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Figure 1. Experimental design. Embryoid bodies (EBs) were made by
culturing embryonic stem (ES) cells with DMEM containing 10% FCS
in noncoated bacterial petri dishes (Nunc). Electrical stimulation was
applied to cells in a 4-mm gap cuvette under several voltage conditions
(0, 5. 10, and 20 V; see supplemental data). For cell culture experiments,
stimulated EBs were maintained in DMEM with 10% FCS on poly-p-
Lysine-coated plates. For animal experiments, Venus-positive EBs were
stimulated similarly (10 V, same 5-pulse train) and then dissociated with
trypsin-EDTA for 3 minutes. Dissociated cells were injected into
C57BL/6 blastocysts. Abbreviations: DMEM., Dulbecco’s modified Ea-
gle’s medium; FCS, fetal calf serum.

http://www invitrogen.com) on poly(p-lysine)-coated plates (BD,
Franklin Lakes, NJ, http://www.bd.com). Ten days after stimula-
tion, cells were fixed in paraformaldehyde in phosphate-buffered
saline (pH 7.4) for immunocytochemical analyses. For animal ex-
periments, Venus-positive EBs were stimulated similarly (10 V,
same five-pulse train) and then dissociated with trypsin-EDTA for
3 minutes. Dissociated cells were injected into either mouse em-
bryos or adult spinal cords.

Immunostaining

Cultured cells or histological sections were processed for immuno-
staining using the following antibodies: anti-TuJl mouse monoclo-
nal antibody (mAb; 1:500; BAbCO, Berkeley, CA, http://www.
babco.com), anti-GFP rat mAb (Nacalai, Kyoto, Japan, http://www.
nacalai.co.jp), anti-Hu human polyclonal antibody (pAb; 1:1,000; a
gift from Dr. Robert Darnell), anti-Ki67 rat mAb (DAKO, Glostrup,
Denmark, http://www.dako.com), anti-MAP2 mouse mAb (1:200;
Chemicon, Temecula, CA, http://www.chemicon.com), anti-ChAT
rabbit pAb (1:200; Chemicon), anti-Islet] mAb (1:400; Develop-
mental Studies Hybridoma Bank [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 sec-
tions were stained with the protocol described previously [16], and
immunostained images were obtained with an LSM-510 confocal
laser microscope (Carl Zeiss, Jena, Germany, http://www.zeiss.
com/) by 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 | 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 uM fura-2 AM (Molecular Probes Inc., Eu-
gene, OR, http://probes.invitrogen.com) and 0.01% cremophor-EL
(Sigma Chemicals, St. Louis, MO, hitp://www.sigmaaldrich.com/)
at room temperature for 30 minutes. After loading, cells were
washed in fresh HBSS and incubated an additional 15+ minutes
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before analysis of intracellular Ca®* concentration ([Ca**]).
[Ca®*); was analyzed with an inverted fluorescent microscope (IX-70,
Olympus, Tokyo, http://www.olympus-global.com) equipped with a
filter exchanger (Lambda 10-2, Sutter Instruments, Novato, CA, http://
www sutter.com/index.html) and a cooled charge-coupled device cam-
era (MicroMax, Roper Scientific, bitp://www.roperscientific.com/).
One train of five pulses (950-millisecond interpulse interval) was
delivered with an electroporater (CUY459G20; Nepa Gene, Chiba,
Japan, http://www.nepagene.jp). The following optics were used: ex-
citation filter, 340HT15, and 380HT13; dichroic mirror, 430DCLP;
emission filter, SIOWT40 (all from Omega Optics, Austin, TX, http://
www.omegaoptics.comV/); and objective lens, 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 anes-
thetized 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 TI0 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
min 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 reestab-
lished. Manual bladder evacuation was performed twice per day until
reflex bladder emptying was reestablished.

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 were stimulated at one of several
intensities via an electrode (Fig. 1). The EBs were cultured for
10 days, and 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 elec-
trically stimulated (Fig. 2A, 2B, 2M, 2N). In contrast, EBs re-
ceiving electrical stimulation showed robust neuronal differen-
tiation; control EBs (i.e., those receiving no stimulation) showed
little differentiation (Fig. 2). Almost all colonies of EBs receiv-
ing 10-V stimulation contained cells immunoreactive for TuJ I,
a marker for early committed neuronai cells, whereas less than
10% of control colonies contained TuJl-positive cells derived from
EBs receiving 0-V stimulation (Fig. 2A, 2C). We confirmed the
neuronal identity of the cells from colonies that received 10-V
stimulation: The majority of these cells were MAP2 immunoreac-
tive (supplemental Fig. S1), whereas 209%-30% of cells showed
immunoreactivity to MAP2 by retinoid treatment.

It is noteworthy that the neuronal cells in our system differ-
entiated in a significantly shorter time than did those in most of
other systems that use growth factors to initiate cell differenti-
ation [S5, 10, 11]. The differentiation efficiency decreased
slightly in cells that received 20-V stimulation compared to that
in cells that received milder stimulation. Although the morphol-
ogy of these cells also clearly differed (e.g., thicker dendritic
processes than in the ones receiving milder stimulation), all
expressed Tull (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 un-
stimulated cells. The size and number of colonies produced from
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Figure 2. Effect of electrical stimulation on embryonic stem (ES) cell differentiation in culture. (A-D): Increasing, mild electrical stimulation
disproportionately biases ES cell differentiation toward a neuronal fate. Percentage of colonies containing cells that express the neuronal marker TuJ1
(A). and those that express the muscle marker a-actinin (B): Black, filled circles, original ES cells; white open circles, ES cells cultured for 1 day
to make embryoid bodies (EBs; before electrical stimulation); blue, filled circles, ES cells cultured for 2 days to make EBs (before electrical
stimulation); and red, filled circles, ES cultured for 3 days to make EBs (before electrical stimulation). Number of TuJ I -positive cells per colony (C)
and a-actinin-positive cells per colony (D), both as a function of stimulation intensity. Daggers indicate p < .001 and asterisks indicate p < .05
compared to Tul1-positive cells in zero-volt condition. Statistical differences between groups were assessed with Student’s 7 test. A p value of at least
p < .05 was considered significant. Numbers in parentheses in (C) and (D) indicate the number of colonies containing TuJ I-positive cells. (E-G):
Appearance of unstimulated control EBs. Although the majority of colonies did not contain TuJI-positive cells (E), a few Tul1-positive cells were
present (G). (F): Nuclear staining of EBs in (E) shows the density of cells. (H-L): Appearance of stimulated EBs. Anti-TuJ1 immunostaining of EBs
subjected to either 5- (H), 10- (I), or 20-V (J) pulse stimulation. (K): Higher magnification of anti-TuJ| immunostained EBs stimulated with 10 V.
(L): Anti-a-actinin immunostained EBs stimulated with 10 V. (M): Nuclear staining demonstrates the existence of cells and lack of anti-TuJl
immunostaining of ES cells. (N): Neuronal differentiation of ES cells was not induced. Nuclear stain was propidium iodide. Scale bars = | mm (E-G),
100 pum (H-J, L), 500 pm (K), and 200 pum (M, N).

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 out-
growth on the poly(D-lysine) plate (tunnel assay showed 11%—
13% of cell death at | day 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 differentiating into glial cells in our system (i.e., no glial
fibrillary acidic protein [GFAP]-immunoreactive cells; supple-
mental Fig. S1). Electrical stimulation induced EBs to differen-
tiate somewhat specifically into neuronal cells. However, be-
cause we failed to observe various differentiation markers (e.g.,
Islet]l, Pax6, Pax7, MNR2, Nkx2.2, tyrosine hydroxylase,
GADGS5, Isletl) for specific neuronal cell types within 10 days
of culture in immunocytochemical analysis, whereas we de-
tected slight elevation of transcription of Pax6, NeuroD1, and
some LIM-homeodomain genes by RT-PCR after 10 days of
culture (data not shown), it is most likely that the TuJ 1-positive

cells of this ex vivo system did not reach the stage at which such
neuronal markers are expressed.

Importance of Calcium Ion Influx for Modulation of
Differentiation Fate

The mechanism that modulates fate determination in this system
is unknown. To determine this mechanism, first, we examined
the role of calcium by measuring intracellular Ca** concentra-
tion in ES cells and EBs before and after electrical stimulation
(Fig. 3). It is well established that Ca** is an important signal
transducer or modulator [19]. ES cells or EBs loaded with the
fluorescent Ca*”* indicator fura-2 were electrically stimulated
[17], and the resulting fluorescence was measured. ES cells
showed no change in fluorescence emission after electrical
stimulation, indicating that electrical stimulation did not induce
release or uptake of Ca’" in ES cells (Fig. 3B). In contrast,
numerous cells within EBs showed small but significant
changes in fluorescence after electrical stimulation, indicating
that this stimulation induced an increase in Ca®" concentration
in EBs (Fig. 3A). Addition of the Ca** chelator EGTA (25 mM)
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Figure 3. Electrical stimulation-induced calcium influx into cells.

(A-C): Changes of [Ca® ], in embryoid bodies (EBs) (A, B) and in ES
cells (C) after electrical stimulation. Ratio of fluorescence excitation
intensities at 340 nm to 380 nm is plotted as a function of time. Filled
arrowheads indicate time of electrical stimulation. Three typical patterns
are displayed for each plot. Inset in (A) shows a fluorescent image of
fura-2-loaded EBs excited at 380 nm. The culture medium contained
either 2 mM Ca’* (A, C) or 25 mM EGTA (B). Cells were stimulated
at 30 V (5-6 W) in this experiment. Due to the different buffer
composition for this experiment, a higher voltage was required to
produce comparable power (5-6 W) to that produced in the 10-15-V
condition of the experiments presented in Figure 1. This stimulus
intensity (one associated with 5-6 W) induces neuronal differentiation.
(D): Mean number of neuronal cells counted per colony in the presence
and/or absence of the calcium chelator EGTA and stimulation with
electric pulses (EP). The number of neuronal cells decreased dramati-
cally when Ca** was absent from the medium. The same stimulation
condition that yielded Tull-positive cells failed to yield neuronal cells
when 25 mM EGTA was added to the medium. Open bars show data for
incubation without EGTA and closed bars with EGTA. Number of
colonies counted is indicated in parentheses. Again, due to the differ-
ence in culture conditions in this experiment, cell growth was largely
disturbed in comparison with the conditions used in the experiments of
Figure |. The absolute number of cells after culturing was approxi-
mately one-tenth of the number of cells in the experiments presented in
Figure 1. Statistical differences between groups were assessed with the
Student’s 1 test. Error bars are SEM. p = 00057 for comparison (*)
between stimulated EBs with EGTA present and stimulated EBs with
EGTA absent.
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to the EB culture medium before electrical stimulation pre-
vented any measurable change in fura-2 fluorescence (Fig. 3C),
indicating that the source of Ca>* was extracellular rather than
intracellular.

To determine the significance of Ca®* influx for electrically
induced neuronal differentiation, EBs were electrically stimu-
lated in the presence or absence of EGTA, and then these were
cultured in the absence of EGTA and monitored for signs of
differentiation fate. EBs electrically stimulated in the presence of
EGTA failed to assume a neuronal fate, whereas those stimulated
in the absence of EGTA assumed a neuronal fate (Fig. 3D). These
results indicate that Ca®"* influx is, at the very least, necessary for
neuronal cell fate determination in this system.

