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Introduction

The hydrolysis of phosphatidylinositol 4,5-bisphosphate (PIP,) by phosphoinositide-
specific - phospholipase C (PI-PLC) is a key event triggering intracellular signal
transduction from various receptor molecules at the plasma membrane by yielding
two intracellular second messengers; diacylglycerol and inositol 1,4,5-trisphosphate
(IP;), which induce activation of protein kinase C (PKC) and mobilization of Ca*
from intracellular stores, respectively. More than 12 members of mammalian PI-PLC
isoforms have been identified and classified into five classes, B, v, d, &, and , which
are regulated through distinct mechanisms. PLCe was recently identified and
characterized by possession of two Ras-associating (RA) domains in its C-terminal
region and a CDC25 homology domain in its N-terminal region. The RA domains are
responsible for activation of PLCs thbrough direct association with the, GTP-bound
active forms of the small GTPases Ras, Rapl, and Rap2. The CDC25 homology
domain acts as a guanine nucleotide exchange factor (GEF) for Rapl and thereby
amplifies the Rapl-dependent activation of PLCe.

. Although the molecular mechanism of the PLCe regulation has been intensively
studied, little is known about the function of PL.Ce in physiological processes such as
cell growth and differentiation. To address this point, it is important to understand the
spatial and temporal expression patterns of PLCe dux.’ing embryogenesis and
adulthood.

Here, a detailed analysis of the spatial and temporal expression patterns of PLCe
in mouse embryos and adults was performed with special emphasis on the central
nervous system. The results indicate a specific induction of PLCe in the neuronal

lineage.

Methods and Results
Cloning of mouse PLCe cDNA-~----Two EST clones, mr95e10.r1 and md98g02.r2, in

the mouse EST database showed striking homology to the C-terminal region of

human PLCe. To obtain a full-length cDNA of mouse PLCe, 5’-RACE was carried
out using a mouse Ell Marathon™ embryo cDNA library. The resulting cDNA
(registered with the accession number AB076247 in the DDBJ/EMBL/GenBank™)
encodes a 2,282-amino acid residue protein possessing the CDC25 homology domain
and two RA domains which are characteristic of PL.Cs, in addition to the catalytic X
and Y, and the calcium-dependent lipid-binding C2 domains, which are well
conserved among all the PI-PLC isoforms. The protein, expressed as a FLAG-tagged
form in COS7 cells and puriﬁed, exhibited a hydrolyzing activity toward PIP, in vitro,
demonstrating that it was the mouse counterpart of PLCe.

Regional and temporal‘expression of the PLCe mRNA during embryogenesis------
Northern blotting using RNA extracted from the whole body of mouse embryos
indicated that the PLCe mRNA expression greatly increased on embryonic day
11(E11) and that the expression further increased in the later embryonic stages. This
suggested that the PLCe mRNA expression might be associated with development of
certain organs.

To furthér examine the regional expression patterns of the PLCe mRNA during
embrydgenesis, an in situ hybridization experiment using the p_labeled antisense
PLCe RNA probe was carried out. On E12.5, the PLCe mRNA was highly expressed
in the telencephalon, diencephalon and rhombencephalon of the developing brain as
well as in the spinal neural tube. The region expressing the PLCe mRNA
corresponded to the outer zone of the developing brain rather than the region facing
the ventricles. On E15.5, PLCe still exhibited similar expression patterns in the brain.
Immunohistochemical analysis of the cell-type specificity of PLCe expression----—- To
further define the spatial distribution of the PLCs expression especially in the
nervous system, an immunohistochemical analysis using mouse brain sections was
performed. To this end, a specific antibody was raised against a synthetic pepiide
corresponding to the C-terminal 19-amino acid residues of mouse PLCe

(KEEKPVGALSSSDTVGYQQ) ;md affinity-purified. The specificity of this
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antibody was confirmed by Westemn blotting of the extracts of cells expressing PLCe
(mouse embryonal carcinoma P19 cells expressing endogenous PLCe and COS7
cells transfected with a PL.Ce-expression vector) and by immunocytochemistry of the
PLCe-expressing COS7 cells. On E10.5, cells in almost all the regions of the
neuroepithelium surrounding the fourth ventricle showed weak PLCe expression.
Among this uniform expression, cells in the outermost zone stood out with a
markedly high level of the PLCe expression. To characterize the cells highly
expressing PLCe, the same brain sections were examined for expression of cell-type-
specific markers, nestin for the neural stem cells and microtubule-associated protein
2 (MAP2) for the differentiated neurons. Almost all the cells highly expressing
PLCe were completely negative for nestin but strongly positive for MAP2. The
neuroepithelium of the telencephalic vesicle, which develéps later than that of the
rhombencephalon, showed a similar uniform and weak expression patterns of PLCe
without any high expression in the outermost zone. This neuroepithelium showed
uniformly positive staining for nestin but essentially no staining for MAP2. The
expression patterns of PLCe in brain sections of the E14.5 embryos, in which more
than 60% o'f the cortical cells had been reported to be positiye for neuron-specific
markers, were also examined. The nestin-positive neural stem cells were mainly
located in the ventricular zone surrounding the lateral ventricle while the MAP2-
positive neurons were mainly located in the marginal zone. As observed with the
E10.5 embryo, the PLCe-highly positive cells almost coincided with the MAP2-
positive cells but not with the nestin-positive cells. These results indicated that the
expression of PLCe is induced specifically in the cells committed to the neuronal
lineage, which exhibit expression of MAP2 but not nestin.

