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Brain Aging: Rejuvenation & Regeneration

AABBSSTTRRAACCTT  Ageing especially appears in slowing down of cognitive functions and motor activ-
ity. These changes can be the result of decreasing ATP production and of functional cell number
in the brain. This process is observed as progressive and cumulative phenomenon. Researchers
generally accepted causes of the ageing is that oxidative damage is accumulated in cell structures
and this cause the apoptosis of the cell. And also researchers suggested that main cause of changes
as seen in naturally ageing brains can be uncovered misbalancing of neurogenesis/apoptosis equi-
librium. Mitochondria especially have active roles in apoptosis. Also mitochondria are the main
source of cellular energy and of oxidative stressors generation. Due to these reasons mitochon-
dria can be taken part of the etiology of ageing. Apoptosis inducing factors can released by due
to the accumulation of oxidative damage of cellular structures and degradation of mitochondrial
functions and morphology. Main reasons of ageing can be counted as losing of the functional
cells by apoptosis, weakening of synaptic connections between neurons and decreasing the rate
of neurogenesis. Nowadays, this variational process can be slowing down with exogen antioxidant
supplements.
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ÖÖZZEETT  Yaşlanma özellikle kognitif fonksiyonlarda ve motor aktivitelerdeki yavaşlamalarla kendini
göstermektedir. Yaşlanma sürecinde görülen bu değişimlerin hücresel temelde ATP üretim
sürecindeki azalmaya ve fonksiyonel hücre kayıplarının bu değişimlere neden olduğu
düşünülmektedir. Bu süreç progresif ve kümülatif olarak gerçekleşmektedir. Bunun nedenleri
arasında özellikle oksidatif stresin neden olduğu hücresel hasarların zaman içerisinde birikerek
hücrelerin apoptozla kaybedilmesinden kaynaklandığı düşüncesi yaygın olarak bilim dünyasında
kabul görmektedir. Doğal yaşlanma sürecinde beyinde gözlenen bu değişimlerin ana nedeni,
zamanla apoptoz sürecinin hızlanarak, nörogenez-apoptoz arasındaki dengenin bozulmasından
kaynaklanabileceği görüşü literatürde öne sürülmektedir. Apoptoz sürecinde özellikle mitokondri
etkin bir rol üstlenmektedir. Ayrıca mitokondrinin hücresel enerji üretiminin ve de oksidatif
stresörlerinde ana üretim merkezi olması nedeniyle yaşlanmanın etiyolojisinde anahtar bir rol
üstlendiği düşünülmektedir. Biriken oksidatif hasar, mitokondriyal fonksiyonların ve morfolojinin
bozulmasına neden olarak, apoptoz başlatıcı faktörlerin hücre içerisine salınmasına neden
olmaktadır. Apoptozla kaybedilen hücreler, zaman içerisinde zayıflayan sinaptik bağlantılar ve
nörogenezin azalması yaşlanmada görülen değişimlerin temel nedenidir. Bu değişimsel sürecin
yavaşlatılması eksojen antioksidan takviyelerle günümüzde gerçekleştirilmektedir.  

AAnnaahhttaarr  KKeelliimmeelleerr:: Beyin yaşlanması, nörogenez, apoptoz, mitokondri
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BRAIN ATROPHY

