by p75™"® depends on
a death domain (60) in the cytoplasmic part of p75™ "% mol-
ecules (56). Evidence indicates the dual function of p75™"":
one for survival and the other for death (61) (for areview, see
Refs. 57 and 58). Furthermore, a previous study revealed that
heteromeric TrkA-p75™"® complexes have different func-
tions from homo-oligomeric TrkA or p75N™® alone (62).
Notably, the knockdown of either TrkA or p75™"® is suffi-
cient for suppressing TAP toxicity. Thus, it may be assumed
that the function of heteromeric TrkA-p75N™® complexes is

(AB40) at a final concentration of 25 um, which had been preincubated at 50
um and 37 °C for 2 h in the absence or presence of 500 um GM1 ganglioside
(the molar ratio of GM1 ganglioside in liposomes was 10%). TAB toxicity,
which was assessed by LDH release assay, was markedlx suppressed by the
knockdown of TrkA or p75N™. Decreases in TrkA and p75" ™R expression fevels
were confirmed by Western blotting of cell lysates using anti-TrkA and anti-
p75NT® antibodies, respectively. Each column indicates the average of three
values * S.D. ¥, p < 0.0001.
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perturbed by TAB binding to p75~™® or TrkA, leading to
apoptosis through the activation of the death domain of
p75NTR (for a review, see Ref. 58). However, it should be
noted that conflicting evidence also exists; the expression of
p75NTR protects against the toxicity of soluble Af assembly
or extracellular AB (63, 64). These opposite conclusions
imply that the signaling pathways of p75™"® are complicated
and that the functions of p75™N® vary depending on cell type
and context (for a review, see Ref. 57).

To date, various soluble AB assemblies with diverse struc-
tural features have been detected in a broad range of in vitro and
in vivo studies, which employed different techniques in prepar-
ing or isolating such assemblies. As previously reported (11, 65),
Ap assembles into multiple alternative structures. Thus, at this
point, it is difficult to determine whether TA is identical to or
distinct from previously identified soluble A3 assemblies. How-
ever, on the basis of its biophysical features, including its SDS
disaggregatability and unsuccessful detection on a carbon-
coated grid by EM, TAB probably differs from previously
reported A3 assemblies, particularly protofibrils, because most
protofibrils appear to adsorb equally onto carbon-coated grids
(65); moreover, no TA is detected by EM under conditions in
which protofibrils are readily detected. One interesting soluble
AP assembly is AB*56 (25). AB*56 may be a candidate AS
assembly responsible for plaque-independent cognitive decline
in AD; however, its biophysical features, including molecular
mass and marked stability in SDS-PAGE, make it distinct from
TAB.

Finally, this study indicates a novel pathological implication
of soluble A assemblies. It is well documented that early and
severe neuronal loss in the cholinergic basal forebrain in AD is
probably responsible for cognitive decline in AD patients. Pre-
vious studies suggested that cholinergic phenotype alone is
unlikely to be a sufficient condition for inducing neuronal death
in AD. Certain cholinergic neurons, such as those in the pon-
tomesencephalon, are unaffected in AD (66). Notably, cholin-
ergic neurons in the pontomesencephalon are free of NGF
receptors, whereas those in the basal forebrain, which are early
and severely affected in AD, have NGF receptors (67). Taken
together, our results suggest that soluble A B assemblies, such as
TAB, are responsible for the loss of NGF-dependent neurons in
the cholinergic basal forebrain in AD. A future challenge is the
production of a monoclonal neutralizing antibody against TAS
toxicity, which would provide promising therapeutic strategies,
as suggested by in vitro and in vivo studies that selectively tar-
geted AP oligomers (68, 69).
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Abstract

A clear understanding of cell fate regulation during differentiation is key in

successfully using stem cells for therapeutic applications. Here, we report that mild

electrical stimulation strongly influences embryonic stem cells to assume a

neuronal fate. Although the resulting neuronal cells showed no sign of specific

terminal differentiation in culture, they showed potential to differentiate into

various types of neurons in vivo, and in adult mice contributed to the injured

spinal cord as neuronal cells. Induction of calcium ion influx is significant in this

differentiation system. This phenomenon opens up possibilities for understanding

novel mechanisms underlying cellular differentiation and early development, and

perhaps more importantly, suggests possibilities for treatments in medical

contexts.
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Introduction

Embryonic stem (ES) cells are pluripotent cells that can, in vivo and ex vivo, give

rise to cells of different fates. Through induction, ES cells form embryoid bodies (EBs);

and in this way, ES cells are capable of differentiating into a variety of tissue types,

such as extraembryonic endoderm and neural and muscle tissue, and so on {1-3]. Many

growth factors and signaling pathways initiate differentiation and modulate the course

of cellular differentiation [4-7]. Several reports show that, with the application of certain

growth factors or the alteration of culture conditions, ES cells can differentiate in a

relatively efficient manner into specific neuronal cell types that are destined to become

certain neuronal tissues [5,8-11].