It is possible that this Ca®>" influx was not mediated by
ionic channels, but instead, simply by physical disruption of the
cell membranes caused by electrical stimulation. We believe
that the latter is unlikely, because the emission ratio for fura-2
was significantly lower in electrically stimulated cells com-
pared to that in cells with membrane fractures (Fig. 3A), sug-
gesting that the increased Ca®* influx did not result from
passive influx caused by membrane fractures. In addition, we
observed no blue staining in the cells when we applied trypan
blue to the culture medium at the time of stimulation with
parameters that successfully induced neuronal differentiation.
However, we did observe staining in cells stimulated with
higher voltage pulses (data not shown). The lack of trypan
blue staining with milder stimulation parameters indicates
that our parameters were sufficiently weak to avoid membrane
fractures. Thus, the increased Ca®" influx we observed was
most likely mediated by Ca®>" ion channels, which probably
play a key role in fate determination in our model system.
However, we could not determine the type of Ca>* channel at
work in this system by applying inhibitors such as nifedepine or
w-conotoxin MVIIC. In addition, we could not detect significant
expression of subunits from either of Ca® channels L, N, and
P/Q types, by reverse transcriptase polymerase chain reaction
(RT-PCR) analysis on EB after 3 days of aggregation (data not
shown).

Incorporation of Electrically Stimulated ES Cells
into Neural Tissues of Embryos

To determine whether electrically stimulated EBs were capable
of differentiating into mature neurons in vivo, stimulated or
unstimulated EBs were injected into mouse embryos, and the
fate of these cells was traced during the course of embryonic
development. In this set of experiments, we used an ES cell line
ubiquitously expressing Venus, an enhanced yellow fluorescent
protein derivative [14]. When injected into mouse blastocysts,
line LCVLI10 ES cells incorporated equally into the bodies of
embryos and neonatal mice. As before, ES cells expressing
Venus were induced to make EBs, which were then either
stimulated with 10-V pulses or were unstimulated, and then
injected into mouse blastocysts (supplemental Fig. S2). Thirteen
embryos and 15 embryos were recovered from the 10-V and
unstimulated conditions, respectively.

Unstimulated EBs failed to incorporate into specific tissues
in most embryos tested (10 of the 11-days-postcoitum [dpc]
embryos and five of the 3-dpc embryos; supplemental Fig. S2).
We observed fluorescence nonspecifically across the embryo and
in extraembryonic structures, such as in the yolk sac of two em-
bryos (one from Il-dpc and the other from 13-dpc embryos;
supplemental Fig. S2; supplemental Table S2). The 1 I-dpc embryo
that ES cells heavily contributed showed abnormality (supplemen-
tal Fig. §2). In two other 11-dpc embryos, strong fluorescence was
observed only in the yolk sac, whereas virtually none was observed
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in the embryo proper (data not shown). In the remaining 11 em-
bryos, EBs did not incorporate (data not shown).

Cells arising from the stimulated EBs (EPs) tended to in-
corporate into neural tissue (supplemental Fig. S2; supplemental
Table S2). We recovered nine embryos at 11 dpc and four
embryos at 13 dpc. All of these recovered embryos were mor-
phologically normal. Upon closer examination in whole-mount
preparations, fluorescence appeared to be primarily localized to
dorsal structures (i.e., the central nervous system [CNS]) in
seven embryos (four of the 11-dpc embryos and three of the
13-dpc embryos) with small pockets of fluorescence in other

Figure 4. Distribution of electrically stimu-
lated embryonic stem (ES) cells implanted in
mouse embryos. An embryo at 11 days post-
coitum (dpc) was sectioned to examine cell-
type specificity of incorporated fluorescent ES
cells in the central nervous system (CNS).
Incorporation of ES cells into brain (A—C) and
spinal cord (D-Q), shown in transverse sec-
tions. Green fluorescent puncta are anti-GFP-
positive cells expressing Venus (A, C, D, G,
H, K), red are TuJl-positive cells, indicating
differentiated neurons (B, E, G, I, J), and blue
shows nuclear staining with TO-PRO3 (Mo-
lecular Probes) (F, G, J, K). Small boxes in
D-G show areas of high magnification pre-
sented in H-K, respectively. (L-Q) High
magnification images of a 13-dpc embryo
showing that ES cells differentiated into a
variety of neuron types, including motor neu-
rons, interneurons, or their precursors. Green
signals represent GFP, and red signals, Islet]
(L-N), Pax6 (O—Q). Scale bars = 500 um
(A-C), 250 pm (D-G), 50 wm (H-K), and 40
pm (L-Q). Abbreviation: GFP, green fluores-
cent protein.

structures, including the peripheral nervous system (PNS). In
addition, in two of the 11-dpc embryos, we observed minor
fluorescence in the PNS. For one embryo acquired at 13 dpc, the
heart emitted strong fluorescence, and the PNS emitted weak
fluorescence (supplemental Table S2). In summary, we ob-
served that ES-derived Venus positive cells contributed primar-
ily to CNS in 7 embryos among 13 recovered embryos when
electrical stimulation is applied.

To determine whether incorporated EBs differentiated into
proper neurons, we assessed several neuronal markers immuno-
histochemically. Transverse sections of two embryos recovered
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Figure 5. Longitudinal sections of injured, adult mouse spinal cords
injected with electrically stimulated or nonstimulated cells. (A-D):
Hematoxylin-eosin staining. Injured spinal cords 57 days after trauma
was induced without injection of ES cells (ES; control) (A). (B-D):
Untreated or treated ES cells were injected 7 days after injury. Histo-
logical analysis was performed 50 days after injection with unstimulated
ES cells (B), with nonstimulated EBs (C), or stimulated EBs (EP) (D).
Scale bar = | mm. (D}: Incorporation of electrically stimulated EBs
into injured adult spinal cord. (Db): Cells derived from stimulated EBs
(EP) are positive for GFP. (De): ES cells from stimulated EBs differ-
entiated into Hu-positive neuronal cells. Abbreviations: EB, embryoid
body; EP, electropulsed; ES, embryonic stem; GFP, green fluorescent
protein.

as 11 dpc and one from 13-dpc embryo were prepared and double
immunostained for GFP and one of the following neuronal makers:
Tull, Isletl, Pax6 (Fig. 4), LIM3, Pax7, or MNR2 [20]. All three
preparations of CNS structures clearly contained numerous double-
immunostained cells, as shown in Figure 4, for Islet] and Pax6 (i.e.,
cells that were immunoreactive for both GFP and one of the
above-mentioned neuronal markers), suggesting that, in vivo, cells
from electrically stimulated EBs can differentiate into proper func-
tional neurons. Although electrically stimulated cells tended to
incorporate into ventral spinal cord to form motor neurons and
interneurons, they can, in principle, incorporate into various neural
structures across the dorsoventral axis to form different types of
mature neurons (Fig. 4). With respect to the anteroposterior axis,
we also found GFP-labeled cells in forebrain, hindbrain, brain
stem, and spinal cord (Fig. 4).
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Together, our data demonstrate that electrically stimu-
lated EBs differentiate primarily into early committed neu-
ronal cells. These cells are plastic and can differentiate into
a variety of specific neuronal cell types in accordance with
the environment.

Electrically Stimulated EBs Contribute to Injured
Adult Spinal Cords

Our embryo experiments prompted us to examine whether elec-
trically stimulated EBs are capable of differentiating into neu-
rons when grafted into the injured spinal cords of adult mice.
Stimulated EBs produced from Venus-expressing ES cells were
injected into spinal cords of mice 7 days after injury, and their
survival and phenotype within the spinal cord was assessed 50
days after transplantation (Fig. 5D). As control experiments, we
also grafted unstimulated EBs or unstimulated ES cells into the
spinal cords of adult mice (Fig. SA-5C). In each animal, 10"
cells were injected in a volume of 5 ul. Of the five animals
injected with stimulated EBs, one failed to survive due to injury,
and all of the others showed evidence of incorporation into the
spinal cord as neuronal cells. Two of five animals injected with
unstimulated EBs and three of six animals injected with un-
stimulated ES cells died within 50 days. All of the survivors
from both of these control experiments showed tumorigenic or
pathogenic features (Fig. 5B, 5C).

Immunostaining revealed that a large part of electrically
stimulated EBs were capable of differentiating into Hu-positive
neuronal cell types (Fig. 5D; Fig. 6A-6D). We detected no cells
that differentiated into GFAP-positive astrocytes or NG2-posi-
tive oligodendrocytes (data not shown). In these experiments,
approximately 80% of grafted cells assumed a neuronal lineage,
clearly expressing neural markers including Hu (Fig. 6A-6D,
6M). Furthermore, Venus-positive cells also immunostained
for MAP2, indicating that the exogenous cell population differ-
entiated into neurons (Fig. 7A-7C). On the contrary, even
surviving animals possessed few Hu-positive neuron-like cells
derived from unstimulated EBs or ES cells (Fig. 6E-6M).
Notably, in all the survivors, we observed pathology within the
grafts (e.g., infiltration of inflammatory cells, such as macro-
phages, or ectopically formed tubular structures surrounded by
epithelia-like cells; Fig. 5B, 5C). In both cases, many of the
injected cells were reactive for phosphorylated histone H3
(phospho-H3) or Ki67 antibodies, suggesting that the grafted
cells maintained proliferative activity and thus can be tumori-
genic (Fig. 6E-6L, 6N). On the other hand, stimulated EBs
showed essentially no phospho-H3 and Ki67 immunoreactivity
(Fig. 6A-6D, 6N).

In summary, stimulated EBs contributed robustly to form
neurons within the spinal cord, whereas unstimulated and stim-
ulated ES cells, as well as unstimulated EBs, formed few neu-
rons (Fig. 5). In addition, grafts appeared to display pathological
features (Fig. 5).

To analyze in more detail the fate of these neural cells, we
performed additional immunohistochemical analyses using an-
tibodies against several neuronal markers. ChAT and Isletl,
markers found in spinal motor neurons, colocalized within Ve-
nus-expressing cells (Fig. 7D-7F; data not shown) [21], indi-
cating that grafted cells have the potential to differentiate into
motor neurons. We detected a few parvalbumin- and y-ami-
nobutyric acid-positive cells among the Venus-expressing cells
that displayed typical neuron-like morphology (Fig. 7G-71; data
not shown). Stimulated EBs incorporated quite well into spinal
cord tissues, differentiating into a variety of neuronal cell types
and mixing with the recipients’ own cells (Fig. 7).