With age, the bra in un der go es struc tu ral and func ti o nal
de te ri o ra ti on, which is tho ught to be res pon sib le for the
re por ted cog ni ti ve dec li ne. Ove rall, the li te ra tu re con-
sis tently re ports glo bal bra in at rophy in nor mal adults,
ge ne rally mo re pro no un ced in fron tal are as, of ten fol lo -
wed by pa ri e tal, tem po ral and in su lar gray mat ter (GM)
loss1. As a re sult of dif fe rent met ho do lo gi es and inc lu si -
on cri te ri a, ot her bra in are as ha ve be en the mat ter of
conf lic ting fin dings, no tably the hip po cam pus. The “re-
gi on of in te res t” pro ce du re (RO I), which con sists in se-
lec ting spe ci fic bra in re gi ons to ad dress spe ci fic
hypot he ses, so me ti mes sho wed the hip po cam pus to un-
der go struc tu ral de te ri o ra ti on2,3. Ho we ver so me ti mes
re ve a led no sig ni fi cant cor re la ti on bet we en hip po cam pal
vo lu me and age, sug ges ting that this struc tu re may be
re la ti vely pre ser ved in nor mal aging4.Re cently, struc tu -
ral bra in chan ges ha ve be en in ves ti ga ted using the ‘op-
ti mi zed vo xel-ba sed morp ho metry pro ce du re’ (VBM),
which ma kes it pos sib le to as sess the who le bra in wit h-
o ut pos tu la ting pri or hypot he ses abo ut spe ci fic re gi ons of
the bra in. Aut hors ha ve syste ma ti cally re por ted GM loss
in the fron tal lo be with aging1,5 al so af fec ting the in su -
la, Heschl gyrus, an te ri or cin gu la te cor tex, sen so ri mo tor
are as and ce re bel lum. The se aut hors, using RO -
I analy ses (inc lu ding fron tal lo be, hip po cam pal and pa -
ra hip po cam pal are as) by de ca des, fo und that the fron tal
cor tex vo lu me dec li ned li ne arly and had the stron gest
age as so ci a ti on, whe re as the hip po cam pal vo lu me re ma -
i ned ste ady un til abo ut 60 ye ars of age, whi le the re af ter
its vo lu me be gan to ra pidly dec li ne. A few lon gi tu di nal
stu di es ha ve al so be en per for med to ad dress the is su e of
age-re la ted GM vo lu me ti me co ur se. Most ha ve re ve a -
led pro mi nent GM loss in pref ron tal re gi ons6,7 with
smal ler but sig ni fi cant dec li ne in ot her re gi ons, no tably
in me si al tem po ral are as. Ove rall, hip po cam pal at rophy
has be en of ten re por ted in the ava i lab le lon gi tu di nal stu -
di es, but it ap pe ars to oc cur la te in li fe, and even then to
be re la ti vely mo dest.

NEUROGENESIS

Un til re cently, a cen tral as sump ti on in ne u ros ci en ce had
be en that new ne u rons do not ari se in the adult mam ma -
li an bra in. In the last few ye ars, ho we ver, this be li ef has
be en chal len ged by nu me ro us stu di es that de mons tra ted
that cer ta in are as of the bra in re ta in plu ri po tent pre cur -
sors with the ca pa city of self-re new and dif fe ren ti a ti on
in to new ne u ral li ne a ges in adult mam mals such as ro-

