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Fig. 2. Expression of markers of the three primary germ layers in EBs exposed to various concentrations of RA. RNA was isolated from ES cells (day 0) and
EBs (days 2, 4, 6) and analyzed by RT-PCR for expressicn of markers of undifferentiated ES cells {ocr374), endoderm differentiation (pdx] and gatad),
mesoderm differentiation (hrachyury and nkx2.5), epidermis differentiation {ck-/7), and neural differentiation (sox/ and ngn2). To normalize their expression
to the amount of cDNA present in the sample, the cDNA for endogenous S-actin was amplified.

expressed unstably at low levels, and their levels correlated
poorly with the concentrations of RA.

Neural induction of mouse ES cells by RA

It has been shown that neural differentiation of ES
cefls can be promoted by RA, especially by early
exposure of EBs to relatively high RA concentrations
(Bain et al., 1995, 1996; Fraichard et al., 1995; Gajovic et
al.,, 1997; Renoncourt et al., 1998; Rohwedel et al., 1999;
Strubing et al., 1995; Wichterle et al.,, 2002). However, as
the effect of different RA concentrations had never been
precisely described, we next investigated how RA
promotes neural differentiation. EBs that had been
cultured for 6 days were analyzed for differentiation
markers of neural cells (progenitors, neurons, and glia) by
Western blotting (Figs. 3A, B). Nestin, which is expressed
in undifferentiated neural progenitors, was more strongly
expressed in EBs treated with low-RA. Expression of
plll-tubulin and GFAP, which are markers of differ-
entiated neurons and astrocytes, respectively, increased in
a concentration-dependent manner in EBs exposed te RA
(Figs. 3A, B). By contrast, RT-PCR analysis on day 6
showed that expression of sox/ (a' marker of undiffer-
entiated neural cells; Pevny et al, 1998; Wood and
Episkopou, 1999) mRNA was higher in EBs treated with
low-RA on day 6 (Fig. 2). Expression of CNPase, a
marker of oligodendrocytes, was detected only slightly
under all of the differentiating conditions, and its
expression was not very strongly affected by the concen-
tration of RA (Figs. 3A,B). To better understand the
effects of RA on neural differentiation of EBs, we
performed immunocytochemistry of markers of various
neural lineages (Figs. 3C-E and 5A,B). EBs that had been
cultured for 6 days were dissociated and differentiated on
poly-L-omithine/fibronectin-coated cover glasses for 24 h
and then processed for immunocytochemistry of markers

of undifferentiated neural cells (Nestin, Group Bl Sox,
Olig2) and postmitotic neurons (PHI-tubulin). Olig2 is a
basic-helix-loop-helix (bHLH) transcription factor that is
expressed in most of the ventral neural progenitor cells
around the period of neural tube closure {Takebayashi et
al, 2000). Treatment of EBs with low-RA (107% M)
induced a 1.6-, 3.0-, and 9.1-fold increase in Nestin-,
Group Bl Sox, and Qlig2-positive undifferentiated neural
progenitors, respectively, over those treated with high-RA
(2 x 107° M) (Figs. 3C-E). Treatment of EBs with high-
RA (2 x 107® M} induced very few Nestin-, Group Bl
Sox-, and Olig2-positive progenitor cells, and instead
induced many PHI-tubulin-positive postmitotic neurons
[3.0-fold more than by treatment with low-RA (107% M)]
(Figs. 3C-E and 5A). RT-PCR analysis showed that olig2
was expressed in EBs treated with high-RA at day 4 and
down-regulated by day 6, whereas it was expressed highly
on day 6 in EBs treated with low-RA (Fig. 6A). These
results indicate that higher concentrations of RA facilitate
differentiation of neural progenitors into postmitotic
neurons and glia, in contrast to lower concentrations of
RA, which preferentially induce undifferentiated neural
progenitor cells from ES cells; that is, that RA strongly
promotes terminal differentiation of ES-cell-derived neural
progenitors in a concentration- and culture-period-depend-
ent manner in addition to its action that promotes neural
induction of ES cells.

ES-cell-derived neural cells acquire positional identity
through EB formation

To investigate how RA regulates the specification of
rostro-caudal and dorso-ventral positional identity during
EB formation, RT-PCR analysis of regionally specific
markers was performed (Carpenter, 2002; Caspary and
Anderson, 2003; Helms and Johnson, 2003; Hitoshi et
al,, 2002; Jessell, 2000; Marquardt and Pfaff, 2001;
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Fig. 3. RA promotes neural differentiation in a concentration-dependent manner and regulates the differentiation of ES-cell-derived neural progenitors. (A)
Western blot analysis of markers for reural differentiation in EBs cultured for 6 days. {B) Quantitative analysis was performed with Scion Image. The amounts
of proteins were normalized to those of a-tubulin (n = 3, mean * SEM, *, P <0.05 vs. control. 1, P < 0.05 vs. RA 2% 107 M. (C) Immunocytochemistry of
dissociated EBs for Olig2 and Nestin. Nuclear localization of Olig2 in Nestin immunoreactive cells was confirmed by three-dimensional recanstruction of
confocal microscopic images (right end of lower panels). (D, E) The proportions of cells positive for Nestin, Group Bl Sox, Olig2, and pIll-tubulin among the
total-number of cells in dissociated EBs were determined by immunocytechemically. Immunoreactive cells as a percentage of the total number of cells counted
on the basis of nuclear staining with hoechst33342 are shown (n = 3, mean + SEM, *, P < 0.05 vs. control. {, P < 0.05 vs. RA 2x107% M). The percentages of

cells expressing Olig2, Group B1 Sox, and Nestin were higher in dissociates of EBs treated with low-RA (<1078 M) than in EBs treated with high-RA >1077
M). Scale bar: 50 pm.
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Fig. 4. Concentration-dependent effects of RA on the specification of rostrol-caudal positional identity of ES-cell-derived neural progenitors. (A) Effect of RA
on rostrol-caudal axis formations was analyzed by RT-PCR on days 0, 2, 4, and 6 of differentiation. The expression patterns are summarized in (B). RA
caudalized ES-cell-derived neural cells in a concentration-dependent manner. Contrel and Noggin-treated-EBs expressed forebrain-type markers, whereas EBs
treated with low-RA and high-RA expressed midbrain-hindbrain-type markers and spinal-cord-type markers, respectively.

Fig. 5. RA caudalizes EB-derived neurons in a concentration-dependent manner, (A) Immunocytochemical analysis of neural progenitors and neurons
differentiated from dissociated EBs with Otx1, which is expressed in developing forebrain and midbrain, and Phox2B, Lim3, HB9, and Isl-1/2, which are
expressed in developing motor neurons and their progenitors. Immunoreactive cells as a percentage of the total number of cells counted on the basis of the
nuclear staining with hoechst33342 are shown in B {n = 3, mean + SEM, *, P < 0.05 vs. control. {, P < 0.05 vs. RA 2 x 107 M). (C) RT-PCR analysis of
phox2b and hb9. Control and Noggin-treated EBs generated significant numbers of Otx1-and Group B1 Sox-positive anterior neural progenitors. Low-RA
(107°-107% M) induced many Phox2b-positive hindbrain brachial and visceral motor neurons and fewer Otx1/Group Bl Sox-positive anterior neural

