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connect with their target cells, resulting in poor survival after
transplantation. For example, graft-derived cholinergic motor
neurons might be prevented from extending their axons out of
the spinal cord by myelin-derived axonal inhibitors in the
spinal cord white matter [49] and thus might have had diffi-
culty contacting their target muscles. Alternatively, the adult
spinal cord simply might not be an appropriate environment
for the cholinergic differentiation of the precursor cells. More-
over, it is noteworthy that neurons derived from the transplanted
NS/PCs that survived formed many synaptic contacts with the
host tissues, both in wild-type and disease model animals,
indicating that the ES cell-derived NS/PCs can generute func-
tional neurons and may have the potential 10 regenerate func-
tional networks in vivo, even in diseased neural lissues,

Because the complicated structure and function of the mam-
malian CNS develops through appropriate spatiotemporally reg-
ulated patteming, our in vitro model, which recapitulates the in
vivo CNS development. may provide a simple and powerful tool
for investigating the mechanisms underlying mammalian CNS
development and be applicable to regenerative medicine for
neurological disorders. Further studies should involve the appli-
cation of a variety of factors to our culture system to mimic in
vivo development. to obtain more types of neurons or neural
progenitors, and to produce NS/PCs from a variety of stem cells,
such as human ES cells, nuclear transfer ES cells, and induced
pluripotent stem cells, which may lead to effective regenerative
therapy for the damaged CNS.
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Requirement for COUP-TFI and Il in the temporal
specification of neural stem cells in CNS development

Hayato Naka'?, Shiho Nakamura'?, Takuya Shimazaki'? & Hideyuki Okano'~

In the developing CNS, subtypes of neurons and glial cells are generated according to a schedule that is defined by cell-intrinsic
mechanisms that function at the progenitor-cell level. However, no critical molecular switch for the temporal specification of CNS

progenitor cells has been identified. We found that chicken ovalbumin upstream promoter-transcription factor I and Il (Coup-tfl
and Coup-tfll, also known as Nr2f1 and Nr2{2) are required for the temporal specification of neural stem/progenitor cells
(NSPCs), including their acquisition of gliogenic competence, as demonstrated by their responsiveness to gliogenic cytokines.
COUP-TFI and Il are transiently co-expressed in the ventricular zone of the early embryonic CNS. The double knockdown of
Coup-tfi/ll in embryonic stem cell (ESC)-derived NSPCs and the developing mouse forebrain caused sustained neurogenesis
and the prolonged generation of early-born neurons. These findings reveal a part of the timer mechanisms for generating

diverse types of neurons and glial cells during CNS development.

Neurogenesis largely precedes gliogenesis during CNS development in
vertebrates, and specific types of neurons are born in a spatiotem-
porally regulated manner', The temporal regulation of CNS cytogen-
esis seems to be largely dependent on temporal changes in the
differentiation potential of NSPCs. Multipotent NSPCs isolated from
the early mouse embryonic cortex can sequentially generate specific
types of neurons and glial cells in virro in their proper in vivo order’.

Several extrinsic and intrinsic mechanisms for the initiation of

gliogenesis by NSPCs have been proposed®. These include the IL-6
family of cytokines, which activate the JAK-STAT pathway through the

leukemia inhibitory factor receptor/gp 130 complex?, the activation of

Smad transcription factors by bone morphogenetic protein (BMP) 2/4
through their heterotrimeric serine/threonine kinase receptors®, and
Notch signaling”. All of these are known extrinsic signals for astro-
gliogenesis. Moreover, both STAT3 (in a transcriptional complex with
Smad1 and co-activator p300/CBP) and a Notch signaling effector,
CBF1/RBP-], directly activate the transcription of astrocytic genes, such
as G!hp'l.lb_

Gliogenesis can also be initiated by the attenuation of neurogenesis
caused by the downregulation of neurogenic proneural genes, such as
the neurogenin (Neurog) genes, which encode helix-loop-helix tran-
scription factors, in a process that does not seem to require inducing
factors, Several in vitro studies support a model of neurogenesis
promotion by Neurogl, which inhibits gliogenesis by sequestering
the Smad/CBP/p300 transcriptional co-activator complex, thus pre-
venting its activation by gliogenic cytokines through activated STAT3
(ref. 11). Notably, even combinatorial deletions of proneural genes do
not consistently induce precocious differentiation of NSPCs into
astrocytes during the early neurogenic period, although they do so

later in development, suggesting that NSPCs may have little
gliogenic potential at this time'*", In addition, the expression of
these proneural genes is probably restricted to specified or committed
intermediate progenitors rather than to pluripotent progenitors'?,
making them unlikely candidate regulators for the temporal specifica-
tion of NSPCs,

The neurogenic SHP2-MEK-ERK-Rsk pathway' and the anti-
gliogenic Neureglin-1-ErbB2/ErbB4 pathway'*'¢ are involved in the
timing of gliogenesis. However, the disruption of these pathways only
accelerates astrocyte differentiation at late embryonic stages, suggesting
that they regulate the timing of glial differentiation, but not the
gliogenic competency of NSPCs.

Recent studics support the idea that NSPCs change their ability to
respond to environmental cues over time through epigenetic modifica-
tions, including chromatin remodeling and DNA methylation of glia-
specific genes, during the switch from neurogenesis to gliogenesis'’18,
The Brahma-related gene | (Brgl, also known as Smarcad) subunit of
the SWI/SNF chromatin remodeling protein complexes, which are
required for gliogenesis and the maintenance of NSPCs'?, is a candidate
factor for these epigenetic changes. However, the mechanisms for the
induction of such epigenctic modifications of glia-specific genes in
NSPCs remain unknown.

The transition to gliogenesis also requires appropriate transcription
factor codes. For example, the deletion of Sox9, an HMG-type
transcription factor that is expressed in the ventricular zone of
embryonic spinal cord results in prolonged generation of motoneurons
and V2 interneurons and concomitant inhibition of gliogenesis®”. In
addition, nuclear factors 1A and |B (NFIA/B), induced at the onset of
gliogenesis, appear to be essential gliogenic factors in the developing

!Department of Physiology, Keio University School of Medicing, 35 Shinanomachi, Shinjuku-ku, Tokyo 160-8582, Japan. ?Core Research for Evolutional Science
Technology, Solution-Oriented Research for Science and Technelogy, Japan Science and Technology Agency, Saitama 332-0012, Japan. Correspondence should be

addressed to H.0. (hidokano@sc. itc keio.ac.jp) or T.5. (shimazak@sc.itc keio.ac.|p)

Received 5 May; accepted 23 June; published online 24 August 2008; doi:10.1038/nn.2168

VOLUME 11 [ NUMBER 9 | SEPTEMBER 2008 NATURE NEUROSCIENCE

- 37 -



chick spinal cord*'. Thus, many genes and signaling pathways are
involved in different aspects of the timing of gliogenesis.
In contrast with what is known about gliogenesis, the molecular

mechanisms underlying the sequential generation of different types of

neurons in the developing CNS of vertebrates are largely unknown,

although some transcription factors that are expressed in restricted

CNS regions have been shown to be involved 443,

In this study, we identiied COUP-TFI and II as key regulators
of NSPC temporal specification during mouse CNS development
Coup-tfI/II have been shown to be involved in patterning, differentia

tion, cell migration, axonal projection and cortical arealization in the
7. However, little is known about their functions

developing CN*
in NSPCs. Qur in vitro and in vivo data from Coup-tfl/ll double
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knockdown mutants provide evidence for a requirement for Coup-tfl/11
in the proper temporal specification of NSPCs, including their acquisi-

tion of gliogenic competency.

