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ABSTRACT

Oligodendrocytes, the cells that produce and maintain myelin in the central
nervous system (CNS), express several muscarinic acetylchoiine (ACh) receptor
(mAChR) subtypes. Carbachol (CCh), a stable analogue of ACh, stimulates
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intracellular signals through rnAChRs, including p42-mitogen-ac tivated protein kinase
@42mapk)
activation and c-fos gene expression. The present study examined the rnAChR
subtype(s) and the signaling pathway(s) involved in both responses using purified cultures
of oligodendrocyte progenitors fiom newbom rats.

The M3 rnAChR selective antagonist 4-DAMP and its irreversible analogue 4-

DAMP-mustard, but not piretuepine (M 1) or methoctramine (M2M4), prevented p42mapk
activation and c-fos mRNA expression. Pretreatrnent with a phospholipase C (PLC)
inhibitor U73 123 but not the inactive analogue U73343 blocked both responses, while the
phosphoinositide 3-kinase (PI3K) inhibitor wortmannin had no effect, suggesting the
involvement of PLC but not PI3K.

In view of the fact that the M3 mAChR mediates p42mapkactivation as well as cfos mRNA expression, the MAPK Kinase (MEK) inhibitor PD 098059 was used to

establish a link between both responses. PD 098059 pretreatrnent caused no significant
attenuation in c-fos mRNA levels, demonstrating that this response may not be dependent
on p42mapkactivation. However, the phospholipase A2 (PLAî) inhibitors quinacnne and
AACOCF3 abolished c-fos mRNA expression, implicating arachidonic acid andor its

bioactive eicosanoid metabolites.

In summary, these results demonstrate that in oligodendrocyte progenitors, the M3

mAChR is mediating both p42"pk activation and c-fos gene expression via PLC but not
PI3K ,whereby c-fos gene expression is not regulated by ~ 4 2 "but~ by
~ PLA2.

Les oligodendrocytes produisent et maintiennent la myéline dans le système
nerveux central (SNC). Ces cellules possèdent plusieurs sous-types des récepteurs
acétylcholine (Ach) muscariniques (mAChR). Un analogue stable de i'acéty lcholine,
carbachol (CCh) stimule de nombreux signaux intracellulaires à partir des mAChRs, dont
l'activation de la kinase p42mapk et I'expression du gène c-fos. La présente étude a
examiné le(s) sous-type(s) des rnAchRs et ces deux réponses intracellulaires, en utilisant
des cultures purifiées des prédécesseurs d'oligodendrocytes provenant de rats nouveaux
nés.

4-DAMP et son analogue irréversible 4-DAMP-mustard sont des antagonistes
et l'expression
sélectifs du sous-type M3 des mAChRs et ont obvié l'activation de p4zrnapk
de c-fos, a l'opposé de pirenzine (Ml) et methoctramine (M2/M4). Pré-traitement avec
U73122, qui inhibe la phospholipase C (PLC), a supprimé les deux réponses.

Wortmamin, un inhibiteur de la phosphoinositide 3-kinase (PI3K), et U73343, un
analogue inactif d'U73 122, n'ont eu aucuns effets sur ces deux événements. Ces résultats
suggèrent que PLC, mais pas PI3-K, est impliqué dans la signalisation intracellulaire a
partir du récepteur M3 avec l'utilisation du CCh.

Étant donné que le récepteur M3 de cette famille cause à la fois l'activation de
p42mqk et l'expression de c-fos, PD 098059, un inhibiteur de la MAPK Kinase (MEK),

fut utilisé pour déterminer si un lien existe entre ces deux réponses. Pré-traitement avec

PD 098059 n'a pas causé d'atténuation significative sur l'expression d'ARN messagères,
démontrant que cette réponse ne dépend pas de l'activation de p42"pk. D'autre part, les
inhibiteurs de la phosphoiipase AS (PLA2) quinacrine et AACOCF3 ont aboli
l'expression d'ARN messagères du gène c-fos. Ces résultats impliquent l'acide
arachidonique etlou ses métabolites eicosanoïdes qui sont bioactifs.

En sommaire, ces résultats démontrent que dans les prédécesseurs
d'oligodendrocytes, le M3 mAChR est responsable pour l'activation de p42m"pk
et
l'expression du gène c-fos. PLC,mais pas PI3-K,est impliqué dans ces deux réponses.

Par contre, l'expression de c-fos dépend de PLAî mais pas de p42Mpk.

Dedicated to my parents, for their love, confidence, and support that
they have given me during tbese years

ACKNOWLEDGMENTS
-

-

1 would like to thank first and foremost my supervisor Dr. Guillermina Almazan

for developing a scientist out of me, cormnitted, dedicated, and inspired. Her constant
support, help, and contribution in my work are of priceless value, and her leading
example as both a scientist and a compassionate individual is of lasting influence and
guidance.
1 would also like to thank Amani Khorchid and H. N. (Shirley) Liu for their

valuable contribution and assistance in my project , and for the lasting fiendship that has
been formed during these years. 1 would like to also acknowledge Ana-Katherine

Martinez for her appreciated input and advice.
My special thanks go to my adviser, Dr. Barbara Esplin for her continuous

support and interest throughout my years at the department, and to Dr. L.F. Congote and
his Ph.D. student Marco of the Endocrinology Unit of the Royal Victoria Hospital for
providing me with the opportunity to believe in research and to allow me to obsenre and
experience it at first hand.

My gratitude extends to my parents that have always provided me with the
cornfort and support, especially during Our hard times at our early years in Canada. Their
Iove and guidance solidified my detemination and perseverance. 1 would like to express
my deep gratitude for offering me the opportwiity to have a solid education that will

guide me for the rest of my life.

My expressed gratitude is also extended to my sister Shourouk, for her love,
confidence in me, and her patience, for it couldn't have been the same without her. 1 also
express my admiration to my brother Loay for his role mode1 personality, determination,

perseverance, and for his brotherly guidance and support. 1 wish to express my love to
my older sister Loma, for her well appreciated support and guidance throughout these
years.
1 would like to also extend my deep gratitude to Barbara Milosevic, for her

greatly appreciated encouragement and for her continuous support. 1 also extend my
appreciation to her valuable contribution in the construction of this thesis and my ASN
poster. 1 am also very grateful to Anne Monnville for her assistance in translating my
abstract, to Martin Gagnon for his technical support for constructing my figures, and to
Aian Forster for the valuable work on the photographs.

Last but not least, 1 would like to thank the Department of Pharmacology and
Therapeutics for offering me the opportunity to complete my project in a stimulating
scientific environment.

ABBREVIATIONS
AA

Arachidonic acid

ACh

Acetylcholine

ATP

Adenosine triphosphate

Atr

Atropine

bFGF

Basic fibroblast growth factor

CaMK

Calcium/calmodulin-dependent protein kinases

CAMP

3 ' 3 '-cyclic adenosine monophosphate

CBP

CREB-binding protein

CCh

Carbachol

CNP

2'-3'-Cyclic nucleotide 3'phosphohydrolase

CNS

Central nervous system

cPLA2

Cytosolic phospholipase A2

CRE

CAMP response element

CREB

CAMPresponse element binding protein

DAG

Diacylglycerol

DMEM

Dulbecco's modified eagle medium

EDTA

Ethylenediamine tetraacetic acid

EGF

Epidermal growth factor

E-NCAM

Embryonic neural ce11 adhesion molecule
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Guanosine triphosphate
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NHz-terminal Jun kinase
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Myelin-associated glycoprotein

MAPK

Mitogen-activated protein kinase

MBP

Myelin basic protein

MEK

MAP kinase kinase

Meth

Methoctramine

min
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nicotinic acetylcholine receptor

NT-3

Neurotrophin-3

O-2A

Oligodendrocyte-type 2A astrocyte progenitors

OL

Oligodendrocyte

OLP

Oligodendrocyte progenitors

p42mpk

p42-rnitogen-activated protein kinase

PDGF

Platelet-derived growth factor

PI

Phosphatidylinositol
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Phosphatidy linositol-3-kinase

PIK

Phosphatidylinositol kinase

PIP2
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Pir
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PKA

Protein kinase A

PKC

Protein kinase C
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Phospholipase A2
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Phospholipase C

PLD

Phospholipase D

PLP

Proteolipid protein

PMA

Phorbol- 12,13 myristate acetate

PNS

Peripheral nervous system
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Proligodendroblast antigen
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Pre-Galactocerebroside

Pro-OL

Pro-oligodendroblast

PTX

Pertussis toxin

Quin
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Raf

MAP Kinase kinase kinase

SAPK

Stress-activated protein kinase

SCIP

Suppressed CAMP-induciblePOU

SFM

Serum-fiee medium

SIE

Sis-inducible element

SRF

Senun response factor
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Ternary complex factor
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Transmembrane

TPA
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TRE
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CHAPTER ONE

INTRODUCTION

INTRODUCTION
O HISTORICAL DEFINITION ANr) FUNCTION OF
OLIGODENDROCYTES

INTRODUCTION

(A)

Oligodendrocytes, which with astrocytes form the subclass of macroglia and
together with the microglia subclass form the farnily of neuroglial cells, are derived from

stem cell precursors arising from the subventricular zones of the developing central
nervous system (CNS). Astrocytes contribute to the structural support of the central
nervous system and function as a source of growth factors and cytokines, while microglia
are bone-marrow derived macrophages which serve as immunocompetent cells in the

central nervous system. Oligodendrocytes serve the specialist role of synthesizing and
maintaining the myelin sheath of neuronal axons. Myelin, a compact and well-organized
membranous structure. is an insulating sheath that wraps around electrically conductive
axons to maintain the electrical propagation down the mon and to prevent its dissipation
in both the CNS and the penpheral nervous system (PNS). The process of myelination
depends on glial-neuronal interaction, whereby a stable relationship between each
differentiated oligodendrocyte and short segments of several adjacent axons regulate this
process.
Rudolph Virchow (Virchow, 1858) was among the pioneers to describe neuroglia
and propose two functions for these cells: mechanical support of nerve cells and tissue

repair. He had also introducçd the term myelin and described sheaths around nerve

fibers. Discoveries achieved in the twentieth century have confirmed the assigned
functions by Virchow, and have separated the functional roles played by astrocytes,
oligodendrocytes, and microglia in the central nervous system. Oligodendrocytes were
not identified as a distinct neuroglial subpopulation until many years after by Robertson
(Robertson, 18W), Cajal (Cajal, 19 13), and Hortega (Hortega, 1921; 1928). Through
silver nitrate impregnation techniques, Hortega described the existence of these cells and
explained their rnorphology as oligo-dendro-glia, which translates from the Greek
language as Iiterally "few-tree-glue". Hortega7s contribution included the recognition of
oligodendrocytes as the cells responsible for myelin formation that enwrap axons in the
white matter of the CNS.
CNS myelination is crucially dependent on the interaction of oligodendrocytes
and axons. Myelination occurs when the membranous processes of oligodendrocytes

contact and ensheath axons, and compact to form the myelin lamellae needed for
saltatory axonal conduction. This process also relies on ce11 surface and extracellular
matrix molecules that promote interactions hetween myelin and axons (Bartsch et al.,
1993). In the CNS, one oligodendrocyte can myelinate more than one axonal segment,

whiie Schwann cells, the myelinating cells of the PNS, can myelinate only one mon
(Morrell et al., 1993).

Due to their critical role embodied in myelin production and thus nerve impulse
maintenance, oligodendrocytes' death, degeneration, or myelin integrity aberration
results in debilitating sensory or motor conditions or diseases in humans, narnely multiple
sclerosis (Quarels et al., 1993). Therefore, understanding the cellular homeostasis of
oligodendrocytçs and myelin production, in addition to the environmental cues that

contribute to their development is of crucial importance. The development of several in
virro culture techniques for oligodendrocytes (McCarthy and de Vellis, 1980; Szuchet

and Steffanson, 1980; Szuchet et al., 1980) sirnplified the study of their development,
metabolism, and myelin production, and facilitated the isolation and purification of
progenitor and mature oligodendrocytes fiom mammalian tissue.

(B)
0

STAGES OF OLIGODENDROCYTE DEVELOPMENT

Origin of Oiigodeadrocytes
Oligodendrocytes are generated over a short penod of brain development during the

late gestational and early postnatal penods in mammais. in the forebrain and cerebellum,
~Iigodendrocyte progenitors (OLPs) commence their life as the immature
neuroectodermal cells of the subventricular zone in the subependymal layer on the
surface of the lateral ventricles (Paterson et al., 1973; for review see Goldman, 1992;
Goldman, 1995). The subventricular zone is the germinal matrix area adjacent to
cerebral ventricles. Subsequently, these primordial glial cells migrate into gray and white
matter, whereby they differentiate and proliferate during migration. Their migration
occurs in a posto-antenor gradient (relative from the brainstem to the forebrain) to the
various areas of the brain, and also move radialy fiom the subventricular zone into their
terminal destination, the white matter newe tracts. OLPs migrate along these nenre
tracts, whereby they are responsive to environmental cues, leading them to proliferate,
differentiate, and synthesize myelin sheaths to enwrap adjacent axons.

Overview of the Oligodendrocyte Developmental Lineage

Oligodendrocytes undergo controlled migration, proliferation and differentiation.
They both secrete and respond to several growth factors, largely ùifluencing their cellular
architecture and morphology. From the subventricular zones, oligodendrocytes originate
as neuroectodermal cells that migrate and mature into postmitotic myelin-producing cells.

Oligodendrocyte progenitors expand fiom approximately 500,000 at birth to a terminal
population of 60 million oiigodendrocytes in the adult rat brain (Pfeiffer et al., 1993).
Confocal microscopy and image reconstruction studies of oligodendrocytes both in
culture and in situ contributed to oligodendrocyte developmental lineage investigation
(Warrington and Pfeiffer, 1992; Warrington et al., 1993; Morgan et al., 1992). During
their development, oligodendrocytes express developrnental markers that are identified
by cell-specific antibodies. The expression of developmentaf markers provides a tool to

divide the lineage into distinct phenotypic stages characterized by the capabilities of the
cells to divide, migrate, differentiate, and produce myelin.
The youngest precursor cells are the Pre-GD3 cells (see fig. 1). The Pre-GD3
precursor cells are proliferative, monopolar cells expressing the embryonic neural ce11
ad hesion molecule (E-NCAM) (Hardy and Reynolds, 199 1). These precursor cells

differentiate into proliferative and migratory bipolar GD^+ precursors that express
gangliosides recognized by the monoclonal antibodies (mAb) anti-GD3 and A2BS. They
are referred to as the oligodendrocyte-type 2A astrocytes (O-2A) progenirors, due to their

bipotential to differentiate into either mature oligodendrocytes or type 2A astrocytes
(identified by the expression of glial fibrillary acidic protein, an intermediate filament
protein) (Raff, 1989) via different culturing factors. Eventhough the identity and

existence of the OLs in vivo is confirmed, there is no evidence of the existence of the type
2A astrocytes in vivo (Skoff and Knapp, 1991; Norton and Farooq, 1993).