progenitors, whereas high-RA (>1077 M) induced more HB9-positive hindbrain and spinal cord sematic moter neurons without any Otx I-positive cells. Scale
bar: 50 pm.
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Niederreither et al, 2000; Schuurmans and Guillemot,
2002; Wurst and Bally-Cuif, 2001). As shown in Fig. 4,
EBs were caudalized in & concentration-dependent man-
ner during the first 2 days of RA exposure (days 2-4).
After day 4, control and Noggin-exposed EBs expressed
genes specific to forebrain (emx{!, emx2, nkx2.l, otxl,
otx2) and midbrain-—hindbrain (ofc!, otx2, enl}, but no
hindbrain or spinal cord markers. EBs treated with low-
RA mainly expressed midbrain-hindbrain markers (orx!,
otc2, enl, ghx2, hoxbi, hoxa2, hoxa3), and did not
express spinal cord markers (hoxcd, hoxcs, hoxe6, hoxc8,
hoxcl0). Expression of telencephalic markers (emxi,
emx2, dix2) in EBs treated with low-RA was lower than
in control and Noggin-exposed EBs. However, at day 4,
expression of one of the telencephalic markers, foxg/,
was somchow highest in the EBs exposed to low-RA. On
the other hand, high-RA induced expression of hindbrain
and rostral spinal cord markers (hoxcd, hoxc5, hoxc6)
and reduced expression of forebrain and midbrain
markers. These patterns of gene expression were detected
at day 4 and were maintained thereafter. The expressicn
levels of enzymes involved in RA metabolism, raldh2
and cyp26al (Fig. 4A), were higher in EBs treated with
high-RA, a finding that was consistent with the EBs
exposed to high-RA acquiring the identity of rostral
spinal cord, where the concentration of RA and the
expression level of its synthesizing enzyme Raldh2 are
the highest in the developing CNS (Swindell et al,
1999). The RA catabolizing enzyme Cyp26al may have
been induced by high-RA as part of a negative feedback
mechanism. The total gene expression patterns indicating
rostro-caudal specification in EBs differentiated under
different conditions are summarized in Fig. 4B. The
concentration-dependent caudalization of EBs by RA
treatment shown by the result of the RT-PCR analysis
was confirmed by immunocytochemistry of dissociated
EBs with antibodies for markers expressed in developing
forebrain and midbrain (Otx1) {Acampora et al, 1998},
visceral or brachial motor neurons in the hindbrain
(Phox2b) (Pattyn et al.,, 2000), and somatic spinal motor
neurons (HB9, Lim3) (Arber et al., 1999) (Figs. 5A,B).
Virtually all of the marker-positive cells were also
positive for either a neural progenitor marker Group Bl
Sox, or pan-neuronal marker Blll-tubulin. A significant
number of cells derived from EBs and grown under all
conditions expressed Isl-1/2, a marker of postmitotic
cholinergic neurons, including not only spinal motor
neurons but those in ventral forebrain (Kohtz et al., 2001;
Wang and Liu, 2001). Somatic motor neurons of the
hindbrain and spinal cord expressing Lim3 and HB9 were
found more frequently when treated with high-RA,
whereas hindbrain visceral or brachial motor neurons
expressing Phox2b were found more frequently when
treated with low-RA. By contrast, an enormous number
of neural progenitors that were positive for both Otx]
and Group Bl Sox and acquired anterior positional

identity were induced from control and Noggin-treated
EBs, and less frequently from low-RA treated EBs,
whereas no such cells were induced from high-RA-treated
EBs. Taken together, these findings indicate that RA
induced both caudalization of EBs based on the
expression patterns of regionally specific genes during
neural induction and neuronal differentiation in a con-
centration-dependent manner, resulting in significant
generatton of forebrain and midbrain (control and
Noggin), hindbrain (low-RA), and spinal cord (high-
RA) types of neural progenitors or neurons, respectively.

RA controls dorso-ventral axis formation

To determine the effect of RA on dorso-ventral axis
specification of EB-derived cells, we investigated the
expression of class 1 genes (pax7, dbxl, dbx2, irx3,
pax6, whose expression is repressed by Shh in early CNS
development) and class II genes (nkx6.2, nkx6.1, olig2,
nkx2.2, whose expression is activated by Shh). These
genes are differentially expressed along the dorso-ventral
axis in the progenitor domains of developing hindbrain and
spinal cord (Jessell, 2000). As shown in Fig. 6, EBs
treated with low-RA expressed both class I and class II
genes, indicating that they were composed of various
populations that had acquired their identities throughout
the dorsal to ventral neural tube. Interestingly, on the other
hand, treatment with high-RA raised the expression levels
of class I genes and significantly reduced those of class II
genes except ofig? at day 4, in comparison to treatment
with low-RA. Thus, high-RA caused dorsalization of
neural progenitor cells in EBs. To investigate the mech-
anism underlying the action of RA in specifying dorso-
ventral identity, we investigated its effects on expression of
the N-terminus of Shh protein (Shh-N) and sonic hedge-
hog (shk) mRNA. Mouse Shh is produced as a 49-kDa
secreted protein that post-translationally cleaves to yield
two mature proteins: an approximately 19-kDa N-terminal
fragment that contains the signaling portion of the
molecule and an approximately 27-kDa C-terminal frag-
ment, which has auto-processing activity (Marti et al,
1995; Porter et al., 1995, 1996; Roelink et al., 1995). We
found that expression of both the Shh-N protein and shh
mRNA was significantly up-regulated by exposure to low-
RA in day 4-6 EBs (Figs. 7A-C), but that further
increasing the RA concentration (>107 M) induced their
down-regulation instead. More specifically, the RA-respon-
sive increase in Shh-N expression appeared to be concen-
tration-dependent up to 107* M, but was completely
abrogated at 10™7 M ard higher concentrations. On the
other hand, the peak level of full-length Shh protein
expressed in response to exposure to 107% M of RA was
maintained even in EBs exposed to higher concentrations
of RA. These results suggested that the ventralization of
neural progenitors in EBs exposed to low-RA might be
caused by an enhanced expression of Shh-N. However, we
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could not rule out the possibility of the opposite causal
relationship; that is, that low-RA induced enhanced
expression of Shh-N protein and the expression of shh
mRNA resulted from the ventralization of EB-derived cells
that had been induced by low-RA treatment through an
unknown mechanism. To address this issue, we treated
EBs exposed to RA with recombinant Shh-N protein and
cyclopamine, an inhibitor of Shh signaling (Chen et al.,
2002a,b; Incardona et al., 1998)., In the absence of
cyclopamine treatment, EBs exposed to low-RA expressed
both class I (pax7, dhxi, dbx2, irx3, and pax6) and class
Il genes (nkx6.2, nkx6.l, olig?, and nix2.2), thereby
indicating both dorsal and ventral phenotype. Treatment
with 1 uM cyclopamine strongly down-regulated the
ventral class Il genes (nkx6.2, nkx6.1, olig2, and nkx2.2)
and some of the class I genes (dbx] and dbx2), indicating
a dorsalized phenotype (Figs. 7D,E). In addition, exposure
to 50 nM of recombinant Shh-N protein enhanced
expression of class Il genes (nkx6.2, nkx6.1, olig2, and
nkx2.2} but reduced pax7 expression. These effects were
abrogated by treatment with 1 uM ecyclopamine (Figs.

7D,E). EBs treated with high-RA expressed higher levels
of class [ genes (pax7, dbxi, and dbx2, irx3, pax6), but
lower levels of class II genes (nkx6.2, nkx6.1, olig2, and
nkx2.2), thereby indicating a more dorsal phenotype than
after low-RA treatment. However, high-RA treated EBs
were ventralized by treatment with exogenous Shh-N, as
shown by the up-regulation of class II genes (nkx6.2,
nkx6.1, olig2, and nkx2.2) and down-regulation of pax7,
and these changes were also abrogated by 1 pM cyclop-
amine treatment (Figs. 7D,E).

