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c ell s

A b s t r a c t

A d ult n e ur o g e n e si s i s a wi d e s pr e a d p h e n o m e n o n o c c ur-

ri n g i n m a n y s p e ci e s, i n cl u di n g h u m a n s. T h e f u n cti o n al

a n d t h er a p e uti c i m pli c ati o n s of t hi s f or m of br ai n pl a sti ci-

t y  ar e  n o w  b e gi n ni n g  t o  b e  r e ali z e d.  C o m p ar ati v e  a p-

pr o a c h e s  t o  a d ult  n e ur o g e n e si s  will  yi el d  i m p ort a nt

cl u e s a b o ut br ai n r e p air. H er e, w e c o m p ar e a d ult n e ur o-

g e n e si s i n bir d s a n d m a m m al s. W e r e vi e w r e c e nt st u di e s

o n t h e gli al i d e ntit y of st e m c ell s t h at g e n er at e n e w n e u-

r o n s, t h e diff er e nt m o d e s of mi gr ati o n u s e d b y t h e n e wl y

g e n er at e d n e ur o n s t o r e a c h t h eir d e sti n ati o n s, a n d h o w

t h e s e  s y st e m s  r e s p o n d  t o  e x p eri m e nt all y  i n d u c e d  c ell

d e at h. W e i nt e gr at e t h e s e fi n di n g s t o a d dr e s s h o w c o m-

p ar ati v e a n al y si s at t h e m ol e c ul ar l e v el mi g ht b e u s e d f or

br ai n r e p air.
C o p yri g ht © 2 0 0 2 S. K ar g er A G, B a s el

I n t r o d u c ti o n

N e ur o g e n e si s i s a l ar g e- s c al e d e v el o p m e nt al p h e n o m e-

n o n  t h at,  o n  a  s m all e r  s c al e,  p e r si st s  t h r o u g h o ut  a d ult-

h o o d i n a wi d e r a n g e of s p e ci e s s p a n ni n g t h e p h yl o g e n eti c

tr e e, fr o m i n s e ct s t o h u m a n s [ P ol e n o v a n d C h et v er u k hi n,

1 9 9 3; C a y r e et al., 1 9 9 6; Al v a r e z- B u yll a a n d Ki r n, 1 9 9 7;

G ol d m a n, 1 9 9 8; G o ul d et al., 1 9 9 9 a; M a r c u s et al., 1 9 9 9;

S c h mi dt  a n d  H a r z s c h,  2 0 0 0;  F o nt  et  al.,  2 0 0 1;  Z u p a n c,

2 0 0 1].  B ot h  i n  e m br y o g e n e si s  a n d  i n  a d ult h o o d,  a n d

a cr o s s m a n y s p e ci e s, si mil ariti e s e xi st r e g ar di n g t h e sit e of

n e ur o n al  birt h,  i d e ntit y  of  st e m  c ell s,  f a ct or s  r e g ul ati n g

pr e c ur s or pr olif er ati o n, a n d t h e mi gr ati o n a n d diff er e nti-

ati o n  of  n e ur o n s.  H o w e v er,  i m p ort a nt  diff er e n c e s  al s o

e xi st  a m o n g  s p e ci e s  i n  t h e  s p ati al  di stri b uti o n  of  a d ult-

g e n e r at e d n e u r o n s, i n t h ei r m o d e of mi g r ati o n, a n d p h e-

n ot y pi c di v er sit y. St u d yi n g t h e c o m m o n aliti e s a n d diff er-

e n c e s of n e ur o g e n e si s al o n g t h e d e v el o p m e nt al a n d p h yl o-

g e n eti c c o nti n u u m pr o mi s e s t o yi el d cl u e s a b o ut t h e b a si c

bi ol o g y of a d ult n e ur o g e n e si s a n d, t h er ef or e, al s o a b o ut it s

p ot e nti al f o r b r ai n r e p ai r. I n t hi s r e vi e w, w e will c o m p a r e

n at ur all y o c c urri n g a d ult n e ur o g e n e si s i n a vi a n a n d m a m-

m ali a n cl a s s e s a n d h o w t h e s e s y st e m s r e s p o n d t o e x p e ri-

m e nt all y i n d u c e d c ell d e at h. W e will al s o di s c u s s r e c e nt

c o n c e pt s e m er gi n g fr o m d e v el o p m e nt al st u di e s t o s p e c u-

l at e o n f ut ur e p at h s t o w ar d s r e g e n er ati o n of a d ult br ai n s.

Si mil a r O ri gi n s b u t Di f f e r e n t D e s ti n a ti o n s

A s d uri n g e m br y o g e n e si s, a d ult n e ur o g e n e si s o c c ur s i n

r e gi o n s a dj a c e nt t o t h e v e nt ri cl e s, i n bi r d s i n t h e v e nt ri c u-

l a r z o n e ( V Z) [ G ol d m a n a n d N ott e b o h m, 1 9 8 3; Al v a r e z-
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N e u r o g e n e si s a n d R e g e n e r ati o n i n A d ult
Bi r d s a n d M a m m al s

B r ai n B e h a v E v ol 2 0 0 1; 5 8: 3 0 6 – 3 2 2 3 0 7

Fi g. 1. S a gitt al s c h e m ati c o v e r vi e w of n e u r o-
g e n e si s i n t h e a d ult r o d e nt a n d a vi a n b r ai n.

A I n mi c e, hi g h l e v el s of n e u r o g e n e si s o c c u r

i n t h e s u b v e nt ri c ul a r z o n e ( S V Z; o r a n g e) a n d
t h e hi p p o c a m p u s ( H P), w h e r e m o st n e u r o n s
a r e i n c o r p o r at e d i nt o t h e d e nt at e g y r u s ( r e d).
N e u r o bl a st s b o r n t h r o u g h o ut t h e S V Z of t h e
l at e r al w all of t h e l at e r al v e nt ri cl e ( L V) mi-
g r at e  al o n g  t h e  r o st r al  mi g r at o r y  st r e a m
( R M S) t o t h e olf a ct o r y b ul b ( O B), w h e r e t h e y
diff e r e nti at e  i nt o  i n hi bit o r y  i nt e r n e u r o n s
( r e d  d ot s).  T h e  c e r e b ell u m  ( C B)  d o e s  n ot
a p p e a r t o i n c o r p o r at e n e w n e u r o n s i n a d ult-
h o o d. B I n  bi r d s,  n e w  n e u r o n s  a r e  b o r n  i n
t h e  v e nt ri c ul a r  z o n e  ( o r a n g e)  of  t h e  l at e r al
v e nt ri cl e  ( L V).  F r o m  t h e r e,  t h e y  di s p e r s e
wi d el y  a n d  diff e r e nti at e  i nt o  n e u r o n s
t h r o u g h o ut  m a n y  r e gi o n s  of  t h e  f o r e b r ai n
( r e d d ot s). P a rti c ul a rl y hi g h l e v el s of n e u r o n-
al i n c o r p o r ati o n o c c u r i n t h e l o b u s p a r olf a c-
t o ri u s ( L P O), w hi c h f o r m s p a rt of t h e a vi a n
b a s al  g a n gli a.  N u cl e u s  H V C  of  t h e  ci r c uit
t h at  c o nt r ol s  s o n g  l e a r ni n g  a n d  p r o d u cti o n
al s o r e c ei v e s a hi g h e r p r o p o rti o n of n e w n e u-
r o n s  t h a n  s u r r o u n di n g  a r e a s.  H V C  s e n d s
p r oj e cti o n s  t o  A r e a  X  ( X)  wit hi n  L P O  a n d
al s o t o w a r d s t h e r o b u st n u cl e u s of t h e a r c hi s-
t ri at u m ( R A), w hi c h i s p r e- m ot o r i n n at u r e.
N o n e w n e u r o n s i n c o r p o r at e i nt o eit h e r t h e
a d ult R A o r t h e c e r e b ell u m.

L V

L V

R M S

H P

H P

O B

C B

C B
L P OX

O B

R A

H V C

A

B

B u yll a  a n d  N ott e b o h m,  1 9 8 8;  Al v ar e z- B u yll a  et  al.,

1 9 9 8], a n d i n mi c e i n t h e s u b v e nt ri c ul a r z o n e ( S V Z) [ G a r-

cı́ a- V e r d u g o et al., 1 9 9 8] (fi g. 1). S p e ci ali z e d c a s e s ar e t h e

r o d e nt hi p p o c a m p al n e ur o g e ni c s u b gr a n ul ar z o n e, w hi c h

i s o ri gi n all y d e ri v e d f r o m t h e S V Z, b ut i n a d ult s i s n o l o n-

g e r c o nti g u o u s wit h t h e v e nt ri cl e [ Alt m a n a n d D a s, 1 9 6 5;

Alt m a n a n d G o p al, 1 9 6 5; Alt m a n a n d B a y e r, 1 9 9 0 a, b];

a n d n e u r o g e ni c z o n e s n e a r t h e mi dli n e i n t h e m ol e c ul a r

l a y e r  of  v a ri o u s  s u b di vi si o n s  of  t h e  c e r e b ell u m  i n  a d ult

t el e o st fi s h [ Z u p a n c, 2 0 0 1]. Pr e c ur s or s i n t h e s e g e r mi n al

r e gi o n s di vi d e t o gi v e ri s e t o n e u r o n s t h at mi g r at e t o t h ei r

ulti m at e d e sti n ati o n s w h er e t h e y diff er e nti at e i nt o m at ur e

n e ur o n s of di sti n ct p h e n ot y p e s.

D e s pit e a c o m m o n ori gi n, n e ur o n s b or n i n a d ult h o o d

di s p er s e i nt o diff er e nt br ai n r e gi o n s i n diff er e nt s p e ci e s.

I n c ol d- bl o o d e d v ert e br at e s a n d bir d s, n e w n e ur o n s i n c or-

p o r at e  i nt o  m a n y  r e gi o n s  t h r o u g h o ut  t h e  a d ult  t el e n-

c e p h al o n [ Al v ar e z- B u yll a a n d N ott e b o h m, 1 9 8 8; s e e al s o

r e vi e w s b y F o nt et al., 2 0 0 1; a n d Z u p a n c, 2 0 0 1], w h e r e a s

o nl y t h e a d ult olf a ct o r y b ul b a n d hi p p o c a m p u s a r e n o w

wi d el y a c k n o wl e d g e d t o i n c o r p o r at e n e u r o n s i n all m a m-

m al s  st u di e d  s o  f a r  [ Alt m a n  a n d  D a s,  1 9 6 5;  Alt m a n,

1 9 6 9;  G o ul d  a n d  C a m e r o n,  1 9 9 6;  G o ul d  et  al.,  1 9 9 7;

E ri k s s o n  et  al.,  1 9 9 8;  G a g e  et  al.,  1 9 9 8;  G o ul d  et  al.,

1 9 9 9 a;  K o r n a c k  a n d  R a ki c,  1 9 9 9,  2 0 0 1 a;  Ri et z e  et  al.,

2 0 0 0; P e n c e a et al., 2 0 0 1 a], d e s pit e i niti al r e p o rt s t o t h e

c o ntr ar y  [ R a ki c,  1 9 8 5;  E c k e n h off  a n d  R a ki c,  1 9 8 8]

(fi g. 1). O ut si d e of t h e s e n e ur o g e ni c r e gi o n s, l o w l e v el s of

o n g oi n g a d ult n e ur o g e n e si s mi g ht o c c ur, b ut e vi d e n c e i s

c o nt r a di ct o r y. I n r o d e nt s a n d c at s, f e w o r n o a d ult b o r n

n e u r o n s h a v e b e e n f o u n d i n t h e n e o c o rt e x [ Alt m a n, 1 9 6 3;

