QK
Ho
o
LB
a

TEY =H

NAAE AJASNA} (nerve growth factor, NGF) el
o3t AAE7Y 84 VA

7 19600 dTh ol wt
gk Hxo 44
e, ojg Al 33
AEAES AXA ¢
HEEgol FUH o

Jd2 =u AAAY B

B ol &
ﬂE o YR A H
Folae) ojs) AZE AESL
_‘ﬂ lg-o} \4—0\3:‘ A]?—‘l;\ﬂii____
oy F4sA) ek 412

AT RAIAE PEAG 98

EREEE

& =t (Table 1),

A0 4 3 93, AN

7H3B (plasticity), A'ds 52 B Foll )

o x & ol &t (Landreth, 1999). ¥ =11o)xj= NGFo| 9
- < 3t pheochromocytoma PC12 A|Xe) AAE7) A4
1977-1981  M{Ecistn 4SnE 0/l o] H s =
71RE =40 & Alw 2
1981-1983  S1AATslr|mgl YEJain) (0|54 ’] e7IEE SH2R NGF 7158 doinad
1986-1992  BHRTIS7|SE MEsIn (o]siAp -
1993-1996 Howard Hughes Medical Institute (U. Washington,
Seattle) o422
1983-3(x  ShcEtE oBCHE MsiETA (£ ne &
M 2 1. MM E HEAUK +84)
ARBME 284 A=A} (neurotrophin)= 5 F79J
AZME] VAL nerve gowth factor (NOF)  48400) BFaled 053 Ageken, As=s
Table I. Growth Factors Acting in the Nervous System
Growth factor Receptor Growth factor Receptor
Neurotrophins Transforming growth factor £ superfamily
Nerve growth factor TrkA Transforming growth factors A TGF BRI and RO
Brain-derived neurotrophic TrkB Bone morphogenetic factors BMPRI and RII
factor Glial-derived neurotrophic factor GENFR ¢ +c-ret
Neurotrophin 3 TrkC Neurturin ?
Neruotrophin 4/5 TrkB
Epidermal growth factor superfamily
Neurokines Epidermal growth factor EGFR
Ciliary neruotrophic factor CNTFR @ +LIFR 8 Transforming growth factor & EGFR
+ gpl30 Neuregulins(GGF, ARIA, SMDF, etc.). erbB2, 3, 4
[Leukemia inhibitory factor ~ LIFR 8 +gpl30
Interleukin(IL-6) 1IL6 o +gpli30 Other growth factors
Cardiotrophin 1 LIFR 8 +gp130+4? Platelet-derived growth factor PEGFR ¢ AND §

Fibroblast growth factors
FGF-1 (acidic FGF)
FGF-2 (basic FGF)

FGFR1-4
FGFRI-3

Insulin-like growth factor I

IGFRI
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Neurotrophin Receptors

Fig. 1. Neurotrophin receptors. Neurotrophin family mem-
bers bind specifically to cognate Trk receptors.
The low-affinity neurotrophin receptor p75
promiscuously binds all of the neurotrophins.
NI, neurotrophin: BDNF, brain-derived neurotrophic
factor, NGF, nerve growth factor.

Aeio] we p7sihoE o ArEe] Adsln
T gASdE ¥ UsEe Fa SolHes
SR} Agsit). o]& £ NGF= TrkA%t 2
g}8la1, brain-derived neurotrophic factor (BDNF)$}
neurotrophin (NTW/5< TrkBe} 2§81, neurotrophin3
(NT3)& TrkCet 2¢3Ic} Trk 4=8)+= neurotrophin
7 AFsHE AE W =AY Tyr 2717 4kt
"o} (Fig. 1). NGF& 741733 (sympathetic ganglia)
ol s FAez AFEIVE BT £
RAAAAT & E3) Fo e 7B Ax
Aoz PHo|th TrkAE 140 kDao] AFFEH
o e @ Folw, cell bodytt NZEE710 94|
&} Tyrosine kinase E4do] p75 e} sphingomyelin
T 48 Assit

