
• 


f11':il.utltll~tl~f)~'f)f11':il1tl~n'\.,lf11':iA'l.J~tI'\.,Iu'l.J~~f)1':ilh~l'\.,1'Utl~l1~tl~A~tl~lltJtl~1'\.,11t1\1~tl1~~'JtI 

f)1':itltlf)fhK~f)1miJ'\.,I'l.J':i~~l 

Protective Mechanism against Age-induced Cerebral Microvascular Changes 
by Exercise Training 

Assoc. Prof. Suthiluk Patumraj, Ph.D. 


U~~ Dr. Hideyuki Niimi 


Excellence Center for Microcirculation 

hl'irlVn'1: 02-252-7854 ext. 2032 

lvl'H'I'l':i: 02-252-7854 ext. 6023 

lJ'\.,If.l~l1"-A'\.,If)1':il.utitfI':i ~ f11':iTI~All~tJ f)1':i'fh~1'\.,11.um~ ~~f)1 '\.,I1l1'Ul1'lfl~iJrYf)tlfll'W\1~ 
f)tl~lJ'\.,I.y'lf~l.fkl:jf)lltJtfl'lf CU-CL USTER-FUND 

http:f)1':i'fh~1'\.,11.um


.. 


h.\rJEJ ~-.1'flltJYnJ~1 L n'fl L~'fll.';~'fl'flrJEJ'J ~~1-.1 11Uil-.1 nlEJrJ L~'fl C11 hJ LiEJ-.1hlLY1EJ-.1Y1'fl~-.1~'fl~l LUUfl'Jl~ 
L~EJ-.1~~1~ry'fltll-.1'1-1ti-.1'l1'fl-.1~~-.1'flltJ1unlnnC11ldfl~1-.111~ U'flnr.nn~nlnnC11m'J~ oxidative stress 1u 

rJEJ ~-.1'flltJY1 U~ln fl'J 1~ ~~~ulf'fl tll-.1~l n ~'fl fl'Jl ~ e1C11un ~'lI'fl-.1 nl ni1-.11U'lI'fl-.1 'I-I~'fl C11 L~'fl C11'l1Ul C11 L~ n j''J ~~-.1 

nlj'unY1i'fl-.1'l1'fl-.1'l1u'Junlnn C11'1-1~'fl C11 L~'fl C111 mJ 'fltll-.1hri (;n~l~rJ nlj'j'lEJ-.11UV11-.1 nlj' LL Y1VlEJ~ln~lEJ~lnlj' 

'fl'flnnl~-.1nlEJ~lmnl'1l'JEJ~C11'f.lU~nlj''lI'fl-.1nwvh~lEJLC11EJ'fl~l;j~~~j'::; LL~~'1l'JEJnj'::;~U'lIU'Junlj'LnC11'1-1~'flC11 

L~'fl C111 mJl~U'I-I~lEJ 1 'flrJEJ'J ~ ~-.1~U1Un1j'vll'J9EJflf-.1~9-.1n'C111h~~-.1fl1un1j'~m~1 eJ ~'lI'fl-.1 nlj'1J n'fl'fl n 

nl~-.1nlEJ1unlj'iJ'fl-.1nUn1nU~EJULLU~-.1'l1'fl-.1 capillary vascularity 1U~~'fl-.1'l1'fl-.1Wl.1LLri n1j'~mnfl¥-.1~H' 
'I-I~'lI1'JLY1P1~ ~-.1~nLLtJ-.1LiJU 3 n~~ ~'fl 1) n~~ Sedentary-Young (mtJ 4-6 L~'flU), 2) n~~ Sedentary

Aged ('flltJ 22-24 L~'flU) LL~~n~~ trained-aged ('flltJ 22-24 L~'flU) ~l'1-1fu'I-I~ trained-aged 9~1~fu .. , 
n1j''fl'flnnl~-.1n1EJ~'JEJn1j'~lEJU.l~iilL~~'fl (5 rJU/~UC111'1f) U1U 8 ~um'lf l~vlln1j'~mnn1j' 

LU~EJULLU~-.1'l1'fl-.1'1-1~'fl C11 L~'fl C11~~'fl-.1.fllEJ1~n~'fl-.1'~VlnPl-WLLUU~'fl-.1nnC11~'JEJ LL~-.1 L~ L6Jl'flr (laser scanning 

confocal microscope LC11EJ09EJ1~:UC11~ln1'fl-.1LL~-.1 (fluorescein isothiocyanate-Iabeled dextran) 

~l'1-1fun1j'~'fl-.1 Lilu'I-I~'fl C11 L~'fl C11~~'fl-.1 .fllY1'1-1~'fl C11 L~'fl C11~~'fl-.1~1~u.l1u'J Lfln::;'If~'JEJLUnLm~ fl'fl~V;'JL(;l'flr 

L~'flC111~QmriuL~'flu.l1u'JLflj'1'1f'l-llmmru MDA (malondialdehyde: ~'lll1rJC11 oxidative stress) LL~::;~~'fl-.1 

1~~nLnUL~'flu.l1u'JLfln::;'If'l-llm~lru VEGF (vascular endothelial growth factor) eJ~'J9EJY1U~11un~~ 
...... ..... I ..0::.0/ (V 0 IV _.o:::r. ...... I ...,

sedentary-aged m~C11U MDA ~-.1'flEJ1-.1~UEJ~lflryV11-.1~()(;l 'lIru::;Vlfl1 capillary vascularity Ll~::;j'~C11U 

VEGF ~l'fltll-.1n1!EJ~l~ryV11-.1~ii~dj'flLVlmJnUn~~ sedentary-young ~'Ju1un~~ trained-aged Y1U~l 
, , 

fll capillary vascularity Ll~~j'~~U VEGF ~-.1'fltll-.1n1!EJ~l~ryV11-.1~(i~ 'lIru~Vlj'~~U'lI'fl-.1 MDA ~l'fltll-.1rJ 

1!EJ~l~C1JVll-.1~ii~l~'fllmEJU LVlEJU nun~~ sedentary-aged U'fln91n~Y1U~lrJfl'Jl~~~~ulfl:n-.1l~U 
j'::;'1-1~l-.1fll capillary vascularity lL~~j'~r;1U MDA 91nn1j''J9EJ~~~Ul~~1n1j''fl'flnril~-.1nlEJ~lmnl'1l'JEJ 

'll~~'fln1j'~C11~-.1'l1'fl-.1 capillary vascularity Ll~::;j'~r;1U VEGF 1u'I-I~Llril~ ~-.1~eJ~'lI'fl-.1n1j''fl'flnnl~-.1nlEJ~'fl 
n1nU~EJULlU~-.1'l1'fl-.1 capillary vascularity r;1-.1n~l'JU-.1nfl'Jl~~~~ulfL:n-.1L~U'fltll-.1n1!EJ~l~ryV11-.1~ii~nu 

eJ~'lI'fl-.1n1j''fl'fln nl~-.1nlEJ ~'fl nlj'~ C11.fll'J~ oxidative stress 1u'1l'J-.1rJEJ~-.1'flltJ ~'JEJ 

2 



ABSTRACT 


Objective During aging, an ineffective perfusion of tissues/organs is a major risk factor for 

several diseases . Age-induced oxidative stress has been proposed to correlate with this age

related microvascular dysfunction including angiogenesis impairment. It has been demonstrated 

that exercise training could ameliorate oxidative damage, as well as, enhance angiogenesis in 

various organs. Therefore, the present study aims to investigate whether exercise training can 

prevent alterations of capillary vascularity in brain during aging. 

Design and method Male Wistar rats were divided into three groups: sedentary-young (aged 

4-6 months), sedentary-aged (aged 22-24 months) and trained-aged (aged 22-24 months). The 

exercise program included swimming training 5 days/week for 8 weeks. We directly observed 

microvasculature of brain and bone by using a laser scanning confocal microscopic system. The 

microvascular networks were visualized by fluorescein isothiocyanate labeled dextran and were 

analyzed for capillary vaSCUlarity by image analysis software. Blood was collected to 

determine the level of malondialdehyde (an indicator of oxidative stress). Brain was excised to 

measured the concentration of vascular endothelial growth factor (VEGF) . 

Results In sedentary-aged group, the malondialdehyde level was significantly increased, 

whereas capillary vascularities and VEGF in brain and bone were significantly decreased when 

compared to the sedentary-young group (P<O.05). In trained-aged group, capillary vascularities 

and VEGF in brain and bone were significantly higher, whereas the malondialdehyde level was 

significantly lower when compared to the sedentary-aged group (P<O.05). Beside, the result 

also showed a linear correlation between capillary vaSCUlarity and malondialdehyde level. 

