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OzZET

Endotel hicreleri kan akimindan kaynaklanan kayma gerilimine maruz
kalirlar. Endotel hucrelerinde kayma geriliminin etkisiyle otokrin ve parakrin
faktorlerin Uretimi akut ve kronik olarak diizenlenir. Kayma geriliminin pek ¢ok genin
ekspresyonunu dizenledigi ve damar duvarinin patofizyolojisinde 6nemli rolleri
oldugu cok iyi bilinmektedir.

Endotel hicreler Uzerinde in vivo etki gosteren mekanik kuvvetler, bu
hlcreler Uzerindeki kan akimindan kaynaklanir ve duvar kayma gerilimi olarak ifade
edilirler: duvar kayma geriliminin buydkligid, damar duvarina komsu sivinin hizi
(duvar kayma hizi) ile bu alandaki sivinin vizkositesinin carpimi ile belirlenir. Cesitli
galismalarda, hemodinamik kosullarda ve duvar kayma gerilimindeki degisikliklerin
damar endotelinde NO sentezleyen mekanizmalari etkileyebilecegi gosterilmistir.
Kanin akiskanlik 6zellikleri duvar kayma gerilimini etkileyen en énemli faktorlerden
biridir. Sicanlarda artmis eritrosit agregasyonunun iskelet kasi klglk arterlerinde
endotelyal nitrik oksit sentaz (eNOS) ekspresyonunu ve fonksiyonunu azalttigi ve
kan basincini arttirdigr gosterilmistir. Potansiyel kayma gerilimi reseptorld olan
eNOS’un, endotel hiicrelerinde kayma gerilimi degisikliklerinin algilanmasinda rol
oynadigi bildirilmistir. Bu ¢alismada; cam kapiller tiplerin icine yerlestirilen endotel
hicrelerinde eritrosit agregasyonunun arttirilmasiyla azalan duvar kayma gerilimine
cevaben NO bagimli mekanizmalardaki degisiklikler incelenmistir.

Calismada cam kapiller tlpler icine 6zel bir teknikle insan gdbek kordonu
kaynakli ven6z endotel hicreleri yerlestiriimistir. Cam tlpler iginde kultlir edilmis
endotel hicreleri sabit basing kosullarinda farkl karakterde kan érnekleriyle perfiize
edilmistir. Endotel hicreleriyle kaplanmis kapillerin perfizyonu; normal insan kani,
plazma kapsami degistirilerek eritrosit agregasyonu arttirlimis kan (dextran grubu)
ve eritrosit ylizey 6zellikleri degistirilerek agregasyonu modifiye edilmis (F98 grubu)
eritrosit slspansiyonlari kullanilarak yapiimistir. Endotel hicreleriyle kapli kapiller
borular yukarida belirtilen deney gruplarina uyumlu eritrosit stispansiyonlariyla 30
dakika veya 6 saat boyunca perfiize edilmislerdir. Perflizyon sonrasi endotel
hicrelerinde eNOS protein ve mRNA ekspresyonlari tayin edilmistir. Ayrica endotel
hlcrelerinde nitrit-nitrat dizeyleri élglimustar.

Cam kapiller tipler icinde kultir edilmis endotel hicrelerinde akima cevaben
NO dretiminin ve eNOS serin 1177 ekpresyonunun arttigi bulunmustur. Kapiller
tuplerin, eritrosit agregasyonu arttiriimis kan ornekleriyle perfizyonu NO Uretimini ve
eNOS serin 1177 ekspresyonunu azaltmistir.

Bu deneysel veriler eritrosit agregasyonunun degistiriimesiyle meydana
gelen duvar kayma gerilimi degisikliklerinin, NO bagimh mekanizmalarla
izlenebilecegini gostermistir.

Anahtar kelimeler: Duvar kayma gerilimi, endotelyal nitrik oksit sentaz, nitrik
oksit



ABSTRACT

Vascular endothelial cells are the primary cell types exposed to shear stress
originating from blood flow. They regulate the production of autocrine and paracrine
vasoactive factors both acutely and chronically in relation with the effect of shear
stress. It is well known that shear stress selectively regulates the expression of
many different genes and contributes the pathophysiology of vascular wall.

Mechanical forces which have in vivo effects on endothelial cells are
originated from blood flow and they are called wall shear stress: magnitude of wall
shear stress is determined by multiplying the velocity of fluid adjacent to vessel wall
(wall shear stress) with viscosity of the fluid. In several studies it was shown that
alterations on hemodynamic conditions or wall shear stress may have effects on
NO-synthesizing mechanisms of vessel endothelium. Fluidity of blood is a major
determinant of wall shear stress. In rats, increased erythrocyte aggregation reduces
the expression and function of endothelial nitric oxide synthase (eNOS) while it
increases the blood pressure. It has been shown that eNOS which is a potential
receptor of the | shear stress, plays a role in sensing of the alterations in shear
stress by endothelial cells. In the present study we wanted to investigate the
alterations of NO-dependent mechanisms in endothelial cells that are settled in
capillary tubes, in response to a reduction in wall shear stress resulting from an
increase in erythrocyte aggregation.

In this study, we have located human umbilical cord originated venous
endothelial cells into glass capillary tubes with a special technique. Endothelial cells
cultured in glass capillary tubes were perfused with blood samples of different
characteristics in constant pressure. Perfusion of capillaries covered with endothelial
cells is realized by use of following three samples; normal human blood, blood which
has increased erythrocyte aggregation due to changed plasma content (dextran
group), and blood which has modified aggregation due to changed erythrocyte
surface attributes (F98 group). Capillary tubes of study groups filled with endothelial
cells were perfused for 30 minutes or 6 hours with appropriate erythrocyte
suspensions. After the perfusion, eNOS protein levels and mRNA expression were
measured in endothelium cells. Nitrite-nitrate levels of endothelial cells were also
measured.

It is observed that both NO production and eNOS serin 1177 expression
increased in the cultured endothelial cells inside glass capillary tubes in response to
flow. Perfusion of capillary tubes with blood samples whose erythrocyte aggregation
was increased, decreased the NO production and eNOS serin 1177 expression.

This experimental data show that alterations in wall shear stress caused by
modification in erythrocyte aggregation can be monitored with NO-dependent
mechanisms.

Key words: Wall shear stres, endothelial nitric oxide synthase, nitric oxide
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GiRiS

Dolasim sisteminde, kan ve damar duvari arasinda lokalize olan
endotel hdcreleri, kan akimindan kaynaklanan kayma gerilimine maruz
kalirlar. Damarlarin igini kaplayan ve kan akimindan etkilenen endotel
hicrelerinin  klltire edilmesi, deneysel ortamlarda fizyolojik yanitlarin
arastirimasini kolaylastirmistir. Endotel htcreleri, kayma geriliminin akut ve
kronik etkisiyle otokrin ve parakrin vazoaktif faktorlerin tretimini regule eder.
Kayma kuvvetinin, endotele monosit baglanmasi ve endotel hucrelerinin
apoptozisini igceren [1, 2] pro-aterojenik olaylarin inhibe edilmesini iceren
antiaterojenik etkileri oldugu c¢ok iyi bilinmektedir. Kayma kuvvetinin
aterosklerozu 6nleme mekanizmasi tam olarak bilinmemekle birlikte, bu
etkisinde endotel hulcrelerinin 6nemli rol oynadigi gosterilmigtir [1, 3, 4].
Kayma geriliminin, selektif olarak birgok farkli genin ekspresyonunu regule
ettigi ve damar duvari patofizyolojisinde dnemli etkileri oldugu bulunmustur.

Kayma kuvveti (tanjansiyel kuvvet), endotel hicre yuzeyine paralel
sekilde etki eden surtunme kuvvetidir. Kayma gerilimi olarak da isimlendirilen
bu kuvvetin buyUkligu, damar sisteminde dolasan sivinin akim hizi,
viskozitesi ve kan damarlarinin fiziksel boyutlari tarafindan belirlenir. Kan
reolojik yonden, non-Newtonien bir sividir. Yani, kan viskozitesi kayma hizina
bagli olarak degisir. Kayma hizi arttikga kan viskozitesi azalir [5, 6]. Kayma
hizinin kanin biyiik arterlerdeki degerine (100-400 sn™') ulasmasindan sonra
ise kan Newtonien davranis gosterir [5]. Yani bu hizin Uzerindeki hizlarda kan
viskozitesi kayma hizina bagimh degildir [7]. Damar sistemi iginde yer alan
cok cesitli boyuttaki damarlarda kan akimi birbirinden farkli karakterler
gosterebilir. Kan akiminin 0,5 mm’nin Uzerinde g¢apa sahip damarlarda
laminar olmaya egilimli olmasina karsin, ¢api daha kuguk damarlarda bu
davranigi degisir. Ek olarak, kayma gerilimi transmural basing
gradiyentlerinden etkilenir, glinkli damar distansiyonu, damar ¢apini arttirarak
kayma gerilimini azaltma egilimindedir. Kayma gerilimi Uzerine damar
distansiyonunun bu etkisi 6nemli olabilir. Clnkd kayma gerilimi damar
yarigapinin 4. kuvvetiyle ters orantili oldugundan, damar duvari katmanlari ve
hicre yapisindaki varyasyonlardan dolayi ayni damarin farkli noktalarinda
kayma geriliminde farkliliklar olugabilir [8].

Nitrik oksit (NO) dolagimin kontrolunde anahtar bir rol oynar [9].
Vaskuler duz kas tonusunun regulasyonunda ve vaskuler direncin
dizenlenmesinde NO’nun énemi ¢ok iyi bilinmektedir [10-12]. Ayrica, birgok
fizyolojik fonksiyonda da (6rnegin apoptozis) bu basit molekulin roll oldugu
gosterilmistir [13, 14]. Nitrik oksit kaynaklarindan biri de endotel hicreleridir.



Endotel hicrelerinde, L-arjinin’”den NO sentazin endotelyal izoformu (eNOS)
araciligiyla nitrik oksit sentezlenir [15]. Endotel hucre kulturlerinde ve
damarlarda, kayma geriliminin eNOS’dan NO Uretimini stimile ettigi ¢ok iyi
bilinmektedir, ancak kayma geriliminin NO Uretimini regule ettigi molekuler
mekanizmalar hakkinda farkli sonuglar bulunmaktadir [16-20]. Kayma
gerilimi, endotel hucrelerinden 2 farkli fazda NO uretimini stimule eder:
Birincisi akim basladiktan sonra saniyeler ile 30 dakika igerisinde gortlen
Ca*?/kalmodulin (CaM) bagimh NO dretim fazidir. Ikinci faz ise, saatlerce
siiren akim kosullarinda gdzlenen Ca*?/CaM bagimsiz, uyariima fazidir [21,
22]. Bu galismalardaki ortak bulgu, endotel hicrelerinde eNOS ekspresyonun
maruz kalinan mekanik kuvvetlerin buyuklagu ile module edildigidir [23-25].

Endotel hucreleri, sivi kayma kuvvetlerinin biyosensorleridir [15, 26].
Endotel hucrelerinde bulunan kaveola’nin, potansiyel kayma gerilimi
sensorlerinden biri oldugu ileri surtlmektedir. Sinyal transdiksiyonunun
baglatilmasindan sorumlu olan mekanoreseptorlerin kimligine ait ¢aligsmalar
kaveola’nin kayma gerilimine cevaben biyokimyasal sinyallere aracilik
edebilecegini ortaya koymustur. Endotel hucrelerinde bol bulunan
caveola’nin membrandan iyon akigi ve sinyal transdiksiyonu gibi olaylarda
bircok sinyal molekullyle etkilesim icinde oldugu gosterilmigtir [27].
Kaveola'ya bagli oldugu bilinen sinyal molekulleri arasinda; G proteinleri, c-
Src (Rous sarcoma oncogene) ailesi tirozin kinazlari, ras (rat sarcoma),
protein kinaz C, eNOS [28], shc (SH.-containing collagen-related protein),
Grb2 (growth factor receptor bound protein 2), mSOS (mammalian son-of-
sevenless), raf-1 (v-raf-1 murine leukemia viral oncogene homolog 1) ve
ERK1/2 (extracellular signal-regulated kinase 1/2) bulunmaktadir [29].

Bazal kosullarda, eNOS’'un kaveolada caveolin-1’e bagli sekilde
oldugu gorular ve inaktif durumdadir. Kayma kuvvetinde kademeli artis,
eNOS’un caveolin-1’"den ayrilmasina, enzimin aktivitesine yol agan
Ca*?/CaM’e baglanmasina neden olur [30, 31]. Ek olarak, GTP-baglayan
proteinlerin bu erken faz sirasinda kritik bir rol oynadigi gosterilmistir. Oysa
pertussis toxin-duyarli G proteinleri (Gio. ailesi) sigir aortik endotel
hicrelerinde akim-bagimh NO dretimini reglle ederken, insan umbilikal ven
endotel hucrelerinde ise pertussis toksin duyarsiz G proteinleri (kiguk G
proteini) ise karismaktadir [32, 33]. Bu bulgulara goére, G proteinlerinin gergek
kimligi hucre tipine baglidir. Bununla beraber, ikinci faz sirasinda akim
bagimli NO uretimi, G proteininden bagimsiz olarak regule edilmektedir [33].

Endotel hicreleri Uzerinde in vivo etki gosteren mekanik kuvvetler, bu
hicreler Uzerindeki kan akimindan kaynaklanir [1, 34, 35] ve duvar kayma
gerilimi olarak tanimlanabilir. Duvar kayma geriliminin buyukliglu, damar
duvarina komsu sivinin hizi (duvar kayma hizi) ile bu alandaki sivinin
vizkositesinin ¢arpimi ile belirlenir [2, 3]. Cesitli calismalarda, hemodinamik
kosullarda duvar kayma gerilimindeki degisikliklerin damar endotelinde NO
sentezleyen mekanizmalari etkileyebilecegi gosterilmistir. Kanin akiskanlik
Ozellikleri duvar kayma gerilimini etkileyen en dnemli faktérlerden biridir [2, 3].



Kayma gerilimi, endotelyal yapinin ve mekanosensitif genlerin ve nitrik oksit
gibi (NO) vazoaktif faktorlerin Gretimini de igeren hucresel fonksiyonlarin
kontrolinde énemli bir role sahiptir [4, 36, 37].

Kan damari iginde kanin bilegiminin her noktada birbirinin ayni olmadigi
iyi bilinmektedir [38]. Eritrositlerin damarin merkezinde toplanma egiliminden
dolayl, damar ¢eperine yakin bolgede (marjinal zonda) plazmadan zengin ve
daha dusuk viskoziteye sahip, hucreden fakir bir bolge olusur [38, 39].
Eritrositlerin agregasyon egilimi, aksiyal migrasyon derecesi Uzerinde gugli
bir etkiye sahiptir. Eritrosit agregasyon egiliminin artmasi, aksiyal migrasyonu
arttinir [39] ve bu kosullarda akim direnci azalir [39-41]. Bununla beraber,
eritrosit agregasyonun akim dinamikleri Uzerine etkilerinin oldukga karmasik
oldugu ve belirli bir damar segmentinden kanin gegis suresi (yani akim
sureleri) [42] ve damarin yercekimine gore oriyantasyonu [38] gibi cesitli
faktorlerle module edildigi unutulmamalidir.

Eritrosit agregasyonu modifikasyonunun, damar duvarina komsu
marjinal zonda yerel kan bilesimini degistirerek duvar kayma kuvvetini
etkileyebilecegi dusunulmektedir. Bu etki, 6zellikle plazma akigkanhiginda
onemli bir degigikligin olmadigi, hucresel faktorlerdeki degisimlere bagl
eritrosit agregasyonu modifikasyonlarinda énemli duruma gelebilir. Ancak, bu
etkinin hangi boyutlarda olacaginin hesaplanmasi veya dogrudan oOlgumle
bulunmasi mumkin degildir. Bu c¢alismada, duvar kayma kuvvetlerinde
eritrosit agregasyonunun modifikasyonuna bagl olarak ortaya c¢ikacak
degisikliklerin endotel NO sentez mekanizmalarina etkisi incelenmistir. Bu
kurgunun arkasinda, endotel hucrelerindeki NO sentezine iligkin
mekanizmalarin duvar kayma kuvvetlerindeki degigikliklerin  tahmin
edilmesinde bir arag olarak kullanilmasi dusuncesi vardir.



GENEL BILGILER

2.1. Kan Akiskanliginin Onemi

Kan dokusunun, organizmadaki homeostatik dengenin ve hucrelerin
yasamlarinin surdurebilmesi icin surekli hareket halinde olmasi gereklidir
[43]. Kan hareketinin surmesi kalp pompasinin gucu ve damar sisteminin
Ozellikleriyle yakindan iligkilidir. Kan dokusunun damar sistemi igindeki
hareketi her seyden 6nce kendi ozelliklerine ve akigkanhgina baglidir. Kanin
hicresel elemanlarinin konsantrasyonlari yaninda, reolojik o6zellikleri de
kanin akigkanhigini belirleyen dnemli etkenlerden arasindadir [5, 7].

Bir damar yataginda kan akimi, basing¢/direng oraniyla belirlenir.
Poiseuille yasasina gore, damar iginde akan kanin reolojik 6zellikleri ve
sistemin geometrik yapisi damar yataginin akima gosterdigi direnci belirler.
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Poiseuille esitliginde; akim direnci yarigapin (r) dordincu kuvveti ile
ters, damarin uzunlugu (L) ve sivinin viskozitesi (7) ile dogru orantihdir.
Direncin yarigapin dorduncu kuvveti ile ters orantili olmasi nedeniyle, akim
direncinin belirlenmesindeki en 6nemli faktér duastnulirken diger faktorler
neredeyse tamamen g6z ardi edilmistir. Hucresel patoloji teorisinin tibbi
pratik Uzerindeki temel etkisi bu durumu daha da ileri gétirmus, (pekgok
hastaligin teshisinde veya anlasiimasinda 6lu veya fikse edilmisg 6rneklerin
mikroskobik incelenmesi temel alindigi i¢in) bu sayede vaskuller geometri tek
onemli faktor durumuna gelmistir [44]. Kan akigkanligi gibi bir parametrenin
onemsenmemesinin, Poiseuille esitliginde sabit faktérlerden biri olarak kabul
edilmesinden kaynaklandigi dasunulebilir.

Doku metabolizmasi ve fonksiyonu yeterli kan akimi ile yakindan
iligkilidir. Birgok doku, ihtiyaci olan kani dokuya saglamak uzere, direnci
kontrol edilebilen ve bu sayede dokuda her zaman yeterli kan bulunmasini
saglayan vaskuler yapi ile donatiimistir [45]. Dolasim sisteminde damar ¢api
oldukga genis bir aralikta degisir. Ek olarak, damar ¢api yerel ve merkezi
mekanizmalarla dizenlenir. Bu dizenleme sonucu kan akimi organizmanin
butin bolumlerinde gereken duzeyde tutulur.

Hemoreolojik  parametrelerin ~ bozulmasi  durumunda  doku
perfuzyonunun olumsuz yoénde etkilendigi ileri surtlmektedir. Ancak, kanin



reolojik 6zelliklerinin fizyopatolojik slreclerdeki rolli Uzerindeki tartismalar
halen slirmektedir [46]. Kanin akigkanlik faktorleri ve hemodinami arasindaki
iliski gok karmasiktir. Normal kosullarda, kan akimi ve doku perflizyonunda
meydana gelen degisiklikler, vaskuler kontrol mekanizmalari tarafindan
damar capi degistirilerek kompanse edilir. Ancak, damar yapisi belli hastalik
sureclerine bagli olarak bozulmussa (aterosklerozis gibi), yeterli vazomotor
rezerv bulunmadigindan bu kompansasyon gergeklesmeyebilir [47]. Kanin
akigkanlik faktorleri (0rnegin, plazma viskozitesi, eritrosit agregasyonu ve
eritrosit deformabilitesi) perfuze olan dokunun metabolik durumuna duyarhdir
[47]. Kan komponentleriyle temas halinde bulunan i¢ ortam degisiklikleri bu
elemanlarin reolojik 6zelliklerini, dolayisiyla da butin kan dokusunu etkiler.
Fizyopatolojik surecler icinde reolojik degisikliklerin bu surecin nedeni mi,
sonucu mu oldugu ilk bakista anlagiimayabilir.

20. yuzyihn ilk yarisinda Robin Fahraeus tarafindan vyapilan
caligmalar, humoral patoloji ve modern hemoreoloji kavramlari arasinda
kopriu olmustur [38, 48]. Fahraeus’un kan stspansiyonunun stabilitesi Gzerine
yaptigi oncu ¢aligmalara ek olarak [49], kan damarlarinin belirli bir kesitindeki
kan akimi dagiliminin ayni olmadigini gosterdigi ¢alisma da ilk in vivo
hemoreolojik ¢alismalardan biridir [50]. Bu g¢alismanin sonuglari modern
hemoreolojik kavramlarin olusturulmasinda ¢ok énemli rol oynamis ve ayrica
patolojik kosullarin gogunda dlgilen hemoreolojik parametrelerin belirleyicisi
olmustur [3, 51, 52]. Diyabet, sepsis ve kardiyovaskuler hastaliklar gibi
patolojik durumlarin hemoreolojik profilleri ¢ok iyi bilinmektedir [51, 52].
Tuketici egzersiz gibi fizyolojik durumlarda da &nemli hemoreolojik
degisikliklerin oldugu rapor edilmistir [53]. Klinik caligmalara ek olarak,
patolojik sureglerin hayvan modellerinde hemoreolojik degisiklikleri gdsteren
birgok ¢alisma bulunmaktadir [54-57].

Kanin in vivo reolojik davranisi ile ilgili en iyi bilinen ¢alisma 1933
yihinda Whittaker ve Winton tarafindan yapilmistir [58]. Bu yayinda, in vivo
kosullarda belirlenen viskozitenin in vitro kosullarda Olgulen degerden daha
disuk oldugu gosteriimis [58] ve diger yayinlarda da benzer sonuglar
bildirilmigtir [59-61]. Bu bulgulara gére hemoreolojik anormalliklerin derecesi
ile doku perfizyonundaki degisikliklerin gercek derecesini tahmin etmede
zorluklar ortaya gikmistir. in vivo akim direncini sadece ex vivo kosullardaki
reolojik verilere dayanarak tahmin etmek oldukga zordur. in vitro ve in vivo
caligmalar arasindaki bu farkhliklar Robin Fahraeus tarafindan gelistirilen
kavramlarla kismen agiklanabilir [38]: akim sirasinda sekil degistirebilen
eritrositlerin aksiyal migrasyonu ve bunun Fahraeus etkisi (mikrovaskuler
dizeyde azalmis hematokrit) gibi sonuglari in vivo kosullarda belirlenen daha
dusuk viskoziteyi agiklayabilir [39, 41, 62].

2.2. Kanin Akiskanlk Ozellikleri

Kan reolojik acidan degerlendirildiginde, non-Newtonien bir sivi olarak
tanimlanir. Non-Newtonien sivilarda; kayma hizi ile kayma kuvveti arasindaki
iligki dogrusal olmayip sivi viskozitesi kayma hizina bagl olarak



degismektedir (Sekil 1). Kayma hizi arttikga kan viskozitesinin azaldigi [5, 6],
fakat kayma hizinin bilyiik arterlerdeki degerine (100-400 sn™") ulasmasindan
sonra ise kanin Newtonien davranig gosterdidi ifade edilmektedir [5]. Yani,
kanin akigkanhgr kayma hizindan bagimsiz hale gelir [7] (Sekil 2.1). Damar
sistemi iginde yer alan gesitli boyuttaki damarlarda kan akimi birbirinden farkl
karakterler gOsterebilir.
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Sekil 2.1.: Newtonian ve non-Newtonian sivilar i¢in kayma gerilimi-kayma hizi ve viskozite-
kayma hizi arasindaki iligkiler (kaynak 44’den alinmistir).

2.2.1. Buyuk Damarlardaki Kan Akimi

Kan, buyuk boyuttaki damarlarda iki fazli bir sispansiyon 6zelligindedir
[5, 6]. Bu kosullarda, damar sisteminin geometrik 6zelliklerine, kanin fiziksel
Ozelliklerine ve akim hizina bagimh olarak laminer veya turbulan karakterde
akim gorulebilir. Laminer akim, sivi tabakalarinin birbiri Gzerinde kaymasi
seklinde gerceklesir ve buradaki hidrolik direng oldukga dusuktur [6].
Fizyolojik kosullarda kan akiminin karakteri laminerdir. Damar geometrisinde
yerel degisikliklerle beraber kan akim hizinda ani artiglar gorulirse kan
akiminin karakteri tirbulan hale donusebilir. Bu kogullarda akim direnci de
artar.

Laminer akim kosullarinda sivinin akigkanhgi, sivi tabakalari
(laminalar) arasindaki strtiinme kuvvetiyle belirlenir. Kan dokusu gibi iki fazli
sivilarda, birinci faza (plazma) ait laminalar arasindaki surtinme ikinci fazi
olusturan parcgaciklarin, bu laminalari ne olgude distorsiyona ugrattigi ile
yakindan iligkilidir [52]. Kanin hlcresel elemanlarindan olusan ikinci fazdaki
parcaciklarin kolay sekil degistirebilen bir 6zellikte olmalari, onlarin laminer



akim cizgilerine oriyentasyonunu Kkolaylagtirarak, tabakalar arasindaki
surtunmeyi, dolayisiyla sivinin viskozitesini azaltir [5-7, 63]. Tersine, eger
laminalar arasinda yer alan pargaciklarin buyUkligu artarsa, tabakalar
arasindaki surtinme ve viskozite artar [45, 64] (Sekil 2.2). Eritrositlerin
tersinir kimelenme (agregasyon) egilimi, 6zellikle distik kayma kuvvetlerinin
etkisinde pargacik buyuklugunu arttirarak, viskoziteyi etkiler [65].
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Sekil 2.2.: Plazmada igindeki eritrositlerin laminar akim gizgilerine etkileri. (a) eritrositlerin
olmadigi durumda plazmanin olusturdugu laminar akim gizgileri, (b) sekil
degistiremeyen (rijid) eritrositlerin varliginda akim ¢izgilerinin distorsiyonu, (c)
sekil degistirebilen eritrositlerin varliginda akim cizgilerinin azalmis distorsiyonu,
(d) eritrosit agregasyonundan dolayl artmis distorsiyon (kaynak 44’den
alinmistir).

Kayma kuvvetleri yeterince blyukse, eritrositler plazma igcinde bir sivi
damlasi gibi davranirlar. Hidrodinamik kuvvetler ki¢uldukge, eritrositler genis
diskoid yuzeylerinden birbirlerine yaklasarak kiumelenirler ve G¢ boyutlu
agregatlar meydana getirirler [63]. Akim hizinin yavaglamasi halinde boyle
agregatlar olusmasi kan akimi iginde sivi tabakalari arasindaki surtinme
kuvvetini arttirir ve kani daha visk6z hale donusturarler [65].

2.2.2. Kapiller Kan Akimi (Mikrodolagim)

insan dolasim sisteminde kapiller damarlar 3-8 um captadir. Bu
kosullarda, kanin butin olarak iki fazli bir sivi sistemi gibi disunulmesi
olanaksizdir. Bunun yerine, kanin hucresel elemanlarinin ve plazmanin bu
boyuttaki damarlardan gegisi ayri ayri degerlendiriimelidir. Yer yer kan
hacrelerinin boyutlarindan daha kuguk bir capa sahip olabilen bu damarlarda
akim hizi, buylk olgide kan hucrelerinin sekil degistirme yetenekleri
(deformabilite) ile yakindan iligkilidir [43, 66, 67].



2.2.3. Kanin Akigkanhgini Belirleyen Faktorler

iki fazli bir sivi olan kanin akigkanhg, tim cok fazli sivilarda oldugu
gibi her bir fazin reolojik 6zellikleri ve iki fazin birbirine orani ile belirlenir. Bu
iki fazi, kanin hucresel elemanlari ve plazma olusturur. Buna goére, kanin
akiskanligi; plazma viskozitesi, hematokrit degeri ve kan hucrelerinin reolojik
davraniglarindan etkilenir.

2.2.3.1. Plazma Viskozitesi

Plazma kandaki hucresel elemanlar icin suspansiyon ortami olarak
gorev yaptigindan, akiskanhgindaki bir degisiklik, dogrudan kan viskozitesine
yansir. Normal plazma viskozitesi 37 °C’de 1.10-1.35 centipoise arasinda bir
degere sahiptir [51, 52], ancak hastalik durumlarinda daha yuksek degerler
g6zlenebilir. Genel olarak, plazma viskozitesi hastalik slirecinin nonspesifik
bir belirtecidir ve akut faz reaksiyonlari ile ilgili patofizyolojik durumlarda artar
[68]. Bu artis, plazmanin protein icerigi ile yakin bir iligki gosterir. Fibrinojen
gibi akut faz reaktanlari hastalik sirasinda plazma viskozitesindeki artmaya
onemli dlgude katkida bulunur [68].

2.2.3.2. Hematokrit Degeri

Laminar akim kosullarinda, sivi tabakalarinin arasindaki direnci
arttiran hticresel elemanlarin oransal miktari, bu iki fazh sivinin akigskanhgini
belirleyen faktorlerin basinda gelir. Hematokrit degeri ile kan viskozitesi
arasinda eksponansiyel bir iligki vardir [5] (Sekil 2.3).

20

—_
on

-
L]

Vizkozie (mPa.sn )

wh

0 ; .
0 25 50 75
Hematokrit (%)

Sekil 2.3.: Kan viskozitesi Uzerine hematokritin etkisi (kaynak 44’den alinmisgtir).

2.2.3.3. Kanin Hucresel Elemanlarinin Reolojik Davranigi

Kanin hicresel elemanlarinin buyuk ¢ogunlugunu olusturan eritrositler,
kitle halinde akim kosullarinda dikkate alinmasi gereken tek hucre turudur.
Ancak, mikrodolagsim diuzeyinde, hucrelerin bireysel hareketleri 6n plana



¢iktigindan, her bir hucre tarinun reolojik davranisinin ayri ayri
degerlendiriimesi gerekir. Eritrositlerin sekil degistirme yetenekleri ve tersinir
kimelenme  edilimleri, degisik  kosullarda  kanin  akiskanhginin
belirlenmesinde 6nemli rollere sahiptirler [69]. Akim hizinin yuksek oldugu
kosullarda eritrosit deformabilitesi kan viskozitesini belirleyen temel faktorler
arasindadir [70]. Akimin yavaglamasi halinde, hiucrelere etki eden kuvvetler
kigulir ve kimelenme egilimi 6n plana c¢ikar. Eritrosit agregatlarinin
olusmasi, bu kosullarda viskoziteyi yukseltir [67].

2.3. Eritrositler

Eritrositler solunum gazlarini tagimak Uzere ozellesmis hucrelerdir
[71]. Olgun eritrositler 8 um c¢apinda, bikonkav disk seklindedir. Bu diskin
kenarlardaki maksimum kalinligr 2.5 ym, ortadaki en dusuk kalinhigi ise 0.8
pm’dir. Hiicrenin yiizey alani 140 pm?, hacmi ise ortalama 90 femtolitre (L)
olarak belirlenmigtir [71]. Bu hucreler kemik iliginde uretilir ve periferik
dolasima katilmadan o6nce cekirdeklerini kaybederler. Olgun eritrositlerin,
oksijen tagiyan pigment olan hemoglobinden olugsan amorf bir sitoplazmalari
vardir. Bu 6zel yapi ve sekil hiicrelere ¢ok 6zel mekanik 6zellikler kazandirir.
Eritrositlerin bikonkav-disk seklinin korunmasi fonksiyonel yonden ¢ok buyuk
Oneme sahiptir. Bu 6zel seklin korunmasinda etkili bes faktor oldugu ileri
surdlmastar [71, 72]. Bunlar, membran igindeki elastik kuvvetler, yluzey
gerilimi, membran yuzeyindeki elektriksel kuvvetler, osmotik ve hidrostatik
basinglardir. Bunlarin yaninda, hicre seklinin korunmasinda eritrositlerin
icinde bulunduklari ortamin 6zellikleri de buylk 6nem tasimaktadir. Ayrica,
eritrosit membrani i¢ ylUzeyinde yer alan ve membran iskeletini olusturan
proteinlerin bu dizenlemede rolt oldugu dusunulmektedir [73].

Eritrosit membraninin akigkan yapisi, sahip oldugu lipid matriksten
kaynaklanmaktadir. Bu tabakanin lipid kompozisyonu membran akiskanhgini
degistirmektedir [74]. Fakat bu degisimin membranin bitlin olarak visko-
elastik yapisi uzerine onemli bir etkisi olmadigi gosterilmistir [66]. Eritrosit
membraninin viskoelastik 6zellikleri hemen butundyle eritrosit membran
iskeletinin yapisi ve proteinler arasindaki iligkiler ile belirlenir [75, 76].

2.3.1. Eritrosit Deformabilitesi

Eritrosit deformabilitesi, bu hucrenin belli bir kuvvetin etkisi altinda
seklini tersinir olarak degistirebilme yetenegini ifade eder [66]. Eritrosit
deformabilitesi; eritrositin geometrik o6zellikleri, sitoplazmik viskozitesi ve
eritrosit membraninin mekanik 6zellikleri tarafindan belirlenir [66, 73, 77, 78].

Eritrositlerin normal bikonkav-disk seklinin korunmasi deformabilite
yetenedi acgisindan ¢ok 6nemlidir. Bu 6zel geometrik sekil, hiicreye yluzey
alanini genisletmeksizin sekil degistirme olanagi saglar. Eritrosit seklinde
meydana gelen bozukluklar deformabilite yetenedinde 6nemli azalmalara
neden olur [73, 79].



Eritrosit sitoplazmasinin akigkanhgi da eritrositlerin mekanik 6zelligini
etkilemektedir.  Sitoplazmanin  6nemli bir igerigi olan hemoglobin
konsantrasyonu sitoplazma akigkanhgini belirler [73, 77]. Normal bireylerde
eritrositlerin hemoglobin konsantrasyonu yaklagik 27-37 g/dL arasindadir.
Bu aralikta sitoplazmik viskozite 5-15 centipoise kadardir [80]. Bu normal
sinirlarda, sitoplazmik viskozitenin eritrosit deformabilitesi Uzerinde etkisi
ihmal edilebilir. Ancak, bu degerlerin Uzerindeki konsantrasyonlarda
sitoplazmik viskozitede buyuk artislar meydana getirir. Olgun eritrositlerde
hemoglobin sentezi ve yikimi olmadigindan konsantrasyon degigimleri
hicrenin su kapsamindaki degisimlere baghdir.

Eritrosit membrani esnek yapisindan dolay! dig kuvvetlerin etkilerini
sitoplazmaya aktararak eritrositlerin butin igerikleriyle akima katiimalarini
saglar. Eritrosit membraninin sekil degistirmeye izin vermesi yaninda bir
baska donemli 6zelligi de elastik yapiya sahip olmasidir [66]. Eritrositlerin
hidrodinamik kuvvetlerin etkisindeki sekil degistirmeleri geri dontsumludur.
Sekil degisimine neden olan etkinin ortadan kalkmasi ile hicre diskoid
sekline geri doner. Bu Ozelligin hemen butinlyle membran ve membran
iskeletine baglh oldugu aciktir [73, 79, 81].

2.3.2. Eritrosit Agregasyonu

Durgun haldeyken insan kanindaki eritrositler birbirine yapismig, para
dizileri gibi karakteristik morfolojileri ile gevsek agregatlar olustururlar. Bu
agregasyon icin rulo formasyonu terimi de kullaniimaktadir. Plazmada,
fibrinojen basta olmak Uzere makromolekullerin  varligr eritrosit
agregasyonunun ortaya ¢ikmasinda anahtar rol oynar [82]. Yuksek molekuler
agirhkli, suda eriyebilen polimerler (dextran, polviynlpyrolidone) kullanilarak
hazirlanan yapay suspansiyon ortamlarinda da eritrosit agregatlari olusabilir.
Eritrosit agregatlari sivi akiminin baglamasi veya agregatlara etki eden
kayma kuvvetlerinin blyumesi ile pargalanirlar. Agregatlari pargalamaya
yetecek biyiiklilkte kuvvetleri 20-40 s biyiklikteki kayma hizlar
olusturabilir [83]. Bu 0&zellik, agregasyon sirasinda goreceli olarak zayif
kuvvetlerin 6n planda oldugunu duastundurmektedir. Patolojik kanda veya
blyUk polimerlerle agrege olan eritrositlerde daha guglu hicreler arasi ¢gekim
kuvvetleri bulunmaktadir [83]. Hucreler yikanip protein ya da polimer
icermeyen tamponlarda tekrar suspanse edilirlerse, eritrosit agregasyonu
ortadan kalkar.

Eritrositlerin rulo formasyonu geklindeki agregasyonu ¢ok onemlidir.
Cunkld bu ozellik, normal insan kaninin “shear thinning” (agregatlarin
dagiimasina bagli olarak artan kayma hizi ile kan viskozitesindeki azalma)
davranisindan sorumludur ($ekil 2.4). Bu durum in vivo akim dinamikleri
uzerinde 6nemli etkilere sahiptir [42, 84-88].
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Sekil 2.4.: Normal kan, izotonik tampon igerisinde slspanse edilmis normal eritrositler ve
plazmadaki rijid eritrositler icin kayma hizi-viskozite egrileri. Kayma hizi araliginin
ust sinirlarinda gézlenen viskozite farkhliklari eritrosit agregasyonunun etkileri ile
iliskiliyken dusuk kayma hizlarinda gdzlenen viskozite farkliliklar eritrosit
deformabilitesinin etkileri ile ortaya gikmaktadir (kaynak 44’den alinmigtir).

Eritrosit agregasyonunun derecesi, eritrositleri bir arada tutan
kuvvetlerle (agregan kuvvetler), bu kumeleri dagitmaya calisan kuvvetler
(disagregan kuvvetler) arasindaki denge ile yakindan iligkilidir [82].
Disagregan kuvvetlerin bagsinda ortamdaki hidrodinamik kuvvetler gelir.
Hucre kimelerine etki eden kayma kuvvetleri blyuduikge, kimelenme egilimi
azalir. Bunun yaninda, eritrosit membrani yuzey yukune bagh olarak ortaya
¢clkan elektrostatik itim kuvvetleri ve eritrosit rijiditesi agregasyona kargi
koyan kuvvetler arasindadir [82]. Eritrosit agregatlarini bir arada tutan
agregan kuvvetler ile ilgili olarak ise iki hipotez 6ne surulmustar [82]

1- Kopruleme hipotezi: Bu hipoteze goére, birbirine yakin hicrelerin
yuzeylerine adsorbe olan ve bu hucreler arasinda kopruler olugturan
makromolekduller, agregatlari bir arada tutarlar [89].

2- Deplesyon hipotezi: Makromolekillerin eritrosit ylzeyinden fiziko-
kimyasal mekanizmalarla uzak tutulmasi bir osmotik gradient ve
hlcrelerarasi boglukta bir sivi hareketi olusturur. Bu sivi hareketinin
yarattigi basing farkliliklari komsu hacreleri birbirine dogru iter [90, 91].

Bu iki hipotez, eritrosit ylzeyine yakin boélgedeki makromolekul
konsantrasyonlari igin farkh tahminlerde bulunurlar. Koprileme hipotezine
gbre, yuzeye vyakin bodlgede makromolekil konsantrasyonunun
suspansiyonun diger bolumlerine gore daha yuksek olmasi gerekirken,
tersine deplesyon hipotezine gobre daha dusuk olmalidir [82]. Eritrosit
yuzeyine komsu bolgede makromolekul konsantrasyonlarinin yerel olarak
dogrudan Olgulmesine yodnelik calismalar basarisizlikla sonuglanmistir.
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Ancak, hulcre elektroforezi calismalari deplesyon hipotezini dogrulayan
ipuglari saglamigtir [91].

Eritrosit agregasyonu gerek plazmanin, gerekse eritrositlerin hlucresel
Ozelliklerindeki degisimlerden etkilenir. Plazma bilesenlerinden &zellikle
fibrinojen konsantrasyonu eritrosit agregasyonunu etkileyen en onemli
faktorlerden biridir [82]. Fibrinojen yaninda diger akut faz reaktanlari, plazma
globulin fraksiyonlarindaki degisimler, osmolarite ve pH dedgisiklikleri,
hematokrit degerindeki artig eritrosit agregasyonunu etkiler [43, 82].

Diger taraftan, 6zellikle eritrosit hiicresel 6zelliklerindeki degisikliklerin
de eritrosit agregasyonunu etkiledigi son yirmi yilda yapilan c¢alismalarla
ortaya konmustur [82, 92, 93]. Eritrositlerin karakteristikleri, deformabilite,
eritrosit morfolojisi ve yuzey yuku farkhliklari ve membrana IgG baglanimi
gibi hucresel ozelliklerin, eritrositlerin intrinsik agregasyon egilimlerini belirgin
Olcllerde degistirebileceklerine dair deneysel kanitlar bulunmustur [83].
Hucresel o6zelliklerin, eritrositlerin intrinsik agregasyon egiliminde bireyler
arasl, hatta turler arasinda da belirgin farkhliklar olusturabilecek duzeylerde
etkili olabildikleri, bazi durumlarda patolojik surecglerde gobzlenenden daha
yuksek duzeylerde agregasyon degisikliklerinden sorumlu olabilecekleri
anlasiimaktadir [83].

2.3.2.1.Eritrosit Agregasyonunun Deneysel Amagli Olarak Degistirilmesi

Eritrosit agregasyonu deneysel amacla plazma (suspansiyon ortami)
kapsami degistirilerek modifiye edilebilir. Bu amacla yuksek molekul agirlikli
ve fibriler yapidaki biyomolekuller (6rnedin dekstran) birgok deneysel
calismada kullaniimistir [59, 94-96]. Genellikle, bu biyomolekullerin
coOzeltilerinin deney sirasinda dolasima enjekte edilmesiyle gerceklestirilen
eritrosit agregasyonu artigi, beraberinde plazma viskozitesi ylkselmesini de
getirir. Ayrica, bu yolla sonugta ortaya c¢ikacak eritrosit agregasyonu
degisikliginin ne buyuklikte olacagi kolaylikla kontrol edilemez.