RESULTS

MNeurogenic-to-gliogenic transition requires Coup-tfl/ll

To identify the genes involved in the temporal specification of NSPCs,
we developed an i vifro culture system that recapitulates in vive mouse
CNS development using mouse ESCs (Fig. 1a), in which NSPCs are
generated from ESCs through embryoid body formation and selectively

amplified as neurospheres®®. Primary neurospheres that are derived
from embryoid bodies differentiate exclusively into neurons, and glio-
genesis 1s activated in ‘.ul'r.\u[urm generations of m".umphfrv-_ similar
to the situation in vivo. This system enabled us
to retrospectively determine the differentiative
potential of NSPCs at each time point.

To identify genes that are involved in reg-
ulating the initiation of this temporal change,

i we first compared the global gene-expression
sl | P profiles of primary and secondary neuro-
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{‘) contrast, control neurospheres, which were

e transduced with a lentivirus vector expressing

| control shRNA, mainly differentiated into glial
E8

cells. Notably, overexpression of Coup-1fI/11 did
not alter the differentiation of neurospheres.
Note that knockdown of Coup-tfl/II during the
differentiation of tertiary neurospheres did not
alter glial differentiation or survival (Fig. lef).
The expression domains of Coup-tfl and If

‘ are reported to partially overlap, but are dis-
tinct at the cellular level in the developing

CNS® However, our immunohistochem-
ical analysis revealed that COUP-TFI and IT
were widely co-expressed in the embryonic
day (E) 12.5 mouse brain. Their expression in
the ventricular zone was transiently upregu-
lated at E12.5 and was then diminished with
development before the appearance of astro-

d 1w - ik :CT cytes, a finding that is consistent with their
g w é o 5 ol -::u-‘:uur--m expression in ESC-derived neurospheres
3 \.é g NS & mul-COUP-TFIl i vitro. As development progressed, the
5 0 g 804 30 4 - mut-COUP-TFI+ il expression of both Coup-tfI/Il persisted in
g- a § = ¥ Ll the marginal zone, but it was segregated into
g : = - distinct cell populations at E14.5 and later
& 2 ns & 204 e % 10 time points (Fig. 1gh and Supplementary

,E_ i Fig. 1 online). Given that, in terms of their
L 3 8 e 3 e 0= 9 ¢ molecular functions, including their DNA-
Culture stage Cuilure stage Culture stags binding specificity, COUP-TFI and 1l are

Figure 2 Coup-tfi/ll knockdown phenotype s rescued by expression of knockdown-resistant mutant
COUP-TFI/1L. (a) Silent mutations in mutant COUP-TFI/1I (mut-COUP-TFI/11) that prevented their
knockdown by Coup-tfl/I-specific shRNA. (b) Schema of the rescue experiment using lentivirus-
mediated expression of mut-COUP-TFI/I1. (c.d) Delayed expression of the mut-Coup-tfi/ll rescued the
defect in glicgenesis caused by Coup-tfl/ll knockdown, The percentage of flll-tubulin-positive neurons
was reduced to the control level after infection by mut-COUP-TFI/II lentivirus, whereas Lhe percentages
of GFAP-paositive astrocytes and 04-positive oligodendrocytes were increased to the levels of control
cultures (Ftest, n (2200 cells) = 3, P = 0.05; **P = 0.01, ***F = 0.001 versus CT). Scale bar

represents 50 ym. Error bars represent s.e.m.

genes that were screened by microarray analysis, we found 617 with a
more than twofold higher expression level in primary neurospheres
compared with secondary neurospheres and 838 that were similarly
elevated in secondary versus primary neurospheres. We then carried
out functional screening of genes that were expressed more highly in
primary neurospheres by lentivirus-mediated overexpression and
knockdown by short-hairpin RNAs (shRNAs) in ESC-derived neuro-
spheres (Supplementary Table 1 online).

The development of pluripotent stem cells requires genetic and
epigenetic regulation”, prompting us to focus on transcription regu-
lators as candidate molecules in the functional screening. We infected
primary neurospheres with lentiviruses bearing coding sequences or
knockdown shRNAs for these factors at the time of plating and
cultured the neurospheres to the tertiary stage (Fig. la). Some neuro-
spheres were allowed to differentiate at each passage and were immu-
nostained with antibodies specific to pIil-tubulin, GFAP and 04, to
identify neurons, astrocytes and oligodendrocytes, respectively. Among
the genes that we examined, only Coup-tfI/l knockdown resulted in a
significant phenotype, which was defined as a high neurogenic potential
being retained even in tertiary neurospheres (Fig. 1b-d), without sub-
stantial change in the efficiency of neurosphere formation (data not
shown). A more severe phenotype was observed in double-knockdown
compared with single-knockdown neurospheres (Fig. 1b-d). In

1016

highly conserved and indistinguishable
from each other’, these results suggest that
Coup-tfl and II can compensate for each
other’s function in the developing NSPCs;
thus, their double knockdown resulted in
the preservation of the highly neurogenic
potential of ESC-derived NSPCs over time.
To confirm the specificity of the Coup-tfl/11
knockdown that was responsible for the neu-
rogenic phenotype, we carried out a rescue
experiment using mutant COUP-TFU/II (mut—-COUP-TFI/II) with
silent mutations in the target nucleotide sequences for the shRNAs;
thus, the mutant COUP-TFI/1I were not knocked down (Fig. 2a and
Supplementary Fig. 2 online). In this experiment, we set a temporal
gap between the starting expression times of the knockdown shRNAs
and the rescue constructs. The time lag was intended to confirm that
the knockdown phenotype was not the result of the selective amplifica-
tion of neuron-restricted precursors. However, this was unlikely, as
committed neuronal precursors generate almost no neurospheres™.
For the rescue experiment, we infected primary neurospheres with
the Coup-1fl/Il knockdown lentivirus and cultured them to the qua-
ternary passage. They were then infected with lentivirus encoding mut—
COUP-TFI/IT and a hygromycin-resistance gene. The infected NSPCs
were selected for with hygromycin until senary (sixth generation)
neurospheres were formed (Fig. 2b). Control senary neurospheres
differentiated predominantly into astrocytes, but the neurospheres
expressing Coup-tfl/II shRNAs still predominantly differentiated into
neurons. However, the delayed expression of mut—-COUP-TFI/II com-
pletely rescued the knockdown phenotype (Fig. 2¢,d) without any
significant change in the amount of cell death, as assessed by cleaved
caspase-3 immunocytochemistry (P = 0.05; Supplementary Fig. 3
online), Taken together, these results indicate that the expression of
COUP-TFI and 11 in NSPCs is necessary for the induction of gliogenesis.
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The acquisition of gliogenic competency requires Coup-tfl/ll
Coup-tfIl/II might elicit gliogenesis by two different processes: temporal
specification of NSPCs to permit gliogenesis and/or glial fate specifica
tion concomitant with or via the inhibition of neurogenesis, Given the
expression patterns of COUP-TFI/1I in NSPCs in vivo and in vitro,
which peak before gliogenesis, we tested whether Coup-tfl/Il were
required for NSPCs to acquire gliogenic competency by analyzing the
epigenetic status of the STAT3-binding site in the Gfap promoter. This
site is responsible for the JAK-STAT pathway—dependent expression
of Gfap™ and is epigenetically silenced in early neurogenic CNS
P" zenitors, ll'”d‘..'ri”g ll'lcll! U[Ill'h}'l\li\l\l’ o .l\”l\&\'[&"|l|\1'|.l\.“'|\\1
environmental signals'™5,

We carried out chromatin immunoprecipitation (ChIP) analyses for
the histone H3 modification at the STAT3-binding site in ESC-derived
tertiary neurospheres using antibodies specific for acetylated histone
H3 (Ac-H3) and dimethylated H3K4 (2Me-H3K4), which are bath
and for dimethylated H3K9 (2Me-
H3K9), which is associated with gene silencing. The ChIP results

indicated that there were significantly more 2Me-H3K9 (P < 0.05

associated with gene activation
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and significantly less Ac-H3 and 2Me-H3K4
(P < 0.01 and P < 0.05, respectively) in the
Coup-tfl/1l knockdown neurospheres than in
the control neurospheres, indicating that there
was greater silencing of the STAT3-binding
site in the Gfap promoter of the Coup-tfl/ll
knockdown neurospheres (Fig. 3ab). The
extent of CpG methylation in the Gfap pro-
moter, including the STAT3-binding site, was
also significantly higher in Coup-tfI/II knock-
down neurospheres (P < 0.01
CpG sites and P < 0.05 in CpG site of the

in total ten

STAT3-binding region; Fig. 3c—e).

