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Human bone marrow mesenchymal stem cells (hBM-MSCs) can differentiate into various cell types
including osteoblasts, adipocytes, chondrocytes, and myocytes. Previous studies, including our own,
have shown that MSCs can also differentiate into neuron-like cells. However, their rate of neuronal
differentiation is not sufficient for application to stem cell therapy, which requires well-defined cell
types. For this purpose, we first examined the expression of neuronal lineage markers (GFAP, MAP-2,
KCNHI, Nestin, NF-M, and Tuj-1) by real-time PCR, western blot, and immunocytochemical staining.
The expressions of the astrocyte marker GFAP and neuronal markers NF-M and Tuj-1 increased in
neuronal differentiated MSCs (dMSCs). To improve the neuronal differentiation efficiency, PDE4, an
important signaling intermediator in the progression of neuronal differentiation, was modulated using
well-known inhibitors such as rolipram or resveratrol and then differentiated into neuronal cells (Roli-
or RSV-dMSCs). The expressions of NF-M, Tuj-1 were increased while that of GFAP decreased in Roli-
and RSV-dMSCs, which were examined by real-time PCR, western blot, and immunocytochemical
staining. From these experiments, we have found that the neuronal differentiation efficiency can be

ameliorated by the modulation of PDE4 activity.
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Human mesenchymal stem cell (hMSCs)<& -2}

AER oYzt W, A, A, 9E, 25 19

T 98 Az fFYo 237} 7Hed el E71AE0H2,

16]. H Aol W= hMSCs7} 417 Al X (neuron - like
cel)E 3 + U&= AAsATH14].
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Cyclic adenosine monophosphate (cAMP)& 2 A A 2
A7 NE BHSE FW8e 98 Aade vA (signaling
intermediator)©] TH[12, 13, 18]. T3, Al W cAMPS| F7H=
217 2 & ¥ A 5 (neuronal marker proteins)9] s R

53t 217 & 3H(neuronal differentiation)& 271 ¢T}H20]. Al
X W cAMPE Z4ste 8 AR, phosphodiesterase-4
(PDE4) cAMPS 7hF£8] 3t 5-AMPE THE0] Al E
cAMPE # &A1t PDE4 HAAE o] 83 AFolA ¢=
% (depression), $12]7l(cognitive deficit)? & =3lo]HH
(alzheimer’s disease) 5ol T3S #ZFH 5]

Rolipram [11] PDE4 %A S &2 g=3tolH H[5), <
A %kef[14], AR EF = ¥ (Huntington disease) [12], ]3]
HERN] A E406], 571 287 T o A EEA
Z9A AFEAT. A Fed=A 4= resveratrol
(RSV; 3, 4, 5'-tri-hydroxy-trans-stillbene, C1sH1,0) 94| PDE4
£ 94 EZE cAMPE /A28 R E I TH15]. Res-
veratrol= £ &, “’J';', A5 du 59 theFdt A& A
LAE M2, 15], 343 (anti-oxidative), ¥4 % (anti-inflam-
matory), 3=} (anti-senescence) 5 &7} BIEUTH3,
10, 17]. E3, sirtuin® &4 AF89 AMP-activated
Kinase (AMPK) 154 25 53l nlEZ=gote] A4,
p53e BdE T A&7 duEol An17].

£ A7 M= PDE4% Al 3182 rolipram¥} resveratrol
< o] g8t AAANE L3 &S HAE + 95<S hBM-
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MSCsell A 9 S8 i T
Mz ¥
Culture condition
hBM-MSCs (human bone marrow-mesenchymal stem

cells)& CEFO (Cell Engineering for Origin, Seoul, Korea)l
A T ekt hBM-MSCsE 75T flaskell A €3kl 10% FBS

(fetal bovine serum), L-glutamine, penicillin, 12| 3L strepto-
mycing E33H= DMEM low glucose Hl ¥ & o] &3}
37°C, 5% COEAANA M3ttt £ A7 B AN

7-passages®] hBM-MSCs7} ©] &5 glth.

Compounds

£ Ao A A8 resveratrol (sigma Aldrich, R5010-100

mg)< dimethyl sulfoxide (DMSO)°ll =<1 ¥ 50 mME 34
sto] A8 A74A] -20°Cell B#3HS T}, Rolipram (Tocris Bio-
science, 0905-10 mg) Al DMSO®| =<1 5 25 mM=Z 3|43}
o A8 A7EA -20°Ce] BFSHH T

Neuron differentiation

hBM-MSCsE 1 uM resveratrol, rolipram< ZH2} ) 23}
1242t E<F w3t} o] & DMEM, 10% FBS, 10 ng/ml ba-
sic fibroblast growth factor (bFGF), 18] 2 500 uM pre-in-
duction media®ll A 2417+ &<t vl &3k, 100 uM butylated
hydroxyanisole (BHA)# 2% DMSO7} 3+ induction me-
dia® v 5A7F 30% &<k H sk TH19].