Buna karsilik, son birka¢ yilda kullanilmaya baglanan yeni bir teknik
eritrosit hucresel Ozelliklerinin degistiriimesiyle, slUspansiyon ortaminda
herhangi bir degisiklik yapilmaksizin eritrosit agregasyonunun modifiye
edilmesine olanak vermektedir [97-99]. Bu yontemle, eritrosit ylzeyine
kovalan olarak baglanabilen, uglarinda &zel reaktif gruplara sahip
polietilenglikol esasl ko-polimerler kullanilarak, eritrosit yuzey ozellikleri
degistiriimektedir. lyi kontrol edilen kosullarda eritrositlerle birlikte inkiibe
edilen reaktif ko-polimerin konsantrasyonu degistirilerek, inkibasyon sonrasi
yikanarak otolog plazmalarinda sUspansiyon haline getirilen hucrelerin
agregasyon dereceleri  ayarlanabilmektedir. Bu sekilde, eritrosit
agregasyonunun kademeli olarak degigtirilebilmesi ve bu degisimlerin
hemodinamik etkilerinin incelenebilmesi olanakli hale gelmistir.

iki yontem arasindaki en o©nemli farklilik, siispansiyon ortami

viskozitesiyle iligkilidir. Biyomolekullerin siUspansiyon ortamina eklenmesi
halinde ortaya c¢ikan eritrosit agregasyonu aksiyal migrasyonun daha etkin
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olmasina yol agsa bile, sUspansiyon ortami viskozitesinin artmis olmasi
nedeniyle damar duvarina komsu bodlgede bulunan sivinin akigkanlhginda
onemli bir degisiklik yaratmayabilir. Oysa eritrosit agregasyonunun reaktif
polimerlerin eritrosit ylzeyine baglanmasi yoluyla degistiriimesi halinde,
suspansiyon ortami akigkanliginda bir degisiklik olmayacagindan, aksiyal
migrasyon sonucunda damar duvarina komsu sivi tabakalarinda hematokrit
degerinin dismesi, bu bdélimde viskozitenin efektif olarak azalmasiyla
sonuglanacaktir.

2.4. Kanin Akiskanhginda Yerel Degisimler

Ozellikle 1000 mikrometrenin altinda gapa sahip olan damarlarin belli
bir kesitinde kanin bilegsiminin her yerde ayni olmadigi ve aksiyal
migrasyondan etkilendigi de iyi bilinmektedir [39]. Aksiyal migrasyon,
eritrositlerin damar merkezinde toplanma egilimi sonucu ortaya ¢ikar (Sekil
2.5). Aksiyal migrasyonun derecesi ile eritrosit agregasyon egilimi arasinda
dogrusal iligki vardir: eritrosit agregasyon egiliminin artmasi, aksiyal
migrasyonu arttirir [38]. Bu kosullarda akim direncinin azalmasi beklenir [41,
59].

Aksiyal migrasyon, damar duvarina yakin bolgede plazmadan zengin,
daha dusuk viskozite ve hematokrite sahip, hlcreden fakir bir marjinal zon
olusturur [38, 39]. Duvar kayma gerilimi giddetinin, damar duvarina komsu
olan sivinin hareket hizi (duvar kayma hizi) ile marjinal alandaki sivinin
viskozitesi tarafindan belirlendigi g6z Onunde bulundurulursa, eritrosit
agregasyonundaki artma ve bunun sonucu artan aksiyal migrasyonun duvar
kayma kuvvetinde azalmaya neden olmasi beklenebilir [2, 3].

Sekil 2.5.: Akim sirasinda damar merkezinde eritrositlerin birikmesi; yan dallarin hiicreden
fakir sivi tabakasi ile beslenmesine ve dolayisiyla doku hematokritinin azalmasina
neden olmaktadir (kaynak 44’den alinmistir).
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Eritrosit agregasyonunun derecesi damar sisteminin  gegitli
bolumlerinde farkli bayukluklerde olabilir. Bu bayuklugu belirleyen en dnemli
faktor bu bolimlerde hukim sliren hemodinamik kosullarla ilgili olmak Gzere,
yerel kayma kuvvetleridir [99, 100]. Eritrosit agregatlarinin dusuk kayma
kuvvetlerinin hakim oldugu vendéz damarlarda ve c¢esitli nedenlerle kan
akiminin yavagladigi damar bolumlerinde yogunluk kazanmasi ve bu
bolimlerde kan viskozitesinin artisina neden olarak akim direncini
yukseltmeleri beklenir [94-96].

2.5. Duvar Kayma Gerilimi

Silindirik borularda sivinin hareketi sirasinda ortaya ¢ikan bu kuvvet
dyne/cm? olarak, yani birim alana uygulanan kuvvet biciminde ifade edilir.
Dolagim sisteminde, kan ve damar duvari arasinda lokalize olan endotel
hicreleri, kan akimindan kaynaklanan kayma geriliminin etkisinde kalirlar [1,
34, 35]. Endotel hucresine dogal akim kosullarinda etki eden kuvvetler “duvar
kayma gerilimi” olarak ifade edilebilirler.

2.5.1. Duvar Kayma Kuvvetini Belirleyen Faktorler

Duvar kayma geriliminin buyuklugu, damar duvarina komsu olan
sivinin hareket hizi (duvar kayma hizi) ile damar duvarina temas eden
sivinin viskozitesi tarafindan belirlenir [2, 3]. Kanin akiskanlik 6zellikleri duvar
kayma gerilimini etkileyen en énemli faktorlerden biridir [2, 3]. Kayma gerilimi,
endotel hudcresi yapisinin  modifikasyonu, mekanosensitif  genlerin
aktivasyonu ve nitrik oksit gibi (NO) vazoaktif faktorlerin Gretimini de igceren
hicresel fonksiyonlarin kontrolinde 6nemli bir role sahiptir [4, 36, 37].

Duvar kayma kuvveti (8); sivi akim hizi (Q), damar yarigapi (r), sivinin
viskozitesi (77) degisiklikleri tarafindan belirlenir ve asagidaki formule gore
hesaplanir.

5=4Qn 2)

z-r’

Dolasim sisteminin belirli noktalarinda damar yapisi ve dolasimdaki
hicresel elemanlarin davranisi gézonunde bulundurularak duvar kayma
kuvveti hesaplanabilir. Ortalama kayma gerilimi blylk venlerde en dusuk
seviyede iken (<1 dyne/cm?),. kiiclik arteriyollerde yiiksek akim hizi ve
kiiciik cap nedeniyle (60-80 dyne/cm?) yiiksek olmaya egilimlidir.

Duvar kayma gerilimini tam olarak belirlemek kolay degildir. Duvara
yakin bolgede akan kanin hizi ve hiz gradiyenti belirlenmelidir, ancak bu
degerleri belirlemek teknik olarak zordur. Gradiyent, yiuksek oranda hiz
profilinin sekline ve duvardan olan uzakhgdina baghdir. Ayrica, eritrositlerin
aksiyal migrasyonu, kan viskozitesini hlcreden fakir olan damar duvarina
yaklastikca azaltmasi nedeniyle, damar duvarina yakin bolgedeki viskozite
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tam olarak bilinemez. Bu nedenle arteryal duvar kayma gerilimi olgumleri,
%20-50 arasinda hatali olabilmektedir [101].

Zhao ve ark.’nin yaptigi ¢alismada, damar konfigirasyonunun kayma
kuvvetlerini etkiledigi gosterilmistir [102]. Ayni damarin farkli bdlgelerinde
kayma kuvvetinin <1-60 dyne/cm? aralifinda degistigi ortaya konmustur
[102]. Arteryel sistemde dallanma bolgelerinde kan akimi sabit degildir (Sekil
2.6) ve bu kosullarda duvar kayma gerilimi degigiklikleri onemli olmaya
baslamaktadir.

Kayma geriliminin yiuksek
oldugu alan

~

Kayma geriliminin
diisiuk oldugu alan

Sekil 2.6.: Damar dallanmalarinin duvar kayma gerilimine etkisi (kaynak 103’den
alinmistir).

Duvar kayma gerilimi kardiyak dongu sirasinda degismektedir. Kan
akim hizi ve duvar kayma gerilimi sistolde yuksek iken diyastolde daha
dusuktlr. Ancak diyastol fazi, kardiyak donglnin 2/3’Gnd olusturmasi
nedeniyle diyastol fazindaki duvar kayma gerilimi seviyesi, ortalama duvar
kayma geriliminin buyuk kismini olusturmaktadir. Sistol fazi boyunca nabiz
basincindaki artisin yani sira duvar kayma geriliminde gorulen artis da arter
¢apinda meydana gelen artisa bagl olarak sinirlandiriimaktadir. Bu etki
Ozellikle elastik arterlerde gortlmektedir [103].

2.5.2. Kayma Gerilimi ve Endotel Hiicreleri

Damar duvarinin i¢ yuzeyinde bulunan endotel hicreleri, kan akimi
tarafindan ortaya ¢ikarilan kayma kuvveti ve sistolik, diyastolik kan basinglari
arasindaki farklarla olusan basing pulsasyonlarina duyarlidir. Basing
pulsasyonu, damar duvarinda mekanik gerim meydana getirir [104].
Biyomekanik kuvvetlerin biyokimyasal aracilara ek olarak endotel hucre
fonksiyonunun énemli belirleyicileri oldugu ¢ok iyi bilinmektedir. Ornegin;
duvar kayma gerilimi ve mekanik gerim, endotelyal gen ekspresyonunun
belirleyicileri iken [105], duvar kayma gerilimi endotel hucreler tarafindan
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uretilen vazoaktif mediyatorlerin Uretimini modifiye ederek arteryel cap
degdisimlerini regule eder [106, 107]. Kayma gerilimi tarafindan upregule
edilen endotelyal genlerin arasinda transkripsiyon faktorleri, blyume
faktorleri, adezyon molekiilleri ve ¢esitli enzimlerin bulundugu in vitro olarak
gOsterilmistir [108].

Aterosklerotik lezyonlar dusuk kayma hizi ile karakterize, anormal
akim kosullarina sahip alanlarda ortaya c¢ikmaktadir [109, 110]. Son
calismalarda normal ve anormal akim kosullarina sahip alanlarda gen
ekspresyonlarinin degistigi gésterilmistir [111]. in vitro kosullarda, kayma
gerilimin 0.4 Pa oldugu doku kulturlerinde aterojenik fenotipin ekspresyonu
uyarilirken, 1.0-1.5 Pa duzeylerindeki kayma gerilimi etkisinde ateroprotektif

endotelyal gen ekspresyonlarinin induklendigi bildirilmistir [3, 112].

Biyomekanik kuvvetler, endotel hlcre fonksiyonu yaninda endotel
yapisina da etki eder. Endotel hicreleri duvar kayma gerilimi dogrultusunda
sekillerini degistirirler: yuksek duvar kayma gerilimi noktalarinda hucreler
daha uzun bir yapi sergiler [113-115] (Sekil 2.7). Bu degisikler, stres
fiberlerinin  dagilimlarinin, yayilimlarinin  degismesine ve sayilarinin
artmasina sebep olur [114, 116]. Calismalarda uygulanan farkl
karakterlerdeki kayma gerilimi de farkli morfolojik yapilarin gelismesine
neden olur. Osilatuar kayma gerilimine maruz kalan sigir endotel hucreleri
kaltar kosullarinda, poligonal bigimlerini korumuglardir. Bu hicrelerde aktin
stress fiberleri olusumu da gézlenmemigtir [113].

Statik Laminer akim

Sekil 2.7.: Endotel hiicrelerinin akim yéniinde sekil degistirmeleri (kaynak 3'den alinmistir).

Biyomekanik kuvvetler ve endotel hlcre fonksiyonu arasindaki iligki,
mekanotransduksiyon olarak adlandirilan ve son yillarda birgok arastirmaya
konu olan ilgi g¢ekici bir mekanizma olmustur [36, 117-119].
Mekanotransduksiyonda, endotel hucrelerinin luminal yuzeyinde etkili olan
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mekanik kuvvetler, hucre iskeleti aracihigiyla diger alanlara dogru
iletiimektedir [120]. Bu kuvvetler, 6zellikle bazal adezyon noktalarinda gok
etkilidir ve bu noktalar ekstraseluler matriks ve cekirdek membrani ile
baglantihdir. Dolayisiyla kuvvetin, tum hucre boyunca dagilmasini saglarlar.
Hicre membrani kayma geriliminin yarattigi sekil degistirmeye cevaben,
gerim duyarli iyon kanallarini ve integrinleri aktive eder [117, 118]. Cekirdege
iletilen biyomekanik kuvvetler, trombosit-kaynakl buylime faktorleri, doku
plazminojen aktivatorl, endotelin-1, endotelyal nitrik oksit sentaz (eNOS) ve
intraseliler adezyon molekuli-1 (ICAM-1) gibi genlerin promoterlarinda
gerim-duyarl sekanslar araciligiyla duyarhlik meydana getirebilirler [105].

Kayma gerilimi endotel hiicresinden NO Uretimini bifazik sekilde etkiler:
1. akim baglamasini takiben saniyeler ile 30 dakika igerisinde NO Uretimi
Ca*?/CaM bagiml iken, 2. saatlerce siiren akim kosullarinda NO iiretiminin
Ca*?/CaM bagimsiz oldugu bildirilmistir [22, 121]. Ayrica, endotel hiicrelere
etki eden mekanik kuvvetlerin buyUkligi de eNOS ekspresyonunu
degistirebilmektedir [23-25].

2.5.3. Kayma Gerilimi ve iyon Kanallari

Endotel hucrelerinin akima verdigi erken yanitlar, kayma kuvvetlerinin
algilanmasinin hemen ardindan meydana gelir. Bu yanitlardan biri, akima
duyarli iyon kanallarinin aktivasyonudur [122]. Olasi akim algilayicilari
oldugu dusunulen bu kanallarin aktivasyonu, hicrede iyon akimlarinin
baglamasina neden olur. Kayma gerilimi, endotel hucrelerinde “inward
rectifying” K" kanallarini aktive eder. Bu kanallar hiicre membraninin
hiperpolarize olmasina sebep olur. Bu olayla es zamanh olarak kayma
gerilimi endotel hucrelerinde “outward rectifying” CI° kanallarini da aktive
eder. Bu kanallarin aktivasyonu ise K' kanallarina bagli olarak gelisen
hiperpolarizasyonu antagonize eder ve membran depolarizasyonuna neden
olur [122-129]. Kan akiminin baslamasiyla hizli olarak aktive olan akima
duyarl K kanallari, 0,1 dyn/cm? kayma geriliminde iyon akiminin
baslamasina neden olmaktadir. Yari maksimal aktivasyona 0,7 dyn/cm? de
ulasan ve 15 dyn/cm? de sature olan bu kanallar, 1-5 dyn/cm? kayma
gerilimine yanit olarak membran potansiyelini 2-6 mV arttirarak hucre
membranini depolarize etmektedir [125, 129, 130]. Kayma gerilimine duyarli
Cl kanallari ise K* kanallarindan bagimsiz olarak aktive olmakta ve K" aracil
hiperpolarizasyonun baglamasini takiben hicre membraninin
depolarizasyonuna neden olmaktadir [122, 129, 130]. iyon kanallarinin akima
bagh olarak gerceklesen aktivasyonlarinin fizyolojik roli tam olarak
bilinmemektedir. Ancak, bu kanallarin htcre hacmini duzenleyen yolaklarla
iliskili oldugu dusuniimektedir. fyon kanallarinin aktivasyonu ile endotel
hicrelerinin akima verdigi bircok yanitin duzenlendigi gosterilmistir. Bu
yanitlar arasinda nitrik oksit yapimi, cGMP salinimi ve Na-K-Cl kotransport
protein ekspresyonu yer almaktadir [131]. iyon kanallarinin aktivasyonu yolu
ile belirtilen dizenleme mekanizmalarinin gergeklesmesinde, ikincil mesaijci
olan Ca*?un hiicre igine tasinmasinin énemli bir roli oldugu diisiiniilmektedir
[132, 133]. Sonugta ortaya ¢ikan sitozolik Ca*? artisinin bir dizi hiicre ici
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yolagin aktivasyonuna ve NO gibi biyoaktif ajanlarin yapimina yol acgtidi
bilinmektedir.

2.5.4. Kayma gerilimi ve gen ekspresyonunun uyarilmasi

Kayma gerilimi, hicrenin yazgisi da (hlcre siklusunun ilerlemesi ve
apoptozis) dahil olmak tzere vaskuler fizyoloji ile iligkili pekgok geni module
eder, ¢ok sayida proteini (buylume faktorleri, adezyon molekdulleri, kemotaktik
molekuller, koagulasyon faktorleri ve protoonkogenleri) kodlayan genlerin
dizenlenmesinde 6nemli etkilere sahiptir. Laminer kayma gerilimi endotel
hicrelerinde G1'den S fazina gegisi baskilar [134, 135]. Bu durum siklin
badimli kinazlarin inhibitéri olan p21’in mMRNA ve protein dizeylerinde
artmayla iligkilidir. Fizyolojik dizeylerde laminar kayma gerilimi endotel
hicrelerinde TNF-a, okside LDL ve anjiotensin Il gibi ¢esitli uyaranlara yanit
olarak goOzlenen apoptozisi onler [136, 137]. Kayma gerilimi ile olusan
antiapoptotik etkinin superoksit dismutaz ve NOS upregulasyonu ile
gerseklestigine dair kanitlar bulunmaktadir [138]. Kayma gerilimi NOS’un
MRNA duzeylerini, mMRNA stabilitesini ve NO dretimini arttirir [23, 33]. Kayma
gerilimine arteryel duzeyde maruz kalan endotel hucrelerinden salinan
vazokonstriktor endotelin-1 (ET-1) miktarinin ve mRNA’sinin azaldigi [139-
143), dusik kayma gerilimi (5 dyne/cm?) durumunda ise ET-1 saliniminin ve
MRNA dlzeylerinin arttig1 bulunmustur [143, 144].

Endotel hicreleri uzun sure hemodinamik kuvvetlere maruz kalirlarsa
hicrelerde nukleer faktor kappa B’nin (NF-kB) (transkripsiyon faktori)
aracilik ettigi bir genomik aktivasyon go6zlenebilir. Bu sistemin
aktivasyonunun, akim ve kayma gerilimi degisikliklerinin gen aracili
yanitlarina aracilik ettigi ileri suraimustur. NF-kB baglanma bolgeleri pekgok
genin promoter bolgesinde bulundugu igin, bu sistem kayma gerilimindeki
degisikliklere cevaben gen ekspresyonunu kontrol etmede ¢ok énemli olabilir
[46]. Kayma gerilimine uzun sltre maruziyet hem NO Uretimi ve saliniminda
hem de eNOS ekspresyonunda artisa yol agar, bu artmis tretimin molekuler
temelini olusturmaktadir [24].

2.5.4.1. Endotel hiicrelerinde sinyal transduksiyonun kayma gerilimi
tarafindan aktivasyonu

Transkripsiyon faktorlerinin  aktivasyonu ile gen ekspresyonun
uyariimasi igin ilk olarak mekanik uyarilarin kimyasal sinyallere
donusturtlmesi gerekir. Bu mekanokimyasal transduksiyona membran
yuzeyinde ve sitoplazma iginde sinyal yolaklarinin aktivasyonu katilir. Kayma
gerilimi, membrandaki K* kanali [123], G proteinleri [145], intraseliiler Ca*?
[146], cAMP [147], cGMP [32], inozitoltrifosfat [148], protein kinaz C [144],
mitojenle aktive olan protein kinazlardan (MAPK) JNK’lar gibi [149, 150],
kiguk GTPaz'lardan Ras [149] ve protein tirozin kinazlardan fokal adezyon
kinazlar (FAK) [151, 152] gibi pekgok sinyal molekulini module eder. Bu
sinyalizasyon molekullerinin modulasyonu kayma gerilimine cevaben endotel
hicrelerinde birgok genin ekspresyonunun regulasyonuyla baglantihdir.
Ornegin, K* kanali eNOS’un kayma gerilimi tarafindan uyariimasina katilir.
Kayma gerilimi reseptorler ve iyon kanallarini igceren pekgok membran
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proteinlerini es zamanl olarak aktive eder. Ligand baglanmasiyla uyariimis
spesifik konformasyonel degisikliklerin yerine mekanik kuvvetler nonspesifik
sekilde sinyal transdiksiyonun baslamasina yol acarak membran
proteinlerinin kimelenmesini ve konformasyonel degisikliklerini uyarir. Hucre
membraninda lateral mobilite gibi molekuler dinamikler mekanokimyasal
transduksiyonun ilk basamaginda onemli rol oynar. Lipid akiskanhgindaki
degisiklikler, kayma gerilimi tarafindan lipozomlarda G proteinlerinin
aktivasyonunu degistirir. Endotel hucrelerinin abluminal tarafinda ve 6zellikle
aktin  yapisinda hicre iskeletinin  batunligunde, fokal adezyon
komplekslerinin reorganizasyonu sinyal kaskatlarinin baglamasinda onemli
rol oynar. Kayma gerilimi, endotel hucrelerinde fokal adezyon ve
mikrofilamentlerin tekrar duzenlenmesini indukleyebillir [152-154]. Aktin
filamentlerinin dagilmasi, kayma gerilimi tarafindan MAPK aktivasyonu ve
phorbol ester tissue 13-acetate-reponsive elementin (TRE) transkripsiyonel
aktivitesini zayiflatir fakat kayma gerilimi ET-1’in gen ekspresyonunu arttirir.
Bu bulgulara gore, hicre iskeleti farkli genlerin ekspresyonlarinda farkl
rollere sahipti. NOS geni membranda baglayan sinyalizasyon tarafindan
regule edilir

2.6. Nitrik Oksit

Nitrik oksit, bircok fizyolojik olayda 6nemli rolu olan, ¢ok kisa yari
émirld (3-5 sn) bir molekdildiir. insan ve diger memeli organizmasinda NO
uretilebildiginin ortaya konulmasi ile 1987 yilina kadar vicutta bulunus
nedeni ve metabolizmasi hakkinda ¢ok az sey bilinen NO’nun fizyolojik ve
patolojik olaylardaki rolu anlagiimis ve 1992’de yilin molekuli segilmistir [155,
156]. 1980 yilinda Dr. Robert Furchgott, endotelyal muskarinik reseptorlerin
asetilkolin ile aktive edilmesi durumunda endotel-kaynakli gevsetici bir faktor
(EDRF) saliverildigini gostermistir. Ardindan 1987'de Dr. Moncada ve Dr.
Ignarro’'nun EDRF’nin NO olabilecegine dair kanitlar elde etmesiyle bilimde
bircok sorunun yanitinin NO oldugu anlasiimistir. Dr. Furchgott, Dr. Ignarro
ve Dr. Murad NO’in kardiyovaskuler sistemde bir sinyal molekulu olarak roli
ile ilgili calismalari nedeniyle 1998 yilinda Nobel Tip ve Fizyoloji Odiiline
layik gorulmaglerdir [156, 157]. Bu calismalar, atmosferi kirlettigi, ozon
tabakasini deldigi ve asit yagmurlarina neden oldugu bildirilen NO’un kaderini
bir anda degistirmigtir.

NO, nonpolar, renksiz bir gazdir [158]. Suda az ¢6zunen, lipofilik bir
molekul olan nitrik oksit hucre membranindan kolaylikla geger. Nitrik oksitin
yuksuz bir molekdl olmasi, cifttesmemis elektron tasimasi nedeniyle
hicreden hucreye higbir bariyerle karsilasmadan kolaylikla ge¢cmesini
saglamaktadir [158, 159]. Ayni zamanda NO, tasidigi giflesmemis elektron
nedeniyle bir radikal molekul olarak isimlendirilebilir. Diger serbest radikaller
genelde hucreler icin zararh iken NO, dusuk konsantrasyonlarda ¢ok énemili
fizyolojik islevlerde rol almaktadir. Ancak, asiri ve kontrolsiz NO sentezi
hacreler igin zararli olabilmektedir [160]. NO, bu 6zellikleri ile ¢ok ideal bir
fizyolojik haberci molekll 6zelligi kazanmaktadir. NO asidik, nétr ve bazik
pH'larda farkh  etkiler  gosterir, kuguk  miktarlarda  (nanomolar
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konsantrasyonlarda) Uretildigi zaman hicre koruyucudur, milimolar
konsantrasyonlara arttigi zaman ise toksiktir. NO'’in agiri Uretimi veya
baskilanmasi zararl etkilere neden olabilir [26].

Hemoglobin NO’yu baglar ve inaktive eder. Ozellikle oksihemoglobin
NO icin kuvvetli bir inhibitordir. NO, nitrite de okside olabilir ancak nitrit tekrar
oksitlenerek kisa surede nitrata donusur [26].

2.6.1. Nitrik Oksitin Fonksiyonlari
2.6.1.1. NO’nun Kardiyovaskiiler Sistem Uzerine Etkileri

NO sentez inhibitorlerleri ile yapilan ¢alismalarda NO yoklugunun
vaskuler direngte artisa ve kan basincinda yukselmeye neden oldugu
bulunmustur [13, 156, 161]. Bu calismalar, damar direncinin
dengelenmesinde NO’in buyuk homeostatik rolu oldugunu gostermektedir
[15, 26].

Endotel hlcresinde olusan nitrik oksitin bir kismi damar duz kas
hicresine diflize olurken, geri kalan kismi kana gecerek dolasimdaki komsu
hicreler (I6kosit, trombosit) Uzerinde etkili olur [15, 162]. Ayrica eritrositlerin
icine de diflize olarak hemoglobine baglanabilir [163]. NO, diz kas hlicresine
difize olduktan sonra cGMP'yi arttirarak diz kas gevsemesine neden olur,
cGMP artis1 6 farkh mekanizma ile gevsemeyi meydana getirebilir. Bu
mekanizmalar sunlardir [158]:

1. Sarkoplazmik retikulumda Ca?*-ATPaz'in aktivasyonuyla hiicre igi

Ca?* konsantrasyonunun azalmasi.

2. Miyozin hafif zincirinin defosforilasyonu.

3. Diiz kas hiicresi membranindaki reseptor aracili Ca?* kanallarinin

inhibe edilmesi.

4. Hiicre igi Ca** diizeyinin diismesini saglayan Ca* tasiyicilarinin, G
proteinlerinin, reseptorlerin ve kanal proteinlerinin fosforile edilmesi.
Membrandaki Ca?*-ATPaz'in uyariimasi.

Potasyum kanallarindan  potasyum gegisinin  arttinlmasiyla
hiperpolarizasyon olugsmasi.

o o

2.6.1.2. NO’nun Gastrointestinal Sistem Uzerine Etkileri

NO, gastrointestinal sistemde birgcok fizyolojik etkiye sahiptir.
Sekresyon ve motilite, kan akimi, elektrolit ve su absorbsiyonu, mukozal
koruma ve inflamasyon gibi olaylarda roli oldudu go6sterilmistir [164].
Peristaltizmin esas transmitteridir.

NO, mide kan akimini arttirir. NO donorleri vagal uyari veya histaminle
induklenen asit salgilanmasini azaltabilir [165]. Mide tonus ve motilitesini
baskilar, NO ddnorleri duodenal mukus sekresyonunu arttirarak gastrik asite
kargi mukozal koruma saglar.

2.6.1.3. NO ve Sinir sistemi

NO merkezi sinir sisteminde hafiza olusumu, denge ve koku alma gibi
bircok fonksiyonu destekleyen bir ndrotransmitter olarak islev gérmektedir
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[13, 158, 166, 167]. Periferik sinir sisteminde ise nonadrenerjik nonkolinerjik
sinir sistemini etkileyerek vazodilatasyon, solunum, mide ve barsak
fonksiyonlarinin dizenlenmesine katkida bulunmaktadir [168].

2.6.1.4. NO’nun Renal Sistem Uzerine Etkileri

Nitrik oksit renal kan akimi, renal otoregulasyon, glomertler filtrasyon,
renin salgilanmasi ve tuz itrahi gibi renal fonksiyonlarin kontrolinde en
onemli parakrin modulator ve aracidir. Bobrekte glomerular ve medduller
mikrodolagsim, endojen NO tarafindan regule edilir [169, 170].
Tubuloglomerular feedback, kismen NO salinimi tarafindan duzenlenir [170].

2.6.1.5. NO’nun immiin ve inflamatuvar Sistemler Uzerine Etkileri

Proinflamatuar sitokinler iNOS’u uyararak NO Uretimini arttirirlar.
NO’in, makrofajlarin intraselller ve ekstraselliler patojenleri ortadan
kaldirmada etkilerine aracilik ettigi, bununla beraber sitotoksik etkide NO
formunun degil O3 ile etkilesimi ile meydana gelen peroksinitritin etkili oldugu
bildirilmigtir [13]. Ayrica, makrofaj kokenli NO’in inhibitor etkileri tumor
hicreleri Gzerine oldugu gibi lenfositlerde de goraltr [171]. Aktive olmus
makrofajlarin lenfositlerin mitojen veya antijenlere verdigi proliferatif
cevaptaki baskilayici etkisi kismen NO’e atfedilmektedir [172-174].

2.6.2. Nitrik Oksit Uretimi

Nitrik oksit, nitrik oksit sentaz (NOS) enzimi tarafindan sentezlenir.
Fonksiyonel olarak 1990 yilinda Bult ve arkadaslari tarafindan tanimlanan
NOS’un primer vyapilari yluksek homolojiye sahip, Uc¢ farkh izoformu
bulunmaktadir: néronal NOS (NOS | veya nNOS); 2) indlklenebilir NOS
(NOS Il veya iINOS); 3) endotelyal NOS ( NOS IIl veya eNOS) [13, 79, 175-
178]. Iki izoformu yapisal olarak eksprese edilirken (NOS 1, NOS 3) diger
izoformu yapisal degildir ve cesitli sitokinler tarafindan induklenebilir (NOS 2).
NO, NOS enzimlerinin katalizlemesiyle L-arjinin’in oksidasyonuyla olusur.
NOS enzimi, L-arginin amino asidinin terminal guanidino grubundaki
nitrojenin oksidasyonunu saglar [177, 179]. Bu reaksiyon, hem oksijen hem
de nikotinamid adenin dinukleotid fosfat (NADPH) bagimhidir ve NO yanisira
L-sitrullin olugsmasiyla sonuglanmaktadir. NOS aracili NO olusumu igin
gerekli olan substratlar, L- arjinin aminoasiti, molekller oksijen ve
NADPH’dir. Kofaktér olarak ise tetrahidrobiopterin (BH4), flavin adenin
dinukleotid (FAD), flavin mononukleotid (FMN) ve sitokrom P450
kullaniimaktadir [158, 175, 177, 178]. Bundan baska; NOS, enzim aktivitesi
icin gerekli olan hem ve kalmodulin baglama bodlgesi icerir.

Bu U¢ NOS izoformunun subselller lokalizasyonu da degiskenlik
gosterir. NNOS ve INOS ¢dzunur sitozolik proteinlerdir. eNOS ise hicresel
membranda partikiler subselller fraksiyonda o6zellikle de plazmalemmal
kaveola’da bulunur [180]. Endotel hicrelerinde eNOS’la bagh halde bulunan
kaveolin-1; eNOS aktivitesini baskilar. Agonist aktivasyonundan sonra hicre
ici Ca* konsantrasyonundaki artis kalmodiilinin eNOS’a baglanmasina
neden olur ve eNOS’un kaveolinden ayrilmasini saglar. eNOS-kalmoddilin
kompleksi hiicre ici Ca*® konsantrasyonu azalana kadar NO sentezler. Ca*?
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konsantrasyonu azalmasiyla daha sonra yeniden inaktif eNOS-kaveolin
kompleksi olusur [180].

Belli kosullar altinda; NOS, NO yerine serbest radikal ("O,) Uretebilir
[178]. NOS tarafindan 'O, olusumu, oksijenaz domaininin hem grubu
araciligiyla olur, stbstrat (L-arjinin) ve kofaktér (BH4) varligina bagimhdir
[181, 182]. NOS, her iki faktorin birinin konsantrasyonunun duguk olmasi
durumda superoksit olustururken, siUbstrati ve kofaktori yeterli miktarda
oldugu zaman NO Uretir.

NOS enzimi, oksijenaz (1 - 491 aminoasit) ve reduktaz (492 - 1205
amino asit) olmak Uzere 2 adet globuler protein motifine sahiptir [183].
Memeli NOS’lari sadece dimerik formda olduklari zaman fonksiyonel olarak
aktiftirler. Reduktaz bolgesi, NO dretimi igin gereken elektronlari redikte
olmus NADPH'I dehidrojenize ederek Uretir [178]. Elektronlar daha sonra
oksijenaz bolgesine gecerler. Kalsiyum baglh kalmodulinin NOS’'un COOH-
terminal rediktaz ve NH,- terminal oksijenaz domaininin arasina
baglanmasindan sonra elektron transferi aktive olur. Kalmodulin, flavinlerden
NOS’un hem bdlgesine elektron transferinde gdrevli olup, NO biyosentezinde
onemli bir basamak olan flavin indirgenmesinin hizini belirler [184-186].
Oksijenaz bolgesi, NO Uretim yeridir ve hem, L-arjinin ve BH4 baglar. Ayrica
¢inko (Zn) baglama bolgesine sahiptir [187] (Sekil 2.8). Her NOS dimeri bir
¢inko iyonu igerir ve bu da dimerik molekllln stabilizasyonunu saglar. Tum
NOS izoformlari kalmodulin baglanma bdlgesi icerse de kalmodulinin
NOS2’ye baglanmasi onu kalici bir alt birim haline getirir. eNOS ve nNOS’a
kalmodulin baglanmasi ve aktivasyonu fizyolojik Ca*? konsantrasyon
degigikliklerine cevaben meydana gelirken, kendisine sikica bagli
kalmoduline sahip olan iNOS disiik Ca*® konsantrasyonlarinda bile
maksimum flavin rediksiyonuna imkan saglar [15, 26, 162, 188].
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Elektron akimi

Sekil 2.8.: Nitrik oksit sentaz izoformlarinin yapisi. Agik renkli kutucuklar homolog alanlari
gosterirken, tarali kutucuklar; nNOS ile eNOS arasindaki homolog boélgeleri
gOstermektedir. Arg, arjinin; BH4, tetrahidrobiyopterin; CaM, kalmodulin; FMN,
flavin mononukleotid; FAD, flavin adenin nikleotid (kaynak 186’dan alinmistir).
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2.6.3. eNOS Aktivitesinin Kontrolii

eNOS, bazal kosullarda endotel hucresinde surekli, ancak az miktarda
NO sentezinden sorumludur. Endotel hicre kaltirlerinde eNOS enzimi
yapisal olarak eksprese olmasina ragmen bazi faktorlerin de enzim
aktivitesini ve bazal ekspresyonunu etkiledigi bilinmektedir. Kayma gerilimi,
eNOS aktivitesini arttirmaktadir. DUzenli egzersiz yaptirilan kopeklerde de
eNOS duzeyinin arttigi bildirilmistir [189]. TNF-a, okside LDL artisi ve hipoksi
gibi durumlarda ise eNOS aktivitesi azalmaktadir. Bu gibi durumlarda,
MRNA’nin  posttranskripsiyonel omrinin kisalmasi eNOS sentezinin
azalmasinda onemli rol oynayabilir. Ayrica kaveolanin transmembran proteini
olan kaveolin de eNOS’u inhibe edebilir [180]. Bu inhibisyon Ca-kalmodulin
kompleksi tarafindan tamamen ortadan kaldirilabilir [180].

eNOS fosforilasyonu, eNOS aktivitesini kontrol eden kritik regulator
mekanizma olarak tanimlanir. eNOS Uzerinde en az 5 spesifik fosforilasyon
bdlgesi tanimlanmistir [35]. eNOS fonksiyonunda fosforilasyonun dnemini
destekleyen veriler bulunmasi ve giderek artmasina ragmen fosforilasyonun
regulasyonunda rol alan protein kinazlar ve fosfatazlarla ilgili ¢eligkili bilgiler
bulunmaktadir. Ornegin, eNOS’un serin 1177 aminoasitinin, in vivo ve in vitro
kosullarda 5 farkli protein kinaz tarafindan fosforillendigi gosterilmistir [137,
190-193]. Serin 1177 bolgesi ile ilgili ¢gok sayida c¢alisma bulunmasina
ragmen diger bolgelerin fosforilasyonunun 6nemi hala tartismahdir [35].
eNOS enzimi fizyolojik uyarilara cevaben serin 1177, serin 633, serin 615,
threonin 495 ve serin 114 bolgelerinden fosforillenmektedir.

eNOS-serin 1177 bolgesinin fosforillenmesi, enzim aktivitesinin
artmasina neden olur, bu bolgenin fosforillenmesi ile bazal aktivitenin 2 kat
arttigi bildirilmistir [137, 194] eNOS-threonin 495 bdlgesinin fosforillenmesi
ise enzim aktivitesinin azaldigini gostermektedir [35, 180, 191, 195].
Literatirde diger fosforilasyon bolgelerinin eNOS enzim aktivitesi Uzerine
etkilerine dair geliskili bilgiler bulunmaktadir [35].

2.6.3.1. eNOS Fosforilasyonunda Protein Kinazlar ve Fosfatazlarin Etkisi
Tirozin kinazlar

Endotel hucrelerinde tirozin kinaz inhibitorleri kayma gerilimine yanit
olarak gozlenen NO Uretimini inhibe etmektedir [16, 17]. Bu durum eNOS
regllasyonunda tirozin kinazin rolu olabilecegini dusundurmektedir. Fizyolojik
kosullar altinda tirozin kinazlarin eNOS aktivitesini nasil dizenledigi ¢ok agik
degildir. Bu konuyla ilgili iki olasilik vardir [35]:1- tirozin kinazlar eNOS’u
tirozin rezidulerinden fosforiller; 2- tirozin kinazlar, enzim aktivitesini dolayh
olarak duzenleyen proteinleri fosforiller. Garcia-Cardena ve arkadaglari, sigir
aortik endotel hicrelerinde tirozin fosfataz inhibitéri veya hidrojen peroksitin
eNOS’un tirozin fosforilasyonunu stimile ettigini gostermislerdir [196]. Tirozin
fosforilasyonundaki artis, enzim aktivitesindeki azalmaya isaret eder. Bu
inhibisyonun nedeninin de eNOS’la caveolin-1'in etkilesimi olabilecegi ileri
surtlmastir [196]. Fleming ve arkadaslarinin calismasinda ise; kayma
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gerilimi veya tirozin fosfataz inhibitérii uygulanan endotel hiicrelerinde Ca**
bagimsiz sekilde eNOS aktive olmustur [197, 198].

Protein kinaz C (PKC): PKC bagiml fosforilasyon eNOS enzim aktivitesini
azaltir. Phorbol mristate acetate (PMA) ile protein kinaz C aktivasyonunun
hdcre kaltirinde eNOS aktivitesini inhibe ettigi gosterilmistir [199, 200]. PKC
tarafindan eNOS Uzerinde fosforillenen bolgelerin threonin 495 ya da serin
114 oldugu gosterilmigtir [193, 201]. PMA uygulamasi ile PKC’nin aktive
edilmesi sonucu threonin 495 fosforile olmustur [193, 202]. PKC inhibitoru
kullanilarak bazal T495 fosforilasyonunda azalma tespit edilmigtir. Bu veriler
eNOS-T495 fosforilasyonunda PKC’nin roliinu desteklemektedir.

Protein Kinaz B/Akt: eNOS regillasyonunda Akt'nin roli eNOS-Serin
1177’nin fosforilasyonu seklindedir [137, 203-205]. Fosfotidil inozitol 3-kinaz
(PIBK) (Akt vyolaginda Uust siradaki duzenleyicilerden biri) spesifik
inhibitorleriyle yapilan c¢aligmalarda kayma gerilimi, vaskuler endotelyal
bayime faktéri (VEGF) ve insulin benzeri buyume faktéri tarafindan
uyarilan eNOS-S1177 fosforilasyonu engellenmigtir [137, 203-205]. Michell
ve arkadaslarinin galismasinda Akt tarafindan Serin 615’in de fosforillendigi
bildirilmistir [206].

Protein kinaz A (PKA) ve Protein kinaz G (PKG): PKA ve Akt'nin dahil
oldugu birgok protein kinaz benzer fosforilasyon bdlgelerini etkiler. Butt ve
arkadaslarinin sonuglarina gore de serin 1177'nin PKA ve PKG tarafindan
fosforillendigi bulunmustur [190]. Serin 1177’a ek olarak PKA Serin 633’0 de
fosforillemektedir. Serin 1177 ve S633’Un kayma gerilimi bagimli
fosforilasyonu PKA inhibitorleri tarafindan engellenmis [207], PKA
aktivatorlerinin de fosforilasyonu indukledigi ortaya gikariimistir [207]. Kayma
gerilimi, VEGF ve bradikinin gibi uyaranlarin PKA bagiml olarak Serin 633’0
fosforilledigi gosterilmistir [137, 203, 206]. Aktnin ise serin 633U
fosforilleyemedigi bildirilmistir [206].

AMP tarafindan aktive edilen protein kinaz (ZAMPK): AMPK, Ca*/CaM
varliginda serin 1177'u fosforiller. eNOS’la Ca“*/CaM baglanmasi AMPK
tarafindan  olusturulan serin 1177 fosforilasyonuna izin verecek
konformasyonel degisikligi indukler [191]. Son zamanlarda peroksinitritin
AMPK bagimh mekanizma araciligiyla Serin 1177 fosforilasyonunu stimule
ettigi gosterilmigtir [208]. Ca?*/CaM yoklugu ise threonin 495 fosforillenmesini
saglamistir [191].

CaM bagimhi mekanizma: Bradikinin gibi bazi agonistlere cevaben PI3K
bagimsiz mekanizma aracihgiyla eNOS-S1177 fosforilasyonu meydana
getirebilir [192, 193].

Fosfatazlar: Ug farkli sinif serin/threonin protein fosfataz (protein fosfataz 1

(PP1), protein fosfataz 2A (PP2A), kalsinorin) eNOS defosforilasyonu ve
aktivasyonun duzenlenmesinde gorevlidir. eNOS-S1177’nin defosforilasyonu
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PP2A tarafindan reglle ediliyorken eNOS-T495'in defosforilasyonu PP1
tarafindan yapilir [193, 202].

2.6.4. Duvar Kayma gerilimi ve NO

Duvar kayma gerilimi degisikliklerinin NO bagimli mekanizmalari
etkiledigi cok iyi bilinmektedir [16, 17, 20, 23, 24, 33]. NO, dolagimin
kontroliinde anahtar bir rol oynar [9, 10]. Vaskller diz kas tonusunun ve
akim direncinin duzenlenmesinde NO’nun 6nemi iyi bilinmektedir [10-12].
Hipoksi ve kayma gerilimi gibi gesitli faktérler eNOS aracili NO sentezini
etkiler [15, 25, 37, 209, 210]. Bu faktorler sadece mevcut enzimin aktivitesini
degil endotel hucrelerinde eNOS proteinin ekspresyonunu da etkiler [15,
211]. Endotel hucreleri Uzerinde etkili mekanik faktorler hucrelerdeki NO
uretiminin ana belirleyicisi olarak bilinir [15, 211]. Duvar kayma geriliminin
azalmasi NO dretimini azaltir ve duz kas tonusunun artmasina neden olur
[212].