We turther assessed the ability of Coup-tfI/11
knockdown neurospheres to respond to the
gliogenic cytokines LIF and BMP2. Consistent
with our analysis of the epigenetic status of the
Gfap promoter, Coup-tfI/Il knockdown neuro-

spheres resisted the promotion of astroglio-

Cutture stnge ¥ - =3 ST 0k
genesis by these cytokines (Fig. 3f~i). These

results suggest that Coup-tf1/11 are required for
the temporally regulated acquisition of gliogenic competency by NSPCs.

Coup-tfl/ll affect the temporal change of the neuropotency
We next sought to determine whether f.ﬂ.'fp-rﬂ'.f” were also involved in
the temporal change in the neuropotency of NSPCs. In our culture
system, primary neurospheres derived from ESCs showed forebrain-to-
hindbrain identities, as determined by the expression of region-specific
markers (Supplementary Fig. 4 online}, and generated a large number
of lslet- 1-expressing neurons

Isl1 is a LIM-domain homeobox gene that is specifically expressed in
a subpopulation of early-born neurons in the developing ventral
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forebrain, hindbrain and spinal cord**%, and the generation of these
neurons from ESC-derived neurospheres markedly decreased over
successive generations of neurospheres (Fig. 4a,b). We examined
whether Coup-tfl/ll knockdown altered their generation. Coup-tfi/il
knockdown neurospheres showed a significantly increased and
sustained generation of [sl1-positive neurons (P < 0.05; Fig. 4a.b).
As the efficiency of neurosphere formation was not altered by
Coup-tfI/ll knockdown, the sustained generation of Isll-positive
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decreased with time (Fig. 1g), these results suggest that Coup-tfl/1] may
function as part of the trigger for the temporal change in the
neuropotency of NSPCs,

Coup-tfl/ll knockdown phenotype in the developing brain

To confirm the in

vivo role of Coup-tfl/ll that was revealed by our in
vitre analyses, we studied the effects of Coup-tfI/1l knockdown in the
developing mouse brain. Consistent with our in vitro results, cells
infected with the Coup-tfl/ll knockdown lentivirus at E12.5 were

exclusively fated to become neurons (86.5 £ 3.0%) in the cerebral

3 9

cortex at P20, whereas only 42,.2% of the cells infected with control
lentivirus did so (Fig. 5a,b); furthermore, the generation of GFAP
positive astrocytes was significantly reduced by Coup-tfI/I1 knockdown
compared with the control (P < 0.01). Moreover, transduction of the
knockdown construct at E10.5 resulted in a significant increase in
neurons at the expense of oligodendrocyte precursor cells defined by
the co-expression of Sox10 and the Olig2 transcription factors® (11 to
3.4%), accompanied by a compensatory increase in the proportion of
neurons (73.8 to 80,4%) in the medial ganglionic eminence at E16.5
(Fig. 5¢,d and Supplementary Fig. 5 online).

In addition, transduction of the knockdown construct at E10.5
induced prolonged generation of neurons expressing markers for
early-born neurons in the forebrain (for example, Isll, DARPP-32

and Thbr1)***, The knockdown induced late ectopic generation of Isl1-

positive or DARPP
recognized by BrdU incorporation at E15.5. Similarly, an unusual

posilive neurons in the striatum, which were

sustained production of early-born Tbrl single-positive neurons
(which are normally barely generated after E15.5) at the expense
of late-born neurons expressing Brn2 (ref. 39) was induced in the
caudal cerebral cortex (Fig. 6a-c and Supplementary Fig. 6 online).
This is consistent with a phenotype displayed by the cortex-specific
Coup-tfI knockout mouse, which shows the ectopic expression of Thrl
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in the upper layer of the occipital cortex at P8 (ref. 27). We did not
detect any late ectopic production of Reelin-positive Cajal-Retzius
neurons in brains infected with the knockdown lentivirus in these
experiments (data not shown). Thus, the Coup-tfl/Il knockdown

altered the timing of neu nesis and gliogenesis, even i vivo, in a

cell-autonomous fashion
Notably, we observed a similar knockdown phenotype, that is,

enhanced neurc

nesis accompanied by enhanced generation of
early-born neurons, in primary cultured neurospheres derived from
vanous CNS regions at E10.5. The neuronal \ulnl\iu::- were specilic for
each region and this phenotype was not accompanied by any change in
the efficiency of neurosphere formation (Supplementary Fig. 7 online
and data not shown),

suggesting that Coup-tfI/11 are required for the

proper sequential generation of diverse types ol neurons and the

subsequent gliogenesis throughout the CNS. This result, in combina
tion with our findings from ESC-derived neurospheres, further sug-
gests that the prolonged generation of early-born neurons, seen in the
Coup-tfl/Il knockdown cells in

of a specific population of NSPCs or fate-switch in differentiating

1vo, resulted not from the enrichment

neuronal precursors, but from the altered temporal specification of
NSPUs. The region-dependent differences in the strength of the
neurogenic phenotype induced by the knockdown (fewer neurons
were generated by neurospheres from NSPCs of the hindbrain and
spinal cord, where gliogenesis starts earlier than in the rostral brain;
Supplementary Fig. 7) may reflect the stage-dependent function of
Coup-tfl/11, further supporting the possibility that they are required for
the temporal specification of NSPCs to permit gliogenesis, but not glial
differentiation itself

Coup-tfl/il function as transcriptional repressors
Coup-1fT and I were onginally identified

inscriptional activators for
the chicken ovalbumin promoter and were later found to also function as
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Figure 7 Transcri
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repressors in different contexts'’. We therefore investigated whether
the transcriptional activating or repressing functions of COUP-TFI/TI
were responsible for the acquisition of gliogenic competency.
Constructs encoding dominant-activating and dominant-repressing
forms of COUP-TFI/Il were made by fusing the activation domain
of herpes simplex viral protein Vpl6 (ref. 41) or the repression domain
of Drosophila engrailed (En) to the N termini of COUP-TFI and
11, respectively, in which the original C-terminal transcription-regulat-
ing domains had been deleted. In addition, a ‘tagged’ construct
pair was prepared by fusing the Flag tag to COUP-TFI and II with
intact C termini {Fig. 7a). We expressed either one of these constructs
ot an empty vector in NSPCs by lentiviral vectors and assessed
NSPC differentiation.