K a pl a n, 1 9 8 1; M a g a vi et al., 2 0 0 0], w h e r e a s i n p ri m at e s

r e p o rt s  v a r y  f r o m  n o  t o  c o n si d e r a bl e  a m o u nt s  of  a d ult

n e ur o g e n e si s  [ G o ul d  et  al.,  1 9 9 9 b;  Gr o s s,  2 0 0 0;  N o w a-

k o w s ki a n d H a y e s, 2 0 0 0; K or n a c k a n d R a ki c, 2 0 0 1 b].
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3 0 8 B r ai n B e h a v E v ol 2 0 0 1; 5 8: 3 0 6 – 3 2 2 D o et s c h/ S c h arff

Di f f e r e n t M o d e s o f Mi g r a ti o n S e r v e Di f f e r e n t

D e s ti n a ti o n s

D uri n g  br ai n  hi st o g e n e si s,  n e wl y  g e n er at e d  n e u r o n s

utili z e  diff er e nt  m o d e s  of  mi gr ati o n  t o  r e a c h  t h eir  fi n al

l o c ati o n:  r a di al  gli al- g ui d e d  mi gr ati o n,  s o m al  tr a n sl o c a-

ti o n, a n d t a n g e nti al mi gr ati o n. D uri n g r a di al gli al- g ui d e d

mi gr ati o n,  n e ur o n s  mi gr at e  a w a y  fr o m  t h eir  birt h pl a c e

al o n g t h e fi b e r s of r a di al gli a [ R a ki c, 1 9 7 2, 1 9 9 5; H att e n,

1 9 9 3], w h o s e c ell b o di e s a r e l o c at e d i n t h e V Z a n d w h o s e

p r o c e s s e s s p a n t h e wi dt h of t h e d e v el o pi n g b r ai n a n d e n d

o n t h e pi al s u rf a c e [ S c h m e c h el a n d R a ki c, 1 9 7 9 a; G a di s-

s e u x et al., 1 9 8 9]. I n s o m al t r a n sl o c ati o n, a n e u r o n m o v e s

t o w ar d s t h e s urf a c e of t h e br ai n wit h o ut r a di al gli al g ui d-

a n c e t h r o u g h it s o w n r a di al p r o c e s s t h at i s i n c o nt a ct wit h

t h e s u rf a c e of t h e b r ai n [ M o r e st, 1 9 7 0; Mi y at a et al., 2 0 0 1;

N a d a r aj a h et al., 2 0 0 1]. R a di al mi g r ati o n h a s b e e n p r o-

p o s e d  t o  b e  i m p o rt a nt  f o r  t h e  f o r m ati o n  of  f u n cti o n al

r a di al u nit s i n t h e b r ai n [ G r a y et al., 1 9 8 8; R a ki c, 1 9 8 8;

N o ct or  et  al.,  2 0 0 1].  I n  c o ntr a st,  t a n g e nti al  mi gr ati o n

all o w s  f o r  t h e  di s p e r s al  of  n e u r o n s  al o n g  p at h w a y s  p e r-

p e n di c ul a r t o a n d n ot ‘ s e r v e d’ b y r a di al gli a, e n a bli n g n e w

n e ur o n s  b or n  i n  si mil ar  n ei g h b or h o o d s  ( a n d,  t h er ef or e,

p o s si bl y  wit h  si mil ar  c h ar a ct eri sti c s)  t o  di s p e r s e  wi d el y

t hr o u g h o ut  t h e  br ai n  [ P ar n a v el a s,  2 0 0 0].  T h e  diff er e nt

s p ati al di stri b uti o n of a d ult-f or m e d n e ur o n s i n mi c e a n d

bi r d s ( r e st ri ct e d i n mi c e a n d wi d e s p r e a d i n bi r d s) i s li k el y

d u e t o t h e f a ct t h at r a di al gli a a r e m ai nt ai n e d t h r o u g h o ut

a d ult h o o d i n bi r d s, b ut n ot i n mi c e [ S c h m e c h el a n d R a k-

i c, 1 9 7 9 a, b; Al v a r e z- B u yll a et al., 1 9 8 8]. I n c o nt r a st, t a n-

g e nti al  mi gr ati o n  p er si st s  i n  t h e  g er mi n al  r e gi o n s  of  all

a d ult v ert e br at e s w h er e it h a s b e e n i n v e sti g at e d [ D o et s c h

a n d Al v a r e z- B u yll a, 1 9 9 6; L oi s et al., 1 9 9 6; S c h a rff et al.,

1 9 9 8; K or n a c k a n d R a ki c, 2 0 0 1].

U ni v e r s al W e b o f N e w N e u r o n s

I n  r o d e nt s,  t h e  a d ult  g e r mi n al  S V Z,  w hi c h  g e n e r at e s

n e u r o n s d e sti n e d f o r t h e olf a ct o r y b ul b, i s a t hi n l a y e r of

c ell s a dj a c e nt t o t h e l at e r al w all of t h e l at e r al v e nt ri cl e. It

h a s  b e e n  s u g g e st e d  t h at  t h e  S V Z  i s  c o m p a rt m e nt ali z e d

i nt o a s m all a nt e ri o r n e u r o g e ni c r e gi o n, t h e S V Z a, a n d a

l a r g e p o st e ri o r e x p a n s e, w hi c h i s gli o g e ni c o r i n w hi c h di v-

i di n g  c ell s  u n d er g o  a b orti v e  d e at h  aft er  mit o si s  [ S m art,

1 9 6 1; P ri v at a n d L e bl o n d, 1 9 7 2; M o r s h e a d a n d V a n d e r

K o o y, 1 9 9 2; L u s ki n, 1 9 9 3; L e vi s o n a n d G ol d m a n, 1 9 9 3].

H o w e v er, w h ol e m o u nt pr e p ar ati o n s t h at e x p o s e t h e e n-

ti r e s u rf a c e of t h e l at e r al v e nt ri c ul a r w all r e v e al t h at t h e

l e n gt h of t h e S V Z i s t r a v e r s e d b y a n e xt e n si v e n et w o r k of

c h ai n s  of  mi gr ati n g  i m m at ur e  n e ur o n s  ( c all e d  n e ur o-

bl a st s) st ai n e d wit h a n a nti b o d y a g ai n st a p ol y si al yl at e d

n e ur al  c ell  a d h e si o n  m ol e c ul e,  P S A- N C A M  (fi g. 2 A,  F)

[ D o et s c h  a n d  Al v ar e z- B u yll a,  1 9 9 6].  N e wl y  g e n er at e d

n e u r o n s e v e n f r o m c a u d al r e gi o n s of t h e S V Z ( at t h e l e v el

of t h e p o st eri or hi p p o c a m p u s) mi gr at e 5 – 8 m m r o str all y

t o r e a c h t h e olf a ct or y b ul b w h er e t h e y diff er e nti at e i nt o

i n hi bit or y i nt er n e ur o n s. T hi s w a s s h o w n b y tr a n s pl a nt a-

ti o n of g e n eti c all y l a b el e d S V Z ti s s u e a n d b y f o c al l a b eli n g

of e n d o g e n o u s S V Z c ell s wit h t h e li p o p hili c d y e 1, 1 )- di-

o ct a d e c yl- 3, 3, 3 ), 3)-t etr a m et h yli n d o c ar b o c y a ni n e p er c hl o-

r at e  ( DiI)  [ L oi s  a n d  Al v ar e z- B u yll a,  1 9 9 4;  D o et s c h  a n d

Al v ar e z- B u yll a,  1 9 9 6].  T hi s  t a n g e nti al  mi gr ati o n  o c c ur s

t hr o u g h  h o m o p hili c  i nt er a cti o n s,  wit h o ut  t h e  n e e d  f or

r a di al gli a [ L oi s et al., 1 9 9 6; P e r ett o et al., 1 9 9 7; Wi c ht e rl e

et al., 1 9 9 7].

Fr o g s,  g e c k o s,  alli g at or s,  s o n g bir d s  (fi g. 2 C,  E),  r at s,

c at s  (fi g. 2 G),  a n d  pri m at e s  ( s q uirr el  m o n k e y  a n d  m a-

c a q u e; fi g. 2 H) all h a v e p at h w a y s of t a n g e nti all y mi gr at-

i n g n e ur o n s i n t h e v e ntri c ul ar w all, alt h o u g h t h e d e sti n a-

ti o n s of t h e n e wl y g e n e r at e d n e u r o n s h a v e n ot y et b e e n

m a p p e d i n e a c h s p e ci e s [ S c h a rff et al., 1 9 9 8, F. D o et s c h

a n d A. Al v ar e z- B u yll a, u n p u bl. o b s.].

I n s o n g bir d s, f o c al i nj e cti o n s of t h e li p o p hili c d y e DiI

or  t h e  pr olif er ati o n  m ar k er  br o m o d e o x y uri di n e  ( Br d U)

i nt o  t h e  m o st  a cti v el y  pr olif er ati n g  r e gi o n s  i n  t h e  V Z,

c all e d h ot- s p ot s [ Al v ar e z- B u yll a et al., 1 9 9 0], i n di c at e t h at,

a s i n mi c e, t h e di r e cti o n of n e u r o n al mi g r ati o n i s r o st r al,

b ut t h at i n a d diti o n, t h e r e i s a st r e a m of mi g r ati n g n e u r o n s

c o ur si n g  v e ntr o- c a u d all y  u n d er n e at h  t h e  c a u d al  t el e n c e-

p h al o n (fi g. 2 C). I n c o ntr a st t o mi c e, t h e m aj or d e sti n ati o n

of t h e r o str all y mi gr ati n g P S A- N C A M- p o siti v e n e ur o n s i s

n ot  t h e  olf a ct o r y  b ul b  w hi c h  i s  r el ati v el y  s m all  a n d  n ot

c o n si d er e d  a n  i m p ort a nt  s e n s or y  pr o c e s si n g  c e nt er  i n

s o n g bi r d s. I n st e a d, m a n y of t h e s e c ell s li k el y e n d u p i n t h e

a vi a n  b a s al  g a n gli a,  t h e  l o b u s  p ar olf a ct ori u s  (fi g. 1 B),

w hi c h  i n c or p or at e s  a  di s pr o p orti o n at e  n u m b er  of  n e w

n e u r o n s i n a d ult c a n a ri e s [ Al v a r e z- B u yll a et al., 1 9 9 4]. It i s

n ot y et cl e a r h o w r a di al a n d t a n g e nti al mi g r ati o n a r e i nt e-

g r at e d i n t h e a d ult bi r d V Z. N e wl y g e n e r at e d n e u r o n s m a y

s e q u e nti all y u s e b ot h t a n g e nti al a n d r a di al m o d e s of mi-

gr ati o n, or, alt er n ati v el y, i n di vi d u al n e ur o n s m a y b e li m-

it e d t o o n e t y p e of mi g r ati o n. T hi s w o ul d b e i n c o nt r a st t o

c hi c k d e v el o p m e nt, w h er e r a di al mi gr ati o n i s t h e pr o mi-

n e nt e a rl y f o r m of mi g r ati o n, f oll o w e d b y a s wit c h t o m o r e

t a n g e nti al di s p er s al [ Gr a y et al., 1 9 9 0]. I n a d ult s o n g bir d s,

n e w  n e u r o n s  (l a b el e d  wit h  B r d U  a n d  a n  e a rl y  n e u r o n al

m a r k e r,  H u)  a r e  fi r st  o b s e r v e d  mi g r ati n g  a w a y  f r o m  t h e

V Z al o n g r a di al gli a 4 d a y s aft e r t h ei r bi rt h, l e a di n g t o t h e

b eli ef t h at n e w c ell s c o m mitt e d t o b e c o m e n e ur o n s ‘ w ait’
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N e u r o g e n e si s a n d R e g e n e r ati o n i n A d ult
Bi r d s a n d M a m m al s