Induction of PLCt expression during nenronal differentiation of neuroepithelial cells
in vitro~—--- Neuroepithelial stem cells were prepared from the forebrains of E10.5
embryos and enriched by forming neurospheres in the presence of epidermal growth

factor (EGF) and basic fibroblast growth factor (bFGF). The neurospheres were then

induced to differentiate into neurons in the culture medium from which EGF and
bFGF had been removed. Immunocytechemical analysis using specific antibodies
indicated that the neurocepithelial stem cells were positive for nestin and weakly
positive for PLCe, but negative for MAP2. In contract, the differentiated cells
showing neuron-like morphologies became highly positive for PLCe and MAI;2, but
completély negative for nestin. These observations were very similar to those with
the embryo brain sections.

The time course of the expression of the PLCe mRNA during the early stages of
the in vitro neuromal differentiation was analyzed by reverse transcription-
polymerase chain reaction (RT-PCR) along with those of neural cell-type-specific
developmental markers; Mash1, glial fibrillary acidic protein (GFAP), nestin and
MAP?2. Mashl, a basic helix-loop-helix (bHLH) proneural transcription factor, is
known to be expressed transiently in the very early stages of neural differentiation
and to trigger neural differentiation. GFAP is specifically expressed in astrocytes.
The results of RT-PCR indicated that PLCe is expressed in a similar time course with
MAP2, which is later than those of nestin and Mashl. A faint expression of GFAP
was detected after MAP2 expression, reflecting a low rate of differentiation into the
glial lineage in this culture system. These resulls further suggested that the
expression of PLCe might be induced after commitment into the neuronal lineage.
Analysis of PLCe expression in glial-lineage cells-—-—To examine whether the hi gh
expression of PLCe was associated with differentiation into the glial lineage or not,
an in vitro differentiation of the neuroepithelial stem cells derived from E14.5 mouse
embryos, which were capable of differentiation into a mixed population containing
both GFAP-positive astrocytes and MAP2-positive neurons, waé analyzed. After
neural differentiation for 5 days, the cells highly expressing PLCe were negative for
nestin but positive for MAP2, which was very similar to the findings with the E10.5
embryo-derived culture. On the other hand, the GFAP-positive astrocytes expressed

PLCe much more weakly than the MAP2-positive neurons. These observations held
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true in the in vivo studies with brain sections. Collectively, the results indicate that
the induction of PLCe expression is specifically associated with the differentiation

into the neuronal lineage but not with that into the glial lineage.

Discussion
The observations shown here indicate that the induction of PLCe is associated
specifically with the differentiation into the neuronal lineage. The high expression of
PLCe persists still after terminal differentiation into the neurons, and is observed in
almost all the regions harboring the mature neurons. This suggests that PLCe may be
involved in a more general aspect of neuror‘lal differentiation or neuronal functions
compared to PLCB4 and PLCB1 exhibiting region- or cell-type-specific expression.

The mechanism of the neuronal lineage-specific induction of PLCe remains to be
clarified. Since the induction of the high expression of PLCe apparently takes place
after the expression of Mashl, it may be regulated by proneural bHLH transcription
factors which promote neuronal differentiation and inhibit glial differentiation. In
addition to determination of the neuronal fate, these factors are important for
specification of the regional identity of neurons by their region-specific expression in
the neural stem cells. Since no regional specificity is observed in the expression
pattern of PLCe, it is unlikely that a single such factor is directly responsible for the
induction of the PLCe expression.

The function of PLCe in neuronal differentiation as well as in the mature neurons
remains to be clarified. Considering that the activity of PLCe is regulated by
association with Ras and Rap, it may play a role in intracellular signaling from the
receptors for FGFs and various neurotrophic factors, that are known to be involved in

the neural development. For instance, FGF9 action of inducing differentiation of the

retinal pigment epithelium into the neural retina can be mimicked by an exogenous'

expression of the constitutively active mutant of Ras, indicating that Ras plays a

crucial role in determination of the neuronal fate. Although the action of FGFs and

nerve growth factor (NGF) leading to the induction of neuronal differentiation
requires the activation of the Ras-Raf-mitogen-activated protein kinase (MAPK)
pathway, the activation of the Ras-Raf-MAPK pathway alone was reported to be
insufficient to induce neuronal differentiation. Indeed, a study with conditionally
immortalized hippocampal neurons suggested an alternative Ras-dependent pathway,
not leading to the MAPK activation, was implicated in FGF-induced neuronal
differentiation. Thus, it is possible that the Ras/fRapl-PLCe pathway may mediate a
part of the FGF-induced neural differentiation signal.