Another important factor that possibly influences developmental processes and is

central for cellular homeostasis is transmembrane ion distribution. Unequal distributions

of ions between the intra- and extracellular compartments yield electrical potential,

which is crucial for neural transmission. Jons also play a role in shaping neuronal

circuits during development via neural transmission; ions induce functional and

structural refinement of synapses and neuronal networks by modulating activity-
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dependent gene transcription [12,13]. Despite the important role of ionic density in
development, very little information is available on the roles of intra- and extracellular
ionic density in cell-fate determination. Here, we report that electrical stimulation can
bias the fate of differentiating ES cells towards neuronal lineages. Growth factor-
induced ES cells usually differentiate into rather restricted neuronal cell types. In
contrast, electrically induced ES cells that ultimately differentiate into neurons are
plastic in their capacity to differentiate into a wide variety of specific cell types. These
ES cells are pluripotent, capable of differentiating into any neuronal lineage found

within the various neuronal tissue types we examined.
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Materials and Methods

Fluorescent ES cells

Venus-expressing ES cells were prepared by transfecting R1 ES cells with a construct

containing Venus driven by a CAGGS promoter. R1 ES cells were a generous gift from

Dr. Andreas Nagy. The ‘Venus construct was made from plasmids kindly provided by

Dr. Jun-ichi Miyazaki[14,15].

Differentiation method in cell culture

The protocol for ES cell differentiation is schematized in Figure 1. Embryoid bodies

(EBs) were made by culturing R1 ES cells with DMEM containing 10% FCS without

leukemia inhibitory factor (LIF) in non-coated bacterial petri dishes (Nunc). After 3

days of culture, electrical stimulation was applied to cells in a 4-mm gap cuvette under

several voltage conditions (0V, 5V, 10V, and 20V; see supplemental data). One train of

5 pulses (950-ms inter-pulse interval) was delivered with an electroporater (CUY21E;

Tokiwa Science). For cell culture experiments, stimulated EBs were maintained in

DMEM with 10% FCS (GIBCO) on poly-D-Lysine-coated plates (BD). Ten days after
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stimulation, cells were fixed in paraformaldehyde in pﬁosphate buffered saline (pH 7.4)
for immunocytochemical analyses. For animal experiments, Venus-positive EBs were
stimulated similarly (10 V, same 5-pulse train) and then dissociated with trypsin-EDTA
for 3 min. Dissociated cells were injected into either mouse embryos or adult spinal

cords.

Immunostaining

Cultured cells or histological sections were processed for immunostaining using the
following antibodies: anti-TuJ1 mouse monoclonal antibody (mAb) (1:500; BAbCO),
anti-GFP rat mAb (Nacalai), anti-Hu human pAb (1:1000; a generous gift from Dr.
Robert Damell), anti-Ki67 rat mAb (DAKO), anti-MAP2 mouse mAb (1:200;
Chemicon), anti-ChAT rabbit pAb (1:200; Chemicon), anti-Isletl mAb (1:400; DSHB),
anti-Pax6 mAb (1:200; DSHB), anti-Pax7 mAb (1:400; DSHB), anti-MNR2 mAb
(1:400; DSHB), and anti-Nkx2.2 mAb (1:400; DSHB). Histological sections were
stained with the protocol described previouly [16], and immunostained images were

obtained with an LSM-510 confocal laser microscope (Carl Zeiss, Germany) by
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sequential scanning and analyzed with adjunctive software attached to the LSM-510.
The thickness of the histological sections was less than 7 um, and the z-axis sampling of

the confocal images was less than 1 pm.