A

developmental progression proceeds fiom the 0-2A stage to the Pro-oligodendroblast

(Pro-OL) stage. Pro-OL cells possess multipolar, postmigratory, proliferative potentials,
and the phenotypic stage is characterized with the mAbs 0 4 and A007 that recognize the
sulphated surface antigen POA (Bansal et al., 1992). A transient developmental stage
follows the Pro-OL stage, named the Pre-Golactocerebroside (Pre-GalC). The Pre-GalC
cells stain positive to the mAb R but not to the anti-GalC mAb 01. The GD3, Pro-OL,
and Pre-GalC stages have often been labeled collectively as the "0-2A" progenitor;

however, they are functionally distinct in terms of electrical activities and responses to
neural-cell-derived mitogens and phorbol esters (Warrington et al., 1993; Gard and
Pfeiffer, 1993).
Yet to commence myelin synthesis, the onset of differentiation is necessary.
Terminal differentiation of oligodendrocyte progenitors is identified by the synthesis and
transport to the surface of GalC and sulphatides, and the synthesis o f 2'-3'-Cyclic
nucleotide 3'phosphohydrolase (CNP), and later myelin basic protein (MBP), proteolipid
protein (PLP), myelin-associated glycoprotein (MAG), and myelin/oligodendrocyte
glycoprotein (MOG), hence the synthesis of myelin membranes (Pfeiffer et al., 1993).

THE OLGODENDROCYTE LINEAGE

FIGURE 1:

The Oligodendrocyte Lineage.

The figure shows the stages of

development that an oligodendrocyte progenitor undergoes before becoming myelinproducing mature oligodendrocyte. Comrnonly used stage-specific markers (antibodies
identiGing some markers are shown in parenthesis) help identiQ the different stages

during oligodendrocyte development. Figure is adapted from Pfeiffer et al. (1 993).

(C) OLIGODENDROCYTE-TYPE 2A ASTROCYTE PROGENITOR
Phenotype and Characteristics

Extensive in vitro studies have been completed on the OL lineage, including
studies on their migration, differentiation, and proliferation. Rat brain oligodendrocyte
precursor cslls, also named 0-2A progenitors, were first isolated and characrerized in
vitro fiom the optic nerve by RafT and colleagues (Raffet al., 1983). Consequently, most

attention has k e n focused on this precursor cell. in culture, the 0-2A progenitor features
a simple bipolar morphology, and contains a small soma (10 - 15 PM). It is highly
proliferative. It binds the mAb M B S , a mAb that reacts with a tetrasialoganglioside
(Eisenbarth et al., 1979; Raff et al., 1983). The 0-2A progenitor expresses the
ganglioside GD3 (Goldman et al., 1984) and the NG-2 chondroitin sulfate, in addition to

the intermediate filaments vimentin (Raff et al., 1984; Dubois-Dalcq. 1987). nestin
(Almazan et al., 1993; Gallo and Armstrong, 1995), but does not express antigens of

mature astrocytes or mature oligodendrocytes. It also transiently expresses a seminolipid
and an unknown antigen called "proligodendroblast antigent' (POA) recognized by both
the A007 or 0 4 monoclonal antibodiss ( B a s a l et al, 1992). 0-2A progenitors express
amply specific transcription factors characteristic of the phenotype: the transcription

factors SCIP/tst- 1 (Collarini et al., 1W2), and myelin transcription factor 1 (MyTI)
(Armstrong et al,, 1995). These transcription factors control myelin gene expressiont and
are downregulated as the cells develop into post-mitotic oligodendrocytes.

Developmental Reguiatioa
The development of oligodendmcytes depends on intrinsic properties of each celi
and the availability of growth factors. The development of oligodendrocytes is largely

influenced by soluble factors released in their proxirnity by other components of the
CNS, such as neurons, astrocytes, and microglia. In addition, oligodendrocytes secrete

autocrine growth factors that can regulate their own development (Compston et al.,
1997). Studies performed in vitro have shown that platelet-derived growth factor (PDGF)
plays a major role in the control of 0-2A development. PDGF is a mitogenic factor for
0-2A progenitors, yet in the continued presence of PDGF, 0-2A progenitors eventually

stop proliferating and acquire mature differentiated oligodendrocyte characteristics
(Noble et al., 1988; Richardson et al., 1988). The source of PDGF has been Iinked to
neurons expressing PDGF in vivo (Yeh et al., 1991;Sasahara et al., 1991): while in vitro,
type 1 astrocytes have shown to secrete this growth factor (Richardson et al., 1988). In
addition, basic fibroblast growth factor (bFGF) is another growth factor that is involved
in regulating oligodendrocyte development.

bFGF is also a mitogen for 0-2A

progenitors (Eccleston and Silberberg, 1985; Saneto and devellis, I985), whereby uniike
the effect of PDGF,

progenitors' continuous exposure to bFGF prevents 0-2A

progenitor differentiation into mature oligodendrocytes (McKinnon et al., 1990), but
maintains its proliferative state. The combined effect of bFGF and PDGF treatment of O2A progenitors result in long periods of proliferation without differentiation (Bogler et

al., 1990). bFGF is produced by astrocytes, microglia, and neurons (Pettmann et al.,
1986; Ferrara et al., 1988; Shimojo et al., 1991).

On the other hand, neurotrophin-3 (NT-3) has been shown to induce proliferative
effects on O-ZA progenitors (Barres et al., 1994). In addition, 0-2A progenitors are
influenced by epidermal growth factor (EGF), thyroxine and T3, retinoic acid, and
glucocorticoids, factors that promote progenitor differentiation and maturation in vitro
(Laeng et al., 1994). Other factors that dnve progenitors into differentiation include
insulin-like growth factor 1 and II (IGF-1, IGF-II) (McMoms and Dubois-Dalcq, 1988),
in addition to IGF-Ils role in promoting the s w i v a l of progenitors (Barres et al., 1992).

Moreover, studies performed in our laboratory have demonstrated a role for
glutamatergic, adrenergic, and muscarinic acetylcholine receptors (mAChRs) in
regulating proliferation of 0-2A progenitors. We have previously reported the block of
proliferation induced by stimulating the AMPNKainate receptors on 0-2A progenitors
(Liu and Almazan, 1995), while adrenergic stimulation caused no change in the
proliferative state of the progenitors (unpublished results).

On the other hand,

pharmacological studies performed in Our laboratory characterized the mAChR's
expressed on 0-2A progenitors and their developmental regdation. showing evidence for
the expression of several mAChR subtypes whereby the M3 subtype is the main subtype

expressed during development (Molina-Holgado et al., unpublished). An interesting
finding was the extensive downregulation of mAChRs during the differentiation of 0-2A

progenitors to mature differentiated oligodendrocytes, which may indicate a role for these
receptors during their early development. Moreover, proliferation studies on 0-2A
progenitors showed that cholinergic stimulation of 0-2A progenitors increased the
prolifetation of these cells, whereby the muscarinic antagonist atropine blocked this

response, demonstrating that muscarinic receptors are responsible for this cholinergic
response (Cohen et al., 1996).
The potential of differentiating into type 2 astrocytes is a characteristic of 0-2A
progenitors. It is an interesting developrnental feature, whereby progenitors stop their
differentiation into oligodendrocytes and instead become astrocytes.

In vitro, the

maintenance of progenitors in semm can elicit this switch (Raff et al., 1983). In this
process, progenitors begin to express type 2 astrocyte characteristics, such as stellate
shape morphology, binding of A2B5, expression of the astrocyte intermediate filament
protein, glial fibrillary acidic protein (GFAP), and failure to express gangliosides, Iipids
and proteins characteristic of myelin (Raffet al., 1983). These cells have been labeled
type 2 astrocytes in order to be able to distinguish them fiom type 1 astrocytes, which are

A2B5 negative and display a flat shape.

Oligodendrocyte Progenitor Differentiation and Maturation

Under certain culture conditions, oligodendrocyte progenitors enter the
maturation and differentiation stage. By withdrawing growth factors and maintaining
serum-free culture conditions, oligodendrocyte progenitors differentiate and lose their
proliferative state (Raff et al., 1983). In vitro, this step is characterized by the loss of
nestin, vimentin, and the antigen A2B5, and the formation of multipolar processes, in
addition to the expression of a stage specific modified lipid sulfatides recognized by the
0 4 (A007)antibody (Sommer and Schachner, 198 1; Sarlieve et al., 1983; Bansal et al.,

1989; Knapp, 1991). The cells become reactive to the R-mAB, which reacts with not

only galactocerebrosides, but also to another epitope that is also recognized by the 0 1

mAb (Raff et al., 1978; Ranscht, 1982; Bansal and Pfeiffer, 1992; Sommer and
Schachner, 198 1). Consequently, myelin specific proteins are expressed to regulate and

commence the synthesis of myelin. Myelin specific proteins include CNP, MAG, MOG,
MBP, and PLP (Pfeiffer et al., 198 1; RafT et al., 1983; Zurbriggen et al., 1984; Dubois-

Dalcq et al., 1986; Dubois-Dalcq, 1987; Knapp et al., 1987, 1988; Amur-Umarjee et al.,
1990; Yim et al., 1995).

These events signiQ the terminal differentiation of the

oligodendrocyte progeaitor and preludes the post-mitotic mature oligodendrocyte. At
this stage, the morphology of the mature oligodendrocyte changes, whereby the ce11 body
darkens, and numerous processes f o m the stage-characteristic lace like lattice. This
"web" of processes supports the myelin membranous sheath. In the presence of neurons,

this membranous sheath forms a muttilameilar, spiratly wrapped sheaths around the
axons, insulating their electrically conductivity, and ensuring fast electrical transmission.

O THE MUSCARLNIC ACETYLCHOLINE RECEPTOR

Introduction
The classical neurotransmitter acetylcholine (ACh) transduces its signals to cells
via binding to either the ionotropic nicotinic receptor (nAChR) or the metabotropic
muscarinic receptor (mAChR). Nicotinic and muscarinic receptor subtypes are expressed
in both the PNS and the CNS.

In the periphery, mAChRs regulate the synaptic

transmission in the ganglia of the autonomic nervous systern, in addition to modulating
the functions of target organs of the parasympathetic nervous system (for review see
Caulfield and Birdsall, 1998). Such regdation includes mediation of smooth muscle
contraction, glandular secretion, and modulation of cardiac rate and force. In the CNS,
mAChRs have been impiicated in many important processes, including memory,
learning, temperature regulation, cardiovascular regulation, and control of movement (for
review see Nathanson, 1996). Therapeutically, the administration of muscarinic agonists
facilitate long-terni potentiation and cause Parkinson's disease-like tremors, while
muscarinic antagonists interfere with learning and memory and overcome the tremors in
Parkinson's disease. Other therapeutic applications include treatments for asthma,
analçesia, and disorders of intestinal, cardiac, and unnary bladder function (for review
s e l Caulfield and Birdsall, 1998).

In addition, several reports have indicated that

muscarinic agonists can act as mitogens in cultured neural cells, whereby rnAChRs may
play an important role in the development of the CNS (Ashkenazi et al., 1989; Gutkind et
al., 1991)

The mAChRs are members of the superfamily of hormones and neurotransmitter
receptors. The niAChR is a seven trammembrane domain receptor that is coupled to a
guanosine triphosphate (GTP) binding protein (G-protein).

mAChRs regulate the

activities of intracellular second messenger pathways through ion channel and enzyme
activation/deactivation by the interaction with their coupied G-proteins. So far, there are
5 mAChR subtypes: the M l , M2, M3, M4, and the M5 subtypes. The Ml/M3/M5

mXChRs couple to pertussis toxin- (PTX) insensitive G-proteins (G,ill), while the

M2/M4 mAChRs bind PTX-sensitive G-proteins (Giio). The former group of subtypes
activatc phospholipase C (PLC), phospholipase A2 (PLA2), phospholipase D (PLD),
tyrosine kinase, and calcium influx but do not inhibit adenylate cyclase, while the latter
group of receptors inhibits adenylate cyclase but do not stimulate PLC. However, this
coupling specificity of the mAChR subtypes is not absolute, for the M2 and the M4
subtypes can weakly activate PLC when expressed at hi& levels in certain ce11 types
(Ashkenazi et al. 1989a; Tietje et al., 1990; Tietje and Nathanson, 1991). The PTXinsensitive coupling to PLC is mediated by G q , G a i 1, Gaij, and Ga16,
while the PTXsensitive coupling to adenylate cyclase inhibition is mediated by Gai or GCG,(Katz et al.,
1992; reviewed by Felder, 1995).

Historically, the initial studies indicating the existence of mAChR subtypes were
reported when gallamine showed cardioselective actions (Riker and Wescoe, 1951).
Eventually, Barlow et al. (1 976) described significant distinctions in the pharmacological
properties of ileal and atrial muscarinic receptors. Pirenzepine was introduced as a
therapeutic agent for peptic ulcer disease, contributing to the appreciation of the existence
of mAChR subtypes. Pharmacological binding studies reported by Hammer et al. (1980)

and functional studies reported by Brown et al. (1980) and Hammer and Giachetti (1983)

provided rn explanation for pirenzepine7s in vivo selectivity, suggesting the existence of
more than one mAChR subtype

iMotecular Biology of the mAChR

Subsequent to the early pharmacological findings, molecular cloning studies
identified 5 diffèrent that are products of distinct but homologous (Bonner, 1989). Numa
and colleagues cloned the mI and the m2 genes (Kubo et al., 1986a,b), since the

pharmacological profiles of the cloned receptors resembled the M l and the M2 subtypes
that have been pharmacologically characterized earlier. The m3, m4, and m5 genes were
thereafter discovered (Bonner et al., 1987, 1988; Peralta et al., 1987). The cloned
vertebrate receptor genes cloned are intronless, and are similar across marnmalian species
(Hall et al., 1993; Eglen et al., 1996). Each gene is approximately 460-532 amino acids
in length (ml=460; m2=466; m3=589-590; m4=478-490; m5=531-532).

These five

genes encode rnAChR glycoproteins that display the structural features of the seven
transmembrane heIix G-protein-coupled receptor farnily. Based on the pharrnacological
binding studies of each receptor resembling the cloned genes, it is now recommended that

M 1, M2, M3, M4, and M5 be used to describe both the pharmacobgical subtypes and the
molecular subtypes encoded by the cloned genes.
Similar to most members of the G-protein-coupled receptor family whose ligandrecognition site binds small molecules, there are several major features of muscarinic
recepror structure. First, the ligand recognition site can be located within the outer half of
the membrane-embedded part of the protein. To bind the neurotransmitter ACh, al1

mAChRs have an Asp residue in the distal N-terminal part of the third transmembrane
domain which is thought to interact with the polar head group of the neurotransmitter and
other amine ligands (Curtis et al., 1989; Spalding e t al., 1994).

Second, the

transmembrane segments are a-helical, whereby three helices are oriented approximately
perpendicular to the membrane, and four helices are ot-iented at a more acute angle
(Baldwin et al., 1997). Furthemore, there are two conserved cysteine residues that f o m
a disulfide bond between the first and third extracellular loops (Kurtenbach et al, 1990;

Savarese et al., 1992). There exists also a conserved triplet of amino acids (Asp Arg Tyr)
at the cytoplasmic interface of TMIII with the second intracellular loop that is crucial for
both the expression and function of the receptor (Zhu et al., 1994; Jones e t al.. 1995; Lu
et al., 1997).