B r ai n B e h a v E v ol 2 0 0 1; 5 8: 3 0 6 – 3 2 2 3 0 9

Fi g. 2. U ni v e r s al w e b of n e u r o n s: A n et w o r k of n e wl y g e n e r at e d n e u-

r o n s  i s  p r e s e nt  t h r o u g h o ut  t h e  l at e r al  v e nt ri c ul a r  w all  of  all  v e rt e-
b r at e s.  S c h e m ati c  s a gitt al  s e cti o n s  of  ( A )  t h e  a d ult  m o u s e  a n d  (C )
bi r d b r ai n s h o wi n g c a m e r a l u ci d a d r a wi n g s of t h e n et w o r k of c h ai n s

st ai n e d i n w h ol e- m o u nt s wit h a n a nti b o d y a g ai n st t h e p ol y si al yl at e d
f o r m  of  n e u r al  c ell  a d h e si o n  m ol e c ul e,  P S A- N C A M.  F o r  b ett e r

vi s u ali z ati o n,  t h e  d r a wi n g  of  t h e  l at e r al  v e nt ri c ul a r  w all  wit h  t h e
mi g r ati n g c h ai n s i n mi c e ( A ) i s s h o w n sli g htl y l a r g e r t h a n t h e r e st of
t h e b r ai n. ( M o difi e d aft e r D o et s c h a n d Al v a r e z- B u yll a, 1 9 9 6.) Mi-

g r ati n g n e u r o n s h a v e s m all ( 5 Ì m) f u sif o r m c ell b o di e s ( a r r o w s) a n d a

c h a r a ct e ri sti c l o n g l e a di n g p r o c e s s ( a r r o w h e a d s) wit h o n e or m ulti pl e
g r o wt h  c o n e s  l a b el e d  wit h  a  r et r o vi r u s  e n c o di n g  t h e  m ar k er  g e n e
al k ali n e  p h o s p h at a s e  ( m o u s e)  ( B )  a n d  wit h  t h e  li p o p hili c  d y e  DiI

( bi r d) (D ). C h ai n s of mi g r ati n g P S A- N C A M- st ai n e d n e u r o n s a p p e ar
r e m a r k a bl y si mil a r i n a d ult bi r d s ( E , b r o w n st ai ni n g), mi c e (F , p u r pl e

st ai ni n g), c at s ( G , b r o w n st ai ni n g) a n d (H ) p ri m at e s ( m a c a q u e) ( d o u-
bl e  l a b el e d  wit h  b ot h  P S A- N C A M  ( r e d)  a n d  t h e  n e u r o n al  m ar k er
T u J 1 ( g r e e n) ( H ). S c al e b a r s: B , D , 2 0 Ì m; E – G , 5 0 Ì m, H , 5 Ì m.

i n t h e V Z b ef or e i niti ati n g r a di al mi gr ati o n [ B ar a mi et al.,

1 9 9 5]. H o w e v e r, aft e r f o c al i nj e cti o n of B r d U i nt o t h e V Z

of  a d ult  s o n g bir d s,  w e  h a v e  o b s er v e d  1- d a y- ol d  H u +/

Br d U + n e ur o n s, wit h a m or p h ol o g y t y pi c al of t a n g e nti all y

mi gr ati n g n e ur o n s [ S c h arff et al., 1 9 9 8] di st a nt fr o m t h e

sit e of i nj e cti o n. W e s u g g e st t h at H u + n e w n e u r o n s a r e n ot

si m pl y ‘ w aiti n g’ i n t h e V Z, b ut u n d e r g o h o m o p hili c t a n-

g e nti al mi g r ati o n b ef o r e t u r ni n g i nt o t h e b r ai n p a r e n c h y-

m a  u si n g  r a di al  gli a  a s  f u rt h e r  g ui d e p o st s.  F u rt h e r  r e-

s e ar c h n e e d s t o dir e ctl y a d dr e s s t hi s i s s u e.

A n ot h e r a r e a of t h e s o n g bi r d b r ai n t h at r e c ei v e s a s u b-

st a nti al c o nt ri b uti o n of n e w n e u r o n s i n a d ult h o o d i s t h e
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3 1 0 B r ai n B e h a v E v ol 2 0 0 1; 5 8: 3 0 6 – 3 2 2 D o et s c h/ S c h arff

B

B

A

A

B

C
E

E

A B

L V  L V

Fi g. 3. C ell t y p e s of t h e a d ult m o u s e ( A ) a n d s o n g bi r d (B ) g e r mi n al
r e gi o n s. A I n t h e a d ult m o u s e S V Z, m ulti- cili at e d e p e n d y m al c ell s
(t y p e  E,  g r e y)  li n e  t h e  l at e r al  v e nt ri cl e.  T hi s  li ni n g  i s  o c c a si o n all y

b r o k e n  b y  t h e  p r o c e s s  of  a n  S V Z  a st r o c yt e  (t y p e  B  c ell,  bl u e)  t h at
e xt e n d s a p r o c e s s a n d c o nt a ct s t h e v e nt ri cl e. T h e s e t y p e B c ell s oft e n

h a v e a u ni q u e cili u m wit h a 9 + 0 i nt e r n al st r u ct u r e. C h ai n s of n e u r o-
bl a st s (t y p e A c ell s, r e d, c ut i n c r o s s- s e cti o n) t r a v el t h r o u g h t u n n el s
f o r m e d b y t h e p r o c e s s e s of S V Z a st r o c yt e s. Cl u st e r s of r a pi dl y di vi d-

i n g t r a n sit a m plif yi n g c ell s (t y p e C, g r e e n) a r e a dj a c e nt t o t h e c h ai n s
of n e u r o bl a st s. ( M o difi e d aft e r D o et s c h et al., 1 9 9 7.) S V Z a st r o c yt e s

a r e st e m c ell s i n t hi s r e gi o n a n d g e n e r at e t y p e C c ell s w hi c h, i n t u r n,

di vi d e t o gi v e ri s e t o t h e n e u r o bl a st s. B I n c o nt r a st t o mi c e, i n s o n g-
bi r d s gli al c ell s (t y p e B c ell s, bl u e) a r e f r e q u e ntl y i n c o nt a ct wit h t h e
l at e r al v e nt ri cl e. T h e y h a v e a u ni q u e s h o rt cili u m wit h a n 8 + 0 o r 9 + 0

mi c r ot u b ul e st r u ct u r e. T h e y u n d e r g o i nt e r ki n eti c n u cl e a r mi gr ati o n,
a n d mit o si s o c c u r s at t h e v e nt ri c ul a r s u rf a c e. M a n y of t h e s e gli al c ell s

h a v e  a  r a di al  gli al  p h e n ot y p e.  Mi g r ati n g  n e u r o bl a st s  (t y p e  A  c ell s,
r e d) a r e o r g a ni z e d i n c h ai n s t h at r u n p a r all el t o t h e v e nt ri cl e. T hi s
s c h e m ati c vi e w s h o w s a c h ai n c ut i n c r o s s- s e cti o n, wit h t h e v e ntri cl e

( L V) t o t h e ri g ht. A s i n mi c e, m ulti- cili at e d e p e n d y m al c ell s (t y p e E,
g r e y)  al s o  li n e  t h e  v e nt ri cl e.  ( M o difi e d  aft e r  Al v a r e z- B u yll a  et  al.,

1 9 9 8.)

s o n g  c o ntr ol  n u cl e u s  H V C  ( a cr o n y m  u s e d  a s  pr o p er

n a m e) w hi c h li e s d or s o c a u d all y t o t h e v e ntri c ul ar n et w or k

of t a n g e nti all y mi gr ati n g n e w n e ur o n s (fi g. 1 B). C u ri o u s-

l y, i n s pit e of t h e si g nifi c a nt r e c r uit m e nt of n e w n e u r o n s

i nt o a d ult H V C, n o cl e a r p at h s of t a n g e nti all y mi g r ati n g

n e u r o n c h ai n s a r e o b s e r v e d i n it s vi ci nit y [ S c h a rff et al.,

1 9 9 8]. N e w n e u r o n s m a y r e a c h t h e a d ult H V C vi a mi g r a-

ti o n al o n g r a di al gli a, y et r a di al gli a ar e al s o c o n s pi c u o u sl y

r a r e i n H V C [ s e e fi g. 1 0 A i n H ol z e n b e r g e r et al., 1 9 9 7].

T hi s r ai s e s t h e p o s si bilit y t h at n e w H V C n e u r o n s o ri gi-

n at e i n t h e dir e ctl y a dj a c e nt V Z. H o w e v er, s h ort- s u r vi v al-

B r d U l a b eli n g st u di e s s h o w o nl y v e r y f e w di vi di n g c ell s i n

t h e V Z i m m e di at el y o v e rl yi n g H V C. T h u s, t h e o ri gi n a n d

r o ut e of a r ri v al f o r H V C n e u r o n s r e m ai n s e ni g m ati c.

S t e m C ell s i n t h e A d ul t B r ai n

C ell T y p e s a n d Ar c hit e ct ur e of t h e A d ult M o u s e S V Z

T h e  S V Z  of  a d ult  r o d e nt s  c o m p ri s e s  f o u r  m ai n  c ell

t y p e s (fi g. 3 A): n e ur o bl a st s ( al s o c all e d t y p e A c ell s, r e d),

S V Z a str o c yt e s (t y p e B c ell s, bl u e), tr a n sit a m plif yi n g c ell s

(t y p e C c ell s, g r e e n), a n d e p e n d y m al c ell s w hi c h li n e t h e

w all s of t h e v e nt ri cl e (t y p e E c ell s, g r a y). T h e s e c ell s c a n b e

u n a m bi g u o u sl y i d e ntifi e d b y a c o m bi n ati o n of t h eir di s-

ti n ct  ultr a str u ct ur al  c h ar a ct eri sti c s,  m ol e c ul ar  m ar k er s,

a n d  p r olif e r ati v e  p ot e nti al,  s o m e  of  w hi c h  a r e  li st e d  i n

t a bl e 1 [ D o et s c h et al., 1 9 9 7, 1 9 9 9 a]. I n p arti c ul ar, P S A-

N C A M i s o nl y e x p r e s s e d b y n e u r o bl a st s, w h e r e a s a m o n o-

cl o n al a nti b o d y f o r G F A P o nl y l a b el s S V Z a st r o c yt e s a n d

n ot  e p e n d y m al  c ell s  i n  t hi s  r e gi o n  [ F.  D o et s c h,  u n p u bl.
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P S A- N C A M

N e u r o g e n e si s a n d R e g e n e r ati o n i n A d ult
Bi r d s a n d M a m m al s

B r ai n B e h a v E v ol 2 0 0 1; 5 8: 3 0 6 – 3 2 2 3 1 1

T a bl e 1. C h a r a ct e ri sti c s of a d ult m o u s e s u b v e nt ri c ul a r z o n e c ell s

L a b el o r ult r a st r u ct u r al
f e at ur e

N e ur o bl a st
(t y p e A c ell)

S V Z a st r o c yt e
(t y p e B c ell)

T r a n sit a m plif yi n g
c ell (t y p e C c ell)

E p e n d y m al c ell
(t y p e E c ell)

R ef er e n c e s

+ – – – D o et s c h et al., 1 9 9 7

T u J 1 + – – – D o et s c h et al., 1 9 9 7
G F A P ( m o n o cl o n al) – + – – F. D o et s c h,

u n p u bli s h e d
o b s er v ati o n s

G F A P ( p ol y cl o n al) – + – + D o et s c h et al., 1 9 9 7

m C D 2 4 + – n ot d et e r mi n e d  + C al a o r a et al., 1 9 9 6
Vi m e nti n – + – + D o et s c h et al., 1 9 9 7

N e sti n + + + + D o et s c h et al., 1 9 9 7
B r d U o r [ 3 H]t h y mi di n e  + + + – D o et s c h et al., 1 9 9 7;

D o et s c h et al 1 9 9 9 a, b

C yt o pl a s m d a r k, s c a nt li g ht i nt e r m e di at e v e r y li g ht D o et s c h et al., 1 9 9 7
N u cl ei el o n g at e d, o c c a si o n-

all y i n v a gi n at e d

i r r e g ul a r, f r e q u e ntl y
i n v a gi n at e d

l a r g e s p h e ri c al,
d e e pl y i n v a gi n at e d

s p h eri c al,
n ot i n v a gi n at e d

D o et s c h et al., 1 9 9 7

I nt e r m e di at e fil a m e nt s – + – + D o et s c h et al., 1 9 9 7
Li pi d d r o pl et s – – – + D o et s c h et al., 1 9 9 7

Cili u m – si n gl e, 9 + 0 i nt er n al
mi cr ot u b ul e
str u ct ur e

– m ulti pl e, 9 + 2
mi cr ot u b ul e
str u ct ur e

D o et s c h et al., 1 9 9 7;
D o et s c h et al., 1 9 9 9 b 

C o nt a ct s A- A, A- C B- B, B- E C- C, C- A E- E, E- B D o et s c h et al., 1 9 9 7

B r d U = 5- b r o m o- 2 )- d e o x y u ri di n e; G F A P = gli al fi b rill a r y a ci di c p r ot ei n; P S A- N C A M = p ol y si al yl at e d n e u r al c ell a d h e si o n m ol e c ul e.

o b s.], i n c o nt r a st t o a p ol y cl o n al a nti b o d y a g ai n st G F A P

t h at l a b el s b ot h e p e n d y m al c ell s a n d S V Z a st r o c yt e s.