The expression of the dominant-activating forms (VP-1/11) signifi-
cantly enhanced neurogenesis in tertiary neurospheres (P < 0.05),
whereas expression of the Flag-tagged wild-type proteins (F-1/11) or the
dominant-repressing forms (En-I/IT) did not alter it when compared
with control NSPCs that received the empty vector (Fig. 7b.c). Note that
neither F-U/11 nor En-I/Il induced precocious gliogenesis in early
neurosphere generations (data not shown). Furthermore, we carried
out a rescue experiment using En fusion mut-COUP-TFI1I constructs
as described above (Fig. 2) and found that the En fusion mut-COUP-
TFI/TI could cause complete recovery of the gliogenesis by NSPCs
expressing the Coup-rfl/ll shRNAs (Fig. 7d.e). These results suggest
that the transcriptional repressor function of Coup-tfI/Il is required for
the gliogenesis of ESC-derived NSPCs, but is not sufficient for and does
not solely induce it. This means that COUP-TFI and 11 might need
specific co-regulators to induce gliogenesis.
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0.05 versus CT), (d.e)
nockdown phenolype by dominant-réepressing
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C-terminal 20 amino acids of mut-COUP-TF were
deleted. The rescue experiment was camied out as
described In Figure 2. Complete recovery of the
defect in glioganesis caused by Coup-tfi/ll
knockdown was observed by delayed expression of
En-mi/Il (t test, n (=200 celis) = 3, P > 0.05;
*“*P < 0,01, ***P < 0.001 versus CT)

(f) Coup-tfi/ll knockdown partly altered temporal
changes in global gene-axpression profiles duning
long-term culture of ESC-derived neurospheres
Global gene-expression profiles of primary and
tertiary CT and KD neurospheres were compared
by DNA microarray analysis. Red and green bars
Indicate genes expressed at relatively high and
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condition. Scale bars represent 50 pym
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Downstream of Coup-tfl/ll

Finally, to elucidate the molecular mechanisms
of the temporal specification involving Coup-
/I, we analyzed the effects of Coup-tfl/il
knockdown on the temporal change of global gene-expression profiles
in ESC-derived neurospheres using DNA microarrays and focused on
genes that normally show temporal changes in expression levels during
development (Fig. 7f). Among such genes, the number whose expres-
sion levels changed more than twice as a result of Coup-tfI/II knock-
down was relatively small, suggesting that Coup-tfI/IT are responsible for
only some of the temporal changes that occur in the cellular context of
NSPCs, Moreover, in tertiary neurospheres, Coup-tfl/11 knockdown did
not substantially alter the expression levels of some known genes that
are probably involved in the timing of gliogenesis (Table 1); therefore, it
is possible that none of these genes are downstream of Coup-tfl/Il.
Although the levels of some proneural genes (Newrog2, NeuroD and
Mashl) appeared to increase in the tertiary Coup-tfl/Il knockdown
neurospheres, their expression levels did not fully correlate with the
predicted differentiation phenotypes. These results suggest that a
certain part of the temporal specification of NSPCs is regulated by
molecular mechanisms involving Coup-tfI/Il operating upstream of, at
least, the epigenetic modifications of a glia-specific gene.

KD KD
Pramary

o

CT
Tertiary

(

DISCUSSION

Three mechanisms have been proposed so far for the temporally
regulated specification of NSPCs for the switch from neurogenesis to
gliogenesis. One is the attenuation of neurogenesis by reduced expres-
sion levels of proneural genes, such as Neurogs''. Another is the
induction of gliogenesis through the activation of proglial genes,
such as NFIs*', Finally, it has been suggested that temporally regulated
epigenetic modifications of glia-specific genes regulate their response to
gliogenic cytokines''®. Our data suggest the existence of an additional
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step that requires the function of Coup-tfl/Il for NSPCs to acquire
gliogenic competency, which occurs in parallel with or upstream of the
other processes.

Our proposal is supported by the following evidence. First, expres-
sion of COUP-TFI/II was transiently upregulated in the early neuro-
genic period in NSPCs and markedly decreased before the onset of
ghogenesis (Fig. 1g,h and Supplementary Fig. 1). Secand, Coup-tfl/I1
knockdown resulted in the maintenance of epigenetic silencing at the
Gfap gene (Fig. 3). Third, only limited neurogenic phenotypes were
induced by Coup-1fl/Il knockdown in advanced-stage neurospheres,
which mainly generate glia (Fig. 4 and Supplementary Fig. 6). Finally,
Coup-tfl/IT knockdown inhibited the neurog
sition without substantially changing the expression dynamics of most
known genes associated with neurogenesis and gliogenesis (Table 1).
Our study also revealed an involvement of Coup-tfI/IT in the timing of
neurogenesis in various brain regions, at least in a certain time window.

In Drosophila melanogaster CNS development, several transcription
factors required for the temporal specification of the embryonic neural
stem cells called neuroblasts have been identified™. The sequential
expression of these factors, including Hunchback, Kruppel, Pdm and
Castor, in each neuroblast elicits the sequential generation of specific
types of neurons, defined by the expression of cach of these factors.
Recently, seven up (SVP), a Drosophila homolog of COUP-TFI/1, was
shown to terminate the expression of Hunchback, the earliest-
expressed transcription factor/marker, and is therefore involved in
regulating the subsequent generation of neuronal diversity®®. Consis-
tent with our observations in mouse, the loss of svp increases the
number of neurons expressing early neuronal markers®. Thus, the
function of Coup-tfl/II in the timing mechanism for generating
neuronal diversity would be evolutionarily conserved, at least in part,
from invertebrates to vertebrates, although vertebrate counterparts for
the other transcription factors have not yet been identified. With regard
to gliogenesis in Drosophila embryonic CNS, although one type of
neuroglioblast divides to simultaneously generate precursors with
restricted potential that give rise to either glial cells or neurons,
another type of neuroglioblast sequentially gives rise to neurogenic
intermediate precursors and precursors generating both neurons and
glia*®. Thus, it would be interesting to know whether Drosaphila SVP
could also be involved in the sequential neurogenesis/gliogenesis switch
in this context, in a similar manner to its mammalian homolog,

It is still unclear whether the temporal identity transition for the
change of neuropotency and the acquisition of gliogenic competency in
developing NSPCs is regulated by a single mechanism or two inde-
pendent ones that are used by COUP-TFI/IL The absence of linear
correlation between the extents of enhanced neurogenesis and the
production of early-born neurons in response to Coup-tfl/Il knock-
down in vitro (Fig. 1¢,d, and Fig. 4ab) may support the two-mecha-
nism possibility. [dentification of the target genes of Coup-tfI/II will be
necessary to further our understanding of this issue.

Taking our results and those of other groups into consideration, we
propose a model for the role of Coup-tfl/IT in the sequentially regulated
temporal specification of NSPCs in mouse cortical development
(Supplementary Fig. 8 online). At the first stage of temporal specifica-
tion (E10-11), only neurons, including preplate Cajal-Retzius neurons,
are generated. At the second stage (E12-14), Coup-tfl and I are
transiently upregulated to move from early neurogenesis to late
neurogenesis and to confer gliogenic competency on NSPCs. Conse-
quently, NSPCs become able to differentiate into astrocytes in response
to gliogenic cytokines in vitro’, but gliogenesis does not begin with the
transient increase in Coup-tfl/Il expression in vivo, At the third stage
(E15-18), NSPCs start to express markers for immature glia, such as

is-to-gliogenesis tran-

glutamine synthetase, but little GFAP expression is detected. During
this time, the expression levels of the Coup-1fI/11 in NSPCs quickly drop
and neurogenesis tapers off. At the final stage (after birth), astrocyte
differentiation, defined by GFAP and S100f expression, accelerates.
In this study, we have uncovered a portion of the molecular
machinery involved in regulating the temporal specification of
NSPCs in CNS development. Further study of the mechanisms under-
lying the temporal specification of NSPCs should suggest the means for
the controlled production of any desired type of neuron from stem cells
both in vitro and in vive, which should greatly contribute to the
development and advancement of regenerative medicine of the CNS,

METHODS

Cell culture. Mouse ESC (EB3) culture and embryoid body formation with
Noggin treatment were carried out as previously described®, except that
embryoid bodies were cultured at 10° cells ml™'. Embryoid bodies were
dissociated into single cells as previously described*® and were cultured in
media hormone mix (MHM) medium with 20 ng ml™! fibroblast growth factor
2 to generate neurospheres®’”. Neurospheres were mechanically dissociated and
passaged every 6 d. A portion of the dissociated neurosphere cells in each
generation was plated and induced to differentiate by culturing without
fibroblast growth factor 2 for 5 d. Primary neurospheres from mouse embryo-
nic CNS tissues were generated and allowed to differentiate in the same way.