Moreover, the carboxy-terminus of the mAChR is located on the

intracellular side of the membrane, while the amino-terminus is located on the
extracellular side of the membrane containing one or more glycosylation sites. On the

other hand, the fourth intracellular region plus regions near the transmembrane area in the
second and third internal loops seem to be targeted for phosphorylation by ligandstiniulated negative feedback loop mediated by mAChR kinase (Haga et al., 1993). Yet
to distinguish between the different mAChR subtypes, a sequence divergence in the
postulated third internal loops (i3) exists between the Ml/M2/M3 sequences compared
with the M2/M4 sequences (Hulme et al., 1990; Wess, 1996; Wess et al., 1997). The
sequence divergence probably specifies the different coupling preferences of the two
categorized groups of subtypes (Wess, 1993). In addition, sequences within the i3 loop
differ sufficiently between each mAChR subtype that allows raising subtype specific
antisera (see Levey, 1993 for explanation).

Pharmacologieal Definitions of Subtypes
The task of pharmacologically characterizhg the different rnAChR subtypes has
been a difficult process, especially with the initial lack of agonists with any selectivity in

addition to the lack of any antagonist with very high selectivity for any single receptor
subtype. Studies were focused on discovering natural agonists or antagonists plus
attempts to synthesize selective agonists or antagonists that can bind selectively to each
subtype to distinguish between each of the five mAChRs. Yet the binding sites for ACh
and other agonists were found to be similar among al1 of the mAChR subtypes.

However, the expression of more than one subtype in mammalian tissues emphasized the
concept of high selectivity for antagonists or agonists that are needed to be used in
clinical application for disorders resulting from muscarinic aberrations.

The definition of antagonist afinities for the five muscarinic receptors has been
aided amply by the use of radioligand binding techniques, with ligands such as
[3~]pirenzepineand [3~]~-methylscopolamine,
in addition to the procedure of
membrane preparations from cells transfected with the gene for a specific receptor,
achieving the expression of only one single subtype at a time. Binding studies usine two
new antagonists, hexahydro-sila-difenidol (HHSiD) and its para-fluoro analogue (p-

HHSiD), enabled researchers to distinguish between the M2 muscarinic binding sites in
the heart and in the glandular tissues (for review see Caulfield and Birdsall, 1998). The
heart M2 receptor had a 70-fold lower affinity for p-HHSiD than for the "M2" glmdular
tissue receptor, which was then found to lx distinct fiom the M2 subtype, and renarned

the M3 rnAChR. Further studies developed two highly selective M2 antagonists that
display high selectivity between the M l and the M4 subtypes (for review, see Grimm et

al., 1994). On one hand, tripitramine displayed a 2000 fold higher binding afEnity to the
M2 than to the M I , M3? and M4 subtypes, and (S)-dimethindene is an M2 selective

antagonist used in fùnctional and binding studies.
More selective antagonists have been recently synthesized (see Table 1),
including the M2 antagonist methoctramine, the M3 antagonist 4-DAMP and its
irreversible analogue 4-DAMP-mustard (Michel et al., 1989; Lazareno et ai., 1990;
Caulfield 1993; Kondou et al., 1994). In addition, two muscarinic snake toxins have been
discovered, the MT3 and the MT7 toxins. They display very high affinity for muscarinic
receptors. MT3 and MT7 toxins belong to the many components of the venom of the
green (Dendroaspis angust iceps) and the blac k mamba (Dendroaspis polylepis) (Hulme
et al., 1990; Caulfield, 1993; Maggio et al., 1994; Eglen et ai., 1996; NUM et al., 1996;
Adem and Karlsson, 1997; Caulfield, 1997; Levine and Birdsall, 1997; Jolkkonen et al.,
1994). These two toxins show promising subtype selectivity (MT7 is highly selective to

the Ml subtype; MT3 is highly seIective to the M4) and should be useful in muscarinic
receptor classification (for review see Caulfield and Birdsall, 1998). However, more
highly selective agonists are needed to activate preferentially each subtype in order to
implement the use of muscarinic agonists in clinical appIications.

RECEPTOR SUBTYPE

Atropine

9.0-9.7

8.9-9.8

9.1-9.6

8.9-9.7

6.3-6.7

6-7-7.2

7.1-8.1

6.2-7.1

7-8-82

6.3-6.9

7.4-8.1

6.9-7.2

8.6-9.2

7.8-8.4

8.9-9-3

8.4-9.4

8.9-9.0

MT3

7.1

<6

(6

8.7

(6

MT7

9.8

<6

(6

(6

(6

Piremepine
Methoctramine
4-DAMP

7.8-8.5
7.1-7.8

9.0-9.3

TABLE 1: Antagonistic affinity constants (log affinity constants or pKB values) for

mammalian muscarinic receptors. Various selective mAChR antagonists are s hown
including their pKe values. Data are from a variety of mammalian species, including
human. Values are adapted fiom Caulfield and Birdsall (1 998).

III- MUSCAlUNIC COUPLLNG TO G-PROTEINS AND EFFECTOR

MOLECULES

Introduction

Similar to most seven transmembrane receptors, the mAChRs are coupled to Gproteins that can transduce the exterior signal, in this case the binding of ACh to the
rnAChR and the receptor's subsequent activation, into an intracellular signal govemed by
specific second messenger cascades that cause many cellular responses. The link between
receptors and effectors is in many cases rnediated by heterotrimeric G- proteins. Gprotein transduced cellular responses include biochemical activities, metabolic changes,
enzyme activation/deactivation, downstrearn gene transcription, protein synthesis, celi
division, and ceIl motility (see Table 2).

Composition and Structure of Heterotrimeric G-proteins

Heterotrimeric G-proteins consist of an a subunit (39-52kDa), a f3 subunit ( 3 9 3 6

kDa), and a y subunit (6-8 ma) (for review see Clapham and Neer. 1997; Muller and
Lohse, 1995). G-proteins can switch between an active form and an inactive form
tlirough binding to either a GTP or a GDP nucleotide.

When bound to the GTP

nucleotide. the G-protein is in its active stable state where it can activate directly diverse
effectors. G-proteins possess an intrinsic GTPase function in the a subunit which
hydroiyses GTP to GDP, and thus induce the GDP-binding inactive form. At this
inactive stage, the a subunit associates with the py subunit. The ACh-bound form of the
mAChR induces the exchange of GDP to GTP at the a subunit. The binding of GTP

RECEPTOR SUBTYPE

Preferred G-protein

Second messengers

q/l 1

i/o

PLC IP3/DAG
Ca2+/PKC
PLA2

Locations

Brain (corteqhippocampus)
Glands, Sympathetic ganglia

Functional
Responses

M-current inhibition

HeWHindbrain
Smooth muscle

K+ channels

q/I 1

PLC IP3/DAG
Ca2+/PKC
PLA2

AC (-)

Smooth muscle
Glands, Brain

Forebrain
Striatum

Smooth muscle

contraction

q/11

i/o

PLC
iP3/DAG
Ca2+lPKC
Substan.
nigra

inhibits
Ca2+ channels

(&y activates)
Inhibits C S + channels
Decrease h e m rate
Decrease heart force
Decrease neurotnnsm. release

TABLE 2: Muscarinic receptors: G-protein coupling, transduction pathways,
localization, and functional responses. mAChRs couple selectively to different Gproteins, triggering various intracellular responses. A variety of fùnctional responses are
mediated by the different subtypes, and each subtype maintains a specific anatomical
location. Refer to text for abbreviations. As adapted from Caulfieid and Birdsall (1998).

results in the dissociation of the a subunit and the f3y complex, as a result both subunits

can activate their own specific signals and events.
There has been at least 21 diflerent a subunits, 6 $ subunits, and 12 y subunits
cloned (Hepler and Gihnan, 1992; Ray et al., 1995; Simon et al., 1991; Watson et al.,
1996). A combination of fJy subunits reveal 72 potential py combinations that can bind

21 different a subunits. The large xmmber of combinations raises questions about
specific coupling and function to different receptors.

Since ail a subunits have

characteristic functions, G-proteins have traditionally been defined by their asubunits.

rnAChR subtypes are coupled to specific G-proteins defined by their cc subunits. The odd
numbered subtypes, Ml/M3/M5, are coupled to the PTX-insensitive Gqli 1 protein, while
the even nurnbered subtypes, M2/M4, activated the PTX-sensitive GaiIo protein.
Recently many fly functional anributes have been identified, eliciting more
investigations in their structure and function.
combinations.

There are some restrictions to By

p2 does not form a stable complex with y,,

and similarly for fi3 and y* and

y? (Clapham and Neer, 1993; Pronin and Gautam, 199% Schmidt et al., l992), rendering

such combinations inactive (Iniguez-Lluhi et al., 1992). The region of Gy that defmes the
specificity of its interaction with GPI or Gfi2, for example, is located in a 14 arnino acid
segment close to the middle of the molecule (Spring and Neer, 1993). In addition, tissuespecific localization is another characteristic of the diversity of G-protein subunits,
whereby the y, isoform is restricted to retinal rods while

fi3 occurs preferentially in retinal

cones (Iniguez-Lluhi et al., 1993; Wilcox et al., 1994; Peng et al., 1992).
The fiy subunits are membrane bound with the exception of transducin-fiy @,y,),
which c m be found as a soluble complex (for review see Muller and Lohse, 1995;

0

Clapharn and Neer, 1997). $y complexes cannot be dissociated except with denaturants.
Isoprenylation of the y subunit at the C-terminus is required for the complex' membrane
association. However, isoprenylation is not required for complex formation with the f3
subunit, but it is compulsory for py's interaction with the a subunit and the activation of

an effector molecule (Iniguez-Lluhi et al., 1992; Clarke et ai., 1992; Higgins and Casey,
1994; Simonds et al., 1991). On the other hand, covalent modification of the a subunit
using fatty acids is required- With the exception of al, al1 a subunits are palmitoylated

through a thioester bond to a cysteine residue in the third position of the N-terminus.
Palmitoylation appears to be necessary for membrane a t t a c h e n t of the a subunit, as
well as for coupling to receptors (Linder et al., 1993; Veit et al., 1994; Wedegaertner et
al., 1993; Mumby et al., 1994; Parenti et al., 1993). Furthermore, a subunits are
myristoylated at the N-terminal glycine via an amide linkage, and this modification
allows the a subunits to bind with an increasing affinity to the By compiex (Buss et al.,
1987; Linder et al., 1991).

Adenylate Cyclase
The decrease in adenylate cyclase activity induced by muscarinic activation has

been well documented (for review see Felder, 1995). The expression of the M2 and the
M4 receptors in cell lines displayed coupling to adenylate cyclase inhibition (Buckley,

1990; Ashkenazi et al., 1989b; Hulme et al., 1991; Baumgold, 1992; Grimm et al., 1994;
Felder, 1995). In addition, G-protein reconstitution experiments showed that the Gi
subtype coupled to the mAChRs is responsible for this response (Parker et al., 1991).

Adenylate cyclase catalyzes the breakdown of ATP into CAMP, which in turn can

activate CAMP-dependent protein kinases (PKA). However, other studies have shown
that the expressed M l subtype can weakly couple to adenylate cyclase inhibition through
a PTX-sensitive rnechanism in RAT-1 cells (Stein et al., 1988). On the other hand,

previous reports have shown that the endogenous M3 subtype c m cause an accumulation
of cyclic-adenosine mono-phosphate (CAMP) in neuroblastoma cells (Baumgold and
Fishman, 1988), and also in other several cells such as the rat olfactory bulb (Olianas and
Onali, 1992)1 mouse parotid acinar cells (Watson et al., 1990), rat adrenal gland
(Regunathan et al. 1990), and rat sympathetic neurons (Suidan et al., 1991). Also, the Dy
subunits of the G-proteins coupled to the M l and the M5 mAChRs can also weakly
stimulate adenylate cyclase types II and IV (Ashkenazi et al., 1989a; Pieroni et al., 1993).

The coupling of mAChRs to adenylate cyclase activation can be regulated through
calcium and protein kinase mechanisms (Jansson et al., 1991; Baumgold et al., 1992).
cAMP production may occur through calciurn/calmodulin sensitive (types 1 and III) or
-insensitive (types II, IV, V, and VI) adenylate cyclases. The adenylate cyclase type
coupled to mAChRs is dependent on the ce11 line in which the rnAChRs are expressed.
Nevertheless, the accumulation of cAMP may actually be the result of mAChR-mediated
phosphodiesterase inhibition in a variety of ceIl types including astrocytoma cells
(Meeker and Harden, 1982). In oligodendrocyte progenitors, previous studies fiom our
laboratory have reported the attenuation of g-adrenergic-stimulated cAMP formation by
the M2 rnAChR subtype, speculating a role for the Gai protein coupled to the M2
receptor in inhibiting adenylate cyclase (Cohen and Ahazan, 1994).
Phospholipase C (PLC)

The receptor-mediated activation of PLC leads to the hydrolysis of

phosphotidylinositol-4,Sbisphosphate (PIP2) to inositol trisphosphate (IP3) and
diacylglycerol (DAG). The family of PLC enzymes is grouped into three classes,

b, y,

and 8, with subtypes within each group (Rhee and Choi, 1992). Phosphoinositide

breakdown by ACh has been well studied and linked to the MIIM3M5 mAChRs through
the coupling of GMliprotein, while the M2 and M4 subtypes have been reported to
weakly activate PLC (Lambert et al., 1992).

In the case of the M l subtype,

phosphoinositide breakdown is rnediated by PLCP 1 through Gqli1 alpha subunits
(Berstein et al., 1992; Sawaki et al., 1993; Hildebrandt and Shuttleworth, 1993). On the
other hand, the M5 subtype have been linked to the activation of PLCP and
PLCy (44)PLCy activation is normally stimulated by tyrosine kinase-dependent
phosphorylation, a mechanism induced by the MS-mediatsd calcium influx that activates
voltage-independent calcium channels and subsequent tyrosine kinase phosphorylation
(Gusovsky et al., 1993). However, the M2 subtype did not stimutate the phosphorylation
of PLCy or the mediation of calcium influx. Later studies have shown, though, that the

M2 and M4 receptors can also stimulate with lower eficiency phospholipase C through a
PTX-sensitive G-protein, nameIy through Ga2 and G a a (Ashkenazi et al., 1989;
Dell' Acqua et al., 1993). Also, py subunits were shown to couple the M2 receptor and
phospholipase C-B2 (Katz et al., 1992). Studies in our laboratory have reported that in
oligodendrocyte progenitors, inositol trisphosphate accumulation was mediated by the
M l and not by the M2 mAChR (Cohen and Almazan, 1994). Protein kinase C (PKC)

seemed to play a regulatory role in the mAChR-mediated accumulation of inositol

trisphosphate, since an acute pretreatrnent with phorbol-1 2, 13 myrisrate acetate (PMA)
abolished the formation of inositol trisphosphates (Cohen and Almazan, 1994).
IP3 can act on its respective receptor in the endoplasmic reticulum (an IP3sensitive calcium channel), releasing calcium fiom its intracellular stores, while DAG can
activate, with the cooperation of calcium, certain isozymes o f PKC. PKC cansists of
three subgroups: the classical, which include a, BI, PII, and y, isozyrnes that are activated
by DAG and calcium; the novel, which include 6,

alone; the otypical, which include

E* 8, q, p, and

are activated by DAG

c, A,I, and are independent of both calcium and DAG

(for review see Mellor and Parker, 1998). The atypical isozymes are activated by

phosphatidylserine and phosphatidylinositol (3,4,5)-trisphosphate.