Endotel hicresinden NO Uretimini belirlemede akim hizinin rolina teyit
eden c¢ok sayida deneysel calisma yayinlanmigtir [212-215]. Varin ve
arkadaglarinin galismasinda, sol koroner arter ligasyonu ile siganlarda kronik
kalp yetmezligi olusturulmus ve bu hayvanlarda grasilis kasi arterlerinde NO
tarafindan aracilik ettigi bilinen akim aracili gevseme yanitlarinin baskilandigi
gosterilmistir [212]. Ayni kas orneklerinde NOS ekspresyonun da azaldigi
saptanmistir [212]. ilging olarak hem akim aracili gevseme hem de NOS’daki
azalma kardiyak debi ve iskelet kas damarlarina kan akimini arttiran yizme
egzersizi ile dnlenebilmektedir [212]. Miyauchi ve arkadaslari endotelyal NO
aktivitesi Uzerine sivi kuvvetlerinin etkilerini gosteren sonuglara ulagsmislardir
[215]. Calismalarinda, siganlarda 45 dakika agir egzersiz sonrasi akciger ve
bobreklerde NOS aktivitesini aragtirmiglardir. Egzersiz sirasinda akcigerlerde
kan akimi artisi gerceklesirken, bdbreklerde tam tersi olur. Egzersiz
yapmayan siganlarla kargilastinldiginda, egzersiz yapan siganlarin
akcigerlerinde total NOS aktivitesinin arttigi, bobreklerde ise aktivitenin
azaldigr saptanmigtir [215]. Yukarida bahsedilen iki c¢alismada kan
akimindaki degisikliklere baglh olarak duvar kayma geriliminin degismesi
durumunda NO sentezleyen mekanizmalarin etkilendigi acik bir sekilde
gOsterilmistir [212, 215].

2.6.5. Duvar Kayma gerilimi, Eritrosit agregasyonu ve NO

Artan eritrosit agregasyonu duvar kayma gerilimini azaltabilir, bu da
NO sentez mekanizmalarinda baskilanmaya neden olabilir. Bunun
sonucunda vaskuler direng artisi gozlenebilir. Eritrosit agregasyonunun
etkilerine dair bu hipotez Baskurt ve ark.’nin ¢alismasinda, poloxamer-kapli
eritrosit suspansiyonlarinin izovolemik degismeli transflzyonu ile eritrosit
agregasyonlari kronik olarak arttirilan sigcanlarda deneysel olarak test
edilmistir [97]. Poloxamer kapli eritrositler 0.4 L/L hematokritle otolog
plazmalarinda sUspanse edilmis ve siganlarin total kan hacminin %30’u
degisecek sekilde degismeli transfuzyon yapilmigtir. Bu islem sonrasinda,
siganlarda agregasyon derecesini yaklasik 4 kat arttirdigi ve transfizyonu
izleyen 4 gin boyunca kademeli olarak azaldigi bulunmustur [97]. Buna
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karsilik, deney hayvanlarinin kan basinci 4 gun boyunca kademeli bir artis
goOstermigtir.  Eritrosit agregasyonunun arttirildigi siganlara ait grasilis
kasindan elde edilen arteriyol segmentlerinin akim aracili gevseme
cevaplarinda gozlenen degisiklikler, bu hayvanlarda NO bagimli endotel
cevaplarinin baskilandigini  disundirmastir. Bu sonug¢ grasilis kas
orneklerinden  alinmis  dokularda azalmis eNOS ekspresyonunu
gosterilmesiyle dogrulanmistir [97].

2.7. Hipotez

Eritrosit agregasyonu degisiklikleri kanin damar igindeki segmental
dagihmini etkileyerek, damar duvarina komsu bolgede kan bilesimini
etkileyebilir. Bu etki sonucu ortaya ¢ikacak olan yerel hematokrit azalmasi ve
buna bagh olarak kan viskozitesinin dismesi damar duvarina etki eden
kayma kuvvetlerinin de azalmasina neden olabilir. Eritrosit agregasyonu ile
birlikte plazma viskozitesinin de degismesi, agregasyonla iligkili olarak ortaya
cikacak olan bu etkiyi Onleyebilir. Bu hipoteze dayali olarak kurgulanan
calismada silindirik, cam kapiller tupler icinde yetistirilen insan gobek kordonu
endotel hucrelerinin, agregasyon Ozellikleri iki farkli yontemle dedistirilen
eritrosit suspansiyonlariyla perfizyona verdikleri yanit incelenmigtir. Eritrosit
agregasyonun degistiriimesinde kullanilan iki yontemden birisi hlcrelerin
yuzey Ozelliklerinin degistiriimesi, ikincisi ise suspansiyon ortaminin
degigtiriimesi esasina dayalidir. Dolayisiyla, agregasyonun arttiriimasi
yaninda suspansiyon ortaminin (plazma) viskozitesinin de degistiriimesinin
bu etkide oynayacagi rol de arastinimistir. Endotel hacrelerinin  bu
slispansiyonlarin akimiyla uygulanan ve 15 dyn/cm? diizeyinde olacagi
hesaplanan duvar kayma kuvvetine yanitlari NO sentez mekanizmalarinin
incelenmesiyle arastinimigtir. NO sentez mekanizmalarinin, eritrosit
agregasyonu degigiklikleriyle ortaya ¢ikmasi beklenen duvar kayma kuvveti
degisikliklerini saptamak amaciyla kullaniimasi planlanmistir.
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GEREG ve YONTEMLER

Bu calismada, i¢ yuzeyleri insan umblikal ven endotel hicreleriyle
kaplanmig cam kapiller borularin farkli agregasyon 6zelligine sahip eritrosit
suspansiyonlariyla perflize edilmesinin, endotel hucrelerinin nitrik oksit
sentaz mekanizmalarina etkileri incelenmigtir.

Calisma Akdeniz Universitesi Tip Fakiiltesi Fizyoloji Anabilim Dali ve
Merkez Arastirma Laboratuvarinda gergeklestiriimistir. Endotel hucre
izolasyonu igin; saglikh, gonulld annelere ait gobek kordonlari kullaniimistir.
Gobek kordonlarinda fazlaca hematom, édem olmamasina ve uzunlugunun
en az 20 cm olmasina dikkat edilmistir. Akdeniz Universitesi hastanesinde
gerceklesen dogumlarda plasentanin g¢ikarilmasini takiben gébek kordonu
alinmig, steril plastik torbaya konularak ilk 2 saat icinde endotel hucre
izolasyonu icin kullaniimigtir.

Perfluzyonda kullanilacak eritrosit stispansiyonlarinin hazirlanmasi igin
gereken kan ornekleri 20-40 yas arasi saglikli, gonullu bireylerin on kol
venlerinden alinmis (35-40 mL) ve ethylendiaminetetraasetic acid (EDTA,;
ED2P, Sigma Chemical Co., St. Louis, MO, ABD 1.5 mg/mL) ile antikoagule
edilmistir. Eritrosit agregasyonu, iki farkli yaklagsimla (plazma bilesimi
degistirilerek ve eritrosit yluzey 6zellikleri degigtirilerek) modifiye edilmistir.

3.1. Endotel Hiicre izolasyonu

Endotel hucreleri, kollajenaz izolasyon teknigi kullanilarak insan gobek
kordonundan elde edilmigtir [216]. Yaklasik 20 cm uzunluktaki goébek
kordonuna ait venin iki ucuna laminar akiml kabinde 6zel cam kanuller
yerlestirilmistir. Ven &ncelikle 40 mL steril izotonik fosfat tamponu (PBS;
14040-091, GIBCO, Invitrogen Corporation, Carlsbad, California, ABD) ile
yikanmis ve damar igindeki kan artiklari uzaklastiniimistir. Gobek baginin
icindeki PBS bosaltildiktan sonra 1 mg/mL konsantrasyonunda kollajenaz
enzimi (C2674; Sigma Chemical Co., St. Louis, MO, ABD) iceren PBS ile
doldurulmug ve enzim g¢ozeltisinin venin iginde kalmasini saglamak uUzere
kordonun her iki ucundaki kanullere gegirilmis silikon borular kiskaglarla
sikigtinimigtir.  Gobek kordonu steril naylon poset icinde 37 °C’de, %5 CO»
iceren inkiibatorde 15 dakika bekletiimistir. inkiibasyon siiresinin bitiminde
yeniden laminar akim kabinine alinan gébek kordonu veni bosaltiimis ve 20
mL PBS ile yikanarak sivilar steril bir tipe aktariimigtir. PBS, enzim ve hlicre
karisimindan olusan bu suspansiyon, 1500 rpom’de 5 dakika santriflj edilmis,
supernatan aspire edilmistir. Hlicre peletinin Gzerine 8 mL besiyeri eklenerek
bu slUspansiyon, onceden PBS/jelatin (G1393; Sigma Chemical Co., St.
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Louis, MO, ABD) (1/1) ile kaplanmis, 2 adet doku kultur flaskina esit miktarda
paylastirilarak (25 cmz, 353109; Becton-Dickinson Co., N. Jersey, ABD) 37
°C sicaklikta ve %5 CO; iceren inkiibatérde bekletilmistir. inkiibasyon
suresince kultur ortami birinci, ikinci ve yirmidorduncu saatlerde, sonrasinda
3-4 gun araliklarla degistirilmis ve hulcrelerin ¢ogalarak tum alanin %70-
80’ine dagiimasi igin (5-6 gun) beklenmigtir.

Endotel hucreleri izolasyonunda ve asagida tanimlanan iglemlerde
kullanilan besiyeri, medium 199 (31150-022; GIBCO, Invitrogen Corporation,
Carlsbad, California, ABD), fetal sigir serumu (%20 F7524; Sigma Chemical
Co., St. Louis, MO, ABD), penisilin/streptomisin (P4333; Sigma Chemical
Co., St. Louis, MO, ABD), hidrokortizon (1 mg/mL, H0135; Sigma Chemical
Co., St. Louis, MO, ABD), epidermal buyume faktori (1 ng/mL, E9644;
Sigma Chemical Co., St. Louis, MO, ABD) ve amphotericin (2,5 pg/mL,
A2942; Sigma Chemical Co., St. Louis, MO, ABD) icermektedir. Hlcrelerin
flasklardaki buyumelerini gozlemlemek igin, faz kontrast mikroskop (IX70;
Olympus Optical Co. Ltd.; Tokyo, Japonya) kullaniimigtir.

3.2. Silindirik, Cam Kapiller Borularin Hazirlanmasi

Endotel hucrelerinin cam yuzeye yapismasini kuvvetlendirmek igin
kapiller tipler 3-aminopropyltriethoxysilane (APES, A3648; Sigma Chemical
Co., St. Louis, MO, ABD) ile kaplanmigtir. Bir mm ¢apa ve 7.5 cm uzunluga
sahip, cam silindirik kapiller borular 50 mL’lik steril falcon tlpe yerlestirilip, 1
gece derisik nitrik asitte (606K1888543; Merck KGaA Chemical Co.,
Darmstad, Almanya) bekletiimigtir. Ertesi gun ortamdan nitrik asit
uzaklastirilmis ve yerine aseton (13; Merck KGaA Chemical Co., Darmstad,
Almanya) eklenerek 30 sn hafifce calkalanmis, bu islem taze aseton ile iki
kez tekrar edilmistir. Bu iglemi takiben, %4 APES/Aseton  karisimi
hazirlanmis ve falcon tupte bulunan cam kapillerin Uzerine dokulip 30 sn
bekletilmigtir. APES’li karisimin yenilenmesinin ardindan 2.5 saat sureyle
calkalanmistir. Calkalama suresinin sonunda APES’li karisim dokuldp yenisi
eklenerek 1 gece karanlikta bekletilmistir. Ertesi gun kapiller tuplerin igindeki
karisim dokulerek 2 kez daha asetonda 30 sn suresince hafifce
calkalanmistir. Kapiller tupler, laminer akimh kabine alinarak, distile su ile
yikanmisg, 37°C’lik etlive konularak kurumalari saglanmistir. Kaplanan kapiller
tupler endotel hucre kaplama prosedurl oncesi etilen oksit ile steril hale
getirilerek kullaniimistir.

3.3. Silindirik, Cam Kapiller Borularin Kaplanmasi

Primer endotel hucrelerinin, doku kultar flasklarinin  %70-80’nini
kaplayacak sekilde ¢ogalmalarinin ardindan kapiller borularin i¢ ylzeyine
kaplanmaya uygun hale geldikleri kabul edilmistir. Bu hicrelerin, flasklardan
kaldiriimasi iglemlerinin timu, laminer akimh kabinde ve asagida belirtilen
kosullarda gergeklestirilmistir. Kultir flaskina ortamdaki fazla kalsiyumun
uzaklagsmasi i¢in, 1 mL EDTA (E8008; Sigma Chemical Co., St. Louis, MO,
ABD) solusyonu eklenerek 1 dakika bekletilmig, bu sirenin bitimiyle aspire
edilerek uzaklastirimistir. Daha sonra hucrelerin Uzerine 3 mL  tripsin
(T4424; Sigma Chemical Co., St. Louis, MO, ABD)/EDTA (2/1) solisyonu
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eklenmis ve 37 °C'lik inkiibatérde 1 dk bekletiimistir. inkiibasyon siiresinin
sonunda tekrar laminer akimli kabine getirilen flasklarin GUzerine enzim
aktivitesini sonlandirmak i¢in 6 mL besiyeri eklenmistir. Flask igindeki htcre
suspansiyonu 15 mL’lik steril bir tipe aktarilip, oda isisinda 1500 rpm’de 5
dakika santrifuj edilmistir. Hlcrelerin ¢oktlriimesinin ardindan Ustteki sivi
aspire edilmig, ayni tipe 300 ul besiyeri eklenmis ve suspansiyon pastor
pipetiyle karigtirilarak homojen hale getirilmistir. Bu islemler sonucunda her
bir flaskdan yaklasik 2,5x10%/mL hiicre elde edilmistir. Cam kapiller tiplerin
homojen sekilde kaplanmasi igin laboratuvarimizda geligtirilen bir teknik
uygulanmigtir. Her bir kapillerin kaplanmasi i¢in ayni gobek bagina ait 2 adet
flask kullaniimigtir. Kaplama sirasinda silindirik borunun yarisi igin bir
flaskdan elde edilen hicre suspansiyonu (300 pL) kullaniimistir. Hucre
suspansiyonun 100 plL’si yatay durumda tutulan kapiller borunun igine
doldurularak 15 dakika beklenmigtir. Bu surenin sonunda borunun igindeki
hicre suUspansiyonu bosaltilarak, 100 pyL yeni suspansiyonla doldurulmus,
boru 90 derece, saat yonunde dondurulirek 15 dakika daha beklenmistir.
islem, tekrarlanarak boru bu defa 180 derece saat yoninin tersine
cevrilmigtir. 15 dakika sonra boru 90 derece saat yonunde dondurulerek
baslangi¢c konumuna getiriimis ve 15 dakika daha beklenmistir. Bu iglemler
37 °C’de, %5 karbondioksit iceren etlvinde gercgeklestiriimistir. Kapiller
borunun ilk bolimde Ustte kalan yuzu alta gelecek sekilde yerlestirilerek ayni
islemler tekrarlanmig ve endotel hucrelerinin boru igine yerlestiriimesi islemi
tamamlanmistir. Hicrelerin yerlestiriime isleminden sonra kapiller tupler 6zel
cam petri kaplarina (35 mm capl) yerlestirilmistir. Petri kabinin igi 30-40 mL
besiyeri ile doldurulmus, kapiller tupler petri kabinin icindeki 6zel baglanti
borularina silikon tuplerle irtibatlanmistir (Sekil 3.1). Hucrelerin kapiller
tuplere homojen sekilde yayildiklari mikroskobik olarak teyit edildikten sonra,
kapiller tlp icindeki hlcrelerin gogalmalari igin petri sistemi, %5 CO, igeren
inklibatorde, 24 saat 37 °C’de inkiibe edilmistir. inkiibasyon siiresi boyunca,
kapiller borularin icinden, irtibatlandiklari baglanti borulari kanaliyla, 60
dakikada bir, 30 saniye suresince 407 uL/dakika akim hizinda besiyeri
gecmesi saglanmistir.

Sekil 3.1: Cam kapiller tip icerisine yerlestirilen endotel hicrelerin blyutlilmesi ve
perflizyonu sirasinda kullanilan 35 mm capli 6zel petri kabi.
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3.4. Endotel Hiicre Kimliginin Tesbiti:

Endotel hiucre yuzeyinde eksprese olan Von Willebrand faktor (VWF)
immunohistokimyasal olarak gosterilmistir. immunohistokimyasal boyama
islemi igin 24 kuyucuklu petri kabi ve APES ile kapl yuvarlak cam lamel
(406/189/13; VWR International Ltd., Leicestershire, ingiltere) kullaniimistir.
Lameller kullaniimadan once steril hale getirilip petrideki kuyucuklara
yerlestirilmistir. Esit oranda hazirlanan jelatin/PBS karisimi (1 mL) lamellerin
uzerine eklenip 1 saat laminar akiml kabinde bekletilmigtir. %80 confluent
olmus bir flask segilip tripsinize edilmistir. Hucreler, santrifigasyonla
¢cOkturalup tripsin enzimi uzaklastiriimig ve yerine 10 mL besiyeri eklenmistir.
Lamellerin Uzerindeki fazla jelatin inkilbasyonun sonunda uzaklastiriimis ve
10 mL hicre suspansiyonundan 1 mL alinip lamellere eklenmistir. Kuyucuklu
petrinin kapag kapatildiktan sonra CO, etuvinde 1 saat beklenmistir. Bu
sure sonunda besiyeri degistiriimis ve yenisi eklendikten sonra 24 saat
confluent olmalari i¢in beklenmigtir. Strenin sonunda, lamellerdeki besiyeri
uzaklastirildiktan sonra 2 kez PBS ile yikanmistir. Formaldehit (%2) (F8775;
Sigma Chemical Co., St. Louis, MO, ABD) ile 10 dk fiksasyonun ardindan
uzerine %0.2 Triton-X (T9284; Sigma Chemical Co., St. Louis, MO, ABD)
eklenip 10 dakika oda isisinda bekletiimigtir. Lamellerin Gzerindeki Triton-
X/Formaldehit atilip 5 kez PBS ile yikanmistir. Hlcrelere, bloklama igin %2
kegi serumu (G9023; Sigma Chemical Co., St. Louis, MO, ABD) eklenmis ve
20 dakika oda isisinda inkibe edilmistir. Serumun uzaklastiriimasiyla, vWF
icin Uretilmis primer antikor (SF3520; Sigma Chemical Co., St. Louis, MO,
ABD), 1:500 oraninda dilie edilip hicrelere eklendikten sonra 1 saat +4
°C’de bekletilmigtir. Hucreler, 5 kere PBS ile yikanip 1:500 dilisyonda
sekonder antikorla (F9887; Sigma Chemical Co., St. Louis, MO, ABD)
muamele edilmistir. inkiibasyon siiresi boyunca +4 °C‘de 1 saat bekletildikten
sonra 5 kez PBS ile yikanmistir. Petri kabi igerisine, floresans boyamalar icin
solmay1 Onleyici kapatma solusyonu (M1289; Sigma Chemical Co., St. Louis,
MO, ABD) damlatiimis ve Uzerine hazirladigimiz lamel konulup floresans
mikroskobunda vVWF goruntulenmistir.

3.5. Hucre Sayimi ve Hiicre Canlihgi Testi

Hucre canhligi testi i¢in, doku kultar flaski icerisindeki hicreler tripsinize
edilmistir. Tripsinizasyonun ardindan hucreler santrifljle ¢okturilmis ve
dipteki hucre peletine 500 yL PBS eklenmistir. Bu karisimdan 48 uL alinip 2
ML tripan mavisi (T8154; Sigma Chemical Co., St. Louis, MO, ABD) ile
karigtinimistir. Hucreler thoma laminin sayim kamarasina yerlestirilip 151k
mikroskobunda (BX50; Olympus Optical Co. Ltd., Tokyo, Japonya) 20X
buyutmede incelenmigtir. Membrani mavi boyanan hicreler 61U, boyanmayan
hlcreler ise canli kabul edilmistir.

Hucre sayimi igin, tripsinizasyon ve santriflij islemleri sonunda dipteki

pelete 1 mL besiyeri eklenerek suspanse edilmistir. Sispansiyonu thoma
laminin  sayim kamarasina yerlestirip 5 farkh alandan hiicre sayimi
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yapiimistir. Toplam sayi 5’e béliintp ¢ikan deger 10° ile garpilip 1 mL’deki
hicre sayisi hesaplanmigtir.

3.6. Gruplandirma
Endotel hicreleriyle kaplanmis kapiller tlpler doért gruba ayrilarak
asagida tanimlanan sekilde deneye alinmislardir:

1. Kontrol (sifir akim) grubu (Kontrol): Bu gruptaki kapiller borular,
normal eritrositlerin otolog plazma iginde, hematokriti 0.3 L/L ye
ayarlanmig suspansiyonu ile doldurulmus ancak, sivi akimi
olmaksizin 30 dakika veya 6 saat siureyle Bolim 3.6.da
tanimlanan kosullarda bekletilmislerdir.

2. Normal eritrosit — otolog plazma grubu (Normal): Bu gruptaki
kapiller borular, normal eritrositlerin otolog plazma iginde,
hematokriti 0.3 L/L ye ayarlanmis suspansiyonu ile Bolum 3.6.’da
tanimlandigi sekilde 30 dakika veya 6 saat slreyle perfuze
edilmislerdir.

3. Normal eritrosit — Dextran 500 grubu (Dextran): Bu gruptaki kapiller
borular, normal eritrositlerin %0.5 Dextran 500 (MW: 500 kD;
D5251, Sigma Chemical, St. Louis, MO) iceren otolog plazma
icinde, hematokriti 0.3 L/L ye ayarlanmis suspansiyonu ile Bolum
3.6.’da tanimlandigi sekilde 30 dakika veya 6 saat sureyle perfuze
edilmislerdir.

4. Modifiye eritrosit — otolog plazma grubu (F98): Bu gruptaki kapiller
borular, yuzeyleri Pluronic F98 ile kaplanarak agregabiliteleri
arttinlmig eritrositlerin otolog plazma iginde, hematokriti 0.3 L/L ye
ayarlanmig suspansiyonu ile Bolum 3.6.’da tanimlandigi sekilde 30
dakika veya 6 saat sureyle perflize edilmislerdir.

3.7. Kan Orneklerinin Hazirlanmasi:
3.7.1. Kan Orneklerinin “Kontrol” ve “Normal” Gruplari igin
Hazirlanmasi
Gondullilerden elde edilen kan ornekleri, 2700 rpm’de 10 dakika
santrifij edilerek plazma ve eritrosit paketi birbirinden ayrilmigtir. Eritrosit
paketi, 3 kez PBS ile yikanmis ve otolog plazmada hematokrit 0.3 L/L olacak
sekilde suspansiyon haline getirilmistir.

3.7.2. Kan Orneklerinin “Normal Eritrosit — Dextran 500 Grubu
(Dextran)” i¢in Hazirlanmasi
Gondullulerden elde edilen kan ornekleri, 2700 rpm’de 10 dakika santrifyj
edilerek plazma ve eritrosit paketi birbirinden ayriimistir. Plazmaya %0.5
konsantrasyonda olacak sekilde dextran 500 (MW: 500 kD, D5251; Sigma
Chemical Co., St. Louis, MO, ABD) eklendikten sonra, 3 kez PBS ile
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yikanmis olan eritrosit paketi, bu plazma icinde hematokrit 0.3 L/L olacak
sekilde suspansiyon haline getirilmistir.

3.7.3. Kan Orneklerinin “Modifiye Eritrosit — Otolog Plazma” Grubu

(F98) igin Hazirlanmasi

Eritrosit agregasyonu, hucrelerin, polietilenglikol esasli bir poloxamer
(Pluronic F98-SC) molekdillerinin eritrosit yuzeyine kaplanmasi ile modifiye
edilmistir (46). Eritrositlerin kaplanmasinda 0.025 mg/mL konsantrasyonunda
reaktif polimerler (Pluronic F98-SC) kullaniimistir. Pluronic F98-SC,
University of Southern California, Department of Physiology and Biophysics
(ABD) laboratuvarlarinda Prof. Dr. Herbert J. Meiselman ve Dr. Jonathan K.
Armstrong tarafindan geligtiriimis ve bu c¢alismada kullaniimak Uzere hediye
edilmigtir. Gonulltlerden elde edilen kan drnekleri, 2700 rpom’de 10 dakika
santrifij edilerek plazma ve eritrosit paketi birbirinden ayrilmigtir. Eritrosit
paketi, 3 kez PBS ile yikanmistir. Kan 6rneklerinden ayrilan eritrositler, 30
mM triethanolamine tamponu (290 mOsm/kg, pH 8,60) ile hematokrit ~0.1L/L
olacak sekilde suspanse edilmistir. HCL tamponunda (10 mM) +4 °C’de
¢ozlilen F98-SC polimeri (100 mg/mL) triethanolamine tamponu igindeki
eritrosit suspansiyonuna 0.025 mg/mL konsantrasyonda olacak sekilde
eklenip, 2 saat boyunca +4 °C’de bir tip sallayici Uzerinde surekli
karigtirilarak inkibe edilmistir. Bu surecin sonunda Pluronic F98 ile kaplanan
hicreler PBS’le 3 kere yikandiktan sonra hematokrit degeri 0.3 L/L olacak
sekilde otolog plazmada resuspanse edilmigtir.

Perfluzyonda kullanilan eritrosit sispansiyonlarinin viskozitesi koni-plak
tipi 6lcim sistemine sahip bir rotasyonel viskometre (Model DV IlI, Brookfield
Engineering Labs., Middleboro, MA, USA ) kullanilarak, 37,5 ve 1,500 s
kayma hizlarinda élgiilmistiir. Plazma viskozitesi ise 1,500 s™ kayma hizinda
tayin edilmistir. Hematokriti 0.1 L/L olan kan 6rnegi Westergreen yontemi ile
sedimentasyon hizi 6lgimu icin kullaniimistir. Sedimentasyon tayini sirasinda
60 dakika total stre boyunca her 5 dakikada bir degerler kaydedilmistir. Her
bir érnek hazirlama isleminden sonra isik mikroskobu (BX50; Olympus,
Tokyo, Japonya) ile 20X objektifte gorantuleme yapilmistir.

3.8. Endotel Hiicresiyle Kaplanmis Kapillerlerin Perfiizyonu

Endotel hucreleriyle kaplanmis kapillerin  perflUzyonu ayri ayr
deneylerde, hematokriti 0.3 L/L’'ye ayarlanmis normal insan kani (Normal
grubu), plazma kapsami degistirilerek eritrosit agregasyonu arttirilmis
(Dextran grubu) ve eritrosit yluzey Ozellikleri degistirilerek agregasyonu
modifiye edilmis (FO8 grubu) eritrosit stispansiyonlari kullanilarak yapilmistir.
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Sekil 3.2: Servo kontrolli perflizyon sistemi. RP1: Kanin rezervuardan kapiller tip igine
inflzyonunu saglayan sabit akim pompasi. RP2: Sistem basincinin 40 mmHg’da
sabit kalmasini saglayan servo kontrolli pompa. P1, P2: Basing tranduserlari.

Perflzyon iglemi basing servo kontrolli bir pompa sistemi (Model:
PS/200/Q; Living Systems Instrumentation, Burlington, Ohio, ABD)
kullanilarak yapilmis, sivi akim hizi her bir eritrosit sispansiyonu igin kapiller
boru icinde 15 dyn/ cm? duvar kayma kuvveti (8) olacak sekilde, Q kapiller
tupun icinden gegen sivinin akim hizi, r kapiller borunun yarigcapl, 7
perfuzyonda kullanilan sivinin viskozitesi olmak Uzere, asagidaki formulle
hesaplanmigtir.

5o 4.Q-7
z-r

Perfuzyon basinci butuan deneyler icin 40 mmHg'da olarak
uygulanmistir. Perflizyon igleminde kullanilan servo kontrol sistemi, kapiller
borunun iki ucuna bagl iki ayri doner pompanin (roller pump) hizlarini
denetleyerek akim hizini ve perflzyon basincini birbirinden bagimsiz olarak
ayarlayabilmektedir. Perfuzyon sisteminin sematik goruntusu Sekil 3.2°de
gOsterilmistir.

Endotel hucreleriyle kaph kapiller borular asagida belirtiien deney
gruplarina uyumlu eritrosit suspansiyonlariyla 30 Dakika veya 6 saat boyunca
perfuze edilmiglerdir. Perfuzyon iglemi 6zel petri kutular iginde, 37 °C’de
gerceklestirilmistir (Sekil 3.1).

3.9. Perfiizyon Sonrasinda incelenen Parametreler

Perfuzyon islemleri sonrasinda kapiller tuplerin i¢ ylUzeyine tutunmusg
endotel hacreleri tripsin/EDTA solusyonu (2,5 g/mL tripsin, 0,5 mM EDTA)
kullanilarak cam yuzeyden ayrilmigtir. Tripsinizasyonun ardindan hucreler,
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PBS ile 2 kez yikanmis ve hucreler Bélim 3.5.’de belirtilen yontemle sayilimis
ve devaminda yaklagik 120x10%mL endotel hiicresine 100 ul lizis tamponu
(100 mL igcinde 100 mM NaF (S7920; Sigma Chemical Co., St. Louis, MO,
ABD), 50 mM Hepes (H3375; Sigma Chemical Co., St. Louis, MO, ABD), 150
mM NaCl (S6753; Sigma Chemical Co., St. Louis, MO, ABD), 1 mM MgCl,
(5832; Merck KGaA Chemical Co., Darmstad, Almanya), 1 mM EGTA
(E4378; Sigma Chemical Co., St. Louis, MO, ABD), 1 mM PMSF (P7626;
Sigma Chemical Co., St. Louis, MO, ABD), 1 mM Na-O-Vanadate (S6508;
Sigma Chemical Co., St. Louis, MO, ABD), 10 mM Sodyum pyrophosphate
(221368; Sigma Chemical Co., St. Louis, MO, ABD), 10 ug/mL Leupeptin
(L2023; Sigma Chemical Co., St. Louis, MO, ABD), 10 pg/mL Aprotinin
(A6191; Sigma Chemical Co., St. Louis, MO, ABD), 10 ug/mL Pepstatin
(P5318; Sigma Chemical Co., St. Louis, MO, ABD), %10 Gliserol (G7757;
Sigma Chemical Co., St. Louis, MO, ABD), %1.2 Triton X-100 (X100; Sigma
Chemical Co., St. Louis, MO, ABD) eklenmigstir. Otomatik pipet yardimiyla
hicre suspansiyonu iyice karistirildiktan sonra 5 sn dusuk devirde sonike
edilerek hucrelerin  parcalanmasi saglanmistir. Perflizyon sonrasinda
Olcllecek olan herbir parametre igin kontrol, normal, dextran ve F98 grubuna
ait 4 deney yapilmistir.

3.10. Nitrit/Nitrat Olgiimii

Endotel hucre suspansiyonunda total nitrat-nitrit dlzeyi, ticari kit
(780001; Cayman Chemicals Co., Michigan, ABD) kullanilarak Griess
yontemiyle spektrofotometrik olarak tayin edilmistir [217]. Bu ydntemde; ilk
basamak, nitratin, nitrat rediiktaz araciligiyla nitrite dénGstirilmesidir. ikinci
basamak ise, Griess reaktiflerinin eklenmesiyle nitritin koyu mor azo
bilesiklerine c¢evrilmesidir. Sonucgta elde edilen degerler, total nitrat/nitrit
konsantrasyonunu gostermektedir. Basing servo-kontrollli sistemde, kapiller
tuplerin icindeki endotel hucrelerinin 30 dk perfuzyonu sonrasinda hucreler,
tripsinize  edilmigtir.  Orneklere bolim 3.9.’da bahsedilen iglemler
uygulandiktan sonra +4 °C, 100.000 g’de 20 dk santriflj edilmistir. Santrifd;
sonrasi, supernatanttan 80 uL ornek alinip 36 kuyucuklu petri kabina
konmustur. Ornegin (izerine, 10 pL enzim kofaktor(i karisimindan ve 10 uL
nitrat reduktaz karisimi eklendikten sonra 3 saat oda Isisinda inkibe
edilmistir. inkiibasyondan sonra kuyucuklara 50 pL Griess R1 reaktifi ve ayni
miktarda R2 reaktifi eklendikten sonra 10 dakika oda isisinda bekletilmistir.
Bu surenin sonunda 540 nm dalga boyunda absorbanslar kaydedilmistir.
Absorbans degerleri nitrat standart egrisinde yerine konarak nM cinsinden
total nitrat+nitrit miktarlari elde edilmistir.

3.11. eNOS Protein Ekspresyonu

Endotel hucresinde eNOS ve fosforile-eNOS protein duzeyleri,
immunoblot yontemi ile saptanmistir. Tespit edilen iki perflizyon slresinin
sonunda elde edilen hucrelere, 100 pL lizis tamponu eklenip otomatik pipetle
iyice karigtirildiktan sonra 5 sn sonike edilip hicrelerin parcalanmasi
saglanmistir. Ornekler, 14.000 rpm’de 20 dakika +4 °C’de santrifiij edilip,
hicre membranlari ¢oktaralmus ve total protein iceren supernatant kismina 5
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uL proteaz inhibitér kokteyli (P8340; Sigma Chemical Co., St. Louis, MO,
ABD) eklenerek protein elektroforezi islemine kadar -20 °C’de muhafaza
edilmistir.

3.11.1. Numunelerin Protein Miktar Tayini

Protein miktar tayini, Uretici firmanin kullanim tarifine uygun olarak
(Lowry yontemi ile) ticari kit (500-0006; Bio-rad Laboratories, Washington
DC, CA, ABD) kullanilarak gerceklestirilmistir. Standard egri, sigir serum
albumini (BSA), (K35187818; Merck KGaA Chemical Co., Darmstad,
Almanya) ile olusturulmustur. Her bir 6rnekteki protein miktari 50 pg/mL
konsantrasyonda olacak sekilde ayarlanmis ve SDS-poliakrilamid jele
yuklenerek elektroforez yapilmistir (SDS-PAGE).

3.11.2. SDS-Poliakrilamid Jel Elektroforezi (SDS-PAGE) ve Immunoblot

Proteinlerin ayrigtiriimasi igin %7.5’lik poliakrilamid jel kullaniimig ve
molekuler agirlik standardi (161-0318; Bio-rad Laboratories, Washington DC,
CA, ABD) orneklerle birlikte kuyucuklara yuklenerek 80 V akim ile 2 saat
sureyle elektroforez yapilmistir. Elektroforez sonrasi, jelde molekuler
agirhgina gore ayrilmig olan proteinler, nitroseluloz membrana (162-0115;
Bio-rad Laboratories, Washington DC, CA, ABD) islak transfer yontemi ile 90
dakika suresince 80 V akim uygulanarak aktariimigtir. Transfer sonrasi
membran, %5 lik sit tozunda 1 saat bloke edilmis ve daha sonra 1 saat
boyunca 4 kez tazelenen TBS-T solusyonu (%0,1 Tween 20 igeren TBS)
kullanilarak yikanmistir. Primer antikor olarak 1:1000 dilisyonda hazirlanmig
eNOS (9572; Cell Signaling, Sigma-Aldrich Co., St. Louis, Mo, ABD), fosfo
(Ser 1177)eNOS (9571S; Cell Signaling, Sigma-Aldrich Co., St. Louis, Mo,
ABD) ve fosfo(Thr 495)eNOS (9574S; Cell Signaling, Sigma-Aldrich Co., St.
Louis, Mo, ABD) kullanilmis ve antikorla membran, 16 saat, +4 °C’de
calkalanarak inkube edilmistir. Pozitif kontrol olarak, hucrelerde sabit
ekspresyonu olan B-aktin (4967; Cell Signaling, Sigma-Aldrich Co., St. Louis,
Mo, ABD) proteinine 6zgu antikor kullaniimistir (1:1000 dilisyonda). Primer
antikor inkiibasyonu sonrasinda membranlar, yine 1 saat boyunca TBS-T ile
devamli galkalanarak yikanmistir. isaretlemek icin HRP-konjuge 1gG (7074;
Cell Signaling, Sigma-Aldrich Co., St. Louis, Mo, ABD) kullaniimis ve 1:3000
oraninda sulandirilarak (TBS-T solisyonunda), membranlarla 1 saat oda
Isisinda ¢alkalanarak inkibe edilmistir.  Sekonder antikor uygulamasi
sonrasinda membranlar tekrar 1 saat suresince calkalanarak yikanmig ve
ECL (RPN2106; Amersham, GE Healthcare Co., Buckinghamshire, ingiltere)
uygulanarak kemiluminisans olusturuimustur. Daha sonra membran,
radyografik filme konularak goruntileme gerceklestiriimistir. Dansitometrik
analizler, filmlerin taranarak JPEG formatinda kaydedilmesinden sonra
Image J programi kullanilarak yapilmistir. Sonuglar; her grup igin eNOS/B-
aktin, fosfo (Ser1177)eNOS/B-aktin, fosfo(Thr495)eNOS/B-aktin seklinde f-
aktin proteininin miktarina oranlanarak ayri ayri hesaplanmistir. Sonuglar her
grup igin Unite cinsinden ifade edilmistir.
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3.12. RNA izolasyonu

Literatlrdeki veriler dogrultusunda belirlenen [218] 6 saatlik perflizyon
sonrasi, kapiller tuplerden tripsinize edilen endotel hucreleri, RNA
stabilizasyon sivisina (RNAlater, 76104; Qiagen Inc., Valencia, CA, ABD)
alinmig ve deneyin baglangicina kadar -20 °C’de bekletilmistir. Deney gunu,
ornekler buzda eritildikten sonra RNAlater’i uzaklastirmak icin 3000 rpm’de,
20 dakika +4 °C’de santrifuj edilmis ve RNA izolasyonu igin kullanilan ticari
kitin (1828665; Roche, F. Hoffmann-La Roche Ltd., Basel, isvigre) kullanim
kilavuzunda onerildigi sekilde total RNA izolasyonu yapiimistir. RNA miktar
spektrofotometrik olarak Olclldikten sonra kullanim anina kadar —20 C de
saklanmistir.

3.12.1. eNOS mRNA Diizeyi

insandaki eNOS ve B—aktin gen bdlgelerine ait dizi analizi incelenerek
amplifikasyon icin uygun primer dizileri belirlenmigtir. eNOS ve p—aktin
MRNA dizeyi, revers transkriptaz PCR yontemi ile tayin edilmistir. Bu amacla
Oncelikle, vaskuller endotel hucrelerinden elde edilen total RNA, revers
transkriptaz ve random dokuzlu oligonukleotid (5 AGACTACAG) kullanilarak
cDNA’ya donusturalmustar. Daha sonra her bir reaksiyon icin 10 ug cDNA
kullanilarak, asagida dizinleri ve lokalizasyonlari belirtilen 6zgul primerler ile
(her birinin konsantrasyonu 0.2 uM olmak Uzere) tablo 1’ de belirtilen PCR
kosullari kullanilarak gogaltiimiglardir. Olasi DNA kontaminasyonunu elimine
etmek amaciyla, eNOS igin forward ve reverse primerler, sirasiyla 4 ve 7.
ekzonda bulunacak sekilde planlanmiglardir. Bodylece, mMRNA nin
amplifikasyonuyla 519 bp’lik bir bolgenin gogaltiimasi saglanmistir. Kontrol
olarak insan aktin mRNA’sindan elde edilen PCR Urinu kullanilimistir. TUm
ornekler, bromofenol-formamid boyasi (jel yuritme boyasi) eklenerek %3’ Uk
agaroz jele yuklenmis ve 60 V da 1 saat suren elektroforez sonrasi, jel
etidyum bromur ile boyanarak Vilbert Lourmat (Vilber Lourmat Co., Paris,
Fransa) goruntileme cihazi ile analiz edilmigtir.

insan eNOS Primerleri GenBank Acc.No Lokalizasyon

Forward 5-GGCCCACGAACAGCGGCTTC  AF519768 4916-4935
Reverse 5-TGCTCCAGGGGCACCTCAAGG AF519768 7220-7200

insan B-Aktin Primerleri
Forward 5’- AGCACGGCATCGTCACCAACT NMO001101 287-308
Reverse 5’- TGGCTGGGGTGTTGAAGGTCT NMO001101 467-446
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Tablo 1: PCR Kosullari

Sicaklik Sire Dongu Sayisi

On Denatiirasyon 95C 5 dakika 1X
Zincir ayrilmasi 95C 30 saniye
(Denaturation)

. 40x
Primer-Kalip eslesmesi 58 C 1 dakika
(Annealing)
Zincir Uzamasi (Elongation) 72°C 1 dakika
Son Basamak Uzamasi 72°C 5 dakika 1x

3.13. istatistik

Degiskenler, median olarak ifade edilmigtir. Gruplar arasindaki
farklarin istatistiksel 6nemliligi icin Kruskal-Wallis varyans analizi
kullaniimistir. Kruskal-Wallis sonucunda gruplar arasinda istatistiksel olarak
onemli fark tespit edilen degiskenler icin ikili grup karsilastirmalari amaciyla
Dunn's Post-Hoc testi uygulanmistir.
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BULGULAR

4.1. Endotel Hucre Kimliginin Tespiti

insan gdbek kordonundan izole edilen vendéz endotel hiicrelerin
yuzeyinde  eksprese olan Von  Willebrand  faktorun (VWF)
immunohistokimyasal gérintileri sekil 4’de gosterilmistir. izole edilen
hicrelerin endotel hicreye spesifik bir marker olan VWF ile goruntulenmesi
endotel hlcreleri olduklarina dair saglam bir kanit olusturmustur.

Sekil 4.1.: Endotel hiicrelerindeki Von Willebrand faktérin immuanohistokimyasal gorintileri

4.2. Eritrosit Agregasyonu Degisiklikleri

Kapiller cam tlpler iginde kultir edilmis endotel hicrelerinin perflizyonu
sirasinda kullanilan kan orneklerine ait morfolojik incelemeler sekil 4.2.1°de
gOsterilmistir. Isik mikroskobu araciligiyla elde edilen goruntilerde otolog
plazma igerisinde hazirlanan Normal grubunda rulo formasyonu seklinde
eritrosit agregatlari gozlenmistir. Otolog plazmasinda, hlcre yuzey
Ozelliklerinin degistiriimesiyle eritrosit agregasyonu arttirilan F98 grubunda ve
plazma kapsami degistirilerek eritrosit agregasyonu arttirilan Dextran
grubunda ise eritrosit agregasyonu u¢ boyutlu bir sekle donismus ve buylk
kitleler halinde kimelenme egilimi gostermistir (Sekil 4.2.1).
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F98 grubu Dextran grubu

Sekil 4.2.1: Normal, F98 ve Dextran gruplarinda perflizyon sirasinda kullanilan kan
orneklerinin fotomikroskobik gortntileri.