Lentivirus preparation. Lentiviruses were produced by transient transfection
of 293T cells with the lentivirus constructs pCMV-VSV.G-RSV-Rev and pCAG-
HIVgp"® using FuGENE & (Roche) according to the manufacturer’s instruc-
tions. High-titer, cone d stocks prepared by ultracentrifugation and
resuspension in Dulbecco’s phosphate-buffered saline (268 mM KCI,
147 mM KH3PO,, 136.89 mM NaCl and 8.1 mM Na;HPO,) were used to
obtain efficient infection (multiplicity of infection of ~ 25, in vitm).

shRNA. The sequences of shRNAs are shown in Supplementary Table 2 online,
Coup-tfl/ll-specific shRNAs (knockdown/knockdown 1 + I1) were previously
described®. Coup-tfl- and Coup-tfTl-specific shRNAs were designed by the
online sikRNA design program siDirect (https//design.maijp/). The pSilencer
2.1-U6 Negative Control (Ambion) sequence was used as one of the negative
controls, and other negative control sequences were designed by replacing one,
two or three nucleotides of the knockdown shRNAs. The efficiency and
specificity of these sequences were evaluated by western blot analysis of stable
293T rtransformants expressing COUP-TFI and 11 or mut-COUP-TFI and 1L

Animals and in utero virus injection. ICR mice were used in this study,
In utero microinjection of lentivirus was guided by gmss visual examination at
E12.5 and by an in vivo ultrasound real-time scanner V5S40 and Vevos60
(VisualSonics) at E10.5. All aspects of animal care and treatment were carried
out according to the guidelines of the Experimental Animal Care Committee of
the Keio University School of Medicine.

I ini I ytoch

'3 y was carried oul as previously
described*®, For immunohistochemistry, cryostat and vibratome sections were
prepared by standard protocols after fixation with 4% (wt/vol) paraformalde-
hyde. Immunohistochemistry for BrdU was performed after pretreating the
sections in 1 N HCl at 37 “C for 30 min. The nuclei were stained with Hoechst
33258 (10 pg ml™', Sigma B2883). For double labeling of COUP-TFI and I,
immunostaining was carried out using the Zenon Tricolor Mouse 1gG2a
Labeling Kit #1 (Molecular Probes 225160) and the VECTOR M.O.M.
Immunodetection Kit Basic (Vector Laboratories, BMK-2202),

ChIP. Our ChIP assay was performed using the ChIP-IT Express Enzymatic kit
(Active Motif) according to the manufacturer’s instructions. For quantitative
analysis, 150-200 pg of sheared chromatin was used for each experiment.
Signals were detected using FluorChem (Alpha Innotech) and quantified with
Multi Gauge software (Fuijifilm). For the amplification of the STAT3-binding
site in the Gfap promoter, we used GFS1 (5-GGG ACT CAT TAG GAG AAC
CTC AGC AAG CAG-3"), GFAST (5™~TCT GCC CAT GCT TGG GCT TCT
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GGT GTC TAC-3'), GFS2 (5-GCC CCC AGG ACC TCC TTT TGT GCC-3)
and GFAS2 (5'-TAT CCC AGG ATG CCA GGA TGT CAG-3') primers.

Statistical analysis. For cach statistical analysis, at least three independent
experiments were carried out. Statistical significance was determined by two-
tailed 1 test.

Further details on plasmids, antibodies, western blotting and our DNA
microarray are described in the Supplementary Methods online.

Note: Suppl ¥ infe ion is available on the Nature Neuroscience website.
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ARTICLE INFO ABSTRACT
Article history: The present study was aimed at determining whether human recombinant hepatocyte growth factor
Received 21 August 2008 (HGF) ameliorates cerebral edema induced by microsphere embolism (ME). Rats were injected with 700
E‘;c:;:f:in:lzl:\;;cuc;form r{:irmsphexl'es (48 pm in diameter). (_‘ontmuuus administratinn of HGF ar 13 ;_Lgf':l days,l'a_ntrnal into the
Accepted 8 October 2008 right ventricle was started from 10 min after Emholllsrn to the eu;l of the experiment by using an qsmar!c
pump. On day 3 after the ME, the rats were anesthetized, and their brains were perfused with an isotonic
Ke;'wnrm: mannitol saIuFlun to eliminate constltulems in tr}e \fascula.r and cxllracgllular spaces. Thereafter, ris_sut‘
Cersbralischemia water and cation contents were determined. A significant increase in tissue water content of the right
Edema hemisphere by ME was seen. This ME-induced increase in water content was associated with increases in
jon tissue sodium and calcium ion contents and decreases in tissue potassium and magnesium ion contents

of the right hemisphere. The treatment of the animal with HGF suppressed the increases in water and
sodium and calcium ion contents, but not the decreases in potassium and magnesium ion contents. These
results suggest that HGF suppresses the formation of ischemic cerebral edema provoked intracellularly

Hepatocyte growth factor

in rats with ME

© 2008 Elsevier Ireland Lrd. All rights reserved.

It is well recognized that ischemia-induced cerebral edema
(ischemic cerebral edema) is a common complication in stroke
patients [15]). In experimental amimals, the degree of ischemic
cerebral edema is dependent on the type and period of ischemia
[32] or ischemia/reperfusion [2], and is associated with sev-
eral pathophysiological alterations including disruption of the
blood-brain-barrier (BBB)[23], changes in the threshold of cerebral
blood flow [12], and an increase in hydrostatic pressure [17].

We have demonstrated various pathophysiological aspects of
microsphere embolism (ME)-induced cerebral ischemia in the rat.
For example, ME elicited decreases in substrates for cerebral energy
production [28] and mitochondrial activity [29], and caused alter-
ations in neuronal transmitter metabolism [27] as well as learning
and memory dysfunction [26]. Although cerebral edema is consid-
ered to occur after the onset of permanent arterial occlusion [10,13),
it remains unclear whether the ischemic cerebral edema occurs
under our experimental conditions for ME. Accordingly, we deter-

* Corresponding author at: Department of Molecular and Cellular Pharmacology.
Tokyo University of Pharmacy and Life Sciences, 1432-1 Horinouchi, Hachioji, Tokyo
192-0392, Japan. Tel.: +81 42 676 4584 fax: +81 42 676 6595.
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0304-3940/% - see front matter © 2008 Elsevier Ireland Ltd. All rights reserved,
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mined whether ME-induced cerebral edema could be detectable
after the embolism.

Hepatocyte growth factor (HGF) and its receptor c-Met were
found to be expressed in the central nervous system, including
endothelial cells, and to function in an variety of ways [1,11,24,25].
Accumulating evidence indicates that HGF has been shown to
have organotropic action leading to regeneration from and pro-
tection against ischemic brain injury [19,22]. Particularly, we have
described profound effects of HGF on the ME-induced hyperper-
meability of the brain and learning dysfunction [7]. Accordingly.
the present study was designed to determine whether treat-
ment with HGF would affect the ME-induced ischemic cerebral
edema. Since, it remains unclear whether ME-induced cerebral
edema occurs intracellularly or extracellularly, we focused on the
development of intracellularly provoked cerebral edema in this
study.

Male Wistar rats weighing 220-250g were used as the exper-
imental animals. The animals were freely given food and water
according to the National Institute of Health Guide for the Care
and Use of Laboratory Animals, and the Guideline for Experimen-
tal Animal Care, issued by the Prime Minister's Office of Japan. The
study protocol was approved by the Committee of Animal Care and
Welfare of Tokyo University of Pharmacy and Life Sciences.
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Fig. 1. Time course of changes in tissue cobalt ion content in the cerebral hemisphere of the rat brain perfused for 0 to 10 min with cold Krebs-Henseleit solution containing
1 mM cobalt-EDTA (a) and the time course of changes in tissue cobalt ion distribution of the hemispheres of the rat brain perfused for B min with Krebs—Henseleir solution
containing 1 mM cobalt-EDTA, followed by further perfusion for 0 to 10min with a cold washing solution (320 mM mannitol/20 mM Tris/HCI, pH 7.40) (b). The cobalr ion

content in the hemisphere was determined by the atormic absorption method

An animal model with microsphere-induced cerebral embolism
was produced by the method described previously [20]. In brief, the
blood flow in the right external carotid and the right pterygopala-
tine arteries were temporarily stopped by ligation. Seven hundred
microspheres (diameter of 48 pm, NEN-005, New England Nuclear
Inc., Boston, USA) suspended in 20w/v¥ dextran solution were
injected into the right common carotid artery via a cannula. The
rats that underwent a sham operation received the same volume
of vehicle without microspheres.

