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Neurogenesis and Epilepsy

Sang-Wuk Jeong, M.D., Ph.D."* and Dong Wook Kim, M.D., Ph.D.2*
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Data accumulated over the past four decades have dispelled the
long-held dogma that the adult mammalian brain cannot generate new
neurons. Although neurogenesis, the birth of new neurons, is confi-
ned largely to the embryonic period, accumulating evidence indicates
that certain germinative zones persist throughout life and continue to
generate neurons and glia in specific brain regions. Although limited
knowledge exists regarding the normal function of neurogenesis in
the adult and its alteration by brain injury, the persistence of neuro-
genesis suggests that the mature brain maintains an even greater
potential for plasticity after injury than previously recognized. Un-
derlining the idea are recent reports that seizures induced by various
experimental manipulations increase neurogenesis in the adult rodent
brain. Studies of dentate gyrus neurogenesis in the adult rodent epi-

lepsy models suggest that seizure-induced neurogenesis involves
aberrant neuroblast migration and integration that may contribute to
abnormal hyperexcitability. The presence of endogenous neural pro-
genitors in other proliferative regions, however, may offer potential
strategies for the development of antiepileptogenic or neuronal rep-
lacement therapies. The effects of seizure-induced neurogenesis in
the epileptic brain, in terms of either a pathological or reparative role,
are only beginning to be investigated. (J Korean Epilep Soc 2004;
8(2):97-102)
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Figure 1. BrdU-positive cells in the
hippocampal dentate gyrus of Sa-
linetreated control and KA-trea-
ted mice. Baseline mitotic activity
in the hippocampal dentate gyrus
of a saline-freated (A) and a KA-
treated (B) ICR mouse identified
by BrdU labeling and immunohis-
tochemistry.
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Figure 2. The number of BrdU-positive cells offer KA or saline
treatment. Bars represent mean+S.E.M. Asterisks indicate stati-
stically significant differences from control.

*0<0.00001, Student’s t-test

o

AE7S At o Ful xKoto|#e] NAAEL F4
5~10 71 ST AR Y70 HES iR
cHHAER Balsla FPAEF R HAUN 2] 2}
Zog guy H3AY BEME HI%E DGC A7

}\go] oéoiﬂ,‘:]_-ZS,ZS,BO,Sl 3HU]- Z}‘%—‘%— -

=
4

flo w

il

8 o shink 3
A (after discharge)o] BAE 25 Fo AlZ 471 DGC
9] 47} FUIE® o) AT Ui A¥e 2
7131 BrdUE 78 & 94 Aela BBAIA £Lst
= A2 5 Aslste] dozl Aolth

A2 B Q3792 ICR mousedr KA—f12 &2
o] A sfute] A7y F71E GRS 2T
A BrdUZ EA® AEEs 2733 FHz 3k &
99} B8 ME = QH:(subgranular zone)°l W} ¥
7 AeHFig. 1A). KA HTelA BrdU 4] AxE=
titigrt 23 3 AEE Alole] BAEE wet FA4E
glom 1 F7F 27k tH(Fig. 1B). KAZ A2 ICR
mouse?] #utelld BrdUZ BAE AEES B Er
2 ZA13 gziert 28 A% S/ Fig. 2). ol
A 27V NEE9] thR-E-(oF 80%) < 28U F ABA

1, x é ot

ﬂl«i'i ot 1

QAP AEE B 4
£3 94 A7, 48 539 £7 2 99
2%0el Wk Aol7} ke Ao 2,
R T R EES L E L
TRjele) wet B7hsE AR G QYA %o
o 2ol Al 10u§7}R] 2jo]7} ek

W g F Aplelne) 37 AU 49T
9l 7|AL Bzl oM wa 3 =714 gnt He
oAle] AZge Asl Fo ME APE (death) ol o

o N e
g o [
& i rh
F-r‘ ot ﬁ
3
:L

2
:‘o
T
T

BA} &3 (compensatory effec ) Zolgh= 7Hdol §d
th¥2 o] 7pAdel| oJabd KA—R watel o8 S7he A
AUy e NAAZ Aol o wgEse Adat. o1