2. CaveolaeE Efl AM3NY

Caveolae= 50-100 nm X9 A& 7}14 AX
A Z1Bog METoh} MER ZH) FEA|Jch
Caveolaex o8] 714 A|E7)5 2 &S
Fsita geifth & Asdg, AFUAL AR
Aol 2d, MEAPEIY 2L o] BT
caveolaes} ds]o] ot Caveolaco A FQ.3F
hila ZXAMEO caveolin T AZ9] caveolin-],
2, -37F 4ejx Utk Caveolin2+= caveolin-12} 2+
< zFo ¥, Ad# oA caveolin-13}

14

hetero-oligomeric HgAE AL yrHoz
caveolin-3v= 5o Eo|Fo wildz 4Aatol}
o] ZEAENA dEEh Caveolin®g: G AE
& BE] dildAz AN 7% slo, cholesterol/glyco-
sphingolipid &2 #& 5% Adoly} AzdY ¥
AEE 2233 FFA7)e 42 gk Caveoling
A HOZ caveolaed] 3FE AsAd EAEFH
AZ A 7F Atk & H-Ras, heterotrimeric G- 2],
epidermal growth factor <=8, protein kinase C,
Src-family tyrosine kinase, nitric oxide synthase 53}
AgEo] dokh W& AL o As EAEA
caveolino] ZA¥sd o]d BxE9 AAFAPC] &
HAoz ATt Caveolacdt caveolin-1& v-Abl,
H-Ras % Z-& oncogene®] &-4dslol ojgst =
A5 3k wjdolth wEbA wgRAe] 3
AR 2 Wad AHFE caveolin-1& Tt
25 FAAE AAAZA o8 7teE Aol #
74E)3 9lch V-Abl, H-RasZ HAAEE NIH3T3
HZo caveolin-1& WEHA)F)HE, o] AT T
Z2E& AEAA Bl caveolae AL ZFict
I EBE caveolin-13} caveolaeE A WIAF |+
Ro] FAXFE HHIE {FAATI=H ZAHo]
ot olyst #FEY ZAFA caveolae HUIHG
7Hde] FAHENUY F ofd uigAge] AsAG ¥
A7} caveolace] 2IX|8MH E4syt 2EHY e
AaAG Azete] 4T ugE wpsfE. 28
B2 caveolin® EH3} caveolin 4§ motife] Q14
S 38l BE tE FHY Jsig £A4E9
negative ZHALEA] AT} (Smart er al, 1999:
minireview). ©]2]gt AEo] ARAMe] NEAGTH
T BAZL JE71? Caveolin®] mRNASH whufzle
northern bloto]u} western blot2 Este] ZAMS| B
A AAZ HA F JeuA geth adA =
A caveolino] LR 9= AHOE AZiE o]
it} A& neurcblastoma M oM T AT
A sk} ole Mo FAHF & caveolin-1
7} caveolae} WA WAE7] wFolth HIeE
H3l5= PCI2 A|E9} dorsal root ganglion neuron
ol Al caveolin-13} 29 W&o| olE9] FAE ol &
3td ZAALEYE (Galbiati er al., 1998). o]& [z
L FuAEl7] 93k caveolae-like domain©] neuron
o] 918 Anto 2 HE] tyrosine kinase 4§42 &7
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AALAUE. A7ldle o g SRAE (F scrapie
prion ThAAL ¥F}3le] insulin 4284, neurotrophin
FEA, TikB, p75"" NGF +84 $)= 2492
o} p75"® NGF 48-3= caveolae =}7} ZAE =0
2131 caveolin-17} coimmunoprecipitation F T} Caveolae
o} AEA GTP-Z§ @Al Rassle] #A7}
29 BuE%ch (Roy ef al., 1999). Caveolin-1 ¢hH
A9l dominant negative mutant$] CavDGV+ H-Ras
o oJ3te) BA3}s)= Rafe) 43S 978 A3
st} vt CavDGVeE] ASjEF = A E2he] chole-
sterol 2 HFEFH 43 FEHT WiviE o
cholesterolE& T ZA)F)E=  cyclodextring  *jg}s}H
CavDGV &#7t veldot olejgt A7z 029
Bo} caveoling cholesterolo] 2]3] o]Z&)H, chole-
sterolo] FRIF AET FHES B3l MDA
AT A& o % AT Roy a dl, 1999).

