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Neurotrophin-dependent control of neuronal differentiation

Hisanori ITO

Abstract: Neurotrophin is a family of neurotrophic factors that have profound influences on neuronal development, including
survival, neuronal differentiation, procurement and maintenance of neuronal functions. Many previous studies have not yet fully
clarified critical roles of neurotrophins for neuronal differentiation because those studies focused on the investigations about the role
of neurotrophins at late stages of neuronal differentiation. In the present study, we examined mechanisms of neurotrophin-induced
neuronal differentiation using PC12 cells and neural stem cells. The results obtained demonstrated that NGF activates PI-3
kinase/Akt pathways via p75 in cultured PC12 cells, which is necessary for the growth arrest, and that neurotrophins have priming
effects on neuronal differentiation of neural stem cells cultured from embryonic mouse telencephalon. These findings suggest that
neurotrophins also play roles in neuronal differentiation at much earlier stages of neurogenesis than expected before.
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Fig. 1 Self-renewal and multipotent activity of neural stem cells.
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Fig.2 Neurotrophins and neurotrophin receptors.
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Fig.3 Morphology of PCi2 and PC84 cells.

A: PCI12 cells. B: PC12 cells incubated with NGF (50 ng/ml) for 4
days. C: PC12 cells transfected with NGF cDNA and cultured for 4
days. D: PC845B9 cells. E: PC846B8 cells. F: PC846F9 cells. PC84
cells were incubated for 4 days after plating.
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Fig. 4 Growth of PC84 cells.

A: PC12 and PC84 cells were plated (10,000 cells per dish) on day 0 in
the usual medium containing 10 % horse serum and 5 % fetal bovine
serum, and NGF (50 ng/m!) was added to half of the PC12 cultures on
day 1. Cell numbers were counted with a hemocytometer at the
indicated times. B: Growth in serum-free medium. PC84 cells were
plated (10,000 cells per dish) in the usual medium, and on the next day
the medium of the half of the dishes was exchanged for serum-free
medium (day 0). Cell numbers were counted as for A.
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Fig. 5 Acetylcholinesterase activity in PC84 cells.

PC12 cells were incubated with or without NGF (10, 50 ng/ml) for 3
days. PC84 cells were cultured for 3 days. Protein concentration of
each cell lysate was determined, and its acetylcholinesterase activity
was assayed. The activity per microgram of protein is shown as -fold
increase from that of nontreated PC12 cells. The probability values
were determined by Student’s t-test: *p<0.05, **p<0.01, and *p<0.005
compared with the value of nontreated PC12 cells.
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Fig.6 Expression of TrkA and p75 in PC12 and PC84 cells.

PC12 and PC84 cells were cultured for 4 days, and cell lysates and
total RNA were prepared. A: Each cell lysate was subjected to
SDS-PAGE (7.5 and 10 %, for TrkA and p75, respectively), blotted to
a membrane, and incubated with anti-TrkA or anti-p75 antibody (a).
Total RNA was subjected to RT-PCR using primers for TrkA, p75, or
B-actin and applied to a 2 % agarose gel containing ethidium bromide
(b). B, C: Specific bands of TrkA (B) or p75 (C) protein and amplified
DNA were densitometrically quantified and compared as fold-increase
in density over the bands from PC12 cells. The probability values were
determined by Student’s t-test: *p<0.05 compared with the value for
PC12 cells.
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Fig.7 Effect of inhibition of p75 function on growth and
morphology of PC12 cells.