dents8, non-hu man pri ma tes9 and hu mans10. In ro-
dents, it was shown that un dif fe ren ti a ted ne u ral
stem/pro ge ni tor cells (NSCs) are con cen tra ted in the
sub ven tri cu lar zo ne (SVZ) of the la te ral ven tric le wall8
and the sub gra nu lar zo ne (SGZ) of the den ta te gyrus of
the hip po cam pus11. Cells born in the ro dent SVZ du ring
adult li fe tra vel an te ri orly thro ugh the ros tral mig ra tory
stre am in to the ol fac tory bulb (OB), whe re they dif fe -
ren ti a te in to in ter ne u rons12. Cells born in the SGZ of
the den ta te gyrus mig ra te a short dis tan ce to in teg ra te
in the gra nu lar la yer. That NSCs al so exist in adult pri-
ma te and hu man bra in has now be en well es tab lis hed9
for the su be pend ymal zo ne13, for the hip po cam pus14
and very re cently for the hu man ol fac tory bulb15. The
den ta te gyrus and the hi lus in cor nus am mo nis 4 (CA4)
re gi on of the hu man hip po cam pus are, ho we ver, the
most ac ti ve are as of NSC pro li fe ra ti on in adult non-hu -
man pri ma tes16 and hu mans17. The ne u ro ge ni city of
SVZ and SGZ NSCs in the yo ung adult mam ma li an bra -
in is res tric ted by sig nals from the ir lo cal en vi ron ment.
Not sur pri singly, de ve lop men tal sig nal mo le cu les and
morp ho gens such as Notch18, bo ne morp ho ge ne tic pro-
te ins, Nog gin and so nic hed ge hog19, ha ve be en imp li -
ca ted in the ma in te nan ce of adult ne u ro ge nic
mic ro en vi ron ments20 con ta i ning gli al and en dot he li al
cells21. The ac ti va ti on of ne u ro ge nic pro ces ses as a res -
pon se to chro nic da ma ge is much less well do cu men ted,
alt ho ugh so me22 but not all23 stu di es ha ve sup por ted
the hypot he sis that slow ne u ro de ge ne ra ti ve da ma ge may
al so in du ce NSC pro li fe ra ti on. The evi den ce for de no vo
ne u ro ge ne sis in du ced by chro nic in jury, ho we ver, is far
from be ing de fi ni ti ve. Alt ho ugh ne u ro ge ne sis con ti nu es
thro ug ho ut li fe, its ra te dec li nes with in cre a sing age in
ro dents24 and non-hu man pri ma tes25. In aged rats, the
pro li fe ra ti on ra te of NSCs in the SGZ of the den ta te
gyrus is re du ced by 80%26. The age-as so ci a ted re duc ti -
on in adult ne u ro ge ne sis may be du e to an in trin sic de-
c li ne in NSC res pon si ve ness to sti mu la ting
en vi ron men tal cu es, to a dec re a se in or di sap pe a ran ce of
the se en vi ron men tal cu es, or to the ap pe a ran ce or ac cu -
mu la ti on of in hi bi tory fac tors. Sup por ting a ro le for en-
vi ron men tal cu es in the age-as so ci a ted dec li ne in
ne u ro ge ne sis, it was shown that exo ge no us ad di ti on of
growth fac tors such as in su lin-li ke growth fac tor I (IGF-
I)27, epi der mal growth fac tor (EGF) and fib rob last
growth fac tor (FGF-2) or a re duc ti on of cor ti cos te ro id
le vels by ad re na lec tomy28 can, at le ast par ti ally, ne ga te
the ef fects of age in the ra te of NSC pro li fe ra ti on. The
ob ser ved in cre a se in adult born ne u rons in ol der ani mals
we re at the ex pen se of newly ge ne ra ted as trocy tes, ar gu-



ing that the ef fects of en vi ron men tal en rich ment af fect
the fa te cho i ce of pro li fe ra ting mul ti po tent pro ge ni tors
or al ter na ti vely, spe ci fi cally pro mo te sur vi val of newly
born ne u rons. En vi ron men tal con di ti ons may the re fo re
ha ve a cru ci al ro le in the mo du la ti on of ne u ro ge ne sis du -
ring aging in ro dents sin ce li ke in yo ung ro dents ex pe ri -
en ce, the sti mu la ti on of ne u ro ge ne sis and im pro ved
func ti o nal out co mes may be ca u sally lin ked in aged bra -
ins as well. Age-as so ci a ted me mory de fi cits are bro adly
si mi lar to tho se in du ced by da ma ge to the hip po cam pus,
which is one of se ve ral lim bic struc tu res imp li ca ted in
the pat hoph ysi o logy of mo od di sor ders. It was re cently
shown that stress29 and dep res si on30 le ad to hip po cam -
pal at rophy, whi le chro nic an ti dep res sant tre at ments re-
sult in an in cre a se in hip po cam pal ne u ro ge ne sis.
An ti dep res sant ac ti on may re qu i re ne u ro ge ne sis in mi -
ce31, alt ho ugh hip po cam pal ne u ro ge ne sis was not re qu -
i red for the an xi oly tic ef fects of en vi ron men tal
en rich ment32. It has be en pro po sed that the age-re la ted
dec li ne in ne u ro ge ne sis may un der li e age-as so ci a ted le -
ar ning and me mory dec li nes and may con tri bu te to pat -
ho lo gi cal con di ti ons such as Alz he i mer’s di se a se33.
Alt ho ugh ne u ro ge ne sis may con tri bu te to func ti on in
the adult hu man CNS, the pro cess do es not suf fi ce to
pre ser ve func ti on du ring nor mal aging, or when in jury
or de ge ne ra ti ve pro ces ses ha ve en su ed. Ho we ver, that
sti mu la ti on of NSC pro li fe ra ti on and pos sibly sur vi val
may be en han ced by growth fac tors or be ha vi o ral in ter -
ven ti ons even in ol der ro dents34 sug gests that the en-
do ge no us ne u ro ge nic res pon se co uld be mo du la ted
exo ge no usly. The hu man RMS was fi nally de mons tra ted
aro und a la te ral ven tri cu lar ex ten si on re ac hing the OB,
the ven tri cu lo-ol fac tory ne u ro ge nic system (VONS)
which, in con trast to the ro dent bra in, ta kes a ca u dal
path en ro u te from the SVZ to the ol fac tory cor tex as a
con se qu en ce of the pro no un ced en lar ge ment of the
fron tal cor tex in the hu man fo reb ra in that pla ces the ros-
tral ca u da te, SVZ and fron tal cor tex ros tral to the ol fac -
tory tu berc le16. In con trast, the den ta te gyrus and the
hi lus in CA4 re gi on of the hu man hip po cam pus, which
we re de tec ted ear li er, are pos sibly the most ac ti ve are as
of pro ge ni tor pro li fe ra ti on in adult pri ma tes9 and hu-
mans18. En do ge no us aug men ta ti on of trop hic fac tor ex-
pres si on (such as bra in-de ri ved ne u rot rop hic fac tor
(BDNF), ner ve growth fac tor (NGF), and FGF-2) in bra -
ins of la bo ra tory ani mals has be en ac hi e ved by be ha vi o -
ral in ter ven ti ons35 such as en ric hed ex pe ri en ce,
vo lun tary exer ci se36 and tra i ning/le ar ning37. Both en-
ric hed ho u sing and tra i ning ha ve be en shown to in cre -
a se synap to ge ne sis38 and ne u ro ge ne sis39 as well. IGF-I