Normal, F98 ve Dextran gruplarinda perfizyon igin kullanilan eritrosit
suspansiyonlarinda eritrosit sedimentasyonunun 60 dakika ig¢indeki seyri
Sekil 4.2.2’da gosterilmistir. Sedimentasyon tayini sirasinda 60 dakika total
sire boyunca her 5 dakikada bir degerler kaydedilmistir. Ug¢ boyutlu
agregatlarin gozlendigi F98 ve Dextran grubunda eritrosit sedimantasyonun
zaman igindeki seyrinin Normal grubundan farkli oldugu gézlenmistir. Eritrosit
agregatlarinin F98 ve Dextran grubunda Normal grubuna goére daha hizli bir
sekilde ¢oktugu ve bu farkin 6zellikle 30. dakikaya kadar belirgin oldugu
dikkati cekmektedir (Sekil 4.2.2). FO8 ve Dextran grubunda sedimentasyon
hizlarinin 30. dakida Normal grubuna gore istatistiksel olarak 6énemli dizeyde
arttig1 bulunmustur (p<0.05). Butin gruplara ait son 6lgim noktasi olan 60.
dakikada sedimentasyon hizlarinin benzer oldugu tespit edilmistir.
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Sekil 4.2.2.: Normal, F98 ve Dextran gruplarinda kullanilan eritrosit stdspansiyonlarinin
sedimentasyon degerleri, A. 5 dakika araliklarla sedimentasyon degerini
gOsterirken B. 30. dakikadaki sedimentasyon degerlerini gdstermektedir (Her
grup icin yatay ¢izgi median degerini géstermektedir. n=4, *: Normal grubundan
fark, p<0.05).

4.3. Plazma ve Eritrosit Suspansiyonu Viskoziteleri

Kapiller, cam borularin perfiuzyonu sirasinda kullanilan eritrosit
slispansiyonlarinin  viskoziteleri 37,5 ve 1,500 sn” kayma hizlarinda
dlgiilmustir. Viskozite degerleri, 750 sn™ kayma hizinda Dextran grubunda,
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Normal grubuna gore istatistiksel olarak dnemli dizeyde artmistir (p<0.05).
Tam kan viskozitesi ayni kayma hizinda F98 ve Dextran gruplari arasinda
onemli dizeyde degismemistir. (Sekil 4.3.1).

Plazma viskozitesi Dextran grubunda F98 ve Normal grubuna gore
istatistiksel olarak 6nemli dizeyde ylksek (p<0.01) bulunmustur (Sekil 4.3.2).
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Sekil 4.3.1: Normal, F98 ve Dextran gruplarinda kullanilan eritrosit stispansiyonlarinin A. 37
sn”, B. 750 sn™ kayma hizlarinda tam kan viskozite degerleri (Her grup igin
yatay c¢izgi median degerini gostermektedir. n=4, *: Normal grubundan fark,
p<0.05).
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Sekil 4.3.2.: Normal, F98 ve Dextran gruplarinda kullanilan eritrosit stispansiyonlarinin 750
sn” kayma hizinda plazma viskoziteleri 750 (Her grup igin yatay ¢izgi median
degerini gostermektedir.n=4, 1: F98 grubundan fark, p<0.05).

4.4. Perflizyon Sirasinda Kaydedilen Akim Degerleri

Farkl eritrosit agregasyonu 6zelliklerine sahip kan drnekleriyle endotel
hicrelerinin perflzyonu sirasinda uygulanan akim degerleri Sekil 4.4’de
gosterilmistir. Akim degerlerinin Dextran grubunda Normal grubuna kiyasla
istatistiksel olarak onemli duzeyde dustugu tespit edilmigtir. FO8 grubu ile
Normal grubu ve F98 ile Dextran gruplari arasinda uygulanan akim degerleri
yoénunden fark bulunamamistir.
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Sekil 4.4: Normal, F98 ve Dextran gruplarinda perflizyon basincini 40 mmHg degerinde
tutmak i¢in uygulanan akim degerleri (Her grup igin yatay ¢izgi median degerini
gOstermektedir. n=4, **: Normal grubundan fark, p<0.01).

4.5. Hiicre igi Nitrit-Nitrat Degisimi

Materyal ve Metod bolumunde tanimlanan yontemle duvar kayma
kuvvetini 15 dyn/cm? degerinde sabit tutmak {zere hesaplanan akim
degerleri ile farkh Ozellikteki eritrosit suspansiyonlariyla perfize edilen
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kapiller borularin i¢ yuzeyini duseyen endotel hiucrelerinde dlgulen nitrit-nitrat
degerleri sekil 4.5.’de gdsterilmistir Normal grubunda, 30 dakika 15 dyn/cm?
duvar kayma kuvveti etkisi altinda birakilan endotel hicrelerindeki nitrit/nitrat
dizeylerinin, akim uygulanmayan Kontrol grubuna gore dnemli dlgtde arttigi
saptanmistir (p<0.001). Ayni duvar kayma kuvvetini olusturacagi hesaplanan
akim hiziyla, eritrosit yuzey Ozellikleri degistirilerek agregasyonu
hizlandiriimig eritrosit stispansiyonu ile perfize edilen kapillerlerdeki endotel
hucrelerinde (F98 grubu) nitrat/nitrat dizeylerinde bu artis gézlenmemistir.
Diger taraftan, F98 grubunda kullanilan eritrosit sUspansiyonu ile ayni
agregasyon oOzelliklerine sahip ancak plazma viskozitesi de ylksek olan
Dextran grubunda ise Normal grubuna yakin nitrit/nitrat diizeyi saptanmigtir.
Normal ve Dextran gruplarinda nitrit/nitrat konsantrasyonu farkh
bulunmamistir.

4.6. eNOS Protein Ekspresyonlari

Kapiller cam tdplerin 30 dakika perfizyonu sonrasinda endotel
hicrelerinin eNOS ekspresyonlari sekil 4.6.1’de gosterilmigtir. Tium gruplarda
saptanan total eNOS protein ekspresyonlarinin degismedigi bulunmusgtur.
Sekil 4.6.2 ayni hucrelerdeki serin1177 pozisyonunundan fosforile olan
eNOS duzeylerini gdstermektedir. Serin1177 fosforile eNOS dizeylerinin
Normal grubunda Kontrol grubuna gore istatistiksel olarak énemli duzeyde
arttigr bulunmustur (p<0.01). F98 grubuna ait serin1177 fosforile eNOS
dizeyleri Normal grubuna goére azalmistir (p<0.05). eNOS proteininin bir
baska fosforilasyon bdlgesi olan threonin 495 icin elde edilen sonuglar ise
sekil 4.6.3'te gosterilmigtir. Bu sonuglara gére eNOS threonin 495
fosforilasyonu tim gruplarda énemli dizeyde degismemistir.
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Sekil 4.5.: Kontrol, Normal, FO8 ve Dextran gruplarinda kapillerlerin 30 dakika perflizyonu
sonrasinda endotel hiicrelerinin nitrit/nitrat konsantrasyonu (Her grup igin yatay cizgi
median degerini géstermektedir. n=4; *: Kontrol grubundan fark; p<0.05).
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Sekil 4.6.1: Kontrol, Normal, F98 ve Dextran gruplarinda 30 dakika perfliizyon sonrasi
endotel hiicrelerinde eNOS protein ekspresyonlari (n=4).
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Sekil 4.6.2: Kontrol, Normal, F98 ve Dextran gruplarinda 30 dakika perfiizyon sonrasi
endotel hiicrelerinde serin1777 fosforile eNOS protein diizeyleri (Her grup igin
yatay cizgi median degerini gostermektedir. n=4; **: Kontrol grubundan fark;
p<0.01, t:Normal grubundan fark, p<0.05).

44



Kontrol Normal F98 Dextran

eNOS (Thr 495) o - -
B aktin SEE_—G ———

< 0.10-

<

¢

o

&\3\ o™ m

gr> 0.09-

= u

8 O - n

_GEJ O O

£ 0.08- —ar

12 —C—

O

Z O

()

Kontrol Normal F98 Dextran

AKkim

Sekil 4.6.3: Kontrol, Normal, F98 ve Dextran gruplarinda 30 dakika perfizyon sonrasi
endotel hicrelerinde threonin 495 fosforile eNOS protein dizeyleri (Her grup igin
yatay ¢izgi median degerini gostermektedir. n=4).

4.7. eNOS mRNA Degisiklikleri

Endotel hicrelerinin 6 saat perflizyonu sonrasi eNOS mRNA duzeyleri
sekil 4.7°de gosterilmistir. Tim gruplarda 6 saat 15 dyn/cm? duvar kayma
kuvveti etkisi altinda birakilan endotel hicrelerindeki eNOS mRNA
dizeylerinin benzer oldugu bulunmustur.
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Sekil 4.7: Kontrol, Normal, F98 ve Dextran gruplarinda 6 saat perfiizyon sonrasi endotel
hicrelerinde eNOS mRNA degikisiklikleri (Her grup icin yatay ¢izgi median
degerini gostermektedir. n=4).
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TARTISMA

Bu caligmanin bulgulari, duvar kayma gerilimi degisikliklerinin endotel
hicrelerini  etkiledigini ve bu etkilerin de NO sentez mekanizmalarinin
incelenmesiyle saptanabilecegini goOstermektedir. Duvar kayma gerilimi
degisikliklerinin  tahmin edilmesinde NO dretimi ve eNOS protein
ekspresyonlarinin birer prob olarak kullanilabilecegi gosterilmistir. Silindirik
cam kapiller tuplerin iginde kultire edilen endotel huicrelerinin farkl
agregasyon oOzelliklerine sahip kan &rnekleriyle perfizyonu nitrik oksit
uretimini, eNOS proteininin serin 1177 fosforilasyonunu etkilemektedir.

Vaskuler sistemde duvar kayma gerilimi ve kan akimi endotel
hiicrelerinde NO sentezinin ana belirleyicilerindendir [17, 23-25, 219], kiguk
arterlerde kan akiminin azalmasi ile akim aracil dilatasyon cevaplarinin ve
eNOS ekspresyonun baskilanmasi bunun goéstergesidir [212]. Eritrosit
agregasyonu artisi damar duvarina yakin bdlgede plazmadan zengin daha
dusuk viskoziteli bir bolgeye sahip kan damarlarinda, eritrositlerin aksiyal
birikmesini arttirma egilimindedir [39]. Kan dagihminin her yerde ayni
olmamasindan dolayi azalmig duvar kayma gerilimi kan damarlarinda NO ile
ilgili mekanizmalari etkileyebilecegi beklenebilir [3, 38, 39]. Bu iki énerme
(kan akiminin azalmasi ve agregasyonun etkisiyle damar duvarina yakin
dusuk viskoziteli bdlge) birbirinden bagimsiz degildir, hatta endotel
hicrelerinde gozlenen mekanik kuvvetlerin azaltiimasinda birlikte galistiklar
sdylenebilir [25, 42, 84].

Duvar kayma gerilimi degisiklikleri endotel hicresinde eNOS enzimi
aracii NO sentezini etkileyebilir. Kayma geriliminin endotel hucrelerinde
eNOS aktivitesini arttirmasi yontindeki molekuler mekanizmalarla ilgili birkag
¢alisma bulunmaktadir [17, 20, 33]. Duvar kayma geriliminin eNOS protein
ekspresyonuna etkileri de daha dénceki calismalarla gdsterilmistir [24, 218,
220]. Bununla birlikte, kayma geriliminin bu iki etkisi (NO Uretimi ve eNOS
protein ekspresyonu) zaman iginde degisiklik gosterebilir. eNOS aktivitesini
gosteren NO Uretimi hemodinamik degisimlerden hemen sonra gorulirken
eNOS protein ekspresyonunun degisimleri icin daha uzun bir sureye ihtiyag
vardir [23, 213]. Ornegin, egzersiz sirasindaki vaskiiler adaptasyonlar
uzerinde iskelet kasindaki NO Uretimi ile iliskili mekanizmalar hemen etkisini
goOsterirken  [23, 213], duzenli fiziksel egzersizin eNOS protein
ekspresyonlarinin artisini uyarmasi icin birkag haftaya ihtiya¢c vardir [214,
221, 222]. Kayma geriliminin NO dretimi Uzerine bifazik etkili oldugu
gosterilmis; ilk 1 saate kadar NO Uretiminin artis fazi, 4. saate kadar ekstra
artisin gozlenmedigi bir plato fazi ve 4.-8. saat arasinda ise tekrar bir artis
paterni izledigi bildirilmistir [223]. insan gdbek kordonu vendz endel
hiicrelerine farkli diizeyde kayma gerilimi (3, 6, 12, 25 dyne/cm?) uygulanmis
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ve farkli duzeylerdeki kayma gerilimin NO dretimine (nitrit-nitrat) etkileri
incelenmigtir [217]. Kayma gerilimi uygulamasinin baglamasiyla zaman iginde
NO Uretiminin arttigi bildirilmistir. ilk yarim saatte 12 dyne/cm2 kayma
geriliminde nitrit-nitrat miktarinin 106 nmol/mg.saat iken 25 dyne/cm2 kayma
geriliminde 113 nmol/mg.saat oldugu tespit edilmistir [217]. Pulmoner arter
kaynakl endotel hucrelerinde yapilan galigmada kayma geriliminin ilk yarim
saat iginde nitrit-nitrat Gretimini dnemli dizeyde arttirdi§i, saatlerce devam
eden kayma gerilimi sirasinda ise nitrit-nitrat Gretimi artisinin yukselerek
devam ettigi bildirilmistir [223]. Bizim ¢alismamizda da 30 dakika kayma
gerilimi uygulamasindan sonra NO sentez mekanizmalarinin degistigi
gosterilmistir (sekil 4.5.1). Normal grubunda nitrit-nitrat dizeyinin kontrol
grubuna gore istatistiksel olarak onemli duzeyde arttigr bulunmugtur. Kayma
geriliminin etkisiyle 30 dakika perfuzyondan sonra Normal grubunda (otolog
plazmalarinda normal eritrositlerin agregasyonu) saptanan nitrit-nitrat artigi
yukarida bahsedilen calismalarla benzer sonuglarl isaret etmektedir.
Yuzeyleri Pluronic F98 ile kaplanarak agregabiliteleri arttirilmig eritrositlerin
otolog plazma igcinde suspanse edildigi F98 grubunda ise, nitrit-nitrat
miktarinin  6nemli duzeyde degismedigi bulunmustur. Plazma kapsami
degistirilerek eritrosit agregasyonu arttirilan Dextran 500 grubunda, nitrit-
nitrat miktarinin kontrol grubuna gore istatistiksel olarak onemli dizeyde
arttig1 gosterilmistir. Dextran grubunda tespit edilen nitrit-nitrat artisinin
Normal grubundan daha dusik oldugu fakat iki grup arasindaki farkin
istatistiksel olarak énemli olmadigi bulunmustur. Bu sonuglara goére; eritrosit
agregasyonu artmis gruplarda NO sentez mekanizmalarinin baskilandigi,
ancak plazma viskozitesi de artmis ise bunun bir Olgide Onlenebildigi
sOylenebilir. Baskurt ve ark. yaptiklari galisma da bu dusunceyi destekler
[97]. Calismada, duvar kayma gerilimi degisikliklerinin endotel hulcrelerini
etkileyebildigi ve bu etkilerin de NO sentezleyen mekanizmalari
etkileyebilecegi gOsterilmigstir [97]. Poloxamer-kapli eritrosit
suspansiyonlarinin  izovolemik  degigsmeli  transfizyon ile eritrosit
agregasyonlari kronik olarak arttirilan siganlarda, eritrosit agregasyonu artigi
ile NO sentez mekanizmalarin baskilandigi ve kan basinci artisina bagli
olarak vazomotor tonusun degistigi bulunmustur. Ortalama arteryel basing,
non-invazif bir metod kullanilarak transfizyon sonrasi gunlik olarak
Olcllmus, basincin sadece agregasyonu arttirilmis grupta kademeli olarak
arttigi bulunmustur. Eritrosit agregasyonunun arttirildigi siganlara ait grasilis
kasindan elde edilen arteriyol segmentlerinin NO bagdimli relaksasyon
cevaplarinin da degistirilebildigi gosterilmistir. Akim aracili dilatasyon
cevaplarinin NO’ya badimli oldugu bilinmektedir. Agregasyonu arttiriimis
grupta yuksek akim hizlarinda maksimum dilatasyon cevabi gozlenmis ve
maksimum dilatasyon yuUzdesinin sadece kontrol grubunun %50’si kadar
oldugu saptanmigtir. Bu veriler, asetilkolinle induklenmis dilatasyon
cevaplarinin baskilandigini goésteren sonuglarla desteklenmektedir, NO
aracili mekanizma eritrosit agregasyonu arttirilmis siganlarda o6nemli
dizeyde baskilanmistir [97]. Bu sonug¢ grasilis kas orneklerinden alinmis
dokularda azalmis eNOS ekspresyonunu goésteriimesiyle dogrulanmaktadir
[97]. Burada incelenen mekanizmalar blyuk olasilikla azalan kan akimi
ve/veya artan eritrosit aksiyal birikimi ile ortaya ¢ikan azalmis duvar kayma

47



gerilimi ile ilgilidir; eritrosit agregasyonu artigi, degismis kan basinci ve artmis
vaskuler direnc sonucu NO-aracili vaskiler kontrol mekanizmalarini
downreglle eder ve diger bir deyisle hemoreolojik parametreler vazomotor
kontrol mekanizmalarini etkiler.

Bu calismada, eritrositlerin Pluronic F98 ile kaplanmasi sirasinda
kullanilan 0.025 mg/mL dozu ile Dextran grubunda kullanilan %0.5
konsantrasyonunun eritrosit agregasyonunu arttirma Ozelliklerinin  ayni
dizeyde olmasina dikkat edilmistir. Bahsedilen iki grupta kullanilan
konsantrasyonlar Baskurt ve ark.’larinin ¢alismasindaki veriler dogrultusunda
secilmistir [40]. Eritrosit agregasyonu degisikliklerinin gdstergesi olan
sedimentasyon hizlari incelendigi zaman; F98 grubunda ve Dextran 500
grubunda Normal grubuna gbére Onemli dizeyde arttigi bulunmustur.
Sedimentasyonun artmasi eritrosit agregasyonu artisini gdstermektedir.
Eritrosit agregasyonunun fotomikroskobik gérintulerinde de agregasyonun
F98 ve Dextran grubunda arttirildigini desteklemektedir Eritrosit agregasyon
Ozelliklerini gosteren oOlguimler sonucu eritrosit agregasyonunun F98 ve
Dextran grubunda onemli duzeyde arttirildigi ifade edilebilir. Kan
orneklerinde perflzyon o6ncesi tam kan viskozitesi olgimleri ve plazma
viskozitesi Olgumlerinin sonuglari da planlanan eritrosit agregasyonu artisini
dogrulayan sonuglar gostermistir. Plazma viskozitesi oOlgimleri sonucu,
eritrositlerin Pluronic F98 ile kaplanmasi sirasinda plazma kapsaminin
degistiriimeden agregasyon artisi saglanabildigini gdstermistir. Eritrosit
agregasyonu plazma kapsami %0.5 dextran ile degistirilen kan érneklerinin
plazma viskozitesi Normal grubuna ve F98 grubuna gére énemli dizeyde
artmistir. Eritrosit agregasyonu arttirlmis kan orneklerine sahip Dextran
grubunda tam kan viskozitesinin Normal grubuna gore istatistiksel olarak
onemli diuzeyde arttigi bulunmustur. Agregasyonu arttirimis F98 grubu ve
Dextran grubu arasindaki nitrit-nitrat Uretimindeki farklar hipotezimizi
aciklayabilir. Eritrosit agregasyonu artigi duvar kayma gerilimini etkileyerek
endotel hicrelerde NO sentezleyen mekanizmalari etkilemistir. Bu etkisini de
Ozellikle damar duvarina komsu bolgede kan bilesimini degistirerek
gOstermekte; aksiyal migrasyondan dolayi yerel hematokrit azalmasi ve buna
bagl olarak kan viskozitesinin dusmesi damar duvarina etki eden kayma
kuvvetlerinin azalmasina neden olmaktadir. Bu etkinin plazma akiskanliginda
onemli bir degigikligin olmadigi, hucresel faktorlerdeki degisimlere bagli
eritrosit agregasyonu artisi  yapillan F98 grubunda &nemli oldugu
gOsterilmigtir. Eritrosit agregasyonu ile birlikte plazma viskozitesinin de
degismesi, agregasyonla iligkili olarak ortaya c¢ikacak olan bu etkiyi
onleyebilir.

Bu calismada, eritrosit agregasyonunu arttirmak icin iki farkli yontem
kullaniimistir: Birinci yontemle; son birka¢ yildir kullanilmaya baslanan yeni
bir teknikle eritrosit hucresel Ozellikleri degistirimekte ve suspansiyon
ortaminda herhangi bir degisiklik yapilmaksizin eritrosit agregasyonu
modifiye edilebilmektedir [98]. Bu ydntemle, eritrosit ylizeyine kovalan olarak
baglanabilen, ucglarinda 6zel reaktif gruplara sahip polietilenglikol esasl
kopolimerler (13 kDa, Poloxamer) kullanilarak, eritrosit yluzey &zellikleri
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degistiriimektedir. ikinci yéntemde ise eritrosit agregasyonu artisi yiksek
molekul agirlikh ve fibriler yapidaki biyomolekul olan dextran 500 ile plazma
kapsami degistirilerek gerceklestiriimistir. Eritrosit agregasyonunu arttirmak
icin kullanilan poloxamerle kaplama yontemi, plazmaya yabanci polimerlerin
eklenmemesi 6zelligi bakimindan benzersizdir. Eritrositler otolog plazmalari
icerisinde suspanse edilirler. Eritrosit agregasyonunun hemodinamik etkilerini
degerlendiren 6nceki calismalarda eritrosit agregasyonunu arttirabilmek icin
500 kDa dextran gibi yuksek molekul agirlikli polimerler kullaniimigtir [40, 42,
49, 95, 224, 225]. Bu buylk polimerlerin eritrosit agregasyonunu
dizenlemede etkin olduklari kanitlanmig olsa da bazi potansiyel
dezavantajlari vardir: 1. Plazma viskozitesi artar (6rn. 1.5 g/dl'lik Dextran 500
ortam viskozitesini %80 oraninda arttirmaktadir [225] ve dolayisiyla vaskuler
duvara yakin sivi viskozitesi de artmis olur. 2. Plazma proteinleri polimer
eklenmesi ile dilue edilir. 3. Bazi deney hayvanlarinda (6rn. sican) dextran ve
benzeri polimerler anafilaktik reaksiyonlara yol acarak patofizyolojik durumu
uyarirlar [84]. 4. Cozelti icerisindeki makromolekullerin neden oldugu artmig
kolloid osmotik basing intra-ekstraseluler sivi hacimlerini degistirebilir.

Aksiyal migrasyondan en c¢ok etkilenen damar sistemi olan
mikrodolagimdaki damarlarin gapi ve perfliizyon basinci dikkate alinarak, cam
kapiller capi 1 mm olarak belirlenmis ve sistem basinci 40 mmHg'ya
ayarlanmigtir  [226]. Endotel hucrelerine 3 farkh Ozellikteki kan
slispansiyonlarinin akimiyla uygulanan ve 15 dyn/cm? diizeyinde olacagi
hesaplanan duvar kayma kuvveti uygulanmistir. Hesaplanan duvar kayma
kuvvetinin dlzeyi literatirde verilen ortalama duvar kayma gerilimi degeri
g6zonunde bulundurularak segilmistir [3].

Bizim galismamizda farkli tam kan viskozitelerine sahip kan érneklerinin
perfuzyonu sirasinda uygulanan akimlarin degistigi bulunmustur. Dextran
grubunda uygulanan akimin Normal grubuna gére onemli dizeyde dusuk
oldugu gosterilmigtir (Sekil 4.4). Agregasyonu arttirilmis gruplari olusturan
F98 ve Dextran grubu igin uygulanan akim degerleri arasinda istatistiksel
dizeyde oOnemli fark tespit edilememistir. Dextran grubunda eritrosit
agregasyonunun artmasi ve dolayisiyla hemodinamik direncin artmasi
akimdaki azalmayi agiklayabilir. Kan érneklerinde eritrosit agregasyonu artisi
duvar kayma gerilimini etkileyerek akimin degigsmesini saglayabildigi
dusunulmektedir.

eNOS fosforilasyonu, eNOS aktivitesi igin kritik regUlatér mekanizmadir.
eNOS enziminin serin, threonin ve tirozin rezidulerinden fosforillendigi
gosterilmistir [17, 196, 198, 227]. eNOS serin 1177 fosforilasyonu enzim
aktivitesinin artmasina neden olur [137, 203]. eNOS threonin 495
fosforilasyonu ise enzim inaktivasyonunu goésterir [191]. Koyun plasenta
arterlerinden izole edilen endotel hicrelerinde 15 dyne/cm2 kayma gerilimi
uygulamasinin ardindan eNOS serin 1177 fosforilasyonunun 20. dakikada
arttigi, bununla birlikte total eNOS protein ekspresyonunun ve eNOS
threonin 495 fosforilasyon dizeyinin ise ilk yarim saat iginde degismedigi
tespit edilmigtir [228]. Fetal pulmoner arter kaynakl endotel hicrelerinde 20
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dyne/cm? kayma gerilimine cevaben 2., 4. ve 8. saatlerde eNOS protein
ekspresyonlari dlgulmustir [223]. eNOS protein ekspresyonlarinin 2. saatte
degismemesine ragmen 4. saatte eNOS protein ekspresyon duzeyinin
onemli dizeyde arttigi bulunmustur. Boo ve arkadaslarina ait galismada,
kayma geriliminin protein kinaz A ve fosfoinozitid-3-kinaz araciligiyla eNOS
enziminde serin 1179 (insan S1177) fosforilasyonunu yaparak NO Uretimini
arttirdigi gosterilmistir [207]. Bu bdlimde eNOS fosforilasyon bdlgeleri igin
verilen aminoasit numaralari sigir sekansi temel alinarak ifade edilmistir
Ayrica calismada diger potansiyel fosforilasyon alanlarinin  kayma
geriliminden nasil etkilendigi ve bu degisikliklerin 1 saat sure boyunca nasil
degistigi belirlenmistir. Sigir kaynakl aortik endotel hiicrelerine 15 dyne/cm?
kayma gerilimi uygulanmig ve bu hucrelerde 2.-5.-15.-30.-60. dakikalarda
total eNOS proteini ekspresyonu, serin 1179 fosforilasyonu ve threonin 497
(insan T495) fosforilasyonu incelenmistir [207]. Total eNOS protein
ekspresyonlarinin tim zaman dilimlerinde 6nemli dizeyde degismedigi
bulunmustur. Kayma geriliminin etkisiyle eNOS serin 1179 fosforilasyonu 2.
dakikada artmaya baslamis, 30. dakikada maksimum fosforilasyon
g6zlenmig ve 1 saat sonunda maksimum fosforilasyon diizeyi degismemigtir.
eNOS threonin 495 fosforilasyonu kayma geriliminden belirtilen zaman
araliklarinda 6nemli diizeyde degismedigi bulunmustur. Bu ¢alismada eNOS
protein ve fosforilasyon dlzeyleri igin kayma geriliminin uygulanma suresi
olarak maksimum fosforilasyonun gozlendigi 30. dakika tercih edilmigtir.
Kapiller tuplerin 30 dakika perflizyonundan sonra total eNOS protein
ekspresyonlari 4 grupta degismemistir (Sekil 4.6.). Total eNOS protein
dizeylerinin 30 dakika perfuzyon sonunda ayni dizeyde kalmasi yukarda
bahsedilen galismalarin sonuglariyla uyumludur [207, 223, 228]. eNOS serin
1177 fosforilasyonun, Normal grubunda énemli dlizeyde arttigi gosterilmistir.
Normal grubunda eNOS serin 1177 fosforilasyonunun kontrol grubuna goére 7
kat arttigi bulunmustur. eNOS enziminin serin fosforilasyonu F98 grubunda
normal grubuna gore Onemli diuzeyde azaldigi saptanmistir. Dextran
grubunda ise eNOS serin 1177 fosforilasyonunun F98 grubuna ve Kontrol
grubuna gore daha yuksek oldugu fakat aradaki farkin istatistiksel olarak
onemli olmadigi tespit edilmistir. eNOS serin 1177 fosforilasyonu enzim
aktivitesi artisini gosterirken nitrit-nitrat Gretiminin de aktiviteyi yansitmasi iki
parametrenin beraber degerlendiriimesi gerekliligini ortaya cikarir. Dextran
grubunda tespit edilen nitrit-nitrat Gretimi artiglari enzim aktivitesinin arttigini
gOstermektedir, bu sonuglar enzim fosforilasyonu sonuglariyla benzerlik
gOstermektedir. Agregasyonu arttiriimis iki grup arasinda enzim aktivitesi
bakimindan iki farkli yanit elde edilmistir. Bunun 2 nedeni olabilir: 1. Dextran
grubuna ait kan ornekleriyle perfiUzyon sirasinda kapiller duvarina yakin
bdlgede dustuk hematokritli ylksek viskoziteli sivinin bulundugu ve bu sivinin
eNOS aktivitesi tzerinde aksiyal migrasyon artisi nedeniyle ortaya gikacak
azalmayi Onleyici bir etkisi olabilir. Dextran grubunda eNOS serin 1177
fosforilasyonu ve nitrit-nitrat diizeylerinin F98 grubuna goére yiksek olmasi bu
fikri desteklemektedir. 2. Eritrosit agregasyon egiliminin artisi aksiyal
migrasyonun artmasini saglar, damar duvarina etki eden Kkuvvetin
bdyUkligunin azalmasina neden olur. Duvar kayma kuvvetinin azalmasi
eNOS fosforilasyonun F98 grubunda artmamasina neden olabilir.
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eNOS threonin 495 fosforilasyonu tim gruplarda 6nemli dizeyde
degismemigtir. Threonin 495 fosforilasyonunun tim gruplarda degismemesi
Boo ve arkadaglarinin galismasiyla uyumludur [207].

Kayma gerilimine cevaben eNOS mRNA duzeylerinin nasil etkilendigi
Davis ve arkadaslari tarafindan gosterilmistir [218]. Sigir aortik endotel
hiicrelerine 15 dyne/cm? diizeyde kayma gerilimi 6 saat uygulandigi zaman
statik kosullara gére eNOS mRNA miktarinin 4-5 kat arttig1 bulunmus ve bu
artis tirozin kinaz c-Src’ye bagli yolak araciligiyla meydana gelmistir. Davis
ME ve ark. ¢calismasinda eNOS mRNA yari d6mrinun (48 saat) 6 saat sureyle
15 dyne/cm? kayma gerilimi uygulamasi sonucu 5 saat daha uzatilabildigi
gosterilmistir [218]. Tirozin kinazlardan c-Src’nin kayma gerilimine cevaben 2
ayri yolla eNOS ekspresyonunu arttirdigini ileri sirmuslerdir; 1. Kisa surede
eNOS transkripsiyonunda artisa yol acar 2. eNOS mRNA stabilizasyonunun
uzatiimasina neden olur. Kayma gerilimine cevaben eNOS mRNA
stabilitesinin uzatilmasi eNOS’un devamli ekspresyonuna izin veren Kritik bir
olaydir. Xiao Z ve arkadaslari, sigir aortik endotel hucrelerinde arteryel
diizeyde (25 dyne/cm?) 6 saat kayma geriliminin uygulanmasi ile eNOS gen
ekspresyonunu arttirdigini bulmuslardir [229]. Bu artigin da akimsiz gruba
g6re 7.95 kat oldugunu tespit etmislerdir.

. Bizim calismamizda kullanilan 6 saatlik perfizyon suresi yukarida
bahsedilen ¢alismalarin verileri dogrultusunda belirlenmistir. Perfizyondan
sonra gruplar arasinda reverse transkriptaz PCR yontemiyle 40 dénguden
olusan PCR sartlarinda olusan Urdnlerin  birbirinden farkli  olmadigi
bulunmustur.

Bu c¢alismanin  sonuglarina  gore; eritrosit  agregasyonu
modifikasyonunun yerel kan bilesimini degistirerek duvar kayma kuvvetini
etkiledigini, bu etkinin, 6zellikle plazma akiskanhiginda énemli bir degisikligin
olmadigi, hicresel faktorlerdeki degisimlere bagli eritrosit agregasyonu
modifikasyonlarinda 6nemli duruma geldigi  gOsterilmigtir.  Eritrosit
agregasyonunun arttiriimasi yaninda plazma viskozitesinin degistiriimesinin
de bu etkide rol oynayabilecedi bulunmustur. NO sentez mekanizmalarinin,
eritrosit agregasyonu degisiklikleriyle ortaya cikan duvar kayma kuvveti
degisikliklerini saptamak amaciyla kullanilabilecedini gosterilmistir.
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SONUGLAR

Isik mikroskobu araciligiyla elde edilen géruntulerde otolog plazma
icerisinde hazirlanan Normal grubunda rulo formasyonu seklinde
eritrosit agregatlari gézlenmistir. Otolog plazmasinda, hicre ylzey
Ozelliklerinin  degistiriimesiyle eritrosit agregasyonu arttirilan F98
grubunda ve plazma kapsami degistirilerek eritrosit agregasyonu
arttinlan Dextran grubunda ise eritrosit agregasyonu U¢ boyutlu bir
sekle donusmus ve buyuk kitleler halinde kimlenme egilimi
gostermistir.

Uc boyutlu agregatlarin gdzlendigi F98 ve Dextran grubunda eritrosit
sedimantasyonun zaman igindeki seyrinin Normal grubundan farkl
oldugu gozlenmigtir. Eritrosit agregatlarinin F98 ve Dextran grubunda
Normal grubuna goére daha hizli bir sekilde ¢oktugu ve bu farkin
Ozellikle 30. dakikaya kadar belirgin oldugu dikkati cekmektedir (Sekil
4.2.2). F98 ve Dextran grubunda sedimentasyon hizlarinin 30. dakida
Normal grubuna gore istatistiksel olarak onemli duzeyde arttigi
bulunmustur (p<0.05). Butin gruplara ait son 6lgim noktasi olan 60.
dakikada sedimentasyon hizlarinin benzer oldugu tespit edilmigtir.

Viskozite degerleri, 750 s™ kayma hizinda Dextran grubunda, Normal
grubuna gore istatistiksel olarak 6nemli duzeyde artmigtir.

Uygulanan akim degerlerinin Dextran grubunda Normal grubuna
kiyasla duguk oldugu tespit edilmigtir. FO8 ile Dextran gruplari ve
Normal ile Dextran gruplari arasinda akim degerlerinin istatistiksel
olarak 6nemli dizeyde farkli olmadigi bulunmustir.

Normal grubunda, 30 dakika 15 dyn/cm? duvar kayma kuvveti etkisi
altinda birakilan endotel hicrelerindeki nitrit/nitrat dizeylerinin, akim
uygulanmayan Kontrol grubuna gore Onemli Olgude arttigi
saptanmigtir. Ayni duvar kayma kuvvetini olusturacagr hesaplanan
akim hiziyla, eritrosit ylzey Ozellikleri degistirilerek agregasyonu
hizlandirilimig eritrosit sispansiyonu ile perfize edilen kapillerlerdeki
endotel hicrelerinde (F98 grubu) nitrat/nitrat dizeylerinde bu artis
g6zlenmemigtir. Diger taraftan, F98 grubunda kullanilan eritrosit
suspansiyonu ile ayni agregasyon Ozelliklerine sahip ancak plazma
viskozitesi de ylksek olan Dextran grubunda ise Normal grubuna
yakin nitrit/nitrat dizeyi saptanmistir. Normal ve Dextran gruplarinda
nitrit/nitrat konsantrasyonu farkli bulunmamistir.

Tum gruplarda saptanan total eNOS protein ekspresyonlarinin
degismedigi bulunmustur.
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Serin1177 fosforile eNOS duzeylerinin Normal grubunda Kontrol
grubuna gore istatistiksel olarak énemli dizeyde arttigi bulunmustur
(p<0.01). F98 grubuna ait serin1177 fosforile eNOS dlzeyleri Normal
grubuna goére azalmistir (p<0.05). eNOS proteininin bir bagka
fosforilasyon bdlgesi olan threonin 495 icin elde edilen sonuclar ise
sekil 4.6.3'te gosterilmistir. Bu sonuglara gére eNOS threonin 495
fosforilasyonu tim gruplarda énemli dizeyde degismemistir.

Endotel hucrelerinin 6 saat perfUzyonu sonrasi eNOS mMRNA
duzeylerinin tim gruplarda ayni oldugu bulunmustur.
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Yalcin, Ozlem, Funda Aydin, Pinar Ulker, Mehmet Uyuklu, Firat
Gungor, Jonathan K. Armstrong, Herbert J. Meiselman, and Oguz
K. Baskurt. Effects of red blood cell aggregation on myocardial hemat-
ocrit gradient using two approaches to increase aggregation. Am J Physiol
Heart Circ Physiol 290: H765-H771, 2006. First published September
19, 2005; doi:10.1152/ajpheart.00756.2005.—The normal transmyocar-
dial tissue hematocrit distribution (i.e., subepicardial greater than
subendocardial) is known to be affected by red blood cell (RBC)
aggregation. Prior studies employing the use of infused large macro-
molecules to increase erythrocyte aggregation are complicated by
both increased plasma viscosity and dilution of plasma. Using a new
technique to specifically alter the aggregation behavior by covalent
attachment of Pluronic F-98 to the surface of the RBC, we have
determined the effects of only enhanced aggregation (i.e., Pluronic
F-98-coated RBCs) versus enhanced aggregation with increased
plasma viscosity (i.e., an addition of 500 kDa dextran) on myocardial
tissue hematocrit in rapidly frozen guinea pig hearts. Although both
approaches equally increased aggregation, tissue hematocrit profiles
differed markedly: 7) when Pluronic F-98-coated cells were used, the
normal transmyocardial gradient was abolished, and 2) when dextran
was added, the hematocrit remained at subepicardial levels for about
one-half the thickness of the myocardium and then rapidly decreased
to the control level in the subendocardial layer. Our results indicate
that myocardial hematocrit profiles are sensitive to both RBC aggre-
gation and to changes of plasma viscosity associated with increased
RBC aggregation. Furthermore, they suggest the need for additional
studies to explore the mechanisms affecting RBC distribution in
three-dimensional vascular beds.

myocardium; plasma viscosity; Pluronic F-98; dextran

THE DIFFERENCE BETWEEN large blood vessels and microvascular
hematocrit values was first described by Fahraeus (12) and
later confirmed by other experimental studies (17, 18, 21, 33).
The mean hematocrit value for blood in the vasculature of a
given tissue, usually referred to as tissue hematocrit, tends to
be significantly lower than the hematocrit value in arterial or
venous blood (28). Therefore, the venous hematocrit value that
is routinely measured for clinical purposes is actually an
incorrect estimate of the mean hematocrit value of the total
circulating blood volume. Furthermore, the reduced tissue
hematocrit contributes to the reduced apparent viscosity of
blood under in vivo flow conditions (34) and affects oxygen
transfer to the tissues being perfused (17).

The lower mean hematocrit value for a given tissue gener-
ally reflects the significant reduction of hematocrit as the blood
approaches the microcirculation. The mechanisms that underlie
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this reduction are multiple and interrelated and are related to
the nonuniform distribution of red blood cells (RBCs) across
the vessel diameter. This nonuniform distribution is due to two
phenomena. First, because RBCs have a finite size, their local
concentration near the wall is reduced, i.e., a wall exclusion
effect, resulting in a statistical cell-poor layer having a width of
about one-half of the cell diameter or less. Second, during flow,
there is a tendency for RBCs to accumulate in the central
region of vessels, a process known as axial migration (19, 28).
The nonuniform distribution of cells leads to two important
phenomena: plasma skimming and the Fahraeus effect (19, 28).
Plasma skimming, i.e., a greater plasma flow in the branches,
is due to the feeding of side branches from the cell-poor plasma
layer adjacent to the vessel wall. The Fahraeus effect is the
lowered hematocrit for blood within a given vessel segment
compared with the hematocrit of blood that is discharged from
that vessel segment and is due to the higher flow velocity of
RBCs in the central flow zone relative to the plasma-rich fluid
in the marginal zone (19, 28). In addition to these mechanisms,
there is flow partitioning at vascular bifurcations, resulting in a
preferential accumulation of RBCs in the branch with the
higher flow rate. This phenomenon, termed “network Fahraeus
effect,” is effective in generating a Fahraeus effect at the
circulatory network level rather than for individual vessels
(16, 25).

The factors that determine the difference between the mean
hematocrit value for a given tissue and systemic hematocrit are
not well documented. Axial migration of RBCs during flow
can be affected by various factors (10, 19), including the
rheological properties of the cells and RBC aggregation. Fahr-
aeus (12) was the first to show that greater aggregation en-
hanced RBC axial migration in experiments using horse blood
versus human blood. Employing vertical glass tubes, Cokelet
and Goldsmith (10) demonstrated that enhanced RBC aggre-
gation may lead to a thicker cell-poor layer at the wall. These
findings suggest that the reduction of tissue hematocrit might
be dependent on the degree of RBC aggregation. Detailed
studies of tissue hematocrit in myocardium have demonstrated
spatial differences and the effects of cell rigidity and aggrega-
tion. First, Vicaut and Levy (33) demonstrated that tissue
hematocrit values differ between subepicardial and subendo-
cardial layers of the left ventricular myocardium and that there
is a linear gradient between the two layers in hearts arrested
during diastole by rapid freezing. Second, enhancing RBC
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aggregation by infusion of fibrinogen results in altered tissue
hematocrit values in rat myocardium (2). Finally, reduced RBC
deformability alters the tissue hematocrit gradient that exists in
normal rat myocardium (3). Although variation of blood vessel
morphometric parameters within the myocardium could lead to
the observed gradients, differences in blood vessel sizes re-
quired to explain the gradients do not exist (33). Rather, it has
been suggested that variations of discharge hematocrit at dif-
ferent myocardial layers are responsible for the gradient (33).
Although the effects of RBC aggregation on myocardial
hematocrit gradient have been reported, increases of aggrega-
tion were achieved by adding fibrinogen to the plasma used to
suspend the RBCs (2). The addition of fibrinogen alters the
physicochemical characteristics of the plasma and increases
plasma viscosity. Such changes may interfere with vascular
control mechanisms, vessel size, and the distribution of RBCs.
However, a new technique employing covalent attachment of
Pluronic F-98 to the RBC surface has been developed, which
allows the enhancing of RBC aggregation without the need for
the infusion of a macromolecular solution and, hence, without
an alteration of the suspending phase properties, e.g., plasma
protein concentration and plasma viscosity. The present study
was thus designed to compare the effects on myocardial he-
matocrit gradient of enhanced RBC aggregation, as induced
either by the addition of a high-molecular-weight polymer to
plasma or by Pluronic F-98 attachment to the RBC surface.