) ERlal AAAEY AFE glolx HAks R AY
E2oA AAAgo] F718He TAR M ES] APdo]
Z7te AR Fe3 4 247t ok FEE
9t} t}e o 2= glytamate® 1} serotonin® ¥ & &
A AARGEAL] 7P AFEAE TN T
o] itk AAMEEY £4do] dofubA] ok Avidt wE
og% Aol F7kEE offE o TAe] gluta-
mates} & AARSGEL S 7t A7) WEoE A%
g} wa-gur 249 A2 A48 DGCY T4 HWE
& AFES Z7} Alo]e) BAESHE 7 He] disid e of
2 & okEA A g} wzE el o Fkeb Al
Aurgel] dgkg A £ e o E¥EE ARAA
=353 0ok A S T Jxe) /14 BAE 5P A
=

W ARG B B JEYS 2 4%
Fo ByBsle AFALY 52 ofd Aol ks A
ofct. o], ARG el Wate] Lot Foll B A
S0

2 e ATHEI} Hle] DGCE s AJUA,

oln] A4 Rdstm YA ATFHESL L] A T4
o] 2A¥)=x] o} gt} Ayt AE ATAETL
thokst E2o) AL olWAEE THEUE TS
AU YeEAE dHA AA Lok

CHBIZHEIEMS| K| § 2004;8(2):97-102 § 99



L

off & FEEE AFEY NS o J4 ¢
FAuby F8 oA FIFJAR I gujE of
12 odth ofef R L) ojdf fdEHE AR
b A sju) xjotolFe A Wstd AU
74 BAE gl gl AFHRTh ds
wzk Sofl AR Frbehe A, A
o] dFoleh= WA E wel], &9 Al
A g3e] Juizt g Row Aztenk® a8
A DGC7F 7+ Ak sfimtol ] 7] H]
Ql F2A 7iaAH o] Qg Aolgke MR
I Utk o) vPEAERl A Fo szt Y o]
& A'YA AT (aberrant mossy fiber synaptic

N

¢

0

o [
Eoux
o ol

N 2
o

o

KU [roox 2%

> R

i

o

2o £o8 Woreh 4 oo N
ol
L

N
o
o ML 3

reorganization) ©]th. &5 7F (temporal lobe epile-
psy, TLE) B2& %2] 311 pilocarpine B4 ©]7]
G ATAL AYA o7 SE F 2R JeRt 270
2 Yol Aol drpSuh O maby wzte) o3 f2
£ DGC A7 o]714df AP (remodeling) el
AZH D A2 AYE DGCY) #8H= M9 DGC F4 A
TA (aberrant DGC axonal reorganization) 3} 7o} Z13}
A Feh A FHollA] Tzl g3 f2E = o7 AdR Al
WA AFAL AZF TLEAME wi$- FAksh
Parent 5% |2 A€ DGC/F ¢&o 2 futse=
DGC &2} Mgl 71ofstchs 7MaE 3] fal A
A 9] pilocarpine 24 BrdU EX)9} Ao tigh
Hold M-S 233} +=1, pilocarpine—+% SE ©]3% 4
F ool A2 Y DGC 4HF7F CA3L Aotolst
B B2} (dentate inner molecular layer) &2 H|A
2k gHEo] Wivhks AR S Atk 2158
o] X—A& ZAksle] z|oto]ol Ao A EEE
3ro g4 bzt kol W o)71 A AP Aol A
AALEIA =T, AR ZAL o] F A1 go] A9
AFHYEAE BF5HA SE o)F 4FAl0] o]7]
ol(sprouting) & 13| ZetA VER e AE &
Foich o] AR Fato] & W, d&—{d &4 o] F
AZ AR AEAMEERE o2t A EAHA A5
Ao A S B AAQ1 F24F 3Ado] o] RS & 7
Jot olefst AAEe] AFAHLE o1 Asel I F
Al gyl diEiAE 714 A+t o Hesith
DGC A173ge] W3t 2H84 sl &= o2 723