This alteration of dorso-ventral identity by RA, Shh-N,
and cyclopamine was confirmed by the immunostaining of
dissociated EBs with antibodies against Pax7, Nkx6.1, and
Nkx2.2 (Fig. 8). Virtually all the marker-positive cells also
stained with the antibodies against Group B1 Sox or Nestin,
indicating they are neural progenitor cells. Tt was note-
worthy that Shh-N treatment could induce only Nkx6.1-
positive but not Nkx2.2-positive neural progenitors in EBs
treated with high-RA, indicating that the ventralmost neural
progenitors could not be efficiently derived under such
conditions, but that they were capable of increasing the
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Fig. 7. Shh-N mediates RA-dependent dorso-ventral specification of ES-cell-derived neural progenitors. (A} Expression of Shh and its active N-terminal
truncated form, Shh-N, in EBs cultured for 6 days, was analyzed by Western blotting, EBs were exposed to various concentrations of RA. Quantitative analysis
was performed with Scion Image. The amounts of proteins were normalized 1o those of a-tubulin (B) (n = 3, mean + SEM, *, P < 0.03 vs. control. 1, P < 0.05
vs. RA 2 x 107 M), (C) RT-PCR analysis of shi and bmp4. Shh-N was more highly expressed in EBs treated with low-RA (107% M-10"% M}. (D) RT-PCR
analysis of RA-exposed EBs treated with Shh-N and its inhibitor cyclopamine. Shh-N and cyelopamine were added together with RA on day 2. (E) Summary
of expression patterns in vitro corresponding to in vivo. Cells from low-RA-treated EBs were a mixed population of dorsal-to-ventral neural progenitors and
were capable of being dorsalized by inhibiting Shh signaling with cyclopamine. By contrast, exogenous Shh-N induced ventral neural progenitors were capable
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Fig 8. Dorso-ventral specification of RA treated EBs is altered by Shh-N and cyclopamine. The alteration of dorso-ventral identity by RA, Shh-N, and
cyclopamine was confirmed by the immunostaining of dissociated EBs with antibodies against Pax7 as a marker for dorsal neural progenitors, against Nkx6.1
as a marker for ventral neural progenitors, and against Nkx2.2 as a marker for ventralmost neural progenitors in combination with Group Bl Sox or Nestin as a
marker for neural progenitors. Immunoreactive cells as a percentage of the tota! number of cells counted on the basis of the nuclear staining with hoechst33342
are shown in B (r = 3, mean + SEM). Scale bar: 50 pm.
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number of Nkx6.1- or Nkx2.2-positive ventral neural
progenitors in EBs treated with low-RA. The observation
in EBs treated with high-RA is consistent with the previous
report (Wichterle et al., 2002).

One of the major dorsalizing molecules in the CNS, bmp4
(Caspary and Anderson, 2003; Jessell, 2000; Knecht and
Bronner-Fraser, 2002), was not very strongly affected by RA,
Shh-N, or cyclopamine, suggesting a lesser contribution of
the BMP signal to this RA-mediated dorso-ventral specifi-
cation (Fig. 7C, data not shown). These results indicate that
differentiating EBs were ventralized by low-RA through
induction of endegenous Shh-N protein, and that the effect
was abrogated by cyclopamine and enhanced by the addition
of exogenous Shh signal (Figs. 7D.E and 8).

Positional identity regulated by the RA concentration is
mainly determined during the first 2 days of exposure to RA

According to the RT-PCR analysis of EBs cultured
according to the 2—/4+ protocol, the expression patterns of
most of the regionally specific markers were determined by
day 4 and maintained unchanged thereafter. This observa-
tion raised two possibilities. One possibility is that the first 2
days of exposure to RA are critical to the determination of
positional identity, and the second is that the effect of the
RA concentration was altered during the later culture period
by degradation of RA. To determine which of these
possibilities was true, we performed a RT-PCR analysis of
EBs cultured according to other protocols in which the times
when RA is added or the duration of exposure to RA (2—/
242~ 2—-/2+/2+, and 4—/4+ protocols) is different from
the 2—/4+ protocol (Suppl. Fig. ). Expression of ocz3/4 had
been maintained before the addition of RA, but no
expression of other markers except otx2, whose mRNA
was expressed even in undifferentiated ES cells, had been
detected in any of the culture protocols, including the 4—/4+
protocol. The expression patterns of most of regionally
specific markers were determined by day 4 of the 2—/2+/2—
and 2—/2+/2+ or by day 6 of the 4—/4+ protocol, and were
virtually the same in all protocols as observed in the 2—/4+
protocol, and they were maintained thereafter as well
(Suppl. Fig. 2). Overall, positional identity is determined
during the first 2 days of exposure to RA and is maintained
thereafter regardless of the presence or absence of RA in
later culture periods.

Discussion

The pluripotent embryonic stem cell is a valuable in vitro
model for studying the effects of various factors on cell
lineage "decisions in very early embryonic stages of
mammalian development, and the effect of RA signaling
on the differentiation of ES cells and neural induction, in
particular, has been extensively studied. In addition to
previous reports showing that RA promotes neural differ-

entiation of ES cells and caudalization of the positional
identity of their progeny (Bain et al., 1995, 1996; Fraichard
et al., 1995; Gajovic et al., 1997; Renoncourt et al.,, 1998;
Stuubing et al., 1995; Wichterle et al., 2002}, the results of
the present study demonstrate the novel and precise actions
of RA on neural differentiation and acquisition of positional
identity by ES-cell-derived neural cells,

Effect of the concentration of RA on ES cell differentiation

It is well known that exposure of growing EBs to high-
RA markedly increases the rate of neural differentiation,
whereas low-RA induces more mesodermal cells (Rohwedel
et al, 1999). Higher concentrations of RA also promote
faster differentiation of ES cells, as indicated by the pattern
of oct3/4 expression, which was down-regulated more
rapidly in EBs exposed to higher concentrations of RA,
and down-regulated more at day 6 than at day 4 (Fig. 2).
The result of this study showed that RA also concentration-
dependently facilitates terminal differentiation of neural
cells derived from ES cells. The expression levels of
markers of differentiated neurons and glia, ie., of BIII-
tubulin and GFAP, respectively, was higher in EBs treated
with higher concentrations of RA, whereas the expression
levels of markers of undifferentiated neural cells, i.e., of
Nestin, Group B1 Sox, Olig2, and sox!/ mRNA, was
inversely cormrelated with the concentration of RA (Figs. 2
and 3). The findings are consistent with a high-RA
enhancing differentiation of neural progenitor cells, as
described previously (Bain et al., 1995, 1996; Fraichard et
al., 1993; Gajovic et al., 1997; Renoncourt et al.,, 1998;
Strubing et al., 1995; Wichterle et al., 2002).

Down-regulation of Wnt signaling has been shown to be
one of the mechanisms involved in RA-induced neural
differentiation of mouse ES cells (Aubert et al,, 2002).
Interestingly, (B-catenin, which is a key molecule in Wnt
signaling, has been shown to interact directly with retinoid
receptor RAR, but not with RXR, in a retinoid-dependent
manner, and as a result retinoids decrease p-catenin-Lef/Tcf-
mediated transactivation in cultured cells in a dose-depend-
ent manner (Easwaran et al, 1999). Wnt3a signaling
through Lef/Tcfl has also been implicated in suppression
of neural differentiation and induction of mesodermal
differentiation in the mouse embryo (Galceran et al.,
1999; Yamaguchi et al., 1999; Yoshikawa et al., 1997).
These findings raise the possibility that the one of the effects
of RA in EBs is to inhibit the Wnt-B-catenin anti-neural
pathway by up-regulation of Secreted frizzled-related
protein 2 (5frp2) (Aubert et al., 2002) and/or sequestration
of B-catenin in a concentration-dependent manner, thereby
resulting in the promotion of neural differentiation, and
inversely in the suppression of mesodermal differentiation.