These experiments with injured spinal cord established that
stimulated EBs are capable of differentiating into mature neu-
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Figure 6. Stimulated EBs frequently
adopted the appearance of neuronal cells
when injected into spinal cord. (A-D): Al-
most all the cells derived from stimulated
EBs (EP) displayed Hu immunoreactivity
but not Ki67 immunoreactivity, whereas
cells derived from unstimulated EBs (EB;
E-H) or ES cells (I-L) displayed Ki67 im-
munoreactivity but not Hu immunoreactiv-
ity. (M): Graph showing the percentage of
cells that coexpress both GFP and Hu. (N):
Graph showing the percentage of cells that
coexpress both GFP and Ki67. Percentages

100, 7 100,

HWGFP

Ki67/GFP

indicated were average of percentages of Hu-
or Ki67-positive cell counts obtained by tal-
lying the GFP-positive cells observed in
more than 10 different focal planes of each
EP, EB, and ES examined. Green, blue, and
red signals indicate GFP, Hu, and Ki67 im-
munoreactivity, respectively (A-L). Scale
bar = 50 um. Abbreviations: EB, embryoid
body: EP, electropulsed; ES, embryonic
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rons when inserted into an in vivo environment. It is possible
that injury to the spinal cord provided environmental cues
necessary to direct differentiation. This hypothesis is supported
by findings that adult neuronal stem cells differentiate into glial
cells in response to spinal cord injury [22-24]. Growth factors
and cytokines are released, and these factors, in turn, can mod-
ulate proliferation and differentiation of neuronal stem cells
[25-28].

DISCUSSION

ES cells that have initiated differentiation steps will preferentially
assume a neuronal fate when electrically stimulated. In comparison
with other systems that produce neural cells from ES cells, the
neuronal cells in our system differentiated in a significandy shorter
period than did those produced by other methods [5, 10, 11].
Moreover, these stimulated ES cells could be easily transplanted
into animal tissues. According to our observations, the differenti-
ation process can be divided into three steps: (a) destabilization of
undifferentiated ES cells, (b) modulation of cell fate direction, and
(c) differentiation to a mature, terminal cell state. Unlike other
induction methods, electrical stimulation seems to work only dur-
ing the second step. There are several reports on electrical stimu-
lation-induced neurite extension and growth cone guidance cue of
PCI2 cells or some neural cells [29-33], which are mostly destined
to neural fate, but not pluripotent, as ES cells are. In these reports,

EB EP

stem; GFP, green fluorescent protein.

electrical stimulation alters their morphology, which probably cor-
responds to the third or even later phase of developmental process
in this scheme.

These cells possess terminal differentiation plasticity, requiring
further steps to determine a neuronal destiny. They failed to express
any specific markers indicative of mature neurons ex vivo, and
were flexible or plastic; thus, the differentiation course of these
multipotent cells can be further molded by the environmental
context and can differentiate into cells suitable for the region in
which they have been transplanted. Indeed, the cells derived from
treated EBs showed varied neural specificities, both when in-
jected into blastocysts and when implanted into adult spinal
cords. Electrically stimulated EBs seem to incorporate into the
CNS with no specific preference for anterior-posterior or dorso-
ventral axes, as we observed that the injected cells contributed to
the entire CNS in our blastocyst injection experiments. Some
induction protocols may specifically direct cells to preferentially
contribute to certain tissues. For example, the protocol that uses
retinoids directs cells to differentiate toward cell types located in
posterior structures [34].

A large proportion of the cells (approximately 80%)
derived from stimulated EBs displayed neuronal identities
when injected into injured spinal cord, an environment that
is non-neurogenic (Fig. 5). This amount of neural differen-
tiation is extremely high in comparison with that observed
by Ogawa et al. [35], who adopted a similar experimental
design with in vitro expanded neural stem/progenitor cells
derived from fetal spinal cord. In the present study, the cells
we grafted differentiated into various types of neurons, as
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Figure 7. Stimulated embryoid bodies (EBs) adopted the appearance
of various types of neuronal cells when injected into spinal cord. (A-C):
Almost all the cells derived from stimulated EBs (electropulsed [EP])
displayed MAP2 immunoreactivity, indicating that they had differenti-
ated into mature neurons. Some of the cells derived from EPs expressed
ChAT, a motor neuron marker (D-F), or parvalbumin, an inhibitory
neuron marker (G-I). Scale bar = 50 pm.

indicated by expression of several markers including neuro-
transmitters. Importantly, stimulated EBs showed almost no
proliferative activity 50 days after transplantation, unlike
ES cells or unstimulated EBs, which showed proliferative
and pathogenic features (Fig. 6). Because cells derived
from stimulated EBs were extremely efficient in assuming a
course of neuronal differentiation in an in vivo environ-
ment, they hold much promise for use in therapeutic appli-
cations.

Ca®™ is one of the most important signaling ions involved in
various biological activities [19]. Ca** also appears to play an
important role in the system we studied. We found that Ca**
influx was necessary for neural fate determination of EBs. Qur
finding indicates that this influx did not result from cell mem-
brane fissures; rather, it appears that Ca®” channels may be
responsible for Ca®" uptake in our system for the three follow-
ing reasons: (a) passive influx via membrane fractures results in
a much higher magnitude of intracellular fluorescence than
what we observed in this study, (b) dye in the culture medium
failed to enter the cells upon electrical stimulation, and (c) the
original ES cells that did not take on a neuronal fate after
electrical stimulation showed no evidence of Ca®* influx (Fig.
3C). We attempted to identify these Ca® ™ channels by culturing
electrically stimulated EBs in media containing agents that
block three major Ca®>* channels. Treatment with nifedepine, an
L-type Ca’* channel blocker, and w-conotoxins, N- and P/Q-
type blockers, failed to block Ca®' influx. Although the exis-
tence of these major Ca®* channels in EBs could not be ex-
cluded, we conclude that EBs most likely express other minor
Ca®" transporters and that these channels mediate the Ca®*
influx necessary for neuronal cell fate determination in this
system. We conclude that EB formation is required for activa-
tion of these Ca®" ion transporters, because, unlike EBs, ES
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cells showed no change in intracellular Ca** density after
electrical stimulation.

Ca®' is also known to be involved in the noncanonical
Wnt signaling pathway. In Xenopus and zebrafish, some
Wnt ligands stimulate release of intracellular Ca** during
development [36]. This Ca®" release, however, induces dif-
ferentiation into elements (e.g., non-neuronal cells) fated to
become ventrally located structures [37]. This is in stark
contrast to our system, in which Ca>* induces differentiation
into elements (e.g., neuronal cells) fated to become dorsally
located structures.

In spite of our efforts, we do not fully understand the
mechanisms for this differentiation system. Although we suc-
cessfully demonstrated that the Ca** flux is required for the
induction (Fig. 3), this will not fully interpret the system. It is
possible that other ions, such as potassium or sodium, can also
be involved [38]. We are underway to further understand the
mechanisms of neuronal induction ability of electrical stimula-
tion on ES cells.

Signaling pathways that transmit information out of cells
into the environment are usually activated by receptor-ligand
recognition. However, in the present experiments, physical al-
teration of cell surface membranes may initiate signaling, even
though the normal signaling molecule takes over later. This
primitive signaling pathway may be a prototype that mediates
environmental effects on cells. Receptor-ligand signaling sys-
tems may have evolved for stabilization and refinement of
environmental cues impinging on cells. This simple system
may possibly be invoked during early development and neuro-
nal regeneration. In neuronal tissues, ionic currents are contin-
uously flowing, and these currents may instruct and ensure that
undifferentiated cells assume the fate of neuronal progenitors.
Ionic flux, therefore, may be a novel category of differentia-
tion signals. Indeed, recent findings show that excitatory neural
activity induces adult neural stem cells to adopt a neural fate
[39, 40]. In our study, we observed that cells affected by ionic
currents were very close to being in an undifferentiated state.
The effective differentiation step, therefore, corresponds to
states that occur earlier than the neural stem cell state, be-
cause unstimulated cells could adopt various cell fates. Even
though further studies are required to investigate the physiolog-
ical role of ionic flow in early embryos, our observations sug-
gest that transmembrane ion flow may play an integral role in
early stages of development.

In summary, we described a simple and novel procedure for
producing neural cells from ES cells. Further studies are needed
to improve our procedure so that parameters are appropriate for
therapeutic applications.
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Mutations in the presenilin 1 (PS1) gene are responsible for the
early onset of familial Alzheimer disease (FAD). Accumulating evi-
dence shows that PS1 is involved in y-secretase activity and that
FAD-associated mutations of PS1 commonly accelerate AB,_,,
production, which causes Alzheimer disease (AD). Recent studies
suggest, however, that PS1 is involved not only in Af production
but also in other processes that lead to neurodegeneration. To bet-
ter understand the causes of neurodegeneration linked to the PS1
mutation, we analyzed the development of tau pathology, another
key feature of AD, in PS1 knock-in mice. Hippocampal samples
taken from FAD mutant (1213T) PS1 knock-in mice contained
hyperphosphorylated tau that reacted with various phosphodepen-
dent tau antibodies and with Alz50, which recognizes the confor-
mational change of PHF tau. Some neurons exhibited Congo red
birefringence and Thioflavin T reactivity, both of which are histo-
logical criteria for neurofibrillary tangles (NFTs). Biochemical anal-
ysis of the samples revealed SDS-insoluble tau, which under elec-
tron microscopy examination, resembled tau fibrils. These results
indicate that our mutant PS1 knock-in mice exhibited NFT-like tau
pathology in the absence of A deposition, suggesting that P51
mutations contribute to the onset of AD not only by enhancing
AP, _,, production but by also accelerating the formation and accu-
mulation of filamentous tau.

Alzheimer disease (AD)? is characterized pathologically by neurofi-
brillary tangles (NFTs), which are composed of highly phosphorylated
tau, and by neuronal loss and AB deposition. AD is manifested symp-
tomatically by dementia. Presenilin 1 (PSI), a gene identified to be
responsible, in part, for early onset familial Alzheimer disease (FAD),
has been cloned (1, 2). To date more than 70 mutations of the PSI gene
have been reported (3, 4). In each mutation, early onset of AD develops
with 100% penetration (3, 4). PS1 is required for y-secretase to cleave
amyloid precursor protein into Af3 species such as AB,_ yoand A, 4
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Improper cleavage of amyloid precursor protein because of a PS1 muta-
tion increases the production of AB,_,, (5-7), a highly aggregative,
neurotoxic species of AB that is longer than the less toxic AB, ;. One
hypothesis for the neurodegeneration observed in AD, therefore, is that
PS1 mutation lcads to increasing amounts of extracellular, neurotoxic
AB,_ 4, thereby inducing neurodegeneration (8-11).

Accumulating data suggest that, in addition to its role in AB,_,;
production, PS1 mutation also contributes to NFT formation. For
example, PS1 conditional knock-out mice display phosphorylated tau,
synaptic dysfunction, and memory impairment, even in the absence of
AP production and deposition (12). In a related line of research, some
patients clinically diagnosed with fronto-temporal dementia (FTD)
have been shown to harbor PS1 mutations (13-16). Interestingly, FTD
is characterized by the appearance of NFTs without AB deposition (17).
A patient harboring the G183V PS1 mutation displayed the clinical
manifestations of FTD and exhibited phospho-tau-positive Pick body
pathology throughout the cortex and limbic region, without Af depo-
sition. Other reports have also shown that PS1 mutations accclerate
NEFT formation and neuronal loss without affecting the rate of AB dep-
osition (18). Thus, these data lead to the hypothesis that PS1 mutations
might contribute to NFT formation as well as increase A, _,, produc-
tion in FAD.

