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OZET

Her yil birgok insan periferik sinir hasarina maruz kalmaktadir ve bu
hasarlar ekonomik ve sosyal kayiplara neden olmaktadir. Bu kayiplari en
aza indirmek i¢in yaralanma en kisa surede tedavi edilmelidir. Etkin tedavi
yontemleri gelistirmek ise periferik sinir hasarini, dejenerasyon ve
rejenerasyon surecini daha iyi anlamakla mumkun olur. Bu slreci daha iyi
anlayip degerlendirmek igin arastiricilar cesitli hasar modelleri, farkli
periferik sinirler ve farklh denekler ve teknikler gunumuzde siklikla
kullanmaktadir. Siyatik sinir periferik sinir hasari modelleri olusturmak igin
tercih edilen sinirlerden birisidir. Ezi ve kesi modelleri de sinir hasarini
simule etmek igin tercih edilen ydntemlerin basinda gelmektedir.
Rejenerasyon surecine etki eden birgok faktor de sinirbilimciler tarafindan
arastirilmaktadir. Bu faktorlerden bir tanesi de norotrofik faktorlerdir.
Bircok norotrofik faktorden birisi olan vaskuler endotel buyume faktorinin
(VEGF) vyapilan calismalar 1siginda anjiyogenez diginda sinir sistemi
Uzerine olan etkileri de tespit edilmistir.

Calismamizda sigan siyatik sinirinde, farkli hasar modelleri
uygulayarak, VEGF ekspresyonunu tespit etmeyi amacladik. Bu amaca
yonelik olarak 110 adet disi sigan kullaniimistir. Gerekli izinler ve etik kurul
onay! alindiktan sonra, denekler kontrol ve sham dahil olmak Uzere ezi,
tam kesi ve yari kesi gruplarina ayrilmigtir. Her bir deney gurubu da kendi
icerisinde 48. saat,14 gunlik ve 30 gunluk alt gruplarina ayrilarak, gurup
basina 10 adet denegin dustugu toplam 11 gurup olusturuldu. Cerrahi
operasyon Oncesinde ve operasyon sirasinda yurime patern analizi, geri
cekme refleksi ve morfolojik degerlendirme yapildi. Daha sonra deneklere
guruplarina gore cerrahi igslem uygulandi. Deney suresi dolan denekler
sakrifiye edilerek siyatik, elektron mikroskopik, immunohistokimyasal ve
western blot analizi i¢in siyatik sinir ornekleri alindi. Toplanan veriler
yardimiyla, yurume patern analizi, geri ¢cekme refleksi degerlendirildi.
Cerrahi operasyon oncesinde, cerrahi operasyon sirasinda ve sonrasinda
stereomikroskop yardimi ile ¢ekilen goruntuler morfolojik olarak
degerlendirildi. Deneklerden alinan érneklerden ise elektron mikroskopik
analiz ve molekuler biyolojik tekniklerden olan immunohistomiksal ve
western blot analizi gergeklestirildi. Deney guruplari arasinda morfolojik
olarak ve VEGF’in ekspresyonu yonunden kontrol ve sham gruplarina
gore farklihklar bulundu ve sonuglar literatlr bilgisi ile tartisildi.

Yurime patern analizi sonuglarina gore en iyi iyilesme -13,26 deger
ile yari kesi 30 gunlik alt grubunda goruldu. Morfolojik olarak tum deney
gruplarinin 48 saatlik alt gruplarinda hasarlanma bdlgesinde
damarlanmada artis gozlemlendi. Elektron mikroskobik incelemede tum
deney gruplarinin 48 saatlik alt gruplarinda denejerasyonun baslangici
gorulurken, 30 gunluk alt gruplarda rejenere liflerle birlikte myelinsiz



liflerde tespit edildi. immiinohistokimya sonuglarina gére en fazla VEGF
ekspresyonu yari kesi 48 saatlik alt grupta gorulirken, en az yari kesi 30
gunluk alt grupta goérulda. Western blot analizine géreyse en fazla VEGF
ekspresyonu ezi 30 gunluk alt grupta gorulirken en az ekspresyon yari
kesi 14 gunlik alt grupta goéraimustar.

Elde ettigimiz sonuglarin siyatik sinirin farkli hasar modellerinde,
morfolojinin anlagiimasi ve VEGF ekspresyonun tayini yoninden konu ile
ilgili calisan arastiricilara periferik sinir yaralanmalarinda dejenerasyon ve
rejenerasyon surecini daha iyi anlamak Uzere kaynak olacagi ve ileride
yapilacak olan galismalara 1sik tutacagi kanaatindeyiz.

Anahtar kelimeler: Siyatik sinir, VEGF, ezi, tam kesi, yari kesi, sigan

vi



ABSTRACT

Every year many people are affected by peripheral nerve injuries
that results in undesirable social and economical lost. In order to
overcome those lost to minimum, injuries must be treated as soon as
possible. Due to develop effective treatment methods, it is important to
understand the whole process of degeneration and regeneration during
peripheral nerve injuries. Today scientists research on different injury
models on various peripheral nerves using much kind of experimental
animals applied by many techniques in order to examine and reveal out
the process. Sciatic nerve is commonly used to apply peripheral nerve
injury models, so as crush and cut methods are widely used models to
stimulate peripheral nerve injury. Neuroscientists also investigate many
factors affecting the regeneration process. One of these factors is
neurotrophic factors. Vascular endothelial growth factor (VEGF) is also a
neurotrophic factor having a role not only in angiogenesis but also have
effects on nervous system.

In our study we aimed to investigate VEGF expression on rat sciatic
nerve using different injury models. 110 female rats were used. After taken
all the approvals from local ethical committee, rats were divided into
control, sham, crush, cut and semi-cut main groups. Experimental groups
also divided into subgroups as 48™ hour, 15" day and 1% month, 10
animals per each, 11 groups totally. Before and during surgical operation
walking track analysis, pinch test and morphological evaluation was
performed. Animals were operated under stereomicroscope according to
their experimental model. As determined in the schedule rats were
sacrificed and sciatic nerve samples were collected for electron
microscopy, immunohistochemistry and western blot analysis. Walking
track analysis and pinch tests were scored in order to evaluate motor and
sensorial recovery respectively. Images collected by stereomicroscope
before, during and after the surgical process were examined
morphologically. Electron microscopic analysis and immunohistochemistry
and western blot analysis as molecular biologic techniques were
investigated by collected sciatic nerve samples after routine appropriate
procedures. We observed morphological and expressional differences of
VEGF among the experimental groups, discussed by in the light of
literature.