3. NGF receptor®} caveolae A

Caveolae®] EA| Tl caveoling p75 e 4l
TAY 2o 91As}H, caveolino] FHFHZH o=z
p75"Ra} Aglsie}. PC12 MEo] caveoling T
A)7)3l, NGFE x]2)8hd PCI12 M| X9 neurite 34
o] gojubx] grom, TrkA A9 =79 & 7]
Zto] Zol==d] o] AL caveolin®} TrkAS] 2747
9 AF mEo] Yojurk AAZ caveolind} TrkA
+ coimmunoprecipitation® ™, NGFej 2j3+ TrkAo]
AA7}¢12k8F 4o 7+adhe) Caveoline] T+
PC12 M FEAME NGF M50 o3k TrkAS] tyrosine
kinase &43& AT p75 9] sphingomyelin 7}
BajgAo) ZUl3t) o] wFojHo} caveolino]
neurotrophin 589} A8 p7s' L TkAS 73
Fake AsEe 7%ES 2AYYE AE ¢
4 9T} (Bilderback ef al, 1999; Huang ef al., 1999).

4. MAP kinase

Rss AL o3 £59] a9 w4 vude
JHAtk 2 Raf kinase, phosphatidylinositol-3-phosphate
(PI3) kinase, 1@]1l Ral-specific guanine nucleotide
exchange factors (Ral-GEFs) o} of7]o] Z£3ich
NIH3T3 A XofAq+ Raft} Pl3-kinased] #AlS uj
AZ 8] Rass MEZHOG ¢ WolE AED

k. PC12 M EME Rasol]l o8 F=He NTA
FAA) 2 AANE Hel 2 #3515 843l Raf
¢} PI3-kinase So| wi7|3lc}. o]&d HA Mitogen-
activated protein kinase (MAP kinase) ZAE2E go}R
W, o)& neurotropinge] FEo) FL3I} q8E @
o RuEYc. PDIS09E HelAoZ MAP
kinase kinase (MEK)E A &gttt NGFo| 2l3}o
MEK9] 4o 4iiAE F715A)R), o)A o} PDI059
o 9J&t $A3) A AT} PDIBSYE NGFef <
sto] B4l pld0 Trk 849} £+&A9 713
Q1 Shee] Tyr QUAMste) obfdd s FA @2
o, NGF-2|&3 Pl3-kinase 843E AdfisiAle &
£ 22} PD980s9E AEFAdE JTFL 7A
A oA NGFel] oJgt A4E7]9 34& 44
3] At debA] ojeigt A= MAP kinase 7
27} NGFol| &3t PC12 A28 A7 &3l A
o2 gag Ade ekl Fok (Pang e dl,
1995).

5. P38 Pathway

NGF= ERK/MAP kinaseE A &Aoo 2 &AI3)A
#A PCI2 Axo] £315 ZR8h=t] W5t epidermal
growth factor (EGF)= ERK/MAP kinaseE QA3 0.
2 BSNA MEAEE Fhdd a8 A%
Z© 2 ERK/MAP kinase?] &4-& #8}3te]= NGF
o o3t ABME Eal= A=A g, oA
OE JsAY A2 AdSE ¢AEh & NGF=
pejgte & OB EAE A&HoE AL
ot mebA p3go] AT AAE7S] Aol A
ek 3 43S ERK/MAPK kinase (MAPKK,
MEK)E MZ ujo] TEA7IH ERK/MAPK Mgk
ofviz} p3’E BASIEEH, oY HAHE NAE
71= p382l AsjAjo] &) As|=Eck Constitutive
positive mutant®] p382 EGF7} xe]® PCI2 AE
X ABEVIE AT o]ROE Ho} p3ke
AREY) Ao I5H] 4TS 29S¢
21t} (Morooka and Nishida, 1998).