PC12 cells were plated (10,000 cells per dishes) and pretreated with
sense or antisense oligonucleotide (SO or ASO) every 3 days or with
anti-p75 antibody or control mouse 1gG for 1 hr. Then NGF (25 ng/ml)
was added to each dish (day 0) A: Expression levels of p75 (arrow) on
the third day were examined by Western blotting with 50 pg of protein
in each lane. B: Cell numbers were counted at the indicated times after
NGF addition. C: Morphology of PC12 cells in the presence of NGF
(25 ng/ml) for 6 days after pretreatment with mouse I1gG (a), anti-p75
antibody (b), SO to p75 (c), or ASO to p75 (d), as described above.
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Fig. 8 Phosphorylation of MAP kinase and Akt in PC846F9 cells.
Medium of cells was changed to serum-free medium. PC12 cells were
incubated with or without NGF (25 ng/ml) for 5 min, and PC846F9
cells were collected at 0, 1, 3, and 6 h after the medium change. Each
cell lysate was subjected to SDS-PAGE (10%) and blotted on to a
membrane. The membrane was incubated with anti-phospho-MAP
kinase antibody, anti-MAP kinase antibody, anti-phospho-Akt antibody
or anti-Akt antibody.
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Fig.9 Effect of high concentration of NGF en phesphorylation of
Akt in PC846F9 cells. .

Medium of cells was changed to serum-free medium. PCI2 and
PC846F9 cells were treated with or without NGF (25 and 500 ng/ml,
respectively) for 5 min. Phosphorylation of TrkA was analyzed by
immunoprecipitation with anti-Trk antibody and Western blotting with
anti-P-Tyr antibody after electrophoresis on 7.5 % gel. Phosphorylation
of MAP kinase and Akt was analyzed as described in Fig. 8.
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Fig.10 Effect of wortmannin on the differentiation of PCI2 cells.
A: PCI2 cells were plated (10,000 cells per 3.5 cm dish), and
pretreated next day with wortmannin (200nM) for 30 min. Then NGF
(25 ng/ml) was added to each dish (day 0) and cell numbers were
counted at the indicated times. B: Morphological change of PC12 cells
6 days after the addition of NGF (25 ng/ml) pretreatment with (b) or
without (a) wortmannin (200nM).
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Fig. 11 Effect of repressing p75 function on phospherylation of
Akt.

Medium of PC12 cells was changed to serum-free, and the cells were

pretreated with anti-p75 neutralizing antibody for 1hr before

stimulation with NGF (0, 10, or 25 ng/ml) for 5 min. Phosphorylation

of MAP kinase and Akt was analyzed as described in Fig. 8.

H. Akt DY CEE{LE ST B &, PC12 HikgiL PC84 ik
BB AR L I ofz, ZORRIT, M
DEILIZIX PI-3 ¥ —E/Akt OFHENBYLBETHHZ &
ZRLTWD,

Wiz, PI-3 ¥ —E/Akt OIEHLE p75 ORBLL OB
2 FHEMICRE LTz, p75 & NGF & DA% p75 ik
THET S L. NGF (L 2o ErBEE sk
K 7zofz (Fig. 7)o ZORE, HLp75 Pk THLE LT
IENGFIZ X % Akt D U EE{L3 55 L7 (Fig, 1), — 5.
MAP ¥+ —E¥0D U VB{LITEE LT T ehrotf, T,
B p75 FLED 2 H DIz U2 1gG THIREZNE L& &
b Akt DY UELIZEL LD ofe, LLEDREERMNG,
NGF i3 p75 Z/r LT Akt DV VB2 #FEE L, PC12 Mifa
DO A EIL SED Z EWRENT,

Lk PC84 Ml p75 DRBABD L TV D78 NGF
12X 5 PI-3 ¥ —E/Akt BB OBEMEASEZ 63, HM
BEIE LW Z e phot, T2bh, NGF idpls &
LT PI-3 X+ —B/Akt @B & EME L. PC12 MilaDH
FELEZSERILTWEEBEZLND, NGF IK&5
PC12 MIRADLFFE, R 2 FE T 2188 T p75 28
HELFEBZRIZLTWDLZEBBELNE RS, 5.
p75 It L7z NGF ¥ 7 Ma@ZE0&EN 2B+ 5 LT
PC84 HIRLIIIEFICHARAARET VAR THDL EEZDLND,