Gli al C ell s a s St e m C ell s i n A d ult Mi c e

N e u r al st e m c ell s c a n b e c ult u r e d f r o m t h e a d ult b r ai n

a s a d h er e nt c ult ur e s or n o n- a d h er e nt c ult ur e s i n t h e pr e s-

e n c e of g r o wt h f a ct o r s [ G a g e, 2 0 0 0]. T h e s e c ell s e x hi bit

t h e t w o f u n d a m e nt al p r o p e rti e s of st e m c ell s – t h e y u n d e r-

g o s elf- r e n e w al a n d a r e m ulti p ot e nt, t h at i s, t h e y c a n dif-

f er e nti at e i nt o n e ur o n s a n d gli a. M ulti p ot e nt n e ur al st e m

c ell s c a n b e i s ol at e d f r o m t h e a d ult m o u s e S V Z b y di s s o-

ci ati n g a n d c ult u ri n g si n gl e S V Z c ell s i n t h e p r e s e n c e of

e pi d er m al gr o wt h f a ct or ( E G F) [ M or s h e a d et al., 1 9 9 4],

b a si c fi br o bl a st gr o wt h f a ct or ( b F G F) [ Gritti et al., 1 9 9 6],

o r b ot h [ W ei s s et al., 1 9 9 6; G ritti et al., 1 9 9 9; Ri et z e et al.,

2 0 0 1]. A s u b s et of t h e s e c ell s di vi d e i n r e s p o n s e t o t h e s e

gr o wt h f a ct or s a n d g e n er at e fl o ati n g cl u st er s of c ell s c all e d

n e ur o s p h er e s. N e ur o s p h er e s c a n b e p a s s a g e d t o g e n er at e

s e c o n d ar y n e ur o s p h er e s ( d e m o n str ati n g s elf-r e n e w al) a n d

ar e m ulti p ot e nt, i. e. t h e y c a n g e n er at e n e ur o n s, a str o c yt e s,

a n d oli g o d e n dr o c yt e s u p o n r e m o v al of t h e gr o wt h f a ct or s

[ R e y n ol d s a n d W ei s s, 1 9 9 2]. H o w e v er, m ulti p ot e n c y a n d

s elf-r e n e w al c a p a cit y mi g ht n ot b e li mit e d t o t h e pri m ar y

i n vi v o st e m c ell s ( p ri m a r y i s d efi n e d h e r e a s t h e fi r st c ell

i n  t h e  li n e a g e),  a n d,  t h er ef or e,  m ulti pl e  c ell  t y p e s  c o ul d

gi v e ri s e t o n e ur o s p h er e s.

St e m  c ell  c a n di d at e s  i n  t h e  a d ult  S V Z  h a v e  r e c e ntl y

b e e n  i d e ntifi e d.  S ur pri si n gl y,  t h e y  ar e  S V Z  a str o c yt e s,

w hi c h e x hi bit f e at ur e s of diff er e nti at e d gli al c ell s. T h er e

ar e  f o ur  i n d e p e n d e nt,  b ut  c o m pli m e nt ar y,  li n e s  of  e vi-

d e n c e t h at t o g et h er d e m o n str at e t h at S V Z a str o c yt e s a ct

a s st e m c ell s a n d g e n e r at e n e u r o n s i n t hi s r e gi o n [ D o et s c h

et  al.,  1 9 9 9 b].  Fi r st,  S V Z  a st r o c yt e s  gi v e  ri s e  t o  n e u r o-

s p h e r e s i n vit r o. T hi s w a s s h o w n b y vit all y l a b eli n g S V Z

a str o c yt e s i n vi v o wit h a n a d e n o vir u s dri vi n g e x pr e s si o n

of gr e e n-fl u or e s c e nt pr ot ei n ( G F P) u n d er t h e G F A P pr o-

m ot er, w hi c h i s s p e cifi c t o S V Z a str o c yt e s (t a bl e 1). W h e n

c ult ur e d, t h e vit all y l a b el e d a str o c yt e s g a v e ri s e t o G F P-

p o siti v e n e ur o s p h er e s. S e c o n d, t h e pr o g e n y of S V Z a str o-

c yt e s mi gr at e a n d diff er e nti at e i nt o gr a n ul e a n d p eri gl o m-

er ul ar olf a ct or y b ul b n e ur o n s. T hi s w a s d e m o n str at e d vi a

i n vi v o a str o c yt e- s p e cifi c i nf e cti o n wit h a r etr o vir u s c arr y-

i n g  t h e  m a r k e r  g e n e  f o r  al k ali n e  p h o s p h at a s e.  T h e  s e-

l e cti v e  i nf e cti o n  of  a st r o c yt e s  w a s  a c hi e v e d  b y  u si n g  a

tr a n s g e ni c  m o u s e  i n  w hi c h  o nl y  G F A P- e x pr e s si n g  c ell s

c arr y t h e r e c e pt or f or a n a vi a n r etr o vir u s, R C A S [ H oll a n d

a n d V ar m u s, 1 9 9 8]. T h u s, o nl y di vi di n g G F A P- p o siti v e

c ell s (i. e., o nl y a st r o c yt e s i n t h e S V Z) c a n b e i nf e ct e d wit h
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RCAS. Third, consistent with their being stem cells, SVZ

astrocytes are the only label-retaining cells (LRCs) in this

region. Stem cells are often relatively quiescent, and can

only be labeled with prolonged administration of prolifer-

ation markers, such as BrdU or [3H]thymidine. LRCs

remain labeled long after administration of the label is

stopped and are thought to be the result of an asymmetric

self-renewing division of a stem cell [Potten and Morris,

1988; Sprangrude et al., 1988; Cotsarelis et al., 1989]. In

contrast, rapidly dividing cells that are initially labeled

will dilute their label with continuous divisions, while

their progeny will migrate away from the germinal region

to their site of terminal differentiation. One month after

termination of long-term intraventricular infusions of

[3H]thymidine, ultrastructural analysis revealed that all

labeled cells were SVZ astrocytes. In addition, a retrovirus

encoding ß-galactosidase was also used as a label. Again,

all cells labeled one month after infection were SVZ astro-

cytes.

Fourth, SVZ astrocytes are able to regenerate the entire

SVZ. When the SVZ is destroyed by elimination of all

neuroblasts and transit amplifying type C cells by intra-

cerebral infusion of an anti-mitotic drug, only ependymal

cells and SVZ astrocytes remain [Doetsch et al., 1999a, b].

Remarkably, after anti-mitotic treatment ceases, the SVZ

regenerates simultaneously over the entire ventricle. This

regeneration process is initiated by the SVZ astrocytes

that are the first and only cells to start dividing. They give

rise to type C cells that, in turn, generate the neuroblasts.

This was shown by pulse-labeling experiments in vivo and

time-lapse photography of single GFP-labeled astrocytes

in whole-mount explants in vitro. Thus, SVZ astrocytes

are neural stem cells in this region under both normal con-

ditions and during regeneration. In the dentate gyrus,

GFAP+ astrocytes with similar morphology to those in

the SVZ have recently also been shown to be neuronal

precursors [Seri et al., 2001].

Ependymal Cells as Stem Cells?

Ependymal cells have been suggested to be the primary

neural stem cells in the SVZ, giving rise to neurospheres

in vitro, to retain label in vivo, and to generate olfactory

bulb neurons [Johansson et al., 1999]. However, the LRCs

were identified based only on anatomical location, with-

out double immunostaining for ependymal cell markers

or electron microscopic analysis. Without these methods,

it is possible to confuse ependymal cells and SVZ astro-

cytes, particularly as sometimes a thin ependymal cell

process is all that separates an SVZ cell from the ventricle.

In our hands, no labeled ependymal cells (identified by

immunostaining with anti-mCD24 antibodies or by elec-

tron microscopy) were found in vivo even after two weeks

of continuous administration of BrdU or [3H]thymidine.

Also, during regeneration of the SVZ, when stem cells are

actively recruited, no ependymal cells were observed

incorporating [3H]thymidine at any survival time after

anti-mitotic treatment. Johansson et al. [1999] used the

lipophilic dye DiI to label ependymal cells in vivo before

culturing neurospheres and found DiI-positive neuro-

spheres. However, DiI is easily transferred from one cell

to another and will label any cell in contact with the ven-

tricle, including some SVZ astrocytes. Because other

groups have not been successful in culturing neurospheres

from ependymal cells [Chiasson et al., 1999; Doetsch et

al., 1999b; Laywell et al., 2000; Morshead and Van der

Kooy, 2001], resolution of the controversy surrounding

the stem cell nature of ependymal cells will require addi-

tional experiments.

Ependymal cells, however, play an important role in

creating an environment that is permissive for neurogene-

sis. SVZ astrocytes produce bone morphogenic proteins

(BMPs) that inhibit neurogenesis in this region. Ependy-

mal cells secrete noggin, an antagonist of BMP signaling,

thereby relieving the inhibitory effects of BMPs (Lim et

al., 2000). Thus, the interaction between ependymal cells

and other SVZ cell types likely creates a niche permissive

for adult neurogenesis.

Cell Types and Architecture of the Adult Songbird

Ventricular Zone

As in mice, the adult germinal layer in birds contains

ependymal cells (9 + 2 internal microtubule structure),

young migrating neurons, and glial cells, some of which

have a single cilium (8 + 0 or 9 + 0 internal microtubule

structure) [Alvarez-Buylla et al., 1998] (fig. 3B). However,

there are a number of differences. There is no equivalent

to the murine transit amplifying cell (type C cell), and the

glial cell-type in birds is not of branched astrocytic mor-

phology, but of radial glial phenotype which maintains an

elongated process reaching deep into the brain parenchy-

ma. In addition, the glial cell type in birds is typically in

direct contact with the ventricle, whereas in mice the glial

cells only occasionally contact the ventricle (fig. 3). Mice

and birds are also distinguished by which cells divide in

the SVZ/VZ. In birds, only the glial cells divide [Alvarez-

Buylla et al., 1998], whereas in mice glial cells, transit

amplifying cells (type C cells), and migrating neuroblasts

all divide [Doetsch et al., 1997, 1999b].
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Glial Cells Give Rise to Neurons in Adult Song Birds

In songbirds, radial glia are the likely precursors of

adult-generated neurons, as indicated by pulse-labeling

studies with [3H]thymidine. Shortly after a single injec-

tion of [3H]thymidine, only radial glia are labeled; at

intermediate survival times labeled neurons are seen mi-

grating away from the VZ; and after three or more weeks,

labeled differentiated neurons are found throughout the

telencephalon [Alvarez-Buylla and Nottebohm, 1988; Al-

varez-Buylla et al., 1990]. Further support for the notion

that radial glia are neuronal precursors comes from retro-

viral infection of dividing cells in the VZ that yields

clones containing both radial glia and neurons [Goldman

et al., 1996], suggesting that a single radial glial cell gives

rise to both glia and neurons.

Glial Cells as Stem Cells Across Phylogeny and

Development?