FGFs are another molecules that may be involved in the
neurogenesis related to RA signaling. RA has been shown to
promote neuronal differentiation by repressing FGF signal-
ings from the posterior neural plate. Caudal FGF signalings
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have the opposite effects and repress Raldh2 (RA synthesis)
in the presomatic mesoderm and generic neurcnal differ-
entiation in chick early neural tube (Diez del Corral et al.,,
2003; Novitch et al, 2003). These observations raise the
possibility that RA inhibits the action of endogenously
generated FGFs in a concentration-dependent manner during
the culture of EBs. Further study of the associations between
these signals 1s required to clarify the mechanism underlying
the RA-promoted neural differentiation of ES cells.

Acquisition of rostro-caudal identity depends on the
concentration of R4

A previous study on chick embryos showed that the
default identity of early neural tissue is a rostral location and
that neural cells can be caudalized by exogenous factors, such
as the caudalizing activity of paraxial mesoderm, FGFs, and
retinoid from the mesoderm, which induce midbrain, hind-
brain, and spinal cord characters, when applied during the
appropriate period of development (Muhr et al., 1999).

RA is one of the factors, that has been shown to be
involved in hindbrain patterning and the caudalization of
neural tissues in the early embryonic CNS in vivo (Maden,
2002). The distribution of endogenous RA has been
examined in mouse and chick embryos, by various
method, including HPLC (high-performance liquid chro-
matography) (Horton and Maden, 1995; Maden et al,
1998), the use of LacZ reporter cells (Maden et al., 1998;
Wagner et al, 1992}, and the use of RARP;-LacZ
transgenic mice (Reynolds et al., 1991; Zimmer, 1992).
This distribution of endogenous RA is correlated with the
opposing action of the two main enzymes involved in RA-
metabolism, RA-synthesizing enzyme, Raldh2, which is
most strongly expressed in the paraxial mesoderm adjacent
to the rostral spinal cord with the rostral boundary of the
presumptive first somite (Berggren et al., 1999), and the
catabolizing enzyme, Cyp26al, which is expressed in
anterior neurcepithelium. These spatially distributed
enzymes create a rostro-caudal RA concentration gradient
in vivo (Abu-Abed et al, 2001; Fujii et al., 1997; Maden
et al., 1998; Sakai et al., 2001; Swindell et al., 1999), with
the peak RA concentration occurring at the hindbrain/
spinal cord boundary, with levels gradually decreasing
anterior and posterior to it. Furthermore, it has been
suggested that the patterning of the rhombomere is
influenced over time by the constant supply of RA from
the paraxial mesoderm, where the neuroepithelium grows
and moves away form this source of RA. These findings
imply that the more posterior thombomeres that develop
later than the more anterior rhombomeres may have been
exposed to higher concentration of RA, leading to the
expression of more posterior genes (such as posterior hox
genes), which require a higher concentration of RA for
activation in vivo (Maden, 2002). Our findings are
consistent with the above-described putative regulatory
mechanism of hindbrain/rostral spinal cord positional

specification correlated with the RA concentration gradient
in vivo in the following manner. The default positional
identity of ES-cell-derived neural cells is specified as
anteriormost forebrain, which was acquired in the control
and Noggin-exposed EBs. EBs treated with low-RA were
specified as midbrain to hindbrain, which is generated
carlier and require lower concentrations of RA in vivo,
whereas EBs treated with high-RA were specified as
posterior hindbrain to rostral spinal cord, which is
generated later and requires higher concentrations of RA
in vivo. In addition, the fact that even the EBs treated with
high-RA expressed genes specific to rostral (hoxed to
hoxc6), but not to caudal spinal cord (hoxe8 to hoxel() is
consistent with the putative gradient of endogenous RA in
vivo with a higher concentration in the rostral spinal cord,
and the proposed role of RA in rostral spinal cord
determination (Liu et al, 2001}. Moreover, other factors
may be involved in the activation of RA-responsive genes
and the specification of positional identity, such as RA
binding proteins, including cellular retinoic acid binding
protein (CRABP) 1, which limits the access of RA to the
nuclear retinoid receptors. The spatiotemporal pattern of
expression of CRABPI suggests that the fine regional
control of availability of RA to the nuclear receptors may
also play an important role in the organization of the
central nervous system and the differentiation of its
progenitors in vivo (Leonard et al., 1995; Maden, 2001;
Maden et al., 1992; Ruberte et al., 1993). The role of these
RA binding proteins in the regulation of in vitro differ-
entiation of ES-cell-derived neural cells should be inves-
tigated further in the future,

RA also affects dorso-ventral positional identity

In contrast to the acquisition of rostro-caudal identity,
dorso-ventral identity was analyzed in terms of expression of
the transcriptional control of the homeodomain (HD) and
basic helix-loop-helix (bHLH) proteins. Previous studies
have emphasized the role of Shh signaling in establishing the
pattern of expression of ventral spinal cord patterning genes
(Jessell, 2000). RA has also been reported to contribute to the
ventral patterning of the spinal cord; that is, to the induction
of ventral intemeurons (VO and V1) by inducing class I
genes, including Dbx 1, Dbx2, Evx1, Evx2, and En (Pierani et
al., 1999), and to the specification of limb level motor neuron
subtypes by the expression of Raldh2 in LMC (Sockanathan
and Jessell, 1998). Furthermore, recent studies have revealed
involvement of RA from the paraxial mesoderm in the timing
of neurogenesis and the patteming of the ventral spinal cord
regulating the expression of class I and class II genes via
inhibition of FGF signals and in combination with Shh
signals (Diez del Corral et al., 2003; Novitch et al.,, 2003).
However, the results of our study showed that the concen-
tration of RA to which EBs were exposed was critical for
acquisition of dorso-ventral identity by differentiating ES
cells, and the concentration dependency showed a bell-
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shaped pattern. This was shown by the pattern of the
expression of class I and class IT genes (Figs. 6A,B), which
determines the dorso-ventral progenitor domains of devel-
oping hindbrain and spinal cord. EBs exposed to high-RA
exhibit mainly dorsal phenotypes, whereas EBs exposed to
low-RA exhibit more ventral phenotypes (Figs. 6-8). The
expression pattern of olig2, higher at day 4 in EBs treated
with high-RA and at day 6 in those treated with low-RA,
seems to conflict with this finding; however, there are several
possible explanations. One is that this alteration of the
expression pattern of olig2 mimics that in vivo according to
the stage of development, with expression in most of the
undifferentiated neural/glial progenitor cells in the ventral
half of the spinal cord occurring around the period of neural
tube closure and later being restricted to the motor neurcn
domain (pMN domain) of the ventral ventricular region,
whete the progenitors of motor neurons and oligodendrocytes
arise sequentially (Lu et al., 2000; Takebayashi et al., 2000,
Zhou et al., 2001). Thus, both the cells collected at day 4 from
EBs exposed to high-RA and those collected at day 6 from
EBs exposed to low-RA may consist of multipotent neural
progenitors expressing Olig2. Furthermore, the role of RA in
motor neuron development, such as its effect on the
exptession of bHLH and HD transcription factors, including
Olig2, varies with the stage of development, according to a
previous study that anatyzed chick spinal cord development
(Novitch et al., 2003). Similar alteration of the effects of RA
may occur in our culture system and be another possible
explanation for the sequential expression pattern of olig? in
EBs exposed to high-RA.