Walking track analysis revealed that the most recovery was
observed semi-cut 30 days subgroup by -13,26 value. Morphologically
neovascularisation at the injury site was seen in all experimental 48" hour
subgroups. In electron microscopic evaluation we observed the beginning
of degeneration in all experimental 48" hour subgroups. Also in all
experimental 30" day subgroups both regenerated nerve fibres and

Vii



unmyleninated axons were seen. Immunohistochemically the most VEGF
expression was seen in semi-cut 48" hour subgroup. On the contrary the
least expression was observed in semi-cut 30" days subgroup. Western
blot analysis revealed out that the most and the least VEGF expression
was seen in crush 30" days and semi-cut 14™ day subgroups respectively.

We think that our results will help neuroscientists in the perspective
of morphological and expressional way of VEGF in order to understand
the degeneration and regeneration process during the peripheral nerve
injury on different injury models of rat sciatic nerve and will shed light for
further studies about the subject.

Keywords: Sciatic nerve, VEGF, crush injury, cut injury, semicut injury, rat
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GIRIS VE AMAC

Her yil birgok insan periferik sinir hasari nedeniyle tedavi
gormektedir. Bu hasarlar, travma, basi, nérotoksik maddeler, metabolik
yada immun hastaliklar, tUmor yada vitamin yetersizligi sonucu ortaya
cikabilir [1]. Hasarlanan sinir en kisa slUrede tedavi edilmelidir. Sayet
hasarli periferik sinir tedavi edilmezse, kismen ya da tamamen paralize
olabilir [2]. Klinik olarak en ¢ok kullanilan iki tedavi yontemi direkt olarak
sinir ucglarinin koaptasyonu ve hasarli sinilerin uglari arasina greft koyma
yontemidir. Her iki ydontemde de farkli oranda motor ve duyusal iyilesme
gorulmekle birlikte tam iyilesme sansinin az oldugu bildirilmigtir. Bu durum
hastanin yasam kalitesi, ekonomik ve is guici bakimindan kayiplara neden
olmaktadir.

Periferik sinir iyilesmesini tam olarak anlamak igin hasarin tam
olarak anlagilmasi yani hasar sonrasi donemde sinir ve ¢evre dokularda
olusan degisikliklerin morfolojik ve molekuler dizeyde bilinmesi gereklidir.
Bu amaca yonelik olarak sinir hasarini simule etmek Uzere gesitli deney
hayvanlarinda farkli sinir hasari modelleri olusturulmustur. Bu deney
modellerinin birbirlerinden farklihgi hasarinin olusturulma yeri, bigimi ve
zamanidir. Periferik sinir hasari olusturmak igin ezi [3-8], kesi [9], termal
hasar [10], norotoksik maddeler [11, 12] ve iskemi [13] gibi modeller
kullaniimaktadir. Bu modeller igerisinde en ¢ok kullanilanlari; siyatik sinirin
yari, tam kesisi ve sinir ezisidir [1].

Periferik siniri hasarini simule etmek igin siyatik, median, fasiyal ve
optik sinir sik kullanilan modellerdir. Bunlardan en c¢ok tercih edilen
periferik sinir, siyatik sinirdir. Bu tercihte sinirin kolay ulasilabilir olmasi,
cerrahi iglemlerin sinire kolaylikla uygulanabilmesi, deney hayvanlarindaki
en buyulk sinir olmasi ve hasarin morfolojik olarak da goérilebilmesinin rolt
blayuktar.

1983 yilinda “vaskuler gegirgenlik faktord” (VPF) [14] olarak
bulunan vaskuller endotel blyume faktorinin (VEGF) anjiyogenezde
onemli rol aldigi bildirilmistir [15]. Son on yilda VEGF ‘in anjiyogenik
aktivitesi ile ilgili 10.000’den fazla yayin yapiimistir ve VEGF’in anjiyogenik
aktivitesi diginda da farkh gorevleri oldugu bildirilmistir [16]. VEGF endotel
hicrelere en 6zgu buyume faktord olarak dusunulmastir, fakat néronlar
uzerinde de direkt etkisi bulunmaktadir [16].

Anjiyogenezis, sinir rejenerasyonunda etkin rol oynamaktadir.
Endondral damarlar hasarli sinire makrofajlarin, oksijen ve besinin geligini
saglarken, noritlerin uzamasi ve non-noral hucrelerin proliferasyonu igin
gereklidir [16]. Sinir rejenerasyonunda VEGF’Un roli Sondell ve ark. [17]



tarafindan bulunmustur. Hobson ve ark. [18] ise artan damarlanmanin sinir
rejenerasyonunu olumlu yonde etkiligini saptamislaridir.

Bu calisma, sigan siyatik sinirinde fakli periferik sinir hasari
modellerinde VEGF ekspresyonunun/dagiiminin  nasil  etkilendigi
hipotezinin test edilmesi amaciyla planlanmistir.



GENEL BILGILER

2.1.Periferik Sinir Anatomisi

Periferik sinirler tim vicutta bulunup, doku ve organlara motor
velya da sensitif innervasyon saglamak Uzere 6zellesmis karmasik bir ag
sistemini olusturur (Sekil 2.1). Néronlar sinir sisteminin yapitaslari olup, bir
sinir hicresi ile bundan c¢ikan akson ve dendritlerden olusmustur. Bir sinir
hdcresinin 1sik mikroskobu ile incelenmesinde ortada oval ya da yuvarlak
bir ¢cekirdek goézlenir. Néroplazma olarak adlandirilan stoplazmasi iginde
iplikgik, membran ve grantller yapida norofibril, Nissl maddesi, Golgi
kompleksi ve mitokondri gibi gesitli organeller bulunur (Sekil 2.2.).

Sekil 2.1. Periferik sinirlerin vicuttaki dagilimi. Vesalius’'tan alinti (1514-1564) [19].



Hucre givdesi
(snma)

il
\J Whmnnugy I Ranvier bofjumu  Schwann hilciesi

Jer ]
TN = Son diifjmeler

Sekil 2.2. Miyelinli bir néronun yapisi [20].

Bir periferik sinir lifi endoneurium adi verilen bag dokusu ile sarilidir.
Sinir lifleri bir araya gelerek sinir fasikullerini olusturur ve bunlarda
perinerium ile sarilidir. Sinir fasikilleri de bir araya gelerek bir periferik
siniri olusturur ve bu da epineurium ile sariidir (Sekil 2.3.). Epineuriumda
sinir dokusunu besleyen longitudinal ve delici tarzda uzanan damarlar
bulunur. Bu damarlar eksternal damar agi olarak isimlendirilir. Sinir
dokusunun icerisindeki damarlar ise internal damar agidir. Sinir dokusunu
disaridan ve iceriden beslyen bu damarlar bir ag olusturarak “vasa
nervorum” adini alir.