has ne u rop ro tec ti ve and ne u ro ge nic ef fects40 and it has
be en shown that pe rip he ral in fu si on of IGF-I can in cre -
a se NSC pro li fe ra ti on, se lec ti vely in du ce ne u ro ge ne sis41
and ame li o ra te the age-re la ted dec li ne in hip po cam pal
ne u ro ge ne sis in rats42.The pro tec ti ve ef fects of physi cal
exer ci se we re shown to be me di a ted by cir cu la ting IGF-
I31. The dis co very of ne u ro ge ne sis and its ro le in the
adult mam ma li an bra in ope ned up ex ci ting pos si bi li ti es
for the de ve lop ment of the ra pe u tic in ter ven ti ons that
might mi ti ga te age-re la ted le ar ning and me mory dec li -
nes, and mo od di sor ders. . Be ha vi o ral in ter ven ti ons such
as the dif fu si on of in for ma ti on re qu i red for li fest yle cho -
i ces, the so ci a li za ti on of ins ti tu ti ons pro vi ding ac cess to
con ti nu ing edu ca ti on, cre a ti ve oc cu pa ti on, physi cal ac-
ti vity and the en joy ment of the arts may help so ci e ti es
in cre a se the ir ove rall “cog ni ti ve re ser ve ” and re du ce the
hu man, eco no mic and so ci al bur den as so ci a ted with in-
cre a sed num bers of cog ni ti vely im pa i red el derly in de ve -
lo ped so ci e ti es with high li fe ex pec tancy.

APOPTOSIS, “PROGRAMMED CELL DEATH”