At 15 h after the operation, the neurological deficits of the oper-
ated rats were scored based on paucity of movement, truncal
curvature, and forced circling during locomotion, which are consid-
ered typical symproms of stroke in rats [20). Each item was rated
from 3 to0(3: very severe; 2: severe; 1. moderate; 0: little or none).
Rats with a total score of 7-9 points were used in the present study.,

Human recombinant HGF was prepared as described earlier [21]
and used as a test sample,

The dose of HGF was estimated by the data concerning the
dose-response effectiveness of this substance on learning and
memory function of the ME animals in previous study [7]. The
continuous administration of HGF into the right cerebral ventri-
cle was conducted by injecting a solution of HGF in physiological
saline continuously for 3 days into the right cerebral ventricle viaan
osmaotic pressure pump (Alzet model 2001, Alzet, CA, USA) starting
from 10 min after injection of the microspheres to the end of treat-
ment, whereby 13 pg of HGF(3 days/animal was administered as
described previously [7].

To measure tissue water and cation contents in the intracellular
space of the cerebral hemisphere of the rat, we examined a pro-
cedure for elimination of extracellular and vascular constituents
of non-operated rats (control). We employed a method for perfu-
sion of the brain of the control animal with cobalt-EDTA solution,
That s, the rat brain was perfused with a cold Krebs-Henseleit (KH)
solution, which additionally contained 1 mM cobalt-EDTA. Perfu-
sion was carried out for different periods of time ranging from 0 to
10 min, and thereafter the tissue water and cation contents were
determined according to the dry-weight method and the atomic
absorption method, respectively, as described previously [31].

In the next series of experiments, the rat brain was first perfused
with the cold KH solution containing 1 mM cobalt-EDTA for 8 min
as described above, and then the brain was further perfused with
a cold 320 mM mannitol/20 mM Tris/HCl solution, pH 7.4 (washing
solution) for 0-10 min at the infusion rate of 9 mL{min. Thereafter,
the tissue water and ion contents of the hemispheres were deter-
mined according to the atomic absorption method as described
previously [31].

The time period for measurement of tissue water and ion con-
tents (day 3 after ME) was decided on the basis of the following
data reported previously: (1) the FITC-albumin leakage, an indica-
tor of disruption of the BBB [6], of the ME animals was detectable
from day 1 to day 7 with the maximal leakage being on day 3 [7];
(2) the content of occludin and Z0-1, both tight junctional proteins
of the BBB, was decreased on days 1-3 after ME [14]: and (3) the
infarct area detected by hematoxylin-eosin staining was almost
completely developed by 3-7 days after ME [20]. These results
suggest the possibility that disruption of the BBB and formation
of ischemic cerebral edema in rats with ME occur, at the latest, at 3
days after ME.

Staristical significance was evaluated by a Student's r-test when
two groups were compared, and by analysis of variance (ANOVA)
followed by post hoc Fisher's protected least significant difference
test when multiple groups were compared. Differences with a prob-
ability of 5% or less were considered significant (P<0.05).

In the case of the HGF treatment study. BO% (8/10) of the
microsphere-administered animals had neurological deficits with
a total score of 7-9 points and the remaining 20% (2/10) of them, a
total score of 4-6 points at 15 h after ME. The Sham animal did not
reveal any stroke-like symptoms throughout the experiment.

At first, we determined how fast the cobalt-EDTA was dis-
tributed to the cerebral hemisphere. Fig. 1a shows the time course
of changes in the cobalt ion content of the right hemisphere of
control (naive) rats that had been perfused with KH solution con-
taining 1 mM cobalt-EDTA pre-equilibrated with a gas mixture of
95% 0, and 5% CO,, pH 7.4. A rapid increase in the cobalt-EDTA
content during 0-4 min of perfusion and a gradual increase in
the cobalt ion content during 4-8 min of perfusion were seen.
Almost the maximal value was achieved by 8 min of the perfu-
sion. Next, we determined how the cobalt-EDTA disappeared from
the brain. Fig. 1b shows the time course of disappearance of tissue
cobalt ions from the brain hemisphere that had been perfused for
8 min with the cold KH solution containing 1 mM cobalt-EDTA, as
shown above. A rapid decrease and, thereafter. a gradual decrease
in cobalt-EDTA from the brain, were seen. Almost complete disap-
pearance of the cobalt-EDTA was detected after 5 min of perfusion.
These results indicate that 5min perfusion with the cold, iso-
tonic, washing solution is suitable for assessing the tissue ion
content excluding those present in the extracellular and vascular
spaces.

According to the results on perfusion study just described, we
employed a procedure for determination of tissue water and ion
contents of the brain after perfusion with the cold washing solution
for 5min at an infusion rate of 9.0 mL/min.
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Fig. 2. Comparison of tissue water and ion contents of the right and lefr hemispheres of the control rat perfused via the heart for 5 min (W) or non-perfused (NW) with the
washing solution { 320mM mannitol/20 mM Tris/HCL, pH 7.4). Each value represents the mean + S.EM. of three experiments. "Significantly different from non-washing group

{p<0.05).

Fig. 2 shows a comparison of tissue water and ion contents of
control rat brains determined by the current method with wash-
ing and non-washing procedures. Significant differences in tissue
sodium, calcium, and magnesium ion contents between them were
seen, whereas tissue water and potassium ion contents did not
differ between the two groups.

Fig. 3 shows tissue water contents of the brain of control, sham-
operated, HGF-untreated ME, and HGF-treated ME rats on day 3
after ME. There was a substantial increase in the tissue water
content of the right hemisphere of the ME animal. This increase
was significantly attenuated by treatment with HGF [ANOVA: F
(3.11)=65.386, P<0.0001]; Fisher's PLSD: Sham vs. ME: P<0.0001;
ME vs, HGF, F<0.01]. A significant, but slight, increase in the water
content in the left hemisphere of the ME rat was detected. This
increase was almost completely suppressed by the treatment with
HGF [ANOVA: F(3,11)=4.402, P<0.05; Fisher's PLSD: Sham vs. ME,
P<0.01; ME vs. HGF, P<0.05].

Fig. 4a-d shows changes in tissue sodium, calcium, potassium,
and magnesium ion contents, respectively, of the right and left
hemispheres of the control, sham-operated, HGF-untreated ME,
and HGF-treated ME animals on day 3. Amarked increase in sodium
ioncontent of the right hemisphere of the ME rat was abserved. This

increase was partially attenuated by treatment with HGF [ANOVA: F
(3.11)=187.550, P<0.0001; Fisher's PLSD: Sham vs. ME, P<0.0001;
ME vs. HGF, P<0.05]. There was a slight, but significant, increase
in the sodium lon content of the left hemisphere of the ME rat
and this increase was completely attenuated by the treatment with
HGF [ANOVA: F(3,11)=5.794, P<0.,05; Fisher's PLSD: Sham vs. ME,
P<0.01; ME vs. HGF, P<0.05].

The tissue calcium ion content in the right hemisphere was
increased in response to ME, and this increase was partially attenu-
ated by treatment with HGF [ANOVA: F(3,11)=204.087, P<0.0001;
Fisher's PLSD: Sham vs. ME, P<0.0001; ME vs. HGF, P<0.001].

There were significant decreases in potassium and magnesium
ion contents of the right hemisphere of the ME rat, and these
decreases were not attenuated by treatment with HGF. Two-way
ANOVA followed by Fisher’s PLSD test showed no significant dif-
ference in the sodium, calcium, potassium, and magnesium ion
contents of the right and left hemispheres between control and
sham-operated rats.