Conclusions The exercise training could attenuate age-induced suppression of capillary 

vascularity in brain and bone, closely related to exercise-ameliorated oxidative stress during 

agmg. 
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1111'1-11 

f11'J !tJ~fJ'\.,tutJ('1~1'U'Vll~~!~m,H1~'Utl~~ 1~f11 t'J ~~'il~ri~~m~tlf11'J ¢i1rw'U;191 U ('1~'I"l1J lifJu~ fll':i 'Utl~ f11'J !f1~ hfl 

lJ1flfl111t'Jg'U "l 1 'JfI'I1('1tl~!fjtl~ fflJtl~!ti'UD tyl11~'I"llJ,jtlt'J !W~! ti'U ff1! '11\9,) f11'J911 t'J~ '(Ylr1tytl'U~lJl{'U "l 'Utl~ 

tJ'J~! 'VIft'lYW 1 ~ t'J 1 'Jf! '11 ('1tl~ !fjtl~ ff lJtl ~ fltl1 11'!f1~m1lJ~ f11'J U('1~ !ti'U ill'J ~ rh H'~1t'J~ tl mtllJfli'1~('1tl~'il'U 

~1H~ 1 t'J'U tl~tJ'J~! 'VI ft' 'ill fl,j' tllj('1 'J ~ 1J1~1'V1IJl1'U tJ'J ~ !'VIft'1 'VI t'J li'J 1 t'J~ 1'U 'I"llJ'QU~ fll'J W'Utl~ h f! '11 ('1tl~ !fjtl~ 

fflJtl~ 690 f!'U~tltJ'J~'li1muff'UfI'U[I] U('1~'il1m1t'J~1'Uf11'Jff11i1'Ju!ff'UI'VIt'J 11 2550 l~fHhwfl1.J lvlJlt'J!w~. 
t'J'VI1ift'1 ff~{ m ~'Vl'J 1~ff11i nU! ff'U [2] 'J 1t'J ':111.J111'Jf!'I1 ('1tl~!fjtl~ fflJtl~!~ 1.J ff1!11 ~ f11'J 911t'J~ ri1r1 tu11.J Nff ~tl1t'J 
q q q U 'YOU q 

1~t'J'I"llJ11tl~'J1f11'J~1t'J~1t'J hfl'l1('1tl~!fjtl~ftlJtl~ i'Ufl~lJ~~~tl1~!~lJ~1.J 'il1fl 54.9 ~tltJ'J~'li1m 100,000 fI'U 

1'U 'I"l.ft' . 2539 !~1.J 110.9 ~tltJ'J~'li1m 100,000 fI'U 11.J 'I"l .ft' . 2549 

D 'il 'ilU'U 'I"llJ 11 fll'J !tJ~ t'J1.J U tJ ('1~ 1m ~ft!1~ !w~ f11'J 1~ N 11.J 'Utl~ '11 ('1tl ~!fjtJ~ftlJtl~ lim llJ ri1r1tu~tl
• u 

f11'J!f1~ hfl~N "l i'UftlJtl~[3] I~uri hfl'l1('1tl~!fjtJ~ftlJtl~, hflftlJtl~!~tllJ !~'U~1.J 1.Jtlfl'il1flli'limrfl~1'U 
!!ft~.:d1 cerebraovascular dysfunction !ti1.JD'il1lt'Jri1r1ty11.J f11'J !f1~'I"l t'J1iiftill'l"l1'U1t'J~ ~tl1Q[4] 1~t'Jf11'J 

~1~11.J~ ;:;~tJ fl~'Utl ~'11 ('1tl~!fjtJ~ ftlJtl ~'I"llJ11lim1lJt1lJ~'UTIfllJ f11'J ('1~('1~'Utl~ resting cerebral blood flow 

1'U1t'J~~tl1Q ~~ri~~·m111'f11 'J mlJ~lJ'J ~lJlJ 1'I1('1!1 t'J1.J 1'U ftlJtl~ ;:;~tJ fl~[5] fll'J !f1~ oxidative stress i 1.J 'I1('1tl~ 

!fjtl~ftlJtl'l'l"llJ11lilJ'VIlJ1'V1ri1r1ty 11.J f11'J !f1~ cerebrovascular dysfunction 1WJh'l1V~~tl1 ~[6] 

f11'J !tJ~ t'J'Uu tJ ('1'1'Utl~'I1 ('1tl~!fjtl~ ftlJtl~'I"llJ11 ri11.J 'I1~~!1I'U f11'J ~tllJft1.J tl~~tl m ~lJ1'U f11'J tlfllftlJ 

~1lJfllJf11'J !f1~ endothelial cell activation/dysfunction ~lh I tJtim1lJlJfl'l"l~tl~~tl f11'J~l~l1.J'Utl~!95('1"'l,! 

YJU'l'l1('1tl~!fjtl~ r:rflflUI ~f11'J~tllJft1.Jtl~~tlm~m1.J f11'JtJfl!ftlJ11.J '11 ('1tl~ !fjtl~ftlJtl~ I~Ufl f11'J !f1~ oxidative 

stress m1lJlJfl'l"l~tl~'Utl~ endothelial barrier function (lif11'J!~lJ vascular penneability) lif11'J!~lJ~1.J 
'Utl~f11'Jft~l~ endothelial cell adhesion molecules !!('1~ lif11'J recruitment 'Utl~ rolling/adherent 

leukocytes U('1~ platelets[3] 

i 1.J 1 t'J ~ '1tl1 Q'il ~'I"llJ11li ft11lJ N~tJ fl~'Utl ~!~1.J! fjtl ~~ I tJ!it'J~ ri11.J ~ 1~ "l 'Utl~ ~ 1~ f11 t'J I ~u fl f11'J 

d j,I.d, 0' QI ~'Q) I SJ ~ • 
~ty!ft t'J'I1 'U 1 'VI 'Utl~ !95('1('1lJ ~'U'I'I1 ('1tJ~ !('1tl~ 'J 1lJ fllJ fll'JlJ fl'l"l'J tl ~'Utl'l fll'J ft'J NU('1~ '11 ('1~ft1'J vasoactIve 

mediators ~~'I"llJ11!95('1"lJ~U~'I1('1tl~!fjtJ~li~U!ftlJu~ antithrombotic !!('1~ vasodilatatory ('1~('1~ i1.J'UU!~ 
, , " 

l1lif11'J !fl~f11'JtJfl!ftlJ'Utl~'I1('1tJ~lfjtl~ U('1~ f11'J ff~1~ft1'J1'U fl~lJ reactive oxygen species (ROS) !~lJ~'U[7] 

1.J tJ fl'il1 fl fll'J ~ty! iY Vl1.u1 ~'Utl ~ 195('1" lJ ~U~'11 ('1tl~ 1fjtl~ 11.J 1 t'J~ ~tl1 ~ U~1 eJ'Ili'J 1 t'J~11.J m llJ 

lJ fl'l"l-:l tl'l'Utl~tJ~ 'J 1f11'J!~ lJ~l'U1'U 'Utl~I95('1"lJ ~U~l1 ('1tl~lfjtJ~ (endothelial cell proliferation) ~1t'J ~1t'J 
" , , 

!11\9,) -WI tl~~~ !1I1.J 11 VtllJi'lJ fl'U 1 ~ t'J1111 tJ 1111.J 1t'J~ ~tl1 Q'il ~ 'I"llJ fl11lJlJfl'l"l ~ tl ~'Utl 'I fll'J !fl~l1 ('1tl~lfjtl~ 11-1 ~ 
(impaired angiogenesis)[8, 9,10] 

7 



~ • >' 

fO'I:J11:YlJIPJCl'lHl'l energy supply lW1:YlJ'fl'l[ll] ~'lU'Wh.!.fl11~ physiologic condition ~'l~f)1'H-WlJ~'W/ 
>' ~ 

Cl~M'U'fl 'l ~1'W 1'W 11 Cl 'fl ~1~ 'fl ~1'W 1:YlJ'fl 'l \9lM ~n Cll l1'lU 111 O~fll1lJ n~tI O~~'flOCll ofO'I:J l1:YlJlPJ Cl'U'fl'l ~ 1'W 1'W 

11Cl'fl~I~'fl~1:YlJ'fl'l 1:Y1lJl'.i fll.l1 1 tI ft 01':i1 f)~'VW 1~ 1:Y.fll~ 'U'fl'l1:YlJ'fl'll ~ ~ Ol'.iffO'l:Jl~Ul1 f)1'.i Cl~Cl '1'U'fl'l HIF-I 
" 

(hypoxia-inducible factor-I) ~U'VlU 1'Vlff1 ~ty1'W f)1 '.i If)~Ol'.i UO~ oj 'fl 'l'U'fl'lf)1 '.i 1f)~11Cl'fl~l~'fl~111 ~1'W1V 

1:Y 'I'fl1V[12] ~'lJ'W~'l~fll1lJl.h~ ~11J'W1tll~11fl1'.i'U1~f)1HI'flU1:Y'W'fl'l'U'fl'l RIF-I ~~ft 'l~Cl1,rlJfl1'.iCl~Cl'l'\J'fl'l
" . 
growth factor ~ff1~tyfi'fl VEGF (vascular endothelial growth factor)[13] UCl~m1lJl~1:Y1lJl'.iflfo'I:J1 

1:YlJ~Cl'U'fl'l~l'W l'W11Cl'fl~l~'fl~1:YlJ'fl'll~ ftl'W fll'.i If)~ capillary regression 1'W1:YlJ'fl'l1~~O~1'l11'fl1~1l~1f)~ . ~ 

1l10f1'.i~m'Wf)1'.i apoptosis cJi'llf)~ 1~11'l1'W.flll~ physiologic UCl~ pathologic conditions 

1'Wil 'il'il '!J'W ~U11f)1 '.i 'fl'fl0f11 "'l fll rm ci1'l1:Y~111:YlJ'fl ff111 fu ~1:Y 'l'fl 1 V1:Y1lJ1 '.i fI iJ'fl'ln'W fll1lJn~tlo~ 
q OJ 'lI q 