2.1.1. Epineurium

Periferik  sinirleri digtan saran epineuriumdaki kan akisi
endoriumdakine oranla iki-U¢ kat daha fazladir. Epineural damarlarin
ayrica kendilerine 0zgu fizyolojik Ozellikleri vardir. Vasa nervorum
vasoaktif 6zellikte gosterir. Hem sempatetik adrenerjik terminaller hem de
peptiderjik sonlanmalar kan akigi Gzerinde rol oynar [21].

2.1.2 Endoneurium

Endonerium periferik sinirin en dnemli kisimlarindan birisi olarak
degerlendirir. Aksonlari ve destek hucreleri olan Schwann hucrelerini (SC)
icerir. Ayrica mast hucreleri, makrofajlar, fibroblast ve kan damarlarini
icerir (Sekil 2.4) [21]. Endondral kan damarlari genis kapiller olup, bazi
arteriyoller fasikule kadar uzanmaktadir. Birgok endondral damar innerve
edilmez ve siki baglarla baglanmiglardir. Endondral vasa nervorumda da
kan sinir bariyeri goralur. [21].

Sekil 2.4. Endoriumda bulunan yapilar. Myelinli ve myelinsiz (beyaz kutu) sinir lifleri
gorualmektedir [21].

2.2. Vasa nervorum

Sinirler, genellikler noérovaskuler yapilar halinde seyrederler ve
sinirlerle birlikte seyreden bu arteriyel yapilar vasa nervorumu olusturarak
sinirlerin beslenmesini saglarlar (Sekil 2.5). Vasa nervorum epineriumda
yogun ve duzensiz bir ag olusturur ve bu agdan ayrilan damarlar sinirin ve
derindeki yapilarin beslenmesini saglar. Longitudinal damarlarda epineural
pleksusdan c¢ikar ve sinirin icerinde ilerler. Vasa nervorumdan ayrilan
arterioller ile longitudinal olarak uzanan damarlar bazen sinirin bazi
kisimlarini besleyemez ya da yetersiz gelir. Bu durumda sinir arteriyel



beslenmede yetersizlik oldugu zaman iskemiye hassas hale gelir.
Sinirlerin beslenmesinde, kanlanmanin zayif oldugu alanlar “watershed
zone” olarak isimlendirilir [21].

Sekil 2.5. Vasa nervorum [21].

2.3.Siyatik Sinir Anatomisi

Siyatik sinir plexsus sacralisten ayrilir (Sekil 2.6). L4 ve L5 lumbal
sinirlerden, siklikla T13 ve L3'den dallar katilmaktadir. Sakral pleksus 5, 6
ve kismen 4. lumbal sinirler tarafindan olusturulur. Bu sinirlerin dallari
truncus lumbosacralisi olusturur [22]. Sakral pleksus pelviste orijinlerine
gore anterior ve posterior olmak uUzere 2 dala ayrilir. Posterior dali siyatik
sinirdir (n. ischiadicus). Siyatik sinir n. tibialis, n. peroneus communis adi
verilen terminal dallara sahiptir [23].



Sekil 2.6.Sigcan siyatik sinirinin 6nden goriintisi. L4 ve L5 spinal sinirlerin 6n dallari
birlesip siyatik siniri olusturmaktadir. L6 spinal sinir siyatik sinire solda ince bir
dal vermektedir. (beyaz ok). (Siyah ok) L4 ve L3 spinal sinirlerin ince birlesimi
gorilmektedir [22].

2.4, Periferik Sinir Yaralanmasi

Mekanik travmadan (basi, geriime, siddet), termal, iskemik ve
kimyasal etkenler gibi ¢ok degisik etkenlerden dolay! periferik sinirler
yaralanabilirler. Bu yaralanmalarin en sk goruleni travmatik
yaralanmalardir. Periferik  sinir  yaralanmalari hayati  tehlike
olusturmamalarina ragmen Kkisinin gunluk yasantisini ileri derecede
kisitlayabilmesi, sosyo-ekonomik ve psikolojik durumunu etkilemesi
acgisindan 6nemlidir. Periferik sinir yaralanmasi sonrasi istenilen amag
sinir iyilesmesinin en kisa surede saglanmasidir. Bu iyilesmenin hizli ve
istenilen sekilde olmasi hasar tipi, derecesi ve uygulanan tedaviye
baglidir. Periferik sinir hasari, uygulanan kompresyonun suresine ve
kuvvetine gore degiskenlik gosterir. Fazla miktarda bir bag dokusu ile sarili
¢ok sayida fasikul iceren sinirler, az miktarda bag dokusu ile sarili tek
fasikul iceren sinirlere gére daha az kompresyondan etkilenir. Sinir igindeki
fasikullerin yerlesimine gore de degisiklik gosterir. Buyuk lifler kliguk liflere
gbre kompresyon ve iskemiye daha fazla duyarhidirlar. Ayrica yuzeyel
yerlesimli fasiklller derin yerlesimli olanlara oranla daha fazla
kompresyona duyarlidirlar. Ayrica, kalin perineurium i¢ine gomulu kuaguk



lifler, ince perineurium icine gomult kalin liflere oranla daha az
kompresyona duyarhdirlar [24, 25].

2.4.1.Periferik Sinir Hasarinin Siniflandirilmasi

1941 yilinda Cohen periferik sinir hasarini klinik olarak U¢ grupta
siniflandirmig ve Seddon 1947 yilinda bu siniflandirmayr 650 hastada
yaptigi calismalarla populer hale gelmigtir. Sunderland, 1951 yilinda
Seddon’un popdllarize ettigi siniflandirmayi1 gelistirerek bes sinifta
incelemistir ve bugun kullanilan siniflandirma olugturulmustur. Sunderland
bes derece tanimlamis olmasina ragmen Seddon siniflanmasi da
gunumuzde siklikla kullaniimaktadir. 1988 yilinda Mackinnon ve Dellon,
Sunderland’in  siniflandirmasina  altincisini  da  eklemistir  [26].
Yaralanmanin derecesinin bilinmesi tedavinin planlanmasi acisindan
onemlidir. Birinci, ikinci ve Uguncu derece yaralanmalarda geri donus olur,
cerrahiye gerek yoktur, dordincu ve besinci derece yaralanmalarda ise
cerrahisiz geri donls olmaz. Altinci derece yaralanmalarda ise geri donus
degisik derecelerde olabilir [27].

Tablo 2.1. Sinir hasarinin siniflandiriimasi.

SEDDON SUNDERLAND

Noropraksi 1. derece yaralanma Segmental demiyelinizasyon,
lokalize iletim blogu

Aksonotmezis 2. derece yaralanma Aksonal yaralanma, distalde

3. derece yaralanma Waller dejenerasyonu
4. derece yaralanma Waller dejenerasyonu ve
endoneuriumda fibrozis ile
birliktedir
Norotmezis 5. derece yaralanma intakt olan tek yapi eksternal
epineuriumdur.