The finding that glia are stem cells in the adult brain

and generate neurons in several species is surprising, giv-

en that glia and neurons were thought to derive from dif-

ferent lineages during embryogenesis and that the major

wave of gliogenesis occurs after neurogenesis [Levitt et al.,

1981; Jacobson, 1991; Alvarez-Buylla et al., 2001]. How-

ever, it is becoming increasingly clear that both during

embryonic development and in adulthood some types of

glia can give rise to neurons. Radial glia have been

hypothesized to serve dual functions, acting not only as

scaffolding for neuronal migration [Rakic, 1972; Hatten

and Mason, 1990], but also as neuronal precursors during

brain histogenesis [Frederiksen and McKay, 1988; Gray

and Sanes, 1992; Malatesta et al., 2000]. In fact, recent

work directly and elegantly demonstrates that radial glia

give rise to neurons [Noctor et al., 2001]. When radial glia

persist into adulthood, as is the case in birds, both precur-

sor and guide functions are retained [Alvarez-Buylla and

Nottebohm, 1988; Alvarez-Buylla et al., 1990]. What

remains to be determined is whether radial glia are true

self-renewing, multipotent stem cells, both in the embryo

and in the adult avian brain.

In mice, radial glia in the cortex transform into astro-

cytes at the end of development, and this conversion

apparently occurs throughout the brain [Schmechel and

Rakic, 1979a; Voigt, 1989]. It is an attractive hypothesis

that the neurogenic potential of adult SVZ astrocytes is

derived from (and preserved through) their origin in

embryonic radial glia. Recent experiments have shown

that, when neuroepithelial cells are infected with a retro-

virus encoding both a marker gene and activated Notch,

which is thought to maintain precursors in an undifferen-

tiated state, a radial glial fate is promoted. Over time, the

infected radial glia then seem to transform into astrocytes,

including SVZ astrocytes [Gaiano et al., 2000]. Whether

radial glia become SVZ astrocytes in the absence of acti-

vated Notch needs to be further explored.

Radial glia comprise a heterogeneous population of

cells [Hartfuss et al., 2001] that generate both neuronal

and non-neuronal progeny. During embryonic and early

postnatal stages, glial cells from multiple brain regions can

give rise to both neurons and neurogenic neurospheres

[Laywell et al., 2000; Malatesta et al., 2000; Noctor et al.,

2001; Skogh et al., 2001; Miyata et al., 2001]. The neuro-

sphere-generating competence exhibited by glial cells be-

comes restricted to SVZ astrocytes after the second post-

natal week [Laywell et al., 2000]. It is possible that extrin-

sic (inhibitory) region-specific molecular factors cause

this restriction, as radial glia transform into astrocytes.

Because radial glia also transform into astrocytes in mar-

supials [Ghooray and Martin, 1993], the neurogenic po-

tential of some astrocytes in the adult central nervous sys-

tem may be common to all mammals. This scenario, in

which radial glia act as neuronal precursors both during

development and adulthood in non-mammalian verte-

brates, but are transformed into neurogenic astrocytes in

adult mammals [Doetsch et al., 1999b; Seri et al., 2001],

satisfies developmental and phylogenetic logic.

Phenotype and Turnover of Adult-Generated Neurons

Adult-born neurons are usually of the phenotype that

typically emerges late in development. The particular

neuron types vary with species and even different brain

regions, and can be interneurons or projection neurons. In

the case of adult mammals, new neurons can be local cir-

cuit interneurons in the olfactory bulb [Altman, 1969], or

local projection neurons in the hippocampus [Stanfield

and Trice, 1988; Markakis and Gage, 1999] and primate

neocortex [Gould et al., 1999b]. The projection neurons

of the olfactory bulb, the mitral and tufted cells, are not

generated in adulthood. Rather, two kinds of inhibitory

interneurons are generated in the adult olfactory bulb,

granule neurons and periglomerular neurons, both of

which form dendrodentritic synapses with mitral cells.

Both granule and periglomerular neurons are GABA-

ergic, although periglomerular neurons also produce do-

pamine. In the adult dentate gyrus, newly generated gran-

ule neurons project to CA3 as the mossy fiber pathway.

Hippocampal granule neurons are excitatory, utilizing

glutamate and aspartate as neurotransmitters. In both the

dentate gyrus and the olfactory bulb, it is assumed that the

newly generated cells adopt the neurotransmitter pheno-
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t y p e t y pi c al of t h at r e gi o n. Alt h o u g h r e c e nt st u di e s h a v e

b e g u n t o c h ar a ct eri z e t h e m at ur ati o n of t h e s e c ell s el e ctr o-

p h y si ol o gi c all y [ W a n g et al., 2 0 0 0; Li u et al., 2 0 0 0], littl e

i s k n o w n a b o ut t h e n e ur otr a n s mitt er pr ofil e s of t h e n e wl y

g e n er at e d n e ur o n s.

Alt h o u g h  n e ur o g e n e si s  o c c ur s  t hr o u g h o ut  t h e  t el e n-

c e p h al o n of a d ult bir d s [ Al v ar e z- B u yll a a n d Kir n, 1 9 9 7],

m o st  k n o wl e d g e  a b o ut  t hi s  p h e n o m e n o n  d eri v e s  fr o m

st u di e s i n s o n g bir d s, a n d t h e i d e ntit y of n e wl y g e n er at e d

n e u r o n s  i s  k n o w n  f o r  o nl y  o n e  b r ai n  a r e a,  H V C.  N e w

l o c al  i nt er n e ur o n s  ar e  i n c or p or at e d  i nt o  H V C  (fi g. 4 D),

a n d l o n g- di st a n c e pr oj e cti o n n e ur o n s t o a pr e m ot or n u-

cl e u s,  t h e  n u cl e u s  r o b u st u s  ar c hi stri at ali s  ( R A),  ar e  al s o

a d d e d t o t hi s r e gi o n; t hi s l att e r t y p e i s c all e d H V C → R A

n e u r o n (fi g. 4 C, D). A t hi r d t y p e of H V C n e u r o n, w hi c h

p r oj e ct s  t o  t h e  a vi a n  b a s al  g a n gli a,  i s  n ot  g e n e r at e d  i n

a d ult h o o d;  t hi s  t y p e  i s  c all e d  H V C → X  n e ur o n  (fi g. 4 B,

D). N e w n e ur o n s ar e fr e q u e ntl y s urr o u n d e d b y t yr o si n e

h y dr o x yl a s e  ( T H)-li k e  i m m u n or e a cti vit y,  pr o b a bl y  a  r e-

fl e cti o n  of  t h e  d o p a mi n e r gi c  H V C  i n n e r v ati o n  f r o m  a

mi d br ai n  str u ct ur e,  t h e  n u cl e u s  t e g m e nt ali s  p e d u n c ul o-

p o nti n u s ( T P c) [ P at o n et al., 1 9 8 6]. W h et h er t hi s i n n er v a-

ti o n i s s p e cifi c f o r t h e n e w i nt e r n e u r o n s o r t h e n e w p r oj e c-

ti o n n e u r o n s r e m ai n s t o b e s e e n. G A B A d o e s n ot a p p e a r

t o c ol o c ali z e wit h n e w H V C n e u r o n s [ P at o n et al., 1 9 8 6].

B e y o n d  t hi s,  littl e  i s  k n o w n  a b o ut  t h e  p h ar m a c ol o gi c al

a n d  el e ctr o p h y si ol o gi c al  pr ofil e  of  n e w  n e ur o n s.  H o w-

e v e r,  a  n u m b e r  of  r e c e nt  st u di e s  u si n g  i nt r a c ell ul a r  r e-

c or di n g t o c h ar a ct eri z e H V C n e ur o n s p oi nt t o w ar d s t h e

f e a si bilit y  of  t hi s  e n d e a v o r  [ D ut a r  et  al.,  1 9 9 8,  2 0 0 0;

K u b ot a a n d T a ni g u c hi, 1 9 9 8].

M a n y of t h e a d ult-f o r m e d n e u r o n s i n bi r d s a n d m a m-

m al s a p p e a r t o b e t r a n sit o r y p o p ul ati o n s t h at a r e c ull e d

wit hi n w e e k s aft e r bi rt h [ C a m e r o n et al., 1 9 9 3; G o ul d et

al.,  1 9 9 9 b,  c;  Ki r n  et  al.,  1 9 9 9;  P et r e a n u  a n d  Al v a r e z-

B u yll a,  2 0 0 0],  alt h o u g h  a  p r o p o rti o n  of  t h o s e  t h at  a r e

Fi g.  4.  T a r g et e d  n e u r o n al  d e at h  c a u s e s  c o m p e n s at o r y  n e u r o n al
r e p ai r. A H V C  c o nt ai n s  t w o  i nt e r mi n gl e d  a n d  l a r g el y  o v e rl a p pi n g

p r oj e cti o n n e u r o n t y p e s, H V C → R A n e u r o n s a n d H V C → X n e u r o n s,
s h o w n h e r e i n a 5 0- Ì m-t hi c k s a gitt al s e cti o n d o u bl e- e x p o s e d wit h t h e
a p p r o p ri at e U V filt e r s t o s h o w r e d n e u r o n s r et r o g r a d el y l a b el e d wit h

r h o d a mi n e mi c r o s p h e r e s f r o m A r e a X ( B ) a n d w hit e n e u r o n s r et r o-
g r a d el y l a b el e d wit h fl u o r o g ol d f r o m R A ( C ). H V C→ X n e u r o n s a r e

l a r g e r, b ut l e s s n u m e r o u s, t h a n H V C→ R A n e u r o n s ( B, C ). I n a d di-
ti o n  t o  t h e s e  p r oj e cti o n  n e u r o n s,  H V C  c o nt ai n s  i nt e r n e u r o n s  ( D ).
I nt e r n e u r o n s a n d H V C → R A n e u r o n s a r e g e n e r at e d d e n o v o i n a d ult-

h o o d, w h e r e a s H V C → X n e u r o n s a r e n ot. E S c h e m ati c o v er vi e w of
eff e ct  of  t a r g et e d  n e u r o n al  d e at h  o n  n e u r o g e n e si s.  A bl ati o n  of

H V C → X  n e u r o n s  i n  a d ult s  d o e s  n ot  c a u s e  c o m p e n s at o r y  n e ur o n
r e c r uit m e nt, a n d s o n g i s n ot c h a n g e d. A bl ati o n of H V C → R A n e u-
r o n s i n a d ult s c a u s e s s o n g d et e ri o r ati o n wit h s u b s e q u e nt r e c o v er y.

A n i n c r e a s e d r e c r uit m e nt of b ot h i nt e r n e u r o n s a n d H V C → R A n e u-
r o n s i s o b s e r v e d at t h e ti m e w h e n s o n g h a s r e c o v e r e d. A bl ati o n of

H V C → X n e u r o n s i n j u v e nil e s r e s ult s i n a b n o r m al s o n g d e v el o p m e nt
a n d i n a n i n c r e a s e of i nt e r n e u r o n s a n d H V C → R A n e u r o n s, b ut n ot
H V C → X n e u r o n s. S c al e b a r s, 5 0 Ì m.
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N e u r o g e n e si s a n d R e g e n e r ati o n i n A d ult
Bi r d s a n d M a m m al s

B r ai n B e h a v E v ol 2 0 0 1; 5 8: 3 0 6 – 3 2 2 3 1 5

f u n cti o n all y i n c or p or at e d ar e m ai nt ai n e d f or l o n g er p eri-

o d s [ Ki r n et al., 1 9 9 1; N ott e b o h m et al., 1 9 9 4]. Cl e a rl y,

o ur k n o wl e d g e of t h e p h e n ot y p e of a d ult- g e n er at e d n e u-

r o n s i s still r u di m e nt ar y, a n d p arti c ul arl y littl e i s k n o w n

a b o ut t h eir f u n cti o n wit hi n t h e str u ct ur e s t h e y p o p ul at e.