Ta investigate this hypothesis, we examined tau pathology in mutant
PS1 1213T knock-in mice (19). This line of mice was generated with a
targeted insertion of the 1213T missense mutation into exon 7 of the
mouse PSI gene using homologous recombination. Therefore, these
PS1 mutant knock-in mice harbor the FAD mutation in the mouse PSI
gene and produce PS1 I1213T. Heterozygote mutant PS1 1213T mice
showed no change in AB,_,, levels but had increased levels of AB,_,,,a
1.3-fold increase when compared with wild-type mice. This AB,_,,
increase is comparable to that observed in human cases. Because this
mouse strain shares the same PS1 genotype and related pathology as
that of paticnts harboring the PS1 mutation, we initially expected these
mice to develop the AD phenotype. The increase in murine Af,_,,
however, failed to lead to a corresponding AB deposition, possibly
because murine Af has a different amino acid sequence that reduces its
tendency to aggregate. Using this dissociation to our advantage, we
investigated the AB deposition-independent effects of the PS1 mutation
in this mouse model. We found that GSK-3f3 activation was followed by
the accumulation of hyperphosphorylated tau in the hippocampal
region, which fulfills the histological criteria for the presence of NFTs.

EXPERIMENTAL PROCEDURES

Animals—Mutant PS1 [213T knock-in mice (mPS1 mice) were
maintained at the RIKEN BSI animal facilities according to the Institute
guidelines for the treatment of experimental animals.
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Tau Inclusions in FAD Mutant P51 Knock-in Mice

FIGURE 1. Histochemical and histopathological
assessment of brain sections from wild-type
(wPS1) and mutant PS1 knock-in (mPS1) mice.
A-G, anti-tau immunoreactivity in hippocampal
CA3 of wPS1 mice (A, C, £) and heterozygous mPS1
mice (B, D, F) at 7 months (A, B) and 15 months
(€C-G) of age. A-D, PS199 immunoreactivity; E-G,
Alz50 immunoreactivity. The low power micro-
graph in G shows how hippocampal immunoreac-
tivity is confined largely to CA3. H-L, histopathol-
ogy in CA3 of heterozygous mP51 mice at 15
months of age. H-J, Congo red staining without
(H) or with (I,)) polarizing filters; K, Thioflavin T; and
L, Gallyas silver-staining. M and N, immunoreactiv-
ity in CA3 of wPS1 (M) and heterozygous mPS1
mice (N) at 16 months of age. M and N, double
immunolabeling with a-tubulin (red) and P$199
(green) antibodies. O, TUNEL staining of dentate
gyrus in the wPS1 mouse; P, TUNEL staining of
dentate gyrus in the homozygous mPS1 mouse; Q,
TUNEL staining of CA3 in the wPS1 mouse; R,
TUNEL staining of CA3 in the homozygous mPS1
mouse. Scale bars: 50 um in A-F and O-R; 100 pm
in G; 10 pmin H-L; 25 pmin M and N.

Antibodies—The following antibodies were used: mouse monoclonal
anti-tubulin (DM1A, Sigma); anti-ubiquitin (Santa Cruz Biotechnol-
ogy); anti-GSK3B (Transduction Laboratory); anti-MAP2 (HM2,
Sigma); anti-tau Alz50, which recognizes the conformational epitope of
paired helical filaments (PHFs), component of NFT (a generous gitt
from Dr. P. Davies, Albert Einstein College of Medicine, Bronx, NY);
anti-phosphorylated tau AT8 (Innogenetics Zwijndrecht); anti-dephos-
phorylated tau, Tau-1 (Chemicon); rabbit polyclonal anti-tau JM (20);
anti-phosphorylated tau PS199, PS262, PS396, PS404, and PS422 (BIO-
SOURCE), which recognize tau phosphorylated at the indicated sites;
and anti-GSK3p Ser-9 (Cell Signaling).

Western Blot Analysis—Brains were homogenized in modified radio-
immunoprecipitation assay (RIPA) buffer (50 mm Tris, 150 mm NaCl,
1% Nonidet P-40, 5 mm EDTA, 0.5% sodium deoxycholate, and 0.1%
SDS, pH 8.0), and the suspension was centrifuged at 100,000 X g for 20
min at 4 °C in an Optima TL ultracentrifuge (Beckman). The pellet was
washed five times with 1% SDS-Tris-buffered saline (TBS) (50 mm Tris,
150 mat NaCl, and 1% SDS, pH 8.0) followed each time by centrifuga-
tion. The SDS-insoluble pellet was solubilized in 70% formic acid,
lyophilized, reconstituted in Lacmmli SDS-PAGE sample buffer, and
subjected to SDS-PAGE. Separated proteins were blotted onto Immo-
bilon-P membranes (Millipore). The membranes were incubated with
primary antibody then with the specics-appropriate horseradish perox-
idase-conjugated secondary antibody. Immunoreactivity was visualized
with a chemiluminescent detection system (ECL, Amersham Bio-
sciences). Quantitation and visual analysis of immunoreactivity were
performed with a computer-linked LAS-1000 Bio-Imaging Analyzer
System (Fujifilm) using the software program Image Gauge 3.0
(Eujifilm).

Glycogen Synthase Kinase (GSK)-3[3 Activity—Brains were homoge-
nized in TBS (pH 7.4) and centrifuged at 100,000 X g for 20 min at 4°C
in an Optima TL ultracentrifuge (Beckman). Protein concentration in
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the supernatant was determined with a Bradford protein assay, and
10-pug samples were assayed for GSK-38 activity with an immunopre-
cipitation assay (21).

Ultrastructural Studies—For electron microscopy studies, SDS-in-
soluble materials were prepared from the brains of mPS1 mice as
described above in the Western blot analysis section. The materials
were mildly sonicated and dispersed in phosphate-buffered saline. The
dispersed solution was absorbed onto glow-discharged supporting
membranes on 400-mesh grids and prefixed by floating the grids on
drops of 4% paraformaldehyde in 0.1 M phosphate buffer for 5 min. After
washing, the grids were incubated with primary antibody (JM, anti-tau
antibody), followed with a 5-nm colloidal gold-conjugated secondary
antibody. The grids were then negatively stained with 2% sodium phos-
photungstic acid, dried, and observed with a LEO 912AB electron
microscope at 100 kV.

Immunohistochemical and Histopathological Studies—Brains were
immersion-fixed in 10%-buffered formalin, and paraffin-embedded sec-
tions (4 um) were prepared. PS199, Alz50, anti-MAP2, and AT8 were
used as primary antibodies. After reacting the sections with species-
appropriate secondary antibodics, we visualized for light microscopy
analyses immunoreactive elements by treating the sections with ABC
followed by DAB using Peroxidase Stain DAB kits (Nacalai Tesque
Japan). PS199 and anti-a-tubulin were used as primary antibodies for
confocal laser microscopy analyses. Immunoreactive elements were
visualized with Alexa568-conjugated anti-mouse IgG and Alexa488-
conjugated anti-rabbit IgG, and then examined with a Radiance 2000
KR3 confocal microscope (Bio-Rad). We stained some sections with
Congo red and Thioflavin T, which recognize the B-sheet structure of
tau fibrils, and then examined them with a light microscope equipped
with crossed polarizing filters (Nikon). NFTs were identitied using a
standard Gallyas silver-impregnation method, which is used to assess
structural changes of the brain in AD (22).
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RESULTS

The AB levels in the brains of mPS1 knock-in mice were quantified by
sandwich enzyme-linked immunoassay (23) and Western blot analysis.
Similar to a previous report (19), the level of AB, _,, was elevated in the
brains of mPS1 mice compared with that in the brains of wild-type mice
(wPS1 mice). Most of the AB,_,, and AB,_,, was recovered in the
Triton X-100-soluble fraction, and very little was recovered in the 1%
SDS-insoluble fraction, suggesting that neither AB,_,, nor AB, ,
aggregated and deposited within the brains of the mPS1 mice. More-
over, A immunostaining in tissue sections was absent, suggesting
again that neither extracellular nor intracellular A accumulated in vive
(data not shown). Thus, murine A failed to deposit in the brains of
mPS1 mice, even though AB, ,, levels in these brains increased.

Characterization of NFT-like Pathology in Mutant PS1 Mice—Five-
month-old heterozygous mPS1 mice exhibited no pathological changes
(Fig. 1A); however, in 7-month-old or older mice, we detected phospho-
tau accumulation (P$199) in neurons in the hippocampal region (Fig.
1B). The prevalence and distribution of these PS199-positive neurons
gradually increased and widened, respectively, with age, and in 14 -16-
month-old mice, we observed phospho-tau immunoreactivity in hip-
pocampal CA3 neurons (Fig. 1D). By contrast, wPS1 mice did not show
this pattern of phospho-tau immunoreactivity (Fig. 1, C and D). Alz50,
an antibody that recognizes the conformational change of tau in PHF-
tau, also labeled CA3 neurons (Fig. 1, E-G). In summary, these findings
indicate that heterozygous mPS1 mice, whose alleles most preciscly
reflect the genotype of humans bearing this mutation, exhibited phos-
pho-tau accumulation with PHF-tau epitopes, whereas wPS1 mice of
the same age showed no sign of tau accumulation.

Data related to the other histological criteria for NFTs confirmed
these findings. In heterozygous mPS1 mice, we observed Congo red
birefringence (Fig. 1, H-J) and Thioflavin T reactivity (Fig. 1K) in hip-
pocampal neurons. The Gallyas silver staining method revealed argy-
rophillic neurons in the hippocampus of mPS1 mice (Fig. 1L). Argy-
rophillic and Congo red-positive neurons were less numerous than
phospho-tau-positive neurons (less than 5% of phospho-tau-positive
neurons). The tau-accumulating neurons of these mice also exhibited
reduced a-tubulin immunoreactivity (Fig. 1, M and N) similar to that
displayed by NFT-bearing neurons. As we previously showed in tau Tg
mice (24, 25), weaker a-tubulin immunoreactivity might indicate
destruction of microtubules in tau-accumulating neurons in the mPS1
mice. TUNEL staining, however, revealed no signs of apoptosis in these
neurons (Fig. 1, O-R). Taken together, these results suggest that mPS1
affects the cytoskeleton of hippocampal neurons and induces NFT-like
accumulation of hyperphosphorylated tau.

Biochemical and Ultrastructural Analysis of Taw in Mutant PS1 Mice—
We confirmed the accumulation of NFT-like tau in mPS1 mice with bio-
chemical and electron microscopy analyses. Because tau becomes deter-
gent insoluble when aggregated, we assessed the amount of tau in the SDS-
insoluble fraction derived from the brains of mPS1 mice. As shown in Fig.
24, small amounts of tau were recovered in the SDS-insoluble fraction from
2-month-old mPS1 mice. The amount of tau recovered in the SDS-insolu-
ble fraction increased with aging, and a large amount of tau was recovered
from 14-month-old heterozygous mPS1 mice compared with age-matched
wPS1 mice. (The amount of SDS-insoluble tau in mPS1 mice was ~2% of
the total tau in these mice).