2.4.2.Sinir Dejenerasyonu ve Rejenerasyonu

Bir sinir hicresine ait aksonun kesilmesinde; proksimal ve distal
akson segmentleri ile hucre govdesinde bir takim dejeneratif degisiklikler
goralur [28]. Bir akson kesildiginde ve buatuinligunid kaybettiginde distal
parca Waller dejenerasyonuna ugrar (Sekil 2.7) [26]. Waller
dejenerasyonunun baglangici kesi sonrasi 48-96 saattir [24-26].
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Sekil 2.7. Wallerian dejenerasyonu. [21].

Waller dejenerasyonunda, myelinin primer fagositozunun ¢ogu
dolagsimdan gelen makrofajlar tarafindan olusturulur. Makrofajlar,
yaralanma sonrasi 2-3 gunde endoneuriumda sayica belirgin olarak
artarlar [28]. Schwann hucresi, NGF (Nerve Growth Factor, sinir buyume
faktorl) olusturmaya ve glclii bir uyaran olan IL-1 (interlékin-1)
salgilamaya devam eder. Makrofajlar ve Schwann hucreleri miyelin
yikimina devam ederler. [24, 25]. Schwann hicreleri, rejenere olan
aksonlarla temas etmesi i¢in yuzeylerinde NGF ve reseptorunu sentezler.
Ayni zamanda L1 ve NCAM (Noral Hucre Adezyon Molekuild)da
sentezlenmeye devam eder. Bu adhezyon molekulleri, akson uzamasi igin
uygun yluzey saglar. Diger hucresel degisiklikler ise endonéral kapillerlerde
gecirgenlikte artis, endondral o6dem olusumu, kan-sinir bariyerinin
bozulmasi ve endonoéral fibroblastlarin proliferasyonunu igerir [28].
Aksotomi sonrasinda noéron siser, nissel maddesi dagilir ve nukleus
periferal bir gérinum kazanir [29]. Kesilen aksonlar, yaralanma sonrasi



birka¢ saat icinde rejeneratif filizler olustururlar. Filizler, saglam bulunan en
distaldeki Ranvier bogumundan koken alirlar. Rejenerasyon uniteleri her
aksondan birkag¢ kollateral filiz seklindedir. Sonugta birka¢ ay iginde sinir
kesiti ve tamiri sonrasinda distal par¢gadaki myelinli akson sayisi 1,5-5 kat
artar. Tek bir rejenere olan Uniteden c¢ikan ¢ok sayidaki filizler distal
parcada farkli ve genelde uygun olmayan Schwann hucre tupleri yani
Blngner bantlar igerisinde ilerlerler. Bir kez bu yol igerisinde ilerlemeye
bagladiklarinda geriye donus yoktur. Tek bir motor ndron farkh kas
gruplarina innervasyon saglayabildigi gibi tek bir duyu néronu da cesitli
alanlardan duyu alabilir [29]. Rejenere olan aksonun en distali, buyume
ucudur ve koniktir. Blyume konisinin g¢evreyi algilama, bilgiyi isleyerek
aksonu en uygun ortama yonlendirme yetene@i vardir. Filopodiumlar,
parmaksi ¢ikintilardir ve aktif olarak genislerler. Lamellipodlar, membranin
daha buyuk genislemeleridir. Bu ¢ikintilar, buyime konisinin tabaninda
mikrotUbullerce desteklenen aktin flamanlar tGzerinde uzanirlar [30].

Blyume konisi, dort grup faktore cevap verir. Bunlar:

1- Norotrofik faktorler

2- Norit geligtirici faktorler

3- Matriks olusturan faktorler
4- Metabolik ve diger faktorler

Norotrofik faktorler, denerve motor lif ve duyu reseptorlerinde
bulunan makro molekiller proteinlerdir. Ayni zamanda rejenerasyon
guzergahindaki Schwann hucrelerinde de bulunurlar. Bu faktorler norit
gelisimi ve maturasyonunda yardimci goérevler ustlenir [31]. Norotrofik
faktorlerden farkli olarak norit gelistirici faktorler, norit gelisimini arttirici
substrat bagl glikoproteinlerdir. Dérdinclu grup, ¢ok cesitli faktorler icerir.
Asidik ve bazik fibroblastik faktorler, insulin ve insilin benzeri geligim
faktorl, glia kokenli proteaz inhibitdru, elektrik stimilasyonu ve tiroid
hormonu adrenokortikotropik hormon, 6strojen, testesteron gibi hormonlar
bu grupta degerlendirilirler [32].

2.5. Vakiiler Endotel Biliyime Faktoru (VEGF)

1983 yilinda “vaskuler gegirgenlik faktord” (VPF) [14] olarak
bulunan vaskuller endotel blyume faktorinin (VEGF) anjiyogenezde
onemli rol aldigi bildirilmigtir [15]. VEGF’in, VEGF-A, VEGF-B, VEGF-C,
VEGF-D, VEGF-E, svWEGF (VEGF-F) ve PIGF (plasental buyume faktoru)
olmak uUzere yedi alt tipi; VEGFR-1, VEGFR-2, VEGFR-3, sVEGFR-1,
sVEGFR-2 olmak Uzerede bes reseptdri bulunmaktadir. 1989 yilinda ise
klonlanmistir [33]. Basta VEGF-A olmak Uzere ailenin tum uUyeleri; vicutta
olagelen birgok fizyolojik (vaskulojenez, anjiogenez veya kemotaksi gibi)
ve patolojik olayda (kanser, neovaskuler hastaliklar veya kronik
inflamatuar hastaliklar gibi) rol almalarindan dolayi son yillarda oldukca
populer olmustur [34].
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Bu ylzden son yillarda VEGF ‘in anjiyogenik aktivitesi ile ilgili
10.000'den fazla yayin yapilmistir ve VEGF’in anjiyogenik aktivitesi
disinda da farkh gérevleri oldugu bildirilmistir [16]. VEGF endotel hticrelere
en 0zgu buylume faktoru olarak dusunulmustur, fakat noronlar Gzerinde de
direkt etkisi bulunmaktadir [16]. Dorsal kdk ganglion hicre kulturinde
VEGF aksonal buyumeyi stimule ederek, duyu noéronlarinin ve satellit
hicrelerin devamhiligini saglamistir [17].

2.5.1 VEGF Reseptorleri

Bu buyume faktoru ailesinin endotel hucresinde etki gosterebilmesi
icin oncelikle ona baglanabilmesi gerekir. Bir bagka deyisle, endotel
hucreleri VEGF’den faydalanabilmek igin onun baglanabilecegi 6zgul
reseptorleri sentezlemesi gerekir. Bu reseptérler 5 tanedir. VEGFR-1,
VEGFR-2, VEGFR-3, sVEGFR-1 ve sVEGFR-2 [33] (Sekil 2.8).