MATERIALS AND METHODS

Animals and groups. Adult guinea pigs of both sexes weighing
400-500 g were used in the experiments. The animals were randomly
divided into control, aggregation I, and aggregation II groups. An-
other group of animals was used as blood donors for the preparation
of RBC suspensions to be used in exchange transfusions. Blood from
donor animals was obtained by cardiac puncture under light ether
anesthesia, anticoagulated with EDTA (1.5 mg/ml), and handled as
described below. The experimental protocol was approved by the
Animal Care and Usage Committee of Akdeniz University and was in
accordance with the Declaration of Helsinki and the International
Association for the Study of Pain guidelines.

Preparation. Guinea pigs were anesthetized with urethane (1 g/kg
ip), tracheotomies were performed, and animals were ventilated with
ambient air at a rate of 70 breaths/min with a tidal volume of 1 ml. The
left carotid artery was catheterized using a polyethylene catheter (20
gauge). The catheter was positioned at the level of the ascending aorta
and connected to a pressure transducer. Arterial blood pressure was
recorded throughout the experiment and during the freezing of the
heart. The left jugular vein was also catheterized and used for
exchange transfusions together with the carotid artery. These catheters
were also used for injection of labeled blood samples and blood
sampling.

Exchange transfusions. During the exchange transfusions in all
groups, ~40% of the total blood volume of animals was exchanged.
The total blood volume of animals was estimated as 8% of their body
weight. The control group received an exchange transfusion with
normal hematocrit-matched guinea pig blood before the determination
of myocardial hematocrit gradient. In the aggregation I group, RBCs
coated with Pluronic F-98 to enhance aggregation were suspended in
unaltered plasma and used for exchange transfusion. In the aggrega-
tion Il group, the exchange transfusion was performed by using
normal guinea pig RBCs suspended in plasma containing 1 g/dl
Dextran 500 (500 kDa, Sigma Chemical, St. Louis, MO). Although
RBC aggregation was enhanced in both aggregation groups, the
means used to increase RBC aggregation, and hence the final plasma
composition and viscosity, were different (1). The procedure (see

AJP-Heart Circ Physiol » VOL 290 «

MYOCARDIAL HEMATOCRIT AND RBC AGGREGATION

Determination of myocardial hematocrit gradient) was started 5 min
after the completion of the exchange transfusion.

Determination of myocardial hematocrit gradient. Tissue hemato-
crit gradient in the left ventricular myocardium was estimated by
determining the activity of two different radionuclides, which labeled
plasma and RBCs, as described by Vicaut and Levy (33). RBCs were
labeled in vitro with °°™Tc, and '*’I-labeled albumin (Amersham)
was used to trace plasma. '*°I-labeled albumin was purified by using
an ultrafilter with a molecular-mass cutoff of 50 kDa (Microsep) to
eliminate any unbound tracer. **™Tc-labeled RBCs (0.2 ml packed
cells) and 0.15 ml '*5I-labeled albumin solution (20 mg/ml albumin,
1 nCi) were suspended in 0.65 ml of saline and injected through the
femoral vein. After 5 min, 1 ml of blood was sampled for the
determination of °°™Tc¢ and '2°I activities, systemic hematocrit,
and hemorheological parameters (see Microscopic and rheological
studies).

After blood sampling was completed, a rapid midsternal thoracot-
omy was performed, and a plastic cylinder was immediately posi-
tioned around the heart. This cylinder was rapidly filled with liquid
nitrogen, thus quickly freezing the heart. The frozen heart was then
excised and kept at —20°C. A 2- X 3- X 5-mm tissue block with the
long axis perpendicular to the left ventricular wall was cut and
mounted on a cryostat disk, with the disk surface parallel to the left
ventricular wall. With the use of a cryotome (Shandon Cryotome
AS620, Cheshire, UK), each tissue block was sectioned through the
thickness of the left ventricular wall, from epicardium to endocar-
dium, to obtain 100-pwm-thick myocardial slices. Sectioning was
continued until the left ventricular cavity, clearly distinguished by the
color of blood, was approached. Any myocardial tissue block with an
unusual geometry observed during slicing (e.g., slices partially cov-
ered with blood) was excluded from the study. Each slice was
numbered according to its depth in the tissue, with the epicardial layer
corresponding to 0 and the layer closest to endocardium correspond-
ing to 1. Slices between these two were represented by values between
0 and 1, depending on the depth and the number of 100-pm-thick
slices. A transverse section of the heart was also used to measure the
thickness of the left ventricular wall and to determine whether the
heart was arrested during systole or diastole. Only the hearts arrested
during diastole were used for data analysis.

Radionuclide (°°™Tc and '2°I) activities in the systemic blood
specimens and the myocardial tissue slices were measured by a
gamma counter (Atomlab 950, Biodex Medical Systems, New York,
NY). Systemic hematocrit was determined by the microcapillary
method (12,000 g, 5 min). Tissue hematocrit was estimated in each
myocardial slice according to Vicaut and Levy (33). Briefly, for each
tracer and each blood sample, a constant K between the radionuclide
activity and the volume of the labeled compartment was calculated by
using the measurements obtained for the systemlc blood specimens:

= Vpiooa X Het/*°™Tc counts/min; Ki2s, = [Vbiooa X (1 —
Hct)]/lzsl counts/min, where Vpjooa is the volume of blood used for
gamma counting and Hct is the hematocrit determined by the micro-
capillary method. The resulting constants were then multiplied by the
99mTe¢ and '2°1 activity in each 100-pm-thick tissue slice to find the

total volume of RBCs or plasma (i.e., Vrec = Koom, X *°™Tc
counts/min, and Vpiasma = Ki2s, X 12°1 counts/mm) Tissue hemato-

crit in the slice was then calculated using these values [i.e., Hct =
Vrec/(Vree + Vpiasma)l-

Aggregation I: Pluronic F-98 coating to increase RBC aggrega-
tion. In the RBC suspensions used for exchange in the aggregation 1
group, RBC aggregation was increased by employing a recently
developed technique whereby poly(ethylene glycol)-poly(propylene
glycol)-poly(ethylene glycol) copolymers (Pluronics) that possess the
ability to self-associate above a specific temperature are covalently
attached to the RBC surface. The details of the method are described
elsewhere (6). Briefly, RBCs and plasma were separated from anti-
coagulated (EDTA, 1.5 mg/ml) donor guinea pig blood by centrifu-
gation at 1,400 g for 6 min. RBCs were washed three times with
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Fig. 1. Erythrocyte sedimentation rate measured for blood samples obtained
after exchange transfusions in 3 groups. Pluronic F-98-coated cells were used
in aggregation I group, and 500 kDa dextran were used in aggregation II
group. Values are means (SD). **P < 0.01, difference from control.

isotonic PBS (pH 7.4), resuspended in 30 mM triethanolamine buffer
(290 mosmol/kg, pH 8.60) at a hematocrit of ~0.1 I/, and the
suspension cooled to 4°C. The low value of hematocrit (i.e., ~0.1 I/l)
was necessary to obtain an even coating of RBCs with Pluronic and to
avoid the formation of cross-linked aggregates of coated RBCs.
Immediately before the use of RBCs, a reactive succinimidyl carbon-
ate derivative of Pluronic F-98 [13 kDa, 80% poly(ethylene glycol)]
was dissolved in 4°C hypotonic phosphate buffer (50 mM NaH,PO4
and 60 mM NaCl, pH 5) at a concentration of 10 mg/ml and added to
the RBC suspension to obtain a final concentration of 0.025 mg/ml.
The suspension was incubated for 2 h at 4°C with continuous gentle
mixing. Pluronic-coated RBC were then separated and washed three
times with isotonic PBS by gentle centrifugation (400 g, 5 min) and
then resuspended in native plasma at 0.4 1/1 hematocrit.

All Pluronic-coating procedures were performed at 4°C, i.e., below
the critical micellization temperature (CMT), at which a phase tran-
sition occurs from predominantly single, fully hydrated copolymer
chains to micelle-like structures. At a temperature above the CMT,
RBC aggregation occurs due to the formation of micelle-like struc-
tures between adjacent Pluronic-coated RBC, with the strength of
aggregation dependent on both the Pluronic concentration at the RBC
surface and on the physicochemical characteristics (e.g., molecular
weight and CMT) of the selected Pluronic (1). Although Pluronic-
coated RBCs do not have an enhanced tendency to adhere to non-
coated blood cells, they can form mixed aggregates, i.e., coated plus
noncoated RBC, when lightly coated with Pluronic F-98 and sus-
pended in an aggregating medium (1). Pluronic F-98 RBCs do not
exhibit an enhanced tendency to adhere to cultured vascular endothe-
lial cells (unpublished observations).

Aggregation Il: addition of dextran to increase RBC aggregation.
RBC aggregation in the suspensions used for exchange in the aggre-
gation Il group was increased by suspending washed cells at a
hematocrit of 0.40 1/l in plasma containing 1 g/dl of Dextran 500.

Microscopic and rheological studies. Evaluation of hemorheologi-
cal parameters subsequent to the exchange transfusions was carried
out by using blood samples obtained before the freezing of hearts.
Wet-mount preparations of dilute RBC suspensions in plasma were
examined and photographed by using bright-field light microscopy.
Erythrocyte sedimentation rates (ESR) were measured by using West-
ergren sedimentation tubes, and RBC-plasma suspensions were ad-
justed to a hematocrit of 0.1 I/I. Plasma viscosity was measured at a
1,500 s ! shear rate using a Wells-Brookfield cone-plate viscometer
(Brookfield, Middleboro, MA). Whole blood viscosity was also mea-
sured by using the same device at shear rates between 37.5 and 1,500
s~ 1. All viscosity measurements were performed at 37°C.

Statistics. Results are means (SD), except where stated otherwise
(e.g., Fig. 5). Comparisons between two means were made by Stu-
dent’s t-test, and the relationships between the depth of tissue and
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tissue hematocrit were tested by linear and nonlinear regression
analysis.

RESULTS

Hemorheological alterations after exchange transfusions. In
both aggregation I and II groups, RBC aggregation was found
to be enhanced as determined by microscopic examination. In
contrast to the control group where minimal aggregation was
observed, RBCs in the aggregation groups formed aggregates
with relatively few cells not associated with an aggregate;
qualitative estimates via microscopy suggested essentially the
same level of aggregation in the two groups. However, the
appearance of the RBC aggregates differed somewhat between
the two groups: those in the aggregation II group consisted of
linear arrays of cells (i.e., “classic” rouleaux formation) with
some secondary branching, whereas those in the aggregation I
group tended to be slightly less regular with cells exhibiting
linear and branched face-to-face aggregation (i.e., rouleaux)
and some face-to-side structures. Such differences were antic-
ipated due to the differing nature of the aggregation process
between the two groups (1, 27). The aggregation strength and
aggregate morphology of RBCs in the aggregation I group
precluded measurements of aggregation with the use of an
available photometric aggregometer (5), and hence ESR tests
were employed. RBC sedimentation rates provided quantita-
tive evidence for the enhanced aggregation (Fig. 1). Both
aggregation groups had significant, approximately twofold,
increases in aggregation versus control with no significant
difference in ESR among these groups.

Whole blood viscosity values over the entire shear-rate
range were higher in the aggregation Il group than in the
control and aggregation I groups (Fig. 2), reflecting the higher
plasma viscosity in the aggregation Il group (Fig. 3). In
contrast, whole blood viscosity was only higher in the aggre-
gation I group compared with the control group at the lowest
shear rate. Although the lowest shear rate used in this study
(i.e., 37.5 sec™!) cannot be considered as representing low-
shear blood viscometry (e.g., 1 s~! or less), the significantly
enhanced blood viscosity at this shear rate, combined with the
unaltered plasma viscosity (Fig. 3), does reflect a higher
disaggregation shear rate for cells in the aggregation I group
(4, 23).

8

Blood viscosity, mPa-s
S

—=&— Control —0— Aggregation| —@— Aggregation Il

10 100 1000 10000

Shear rate (sec™)

Fig. 2. Whole blood viscosities measured at shear rates between 37.5 and
1,500 s~ ! for blood samples obtained after exchange transfusions in 3 groups.
Pluronic F-98-coated cells were used in aggregation I group, and 500 kDa
dextran were used in aggregation Il group. Values are means (SD); 3 curves
are significantly different from each other by 2-way ANOVA. Variation
between groups is F' = 10.6; variation between shear rates, F' = 24.4.
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Fig. 3. Plasma viscosity measured for blood samples obtained after exchange
transfusions in 3 groups. Pluronic F-98-coated cells were used in aggregation
I group, and 500 kDa dextran were used in aggregation II group. Values are
means (SD). *P < 0.05, difference from control.

Myocardial hematocrit values. Systemic hematocrit values
together with tissue hematocrit values in the subepicardial and
subendocardial layers are presented in Table 1, and subepicar-
dial and subendocardial myocardial tissue hematocrit values
expressed as a percentage of systemic hematocrit are shown in
Fig. 4. In both aggregation groups, the subepicardial hemato-
crit was statistically less than the systemic hematocrit (P <
0.05 or better), with the largest decrease (i.e., 17%) noted for
the aggregation I group. The ratios of subepicardial to sys-
temic hematocrit did not differ among groups (Fig. 4). The
mean subepicardial hematocrit value for the aggregation II
group was slightly higher than the corresponding values for the
control and aggregation I groups (Table 1), but the differences
were not statistically significant by one-way ANOVA. In all
groups the subendocardial hematocrit was significantly less
than the systemic hematocrit (P < 0.05), with a 22% decrease
for the aggregation I group and a 26% decreases for the control
and aggregation II groups. Neither the absolute subendocardial
hematocrit values nor the ratio of subendocardial to systemic
hematocrit differed among groups.

Although the absolute values of subepicardial and subendo-
cardial hematocrit did not differ among groups, there were
marked differences in the ratio of subendocardial to subepicar-
dial hematocrit (Table 1): /) Control group ratio was 0.82 (P <
0.01); 2) aggregation I group ratio was 0.94 (P > 0.10); and 3)
aggregation II group ratio was 0.79 (P < 0.01). Thus the
decrease in tissue hematocrit from epicardium to endocardium
was significantly less than unity only in the control and
aggregation Il groups, whereas the small difference between
the two hematocrits was not significant for the aggregation I
group.

Figure 5 presents myocardial tissue hematocrit values for
each group, expressed as a percentage of the subepicardial

MYOCARDIAL HEMATOCRIT AND RBC AGGREGATION
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Fig. 4. Subepicardial (Subepi) and subendocardial layer hematocrits as a
percentage of systemic hematocrit (SysHct). Pluronic F-98-coated cells were
used in aggregation I group, and 500 kDa dextran were used in aggregation 11
group. Values are means (SD). *P < 0.05, difference from corresponding
Sub-epi values.

hematocrit (%Hctep;), for various tissue slices between the
subepicardial and subendocardial layers. The percentage was
calculated for each animal and then averaged for the group to
obtain the mean * SE. In Fig. 5, the subepicardial layer
corresponds to a normalized depth of 0 and the subendocardial
layer closest to the endocardium corresponds to a normalized
depth of 1. Inspection and analysis of these results lead to the
following observations. First, two-way ANOVA analysis indi-
cated a significant difference among the three curves. Second,
the control group data demonstrate the anticipated existence of
a tissue hematocrit gradient, with the hematocrit value in the
slice closest to endocardium being significantly lower (P <
0.01) than that in the subepicardial layer. The gradient was not
linear but appears to initially decrease rapidly and then reach a
stable level at ~80% of %Hct.; at a normalized depth of ~0.5.
Third, the aggregation I group data, i.e., RBCs coated with
Pluronic F-98, appear to be essentially independent of position
within the myocardium, with a slight tendency for decreased
relative hematocrit in the two slices nearest the subendocardial
layer. The average value of relative hematocrit for the 10 slices
(99.1 = 2.1, mean *= SE) did not differ from 100% (i.e.,
unchanged from subepicardial hematocrit). Fourth, the ag-
gregation Il group data demonstrated behavior intermediate
between the control and aggregation I groups; i.e., over the
first half of normalized depth, the relative hematocrit values
were close to 100% and thus did not differ meaningfully
from those for the aggregation I group. However, beyond a
depth of ~0.5, the relative hematocrit decreased sharply and
was coincident with the control group at the subendocardial
position.

Table 1. Systemic Hct, subepicardial, and subendocardial tissue Hct values in control,

aggregation I, and aggregation Il groups

Group n Systemic Het, 1/1 Subepicardial Het, 1/1 Subendocardial Hct, 1/1 Hectendo/Hctepi, %
Control 7 0.38 (SD 0.03) 0.34 (SD 0.05) 0.28 (SD 0.05)F% 81.7 (SD 0.09)
Aggregation [ 6 0.40 (SD 0.03) 0.33 (SD 0.07)F 0.31 (SD 0.05)* 94.8 (SD 0.19)
Aggregation 11 6 0.41 (SD 0.03) 0.38 (SD 0.05)* 0.30 (SD 0.10)*% 78.8 (SD 0.21)

Values are means (SD); n, number of hearts. Hctenao/Hctepi, subendocardial-to-subepicardial Het ratio. *P << 0.05 and 1P < 0.01, difference from systemic
Hct, respectively; P < 0.01, difference from subepicardial Hct in the same group.

AJP-Heart Circ Physiol - VOL 290 « FEBRUARY 2006 « www.ajpheart.org

9002 ‘TT Arenuer uo Bio°ABojoisAyd-ueaydle wol) papeojumogd



http://ajpheart.physiology.org

Bs
=
S
>
=
a®
>
(-
@)
-
S
=
@]
A=
O
o
S
(o]
e
(
9]
(D]
an
|
Q
Yo
Q
°
SN
=
)
(3
@)
Yo
8]
c
o
=
o
p—
S
]
&)
°
P
g

MYOCARDIAL HEMATOCRIT AND RBC AGGREGATION

120 T T T T T
110 l -
- N U SRR
< 100 m l - -
[T] R “
T ‘\‘x S o T
s \\ l ‘
& oo \T\ 1
E \"'H-H_ \‘\
; 1
5 w0 : t
o
—&— Control
--&--- Agg |
0w Aggl 7
60 | 1 1 | |
4] 0.2 0.4 0.6 0.8 1 1.2

Normalized Depth

Fig. 5. Tissue hematocrit values as percentage of Sub-epi layer value (Hctepi)
in myocardial tissue slices after exchange transfusions in 3 groups. Sub-epi
layer corresponds to normalized depth of 0, and subendocardial layer closest to
endocardium corresponds to normalized depth of 1. Pluronic F-98-coated cells
were used in aggregation I group (Agg 1), and 500 kDa dextran were used in
aggregation II group (Agg II). Values are means = SE. Curves were obtained
by computerized weighted smoothing method; 3 curves are significantly
different from each other by two-way ANOVA. Variation between groups is
F = 9.7; variation according to depth, F' = 2.5.

DISCUSSION

The reversible aggregation of RBCs into multicell structures
is a normal physiological process that occurs at low shear rates
or at stasis and only in the presence of sufficiently large
macromolecules in the suspending phase. Therefore, plasma
composition is an important determinant of the degree of RBC
aggregation (26). Additionally, it has been demonstrated that
RBC surface properties play a significant role in RBC aggre-
gation (27). Experimental and clinical data suggest that alter-
ations of plasma composition, especially elevated levels of
high-molecular-weight proteins (e.g., fibrinogen and macro-
globulins), can lead to enhanced RBC aggregation (23, 27),
and thus the circulatory effects of RBC aggregation are of
clinical and physiological interest. The current study addressed
the effects of enhanced RBC aggregation on myocardial he-
matocrit distribution, with the specific aim of examining pos-
sible differences between enhanced aggregation induced by
two different experimental approaches. Recently developed
methods for Pluronic coating of RBCs enabled the use of these
two approaches (1).

In this study, the aggregating tendency of plasma was
increased by the addition of Dextran 500, and thus the aggre-
gation II group represents the use of altered plasma as the
suspending media. Because the experimental protocol involved
a 40% exchange transfusion of RBCs suspended in plasma
containing 1 g/dl Dextran 500, this exchange should have
resulted in a final plasma dextran concentration of ~0.4 g/dl.
As anticipated, the addition of this high-molecular-weight
macromolecule resulted in an increase of plasma viscosity
(16%, Fig. 3) and markedly enhanced RBC aggregation (i.e.,
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101% increment in ESR, Fig. 1). Neither plasma viscosity nor
plasma protein concentration was altered in the aggregation 1
group that received exchange transfusions with Pluronic F-98-
coated RBC suspensions, yet RBC aggregation was enhanced
to a similar degree (110%). Therefore, the use of these two
methods for altering RBC aggregation represents a novel
approach for comparing the effects on tissue hematocrit of
enhanced aggregation induced by modified plasma composi-
tion or by modified RBC surface properties. The left ventric-
ular myocardium is a useful tissue for such studies because it
is possible to define tissue hematocrit values relative to the
anatomic position of the tissue (2, 33).

The major finding of the current study is clearly shown in
Fig. 5. The normal, control group hematocrit profile, with a
significant decrease of hematocrit when traversing from sub-
epicardial to subendocardial layers, is markedly altered by
enhanced RBC aggregation. First, when aggregation is in-
creased on using Pluronic F-98-coated RBC suspended in
native plasma (aggregation I group), hematocrit differences
across the myocardium are essentially abolished. Second, when
RBC aggregation is increased on using a high-molecular-
weight polymer (aggregation II group), hematocrit remains at
subepicardial levels for ~60% of the myocardial thickness and
then rapidly decreases to the control level in the subendocardial
layer. Our results thus indicate that myocardial hematocrit
profiles are sensitive to both RBC aggregation and changes of
plasma viscosity associated with increased RBC aggregation.
Tsai and coworkers (31, 32) have examined the microcircula-
tory effects of elevated plasma viscosity in extreme hemodi-
lution produced by exchange transfusion with dextran solu-
tions. Using a hamster skinfold model that allowed direct
microscopic observation, they observed that functional capil-
lary density was significantly higher when hemodilution was
done using a high-viscosity Dextran 500 than when using a
low-viscosity 70-kDa dextran. Our results (Fig. 5) partially
support their observations: when using Dextran 500 and thus
increasing plasma viscosity, hematocrit was maintained at
subepicardial levels for ~60% of myocardial thickness,
whereas the control group values were markedly lower over the
same region. However, enhanced aggregation without in-
creased plasma viscosity (aggregation I group) was more
effective in maintaining hematocrit at subepicardial levels.

In the control group, the tissue hematocrit value at the
subepicardial layer of the left ventricular wall was 92% of the
systemic hematocrit (Fig. 4). This value is reasonably close to
the average value previously reported for epicardial layers of
rat left ventricular myocardium (2, 3, 33). A lower value (82%,
Fig. 4) was found in the corresponding tissue samples obtained
from the group with enhanced RBC aggregation but unaltered
plasma composition (aggregation I). Based on previous obser-
vations of Fahraeus (12), Cokelet and Goldsmith (10), and
others (11, 17, 21, 22), enhanced aggregation could result in
lower tissue hematocrit values by promoting RBC axial mi-
gration and plasma skimming in smaller vessels. However, it
has also been argued that the effects of RBC aggregation might
be influenced by the relations between transit times of blood
through the circulatory network and time constants of RBC
aggregation (7, 8), thereby limiting the influence of aggrega-
tion on hemodynamic mechanisms favoring lower tissue he-
matocrit.
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Although the main difference between the two methods to
increase aggregation is assumed to be related to the plasma
viscosity increase in the aggregation II group (Fig. 3), there
does not appear to be experimental evidence suggesting that
the alterations in plasma viscosity can affect the radial distri-
bution of RBCs in vessels and hence tissue hematocrit. How-
ever, it can be speculated that increased plasma viscosity may
lead to altered blood vessel diameters via its interference with
endothelial cell vasomotor mechanisms that are dependent on
wall shear forces (6, 13). Therefore, it would be interesting to
test the effects of enhanced plasma viscosity without increasing
RBC aggregation by introducing low-molecular-weight dex-
trans (e.g., 40 kDa) into the circulation. This approach was not
included in the present study but should be considered in future
experiments. Another important difference between the two
approaches for increasing RBC aggregation is related to the
strength of the aggregates. Pluronic F-98 coating of RBCs is
known to produce irregular aggregates that resemble those
found in various pathological conditions. The strength of
aggregation and aggregate morphology are dose dependent
and, when using high concentrations for cell coating, can result
in aggregates that require significantly greater shear forces to
cause disaggregation (1, 35). Although the in vivo behavior of
Pluronic F-98-coated RBCs has not been studied in detail, it
can be speculated that aggregates of these RBCs may persist in
various portions of the circulatory system to a greater extent
then those induced by 500 kDa dextran. Such behavior might
be expected to enhance phase separation and related mecha-
nisms that lead to lower microvascular hematocrit values. The
essentially identical ESR values for the Pluronic F-98-coated
and dextran groups (Fig. 1) only indicate that, at stasis, RBC
aggregate sizes are similar and do not address the strength of
the aggregates.

Unlike tissue hematocrit in the control group, tissue hemat-
ocrit in both aggregation groups remained at subepicardial
levels for ~50 to 60% of the wall thickness and then either
continued to remain at about this level (aggregation I) or
decreased rapidly to the control level (aggregation II). The
functional consequences of these changes are, at least, twofold.
First, the increase of tissue hematocrit versus that in the control
group (Fig. 5) should be beneficial, inasmuch as the oxygen-
carrying capacity of the blood is increased. However, in the
aggregation II group, this beneficial effect no longer exists for
myocardial layers closest to the subendocardium. Subendocar-
dial layers are prone to the highest extravascular pressures that
tend to limit blood flow (20), making this region the most
prone to ischemia. Second, blood viscosity increases in an
exponential manner with increasing hematocrit, and thus the
increase of hematocrit versus that in the control group should
result in higher blood viscosity (23). In turn, it seems logical to
assume that flow resistance in these layers is increased, thereby
adversely affecting blood flow downstream in layers closer to
the subendocardium. Thus, although it is possible to conjecture
that the higher overall hematocrits in the aggregation I group
are of physiological value, the actual flux of oxygen-carrying
RBCs may be reduced due to decreased blood flow caused by
higher blood viscosity.

The observations and conclusions herein are most likely
limited to the specific experimental parameters employed (e.g.,
type of polymer coating and of dextran) and should be ex-
tended with caution to other vascular beds. However, the
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method used to determine myocardial tissue hematocrit values
should be applicable in other studies. The radionuclide method
for tissue hematocrit was originally developed by using rats as
the experimental animal (33). However, preliminary attempts
to utilize the Pluronic-coating technique with rat RBCs were
not successful due to the tendency of these cells to undergo a
discocyte-echinocyte shape change during in vitro processing.
This shape transformation was observed with control (un-
coated) and Pluronic-coated RBCs and is thus not related to the
Pluronic-modification of the RBC surface. Conversely, guinea
pig RBCs are more resistant to in vitro processing and preserve
their normal discocytic geometry in the suspensions used for
exchange transfusions (35). Unfortunately, there do not appear
to be any data in the literature for tissue hematocrit in guinea
pigs, thus precluding comparisons to prior studies.

It is interesting to note that although all RBC in the aggre-
gation II group were exposed to plasma containing Dextran
500, only ~40% of the cells in the aggregation I group were
coated with Pluronic F-98, and hence only these cells exhibited
an intrinsic tendency for increased aggregation. Such a situa-
tion seems relevant to a model for altered aggregability of
RBCs due to local disturbances of the microvascular environ-
ment (15). Under such pathophysiological conditions, circulat-
ing blood contains a mixture of modified RBC draining from
damaged tissue and normal RBCs. Although it is possible that
RBC subpopulations with different rheological properties pref-
erentially aggregate with RBCs having similar properties (29)
and although it is likely that Pluronic F-98-coated RBCs
preferentially aggregate with each other, the Pluronic F-98-
coating conditions used herein do not preclude the possibility
of mixed RBC aggregates (1). Thus, although it is possible that
the injected, uncoated **™Tc-labeled cells do not equally par-
ticipate in aggregation in the aggregation I group, these cells
would be affected by local microcirculatory flow dynamics and
hence should reflect the spatial distribution of all RBCs.

The data obtained in this study represent the relaxed dia-
stolic state of the myocardium, because only hearts arrested in
diastole were used for the measurements. Although it was
possible to detect that some hearts were arrested in systole, the
radionuclide activity in the tissue slices obtained from these
organs was very low, mostly as background activity, reflecting
the low blood volume in the intramyocardial vessels (20).
Therefore, it was not possible to use such hearts for determin-
ing tissue hematocrit. However, because perfusion of the left
ventricular myocardium occurs mostly during diastole (20),
information relevant only to the diastolic period should be of
high physiological relevance. The dynamics of the rapid freez-
ing process also suggest the physiological relevance of our
results. Given that the rapid cooling of the heart within the
rigid plastic chamber filled with liquid nitrogen starts at the
same time on all external surfaces, Vicaut and Levy (33) have
convincingly argued that the freezing process should not have
a significant effect on hematocrit distribution. Most large blood
vessels (arteries and veins) lie on or near the external cardiac
surface, and these vessels are rapidly frozen or are at least
cooled to near 0°C. Blood viscosity in these vessels thus
increases very rapidly, thereby trapping blood in place before
the total freezing of the tissue.

Finally, it should be noted that the exact mechanisms un-
derlying the myocardial tissue hematocrit gradient are not
clearly understood, although hemodynamic conditions through
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the thickness of myocardium have been the subject of several
detailed studies (14, 24, 30). The most important factor that
changes with myocardial depth, especially in left ventricular
myocardium, is the intramyocardial, extravascular pressure,
i.e., extravascular compression, equivalent to the intraventric-
ular pressure at the subendocardial layer and lowest at the
subepicardial layer. These pressures also determine perfusion
pressures and shear forces at various depths (20). Differences
in hemodynamic conditions are strongly expected to influence
RBC distribution and phase separation in the vascular system,
although the complexity of hemodynamic conditions in the
myocardium and the mechanisms related to RBC distribution
currently make it inappropriate to offer extensive speculations
regarding the influence of enhanced aggregation on myocardial
hematocrit gradient (9). Further experimental and theoretical
studies in this area are therefore warranted.
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Hemorheological parameters as determinants
of myocardial tissue hematocrit values
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Abstract. It is well known that the hematocrit in microvessels with diameters smaller than 1000 pm is lower than either
venous or arterial hematocrit, thereby resulting in significantly lower mean hematocrit values for vessels perfusing a given
tissue (i.e., lower tissue hematocrit). The mechanisms that underlie this reduction of microvascular hematocrit include axial
migration, plasma skimming and the Fahraeus Effect. It has been previously demonstrated in rats that a linear hematocrit
gradient normally exists through the thickness of the left ventricular myocardium, and that this gradient is sensitive to alterations
of the rheological properties of the circulating blood. The gradient is abolished if the RBC in the perfusate are rigid; fibrinogen
infusions, and thus increases of both plasma viscosity and RBC aggregation, also affect this gradient. In a new series of studies, it
has been observed that enhanced RBC aggregation affects the myocardial hematocrit gradient regardless of alterations of plasma
viscosity. Although the exact mechanisms responsible for the myocardial hematocrit gradient, as well as its physiological
significance, are not yet clearly known, it is possible to speculate that alterations in local hematocrit could adversely affect
myocardial perfusion and function.

Keywords: Tissue hematocrit, microvascular hematocrit, erythrocyte deformability, erythrocyte aggregation

1. Microvascular hematocrit and tissue hematocrit

Hematocrit is one of the most widely measured parameters in medical practice. In addition to its
hematological implications, hematocrit is functionally important since it is the major determinant of
blood viscosity [3]. Hematocrit is usually measured either in venous blood samples or in samples ob-
tained by finger prick, with such values assumed to represent blood in all parts of the circulatory system.
However, hematocrit is not constant throughout the circulatory system, but becomes lower as blood ap-
proaches the microcirculation [30]; the instantaneous volume fraction of erythrocytes in blood within a
given microcirculatory bed is defined as the microvascular hematocrit [8]. Optical methods and image
analysis techniques have been used to calculate the hematocrit in microvessels, with results indicating
that it may be significantly lower than that of blood in large vessels [26,29]: microvascular hematocrit
values can be as low as ~20% of large vessel hematocrit (Table 1).

The mean hematocrit of blood circulating in all sizes of blood vessels in a given tissue is termed
tissue hematocrit [31,32], and can be estimated by using tracers that label red cells and plasma and then
determining their ratio in a given tissue [11,32]. Values of tissue hematocrit have been reported to be
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Table 1
Microvascular hematocrit values measured in various tissue and species
Species  Organ/tissue Microvascular hematocrit  Method Reference
(tissue/systemic)
Cat Mesentery 0.08/0.33 Micro-occlusion [25]
Hamster Cremaster muscle 0.14/0.49 Optical [21]
Rat Cremaster muscle 0.18/0.37 Optical [20]
Dog Gastrocnemius-plantaris muscle 0.38/0.50 Isotope washout [13]
Table 2
Tissue hematocrit values measured in various tissue and species
Species Organ/tissue Tissue hematocrit ~ Method Reference
(tissue/systemic)
Rat Heart (subepicardium) 0.32/0.39 Double isotope labeling [32]
Guinea pig  Heart (subepicardium) 0.34/0.38 Double isotope labeling [33]
Human Brain 0.38/0.43 PET [27]
Rat Brain 0.33/0.43 Double isotope labeling [31]

significantly higher than microvascular hematocrit (Table 2), most likely due to the combined effects
of lower hematocrit values in microvessels and higher hematocrit values in larger blood vessels. While
microvascular hematocrit values can be as low as 20% of systemic hematocrit, tissue hematocrit values
are about 75-89% of systemic hematocrit (Tables 1 and 2).

2. Mechanisms of hematocrit reduction in microvasculature

The difference between hematocrit values in vessels with different diameters reflects the reduction of
hematocrit as blood approaches the microcirculation. The hemodynamic mechanisms that underlie this
reduction are mainly related to the movement of RBC towards the central flow region in tube flow and
thus towards a region of lower shear [16]. This movement is termed axial migration and results in phase
separation [16,30], with a cell-poor layer formed at the peripheral region of a blood vessel and higher
concentrations of RBC and hematocrit nearer the central flow zone.

One of the obvious outcomes of the abovementioned phase separation is plasma skimming, in which
side branches of vessels receive blood flow mainly from the cell poor, low hematocrit peripheral flow
zone. Furthermore, since the velocity of the central flow zone is higher than that of the marginal lay-
ers, RBC that accumulate in the central flow zone move faster relative to plasma thereby causing the
“Fahraeus Effect” [16,30]. The Fahraeus Effect predicts lower hematocrit values within a small diam-
eter tube compared to the hematocrit of the blood entering or discharged from that tube [16,30]. In
addition to these mechanisms, flow partitioning at vascular bifurcations results in preferential accumula-
tion of red cells in the faster branch [11,28], with this phenomenon termed the network Fahraeus Effect.
Klitzman and Duling have proposed that shunting of RBC flow from arterial to venous vessels may also
play role in hematocrit reduction [21].

3. Factors affecting microvascular/tissue hematocrit

Despite the availability of theoretical analyses [14] and experimental/clinical data regarding lower
hematocrit values in the microvasculature, the factors responsible for these values have not yet been
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fully elucidated. There are published reports of alterations of tissue/microvascular hematocrit under
various conditions that, in general, usually reflect alterations of “normal” hemodynamics in various
tissues. However, hematocrit reduction in a microvascular bed depends on the flow rate in that portion
of the circulation [15]. Goncalez et al. demonstrated that acute pancreatitis results in decreased blood
flow in most visceral organs and an increase of tissue hematocrit [17]. In contrast, Brizel et al. compared
mammary tumor and normal tissue RBC flow velocity and hematocrit values in rats and concluded that
tumor tissue is characterized by higher flow velocities and also by higher tissue hematocrit values [5].
Blood flow and tissue hematocrit measurements in myocutenous island flaps in pigs by Hjortdal et al.
support the latter study, in that they reported decreased blood flow and decreased tissue hematocrit in
the flap tissue [18]. Klitzman and Johnson also reported a positive correlation between blood flow and
microvascular hematocrit in hamster cremaster muscle [22].

Klitzman and Duling indicate that muscle contraction induces a significant increment in microvascu-
lar hematocrit [21]. Frisbee et al. investigated microvascular hematocrit values in resting and contracting
striated muscle tissue [12,13], and reported that microvascular hematocrit increased significantly with
muscle contraction and was correlated with increased muscle blood flow due to the contractions [13].
They also reported a difference in the sustained effects of isometric and isotonic muscle contractions:
sustained isometric contraction was characterized by a secondary drop of microvascular hematocrit from
the peak value, whereas with isotonic contraction no decline in this value was observed [12]. They con-
cluded that this difference may reflect the different character of microvascular blood flow, distribution
patterns at bifurcations, and the number and spatial arrangement of open microvessel networks dur-
ing isometric versus isotonic muscle contractions [12]. These studies thus underline the importance of
hemodynamic factors as determinants of the difference between microvascular and systemic hematocrit
values.

The dependence of microvascular tissue hematocrit values on local hemodynamic factors have also
been demonstrated in myocardial tissue. Vicaut and Levy report a linear tissue hematocrit gradient in rat
left ventricular myocardium, with the hematocrit being highest at the subepicardial layer [32]. There are
no known morphological differences to explain this variation in tissue hematocrit between subepicardial
and subendocardial layers of the left ventricular myocardium. While the left ventricular myocardium
is a unique tissue in which local hemodynamic factors can be defined relative to their location within
the thickness of the ventricular wall, hemodynamic conditions in intra-myocardial blood vessels are ex-
tremely complex [19]. Thus, it may not be possible to simply relate decreased tissue hematocrit to any
given hemodynamic variable. Rather, it may only be possible to speculate that microvascular hemat-
ocrit values are strongly influenced by hemodynamic variables, with such variables being specific to the
position within the myocardium.

4. Effect of hemorheological parameters on tissue hematocrit

It has been shown that hemodilution alters the magnitude of the difference between microvascular
and large vessel hematocrit. Todd et al. reported that cerebral tissue hematocrit was reduced from 78%
to 46% of arterial hematocrit when the arterial hematocrit was reduced from 0.43 1/1 to 0.20 1/1 [31].
In contrast, Lipowsky and Firrell demonstrated that the ratio of microvascular hematocrit to systemic
hematocrit increased with hemodilution [24], and suggested that this alteration may indicate a more
efficient utilization of the remaining volume of RBC [24].

RBC rheological properties have also been reported to be determinants of tissue hematocrit. Such
findings are not unexpected since it is well known that RBC deformability and aggregation affect ax-
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ial migration, phase separation, and related mechanisms. Lipowsky et al. observed that microvascular
hematocrit in rat cremaster muscle increased during perfusion with RBC having impaired deformabil-
ity [23]. Baskurt et al. studied myocardial hematocrit gradients in rat hearts using an approach described
by Vicaut and Levy [32], and observed that the gradient seen in control animals was abolished following
exchange transfusion with RBC having reduced deformability [2].

The effects of enhanced RBC aggregation on axial migration and phase separation were first demon-
strated by Robin Fahraeus by comparing human and horse blood flowing in glass capillaries [9]. Cokelet
and Goldsmith demonstrated that enhanced RBC aggregation promotes phase separation and reduces
flow resistance in vertically oriented glass tubes [6]. Myocardial hematocrit gradient in rats was found
to be influenced by increased RBC aggregation produced by fibrinogen infusions [1]; pre-existing linear
hematocrit gradients were significantly altered such that tissue hematocrit at the subepicardial layer ap-
proached control levels with a steep change at the innermost layers of myocardium. However, it should
be noted that fibrinogen infusion has two hemorheological consequences (i.e., increased plasma viscos-
ity and increased RBC aggregation), and that both alterations may be expected to affect the mechanisms
that determine microvascular hematocrit. More recently, the effects of enhanced RBC aggregation on
myocardial hematocrit gradient were studied without altering plasma properties; RBC aggregation was
increased by covalently attaching polymers to the RBC surface [33]. In these later studies, the myocardial
hematocrit gradient was abolished and there was no difference between subepicardial and subendocar-
dial myocardial layers [33].

5. Pathophysiological implications of tissue hematocrit alterations

The pathophysiological significance of tissue hematocrit alterations requires considering both oxy-
gen carrying capacity and flow resistance as affected by blood fluidity. Obviously, there is a divergence
between these two effects as hematocrit is altered: hematocrit reduction as blood approaches the mi-
crocirculation decreases blood viscosity and flow resistance, but also decreases the oxygen carrying
capacity of blood. This situation is thus similar to that encountered when dealing with the concept of
an “optimal hematocrit”: both oxygen carrying capacity and blood viscosity increase with hematocrit,
but since the rate of increase for viscosity is greater, oxygen delivery effectiveness (i.e., the ratio of
hematocrit to viscosity) decreases above a certain critical hematocrit level [4,10]. Decreasing hemat-
ocrit below this critical level also decreases the hematocrit to viscosity ratio, again providing less than
optimum effectiveness. Note that although several reports have generated experimental data regarding
the optimal hematocrit concept and have attempted to identify the exact hematocrit value, these reports
employed blood viscosity data obtained in large geometry viscometers: the applicability of these data to
the microvasculature remains uncertain.