We also investigated the amount of SDS-insoluble tau in different
brain regions of mPS1 mice. Tau was recovered from the hippocampus,
and small amounts were recovered from the cercbral cortex, striatum,
and cerebellum. This might be explained by the inverse correlation of
NFT with pinl expression (26).
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FIGURE 2. Biochemical and electron microscopy (EM) analyses of mPS1 mice. A,
SDS-insoluble tau from the brains of 2-, 7-, and 14-month-old heterozygous mPS1
mice. 8, SDS-insoluble tau in micro-dissected cortex (Cx), hippocampus (Hp), brain-
stem (St), and cerebellum (Cb) of 12-month-old wild-type PS1, heterozygous mPS1,
and homozygous mPS1 mice. C, immuno-EM analysis of SDS-insoluble materials
from 12-month-old heterozygous mPS1 mice. Fibrils labeled with 5-nm gold parti-
cles indicate immunoreactivity to the phosphorylation-independent tau antibody,
JM (upper panel). Immunogold labeling was not observed on fibrils (control) stained
in the absence of primary antibody (lower panel). Scale bars: 100 nm. D, Western blots
containing SDS-insoluble and RIPA-soluble materials from the hippocampi of
14-month-old w wPS1, heterozygous mPS1, and homozygous mPS1 mice. (Lane
pairs correspond to a set of two mice per mouse strain.) Order of blots (from top to
bottom): SDS-insoluble tau (rau (ins.); RIPA-soluble tau (tau (sol); RIPA-soluble phos-
phorylated tau (PS199, PS262, PS396, PS404, P5422, and ATB); unphosphorylated tau
(TauT), active GSK3 3 (GSK3p); and inactive GSK3p (GSK3p (Ser-9)).

The SDS-insoluble material recovered from mPS1 mice were further
investigated with electron microscopy. As shown in Fig. 2C, tau-positive
fibrils were detected in the SDS-insoluble fraction. These fibrils
appeared tobe straight tubules, about 10 nm in diameter. The biochem-
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FIGURE 3. Tau kinase activity in 12-month-old mPS1 mice. A, hippocampal lysates from wPS1, heterozygous mPS1, and homozygous mPS1 mice were analyzed with Western
blotting and antibodies against tau kinases and phosphatases: total JNK (JNK); phospho-JNK (P-JNK); MAP kinase (MAPK); phosphorylated MAP kinase (PMAPK); CDKS; the CDK5
activators, p35 and p25; and phosphatase 2a (PP2a)). A blot stained with anti-tubulin antibody (Tub) represents the control. B, GSK-33 activity in immunoprecipitated brain samples
derived from wPS1, heterozygous mPS1, and homozygous mPS1 mice were determined with an assay that measures the incorporation of #2p into a GSK-3 3 substrate peptide. Data

are expressed as averages * S.D. (%, p < 0.05;n = 3).

ical and ultrastructural analyses strongly suggest that NFT-like tau
aggregation formed primarily in hippocampal neurons of mPS1 mice.
The NFTs found in AD brains contain highly phosphorylated tau
(27). Hyperphosphorylation of tau leads to the formation of fibrillar tau
(28). To determine whether tau hyperphosphorylation also occurs in
mPS1 mice, we examined the extent of tau phosphorylation in
14-month-old wPS1, heterozygous mPS1, and homozygous mPS1 mice
(Fig. 2D). Immunaoblotting with various phosphorylation-dependent
anti-tau antibodies revealed that the amount of SDS-insoluble tau was
nearly the same in heterozygous and homozygous mPS1 mice (Fig. 2D,
tau(ins.)). This amount, however, was greater than that in wPS1 mice.
Although the total amounts of tau in soluble fractions from the three
types of mice were similar (ie. bands had slower mobility than the
unphosphorylated Tau-1-immunoreactive band) (Fig. 2D, tau(sol.)), the
amounts of phosphorylated tau immunostained by PS199, PS262,
PS396, PS404, PS422, and AT8 were elevated in the heterozygous and
homozygous mPS1 mice compared with those in the wPS1 mice. The
extent of tau phosphorylation at the AT8, P5422, and PS199 epitopes
appeared to depend on the number of mPS1 alleles present in the mice,
as shown by the comparatively greater immunosignal intensity of sam-
ples derived from homozygous than in heterozygous mPS1 mice, sug-
gesting that mPS1 expression affects the hyperphosphorylation of tau.
The immunostaining intensity of Tau-1, an antibody that recognizes
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unphosphorylated tau, also correlated with genotype. Tau-1 immuno-
reactivity was greater in samples derived from wPS1 mice than in het-
erozygous and homozygous mPS1 mice (wPS1 > heterozygous mPS1 >
homozygous mPS1), confirming that mPS1 induced the hyperphospho-
rylation of tau.

GSK-3B, Tau Kinase, and Tau Phosphatase Activity— Activation of
GSK-38, a known tau kinase, was also associated with mPS1 genotype.
Although total GSK-3p levels were similar among wPS1, heterozygous
mPS1, and homozygous mPS1 mice, inactive GSK-38 (GSK-3p phos-
phorylated at Ser-9) levels varied inversely with the number of mPS1
alleles present (Fig. 2D; GSK38 and GSK3B(Ser-9)). This inverse corre-
lation was confirmed by comparing the GSK-3 3 activity in immunopre-
cipitated brain samples derived from wPS1, heterozygous mP’S1, and
homozygous mPS1 mice (Fig. 3B). This assay revealed elevated GSK-3
activity in heterozygous mPS1 compared with wPS1 mice (p < 0.05;n =
3), and also in homozygous mPS1 mice compared with heterozygous
mice (p < 0.05; n = 3). Taken together, we conclude that the mutant
PS1 activated GSK-3f3, thereby enhancing tau phosphorylation and
resulting in the formation of NFT-like tau aggregates (Figs. 1 and 2).
These results support those from a previous report (20).

We also investigated how other kinases and phosphatases may contrib-
ute to tau phosphorylation in mPS1 mice. As shown in Fig. 34, levels of the
active forms of phosphorylated INK; phosphorylated MAP kinase; CDK5;
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the CDKS5 activators p35 and p25; and PP2a were similar among wPS1,
heterozygous mPS1, and homozygous mPS1 mice, indicating that the tau
phosphorylation mediated by these enzymes are not affected by the PS1
mutation. Nonetheless, other mechanisms are expected to be involved in
the mPS1-induced hyperphosphorylation of tau, because GSK-38 alone
cannot phosphorylate all of the phosphorylation sites in tau.

DISCUSSION

In the present study, we demonstrated that the brains of mice harboring
a PS1 mutation accumulated NFT-like phospho-tau. Biochemical analysis
of SDS-insoluble tau revealed tau fibrils. These NFT-like tau inclusions
were similar to those observed in FTDP- 17 mutant tau transgenic mice (24,
25, 28), in mice overexpressing p25, a CDK5 activator (29), and in Pinl
knock-out mice (26). The neurons of other PS1 knock-in and mutant PS1
transgenic mice; however, failed to show cytoskeletal changes (30, 31). To
create their mutant PS1 knock-in mice, Guo et al. (32) used a hybrid mouse
composed of 1295V and C57BL6 strains, whereas in the present study we
used mice resulting from 10 generations of crossbreeding with C57BL6J
mice. The genetic background of our mice, which is most likely to be dif-
ferent from the backgrounds of mice used in previously studies, could have
influenced how the PS1 mutation contributed to NFT formation and
cytoskeletal changes. Another possible explanation for the apparent dis-
crepancy between our findings and others is that our PS1 knock-in mice
harbored a different PS1 mutation from that harbored by mutant PS1
knock-in mice developed by other laboratories.

Previously, we found certain PS1 mutations that increase A8, _,, lev-
els are poor predictors for the onset of FAD (5). Our present results,
however, suggest that the accumulation of NFT-like tau could deter-
mine the onset of AD. These two differing outcomes would also explain
why some PS1 mutations accelerate NFT formation and neuronal loss
without accelerating A3 deposition (18). Thus, PS1 mutations that
accelerate both NFT formation and Af, ,, production may further
accelerate related neuropathologies, suggesting that the cause of early
onset AID may be related to a PS1 mutation.

The mechanism underlying the mutant PS1-associated accumulation
of NFTs may involve the activation of GSK-38. Our results indicate that
GSK-3p is activated in our mPS1 knock-in mice; this is consistent with
other mPS1 transgenic mice. Recently, wild-type PS1 has been shown to
activate PI3 kinase/Akt signaling by promoting the association of cad-
herin and PI 3-kinase, whereas mutant PS1 was unable to do so (32).
Thus, mutant PS1 appears to impair PI 3-kinasc/ Akt signaling by affect-
ing selected signaling receptors (33) or by reducing cadherin/PI3 kinase
association (32), which eventually leads to the activation of GSK-38.
Whercas the mutant PS1-associated activation of GSK-3 occurred in
young mice, tau accumulation occurred only later on in older mice. This
led us to hypothesize that, by some mechanism, phosphorylated tau
degrades before it aggregates. This unknown mechanism is then inacti-
vated during aging, leading to the accumulation and aggregation of tau
that occurs in aged individuals.

Patients harboring the FAD mutation of PS1 develop AD with 100%
penetration. Based on our results, we propose that the PS1 mutation in
FAD leads to the early onset of AD through the activation of GSK-38,
which leads to NFT formation and the loss of neurons and synapses.
Moreover, we believe that the rate of GSK-3f activation is accelerated
by extracellular A oligomers. The exact molecular mechanism medi-
ating the mutant PS1-induced activation of GSK-3p requires clarifica-
tion to further our understanding of how AD develops.
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Previous in vitro studies have shown that the neurotransmitter
glutamate is important in brain development. Paradoxically, loss-
of-function mouse models of glutamatergic signaling that are
generated by genetic deletion of glutamate receptors or glutamate
release show normal brain assembly. We examined the direct
consequences on brain development of extracellular glutamate
buildup due to the depletion of the glutamate transporters GLAST
and GLT1. GLAST/GLT1 double knockout mice show multiple brain
defects, including cortical, hippocampal, and olfactory bulb disor-
ganization with perinatal mortality. Here, we report abnormal
formation of the neocortex in GLAST/GLT1 mutants. Several es-
sential aspects of neuronal development, such as stem cell prolif-
eration, radial migration, neuronal differentiation, and survival of
SP neurons, were impaired. These results provide direct in vivo
evidence that GLAST and GLT1 are necessary for brain develop-
ment through regulation of extracellular glutamate concentration
and show that an important mechanism is likely to be maintenance
of glutamate-mediated synaptic transmission.

axon/dendrite development | cortex | radial fiber

Neumnal activity is important in the process of refining
neural connections in the developing brain (1). Activity,
however, may also act to influence earlier developmental events,
such as proliferation, migration, differentiation, and survival (2,
3). As key mediators of neuronal activity, neurotransmitters
released by neuronal activity are thought to have important
signaling roles in shaping the early development of the CNS (3).
Previous observations suggest that the major excitatory neuro-
transmitter, glutamate, provides important communication sig-
nals in the developing brain. Indeed, glutamate has been shown
to modulate cell proliferation, radial migration, neuronal sur-
vival linked to apoptosis, and neuronal differentiation (4-7). In
contrast to these observations, most studies in which glutama-
tergic activity was blocked, whether at the level of ligand or
receptor, have demonstrated little, if any, developmental defects
(8-14). Thus, according to in vivo experiments using loss-of-
function models, early glutamate signaling appecars to be dis-
pensable. However, because compensatory mechanisms, cou-
pled with a redundancy in glutamate receptor mechanisms,
could reduce the severity of a brain phenotype in loss-of-function
models, glutamate may still play a role at an early stage of brain
development. To investigate this issue, we generated a geneti-
cally manipulated animal in which glutamate receptors are
overstimulated by genetic deletion of glutamate transporters.
Glutamate transporters are essential for the maintenance of low
extracellular levels of glutamate (15). The glutamate transport-
ers GLAST, GLTI, and EAACI are expressed in the embryonic
mouse CNS (16). Previous studies demonstrated that mice
lacking GLAST, GLT1, or EAACI have seemingly normal brain
development (17-19). These results raised the possibility that
glutamate transporter subtypes can functionally substitute for
one another in CNS development. In the present study, we

www.pnas.org/cgi/doi/10.1073/pnas.0509144103

inactivated two members of the glutamate transporter family to
elucidate roles of the glutamate system in CNS development.