o
=~

rO

T

L=

2,
n?L_\_L

A

o oox e orlr 42 FE oo
Joo X
1T O

e

O

o

o

M ¥ >
Y2

d
il

100 ¥ CHBIZFEIBISIX] | 2004:8(2):97-102

(o]
o
e
PO
5
=
N

S bae 25k A5l WA+
0 4 059 417 SRl e AT AR D 9
o o ol £ S AololFld DGCY A7}

2ok AAME (granule—like neuron) 7} YEREE o)A &
Zo| EA3It). DGCY ¥4k AA F 9 pilocarpine 5.
Ao % vpebdth H2e) o Harel elshd, pilocar-
pine—72 SE ©]%¢] X|ofo]ae] £} UF- FAFEollA
DGCS] HejE Ho|uA nd<s AZAES] BAAE &
Hal= Az So] A=, Al7to] Rl uje} & F
HollM BrdU-3 A¥E7}F 3F F7kske 0% Kot &
29 o) MEE Ui A1 ArAIEAA Ao
BAEE o AZETEY o)y olak AEo] At
7)) tiste] Bl R QARE Ul DGCEeA &
Hol7 Ak FoFo g wWo] LA o|Fdhe AoE >
Aule AARALY EAE 2y L2t o8 e
&23o] DGC AT-AHEY H|ZFAR] o]FF s
S0l Fohx shalck

KAWY pilocarpine®l] 2J3F SE o]3] A2 P o]4
A DGCell g RuEL Itk Scharfman 5% 7F
A Fo dfu} HHE o] g3t F F-$9 ol FHE
A3 (granule—like cell) 2] A7|A42eHAA EAE AALeH
e, ol AXEe FHAEI) 2ty Sl A YR
T3 A7) 54 2A d9F g DGC
32 A AAM T g CA3S FAAE(pyrami-
dal cell) &+ 7142 2 (synchronously) ZHA8sh= H]E4+
¢l Zuty} WAk (burst firing) FEfS] FEFEAHE 2R
o} B 2419 o] MlaEst FAAR1 DGC AlelellE
ZAQ zp|t EAETE AR, oiFEe] L 5 Az 4
Y Aoz F4HE DGCE A4 BX57H29] 34 DGC
of vla] X ] B2 A&A 714 7R E7] (persistent
basal dendrite) & 7} 3. QT4 Z5), 712 FHe] o]k
d DGCY 770l EAshe 2743 AMA 7 A%
DGCE9] A3 A7AAE vls) AR} | @b ojefdt
HefEtAQl o] A A g #y e 7HAA]7]
(pruning) 7} A2 o] FAR]A] 1] wjiEel] A7) w
2hq wrahe AT A P Roe FPErht

T2 T A7) E AR ule FERIZP HE £
AFAe} FEES NER LS 2D cytosine arabi-
nofuranoside (Ara—C) & 743 2 $of A% FUs
ty slir} 919 Aol AldE 1L tlEe] WA

N
e

T



7} FA3] ZolEthe AMNE Z98I5ith"Y Pilocarpine
©% SBE 9031 F Ara—CE Mol 9% A% DGC
o AL i AdEg, ok B2 F A7
of ojFe] 7 L L Tk AolT) B
T Fl A e Y o B
Ne Aow =T, s 1
v X Felxe ”Xﬂ DGC A7} - 2ol&
<50 3 Aolof BaAo] lthe AEA FA7F 7]
wjoltk & gAH o7 7|9 fRsks H "ad A
AR 2pte o] MEREYG AR Fo7t 7H4
s 2 ¢ JSA BEAT 7198 At 2] A
£ do 4 9lE Aotk o]d HE A #E &
Z4HEA-E 7*@‘%*&"1] F2 AR Y gHE F 5
th= 7HE AlE 5 Qo do g o]dt B gigt <
7k ‘éﬁﬁ}‘:}l’ Easdl=

