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Letter to the Editor

doi: 10.1111/j.1872-034X.2011.00805.x

Recombinant soluble form of heparin-binding epidermal
growth factor-like growth factor protein therapy drastically
inhibits Fas-mediated fulminant hepatic failure: Implications

in clinical application

The mRNA levels of heparin-binding epidermal growth
factor-like growth factor (HB-EGF) increased more
rapidly than those of hepatocyte growth factor (HGF),
the well-studied hepatotropic factor, in regenerating
livers after a partial hepatectomy and liver injury.'"* The
membrane-anchored precursor form (proHB-EGF) is
initially synthesized in non-parenchymal cells, and the
extracellular domain is cleaved by a specific metallopro-
teinase.” The resulting soluble form of HB-EGF (sHB-
EGF) acts on neighboring hepatocytes."” Our previous
study demonstrated the therapeutic effects of proHB-
EGF gene (pHB-EGFg) therapy in liver disease.” The
recombinant human sHB-EGF protein (rsHB-EGFp)
therapy remains to be studied because it is potentially
more clinically suited to inhibit fulminant hepatic
failure than pHB-EGFg therapy due to its instant action
(i.e. no time lag as in pHB-EGFg therapy, such as proHB-
EGF transcription and translation and the subsequent
shedding of sHB-EGF in hepatocytes) and the feasibility
to terminate treatment, and because the modes of
actions may differ between pHB-EGFg and rsHB-EGFp
therapies. The present study examines the ability of the
rsHB-EGEp therapy to inhibit fulminant hepatic failure
in mice.

The initial and essential event in many liver diseases,
particularly acute viral hepatitis and the subsequent ful-
minant hepatic failure, is excessive activation of the Fas
system.””' Five- to six-week-old male C57BL/6] mice
(n=28 per group) were administrated three i.p. injec-
tions of 100 pg/mouse rsHB-EGFp at 6 and 0.5 h before

Correspondence: r Ken-ichiro Kosai, Department of Cene Therapy
and Regenerative Medicine, Kagoshima University Graduate School of
Medical and Dental Sciences, 8-35-1 Sakuragaoka, Kagoshima,
890-8544, Japan. Email: kosai@m2.kufm.kagoshima-u.ac.jp
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and 3 h after the mice were i.p. injected with 4 ng/
mouse of an agonistic anti-Fas antibody (4Fas-ip) as
previously described.*” Twenty-four hours after admin-
istrating 4Fas-ip, the serum alanine aminotransferase
(ALT), aspartate aminotransferase (AST) and lactate
dehydrogenase (LDH) levels were remarkably increased
in the control saline-treated mice (2853 +814,
1817469 and 3782+ 12221U/L, respectively)
(Fig. 1a), but were drastically attenuated to normal
levels in the rsHB-EGFp-treated mice (ALT, 21 +5; AST,
28+4; LDH, 11916 IU/L). Accordingly, all of the
control mice had histopathological liver injury, includ-
ing apoptosis, while none of the rsHB-EGFp-treated
mice had histopathological findings of liver injury 24 h
after 4Fas-ip was administrated (Fig. 1b,c). rsHB-EGFp
treatment significantly reduced Bax expression, whereas
Bcl-2 or Bd-xl expression was unaffected (Fig. 1d).
Because Bax and Bcl-2/Bcl-x] positively and negatively
regulate apoptosis, respectively, this result further sug-
gests that rsHB-EGFp therapy ameliorated apoptotic
properties.

In survival analyses, four of six (67%) control mice
died within 17 h, and only two of six (33%) mice
survived up to 48 h after they had received 8 pg/mouse
of Fas-ip (8Fas-ip) (Fig.le). In contrast, all rsHB-
EGFp-treated mice survived up to 48 h after receiving
8Fas-ip.

Our findings and the previous studies revealed that
rsHB-EGFp pharmacotherapy elicited greater protective
effects than hepatic pHB-EGFg therapy in inhibiting ful-
minant hepatic failure, because the latter greatly but not
completely attenuated liver injury.’ This difference may
be due to the lack of vector-related hepatotoxicity and to
direct actions in rsHB-EGFp therapy. Although addi-
tional studies should be performed, these promising
results and the lack of effective medicines that radi-
cally inhibit fulminant hepatic failure indicate that