3. DEREBICBTIEREAYYIR - N—T-AY
v AREBFOREBHEMHLic=a—0 a7
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PR R ORI O R SLHERE H DV TR
a7 Y THK~D53kid. W< OrDEEME~Y v
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EERFICEVAG I TWD Z EBREEOHEICLY
FENT P, bHLH BT ® 5 5, Mashl, Mathl,
neurogenin, NeuroD 72 & i3t ~D b2 BE T 58
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WDV THRET LTz, Hesl & HesS iZHP#RE MR O 5H % 4t
FL 24T 2 %52 B> T A2 EBmbER T
HOMR —a—o ka7 4 TRELTH mRNA LA
B LA -7 (Fig. 12A. B), LA>L, #ikfla~
Do EFE T B7EME%E H 2 bHLH KF T#H 5 Mashl &
Mathl ® mRNA {F==2—uv b7 ¢ VABIZE D FEIC
ER L% (Fig 12A, B), £/, 3O =z—n fr 7
4 EFRIAAET D E FRITRORELSRD I LMD,
Za—n ba7 4 KDLV OEMBRIESD EEZ
L (Fig. 12B). = mRNA RH R4 % L0 BO
HERLTHRET I v R T oy MitiaiTo
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Fig. 12 Effects of neurotrophins on the expression of bHLH
transcription factor mRNAs.

The cells were treated with vehicle (none), NGF, BDNF, NT-3 (100
ng/ml) or combined neurotrophins (100 ng/ml each) under growth
conditions (in the presence of 10 ng/mi of FGF-2) for 3 days, and total
RNAs were then prepared. A: Each total RNA was subjected to
RT-PCR using primers specific for Hesl, Hes5, Mashl, Mathl,
NeuroD or B-actin, and each PCR product was applied to a 2 % agarose
gel containing ethidium bromide. B: The bands corresponding to target
mRNA-derived cDNA were densitometrically quantified, and the ratio
of the intensity of each bHLH factor band to that of the p-actin band
(ratio of bHLH/-actin) was calculated. The values are expressed as the
means + S.E. of the fold-increase in the ratio of bHLH/B-actin,
regarding the value of the vehicle-treated cells as 1.0. Significant
differences from the value for the non-treated cells were determined by
Tukey’s test for each bHLH factor. Significance, *p<0.05 and
**p<0.01. C: Each cell lysate was subjected to SDS-gel electrophoresis
(10 %), blotted to a membrane, and reacted with anti-Mashl or
anti-Math1 antibody. All experiments were done three or fourth times.
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Fig. 13 Time-dependent changes of the expression of bHLH

transcription factor mRNAs after BDNF treatment.
Neural stem cells were cultured for the indicated times in the medium
supplemented with FGF-2 alone (10 ng/ml) (open circle) or with
FGF-2 (10 ng/ml) and BDNF (100 ng/ml) in combination (closed
circle). Total RNAs were prepared from each culture, and an aliquot
was subjected to RT-PCR using primers for Hes! (A), Mashl (B),
Mathl (C), NeuroD (D) or B-actin. Then the PCR products were
applied to a 2 % agarose gel. The ratio of bHLH/B-actin was calculated
for all samples as described in the legend of Fig. 12. The values are
expressed as the means + S.E. of the fold-increase in the ratio of
bHLH/B-actin, with the value of the cells immediately after BDNF
treatment (0 hr) taken as 1.0. Significant differences from the value for
the vehicle-treated cells were determined by Tukey’s test for each
bHLH factor. Significance, *p<0.05 and **p<0.01. The experiments
were done three times.
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B, =a—o ba 7 SOAEIZ KD Mashl & Matht D%
VI BED LR EMRT A I ENTE R (Fig 12C), LH
L7235, NeuroD ORI ED=—a—1 b7 4 &40
HBLTHLE L) -7 (Fig 12B),

iz, bHLH 8B X 78 mRNA REIZRIFd BDNF O
YER % RERADIZF~7- (Fig. 13), BDNF QLE 3 i1 7
13 6 BRI IZZF N E 4 Mathl & % WM E Mashl @ mRNA %
BOERIIEC—7IZEL, DIERR LB L72h5, BDNF
BAEEO = bo— /MR L BT B & AEE 24 BEREITA T
LAEICEWERLER L T (Fig. 13B.C), LaL,
Hes1 & NeuroD @ mRNA {3 BDNF B %W DR
Bz BV TH RIS bR -7 Z &5, bHLH 5
BN F B mRNA ORI K19 BDNF OR X Mashl &
Mathl IZBIR#THD . TOREFEIRMICEIY, L
PHLFEROTHD I EBBALNE o T,