-

S wil /x|

mY W A=
A EfEEL] WA Aol dojdths AL ¥
&% °l$°ﬂ A7 5‘_% X]E% 4’4511 ol ol§% + 3l

;T;
N
I
T
-
2
_1

0
‘j
=

4
o
=2
oz
~
I
3
e
b

}1\1731:11-/%]0] oohs} 740111 ;% 3“3% 74017(]_:_; O}Z} 2
FA YA At AT ok £
SVZ9} aute] Hololel ] A7 A
o7ith= Zo| ez AT} “‘Zlﬁi 013k Akl ofuat
7144, TR (excitotoxic), 22 HEE A &4 F
o] &) s} DGC AFLAYe] Fristth= A+
9};}}3,32,48 A &AL Ay SVZY A AL =
o, 2= ket 53] £40] X SVZ 9 dwt Holo]
2o} g Riol X A7 ATAERHE] mﬂwgur o}
P (gliogenesis) 2 Z7HATHL & & 9

‘oeln ®BREES AW SVZeld r,a._}@-%m /«173 o
o] Yolp= Ae Fnlz e AT WA Fh A, SE
7} SVZ AARA L] ZA 3 0] HEAFE 7|He
R ARz o) Fshe #3 FA ABAEE A&}
of 7)) A FHHEIE Wk acky, G
%e Zﬂﬂ“ﬂo}‘éﬂ ohd 7}@; Be dor + 9l
NECIEDIE B
21 A zfr Alzglﬂa“goﬂ OWM FEE VA7 SVZ

o
'
by

>
3
L
¥

(=] [==]
A= UES

A oldel Wskd AW L ofwuie] A
o i3t SulE o 5 QA 2 ol ATkt A4E7]
= A% 4 QU Bok s

PN
e S5

A thE o Aol giE AEE AEHE

REFERENCES

. Allen E. The cessation of mitosis in the central nervous system of the
albino rat. J Comp Neuro 1912;22:547-68.

. Altman J, Das GD. Autoradiographic and histological evidence of
postnatal hippocampal neurogenesis in rats. J Comp Neurol 1965;124:
319-35.

. Altman J. Autoradiographic and histological studies of postnatal neu-
rogenesis. Iv. Cell proliferation and migration in the anterior fore-
brain, with special reference to persisting neurogenesis in the olfactory
bulb. J Comp Neurol 1969:137:433-57.

4, Kaplan MS, Hinds JW. Neurogenesis in the adult rat: Electron mic-
roscopic analysis of light radioautographs. Science 1977,197:1092-4.

. Eriksson PS, Perfilieva E, Bjork-Eriksson T, ef al. Neurogenesis in
the adult human hippocampus. Nat Med 1998:4:1313-7.

. Gould E, Tanapat P, McEwen BS, Flugge G, Fuchs E. Proliferation
of granule cell precursors in the dentate gyrus of adult monkeys is
diminished by stress. Proc Natl Acad Sci USA 1998;95:3168-71.

. Gould E, Reeves AJ, Graziano MS, Gross CG. Neurogenesis in the
neocortex of adult primates. Science 1999:286:548-52.

. Kornack DR, Rakic P. Continuation of neurogenesis in the hippo-
campus of the adult macaque monkey. Proc Natl Acad Sci USA 1999;
96:5768-73.

. Reynolds BA, Weiss S. Generation of neurons and astrocytes from
isolated cells of the adult mammalian central nervous system. Sci-
ence 1992;255:1707-10.

10. Cameron HA, Woolley CS, McEwen BS, Gould E. Differentiation of
newly born neurons and glia in the dentate gyrus of the adult rat.
Neuroscience 1993;56:337-44.

11. Lois C, Alvarez-Buylla A. Long-distance neuronal migration in the
adult mammalian brain. Science 1994;264:1145-8.

12. Lois C, Garcia-Verdugo JM, Alvarez-Buylla A. Chain migration of
neuronal precursors. Science 1996;271:978-81.

13. van Praag H, Schinder AF, Christie BR, Toni N, Palmer TD, Gage FH.
Functional neurogenesis in the adult hippocampus. Nature 2002:415:
1030-4.