Measurement of intracellular Ca™ concentration

ES cells or EBs were loaded with the Ca™* fluorescence indicator fura-2 by incubating
the cells in Hank’s balanced salt solution (HBSS) containing 2 pM fura-2 AM
(Molecular Probes) and 0.01% cremophor-EL (Sigma) at room temperature for 30 min.
After loading, cells were washed in fresh HBSS and incubated an additional 15+ min
prior to analysis of intracellular Ca>* concentration ([Ca2+]i). [Ca2+]i was analyzed with
an inverted fluorescent microscope (IX-70, Olympus) equipped with a filter exchanger
(Lambda 10-2, Sutter Instruments) and a cooled charge-coupled device camera
(MicroMax, Roper Scientific). One train of 5 pulses (950-ms inter-pulse interval) was
delivered with an electroporater (CUY459G20; Neppagene). The following optics were
used: excitation filter, 340HT15 and 380HT15 (Omega Optics); dichroic mirror,

430DCLP (Omega Optics); emission filter, 510WT40 (Omega Optics); objective lens,
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Uapo/340 20x/0.75 (Olympus). Metafluor 5.0 software (Universal Imaging) was used to

control the system and analyze acquired images [17].

Spinal Cord Injury Model

Spinal cord injury was induced with a modified NYU impactor as described previously
[18]. Briefly, female C57BL/6J mice were anesthetized with an intraperitoneal injection
of ketamine (100 mg/kg) and xylazine (10 mg/kg). After laminectomy at the T9 level,
the dorsal surface of the dura matter was exposed. The vertebral column was stabilized
with fine forceps and clamps at the T7 and T10 spinous processes and ligament, and
then the animal’s body was lifted. A 3-g weight (1.2-mm-diameter tip) was allowed to
drop from a height of 25 mm onto the dorsal surface of the dura matter. The muscles
and the incision were then closed in layers, and the animals were placed in a
temperature-controlled chamber until thermoregulation was reestablished. Manual
bladder evacuation was performed twice per day until reflex bladder emptying was

reestablished.
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Results
Cell fate determination of electrically stimulated cells in culture

We examined the influence of inter- and intracellular ionic balance on

differentiation fate by application of weak electrical pulses. Embryoid bodies (EBs)

were stimulated at one of several intensities via an electrode (Fig. 1). The EBs were

cultured for 10 days, then fixed to assess differentiation fate (Fig. 1). Assessment for

various markers (i.e., mainly for muscle and neural tissue) indicated that R1 ES cells

showed no neuronal or myocytic differentiation, regardless of whether they were

electrically stimulated (Fig. 2A, 2B, 2M, and 2N). In contrast, EBs receiving electrical

stimulation showed robust neuronal differentiation; control EBs (i.e., those receiving no

stimulation) showed little differentiation (Fig. 2). Almost all colonies of EBs receiving

10 V stimulation contained cells immunoreactive for TuJl, a marker for early

committed neuronal cells, whereas less than 10% of control colonies contained TulJi-

positive cells derived from EBs receiving zero-volt stimulation (Fig. 2A and 2C). We

confirmed the neuronal identity of the cells from colonies that received 10 V

stimulation: the majority of these cells were MAP2 immunoreactive (Supplemental Fig.

s1). while 20-30% of cells showed immunoreactive to MAP?2 by retinoid treatment.
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It is noteworthy that the neuronal cells in our system differentiated in a significantly

shorter time than those in most of other systems that use growth factors to initiate cell

differentiation [5,10,11]. The differentiation efficiency slightly decreased in cells that

received 20 V stimulation compared to that in cells that received milder stimulation.

Although the morphology of these cells also clearly differed (e.g., thicker dendritic

processes than the ones receiving milder stimulation), all expressed TuJl (Fig. 2J). The

size and number of colonies produced from cells stimulated with 20 V did not clearly

differ from the size and number of colonies produced from the unstimulated cells. The

size and number of colonies produced from cells stimulated with 5-15 V also did not

differ. We note that the cell number and cell death did not show significant difference

among EBs with or without electrical stimulation after outgrowth on the poly-D-Lysine

plate (tunnel assay showed 11-13% of cell death at 1 days and 3 days after outgrowth of

EBs with electrical stimulation and without stimulation).

In general, we observed few muscle progenitors as a result of electrical stimulation,

even though a slight but insignificant, increase in muscle progenitors was observed for

EBs receiving 5-V- stimulation (Fig. 2B, 2D). In addition, we did not observe cells
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