Results

GLAST-/~/GLT1~/~ Mutants Have Multiple Brain Defects. Normal
development of the CNS was observed in mutant mice lacking
GLAST/EAACI1 or EAAC1/GLT1 (data not shown). By con-
trast, mice lacking GLAST/GLT]I died in utero [around embry-
onic days (E17-18)] and exhibited abnormal brain development
after E15 (Fig. 1; see also Figs. 8 and 9, which are published as
supporting information on the PNAS web site). The lateral
ventricles in GLAST/~/GLT1~/~ mice were dilated relative to
those in control mice, and alterations in the structure of the
pallial-subpallial boundary were observed in the mutant mice
(Fig. 1 A-D).The E16 neocortex is laminated, with the following
layers: marginal zone, cortical plate (CP), subplate (SP), inter-
mediate zone, and ventricular zone (VZ) (Fig. 1E). In the
GLAST~/~/GLT17/~ mutants, the CP border on the interme-
diate zone was obscured, and the SP could not be identified (Fig.
1F). In addition, cell number in the VZ was decreased in mutant
brains (23,558.3 * 111.6 cells per mm? for WT; 20,216.6 = 119.7
cells per mm? for the double mutant; n = 4; P < 0,0001; Fig. 1
E and F). Moreover, there were distortions in the organization
of the hippocampus and the olfactory bulb of GLAST™'—/
GLT17/~ mice (Fig. 8). In the hippocampus, pyramidal neurons
were less densely packed. In the olfactory bulb of GLAST/~/
GLT1™/~ mice, the mitral cell layer was absent. The present
study focused on the cortical malformation of GLAST =/
GLT17/~ mice.

Expression of GLT1 and GLAST in the Embryonic Brain. GLAST is an
astrocytic glutamate transporter in the adult CNS (20). Previous
immunocytochemical studies have shown that GLT1 is strongly
expressed, primarily by astrocytes, in the adult brain (20).
However, we have recently demonstrated that GLT1 is also
expressed by some neurons in the hippocampus (21). Because
the two transporters show dynamic changes in expression during
CNS development (16), we examined cellular elements express-
ing the two transporters in the embryonic cortex of C57BL mice
by immunohistochemistry with subtype-specific antibodies. At
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Fig. 1. Morphological abnormalities in brains of GLAST™'~/GLT1~/~ mu-
tants. Coronal sections of whole brain (A-D) and neocortex (E and F) at E16
from WT (A, C, and E) and GLAST~/~/GLT1~/~ double mutant (DM) (8, D, and
F) embryos stained with hematoxylin. Images in A and 8 are located anterior
to those in C and D. Boxed regions in € and D are enlarged in £ and F,
respectively. The corpus callosum did not cross the midline, and a Probst
bundle (asterisk in B) was formed. Arrowhead in C indicates the anterior
commissure, which was absent in GLAST™/~/GLT1~/~ mutants. Delamination
of the pallial-subpallial junction can be seen in the region between arrows in
B and D. MZ, marginal zone; IZ, intermediate zone. (Scale bars: A, 500 um;
E, 100 pm.)

E16, GLT1 was expressed in the globus pallidus, perirhinal
cortex, lateral hypothalamus, hippocampus, and fimbria and in
the axonal pathways interconnecting the neocortex, basal gan-
glia, and thalamus (Fig. 2.4 and C). In the cerebral cortex, GLT1
immunoreactivity was seen in the SP and along fiber bundles in
the intermediate zone (Fig. 2C; see also Fig. 104, which is
published as supporting information on the PNAS web site). To
investigate further the cellular localization of GLTI1 in the
cortex, we performed double immunostaining of GLT1 with
GAP-43 (growth-associated protein 43), a neuronal marker.
GLT1 immunoreactivity was double-labeled by GAP-43, sug-
gesting that GLT1 was expressed in neurons at E16 (Fig. 10). In
contrast, GLAST protein was expressed in radial glial cells in the
VZ of telencephalon and diencephalon at E16 (Fig. 2 B and D).
GLAST immunoreactivity was also found in a palisade of radial
glial fibers originating in the VZ near the lateral ganglionic
eminence—pallium angle and coursing to the pial surface (Fig.
2B). GLT1 and GLAST are thus localized during development
on neurons and radial glial cells, respectively, suggesting that the
two glutamate transporters might play cooperative and comple-
mentary roles in neural development (22). Although GLT1
accounts for =94% of the total glutamate uptake activity in the
adult forebrain (17), both GLAST and GLT1 are major gluta-
mate transporters in the embryonic brain. Therefore, brain
development is disturbed in GLAST/GLT1 double knockout
mice but not in GLAST or GLT1 knockout mice.

Fig.2. GLT1 and GLAST immunoreactivity in the mouse forebrain at E16. (A
and C) GLT1 was expressed in the globus pallidus, perirhinal cortex, lateral
hypothalamus, hippocampus, and fimbria and the axonal pathways intercon-
necting the neocortex, basal ganglia, and thalamus. (8 and D) In contrast,
strong GLAST immunoreactivity was seen inradial glial cells and the radial glial
fascicle. Boxed regionsin Aand B are enlarged in Cand D, respectively. Arrows
in 8 indicate the radial glial fascicle. AC, anterior commissure; LOT, lateral
olfactory tract. (Scale bars: 100 pm.)
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Fig. 3. Reduced cell proliferation and abnormal neural migration in the
GLAST~/~/GLT1~/~ mutant neocortex. Immunoreactivities of BrdU and PCNA
are visualized as green fluorescence. (A-J and M and N) All nuclei were
counterstained with propidium iodide (Pl) (red). Thus, the BrdU- and PCNA-
positive cells appear yellow because they are colabeled for Pl and BrdU or
PCNA. However, some BrdU- and PCNA-positive cells appear green, because
green fluorescence is intensified for easy identification of the BrdU- and
PCNA-positive cells. There were a comparable number of BrdU-positive cellsin
WT (A) and mutant (B) E14 cortices. However, at E16, the number of BrdU-
positive cells was reduced in mutant (D) compared with WT (C) cortex. (E-H)
PCNA expression at E14 (€ and F) and E16 (G and H). BrdU was injected at E12
( and J) or E14 (M and N), followed by examination of the distribution of
BrdU-positive cells at E16. (I-P) To quantify migration, we counted heavily
labeled cells (first generation at time of BrdU injection) at E16. The cortices
were divided into eight equal areas (numbered 1-8). The percentage of
BrdU-positive cells (percentage of total) in each area was determined, and
results were plotted as histograms of WT (K and 0) and GLAST '~ /GLT1/~
double mutants (DM) (L and P). (Scale bars: 100 pm.)

Cell Birth and Death in the GLAST~/~/GLT1~/~ Cortex. A decrease in
cell number in the VZ of mutant brains could be caused by
reduced cell proliferation or accelerated cell death. To assess the
proliferation profile of mutant neuronal progenitors, embryos
were pulse-labeled in wrero with BrdU. At E14, the percentage
of BrdU-positive cells in the VZ was similar in WT and mutant
mice (25.0 £ 1.7% for WT; 26.0 = 2.3% for double mutant; n =
6; Fig. 3 4 and B). At E16, however, the percentage of BrdU-
positive cells in the VZ was decreased in mutants (18.3 = 0.3%
for WT; 16.2 = 0.4% for double mutant; n = 4; P < 0.01; Fig.
3 C and D). Proliferation of neuronal progenitor cells was also
examined by immunohistochemistry for proliferating cell nu-
clear antigen (PCNA), a marker of proliferating cells. The
pattern of PCNA immunostaining replicated the BrdU results
(Fig. 3 E-H).This finding is consistent with the results of a
previous in vitro study that showed that application of glutamate
decreased the number of embryonic cortical cells that incorpo-
rate BrdU (5). To determine whether cell death was increased
in the cortex of double mutants, we used the TUNEL method to
stain apoptotic cells. Apoptosis was not increased in the neo-
cortex of mutants at E14 or E16 (data not shown). These results
suggest that both GLT1 and GLAST regulate neurogenesis by
controlling the extracellular glutamate concentration at E16.
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Fig.4. Altered radial glial systems and normal Reelin expression in GLAST/~/
GLT1~/~ mutants. (A-D) Nestin staining of E14 and E16 cortices. The pattern and
distribution of radial glial fibers is comparable in WT (4) and double mutant (DM)
(B) mice at E14. At E16, however, disruption of radial fibers was apparent in
mutant cortices (D) compared with WT (C). (E-H) SEM analysis was performed
with E16 cortices. (G) In WT mice, radial glial cells are aligned radially in the VZ.
() Their radial fibers make bundles and run perpendicular to the pial surface. (F)
In GLAST /= /GLT1~/~ mutants, the alignment and density of radial glial fibers are
destroyed. (H) In addition, cells in the VZ lost radial morphology. (/ and J) In
contrast, Reelin expression (green) was comparable in WT (/) and mutant (/) mice
at E16. Counterstaining of nuclei was performed with propidium iodide (red).
MZ, marginal zone. (Scale bars: A, C, and /, 100 um; E and G, 5 pm.)

Migration of CP Neurons Is Impaired in the GLAST—/-/GLT1~/~ Cortex.
The disturbed laminar organization of the GLAST~/~/GLT1~/~
mutant cortex suggested that cortical cell migrations were ab-
normal. To investigate neuronal migration in vivo, we injected
pregnant mice at E12 or E14 with BrdU and examined the
labeling patterns at E16. The mutant E12 neurons were spread
in a broader gradient compared with WT (Fig. 3 I-L), and the
mutant E14 neurons failed to migrate to the CP and remained
in the VZ (Fig. 3 M-P). Thus, radial migration is impaired in
GLAST/~/GLT1~'~ mutants. Correct neuronal migration re-
quires both the radial glial fibers, which guide postmitotic
neurons during their migration, and Cajal-Retzius neurons,
which secrete the Reelin protein and thus have a critical role in
radial migration. The alignment and density of radial glial fibers
stained with anti-nestin antibody were comparable in WT and
mutant E14 cortices (Fig. 4 4 and B), but the disruption of radial
fibers was apparent in mutant E16 cortices (Fig. 4 C and D). SEM
analysis also revealed that, at E16, the radial glial fibers in the
cerebral wall were disrupted in GLAST~/~/GLT1~/~ mutants
(Fig. 4 E and F). Furthermore, radial glial cell arrangement was
severely disorganized in the VZ of GLAST~/~/GLT1™/~ mu-
tants (Fig. 4 G and H). These cells had lost radial morphology
but had become round in shape. By contrast, neither the number
of Cajal-Retzius neurons nor their immunolabeling intensity
for Reelin was changed in the GLAST~/~/GLT1~/~ cortex (Fig.
4 I and J). These data suggest that a disrupted radial glial
fiber system contributes to the abnormal radial migration of
GLAST/~/GLT1~/~ mutants.