. .d h' 51'" ~, '" • f "I SJ[ 14] :;
'\J'fl'l neurogenesls '1'1 Ippocampus flru::;~1~fJ~U111:Y1lJ1'.im~lJ survIVal 0 neurons!~ '.illJ'Vl'l 

• >' 

'l1'Wl~fJdj'fll~'W1'Wu1~fJ Colcombe IICl::;mu~ (2006)(15] ~Ul1fll'.i'fl'flOtl1"'1f)1'.iIlUU aerobic exercise 

O~lJ'lh~'li1m'fl1~m~fJ 66.5 1J (55% female) lrJ'Wl1Cll 6 l$i'fl'W 1:Y1lJl'.im~lJ brain volume i'l1'W gray 

and white matter regions ~'Ittl~ 2 

~tl~ 1.1 llrrY1~~HI'lJtl~ t11stltlflfhi'~t11[JlltJtJ aerobic exercise: Regions showing a significant increase 
in volume for older adults who participated in an aerobic fitness training program, compared to 
nonaerobic (stretching and toning) control older adults. A and B, Neurologically oriented axial 
slices through the brain, at +2 and +34 mm, respectively, in stereotaxic space. C, Sagittal slice 2 
mm to the right of the midI ine of the brain. Blue regions: Gray matter volume was increased for 
aerobic exercisers, relative to nonaerobic controls. Yellow regions: White matter volume was 
increased for aerobic exercisers, relative to controls. Colcombe ll'tl::flW:: (2006) [15) 

>' • 

'W 'fl 0 1l10U 'W fl1 '.i 'fl'fl 0 tl1 "'l fl1 fJ'flV N mh1:YlJ'fl1:Y1lJ 1'.i t1 iJ'fl 'I f)'UfI1 llJ n~ tI 0~ 'U'fl'l 11 Cl'fl~I~'fl~1~ 

'flci1 'Ilh.h::; iY'Vl~.fll~~1fJ1'lf'W f)'U fll'.i 'fl'fl Otl1"'lf)1fJ1:Y1lJ1 '.i flCl~ fll'.i If)~ endothelial dysfunction 'U'fl'l'l1 Cl'fl~ 
" " " 1~'fl~1~11'l peripheral artery[16111Cl ::; coronary arteries! I?] 11'lUI1J'W~CllJl~10fll'.i'fl'flOtl1"'lf)1fJf1'.i~~'U 

m~m'Wfll'.i1:Y~l'lIlCl::;fll'.i~l'll'W'U'fl'l endothelial nitric oxide synthase (eNOS)[18], endogenous 

antioxidants l1Cl::; Cl~ oxidative stress[19] '.illJltl~'I1:Y1lJl'.it1Cl~fl1'.i1:Y~1'1 adhesion molecules UCl::; 
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inflammatory markers ~1.:J "1[20] 'WtJf)'U1f)iif)1'jtJfJf)n111.:Jf)1uiJ.:J',n:!Jl'H1m~~'W f)l'Hf1~'VIrlfJ~l11fJ~1'VI ~[21] 

ff1 'VI f'lJ 1mY:!JfJ.:Jf)1'jfJfJf) n111.:J~1:!J1'j (l~tJ~l'Wf)1'j 1f1~ oxidative stress 'UtJ.:J'VIrltJ~l11fJ~ i~l~uf)1'j m~~'W 

f)1'j~r1.:J antioxidant, l~m)I'1'j 1 i 'VI m1U'Wl11tJ~, IIrl~m ~~'W f)1'j lf1~ vascular remodeling/regeneration 

[14,2 1] Url~~ff1r1ruf1fJ'U1f)f)1'j ~f)1:I11~ui'W;1'11'V1~rltJ.:j'UtJ.:Jf1tu~~1~Ul'I'lJ11f)1'j tJtJf)n111.:jf)1U~l:lJl'j (If)1'j 1~:!J 
u 	 ~ 

50 

~ <> 
40 

;>.,..., 
·c 
'" ;:l 

30u 

'" "" > 
C· 
~ 20 
.~ 'n.,. 

**u 
'" c 10 
0 

c:l 

Sedentary-Young Sedentary-Aged Train«I-Ageu 

~1l~ 1.2 T1\\1~~lll(J'Yilrilf1lH)'elflt'ht1~f11/Jl11J1Jll!lhUfll~lJrnn8 -ffllmrf"'11J1Hlf1111~IJ'\1M~l~'el~ 
'imhJ'el~m~tlfl'\lJ'\1\ll'Yiff~~~'ell~'Yi' : Viboolvorakul S, Niimi H, Wongeak-In N, Eksakulkla 
S, Patumraj S. Increased Capillary Vascularity in the Femur of Aged Rats by Exercise 
Training. Microvasc Res, 2009. [22] 

f11'j 11J~ U'W u1J rl.:Jf11'j 'I'11.:J1 'W 'UtJ.:J'VI rlfJ<f1 d~fJ~~lJfJ.:Ji 'W 1U"J:.:JfJ1 ~ 1<f1 U'U~ ~.:J~mJl ~1'W f)rl i f) f11'j ~fJ~l'W 

oxidative stress f11'j rl~ f)1 'jrJf1l~'lJ II rl~ f)1 'j 1f1<f1'V1 rlfJ<f1111fJ<f1 i 'VI ~ i.:Jii~rl.:J1'U1,yuii'U~ ~rl.:JfJ.:Jrlfl'"J1lJr1 'VI ~~ 
~ 

ff1r1Tli i 'W f) 1 'j 1J 'j ~ u f)~i oifri.:J I~~ lJ ~'Unll'1 ~fJ ~~.:J fJ 1U I~ fJ rl<f1fJ D~ f)1 'j ruf)1'j In<f11 'j f1 'VI rlfJ ~111 fJ<f1 ~lJfJ.:J i ~1 'W 
u 	 q q 'lI 'lI q q 

3. 	 m1}J(;hfityll1:l~~ :IJl'lleJ,:ri.Jtym~1111ijtl 

1l'U 'UD'W 1J'j ~1'VIfl'i 'VI uurl~ tt11 rl f) n111.:JI,j'lrim1~ f)1'j ~ ~1'W 1'W 1J 'j ~'lf1 m ~MfJ1 Ul~lJ:IJl f)~'W 'U1 f)
q 	 'lI 'lI 'lI q 
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ltl~ 3.1 IIll'JhrlJfll'il~lJ~-U'Utl-ltl'i::·tnn'i~\J."tll~'Utl."1M ('iltJ-n-ulvw PopuJa tion Reference Bureau Statistic, 2008) 

lu JJ':i~'li1m lVt! .:Jtl1~'()~~nu !JJ~V'UIIJJ".:J'Ut:l,n ~'U'U~w11'U ~ 1.:J f11V1 'U'Vll.:J~I~mm.:J (Aging 

process) ~.:J'()~ri.:Jrm~t:lf11':i~l!i!'U~i\9l Iw~nt:l1,r!f)~~~,j~f11':i'Ut:l.:Jf11':i!f)~ bfllJ1nn11lv~'U '1 lmJ!~'Vn~ 

fld1lJ ~~JJ n~ 'Ut:l.:J rmt:l~!TIt:l~ 1:YlJt:l.:J (Cerebrovascular) !t/'U ut)J'\1l ~~'U,jt:lV II" ~ !t/'U 1:Y1!'111'J~'(hflt)J~ \11111' 

~~.:Jt:l1Q'VJ'W~MI1~'\1 ~t:lliYv~i\9l1'U ~"l~ rmm~'Vl'U~n'Vll.:J'\1,1.:Jfit:ll~v1':i fl'\1"t:l~ !TIt:l~1:YlJt:l.:J~ nt:l1,r!f)~fld1lJ 
Vif11':i 1f)~UlJ~l\9l '()~~ ~,m\111,r fltlJ fI1~~i\9l'Ut:l.:J ~lhv!W~flmt)'U.u1.:Jfl 'U 1'U mt)'Uflf1 UU".:J ~ ~m~t:lfl11~ 

q ~ 

IjWfJ~f)'()'Ut:l.:Jmt:l'Uflf111"~~t)JJ':i ~1'Vlf1 

f11':i !JJ~ v'UuJJ ".:Jf11':i fld'Uf,Jm ~'U'U1 '\1" ilv'U !TIt:l~1'U1:YlJt:l.:J N~JJ n~ ~fld1lJ1:Y1flt)J~t) f11':i !f)~1':i fl 

(Imbalance of oXIdant and antI

,>, • 

'\1"t)~!TIt)~1:YlJt).:J 1~v1'U ~~.:Jt:l1 Q~'U11JJ~ lJltIJ t)l-HJ"V1:Y':i~ (free radical) Vi!f)~~'U lJl n n11JJ n~!'Ut:l.:J,()l n 

d o' l 3J ..r:::::). QI Vat.. • 
f11':i 1:YV1:YlJ~" V':i ~ '\11 1.:J f11':i 1:Y':i l.:Jt:ll-HJ"t)1:Y':i ~ n'U f11':i\9l1'Ut)l-pJ"t)1:Y':i ~ 


oxidant system) '()'U!f)~1~'U.fll1~~!~ vn11 oxidative stress ~~m''tl\11mV!'limh.JrI,r.:J'\1"t)~ITIt)~1'U 1:YlJt).:J 