If n e w n e u r o n s u n d e r g o a c h a n g e i n t h e u s e of a p a rti c ul a r

n e u r ot r a n s mitt e r w h e n t h e y m at u r e – a s c a n b e t h e c a s e

d u ri n g  d e v el o p m e nt  [ G a n g ul y  et  al.,  2 0 0 1]  –  t h e n  e v e n

tr a n si e nt p o p ul ati o n s of n e w c ell s c o ul d si g nifi c a ntl y i m-

p a ct o n ci r c uit f u n cti o n. T hi s, a s w ell a s d et e r mi ni n g h o w

m u c h of t h ei r fi n al p h e n ot y p e d e p e n d s o n i nt ri n si c p r o-

g r a m mi n g o r e xt ri n si c f a ct o r s will b e i m p o rt a nt if o n e i s t o

h ar n e s s t h e s e c ell s f or t h er a p e uti c u s e s.

Bi r t h a n d D e a t h

I n b ot h bir d s a n d m a m m al s, t h e o n g oi n g r e cr uit m e nt

of  n e w  n e u r o n s  i n  a d ult h o o d  i s  b al a n c e d  b y  n e u r o n al

d e at h  [ Ki r n  a n d  N ott e b o h m,  1 9 9 3;  Ki r n  et  al.,  1 9 9 4;

G o ul d a n d C a m er o n, 1 9 9 6; P etr e a n u a n d Al v ar e z- B u yll a,

2 0 0 0], l e a di n g t o t h e i d e a t h at d e at h mi g ht a ct u all y t ri g g e r

birt h. T o dir e ctl y t e st t hi s h y p ot h e si s w e s el e cti v el y kill e d

t h e m aj o rit y of eit h e r t h e H V C→ R A pr oj e cti n g n e ur o n s

( w hi c h  ar e  n or m all y  u n d er g oi n g  r e pl a c e m e nt),  o r  t h e

H V C → X p r oj e cti n g c ell s ( w hi c h n o r m all y d o n ot di e), i n

a d ult m al e z e br a fi n c h e s. S el e cti vit y of t hi s pr o c e d ur e i s

a c hi e v e d  b y  i nj e cti o n  of  n a n o s p h er e s  c o nj u g at e d  t o  t h e

c hr o m o p h or e c hl ori n e 6 t o r etr o gr a d el y l a b el t h e t ar g et e d

n e u r o n  t y p e.  T hi s  d r u g  i s  h a r ml e s s  t o  t h e  n e u r o n s  t h at

c arr y  it,  u nl e s s  a cti v at e d  b y  6 7 4- n m  l a s er  ill u mi n ati o n,

w hi c h r e n d e r s c hl o ri n e 6 c yt ot o xi c a n d i n d u c e s t h e n e u-

r o n s t o u n d er g o a p o pt o si s [ M a di s o n a n d M a c kli s, 1 9 9 3;

S h e e n  a n d  M a c kli s,  1 9 9 4].  U si n g  t hi s  m et h o d  i n  a d ult

z e br a fi n c h e s e st a bli s h e d t h at n e ur o n al r e cr uit m e nt c a n,

i n d e e d, b e t ri g g e r e d b y p ri o r n e u r o n al d e at h, a s s h o w n b y

a  s u b st a nti al  i n c r e a s e  of  [ 3 H]t h y mi di n e-l a b el e d  H V C →

R A  n e u r o n s  aft e r  n e u r o n al  d e g e n e r ati o n  h a d  b e e n  i n-

d u c e d i n t hi s n e u r o n t y p e [ S c h a rff et al., 2 0 0 0] (fi g. 4 E). I n

f a ct, it a p p e ar s t h at u pr e g ul ati o n of n e ur o n al r e cr uit m e nt

aft er  s el e cti v e  d e g e n er ati o n  w a s  a bl e  t o  r e pl e ni s h  t h e

e nti r e c o nti n g e nt of l o st n e u r o n s, a s t h e t ot al n u m b e r of

H V C → R A n e ur o n s t hr e e m o nt h s aft er t h e s el e cti v e i nj ur y

w a s n ot diff e r e nt f r o m i nt a ct c o nt r ol s. Al s o s u g g e sti v e of a

c o m p e n s ati o n  f or  t h e  i n d u c e d  br ai n  d a m a g e  w a s  t h e

o b s er v ati o n t h at s o n g pr o d u cti o n, w hi c h i s criti c all y d e-

p e n d e nt o n H V C → R A n e ur o n f u n cti o n, fir st d et eri or at e d

si g nifi c a ntl y  aft e r  t h e  s el e cti v e  killi n g  of  t h e  H V C → R A

n e u r o n s, b ut t h e n r e c o v e r e d t o v a ri o u s d e g r e e s i n a n u m-

b e r of bi r d s.

E q u all y  i m p o rt a nt  t h o u g h  i s  t h e  fi n di n g  t h at  d e at h-

i n d u c e d u pr e g ul ati o n of n e ur o n al r e cr uit m e nt a p p e ar s t o

b e c ell-t y p e s p e cifi c; o nl y t h e n e ur o n t y p e t h at n or m all y

u n d er g o e s r e pl a c e m e nt r e s p o n d s t o t hi s tr e at m e nt. W h e n

H V C → X  n e u r o n s,  w hi c h  n o r m all y  n eit h e r  di e  n o r  g et

r e cr uit e d,  w er e  e x p eri m e nt all y  t ar g et e d  t o  di e,  n o  c o m-

p e n s at or y  n e ur o n al  r e cr uit m e nt  of  a n y  t y p e  o c c urr e d.

T h u s, a s a fi r st a p p r o xi m ati o n, r e c r uit m e nt of n e w n e u-

r o n s i nt o a d ult H V C d o e s n ot s e e m t o b e si m pl y a q u e s-

ti o n of a v ail a bl e sl ot s, n o r of a u ni v e r s al d e at h- si g n al c o m-

m a n di n g n e w n e u r o n s t o a r ri v e. W h y d e at h of o n e n e u r o n

t y p e, b ut n ot of a n ot h e r, c a n r e s ult i n r e c r uit m e nt of n e w

n e u r o n s i n a d ult h o o d will b e a c h all e n g e t o a d d r e s s. A fi r st

cl u e c o ul d b e t h at t a r g et e d d e g e n e r ati o n of t h e H V C → X

n e u r o n s  i n  y o u n g  z e b r a  fi n c h e s  di d  r e s ult  i n  i n c r e a s e d

i n c o r p o r ati o n  of  n e w  H V C→ R A  n e ur o n s  (fi g. 4 E).  T h e

di s cr e p a n c y b et w e e n j u v e nil e a n d a d ult a ni m al s c o ul d b e

d u e t o diff e r e nt a m o u nt s of t a r g et s p a c e o r t h e m ol e c ul a r

mili e u of H V C aft e r t a r g et e d d e at h, s u c h a s t h e a v ail a bili-

t y  of  gr o wt h  f a ct or s  [ e. g.,  i n s uli n-li k e  gr o wt h  f a ct or  II;

H ol z e n b er g er et al., 1 9 9 7].

C o m p e n s at or y n e ur o g e n e si s al s o o c c ur s i n s e n s or y e pi-

t h eli a, i n cl u di n g t h e olf a ct or y e pit h eli u m i n r o d e nt s w hi c h

c a n  b e  r e c o n stit ut e d  aft er  c h e mi c al  a bl ati o n  [f or  r e vi e w,

s e e  C al of  et  al.,  1 9 9 8],  t h e  h ai r  c ell s  i n  t h e  e a r s  of  bi r d s

w hi c h r e g e n er at e aft er c h e mi c al or n oi s e i nj ur y [f or r e vi e w,

s e e C ot a n c h e, 1 9 9 9; S m ol d er s, 1 9 9 9], t h e r eti n a of p o st n a-

t al c hi c k e n w hi c h r e g e n er at e s i n r e s p o n s e t o n e ur o c h e mi-

c al l e si o n s [f o r r e vi e w, s e e R e h a n d Fi s h e r, 2 0 0 1], a n d i n

li z ar d s aft er a c et yl p yri di n e-i n d u c e d d e g e n er ati o n [ F o nt et

al., 1 9 9 7]. Li k e wi s e, e x cit ot o xi c l e si o n s i n t h e a d ult m a m-

m ali a n  hi p p o c a m p u s  t h at  r e s ult  i n  t h e  d e at h  of  m at u r e

gr a n ul e  n e ur o n s  eff e cti v el y  sti m ul at e  i n cr e a s e d  gr a n ul e

n e ur o n r e cr uit m e nt [ G o ul d a n d T a n a p at, 1 9 9 7], a pr o c e s s

t h at r e q uir e s F G F- 2 [ Y o s hi m ur a et al., 2 0 0 1]. S u c h l e si o n s

d o n ot s u c c e e d t o t h e s a m e e xt e nt i n m o u s e c o rt e x, w h e r e

n o n e w n e ur o n s ar e n or m all y o b s er v e d [ W ei n st ei n et al.,

1 9 9 6]. Y et, u si n g t h e a p pr o a c h of t ar g et e d n e ur o n al d e at h

( d e s cri b e d a b o v e f or s o n g bir d s) i n m o u s e c ort e x, i n w hi c h

n e ur o g e n e si s d o e s n ot n or m all y o c c ur, M a g a vi et al. [ 2 0 0 0]

f o u n d a si g nifi c a nt i n c r e a s e i n t h e r e c r uit m e nt of n e w n e u-

r o n s t o t h e sit e of i nj u r y. M o r e o v e r, s o m e of t h e m a p p e a r e d

t o b e c o n n e ct e d t o t h e a p p r o p ri at e t a r g et a n d s u r vi v e d f o r

m o nt h s. T hi s r e s ult i m pli e s t h at e v e n i n m a m m al s t h e r e i s

a d o r m a nt c a p a cit y f o r i nj u r e d c o rt e x t o r e c r uit a n d i n c o r-

p or at e n e ur o n s i n a d ult h o o d u n d er t h e a p pr o pri at e c o n di-

ti o n s.  Si mil arl y,  i nj ur y-i n d u c e d  d e m y eli n ati o n  i n d u c e d

t h e  g e n er ati o n  of  r e m y eli n ati n g  oli g o d e n dr o c yt e s  [ N ait-

O u m e s m a r et al., 1 9 9 9], wit h t h e S V Z p r o b a bl y b ei n g t h e

s o u r c e of t h o s e c ell s.
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Eli mi n ati o n  of  t h e  a d ult  n e ur o n al  pr e c ur s or s  t h e m-

s el v e s,  r at h er  t h a n  t h eir  m at ur e  diff er e nti at e d  pr o g e n y,

al s o sti m ul at e s r e g e n er ati o n of t h e g er mi n al r e gi o n. W h e n

n e u r o n al p r e c u r s o r s i n t h e S V Z a r e kill e d b y i nf u si o n of

t h e  a nti- mit oti c  dr u g  Ar a- C,  ( s e e  s e cti o n  ‘ Gli al  C ell s  a s

St e m C ell s i n A d ult Mi c e’), t h e S V Z r e g e n e r at e s r o b u stl y

a n d  r a pi dl y  t o  pr o d u c e  olf a ct or y  b ul b  i nt er n e ur o n s

[ D o et s c h  et  al.,  1 9 9 9 a,  b].  T h e  s u b g r a n ul a r  l a y e r  of  t h e

hi p p o c a m p al f or m ati o n al s o r e g e n er at e s t h e gr a n ul e n e u-

r o n s of t h e d e nt at e g yr u s aft er eli mi n ati o n of pr e c ur s or s

b y a si mil a r a nti- mit oti c p r ot o c ol [ S e ri et al., 2 0 0 1].

C h all e n g e s f o r B r ai n R e p ai r

T h e  c o n diti o n s  u n d er  w hi c h  n e ur o n al  r e g e n er ati o n

aft er e x p eri m e nt all y i n d u c e d c ell d e at h i n mi c e a n d bir d s

m e nti o n e d  a b o v e  t a k e s  pl a c e  i s  i n st r u cti v e  f o r  t w o  r e a-

s o n s: i n all b ut o n e c a s e [ M a g a vi et al., 2 0 0 0], t h e n e u r o n s

r e g e n er at e d  w er e  t h o s e  pr o d u c e d  u n d er  n or m al  i nt a ct

c o n diti o n s; a n d i n all c a s e s, t h e t y p e of c ell d e at h i n d u c e d

di d n ot i nt erf er e wit h s urr o u n di n g ti s s u e or r e s ult i n gli al

s c arri n g.