© 2011 The Japan Society of Hepatology
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Figure 1 Therapeutic effects of recombinant human soluble form of heparin-binding epidermal growth factor-like growth factor
protein (rsHB-EGFp) pharmacotherapy in inhibiting Fas-mediated fulminant hepatic failure in mice. Mice were administrated
4 pg/mouse of an agonistic anti-Fas antibody i.p. (4Fas-ip) (a-d) or 8 ug/mouse of an agonistic anti-Fas antibody i.p. (8Fas-ip) (e)
at 0 h and i.p. injections of rsHB-EGFp or saline at —6, —0.5 and 3 h. (a) The serum alanine aminotransferase (ALT), aspartate
aminotransferase (AST) and lactate dehydrogenase (LDH) levels at 24 h after 4Fas-ip were drastically increased in the saline-treated
control mice, but were virtually normal in the rsHB-EGFp-treated mice. All data are expressed as the mean + standard error
(**P<0.01). (b) Hematoxylin-eosin-stained liver histology sections of the rstHB-EGFp-treated or saline-treated mice 24 h after was
administrated 4Fas-ip (scale bar, 100 pm). Histopathological findings of liver injury (e.g. apoptosis [black arrows] and swollen
hepatocytes [white arrows]) were observed in the saline-treated mice but not in the rsHB-EGFp-treated mice. (c) Terminal
deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick end labeling (TUNEL)-positive apoptotic cells (black
arrows) and clusters of dead hepatocytes (white arrows) were conspicuously found only in the saline-treated mice (scale bar,
50 wm). (d) Western blot analysis of Bax, Bcl-2, Bclxl and o-tubulin (internal control) in liver tissues from saline-treated or
rsHB-EGFp-treated mice 24 h after 4Fas-ip was administrated. (€) A Kaplan-Meier analysis showed survival differences between the
two groups (1= 6 per group) (*P<0.05), and all of the rsHB-EGFp-treated mice survived up to 48 h after receiving 8Fas-ip.

© 2011 The Japan Society of Hepatology
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rsHB-EGFp pharmacotherapy should be rapidly devel-
oped as a clinical therapy.
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ABSTRACT

Mutations in methyl-CpG-binding protein 2 (MeCP2) gene cause the neurodevelopmental
disorder Rett syndrome (RTT). Here, we describe a new experimental system that efficiently
elucidates the role of MeCP2 in neural development. MeCP2-null and control ES cells were
generated by adenoviral conditional targeting and examined for maintenance of the
undifferentiated ES cell state, neurogenesis, and gliogenesis during in vitro differentiation. In
addition, dopamine release and electrophysiological features of neurons differentiated from
these ES cells were examined. Loss of MeCP2 did not affect undifferentiated ES cell colony
morphology and growth, or the timing or efficiency of neural stem cell differentiation into
Nestin-, Tuj- or TH-positive neurons. In contrast, gliogenesis was drastically accelerated by
MeCP2 deficiency. Dopamine production and release in response to a depolarizing stimulus
in MeCP2-null ES-derived dopaminergic neurons was intact. However, MeCP2-null
differentiated neurons showed significantly smaller voltage-dependent Na* currents and
A-type K* currents, suggesting incomplete maturation. Thus, MeCP2 is not essential for
maintenance of the undifferentiated ES cell state, neurogenesis, or dopaminergic function;
rather, it is principally involved in inhibiting gliogenesis. Altered neuronal maturity may
indirectly result from abnormal glial development and may underlie the pathogenesis of
RTT. These data contribute to a better und ding of the al roles of MeCP2
and the pathogenesis of RTT.
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1. Introduction

Rett syndrome (RTT) is a neurodevelopmental disorder that is
the leading cause of mental retardation in females (Chahrour
and Zoghbi, 2007). Up to 95% of classical RTT cases are caused
by mutations in the methyl-CpG-binding protein 2 (MeCP2)
gene, which is located at Xq28 (Amir et al.,, 1999). Knockout
mouse models with disrupted MeCP2 function mimic many
key clinical features of RTT, including normal early postnatal
life followed by developmental regression resulting in motor
impairment, irregular breathing and hindlimb clasping (Chen
et al,, 2001; Guy et al,, 2001).

Although MeCP2 was previously thought to function solely
as a transcriptional repressor, it was recently shown to act as
both a repressor and an activator to regulate the expression of
a wide range of genes (Chahrour et al., 2008). This suggests
that using only genetic strategies to investigate MeCP2-related
biology may be insufficient. Indeed, comparing the transcrip-
tional profiles of whole MeCP2-deficient and wild-type mouse
brains revealed subtle and non-specific transcriptional differ-
ences. In addition, although several MeCP2 target genes,
including brain-derived neurotrophic factor (BDNF) and glial
fibrillary acidic protein (GFAP), have been identified, the
functional relevance of these genes remains largely unknown
(Bienvenu and Chelly, 2006).

One of the most important but unanswered questions is
the role of MeCP2 throughout various stages of neural
development, particularly at early stages, including the period
just prior to and at the onset of neural differentiation.
However, the lack of a definitive experimental system has
hampered efforts in this direction. Although anatomical
studies have demonstrated that the timing of MeCP2 expres-
sion in brains is correlated with the maturation of the central
nervous system, the fine spatiotemporal pattern of MeCP2
expression during early embryogenesis is largely unknown
(Shahbazian et al., 2002). On the other hand, several recent
studies that established and/or utilized effective cell culture
systems provided valuable information on the roles of MeCP2
in the pathogenesis of RTT (Bienvenu and Chelly, 2006;
Chahrour and Zoghbi, 2007). Studies on neural stem cells
(NSCs) indicate that MeCP2 may play a role in neuronal
maturation (Kishi and Macklis, 2004; Smrt et al., 2007). In
another study, MeCP2 was shown to be involved in cell fate
determination during neurogenesis (Setoguchi et al., 2006;
Tsujimura et al., 2009). Moreover, two studies using an in vitro
co-culture system have recently reported that MeCP2-
deficient astroglia non-cell autonomously affected neuronal
dendritic growth (Ballas et al., 2009; Maezawa et al., 2009).
Whereas these studies provided important information, the
role of MeCP2 throughout neural development is unknown,
and in particular, the developmental abnormalities that
eventually result in the onset of neurological symptoms in
RTT have not yet been elucidated by conventional strategies.