14. Markakis EA, Gage FH. Adult-generated neurons in the dentate gyrus
send axonal projections to field ca3 and are surrounded by synaptic
vesicles. J Comp Neurol 1999:406:449-60.

15. Stanfield BB, Trice JE. Evidence that granule cells generated in the
dentate gyrus of adult rats extend axonal projections. Exp Brain Res
1988:72:399-406.

16. Lowenstein DH, Parent JM. Brain, heal thyself. Science 1999;283:
1126-7.

17. Bonfanti L, Theodosis DT. Expression of polysialylated neural cell
adhesion molecule by proliferating cells in the subependymal layer of
the adult rat, in its rostral extension and in the olfactory bulb. Neu-
roscience 1994:62:291-305.

18. Doetsch F, Alvarez-Buylla A. Network of tangential pathways for
neuronal migration in adult mammalian brain. Proc Natl Acad Sci
USA 1996:93:14895-900.

19. Kuhn HG, Dickinson-Anson H, Gage FH. Neurogenesis in the den-
tate gyrus of the adult rat: Age-related decrease of neuronal progeni-
tor proliferation. J Neurosci 1996:16:2027-33.

20. Cameron HA, McKay RD. Adult neurogenesis produces a large pool

—

Do

w

v

(=

-

oo

o

i 3HZHEIEHS|X| B 2004:8(2):97-102 § 101



AALA 24

2

—

22.

23.

24.

25.

26.

27.

28.

29.

30.

3

32.

33.

34.

35.

36.

L=

of new granule cells in the dentate gyrus. J Comp Neurol 2001:435:
406-17.

. Kempermann G, Kuhn HG, Gage FH. More hippocampal neurons in

adult mice living in an enriched environment. Nature 1997;386:493-5.
Shors TJ, Miesegaes G, Beylin A, Zhao M, Rydel T, Gould E. Neu-
rogenesis in the adult is involved in the formation of trace memories.
Nature 2001;410:372-6.

Gheusi G, Rochefort C. [neurogenesis in the adult brain. Functional
consequences] . J Soc Biol 2002;196:67-76.

Scharff C. Chasing fate and function of new neurons in adult brains.
Curr Opin Neurobiol 2000:10:774-83.

Bengzon J, Kokaia Z, Elmer E, Nanobashvili A, Kokaia M, Lind-
vall O. Apoptosis and proliferation of dentate gyrus neurons after
single and intermittent limbic seizures. Proc Natl Acad Sci USA
1997;94:10432-7.

Parent JM, Yu TW, Leibowitz RT, Geschwind DH, Sloviter RS,
Lowenstein DH. Dentate granule cell neurogenesis is increased by
seizures and contributes to aberrant network reorganization in the
adult rat hippocampus. J Neurosci 1997;17:3727-38.

Gray WP, Sundstrom LE. Kainic acid increases the proliferation of
granule cell progenitors in the dentate gyrus of the adult rat. Brain
Res 1998:790:52-9.

Scott BW, Wang S, Burnham WM, De Boni U, Wojtowicz JM. Kind-
ling-induced neurogenesis in the dentate gyrus of the rat. Neurosci
Lett 1998:248:73-6.

Parent JM, Lowenstein DH. Mossy fiber reorganization in the epileptic
hippocampus. Curr Opin Neurol 1997:10:103-9.

Parent JM, Janumpalli S, McNamara JO, Lowenstein DH. Increa-
sed dentate granule cell neurogenesis following amygdala kindling in
the adult rat. Neurosci Lett 1998:247:9-12.

. Nakagawa E, Aimi Y, Yasuhara O, et al. Enhancement of progeni-

tor cell division in the dentate gyrus triggered by initial limbic sei-
zures in rat models of epilepsy. Epilepsia 2000:41:10-8.

Parent IM. The role of seizure-induced neurogenesis in epileptogenesis
and brain repair. Epilepsy Res 2002;50:179-89.