MRS OS2I RIET BDNF OEE

MRS MRLIE FGF-2 72 & ORITER T % S oM H T
BEERT D L RDCRIE THTA L 55> 5 RITER T 2 Bk
THE—EOHETHEMIL. 7R hadA bHDVIEA
Va7 Reda b~ BRIZHIEL TWLS, £ZT,
FGF-2 #FE7 ARilC BDNF T L /- RSERn»s
FhENDOHRIZ LT 5EIE %W~/ (Table 1), BDNF
FELLERANAR & H 82 L C BDNF ZLEMIRA Tld. FGF-2 fR*
#IiZ MAP2 BBtEMIlE (FiRAile) DEIENRELRDLDI
® L. GFAP BBMEMMR (7 A hadA b) OFBITERIC
B Lice —H . RATF VBHEMIE R LM HD0n
i% Gal-C BHtEMERE (FV I5F 0 KadA b)) OB,
BDNF THE L THLEL Loz, TNHDERLD,
BDNF % FGF-2 BREFIIERAI®EDLZ LICE > T, ##E
MR~ IEPEEIND ERBIRFICT A hatA b~
LIRS D Z E RS oT,

Table 1 Expression of differentiation markers after
removal of FGF-2 in the neural stem cells treated with or
without BDNF.

nestin (n=6) MAP2 (r=6) GFAP (r=8) Gal-C (7=6)

none 326832220 1995 £ 78% 4212 %4354 568 = (164

BDNF-pretreated 2311 £ 292 5504 x 41 2259 2482 387 = 034

Dissociated neural stem cell suspensions were plated on coverslips
coated with poly-L-ornithine. The cells were cultured for 3 days with
FGF-2 (10 ng/ml) alone (none) or with FGF-2 (10 ng/ml) and BDNF
(100 ng/ml) in combination (BDNF), then further cultured in the
FGF-2- and BDNF-free medium for 6 days. The cells were fixed with
paraformaldehyde solution, and then reacted with antibody against
nestin, MAP2, GFAP or Gal-C. The percentage of the cells expressing
each antigen was calculated in 15-20 arbitrarily selected fields. The
values are presented as means = S.E. of six coverslips cultured
separately. Significance: * p<0.05 and ® p<0.01 compared with the value
for non-treated cells (none). Experiments were repeated three times,
and typical results are presented.

FGF-2 REIZH S bHLH &ERFORBRE(L
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572, FGF-2 BRERIIC BDNF TAE L, ToO%
FGF-2 # % L7-#l8i2 2V T bHLH &5 R/ T mRNA
REELE Tz, BDNF LM Tt FGF-2 BRER,
Hesl & Hes5 @ mRNA R B % (28 L2, Mashl,
Math! 3 X Tf NeuroD @ mRNA OFEBRITHR4IZEH L=

(Fig. 14), BDNF AAEME Tid, WAEMR & BRI,
Hesl & Hes5 @ mRNA {4 (2> L7= (Fig. 14A, B)
2%, Mashl & Mathl ® mRNA RBiZ FGF-2 #RE LIk
BTTTICBETH Y . BDNF ELBIC T 5B
HE7: LHIT Mashl mRNA Tid FGF-2 &% 1 B#E T,
MathImRNA O£ #Lid 4 H% F TFift L 7= (Fig. 14C. D),
—7J5. BDNF LB TP NeuroD @ mRNA DOREIHiL
BDNF SIS STE Y BB G B/ LIAD,
MPOEDEAOREL &N (Fig 14E),

FGF-2 BRERTIC BDNF CROEE X7 Migep e <k,
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Fig. 14 Effects of BDNF-pretreatment on the changes in mRNA
expression of bHLH tramscription factors after FGF-2
withdrawal.