RTT has been reported to be associated with abnormalities
in the biogenic amine neurotransmitter/receptor systems, but
these findings are controversial due to limitations of the
experimental strategies used (Jellinger, 2003; Temudo et al,,
2009). Some studies have demonstrated decreases in dopa-
mine levels in the spinal fluid of human RTT patients and/or
MeCP2-null animals, however, others have failed to find such

changes (Ide et al., 2005; Perry et al., 1988; Samaco et al., 2009;
Zoghbi et al., 1989, 1985). Pluripotent embryonic stem (ES) cells
show great promise for uncovering the molecular mechan-
isms of development in various tissues by in vitro cell culture.
The utility of the ES cell system for addressing a particular
problem is largely determined by how efficiently the target cell
type can be induced. A recent study described a co-culture
system that efficiently induced mouse ES cells to differentiate
into dopaminergic neurons (DNs) (Kawasaki et al., 2000).
Taken together with both the present status of the controversy
concerning dopaminergic abnormalities in RTT and the
established experimental system that efficiently induces ES
cells towards DNs, DNs may be a good candidate as a target
cell type in initial studies that utilize pluripotent ES cells for
analyzing functional abnormalities of MeCP2-null neurons.

Here, we develop an MeCP2-null ES cell system for
analyzing developmental processes at the cellular level. We
examine the role of MeCP2 in maintenance of the undifferen-
tiated ES cell state, neuronal and glial differentiation, DN
function, and neuronal maturation. We also show that MeCP2
is involved in the maturation of neurons and gliogenesis.

2. Results

2.1 Generation of MeCP2-null ES cells by ACT

We generated MeCP2-null and control ES cells by ACT as
follows: parental ES cells (Me2loxIII6A), in which exons 3 and 4
of the Mecp2 gene on the X chromosome are flanked, were
infected by Ad.Cre or control Ad.dE1.3, at a multiplicity of
infection of 30 (Takahashi et al, 2006). Subsequently, the
infected cells were detached and plated onto a 96-well plates
ata very low concentration corresponding to less than one cell
per well. Several colonies originating from isolated single cell
clones were cultured and expanded in larger dishes. To
generate control ES cell lines, the parental ES cells were
infected with Ad.dE1.3, instead of Ad.Cre and were handled
and expanded in the same way as mutant cells.

The original ES cells were derived from male E14 TG2a cell
lines carrying both an X and Y chromosome (Guy et al., 2001).
Genomic PCR with primer set 1 (0IMR 1436 and 0IMR1437) should
produce a 400 bp band from hemizygous cells (Mecp2™¥) when
excision of Mecp2 exon 3 and part of exon 4 occurs, leading to
the shortened and amplifiable size of this region (Fig. 1A). Non-
excised DNA from parental or control ES cells is too long to be
amplified by PCR using primer set 1. Primer set 2 (oIMR 1436 and
oIMR 1438) can anneal and amplify only to unexcised DNA in
parental or control wild-type ES cells (Mecp2*?) with a predicted
band size of 416 bp, but cannot amplify the excised DNA due to
the lack of the primer S1438 annealing site (Fig. 1A). The two
selected Ad.Cre-infected clones were verified to be hemizygotes
(Mecp2™),in accordance with the results for Mecp2 hemizygous
mice (Fig. 1B). In contrast, control ES clones infected by Ad dE1.3
showed the wild-type band (Mecp2*?), in accordance with the
results for wild-type mice (Fig. 1B).

We further confirmed the lack of MeCP2 mRNA expression
by RT-PCR of these ES cell clones. Mecp2 has two splice
isoforms, Mecp2 el and e2 (Kriaucionis and Bird, 2004;
Mnatzakanian et al., 2004). The Ad.dE1.3-infected control ES
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Fig.1 - ion and ph i lysis of MeCP2-null ES cells. (A) Targeted mutation of the Mecp2 locus. (B) Genotyping of
control (Mecp2*?) and two MeCPZ-null (Mecp2~%; Mec(-)) ES cell clones, and of MeCP2 wild-type and hemizygous mice was
performed by PCR. Primer set 1 (oIMR 1437 and oIMR 1436) amplifies a ~400 bp mutant band, whereas primer set 2 (0IMR1438
and oIMR 1436) amplifies a 416 bp wild-type band. (C) mRNA expression of Mecp2 el and e2 variants in a control and two
MeCP2-null ES cell clones was analyzed by RT-PCR. Wild-type mouse brain was used as a positive control. (D) The control and
the MeCP2-null ES cells were stained with anti-Oct4 or anti-STAT3 antibody. Scale bar=80 pm. (E) Doubling times of
undifferentiated control and MeCP2-null ES cells are shown. N.S., no significant difference (control versus MeCP2-null ES cells,
n=19 each).
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cells showed expression of both Mecp2 splice variants, el and 2.3. MeCP2 is not involved in the efficiency of neural