Note that certain

isozymes are involved in stimulating proliferation (Stephens et al., 1993), while others
are involved in negatively regulating mAChR activity by phosphorylating sites on the i3

loop (Haga et al., 1993).
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Phospholipase A2 (PLA2)

The enzymatic fùnction of PLA2 is to catalyze the hydrolysis o f membrane
phospholipids, mainly phosphatidylcholine. to generate free arachidonic acid (AA) and
the corresponding lysophospholipid.

AA is a mediator of many cellular and

physiological mechanisms including inflammation, pain, and intracellular signaling
through itself and its bioactive eicosanoids. Lysophospholipids that are generated from
the hydrolysis of membrane phospholipids are recycled to the membrane. A A can be

converted to bioactive eicosanoids including prostaglandins, thromboxanes, leukotrïenes,

epoxides, and hydroxyeicosatetraeinoic acids (HETEs).

Reports published have

described the release of AA through mAChR stimulation, in addition to the release of
eicosanoid metabolites in a variety of tissues including heart, brain, and muscle.
Pharrnacological studies linked the odd numbered mAChRs Ml/M3/M5 to the activation
of PLA2 (Conklin et al., 1988; Felder et al., 1990; Liao et al., 1990), whereby CCh
stimulated the release of AA in a PTX-insensitive marner, ruling out the involvement of

Gi or Go. On the other hand, M2 and M4 subtypes expressed at physiologicai levels
showed no coupling to PLA2 (Conklin et al., 1988). The activation of PLA2 has been
shown to require an IP3-independent calcium influx and protein kinase C (Felder et al.,
1990; Brooks et al., 1989). The high motecular weight cytosolic P L M (cPLA2) seemed

to be the isozyme that is involved in the mAChR-mediated AA release (Sharp et al.,
1991; Clark et al., 199 1). It is activated with nanomolar levels of calcium, and has a

selectivity for phospholipids with arachidonic acid in the sr12position.

IV- MITOGEN-ACTIVATED PROTEIN KINASES
-

--

Brief Overview: The MAPK Classes
The mitogen-activated protein kinase (MAPK) pathway is involved in ce11
differentiation and proliferation. It is activated by both tyrosine kinase receptors as well
as G-protein coupled receptors. Receptor tyrosine kinases activate MAPKs through a

multistep process.

The binding of the ligand to the receptors leads to tyrosine

phosphorylation of a docking site on the receptor for the adapter protein GRBS/SEM-5
(for review see Schlessinger, 1993). Subsequently, the recruitment of a guanine
nucleotide exchange protein SOSoccurs, which recruits Ras to the plasma membrane, and
results in the exchange of GDP for GTP by Ras. GTP-bound Ras then activates a
cascade of protein kinases tisted sequentially as MAP kinase kinase kinase (A-Raf, BRaf, and Raf-I) and MAP kinase kinase (MEKI and MEK2). MEKs then phosphorylate
p44m'pkand p42mapk
MAPKs (ERKl and ERK.2) on both threonine and tyrosine residues.
As a result, MAPKs phosphorylate and regulate the activity of key enzymes and nuclear

proteins, which can eventuaily regulate the expression of genes essential for proliferation.
However, the mechanism of G-protein coupled receptors' activation of MAPKs are less

understood, yet many groups have elucidated various signding cascades.
In mammalian systems, 11 distinct MAPK and 7 MEK genes have been identified
to date. Members of the MAPK family include (i) extracellular signal-regulated kinases

(ERKI and EREU) which are also known as p42maPk
and p44maPk
and are phosphorylated
by MEKI and MEK2; (ii) NH2-terminal Jun kinasektress-activated protein kinases

(INWSAPK) a,f3 and, y, which are phosphorylated by MEK4 and MEK7; and (iii) p38

MAPKs a,p, y, and 6,which are phosphorylated by MEK3 and MEK6 (for review see
Lewis et al., 1998). W K s are activated by MEKs through phosphorylation at two

regulatory phosphorylation sites with sequence T(P)-X-Y(P) located in the 'activation
lip' between subdomains 7 and 8 of the conserved kinasz core sequence. In addition to
the conserved kinase core, p42mapk
and p44mapk
contain C-terminal extensions and a 25
arnino acid insert behveen subdomains 9 and 10. Both enzymes are activated by
phosphorylation within their activation lip at ThrI 83-Glu-Tyr185 (as in rat sequence), a
reaction that has Tyr phosphorylation preceeding Thr phosphorylation (for review see
Lewis et al., 1998). Both events of phosphorylation are needed to fiilly activate both
isozymes.

G-protein Coupled Receptors Signaling to MAPK
Activation of MAPKs mediated by G-protein coupled receptors has been extensively
studied, including investigations on bombesin, endothelin- 1, adrenaline, somatostatin,

LHRH. TRH, thromboxane A2, and muscarinic receptors. These receptors have been
shown to couple to PTX- sensitive and insensitive G-proteins, thus signaling to MAPK
using both G-proteins (Gh and G,II I). To study the mechanism of activation of MAPK
by G-protein coupled receptors such as the mAChRs, transfected ce11 lines that express
p42m"pk(labeled as MAPK in this text) together with rnAChR subtypes were used (for

review see Gutkind et al., 1997). In transfected ce11 lines such as COS-7, CCh
stimulation increased MAPK activity in a concentration dependent manner through the

M 1 and the M2 subtypes (Crespo et al., 1994), whereby the Ml -mediated activation was
PTX-insensitive, while the M2-mediated activation displayed PTX-sensitivity.

To

elucidate the role of the a subunits of G-proteias, studies were performed in transfected
cells expressing wild type or activated G-protein a subunits, including Ga, and Gaiz
which couple M 1 and M2 subtypes respectively. However, these transfected cells did not
exhibit elevated MAPK phosphorylating activity (Crespo et al., 1994). As a result,
speculations of molecules in addition to a subunits of G-proteins play a role in the
activation of M 1 and MZmediated MAPK activation.
Recently, available evidence has supported an active role for the GBrcornplex in
signal transduction (Clapham and Neer, 1993). Since or subunits did not stimulate the
activation of MAPK studies investigating the role of GBrsubunits were performed.
Indeed, transfecting cells with B I and y2 subunits and MAPK effectively elevated its
phosphorylating activity (Crespo et ai., 1994), demonstrating that the f3y-heterodimers
directly eIicit biochemical pathways leading to MAPK activation. Also, sequestration
studies performed on & complexes by overexpressing Gai proteins abolished the M2 and
py-mediated activation of MAPK, and reduced this response when elicited by M l
stimulation. Therefore, these results indicate that Ml signaling to MAPK involves Pydependent and independent pathways, while the M2-mediated activation of MAPK
appears to be strictly dependent on GBr.
Mutant-ras studies were perfonned to investigate whether signaling fiom M 1 and

M2 receptors or f3y dimers involve p21m (Ras). These studies have showm that mutant
ras expression abolished the elevated MAPK activity in response to Ml, M2, and Py
dimer overexpression (for review see Gutkind, 1998; Lewis et al., 1998). Similar studies
were done to elucidate the role of PKC, and the results suggested that signaling fiom Ml
receptors to MAPK involves a PKC-dependent and PKC-independent pathway, and both

pathways converge at Ras. The PKC-independent pathway is mediated by the G,,
cornplex. On the other hand, the M2-mediated MAPK activation is PKC-independent,
and involves Gi& dirners, acting on a Ras-dependent pathway.

0

Novel Signaling Pathways Linking G-protein Coupled Receptors to MAPK
Recent studies have shown that the activation of G-protein coupled receptors,

such as the rnAChRs, induces the phosphorylation of the adapter protein Shc on tyrosine
residues and the formation of Shc-GRB2 complexes (see fig. 2) (Chen et al., 1996;van
Biesen et al., 1995). Other studies have demonstrated that Src, or a Src-like kinase,

mediates the f3y-induced phosphorylation of Shc, and eventually the recruitrnent of

GRBî and SOS,consequently the activation of the Ras-MAPK pathway (Lutrell et al.,
1996). More studies have linked other non-receptor tyrosine kinases in signaling to the

MAPK pathway, including several Src-like kinases such as Fyn, Lyn, Yes, and Syk
(Ptasznik et al, 1995;Wan et al., I996), in addition to the PKC-dependent Pykî (Della
Rocca et al., 1997; Dikic et al., 1996; Lev et al., 1995). Pyk2 is related to the focal
adhesion kinase (FAK), a kinase involved in integrin signaling, where it contributes to
the formation of focal complexes in the cell.
Furthexmore, reports have demonstrated that signaling fiom G-protein coupled receptors
to MAPK involves a wortmannin sensitive phosphatidylinositol-3-kinase (PI3K) (Hawes
et al., 1996; Lopez-Ilasaca et al., 1997). The P13K family contains several species
including PI3Ka, PI3Kf3, and PI3Ky.

The tyrosine kinase receptor-regulated

heterodimeric PI3Ka and PI3K$ consist of pl 10 catalytic subunits and different p85

adapter molecules. On the other haod the novel PI3Ky can be activated by & subunits of
heterotrimeric G proteins (Stoyanov et al., 1995).

Lopez-Ilasaca et al. (1 997)

demonstrated the activation of MAPK by the expression of PI3Ky in Cos-7 cells, while

PI3Ka did not affect the activity o f MAPK. The expression of a mutated P13Ky that
lacks lipid kinase activity abolished MAPK activation mediated by the M 2 receptor or by
GBrexpression (Lopez-Ilasaka et al., 1997).

3CJ-TkhyJ
ACh agonist carbachol

+

FIGURE 2: Divergent kinase cascades that iink mAChRs to the MAPK pathways.
mAChRs couple to G-proteins that can activate different signaling cascades upon

cholinergic stimulation of the receptor. Refer to text for discussion of pathways and for
abbreviations. Adapted and modified fkom Gutkind (1 998).

MAPK Regulation of AP-1 Transcription Factor and the Induction of c-fos Gene
Expression
One of the most investigated targets of MAPK signaling in mammals is the AP-1
transcription factor. AP-1 consists of members of the Jun and Fos transcription factor
farnilies which belong to the bZIP group of DNA binding proteins. Fos and lun family
combine in various ways with other transcription factor families, including CAMP
response element binding protein (CREB)/ATF, NFAT, ETS, NFkB, and nuclear
hormone receptors. It has been shown that several signals can induce AP-1 activity,
including growth factors, cytokines, neurotransmitters, and cellular stress (Davis, 1994;
Karin, 1995; Angel et al., 1991; for review see Whitmarsh and Davis, 1996; Gutkind,
1998). AP-1 is able to bind the TPA-response element (TRE) with the consensus
sequence TGACTCA (Angel and Karin, 1991) (see fig. 3). The binding affinity for a
particular TRE sequence is dependent on the composition of the AP-1 transcription
factor. Zvlany immediate early genes, including c-fos, posses TRE sequences in their
promoter regions. On one hand, MAPK signaling pathways influence AP-1 activity by
both increasing the abundance and activity of AP- 1 components (Karin, 1995).

On the promoter of the c-fos gene, there are three major transcriptional control
elements present that are targeted by inducible signaling pathways: the CAMP-response
element (CRE), the s e m response element ( S E ) , and the sis-inducible element (SIE)
(Janknecht et al., 1995). The efficient regulation of these elements is required for the
expression of c-fos. The CRE is bound by the dimeric CREB and related transcription

AP-1 TRANSCRIPTION FACTOR
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Prote!in kinases
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1
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FIGURE 3: Regulation of AP-1 transcription factor by MAP kinases. The AP-1
transcription factor is highly regulated by different MAPK's including E M S , .iNKs,
p38s, in addition to other protein kinases. The AP-1 transcription is formed by the
dimerization of c-Fos and c-Jun transcription factors. Both c-fos and c-jun gene
expression is highly regulated by protein kinases. Upon stimulation of their expression,
c-Fos and c-Jun proteins dimerize and regulate the expression of other genes, including cfos. Refer to text for abbreviations. Adapted and modified from Whitrnarsh and Davis
( 19961.

factors. CREB is activated by protein kinase A (PKA),a sereine/threonine kinase that is
activated by CAMP. Phosphorylated CREB binds CREB-binding protein (CBP) which
can facilitate the transcriptional machinery on the c-fos promoter. Calcium/calmodulindependent protein kinases (CaMK) have been implicated in CM-dependent c-fos
induction. by phosphoryIating CREB and therefore activating the transcription factor.
The c-fos SRE, on the other hand, mediates serum induction of the c-fos
promoter, hence the name. Yet SRE-mediated induction was shown to be also stimulated
by growth factors, cytokines, and cellular stress (Cahill et al., 1995; Cahil1 et al., 1996).

To start SRE-mediated transcription, the semm response factor (SRF) which recruits a
ternary cornplex factor (TCF) binds the SRE (Cahill et al., 1995). TCF proteins belong to
the ETS-domain farnily of DNA binding proteins that includes Elk-1, SAP1, and

SAP2/NET/ERP (Cahill et al., 1995; Cahill et al., 1996; Price et al., 1995). In response
to several signals including growth factors and phorbol esters, the TCF Elk-1 is

phosphorylated in its activation domain by members of ERK (Gille et al., 1992; Marais
and Treisman, 1993; Janknecht et al., 1993; Gille et al., 1995), JNK (Cavigelli et al.,

1995; Whitmarsh et al., 1995; Zinck et al., 1995; Gille et al., 1995), and p38 MAPKs

(Raingeaud et al., 1996), which increase its ability to form complexes with the SRF at the

SRE, therefore activating transcription (Gille et al., 1992; Gille et al., 1995). In
retrospect, the phosphorylation of the TCF Elk-1 by al1 three groups of MAPKs is crucial
for its transcriptional activity, whereby Elk-1 acts to converge multiple MAPK signal
cascades at the SRE to increase c-fos transcription in response to a variety of extracellular
signals, including the activation of G-protein coupled receptors such as niAChRs. Note

that there are other TCF proteins that form ternary complexes with the SRF at the SRE,
such as SAP- 1. Its activity is also regulated by MAPKs including the ERK and the p38
MAPKs (Price et al., 1995; Janknecht et al., 1995).
The formation of the AP-1 transcription factor is limited by the induction of both
c-fos and c-jun genes, since AP-1 dimers constitute the binding of c-fos and c-jun

transcriptional factors. The transcriptional response of the c-jun promoter is mediated by
two TREs, Juril and Jun2 (Angel. 1995). These promoter elements are constitutively
bound where they preferentially bind c-Jun and ATF-2 (Angel, 1995). Both transcription

factors are phosphorylated on two sites by the JNK group of MAP kinases, therefore
enhancing the transcriptionai activity and leading to the induction of the c-jun gene. As a
result, c-Jun protein synthesis is elevated. Subsequently, c-Jun transcription factors bind
to c-Fos transcription factors to form the AP-1 complex, which in turn can regulate the

induction of c-fos and other immediate early genes at the AP-1 response elements.
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Earlier studies have demonstrated the ability of the oligodendrocyte lineage to
respond to cholinergic stimulation. Larocca et al. (1987b) provided evidence for the
presence of the M l and the M2 mAChRs in purified myelin isolated from adult rat brain,
eliciting the interest in investigating cholinergic responses and signaling in
oligodendrocytes. The purified myelin rnAChRs couple to phosphoinositide hydrolysis
and inhibition of adenylate cyclase (Larocca et al., l987a; Khan and Morell, 1988).
Studies performed in our laboratory have pharmacologically characterized the mAChRs
present in 0-2A progenitors and in mature oligodendrocytes, displaying predominance of
the M3 subtype (see fig. 1) (Molina-Holgado et al., unpublished).