It is notable that Desjardins and Duling have presented strong arguments that oxygen transfer to tissue
is not determined by microvascular hematocrit, but rather by the discharge hematocrit from microvessels
[7]. Therefore, it is possible to suggest that alterations of microvascular hematocrit and tissue hematocrit
may have different implications for tissue and organ function. Experimental determination of tissue
hematocrit yields an average value that is influenced by both microvascular and discharge hematocrits
(i.e., hematocrit in various sizes of venous vessels), and thus this averaging effect should be consid-
ered when attempting to evaluate the functional meaning of reduced or enhanced tissue hematocrit.
Clearly, further studies are needed to understand the pathophysiological significance of microvascu-
lar/tissue hematocrit alterations that are the consequence of hemorheological changes.
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Abstract. The role of red blood cell (RBC) aggregation as a determinant of in vivo blood flow is still unclear. This study was
designed to investigate the influence of a well-controlled enhancement of RBC aggregation on blood flow resistance in an
isolated-perfused heart preparation. Guinea pig hearts were perfused through a catheter inserted into the root of the aorta using
a pressure servo-controlled pump system that maintained perfusion pressures of 30 to 100 mmHg. The hearts were beating at
their intrinsic rates and pumping against the perfusion pressure. RBC aggregation was increased by Pluronic (F98) coating of
RBC at a concentration 0.025 mg/ml, corresponding to about a 100% increment in RBC aggregation as measured by erythrocyte
sedimentation rate. Isolated heart preparations were perfused with 0.40 1/l hematocrit unmodified guinea pig blood and with
Pluronic-coated RBC suspensions in autologous plasma. At high perfusion pressures there were no significant differences
between the flow resistance values for the two perfusates, with differences in flow resistance only becoming significant at lower
perfusion pressures. These results can be interpreted to reflect the shear dependence of RBC aggregation: higher shear forces
associated with higher perfusion pressures should have dispersed RBC aggregates resulting in blood flow resistances similar
to control values. Experiments repeated in preparations in which the smooth muscle tone was inhibited by pre-treatment with
papaverine indicated that significant effects of enhanced RBC aggregation could be detected at higher perfusion pressures,
underlining the compensatory role of vasomotor control mechanisms.

1. Introduction

The role of red blood cell (RBC) aggregation in determining in vivo blood flow is still not fully
determined and hence is the subject of continuing investigation. On the one hand RBC aggregation is the
major determinant of low shear blood viscosity (i.e., increased aggregation results in increased low shear
viscosity) [4], and is therefore expected to be one of the major factors that affect blood flow, especially
in low-shear zones of the circulatory system [10]. On the other hand, red blood cell aggregation is
expected to promote axial accumulation of RBC during flow in the vasculature, thereby resulting in
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reduced frictional resistance at the vessel wall and more efficient RBC—plasma phase separation [11,13].
The latter effect may, in turn, influence the mechanisms that determine microvascular hematocrit, namely
plasma skimming and the Fahraeus effect [13,17]. Obviously, these two phenomena are in conflict for
predicting the overall effect of RBC aggregation on in vivo hemodynamic resistance, and thus it seems
reasonable that the net effect should be related to their relative importance.

Evaluation of RBC aggregation versus in vivo flow resistance relationship is further complicated by
a variety of specific factors: (1) The impact of RBC aggregation on network hemodynamic resistance
depends on the relation between the residence time of a given population of RBC within a specific vas-
cular segment and the time constants of the aggregation process [1,7,9]. If the residence time is too short
for the development of RBC aggregates, alterations in RBC aggregation properties may not interfere
with flow resistance in that segment; (2) The effects of RBC aggregation are also determined by the
orientation of blood vessels. It has been previously demonstrated that RBC aggregation reduces flow
resistance in vertically oriented tubes due to enhanced RBC—suspending medium phase separation, but
leads to increased flow resistance in horizontally oriented tubes due to increased sedimentation at low
flow rates [11]; (3) Alterations in RBC aggregation are usually associated with modified plasma com-
position, both under pathophysiological and experimental conditions [3,8,10,15,19,20]. For example,
increased plasma fibrinogen concentration leads to enhanced RBC aggregation and also to increased
plasma viscosity [15], with these two hemorheological changes possibly having different effects on flow
resistance; (4) The net effect of a hemorheological alteration, including altered RBC aggregation prop-
erties, strongly depends on the status of vasomotor control mechanisms [5,21] and, if there is sufficient
vasodilatory reserve capacity, it is possible to compensate for the additional hemorheological “load”;
(5) Hemodynamic factors such as perfusion pressure and local shear forces are important determinants
of the magnitude of effects due to altered hemorheological properties (e.g., the degree of RBC aggrega-
tion is a function of local shear forces).

The complexity and interactions between the factors indicated above may explain the discrepancy
between published data, with the differences probably related to one or more factor. Therefore, experi-
mental data obtained under various and controlled conditions may help to improve our understanding of
the in vivo role of RBC aggregation. This study was thus designed to utilize a novel technique to alter
RBC aggregation without changing plasma composition or properties [2]. The effects of increased RBC
aggregation on flow resistance were investigated in an isolated-perfused heart preparation, with special
emphasis on perfusion pressure and vasomotor mechanisms.

2. Materials and methods
2.1. Animals

Adult guinea pigs of either sex weighing 400—450 grams were used for the isolated heart prepa-
ration, and as blood donors for the preparation of RBC suspensions used for perfusion. Blood from
the donor animals was obtained by cardiac puncture under light ether anesthesia, anticoagulated with
EDTA (1.5 mg/ml) and handled as described below. The experimental protocol was approved by the
Animal Care and Usage Committee of Akdeniz University and was in accordance with the Declaration
of Helsinki and IASP guidelines.
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2.2. Preparation of isolated-perfused heart

Guinea pigs were anaesthetized by urethane (1 g/kg) and the trachea cannulated. The right carotid
artery was also cannulated using a 20 G cannula that was advanced to the root of the aorta. A mid-
sternal thoracotomy was performed and the animal was ventilated with ambient air at a rate of 70/min
with a tidal volume of 1 ml. The pericardium was opened, the root of the aorta carefully dissected, and
a 3-0 silk suture positioned around the root where the 20 G cannula was positioned. The heart was then
rapidly excised by cutting all blood vessels, following which the excised heart was briefly cooled by
immersion in 4°C phosphate buffered saline (PBS; pH = 7.4). The silk suture around the cannula in
the aorta was then tied and perfusion of coronary vessels initiated, at 100 mmHg perfusion pressure,
with oxygenated PBS warmed to 37°C; perfusion was started within two minutes following excision of
the heart. The heart was placed in a water-jacketed organ bath kept at 37°C; the bath was kept covered
with a plastic film in order to keep the heart in a humid environment. The heart continued to beat during
the entire perfusion period with the rate determined by intrinsic pacemakers within the heart’s normal
conduction system, and was always pumping against the perfusion pressure in the aorta. This preparation
thus allowed inflow of various RBC suspensions into the aorta with outflow drained from the organ bath
chamber.

2.3. Perfusion of isolated heart preparation

Perfusion of isolated hearts at selected and constant pressures was performed using a pressure servo-
controlled pump system (Living Systems Inc., Burlington, VT). The system (Fig. 1) consisted of two
roller pumps having constant flow rates of 3.73 and 3.36 ml/min and a variable speed roller pump with
its speed controlled by the pressure servo-control device (PS/200/Q, Living Systems, Inc.). This device
monitors the pressure at the entrance of the catheter in the aortic root and controls the variable speed
pump to maintain the perfusion pressure between 30-100 mmHg. The two constant flow rate pumps

_[ p1  ||30-100
L mmHg

== ——" +———{P-Semno

Fig. 1. Perfusion system for isolated heart preparation. RP-1 and RP-2 are constant flow rate roller pumps that can be turned on
or off manually in order to achieve the flow rate necessary to obtain the desired perfusion pressure. RP-S is the servo-controlled
pump whose flow rate is regulated by the feed back signal from the pressure transducer P1 (see text for details).
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were activated manually as needed, either singly or together, in order to maintain the desired pressure.
These pumps were not required at the lower pressures but were needed at higher pressures where the
flow to maintain the pressure exceeded the capacity of the variable speed pump. Aortic perfusion pres-
sure, together with volumetric flow rate obtained from the calibrated roller pumps, were recorded on a
laboratory computer throughout the experiment. Flow resistance was calculated by dividing flow rate by
perfusion pressure at each perfusion pressure.

The perfusion system employed complete re-use of the selected perfusate: the perfusate returning
from the isolated heart was collected in a reservoir and then recirculated. An inline microfiber array
oxygenator (Model OX, Living Systems, Inc.) was used to oxygenate the perfusion fluids (PBS or RBC
suspensions) entering the aorta; the oxygenator employed room air, with the oxygen partial pressure of
the RBC suspensions being 128 + 15 mmHg (mean+ SE). RBC sedimentation problems in the perfusion
system were minimized via a magnetic stirrer in the suspension reservoir and the use of small-bore tubing
oriented primarily in a vertical position. The temperature of the entire system was controlled at 37°C via
placing all relevant components in a closed, temperature-controlled plastic enclosure. As judged by the
appearance of cell-free plasma, there was no detectable hemolysis in the perfusate throughout the entire
perfusion period.

The protocol for the perfusion studies involved the following sequence: (1) using the desired perfusate,
a series measurements were done with the isolated heart preparation having intact vascular tone; (2) the
preparation was then perfused with PBS containing 10~* M papaverine for 20 minutes in order to inhibit
vascular smooth muscle tone; (3) the same series of measurements were repeated.

2.4. Modification of RBC aggregation

RBC aggregation was increased by employing a recently developed technique whereby poly(ethylene
glycol)-poly(propylene glycol)-poly(ethylene glycol) copolymers (Pluronics) that possess the ability to
self-associate above a specific temperature are covalently attached to the RBC surface. The details of
the method are described elsewhere [6]. Briefly, RBC and plasma were separated from anticoagulated
(EDTA, 1.5 mg/ml) donor guinea pig blood by centrifugation at 1400 x g for 6 minutes. The cells were
washed three times with isotonic PBS, re-suspended in 30 mM triethanolamine buffer (290 mOsm/kg,
pH = 8.60) at a hematocrit of ~0.1 1/1, and the suspension cooled to 4°C. The low value of hematocrit
(i.e., ~0.1 I/I) was necessary in order to obtain an even coating of RBC with Pluronic and to avoid the
formation of cross-linked aggregates of coated RBC. Immediately prior to use, a reactive succinimidyl
carbonate derivative of Pluronic F-98 (13 kDa, 80% poly(ethylene glycol)) was dissolved in 4°C phos-
phate buffer (pH = 5) at a concentration of 10 mg/ml and added to the RBC suspension to obtain a final
concentration of 0.025 mg/ml. The suspension was incubated for 2 hr at 4°C with continuous gentle
mixing. All Pluronic-coating procedures were performed at 4°C (i.e., below the critical micellization
temperature at which a phase transition occurs from predominantly single, fully hydrated copolymer
chains to micelle-like structures). The Pluronic-coated RBC were washed 3 times with isotonic PBS by
gentle centrifugation (400 X g, five min), then re-suspended in native plasma at 0.4 1/1 hematocrit.

2.5. Microscopic and rheologic studies
Wet mount preparations of dilute RBC suspensions used for the perfusion suspensions were exam-

ined and photographed using bright field light microscopy. Sedimentation rates were measured using
Westergren sedimentation tubes and RBC—plasma suspensions adjusted to a hematocrit of 0.1 /1.
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2.6. Statistics

The data are presented as mean =+ standard error. Comparisons were made using one-way and two-way
ANOVA where appropriate. Pressure—flow and pressure-resistance curves were analyzed by non-linear
regression analysis. Statistical significance was accepted at p values less than 0.05.

3. Results
3.1. Characteristics of RBC cell aggregation

Normal guinea pig RBC only slightly aggregate in autologous plasma, whereas Pluronic F98 coated
RBC aggregates are larger (i.e., contain more RBC per aggregate) and form three-dimensional structures
(Fig. 2). Erythrocyte sedimentation rates measured using 0.1 1/1 hematocrit suspensions confirmed this
enhanced aggregation, with about a hundred percent increase for the Pluronic coated RBC suspensions
(Fig. 3).

3.2. Blood flow rate and flow resistance

In isolated heart preparations with intact vascular smooth muscle tone, blood flow increased with per-
fusion pressure for both control cells and those coated with Pluronic F98 (Fig. 4a). Flow resistance,

574

Control

Fig. 2. Photomicrographs of RBC aggregates for control and Pluronic F98 coated cells suspended in plasma.
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Fig. 3. Erythrocyte sedimentation rates of 0.1 I/l hematocrit suspensions for control and Pluronic F98 coated RBC in autologous
plasma. Data presented as mean =+ standard error. Difference from control; *p < 0.001.
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Fig. 4. Flow (a) and resistance (b) values plotted against perfusion pressure in isolated heart preparations with intact vascular
smooth muscle tone. Data are mean == standard error; n = 6 in each group. Difference from control; *p < 0.05.

Table 1

Linear regression equations and correlation coefficients for pressure—flow and pressure—resistance results obtained in intact and
in papaverine-treated (Papa) preparations™

Control F98
Linear reg. equation r Linear reg. equation r

Intact

Flow y = —0.70 + 0.059x 0.99 y = —1.26 + 0.054x 0.98

Resistance y =53.45-0.30z —0.87 y=117.7—- 092z —-0.97
Papa

Flow y = —0.701 + 0.080x 0.99 y = —1.12+ 0.064x 0.99

Resistance y=28.63-0.17x —0.78 y = 48.86 — 0.322 —-0.93

*Equations were of the form y = b + mx, where y is either flow or resistance and z is pressure.

calculated as the ratio of perfusion pressure to blood flow, decreased for both suspensions with increas-
ing perfusion pressure (Fig. 4b). However, it is clear from Fig. 4b that the dependence of flow resistance
on perfusion pressure is more prominent for the coated RBC: for control cells resistance approximately
doubled from 100 to 30 mmHg whereas there was about a 4-fold increase for coated cells over the same
pressure range. Note that although the curves in Fig. 4 were drawn using second-order polynomial, sim-
ilar “goodness of fit” results (i.e., correlation coefficients) were obtained using simple linear regression
and the means at each pressure. Table 1 presents the linear regression results, where it can be seen that
the regression line slopes for resistance were markedly higher for the coated RBC suspensions.

Figure 5 presents pressure—flow and pressure—resistance results for isolated heart preparations pre-
treated with 10~ M papaverine. As anticipated, inhibition of vascular tone with papaverine greatly
increased flow for both types of RBC suspensions at all pressures, and thus markedly reduced flow resis-
tance (see Fig. 4). Flow measured during perfusion of papaverine-treated preparations with F98 coated
RBC suspensions was decreased compared to normal guinea pig blood, with significant differences at
perfusion pressures of 50 mmHg and higher (Fig. 5a). In addition, the differences in flow resistance
between control and coated cells were significant over a wider range of perfusion pressures compared to
the experiments in intact preparations (Fig. 5b). Linear regression results for resistance-pressure again
indicated a steeper relation for perfusion studies using F98-treated RBC suspensions (Table 1).
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Fig. 5. Flow (a) and resistance (b) values plotted against perfusion pressure in isolated heart preparations treated with 1074 M
papaverine prior to the perfusion studies. Data are mean 4 standard error; n = 5 in each group. Difference from control;
*p < 0.05, **p < 0.01, ***p < 0.001.

4. Discussion

The results of this study clearly demonstrate that enhanced RBC aggregation leads to increased blood
flow resistance in the myocardial vasculature, with the magnitude of this effect strongly influenced by
perfusion pressure and vasomotor tone. However, it should be noted that these results may be spe-
cific to the experimental model used herein: (a) The isolated heart preparation has unique properties
in terms of circulatory dynamics. The hydrodynamic conditions in the myocardial circulation are ex-
tremely complex [14] and results obtained in this environment may not be directly applicable to other
vascular networks (e.g., resting skeletal muscle). Nevertheless, since a beating heart was employed, our
experimental conditions may closely mimic the circulatory conditions in hearts with intact vascular con-
nections; (b) The experimental model used in this study differs from previous studies due to the novel
technique for increasing RBC aggregation. This new technique allows well-controlled modifications of
aggregation intensity without altering plasma properties. Most previous in vivo and in vitro studies deal-
ing with the hemodynamic consequences of RBC aggregation have involved the addition of polymers or
proteins and hence alterations of plasma composition and viscosity [3,8,10,19,20]. Altered plasma vis-
cosity may have significant effects on blood flow dynamics, especially at the microcirculatory level [18],
and therefore it is important to differentiate between the effects of altered plasma viscosity versus altered
RBC aggregation. The results of the current study reflect solely the influence of RBC aggregation and
are not confounded by plasma viscosity alterations.

The dependence of flow resistance on perfusion pressure is an expected feature of hydraulic systems
with elastic conduits, and relates, in part, to the effect of altered transmural pressure on vessel diameter.
In systems perfused with blood, the non-Newtonian, shear-thinning behavior of blood also contributes
to this dependence. The relationship between flow resistance and perfusion pressure is clearly seen in
both Figs 4 and 5, with the dependence being more prominent when the perfusion is done with RBC
suspensions having enhanced aggregation (Fig. 4, FO8 group). This observation was also supported by
regression analysis (Table 1); the negative regression coefficient in the F98 group is about 300% higher
than control. Obviously, the stronger dependence of flow resistance on perfusion pressure in the F98
group led to significant differences from control at 30 and 40 mmHg perfusion pressures.

The two curves in Fig. 4b approach each other at higher perfusion pressures, with these higher pres-
sures similar to those existing under physiological conditions. The degree of RBC aggregation is deter-



518 O. Yalcin et al. / Effect of enhanced red blood cell aggregation on blood flow resistance

mined by the properties of blood itself (i.e., RBC intrinsic properties and plasma composition), but is
also strongly influenced by the effective shear forces in the flow environment [16]. RBC aggregates may
be dispersed during perfusion at higher pressures and hence higher flow, with the rheological behavior
of the two suspensions (F98 and control) becoming similar. These findings suggest that the impact of in-
tensified RBC aggregation may not be obvious at physiological perfusion conditions but would become
evident when systemic or local circulatory functions are impaired. However, it should be noted that flow
resistance at the highest perfusion pressure was, on average, about 30% higher for suspensions of F98
coated RBC compared to control cells (Fig. 4). While this difference at the highest perfusion pressure
was not significant (p > 0.1), the apparent difference may reflect the influence of some aggregated RBC,
even under higher shear stresses, due to the greater energy required to disperse F98-induced RBC aggre-
gates [2]. Such aggregates may, to some degree, model the nature of RBC aggregation in pathological
conditions where greatly enhanced aggregation is observed [16].

Experiments using preparations pre-treated with papaverine to inhibit smooth muscle tone were de-
signed to provide insight to the role of vascular control mechanisms in the overall effect of altered RBC
aggregation. Figure 5 indicates that flow resistance decreased significantly with papaverine treatment
regardless of the aggregation intensity of the RBC suspension used for perfusion: this finding is the re-
sult of maximal vasodilation due to paralysis of vascular smooth muscles. There were also smaller flow
resistance differences between control and F98 perfusions (e.g., the difference at 30 mmHg perfusion
pressure was 88% in preparations with intact vascular control versus 51% in preparations with maximal
vasodilation).

It is notable that differences between control and F98 resistance values were statistically significant
at pressures of 60 mmHg or less (Fig. 5b), while the differences were only significant at pressures of
40 mmHg or less in hearts with intact vascular control (Fig. 4b). Careful examination of the results
reveals that this apparent anomaly relates to differences in the variation of the data (Figs 4 and 5): the
flow resistance data are characterized by smaller variations when vascular smooth muscle is paralyzed,
with coefficients of variation in the papaverine treated preparations from 22% to 47% at pressures in the
lower range, while the coefficients of variation were 78% to 119% for preparations with intact vascular
tone over the same pressure range. Obviously, the greater variations for the intact preparations reflect
intrinsic alterations of vascular tone which may not be equally effective in all preparations, whereas the
autoregulatory response is abolished by papaverine. Therefore, based on these considerations, it appears
that the impact of intensified RBC aggregation can be compensated for by vascular control mechanisms
until the perfusion pressure decreases to very low levels. However, comparison of the control data pre-
sented in Figs 4 and 5 indicates that papaverine treatment resulted in a 26% to 40% decrement in flow
resistance at physiological perfusion pressures. This decrement seems smaller than might be expected
based upon the effective autoregulatory response of the coronary vasculature to reactive hyperemia [12].
This limited vasodilatory reserve observed in the isolated heart preparations used herein could be due to
technical factors, and thus should be considered in applying these results to intact hearts.

It is important to underline the complexity of factors contributing to the overall in vivo hemodynamic
effects of altered RBC aggregation. This complexity makes it extremely difficult to directly compare
literature findings obtained under various conditions. For example, it has been previously demonstrated
that flow resistance in an isolated guinea pig hind limb preparation was lower when perfused with aggre-
gating RBC suspension (i.e., human RBC suspended in 3% dextran 70) compared to a non-aggregating
RBC suspensions, with the difference only evident during perfusion at low flow rates [3]. These prior
findings seem to contradict the results of the present study: flow resistances at lower flow rates were
higher during perfusion with F98-coated RBC suspensions (Fig. 6). However, the following points
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Fig. 6. Resistance values plotted against flow in isolated heart preparations with intact vascular tone (control) or treated with
1074 M papaverine (papa) prior to the perfusion studies in order to abolish vascular tone.

should be considered in order to properly compare the two sets of data: (1) F98 coating of RBC results
in a well-controlled, concentration dependent increment in aggregation. It has recently been shown that
the hemodynamic effects of enhanced aggregation are determined by the intensity of aggregation and
hence the concentration of F98 during the coating process [21]. Perfusion of guinea pig hindlimbs with
suspensions of RBC coated with F98 at 0.025 mg/ml resulted in elevated flow resistance, whereas flow
resistance was unaltered from control during perfusion with suspensions of RBC having a greater de-
gree of aggregation due to the use of higher F98 levels [21]. Thus, the relationship between aggregation
intensity and flow resistance may not be linear, but rather characterized by a multi-phasic response. It is
therefore important to characterize the degree of enhanced aggregation when comparing experimental
results, especially when aggregation and plasma characteristics are both altered (e.g., adding dextrans to
suspending medium); (2) F98 coating of RBC can result in stronger aggregates (i.e., aggregates requiring
higher shear forces for dispersion) compared to fibrinogen- or dextran-induced aggregates. RBC aggre-
gates may thus exist in a greater portion of a circulatory network during perfusion with F98-coated RBC
suspensions, thereby resulting in a more pronounced enhancement of flow resistance; (3) The prepara-
tion used herein for heart perfusion studies differed from that employed in previous studies [3,21]. The
isolated, beating-heart preparation has unique hemodynamic characteristics that are not comparable with
an isolated hind-limb preparation. Flow in the coronary vasculature varies throughout the cardiac cycle
due to extravascular compression during systole [14], and this variability may have affected the forma-
tion of cell-poor layers adjacent to vessel walls and hence related mechanisms that lead to decreased
vascular resistance. Experiments repeated on non-beating heart preparations may eliminate some of the
factors that are specific to the preparation used in this study, and further aid understanding of the specific
role of RBC aggregation in coronary circulation However, it is extremely difficult to control all relevant
factors that play a role in this complex relationship, especially under clinical conditions; future work in
this area will need to acknowledge this problem and develop suitable experimental protocols to either
selectively examine or minimize their effects.
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Yalcin, Ozlem, Murat Uyuklu, Jonathan K. Armstrong, Her-
bert J. Meiselman, and Oguz K. Baskurt. Graded alterations of
RBC aggregation influence in vivo blood flow resistance. Am J
Physiol Heart Circ Physiol 287: H2644-H2650, 2004. First published
July 29, 2004; doi:10.1152/ajpheart.00534.2004.—Although the ef-
fects of red blood cell (RBC) aggregation on low-shear rate blood
viscosity are well known, the effects on in vivo flow resistance are still
not fully resolved. The present study was designed to explore the in
vivo effects of RBC aggregation on flow resistance using a novel
technique to enhance aggregation: cells are covalently coated with a
block copolymer (Pluronic F-98) and then suspended in unaltered
plasma. RBC aggregation was increased in graded steps by varying
the Pluronic concentration during cell coating and was verified by
microscopy and erythrocyte sedimentation rate (ESR), which in-
creased by 200% at the highest Pluronic level. RBC suspensions were
perfused through an isolated in situ guinea pig hindlimb preparation
while the arterial perfusion pressure was held constant at 100 mmHg
via a pressure servo-controlled pump. No significant effects of en-
hanced RBC aggregation were observed when studies were conducted
in preparations with intact vascular control mechanisms. However,
after inhibition of smooth muscle tone (using 10~* M papaverin), a
significant change in flow resistance was observed in a RBC suspen-
sion with a 97% increase of ESR. Additional enhancements of RBC
aggregation (i.e., 136 and 162% increases of ESR) decreased flow
resistance almost to control values. This was followed by another
significant increase in flow resistance during perfusion with RBC
suspensions with a 200% increase of ESR. This triphasic effect of
graded increases of RBC aggregation is most likely explained by an
interplay of several hemodynamic mechanisms that are triggered by
enhanced RBC aggregation.

red blood cell; Pluronic coating; poloxamer; hemodynamics; sedimen-
tation rate

ALTHOUGH RED BLOOD CELL (RBC) aggregation is generally accepted
as a major determinant of low-shear whole blood viscosity (11),
the effects of RBC aggregation on in vivo flow resistance are less
conclusive. Numerous in vitro studies have been conducted to
explore the effects of RBC aggregation on tube flow. The earliest
study was by Fahreaus, who indicated that increased RBC aggre-
gation resulted in thickening of a marginal zone of cell-poor
plasma and decreased hydraulic resistance (28). More recent
studies (2—4, 15, 22, 35, 38, 39) have confirmed these observa-
tions and described the effects of shear rate and tube diameter and
the time dependency of the phenomenon. The effects of RBC
aggregation also depend on the orientation of the flow system, as
follows: 7) in straight, horizontal tubes at low flow rates, aggre-
gation-induced sedimentation of RBCs results in increased vis-

cosity due to an elevation of tube hematocrit (Hct; Refs. 2, 4, 34);
and 2) in straight, vertical tubes at low flow rates, RBC aggrega-
tion leads to the formation of a cell-poor layer at the tube wall and
an irregular core of RBCs at the tube center (3, 22, 37, 38, 42),
which yields decreased flow resistance and lower apparent vis-
cosity (3).

Given the geometric complexity of the microcirculation
(36), observations in straight tubes may not be directly appli-
cable to in vivo flow conditions. Frequent branching is char-
acteristic of microvessels, and thus the residence time of blood
in an individual vessel may not be sufficient to allow phase
separation (3, 15). Furthermore, the orientation of individual
microvessels may affect the development of a cell-poor mar-
ginal zone (22), and vascular control mechanisms may addi-
tionally complicate predictions based on in vitro findings (12).
In fact, classical isolated limb and muscle studies by Whittaker
and Winton (47) and later by Djojosugito et al. (23) have
shown that the apparent viscosity of blood in vivo is lower than
that measured in vitro. Factors such as the Fahraeus-Lindqvist
effect (47), inertial energy loses, altered vessel geometry (27),
and phase separation related to RBC aggregation have thus
been suggested to play roles in the differences between in vivo
and in vitro measurements of blood viscosity.

Several microvascular studies aimed at determining the
specific effects of RBC aggregation on in vivo blood flow
resistance have been reported; however, the results are not
always in concordance. Intravital microscopy studies indicate
that intensified RBC aggregation increases microvascular flow
resistance (16, 17, 25, 32, 46). The effects of RBC aggregation
on venous blood flow dynamics have been extensively studied
(15-20), and results indicate that shear forces are low enough
to allow significant aggregation and hence a predicted reduc-
tion in flow resistance. However, the expected reduction of
flow resistance after increasing RBC aggregation by infusing
500-kDa dextran was not observed, which leads to the sugges-
tion that RBC transit times through the nonbranched lengths of
venules are too short to allow development of sufficient axial
migration (15, 17-19). Conversely, using rat mesentery and
cremaster preparations, Drussel et al. (25) indicated that greatly
enhanced RBC aggregation achieved via 500-kDa dextran
infusion markedly increased microvascular flow resistance.
These authors report that a 5-fold increase of aggregate
strength resulted in a 13-fold increase of mesentery resistance
and a 3-fold increase in cremaster resistance. The difference
between the vascular beds was suggested to be due to the
effectiveness of blood flow regulation mechanisms (25).
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Studies of RBC aggregation effects in whole organ prepa-
rations are also not concordant and indicate that enhanced
aggregation decreases, increases, or has no effect on flow
resistance. Using a perfused isolated rat heart and 70-kDa
dextran, Charansonney et al. (21) indicated that mild aggrega-
tion reduced resistance, whereas greatly enhanced aggregation
elevated flow resistance. However, increased RBC aggregation
caused by high-molecular-mass dextrans either increased blood
flow resistance in the liver (39) or had no effect on uteropla-
cental blood flow (44). In a cat muscle preparation, Cabel et al.
(20) observed an inverse relation between venous conductance
and blood flow for normal blood, and this effect was reduced
or absent for either nonaggregating or highly aggregating RBC
suspensions; they thus concluded that RBC aggregation signif-
icantly contributes to venous vascular resistance in resting
muscle and plays an important role in vascular system ho-
meostasis (45). Using an isolated perfused rat hindlimb prep-
aration and viscosity-matched suspending media, Baskurt et al.
(7) observed that flow resistance was lower for aggregating vs.
nonaggregating RBC suspensions.

As noted above, the results of microcirculatory studies do
not agree with the findings of whole organ perfusion studies.
Vicaut (45) mentioned that this controversy could be explained
by the opposite effects of RBC aggregation on blood flow
resistance at two different circulatory levels. The apparent
viscosity reduction discussed above might be counteracted by
the higher energy cost at the entrance of capillaries for disag-
gregation of RBCs in aggregating blood samples. Obviously,
this higher energy cost should be reflected by microcirculation
studies, whereas the whole organ studies should reflect a
balance between the two opposing effects (45). Another expla-
nation for the contradictory findings of microcirculation and
whole organ studies might be the orientation of blood vessels
under investigation. Most microcirculation studies that employ
intravital microscopy technique are performed using tissues
spread on a microscope stage, and blood flow orientation is
usually horizontal. RBC aggregation has been demonstrated to
increase flow resistance in tubes with such an orientation due
to the sedimentation of aggregates (22). However, it has been
suggested that in the intact vascular system, the residence times
of blood in the vascular segments are insufficient for meaning-
ful development of this sedimentation effect (15).

It should be noted that essentially all of the above-mentioned
studies regarding the in vivo effects of RBC aggregation have
utilized either large proteins (e.g., fibrinogen) or high-molec-
ular-mass polymers (e.g., 70- or 500-kDa dextran) infused into
the circulation to enhance aggregation. The present study was
designed to employ polymer-coated RBCs (5) in native plasma
to study the effects of graded alterations of RBC aggregation
on vascular resistance in a guinea pig isolated and perfused
hindlimb preparation.

MATERIALS AND METHODS

Animals. Adult guinea pigs of either sex (400—-500 g body wt) were
used in this study. Blood for perfusion of the hindlimbs of these
animals was obtained from donor animals under light ether anesthesia
by cardiac puncture and was anticoagulated with EDTA (1.5 mg/ml).
The experimental protocol was approved by the Animal Care and
Usage Committee of Akdeniz University and was in accordance with
the Declaration of Helsinki and International Association for the
Study of Pain guidelines.
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Modification of RBC aggregation. RBC aggregation was modified
by employing a novel technique whereby copolymers that possess the
ability to self-associate above a specific temperature are covalently
attached to the RBC surface. These triblock copolymers, which are
commercially known as Pluronics and commonly known as poloxam-
ers, are composed of a central hydrophobic block of polypropylene
glycol (PPG) flanked by two identical hydrophilic polyethylene glycol
chains (40). Pluronics exhibit a critical micellization temperature
(CMT) at which a phase transition occurs from predominantly single,
fully hydrated copolymer chains to micellelike structures that are
characterized by association of the hydrophobic PPG blocks (1, 6, 14).
The CMT decreases with increasing mass of the PPG block, and by
the appropriate selection of a Pluronic, RBC aggregation can be
controllably and predictably enhanced or inhibited following covalent
attachment of the Pluronic to the RBC surface (5). That is, at
temperatures above the CMT, Pluronics attached to the RBC surface
micellize with Pluronics on adjacent RBCs and thereby enhance RBC
aggregation; the strength of the association is dependent on the
temperature and the concentration of Pluronic used during the coating
process. Conversely, below the CMT, Pluronics attached to the RBC
surface inhibit RBC aggregation due to polymer-polymer repul-
sion (5).

Copolymer derivatization. Pluronic copolymers were a gift from
BASF Performance Chemicals (Parsippany, NJ). These poloxamers
contained 80% polyethylene glycol by mass and were designated as
Pluronic F-68 (8.4 kDa) and Pluronic F-98 (13.0 kDa). To facilitate
covalent attachment of the Pluronics to the RBC surface, a reactive
derivative of the copolymers was first prepared. This was achieved
by converting the terminal hydroxyl groups of the copolymer chain
to succinimidyl carbonate (SC) groups as previously described
(13) using a modification of the method described by Miron and
Wilchek (33).

RBC coating. The SC derivatives of Pluronic F-68 (F68-SC) and
Pluronic F-98 (F98-SC) covalently attach to primary amines, princi-
pally lysine residues, on the RBC surface when incubated at an
elevated pH (>7.50) for a short time period (ca. <1 h). Any unreacted
SC derivative hydrolyzes during the incubation period to a nonreac-
tive form that is simply removed during subsequent RBC washing
steps. To achieve graded increases of RBC aggregation, cells were
incubated with various concentrations of the reactive F98-SC. At
37°C, Pluronic F-68-coated RBCs in autologous plasma exhibit ag-
gregation and low-shear viscosity essentially identical to uncoated
RBCs (14), and thus Pluronic F-68 was selected as an appropriate
control for the presence of covalently attached copolymer without
enhanced RBC aggregation.

Blood was centrifuged at 1,400 g for 6 min, and the plasma was
separated and saved. RBCs were washed three times with isotonic
phosphate-buffered saline (PBS, pH 7.4) and resuspended in 30 mM
triethanolamine buffer (290 mosM/kg, pH 8.60) at a Het of ~0.1 /1,
and the suspension was cooled to 4°C. All Pluronic-coating proce-
dures were performed at 4°C (i.e., below the CMT) to obtain even
coating of Pluronic on RBCs and to avoid the formation of cross-
linked aggregates of coated RBCs. Immediately before use, the
Pluronic-SC was dissolved in a 4°C hypotonic phosphate buffer (50
mM NaH,PO, and 60 mM NaCl, pH 5) at a concentration of 10
mg/ml. The Pluronic-SC solution was promptly added to RBCs
suspended in triethanolamine buffer to obtain six final concentrations
between 0.00125 and 0.5 mg/ml, and the suspension was incubated for
2 h at 4°C with continuous gentle mixing on a tube rocker. Coated
RBCs were separated, washed three times with PBS by gentle cen-
trifugation (400 g for 5 min), and then resuspended in plasma at 0.4
1/1 Het.

Microscopic and rheologic studies. Wet mount preparations of
dilute RBC suspensions in plasma were examined and photographed
using bright-field light microscopy. Sedimentation rates were mea-
sured using Westergren sedimentation tubes, and RBC-plasma sus-
pensions were adjusted to a Hct of 0.1 I/l. Owing to blood volume
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demands of the perfusion protocol, these sedimentation rates were
determined with a separate group of samples (n = 4) prepared as
described above.

Isolated hindlimb preparation. Guinea pigs were anesthetized with
urethane (20% solution in isotonic saline, 1 g/kg). The lower abdomen
was opened by a midline incision, and a 24-gauge cannula was
inserted into the left iliac artery and advanced to the femoral artery.
The ipsilateral iliac vein was also catheterized using the same size of
cannula. Visible branches throughout the dissected tract of the femoral
artery and vein (i.e., collateral and cutaneous vessels) were cauterized
to minimize flow through such routes, but the hindlimb was not
surgically isolated from the rest of the body. The left leg was cooled
during the cannulation procedure by externally applied ice. After
cannulation was complete, the animal was euthanized via an overdose
of pentobarbital sodium. Just before we started the perfusion studies,
the lower body of the animal was submerged into a 37°C water bath.

Perfusion of the hindlimb preparation. The arterial cannula was
connected to a pressure servo-control system composed of a roller
pump, a pressure transducer monitoring the inflow pressure, and a
control unit (PS/200/Q, Living Systems Instrumentation). A microfi-
ber array oxygenator (model OX, Living Systems Instrumentation)
was used in the arterial line to oxygenate the perfusion fluids (PBS or
RBC suspensions) with room air. The Po, of the RBC suspensions
used for perfusion was 130 = 17 mmHg. RBC sedimentation prob-
lems in the perfusion system were minimized via a magnetic stirrer in
the suspension reservoir and the use of vertically oriented small-bore
tubing. The arterial perfusion pressure was set to 100 mmHg for all
experiments; venous pressure was also recorded for the perfused limb.
Arterial and venous pressures together with the volumetric flow rate
obtained from the calibrated speed of the roller pump were recorded
on a laboratory computer throughout the experiment. RBC suspen-
sions were either uncoated or Pluronic-coated RBCs in plasma at a
Hct of 0.4 /1.

The protocol for the studies involved perfusing the hindlimb using
the following sequence: /) cell-free PBS for 30 min, 2) 5 ml of
uncoated RBC suspension (control), 3) 10 ml of PBS, 4) 5 ml of
coated RBC suspension, 5) 10 ml of PBS before perfusion with the
next RBC suspension, and 6) repeat of steps 4 and 5 for each test RBC
suspension. Typical washout volumes ranged from 0.5 to 0.8 ml, and
thus pressure and volumetric flow data used for calculation of flow
resistance for PBS and RBC suspensions were obtained during the last
60 s of stable perfusion. For cells coated with Pluronic, the order in
which the six different coating concentrations (0.00125-0.5 mg/ml)
were used was varied between different preparations (i.e., low to high
and high to low). Vascular resistance was calculated from the arterial-
venous pressure difference and the volumetric flow rate. Flow resis-
tance values were corrected for differences in vascular hindrance
between preparations by dividing the calculated values by the flow
resistance obtained during perfusion with cell-free PBS.

Blockage of smooth muscle tone. In one series of experiments, the
PBS used for the initial 30-min perfusion contained 10~* M papaverin
to inhibit smooth muscle tone. This level of papaverin was also added
to the RBC suspensions and the PBS perfused following each RBC
suspension.

Statistics. Data are presented as means = SE. Multiple compari-
sons were done by one-way ANOVA followed by Newman-Keuls
post test or two-way ANOVA followed by a Bonferroni post test.
Statistical significance was accepted at P values <0.05.

RESULTS

Graded alteration of RBC aggregation. Microscopic obser-
vations of dilute wet mounts of cells in plasma indicated that
RBC aggregation was enhanced in a graded manner after
incubation with F98-SC at concentrations between 0.00125
and 0.5 mg/ml (Fig. 1). It should be noted that the degree of
aggregation (i.e., number of RBCs per aggregate) increased
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with F98-SC concentration and that three-dimensional struc-
tures dominate at and above F98-SC levels of 0.05 mg/ml.
RBC aggregation quantified by measuring the sedimentation
rate of dilute suspensions (i.e., 0.1 I/l Hct) was consistent with
the microscopic observations, with the increases of RBC sed-
imentation statistically significant at and above F98-SC levels
of 0.025 mg/ml (Fig. 2). Treatment of RBCs with F68-SC at
concentrations between 0.00125 and 0.5 mg/ml had no effect
on RBC aggregation as judged by both microscopic observa-
tions and sedimentation rates (data not shown).

Flow resistance in hindlimb preparations. Hydraulic resis-
tance as determined during cell-free PBS perfusion of hind-
limbs from seven animals averaged 24.8 *= 5.6 peripheral
resistance units (PRU); this value decreased by 35% (P <
0.05) in six hindlimbs in which smooth muscle tone was
inhibited with papaverin (Fig. 3).

At the 100-mmHg constant perfusion pressure employed for
all studies, average blood flow for uncoated RBCs in seven
hindlimbs with intact local vascular control mechanisms was
559 £ 129 pl/min [coefficient of variation (CV) = 61%].
These blood flow data were characterized by a substantial
variation of individual flow rates ranging between 183 and
1,171 pl/min; the calculated mean blood flow resistance in this
group was 251.3 = 60.5 PRU (Fig. 3). In a separate group of
six hindlimbs perfused with uncoated RBCs, blockage of
vascular smooth muscle tone by papaverin resulted in a 130%
increase of average blood flow rate to 1,279 = 79 pl/min
(CV = 15%) and a lower variation between animals (range,
999-1,456 wl/min). The calculated mean blood flow resistance
in the papaverin-treated group was 83.1 = 5.7 PRU and was
thus significantly lower (P < 0.001) than the group with intact
vascular control (Fig. 3).

Altered flow resistance by increased RBC aggregation. Flow
resistance values measured during perfusion with RBC suspen-
sions treated with various concentrations of F98-SC are pre-
sented in Fig. 4. The values shown are corrected for differences
in vascular hindrance in each hindlimb (i.e., flow resistance
with cell-free PBS) and are expressed as the percentage of the
value determined during perfusion with uncoated RBCs. In the
experiments with intact vascular control mechanisms, flow
resistance decreased slightly for RBCs treated with F98-SC at
a concentration of 0.0125 mg/ml; this concentration also
caused a significant 60% increase in sedimentation rate (see
Fig. 2). With increasing F98-SC levels, flow resistance tended
to increase and then decrease, although none of the alterations
at any F98-SC level were significantly different from uncoated
cells. However, in the papaverin-treated hindlimb preparations,
there was an increment of flow resistance during perfusion with
RBC suspensions treated with 0.0125 mg/ml F98-SC. At 0.025
mg/ml F98-SC, the increase was more profound and signifi-
cantly greater than for uncoated RBCs (see Fig. 4); this F98-SC
concentration resulted in a 97% increase in sedimentation rate
(see Fig. 2). Additional increases in F98-SC concentration to
0.05 and 0.25 mg/ml, which correspond to 136 and 162%
increments of RBC sedimentation rates, resulted in a decrease
in flow resistance almost to uncoated cell values. At the highest
F98-SC concentration (0.5 mg/ml, a 200% increase of sedi-
mentation rate), flow resistance was again significantly in-
creased (see Figs. 2 and 4). Note that in papaverin-treated
hindlimb preparations perfused with F68-SC-treated RBCs, no
significant differences in flow resistance vs. uncoated cells
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0.05 mg/mL

0.25 mg/mL

0.5 mg/mL

Fig. 1. Photomicrographs of red blood cells (RBCs) in plasma for uncoated (control) cells and cells coated with Pluronic F-98 at

concentrations between 0.00125 and 0.5 mg/ml.

were observed at any concentration between 0.00125 and 0.5
mg/ml (Fig. 5).