VEGF-A

VEGF-A VEGF-C

VEGF-B VEGF-D
SWEGF VEGF-E VEGF-C
PIGF svVEGF VEGF-D
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Sekil 2.8. VEGEF tipleri ve reseptorleri [16].

2.5.2 VEGF’nin gorevleri

VEGF vaskuler sistem boyunca dizilmis endotel hucreleri igin
bilinen en 0Ozgul mitojendir. Vaskulojenez ve anjiogenezde onemli bir
mediatordir. Anjiojenik etkilerine ek olarak, endoteliyal hucrelerin
migrasyon aktivitesini uyarmaktadir. Bu faktorun geri ¢ekilmesi halinde
vaskularizasyonun geriledigi gézlenmistir [35]. VEGF sayesinde endotel
hacreleri prolifere olmakta ve bu buyume faktorine dogru goc¢ edip
dizilerek yeni damarlar i¢in 6ncu olan tlip formasyonu olusmasini
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saglamaktadir. Dermal yaralanmalari da igeren bir¢ok yaralanmada;
normal doku tamirinin ayrilmaz bir pargasi olan anjiogenez, yaralanmadan
hemen sonra ylzeyel epidermal keratinositler tarafindan salgilanan VEGF
tarafindan induklenir. Bu sayede bir yanda kan akiminin artmasi
gerceklesirken, diger yandan yaralanma bolgesinde yeni kan damarlari
olusumu tetiklenir ve iyilesme hizlanir. Eksojen olarak verilen VEGF'Un
iskemik tavsan ekstremitelerinde ve domuz koroner arterlerinde azalmis
kan akimina cevap olarak yeni damar olusumunu ve perfuzyonu artirdigi
gOsterilmigtir [36].

2.5.3. VEGEF ve sinir rejenerasyonu iligkisi

VEGF, in vitro ve in vivo ortamda norogenezi stimule ettigi
bildirilmistir (Sekil 2.9) [37]. Ornegin, VEGF, serebral kortikal kiiltirlerde
noronal 6nculerin proliferasyonunu stimule etmektedir ve VEGF’in devamli
intraserebroventrikiler yolla  veriimesi  sigan  beyninde, gyrus
dentatus’unda subventrikiler ve subgranuler alanlarda etkilerinin var
oldugu bildirilmigtir [16]. Ayrica VEGF, egzersiz ile uyariimis hippocampus
norogenezi igin gereklidir [38].

-Aksonal blylme
-Destek

¥ Kandamarlari
-angiogenesis
- vaskdler gecirgenlik

Schwann hiicresi
-Gé¢
-Destek

Mikroglial htcreler Noral kék hiicre .
-Proliferasyon -Proliferasyon (ndrogenesis) Astrosit
-Goe -Gog -Proliferasyon

Sekil 2.9. VEGF ve sinir sistemi lizerine olan etkileri [16].

VEGF glial hucreleri de etkilemektedir. VEGF’in mezensefalik
kultlrlerde [39] ve in vivo olarak intracerebral VEGF salinimindan sonra
[40] astrositler Uzerinde mitojenik etkisi vardir. Krum ve ark. hasarli
bdlgede anjiyogenezi ve gliosizi indiklendigi bir yara iyilesme modelinde
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intraserebral yolla VEGF nétralize edici antikor kullanistir. Bu antikorun
anjiyogenezi ve astroglial proliferasyonu azaltip, endotelial ve astroglial
dejenerasyonu artirarak daha buylk scar olusumuna sebep oldugunu
gormuslerdir [41]. Ayrica dorsal kok gangliyonu ve Ust servikal ganglion
kaltarlerinde VEGF hucrelerin daha uzun sure yasamasini ve Schwann
hdcrelerinin proliferasyonunu stimule etmistir [17]. Sigandan elde edilen
Schwann hucre kulturlerinde hicre gégunu stimule edip hicrelerin hayatta
kalmasini arttirmigtir [42].

VEGF, in vitro kogullarda motor noéronlar Uzerine direkt etkileri
oldugu bildiriimektedir. VEGF seviyesinin azalmasi, motor néronlari htcre
olumune yatkin hale getirirken, VEGF’in verilmesi bu noéronlarin iskemik
hasardan korudugu tespit edilmistir [16].

VEGEF serebral iskemi sonrasi 1-3 saat i¢erisinde salindigi ve 24-48
saat igerisinde en yuksek seviyesine ulastigi bildirilmistir [43, 44]. VEGF
damar gecirgenligini arttirarak, endotel hucrelerin disfonksiyonunu
engeleyerek ve anjiogenezi stimule ederek iskemik hasarlarda koruyucu
rol oynamaktadir [16].

VEGF reseptorlerinden VEGFR-1, VEGFR-2 ve NP-1 sadece
endotel hucrelerde degil, néron ve glial hicrelerde de salgilanmaktadir
[45-47].

Anjiyogenez, sinir rejenerasyonunda etkin rol oynamaktadir.
Endonoral damarlar hasarl sinire makrofajlarin, oksijen ve besinin gelisini
saglarken, ndritlerin uzamasi ve non-néral hicrelerin proliferasyonu igin
gereklidir [16]. Sinir rejenerasyonunda VEGF’Un rolu Sondell ve ark. [17]
tarafindan bulunmustur. Hobson ve ark. [18] ise artan damarlanmanin sinir
rejenerasyonunu olumlu yonde etkiledigini saptamiglaridir. VEGF’in artigi,
aksonal rejenerasyonu ve Schwann hucrelerinin géglndeki artis ile iliskili
olup hedef dokunun reinnervasyonu da olumlu yonde etkilenmektedir [16].
Fakat siganlar Gzerinde yapilan omurilik tam kesisi sonrasi kortikospinal
yolun aksonlari retrograd olarak dejenere olmakta, rejenerasyonun
go6rilmedigi saptanmigtir. Bunun sebebinin ya iskemi sonucu arteriyel
beslenmenin yetersizliginden ya da buyume faktorlerinin eksikliginden
kaynaklandidi disunulmektedir [48]. Bircok arastirici ileride yapilacak olan
calismalarla bu belirsizligin aydinlatilacagini vurgulamistir.