However, the

pharmacological studies showed extensive downregulation of the mAChRs in mature
oligodendro'cytes during in vitro development, suggesting a role for mAChRs in their
progenitor stage (Molina-Holgado et al., submitted).
Cholinergie stimulation of 0-2A progenitors triggers various intracellular

responses that are mediated by mAChRs. Studies reported from Our laboratory have
shown that rnAChR activation of progenitors causes an increase in their proliferation

(Cohen et al., 1996).

Similarly, activation of mAChRs induces complex signal

transduction pathways in progenitors, including accumulation of iP3 (Cohen and
Almazan, 1994), increases in intracellular calcium levels (Cohen and Almazan, 1994;

Kastritis et al., 1993; Takeda et al., 1995), production of calcium waves (Simpson and
Russell, 1996), inhibition of an inwardly rectifying potassium channel (Karschin et al.,

1994), and inhibition of fl-adrenergic-stimulated CAMPproduction (Cohen and Ahazan,
1994).
in 0-2A
We have also recently demonstrated the cholinergic activation of p42mapk
progenitors, an event that is mediated by mAChRs in the presence of extracellular
calcium (Larocca and Aimazan, 1997). In addition, Pende et al. (1997) demonstrated the
phosphorylation of CREB by CCh stimulation, an event that is dependent on p42mapk
activation. Moreover, we have shown that cholinergic stimulation of 0-2A progenitors
increased c-fos rnRNA expression, an event that is mediated by mAChRs as well (Cohen
er al., 1996). CCh stimulated p42Mpkactivation and c-fos rnRNA expression in a timeand concentration- dependent manner, involving DAG-independent PKC pathways
(Larocca and Almazan, 1997; Cohen et al., 1996). Yet the identity of the mAChR
subtype(s) that induce(s) the activation of p42"pk and the expression of c-fos mRNA in
oligodendrocyte progenitors has not been determined. Also, the signaling pathways that
connect mAChR activation to p42maPk
activation and c-fos mRNA expression have not
been fully elucidated. Therefore, we decided to investigate the rnAChR subtype(s)
involved in both responses, and to m e r define the intracellular effectors that link the
mAChR to the critical MAPK pathway and to the nucleus.

i atropine

O 4-DAMP

r pirenzepine

o methoctramine
tropicamide

a

FIGURE 1: Competition and PI hydrolysis studies on mAChRs in oligodendrocyte
progenitors. (A) Competition binding experiments were perfonned o n whole cells.

Progenitors were exposed to increasing concentrations o f muscarinic antagonists
[atropine (non-selective); pirenzepine (Ml selective); (methoctrarnine (M2 selective); 4-

DAMP (M3 selective); tropicamide (M4 selective)] and 1 nM o f the radiolabelled
acetylcholine analogue ['HINMS.

(B)

Inhibition o f CCh-stimulated ['HJIP

accumulation by increasing concentrations of muscarinic antagonists. Adapted and
rnodified fkom Molina-Hokado et al. (submitted).
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Materials

The following reagents were obtained fiom the indicated supplier: carbachol.
atropine methyl bromide fiom Sigma-Aldrich Canada (Oakville, Ontario); PD 098059,
methoctramine, 4-DAMP methiodide (4-DAMP), 4-DAMP-Mustard (4-DAMP-M),
pirenzepine, and wortrnannin were purchased fiom RB1 (Natick, MA); { 1-[6-((17b-3methoxyestra- 173,S(lO)-trien-17-yl)amino)hexyl]-1 H-pyrrole-2,s-dione) (U73 122), ( 116-(( 17b-3 -methoxyestra- 1,3,5(10)-trien- 17-y1)amino)hexy ll-2,5-pyrroidinedione )

(U73343) were from Calbiochem (La Jolla, CA). Phospho-specific p42mapk
antibody

) obtained fiom Promega (Montreal, QC). The A2B5 mAb IgM
( ~ h r 1 8 3and ~ h r 1 8 5 was
was from American Type Culture Collection CRL 1520. Second antibodies used for

immunofluorescence were purchased from Southern Biotechnology or Jackson
Irnmunoresearch taboratories. The media Dulbecco's modified Eagle medium (DMEM),

Ham's F12 medium and Hank's Balanced Salt Solution (HBSS) as well as 7.5% bovine
serum albumin (BSA) fraction V, fetal caif semm (FCS), penicillin/streptomycin were
from Gibco BRL (Burlington, ON); PDGF AA, bFGF fiom UBI; poly-D-lysine, poly-L-

ornithine, Triton-X-100. All other reagents were obtained fiom standard suppliers.

CeiiCulture

Oligodendrocyte progenitor primary cultures were prepared as described by
Almazan et al. (1993), modified fiom McCarthy and de Vellis (1980). The cultures were

prepared fiom the brains of newborn Sprague-Dawley rats. The meninges and blood

vessels were removed from the cerebral hemispheres in Ham's F12 medium. The tissue
suspension was passed through a 230 mm nylon mesh and collected by filtering through a
150 mm and then a 100 mm nylon mesh. The resulting suspension was centrihged for 10

min at' 1200 rprn and then resuspended in DMEM supplernented with 12 % FCS. Cells
were plated on poly-L-ornithine precoated 80 cm* flasks and incubated at 37 OC with 5%

CO2 in air. Culture medium was changed after 3 days and every two days thereaet. The
initial mixed glial cultures, grown for 9 to 11 days, were placed on a rotary shaker at 225
rprn at 37 OC for 3 hr to remove loosely attached macrophages. Oligodendrocyte

progenitors were detached following shaking for 18 hr at 260 rpm. Filtered through a 30

mm nylon mesh, the cells were plated on bacterial grade Petri dishes for 3 hr. Under these
conditions, astrocytes and microglia become attached to the plastic surface and
oligodendrocyte progenitors remained in suspension. The final ce11 suspension was plated
on 6-well dishes (Falcon) pre-coated with poIy-D-lysine. Cultures were fed with s e m

free medium (SFM) containing 2.5 ng/ml PDGF AA and 2.5 n g h l bFGF to promote
self-renewal and prevent differentiation and changed every two days. SFM consisted of a
DMEM-FI2 mixture (1 :l), 10 mM HEPES, 0.1% bovine serum albumin (BSA), 25
mg/ml human transferrin, 30 nM triiodothyronine, 20 nM hydrocortisone, 20 nM
progesterone, 10 n M biotin, 5 mg/ml insulin, 16 mg/mi putrescine, 30 n M seleniun, 50
unitdm1 penicillin and 50 mg/ml streptomycin as previously reported. The cultures were
immunocytochemically charactenzed by specific markers for different ce11 types. More
than 95% of the cells reacted positively with mouse monoclonal antibody A2B5, a
marker for oligodendrocyte progenitors in culture and less than 5% were
galactocerebroside positive oligodendrocytes, glial fibrillary acidic protein positive

astrocytes or complement type-3 positive microglia. These enriched oligodendrocyte
progenitor ce11 cultures were used in these studies.

Imrnunocytochemistry
In order to determine the lineage composition of the cellular preparations,
immunocytochemistry was performed with A2B5 mAb that is specific to 0-2A
progenitors as shown by Cohen et al. (1 996). Purified oligodendrocyte progenitors were
grown on poly-D-lysine-coated glass coverslips in 24-well tissue culture plates in SFM
plus growth factors for 3-5 days. For irnmunocytochemical detection with A2B5, cells
were fixed in 4% paraformaidehyde in phosphate buffered saline (PBS) for 20 min at
room temperature (RT). Afier fixation, the cells were washed several times with PBS
and blocked for 15 min in PBS containing 0.2% BSA, 5% goat serum with 0.1% Triton
X- 100 for 45 min at RT. Monoclonal A2B5 mAb, applied as (1 :S00), was diluted in PBS

containing 10% FCS and 5% goat senun with O. 1% Triton X- 1O0 for 45 min at RT. The
second antibody SAM-IgM-FITC was applied (from Jackson Immunoresearch

Laboratones) and was diluted 1:100. Coverslips were mounted in Immuno-mount and
were examined under a Leitz Diaplan epifluorescent microscope. On the day of the
experiment, 18 h after removal of the growth factors, more than 95% of the cells were
A285 positive oligodendrocyte progenitors (fig. 1)

Western Immunoblot analysis

After preincubation with HBSS for 4 hr, cells were stimulated with

pharmacological agents for the indicated time period. Cells were lyzed in SDS sample
buffer (62.5 mM Tris-HCl, pH 6.8,2% w/v sodium dodecyl sulfate (SDS), 10% glycerol,

50 mM dithiothreitol, 0.1% w/v bromophenol blue) and boiled for 5 min. 30 pg of each
protein extract were electrophoresed on 10% polyacrylamide gels and transferred to
Immobilon-P membranes (Millipore). Blots were blocked with 5% milk in Tris-buffered
saline containing 0.01% Tween 20 and then incubated overnight at 4 OC with antiphospho-specific MAPK (1 :I0000). lmmunoreactivity was visualized by a
cherniluminescence detection system (Amersham) and quantified by densitometry using a
-Master Scan Interpretative Densitometer.

0

RNA extraction and Northem blot analysis
Total RNA was extracted from oligodendrocyte progenitors using a guanidium

tliiocyanate method. The RVA pellets were resuspended in 50% formamide/2.2 M

formaldehydel20 mM MOPS and denatured for 30 min at 65 OC. 10 pg of each extract
samples were electrophoresed on a 1.3% agarose-formaldehyde gel and cransferred to

Hybond-N membranes. The c-fos probe was labeled with [ a - 3 2 ~ ] using
d ~ ~a~random
primer kit to a specific activity of 108 cpm/mg DNA. Following 2 hr of prehybridization,
membranes were incubated at 42 OC for 48 hr with 106 cpm/ml hybridization solution
(50% formamide, 25 mM sodium phosphate buffer @H 6.5), 0.8 M NaCl, 0.5% SDS, 1
mM EDTA). Membranes were washed for 30 min at 50 OC in O. 1 X saline sodium citrate,
0.1 % SDS and exposed to X-ray film for 1-2 days. Signals were quantified using a
MaterScan Interpretive Densitometer.

Data analysis
One way analysis of variance followed by the Tukey-Kramer test was used to
determine statistical significance: P values less than 0.05 were considered significant.

a

FIGURE 1: Purified oligodendrocyte progenitors (0-2A) were immunostained with the

A2B5 mAb, a marker for 0-2A progenitors in culture. Progenitor cultures showed 95%
punty.
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Activation of p42m8pkby CCh is mediated tbrough the M3 mAChR in
oligodendrocyte progenitors

The activation of p42map k by cholinergie stimulation has been weli documented in
other systems. Reports included studies on transfected ce11 lines and primary tissue
culture cells. We have shown that in cultured oligodendrocyte progenitors, CCh
stimulation activated p42Mpkvia the xriAChRs (Larocca and Almazan, 1997). Larocca

0

and Almazan (1997) have demonstrated the expression of p42m a p k by indirect
imrnunofluorescence using specific anti-p42Mpkantibodies, whereby intense staining was
evident in the cytoplasm and the celIular processes but not in the nucleus. They have also
by Western blot analysis. In gel kinase activity using
confirmed the expression of p42"UPk

MBP as a substrate demonstrated that CCh increased p42m'pk'skinase activity by two to
three above control levels.

The activation of p42mapkby CCh was time- and

concentration-dependent, where maximal levels were reached at 2-5 min stimulation at an
optimal concentration of 10-100 PM. This response was blocked by atropine and EDTA
pretreatment, demonstrating that the activation of p42m'Pk by CCh is mediated by
mAChRs and is dependent on calcium.
Therefore, in view of these previous studies on p42Mpkactivation in addition to

a

the previous binding reports that pharmacologically characterized the mAChRs in
oligodendrocyte progenitors (Molina-Holgado et al., submitted), the present study

investigated the mAChR subtype that mediates the activation of p42mapk.
Progenitor
cultures were pretreated with relatively selective mAChR antagonists at a concentration
of 1 PM, including pirenzepine (Pir), an Ml antagonist, methoctramine (Meth), an
M2/M4 antagonist, and 4-DAMP, an M3 antagonist, and the non-selective muscarinic
antagonist atropine (Atr) for 20 min. The 1 p M concentration of each muscarinic
antagonist used is sufficient to biock its respective subtype(s) (Michel et al.. 1989;
Lazareno et al., 1990; Caulfield 1993; Kondou et A, 1994; Molina-Holgado et al.,
submitted results). The cultures were then stimulated with 100 p M CCh for a penod of 5
min, which corresponds to the optimal concentration and time period for CCh-induced
p42mJpk
activation (Larocca and Almazan, 1997). The levels of phosphorylated p42mapk
were detected using Western blot analysis and were quantified densitometricaily (fig. 1).
activation by 2-fold, while atropine
Stimulating with 100 p M CCh increased p42mapk
(non-selective) and 4-DAMP (M3-selective) blocked the response (fig. 2). On the other
hand, pirenzepine ( M l ) and methoctramine (M2/M4) had no effect on the CCh-

stimulated activation of p42Mpk.

To consolidate the results obtained with saturating concentrations of 4-DAMP,
cultures were pretreated with different concentrations of the antagonist, ranging from 1
nM to 1 p M for 20 min. The cultures were then stimulated with 100 pM CCh for 5 min

(fig. 3). 4-DAMP reduced the activation of p42mapkdose dependently, with an

approximate ICso of 50 nM. Furthemore, an irreversible M3 selective antagonist, 4DAMP-mustard (4-DAMP-M) (Barlow et al., 1991), blocked the activation of p42mDpk,
thus confirming that the M3 mAChR is the subtype responsible for the cholinergie
activation of p42MPk(Table 1).