€2, whereas neither Mecp2 variant was detectable in both Ad. differentiation

Cre-infected MeCP2-null ES cell clones (Fig. 1C). Thus, two

MeCP2-null (Mecp2”) and one control (Mecp2*”’) ES cell RT-PCR analysis showed that both Mecp2 variants, e1 and e2,
clones were efficiently generated. In the following experi- were expressed in control ES cells in the undifferentiated
ments, we use one of two MeCP2-null ES cell lines (clone 2) and state, as well as throughout all developmental stages (Fig. 2A).
one control ES cell line. We examined the role of MeCP2 in neuronal differentiation

by comparing the phenotypes of control and MeCP2-null ES
2.2. Loss of MeCP2 does not appear to affect undifferentiated cells during differentiation. Neither the number nor the

ES cells morphology of the differentiating ES colonies was significant-
ly different between the two groups, suggesting that MeCP2

We first examined whether MeCP2 is required in undifferen- is not essential for cell growth during neural differentiation

tiated ES cells. Prominent expression of Oct4 and Stat3, (Fig. 2B and C).

markers of the undifferentiated state, was found in the nuclei We next examined whether MeCP2 affected neuronal

of almost all cells in both MeCP2-null and control ES cells by differentiation by immunostaining for Nestin, 3-Tubulin
immunostaining (Fig. 1D). No differences in undifferentiated type III (Tuj), and Tyrosine hydroxylase (TH), markers for
growth were observed between the two (Fig. 1E). Thus, MeCP2 early neuronal cells (including NSCs), differentiated neurons,
does not appear to be critical for maintaining the undifferen- and DNs, respectively (Fig. 3A-C). The percentage of Nestin-,
tiated state or for ES cell growth. TuJ-, and TH-positive colonies reached a maximum on day




A o
-
.En Days after
£ o neuronal differentiation
S o
o z 2 4 6 8 10 12
Mecp2 :12
Hprt
Control Mec(-)

Fig. 2 - Neural differentiation of MeCP2-null ES cells.
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colonies on the indicated days after co-culture on PA6 cells.
Scale bar=200 pm. (C) The number of colonies per well was
counted on day 10.

8 and did not differ between the two groups. Thus, loss of
MeCP2 does not affect the efficiency of neuronal differentia-
tion. The percentage of Nestin-, TuJ-, and TH-positive MeCP2-
null colonies was higher than that of control colonies on day 4,
and the percentage of Nestin-positive MeCP2-null colonies on
day 12 was lower than that of the controls, although the
slightly precocious differentiation was not significant. The
results suggest that MeCP2 is not essential for induction of
neuronal differentiation, at least induction toward DNs.

2.4. Loss of MeCP2 causes immature resting and active
membrane properties in ES cell-derived neurons

To analyze neuronal maturity, the membrane properties of
control and MeCP2-null ES cell-derived neurons were exam-
ined by electrophysiology on days 10-12 (Table 1). The peak
current densities of the voltage-dependent Na* currents (In.s)
underlying the rising phase of the action potential and the
A-type K* currents (I5s) were significantly smaller in the
MeCP2-null ES cell-derived neurons than in the controls
(Fig. 4A and B). In contrast, the peak currents of the delayed
rectifier K* currents (Ipgs) did not significantly differ between
the control and MeCP2-null ES cell-derived neurons (Fig. 4C).
In addition, the repetitive spikes showed a relatively high
firing frequency and rundown in amplitude in the MeCP2-null

ES cell-derived neurons (Fig. 4D). The rundown may be due toa
decrease in expression of Iy,s and the I5s. These results
suggest that MeCP2 contributes to the development of resting
and active membrane properties, and that MeCP2-null ES cell-
derived neurons do not reach maturity.

2.5.  MeCP2 does not appear to affect dopaminergic function

To examine the involvement of MeCP2 in DN function,
dopamine production and release were investigated by
reverse phase HPLC in MeCP2-null and control ES cell-derived
neurons on day 10 of culture. In response to a depolarizing
stimulus, DNs derived from MeCP2-null ES cells released as
much dopamine into the medium as did control cells (Fig. 5).
Thus, MeCP?2 is not critical for the dopaminergic function of
DN, at least in this experimental system.

2.6.  MeCP2 deficiency accelerates glial differentiation

Because interactions between neurons and glia are essential
for the development and function of neurons (Corbin et al.,
2008; Stevens, 2008), we examined changes in expression of
the glial marker GFAP in ES colonies during neural differen-
tiation. GFAP-positive colonies emerged earlier and were
present at a higher percentage on days 8 and 12 in MeCP2-
null ES cells compared to controls (Fig. 6A and B), consistent
with the GFAP expression observed in colonies (Fig. 6C). The
significantly accelerated glial differentiation in MeCP2-deficient
cells suggests that MeCP2 negatively regulates glial differenti-
ation. In addition, the timing of differentiation, with the start of
neuronal differentiation preceding the start of glial differenti-
ation, as well as the presence of both neurons and glia in
differentiated ES colonies mirror normal neural development
(Qian et al,, 2000; Stevens, 2008), underscore the usefulness of
this experimental system.