6. PI3-kinase

PI3-kinaseE #{3[5}H NGFoj Qg f=se A
BE719 A7l MaiErt. P3-kinases] 9L 1
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ZA8b7] 9)5te] Pl3-kinaseE PCI12 MTolA whl
A17]" Pl 34-diphosphate2} PI 3,4,5-triphosphate7}
F7tEol AAE7] FARIZE AAE o]F &)
o] 43L& Pi3-kinase®] HeAA A3 wortmannin
d ol Asdc} o] Hol Pl3-kinased] A
o] o]ag E7] FAMAY FAel F83the A&
& & gtk E7] A9 ddele Feactinolu)
GAP430] Zslo] QA @, ol B4 4}
A7k AREAS Wmale) BYS) HEol

2 E7] fFAH Y= microtubuleo] WEE o] 9]
t}. PI3-kinase’} -+%=%% Jun N-terminal kinase
(INK)7} &A1} ™, mitogen-activated protein kinase
(MAPK)Y} protein kinase B/Rac protein kinase/Akt
L A48 HA e oldeE Hol PCl2 A
FoA AAE7|e] A7e Pl3-kinased] 43
INKe] 84o] Fa3lthe A& & 4 vt (Kobayashi
et al., 1997).

7. RalA pathway

PC12 A XA Ral-GEF 42 ThE Ras effector
deldals widle] 715¢ gtk Ral-GEFE FE
gA31A4 4 v £l Ras dilde Ed
2234 Al7]At Ral-GEFe] Zuf B3] Rgr& E
H2HHA A Ral-GEFS 848 F7HA7)H, NGF
o o3 fr=HE AREANY FAoly AE BF
AA7} A d}. Brlsled Raf kinaseE X338l
E¢o| Ras iAo 93 fEHE NFE7Y
AR= Rgol 98t ZAdrk t7Y dominant
negative Ral ZAWo|E W&AA|A Ral-GEFS] 74
S AA7IE, ARAAZL 7HEEL NGF A2l
o3 AAE7|9 AFFo] 7Tt Ral-GEFe] &4
£ Cded28} Race} & RhoFo] AEA GTP-AF
Gl As AHgow 1 7% el & 9k
NGFol] 9lale] & A7t F<t 43t Rasdhe
g2 Rale < 20 & Ax FAztdd) o]z #
#A=2 v]Fo] Ko} NGFd| 98 F ==+ Ral-GEF
o ANFAY 7% £ A= 2 Ras effectoro]
g8 feHE AX 4% 24 2 ABENY 4
A& A7IN7IE Rolth EF olH T AMIER 7|
Fo] Hol Ras @A M2 T effector T2
& Fild B3 AfNE 2 B3} FAN5E F
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Aol 74 & o 2#A ofd MEME Ras
effector A7 &4 vl 2 £ 24
o] NE7} BF3AY Ealske MEe ¥HE 2
Aated g% 2838 Aew WyAATY (Goi e al,
1999). =3 RalAx calmodulin®} Z¥rsled wroz
Be] gl Hed, ol AXW Ca+e] EAd ¢
3 RalA9) 7]%o] Wgdrhe AL s, Ca”
of deiiE WAFE7 Aol == oA
At} (Park et al., 1999).

8. Cell cyclegl &X|

AEe] HEHA F ABART Eshe 479
HAsh W8] A7) Utk PCIAES] NGFol
9% pae mdz dd AE 4%E Adsle
N2 233G A2E gopd & ot PCI2E
NGFZ 233 nitric oxide synthase (NOS)7} Hri=
gt} (Peunova and Enikolopov, 1995). A% nitric
oxide (NO)& 2%} Aoz g3l p21™Fg
promotorE  FAZAIAH  p21™' cyclin-dependent
kinase inhibitore] H8E 2R NOE psi-o]=
2 -mjgzd sdes pt" promotorE &
gAIZIT NOSe] AsiAE AME-ste] NOo| A
& A, ps3e] o] zastm p21™
promotor7} EA43lE0, NAAE FAA} By
1 ARSI 338 p21ol e
Ao BeIts 2AE gste] pi™ =

LHAE S PCI2 M ¥ EdATNG 1 53
£ Holth NOSE AAR Asfjstd AAFE7]
7o) AAFH A, p21'e) BHE FEaE A
A=7el Aol Lade FEa =
p21"¥le NGFel ol fxEsHe p21Vy kg

vl o]z HAH NGFe A3 NOS, ps3,
p21Ye AR AEo] AL AT Wk olyel,
OJE& E3F PCI2 N ARAER Elojx ¥
g3itE AE oA =AUk (Poluha, e al., 1997).
89, Rhoo] Azdo] As|=™  constitutive
positive mutant®] Ras7} p21™VP'e] W e x5t
o DNA 44 feste MEF7IZ Ao o
A€ok ¥hHo| Rhort EAEEW Raso] o3t
p21" el g wr) ofAEn DNA §H4o] Azt
. p21YVPlo] AdE MEE Rase] 43}l 9



s28 =0

3] 5% DNA Aol RhoZ Fo 2 314 &+
o o] 2 ol Y& Ras7t S4B Rho A
59 YA Bage 1™V fEg oA
3= Aolt} (Olson er al., 1998).