2.5.4 VEGF ve epinoral damarlar

Hoke ve ark. [49] yaptiklari ¢alismada hasarlanan sinirin, 6dem ve
proliferasyonda dolay! genigledigini, 2. haftada damar sayisinin ve
epineuriumda toplam damar alaninin arttigini gézlemlemislerdir. 6. ayda
ise damar sayisi 2. haftaya gore azalmig fakat bu sayi bazal degerlere
ulasmamistir [49]. Hoke ve ark. sinir rejenerasyonun hasarli bdlgedeki
lokal faktorlerinde onemli bir rol oynadigini belirtmektedir [49]. Yine ayni
calismada VEGF’in RT-PCR ile mRNA seviyesinde ilk kez incelenmesi
sonucu diger sonuglarla benzer bulgular goérulmuastur. Yani 2. haftada
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VEGF ekspresyonu artarken, 1. aydan itibaren taban seviyeye duserek, 6.
ayda da bu seviyede kaldigi bulunmustur. Benzer sekilde Podhajsky ve

Myers da ezi ve kesi sonrasi ayni glnlerde damar sayisinin arttigini rapor
etmiglerdir [50, 51].
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MATERYAL VE METOT

3.1.Denekler

Calismamizda, agirligi 200-250 gr arasinda olan 110 adet, erigkin
disi Rattus norvegicus wistar kullaniimigtir. Tim denekler 12 saat gece, 12
saat gunduz siklusunda ve her kafeste 4 denek olacak sekilde yeterli yem
ve su ile beslenmislerdir. Deney o6ncesinde batun ratlarin normal
yurimeleri kontrol edilmistir, normal olmayanlar deney grubundan
cikarilmistir. Tim prosediirler Akdeniz Universitesi Deney Hayvanlari
Bakim ve Kullanim Kuruluna sunulmus ve etik kurul onay! (Hay. Den. Etik
— 103 /02 /04-17 ) ve gerekli izinler alinmistir.

3.2.Deney Gruplari
Calismamizda kullanilan denekler asagidaki tabloda belirtildigi
sekilde rastgele siniflanmistir.

Tablo 3.1. Deney gruplari

Gruplar Grup No. |Denek sayisi

Kontrol 1 10 denek
Sham 2 10 denek
48. Saat 3 10 denek
Tam 14. Gin 4 10 denek
Kesi 30. Glin 5 10 denek
48. Saat 6 10 denek
Deney Yari kesi  [14. Gun 7 10 denek
30. Giln 8 10 denek
48. Saat 9 10 denek
Ezi 14. Giln 10 10 denek
30. Gin 11 10 denek

Toplam 110 denek

3.3.Cerrahi islemler

Deney ve sham grubundaki tum deneklere cerrahi iglem oncesinde
15 mg/kg Xylazin HCI (Rompun®) ve 100 mg/kg Ketamin’in (Ketalar®)
intraperitoneal olarak verilerek operasyon igcin yeterli anestezisi
saglanmistir. Daha sonra sol arka uyluk yeterli oranda traslanarak, flaster
yardimiyla sol arka ekstremite ve kuyruk sabitlenerek uylugun arka-yan
kisminda longitudinal bir kesi uygulanmigtir. Makas veya penset
yardimiyla gluteal kaslar ve biceps femoris kasi arasindan girilerek sol
siyatik sinire ulasilmistir. Ezi uygulanacak olan gruplarda siyatik sinir bir
hemostatik klemp (Aesculap, BH104H) yardimiyla 30 sn. sureyle De
Koning metodu [52] ile ezi hasari olusturulmustur (Sekil 3.1.).
Standardizasyon amaciyla tum ezi iglemleri ayni klemp ile yapilmig ve
klempin ucundan 0.5 cm uzaklikta olacak sekilde siyatik sinir yerlestirilerek
ezi uygulanmigtir. Tam kesi grubunda uyluk ortasindaki bir seviyede
cerrahi mikroskop altinda siyatik sinirin total kesisi, yari kesi grubunda ise
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sinirin yarisina kadar olan bolum kesilip 10.0 ile epineuriumdan tek dikigle
kesi bolgesi koapte edilmistir (Sekil 3.2. ve Sekil 3.3). Kontrol grubuna
higbir cerrahi islem uygulanmamistir. Sham grubunda ise siyatik sinire
ulasiimig fakat sinire herhangi bir cerrahi midahale yapilmamistir. Siyatik
sinir kesisi yapilmig olan denekler, sinir kesisinin uygulanmasindan hemen
sonra sinir uglari 10.0 dikis materyali ile koapte edilmistir. Cerrahi islem
sonrasinda cilt derisi 2.0 dikis materyali ile kapatiimis ve antiseptik
solusyon ile kesi bdlgesi silinmistir. Cerrahi operasyon sonrasi agrinin
dindirilmesi amaciyla Tramatol HCI (Contramal®) uygulanmistir. Denekler
her kafeste 4 adet olacak sekilde postoperatif bakim odasinda sinirsiz
yem ve su verilerek iyilesmeye birakilmistir. Operasyon oOncesinde ve
sonrasinda siyatik sinir ve hasar alani stereomikroskop yardimiyla
fotograflandiriimistir. Ayni islem deneklerin sakrifiye edildigi giinde tekrar
edilmistir. Cerrahi igslemin uygulandigi giin 0. giin olarak degerlendirilmigtir.
Deney gruplarinda sinir hasari sonrasindaki 48. saatte, 14. glinde ve 1.
ayda denekler Uretan ile sakrifasyonu saglanarak, hasarli bdlgenin
distalinden ultrastruktirel, elktron mikroskobik ve western blot analizleri
icin ornekler alinmistir.

Sekil 3.1.Ezi grubuna ait bir denegin siyatik sinirinin cerrahi operasyon oncesi A), cerrahi
operasyon sonrasi (B) ve sakrifasyon giinu (C) gorunttsa.

o . & i s - :
T . . P 1 o .
S Lk
\ \___‘1 'C 4 -,

Sekil 3.2.Tam kesi grubuna ait bir denegin siytik sinirinin cerrahi operaso Oncesi (A),
cerrahi operasyon sonrasi (B) ve sakrifasyon giint (C) gorintisu.

syon oncesi (A),
cerrahi operasyon sonrasi (B) ve sakrifasyon guini (C) gorintusu.
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3.4. Degerlendirme Testleri

3.4.1. Motor Fonksiyon Testi (Ylirime Patern Analizi)

Calismamizda motor fonksiyon, ylrime patern analizi ile
degderlendirilmigtir. Bu analiz sonucu siyatik fonksiyon indeksi (SFl)
hesaplanmigtir. SFI degerinin hesaplanmasinda l¢ farkli parametre
kullanilarak degerlendirmeler yapiimistir (PL: topuk ile Gguncu parmagin
u¢c kismi arasindaki mesafe, TS: birinci ve besinci ayak parmaklari
arasindaki mesafe, ITS: ikinci ve dordincu parmaklar arasindaki mesafe)
(Sekil 3.4). Siyatik fonksiyon indeksinin hesaplanmasi i¢in deneklerin arka
ayaklari mdurekkepli stampa (zerine bastirildiktan sonra 80 cm
uzunlugunda, 7 cm genisliginde, 10 derecelik egime sahip bir yuriume
bandi Uzerinde yurutulmuslerdir. Zemine bir fotokopi kagidi yerlestirilerek
ayak izlerinin kagida ¢ikmasi saglanmigtir. Ayak izlerinden elde edilen
Olcim degerleri Bain ve arkadaslarinin [53] tarif ettikleri matematik
formulasyonuna konularak siyatik fonksiyon indeksi hesaplanmistir.
Yurime patern analizi i¢in 0., 1., 7., 14., 21., 28. gunlerde alinan ayak
izleri kullanilarak siyatik fonksiyon indeksi hesaplanmistir.