3. Discussion

The overall role of MeCP2 throughout neural development,
particularly at early stages before the onset of neural
differentiation, has not been investigated due to the lack of a
definitive experimental system or materials. In this study, we
first demonstrated that MeCP2-null ES cell could be feasibly
generated by applying the in vitro ACT method to loxP-floxed
ES cells that were originally engineered for a generation of
conditional knockout mouse (Takahashi et al., 2006). Just as
there were no significant adverse effects from ACT on cell
cycle regulation, cell viability, or the efficiency of differenti-
ation in ES cells, the MeCP2-null and the control ES cells
generated by ACT worked with no problems in several types of
experiments in the previous and the present study (Takahashi
et al., 2006). In addition, the co-culture method that was used
in the present study has the advantages of both technical
feasibility and high efficiency of dopaminergic differentiation
(Kawasaki et al., 2000). Our experimental system of comparing
MeCP2-null and control ES cells throughout their develop-
mental stages, including in the undifferentiated state and at
the early stage of neural development, provided important
information about the role of MeCP2 in neural development.
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Fig. 3 - Neuronal differentiation of MeCP2-null ES cells. (A-C) Control (closed circle) and MeCP2-null (open circle) ES cells on
days 4, 8, and 12 were stained with antibody against Nestin (A), TuJ (B), or TH (C). Negative control indicates colonies on day 12
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difference (control versus MeCP2-null ES cells at each time point). Between 50 and 200 colonies per well were counted to
calculate the mean+SD (Nestin; n=5, Tuj; n=5, and TH; n=3) and the results were verified in three different experiments.
Representative images from day 12 are shown on the left. Scale bar=0.5 mm.

Using this system, we have clarified several important
issues, some of which are consistent with previous findings.
First, we demonstrated that MeCP2 is not essential for the
maintenance or growth of undifferentiated ES cells, support-
ing the previous finding that absence of MeCP2 did not cause
embryonic lethality in mice (Guy et al., 2001). Second, MeCP2
deficiency has a minimal effect on neurogenesis, consistent
with the fact that the brains of RTT patients and MeCP2-null
mice are morphologically and phenotypically normal at birth
(Armstrong, 2002; Chahrour and Zoghbi, 2007). Thus, MeCP2 is
likely not an essential part of the machinery that advances
neurogenesis. On the other hand, while it has been reported
that MeCP2 was involved in neuronal maturation rather than
cell fate decisions (Kishi and Macklis, 2004; Smrt et al., 2007),
the present results suggested that MeCP2 was remarkably
somewhat involved in negative regulation of glial differenti-
ation and neuronal maturation. Apparently inconsistent
results between the previous and present studies may be

due to the difference in experimental systems. For instance,
MeCP2 was expressed in neurons and undifferentiated
neuroepithelial cells at high and almost undetectable levels,
respectively, in the experimental system of the previous study
(Kishi and Macklis, 2004), whereas in the present system
MeCP2 expressions were clearly detected in not only ES cell-
derived differentiated neurons but also in undifferentiated ES
cells. This aspect of the present experimental system may
have the advantage of being able to sensitively and carefully
detect any possible phenotypes in order to determine whether
MeCP2 affects neural development, including gliogenesis,
during any stage, including early stages before the onset of
neural differentiation.

In contrast, MeCP2-null ES-derived neurons are electro-
physiologically immature, suggesting that MeCP2 contributes
to the development of the active membrane properties. Biella
et al. have reported that voltage-gated Na* currents gradually
increase during neuronal maturation, but that Ipgs is already
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Table 1 - Differences in electrophysiological parameters

between control and MeCP2-null ES-derived cells.

at a mature state at early stages of neural development in
ES-derived NSCs (Biella et al., 2007). The amplitude of I,s

Parameters Control Mec also increases during the late embryonic-early postnatal
developmental period in hippocampal neurons (Ficker and
I Peak amplitude, pA 06021600 TOLBSIBOE) e ety oy De st d( f‘

Current density, pA/pF 064+654)  -642+87(5)" einemann, ). Thus, MeCP2 may be required for neuro-
I, Peak amplitude, pA 890:322(1)  301:84(4) nal maturation (development of voltage-gated Na* currents
Current density, pA/pF 83+1.7(4) 3.0:0.7(4)‘ and I,s), suggesting that some neuronal symptoms in RTT
Ipg Peak amplitude, pA 169.2£87.1(3)  105.7 +53.4(4) may be caused by immature neuronal membrane properties.
Current density, pA/pF 15.8+7.2(3) 11.0+7.2(4) In terms of the neural immaturity in MeCP2-deficient
Membrane capacitance, pF 10 7’1'5(1(1)) 10 3*108(71;; cultures, it should be noted that loss of MeCP2 led to

Vam, mV -528+114(6) -52.1210. et : 4 ol . . G
Threshold, mV 4445496  -37.6+108)" ¢ rasFlcally @crease gliogenesis. The 1r.1volveme'nt of MeCP2
Firing frequency, Hz 5.81.0(6) 9310.86)" in gliogenesis may be supported by previous studies, although

Ina; voltage-dependent Na® current, I,; A-type K' current; Ipg;
delayed rectifier K* current, Vgy; resting membrane potential
Numbers in parentheses indicate the recording cell number.
Firing frequency is derived from mean firing rate during the
injection of depolarizing current of which amplitude is two times
of the threshold.

