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Bone Morphogenetic Protein (BMP) Signaling and Neurogenesis in the Adult Brain

Motoko KAWAGUCHI-NIIDA, Noriyuki SHIBATA and Makio KOBAYASHI
Department of Pathology, Tokyo Women's Medical University School of Medicine

The postnatal mammalian brain continues neurogenesis throughout life at two major neurogenic regions,

the subventricular zone (SVZ) lining the lateral ventricle and the hippocampal dentate gyrus. In the SVZ, a group

of slow-dividing cells with astrocytic features represent neural stem cells, which generate committed precursor

cells. The majority of these generate neuroblasts, which predominantly colonize the olfactory bulb to supply in-

terneurons in rodents. Maintenance of neural stem cells and their niche requires multiple actions of environ-

mental factors mediated by a number of evolutionarily conserved signaling pathways. The signals of the trans-

forming growth factor-p (TGF-B) superfamily, consisting of the canonical TGF-B/activin pathway and the bone

morphogenetic protein (BMP) branch pathway, is collectively involved in central nervous system patterning,

growth, and differentiation during embryogenesis. Here, we review in vivo evidence for the role of TGF-B/BMP

signaling during neurogenesis in the postnatal brain.
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VAR, MR A 12 B v TE T2 K& H bone
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[A¥ transforming growth factor-B (TGF-B) 49
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MM % FE T LhE5 e P fE 2 AR ICE D i3 5 &
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migratory stream (RMS) &I B 7 A baHA
FOZERTHER S by A VEEEIC L - TEMN
BECBEL, SEMNICRER~EZL 2R, NENE
Za—u ML TEEFEO A v T — 7 IR ARGA
FNns. F7o, —HomMEBRMEIL 7Y 7 TR
EET7TA MY MRt ITFY FaH A b
M35 (Fig. 1).
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T A= AHNFAESNTVE". {LRK% BMP TH 5
BMP2/4 1%, #ilgs7 > % 2= 2 » T 5 Noggin
W&, ZOZHEREOEEVPHECHBIN T
%. BMP ¥ 7)) v 7%, BEAMIRIE L2 53 RAE
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gty v - At rEF—EEETET
5., MEAZERITEZEREEE LT YL
ez, 182258135 53 & K F Smadl, Smad5
BELUSmad8 #&EE LT 5 VBILRILE, FNE
Mm-S 5. ) RALIEH % 5Z21F 72 Smadl/5/8 (p-
Samdl/5/8) & Smadd & ZEFEESEEILE L T
BMICBAT U714, #EEETFO T2 E— 57—
\CfFFE$ % Smad binding site IZfEAT 5 Z &I &
h, BEERTOESEGHHET S (Fig 2).
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<7 ADRTIE, HE T & .02 4 O BMP
(BMP2, BMP4, BMP6, BMP7) B X ' 3fE3H »
BMPR (BMPRIa, BMPRIb, BMPRII) #ZH L
TBO® F72, Zhs0fMEF TH S Noggin
BIUOIBIHEFELTHEY. Znbn)H, BMPR
Ta IXIREFAIC A LT b 0iIxt L, BMPRIb B
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WL, BMP ¥ 240 ¥ 7 O LR B 5 p-
Smadl/5/8 7%, BFAERIBAR = 7 2 DI = T &
RO IR A L EHRELTWD. 72,
p-Smadl/5/8 BB~ BATT ABICLEE S b
Smad4 OFEBHSMETHICERR/LTE Y, KIEE
LHEEELMOEM TIZIEE A LR SR,
IO OB/ R, BMETH COMBMEAIC
BWTH-TWAE BMP ¥ 7+ ¥ 7 O8R5 2 #RE
=55 (Fig 3).
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DOFEIT L, BRAERTIX, BMP ¥ 7+ v 7
TAbay A ropfiREE A Y TFY FadA b
DOHLEHNCES L Tw b v MR
THE—F |2 ¥ X8 T BMP4 7 BRI &
Wlow 7 AT, BE 16 H 5 EMICES £
T, MIRE R BT A S100B DT A b a4
FOMA, FREIIBTAINVSFA S FT VA
Tz —¥HEHEoF) T7Ty Fat S P BIONEE
2 BT 5 2, 3-cyclic nucleotide 3’-phosphodiestera-
se (CNPase) BatED+ 1) I7 >~ Fa+ 4 b ORLED
B3N 5", Grinspan S, BEEREZAWCH Y I
7 ¥ hat A b OFEREICE TS BMP OfE =
oMLY, el Tcor ) a7y Fo
4 TSR I BMP2 B & UFBMP4 ZRINT %
L, A2B5 X GFAP #HEH T A7 A buat A b~d
FEPSEID, KB ITFT NS bov—
H—=THAHI7 bl 7oy FepigEEtER
myelin basic protein (MBP) ®OFEMET$ 5. +
)7y Fat A b e, thoEBRRT
bMESNTEY. 4&bbH, BMPRIaz A4 T
7y rad A ETEHI R EICKRE L CKO ®
7 A TlE, CNPase 1, MBP B+ 357 K
T A bASEENI L, Smad4 % #hiE s IR e R 09Ik
# L7z CKO =7 AT, CNPase FlEn+) 57>~
N A F2SEEINd 5 w9 Lim 613, Bk~
A &5 HE S T R & miBEAE e o> B 2 R
F U2 BMP2 2 BMP4 %03 % &, blIl-tubulin
HEOMEMBOEED 105D 1 LTIZE AT 52
EEHALNIL. —H, BMP 7T Y4 I=A FThH
% Noggin i, 7AbaH A FOFEZINZ L LH
RS, fARSHIIE DA% 20% EWinsE 5. 72,
BMP7 o8| 56 33 R SRl g o 7 A4 2 Il L,
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H—EOM PR R, Bk~ 7 ATl LT BMP
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I R A b B L O o # A HH B S
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Fig. 1 Schematic diagram of neural stem cell diffe-
rentiation in the subventricular zone
Several cell types including neural stem cells
(NSCs), can differentiate into their progeny neuronal
and glial precursor cells. Neuronal precursor cells
migrate and become mature neurons via immature