Neural stem cells were treated with FGF-2 alone (10 ng/ml) (open

circle) or with FGF-2 (10 ng/ml) and BDNF (100 ng/mi) in

combination (closed circle), then transferred to medium containing
neither FGF-2 nor BDNF, and cultured for the indicated times. Total

RNAs were prepared from each culture, and an aliquot was subjected

to RT-PCR using primers for Hesl (A), Hes5 (B), Mashl (C), Mathl

(D), NeuroD (E) or B-actin. Then the PCR products were applied to a

2% agarose gel. The ratio of bHLH/B-actin was calculated for all

samples as described in the legend of Fig. 19. The values are expressed

as the means £ S.E. of the fold-increase in the ratio of bHLH/B-actin,
with the value of the cells immediately after FGF-2 removal (0 day)
taken as 1.0. Significant differences from the value for the
vehicle-treated cells (Student’s t-test; *), or from the value at 0 day

(Tukey’s test; #) were determined for each bHLH factor. Significance:

*p<0.05, **p<0.01; #p<0.05, ##p<0.01. The experiments were

repeated three times.
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Fig. 15 MAP2-expression after FGF-2 withdrawal hastened by
BDNF-pretreatment.

A: Neural stem cells were plated on coverslips coated with
poly-L-ornithine. The cells were cultured with FGF-2 alone (a, b) or
with FGF-2 and BDNF (c, d) for 3 days, then further cultured in the
FGF-2- and BDNF-free medium for 1 days. The cells were then fixed,
photographed under phase-contrast optics (a, c), and then stained with
anti-MAP2 antibody (b, d). B: Percentage of the MAP2-expressing
- cells was calculated in 15-20 arbitrarily selected fields. The values are
presented as the averages + S.E. of three independent experiments.
Significance: **p<0.01, when compared with the value for the
non-treated cells. The experiments were repeated three times. Scale
bar: 50 pm.
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hydroxylase : DBH) B8 L O/ V% I VEEBIRBEBE R
(glutamate decarboxylase : GAD) 65 ® 4 DO HiF, £
DB E FFHT LT,

HEBHR OB EEDESREROREB
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T4 BMRCEVEERBERORRICEDO L S ICHE
THMRE LTz, $EHa 5 FGF-2 2BEL%, B0
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Fa 7 o THREET 2 & 4 FEROEGREER D mRNA 5
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Fig. 16 Effects of neurotrophins administered before or
after FGF-2 removal on the mRNA expressien of
ChAT, TH, DBH, and GADG6S5 in differentiating
neural stem cells.

Neural stem cells were plated on poly-L-ornithine-coated

dishes, and the dishes were then divided into two groups.

The first group (post-treatment group) was cultured in the

medium containing FGF-2 (10 ng/ml) (proliferation

medium) for 3 days, and then in the FGF-2-free medium

(differentiation medium) with or  without each

neurotrophin (NGF, BDNF or NT-3, 100 ng/ml) for 7 days.

The second group (pre-treatment group) was cultured for 3

days in the proliferation medium with or without each

neurotrophin (100 ng/ml), and then cultured for another 7

days in the differentiation medium containing neither

FGF-2 nor neurotrophin. A: Total RNAs from the cells

were subjected to RT-PCR using primers specific for ChAT,

TH, DBH, GAD65, and B-actin. The PCR products were

electrophoresed in 2 % agarose gels, and the gels were

then stained with ethidium bromide. The intensity of the
target band was densitometrically quantified, and the ratio
of the intensity of target enzyme band to that of the

B-actin band (ratio of enzyme/f-actin) was calculated for

post-treated (B) and pre-treated (C) cells. The values are

expressed as the mean + S.E. of the ratio of
enzyme/B-actin. Significance of differences from the
values of non-treated cells (none) was determined by

Tukey’s test for each enzyme. Significance, *p<0.05 and

**p<0.01.
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Fig. 17 Effects of meurotrophins on the expressiom of
ChAT, TH, DBH, and GAD65 mRNAs in
proliferating meural stem cells.