* Indicates statistical significance between the control and the
MeCP2-null ES-derived neurons by Student’s test with p<0.05.

Current density (pA/pF)

their data were indirect and limited to middle and late phases
of neural development (Deguchi et al., 2000; Nagai et al., 2005;
Setoguchi et al., 2006). For instance, inhibition of MeCP2 in E18
non-neuronal mouse cells inhibited cell growth (Nagai et al,
2005), and ectopic overexpression of MeCP2 inhibited E14.5
neuroepithelial cells from differentiating into GFAP-positive
cells (Setoguchi et al., 2006). Moreover, MeCP2 binds to a highly
methylated region in the GFAP promoter. Thus, the authors
suggested that MeCP2 is involved in restricting differentiation
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Fig. 4 - Electrophysiological analysis of control and MeCP2-null ES cell-derived (A) Voltage-dependent Na*
(InaS) were recorded from control and MeCP2-null ES cell-derived neurons on days 10-12. Current density-voltage (I-V)
relationships were obtained from control (n=4, closed circles) and MeCP2-null neurons (n=5, open circles). Inset traces show the
mean Iy,s elicited by the voltage step pulse from -110 to 0 mV in control (black, n=4) and MeCP2-null neurons (red, n=5).
Symbols for statistical significance: *P<0.05; **, P<0.01; and 1P <0.001 (control versus MeCPZ null neurons). (B) Fast inactivating
K* currents (Ixs) were recorded from control and MeCP2-null I-V relati were obtained from control (n=4, closed
circles) and MeCP2-null neurons (n=4, open circles). Inset traces show the mean I,s elicited by the voltage step pulse from -110
to 0 mV. (C) Sustained K* currents (Ipgs) were recorded from control (black, n=3) and MeCP2-null neurons (red, n=4). Each trace
shows the mean lms elicited by the voltage step pulse from -40 to +10 mV. (D) Response to the depolarizing current pulse
of was ded from control (black, n=6) and MeCP2-null neurons (red, n=6). In each trace, the
dashed line indicates the holding membrane potential (-70 mV), and upward deflections during the current pulse injection
indicate Na* spikes.
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Fig. 5 - Dopamine production and release in MeCP2-null ES
cell-derived DNs. (A) Dopamine releases in the media of
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difference (control versus MeCP2-null ES cells, n=8 each).

plasticity in neurons, possibly by stage-specific and neuron-
specific methylation of glial genes (Setoguchi et al., 2006).
Interestingly, brain magnetic resonance in MeCP2-null
mice demonstrated that metabolism in both neurons and
glia was affected (Saywell et al,, 2006). In addition, a study
using in vitro co-culture system has recently demonstrated
that MeCP2 mutant astrocytes and their conditioned medium

failed to support normal dendritic morphology of hippocam-
pal neurons, suggesting that MeCP2-deficient astrocytes have
a non-cell autonomous effect on neuronal properties (Ballas
et al., 2009; Maezawa et al., 2009). In general, the coordinated
interactions between glia and neurons are crucial for normal
neuronal development and function (Allen and Barres, 2009;
Corbin et al., 2008; Stevens, 2008). Together with previous data,
our results suggest that the main physiological role of MeCP2
in neural development is the inhibition of gliogenesis, and
that distorted interactions with abnormally developed glia
result in electrophysiologically immature neurons.

Finally, this study may at least in part resolve some of the
controversy over whether or not abnormalities in biogenic
amine neurotransmitter/receptor systems are associated with
RTT (Matsuishi et al., 2001; Temudo et al., 2009; Wenk, 1995).
Discrepancies between different studies may be due to the
limitations of the experimental strategies, which involved
clinical examination of dopamine levels in central spinal fluid,
dopamine D2 receptors, or pathological alterations in symp-
tomatic RTT patients (Chiron et al., 1993; Lekman et al., 1990;
Perry et al., 1988; Zoghbi et al., 1989, 1985). Here, we
demonstrate that MeCP2 is involved in neither the differen-
tiation nor the dopamine production and release of DNs. This
has important clinical implications, since whatever abnor-
malities might exist in the dopaminergic system in RTT
patients, they are not directly related to defects in the DNs
themselves. However, a potential limitation of the present
study is that the ES cell-derived DNs might not be entirely
equivalent to DNs in adolescent RTT patients, even though
almost all the ES cell colonies were TH-positive. Using this
experimental system to uncover the cellular and molecular
characteristics of MeCP2-null DNs, in conjunction with studies
of MeCP2-null mice and clinical examination of RTT patients,
will answer this question definitively in the future.

In conclusion, we have developed an in vitro system for
analyzing neuronal development and the function of MeCP2.
We found that MeCP2 is not essential for maintaining the
undifferentiated ES cell state, for neurogenesis, or for DN
function; rather, it is mainly involved in inhibiting gliogenesis.
Imperfect neuronal maturity, probably resulting from abnormal
gliogenesis, may be involved in the pathogenesis of RTT. All the
information is useful not only for understanding the develop-
mental roles of MeCP2 and the pathogenesis of RTT, but also for
developing therapeutic strategies for RTT in the future.