0

Carbachol stimulates c-fos mRNA expression in oligodendrocyte progenitors
through the 1M3 mAChR subtype
The activation of the MI/M3/M5 mACbRs activate PLC, leading to the activation
of PKC and the accumulation of intracellular calcium. Activated PKC can potentially
stimulate a range of cellular responses, including the induction of the proto-oncogenes c-

fos and c-jun (Boyle et al., 1991; Distel and Spiegelman, 1990). These genes are also
referred to as immediate early genes. and their expression is regulated by transcription
regdatory factors that are activated by a variety of neurotransrnitîers, and are involved in
ce11 growth, proliferation, and differentiation.
Previous studies have shown that cholinergic stimulation of oligodendrocyte
progenitors increases c-fos mRNA expression in a time- and a concentration-dependent
manner (Cohen et al., 1996). This response was abolished by pretreatment with the nonselective muscarinic antagonist atropine. In addition, the expression of c-fos mRNA was
inhibited by the PKC inhibitor H7, but not by H-89, the PKA inhibitor. The induction of
c-fos mRNA was also dependent on the influx of extracellular calcium and the release of
calcium from intracellular stores, since both the extracellular calcium chelator EDTA and
the intracellular calcium chelator BAPTA blocked the response. However, Cohen et al.

(1996) did not address the identity of the rnAChR mediating the induction of c-fos
rnRNA. Therefore, it was interesting to investigate whether the predominant mAChR

subtype, the M3, was also responsible for the induction of c-fos.
Therefore, oligodendrocyte progenitors were pretreated with selective mAChR
antagonists at 1 p M concentration for 20 min. The cultures were subsequently stimulated
with 100 p M CCh for 30 min, and the levels of c-fos mRNA levels expressed were

measured by Northern blot analysis (fig. 4). The autoradiograrns were quantified
densitometrically (fig. 5). CCh alone increased the levels of c-fos mRNA by more than
six-fold above non-stimulated controls. Pretreatment of the cultures with either atropine
(non-selective) or 4-DAMP (M3 selective) abolished the CCh-stimulated c-fos mRNA
expression. On the other hand, 1 FM of methoctramhe (M2/M4 selective) had no effect,
while pirenzepine reduced but did not entirely block c-fos expression. These results
suggest that the M3 rnAChR. which is also the predominant rnAChR subtype found in

oligodendrocyte progenitors, is mediating the induction of c-fos rnRNA.
To define the ICso of CDAMP on c-fos mRNA expression, cultures were
pretreated with the antagonist (1 n M to 1 PM) for 20 min, followed by a 30 min
stimulation with 100 p M CCh (fig. 6j. 4-DAMP antagonized the effect of CCh on c-fos
mRNA in a dose-dependent manner. A total block was obtained with 100 nM, and the

approximate tCsowas calculated to be 10 nM. Furthemore, 1 pM 4-DAMP-mustard

(M3 irreversible) antagonized the CCh response (Table l), confïrrning that the M3 is the
mAChR subtype responsible for the CCh-stimulated c-fos mRNA expression.

-

The CCh-stimulated activation of p42mapk
requires PLC
Previous studies have demonstrated the accumulation of uiositol trisphosphates in

oligodendrocyte progenitors using [3H]-rnyo-inositol labeled young oligodendrocyte
cultures following stimulation with CCh (Cohen and Almazan, 1994). This response was
prevented by pretreatrnent with the non-selective mAChR antagonist atropine. The
accumulation of inositol trisphosphates was concentration- and time- dependent. In

addition, the sarne study reported a CCh-induced increase in the intracellular calcium
levels. The increase in intracelldar calcium was dependent on both the mobilization of
intracellular stores and the influx of extracellular calcium.
Since mAChR stimulation increases the accumulation of calcium and inositol
trisphosphates, by the activation of PLC, and the mAChR-mediated activation of
is calcium dependent and involves the M3 subtype which can couple to PLC via the Gqi 1
G-protein (Larocca and Almaza~~,
1997), the present study investigated linking PLC
activation to the M3-mediated activation of p42mapk . To address this question, an
inhibitor of the enzyme PLC, U73122, and its close but inactive analogue U73343, were
used (Tatrai et al., 1994). Progenitor cultures were pretreated with 10 p M of either
U73 122 or U73343 for 20 min prior to the 5 min treatrnent with 100 FM CCh (fig. 7).

Both inhibitors alone did not significantly reduce the levels of p42mapkactivation.
However, pretreating the cultures with the active PLC inhibitor U73 122 caused a
significant reduction in the CCh-stimulated levels of p42mapkactivation, while the
inactive analogue U73343 had not effect. Therefore, these results suggest that PLC
activation is implicated in the CCh-mediated activation of pUmPk

The CCh-stimulated increase in c-fos mRNA expression requires PLC
The report of Cohen and Almazan (1994) demonstrated that cholinergic
stimulation of oligodendrocyte progenitors causes the accumulation of inositol
trisphosphates and intracellular calcium. Interestingly, the induction of the c-fos gene
was previously shown to be calcium dependent (Cohen et al., 1996). These responsez?

suggested a cholinergic activation of PLC via the odd numbered rnAChRs, and the
activation of PLC may subsequently induce the expression of c-fos mRNA through the
action of calcium.

To investigate the role of PLC in the cholinergic expression o f c-fos mRNA,
cultures were pretreated for 20 min with U73 122 and its inactive analogue U73343,
followed by CCh stimulation for 30 min (fig. 8). The pretreatment with U73 122 but not
U73343 caused a significant reduction in the leveis of the CCh-stimulated response,

displaying the involvement of PLC in the CCh-stimulated increase o f c-fos mRNA
expression.

Cholinergie p42mrpk activation and c-fos mRNA expression are not mediated by

P13K
Phosphoinositide 3-kinase (PI3K) is a signaling molecule that is regulated by
receptors with intrinsic or associated tyrosine kinase activities (Stoyanov et aI., 1995; for
review, see Kapellar and Cantley, 1994). This enzyme phosphorylates the inositol ring of
phosphotidylinositol (PI) and phosphoinositides at the D3 position. There are several
species of P13K that have been cloned and characterized including the heterodimeric
PI3K-a and PI3K-f3, in addition to PI3K-y. PI3K-y can be activated in vitro by both a
and py subunits of heterotrimeric G-proteins that are coupled to G-protein coupled

receptors (Stoyanov et al., 1995). In transfected cell lines, wortmannin, a PI3Ky
inhibitor, has been shown to inhibit p42Mpk activation mediated by CCh. PI3Ky was
implicated in linking the

complex to the MAPK cascade (Lopez Ilasaca et al., 1997).

To determine this link, cultures were pretreated for 20 min with 100 n .wortmannin
(Wort) (Arcaro and Wymann, 1993) followed by 5 min stimulation with 100 p M CCh
(fig. 9A). Pretreatment with wortmannin had no effect on the levels of CCh-stimulated
p42mP' activation, demonstrating no dependence on P13Ky action.
In addition, PI3K has been shown to have various different downstream targets
including PKC isozymes From both the conventional and novel families, in addition to
other kinases including Akt, Bkt, and Rac (for review see Fukui et al., 1998). Many of

these targets are involved in cell growth, development, and motility, responses that
involve signaling to the nucleus. Interestingly, the c-fos proto-oncogene is also involved
in protein synthesis and ce11 proliferation, whereby its product, the transcription factor
Fos, is important in regulating the expression of other proteins via the AP-1 transcription
factor. In view of these findings, the present study investigated whether P13K may play a
role in regulating the cholinergic expression of c-fos mRNA (fig. 9B). However,

pretreating progenitor cultures with wortmannin did not significantly reduce the CChstimulated increase in c-fos rnRNA expression, demonstrating that PI3K rnay also not be
implicated in this event.

PD 098059, the MAPK Kinase (MEK) Inhibitor, reduces but does not abolish
the CCh-stimulated expression of c-fos mRNA in oligodendrocyte progenitors

Having established that both ~ 4 2 activation
~ ' ~ ~and c-fos gene expression are
downstream from the M3 mAChR in oligodendrocyte progenitors, we attempted to
demonstrate a positive link between them. To address this issue, the MEK inhibitor PD
098059 (Alessi et al., 1995; Dudley et al., 1995) was added at different concentrations

0

ranging fiom 1 pM to 100 p M for 20 min followed by a 30 min stimulation with IO0 PM

CCh (fig. 10). Pretreating the cultures with 10 p M PD 098059, a concentration that is
sufficient to inhibit p42mpk
activation (Larocca et Almaan, 1998), did not alter the CChstimuIated levels of c-fos mRNA. Furthemore, a significant reduction was only attained
at 50 FM and 100 pM concentrations of PD 098059. The inability of PD 098059 to
completely block the stimulation of c-fos mRNA expression by CCh indicates that the

MAPK pathway may not be the o d y pathway linking muscarinic activation of
oligodendrocyte progenitors to c-fos gene expression. Altematively, PD 098059 at 50100 pM concentrations may be inhibiting other kinases since 10 pM concentration was

sufficient to completely block p42MPkactivation (Larocca and Almazan, 1997).

The CCh-mediated c-fos mRNA expression is abolished by PLA2 inhibitors

PLA2 catalyzes the hydrolysis of phosphatidylcholine to generate free
arachidonic acid (AA). An important domain of lipid research had focused on the
biochemistry of AA, and its cellular and physiological responses which include, but are
not limited to, inflammation, pain, and intracellular signaling. AA itself and its bioactive
eicosanoids are involved in many intracellular signaling pathways. The release of A A is
nameiy achieved in response to neurotransmitters, growth factors, or lipid stimulation of
ce11 systems. One such neurotransmitter is Ach.
Previous reports provided evidence for the release of AA via mAChR stimulation
in many systems, including the brain (for review see Felder, 1995), and pharmacological

studies have demonstrated the coupling of the odd numbered mAChRs Ml/M3/M5 to the
activation of PLA2, narnely to the cPLA2 (Conklin et al., 1988; Felder et al., 1990; Liao

et al., 1990; Sharp et al., 1991; Clark et al., 1989). cholinergic stiniulation of AA release
involved, as predicted, a PTX-insensitive G-protein, confirming the involvement of the
odd numbered rnAChRs which couple to such G-proteins.
Many investigations have focused on the ce11 signaling function played by AA
and its metabolites in cells. Studies have reported the activation of members of the

MAPK family by AA and its metabolites in several systems and have demonstrated the

CO-compartrnentalization
of MAPKs with cPLA2 (Madamanchi et al., 1998; Hemandez
et al., 1998; Yu et al., 1998).

In addition, recent reports provided evidence for PLA2 and

AA metabolites in signaling to the c-fos serum response element (SRE) via Rac and Rho-

dependent mechanisms (Kim et al., 1998; Kim and Kim, 1998; Kim et al., 1997).
Interestingly, it has been recently reported that the activation of JNK by G-protein
coupled receptors involved Rac and Rho-dependent signaling cascades (Coso et al.,
1995b; Coso et al., 1996; Minden et al., 1995; for review see Gutkind, 1998). These
results suggested a role for PLA2 in signaling downstream of the mAChRs, and linking
its activation to nuclear responses, including the expression of c-fos mRNA.

Therefore, to investigate the role of AA in mediating the cholinergic stimulation
of c-fos mRNA expression, two cPLA2 inhibitors were used, quinacnne and AACOCFl
(Sakuta and Yoneda, 1994; Wissing et al., 1997). Progenitor cultures were pretreated
with 50 p M quinacrine or 100 pM AACOCF3 for 20 min followed by 100 p M CCh

stimulation for 30 min (fig. 11). The pretreatment of progenitors by either inhibitor
abolished the expression of c-fos mRNA induced by CCh. These results suggest a role
for the activation of cPLA2 in mediating the increased expression of c-fos mRNA by

cholinergic stimulation in oligodendrocyte progenitors.
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pqamapk
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FIGURE 1: Western immunoblot autoradiogram demonstrating that p42m

i p ~

activation is mediated by the M3 mACbR. An autoradiogram showing a Western
immunoblot analysis using phosphorylated p42maPk-recognizingantibody.

The

membranes were also immunoblotted with non-phosphospecific p42Mpkantibody that
recognizes total p42MPk,showing equal loading for each condition. Al1 antagonists were
added for 10-20 min before CCh stimulation at a concentration of 1 pM (excepr for 4-

DAMP, 100 nM). p42MpLactivation is abolished by atropine (+ Atr) and CDAMP (+ 4DAMP), but not by pirenzepine (+ Pir) or methoctramine (+ Meth). Note that the plus
sign (+) preceding the antagonists refers to pretreatment of progenitors with the

respective antagonists followed by the stimulation with 100 p M CCh.

FIGURE 2

FIGURE 2: p42mapkactivation is mediated by the M3 mAChR. Immunoblot
autoradiograms were quantified densitometrically and expressed in arbitrary optical
density (O.D.) units as mean

* SEM of two independent experiments perforrned in

triplicates. Muscarhic antagonists were preadministered for 10-20 min [Atropine (+ Atr,
1 FM); Pirenzepine (+ Pu, 1 PM); Methoctramine (+ Meth, 1 PM); 4-DAMP (+ DAMP,

100 nM)] followed by 100 pM CCh stimulation for 5 min. Atropine and 4-DAMP
blocked the CCh-stimulated levels. Statistical differences are indicated: control versus
(vs) CCh (p<0.001); control vs Atr + CCh (pX.05, not signifiant); control vs Pir -t CCh

@<0.01); control vs Meth + CCh (p<0.001); control vs 4-DAMP + CCh (p0.05); CCh
vs -4tr + CCh (p<0.0001); CCh vs 4-DAMP + CCh (p<0.0001).

FIGURE 3
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FIGURE 3: 4-DAMP blocks the activation of p42m'Pkin a concentration-dependent
rnanner. Progenitors were pretreated with increasing concentrations of the M3 more

selective antagonist CDAMP (1 n M - 1 PM),followed by 100 p M CCh stimulation for 5
min.

p42mapkactivation was determined by Western immunoblot analysis, and

autoradiograms were quantified densitometrically. Values are expressed in arbitrary

O.D. units as percentage of inhibition of the CCh-stimulated activation of p42Mpk
(Response) as mean

* SEM of two independent experiments perforrned in triplicates.

Statisticai differences are indicated: Stimulated levels (Response, 100 p M CCh) vs 1 p M

4-DAMP (p<0.001); Stimulated leveIs vs 100 nM + 4-DAMP (p<O.OOl); Stimulated
levels vs 50 nM + 4-DAMP (p0.05); Stimulated levels vs 10 n M 4-DAMP + CCh
(p>O.OS); Stimulated levels vs I n M 4-DAMP + CCh @>O.OS).

FIGURE 4: Northern bfot autoradiogram demonstrating that c-fos mRNA
expression is mediated by the M3 subtype.

Progenitors were pretreated with

muscarinic antagonists at 1 p M (except for 4-DAMP, 100 nM) for 10 - 20 min, followed
by 100 pM CCh stimulation for 30 min. Levels of c-fos mRNA expressed were detected
by a standard Northern blot procedure. Only atropine and 4-DAMP pretreatrnent blocked
the CCh-stimulated c-fos mRNA expression levels. The membranes were aiso stained

with methylene blue to detect rRNA bands, demonstrating equal RNA Ioading in each

different condition.