neurons upon arrival to final regions such as the
olfactory bulb. Glial precursor cells can differentiate
into astrocytes and oligodendrocytes.

Fig. 3 Immunohistochemical observations of
the phosphorylated active form of Smadl/5/8
(p-Smadl/5/8) and Smad4 in the subventricular
zone (SVZ) adjacent to the lateral ventricle (LV) of

Cytoplasm wild-type mice

Both p-Smadl/5/8 (a, b) and Smad4 (c, d) are

localized in cells of the SVZ. Scale bar=20 pum.

Immunofluorescence method using Alexa fluor 488

(green), Alexa fluor 555 (red) and DAPI (blue).
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Fig. 2 Schematic diagram of BMP signaling
This begins with the binding of Bmp2/4 to the |
membrane-bound specific receptor. The ligand- Neuron Oligodendrocyte Astrocyte
receptor binding is strictly regulated by the antagon-
ist Noggin. The receptor stimulation catalyzes the
phosphorylation of the BMPRI domain to the activated the subventricular zone (SVZ)
form, which promotes Smadl/5/8 phosphorylation. While
Phosphorylated Smadl/5/8 binds to Smad4 and
translocates from the cytosol into the nucleus, where

Fig. 4 Schematic diagram indicating the role for
BMP signaling in neural stem cell differentiation in

BMP signaling positively regulates the
differentiation from glial precursor cells to

e astrocytes, it negatively regulates the differentation
the complex as well as other transcription factors

bind to Smad binding site to regulate the expression
of target genes. On the other hand, Smad6/7 inhibits
BMP signaling.

from glial precursor cells to oligodendrocytes as
well as the maturation from neuronal precursor
cells to immature neurons.
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Fig. 5 Schematic diagram of neuronal cell migration
A subset of immature neurons formed in the
processes of adult neurogenesis at the subventricular
zone (SVZ) adjacent to the lateral ventricle (LV)
migrate toward the olfactory bulb through the main
pathway rostral migratory stream (RMS) composed of
astrocytic processes, whereas others migrate toward

the olfactory tubercle through a copathway.

R, PRERICREE) L CIRE O MR B 5
T5. —F, BETHAL-EEMERE, BETEoE
AR E B IS AR N TRIEREE & & Ok
BEZ B 5 9 4. Polysialic acid-neural cell adhesion
molecule (PSA-NCAM) =° doublecortin 7 & & i

RE~—n— il RiE~Y— 7 —Th 5 BrdU
EDOZEREE Y AWML S L, METHHE
DOFEFMEMAZIE, IR Tld % RE, B4
AR LUFREC O BE L, MIKICRE)T 2 &8N
O RIN - BIREES & R U 7ot g, A ET I
FET LI EAHBL TV A (Fig. 5). Mikw bRz
F B Y Smadd Bk CKO v A% w723k 4 O fig
Mrcid, BB ORIk & BRASEH ORI IZHB W T
NeuN THE S5 RN A 1WA %
Z eV L (Fig. 6), BUEBOMEFEICBIT S
BMP v 7)) v OG5 HIRE S N,

BbHYIC

BMP ¥ 7Y 2 755, BRI D 27 & F AR
By Mo st, HEB X CRBREICE ST
LPEELRBETCHAZLEMH L. ARRTERL
728 A ORFRIAL, AMEREBICHE - TRE L
ISR 7 ) 72 WA S 008 ) il

T HEZDFEREPNEGEZTINETHA).
BMP > 7 ) v 7O LB A RS 5 2 L&, 1
AL SO HEERE~NOBEZY VA bDOL
HfFshs.

Fig. 6 Immunohistochemical observations of the mature neuron-specific marker NeuN in
the brain of Smad4 conditional knockout (CKO) mice and age-matched wild-type (WT)

mice

It is evident that the number of mature neurons is significantly reduced in the granular
cell layer of the olfactory bulb (a, b) and olfactory tubercle (c, d) of CKO mice (b, d) as
compared to WT mice (a, ¢). Scale bar=a, b 50 um; ¢, d 100 um. Immunofluorescence
method using Alexa fluor 555 shown in red (a, b) and immunoperoxidase method using
3,3"-diaminobenzidine tetrahydrochloride shown in brown (c, d).
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