4. Experimental procedures

4.1. Recombinant adenoviral vectors

El-deleted, replication-deficient adenoviral vector expressing
Cre under the transcriptional control of the cytomegalovirus
early enhancer and chicken beta-actin promoter (Ad.Cre) or no
gene (Ad.dE1.3) was prepared as described previously (Chen
et al., 1995; Takahashi et al., 2006).

4.2. ES cell culture and ACT

Mouse ES cells in which exons 3 and 4 of Mecp2 were flanked
by loxP sites, and which were previously used to generate
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Negative control images show colonies stained with the secondary Alexa Fluor 488 antibody on day 12. Scale bar=0.5 mm.
(B) The graph shows the percentage of control (closed circle) and MeCP2-null (open circle) GFAP-positive ES cell colonies on the
indicated days. *P<0.05 (control versus MeCP2-null ES cells, n=>5 each, 50-200 colonies per well). Data are meansx SD for three
separate measurements from different experiments. (C) Expressions of GFAP protein in control and MeCP2-null ES cells on the

indicated days were analyzed by

MeCP2-null mice, were provided by Dr. A. Bird (Guy et al,
2001). ES cells were maintained in the undifferentiated state
without feeder cells on gelatin-coated dishes in Glasgow
Minimum Essential Medium (G-MEM, GIBCO/BRL, Grand
Island, NY, USA) supplemented with 10% fetal bovine serum
(FBS), 2 mM L-glutamine (GIBCO/BRL), 1 mM pyruvate (GIBCO/
BRL), 0.05 mM 2-mercaptoethanol (2-ME, Nacalai Tesque, Inc.,
Kyoto, Japan), 0.1 mM nonessential amino acids (GIBCO/BRL),
and 2000 U/ml leukemia inhibitory factor (ESGRO, Chemicon
International, Temecula, CA) as previously described (Guy et
al,, 2001; Kawai et al., 2004; Takahashi et al., 2006). MeCP2-null
and control ES cells were generated by the ACT method using
Ad.Cre and Ad.dE1.3, respectively (Chen etal., 1995; Takahashi
et al., 2006). Details are described in the Results section.

blot. Beta-actin protein levels were analyzed in the same way as an internal control.

Doperminergic neurons were induced essentially as pre-
viously described, with some modifications (Kawasaki et al.,
2000; Takahashi et al., 2006). Briefly, 1000 MeCP2-null or
control ES cells were placed on feeder PA6 cells that had been
seeded on collagen-coated eight-well glass plates. Subse-
quently, these ES cells were co-cultured with PA6 cells in
differentiation medium, which consists of G-MEM supple-
mented 10% knockout serum replacement (KSR, GIBCO/BRL),
2mM L-glutamine, 1 mM pyruvate, 0.1 mM nonessential
amino acids, and 0.1 mM 2-mercaptoethanol as described
previously (Kawasaki et al., 2000). The differentiation medi-
um was changed on day 4 and every other day thereafter.
After 8 days in differentiation medium, cells were cultured in
G-MEM supplemented with N2 (GIBCO/BRL), 100 mM



tetrahydrobiopterin, 200 mM ascorbate, 1 mM pyruvate, 0.1 mM
nonessential amino acids, and 0.1 mM 2-mercaptoethanol.

4.3. Animals

The tails of MeCP2-null mice were used as positive controls for
genomic PCR (Fig. 1B) in accordance with a protocol approved
by the Animal Research Committee of Kurume University and
the National Institutes of Health Guidelines for the Care and
Use of Laboratory Animals.

4.4.  PCR analysis

Genomic DNA was extracted from ES cells and PCR genotyping
was performed on genomic DNA using oIMR1436, 0IMR1437, and
©0IMR1438 primers and the protocol provided by the manufacturer
(http://jaxmice jax.org/pub-cgi/protocols/protocols.sh?objtype=
protocol&protocol_id=598) (Fig. 1A) (Guy et al., 2001).

Extraction of total RNA, RT-PCR analysis, and electrophoresis
were carried out as described previously (Kawai et al.,, 2004;
Takahashi et al., 2006). PCR conditions were as follows: 40 cycles
of 94 °Cfor30s,61 °Cfor60s, and 74 °C for 60 s, using the mouse
Mecp2 exon-specific primers 5'-GGTAAAACCCGTCCG
GAAAATG-3' (sense) and 5'-TTCAGTGGCTTGTCTCTGAG-3'
(antisense) (Kriaucionis and Bird, 2004).

4.5. Immunocytochemistry

Cells were stained using antibodies against Nestin (dilution
1:100, clone 25, BD Biosciences Pharmingen, San Diego, CA),
Tyrosine hydroxylase (TH) (dilution 1:100, clone AB152,
Chemicon International), (*-Tubulin type III (dilution 1:500,
TuJ, Sigma-Aldrich, Inc., St. Louis, MO), GFAP (dilution 1:500,
clone G-A-5, Sigma-Aldrich, Inc.), Oct-4 (dilution 1:500, clone
C-10, Santa Cruz Biotechnology, Inc., Santa Cruz, CA), or Stat-3
(dilution 1:500, C-20, Santa Cruz Biotechnology, Inc.), together
with secondary fluorescent antibodies (dilution 1:500) as
described previously (Kawai et al., 2004; Takahashi et al.,
2006). As a negative control, cells were stained with only
secondary fluorescent antibodies without primary antibodies
(Figs. 3, 6A, and Suppl. Fig. 1).