Jiang W, Wan Q, Zhang ZJ, et al. Dentate granule cell neurogenesis
after seizures induced by pentylenetrazol in rats. Brain Res 2003:977:
141-8.

Luk KC, Kennedy TE, Sadikot AF. Glutamate promotes proliferation
of striatal neuronal progenitors by an nmda receptor-mediated me-
chanism. J Neurosci 2003:23:2239-50.

Riva MA, Gale K, Mocchetti L. Basic fibroblast growth factor mma
increases in specific brain regions following convulsive seizures. Brain
Res Mol Brain Res 1992;15:311-8.

Humpel C, Lippoldt A, Chadi G, Ganten D, Olson L, Fuxe K. Fast

102 | ch3tZiEers]X| § 2004;8(2):97-102

37.

38.

39.

40.

4

—_—

42.

43.

44,

45.

46.

47.

48.

and widespread increase of basic fibroblast growth factor messen-
ger tna and protein in the forebrain after kainate-induced seizures.
Neuroscience 1993;57:913-22.

Isackson PJ, Huntsman MM, Murray KD, Gall CM. Bdnf mma ex-
pression is increased in adult rat forebrain after limbic seizures: Tem-
poral patterns of induction distinct from ngf. Neuron 1991;6:937-48.
Ernfors P, Bengzon J, Kokaia Z, Persson H, Lindvall O. Increased
levels of messenger mas for neurotrophic factors in the brain during
kindling epileptogenesis. Neuron 1991;7:165-76.

Ferhat L, Chevassus-Au-Louis N, Khrestchatisky M, Ben-Ari Y, Rep-
resa A. Seizures induce tenascin-c mrna expression in neurons. J
Neurocytol 1996:25:535-46.

Cavatheiro EA, Leite JP, Bortolotto ZA, Turski WA, Ikonomidou C,
Turski L. Long-term effects of pilocarpine in rats: Structural damage
of the brain triggers kindling and spontaneous recurrent seizures.
Epilepsia 1991;32:778-82.

. Mello LE, Cavalheiro EA, Tan AM, et al. Circuit mechanisms of

seizures in the pilocarpine model of chronic epilepsy: Cell loss and
mossy fiber sprouting. Epilepsia 1993:34:985-95.

Scharfman HE, Goodman JH, Sollas AL. Granule-like neurons at the
hilar/ca3 border after status epilepticus and their synchrony with area
ca3 pyramidal cells: Functional implications of seizure-induced neu-
rogenesis. J Neurosci 2000:20:6144-58.

Dashtipour K, Tran PH, Okazaki MM, Nadler JV, Ribak CE. Ultra-
structural features and synaptic connections of hilar ectopic granule
cells in the rat dentate gyrus are different from those of granule cells
in the granule cell layer. Brain Res 2001:890:261-71.

Spigelman I, Yan XX, Obenaus A, Lee EY, Wasterlain CG, Ribak CE.
Dentate granule cells form novel basal dendrites in a rat model of
temporal lobe epilepsy. Neuroscience 1998:86:109-20.

Ribak CE, Tran PH, Spigelman I, Okazaki MM, Nadler JV. Status
epilepticus-induced hilar basal dendrites on rodent granule cells con-
tribute to recurrent excitatory circuitry. J Comp Neurol 2000;428:
240-53.

Parent JM, Lowenstein DH. Seizure-induced neurogenesis: Are more
new neurons good for an adult brain? Prog Brain Res 2002:135:
121-31.

Jung KH, Chu K, Kim M, e al. Continuous cytosine-b-d-arabinofura-
noside infusion reduces ectopic granule cells in adult rat hippocampus
with attenuation of spontaneous recurrent seizures following pilo-
carpine-induced status epilepticus. Eur J Neurosci 2004:19:3219-26.

Liu J, Solway K, Messing RO, Sharp FR. Increased neurogenesis in
the dentate gyrus after transient global ischemia in gerbils. J Neu-
rosci 1998:18:7768-78.