The ventralization of EBs treated with low-RA can be
explained by the finding that the active form of Shh-N,
which is secreted by the notochord and floor plate of the
developing CNS and ventralizes gene expression of neural
progenitors in a concentration-dependent manner in vivo
(Jessell, 2000), is more highly expressed on day 6 in EBs
treated with low-RA (Figs. 7A-C). The hypothesis that the
concentration-dependent activity of RA that defines dorso-
ventral identity is mediated by Shh-N was confirmed by
the result of treatment with the inhibitor of Shh signaling,
cyclopamine (Figs. 7D,E and 8) (Chen et al, 2002a,b;
Incardona et al, 1998). Cyclopamine abrogated the
ventralization activity of low-RA treatment, and addition
of exogenous Shh-N more efficiently ventralized differ-
entiating EB-derived cells that had been exposed to both
low-RA and high-RA, in a cyclopamine-sensitive manner.
The expression level of bmp4, which dorsalizes neural
progenitor cells (Caspary and Anderson, 2003; Jessell,
2000; Knecht and Bronner-Fraser, 2002), was not very
strongly affected by Shh-N or cyclopamine in EBs

exposed to either low-RA or high-RA (Fig 7C, data not -

shown), indicating that BMP signaling is not the major
contributor to RA-mediated dorso-ventral specification.
Taken together, these findings suggest that Shh-N
expressed in EBs exposed to low-RA may be one of the
major signals that ventralize neural progenitors and induce

expression of class [T genes in addition to class [ genes,
and that the lack of the shh signal in EBs exposed to high-
RA may result in expression of only class [ genes and a
more dorsalized phenotype, which can be ventralized by
exogenous Shh-N protein. The results of this study are
consistent with a previous report that RA enhances
expression of class I genes, but not of class Il genes, in
developing chick spinal cord (Diez del Corral et al., 2003;
Novitch et al., 2003), and that exogenous Shh-N is
required in addition to high-RA for efficient generation
of motor neurons during EB formation in vitro (Renon-
court et al,, 1998; Wichterle et al.,, 2002). Because EBs
exposed to low-RA are mixed populations and contain
many mesodermal cells (Fig. 2) (Rohwedel et al., 1999),
they may secrete larger amounts of Shk-N than EBs treated
with high-RA, which contain smaller proportions of
mesodermal cells,

The discrepancy in response to RA between full-length
Shh expression and Shh-N expressions detected by West-
ern blotting (Figs. 7A,B) may be another important finding
in this study. In contrast to the expression of full-length
Shh being observed in EBs treated with RA at concen-
tration 10™® M and above, generation of Shh-N was
detected only in EBs exposed to lower concentrations of
RA (Figs. 7A,B), indicating the possible existence of RA-
dependent machinery controlling Shh-N production by
modulating an auto-processing mechanism by the C-
terminus of Shh, which processes full-length Shh into
the N-terminus active form, or by altering degradation
activity of Shh-N.

Use of mutant ES cells for indian hedgehog (ihh) and
smoothened (smo) has shown that hedgehog signaling is
also required for neural differentiation of mouse ES cells
by RA (Maye et al, 2004). In our study, however,
expression of Group Bl Sox and sox! mRNA in EBs
treated with low- or high-RA and their dissociates were
not down-regulated by cyclopamine (Fig. 8, data not
shown), indicating that neural differentiation was not
inhibited under our culture conditions even in the presence
of cyclopamine. There are two possible explanations for
this discrepancy. In our experiments, cyclopamine was
added on day 2 after the start of ES cells differentiation,
whereas in the mutant ES cells in which hedgehog
signaling was disrupted it was disrupted at the start of
differentiation, ratsing the possibility that hedgehog signal-
ing may be one of the factors that is required for the
initial commitment of neuroectodermal differentiation, The
other possibility is that the concentration of cyclopamine
used in our study may not have been adequate to
completely block hedgehog signaling, and the residual
signaling activity may have been sufficient for the
transition of ES-cell-derived ectoderm into neurcectoderm,
but not for the ventralization of neural cells.

The mechanism underlying these roles of hedgehog
signals in differentiation and specification of ES-cell-
derived neural cells needs to be elucidated in the future.

—Z244—



¥ Okada et al. / Developmental Biology 275 (2004) 124-142 139

Rostral -
ES

Caudal

~ Undifferentiated
neural cell

Time

Differentiated;
neural cetl

RA () low-RA B }ii&ﬁ.ﬁj{

Shh

|

t—— Shh:N s

Class |
[

Dorsal

Class 1 > |
I
Ventral to Dorsal

Fig 9. Schematic presentation of the concentration-dependent effects of RA
on neural differentiation by mouse ES cells, RA simultaneously promotes
both neural differentiation and caudalization in concentration-dependent
manner. Low-RA induces a higher level of Shh-N, which endows ES-cell-
derived neural progenitors with ventral identity, whereas high-RA poorly
induces Shh-N, and they acquire dorsal neural identity instead. ’

RA is one of the most important inductive signals in
vertebrate ontogeny and can be used to induce neural
differentiation of mouse ES cells in vitro. However, its
actions are complicated and difficult to deal with at will,
because RA has the ability to induce various types of cells
depending on its concentration, and it simultancously
affects both the timing of differentiation and the acquis-
ition of positional identity, including rostro-caudal and
dorso-ventral identity during neural differentiation (Fig. 9).
Separation of these two phenomena is desirable to
investigate the underlying mechanisms, and separation
may have been accomplished, in part, by using SDIA,
which is a culture protocol that induces neural cells
without RA treatment. Thus, previous studies have shown
involvement of RA at a single concentration in the
caudalization of ES-cell-derived neural cells (Mizuseki et
al.,, 2003; Wichterle et al., 2002). However, it is still not
easy to separate these two phenomena completely during
the neural induction of ES cells, because they are
simultaneously affected by RA in vivo in combination
with other signals, such as FGF and Shh signals, as shown
by previous studies (Appel and Eisen, 2003; Diez del
Corral et al., 2003; Novitch et al., 2003).

The present study identified detailed gene expression
profiles and clarified the effects of the concentration of
RA on ES cell differentiation, neuralization, and posi-
tional specification, though it may be impossible to map
the patterns of expressions of the regional specific
markers observed in ES-cell-derived neural cells directly
to parallel expression of the markers in vivo. In
combination with the RA-independent neural induction
method using Noggin, this information will enable us to
establish a strategy that will allow control of both the
differentiation and the positional identity of neural cells

derived from mouse ES cells through EB formation in
vitro, and it may be applicable to human ES cells, raising
the possibility of application to the treatment of neuro-
logical diseases.
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Gene Expression Profile of Spinal Motor
Neurons in Sporadic Amyotrophic
Lateral Sclerosis
Yue-Mei Jiang, PhD,' Masahiko Yamamoto, MD,"! Yasushi Kobayashi, MD," Tsuyoshi Yoshihara, PhD,*
Yideng Liang, PhD,' Shinichi Terao, MD,? Hideyuki Takeuchi, MD," Shinsuke Ishigaki, MD,’

Masahisa Katsuno, MD,' Hiroaki Adachi, MD,! Jun-ichi Niwa, MD," Fumiaki Tanaka, MD,’
Manabu Doyu, MD,! Mari Yoshida, MD,? Yoshio Hashizume, MD,? 2nd Gen Sobue, MD!