FIGURE 5

FIGURE 5: CCh-stimulated c-fos expression is mediated by the M3 mAChR The
Northern biot autoradiogram was quantified densitometrically and al1 values are
expressed in arbitrary O.D. units as mean

* SEM o f two independent experiments

prrformed in û-iplicates. Only atropine and 4-DAMP blocked the CCh-stimulated c-fos
mELV-4 levels. Statistical differences are indicated: control vs CCh @<0.001); control vs

Atr + CCh (pXI.05); control vs 4-DAMP + CCh (P>0.05);control vs Meth + CCh
(p<O.OOt); control vs Pir

+ CCh @<0.001); CCh vs Atr -+ CCh @<0.001); CCh vs 4-

DAMP + CCh @<0.001); CCh vs Meth + CCh @>O.OS);

CCh vs Pir + CCh @<0.01).

FIGURE 6
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FIGURE 6: 4-DAMP blocks the expression of c-fus mRNA in a concentrationdependent manner. Progenitors were pretreated with increasing concentrations of 4-

DAhIP (1 nM - 1pM) for 10 - 20 min, followed by 100 pM CCh stimulation for 30 min.
c-fos mRNA levels were detennined by Northern blot analysis, and were quantified

densitometricaily. Values are expressed in arbitrary O.D. unit5 of percentage inhibition
of CCh-stimulated c-fos mRNA expression levels (Response) as mean
independent experiments performed in triplkates.

î

SEM of two

Statistical differences are indicated:

CCh-stimulated levels (Response) vs 1 p M 4-DAMP + CCh @<0.00 1); Response vs 100
nM 4-DAMP + CCh @<0.001); Response vs 50 nM @<0.001); Response vs 50 n M 4-

DAMP + CCh (p<0.001); Response vs 10 nM 4-DAMP + CCh @<0.01); Response vs 1
nM 4-DAMP + CCh QP0.05).

p42maC*Activation
(relative O.D.units)

Control

51.3 f 4.2
122.5 2 0.2

CCh

4-DAMP-M
4-DAMP-M

c-fos mRNA Level
(relative O.D. units)

41.3

+ CCh

+ 0.1

35.4 k 3.1

TABLE 1: 4-DAMP-mustard (4-DAMP-M) blocks the CCb-stirnulated p42m'Pk

phosphorylation and c-fos mRNA expression. Progenitors were preincubated with 1

p M 4-DAMP-M for 20 min followed by 100 p M CCh. p42mapk
activation levels are
detected using Western blot analysis, and c-fos mRNA levels are detected using Northem
blot anaiysis.

4-DAMP-M blocked both CCh-stimulated responses.

Statistical

differences indicated: control vs CCh @<0.05, for both responses); control vs CDAMP-

M + CCh @>0.05); CCh vs 4-DAMP-M

+ CCh @<O.OS).

FIGURE 7: CCh-stimulated p42maPk
activation requins PLC. Progenitors were
pretreated with 10 FM U73122 or 10 p M U73343 for 20 min prior to 5 min stimulation
with 100 pM CCh (+ Antagonist). Levels of p42maPk
activation were detected using the
Western blot analysis and were quantified densitornetrically. Levels are expressed as
arbitrary optical density units (O.D.) as mean

SEM of triplicates. U73122 but not

U73343 blocked the stimulated levels. Statistical differences are indicated: control vs

CCh @<0.001); control v s U73343 w0.05); control vs U73 122 (p-4.05); control vs
U73343 + CCh (p<O.OOl); control vs U73122 + CCh (p0.05); CCh vs U73343 + CCh
(p>0.05); CCh vs U73 122 + CCh @<0.001).

FIGURE 8

FIGURE 7

FIGURE 8: CCh-stimulated c-fos expression requires PLC. Progenitors were
pretreated with 10 p M U73122 or U73343 for 20 min prior to 100 p M CCh (+

Antagonist) stimulation for 30 min. c-fos mRNA levels were detected using a Northem
blot procedure and autoradiograms were quantified densitometrically. Levels are
expressed as arbitrary optical density (O.D.) units as mean f SEM of triplicates. U73 122
but not U73343 blocked the CCh-stimulated levels. Statistical differences are indicated:
control vs CCh @<0.001); control vs U73122 (p0.05); control vs U73343 (p>O.O5);

control vs U73 122 + CCh @>O.OS); control vs U73343 + CCh (p<0.01); CCh vs U73 122
+ CCh (p<0.001);CCh vs U73343 + CCh (p0.05).

FIGURE 9

A

FIGURE 9: p42m8pk
activation and c-fos mRNA expression are not rnediated by
PI3K. Progenitor cultures were pretreated with 100 n M wortrnannin (Wort) for 20 min
followed by 100 pM CCh stimulation. A: p42maPk
levels were detected using Western
blot analysis, and were quantified densitometrically and expressed as arbitrary optical
density (O.D.) units as mean

SEM for two experiments in triplicates. Wortmannin

pretreatment did not significantly reduce stimulated levels. Statistical differences
indicated: control vs CCh @<0.001); control vs Wort (pXl.05); control vs Wort + CCh

@<0.001); CCh vs Wort + CCh (P>O.OS). B: c-fos mRNA levels were detected using
Northern blot analysis, and were quantified densitometrically and expressed as arbitrary
O.D. units as mean

* SEM of triplicates.

Wortmannin (Wort) pretreatment did not

significantiy reduce stimulated levels. Statistical differences indicated: control vs CCh

(p<O.OOI); control vs Wort (p0.05); control vs Wort + CCh @<0.001); CCh vs Wort +
CCh (p>0.05).

c-fos mRNA Level
(relative O.D. units)

FIGURE 10: PD 098059 does not bloc* CCh-stimulated c-los gene expression.
Progenitors were pretreated with different concentrations of the MAPK Kinase inhibitor

PD 098059 (1 - 100 PM) for 20 min followed by 30 min 100 p M CCh stimulation. c-fos
mRNA levels were detected using Northem blot analysis, and were quantified

densitometrically. Values are expressed in arbitrary optical density (O.D.) units as mean
k SEM of triplicates. Oniy at high concentrations (50-

the CCh-stimuiated levels.

100 PM) did PD 098059 reduce

Statistical differences are indicated: control vs CCh

(p<0.001);control vs 1 p M PD 098059 (p<0.001); control vs IO JAM PD 098059
(p<0.001);control vs 50 p M PD 098059 @<0.01); control vs 100 p M PD 098059
(p-CO.01).

FIGURE 11

FIGURE 11: PLA2 mediates the CCh-induced c-fos gene expression. Progenitors
were pretreated with 50 p M of quinacrine (Quin) or AACOCF3 for 20 min followed by

100 pM CCh stimulation for 30 min. mRNA levels were detected using Northem blot

analysis, and autoradiogram were quantified densitometrically and expressed as arbitrary
optical density (O.D.) units as mean

SEM of triplicates. Both antagonist pretreatments

blocked the CCh-stimulated ievels. Statistical differences are indicated: control vs CCh

(p<0.001); control vs Quin @>O.OS); control vs AACOCF3 @>O.OS); control vs Quin +
CCh (p0.05); control vs AACOCF3 + CCh @>O.OS); CCh vs Quin + CCh (p<0.001);
CCh vs AACOCF3 + CCh @<O.OO1).
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DISCUSSION

In summary, the present study demonstrates that CCh, a stable acetylcholine
analogue, activates p42mPpk
via the M3 mAChR subtype in oligodendrocyte progenitors.
By pretreating oligodendrocyte progenitors with the M3 selective antagonist 4-DAMP

and its irreversible analogue 4-DAMP-mustard, the CCh-stimulated p42mapk activation
was abolished. Afier establishing M3's predominance in activating p42Mpk,the next step
was to use several pharmacological agents to unravel the pathway leading to its

activation. The present study demonstrated the involvement of PLC in the cholinergic
activation of p42mapk , since a PLC inhibitor, U73132, and not its close but inactive
analogue, U73343, abolished this response.

Moreover, pretreating with the PI3K

inhibitor wortmannin did not reduce the levels of p42mapk activation, indicating no role
for PI3K in linking the M3 rnAChR to p42*pk activation.

In addition, the present study has also focused on the pathways linking mAChR
stimulation to c-fos gene expression. We demonstrate that the cholinergic stimulation of
c-fos mRNA expression is also mediated by the M3 rnAChR subtype. This response was
blocked by 4-DAMP and 4-DAMP-mustard in a concentration-dependent manner.
Similar to p42m'pkactivation, PLC but not PI3K was implicated in the CCh-stimulated
response, since the pretreatment with U73 122 but not U73343 nor wortmannin blocked
the levels of c-fos mRNA expression. As both c-fos mRNA expression and p42"pk
activation seem to be regulated by the same receptor and effector molecule, it was
interesting to establish whether c-fos rnRNA expression was regulated by the activity of
p42mapk.Contrary to our predictions, pretreatrnent with PD 098059, a MAPK kinase

(MEK) inhibitor, did not decrease c-fos mRNA expression except at 50 and 100 pM
concentrations. At these high concentrations, the expression levels were reduced but
were not blocked. As a result, p42maPkactivation may not be essential to the CChinduced changes in c-fos mRNA expression. However, by pretreating progenitors with
the PLA2 inhibitors quinacrine and AACOCF3, c-fos mRNA levels were abolished,
suggesting a role for P L A î in linking mAChR stimulation to c-fos gene expression.

mAChRs are G-protein coupled receptors, and the different subtypes couple to
different classes of G-proteins. The Ml/M3/M5 subtypes couple to the PTX-insensitive
class of G-proteins, narnely the G q I i ~while
,
the hi2IM4 subtypes couple to the PTXsensitive class, mainly the Gilo(Offennanns, 1994). The stimulation of p42""pk is one of
the many signais mediated by G-protein coupled receptors such as the mAChRs.

In

other systems, for example, the activation of p42mapkvia the M l mAChR is mainiy

,

mediated by the a subunits of the Gq,, protein (Hawes et al., 1999, whereby M 1/M3/MS
rnediated p42m"pkactivation is PTX-insensitive (Wotta et al., 1998). On the other hand,
G,-coupled

M2 mAChRs activate p42mapk
pnmarily through the Guo py subunit (Hawes

et al., 1995; Crespo et al., 1994).
Previous studies have shown that CCh activated p42m'Pk in oligodendrocyte
progenitors via the stimulation of mAChRs (Larocca and Alrnazan, 1997). Intense
immunostaining of oligodendrocyte progenitors demonstrated the presence of p42mapk
in
the cytoplasm and in the cellular processes. However, Larocca and Almazan (1997) did
not account for the mAChR subtype that is involved in the activation of p42 rnapk . The

objective to identifi the mAChR subtype stems from previous investigations that
characterized pharmacologically and functionally the mAChRs present on

oligodendrocyte progenitors. Cornpetition binding studies demonstrated the presence of
several mAChRs, with the M3 being the predominant subtype expressed in
oligodendrocyte progenitors (Molina-Holgado et al., submitted). CCh-mediated PI
hydrolysis inhibition using mAChR antagonists also confirmed the predominance of the
M3 subtype. Therefore, we inferred a role for the M3 subtype in mediating the activation

of p42mapk.
C o n f m i n g our predictions, we indeed demonstrate that the M3 selective
antagonist 4-DAMP and its irreversible analogue 4-DAMP-mustard blocked the CChstimulated activation o f p42Mpk.Both antagonists were applied at low concentrations
(1 00 n M for 4-DAMP, 1 FM for 4-DAMP-mustard) that yield more selectivity to the M3

subtype (Michel et al., 1989; Lazareno et al., 1990; Caulfield 1993; Kondou et al., 1994;
Molina-Holgado et al., submitted results). 4-DAMP inhibited p42mapkactivation in a
concentration-dependent manner, showing that the ICso of 4-DAMP is at a relatively low
concentration of 50 nM. On the other hand, both 1 p M pirenzepine, an M l antagonist,
and 1 p M methoctramine, an M2/M4 antagonist, did not affect the stimulated levels.
These results denote that the M3 is the mAChR responsible for the CCh-stimulated
p42"pk activation.

Subsequently, we investigated the signaling pathway that links the M3 mAChR to
p42m'Pkactivation. The M3 mAChR has been shown to couple to PLC through the

interaction of the a subunit of the PTX-insensitive G,,,, protein (for review see Exton,
1996; Lee and Rhee, 1995). The activation of PLC by CCh or other ACh analogues leads
to the generation of two second messengers, inositol 1,4,5-trisphosphate (IP3) and
diacylglycerol (DAG). It has been well established that IP3 can cause an increase in the
concentration of intracellular calcium as a result of intracellular storage mobilization and

DAG can activate the classical TPA-sensitive PKCs (Bemdge, 1993). Previous reports

provide evidence for the activation of PLC by CCh stimulation of oligodendrocyte
progenitors (Cohen and Almazan, 1994). CCh induces the generation of IP, through PI
hydrolysis as well as the accumulation of intracellular calcium through the mobilization
of intracellular storage sites and the extracelluar influx through calcium ion channels
(Cohen and Almazan, 1994). Furthemore, another report demonstrated that chelation of
extraceilular calcium by EDTA blocked the activation of p42"pk in oligodendrocyte
progenitors (Larocca and Almazan, 1997). However, the requirement of intracellular
calcium may not be ruled out, since the intracellular calcium chelator BAPTA was not
used in the study by Larocca and Almazan (1997). Therefore, we speculated a role for
PLC and its generated second messengers in linking the stimulation of rnAChRs to

downstream activation of p42Mpk.
It is interesting to note that other studies have s h o w that MEKs and MAPKs can
be stimulated by the elevation of intracellular calcium through calcium ionophores,

thapsigargin, elevated extracellular calcium, or membrane depolarization (for review see
Lewis et al., 1998). On the other hand, the question of PKC stimulation of the MAPK
cascade has been addressed, yet in many cases the mechanism is ce11 type dependent.
Phorbol esters activate MAPKs in nearly every ce11 (for review see Lewis et al., 1998).
Larocca and Almazan (1997) demonstrated that CCh-induced p42maPk
activation in
oligodendrocyte progenitors involved TPA-insensitive (or DAG-independent) PKC
isozyme(s), since the PKC inhibitors H7 and bisindolyimaleimide GF109203X, but not
chronic pretreatment with TPA, abolished the mAChR-mediated response.
To investigate the role of PLC, the present study used the PLC inhibitior U73 122

and its inactive analogue U73343 (Tatrai et al., 1994). The active PLC inhibitor U73 122,
but not the inactive analogue U73343, blocked the CCh-stirnulated levels of p42mapk

activation. However, U73 122 administration without CCh stimulation reduced the basai
levels significantly, in cornparison to U73343 which had no effect on basal leveis.
Previous studies have reported that in addition to PLC inhibition, U73 122 may act on
other sites.

Such mechanisms include the inhibiton of both intracelIular calcium

channels, which are activated by formation of IP3 by PLC, and plasma membrane bound
calcium charnels (Pulcineili et ai., 1998). In the absence of CCh stimulation, muscarinic
receptor-coupled PLC is inactive, and thus intracellular caicium channels activated by IP3
are closed.