Real-time PCR

AA RNAE RNAiso (TAKARA, Japan)& AHg3le] 3%
319t} %3 RNAE cDNA synthesis kit (TAKARA, Japan)
9 oligo-dT primerE AH&38te] Al 2ALS] ZR2EZ uhe}
cDNAE #4335t &8 E <DNAE SYBR Green PCR mas-
ter mix (Applied Biosystems Inc., USA)$} 37| real-time
PCRE F33tAth. PCRAl A& primere Aol NF-M
(Sn; 5-GTGAACCACGAGAAGGCTCA-¥, Asn; 5-AGGTA
GTCTTTGCGCTCCAC-3), GFAP (Sn; 5-TGGGAGCTTGA
TTCTCAGCA-3, Asn; 5-CCTGGGCTTGACCTCTCTGTA-
3’), KCNH1 (Sn; 5-TTGGAGATGTGTTCTGGAAGGAA-Z,
Asn; 5-AGGGCATCCCFCTTGATC-3) Nestin (Sn; 5'-AGCC
CTGACCACTCCAGTTT-3, Asn; 5-GCTGCTTACCACTTT
GCCCT-3), MAP-2 (Sn; 5-TTGGTGCCGAGTGAGAAGAA-
¥, Asn; 5-GGTCTGGCA GTGGTTGGTTAA-3), Bactin (Sn;
5-ATCCGCAAAGACCTGTACGC-3, Asn; 5-TCTTCATTG
TGCTGGGTGCC3) S o] 43T

Immunocytochemical staining (ICC)

hBM-MSCsE poly-L-lysine-coated coverslips (Fisher Sci-
entific, Hampton, NH, USA)| A 7] -3 A AN EZ & £351&
=38ttt NF-M3Z GFAP (Santa cruz biotechnology,
Dallas, TX, USA)E Blocking buffer (5% Normal horse se-
rum, sodium azide 0.02%7} £3F ¥ PBSE )l A E 1:200
O 343t 4°CollA overnightst A Th. 1 tha Alexad8s-
conjugated donkey anti-goat IgG, Alexab555-conjugated don-
key anti-rabbit IgG (1:400; Molecular Probes Inc., USA) ©] 2}
A ¢} Hoechst 33342 (1:10,000; Molecular Probes Inc., USA)
= PBS-A°l 34ste AEoA 1A gk HSAZT AZ
+ Nikon Eclipse 80Ti microscopy (Nikon; Tokyo, Japan) &
F dngos #Es.

Western blot analysis

Protease®} dephosphatase inhibitors7} 23+ 50 ul RIPA
buffer (Santa Cruz Biotechnology, USA)E A2 g F 4°Co
30% & S AR, 16,000 4°COIW 2083 94 £t
B e A SddE Eefshoith 30 ugel sample
7HE 0] sodium dodecyl sulfate (SDS)—polyacrylamlde gel
£33t 7195 & %, nitrocellulose membrane (Mil-
lipore, Germany) 2.2 HEA At @¥do] HoJd mem-
brane< blocking buffer (5% Normal horse serum, 0.1%
Tween-20, pH7.4)7} 23+ & TBS&H]el A 1417k 30% &<
W33t 12 @A B3 Tubulin (Tuj-1, 1:1,000; Santa Cruz
Biotechnology, USA), Neurofilament-M (NE-M, 1:500; Santa
Cruz Biotechnology, USA), Glial fibrillary acidic protein
(GFAP, 1:500; Santa Cruz Biotechnology, USA), B-actin
(1:5,000; Sigma, USA)= blocking buffer Z71¢] sodium azide
002%% Yol 4°Col| overnightdt¥th. 22 &4 (Jackson
Immuno Research Laboratories; West Grove, PA, USA)+
TBS-T (0.1% Tween-20)°] 1:10,0002.2 3] 43 24|17k 5t 4
oA w3AZT w3 F GHdA ECL solution kit
(Amersham Life Science, UK)& AH-&3t¢] Xray filmol =%
A7 gelargn,