PL

Sekil 3.4.Sican ayak izleri kullanilarak elde edilecek olan dlgtimler

3.4.2.Duyusal Fonksiyon Testi (Pinch Test)

Duyusal fonksiyonun iyilesmesi, Pinch test ile analiz edilmistir. Bu
test icin denek fazla bir strese maruz birakiimadan tutularak ayak taban
derisi bir penset yardimi ile kistirlmistir. Bu kistirmaya (¢imdige) karsi
olusturulan cevaba geri gekme refleksi (foot withdrawal) adi verilmektedir.
Ayak taban derisinde, deneklerin geri cekme refleksini gosterdigi alanlar
tespit edilerek; bu teste verilen cevap not edilmistir. Fonksiyonel iyilesmeyi
degerlendirmek igin, geri cekme refleksine cevap vermeyen denekler icin
Derece 0, hafif derecede cevap veren denekler icin Derece 1, orta
derecede geri gekme refleksi gosteren denekler i¢in Derece 2 ve tam bir
yanit gosteren denekler icin de Derece 3 olmak Uzere derecelendirme
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yapilmistir. Geri cekme refleksi ile cevap veren rat sayilari her grup igin 0.
,1.,7.,14., 21., 28. gunlerde kaydedilmisgtir.

3.5. Morfolojik Degerlendirme

Deneklerin siyatik sinirlerine ait goéruntller, cerrahi operasyon
oncesinde, cerrahi operasyon sonrasinda ve sakrifasyon gunu siyatik sinir
doku aliminda 6nce stereomikroskop yardimiyla fotograflanarak, siyatik
sinirin, scar dokusunun ve damarlamanin  morfolojik  olarak
degerlendirmesi yapiimistir.

3.6. Isik ve Elektron Mikroskopik inceleme

Sakrifasyon gunu deneklerden alinan siyatik sinir érnekleri, 0. 1 M
Sorenson fosfat tamponunda (pH 7.2) hazirlanmis %4’lUk gluteraldehit
solusyonunda +4°C’de iki saat sureyle pre-fikse edilmiglerdir. Pre-
fiksasyonun ilk saatinden sonra dokular uygun boyutlara (1x1 mm)
getirmek amaciyla trimlenmistir. Pre-fiksasyon suresi sonunda dokular,
%6,5’luk sakkarozda her biri 10 dakika olmak Uzere 3 defa yikanmigtir.
Yikama isleminden sonra dokular post fiksasyon igin %1’lik ozmiyum
tetroksitte 2 saat +4°C’de bekletilmistir. Post fiksasyon sonrasi dokular,
%6,5’luk sakkarozla 3x10 dakika yikanmistir. Dokular, sirasiyla %30’luk,
%50’lik ve %70’lik alkollerde 3’er kez ve 10 dakika sureyle tutulduktan
sonra, 1 saat boyunca uranil asetat icerisinde bekletilmistir. Dokular,
sirasiyla %80, 90, 96 ve 100’luk alkolde 3’er kez ve 10 dakika sureyle
bekletildikten sonra, 2 kez 10’ar dakika propilen oksitle muamele edilmigtir.
Dokular, 1 gece 1:1 oraninda hazirlanmig propilen oksit-araldit
karisiminda rotatorda dondurdimustir. Gece boyu karisimda beklemis
olan dokular taze hazirlanmis araldite gomulip ve 48 saat slreyle
polimerlesme icin 60°C’lik etlvde bekletiimigtir. Elektron mikroskop takibi
gerceklestiriimis olan doku bloklarindan, énce 1-2 ym kalinhiginda kalin
kesitler alinmigtir. Alinan kalin kesitler %1’lik toluidin mavisi ile boyanarak
ince kesit alanlari belirlenmistir. Belirlenen alanlardan da, ince kesitler
alinmistir. ince kesitler elektron mikroskopik analiz igin kontraslanarak Tip
Fakiiltesi Elektron Mikroskopik Goériintii Analiz Unitesinde (TEMGA)
bulunan TEM (Transmisyon Elektron Mikroskop, Zeiss LEO906E )
mikroskobunda incelenmistir.

3.7. iImmiinohistokimyasal Degerlendirme

Parafine gomulmids olan dokulardan mikrotom ile, 5 pm
kalinligindaki kesitler poli-L-lizinle kapl lamlara alinmistir. Her gruptan
poli-L-lizinli lamlara alinmig olan kesitlere VEGF i¢in immunohistokimyasal
boyama gerceklestirildi. immiinohistokimyasal boyama igin, preparatlar
60°C’lik etivde 45 dakika bekletilerek parafinin erimesi ve kesitlerin lam
yuzeyine iyi bir sekilde yapismasi saglandi. Slre sonunda preparatlar
ksilolde 2 kez 10’ar dakika, azalan alkol serilerinin (%100, %90, %80,
%70) her birinde 1 kez 5 dakika tutulmustur. Distile suda da 5 dakika
bekletilen preparatlar, antijenlerin agilmasi i¢in 2 kez 5’er dakika 0.01 M
sitrik asitte ile mikrodalga firinda kaynatiimigtir. Kaynatma isleminden
sonra preparatlar 20 dakika oda isisinda sogumaya birakildi. Suire

18



sonunda preparattaki kesitlerin etrafi hidrofobik bir kalemle (pap-pen) ile
cizildi. Preparatlar endojen peroksidaz enziminin baskilanmasi i¢in %3’luk
H,O,’de 25 dakika oda isisinda bekletildi. Sure sonunda preparatlar 3 kez
5er dakika PBS ile yikandi. Sekonder antikorun spesifik olmayan
baglanmalarini engellemek igin preparatlar ultra UV block solisyonunda
10 dakika, oda isisinda bekletildi. Bu sUrenin sonunda preparattaki kesitler
Uzerine yaklasik 30 ul primer antikor (poliklonal tavsan anti-rat VEGF 1gG)
(Santa Cruz Biotechnology, sc-507) 1:100 dilisyon oraninda damlatilip
gece boyu +4°C’de inkube edilmistir. Stre sonunda preparatlar 3 kez 5’er
dakika PBS ile yikandi. Preparatlarin Gzerine biyotinli anti-rabbit sekonder
(Vectasatin ABC kit, Vector, PK-4001 antikor damlatilip, 30 dakika oda
Isisinda bekletildi. Stre sonunda preparatlar 3 kez 5’er dakika PBS ile
yikandi. Preparattaki kesitler Uzerine peroksidaz isaretli avidin
damlatilarak 30 dakika, oda isisinda inkibe ediledi. Bu iglemin ardindan 3
kez 5’er dakika PBS’te yikama gerceklestirildi. Deney ve kontrol gruplarina
ait olan preparatlar, DAB ile geligtirlerek VEGF boyanmalari 1sik
mikroskobu ile semi kantitatif olarak degerlendirilmigtir.