A: Neural stem cells were cultured for 3 days with or without NGF,

BDNF or NT-3 (100 ng/ml) in the proliferation medium. An aliquot of

total RNAs from each dish was subjected to RT-PCR, and the PCR

products were analyzed by agarose gel electrophoresis. The gels were
stained with ethidium bromide. B: The ratio of the intensity of the
target enzyme band to that of B-actin band was calculated. The values
are expressed as the mean = S.E. of the ratio of enzyme/B-actin.

Significance of differences from the values of the non-treated cells was

determined by Tukey’s test. Significance, *p<0.05 and **p<0.01.
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Fig. 18 Effect of neurotrophins on the expression of ChAT, TH,

and nestin proteins in proliferating neural stem cells.
Dissociated neural stem cells were cultured, and treated
similarly as described in the legend of Fig. 17. The fixed
cells were reacted with antibody against ChAT, TH or
nestin, and visualized with fluorescein-5-isothiocyanate-
conjugated anti-rabbit or anti-goat IgG, or rhodamine-
conjugated anti-mouse IgG. For testing the incorporation
of BrdU, the cells were incubated with 10 uM BrdU for 3
hr followed by cell fixation. The fixed cells were
subsequently reacted with anti-BrdU antibody and Alexa
Fluor 546-conjugated anti-sheep IgG antibody. A: The
percentage of the cells expressing ChAT or TH was
calculated in 15-20 arbitrarily selected fields. The values
are presented as means = S.E. of three coverslips cultured
separately. Significance: *p<0.05 and **p<0.01 compared
with the value for non-treated cells (none). B:
Photographic images double-immunostained with nestin
and ChAT or TH of NGF-treated cells (a-c) and
BDNF-treated cells (d-f) are shown. Green color is for
ChAT (a) or TH (d), red color, for nestin (b, e), and
yellow color, merged images (c, f). Scale bar: 50 pm. C:
Photographic images double-immunostained with BrdU
and ChAT or TH of NGF-treated cells (a-c) and
BDNF-treated cells (d-f) are shown. Green color is for
ChAT (a) or TH (d), red color, for BrdU (b, ¢), and yellow
color, merged images (c, f). Scale bar: 50 pm. These
experiments were repeated three times.

HY ., WHEMEERRFETIHRTHD Z LM Fho7z (Fig
18C),
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TR RERT %> T RSB Ma» L IERICHh -T2
FRIPB & G OMEMRE KEICRRT 2 BN OMTICK
ELFEETHRLOEEZD,

5. B
AEFEAER N, PR SLBRIZEBVT, NGF 25 p75

LT PI-3 ¥ —E/Akt BB % 5L L, PC12 MikaD
WL EZFETH L. =a—n ha 7 g AR
R SR ~D L E T TA I T 20RO
TEEHLMMILL, INET, =a—a ba7 g rOfF
BT 2 RIEHE e EERICEP L TRSH
TEREDN, AFETELN-HRER, =a—aba 7 1
BHRSLOMYHBROKEICHES BboTWnaZ L
R LT\ 5, I, MRER L & Chbhi- MR
R E > THA. BELE Y L T5RABHREN
D0h5b, LML, ZOBEDOREEERT 5 ICIIM R0
K53t % HE T 2 B DA B R R R Th 5, KFED
REF=a—n ba 7 s VORBERELS /=T ¥
TTHHLDTH D RSB ORPADROICR2DHD
EH/ N D,

6. BEF
AT TR LB Ze it BB K30 F AW RE
TITbN b D ThH Y BFFEOFITIC Tz 0 MR 72
BB % 15 ) F LI JBATE )| BB 22 b ONC
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