9. AIEME E7| HHollM Cdcd2/RacT/RhoA

o oA

RhoZ Y AEL NAHMEI} opd AEE)A
actinol] o MEHelo] A Fog LS
T} (Hall, 1994). Cdcd2¢} Racl-& neuroblastomagl
NIE-115 MEel] wqFAePE Axe] NFE7E
we} filopodia % lamellipodia”} A4 E 1t} RhoA2)
71%5& As|de C3 exoenzymeS A|Eol| v]A|FY
3l AR U acting F27} $=Hk C3 exoenzyme
7 dominant negative E¢Ho]¢l Cded2TITNEG ¢
A wlAFdsrd (39] 77t ARfRIT Acetylcholine
neuroblastoma] A}AHE7) (growth cone)o) filopodia
3 lamellipodiaZ 3 AA)7]&=d), o] o dominant
negative EAH0]Q) Cded2TI7N % RaclTI7NE ©]
AFRAeHR olEo] AR %=t Lysophosphatidic
acid (LPA)E RhoAE A=3le] AHE71E 343t
€t wale] RhoAE Hddle C3& AAE7E
RN Koama e dl, 1997). CdoA2/Race] dominant
negative mutants, C3 transferase 2 RhoGAP pl90 %
o] nonpyrimidal A1 ZAIXS] Uz} E719) FAHE A
a3l W8, constitutive mutant$] Rho, Rac, Cdcd2
T Y& AAEEVIY ¥AE Z7MAIY (Threadgill
et al., 1997). RhoAe] 9&9 tsixes A& &
BARE QAAT o] AL EZHE Cded2/Racl E
RhoA7} 2173M2 9] Fepists e Aang
AR #dsla IS ¢ F it

10. Downstream of Cdc42/Rac1

RhoZe] GTPasel o2} £79] AZBo|A AX
Z29] 74 JuE 2FEec p2l-activated kinase
(PAK)XE Rac¥} Cdcd29] downstream effector THul 2l
F shtEAM daAxe F4 49 ¥l #9
=o] Slrh NGFell oJ& PCI2 A3 XZFE7]9
A2 dominant negative Z@wWolQl Rac2
Cdea2ell 9la| ASHLE ol NGF Az
Rac2 @ Cded20] FR3ig= RAE YehiEoh

PAK S| C-wto] isoprenylationo] EE2 3} PAK
o] wo g o|E3ln NGF Ansl ulLslA A4S
71E =3l o] Ae PAKQ| kinase 4] wjEo]
ofle} N-2T @ C-ET X fio|tt. PAKY
N-Zet g C-gdo] AT o]l 1o NGFe ¢
& NAE79 AAE A= dominant negative
AHAZA HEJT 0|2 plFe] Mol PAKS
Rac @ Cded29] downstreamel] & @22 NGF
oA 9@ FEs) dye VsHY Fzd e
the A2 Jeh) o} (Daniels et al., 1998).

meE &

£ FAAE NGFo| 9% PC12 X9 AAE
7] BA7AL PR A 85k NGF7} caveolae
of &Askes p75u TrkAG=E-Alo A3t 483
o AX W =udd RIS dejun
MAPK A=, p38 A=, PI3-Kinase A& 2 RalA 7A
2 5 53l 2zHgo] doldr) oju A Ee]
e FHAAA Hed, ok p™Me gzt
1& A Aok AR il M2 AEX 24
o] Waol Cded2/Racl, RhoA S1} 2& A&}
GTP-2% @A E0] Podsin, down-streamZoll =
HExt GTP-AY @UASd 98 9 2=
PAKY} 7& gidEo] g a8y o}F
PCI12 A X9 neurite Ao HEZAHL o9 =
HleAT A3 dA A dsich

ik
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