>' 

l~v\9lH rI,,'Ut).:Jnu !f)~ oxidative stress oW1:Y1lJlHlm~Ili''U f11':i !f)~ f11':iU fH1:Y'U'Ut:l.:J'\1"t:l~ITIt)~1:YlJt).:J
q 

nt) 1,r! f)~m1lJN~JJ n~fit) f11':i "~".:J'Ut).:J !TIt:l~~ 1'tl dv.:J 1:YlJt:l.:J (ischemia, hypoperfusion) ~.:J,()~~ rI" 

l~v\9l':i.:Jfit)!f)~f11':i"~".:J'Ut:l.:Jf11':i1:Y~l.:J growth factor u,,~ growth factor Vi1:Y1flt)J1:Y1'\1f'Uf11':ifl.:Jt:l~'Ut:l.:J 

!'li"~1JrI,r.:J'\1"t)~ltlt:l~ fit) VEGF (vascular endothelial growth factor) t:lu1.:Jhn\9lllJ1'Uu'()~u'U.ut)lJ" 

,()1 nf11':iflmnfldllJ'U n~ ~t).:J'Ut:l.:Jf11':i If)~'\1''t:l~!TIt)~imn'U1:YlJt:l.:Jlt11:Y.:Jt:l1t1~.:Jm;11 eJ.:J~ f11':i 1V.:J1'U ~t:l'U'Ii'1.:JU't:l u 
" q

• >' • 

u~ rlMl':i ~'Vl'U 'U t:l.:J f11 ':i! JJ~ tI'U!l JJ".:J oW '() ~ fit) i,rlf)~fld1 lJ N~JJ n~l 'If'U 1':i fl1:YlJt).:J! ftt:llJ It/'UI'i''U ~'U 11 f11 ':it:lt) n 

il1(j.:j f11 tlt:l U1.:J 1:Y~111:YlJt:l1:Y1 lJ 1':i tliJt:l.:J o'U m1 lJ N~'tl n~ 'Ut:l.:J'\1"t)~ITIt)~1 Ili't)U1.:J~JJ':i ~ iY'V1~.fll ~ 1,1t:l.:J,()1 nf11':i 

t)t) nn1(j.:Jf11t11:YllJl':i tl~t)lli'l'U f11 ':i !f)~ oxidative stress 'Ut).:J '\1 "t)~ltlt)~ "~f11':iUf1I1:Y'U 'Ut).:J'\1 "t:l~!tlt:l~ !W~ 

m ~1li''U nu 1f)~ '\1 "t)~!TIt)~ i mJ 'U t) n '() 1noW 
>' 

f11':i t)t) f) n 1(j.:J f11 VeJ.:J1:Y1lJl':i tl!Vi 
• 

lJU\9l ':ill '\1" 11 tI'U!TIt)~ i'U 1:YlJt).:J
q 
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'111 flu~'Ii''ilmHH'l1 fl'lJ'il'l f)1'j I U~ tI'U U Un'l'lJ'il':) 'I1n'il~I~'il~HYlJ'il':)1~ tJf)1'j'il'ilflfh~' 'I f)1t1'il ci1'1'ff~1!bYlJ'il i'U 1'tJ 
" , sJ J,I V , 

'ff 'I 'ill tJiJ.:) lllih 1U.:) 1'U Yillll 'lf~ i 'U iJ~ ~ 'I1'U ~'1U'U 1 'U'I1'U 1<OtJfd''IU flU!:; Nl <0tJi '1lif1':l1lJ 'ff'U h Yi~:;~mnfln I fl 
'" q q 'U 

fl 1'j iJ'il.:) n'U ~l1Ufl1 'j 'il'il fl n 1~'I fl 1tI~ 'il fl 1'j IU~ tJ'U II Un'l fl 1 'j", 1'11'U'lJ 'il'l'l1n 'il~I~'il~ 'fflJ'il 'I i'U 'j :;~'U lJ'I1.fl 1fl lin:; 

~ n fll flliJ 'U U 'j:; ~ 11'U 'lil '11tI~ 'I tl1 ~ 1~ ufl 'fflJ lJ ~511 'U 'U tl 'I '11'U 1<0U fitl f)1 'j 'il tl fl fh~'I fl 1 tJI) ci 1'1 'ff~ 11'fflJ'il~:; 

'ff1lJ1'jfliJ'il'ltl'U f1d llJ N~U fl~'U tl'l'l1 n'il~ l~tl~'fflJ'il 'I 1 ~tJ'il'il flt:]'I'1i~·h'U fln I flfll'J ~tl~1'U oxidative stress 'ft~ 

fll'J 5f)l'ff'U'Utl'l'l1ntl~l~tl~ lln:;l~lJ fll'J In~'I1M~I~tl~1'I111 

I~'il~mm-J 'ft 'U tl 'I f)1 'J tl tl fl n 1 ~'I f)1 tJ~ 'il f)'j:; 'U l'U f)1 'j ~ tllli'1'U oxidative stress II 'ft:; ~ 'il fl U 

IU~U'UllU 'ft'l'U 'il'l '11 n 'il~ I~tl ~ 'fflJ tl.:) 1 'U ll~ flU", 1'11'U 'U tl '1195'ft£ 1J NU'1'11 'ft'il~ I~'il~ II 'ft:; f)'j:;'U l'U fll 'j I n~ 'I1M~ 

I~tl~ 1'11~'lJtl':)'I1\&llnl'Wf1~ (Sedentary-aged) 

':)l'Ul<OtJif~flEJ 11~tJln'U fll'J IU~tJ'UlIU 'ft'lfll'jv1N1'U 'lJtl 'I '11 'ft'il~1 ~tl~'fflJtl'l1'U '11\& 'IJ 111'Wf1~ (tl1~ 22-24 

l~tl'U) 1~U~flEJ1fl'ft If)fll'J~tl~l'U oxidative stress, fll'J'ft~fll'j5f)l'ff'U ll'ft:;fll'J lfi~'I1'fttl~l~tl~1'1111 1'Ufl~lJ~ 

I ~f'U fll 'j tltl fl n1 ~'I fll Utl ci1'1'ff~ 11'fflJtlliJ'Uld'ftl 8 ffU~1r1 

WM1'U1~tJ1'UfI~'1~'U tl fl ~ 1fl~:; I ~f'Utl'lflf1d1lJi1 '11 ~uIII iJ'IliJ'UU'U 1'1'11,:) 1'U fll'j ff 'II 'ff~mr'U .fl1'W 

~tl ~~ 'I 'ill ~1M'~~ '1tl1~ 1~\PI'j :;'11'11flf.)':)f1d1mhfi11J'lJtl'lfll'Jtltlfl fh~'IfllU~~:;'ff1lJl 'j fliJtl'l n'U '11 ~tl 'li:; 'fttlfll'j In~ 

11fl'l1'fttl~l~tl~'fflJtl'l ~'1~:;1111Ufffll 1:; ~ ~1U'J 'I1'li'U 11 fl f1d1lJ~ 11~tllJ ;Ill1M'N'ff 'Itll tll1i'ff1lJl'J fI~'1m\PI'Ultl'l 
'U 'U 'lI q 

1~1'Utl'Ulfl\PI 

c:lod 0 c:lo Q.) 

7.1 l1ifllHl1fll'Jl~tJ 

" " . 
fll'J 1<0tJfl f '1U \J:; v11 flU ~flEJ1 Nn'Utl 'I fll'Jtltl flfi1~.:) fll tJ~tl flU IU~tJ'UllU'ft '1'IJtl 'I fll'J r11 'I 1'U'IJ tl'l 

195'ft£1JNU'I'I1'fttl~l~tl~Un:;'lJm'Ufll'j lfi~'I1'fttl~l~tl~1'11lj l~tI\J:; H'I1\&'lJ11'W'Ui Wistar 1'Wf1~ ~'1'11\&'I'1~ntl.:) 
~:;flflll'lJ'IliJ'U 3 fl~lJ ~'Iif" . 

fl~lJYi 1 fitl 'I1\&'ill~ 4-61~tl'U 11il~f'Ufll'Jtltlflfi1~'IfllU (Sedentary-Young) 

fl~lJ~ 2 fitl 'I1\&tll~ 22-24 l~tl'U 1~I~f'Ufll'jtltlflnl~'1flltJ (Sedentary-Aged) 

11 
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~h11f1lhbllmlJf)l'H)tJf)f\l~-:Jf)lV'IJtJ-:J11'Uf)~lJ~ 3 11'U'VWlfltJ-:JtJ1V 20-22 !~tJ'U 'il:::Mf1Jf)l':i
'lI q " q 

" ." " I . 

tJtJ f)f\1~-:J f)lV 1 ~Vfl1':i ':htlti11 'U i)-:J 'Vl H f) fllJVi ih :::~lI'\.h l.H 50 !'l$'U ~!lJ IPl ':i ('~'U Vi ~hl.h::: lJlUl 1,800 1Pll':i 1-:J 
'U 

>' ." 