The causative pathomechanism of sporadic amyotrophic lateral sclerosis (ALS) is not clearly understood. Using microar-
ray technology combined with laser-captured microdissection, gene expression profiles of degenerating spinal motor
neurons isolated from autopsied patients with sporadic ALS were examined. Gene expression was quantitatively assessed
by real-time reverse transcription polymerase chain reaction and in situ hybridization. Spinal motor neurons showed a
distinct gene expression profile from the whole spinal ventral horn. Three percent of genes examined were downregu-
lated, and 1% were upregulated in motor neurons. Downregulated genes included those associated with cytoskeleton/
axonal transport, transcription, and cell surface antigens/receptors, such as dynactin, microtubule-associated proteins,
and carly growth response 3 (EGR3). In contrast, cell death-associated genes were mostly upregulated. Promoters for cell
death pathway, death receptor 5, cyclins Al and C, and caspases-1, -3, and -9, were upregulated, whereas cell death
inhibitors, acetyl-CoA transporter, and NF-kB were also upregulated. Moreover, neuroprotective neurotrophic factors
such as ciliary neurotrophic factor (CNTF), Hepatocyte growth factor (HGF), and glial cell line—derived neurotrophic
factor were vpregulated. Inflammation-related genes, such as those belonging to the cytokine family, were not, however,
significantly upregulated in cither motor neurons or ventral horns. The motor neuron—specific gene expression profile in
sporadic ALS can provide direct information on the genes leading to neurodegeneration and neuronal death and are

helpful for developing new therapeutic strategies.

Ann Neurol 2005;57:236-251

Amyotrophic lateral sclerosis (ALS) is a devastating
neurodegenerative disease characterized by loss of mo-
tor neurons in the spinal cord, brainstem, and motor
cortex.! Initial symptoms include weakness of the
limbs, abnormalities of speech, and difficulies in swal-
lowing. The weakness ultimately progresses to com-
plete paralysis, and half of the patients die within 3
years after the onset of symptoms, mostly because of
respiratory failure. Approximately 10% of all ALS pa-
tients show familial traits, and 20 o 30% of familial
ALS patients are associated with a mutation in the cop-
per/zinc superoxide dismutase 1 gene (SOD1), How-
ever, more than 90% of ALS patients are sporadic, not
showing any familial trait. The presence of Bunina
bodies in the remaining spinal motor neurons is a hall-
mark of sporadic ALS cases.>? So far, several hypoth-
eses about the pathogenesis of sporadic ALS have been

proposed based on extensive research on sporadic ALS:
oxidarive stress, glutamate excitotoxicity, impaired ax-
onal transport, mitochondrial dysfunction, neurotro-
phic deprivation, proteasomal dysfunction, neuroin-
flammation, autoimmunity, viral infection, and
others.*~"" Nevertheless, the actual pathogenic mecha-
nism of the selective motor neuron degeneration and
ultimate cell death in sporadic ALS remains unknown.
There have been extensive studies using animal models
and culwre systems for familial ALS, especially with
SOD1 mutations, but no similar approeach is available
for studying sporadic ALS.

Recently advances in DNA microarray technology
make it possible to analyze global gene expression pro-
files of thousands of genes in normal as well as patho-
logical tissues. Global gene expression studies using
DNA microarray technology have generated valuable
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information about cell behavior in tissues consisting of
homogeneous cell types, cultured cells, and cancer tis-
sues of monoclonal m'igin.”'13 In the case of neuronal
tissues, parricularly those of patients with neurological
diseases, however, the complexity of tissues containing
muleiple lineages of cells, such as neurons, glial cells,
and vascular tissues, places limitations on the use of
DNA microarray technology. In the lesions of ALS spi-
nal cords, there are reduced numbers of motor neurens
with glial cell proliferation, making it difficult to ex-
amine motor neuron—spcciﬁc gene expression.
Laser-captured microdissection (LCM} has been re-
ported to make it possible to isolate single individual
neurons from neural tissues with well-preserved mRNA
quality.'*"® In addition, RNA amplification rtech-
niques preserving the relative amounts of individual
mRNAs have been developed rea:ntly.“;’”r LCM and
RNA amplification combined with DNA microarray
analyses have been reported to enable studies of cell
type—specific gene expression profiles in tissues with
multiple cell lineages.'®'® Such integrated analysis sys-

Table 1. Details of Patients Examined in This Study

tem provide an effective tool for investigating the cel-
lular events affecting cell type—specific gene expression
profiles in neurodegenerative diseases such as ALS. In-
deed, we and other groups demonstrated that these in-
tegrated systems could be applied successfully to de-
scribe cell-specific gene expression profiles in neuronal
tissues.’ "%

In this study, we applied integrated LCM, RNA am-
plification, and DNA microarray analysis to clarify al-
terations of motor neuron—specific gene expression in
sporadic ALS cases and successfully obtained expression
gene database in situ from degenerating motor neurons
in sporadic ALS spinal cord.

Patients and Methods

Tissues from Amyotrophic Lateral Sclerosis and

Control Patients

Fresh specimens of lumbar spinal cord {L4 to L5 segment)
from 14 sporadic ALS patients (nine men, five women) and
13 neurologically normal patients (nine tmen, four women)
were obtained at autopsy (Table 1}). Diagnosis of ALS was

Age Duration of Postmortem Spinal Cord Neuropathology
Patients Sex (yr) Iness (yr) Delay (hp) Diseases Motor Neuron Loss/Gliosts
ALS1 M 72 37 [ ALS (B, UL, L) Moderate/mild
ALS2 M 71 2.3 5 ALS (LL, UL) Moderate/mild
ALS3 M 58 1.8 13 ALS (UL, LL, B) Severe/severe
ALS4 M 43 2.6 5 ALS (LL, B) Moderate/mild
ALSS M 53 2.8 11 ALS (B, UL, LL) Moderate/severe
ALS6 F 79 4.0 4 ALS (UL, LL, B) Severe/severe
ALS7 F 59 2.5 3 ALS {UL) Mild/mild
ALS8 F 67 2.0 7 ALS (UL, B) Severe/mild
ALS9 M 74 4.3 10 ALS (LL, B} Severe/mild
ALS10 F 47 1.8 4 AlLS (B, UL, LL) Mild/mild
ALS1I M 74 4.5 12 ALS (UL, LL) Moderate/mild
ALS12 M 57 35 5 ALS (LL, UL) Severe/mild
ALS13 F 33 3.0 8 ALS (B, UL, LL) Severe/severe
ALS14 M 63 2.2 b) ALS (UL, B) Mild/mild
Conrroll M 57 — 7 Pneumonia No
Control2 M 78 — 10 Cerebral infarction No
Control3 M 72 - 9 Lung cancer Ne
Contrcld F 52 — 7 Pneumonia No
Cantrol3 F 65 — 12 Pneumonia No
Control6 M 75 — 10 Heart failure No
Control7 M 42 — 5 Heart failure No
Control8 F 76 — 5 Pancreas cancer No
Control9 F 84 — 6 Myocardial infarction No
Control10 M 48 — 13 Heart failure No
Control11 M 77 - 11 Heart failure No
Control12 M 66 — 11 Cerebral infarcrion No
Control13 M 75 — 4 Pneumonia No

The age, duration of illness, and postmortem delay are indicared for the ALS and control cases. Predominant clinical features of ALS are shown:
UL = upper limbs; LI = lower limbs; B = bulbar. Neuropathological involvement of spinal cords was graded as previously. Ten ALS samples
were used for microarray analysis: five of them {1, 7, 10, 11, and 14} were analyzed using 4.8K array for spinal motor neurons; five (2, 4, 5,
8, and 12} using 1.0K for spinal moter neurons: five (1, 3, 10, 13, and 14) using 4.8K for spinal ventral horn gray marter; and five (1, 2, 4,
3, and 13) and five (1, 2, 7, 8, and 10) control samples using 4.8K and 1.OK. Thirteen ALS (1-13) and 11 {1-}1) control samples were used
for TagMan reverse transcription polymerase chain reaction analysis. Five ALS (1, 10, 11, 13, and 14) and four control (1, 3, 5, and 12)

samples were used for in situ hybridization and immunchistochemistry.