Lack of SP Neurons and Defective Cortical Connections in the

GLAST~/~/GLT1~/~ Mutants. In the double mutants, the SP is
difficult to discern (Fig. 1F). Because SP neurons are vulnerable
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Fig. 5. Loss of SP neurons and impaired cortical connections in GLAST '~/
GLT17/~ mutants. (A-D) MAP2 staining of E14 (A and B) and E16 (C and D) cortices
reveals that MAP2-positive SP neurons are difficult to discern in GLAST™/~/
GLT1~/~ mutants (8 and D) at E14 and E16 compared with WT (A and Q). (E-H)
Immunostaining (green) against calretinin (E and F) and chondroitin sulfate
proteoglycans (CSPGs) (G and H) on coronal sections of E16 WT (€ and G) and
GLAST™/~/GLT1~/~ mutant (F and H) cortices shows that SP neurons are mostly
missing in mutants. (/L) Immunostaining (green) against L1 on coronal sections
of E16 WT (/ and K) and GLAST~/~/GLT1~/~ mutant (J and L) cortices reveals
defective cortical connections. Boxes in / and J are enlarged in K and L, respec-
tively. All nuclei were stained with propidium iodide (red) in A, B, G, H, K, and L.
(M-P) Dil labeling (red) from cortex (M and N) and from thalamus (O and P) atE16
also confirms that TC and CT projections are severely affected in GLAST/~/
GLT1~/~ mutants. (M and Q) WT. (N and P) GLAST = /GLT1~/~ mutants. (Q and R)
SEM analysis was performed for the region indicated by arrowheads in O and P
of E16 WT (Q) and GLAST~~,/GLT1~/~ mutant (R) brain. In GLAST~/~/GLT1~/~
mutants, the radial glial fascicle at the pallium-subpallium junction is absent, and
TC and CT axons cannot cross the junction. DM, double mutant; MZ, marginal
zone; AC, anterior commissure; LOT, lateral olfactory tract. (Scale bars: A, C, E, G,
I, K, M, and O, 100 pm; Q, 5 pm.)

to excitotoxic cell death (23), it is possible that GLAST~/=/
GLT1~/~ mutants may exhibit SP defects. To investigate possible
SP defects in double mutants, we studied microtubule-associated
protein 2 (MAP2)-positive SP neurons and expression of SP-
specific markers, calretinin and chondroitin sulfate proteogly-
cans (CSPGs). In double mutants, no MAP2-positive SP neurons
were detected at E14 or E16 (Fig. 5 A-D). Furthermore,
calretinin and CSPGs were scarcely present in the SP at E16 (Fig.
5 E-H). These results suggest a lack of mature SP neurons in
double mutants. SP neurons have been implicated in the devel-
opment of cortical afferent and efferent connections, including
the corticothalamic (CT) and thalamocortical (TC) pathways
(23-26). To study these pathways, we used L1 immunostaining
and 1,1'-dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine
(Dil) tracing. In WT brains, L1-positive fascicles of CT axons
pass through the striatum (Fig. 5I). WT Ll-positive TC axons
leave the diencephalons for the internal capsules and subse-
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Fig. 6. Impaired maturation of CP neurons in GLAST™/~/GLT1~/~ mutants.
(A) At E16, pyramidal-like retrogradely labeled cells are observed in the CP of
WT mice after Dil injection in the thalamus. (8) In mutants, the morphology
and neurite extension of the retrogradely labeled cells were affected. (C and
D) Coronal sections of neocortex at E14 from WT mice (C) and GLAST/~/
GLT17/~ mutants (D) stained with hematoxylin. (E-H) SEM analysis was per-
formed with E14 cortices. Although the hematoxylin staining could not reveal
impaired maturation of CP neurons in mutants at E14, SEM analysis revealed
that the cellular morphology was affected in GLAST™/~/GLT1~/~ mutants (F)
compared with WT (E). In contrast, the cellular morphology in the VZ was
comparable in WT (G) and mutant (H) E14 cortices. DM, double mutants. (Scale
bars: A and C, 100 pm; E and G, 5 pm.)

quently enter the cortex at E16 (Fig. 5 I and K). In double
mutants, L1-poisitive TC axons scarcely innervated the cortex
(Fig. 5J and L). Dil injection in the cortex at E16 revealed that
CT axons did not exit the telencephalon in GLAST=/~/GLT1~/~
mutants (Fig. 5 M and N). Dil injection in the thalamus at E16
confirmed that TC axons did not enter the GLAST~/~/GLT17/~
cortex (Fig. 5 O and P). SEM analysis of GLAST~/~/GLT17/~
double mutants revealed that, at E16, the radial glial fascicle at
the pallial-subpallial boundary was absent and that CT and TC
axons could not cross the pallial-subpallial boundary (Fig. 5 Q
and R). The corpus callosum did not cross the midline but
formed a Probst bundle (Fig. 1B). Also, the anterior commissure
was absent in mutants (Fig. 1D). These results indicate that the
TC, CT, and callosal projections are severely affected in
GLAST™/~/GLT1~/~ mutants.

Maturation of CP Neurons Is Impaired in the GLAST-/-/GLT1-/-
Mutants. At E16, pyramidal-like retrogradely labeled cells in the
CP after a Dil injection in thalamus were observed in WT mice
(Fig. 64). In contrast, the morphology and neurite outgrowth of
the retrogradely labeled cells in the CP were affected in mutant
mice (Fig. 6B). To determine the onset of these changes, we
examined E14 GLAST~/~/GLT1~/~ mutant cortex. Although
hematoxylin staining did not show abnormal morphology of CP
neurons in the GLAST™/~/GLT1~/~ mutants at E14 (Fig. 6 C
and D), SEM analysis of GLAST~'~/GLT1~/~ mutants showed
that, at E14, the radial distribution of the CP neurons and their
neurites was not conspicuous; these cells had lost their pyrami-
dal-like morphology and had become round in shape (Fig. 6 E
and F). In contrast, the alignment and density of radial glial cells
in the VZ were comparable in WT and mutant E14 cortices (Fig.
6 G and H). These results indicate that maturation of CP neurons
is impaired in the GLAST™/~/GLT1™/~ mutants from El4
onward, whereas abnormal maturation of radial glial cells in the
VZ was apparent at E16 (Fig. 4 G and H).
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Fig. 7. Partial rescue of the GLAST™/~/GLT1~/~ mutant brain phenotype by
injection of glutamate receptor antagonists. (A) The relative expression of the
glutamate receptors GluR1, GluR2, and GIuR4 and NMDA receptor 1 was
unchanged in GLAST™/~/GLT1~'~ mice compared with WT animals. (B-G)
Coronal sections of cortex (B-D) and sagittal sections of hippocampus (E-G) of
E16 WT (B and E), GLAST™/~/GLT1~/~ (C and F), and GLAST™/~/GLT1~/~ mice
treated from E8 to E16 with 2,3-dihydroxy-6-nitro-7-sulfamoylbenzo(f]lqui-
noxaline (NBQX) and CGS5-19755 (D and G) stained with hematoxylin. Injec-
tions of both NBQX and CGS-19755 resulted in a partial rescue of the abnormal
stratification of the mutant cerebral cortex and hippocampus. Arrowheads in
E-G indicate the pyramidal cell layer in the hippocampus. (H and /) In situ
hybridization using NARG1 riboprobe on coronal sections of E16 WT (H) and
GLAST /= /GLT17/~ mutants (/). The expression of NARG 1 was down-regulated
in mutants. DM, double mutants; IZ, intermediate zone. (Scale bar: 100 um.)

Partial Rescue of the GLAST~/~/GLT1~/~ Brain Phenotypes by Gluta-
mate Receptor Antagonists. Because we previously showed that
basal levels of extracellular glutamate in the hippocampus of GLT1
mutant mice were significantly higher than those of WT mice (27),
it is reasonable to expect that genetic deletion of both GLT1 and
GLAST would bring about an increase in extracellular glutamate
levels, resulting in cortical malformation by excess activation of
glutamate receptors. To assess this hypothesis, we first examined
whether expression of glutamate receptors is affected in the
GLAST~/~/GLT1~/~ mutant cortex. The relative expression of the
glutamate receptors GluR1, GluR2, and GluR4 and NMDA re-
ceptor 1 was unchanged in GLAST ™/~ /GLT1~'~ mice compared
with WT animals (n = 3 for each) (Fig. 74). Next, we examined
whether the GLAST~/~/GLT1~"~ brain phenotype could be re-
versed by pharmacological administration of glutamate receptor
antagonists. Injections of both the a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) receptor antagonist 2,3-
dihydroxy-6-nitro-7-sulfamoylbenzo|f]quinoxaline (NBQX) and
the NMDA receptor antagonist CGS-19755 in pregnant mice
between E8 and E16 resulted in a partial rescue of the abnormal
stratification of the mutant cerebral cortex (Fig. 7 B-D) and
hippocampus (Fig. 7 E and G). In GLAST™~/GLT1™~ mutants
treated with glutamate receptor antagonists, the cerebral cortex
showed some restoration of laminar structure, although it remained
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less organized than in WT mice (Fig. 7 B-D). The hippocampus of
GLAST~/~/GLT1/~ mice is characterized by loose packing of
pyramidal neurons (Fig. 7F). In contrast, GLAST /- /GLT1~/~
mice treated with glutamate receptor antagonists had hippocampal
formations that seemed almost indistinguishable from WT hip-
pocampus (Fig. 7 E and G). The excess activation of the NMDA
receptors in GLAST™/~/GLT1™~ mutant brains was also sug-
gested by the examination of expression levels of NMDA receptor-
regulated gene 1 (NARGLI). A previous study demonstrated that
NARGI is down-regulated by NMDA receptor activation (28). We
found that NARG1 mRNA expression was down-regulated in
GLAST~/~ /GLT1~'~ mutant brains by in situ hybridization (Fig. 7
H and I) and real-time quantitative PCR (Fig. 11, which is published
as supporting information on the PNAS web site). Injection of the
NMDA receptor antagonist CGS-19755 alone could not rescue the
GLAST/=/GLT17/~ brain phenotypes. Moreover, both the
AMPA receptor antagonist and the NMDA receptor antagonist
only partially rescued the cortical malformation of mutant mice,
suggesting that, in addition to excess activation of both AMPA and
NMDA receptors, overactivation of other glutamate receptors,
including metabotropic glutamate receptors, may contribute to the
multiple severe defects in GLAST ™/~ /GLT1~/~ mutants.