T h e s e  e x a m pl e s  hi g hli g ht  t h e  c a p a cit y  of  br ai n s  t o

r e p air  t h e m s el v e s  w h e n  m e c h a ni c al  ( e. g.,  gli al  s c arri n g)

a n d  m ol e c ul a r  b a r ri e r s  a r e  a b s e nt,  b ot h  of  w hi c h  oft e n

i m p e d e r e g e n er ati o n aft er i nj ur y or di s e a s e. H o w t o o v er-

c o m e t h e s e li mit ati o n s a n d h o w t o p r o m pt c ell s of v a ri o u s

pr o v e n a n c e  ( eit h er  e n d o g e n o u s  or  tr a n s pl a nt e d)  t o  a s-

s u m e t h e a p pr o pri at e f at e s h a v e b e e n a d dr e s s e d r e c e ntl y

i n e x c ell e nt r e vi e w arti cl e s [ H or n er a n d G a g e, 2 0 0 0; T e m-

pl e,  2 0 0 1],  a n d  o nl y  a  f e w  p e rti n e nt  p oi nt s  will  b e  di s-

c u s s e d h er e.

N o v el F at es

U n d er st a n di n g t h e p ot e nti al of diff er e nt pr e c ur s or s t o

diff er e nti at e i nt o n e ur o n s of di v er s e p h e n ot y p e s, a n d h o w

t o m a ni p ul at e t h at p ot e nti al, a r e t w o of t h e m a n y n e c e s-

s ar y st e p s t o w ar d s s u c c e s sf ul br ai n r e p air. T h e s ur pri si n g

i d e ntifi c ati o n  of  S V Z  a str o c yt e s  a s  st e m  c ell s  r ai s e s  t h e

h o p ef ul  p o s si bilit y  t h at  a str o c yt e s  t hr o u g h o ut  t h e  br ai n

m a y h a v e n e u r o g e ni c a n d/ o r st e m c ell p ot e nti al gi v e n t h e

a p pr o pri at e pr o d di n g. I n f a ct, st e m c ell s c a n b e c ult ur e d

f r o m  a r e a s  t h r o u g h o ut  t h e  b r ai n  [ P al m e r  et  al.,  1 9 9 5,

1 9 9 9], b ut it i s u n k n o w n w h et h e r t h e s e st e m c ell s al s o c o r-

r e s p o n d t o a str o c yt e s.

T h e c a p a cit y of p o st n at al a n d a d ult p r e c u r s o r c ell s t o

diff e r e nti at e i nt o n e u r o n s wit h a n o v el f at e, o r t o diff e r e n-

ti at e i nt o t h e s a m e f at e b ut i n a diff e r e nt pl a c e, h a s b e e n

a d dr e s s e d b y tr a n s pl a nti n g pr e c ur s or s fr o m o n e ar e a ( or

d e v el o p m e nt al st a g e) i nt o ot h er br ai n ar e a s ( or d e v el o p-

m e nt al  st a g e s).  F o r  t h e  f at e  of  a  p r e c u r s o r  t o  b e  m ai n-

t ai n e d i n a n e ct o pi c l o c ati o n, t h e h o st e n vir o n m e nt n e e d s

t o  b e  p e r mi s si v e  f o r  t h e  c ell  t o  e x p r e s s  it s  i nt ri n si c all y

s p e cifi e d f at e. I n c o ntr a st, f or diff er e nti ati o n i nt o a n o v el

f at e, t h e pr e c ur s or m u st n ot y et b e irr e v er si bl y c o m mitt e d

a n d b e a bl e t o r e s p o n d t o t h e l o c al c u e s, i n cl u di n g t h o s e

t h at  s p e cif y  c ell  f at e  a n d  c ell  mi g r ati o n  [ J a n k o v s ki  a n d

S ot el o, 1 9 9 6].

T h e s u c c e s s of t h e s e ki n d s of st u di e s h a s b e e n mi x e d

a n d d e p e n d s o n w h et h er t h e tr a n s pl a nt e d c ell s ar e dir e ctl y

tr a n s pl a nt e d aft er di s s e cti o n fr o m t h e d o n or br ai n, or ar e

fi r st  c ult u r e d  i n  t h e  p r e s e n c e  of  g r o wt h  f a ct o r s  b ef o r e

tr a n s pl a nt ati o n. I n a d diti o n, o n e s h o ul d b e ar i n mi n d t h at

tr a n s pl a nt e d c ell s ar e n ot a h o m o g e n e o u s p o p ul ati o n, b ut

t y pi c all y  c o n si st  of  a  mi xt u r e  of  p r o g e nit o r s  a n d  ot h e r

c ell s r at h e r t h a n p u rifi e d st e m c ell s. C ell s f r e s hl y i s ol at e d

fr o m t h e p o st n at al or a d ult S V Z a n d dir e ctl y tr a n s pl a nt e d

i nt o ot h er a d ult br ai n ar e a s c a n c o nti n u e t o diff er e nti at e

i nt o t h ei r n o r m al p h e n ot y p e b ut st a y cl o s e t o t h e i m pl a n-

t ati o n sit e [ Zi g o v a et al., 1 9 9 8; H e r r e r a et al., 1 9 9 9]. H o w-

e v er, p o st n at al S V Z c ell s gr aft e d i nt o e m br y o ni c br ai n s,

w hi c h ar e pr e s u m a bl y ri c h er i n n e ur o g e ni c c u e s, c a n al s o

i nt e gr at e i nt o ot h er br ai n r e gi o n s b ut a s i nt er n e ur o n s o nl y

[ Li m et al., 1 9 9 7]. R e c e nt w o r k s u g g e st s t h at n e u r o g e ni c

p ot e nti al m a y b e i n cr e a s e d b y c o-i nj e cti n g f a ct or s, s u c h a s

n o g gi n, t h at c a n o v erri d e l o c al i n hi bit or y si g n al s [ Li m et

al., 2 0 0 0]. A cti v ati o n of ot h er n e ur o g e ni c g e n e s, s u c h a s

n e ur o g e ni n, m a y pr o vi d e si mil ar pr o p erti e s [ Ni et o et al.,

2 0 0 1; S u n et al., 2 0 0 1].

G r e at e r pl a sti cit y of c ell f at e i s p o s si bl e w h e n c ell s a r e

c ult u r e d  fi r st  i n  t h e  p r e s e n c e  of  g r o wt h  f a ct o r s  b ef o r e

tr a n s pl a nt ati o n.  U n d er  t h e s e  c o n diti o n s,  c ell s  t h at  ar e

n or m all y n ot n e ur o g e ni c b ut gli o g e ni c, s u c h a s pr e c ur s or s

i n t h e a d ult m a m m ali a n s pi n al c o r d, c a n gi v e ri s e t o n e u-

r o n s w h e n tr a n s pl a nt e d i nt o t h e d e nt at e g yr u s aft er c ult ur-

i n g i n b a si c fi br o bl a st gr o wt h f a ct or ( b F G F) [ S hi h a b u d di n

et  al.,  2 0 0 0].  C ell s  fr o m  n e ur o g e ni c  r e gi o n s  al s o  e x hi bit

t hi s pl a sti cit y: c ult ur e d c ell s fr o m t h e d e nt at e g yr u s c a n

gi v e ri s e t o olf a ct or y b ul b i nt er n e ur o n s aft er tr a n s pl a nt a-

ti o n i nt o t h e olf a ct o r y b ul b [ S u h o n e n et al., 1 9 9 6]. W h et h-

e r  t h e s e  c ell s  h a v e  t h e  p ot e nti al  t o  d o  s o  wit h o ut  p r e-

c ult u ri n g  i n  t h e  p r e s e n c e  of  g r o wt h  f a ct o r s  n e e d s  t o  b e

e v al u at e d. It i s p o s si bl e t h at g r o wt h f a ct o r s c a u s e t h e c ell s

t o d e diff er e nti at e or b e c o m e r e pr o gr a m m e d, w hi c h c o ul d

all o w gr e at er fl e xi bilit y i n m a ni p ul ati o n t o w ar d s d e sir e d

p h e n ot y p e s. A pr o mi si n g e x a m pl e of t hi s pl a sti cit y i s t h e

r e c e nt r e p ort t h at t h e c o n v er si o n of O 2 A pr o g e nit or s i nt o

a st r o c yti c c ell s e n d o w s t h e m wit h t h e n o v el p ot e nti al t o

gi v e  ri s e  t o  n e u r o n s  [ K o n d o  a n d  R aff,  2 0 0 0].  B e si d e s
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being of potentially therapeutic value, this observation

also re-emphasizes that a glial stage apparently precedes

neurogenesis.

As an alternative to transplantation, endogenous pre-

cursors can be stimulated in vivo, using molecular factors

that have proven mitogenic or to promote survival in

vitro, such as EGF, bFGF, brain-derived neurotrophic

factor (BDNF) and transforming growth factor alpha

(TGF-·) [Craig et al., 1996; Kuhn et al., 1997; Tropepe et

al., 1997; Fallon et al., 2000; Benraiss et al., 2001; Pencea

et al., 2001b]. Intraventricular infusion of EGF seems to

induce glial differentiation [Craig et al., 1996; Kuhn et al.,

1997], mirroring the fate of neurospheres that are trans-

planted back into embryos after culturing in EGF [Wink-

ler et al., 1998]. Interestingly, infusion of ephrins/Eph

family members results in a twofold increase in the num-

ber of astrocytes in the adult SVZ [Conover et al., 2000].

Recent work has shown that intraventricular infusion or

overproduction of BDNF by ependymal cells leads to an

increased recruitment of new neurons into the striatum

and other non-neurogenic brain regions. Whether this

effect is on SVZ precursors or on other latent precursors

remains to be determined. As more molecules are identi-

fied that control cell proliferation during development,

their potential to control or promote proliferation of adult

precursors is also being explored. The list of such mole-

cules includes sonic hedgehog which has been shown to

control proliferation of cerebellar granule cell precursors

[Wechsler-Reya and Scott, 1999], Wnts [Smalley and

Dale, 1999; Patapoutian and Reichardt, 2000], and pitu-

itary adenylate cyclase activating polypeptide (PACAP)

[DiCicco-Bloom et al., 1998]. Many of these factors are

conserved across phylogeny, including insulin-like growth

factor (IGF), which is selectively and strongly expressed

in HVC→RA neurons of songbirds [Holzenberger et al.,

1997] and enhances their post-birth in vitro differentia-

tion [Jiang et al., 1998] and also promotes neurogenesis in

mouse hippocampus [Aberg et al., 2000].

Commitment States

Given that molecular pathways of neuronal and glial

differentiation are beginning to be elucidated, it should

soon become feasible to control the differentiation of cells

along a desired lineage. However, the attempt to custom-

design neurons of a particular phenotype from an uncom-

mitted stem cell by finding the correct differentiation fac-

tors might end up being more difficult than to identify

and harvest the cells at a specific stage of differentiation.

For example, the molecular characterization of the SVZ

stem cells, transit amplifying cells, and committed neuro-

blasts will allow identification of cell-type specific mark-

ers, thus leading to the ability to isolate each population

by fluorescent-activated cell sorting using these markers.

The potential fates of purified populations of cells can

then be tested. This promises new and more defined

sources to replace damaged brain tissue. In addition, char-

acterization of the neuronal phenotype of transplanted

neurons must go beyond the use of generic and not exclu-

sively neuronal markers, such as NeuN, and include elec-

trophysiological and anatomical characterization. Ulti-

mately, functional recovery is the gold standard of brain

repair.