ALS = amyotrophic lateral sclerosis.
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confirmed by El Escorial diagnostic criteria defined by the
World Federation of Neurology and the histopathological
findings, particularly the presence of the Bunina body.*” All
cases of ALS were sporadic and did not show any heredity.
ALS patients with SODJ mutation were excluded. The col-
lection of tissues and their use for this study were approved
by the ethics committee of Nagoya University Graduate
School of Medicine. Tissues were frozen immediately and
stored at —80°C until use. The mean ages and standard de-
viations for ALS and control patients were 62.1 * 11.0 and
66.7 £ 13.1 years, and the mean postmortem intervals and
standard deviations were 7.0 = 3.3 and 8.5 = 3.0 hours,
respectively, The differences between the means of either age
or postmortem interval were not significant between the ALS
and control groups. The cause of death in all ALS patients
was respiratory failure, and the causes in the contrel patients
were pneumonia, lung cancer, or acute hearr failure {see Ta-
ble 1). Parts of the lumbar spinal cord were fixed in 10%
buffered formalin solution, and processed for paraffin sec-
tions. The sections were stained with hemaroxylin and cosin
and Kliiver-Barrera and Holzer techniques, and histclogical
assessment was performed. The degree of motor neuron loss
and astrogliosis was ranked as mild, moderate or severe ac-
cording to previously reported.!” ™

Laser-Captured Microdissection of Spinal Motor
Neurons

Sections (10pm) were cur with a standard cryostat, mounted
on poly-L-lysin coated slides (Zeiss, Thornwood, NY), and
stained with hematoxylin to identify the motor neutons lo-
cated in the medial and lateral nuclei of the ventral horns of
luraber spinal cords. After staining with hematoxylin, the
sections were washed in RNase-free water and dried.?!** The
PALM Robor-Microbeam syseem  (P.A.L.M. Mikrolaser
Technology AG, Bernried, Germany) was used for laser cap-
ture. The pulsed laser microbeam cut precisely around the
targeted motor neurons in the spinal ventral horn (LCM; see
Fig 1A-C). The identity of motor neurons was ascertained
by reverse transcription polymerase chain reaction (RT-PCR)
for choline acetyltransferase (ChAT) as described previous-
1y.'® Each laser-isolated specimen subsequently was ejected
from the glass slide with a single or several laser shors and
colleceed directly into the cap of a PCR rube conmining de-
nacuring buffer by a process of laser pressure catapulting in
the totally noncontact manner previously described.”> The
LCM-isolated cells {approximately 500 pooled cells) were
dissolved in denaturing buffer (StrataPrep Toral RNA Mi-
croprep Kir; Stratagene, San Diego, CA) and stored ar
—80°C until use.

RNA Extraction of Laser-Captured Microdissection
Motor Neuron Samples and Spinal Ventral Horn
Homogenates

LCM-isolated cells in denaturing buffer were thawed and
centrifuged briefly before the RNA was extracted using a
StrataPrep Total RNA Microprep Kit {Scratagene) according
to the manufacturer’s protocol. RNA was extracred as well
from the total homogenates of ventral horn gray matrter of
spinal cords.'? which was dissected under a dissecting micro-
SCOPC.
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Reverse Transcription and T7 RNA Polymerase
Amplification of RNA

Ten microliters of purificd RNA obrained as described above
was mixed with 1pl of 0.5pg/m! T7-oligodT primer
(5'-TCTAGTCGACGGCCAGTGAATTGTAATACGACT-
CACTATAGGGCGT,;-3') to initate first-scrand synthesis.
The primer and RNA were incubated in 4pl of 5 X first-
strand reaction buffer, 0.1M DTT (2pl), 10mM dNTPs
(1), 1pl of RNasin, and 1l of Superscript II reverse tran-
scriptase (Invitrogen, Carlsbad, CA) at 42°C for 1 hour, and
then 30pl of 5 X second-strand synthesis buffer, 10mM
ANTDs (3}, 4pl of DNA polymerase, Tpl of Escherichia
coli RNase H, and 1jul of £ cofi DNA ligase and 91pl of
RNase-free H,O were added, and the mixture was incubated
ar 16°C for 2 hours and then at 16°C for 10 minutes after
the addition of 2pl of T4 DNA polymerase. Next, an Am-
pliscribe T7 Transcription Kir (Epicentre Technologies,
Madison, W1} was used for RNA amplification: 8! double-
stranded <DNA, 2pl of 10 X Ampliscribe T7 buffer, 1.5p]
each of 100mM ATP, CTP, GTP, and UTP, 0.1 M DTT
(2uD, and 2yl of T7 RNA pelymerase were incubared ac
42°C for 3 hours.

For second-round amplification, 10pl of amplified RNA
(aRNA) from first-round amplification was mixed together
with 1pl of 1mg/ml random hexamers (Invitrogen), and
then first-stranded c¢DNA was synchesized, followed by
second-stranded <DNA synthesis as described above. The
double-stranded ¢DNA was subjected to second-round T7 in
vitro rranscription as above and then subsequent third-round
aRNA amplification. After chird-round amplification, aRNA
was rreated with DNase (Wako, Kanagawa, Japan) and
cleaned up using an RNeasy Kit (Qiagen, Valencia, CA) ac-

cording to the manufacrurer's protocol.
g

DNA Microarray Analysis

Fluorescent ¢DNA probes were synthesized from aBRNA of
laser-captured spinal motor neurons and RNA from ventral
spinal tissue homogenates wsing an Atlas Glass Fluorescent
Laheling Kit (Clontech, Palo Alto, CA) according to the
manufacturer’s protocol. Cy3-labeled ¢DNA probes were
svothesized from ALS samples for spinal motor neurons and
homogenates. and Cy5-labeled <DNA probes were synthe-
sized frem control samples. BD Atlas Glass Microarray Hu-
man 1.0 and 3.8 (Clontech) slides were hybridized with
these fluorescent labeled probes overnight at 50°C and then
washed four times and dried according to the manufacrurer’s
protocol. Individual Cy3-labeled c<DNA probes from ALS
RNA samples of spinal motor neurons and homogenates for
each patient were coupled with Cy5-labeled ¢DNA probes
from control RNA samples of those tissues, which were pre-
pared by mixing equal amounts of RNA samples amplified
frum the control patients. The microarrays were scanned in a
laser scanner (GeneDlix 4000; Axon Instruments, Union City,
CA), and the resulting signals were quantified and stored us-
ing GeneDix Pro analysis software (Axon Instruments). The
dara for each expressed gene obtained from microarray anal-
ysis were expressed as the ratios of the values of individual
ALS patients or the means of the values of ALS to the values
of the control patients. The values of gene expression levels
were means-calculated from motor neurons of 5 or 10 inde-
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pendent individuals with ALS as well as from spinal veneral
horns of 5 individuals with ALS.