tlo o &

o

X

i i ks

hBM-MSCsE 0|28 MARs 7

hBM-MSCs& o] &3ta] “A4 & 9 n "oﬂ Aed A
we} 217 £ 3} (neuronal d1fferent1at10n)§ FEa o8] A
&3 A5 AZF8t7] Hskd A4 ®A A (neuronal mark-
er)?] ¥ & Real-time PCRY .2 I3 ¥ T}, o) =7 (Ctrl-
MSCs) thH] S (dMSCs)oll Al A4 A Z EA A MAP-2,
NF-M, Nestin® KCNH19| @@ o] F7t3S ##3t % th(Fig.
1; t-test, *p<0.01, #p<0.05, mean *+ SD, n = 5). 5} oy g}
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Fig. 1. The expression of neuronal markers in neuronal differ-
entiated hBM-MSCs. The expressions of neuronal genes
in non-differentiated MSCs (Ctrl-MSCs) and differ-
entiated MSCs (dMSCs) were examined by real-time
PCR. All genes were significantly increased in dMSCs.

g E AR GFAPY EE 9A F7Hehe Flst
(Fig. 1; GFAP). W2} hBM-MSCs®l| 417 #3515
W, ABM R ot B4 EES 73 =9
glstAth

o3 T F7HE 9 FEollA Flstr] el Wes-
tern Blot& 33t % 1 (Fig. 2A), @A} F& &Rl
913 Immunocytochemistry (ICC)E <3 3t th(Fig. 2B). &
4% 58 dMSCsol A AAAE EA AL Tuj-1, NF-M3}
A Z AR GFAP7} S ol $71HeS 218kt th(Fig.

A Ctrl-MSCs  dMSCs 2
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Fig. 2. The increased expression of both neuronal and glial
markers in dMSCs. The MSCs (Ctrl-MSCs) and differ-
entiated MSCs (dMSCs) were subjected to western blot
analysis (A) and immunocytochemical staining (B) with
specific antibodies for Tuj-1, NF-M, and GFAP. Tested
proteins were up-regulated in dMSCs.
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2). 029 A¥L< B3] hBM-MSCsoll A 414 2812 %3}
A7 M ¥R ol g A7 };ﬂ_xﬂv,_,] § =8
9 Q2 ol

PDE4 HNE &8 MSCs2| MAES HMF T}
Rolipram©|t} resveratrol PDE4 A|2&& F3to]
AMPKE 243t A2 44 Jed[15 18], AMPKY]
G5 AA T8 Fod ASHGAE S43IH9]. £
ATFAME E7IMEY AALE B2 A8 A3 o
&S o] &gt vl ke MSCsol rolipram©] U resvera-
trolE ZH7h 1 uM# 1247t 5ok A2 & ABEEE fFiedt
o] immunocytochemistry staining™ & ©]-&3to #&3}% Tt
ol AA RS Z714Z(dMSCs)ol M ARAZ EA A<
GFAPY #do] {&HAAT, rolipram©| U resveratrolE 7
A 2¥ Z7]4 Z(Roli-dMSCs, RSV-dMSCs)oll A &= #2143l
A 7%?}—3— 3913} At} (Fig. 3A). Al £ A GFAPY B8 &
7835 27)H Z(dMSCs)ol A= °F 5192%¢9] o],
rolipram E% resveratrolS A 2|3tH, Zt7F 38.95% (Roli-
dMSCs)%} 34.73% (RSV-dMSCs)2 725151 T (Fig. 3B). ©| %
2 A8E 53 PDE4 GA AR rolipram©] 1 resveratrol&
zol AAestids o 2ol veiA, dFAZRn

X2 Z23ste veo] MAEE Ui
ot 22 A3E mRNA FE94 &118t7] 91314 Real-

A Ctrl-MSCs

dMSCs

Roli-dMSCs RSV-dMSCs

GFAP Positive Cells *

=
o

o

Ctrl-MsCs dMSCs  Roli-dMSCs RSV-dMSCs

Fig. 3. The reduction of GFAP positive cells in PDE4 inhibited
dMSCs. (A) Astrocyte specific marker GFAP was vi-
sualized in non-differentiated MSCs (Ctr]-MSCs) and
differenetiated MSCs with rolipram or resveratrol treat-
ment (Roli-dMSCs, RSV-dMSCs). (B) GFAP positive cells
were counted and shown in the graph.
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Fig. 4. Decreased expression of GFAP in Roli-
and RSV-dMSCs. (A) The expression of
neuronal markers NF-M, KCNH1, and
astrocyte marker GFAP were measured
by real-time PCR (A) and western blot
(B) in dMSCs, Roli- and RSV-dMSCs.
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