In the present study, the rat brains were subjected to the wash-
ing procedure using an isotonic mannitol solution to avoid the
influence of the extracellular and vascular constituents on the total
tissue ion content determined. A preferable movement of cobalt
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ion between intra- and extra-cellular spaces, that is, saturation of
cobalt ion in the brain tissue during perfusion with KH solution for
8 min and the following gradual washout of this ion for 5 min by the
isotonic mannitol solution were detected. There were significant
differences in tissue sodium, calcium, and magnesium ion contents
between washed and non-washed brains, suggesting a significant
contribution of the extracellular and vascular constituents to the
total tissue ion contents determined, Particularly, the tissue cal-
cium ion content of the washed hemisphere was 1/20th of the total
tissue calcium ion content of the non-washed hemisphere; and the
total rissue sodium ion, 2{5th of the total tissue sodium ion content
of the non-washed hemisphere. These results suggest a large con-
tribution of the extracellular and vascular constituents to these ion
contents if determined without the washing procedure. Since we
observed no significant differences in the tissue water or potassium
ioncontents between the washed and non-washed brains of control
rats, the washing procedure is unlikely to non-specifically alter the
permeability of tissue constituents through the BBB. Thus, this pro-
cedure could be utilizable for the assessment of pathophysiological
alterations in the intracellular water and ions.

It is generally believed that loss of ion homeostasis plays a cen-
tral role in the pathogenesis of ischemic cell damage in the brain.
Ischemia-induced perturbation of ion homeostasis leads to the
intracellular accumulation of sodium and calcium ions, followed by
subsequent activation of proteases and phospholipases and the for-
mation oxygen and nitrogen free radicals [ 16]. Consequently, these
events cause functional and structural changes including cerebral
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Fig. 4. Effects of HGF trearment on the brain sodium. calcium, potassium, and magnesium ion contents in both hemispheres of HGF-untreated (ME) and HGF-treated (HGF)
rats with microsphere embolism. ‘Cont’ indicates non-operated animals: and 'Sham’, sham-operared animals. Each value represents the mean + S.EM. of three (Cont) or four
[Sham, ME, and HGF]} experiments. *Significantly different from the Sham group and *significantly different from ME group (p<0.05)
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edema and eventually lead to cell death. Consistent with the above
ischemic cell death, ME in the current study induced an increase
in the water content, a sign of cerebral edema [15], of the ipsi-
lateral hemisphere of the animal, which elevation was associated
with increases in the tissue sodium and calcium ion contents and
decreases in the tissue potassium and magnesium ion contents.
Since the total tissue ion contents determined in the present exper-
iment excluded constituents present in vascular and extracellular
spaces, the results may represent substantial alteration of ions in
the intracellular space of the hemisphere of the ME rat, which may
be involved in the genesis of ischemic cerebral edema. Interest-
ingly. we observed that the ME-induced ionic disturbances were
almost the same as those in the intracellular sodium, calcium, and
potassium ion contents in the ischemic/reperfused heart [30]. It
is generally believed as a mechanism responsible for ionic distur-
bances in the ischemic/reperfused heart that sodium ion overload
during ischemia is increased due to an ATP breakdown-stimulated
increase in H* formation and energy production failure-induced
inhibition of Na®, K*-ATPase activity, followed by augmentarion of
Na*/H* exchanger activity during ischemia and that calcium ion
overload during postischemic reperfusion is enhanced due to an
increase in the calcium entry-mode Na*/Ca®* exchanger activity.
This notion is consistent with the reports of several investigators
on the ionic perturbation in neuronal and glial cells that occurred
due to alterations in Na*, K*-ATPase [9), Na*/H* exchanger [3.4],
Na*/Ca?* exchanger [4,18,33] and Na*-K*-Cl -cotransporter [5] in
the brain.

Continuous treatment for 3 days with human recombinant HGF
resulted in a partial attenuation of the alterations in water, sodium,
calcium, and potassium ion contents. The results in the current
experiments suggest that HGF-treatment was capable of attenuat-
ing the brain edema that occurred within 3 days after the cerebral
embolism. As described earlier, we observed that HGF attenuated
FITC-albumin leakage |7] and decreases in the expression of tight
junctional proteins, occludin and Z0-1, in the endothelial cells after
ME [8]. Although further studies on the mechanisms responsible for
the effects of HGF on the ischemic cerebral edema are required,
the present results demonstrated inhibition of the increases in
sodium and calcium and water contents as a possible mecha-
nism for the protective effect of HGF against ME-induced brain
injury.
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ABSTRACT

HGF-like protein (HLP)/macrophage stimulating protein (MSP) is the only structural relative of
hepatocyte growth factor (HGF), and is involved in the regulation of peripheral macrophage acti-
vation. However, the actions of HLP in microglia, a species of macrophage in the nervous system,
which is closely involved in the neural degeneration and regeneration, is not yet understood. This
study found that Ron, the receptor for HLP, is expressed in primary microglia using RT-PCR, im-
munocytochemical staining and Western blotting, and, thus, sought to elucidate the function of
HLP on the primary microglia, HLP promoted microglial migration without affecting cell survival
and proliferation. Furthermore, real-time quantitative RT-PCR analysis revealed that HLP greatly
increased the mRNA of inflammatory cytokines, including IL-6 and GM-CSF, and iNOS. These
findings provide the first evidence that HLP has the potential to modulate inflammatory actions of
microglia, which proposes novel aspects for the process of degeneration and/or regeneration of the

brain.

HGF-like protein (HLP) was found as a molecule
containing kringle domains and named for its high
homology with hepatocyte growth factor (HGF) (10,
21, 22). Later, HLP was revealed to be identical to
the macrophage stimulating protein (MSP) (15, 25).
The actions of HLP are most commonly involved in
the inhibitory process of macrophage activation (32).
HLP inhibits lipopolysaccharide (LPS)- and cyto-
kine-induced nitric oxide production in macrophage
in vitro, and reduces the nuclear translocation of nu-
clear factor-kB (NF-kB). Three different null mu-
tants of Mstlr, coding the HLP receptor/Ron were
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generated with different targeting strategies, and
studies on these mutant mice showed that HLP
functions to suppress the excess inflammatory re-
sponses of peripheral macrophages (3, 16, 30, 31).

Microglia is a kind of domestic macrophage,
typically residing in the central nervous system
(CNS). Microglia serve as scavenger cells by prolif-
eration and migration towards the affected sites in
response to neurodegenerative diseases, such as Al-
zheimer’s, Parkinson’s disecase and amyotrophic lat-
eral sclerosis (ALS), and elicit actions involved in
regenerative and destructive processes (19). Typical-
ly, microgha releases neurotrophic cytokines, inter-
leukin (IL)-la and IL-6 (1), and the family of
neurotrophins such as nerve growth factor (NGF),
neurotrophin (NT)-3 and brain-derived neurotrophic
factor (BDNF) (18). These studies have pointed out
that the so-called activated microglia possess recip-
rocal functions, i.e. neuroprotection and neurode-
struction.



The expression of HLP mRNA in adult rodent
brain tissue is revealed by Allen Brain Atlas on the
web site (http://allenbrainatlas.com). This study fo-
cused on the function of HLP on microglia. Here
we show that microglia is one of the target cells of
HLP, and that the cell migration and production of
inflammatory cytokines are enhanced by HLP-stim-
ulation in primary microglia. These findings predict
that the novel roles of HLP involved in the regula-
tion of microglial activation, which leads to neuro-
protection and neurodestruction in the brain.

MATERIALS AND METHODS

Recombinant human HLP was purified from condi-
tioned media of COS-7 cells transfected with an ex-
pression vector containing human HLP ¢DNA as
described previously (6, 25), and the purity of HLP
was confirmed to be more than 95% by SDS-PAGE
and silver-staining.

C57BL/6 mice were purchased from SLC (Shi-
zuoka, Japan). All efforts were made to minimize
the number and discomfort of animals.