Control of the Cell Cycle

The ongoing cell division in adult germinal regions

requires exquisite control to prevent unwanted prolifera-

tion or tumor formation. Although positive regulators of

the cell cycle have been extensively studied, recent work

has shown that cell cycle inhibitors also play an important

role in controlling cell proliferation [for review, see Dyer

and Cepko, 2001]. Intriguingly, cell cycle inhibitors are

not only conserved across phylogeny, but are utilized by

progenitor cells of different lineages, including cerebellum

[Miyazawa et al., 2000], retina [Dyer and Cepko, 2000;

Levine et al., 2000], SVZ [van Lookeren Campagne and

Gill, 1998; Coskun and Luskin, 2001], and the inner ear

[Lowenheim et al., 1999]. Two families of cyclin-depen-

dent kinase inhibitors (the Cip/Kip and INK4 families)

control progression through the G1-S phase of the cell

cycle. Depending on the species, cyclin-dependent kinase

inhibitors can regulate not only cell division, but also cell

differentiation [Ohnuma et al., 1999]. Another important

principle is that distinct cell cycle inhibitors may prefer-

entially act on different progenitors within a lineage,

which could provide a mechanism for expansion of one

progenitor type over another. For example, in the retina,

subsets of progenitor cells can be defined by expression of

distinct cell cycle inhibitors [Dyer and Cepko, 2001].

Such a division of labor is likely also occurring in the post-

natal and adult rodent SVZ. p27Kip-1 and p19Ink4 are

expressed both in the SVZ and in the rostral migratory

stream, where p19Ink4 occurs in an increasing gradient

towards the olfactory bulb [van Lookeren Campagne and

Gill, 1998; Coskun and Luskin, 2001]. Interestingly,

p27Kip-1 appears to control proliferation of the transit

amplifying cells [Doetsch et al., 2002], whereas p19Ink4 is

more involved in controlling cell division of the migratory

neuroblasts [Coskun and Luskin, 2001]. Such a hierarchi-

cal mode of cell cycle control is also found in the hemato-

poietic system, where p27Kip1 acts at the transit amplify-
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i n g st a g e [ C h e n g et al., 2 0 0 0 a] a n d p 2 1 W af 1 c o nt r ol s t h e

c ell  c y cl e  of  m o r e  q ui e s c e nt  st e m  c ell s  [ C h e n g  et  al.,

2 0 0 0 b]. T h e fi n di n g s t h at m ut ati o n of p 2 7 Ki p 1 l e a d s t o

di vi si o n  of  n o r m all y  q ui e s c e nt  c ell s  i n  m a m m al s  i n  t h e

i n n er e ar [ L o w e n h ei m et al., 1 9 9 9] a n d t o r e a cti v e gli o si s

i n t h e r eti n a [ D y e r a n d C e p k o, 2 0 0 0] hi nt s t h at b y u p- o r

d o w n-r e g ul ati n g c ell c y cl e i n hi bit or s it mi g ht e v e nt u all y

b e p o s si bl e t o sti m ul at e q ui e s c e nt pr e c ur s or s a n d t o pr e-

v e nt t h e d a m a gi n g r e a cti v e gli o si s t h at o c c ur s aft e r i nj ur y.

D efi ni n g e x a ctl y w hi c h c ell c y cl e i n hi bit or s ar e e x pr e s s e d

i n diff er e nt pr o g e nit or s of di sti n ct li n e a g e s will b e criti c al

t o a c hi e v e t hi s.

T ar g et e d Mi gr ati o n

O n e of t h e li mit ati o n s of c ell r e pl a c e m e nt b y e n d o g e-

n o u s p r e c u r s o r s i n a d ult m a m m al s i s t h ei r a p p a r e nt u ni-

dir e cti o n al mi gr ati o n t o t h e olf a ct or y b ul b. T hi s c o ul d b e

o v er c o m e b y r e dir e cti n g t h e t a n g e nti all y mi gr ati n g str e a m

of olf a ct or y b ul b- b o u n d n e ur o n s w h ol e s al e i nt o a diff er-

e nt  dir e cti o n,  p er h a p s  b y  m a ni p ul ati o n  of  c h e m or e p el-

l e nt s w hi c h h a v e b e e n i n v o k e d i n t h e mi g r ati o n al o n g t h e

r o str al mi gr at or y str e a m [ H u, 1 9 9 9] or c h e m o attr a ct a nt s,

e v e n t h o u g h t h e olf a ct o r y b ul b it s elf d o e s n ot s e e m t o b e a

s o u r c e  of  s u c h  m ol e c ul e s  [ J a n k o v s ki  et  al.,  1 9 9 8;  Ki r-

s c h e n b a u m  et  al.,  1 9 9 9].  Alt er n ati v el y,  o n e  c o ul d  t e st

w h et h e r t h o s e n e u r o n s c o ul d u s e r a di al gli a a s a s u b st r at e

f o r mi g r ati o n a n d if s o t r y t o r e-i n d u c e r a di al gli a i n a d ult

mi c e. T o w a r d s t h e fi r st e n d, m o u s e S V Z n e u r al p r e c u r s o r s

c o ul d b e t r a n s pl a nt e d i nt o t h e a d ult bi r d V Z w h e r e r a di al

gli a ar e pr e s e nt t hr o u g h o ut a d ult h o o d. M e a n s of r e-i n d u c-

i n g  r a di al  gli a  i n  m a m m al s  a r e  al r e a d y  b ei n g  p u r s u e d.

Aft er l a s er-i n d u c e d c ell d e at h i n c ort e x, a n d tr a n s pl a nt a-

ti o n of e m br y o ni c n e ur o n s i nt o t h e l e si o n sit e, a str o c yt e s

l o s e t h eir br a n c h e d pr o c e s s e s, tr a n siti o n t o a m or e el o n-

g at e d m or p h ol o g y, a n d r e- e x pr e s s t h e r a di al gli al m ar k er

R C- 2 [ L e a vitt et al., 1 9 9 9]. Si mil arl y, tr a n s pl a nt ati o n of

e m br y o ni c c orti c al C aj al- R et zi u s c ell s i nt o a d ult c er e b el-

l u m  r e s ult s  i n  i n d u cti o n  of  a  r a di al  gli al  p h e nt o y p e  i n

B er g m a n n gli a [ S ori a n o et al., 1 9 9 7]. Alt h o u g h t h e f a ct or s

u n d erl yi n g t hi s tr a n siti o n h a v e n ot b e e n i d e ntifi e d, it i s

li k el y  t h at  t h e y  a r e  b ei n g  s e c r et e d  b y  t h e  t r a n s pl a nt e d

e m br y o ni c  n e ur o n s.  O n e  c a n di d at e  i s  n e ur e g uli n/ G G F

si g n alli n g t hr o u g h t h e er b B r e c e pt or s, w hi c h ar e e x pr e s s e d

b y r a di al gli a d u ri n g d e v el o p m e nt a n d a r e n e c e s s a r y f o r

t h e m ai nt e n a n c e of t h e r a di al gli al p h e n ot y p e [ A nt o n et

al., 1 9 9 7]. I n vit r o st u di e s h a v e al s o i d e ntifi e d a bi o c h e mi-

c al a cti vit y t h at c a u s e s a st r o c yt e s t o a d o pt a r a di al gli al

m or p h ol o g y [ H u nt er a n d H att e n, 1 9 9 5]. T h e pl a sti cit y of

t h e  r a di al  gli a- a str o c yt e  s wit c h  i s  pr o mi si n g,  b ut  c a n

i n d u c e d r a di al gli a s u p p ort mi gr ati o n of n e ur o n s i nt o ot h-

e r b r ai n r e gi o n s a n d c a n t hi s b e a c hi e v e d di r e cti o n all y ?

C a n i n d u c e d r a di al gli a al s o a ct a s n e u r o n al p r e c u r s o r s ?

A n d if s o, d o e s t h e r e gi o n al h et e r o g e n eit y t h e y e x hi bit i n

d e v el o p m e nt,  e. g.  P a x 6  e x pr e s si o n  [ G öt z  et  al.,  1 9 9 8],

d et er mi n e w hi c h ki n d of n e ur o n s c a n b e g e n er at e d ?

A  pri n ci pl e  i n si g ht  w e  c a n  dr a w  fr o m  c o m p ar ati v e

a n al y si s  of  a d ult  n e u r o g e n e si s  i n  bi r d s  a n d  mi c e  i s  t h at

gli al c ell s ar e c o n s er v e d a s st e m c ell s ( or pr e c ur s or s) a cr o s s

p h yl o g e n y. It will b e vit al t o el u ci d at e t h e li n e a g e t r e e of

r a di al gli a a n d t h eir ulti m at e c o n v er si o n i nt o a str o c yt e s,

n ot o nl y t o c e m e nt t h e a p p a r e nt r el ati o n s hi p of st e m c ell s

i n t h e e m b r y o a n d i n t h e a d ult, b ut al s o t o u n d e r st a n d t h e

pr o gr e s si v e  r e stri cti o n  e x hi bit e d  a s  t h e y  tr a n sf or m  i nt o

a str o c yt e s. El e g a nt tr a ci n g of li n e a g e tr e e s of m ulti p ot e n-

ti al st e m c ell s f r o m t h e c o rt e x of t h e m o u s e e m b r y o h a s

r e v e al e d  t h at  st e m  c ell s  u n d er g o  a s y m m etri c  di vi si o n s

g e n er ati n g n e ur o n s a n d l at er s wit c hi n g t o g e n er ati n g gli a

[ Qi a n et al., 1 9 9 8, 2 0 0 0]. W e c a n p o st ul at e t h at r a di al gli a

a r e t h e st e m c ell s i n t h e s e t r e e s, g e n e r ati n g d a u g ht e r c ell s

a n d ulti m at el y, at t h e e n d of n e ur o g e n e si s, diff er e nti ati n g

i nt o a str o c yt e s. O v er ti m e, t h e di v er sit y of n e ur o n s g e n er-

at e d  b e c o m e s  i n c r e a si n gl y  li mit e d  t o  a  f e w  t y p e s  i n  t h e

a d ult.  O n e  mi g ht  s p e c ul at e  t h at  t h e  g r e at e r  n e u r o n al

di v e r sit y p r o d u c e d b y a d ult bi r d s i s t h e r e s ult of t h e m ai n-

t e n a n c e of a l e s s c o m mitt e d (r a di al) gli al p h e n ot y p e, a n d

t h at aft er t h e c o n v er si o n t o a str o c yt e s (i n m a m m al s) f e w er

n e ur o n al f at e s c a n b e g e n er at e d. T h u s, cr o s s- s p e ci e s m o-

l e c ul ar c h ar a ct eri z ati o n of e m br y o ni c a n d a d ult st e m c ell s

p r o mi s e s t o b e a ri c h s o u r c e of i n si g ht.

A c k n o wl e d g m e n t s

T h e a ut h o r s w o ul d li k e t o t h a n k E. B u c k a n d L. Z a k h a r y f o r c riti-

c al r e a di n g of t h e m a n u s c ri pt, a n d J. Hi r s c h a n d C. R ei d f o r p r o vi d-
i n g c at a n d m o n k e y b r ai n s. T h e o ri gi n al r e s e a r c h r e vi e w e d h e r e w a s
p e rf o r m e d i n st ri ct a d h e r e n c e t o i n stit uti o n al g ui d eli n e s. W e ar e v er y

g r at ef ul f o r t h e sti m ul ati n g e n vi r o n m e nt s of t h e N ott e b o h m, Al v a-
r e z- B u yll a,  a n d  D ul a c  l a b s,  w h e r e  e x p e ri m e nt s  r e p o rt e d  h er e  w er e
c o n d u ct e d.  C. S.  i s  f u n d e d  b y  t h e  W hit e h all  F o u n d ati o n  a n d  NI H

g r a nt R 0 1 M H 6 3 1 3 2, F. D. i s a J u ni o r F ell o w of t h e H a r v a r d U ni v e r-
sit y S o ci et y of F ell o w s a n d r e ci pi e nt of t h e Willi a m F. Milt o n F u n d.
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