In the days fol lo wing the birth, 50% of the ne u rons in
the cen tral and pe rip he ral ner vo us systems are di sap pe -
a red by apop to sis. Du ring the de ve lop ment pha se and in
the adult ho od, physi o lo gi cal apop to sis “ph ysi o lo gi cal cell
de at h” is oc cur red con ti nu ally by the ru le. Apop to sis oc-
curs as the re sult of the ac ti va ti on of dif fe rent mo le cu lar
path ways in the cell. As is known, cas pa ses are pro te ins
pos ses sing the pro te a se ac ti vity. Cas pa ses are a gro up of
enz ymes pre sent in the cytop lasm as zymo gens (ac ti ve
pre cur sor) and cal led as cyste in pro te a ses sin ce they pos-
sess cyste in in the ir ac ti ve cen ters43. Un til know 14 of
them are de fi ned and most of them play a ro le in the
apop to sis. Cas pa ses ca u se a pro te oly tic cas ca de by ac ti -
va ting each ot her. Whi le so me (Cas pa se 2, 8, 9, 10) are
known as in du cing cas pa ses, so me (Cas pa se 3, 6, 7) are
known as af fec tor cas pa ses. In du cing cas pa ses trans fer
the de ath sig nals in du ced by apop to tic war ning to af fec -
tor cas pa ses. And the af fec tor cas pa ses ca u se apop to tic
cell morp ho logy by deg ra ding re le vant pro te ins (e.g. cell
ske le ton pro te ins ac tin or fod rin, nuc le ar mem bra ne pro-
te in la min A, poly (ADP-ri bo se) poly me ra se (PARP) pla -
ying a ro le in DNA re pa ir). The first de fi ned enz yme is
ICE (in ter le u kin 1-β con ver ting enz yme) and is known
as pro cas pa se 1. The cas pa se cas ca de can be ac ti va ted by
the ac ti va ti on of pro cas pa se 9 by cytoc hro me c re le a se
to cytop lasm, as well as, the cas pa ses may ca u se the re-
le a se of cytoc hro me c. IAP (“in hi bi tors of apop to si s”), a
cas pa se in hi bi tor fa mily, se lec ti vely in hi bit cas pa ses and
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thus they stop the apop to tic mec ha nism44. Ac cor ding to
a re cent tho ught on apop to sis is not only oc cur ring in a
cas pa se-de pen dent man ner but the re is al so a cas pa se-
in de pe dent path way. This mo le cu lar cas ca de cal led “cas-
pa se-in de pen dent apop to sis mec ha nis m” is tho ught to
be an apop to tic pro cess in du ced by pro te ins ac ti va ted by
the da ma ge fre e ra di cals ca u sed to cel lu lar struc tu res
(nuc le ic acids, pro te ins, mem bra nes). Es pe ci ally, the
Apop to sis In du cing Fac tor – AIF le a ked from the mi toc -
hon dri a to the cyto sol du ring isc he mi a/re per fu si on is be-
li e ved to be the ma in ele ment in this mec ha nism. The
AIF pro te in in known to re ach di rectly to the nuc le us
and to ca u se DNA frag men ta ti on and chro ma tin con den-
sa ti on. Un less this nuc le ar DNA da ma ge is fi xed by the
DNA re pa ir mec ha nisms the apop to sis sig nal will be dis-
tri bu ted in the cell and the de ath of the cell will oc cur in
a cas pa se-in de pen dent way. Anot her pro te in pre sent in
the cas pa se-in de pen dent path way are the cal pa in pro te -

ins. Cal pa in pro te ins are pro te ins with cysti ne-pro te a se
ac ti vity. Cal pa in pro te ins are ac ti va ted when in tra-cel lu -
lar cal ci um con cen tra ti on is in cre a sed. In this ca se, cal-
pa ins ca u se the pro te ins in con tact with cal pa ins to
deg ra de and ir re ver sib le tis su e da ma ge to oc cur. Over-
ac ti va ted cal pa ins in du ce the apop to sis in the cell by da -
ma ging es pe ci ally the pro te ins in the cel lu lar ske le ton
struc tu re (e.g. ne u ro fi la ments, spec trin, and mic ro tu bu -
le su bu nits). The apop to sis in du ced by cas pa se-in de pen -
dently is still not cla ri fi ed. Ne u ro ge ne sis and apop to sis
are not in equ i lib ri um in post-mi to tic ne u rons. As the
co ur se of na tu ral aging, ac com pan ying the ac ce le ra ti on
of the apop to sis in so me lo ca ti ons of the bra in tis su e,
dysfunc ti on of that tis su e will oc cur. On the ba sis of the
ne u ro de ge ne ra ti ve di se a ses the sa me mec ha nism is pre s-
ent along with the slo wing down and dec li ning of the
cog ni ti ve func ti ons, slo wing down of mo tor func ti ons
and im ba lan ce ap pe ars.
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