We prepared murine primary microglia by the
same methods of preparation of rat microglia with
identical purity (> 95%) (8). Murine microglia were
cultured in modified N3 (mN3) medium containing
DF (high glucose DMEM/Ham's F12, 50 50) me-
dium supplemented with 10 pg/mL insulin, 100 pg/
mL apo-transferrin, 20 nM progesterone, 50 uM pu-
trescine, and 30 nM sodium selenite (7). Murine pri-
mary cerebral cortex neurons and astrocytes were
cultured as described (7). Murine macrophage cell
line J774A.1 were cultured as previously described
(20).

For reverse transcriptase (RT-) PCR and real-time
quantitative RT-PCR, total RNA was isolated from
microglia cultured for one day. One pg of total RNA
was reverse-transcribed into first-strand ¢cDNA with
a random hexaprimer using Superscript Il reverse
transcriptase (Lifescience Technologies Inc, Grand
Island, NY). To detect Ron, RT-PCR analyses were
performed using forward primer, 5’-AGG TTT TCC
GTC GCT GTC-3', and reverse primer, 5'-GCC
TGA AGC ACT GGG TAG-3". Plasmid inserted
murine Ron ¢cDNA was used as a positive control.
For the quantitative PCR analyses, the primers and
probes for IL-la, IL-1f, IL-6, tumor necrosis factor
(TNF)a, granulocyte-macrophage colony-stimulating
facior (GM-CSF), inducible nitric oxide synthase
(iNOS), BDNF, ciliary neurotrophic factor (CNTF),
HLP, Ron and glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) were obtained from Applied Bio-
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systems (Foster City, CA). Sequences for primers
and TagMan fluorogenic probes of murine HGF
were as follows: forward primer, 5'-AAG AGT
GGC ATC AAG TGC CAG-3', reverse primer,
5'-CTG GAT TGC TTG TGA AAC ACC-3’, probe,
5’(FAM)-TGA TCC CCC ATG AAC ACA GCT
TTT TG- (TAMARA)3". The PRISM 7000 real-time
PCR system (Applied Biosystems) was used for the
amplification and online detection. Experimental
samples were matched to the standard curve gener-
ated by amplifying serially diluted products, using
the same PCR protocol. GAPDH cDNA was also
amplified to decide the amount of each template
cDNA.

Immunocytochemical analyses were performed as
follows. Microglia were fixed with 4% paraformal-
dehyde in phosphate buffered saline (PBS) and re-
acted with rat anti-Mac1 antibody (a specific marker
for microglia; 1: 100, BD Biosciences, San Jose,
CA) and rabbit anti-Ron antibody (1 : 100, Santa
Cruz Biotechnology, Inc., Santa Cruz, CA) in PBS
containing 5% goat serum and 0.3% Triton X-100.
Then cells were rinsed with PBS and labeled with
Alexad88-conjugated goat anti-rabbit 1gG (1 : 500)
and Alexa546-conjugated goat anti-rat 1gG (1 : 500).
To confirm the specificity of anti-Ron antibody, the
antibody was preincubated with immunized Ron
peptides (Santa Cruz Biotechnology, Inc.). The
fluorescence images were obtained using an LSM3
laser scanning confocal microscope (Carl Zeiss,
Oberkochen, Germany).

Microglia and J774A.1 cells were lysed for West-
ern blotting in lysis buffer containing 50 mM Tris-
HCl (pH 7.5), 1% (v/v) Triton X-100, 25 mM
B-glycerophosphate, 150 mM NaCl, | mM PMSF,
I mM sodium orthovanadate, 2.5 pg/mL antipain,
5 pg/mL aprotinin, 5 pg/mL pepstatin, and 5 pg/mL
leupeptin. After removal of the debris, equal amounts
of lysed-proteins were separated on SDS-PAGE,
transferred to a polyvinylidene difluoride (PVDF)
membrane, and subjected to Western blotting using
mouse anti-Ron monoclonal antibody (1 : 200, BD
Biosciences), Signals were visualized using HRP-
coupled secondary antibody and an ECL detection
kit (GE Healthcare UK Lid, Buckinghamshire, UK).

Cell survival and proliferation were assayed as
follows. The cells were seeded onto 12-well plates
at 5 x 10" cells/well, and cultured in both the pres-
ence and absence of HLP (10 ng/mL) for 24 and
48 h. The survival rate of microglia was scored by
double staining with Calcein-AM (Wako Pure Chem-
ical Industries, Osaka, Japan) and propidium iodide
(PI). The fluorescence images were obtained using
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an LSMS5 laser scanning confocal microscope (Carl
Zeiss). The viable cells were stained green with Cal-
cein-AM and naked nuclei of the dead cells were  Expression of Ron in murine microglia
stained red with PI. The number of viable or dead  To determine which cell species express the Ron,
cells in three different fields in a well was enumer-  HLP-receptor, in the CNS, RT-PCR analysis was
ated and the resulting scores were determined from  performed using ¢cDNA synthesized from the total
the scores in three wells. A proliferation index was ~ RNA of primary cultured microglia, astrocytes and
measured from the number of cells. Results were  cercbral cortex neurons prepared from C57BL/6
expressed as mean = S.E. mice (Fig. 1A). A specific primer set for Ron extra-
Migration of microglia was assayed using a tran-  cellular domain was designed to detect a full-length
swell system with HTS Fluoro Blok inserts (pore  form of Ron, since Ron lacking the extracellular do-
size 8 um) (BD Biosciences). Microglia (5 * 10°  main was found in hematopoietic cells (12). As the
cells/insert) were placed onto the upper chamber  negative control templates in the PCR analysis, the
pre-coated with fibronectin (Lifescience Technolo-  reverse transcriptase-free cDNA synthesis reaction
gies Inc.), and HLP was added to the medium in the mixture {RT(-) in Fig. | A right panel} and the tem-
bottom chamber (Fig. 3A). Cells were incubated  plate-free mixture {template (-) in Fig. 1A left
under 5% CO, at 37°C for 24 h, and stained with  panel} were tested, and no PCR product was ampli-
Calcein-AM. Images of the bottom side of the mem-  fied from them. On the other hand, the PCR prod-
brane were obtained using an LSM5 (Carl Zeiss). ucts were evidently amplified from the cDNA of all
Five different fields were chosen in each well and  tested neural cells, and the expression levels of the
the number of migrated cells was enumerated. Ron mRNA were estimated to be almost equal be-
An ANOVA test was used to compare several dif-  tween those cells (Fig. 1A, left panel). The PCR
ferently treated groups, and this test was followed  products in these studies coincided with the prod-
by a post hoc test, which takes multiple testing into  ucts from the Ron positive control vector in their
account using Statview software (SAS Institute,  size (Ron plasmid in Fig. 1A left panel).

RESULTS
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Fig.1 Ron is expressed in microglia. (A) RT-PCR analysis. Microglia were cultured in mN3 medium for 24 h; astrocytes
were cultured in DF medium containing 10% FBS for 2 weeks and contaminated cells were detached and removed by
shaking culture dishes; and cortex neurons were cultured in mN3 medium for 2 days. Ron mRNA was detected in microg-
lia, astrocytes, and cerebral cortex neurons; RT+, in the presence of reverse transcriptase in a reverse transcription step;
RT-, in the absence of reverse transcriptase. A plasmid containing a Aon sequence served as a positive control. (B) Immu-
nocytochemical analysis for Ron. Red signal shows anti-Mac1 immunoreactivity (IR) and green signal shows anti-Ron IR.
Mac1 positive cells, indicating microglia, expressed Ron protein. (C) Western blotting for Ron in microglia and J774A.1 cells.
A 35-kDa band, corresponding to the size of Ron a-chain, was detected in cultured microglia and the murine macrophage
cell line J774A.1 using an antibody specific for Ron a-chain. J774A.1 cells served as a positive control for Ron.