Oxidative Glutamate Toxicity Does Not Contribute to the Cortical
Malformation of GLAST—'~/GLT1~/~ Mice. Excessive extracellular
glutamate leads to cell injury by means of both glutamate
receptor-mediated and glutamate receptor-independent mech-
anisms (29). Glutamate receptor-independent toxicity is caused
by oxidative glutamate toxicity. In oxidative glutamate toxicity,
high levels of glutamate block the cystine/glutamate exchange
system Xc~, resulting in glutathione depletion and cell injury
(30). To determine whether oxidative glutamate toxicity is
involved in the cortical malformation of GLAST™/~/GLT1~/~
mice, we measured the total cortical glutathione levels. Total
glutathione levels were slightly increased in the cortex of
GLAST~/~/GLT1™/~ mice at E16 compared with WT levels
(Fig. 12, which is published as supporting information on the
PNAS web site), demonstrating that oxidative glutamate toxicity
does not play a significant role in the cortical malformation of
GLAST~~/GLT1~'~ mice.

Discussion

A large body of in vitro evidence indicates that the neurotrans-
mitter glutamate acts to influence earlier developmental events,
such as proliferation, migration, and differentiation (4-7). How-
ever, nearly all of the genetic experiments to date, in which
glutamatergic signaling was blocked, have shown little, if any,
developmental defects (8-14). Our work represents a unique
analysis of the direct consequences on brain development of
extracellular glutamate buildup due to the depletion of gluta-
mate transporters. In contrast to loss-of-function studies, in vivo
excess activation of glutamate receptors can modulate brain
maturation, such as stem cell proliferation, radial migration,
survival of SP neurons, and neuronal differentiation, including
neurite elongation and path finding. This discrepancy may be
due to compensation by other neurotransmitters such as GABA,
acetylcholine (Ach), and glycine, all of which can depolarize
embryonic cortical neurons as does glutamate (31). GABA is
also one of the most abundant neurotransmitters detected during
mammalian brain development, and its involvement in shaping
brain development has also been suggested by recent in vitro
investigations (5, 32, 33). However, mice lacking the two primary
GABA biosynthetic enzymes, GAD65 and GAD67, show no
discernible defects of neural development despite having only
0.02% of the normal GABA content (34). This discrepancy
might also be due to compensation by other neurotransmitters
in vivo. Glutamate, GABA, Ach, and glycine can all depolarize
embryonic cortical neurons, so pathways involving more than

Matsugami et al.

one of these transmitters could potentially show mitigated
severity of defects in single-neurotransmitter loss-of-function
mutations. In the future, it will be important to analyze the direct
consequences of overactivation of individual neurotransmitter
receptors. Such studies could reveal functional roles of early
appearing transmitter signaling during development.

The prevailing view of CNS development is that neural activity
is, for the most part, important only in the refinement of axonal
projections and synaptic connections, whereas early develop-
ment of the nervous system is likely to be genetically pro-
grammed. Two recent studies have challenged this view by
providing evidence that neural activity is required for spinal
motor neurons to make accurate early path-finding decisions
(35) and for embryonic spinal cord neurons to determine which
types of neurotransmitters to produce (36). Combined with these
studies, the present study suggests that neural activity is likely to
be important in shaping early brain development and that
glutamate, as a key mediator of neural activity, may play an
important role in shaping the early CNS development. For these
influences to be physiologically relevant, however, glutamate
must be released at an early developmental stage and diffuse to
stimulate glutamate receptors. Several observations support this
hypothesis: (i) functional glutamate receptors are expressed by
neuronal precursors and neurons of several brain areas at a very
early stage (3, 37), (ii) exocytosis of glutamate occurs from
growing axons and cones before synapse formation (38), (i)
paracrine nonvesicular release of glutamate exists before syn-
apse formation and modulates neuronal migration (39, 40), and
(iv) an efficient glutamate transport system is operative at early
developmental stages (39). Depending on the neural activity and
the location and properties of glutamate receptors and trans-
porters, it is possible that excess activation of glutamate recep-
tors can occur and modulate brain development. Therefore,
normal brain development requires tight control of extracellular
glutamate by the glutamate transporters GLAST and GLTI.
This hypothesis was also confirmed by the severe developmental
defects that were observed in the regions of the brain where both
GLAST and GLT1 are expressed, such as the inner half of the
cortex, the pallium-subpallium boundary, and the SP neurons
(Fig. 13, which is published as supporting information on the
PNAS web site). GLAST/~/GLT1~/~ double mutants have
enabled us to clarify how glutamatergic signaling regulates the
molecular pathways that control brain development.

Previous in vitro studies demonstrated that glutamate is in-
volved in modulating the radial migration of cortical projection
neurons. Blockade of NMDA receptors decreases cell migration,
whereas enhancement of NMDA receptor activity or inhibition
of extracellular glutamate uptake increases the rate of cell
movement (4, 7). Interestingly, radial migration is impaired in
GLAST~/~/GLT1~/~ double mutants, in which excess activation
of the NMDA receptor may occur. This impairment could be
attributed to the fact that excess activation of glutamate recep-
tors in GLAST™'~/GLT1~'~ double mutants leads to disruption
of the radial glial fiber system. Recent studies have indicated that
glutamate released from corticofugal axons could lead to
NMDA and AMPA/kainate receptor activation in tangentially
migrating cells and thereby modulate their response to guidance
cues (41, 42). Furthermore, GLT1 is expressed in corticofugal
axons. Future experiments investigating the tangential migration
of interneurons in GLAST~'~/GLT1~"~ double mutants may
clarify the functional significance of glutamate for tangential
migration as well as radial migration.

It has been shown that SP cells are necessary for the devel-
opment of many efferent and afferent cortical connections
(23-26). We found that SP neurons were deficient in the
neocortex of GLAST/=/GLT1~'~ mutants from E14 onward.
Consistent with the defect in SP neurons, TC and CT projections
were lacking in mutant mice.
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Abnormal development of the brain during fetal life is now
thought to contribute to the etiology of many neurological
disorders that manifest throughout life (43). Cerebral hypoxia-
ischemia is considered to be a major cause of perinatal brain
injury. A dysfunction of glutamate transporters and the resulting
excess glutamate are important pathophysiological mechanisms
in brain injury after hypoxia-ischemia. Therefore, GLAST/~/
GLT17/~ mutants may be useful for characterizing lesions
formed in response to hypoxia-ischemia and for developing
neuroprotective strategies to reduce the burden of altered brain
growth and poor functional and behavioral outcomes (44).

Materials and Methods

Mice. The GLT1, GLAST, and EAACI mutant mice are de-
scribed in refs. 17-19. To generate all combinations of double
mutants, double-heterozygous mice (GLT1'/~/GLAST'/",
GLAST*/~/EAAC1*/~,-and EAAC1*/~/GLT1*/7) were
crossed. All mice were on a C57BL/6J background. The day of
vaginal plug detection was designated as E0Q.5.
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Histological Analysis, BrdU Labeling, TUNEL Assay, Western Blot Anal-
ysis, Real-Time PCR, and Glutathione Assay. All detailed information
specific to the experiments described here can be found in
Supporting Materials and Methods, which is published as sup-
porting information on the PNAS web site.

Effect of AMPA and NMDA Receptor Antagonism on Brain Abnormal-
ities of Mutant Mice. This experiment was performed as described
in ref. 45. Between E8 and E16, pregnant mice received i.p.
injections of the AMPA and NMDA receptor antagonists.
Detailed procedures are described in Supporting Materials and
Methods.
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TLX is an orphan nuclear receptor that is ex-
pressed exclusively in vertebrate forebrains. Al-
though TLX is known to be expressed in embryonic
brains, the mechanism by which it influences neu-
ral development remains largely unknown. We
show here that TLX is expressed specifically in
periventricular neural stem cells in embryonic
brains. Significant thinning of neocortex was ob-
served in embryonic d 14.5 TLX-null brains with
reduced nestin labeling and decreased cell prolif-
eration in the germinal zone. Cell cycle analysis
revealed both prolonged cell cycles and increased
cell cycle exit in TLX-null embryonic brains. In-

creased expression of a cyclin-dependent kinase
inhibitor p21 and decreased expression of cyclin
D1 provide a molecular basis for the deficiency of
cell cycle progression in embryonic brains of TLX-
null mice. Furthermore, transient knockdown of
TLX by in utero electroporation led to precocious
cell cycle exit and differentiation of neural stem
celis followed by outward migration. Together
these results indicate that TLX plays an important
role in neural development by regulating cell cycle
progression and exit of neural stem cells in the
developing brain. (Molecular Endocrinology 22:
56-64, 2008)

UCLEAR RECEPTORS ARE ligand-dependent

transcription factors that have important roles in
several biological processes, including cell prolifera-
tion, differentiation, and cellular homeostasis (1). TLX
was initially identified as an orphan nuclear receptor
that is homologous to the Drosophila tailless gene and
plays an important role in vertebrate brain functions
(2). Expression of TLX in the mouse starts at embry-
onic d 8 (EB), peaks at E13.5, and decreases by E16,
with barely detectable levels at birth. TLX expression
increases again after birth with high levels of expres-
sion in adult brains (3). The biphasic expression pat-
tern of TLX suggests that TLX could play a role in both
brain development and adult brain function.

We have shown that TLX is an essential regulator of
neural stem cell maintenance and self-renewal in the
adult brain (4). The TLX-expressing cells isolated from
adult TLX-heterozygote brains can proliferate, self-
renew, and differentiate into all three major neural cell
types in vitro. By contrast, TLX-nuli cells isolated from
the brains of adult TLX-mutant mice fail to proliferate.

First Published Online September 27, 2007

Abbreviations: BrdU, Bromodeoxyuridine; DCX, dou-
blecortin; E8, embryonic d 8; B-gal, B-galactosidase; GFP,
green fluorescent protein; NeuN, neuronal nuclei; PPARYy,
peroxisomal proliferator-activated receptor-y; siRNA, short
interfering RNA; TUNEL, terminal transferase dUTP nick end
labeling; VZ, ventricular zone; X-gal, 5-bromo-4-chloro-3-
indolyl-B-galactopyranoside.
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Reintroducing TLX into TLX-null cells rescued their
ability to proliferate and self-renew (4).

Mature TLX knockout mice suffer from severe limbic
defects, aggressiveness, decreased copulation, pro-
gressively violent behavior, and retinopathies (4-12).
Fierce mice, a natural mutant homozygous for a dele-
tion of TLX, show pathological aggression (13), similar
to the TLX knockout mice. Introducing the human TLX
gene into fierce mice ameliorates the brain and eye
abnormalities (14), suggesting that the mechanisms
underlying the behavioral abnormalities may be con-
served in humans. Therefore, mutation of the TLX gene
may contribute to human behavioral disorders.

Although the rote of TLX in adult neural stem cells is
unfolding, the mechanism by which it influences neural
development remains unknown. In this study, we
show that TLX is specifically expressed in the periven-
tricular neural stem cells in the developing brain. Using
TLX knockout mice we show that loss of TLX expres-
sion led to significant thinning of embryonic neocortex,
reduced nestin labeling, and decreased cell prolifera-
tion in the ventricular zone (VZ) of E14.5 brains. Both
prolonged cell cycles and reduced cell cycle reentry
were observed in the VZ of TLX-/— embryonic brains.
Moreover, TLX short interfering RNA (siRNA) treatment
through in utero electroporation triggered cell cycle
exit and neuronal differentiation of neural stem cells
and outward migration of the differentiated celis in the
embryonic neocortex. These results suggest that TLX
is an important regulator of embryonic neural stem cell
proliferation and differentiation through cell cycle
control.
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