!'l$'U~!lJlPl':i) 1~tI i'U ihJ ~11r1m f)'lJtJ-:Jf)l':i1J f)tJtJf)f\l~-:Jflltl~'Wf)l':i'~h mh 11'U'Vl~fltJ-:J'il:::!~ lJllt1'W1'il1f) 10 'UlVi 
'U 

i'Ul'Wm f) II "'1fttJtI "l l~lJ~'U'V.!f)l'U 'il'U m :::~-:J Hnm UI l'U ~iWr~1.1iJ~lr1m f)'lJtJ-:Jfl1':i tJtJ f)f\lft-:Jfllm~'U 
':i:::tI:::nm 60 'U1Vi 11 ~-:J 'il1mf'U 1'U 1.1iJ~lr1~tJ "l 1iJ'il::: '1,rm~'Vl~fltJ-:J11t1J111J'U':i :::tJ:::nm 60 'U1Vi 5 l'U~tJ 
1.1iJ~lr1 'Ul'U 7 1.1iJ~lr1 

Male Wistar Rats 

1 
Sedentary-young Seden tary-aged Trained-aged 

(4-6 month) (22-24 month) (20-22 month) 
(n =5) (n = 5) (n =5) 

I 1 
8 wee.ks of s~.mming
exercIse traIning 

Intravital microscopic study of pial microvascula ture 

1 

Brain excision for measurementofVEGF 

au~ 7.1 llrol \.j,r~ n 1 "iii n 1.l1 roln 'IJ D~n l"iDDn Iil"~n1 [JIllDn 1 "i I u~ [J\.j II un ~ 'IJ D~n 1 "in 1~1\.j 'IJ D~ I'lm~~ roll1~ l1nDVlliiDVllln:: 

'lJ1J1\.jnmnVll1n DVlliiDVl 1l1ll 

djtJ(i-:Jtll'l1'U~1'UVi1fll':i'Vl~fltJ-:J 11~vf-:J 3 f)~lJ'il:::1~fmmYmJ ~tJ sodium pentobarbital 1'li'1 

'VlWlftJ-:JV1tJ-:J (intraperitoneal injection, ip) 11 ft-:J'il1f)~tJ~vitJ'lhml1t1'1'U (tracheostomy tube) 11"'1 Vi1f)l':i 

~ . it 4d ~ ~ 
cannulate 11fltJ~lfltJ~ femoral vem (l~tJf)l':i~~ fluorescence tracer) Ilfl::: femoral artery (l~tJ1~ blood 

" . 
pressure) 'il1m1'UVi1f)l':i11-:J blood gas probe rl111f1Jl~ PC02 Ilfl::: P02 1J~nUl l~tJ monitor blood gas 'lJUI:;Vi1 

. ." 
fll':i 'Vl~fltJ-:J U111 'U lJ111-:J1J'U steriotaxic frame (!~ tJ fj~ri1'U 'lJtJ-:JffHl::: 11 'U i,rlJ'U fl-:J) 11~-:J 'il1m!'UVi 1fll':i~~ 

'U 'U 

tbm!-:J1J~nUl f1'~£l :;~1'U1J'U l~tJliJ~1 ,rllf'UriTU'lJtJ-:Jm:; 1'1flf)f1'~£l:; H microdrilll~tJVi1fll':i m:;I'Vll:;ri1'U 

'lJtJ-:J m::: 1'1 fl f)f1'~ £I::: ~ ~ tJ -:J fll':i tJtJ f) (li 'U 'U 1~1~mhf1''UVf)m -:JiJ ':i::: lJlUl 1 1'l$'U ~ llJ 1Pl':i) liJ~1,rtlf 'U ri1'U 'lJtJ-:J 
" 

\2 



d?1 ... d ~ "'9 "'l '" •
dura matter 'li.:JtU'U1J',jnru'Yl'iJ:;!'If !'Uf11',jI'!f1fJl'Yift'tl~tft'tl~'fflJ'tl.:J (pial microvasculature) 'Yllf11',jll.:J Laser 

~ 0 IV t ::. 0 ItS 0 r1' Q.I 

Doppler probe t'W'tl'Y11f11n~ cerebral blood flow ~'tl'iJlf1'U'U'UllJ1l'!f1fJlf11',j'Yll.:Jl'U'U'tl.:Jt'liftft'lJ~'U.:)l1ft'tl~ 

t~'tl~'fflJ'tl.:J.flltiMml'tl.:J fluorescent microscope ~'Vh:n'U~Vl'li'l f11J l~ i mil l1f1J f11',j U'U Yi f1fl1'W f11',j ~'tl1J 'ff'U'tl.:J 

.CI , ..J ~I 
'IJ'tl.:J'I1ftV~tft'tl~'fflJ'tl.:J (vascular reactivity) ~'tl'ffl'.ift:;mtl acetylcholine 'li.:Jlu'U endothelium-dependent 

vasodilator 'Yi ~.:J'iJ 1f1fif1fJ 1f11 ',j 11 N l'U'U'tl.:Jt'lim11J ~,r.:J'Yi ft'tl~ t~'tl~ 'fflJ'tl.:J Ulrl'~ l'Yl~ft'tl.:JlJ lfif1fJ lflltl iIoi' f1~'tl.:J 
d d .CI Q.I 0 Q.I d 

laser scanning confocal microscope 'li.:J'iJ:;lJ'tl.:Jm'U'Yift'tl~tft'tl~'fflJ'tl.:J'If~t'iJ'U 'Yllf11',j1J'U'Vlf1.fll'W'U'tl.:Jl1ft'tl~ 

'" d '" dllt '" '" • lIt.I"" ,ftft'tl~'fflJ'tl.:J 'li.:JfI1'W'Yift'tl~tft'tl~'fflJ'tl.:J'Vl 1~'iJlf1f1ft'tl.:J laser scanning confocal microscope 'iJ:;\jf1'U1 lultf1'.il:;l1 
>' , 

f11',j tr;~'Yift'tl~t~'tl~ 'll111~'tlltJ 'Yi ~.:J'iJlmr'UYif1.fll'WU~J111 f11'.itnml1'tlOl.:JI'U'tl'fflJ'tl.:J t~'tlUll tJl11tJ~lJlru 

'" ""'" VEGF ~ltlTIi ELISA 

of means, SEM) 

Tukey's post hoc test Vi',j:;~1J,rtl'fflf1ty'Y11.:J'ff~9i (P value) < 0.05 

8.1 

Fluorescent microscopy system 

Laser scanning confocal microscopy system 

Laser Doppler Blood Perfusion Monitoring (Perimed®) 

tfl~ 'tl.:J'lh tI'Yi 1tiL 'iJ'ffm f 1J rl'~ l'Vl~ ft'tl.:J'U'U l~ t~ f1 

Blood pressure transducer and polygraph recording 

U~'UflJ1JfllJ'tlru.. 'Yi.nil'" 
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, v 

.c::i ~ d ctc\ .el.cl v, 


~l'Hl'YI 9.111i:Y~":) 'Wnll-lI~f))'YINi:Y))1'Y1[JlII't\::;'II1Ifll-l'lHl":)'Hij'YI~tHl":)'YI":) 3 ntJl-l 

Body weight, mean arterial blood pressure (MAP) and MDA level of rats in sedentary-young, 

sedentary-aged and trained-aged groups. 

Sedentary-Young Sedentary-Aged Trained-Aged 

Body weight (g) 48S.8±8.0 641.7±33.S· 70S.0±22.6· 

MAP (mmHg) 122.4±2.6 161.1±8.2· 126.7±3.6·· 

MDA (IlmolJg tissue) 2.9±O.2 3.7±O.1 t 2.8±O.ltt 

Data are expressed as mean±SEM. *significantly different from the sedentary-young group (p<O.Ol) , 

tsignificantly different from the sedentary-young group (p<0.05); **significantly different from the 

sedentary-aged group (p<0 .0 1), tt significantly different from the sedentary-aged group (p <0.05) . 

1.1 'l'Wn~lJ Sedentary-Aged ~m1lJl'1'W1~tl~~~0':hn~lJ Sedentary-Young tlfh~~UfJrl1~t)J 
• 'JJ ,., J 

'Yll~~(i9i 11(1::; 1tJ'j 11m lJn1'jtltlnf)l~~ n1fJYi'l~'l'W~l'W i:ijfJU ~tl nl'.i11 m.htl'W 'j ::;fJ::; nm 60 

" , " 
'WlYi 5 1'W~tl-cYtJm"! 'Wl'W 7 -ff'tJf11,.!U'W ~llJl'jI:1'lhfJiltl~n'Wn1'jI~lJ~'W'IJtl~m1lJl'1'Wl~tlf1 

I d QJ 0 QJ ~~ 

tl fJ 1~ lJ 'WfJ~l fl t)J 'I'll ~~1:11'1 

1.2 'l'Wn~lJ Sedentary-Aged ~~1 oxidative stress ~1l~~~fi'1fJ~1 liver MDA ~~nl1n~lJ 
, " 

Sedentary-Young tlfh~~UfJrl1~t)J'I'l1~~(i9i Im::;Yirl1rlt)J~tl n1'jl1m.'hl~'W'.i::;fJ::;nm 60 'WlYi 

" , " 
5 i''Wl'1tl-ff'tJm''! 'W1'W 7 -ff'tJf11,.!U'W ~llJl'jI:1'lhfJiltl~n'Wn1'jI~lJ~'W'IJtl~ ~1 oxidative stress 

14 



_1'" ~ '" ,. '1 3i 3i"'til j) .~u'Yl 9.1 lnYVl-lfll'W'YlIVl1l1flfll'.iflf1'141l1tHlVlHHlVl1J:lJel-l (pial microvasculature) I~U!'li flftel.:J laser scannmg 
& d ~ Q.I 0 cv d ~ c9 

confocal microscope 'll".:J~::;:UV.:Jll1 'W 11 ftV~Hftel~1J:lHl.:J'li~I~'W 'I'11f11';i 'IJ'W'I'1 fl fIl'l'l'UV.:J 11 ftV~!ftV~1J:UV.:J 'll".:J 

... .d liJ 3i 3i • liJ _I"" " '" 
fIl'Wl1'lV~lftV~1J:utJ.:J'I'1I~~lflflfttJ.:J laser scanning confocal microscope ~::;\lfl'Wllu1!fl'jl::;'Kfl1';i!f)~l1fttJ~ 

l~tJ~'mj~tJltI 

~t1~ 9.1 Confocal laser microscope image of microvascular network on the surface of cerebral 

cortex from sedentary-young (A), sedentary-aged (B) and trained-aged (C) rats. Brain 

microvascular microvessels were visualized using FITC-fluorescence. Magnification Xl O. 