Quantitative Real-Time Reverse Transcription
Polymerase Chain Reaction

The probe and primers for the real-time PCR were designed
using Primer3’ (3. Rozen and H. J. Skaleisky, available at
http://www—genome.wi.mit.edulgenome_soﬁwarelo[herf
primer3.html). TagMan PCR was conducted using an iCy-
cler system (Bio-Rad Laboratories, Hercules, CA} with a
QuantiTect Prebe PCR Kit (Qiagen) and the ¢<DNA accord-
ing to the manufacturer's protocol, The reaction conditions
were 95°C for 3 minurtes and then 50 cycles of 15 seconds ar
95°C followed by 60 seconds at 55°C. All experiments were
performed in quadruplicate, and several negarive controls
were included. For an internal standard conrrol, the expres-
sion  of  glyceraldehyde-3-phosphate  dehydrogenase
(GAPDH) was simultancously quantified. The primers and
probe sequences for the examined genes (aceryl-CoA trans-
porcer:  D88152; Bak: NM_001188; CRABP1: NM_
004378; cydin C: M74091; dynactin 1: NM_004082;
EGR3: NM_004430; ephrin Al: M57730; GAPDH:
NM_002046; KIAA0231: D8G984; and TrkC: L05012)
were described in the legends for Figure 3. The threshold
cycles of each gene were determined as the number of PCR
cycles ar which the increase in reporrer Auorescence reached
10 times above the baseline signal. The weight ratio of the
target gene to GAPDH gives the standardized expression
level.

In Sity Hybridization

Frozen sections (10um thick} of the spinal cord were prepared
and immediately fixed in 4% paraformaldehyde. Then, they
were treated with 0.1% diethylpyrocarbonate (DEPIC) twice
for 15 minutes and prehybridized at 45°C for 1 hour.
Digoxigenin-labeled cRNA probes were generated from linear-
ized plasmids for the genes of interest using SP6 or T7 poly-
merase {Roche Diagnostics, Basel, Swizzerland). Gene names,
Gencbank accession number, probe position (nudleotide num-
ber}, and probe size were as follows: acetyl-CoA wansporrer,
D88152, nucleotides 397-741, 345bp; Bak, NM_001188, nu-
cleotides 792-2094, 345bp; CRABP1, NM_004378, nucleo-
tides 210-345, 336bp; dynacrin 1, NM_004082, nucleotides
2392-2774, 383bp; DRS5, NM_004082, nucleotides 682-
1070, 389bp; EGR3, NM_004430, nucleorides 1433-1794,
362bp; KIAA0231, DBG984, nucleotides GI8-1033, 356bp;
TrkC, U05012, nucleotides 14121721, 310bp. After prehy-
bridization, the sections were hybridized with each
digoxigenin-labeled ¢RNA probe overnight at 45°C. The
washed sections were incubated with alkaline phosphatase-
conjugared and-digoxigenin antibedy {Roche Diagnostics).
The signal was visualized with NBT/BCIP (Roche Diagnos-
tics).

Immunobistochemistry

Frozen sections (10pum thick) of the spinal cord were pre-
pared and immediately fixed in 4% paraformaldehvde. Then,
they were blocked with 2% bovine serum albumin {Sigma)
in Tris-buffered saline at room temperature for 20 minures
and incubated with anti-cyclin C (1:200 dilution; Santa

Cruz Biotechnology, Santa Cruz. CA) antibody overnighr ac
4°C.  Subsequent  procedures  were performed  using
ENVISION+ +KIT/HRP (diaminobenzidine tetrahydro-
chloride; DAKO, Carpinteria, CA} according to the manu-
facturet’s protocol.

Statistical Analyses

To assess the correfation of intensity values for each labeling
sample, we used scatterplots and measured linear relation-
ships. The correlation coefficient, &, thar was calculared in-
dicates the variabiliry of intensity values between Cy-5— and
Cy-3-labeled samples. To perform cluster analyses of hierar-
chical clustering, self-organizing maps (SOM) and principal
component analysis after logarithmic transformarion, we
used Acuity 3.0 software {(Axon Instruments). The data mea-
sured by quantitative rcal-time RT-PCR analysis were ana-
lyzed by Student’s £ tests.

Results

T7 Amplification Preserves Gene Expression Profiles
Because the amounts of laser-microdissected samples
were extremely low and did not contain enough
mRNA for further analysis, RNA amplification was re-
quired. It was critical to achieve sufficient RNA ampli-
fication and yet maintain the expression profiles of
mRNAs. We performed experiments to determine how
the expression profiles of mRNAs were affected by che
T7 amplification procedure. RNA samples were ex-
tracted from control spinal cords and a part of RNA
samples was amplified using T7 amplification. One
flourescendly labeled probe was synthesized from an in-
dividually amplified RNA (aRNA) or nonamplified
RNA {(nRNA)} and was hybridized to microarrays. In-
dependent amplification of RNA yielded quite similar
expression patterns, The correlation of signal intensitics
between independent amplifications for the third
aRNA was B = 0.9157, P < .0001, and on the
other hand, the correlation of signal intensities in
nRNA was & = 09157, p < 0.0001 (Fig 1D, E).
Previous reports using similar amplification procedures
as ours also have confirmed the reproducibility of T7
amplification for the preservation of RNA expression
proﬁles.”’ls'”r In this study, the third-round amplifi-
cation was performed for the LCM-isolated moror neu-
rons, but for the spinal ventral horn homogenates a
single amplification produced enough RNA for further
analysis, and similar expression patterns were found be-
tween the first and chird amplifications {dara not
shown).

Gene Expression Database of Spinal Motor Neurons
and Ventral Horn Homogenates of Amyotrophic

Lateral Sclerosis

aRNA samples from the motor neurons and the ventral
horn homogenates from the lumbar spinal cords were
subjected to microarray analysis. The differences of the
gene expression levels between ALS and control sam-
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Fig 1. Verification of laser-captured microdissection (LCM) and RNA amplification. Microdissection of motor neurons in spinal
ventral horn: sections were stained with hematoxylin (A); margins of motor neurons were dissected by the laser beam (B); and mo-
tor neurons were isolated from slides by Luser pressure catapulting (C). Seatterplors of nonamplified and amplified RNAs: correlations
between independent amplifications of control spinal cord samples are shown using nonamplified (D) and third amplified RNAs
(E). These RNAs were split into two samples for labeling of Cy5 and Cy3 and hybridized separately to two microarrays. The very
high squared correlations reflect the high reproducibility of the hybridization results with the same values between nonamplified and

third amplified RNAs.

ples were expressed as ratios of the values of ALS indi-
viduals compared with the mean values of the controls.
One percent {52/4,845) of genes examined were signif-
icantly upregulated in spinal motor neurons of ALS pa-
venes and 3% (144/4.845) were downregulated, as-
suming that the changes of 3.0-fold increase and 0.3-
fold decrease were significant, when the mean levels of
gene expression were calculared. In contrast with moror
neurons, the total spinal ventral horn homogenates
demonstrated 0.7% (37/4,845) and 0.2% (8/4,845)
significant upregulation and downregulation of gene
expression, respectively.

The genes prominently altered in ALS are listed in
Tables 2 to 5 for spinal motor neurons and spinal ven-
tral horn homogenates, respectively. Several upregu-
lated genes listed were overlapping berween spinal mo-

240  Annals of Neurology Vol 57 No 2 February 2005

--253

tor neurons (see Table 2} and ventral horns (see Table
4), suggesting that motor neuron overexpression is re-
flected to some extent by gene expression in ventral
horn homogenates. The other genes upregulated in
motor neurons were not present in the list for spinal
ventral horns, because these gene expression changes
were diluted and masked by changes occurring in other
cell types. Because the number of spinal motor neurons
was decreased in ALS spinal cords, most genes that
were listed as downregulated genes in moter ncurons
(see Table 3) were not found in spinal ventral horns
(see Table 5) except for three genes (CRABP1, EGR3,
and postmeiotic segregation increased 2-like 11). When
we categorized these altered genes in ALS motor neu-
rons into several functional groups, the genes related w
cell receptors and intracellular signaling, transcription,