The importance of Ras-mediated signaling pathways in the activity of mature
neurons has been suggested by gene knockout experiments of Ras and its regulators,
GEFs and GTPase;activating proteins (GAPs). Homozygous knockout of the Ha-ras
gene resulted in potentiation of long-term potentiation (LTP). Heterozygous
knockout of the rewrofibromatosis typel gene encoding a GAP for Ras and that of
the Ras-GRF1 gene encoding a Ras-GEF resulted in the learning deficits due to the
hyper activation of Ras and the abnormality in LTP, respectively. Up to now, the
downstream effector of Ras responsible for these neuronal phenotypes has not yet
been identified. PLCemay be a pgood candidate because PKC and
calcium/calmodulin-dependent . kinases, whose activities -are regulated by
diacylglycerol and Ca™, respectively, are involved in LTP. In addition, the Rapl-
specific GEF activity of PLCe may also contribute to its neuronal function because
Rap and Ras were reported to oppositely control the synaptic plasticity of
hippocampal neurons by regulating the trafficking of the AMPA-sensitive glutamate
receptor into the excitatory synapses. Further studies, such as that employing the
gene knockout technology, will reveal the function of PLCe in neuronal development

and neuronal activities.
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WATA ) 2F RERIKZRY /1 C (PLPLC) kB KA T 7 FIIA )
T bh—=)b4, 52U B (PIP) OIKAMEE. Ba MBESEREENTSHEN

BREZDFELIAS>TVS, CORBMSPTINFY)a—)bEaq )P b—
W, 4, 5-Z) VEREESH. FIERTOFA U FF—F COEEE. BRI
BARAIN T LAOBEESIEEIT, BAEY PLPLC 1. BEXTRWY 12 B
PEEIN, BARZEBETENRAG 22T 56,v1,8,6, LD 5 D02 FRIH
FINTVS, PLGRRTLUMABICTRRES NN TFETHY, TO Ras 8
(RA) RAA VIZTERSFEGERAETHD Ras, Rapl, Rap2 & GTP REHICHES
LCHERLE 2T B, & 512 PLCekL. Rapl WML TH T =2 X &7 LAF KA
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K PLC: BEHLEZATIBIET 2182 F T35, FFREIL. PLCeD &K%
EMETAHE—SRE L TUTOERETH . .

FT TR PLCeDLE cDNA ZBIFEL THEEFIZ#EFEL. PLCcOLT I /B
S ETFE LI, YU PLCeH 2282 7 3 JBISEN B30, £ PLC HHATS
BRIt R AL DX, Y, C2 RAA &, PLCI I CDC2S B K AL > &2
DRA RAA EHLTWE,
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ThH. EI25 ERBENI —DEIFERTH o /2. 51T, BMERMLIZHF<TY A PLCe
BROFGERANZREEREGKICL D, MCBF3 PLC: BB OIS RE

ZEEMICART L7245, El105 OBMNNERBEOMRE EE2KICHZ5 T PLC:D
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RiT. B10.5 <0 A H6RHD SRS L - B o RENHREMERZA L
TR Ule. SMEFEEROMREMEAZIE. —#RIZ nestin I, MAP2 R2{£T PLCe
ERCHEFL TV LaL, HMEFEE | HRICEN HREREEEE R TR

TH. PLCeDRBMZFINTFHFE X1, MAP2 BB T nestin I & 7no . & 512,

BERE R AS—VEHRKK (RT-PCR) EE2ANT, RRERNHENLOBE
TOE~ D mRNA ORBFEOREBBEFANZET S, PLCcOFEIRERIIL nestin &
HIEAME helix-loop-helix BIEFHF Mashl OREEDEN. MAP2 OZNERIUTH
o7, TNHDOERIT, BIEKTF ERWERERBRBERDER KL
o EBI, FUTHBBIIAOHMEICHL T, PLCORBEAEL 57500 T
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O, PLCeMZ DX RMEEICHED 2 Ras ENEQE TH B RENENH B,

AMRIL. HWIELEMYICBIT S Ras/Rap FEMEHRE PLCICDWVWT, ZOREBE
KB 5B RORBEFRNZHEL BN TH B, PLCeA HIZFIIRL O
HAARFINDOS IR L THRENICRRFEIN2F2HA L, PLCOMBERIC
BUIBBECOWTEERNREGLbOL L TEES 2EMTH D LBDB. &
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