1 -~ 0->. 
:t:: 
'
]! 
;j 
(,.) 
UJ 
(13 

> 
>.... **]! 
'Q. 
I'!J **t> 
c:
';.... 
III 

Sedentary-Young S.edentary~Aged Trained-Aaed 

~t1~ 9.2 Brain capillary vascularity measured from confocal laser microscopic image from sedentary

young, sedentary-aged and trained-aged groups. Data are expressed as mean±SEM. **Significantly 

different from the sedentary-young group (P<O.05). 
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• • 

1SJ" , mflj:.H'I fl1 'j 'YI VI lle.h'l!! lYV'h'l '11111 'l-l11 

2.1 	 'l 'W f1 ~ lJ Sedentary-Aged ii f11 'HI ~M 'IJ tJ 'I ~ 1'W 1'W1HI fl ~ 1ft fl ~ 'l 'W ~ lJtJ ,uri tJ IVi U1J fl1J f1 ~lJ 
Sedentary-Young tJUNiitTI'Hhri'qJ'Yll'l~()~ 11(\:: hh11m lJf1Tjflfl f1ihft'lf1l v~'l~1'W'l1'W i<[u 
~ ~ 	 ~ 

'i1fitJ f11:i ':l1U1.11L1J'W:i::u::mn 60 'W1Vi 5 1'W9imY1J~lM 'Wl'W 7 '1hJ~lMtT'W ~llJ1HI'lhu 

iltJ'l fl'W f1l:i Itl~U'WlL1.J"'ltf,~ tJul'liitTv~hri'qJVll'l~()~ 
~ 	 , 

2.2. 	 11" :: f1l:i"~M'i1'W1J11iimllJ'1YlJ'W'Wlrn1Jtl~lJ1ru oxidative stress ViI!~~'l~1Ufh liver MDA 

60 

..-.. 
"-" 50*' ~ 
' I:: 

CO 

B '10 

(fl 

('0 


> 30 
~ 
.E 
-is. 20 
(0 

0 
c: 

10E 
ttl 

0 

" S()def1t;)l1)',Your'g 

• Saderuary-Aged 
~ T rained-Jlged 

.l 

0£ 

~. 

0 1 2 3 4 5 

MDA (flM) 

~tl~ 9.3. Plotting of data of MDA level (x) and brain capillary vascularity (y) for three groups 

(sedentary-young, sedentary-aged and trained-aged). The solid line represent correlations 

between x and y, the correlation is expressed y = -6.351x + 52.70, R2 = 0.307. 
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. 	 .. 

9.4 IIft'fl.:J'J~vi'U VEGF 'IH).:J brain tissue ~i~~lf1'l1\l'Y1'flTI'eN~.:J 3 f1~lJ 

200 

150 -Q) 

:::I 
Ch 
(J)

:;:::; 
C'l-Q') 100 
c. tt-u. 
e" ** w 
> 	 50 

0 ....... _ 

Sedentary-Young 

. 
~ufi 9.4. Brain VEGF level measured from sedentary-young, sedentary-aged and trained-aged 

groups using an ELISA kit. Data are expressed as mean±SEM.. Significantly different from the 
sedentary-young group (P<O.05). ttSignificantly different from the sedentary-aged group 
(P<O.05). 

" "a 	 ,mfl~H'Ifl1'j'Y1 VlttCl.:JIHl'Vl.:J !'HI'HUll 

3.1 	 'j~~'U VEGF TI'flTI.:JeJV1.:J3j,rtl"hr1ty'Y11.:Jft~~lui.:JfI~lJ sedentary-aged IlTI~ trained

aged IrieJIll~ tI'Ul~tI'Un'Ufl~lJ sedentary-young 
. .. 

3.2 	 lI~tJV1.:Jh~1'11lJ 'J~~1J VEGF lufl~lJ trained-aged 1'W1J~.:J~UeJV1.:Jihrtl"hr1ty'Yl1.:Jft~~ 

lrleJlll~ tI'Ul~ tI'Un1JfI~lJ sedentary-aged 

ft~l.:J VEGF ~lh~~'U~11'U'Jfl.:J1fJ~.:Jm~i~ 

.. 
fll'J eJeJ fl t11 ().:J flltl~,.W flU 11t1'W 1111 U IlTI 1'U 1'U 8 ffU 'fl1", ft1lJl 'J f1'Jfl tI'I5~ TIeJ fll 'J TI'fl M'lJtJ.:J ~1'U lU 
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ABSTRACT 

Objective During aging, an ineffective perfusion of tissues/organs is a major risk factor for 

several diseases, Age-induced oxidative stress has been proposed to correlate with this age

related microvascular dysfunction including angiogenesis impairment. It has been demonstrated 

that exercise training could ameliorate oxidative damage, as well as, enhance angiogenesis in 

various organs. Therefore, the present study aims to investigate whether exercise training can 

prevent alterations of capillary vascularity in brain and bone during aging. 

Design and method Male Wistar rats were divided into three groups: sedentary-young (aged 

4-6 months), sedentary-aged (aged 20-22 months) and trained-aged (aged 20-22 months). The 

exercise program included swimming training 5 days/week for 8 weeks. We directly observed 

microvasculature of brain and bone by using a laser scanning confocal microscopic system. The 

microvascular networks were visualized by fluorescein isothiocyanate labeled dextran and were 

analyzed for capillary vascularity by image analysis software. Blood was collected to 

determine the level of malondialdehyde, an indicator ofoxidative stress. 

Results In sedentary-aged group, the malondialdehyde level was significantly ,increased, 

whereas capillary vascularities in brain and bone were significantly decreased when compared 

to the sedentary-young group (P<0.05). In trained-aged group, capillary vascularities in brain 

and bone were significantly higher, whereas the malondialdehyde level was significantly lower 

when compared to the sedentary-aged group (P<0.05). Beside, the result also showed a linear 

correlation between capillary vascularity and malondialdehyde level. 

Conclusions The exercise training could attenuate age-induced suppression of capillary 

vascularity in brain and bone, closely related to exercise-ameliorated oxidative stress during 

aging. 

INTRODUCTION 

The number of elderly in the world is growing rapidly. According to the United Nations 

Report (United Nations, 2007), since 1950 the proportion of older persons has been rising 

steadily, passing from 8 percent in 1950 to 11 percent in 2007, and is expected to reach 22 

percent in 2050. Thailand also experienced a rapid and extensive growth, starting in the late 

1960s. The Thailand's National Economic Social and Development Board (NESDB, 2007) 

indicated that Thai aging population will continue at a rapid pace between 2000 and 2030 With 

persons aged 60 and older expected to constitute one fourth of the population by the end of that 



period. The rapid growth of global aging population has profound implications for many 

aspects of human health. 

The result of aging process is a decline in body functions, and vascular system is no 

exception to this. Angiogenesis, the development of new microvessels from preexisting 

vasculature, is delayed and altered with age (Sadoun and Reed, 2003). The subsequent 

impairment of angiogenesis is detrimental to the revascularization of ischemic organs and to the 

repair of injured tissues. Moreover, the resultant pathophysiology of impaired angiogenesis may 

be related to the production of ROS (Benndorf et aI., 2008). 

Oxidative stress in a physiological setting can be defmed as an excessive bioavailability 

of reactive oxygen species (ROS), which is the net result of an imbalance between production 

and destruction of ROS (with the latter being influenced by antioxidant defenses). The 

"oxidative stress theory" of aging is one of the prevalent theories which proposed that a 

progressive and irreversible accumulation of oxidative damage caused by ROS impacts on 

critical aspect of the aging process and contributes to impaired physiological function, 

increased incidence of disease, and a reduction in life span (Kregel and Zhang, 2007). ROS are 

the primary causal factor underlying aging-associated declines in physiological function. One 

of the most common types of evidence presented by investigators is the strong correlation 

between aging and an increase in oxidative damage to tissues throughout the body in species 

_ 	 ranging from lower species such as C. elegans to more complex mammalian species (Kregel 

and Zhang, 2007). 