On the other hand, plasma membrane-bound calcium charnels are

independent of PLC activation and may play a role in transient calcium currents.
Therefore, U73 122 may antagonize plasma membrane calcium channels and as a result
activation, while attenuating the CCh-stimulated
decrease the basal levels of p42maPk
response by inhibiting both PLC activity and calcium channels.
Previously, Lopez-Ilasaca et al. (1997) have demonstrated that p42Mpkactivation
by G-protein coupled receptors c m be mediated by PI3K, a phosphatidylinositol kinase

(PIK), through a process that requires G-protein's By subunits. The wortrnannin-sensitive
P13K isozyme, PI3Ky, can be activated by both the a and the By subunits of
heterotrimeric G-proteins (Stoyanov et al., 1995). Several studies have reported on the
regulation of different PIKs and PI pools by mAChRs.

For example, wortmannin-

sensitive PIKs, such as PI4K (Sorensen et al., 1998), play a role in the endocytosis of

mAChRs (Sorensen et al., 1998), in addition to the regulation of PI pools by mAChRs, a
mechanism that involves the activation of different PIKs (Willars et al., 1998). The

present study investigated whether a wortmannin sensitive PIK is required for stimuiating
p42mwkby CCh. Pretreating progenitors with wortmannin showed that w o r t m a ~ i nwas
not effective in reducing the levels of CCh-stirnulated p42"UPk
activation, and thus P13K
or any other wortmannin-sensitive PIK may not be implicated in the CCh-mediated
process. These results were similar to other recent studies that demonstrate wortmannin
insensitivity of the activation of p42mpkby the M3 mAChR (Wotta et al., 1998).
Therefore. in view of Our present study, we conclude that the M3 subtype is
mediating the activation of p42mspk
in oligodendrocyte progenitors via the action of PLC,
presumably by calcium mobiIization, but not through P13K. We speculated that the
cascade linking the M3 mACm to p42mpk activation does not require classical DAGsensitive PKC isozymes. The requirement of calcium for the activation of p42mapk
hm
been previously reported in oligodendrocyte progenitors (Larocca and Almazan, 1997).
However, contrary to previous reports indicating the involvement of a classical TPAsensitive PKC isozyme(s) (Schonwasser et al., 1998; Young et al., 1996), Larocca and
Almazan (1997) have shown that in oligodendrocyte progenitors, the activation of
p42mapkmay require an afypical PKC isozyme that is TPA-insensitive. Ono et al. (1989)
demonstrated the expression of the atypical PKCG in oligodendrocyte progenitors.
Aotra and Macklin (1994) have also shown the expression of several phospholipiddependent PKC isozymes in oligodendrocyte progenitors, including PKCS and PKCE. In
only
other ce11 lines, studies have shown that atypical PKC isozymes can activate p42mapk
at the level of MEK but not Raf-1, suggesting a different signaling pathway linking

atypical PKCs to MEK activation (Schonwasser et al., 1998). Therefore, it is tempting to
speculate that the CCh-induced activation of p42mapk in oligodendrocyte progenitors

involves an atypical PKC isozyme in addition to a PLC-dependent pathway that generates
calcium, and fiirther studies are needed to elucidate the PKC isozyme(s) involved.
Moreover. the present study investigated nuclear responses downstream of the
mAChRs. Studies in cholinergic nuclear responses in oligodendrocyte progenitors have

been previously reported (Cohen et al., 1996). The investigation of nuclear responses
induced by cholinergic stimulation of oligodendrocyte progenitors can help unravel the
role of mAChRs in oligodendrocyte development. Previous pharmacological and
hnctional studies on progenitor and mature oligodendrocytes have displayed the
presence of several mAChRs subtypes in progenitors that undergo extensive
downregulation during the process of maturation (Molina-Holgado et al., submitted).
This interesting fmding poses the question of the developmental role played by mAChRs
in the maturation o f oligodendrocyte progenitors. Indeed, we have demonstrated that
cholinergic stimulation of oligodendrocyte progenitors induces several developmental
and signaling responses, including increased proliferation of progenitors, second
messengers accumulation, p42rnapk activation, and c-fos gene expression (Cohen et al.,
1996; Cohen and Almazan, 1994; Larocca and Almazan, 1997; Cohen et al., 1996).

Expression of c-fos proto-oncogene has been implicated in ceIl growth, proliferation,
protein synthesis, and inhibition of differentiation (for review see Janknecht et al., 1995).
The prevention of differentiation by c-fos gene expression is an interesting observation
because CCh can stimulate proliferation and not differentiation of progenitors in addition
to the expression of c-fos mRiVA (Cohen et al., 1996).
Therefore, we investigated the downstream signaling events linking mAChR
activation to nuclear responses such as c-fos gene expression. First, the rnAChR subtype

that is mediating the expression of c-fos mRNA was pharmacologically deterrnined.
Since the predominant subtype expressed in oligodendrocyte progenitors is the M3
subtype, and this subtype was also shown to mediate the activation of p42mapk,we
postulated that the M3 is also the subtype responsible for the cholinergie stimulation of cfos mRNA expression.

By using selective mAChR antagonists, we have provided

evidence in this study that the M3 mAChR does indeed rnediate the CCh-stimulated
expression of c-fos mRN-4. Both 4 - D M and 4-DAMP-mustard blocked this response.
Attenuation of c-fos gene expression by 4-DAMP demonstrated dose-dependency
whereby the ICsoof 4-DAMP on c-fos mRNA expression is 10 nM. Both pirenzepine and
methoctrarnine had no effect on the levels of expression.
Furthemore, since the M3 mAChR is coupled to a PTX-insensitive G-protein
which can activate PLC,we postulated a role for PLC in mediating the CCh-stimulated cfos rnRN.4 expression. As we have demonstrated for the stimulation of p42""pk,U73 122
but not U73343 was effective in blocking the CCh-stimulated response. Since Cohen and

Almazan (1994) have provided evidence for the activation of PLC by CCh, Our frndings
support a role for PLC in mediating the CCh-induced c-fos gene expression.

The

present siudy also c o n f m s earlier reports by Cohen et al. (1996) which have shown that
CCh-induced c-fos gene expression is calcium dependent, since PLC can generate an
increase in intracellular calcium through the action of IPJ on the endoplasmic reticulum.
However, Cohen et al. (1996) have s h o w that only the atypical TPA-insensitive PKC
isozymes may be involved in this response. Our results therefore indicate a potential role
for PLC in mediating the CCh-induced response only through calcium and not through
the classical TPA-sensitive PKC isozymes. Further investigations are needed to elucidate

the different TPA-insensitive PKC isozyme(s) that may play a role in modulating the
CCh-stimulated expression of c-fos mRNA.
Other signaling molecules that can potentially mediate c-fos mRNA expression
were investigated.

Wortmannin, a P13K inhibitor, was used to identia a possible role

for PI3K or any other wortmannin-sensitive PIK in mediating the CCh-stimulated c-fos
gene expression. Previous studies have shown that PI3K is a signaling moiecule that is

regulated by receptors with intrinsic or associated tyrosine kinase activities, in addition to
its activation by both a and f3y subunits of heterotrimeric G-proteins (for review, see

Kapellar and Cantley, 1994). PI3K is involved in the regulation of protein synthesis and
ce11 proliferation by mitogens, whereby it can activate a variety of signaling molecules
that include p70S6-kinase which activates the ribosomal S6 protein (Valius et al., 1993;
Seva et al., 1997), many PKC isozymes fiom both conventional and novel families, plus
other kinases including Akt, Bkt, and Rac (for review see Fukui et al., 1998). The
diffexnt activation targets of PI3K lead us to speculate a role for PI3K in stimulating the
expression of proto-oncogenes such as c-fos. However, similar to the mode of p42mapk
activation by CCh, our present findings showed that wortmannin did not significantly
reduce the levels of c-fos mRNA expression upon CCh stimulation.

The fact that both p42maPk
activation and c-fos rnRNA expression are mediated by
the same mAChR, the M3 subtype, suggests that this subtype can plzy a major role in

cholinergie regulation of oligodendrocyte progenitors. It can also be speculated that the

M3 mAChR can also mediate the proliferative action of CCh on oligodendrocyte
progenitors (Cohen et al., 1996). Our findings denote that both responses are mediated
by similar pathways, involving PLC activation, calcium accumulation, and a TPA-

a

insensitive PKC isozyme, but not wortmannin-sensitive PI&. As a result, we questioned
~vhetherboth CCh-induced responses are linked.

Our results demonstrate that

pretreatment with PD 098059, a MEKl inhibitor, at concentrations 1 to 10 PM, did not
significantly reduce the CCh-stimulated levels of c-fos rnRNA. It is important to note
that PD 098059 can inhibit MEKl, the kinase that activates pI2-~', at 1-10 PM, since
the ICso of this inhibitor on MEKl is 2-7 p M (Alessi et al., 1995; Dudley et al., 1995).

At concentrations of 50 and 100 PM, however, PD 098059 caused a significant reduction
but not a total block of the response. Since Larocca and Almazan (1997) have previously
dernonstrated that 10 MMconcentration of PD 098059 is suficient to completely biock
the levels of p4îmaPkactivation in oligodendrocyte progenitors (Larocca and Almazan,

1997), our current results suggest that the MAPK pathway may not be the major pathway

a

linking mAChR stimulation to c-fos mRNA expression. The attenuation of c-fos mRNA
levels at 50 and 100 p M PD 098059 concentration may result fiom non-selective action
of this inhibitor at other MEKs such as MEK2 (ICso = 50 MM). These findings are

intriguing, since many studies have linked the stimulation of the MAPK pathway to
downstream regulation of the c-fos promoter via the activation of transcription factors by
several MAPK species (for review see Janknecht et al., 1995; Gutkind, 1998).
Recent studies in oligodendrocyte progenitors showed a CCh-induced activation
of the transcription factor cyclic-adenosine monophosphate (CAMP) response element

binding protein (CREB) and the activation of the calcium-calmodulin kinase II (CaMK
II) (Pende et al., 1997; Sato-Bigbee et al., 1999). Both effector molecules have been
shown to regulate the promoter of immediate early genes, such as c-fos. Pende et al.

a

(1997) have displayed that both responses are calcium dependent (Pende et al., 1997).

Calcium can aigger various intracellular events including both short term and long term
(Ghosh and Greenberg, 1995). It has also been postulated that calcium signais can
regulate the function of several transcription factors, including CREB (Sheng et al.,
1990), in addition to the modulation of several key regdatory enzymes such as P K ' s
and CaMK's.

Both of these families of kinases have been shown to be able to

phosphoryIate CREB in vitro (Yamamoto e t al., 1988; Sheng et al., 1991). Once
phosphorylatrd, CREB can modulate the transcriptionai activity of several genes by
binding to the CAMP response element (CRE) site at the promoter region. CREB can
modulate the expression of c-fos by binding to the CRE that is present on the c-fos
promoter (for review, see Karin, 1995; Gutkind, 1998). Contrary to our speculations, the
study has also shown that pretreatment with the MEK inhibitor PD 098059 blocked the
activation of CREB by CCh, suggesting the involvement of the MAPK pathway in
stimulating CREB (Pende et al., 1997). Since our present study demonstrated no
significant decrease in the levels of c-fos mRNA expression upon PD 098059
pretreatment? it can therefore be postulated that while the CCh-stimulated activation of
both CaMIUI and CREB are calcium dependent and may play a role in regulating
nuclear responses, the activation of CREB may not contribute to the CCh-stimulated
changes in c-fos gene expression.
The c-fos promoter contains several response elements such as SRE and SIE that
are regulated by transcription factors other than CREB, including AP-1, SRF, Elk- 1, and
Sap-1 (for review see Gutkind, 1998; Janknecht et al., 1995). Moreover, the c-Jun-NH2

terminal kinase (JNK) has been well characterized and identified as a serindthreonine
kinase that c m phosphorylate transcription factors involved in c-fos gene regulation, such

as c-Jun, c-Fos, and Elk- 1. Upon stimulation, c-Fosand c-Jun dimerize to form the AP- 1
transcription factor. Furthemore, the activation of Elk-L facilitates binding to the SRF.
The formation of the AP-1 transcription factor and the binding of SRF to Elk-1 are
crucial regulatory events for c-fos gene expression. Recently, the p38 species of MAPKs
has also been implicated in regulating the activity of certain transcription factors such as
MEF2 and ATF2 that can modulate the c-jun promoter (Han et al., 1997; Gutkind, 1998).

This field of research has been poorly understood and it is currently being investigated.
As a result, further work is required to identiw a role for other pathways or other h W K

species in the transduction cascade that links modulations in c-fos gene expression to
receptor activation.

Our investigations of the pathways downstrearn of the mAChRs that can lead to
c-fos mRNA expression explored the role of PLA2 in linking receptor activation to gene
espression. The product of PLA2 enzymatic activity, arachidonic acid (AA), can be
converted to prostaglandins, thromboxanes, leukotrienes, and other bioactive eicosanoids.
This major eicosanoid pathway has been shown to be activated by cholinergie stimulation

via the odd numbered mAChRs in many systems (for review see Felder, 1995). Recent
reports have descnbed a linkage between AA and its metabolites to the stimulation of the
c-fos SRE through Rac and Rho-dependent mechanisms (Kim et al., 1998; Kim et al.,

1997). Via the activation of Rac and Rho-related proteins, G-protein coupled receptors,
including the mAChRs, c m stimulate MAPK species such as INK (Coso et al., 1995b;
Coso et al., 1996; Minden et al., 1995), and subsequently the modulation of gene
expression such as c-jun and c-fos (for review see Gutkind, 1998). These findings
provided ample evidence that c-fos gene expression may be PLA2-dependent. In

0

oligodendrocytes, studies have shown that AA can mediate several responses, including
MBP phosphorylation and the inhibition of potassium conductances (Takeda and Soliven,
1997: Soliven and Wang, 1995). Our results confirmed our extrapolations, since the

pretreatment of progenitor cultures with either PLA2 inhibitors, quinacrine or AACOCF3,
abolished the stimulated levels of c-fos mRNA. However, m e r studies are needed in
order to determine whether AA itself or any of its metabolites mediate this response, and

therefore, more studies are needed to unravel the metaboiite(s) ieading to this nuclear

response.
In summary. our present study demonstrates that the M3 is the mAChR subtype

~ " ~ and
~ c-fos mRNA expression in
mediating the CCh-stimulated ~ 4 2 activation

oligodendrocyte progenitors. The activation of p42"spkis dependent on PLC but not on a

a

wortmannin-sensitive PI3K. Similarly, the CCh-stimulated c-fos mRNA expression aiso
involves the activation of PLC and PLAS but not a wortmannin-sensitive PI3K.
Although both p42"WPk
activation and c-fos mRNA expression are mediated by the same

rnAChR subtype. our study demonstrates that the activation of p42mJpk
is not necessarily
required for the CCh-mediated c-fos mRNA expression. Further studies are needed to
~ the
" ~
identim the downstream signaling pathways that lead to the activation of ~ 4 2 and

increased expression of c-fos mRNA, including the identification of the PKC isozyme(s)
that mediate(s) both responses, the investigation of other MAPK species that contribute
to the regulation of c-fos gene expression, in addition to the exploration of the role(s) of
AA andlor its metabolites in mediating this nuclear response.

CHAPTER SIX
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