DISCUSSION

The unique aspect of the present study is the novel method
used to modify the aggregation behavior of RBCs when sus-
pended in anticoagulated but otherwise unaltered and undiluted
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Fig. 2. RBC sedimentation, measured as (millimeter) drop in interface after 30
min for 0.1 /1 hematocrit RBC-plasma suspensions before and after RBCs
were coated with Pluronic F-98 at concentrations of 0.00125-0.5 mg/ml. *P <
0.05; **P < 0.01, differences from uncoated RBC suspensions (i.e., zero
concentration).
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plasma. The method is based on the technique developed by
Armstrong and co-workers in which nonionic Pluronic copol-
ymers that possess the ability to self-associate (micellize) are
covalently attached to the RBC membrane (5). This technique
allows graded changes of aggregation by varying the concen-
tration of the copolymer during the RBC coating process. Note
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Fig. 3. Flow resistance [in peripheral resistance units (PRU)] calculated using
flow rates during perfusion with PBS and with uncoated RBCs in plasma for
hindlimb preparations with intact vascular control mechanisms (control) and
for papaverin-treated preparations. Values are means * SE. *P < 0.05,
difference from corresponding control value.
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Fig. 4. Flow resistance during perfusion with RBC suspensions treated with
SC derivatives of Pluronic F-98 (F98-SC). Results are expressed as the
percentage of flow resistance during perfusion with uncoated cells, and thus a
value of 100 indicates equality with uncoated RBCs. Data are for seven
hindlimb preparations with intact vascular control mechanisms (control) and
for six papaverin-treated preparations. *P < 0.05, difference from flow
resistance measured during perfusion with uncoated cells.

that because F68-coated cells behaved like uncoated cells (Fig.
5), it is possible to exclude rheological artifacts (e.g., decreased
RBC deformability) due to copolymer coating.

In contrast with the present study, almost all previous reports
designed to investigate hemodynamic consequences of RBC
aggregation have employed infusion of high-molecular-weight
macromolecules such as dextrans or starches (7, 17, 20, 25, 32,
39, 44—-46). However, these polymer infusion approaches have
several disadvantages. First, it is not always possible to finely
vary the degree of RBC aggregation, and thus most studies
have employed two levels of aggregation (i.e., “normal” and
“enhanced”) instead of a range of aggregation tendencies.
Second, high-molecular-weight molecules introduced into the
circulation not only modify RBC aggregation but also influ-
ence the chemical and physical properties of plasma (e.g.,
increased viscosity and oncotic pressure). For example, 500-
kDa dextran plasma levels of 0.6 to 1.4 g/dl as used in
perfusion studies (16—19) result in 40—-100% calculated in-
creases of plasma viscosity (43). In turn, elevated medium
viscosity may have significant effects on in vivo hydrodynamic
resistance by altering local shear forces and hence vascular
geometry (36). Furthermore, high-molecular-mass dextrans
have very nonlinear van’t Hoff’s relations, and thus the result-
ing plasma oncotic pressure would be much greater than
predicted simply by polymer concentration. Third, infusion of
any macromolecular solution that is retained in the circulation
dilutes plasma proteins and reduces RBC, white blood cell, and
platelet counts. Finally, appropriate control experiments using
lower-molecular-mass polymers (e.g., 40-kDa dextran) can be
difficult to design and undertake due to differences in plasma
viscosity at comparable polymer concentrations, in polymer
concentration at a constant plasma viscosity, in clearance route,
and in clearance rate over the time course of the experiment.

In addition to overcoming the abovementioned disadvan-
tages, the Pluronic-coating method may permit exploration of
the effects of abnormally elevated “pathological” aggregation
of cells in native plasma. Aggregation at stasis for cells in
normal plasma is characterized by linear arrays of RBCs (i.e.,
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RBC rouleaux) with some degree of side and end branching of
the rouleaux (26, 31, 41); such aggregation is observed for
uncoated guinea pig RBCs and, to a certain extent, for RBCs
treated with the lower concentrations of F98-SC (see Fig. 1).
However, RBC aggregation in pathophysiological states (e.g.,
poorly controlled diabetes, nephrotic syndrome, myocardial
infarction, and severe acute phase reaction) is much more
intense, and the structures consist of somewhat shorter rou-
leaux formed into irregular three-dimensional clumps (31) that
are more difficult to disperse by fluid shear forces (41). Al-
though F98-coated RBCs show nonrouleaux formation at stasis
(see Fig. 1), the aggregation is reversible with increasing shear
(5), and the aggregability is controllable with F98-SC concen-
tration. Intense, reversible aggregation can readily be induced
at elevated F98-SC levels (see Fig. 1), which leads to greatly
elevated low-shear blood viscosity (5) and may facilitate the
development of in vivo models that are relevant to those
conditions associated with greatly abnormal RBC aggregation.
The experimental results presented in Fig. 4 indicate that
alterations of RBC aggregation tendency can influence blood
flow resistance in the isolated hindlimb of guinea pigs. Two
important aspects of these results are that the changes of flow
resistance resulting from altered RBC aggregation intensity are
modulated by local vascular control mechanisms, and the
nature of the alterations in flow resistance does not vary
monotonically with RBC aggregation intensity. With regard to
the resistance results, note that although all visible branches of
the femoral artery and vein (i.e., collateral and cutaneous
vessels) were cauterized, the hindlimb was not surgically
isolated, and thus arterial blood flow could include contribu-
tions from noncauterized vessels. The proportion of this type of
flow was not determined due to technical limitations.
Dealing first with the influence of local vascular control
mechanisms, it is notable that in hindlimbs treated with papav-
erin, enhanced RBC aggregation resulted in significantly in-
creased flow resistance at two levels of aggregation intensity
(i.e., for cells treated with 0.025 and 0.5 mg/ml F98-SC).
Conversely, in control preparations with intact local vascular
control, the lower concentration yielded only a nonsignificant
increase, and no meaningful trend vs. uncoated cells was seen
at the higher level. The local physiological mechanisms (i.e.,
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Fig. 5. Flow resistance during perfusion with RBC suspensions treated with
SC derivatives of Pluronic F-68 (F68-SC). Results are expressed as the
percentage of flow resistance during perfusion with uncoated cells, and thus a
value of 100 indicates equality with uncoated RBCs. Data are for six papav-
erin-treated preparations.
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metabolic and myogenic responses) that regulate vascular ge-
ometry are very effective in maintaining adequate blood flow
in a given vascular bed (12), and the metabolic demand of the
tissue plays an important role. Any acute alteration that affects
the balance between this demand vs. supply provided by the
blood flow is usually compensated for by the alterations of
vascular hindrance (24). Intravascular pressure changes due to
altered perfusate viscosity could also affect vascular hindrance
via the myogenic response, and it has been shown that com-
pensation for alterations of hemorheological properties (e.g.,
increased Hct and decreased RBC deformability) can be
achieved if the tissue has sufficient vasodilatory reserve (10,
12). The differences between the responses of the two types of
preparations (see Fig. 4) thus most likely have their basis in the
degree of vasodilatory reserve available in the control hind-
limbs. Note that the vascular tone in the control group (i.e., the
nonpapaverin-treated group) might be lower than for normal
animals inasmuch as central nervous influences were not
present in the isolated limb preparation. Therefore, the ability
to compensate for hemorheological alterations should be even
greater in normal animals with intact central nervous control of
vascular tone. Conversely, the somewhat elevated Po, value of
the RBC suspensions used for perfusion and the resulting
vasoconstriction could have augmented vasodilatory reserve in
the control group.

Differences in the degree of vasodilatory reserve are also
probably responsible for the variations (i.e., standard error)
observed in the control data. Preparation to preparation differ-
ences of flow resistance for the control hindlimbs were large,
especially at 0.025 and 0.5 mg/ml F98-SC, and were greater
than for the corresponding concentrations in the papaverin
series (see Fig. 4); flow resistance variations were also large
when uncoated cells were used in the intact control prepara-
tions (see Fig. 3). These considerable variations most likely
reflect the wide range of basal vascular tone in the intact
preparations and could thus explain the large variations of flow
resistance with enhanced RBC aggregation (see Fig. 4). That
is, because the degree of vasodilatory reserve strongly depends
on the level of vascular tone (12, 24), an initially high tone
allows a large degree of compensation (i.e., vasodilation) for
hemorheological abnormalities, whereas an initially low tone
would have a smaller vasodilatory reserve available for com-
pensation.

An interesting finding of this study is the nonmonotonic
dependence of flow resistance alterations on RBC aggregation
intensity: increasing intensity resulted in two regions of in-
creased flow resistance separated by a region of essentially
unaltered resistance (see Figs. 1, 2, and 4). Previous reports
have primarily employed infusions of high-molecular-mass
dextrans to alter aggregation with comparisons made between
normal and hyperaggregating conditions (20, 44) or between
nonaggregating and aggregating RBC suspensions (7, 39).
However, Charansonney et al. (21) utilized two plasma con-
centrations of 500-kDa dextran in an isolated perfused rat heart
preparation; rat RBCs in native plasma exhibit essentially no
aggregation (8), and thus comparisons could be made with two
levels of enhanced aggregation. They reported decreased flow
resistance with the lower level of induced aggregation but
increased flow resistance with the higher level (21). Guinea pig
RBCs also exhibit low to moderate aggregation in native
plasma (see Fig. 1), and increased aggregation first resulted in
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a significant increase in blood flow resistance in the papaverin
series (see Fig. 4). Additional increases in aggregation then
resulted in decreased flow resistance followed by another
increase of flow resistance at the highest F98-SC level. Our
results are thus conceptually consistent with the results of
Charansonney et al. (21), although this study revealed three
phases associated with graded increases of aggregation
whereas their study revealed two.

The mechanisms underlying the observed effects of RBC
aggregation on blood flow resistance (see Fig. 4) are most
certainly complex and probably involve interactions between
several theoretical and experimental considerations. In partic-
ular, RBC aggregation may affect in vivo flow resistance via
the following mechanisms: /) RBC aggregation is known to be
the main cause of increased blood viscosity under low-shear
conditions, and this effect is explained by the increased distur-
bance of flow-stream lines with increased particle size (11); 2)
increased aggregation is expected to increase the energy cost
for the breakdown of aggregates as the blood approaches the
microcirculation and thereby increase flow resistance (45); 3)
increased aggregation is expected to increase the axial accu-
mulation of RBCs and thereby increase plasma skimming and
lower tissue Hct (9, 29, 30); the extent of this effect is
dependent on the orientation of the blood vessels vs. gravity
and the shear rates within the vessels (22, 29), however, this
effect might be minimized by the insufficient residence times
in the vasculature (15); 4) increased axial accumulation of
RBCs may result in decreased local viscosity at the marginal
zone of blood vessels and, as has been demonstrated repeatedly
in glass tubes (3, 22, 37, 42), decreased frictional resistance
with the vessel wall; and 5) decreased local viscosity of the
marginal layers in blood vessels might be associated with
decreased pressure gradients and hence lower wall-shear
stresses for some vessels, thereby affecting vascular control
mechanisms that are modulated by shear stress [for example,
we have demonstrated that increased RBC aggregation results
in diminished nitric oxide (NO)-dependent vascular control
and decreased endothelial NO synthase expression (13)]; based
on these considerations, increased RBC aggregation would
result in increased vascular resistance due to inhibition of NO
generation by the endothelium.

As is evident from the preceding paragraph, more than one
process may affect the relations between RBC aggregation and
vascular flow resistance. However, based on the results shown
in Figs. 1, 2, and 4, one possible sequence with increasing RBC
aggregation would involve an initial increase in flow resistance
due to increased aggregate size and disturbed fluid stream lines
followed by a decrease in flow resistance due to RBC axial
accumulation, and then increased flow resistance related to the
additional increment in aggregate size and strength, and, hence,
increased energy costs for dispersion of RBC aggregates. Of
course, other explanations are also possible, and thus a more
detailed analysis of the origins of the complex relations be-
tween aggregation and vascular resistance is warranted.
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Baskurt, Oguz K., Ozlem Yalcin, Sadi Ozdem, Jonathan K.
Armstrong, and Herbert J. Meiselman. Modulation of endothelial
nitric oxide synthase expression by red blood cell aggregation. Am J
Physiol Heart Circ Physiol 286: H222—-H229, 2004. First published
September 25, 2003; 10.1152/ajpheart.00532.2003.—The effects of
enhanced red blood cell (RBC) aggregation on nitric oxide (NO)-
dependent vascular control mechanisms have been investigated in a
rat exchange transfusion model. RBC aggregation for cells in native
plasma was increased via a novel method using RBCs covalently
coated with a 13-kDa poloxamer copolymer (Pluronic F-98); control
experiments used RBCs coated with a nonaggregating 8.4-kDa pol ox-
amer (Pluronic F-68). Rats exchange transfused with aggregating
RBC suspensions demonstrated significantly enhanced RBC aggrega-
tion throughout the 5-day follow-up period, with mean arterial blood
pressure increasing gradualy over this period. Arterial segments
(=300 pm in diameter) were isolated from gracilis muscle on the fifth
day and mounted between two glass micropipettes in a specia
chamber equipped with pressure servo-control system. Dose-depen-
dent dilation by ACh and flow-mediated dilation of arterial segments
pressurized to 30 mmHg and preconstricted to 45-55% of the original
diameter by phenylephrine were significantly blunted in rats with
enhanced RBC aggregation. Both responses were totally abolished by
nonspecific NO synthase (NOS) inhibitor (N“-nitro-L-arginine methyl
ester) treatment of arterial segments, indicating that the responses
were NO related. Additionally, expression of endothelial NOS protein
was found to be decreased in muscle samples obtained from rats
exchanged with aggregating cell suspensions. These resultsimply that
enhanced RBC aggregation results in suppressed expression of NO
synthesizing mechanisms, thereby leading to altered vasomotor tonus;
the mechanisms involved most likely relate to decreased wall shear
stresses due to decreased blood flow and/or increased axial accumu-
lation of RBCs.

flow-mediated dilation; poloxamer coating

NniTrRic oxIDE (NO) plays a key role in the control of circu-
latory function (21), and the importance of NO in the
regulation of vascular smooth muscle tone and the mainte-
nance of vascular resistance has been well established (13,
38, 44). In addition, several other physiological functions
(e.g., apoptosis) have been attributed to this simple mole-
cule (9, 25). Endothelial cells are the source of NO that
modulates vascular resistance; NO diffuses to the underly-
ing vascular smooth muscle where it activates guanylate
cyclase to increase cGMP, thus resulting in smooth muscle
relaxation (26) and decreased vascular resistance.

Endothelial NO is synthesized by the endothelial isoform of
NO synthase (eNOS) using L-arginine as substrate (31). While
eNOS is continuously expressed at a basal level in endothelial
cells, its activation is dependent on Ca?*/calmodulin complex
levels, and thus NO generation by endothelial cells is depen-
dent on intracellular calcium concentration (41). It has been
shown that this calcium-dependent regulation of NO synthesis
in endothelial cells is closely related to the hemodynamic
conditions to which they are exposed (39): mechanical forces
acting on endothelial cells trigger calcium entry and activate
eNOS (54). Mechanical forces acting on endothelial cells can
also activate eNOS by phosphorylation through cal cium-inde-
pendent mechanisms (15, 29, 54). Additionally, eNOS expres-
sion in endothelial cells can be modulated by the magnitude of
the mechanical forces to which they are exposed (46, 53, 58).

Mechanical forces acting on endothelial cellsin vivo are due
to blood flow over these cells (i.e., tangential forces) and can
be quantitated as wall shear stress: the magnitude of the wall
shear stress is determined by the product of the fluid velocity
profile adjacent to the vessel wall (i.e., wall shear rate) and the
apparent viscosity of the fluid in this marginal area (33, 42). It
has been demonstrated in anumber of studiesthat alterationsin
hemodynamic conditions and wall shear stress may affect
NO-synthesizing mechanisms in the vascular endothelium.
Cardiac failure induced by coronary artery ligation, and hence
decreased blood flow rates, leads to significantly diminished
eNOS expression in skeletal muscle samples (55). This ater-
ation can be reversed by regular exercise, indicating the im-
portance of blood flow rate in maintaining physiological eNOS
expression levels (55). These observations are supported by
studies demonstrating enhanced eNOS expression in various
regions of the circulatory system by regular exercise (24, 28,
30) and by increased blood flow due to arteriovenous shunts
(23, 39).

The above-mentioned definition of wall shear stress suggests
a significant role for the physica (i.e., rheological) properties
of the blood in close contact with the vessel wall (33, 42). It is
well known that the composition of blood across the diameter
of a blood vessel is not uniform (20). Rather, red blood cells
(RBCs) tend to migrate toward the axis, resulting in a plasma-
rich, cell-poor marginal layer with relatively lower viscosity
(16, 20). The extent of RBC axia migration is strongly affected
by their tendency for aggregation, such that an enhanced
tendency for RBC aggregation promotes axial migration (16)
and, under the appropriate conditions, decreases flow resis-
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tance (6, 16, 47). Soutani et a. (50) clearly demonstrated the
existence of this cell-poor layer and the influence of RBC
aggregation on its thickness in an in vivo study using rabbit
mesentery. They suggested that the widening of the cell-poor
layer tends to reduce the flow resistance in the microvascular
network (50). However, it should be noted that the effects of
RBC aggregation on flow dynamics are highly complex and are
modulated by a number of factors such as the orientation of
blood vessels versus gravity (20) and transit times (i.e., flow
times) through a given vessel segment (11).

The present study was designed to test the hypothesis that
enhanced RBC aggregation would yield diminished eNOS
expression as a result of decreased wall shear stress due to
decreased blood flow rates and/or more effective RBC axial
migration. In contrast with previous reports that employed the
addition of high-molecular-weight water-soluble polymer so-
lutions to circulating blood (e.g., Refs. 6, 11, 19, 35, and 48),
enhanced RBC aggregation was achieved in the present study
by covalent attachment of a 13-kDa poloxamer (Pluronic F-98)
to the RBC surface (3). This technique alows controllable
augmentation of RBC aggregation without diluting plasma
proteins and does not involve chemical or viscosity changes of
the plasma. Attachment of a 8.4-kDa poloxamer (Pluronic
F-68) to the RBC does not alter aggregation for cellsin plasma,
thereby allowing control experiments that are closely matched
to the group with enhanced aggregation.

MATERIALS AND METHODS

Animals

Adult rats of either sex weighing 250-300 g were used in the
present study and were randomly assigned to each arm of the ex-
change transfusion protocol (see Modification of RBC Aggregation) or
served as blood donors. Blood from donor animals was obtained from
their abdominal aorta under light ether anesthesia, anticoagul ated with
EDTA (1.5 mg/ml), and used for preparing polymer-coated RBC
suspensions. The experimental protocol was approved by the Animal
Care and Usage Committee of Akdeniz University and was in accor-
dance with the Declaration of Helsinki and International Association
for the Study of Pain guidelines.

Madification of RBC Aggregation

Enhanced RBC aggregation was achieved by employing a novel
technique whereby copolymers that possess the ability to self-associ-
ate above a specific temperature are covalently attached to the RBC
surface. These copolymers, known as poloxamers, are triblock mac-
romolecules composed of a central hydrophobic block of polypro-
pylene glycol (PPG) flanked by two identical hydrophilic polyethyl-
ene glycol (PEG) chains (49). Poloxamers exhibit a critical micelliza-
tion temperature (CMT) at which a phase transition occurs from
predominantly single, fully hydrated copolymer chains to micelle-like
structures characterized by association of the hydrophobic PPG blocks
(2,5, 8). The CMT decreases with increasing mass of the PPG block,
and, by proper selection of the poloxamer (8), RBC aggregation can
be controllably and predictably enhanced or inhibited after covalent
attachment to the RBC surface (3). That is, at temperatures above the
CMT, poloxamers attached to the RBC surface micellize with polox-
amers on adjacent RBCs, thereby enhancing RBC aggregation-the
strength of the association being dependent on the poloxamer type,
concentration, and temperature (3). Conversely, below the CMT,
poloxamers attached to the RBC surface inhibit RBC aggregation due
to polymer-polymer repulsion.

Derivatization of poloxamers. Pluronic copolymers were a gift
from BASF Performance Chemicals (Parsippany, NJ). These polox-
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amers contained 80% PEG by mass and had the following designa-
tions and molecular weights: Pluronic F-68, 8.4 kDa; and Pluronic
F-98, 13.0 kDa. To facilitate covalent attachment of the poloxamers to
the RBC surface, a reactive derivative of the copolymers was first
prepared. This was achieved by converting the terminal hydroxyl
groups of the copolymer chain to succinimidyl carbonate groups using
amodification of the method described by Miron and Wilchek (36). In
brief, 1 mmol of poloxamer was dissolved in 100 ml of dioxane
(warmed slightly to aid dissolution) and then cooled to room temper-
ature; the clear solution was stirred using a magnetic stirrer and
purged with nitrogen. A threefold molar excess (6 mmol) of N,N'-
disuccinimidyl carbonate was then slurried in 10 ml of dry acetone
and added to the solution. 4-(Dimethylamino)pyridine (6 mmol) was
dissolved in 20 ml of dry acetone and added slowly to the reaction
mixture, and the reaction was allowed to proceed for 24 h at room
temperature under nitrogen. The reaction mixture was filtered to
remove any solid precipitate, and the filtrate was poured slowly under
high shear into 300 ml of diethyl ether to precipitate the derivatized
poloxamer and remove the 4-(dimethylamino)pyridine. The precipi-
tate was filtered and washed with 200 ml of diethyl ether, resuspended
in 200 ml of isopropanol, filtered, and washed with 100 ml of
isopropanol to remove any unreacted N,N’-disuccinimidyl carbonate.
The precipitate was then resuspended in 200 ml of cyclolhexane,
filtered, and washed with 100 ml of cyclohexane. Finaly, the polox-
amer succinimidyl carbonate derivatives (Pluronic F-68-SC and Plu-
ronic F-98-SC) were dried under a stream of dry nitrogen for 12 h.

RBC coating. To achieve an even coating of poloxamer, and to
avoid the formation of cross-linked aggregates of coated RBC, all
pol oxamer-coating procedures were performed at 4°C (i.e., below the
poloxamer CMT). Blood was centrifuged at 1,400 g for 6 min, and the
plasma was separated and saved. RBCs were washed three times with
isotonic PBS (pH 7.4) and resuspended in 30 mM triethanolamine
buffer (290 mosm/kg, pH 8.60) at a hematocrit of ~0.1 I/I, and the
suspension was cooled to 4°C. Immediately before use, the reactive
poloxamer to be used for coating of RBCs (either Pluronic F-68-SC or
Pluronic F-98-SC) was dissolved in a4°C hypotonic phosphate buffer
(50 mM NaH.PO, and 60 mM NaCl; pH 5) at a concentration of 10
mg/ml. The poloxamer solution was then promptly added to the RBCs
suspended in triethanolamine buffer to obtain afinal concentration of
0.25 mg/ml, and the suspension was incubated for 2 h at 4°C with
continuous gentle mixing on a tube rocker. Coated RBCs were
separated, washed three times with PBS by gentle centrifugation (400
g, 5 min), and then resuspended in their autologous plasma at 0.4 |/1
hematocrit. The viscosity of the RBC suspensions at 37°C over a
range of shear rates (0.1-94.5 s~ 1) was measured using a Contraves
LS-30 Couette viscometer (Contraves; Zurich, Switzerland).

Exchange Transfusions and Follow-up Procedures

Rats were anesthetized by xylazine-ketamine solution (10 mg/ml
xylazine plus 50 mg/ml ketamine), 0.1 ml per 100 g body wt, and the
left carotid artery and left jugular vein were catheterized using
20-gauge cannulas. Approximately 30% of total blood volume of each
rat was exchanged with a poloxamer-coated RBC suspension by
infusing the suspension slowly (0.28 mi/min) into the cannulated
jugular vein using an infusion pump (model 975, Harvard Instru-
ments; Holliston, MA) and withdrawing the same amount of blood
from the carotid artery. Both the carotid artery and jugular vein were
tied off at the end of the exchange transfusion procedure, and the
surgical incision was closed by 3-0 silk sutures.

Blood pressure after the exchange transfusion was measured daily
over a 4-day follow-up period using a tail-cuff method (BP HR200
Module plus MP100 system, Biopac Systems; Goleta, CA). Addition-
ally, blood samples were obtained from tail tips of the rats every day
during this period and used for microscopic examinations. Wet mount
preparations of dilute RBC suspensions were examined and photo-
graphed using bright-field light microscopy. These photographs were
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used to assess RBC aggregation via the microscopic aggregation
index (MALI) technique (45). In the MAI method, the total number of
RBCsin afield is divided by the number of RBC units (i.e., sum of
the number of individual RBC and aggregates) in the same field; the
MAI has a value of unity in the absence of aggregation and increases
with enhanced RBC aggregation (45).

In a separate series of experiments, 2 mg of reactive Pluronic F-68
or F-98in 0.1 ml isotonic saline were infused into the tail vein of rats
(n = 4 for each poloxamer) daily over a 4-day period. Arteria blood
pressure and RBC aggregation were monitored during this period
using the methods described above to test the effect of free polymers
on these parameters. These experiments were repeated using inacti-
vated polymers (i.e., polymers incubated overnight at pH 8 at room
temperature) for daily injections.

In Vitro Vascular Sudies

On the fourth day after the exchange transfusion, rats were anes-
thetized by urethane (1 g/kg, 20% in isotonic saline).The gracilis
muscle from the left leg of the animal was excised and transferred to
adissecting dish containing oxygenated Krebs solution, and an arterial
segment of ~300 wm in diameter was isolated from the muscle under
a dissection microscope. The arterial segment was transferred to a
vessel chamber (CH/1, Living Systems; Burlington, VT), mounted
between two glass micropipettes, and superfused with oxygenated
Krebs solution [containing (in mmol/l) 119 NaCl, 24 NaHCOs, 4.7
KCl, 1.18 KH,PO,4, 1.17 MgSO,4-7H,0, 1.6 CaCl,, and 5.5 glucose]
at 37°C. The micropipettes were connected to a pressure servo-control
system composed of two roller pumps, two pressure transducers that
monitored the inflow and outflow pressures, and a control unit
(PS/200/Q, Living Systems), and the vessel segment was perfused
from a separate source of the oxygenated Krebs solution described
above. The servo-control system allowed us to set the flow rate
through the arterial segment from 0 to 370 pl/min. The arteria
segment preparation was placed on an inverted microscope (TS100,
Nikon) equipped with a charge-coupled device camera (XC73CE
Sony). The camera was connected to a video dimension-analysis
system (model V94, Living Systems), which alowed continuous
recording of the vessel diameter; intraluminal and perfusion pressures,
fluid flow rate through the arterial segment, and the vessel diameter
were continuously recorded via a digital computer.

Before being studied, the length of the arterial segment was
adjusted to itsin vivo length and the arterial segment was equilibrated
at 30-mmHg intraluminal pressure and zero flow rate for 30 min. The
following three types of studies were carried out: ACh dilation,
flow-mediated dilation (FMD), and FMD plus N®-nitro-L-arginine
methyl ester (L-NAME).

Acetylcholine dilation. At the end of the equilibration period, the
segment was constricted to 45-55% of its original diameter by adding
107 7-10"° M phenylephrine to the superfusion solution. When the
phenylephrine-induced contraction reached the desired 45-55% pla-
teau level, increasing concentrations of ACh (10~8-10"° M) were
added to the superfusion solution and the vessel diameter at each
concentration was recorded.

Flow-mediated dilation. The arterial segment was washed with
oxygenated Krebs solution and again constricted by phenylephrine to
45-55% of the basal diameter. FMD was assessed at a series of fluid
flow rates between 8 and 35 pl/min while the intraluminal pressure
was kept constant at 30 mmHg by the pressure servo-control system.
Each flow rate was maintained for 2 min to obtain a steady vessel
diameter.

Flow-mediated dilation with L-NAME. The arterial segment was
washed again, and 102 M L-NAME was added to the vessel chamber.
The procedure to assess FMD (i.e., phenylephrine to achieve 45-55%
constriction, 8-35 wl/min flow rate) was repeated after 30 min of
incubation with L-NAME.

ERYTHROCYTE AGGREGATION AND ENOS EXPRESSION

Determination of eNOS Expression

Samples obtained from gracilis muscles were used to determine
eNOS expression by Western blotting techniques; muscle samples
from normal rats that did not receive exchange transfusions were
also analyzed together with the samples from the Pluronic F-68 and
F-98 groups. Tissue samples weighing ~300 mg were homoge-
nized in 200 wl of 10% Triton X-100-HEPES buffer. The protein
content of the homogenate was determined by Bradford reagent,
and samples containing 100 pg protein were loaded onto 10%
polyacrylamide gels; SDS-PAGE was carried out using a potential
difference of 120 V. The proteins were transferred to polyvinyli-
dene difluoride (PVDF) membranes by incubating them in Tris-
glycine-methanol buffer at 4°C overnight. The membranes were
blocked in 1% fat-free milk powder solution prepared in 0.1%
Tween 20 containing phosphate buffer (pH 7.4) for 2 h at room
temperature. The membranes were then incubated in the presence
of eNOS primer antibody (sc654, Santa Cruz Biotechnology; Santa
Cruz, CA) at a dilution of 1/2,000 for 1 h at room temperature,
followed by 1 h of washing in Tween 20-phosphate buffer to
remove nonspecific binding. The membrane was then exposed to
horseradish peroxidase (HRP)-conjugated secondary antibody
(anti-rabbit 1gG-HRP, sc-2030, Santa Cruz Biotechnology) at a
dilution of 1/200 for 1 h at room temperature. After being washed
for 1 h, the membrane was treated by ECL detection reagent
(RPN2106, Amersham Biosciences; Buckinghamshire, UK) and
exposed to ECL-sensitive films. PVDF membranes were also used
for the determination GAPDH expression, as the loading standard,
as described above using GAPDH primer antibody (ab8245, Ab-
cam; Cambridge, UK). The intensities of the bands were quantified
by densitometric analysis using a gel scanner (Cobrascan CX 312
T, Radiographic Digital Imaging; Torrance, CA), with the results
expressed as the ratio of densities of eNOS-specific bands to
GAPDH bands.

Satistics

The results obtained from the Pluronic F-68 and F-98 groups
were compared by Student’s t-test where appropriate. Multiple
comparisons were done by one-way ANOVA, followed by the
Newman-Keuls post hoc test or two-way ANOVA, followed by the
Bonferroni post hoc test. ECso values (i.e., concentrations that
caused 50% of maximal responses) were calculated by linear
regression using statistical analysis software (GraphPad Software;
San Diego, CA). Statistical significance was accepted at P values
of <0.05.

RESULTS
RBC Aggregation

Examination of dilute RBC suspensions in autologous
plasmaindicated significantly enhanced RBC aggregation in
the group that underwent exchange transfusions with Plu-
ronic F-98-coated RBC suspensions. Typical examples for
both Pluronic F-68 and F-98 groups are presented in Fig. 1,
where it can be seen that multicell aggregates and RBC
clumping exist in blood from the Pluronic F-98 animals,
whereas RBC aggregation is negligible in the Pluronic F-68
group. It should be noted that due to strong associations
between PPG blocks on the surfaces of adjacent Pluronic
F-98-coated RBCs, the appearance of RBC aggregates in the
Pluronic F-98 group was not similar to the regular linear
rouleaux and the branched arrays of linear aggregates ob-
served in normal human blood under physiological condi-
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tions (45). Rather, the RBC aggregation observed in Plu-
ronic F-98-infused animals is characterized by stronger
associations between individual RBCs as indicated by
greater forces needed to break the mostly irregular clumps
(i.e., RBC aggregates are more resistant to dispersion due to
movement of the coverslip over the microscope slide) as
previously demonstrated in vitro using low shear viscometry
(3). However, this clumping was clearly reversible when
sufficiently large shearing forces were applied to the sus-
pension between the microscope slide and coverslip. The
observed degree of clumping was reduced in the days after
exchange transfusions in the Pluronic F-98 group (Fig. 1).

MAIs calculated using microphotographs of blood samples
taken daily after the exchange transfusions are shown in Fig. 2.
RBC aggregation was found to be ~3.5 times higher immedi-
ately after exchange transfusions with Pluronic F-98-coated
RBC suspensions compared with either samples obtained be-
fore exchange transfusion or to samples from animals receiving
Pluronic F-68-coated RBCs. RBC aggregation in the Pluronic
F-98 group decreased gradually over the 4-day period after the
exchange transfusions, yet the aggregation index was still 2.4
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Fig. 2. Microscopic aggregation indexes (MAIls) of RBCs suspended in
autologous plasma for the Pluronic F-68 and F-98 groups. Values are
means = SE; n = 8 rats/group. * Significant difference from the Pluronic
F-68 group by two-way ANOVA, P < 0.001; tsignificant difference from
before exchange by one-way ANOVA, P < 0.001.

times higher than preexchange or Pluronic F-68 values. Ag-
gregation indexes did not change significantly at any time point
after exchange transfusions with Pluronic F-68-coated RBC
suspensions (Fig. 2).

Blood viscosity measurements of poloxamer-coated RBCs
suspended in autologous plasma were performed at 37°C.
Pluronic F-98-coated RBCs showed a 4.9-fold increase and
Pluronic F-68-coated RBCs showed a 0.3-fold decrease in low
shear blood viscosity (shear rate = 0.1 s™2) relative to control
uncoated RBCs. No significant difference in high shear (94.5
s 1) viscosity was observed.

Blood Pressure

Mean arterial pressure values measured using a tail-cuff
method are presented in Fig. 3, where it can be seen that
there was no alteration in arterial pressure in the Pluronic
F-68 group during the days after the exchange transfusions.
Conversely, in the group that received exchange transfu-
sions with Pluronic F-98-coated RBC suspensions, there
was a gradual increase in mean arterial pressure. Signifi-
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Fig. 3. Mean arterial blood pressure (MAP) of rats after exchange trans-
fusions with Pluronic F-68 or F-98-coated RBC suspensions. Values are
means = SE; n = 8 rats/group. * Significant difference from the Pluronic
F-68 group by two-way ANOVA, P < 0.01; fsignficant difference from
day 1 by one-way ANOVA, P < 0.001.
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cantly higher values were recorded in this group on and after
the second day after exchange transfusions: mean arterial
pressure was significantly higher than both the baseline
values (i.e., the value before the exchange transfusion) and
those for the Pluronic F-68 group (Fig. 3).

Effects of Free Poloxamers on Arterial Blood Pressure and
RBC Aggregation

Daily injections of 2 mg of reactive Pluronic F-68 or F-98in
0.1 ml of isotonic saline over a 4-day period did not lead to an
increase of arterial blood pressure (data not shown). Strong
RBC aggregation was observed in peripheral blood samples
within 15 min of injection of reactive poloxamers, with return
to normal aggregation by 4 h. Infusion of inactivated polox-
amers according to the same protocol did not affect either RBC
aggregation or arterial blood pressure.

ACh-Mediated Dilation

ACh-induced dilations of arterial segments pressurized to 30
mmHg at zero flow and preconstricted to 45-55% of the
original diameter are shown in Fig. 4 for the Pluronic F-68 and
F-98 groups. The shape of the ACh concentration-dilation
curve obtained in the Pluronic F-68 group was similar to that
obtained using the arterial segments obtained from normal
animals that had not received exchange transfusions (data not
shown). However, there was a rightward shift of the concen-
tration-response curve in the Pluronic F-98 group versus the
Pluronic F-68 group such that the concentration-response curve
of the Pluronic F-98 group indicated a significantly blunted
response (Fig. 4) with the dilation a 107 M ACh being
significantly lower (72.1 = 7.5 for Pluronic F-68 vs. 46.5 =
9.5 for Pluronic F-98). Accordingly, the ECso value for ACh
was found to be 2.07 X 10~7 M in the Pluronic F-68 group,
whereas in the Pluronic F-98 group the ECsp value was ~17
times higher (3.48 X 1078 M).

Flow-Mediated Dilation

Responses of pressurized and preconstricted arterial seg-
ments to aterationsin fluid flow rate through the segments are
presented in Fig. 5. FMD at flow rates of 8 and 17 wl/min were
significantly greater in the Pluronic F-68 group compared with
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Fig. 4. Percent dilation induced by 108104 M ACh in ~300-um-diameter
arterial segments preconstricted to 45-55% of the original diameter with
phenylephrine. Values are means = SE; n = 8 segments/group. * Significant
difference from the Pluronic F-68 group by two-way ANOVA, P < 0.05.
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Fig. 5. Flow-mediated dilation (FMD; in %) induced by flow rates between 8
and 35 pl/min in ~300-pm-diameter arterial segments preconstricted to
40-50% of the original diameter with phenylephrine. Values are means + SE;
n = 8 segments/group. * Significant difference from the Pluronic F-68 group
by two-way ANOVA, P < 0.05.

the Pluronic F-98 group. FMD reached its maximum at 17
pl/min in the Pluronic F-68 group, whereas in the Pluronic
F-98 group the maximum response to flow was observed at 26
pl/min (Fig. 4). The flow rate-dilation curve in the Pluronic
F-68 group was similar to that obtained using arterial segments
isolated from normal, nonoperated rats (data not shown). Prior
L-NAME incubation of the arterial segments for 30 min abol-
ished the FMD responses in both groups.

eNOS Expression

Western blotting results revealed that eNOS expression was
markedly reduced in the Pluronic F-98 group 4 days after the
exchange transfusion (Fig. 6): the ratio of eNOS band density
to GAPDH band density was 3.2 times higher in the Pluronic
F-68 group compared with the Pluronic F-98 group. There was
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Fig. 6. Expression of endothelia nitric oxide synthase (eNOS) protein. A:
typical pattern of Western blot results. B: eNOS-to-GAPDH ratio for control
(nonoperated) animals and Pluronic F-68 and F-98 groups. Results are pre-
sented as means = SE. * Significant difference from the Pluronic F-68 group,
P < 0.001.
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no significant difference between the values of the Pluronic
F-68 group and nonoperated control animals that did not
receive exchange transfusions.

DISCUSSION

With the use of arat exchange transfusion protocol involv-
ing RBCs coated with a proaggregating poloxamer (i.e., Plu-
ronic F-98), the results of the present study demonstrate that 1)
increased RBC aggregation leads to a gradua increment of
arterial blood pressure; and 2) the increment of blood pressure
is accompanied by impaired NO-mediated vasodilatory re-
sponses together with a diminished expression of eNOS in
vessels of skeletal muscle. Control experiments using RBCs
coated with a nonaggregating poloxamer (i.e., Pluronic F-68)
indicated no changes of arteria blood pressure or eNOS
expression. The relationship between NO synthesis and blood
pressure iswell known: interventions to suppress NO synthesis
by endothelial cells have been used as hypertension models
(12, 58), and increased arterial pressure is known to alter
NO-related vascular control mechanisms (40). The relationship
between RBC aggregation and arterial blood pressure is aso
well known, at least from clinical observations (1, 32). It is
thus suggested that the present study provides some insight to
these complex relationships that are based on different types of
observations.

Arterial blood pressureisdirectly proportional to the product
of cardiac output and peripheral vascular resistance, with
peripheral vascular resistance determined by vascular geome-
try, primarily blood vessel diameter, and the rheological prop-
erties of blood (14). RBC aggregation is one of the main
determinants of blood's rheological behavior, with increased
aggregation resulting in elevated blood viscosity at low to
medium rates of shear (7). Thus, based on in vitro viscometric
data, enhanced RBC aggregation would increase blood viscos-
ity and flow resistance in large blood vessels. RBC aggregates
should be dispersed (i.e., disaggregated) as they approach the
microcirculation, where the size of blood vessels approaches
that of individual RBCs; the energy cost of such disaggregation
would increase if the aggregation tendency of RBC is enhanced
(56). Therefore, increased hemodynamic resistance might be
expected to be coincident with the stepwise increase of RBC
aggregation resulting from the exchange transfusion with Plu-
ronic F-98-coated RBCs. enhanced RBC aggregation would
thus be the direct cause of the observed increase of arteria
blood pressure (Fig. 3). Given such a mechanism, arterial
blood pressure should have reached a maximum immediately
after the rapid increase of RBC aggregation and then gradually
returned toward control as RBC aggregation tended to decrease
(Fig. 2). However, our experimental data do not support this
prediction: mean arterial blood pressure rose gradually over the
4-day follow-up period, whereas RBC aggregation decreased
~30% (Figs. 2 and 3).

The lack of a close tempora linkage between increases of
RBC aggregation and arterial blood pressure suggests the need
to consider other mechanisms. For example, it could be sug-
gested that the gradual increase of arterial blood pressure might
be independent of RBC aggregation and rather related to
delayed release of poloxamer from the RBC surface. If true,
then an infused poloxamer should be expected to have an effect
on arterial blood pressure. However, a separate series of studies
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in rats indicated that daily injections of reactive Pluronic F-68
or F-98 over a 4-day period did not lead to an increase of
arterial blood pressure, athough strong RBC aggregation was
observed in periphera blood samples during the first 4 h after
infusions. This short-term increase in RBC aggregation can be
explained by covalent attachment of poloxamers to plasma
proteins and cross-linking of plasma proteins by the reactive
poloxamer (both Pluronic F-68 and F-98), thereby inducing
strong aggregation by markedly increasing the effective mac-
romolecular size of plasma proteins. Note, however, that these
short-term increases of aggregation had no meaningful effects
on arterial pressure. Furthermore, in the event that the polox-
amers did detach from the RBC surface in vivo, these “free”
copolymers would be inactive and would not covalently attach
to plasma proteins. Inactivated poloxamers were shown to be
ineffective on both RBC aggregation and arterial blood pres-
sure. These observations thus exclude the possibility of an
effect of poloxamers (Pluronic F-68 and F-98) on blood pres-
sure that is independent of long-term enhancement of RBC
aggregation.

Although the in vitro viscometric data suggest increased
vascular resistance to blood flow due to increased RBC aggre-
gation, the effects of RBC aggregation on blood flow in vivo
are controversial. Dispersion of strongly aggregated RBC at
the microvascular level requires additional energy, yet widen-
ing of the cell-poor marginal layer near the vessel wall due to
aggregation tends to decrease in vivo flow resistance (52).
Therefore, the net effect of increased RBC aggregation at a
given time point would reflect the interplay between these two
opposite influences. Furthermore, it is now well established
that the flow conditions in the vascular system (i.e., fluid shear
stress) also affect vascular geometry, thereby modulating the
vascular component of flow resistance. The possible effects of
enhanced RBC aggregation on NO-related vascular control
most likely relate to altered blood flow and blood composition
near vessel walls. Given increased RBC aggregation and hence
increased hemodynamic resistance, blood flow in the periph-
eral circulation would be diminished. It has been previously
demonstrated that blood flow and wall shear stress in the
vascular system are important determinants of NO synthesis by
endothelial cells (15, 39, 46, 53, 59), with decreased blood flow
shown to suppress eNOS expression and FMD responses in
small arteries (55). Enhanced RBC aggregation would also
tend to promote axial accumulation of RBC in blood vessels,
resulting in aless-viscous, plasma-rich region near vessel walls
(16). Diminished wall shear stress resulting from this nonuni-
form radial composition of blood should be expected to influ-
ence the NO-related mechanisms in blood vessels (16, 20, 33).
Note that these two suggestions (i.e., decreased blood flow and
a less-viscous region near vessel walls) are not mutually
exclusive and most likely are synergistic in decreasing me-
chanical forces acting on endothelial cells (10, 11, 59).