There is a number of evidence indicating that exercise might prevent vascular 

dysfunction associated with reduction in oxidative stress (Yeo and Davidge, 2001, Green et aI., 

2003, Haram et aI., 2008). Moreover, numerous studies have demonstrated that exercise 

training can induce vascular angiogenesis under both physiological and pathological conditions. 

According to Degens (Degens, 1998), angiogenesis factors (VEGF and endothelial progenitor 

cells) significantly increased in exercise-patients with peripheral arterial disease, compared to 

sedentary individuals. Exercise represents a good tool to stimulate vascular angiogenesis in 

various organs (White et aI., 1998, Suzuki, 2005, Ding et aI., 2006, Viboolvorakul et aI., 2009) . 

Angiogenesis induced by exercise has been reported to cooperate with increasing expression of 

angiogenic factors. Lloyd et aI. (Lloyd et aI., 2003) reported that exercise training induced 

angiogenesis, presumably, might be associated with activation of angiopoietin and VEGF. 

Iemitsu et al. (Iemitsu et aI., 2006) reported that the swimming exercise training ameliorated 

. 	 aging-induced reduction of capillary density, and a decrease in expression of VEGF and its 



receptors (Flt-l and Flk-l) . Therefore, the present study aimed to determine the protective 

effect of exercise training on capillary network in the brain and bone against aging process. 

Furthermore, we examined the relationship between capillary vascularities of both organs and 

oxidative stress biomarker, malondialdehyde (MDA). 

METHODS 

Animal preparation 

Two-month male Wistar rats (body weight: 200-250 g) were obtained from the National 

Laboratory Animal Center, Salaya Campus, Mahidol University, Nakompathom, Thailand. A11 

experiment procedures were conducted according to the "Ethical Guidelines for the Uses of 

Animals" by the National Research Council of Thailand. The animals were housed in a room 

with 12:12 hour light-dark cycle until aged 4-6 months and 20-22 months. All rats were 

allowed free access to normal chow and tap water ad libitum. The animals were divided into 

three groups: sedentary young (aged 4-6 months, N = 3) as a control of age, sedentary-aged 

(aged 20-22 months, N = 3) and trained-aged (aged 20-22 month, N = 3). The trained-aged rats 

were exercised by swimming in a round plastic tank of water (34-36 0c), 5 days/week for 8 

weeks (Eksakulkla et aI., 2009). The sedentary young and sedentary-aged rats were confined to 

their cage without swimming training for 8 weeks for 8 weeks. 

After 8 weeks of swinuning training, the animals were anesthetized with pentobarbital 

sodium (50 mg/kg body weight, intraperitonealy) and a tracheotomy was performed. A 

common carotid artery was cannulated with a catheter for measurement of blood pressure. 

Microvascular imaging 

The direct observation of bone microvascular network was made in the periosteal layer 

of femur under a microscope using a femur window chamber. By incising a 15 mm longitudinal 

skin and exposing the femur by blunt dissection between the flexor and extensor muscles, the 

femur chamber was positioned at an area for the observation of bone microvascular network 

(Kasiyaphat et aI., 2007, 2008). 



For the direct observation of microvascular network on the surface of cerebral cortex, a 

craniotomy was prepared over the left parietal cortex. The cranial window was suffused with 

artificial cerebral spinal fluid. 

Fluorescein isothiocyanate-labeled dextran (FITC-dextran) was intravenously injected 

to visualize the intralumen of microvessels. The microvascular networks were imaged using a 

laser scanning confocal microscopy system and were recorded fluorescent images for further 

analysis of the capillary vascularity using the image analysis software, Global Lab Imagel2 

(Data translation Co. USA). 

Determination of capillary vascularity 

The microvascular networks images was analyzed using Global Lab Imagel2 software. 

The software calculated the capillary vascularity in the region of interest (ROI). The RGB 

images will be converted into binary images in which vascular pixels and perivascular pixels 

were discriminable based on grayscale intensity. The capillary vascularity was defined as the 

number of microvessel pixels divided by the total number of pixels within the ROJ. One 

fluorescent image (frame) and three ROIs in each rat were obtained. Accordingly, averaged CV 

over three ROIs was performed, and the mean CV level in each group was obtained. The mean 

CV level was used as an index of bone capillary density. 

Determination of malondialdehyde (MDA) level 

At the end of experiments, whole blood was collected from abdominal aorta for 

determining malondialdehyde (MDA) level (a common oxidative stress marker). The MDA 

level was determined using a commercial assay kit (Cayman Chemical, MI). 

Statistical analysis 

All results are expressed as the means ± standard error of mean (SEM). One-way 

analysis of variance (ANOVA) was made to examine the difference of each parameter. 

Differences were considered significant at P < 0.05. The data were analyzed using the SPSS 

program (version 11.5) for Windows. 



RESULTS 

Body weight, arterial blood pressure and MDA level 

Body weight, arterial blood pressure and MDA level for three groups were shown in 

Table 1. The body weight significantly increased in both sedentary-aged and trained-aged rats 

compared to sedentary-young rats. However, there was no significant difference in the body 

weight between the sedentary-aged and the trained-aged rats (P-value = 0.171). The mean 

arterial blood pressure (MAP) in the sedentary-aged group was significantly higher compared to 

the sedentary-young group. Interestingly, the trained-aged rats were significantly reduced in 

MAP compared to the aged rats without exercise. The liver MDA level in the sedentary-aged 

group significantly increased compared to the sedentary-young group. However, in the trained

aged group, the MDA level was significantly reduced compared to either the sedentary-young 

or sedentary-aged groups. These results suggest that exercise training has an effect of reduction 

in elevating blood pressure and attenuation in increasing MDA level (or oxidative stress) with 

age. 

Table 1 Body weight, mean arterial blood pressure (MAP) and liver malondialdehyde CMDA) 

level ofrats in sedentary-young, sedentary-aged and trained-aged groups. 

Sedentary-young Sedentary-aged Trained-aged 

Body weight (g) 485.8±8.0 641.7±33.5** 705.002,6**, os 

MAP (mmHg) 122.4±2.6 161.1±8.2** 126.7±3.6tt 

MDA(J.1M) 2.9±O.2 3.7±O.1* 2.8±O.ltt 

Data are expressed as mean±SEM . 
• Significantly different from the sedentary-young group (P<O.Ol) . 

•• Significantly different from the sedentary-young group (P<O.05). 

t Significantly different from the sedentary-aged group (P<O.Ol). 

tt Significantly different from the sedentary-aged group (P<O.05). 


lIS non-significantly different from the sedentary-age group (P<O.05). 

Bone capillary vascularity 

Fig. 1 shows the examples of fluorescent images of femur microvasculature in 

sedentary-young, sedentary-aged and trained-aged rats. Apparently, the sedentary-young rats 

exhibited clear images with rich capillaries. In aged rats without exercise, the capillary density 

was markedly reduced compared to that in young rats. However, in aged rats with exercise 

training, capillaries appeared to become greater in density, developed by exercise training. 



Fig. 1. Confocal laser microscope image of bone microvasculature from sedentary-young (A), 
sedentary-aged (B) and trained-aged (C) rats. Femur bone microvessels were visualized using 
FITC-fluorescence. Magnification XlO. 

Fig. 2 shows bone capillary vascularity in three groups (sedentary-young, sedentary

aged and trained-aged rats). Apparently, the bone capillary vascularity was significantly lower 

in the sedentary-aged rats compared with the sedentary-young rats, and was significantly higher 

in the trained-aged compared with the sedentary-aged rats. These results show that bone 

capillary vascularity was reduced during aging, which could be attenuated by exercise training. 
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Fig. 2. Bone capillary vascularity measured from confocal laser microscopic 
image from sedentary-young, sedentary-aged and trained-aged groups. Data are 
expressed as mean±SEM. "Significantly different from the sedentary-young 
group (P<O.05). ttSignificantly different from the sedentary-aged group 
(P<O.05). 
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Fig, 3. Confocal laser microscope image of microvascular network on the surface of cerebral 
cortex from sedentary-YOlmg (A), sedentary-aged (B) and trained-aged (C) rats. Brain 
microvascular microvessels were visualized using FITC-fluorescence. Magnification XlO. 

Fig, 3 shows the examples of fluorescent images of microvascular network on the 

surface of cerebral cortex in sedentary-young, sedentary-aged and trained-aged rats. The 

sedentary-young rats exhibited clear images with rich capillaries. In aged rats without exercise, 

the capillary density was markedly decreased and altered in structure compared to that in young 

rats. However, in age training rats, capillaries appeared to become greater in density and size. 
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Fig, 4. Brain capillary vascularity measured from confocal laser microscopic 
image from sedentary-young, sedentary-aged and trained-aged groups. Data are 
expressed as mean±SEM. ··Significantly different from the sedentary-young 
group (P<O.05). ttSignificantly different from the sedentary-aged group 
(P<O.05). 



Fig. 4 shows the brain capillary vascularity in all groups. The brain capillary 

vascularity was significantly lower in both sedentary-aged and trained-aged groups than in the 

sedentary-young group. However, the brain capillary vascularity in trained-age was 

significantly increased compared to that in sedentary-aged. These results suggest that exercise 

training improves age-induced dowmegulation of brain capillary vascularity. 