4.6. Immunoblotting

Protein was extracted from ES cells and Western blot
analysis was performed using anti-GFAP (clone G-A-5) and
anti-Actin (clone AC-40, Sigma-Aldrich, Inc.) monoclonal
antibodies, and detected with horseradish peroxidase-con-
jugated anti-mouse IgG (DakoCytomation, Glostrup,
Denmark) and chemiluminescent substrate (Chemi-Lumi
One, Nacalai Tesque, Inc.), as described previously (Takaha-
shi et al., 2006).

4.7. Electrophysiological analysis

Electrophysiological measurements were performed as de-
scribed previously (Murai and Akaike, 2005). Briefly, whole cell
patch-clamp recordings were made from 29 ES cell-derived
neurons with glass patch-pipettes. The resistance of patch
electrodes was 4-8 MQ. Cells were voltage or current clamped.

The membrane currents or potentials were measured with a
patch-clamp amplifier (Axopatch 200A, Axon Instruments
Inc., Union City, CA, USA). Whole cell currents or membrane
potentials were low-pass filtered at 1-2 kHz, digitized at a
sampling rate of 20 kHz, and stored on a computer hard disc
(pPCLAMP 8, Axon Instruments Inc.). Series resistance was
compensated by 50-70%. All experiments were performed at
room temperature (21-24 °C).

The membrane was first held at -110mV and then
depolarized by voltage step pulses (300 ms duration) from
-110 to +80 mV with 10mV steps to elicit the membrane
currents. In the absence and presence of voltage-dependent
Na* channel blocker, tetrodotoxin (TTX, 300nM), the total
membrane currents and TTX resistant (TTX-R) currents were
obtained, respectively. The voltage-dependent sodium (Na*)
current, which is TTX sensitive (TTX-S), was obtained by
subtracting the TTX-R currents from the total membrane
currents in both the control and MeCP2-null ES cell-derived
neurons.

Two types of voltage-dependent potassium (K') currents
were also recorded in both the control and the MeCP2-null ES
cell-derived neurons: fast inactivating K* current (A-type K*
current, I,) and sustained K* current (delayed rectifier K*
current, Ipg), sensitive to 4-aminopyridine (4-AP, 1 mM) and
tetraethylammonium-chloride (TEA-CI, 20 mM), respectively.
The voltage step pulse from -110 to +20 mV with 10 mV step
(300 ms duration) in the presence of TTX (300 nM) elicited the
combined membrane K* currents. To obtain Ipg, the mem-
brane was first held at -40 mV and then depolarized from -40
to +20 mV with 10 mV steps (300 ms duration), because I
inactivated at -40mV and Ipz was activated from -40 mV.
Subtraction of Ipg from the combined membrane K* currents
yielded I,.

In current-clamp recording, injection of the depolarizing
current pulse (2 ms, 0.15-0.20 nA) elicited an action potential
just after the end of the current injection. In both control and
MeCP2-null ES cell-derived neurons, injection of a prolonged
depolarizing current pulse (1s duration and two times the
intensity for the threshold) elicited repetitive firings during
membrane depolarization.

4.8.  High performance liquid chromatography (HPLC)

To measure dopamine content and secretion in MeCP2-null
and control ES cells that were differentiated into DNs on PA6
cells for 10 days, an HPLC electrochemical detector (ECD)
system (HTEC-500, Eicom Corp., Kyoto, Japan) was used in
accordance with the manufacturer’s protocol, with some
modifications (Kawasaki et al., 2000). Briefly, ES cells cultured
in six-well plates were washed twice with Hanks’ balanced
salt solution (HBSS), then incubated for 15 min in high K*
(56 mM) HBSS to evoke membrane depolarization. The
incubation buffer (a 500 ml aliquot) was collected and
centrifuged at 800xg for 10 min to remove detached cells,
and the 400 ml supernatant was mixed with 400 ml of 20 mM
hydrochloric acid and 100 mM EDTA. Ten microliters of each
sample was injected into the HPLC-ECD system and separated
with a reverse phase column (Eicompak CA-50DS, Eicom)
using 0.1 M phosphate buffer (pH 6.0) containing 2.3 mM 1-
octanesulfonic acid, 0.13 mM EDTA, and 20% methanol as a
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mobile phase at a flow rate of 0.23 ml/min. The retention time
for dopamine was 6-8 min. The amount of dopamine in each
sample was calculated by using the peak height ratio relative to
the standard dopamine hydrochloride (H8502, Sigma-Aldrich,
Inc.) solution.

4.9.  Statistical analysis

Quantitative results are expressed as means=+SD. The Stu-
dent’s t-test was used to compare data, with p<0.05 consid-
ered significant.

Supplementary materials related to this article can be
found online at doi:10.1016/j.brainres.2010.08.090.
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