Regardiess of the specific mechanism(s) responsible for
reduced fluid forces at vessel walls, such reductions should
result in shifted vasomotor balance and increased peripheral
resistance due to diminished NO generation by endothelial
cells. Altered wall shear stress may affect NO synthesis by
constitutive NOS existing in endothelia cells, and the molec-
ular mechanisms of eNOS activation by mechanical shear
stress acting on endothelial cells have been the subject of
several studies (15, 29, 52). It has also been demonstrated that
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wall shear stress modulates the expression of eNOS protein
(17, 18, 53). However, the time scales for these two effects of
shear stress differ. That is, while the modulation of existing
eNOS activity follows rapidly after hemodynamic alterations,
alteration of eNOS protein expression is known to occur over
alonger span of time (23, 46). For example, while NO-related
mechanisms in skeletal muscle are known to play a significant
role in vascular adjustments during exercise (27, 34), regular
physical exercise requires several weeks to induce increments
in eNOS expression (24, 28, 30). It thus seems likely that the
gradual increase of arterial blood pressure seen in the present
study (Fig. 3) reflects the gradual downregulation of eNOS
protein expression due to decreased shear forces on endothelial
cells. This suggestion is supported by the suppressed NO-
mediated dilation (both ACh and flow induced) responses
(Figs. 4 and 5) and the markedly decreased eNOS expression in
skeletal muscle samples on the day when arterial pressure was
significantly higher than the control group (Fig. 6).

It should be noted that the vascular endothelium might not
be the only source of eNOS in the muscle tissue samples used
herein for Western blot analysis. It has been demonstrated that
eNOS is expressed by rat skeletal muscle cells and is most
probably localized to mitochondria (51). Although the level of
eNOS expression in skeletal muscle cells was reported to be
low (51), the relative contribution of eNOS from endothelial
cells to the total eNOS determined in this study is somewhat
uncertain. Unfortunately, it was technically impossible to iso-
late enough resistance blood vessel tissue from rat skeletal
muscles and total total muscle tissue samples were employed.
However, it seems highly unlikely that the skeletal muscle cell
eNOS expression would be modified by the altered hemody-
namic conditions: the existing literature clearly indicates a
vascular origin for altered eNOS expression due to atered
hemodynamics (30, 37, 55). Furthermore, decreased eNOS
expression in the Pluronic F-98 group was associated by
blunted eNOS-mediated vasomotor responses (Figs. 4 and 5) in
resistance vessels isolated from the same muscles. Accord-
ingly, altered eNOS protein content in the skeletal muscle
tissue samples were accepted as a strong evidence for the effect
of altered shear stresses on endothelial eNOS expression.

The poloxamer-coating method used herein to enhance RBC
aggregation in vivo is unique in that it does not involve the
addition of foreign polymers to circulating blood: RBCs are
suspended in unatered native plasma. In previous studies
designed to assess the hemodynamic effects of RBC aggrega-
tion, high-mass-weight polymers such as 500-kDa dextran
have been used to increase RBC aggregation (6, 11, 19, 35,
48). The use of these large polymers has been proven to be
effective for modifying RBC aggregation, yet has potential
disadvantages. 1) plasma or suspending phase viscosity is
increased [e.g., for 500-kDa dextran, 1.5 g/dl yields a 80%
increase of suspending medium viscosity (43)] and hence the
fluid viscosity near the vascular wall is modified; 2) plasma
proteins are diluted via the added polymer solution; 3) in some
experimental animals (e.g., the rat), dextran and similar poly-
mers can lead to anaphylactic-type reactions and thus induce a
pathophysiological state (10); 4) the elevated colloid osmotic
pressure caused by macromolecules in solution could alter
intra- versus extravascular fluid volumes; and 5) due to me-
tabolism/excretion, polymer concentration decreases with the
time after infusion (22), thus precluding long-term temporal
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studies of RBC aggregation effects. The latter point is also
somewhat relevant to the coated cells used herein, although it
is notable that the degree of aggregation for Pluronic F-98-
coated cells decreased by <30% over the 4-day period after
exchange transfusion (Figs. 1 and 2). The poloxamers used
herein are not toxic at the concentrations that the experimental
animals were exposed to but can be nephrotoxic at very high
concentrations (57). The use of poloxamer-coated RBCs (3, 4)
thus appears to represent an improved approach for investigat-
ing the in vivo effects of RBC aggregation.
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Abstract. Blood rheology is a well-known determinant of tissue perfusion and, according to the Poiseuille relation, hemo-
dynamic resistance in a constant-geometry vascular network is directly proportional to blood viscosity. However, this direct
relationship cannot be observed in all in vivo studies. Further, there are several reports indicating marked differences between
the in vivo and ex vivo flow properties of blood. These differences can be explained, in large part, by considering special
hemorheological mechanisms (e.g., Fahraeus—Lindqvist effect, axial migration) that are of importance in the microcirculation.
Additionally, the influence of altered rheological properties of blood and its components on vascular control mechanisms re-
quires consideration: (1) There is an indirect relation between blood rheology and microvascular tone that is mediated by tissue
oxygenation, with a compensatory vasodilation occurring if tissue perfusion is impaired due to hemorheological deterioration;
(2) Blood rheology may influence vascular tone through alterations of wall shear stress, which in turn determines endothe-
lial generation of vasoactive substances (e.g., nitric oxide). This latter point is of particular relevance to the field of clinical
hemorheology, since enhanced red blood cell aggregation has been shown to affect nitric oxide synthesis and thus control of
vascular smooth muscle tone. Such multiple pathways by which hemorheological changes can aftect vascular resistance help
to explain the continuing difficulty of predicting correlations between in vivo and ex vivo hemorheological behavior; they also
suggest the need for continued experimental studies in this area.

Keywords: Vascular resistance, viscosity, red blood cell, rheology

1. Introduction

The resistance to flow of simple fluids through rigid cylindrical tubes is known to be determined
by geometrical and rheological factors, with the Poiseuille equation indicating that flow resistance is
inversely proportional to the fourth power of radius and directly proportional to the length of the tube and
the viscosity of the fluid. Although not always strictly correct, the Poiseuille equation has generally been
applied to blood flow in vessels. Since the radius appears as the fourth power, vessel size was considered
to be the most important determinant of flow resistance, with the other factors almost totally ignored.
The major influence of cellular pathology theory on medical practice furthered this position: vascular
geometry became the only important factor, with the diagnosis and understanding of most diseases based
on the microscopic examination of dead and fixed tissue samples [4]. It is thus understandable why a
functional parameter, such as the fluidity of blood, was previously not recognized as an important factor
in medical practice but rather was considered to be no more than another “constant” in the Poiseuille
equation.
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In the first half of the twentieth century, the work of Robin Fahraeus established a bridge between
the very long medical tradition of humoral pathology and modern hemorheological concepts [18,27].
In addition to his pioneering work on the suspension stability of blood [23], he was the first to observe
the uneven distribution of blood flow in the cross-section of blood vessels [22], and thus made one of the
first in vivo hemorheology studies. The results of his studies played a very important role in the establish-
ment of modern hemorheological concepts, and lead to hemorheological parameters being measured in
a vast number of pathophysiological conditions [16,33,44]. Cardiovascular diseases, diabetes, and sep-
sis are among the disease processes with well-established hemorheological profiles [16,33]; significant
hemorheological alterations have also been reported in extreme physiological states such as exhaustive
exercise [51]. In addition to clinical studies, there are reports indicating hemorheological changes in
animal models of pathologic states (e.g., [3,7,38,49]).

2. The importance of hemorheological alterations

While there now exists a very large collection of clinical and experimental studies reporting “sta-
tistically significant” alterations of hemorheological parameters in a wide variety of conditions, the
importance of these alterations from a pathophysiological point of view has not yet been fully ex-
plored. Hemorheological alterations might have two distinct implications: (1) Hemorheological parame-
ters might be altered due to pathophysiological processes, since it is well known that hemorheological
parameters are sensitive to body homeostasis. For example, maintenance of normal red blood cell de-
formability depends on intact metabolic pathways [36], the proper microenvironment and “good cellular
neighbors”. Activated white blood cells have been demonstrated to induce impaired deformability in
neighboring red cells [5]; (2) Altered hemorheology may play a role in the development of pathophysi-
ological processes. A classic example of this type of relationship is sickle cell disease in which clinical
signs and symptoms can be related to abnormal RBC rigidity. There are also genetic models of hyper-
tension with red cell abnormalities [10,39], and it is possible that such alterations may play a role in the
elevation of blood pressure by affecting peripheral vascular resistance [32].

The two abovementioned approaches to hemorheology-disease relationships may reflect a vicious
cycle or, perhaps more correctly, a “chicken versus egg” dilemma. However, the two aspects of the cy-
cle are not equally well established. That is, while there is a close relationship between homeostasis
and hemorheology, and it is well known that general or local homeostasis can affect hemorheological
factors, the role of hemorheology in maintaining homeostasis is not equally well defined. One fac-
tor contributing to this inequality are experimental studies indicating that the fluidity of blood in vivo
might be quite different than that predicted based on measurements made outside of the vascular sys-
tem.

3. Behavior of blood in vivo

Probably the most well-known study of the in vivo rheological behavior of blood is the Whittaker and
Winton paper of 1933 [50]. In this publication they reported that the apparent viscosity of blood in vivo
was lower than that measured via viscometry in vitro [50]; several other publications have reported simi-
lar results [6,14,20]. Such findings thus suggest difficulties in predicting the exact degree of alteration of
tissue perfusion due to a given degree of hemorheological abnormality: flow resistance in vivo is more
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complex than predicted based solely on ex vivo rheological data. Note that the apparent discrepancy be-
tween in vitro and in vivo results [50] can be explained, in part, using the concepts developed by Robin
Fahraeus [27]: axial migration of deformable red blood cells during flow and its consequences such as
the Fahraeus effect (i.e., reduced hematocrit at the microvascular level) may explain the lower apparent
viscosity in vivo [17,40,43].

4. The role of vasomotor control in determining blood flow resistance

In addition to factors related to the rheological behavior of blood, factors related to blood vessels
should also be considered when attempting to explain the difference between in vivo and ex vivo flow
resistance. That is, blood vessel geometry and orientation are important determinants of the effects of
hemorheological alterations on flow resistance [1,11,17,41,43,46]. Additionally, the role of vasomotion
should also be considered, since vasomotion alters vessel radius and hence has a direct influence on
vascular hindrance. Therefore vascular hindrance should be considered as a variable when exploring
pressure—flow relationships of the vascular system, and not merely as an important but constant deter-
minant of flow resistance.

Vascular hindrance is primarily affected by vessel radius, and hence is regulated by factors that affect
vascular smooth muscle tone. While a variety of factors play role in this regulation, the most important
is the metabolic demands of the perfused tissues [21,45]. Additionally, mechanical forces acting on the
endothelium also influence smooth muscle tone and vascular hindrance [13,15].

4.1. Metabolic autoregulation

In general, autoregulation refers to the intrinsic ability of a vascular bed or organ to maintain blood
flow at control levels in spite of changes of perfusion pressure; a logical extension of this definition would
include challenges due to altered hemorheological factors. Autoregulation due to metabolic factors is
a very effective mechanism for maintaining blood flow: a decrement in blood flow to a given tissue
and related hypoxia can be normalized by decreased vascular hindrance even if the main cause of the
blood flow decrement still continues to exist. The key element for this regulation is decreased tissue
oxygen partial pressure due to insufficient blood flow [21,24,45], with the decrease being the result of
decreased arterial pressure or decreased blood fluidity; the latter challenge can be considered to be a
hemorheological “extra load”.

The role of vasomotion in determining flow resistance alterations induced by a hemorheological extra-
load can be demonstrated experimentally. In a yet unpublished study, an isolated-perfused rat hind-limb
preparation was used to investigate the role of vasomotor control in the response to hemorheological
changes. The left femoral artery and femoral vein of rats were cannulated and the isolated hind limb
preparation perfused using a pressure servo-control system (Fig. 1): hydrostatic pressure was moni-
tored at the entrance of the arterial catheter and the speed of the roller pump (i.e., flow rate) adjusted
to maintain arterial pressure at the set point (i.e., 100 mmHg), with flow resistance calculated based
upon the measured pressure and flow rate. RBC-autologous plasma suspensions, at 0.4 1/1 hematocrit,
were prepared using either normal or chemically-rigidified rat red blood cells. The deformability of rat
red cells was reduced, in a graded fashion, by incubating them with glutaraldehyde at concentrations
between 0.0005-0.002%. At these low concentrations the decrease of deformability was subtle: RBC
deformability measured at a low shear stress (1.58 Pa) was decreased by only about 16% at the highest
glutaraldehyde concentration (Fig. 2A).
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Fig. 1. Schematic representation of the experimental set up for determining blood flow resistance in isolated-perfused rat hind
limb. P1 and P2 are pressure transducers, and P-Servo is the pressure servo controller device that maintains the pressure at P1
at 100 mmHg by automatically adjusting the flow rate generated by the roller pump (RP-2). Normal or glutaraldehyde treated
rat RBC suspensions in autologous plasma were used for perfusion.

A B
0.30 A300_ —a—Control *
§ - After papaverin
= 0.28 D 225+
< g
® 0.26-
< = 150
o 0.24 g’
£ 75-
0.22- (&)
0.20 I T I T 0 | I T
0.0000 0.0005 0.0010 0.0015 0.0020 0.0000 0.0005 0.0010 0.0015 0.0020
GA concentration (%) GA concentration (%)

Fig. 2. Effect of glutaraldehyde concentration on RBC elongation index (i.e., deformability) as measured by ektacytometry at
a shear stress of 1.58 Pa (panel A); Increase of blood flow resistance, relative to control (i.e., normal, untreated RBC), during
perfusion with 0.4 1/1 hematocrit glutaraldehyde-treated RBC suspensions (panel B). Data are mean =+ standard deviation; n = 4
in both groups. *: Difference from control, p < 0.001.

In hind limb preparations with intact vasomotor control, infusions of red cell suspensions of decreas-
ing deformability resulted in gradual increments of flow resistance (Fig. 2B). The increment in flow
resistance during perfusion with the suspension of RBC treated with the highest glutaraldehyde con-
centration was about 78 percent. When vascular smooth muscle tone was inhibited by adding 10~* M
papaverin to the RBC suspensions being used, seminal observations included: (1) the absolute values
of flow resistance markedly decreased (data not shown); (2) the change in flow resistance due to al-
tered RBC deformability was significantly greater compared to preparations with intact vascular control
mechanisms (Fig. 2B).
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The experiment results shown in Fig. 2 clearly demonstrate the importance of vasodilatory reserve
that can be used to compensate for alteration in tissue perfusion due to abnormal rheological behavior
of blood (i.e., due to red cell deformability impairment in the example presented above). Nature also
does such “experiments” by changing the geometry of blood vessels by pathological processes and
thereby exhausting the vasodilatory reserve. In this case, any alteration that causes a decrease in blood
flow (e.g., blood viscosity increment) cannot be compensated in the affected vascular network, whereas
compensation can occur in vascular networks with sufficient autoregulatory reserve.

In another experiment series designed to demonstrate the importance of autoregulatory reserve in
compensating for a hemorheological extra load, dogs were prepared by cannulating major blood vessels
and the coronary sinus, and an electromagnetic flow probe was placed on the left coronary artery [8].
The dogs were then randomly assigned to one of two groups and a critical stenosis was applied to the left
coronary artery of one group. The critical stenosis was applied using an adjustable mechanical occluder
positioned proximally to the flow probe: (1) the artery was first constricted in small steps until a drop in
coronary flow rate was just detected by the flow probe; (2) the occluder was than opened one step in order
to achieve the flow rate that existed just before the flow rate reduction occurred — at this point the degree
of narrowing of the artery varied between animals but was always greater than 70 percent constriction.
The hematocrit of the dogs was increased about 50 percent by isovolemic exchange transfusion of packed
dog red cells, resulting in about 100% increment in blood viscosity. Arterial and right atrial pressures
and coronary artery blood flow were recorded before and after the hematocrit change.

As shown in Fig. 3, coronary artery resistance only slightly and non-significantly increased after the
hematocrit was increased in the group with normal left coronary arteries (Fig. 3, left portion). However,
in animals with stenosed left coronary arteries, flow resistance was significantly elevated after the same
increase of hematocrit (Fig. 3, right portion). Additionally, erythrocyte deformability measured in blood
samples obtained from coronary sinus (i.e., the blood returning from the coronary microvasculature) was
more impaired if the left coronary arteries were critically stenosed (Fig. 4). Thus, changes of both flow
resistance and RBC deformability in response to a hemorheological over load depend critically on the
degree to which the coronary arteries are geometrically challenged [8].
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Coronary artery resistance (mmHg.min/ml)

Normal Stenosed

Fig. 3. Coronary artery resistance of dogs with normal or stenosed left coronary arteries before and after a 50% increment of
hematocrit. Data are mean =+ standard error; n = 10 for each group; *: Difterence from the value obtained before the exchange
transfusion, p < 0.05. (Redrawn from [8].)
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Fig. 4. RBC deformability indexes measured in blood samples obtained from the coronary sinus of dogs with normal or stenosed
left coronary arteries before and after a 50% increment of hematocrit. Data are mean = standard error; n = 10 for each group;
*: Difference from value obtained before the exchange transfusion, p < 0.05. (Redrawn from [8].)

4.2. The effect of shear forces on vascular control mechanisms

Vascular tone is not only controlled by local metabolic factors, but also by specific vasoactive sub-
stances [12,42], with the most notable of these being nitric oxide [28]. Nitric oxide (NO) is a simple
molecule that is synthesized in endothelial cells and diffuses to underlying smooth muscle cells where it
activates guanylate cyclase [19,28,42]; the resulting increment in cyclic GMP results in smooth muscle
relaxation [19,28]. NO is synthesized by NO synthases (NOS) using L-arginine as the substrate [31].
Endothelial NOS, which plays a major role in the regulation of vascular tone, is control by a vari-
ety of factors including hypoxia and shear stress [31]. These factors not only determine the activity of
the existing enzyme, but also affect the expression of eNOS protein in endothelial cells [26,31]. Me-
chanical forces acting on endothelial cells are known to be an important determinant of the cell’s NO
output [25,47], with tangential wall shear stress affecting the NO synthesis mechanisms of endothe-
lial cells [34,37]. Wall shear stress is, in turn, determined by the fluid velocity near the vessel wall
and the viscosity of the fluid in this region [34,37]. Note that decreased wall shear stress down reg-
ulates NO output and may result in increased smooth muscle tone and hence increased vascular hin-
drance [48].

There are several experimental studies confirming the role of fluid velocity (i.e., local fluid shear
forces) in determining NO output from vascular endothelium and hence flow-induced vasodilation me-
diated by NO (e.g., [29,30,35,48]). Using a rat chronic heart failure model induced by left coronary
artery ligation, Varin et al. [48] indicate that flow-induced dilation in gracilis muscle arteries in response
to various levels of fluid flow was totally abolished in vessels from rats with chronic heart failure; this
response is well known to be mediated by NO. Varin et al. also demonstrated that NOS expression
in skeletal muscle was suppressed in chronic heart failure. Interestingly, both the lack of flow-induced
dilation and the suppression of NOS in rats with chronic heart failure could be prevented by a swim-
ming exercise protocol that intermittently increased cardiac output and blood flow in skeletal muscle
vessels [48].
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A recent paper by Miyauchi et al. [35] also presents evidence supporting the effects of fluid forces on
endothelial NO activity. In their study, rats were subjected to heavy exercise for 45 minutes, following
which NOS activity was determined in the lungs and kidneys of these animals. Note that lung represents
an organ with increased blood flow during exercise, while kidney represents the opposite (i.e., an organ
with reduced blood flow during exercise). Their results indicated that compared to non-exercising ani-
mals, rats subjected to exercise had increased total NOS activity in their lungs but decreased total NOS
activity in their kidneys, with the changes related to constitutive NOS activity [35]. The two examples
cited above [35,48] thus clearly show that if wall shear stress is altered due to altered blood flow then
NO synthesizing mechanisms are affected.

In addition to the blood flow rate near the vessel wall, the viscosity of the fluid in this region also
affects wall shear stress [34,37]. It is well known that the composition, and hence the fluidity, of blood
flowing in a cylindrical blood vessel is not uniform throughout the cross-section [17,27]. Rather, the
distribution of RBC is not uniform and is influenced by axial migration [17]; increased RBC aggregation
results in enhanced axial accumulation of red cells [11,22]. In turn, the enhanced accumulation of red
cells in the central flow zone leaves a lower hematocrit, less viscous fluid in the marginal zone near
the vessel wall [17]. Thus it can be expected that enhanced red cell aggregation may reduce wall shear
stress and result in down-regulation of NO synthesis mechanisms and a resulting increase of vascular
resistance.

The abovementioned hypothesis regarding the effects of RBC aggregation was tested in an experi-
mental study performed on rats in which RBC aggregation was chronically enhanced by isovolumic
exchange transfusions of poloxamer-coated red blood cell suspensions [9]. Poloxamer-coated red cells
were suspended in autologous plasma at 0.4 I/l hematocrit and exchange transfused to rats to achieve
a 30 percent exchange of the total blood volume. Note that in this approach, poloxamer copolymers
are covalently attached to the RBC surface, and by appropriate selection of the poloxamer’s molecular
weight, RBC aggregation in autologous plasma can be significantly enhanced [2]. Conversely, use of a
lower molecular weight poloxamer results in unaltered aggregation and thus provides a suitable control
for the strongly aggregating suspensions.

In rats exchange transfused with RBC coated with a poloxamer known to enhance aggregation (F98),
the extent of aggregation was found to be increased about 4-fold immediately after the exchange transfu-
sion and to decrease gradually over a 4 day follow-up period [9]. Conversely, aggregation was not altered
at any time point in rats exchanged with cells coated with the lower molecular weight poloxamer (F68).
Mean arterial blood pressure, measured daily during the follow-up period using a non-invasive method,
was found to increase gradually only in the group with enhanced aggregation. Moreover, NO-dependent
relaxation responses of resistance artery segments obtained from the gracilis muscle of animals with
enhanced RBC aggregation were found to be altered. Figure 5 demonstrates these findings and presents
the flow-induced dilation response that is known to be NO mediated: in the group with enhanced red
cell aggregation, the maximum dilation response was observed at a higher flow rate and the percentage
of maximum dilation was only 50 percent of the control group. These data, supported by results indicat-
ing suppressed acetylcholine-induced dilation responses [9], suggest that NO related mechanisms were
significantly depressed in the rats with enhanced red cell aggregation; this suggestion was confirmed by
data indicating decreased eNOS expression in tissue samples obtained from gracilis muscle [9]. Such
studies thus indicate that enhanced red cell aggregation may down-regulate NO-related vascular con-
trol mechanism yielding increased vascular resistance and altered blood pressure; thereby suggesting
another means by which hemorheological parameters can influence vasomotor control.
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Fig. 5. Flow mediated dilation (FMD) in resistance arteries isolated from the gracilis muscles of rats exchanged with polox-
amer-coated RBC. Cells coated with poloxamer F98 exhibit greatly enhanced aggregation while those coated with poloxamer
F68 exhibit aggregation unaltered from control. Photographic insets indicate extent of RBC aggregation in blood samples from
exchanged animals. Data are mean = standard error; n = 8 for each group. (Redrawn from [9].)

5. Conclusion

The rheological behavior of blood is not merely a factor that, when combined with vascular hindrance
(i.e., vessel geometry), determines hemodynamic resistance. Rather, hemorheological properties can also
determine the magnitude of vascular hindrance via processes leading to altered vessel geometry. The
effects of rheologic changes are probably mediated by a variety of vascular control mechanisms, and
most likely include such phenomena as metabolic autoregulation and shear stress induced NO synthesis
by vascular endothelium. Such multiple pathways by which hemorheological changes can affect vascular
resistance may thus explain, in part, the continuing difficulty of predicting correlations between in vivo
and ex vivo hemorheological behavior; they also suggest the need for continued experimental studies in
this area.
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Abstract. Nitric oxide (NO) plays a major role in vascular regulation. Modulation of NO synthesis is known to
influence blood pressure. Inhibition of NO synthesis by NG-nitro-L-arginine methyl ester (L-NAME; 72 mg/kg/day,
p.o., 21 days) resulted in 60% increase in blood pressure in rats. Red blood cell (RBC) transit time measured by the
cell transit analyzer increased significantly in the L-NAME treated group, in comparison to normotensive rats. RBC
aggregation measured in autologous plasma, by a photometric rheoscope also increased significantly in the
hypertensive rats. RBC cytosolic free calcium concentration was aso significantly higher in the hypertensive
animals. Incubation of RBC from hypertensive and control animals with NO donor, sodium nitroprussid (SNP; 10-
1000 uM) for 60 minutes resulted in a dose-dependant decrease in RBC aggregation, however aggregation index
was significantly higher in hypertensive group at each SNP concentration. Incubation with SNP had no effect on
RBC deformability in the control group, while a slight decrease in RBC transit time was observed only at 10 uM
SNP in the hypertensive group. There results imply that NO may play a role in the regulation of rheological
properties of RBC and the alterations in these properties may at least in part be involved in the development of L-
NAME induced hypertension.

Key Words: Hypertension; erythrocyte aggregation; erythrocyte deformability; nitric oxide; L-NAME

1. Introduction

Hypertension is a pathophysiological condition with well-documented consequences related
to many organ systems and tissues [18]. Blood tissue also seems to be affected in hypertensive
individuals;, hematocrit, plasma composition, coagulation system, platelet functions and white
blood cells were reported to be influenced as well as red blood cells (RBC) [1,26]. Altered
cholesterol/phospholipid ratio, transmembrane ion transport, mean cell volume and mechanical
properties of RBC were reported in hypertension [1]. If hypertension is considered as a
generalized vascular disease, these RBC alterations can be accepted as being secondary to the
circulatory disorders, especialy at the microcirculatory level [30,31]. Alternatively, altered RBC
properties may play role in the development of hypertension [20], determining the fluidity of
blood together with hematocrit value and plasma composition [12].
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Decreased RBC deformability and increased RBC aggregation are reported hemorheological
aterations in patients with various clinical manifestations of hypertension [1]. Additionaly,
studies on spontaneous hypertension of rats revealed abnormalities in RBC structure and
physiology, including alterations in cation homeostasis and mechanical properties [8,11,19,23].
There is considerable evidence that supports the existence of genetically determined alterations
in these mechanisms and at least part of these alterations does not seem to be the result of non-
specific effects of hypertension. Mchedlishvili et al. proposed that aterations in RBC mechanical
properties lead to increased blood pressure and such changes (e.g., increased RBC aggregation)
may play rolein the increased peripheral vascular resistance [21,22].

Chronic inhibition of nitric oxide (NO) synthesis is a relatively new method to induce
experimental hypertension [35]. Chronic administration of N-omega-nitro-L-arginine methyl
ester (L-NAME), which is an oraly active inhibitor of NO synthesis, induces persistent
hypertension and renal damage [35]. The inhibition of NO synthesis results in diminished tonic
vasodilatation that leads to increased peripheral resistance. The roles of renin-angiotensin
system, calcium metabolism, salt retention and arachidonic acid derivatives in the development
of L-NAME induced hypertension were also discussed [35].

Korbut and Gryglewski reported that NO generated by polymorphonuclear leukocytes or NO-
donating agents (e.g., Sodium nitroprussid, SIN-1) preserves or enhances RBC deformability
within a certain concentration range [16], although the mechanism of this beneficial effect on
RBC mechanics is not known. Therefore, inhibition of NO-synthesis might be expected to have
deleterious effects on RBC deformability. Such an alteration may contribute to the elevation of
blood pressure by increasing peripheral vascular resistance [22].

This study aimed at investigating the RBC mechanical alterations in rats with chronic NO-
synthesis inhibition by oral administration of L-NAME. In vitro experiments with a NO donor
(i.e., sodium nitroprussid) had aso been performed to obtain more direct evidence on the effects
of NO on RBC mechanical propertiesin control and hypertensive rats.

2. Materials and methods
2.1. L-NAME hypertension model

Ten weeks old, male albino rats were used in the experiments. Rats were randomly divided
into two to form Control and hypertensive (HT) groups. Standard rat chow and tap water was
provided ad libitum. To induce hypertension in the HT group, L-NAME was added to drinking
water at a concentration of 600 mg/l, and each rat received 72 mg/kg/day L-NAME on average,
for 21 days. Control animals were kept under the same conditions, but L-NAME was not added
to their drinking water. Blood pressure of these animals was monitored using a tail cuff blood
pressure measuring system (Harvard Apparatus Ltd, Edenbridge, Kent, England).

2.2. Blood samples and measurements

Blood samples were obtained from the abdominal aorta of the rats, under light ether
anesthesia and anticoagulated with Sodium Heparin (15 U/ml). These samples were used for the
measurements of RBC aggregation, deformability, cytosolic free calcium and lipid peroxidation.
Blood samples from a group of animals were used in in vitro experiments, as described below.
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2.3. Incubation of RBC with sodium nitroprussid (SNP)

The effect of NO production in vitro was tested by incubating RBC with SNP at varying
concentrations. RBC were washed with isotonic phosphate-buffered saline (PBS; pH: 7.4) twice
and suspended in the same buffer at a hematocrit of 0.4 1/l. The suspension was divided into five
aliquots and SNP was added to each aliquot to obtain the concentrations of 0, 10, 100, 300 and
1000 uM. The suspensions were incubated at room temperature for 60 min. The RBC were then
separated by centrifugation, washed two timesin PBS and resuspended in autologous plasma at a
hematocrit of 0.4 1/1, to be used in RBC aggregation and deformability measurements as well as
the determination of lipid peroxidation. Blood samples from both control and L-NAME
hypertension groups were used for in vitro experiments.

2.4. Determination of aggregation parameters

RBC aggregation was assessed using a custom-built photometric aggregometer interfaced to a
digital computer [6]. The shearing portion of the system consists of two parallel glass plates with
agap of 300 um between them; a stepper motor, controlled by the computer, rotates one of these
plates. An infrared light emitting diode and a phototransistor, combined with an amplifier and an
A/D converter, were used to record light transmission-time data. The blood sample under study
is placed between the glass plates, and is first sheared at 500 sec™ for 10 sec to disperse RBC
aggregates. After a sudden stop of motor, the infrared light transmission through the blood
sample is monitored for 10 sec and recorded by the computer. The computer then calculates the
area under the light transmission curve and reports a dimensionless index which reflects the
extent of aggregation. Measurements were done in triplicate for each sample and the mean of
these three measurements were used as the result. M easurements were done at room temperature
(20£2 °C).

2.5. RBC deformability measurements

RBC deformability was estimated by measuring transit times through pores with 5 pm
diameter and 15 um length using a cell transit analyzer (CTA) [2]. CTA consists of an oligopore
filter with 30 cylindrical pores, mounted between two reservoirs and an AC conductimeter. The
conductimeter operates at 100 KHz and measures the electrical resistance between the electrodes
placed in each reservoir. By adjusting the level of fluid in the reservoirs, a pressure gradient is
created which forces the dilute RBC suspension (0.04% in PBS) in one of the reservoirs, to flow
through the oligopore filter. The passage of a RBC through one of the 30 pores results in a
resistance change between two reservoirs. A resistive pulse is generated at the output of the
conductimeter circuit, which carries the information about the passage of that RBC through a 5
pm pore. This signal is then digitized and passed on a digital computer for analysis. Computer
determines the width of each valid pulse that corresponds to the transit time (TT) of a RBC
through a pore. Transit times of 1000 RBC for each specimen were determined and mean of
them used to represent the deformability of that RBC population. The pressure gradient used in
this study was 3 cmH,0. All measurements were conducted at room temperature (20+2 °C).

2.6. Cytosolic calcium deter minations

Cytosolic calcium was determined in intact RBC using the method modified from David-
Dufilho et al. [14]. RBCs were separated using a density gradient (Histopaque-1071, Sigma
Chemical Company, St. Louis, MO, USA) to eliminate contaminating WBC. After two washing
steps with isotonic PBS, RBC suspension of 0.1% was prepared in isotonic PBS. RBC
suspension was incubated at 37 °C, in the presence of Fura-2AM (Sigma Chemical Company, St.
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Louis, MO, USA), at a concentration of 10 nM, for 25 min. The suspension was then centrifuged
at 350 g for 5 min. to eliminate extracellular Fura-2AM and RBC were resuspended with PBS to
give a suspension of 10° cells per ml. The fluorescence spectrum was measured at an excitation
range of 335-385 nm, with an emission wavelength of 510 nm using a spectrofluorophotometer
(Shimadzu RF-5000, Tokyo, Japan). The ratio between the fluorescence intensities of Fura 2-
Ca®* complex and the unchelated Fura 2 (F335/F385) reflects the cytosolic calcium
concentrations [10].

2.7. Measurement of thiobarbituric acid reactive substances (TBARS)

TBARS, as an indicator of lipid peroxidation were determined spectrophotometrically
according to Stocks and Dormandy [29].

2.8. Satistics

Results are expressed as mean + SE. Statistical comparisons between groups were done by
"Student’s t test" for two groups and "Repeated Measures ANOVA" followed by "Newman-
Keuls post test" and p values <0.05 were accepted as statistically significant.

3. Results
3.1. L-NAME hypertension and RBC mechanical properties

L-NAME treatment resulted in a progressive increment in blood pressure (Figure-1). Systolic
blood pressure of the rats that received L-NAME was 110 £+ 10 mmHg at the start of the
experiment, and increased to 176 £ 20 mmHg after three weeks of L-NAME treatment. Blood
pressure in the control group was not significantly different from the starting value of the HT
group and no significant ateration was observed throughout the experimental period. RBC
aggregation was found to be significantly increased (p<0.05) in the hypertensive (HT) group in
comparison with the control group (Figure 2). RBC TT was aso significantly higher, indicating
a decreased deformability in the HT group (p<0.05) (Figure 3). RBC cytosolic free calcium
levels measured in a group of hypertensive animals were more then two times higher then the
control value (p<0.05) (Figure 4) while RBC TBARS levels were not significantly different in
control and HT groups (data not shown).
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Fig. 1. Time course of systolic blood pressure in L-NAME treated group (n=12)
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Fig. 2. RBC aggregation indexes (M) in the Control and L-NAME treated (HT) groups (n=12 in both groups; *:
Difference from Control; p<0.05)
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Fig. 3. RBC transit time (TT) in the Control and L-NAME treated (HT) groups (n=12 in both groups; *: Difference
from Control; p<0.05)
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Figure 4: Cytosolic calcium levels of RBC in the Control and L-NAME treated (HT) groups (n=5 in both groups; *:
Difference from Control; p<0.05)

3.2. Effects of NP on RBC mechanical properties

SNP inhibited RBC aggregation in a dose dependent manner in the blood samples obtained
from both Control and HT groups (Figure 5). However, at each concentration of SNP, the
aggregation index of HT RBC remained higher than the control RBC (Figure 5). SNP had no
effect on RBC deformability in the control samples, but a significant decrement in TT was
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Fig. 5. Effect of SNP on RBC aggregation indexes (M) in the Control and L-NAME treated (HT) groups (n=10 in
both groups; *: Difference from "0"; p<0.05)
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Fig. 6. Effect of SNP on RBC transit time (TT) in the Control and L-NAME treated (HT) groups (n=10 in both
groups, *: Difference from"0"; p<0.05)

observed at 10 mM SNP concentration in the HT samples (p<0.05) (Figure 6). At higher
concentrations the TT were not significantly altered. There was no significant ateration in
TBARS levels at any concentration of SNP (data not shown).

4. Discussion

Chronic inhibition of NO synthesis by orally administered L-NAME is a well-documented
model of hypertension and discussed in detail elsewhere [35]. In this study, the mean arterial
blood pressure of the rats received L-NAME in their drinking water increased significantly
starting in the first week and reached to 176 mmHg in three weeks. Both RBC aggregation and
deformability were also found to be atered significantly in hypertensive animals in comparison
with the normotensive, control animals. RBC mechanical properties (i.e., deformability and
aggregation) were previously demonstrated to be altered in clinica hypertension [1] and in
spontaneous hypertension of rats [19] and this study confirmed the existence of similar
aterationsin L-NAME induced hypertension.

Mechanical properties of RBC are dependent on the proper metabolic conditions and a normal
homeostasis in their microenvironment [12,27]. This is especially true for the microcirculatory
area and RBC can be affected while passing through this area if the microcirculatory function is
impaired. Increased blood pressure for prolonged periods may seriously affect the microvascular
function [33]. Released metabolites from damaged cells/tissues, altered pH, increased free
radical generation and inflammatory reaction due to tissue damage may affect RBC properties
[1]. Oxidative stress directly in the microvasculature of hypertensive rats has been clearly
demonstrated [30,31]. It has been demonstrated that the number and activity of leukocytes were
increased in hypertensive rats [25,26]. The enhanced leukocyte activity might also contribute to
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tissue damage, especially the damage of oxidant nature. Activated leukocytes affect both
deformability and aggregability of neighboring RBC [4].

Both of the above mentioned mechanisms of RBC damage in hypertension are not specific to
the underlying cause of hypertension, but related to the non-specific tissue damage/inflammation
caused by increased blood pressure. Besides these two possible mechanisms in which the effects
on RBC are mediated by oxygen free radicals it had been proposed that inhibition of NO
synthesis may also result in increased oxidant stress in microvasculature [30]. This suggestion is
based on the observation of increased microvascular oxidant stress assessed by hydroethidine
microfluorography after L-NAME superfusion on mesenteric arterioles and venules of
normotensive rats[30].

The observed alterations of RBC deformability in hypertensive rats in this study can well be
explained by oxidant damage. It has been previously shown by in vitro studies that oxygen free
radicals alter RBC deformability possibly by affecting the membrane properties [3,7,32].
Oxygen free radicals may also affect RBC aggregability, possibly by atering their surface
properties [7]. The effect of oxygen free radicals on RBC aggregability might be biphasic,
depending on the magnitude of oxidant stress; at lower levels of oxidants the result is enhanced
aggregability, while at higher levels the aggregation might be inhibited [5]. TBARS levels of
RBC in L-NAME treated rats were not different from control animals. TBARS measurements
are widely used as a measure of oxidant damage in RBC. However it has been previousy
observed that TBARS levels may not be altered in RBC under oxidant stress, depending on the
experimental conditions, although other indicators of oxidant damage was present [3,7].

Altered RBC mechanical properties may also be the consequence of increased cytosolic free
calcium concentration [15]. A significant increment in RBC cytosolic free calcium was observed
in L-NAME treated animals. Increased RBC cytosolic free calcium concentrations were
previously reported in hypertension and can be explained by atered permeability of the
membrane and/or altered cation pump activities [9,11,23,24]. These aterations in calcium
metabolism might be the consequence of aterations in the microenvironment of RBC that are
discussed above. Alternatively, NO may play role in the regulation of cytosolic calcium
concentration [13] and calcium homeostasis might be altered if its synthesis is inhibited.

Korbut and Gryglewski proposed that NO has a modulator effect on RBC deformability [16].
This effect seems to be dose dependent and NO might have opposite effects under certain
circumstances. The same group of researchers reported the protective effect of NO synthase
inhibitors on RBC deformability in endotoxaemia and septic shock [17,28]. Based on these
observations specific/direct effects of NO on RBC mechanical properties could also be
suggested [30,13]. In the samples obtained from control rats, incubation with SNP had no effect
on RBC deformability. However, there was a significant decrement in RBC transit times in
hypertensive samples incubated with 10 uM SNP, implying increased deformability. This effect
that was observed only in hypertensive rat samples can be regarded as the correction of
deterioration at 10 uM SNP concentration; the RBC TT just "returned" to control level, while at
other concentrations RBC from hypertensive animals had longer TT. Incubation with SNP at low
concentration seems to provide a"missing factor” that keeps deformability at normal.

SNP, used as NO donor in this study was reported to have significant effects on RBC shape
and blood viscosity at 10 mM concentration (34). However, the doses of SNP used in this study
were significantly below this concentration; the highest concentration used was 1 mM, and the
concentration found to be effective in correcting the deteriorated RBC deformability was 10 M.

The in vitro effect of SNP on RBC aggregability was an inhibition in the samples obtained
both from L-NAME treated and control animals. This inhibition was dose dependant. A similar
dose dependent inhibition of aggregation can be seen in oxidant treated RBC [7]. In our samples
incubated with SNP TBARS levels were not altered, but this does not rule out a possible oxidant
damage of RBC membranes, as discussed above. However, oxidant damage is also known to
induce RBC deformability impairment [7,32]. The increased deformability at 10 uM SNP



274 M. Bor-Kiiciikatay et al. / RBC rheological alterationsin hypertension

concentration suggests that an oxidative damage is unlikely in the samples incubated with the
NO donor, SNP.

Although RBC aggregation was found to be decreased with increased SNP concentrations, the
aggregation was higher in hypertensive samples at al concentrations, implying that the increased
RBC aggregation may not be directly related to NO insufficiency, as suggested for the
deformability alteration. This difference between control and hypertensive samples might be due
to plasma alterations in hypertension. Such alterations were reported in hypertension [1] and
could be due to the inflammatory response and related acute phase reaction.

The in vitro effects of NO on RBC deformability observed in this study might be expected to
improve blood fluidity and decrease flow resistance with a given vessel geometry. Therefore,
NO deficiency may lead to RBC mechanical alterations that may contribute to the increased
peripheral resistance [20,21,22], in addition to the well-documented effect related to the lack of
tonic vasodilatation. Certainly, our findings do not rule out the RBC mechanical alterations
resulting from impaired microvascular function in hypertension. However, the decreased
deformability might at least in part be the direct result of NO deficiency in L-NAME treated rats.

Our results al'so support the hypothesis of Korbut and Gryglewski who suggested a regulatory
role for NO on RBC mechanics [16]. The exact role of this regulatory function and the
underlying mechanisms of the effects of NO on RBC mechanics need further investigation.
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