Data of bone capillary vascularity and MDA level for sedentary-young, sedentary-aged 

and trained-aged groups were collected and plotted in Fig. 5. A linear relationship existed 

between bone capillary vascularity and MDA level with a correlation coefficient, R2 = 0.410. 

This result suggests that the reduction in bone capillary vascularity was linearly correlated with 

the increased in oxidative stress during aging. 
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Fig. 5. Plotting of data of MDA level (x) and bone capillary vascularity (y) for 
three groups (sedentary-young, sedentary-aged and trained-aged). The solid line 
represent correlations between x and y, the correlation is expressed y = -7.706x 
+ 37.94, R2 = 0.410. 

Data of brain capillary vascularity and MDA level for sedentary-young, sedentary-aged 

and trained-aged groups were collected and plotted in Fig. 6. The brain capillary vascularity 

and the MDA level showed a linear relationship with a correlation coefficient, R2 = 0.307. This 

result suggests that the reduction in brain capillary vascularity was linearly correlated with the 

increment in oxidative stress during aging. 
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Fig, 6, Plotting of data of MDA level (x) and brain capillary vascularity (y) for 
three groups (sedentary-young, sedentary-aged and trained-aged). The solid line 
represent correlations between x and y, the correlation is expressed y = -6.351x 
+ 52.70, R2 =0.307. 

DISCUSSION 

This study focuses on the role of exercise on age-induced impairment of angiogenesis, 

In the present study, the swimming exercise training revealed the improvement of the age

induced reduction in bone and brain capillary vascularity. Moreover, the present study also 

demonstrated that exercise training imprOVed oxidative stress closely correlated to the changes 

in capillary density, 

The present study shows that aging induces changing in physiological characteristics 

(body weight, MAP). Body weight increment occurs due to alterations in body fat content and 

particularly body fat distribution, and reduction of skeletal muscle mass and strength, which are 

common found in the elderly (Elmadfa and Meyer, 2008). However, no significant difference in 

body weight between the sedentary-aged and the trained-aged groups. This reason may be that 

swimming protects hot condition, which can suppress ghrelin (appetite-stimulated hormone) 

(Tomasik et aI., 2005). MAP also elevated in the sedentary-aged group. Remodeling of vascular 

wall including intima and medial thickening, increased arterial stiffiless, increase oxidative 



stress, impaired endothelial function and reduction of cardiac out put, heart rate and stroke 

volume all occur as part of the aging process. Many studies have shown reduced NO-dependent 

vasodilation in an elderly population (Lyons et ai., 1997, Singh et ai., 2002). NO contributes to 

regulation of blood pressure and impaired NO bioactivity is associated with hypertension 

(HermaIll1 et ai., 2006». Nevertheless, exercise training can improve MAP in aged rats as 

shown in the present study. As many studies shown that regular physical activity can improve 

endothelial function, increases in vascular eNOS protein level may play a role in exercise

induced improvements in NO bioavailability (Rush et ai., 2005), leading to ameliorate MAP in 

aging. 

Previous studies have shown that age-dependent impairment of angiogenesis is 

primarily due to a defect in the transcriptional regulation of VEGF (Rivard et ai., 1999). 

Exercise training has been shown to increase capillary density with neocapillarization in various 

tissues. Recent data indicate that exercise training improves aging-induced downregulation of 

VEGF angiogenic signaling cascade in the heart (Iemitsu et al., 2006). They have reported that 

the capillary density in rat hearts was significantly lower in sedentary aged than in hearts from 

sedentary young and importantly, exercise training caused a significant recovery of 

angiogenesis in hearts from sedentary aged. Moreover, exercise has been shown to increase 

VEGF serum levels and circulating endothelial progenitor cells in patients with peripheral 

arterial disease (Sandri et ai., 2005). The present data also showed that the eight-week 

swimming exercise enhanced bone and brain capillary vascularity aged animals. The noted 

increases in vascular antioxidant enzymes suggest a role in improved NO-mediated 

endothelium-dependent function that accompanies exercise training-induced angiogenesis 

(Rush et aI., 2005). 

The evaluation of capillary vascularity based on the fluorescent microvascular images 

by selecting three areas (ROIs) covering only capillaries, the number of pixels within all 

capillaries as well as the total number of pixels in each ROI, and the capillary vascularity was 

calculated and expressed as percentage (Yoysungnoen et aI., 2005). Using confocal laser 

microscopy, the microvasculature at either surface of femur or surmce of cerebral cortex could 

be easily exposed and clearly viewed. The obtained images were correctly analyzed to calculate 

the capillary vascularity. 

Laser confocal microscopic images are most useful to analyze the capillary network 

(Komai et aI., 2005) and the fine structure of mesenteric microvessels (Nakano et aI., 2007). 

The obtained FITC-fluorescent images of the microvasculature using laser confocal microscopy 



were clearer than FITC-fluorescent images using fluorescence videomicroscopy. The images 

demonstrated different features of the microvasculature between sedentary-young and 

sedentary-aged rats as showed in Fig. 3 and Fig. 1. Interestingly, the number of capillaries was 

markedly decreased in aged rats, in particular, relatively large capillaries disappearing. The 

present study used the capillary vascularity as an index of capillary density in the tissue. 

The present results showed a linear correlation between bone capillary vascularity and 

MDA level, a common indicator ofoxidative stress, and between brain capillary vascularity and 

MDA level. This indicates that aging caused organs microvascular deterioration in associated 

with high MDA production. A mechanism underlying microvascular changes during aging was 

due to increased oxidative stress (Almeida et aI., 2007). The excess of free radical could destroy 

the vascular endothelial lining, causing suppression of blood supply to tissues. Exercise 

training acceptably demonstrated free radical scavenging property. The result of decreasing the 

MDA level in the trained-aged group, compared with the sedentary-aged group, indicated that 

the swimming exercise program ameliorated the increasing oxidative stress with age. Moreover, 

the trained-aged animals presented higher blood perfusion than the sedentary-aged animals. 

These results indicated that exercise training improved tissue perfusion and attenuated 

increasing oxidative stress with age. 

CONCLUSION 

The exercise training could attenuate age-induced suppression of bone and brain 

capillary vascularity closely related with exercise-ameliorated oxidative stress during aging. 
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Objective During aging, ineffective perfusion of tissues/organs is a major factor contributes 

several diseases. Age-related impairment of angiogenesis has been proposed to correlate with 

oxidative stress. It has been demonstrated that exercise training could ameliorate oxidative 

damage, as well as, enhance angiogenesis in various organs. Therefore, the present study aims to 

investigate whether exercise training could prevent alterations of microvascular vascularity in 

brain and bone during aging. 

Design and method Male Wistar rats were divided into three groups: sedentary-young (aged 

4-6 months), sedentary-aged (aged 20-22 months) and trained-aged (aged 20-22 months). The 

exercise program included swimming training 5 days/week for 8 weeks. We directly observed 

microvasculature of brain and bone under a laser scanning confocal microscopic system. The 

microvascular networks were visualized by fluorescein isothiocyanate labeled dextran. 

Fluorescent microvascular networks images were analyzed for capillary vascularity using image 

analysis software. Blood was collected to determine malondialdehyde level (an indicator of 

oxidative stress). 

Results In sedentary-aged group, malondialdehyde level was significantly increased, but 

capillary vascularity in brain and bone was significantly decreased, compared with the 

sedentary-young group. In trained-aged group, capillary vascularity in brain and bone was 

significantly higher, whereas the malondialdehyde level was significantly lower, compared with 

sedentary-aged group. The present results also showed a linear correlation between capillary 

vascularity and malondialdehyde level. 

Conclusions The exercise training could attenuate age-induced suppression of capillary 

vascularity in brain and bone, closely relate with exercise-ameliorated oxidative stress during 

aging. 
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ABSTRACT 

Background: The progressive loss of bone and muscle mass significantly contribute to decline in the 

quality of life during aging. The inadequate perfusion of bone and muscle is a major factor contributes 

muscle dysfunction and bone loss during aging. Age-related impairment of angiogenesis has been 

proposed to correlate with oxidative stress. The effects of regular exercise have been reported to 

reduction of oxidative stress, as well as, enhancing angiogenesis in various organs. However, the 

angiogenesis-related improvement of blood perfusion in the bone and muscle by exercise are not 

known fully. 

Objective: The present study is aimed to investigate whether exercise training could prevent alterations 

of bone capillary vascularity (CV) and muscle angiogenic protein expression during aging . . 

Methods: Male Wistar rats were divided into 3 groups: sedentary-young, sedentary-aged, and 

trained-aged (swimming training for 8 wk). Using laser scanning confocal microscope, we determined 

the CV of femur. Tibialis anterior muscle was harvested to measure vascular endothelial growth factor 

(VEGF) land liver was excised to determine malondialdehyde (MDA), as an indicator of oxidative 

stress. 

Results: In sedentary-aged group, MDA level was significantly increased, but CV and VEGF level 

were significantly decreased, compared with the sedentary-young group. In trained-aged group, CV 

and VEGF were signiIicantly higher, whereas the MDA level was significantly lower, compared with 

sedentary-aged group. The present results showed a linear correlation between CV and MDA, and 

between VEGF and MDA. 

Conclusion: The exercise training could attenuate age-induced suppression of CV and VEGF level, 

closely relate with exercise-ameliorated oxidative stress during aging. 
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