3.8. Western Blot Analizi

Kontrol ve deney grubu hayvanlara ait siyatik sinir doku érnekleri,
0,2 gr dokuya 600 pl lysis buffer ve 10 pl proteaz inhibitor kokteyli olacak
sekilde inklbe edilerek sonikatér yardimi ile homojenize edilmistir. TUm
orneklerden, 15000 g'de, +4°C’de 20 dakika santriflj edilerek supernatant
kisimlari —20°C’de saklanmak Uzere, protein lizatlari hazirlandi.
Elektroforezden once, 100°C’deki suda numuneler 5 dakika kaynatildi. Jel
elektroforezi icin %12’lik poliakrilamid jel hazirlandi. Her kuyucuga 12
mikrolitre ornek, protein miktarlari esit olacak sekilde konulacak ve Mini
protean sistem Ill tankinin igine yerlestirildi. Mini protean sistem Il tankina
elektroforez solisyonu eklenerek, tank gl¢ kaynagina baglandi.
Proteinlerin gu¢ kaynagi araciligi ile 80 volt, 50 miliamperde yaklasik 2
saat elektroforezi gergeklestirildi.

Proteinler jelde yururken, PVDF membran Ustte ve altta 3’er adet
filtre kagidi olacak sekilde sandvi¢ biciminde hazirlandi. PVDF membran
Uzerine proteinleri iceren jel konularak hazirlanan sandvi¢ Mini protean Il
sistemindeki tank blot icerisine alinacaktir. Mini protean Ill tankina transfer
solisyonu eklenecek ve +4°C’de gece boyu proteinlerin membrana
transfer olmasi saglanildi. Proteinlerin PVDF membrana transferinden
sonra elde edilen membran, tris tamponlu tuz solisyonu (TBS) ile
hazirlanan % 5’lik yagsiz kuru sut tozu ile oda 1sisinda 1 saat calkalayici
uzerinde bloklandi. Membran, Ureticinin tavsiyesine gore hazirlanmis ve
bloklama solUsyonu icinde dilue edilmis olan primer antikor (anti-VEGF)
kullanilarak oda sicakliginda 1 saat karistirici Uzerinde inkibe edildikten
sonra +4°C’de gece boyu inkiibasyona birakildi. inkiibasyon sonrasinda
TBS-T ile 1 saat boyunca, 10 dakikada bir TBS-T sollisyonu yenilenerek
yikama yapildi. Membran, primer antikor i¢in uygun olan ve bloklama
solisyonu ile diliye edilmis horseradish peroksidaz (HRP) konjuge
sekonder antikorla oda sicakhginda karigtirici Gzerinde 1 saat inkube
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edildi. inkiibasyon sonrasinda TBS-T ile 1 saat boyunca, 10 dakikada bir
TBS-T solusyonu yenilenerek yilkama yapildi. Membran SuperSignal
Chemiluminisans (CL)-HRP substrat sistemi ile 5 dakika inkibe edildi ve
sonrasinda karanlik oda igerisinde membranlardaki sinyaller hiperfiime
aktarildi. Film developer ve ardindan fiksatiften gecirildikten sonra distile
su ile yikanip kurutuldu. Boylece, deney ve kontrol gruplarindaki VEGF
ekspresyonu protein dizeyinde semi kantitatif olarak degerlendirilip,
kargilagtiridi.

3.9. Veri Analizi

Yurime patern analizi, tam geri c¢cekme refleksi, morfolojik
goruntuler, 1s1k ve elektron mikroskobi goruntuleri grafik ve resimler
halinde incelendi. Molekuler biyolojik tekniklerden olan immunohistakimya
ve Western blot uygulamalari gruplardaki VEGF ekspresyon sonuglari iki
ayri arastirici tarafindan incelenip, gruplardaki VEGF ekspresyon duzeyleri
belirlendi. YUrume patern analizi ile edilen veriler SPSS programina
aktarilarak, istatistiksel olarak ortalamalari, normal dagilima uyup
uymadiklari tespit edildikten sonra elde edilen veriler analiz edildi. Yurime
patern analiz sonuclari ANOVA testi ile analiz edilirken, pinch test verileri
ise Ki-kare testi ile test edildi. Tum testler igin anlamlilik seviyesi p:0.05
olarak belirlendi.
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BULGULAR

4.1.Yurime Patern Analizi

Kontrol ve sham gruplarinin SFI degerleri karsilastirildiginda, veri
eldesinin yapildigi gunlerde iki grup arasindaki elede edilen degerler
birbirine ¢cok yakindir.

Tuam gruplarin 48 satlik alt gruplarinda rejenerasyonun olmadigi
sitayik fonksiyon indeksinden (SFI) de anlagiimaktadir. Bu gruplarin
sakrifasyon 6ncesi SFI de@erleri sirasiyla, ezi grubunda -80.95+11.90, tam
kesi grubunda -98.04+8.41 ve yari kesi grubunda ise -68.34+9.65'tur (Sekil
4.1). 14 glnlik alt gruplarda en iyi iyilesme -13.25+7.84 SFI ile yari kesi
grubunda goruldu. Ezi ve tam kesi gruplarinin ise SFI indek degerlerinin
birbirlerine yakin olup, bunlarin sirasiyla -65.56+6.53 ve -71.23+9.37
oldugu bulundu (Sekil 4.1). 30 gunlik alt gruplarda ise en iyi iyilesme -
13.26+4.78 SFI degeri ile yari kesi grubunda, sonra ise -23.70+8.43 SFI
degderi ile ezi grubunda tespit edildi. Tam kesi grubunun 30 gunluk alt
grubunun SFI degeri ise -67.3415.48 olup diger gruplarin gerisinde oldugu
goéruldu (Sekil 4.1). Bu gruba ait SFI degerleri her postoperatif sire
bazinda degerlendirildiginde istatistiksel olarak diger gruplara gére daha
dusuk seviyede (p<0.05) SFI degerine sahip oldugu tespit edildi.

-50 degeri rejenerasyon igin on veri niteliginde olup bu degeri yari
kesi 14 gunluk, yari kesi 30 gunlik ve ezi 30 gunluk alt gruplar sirasiyla
-13.25+7.84, -13.26+4.78 ve -23.70+8.43 degerleri gectigi goruldu. 48
saatlik alt gruplar arasinda istatistiksel olarak anlamh bir fark
bulunmazken, 14 gunluk alt gruplarda yari kesi grubunda ve 30 gunluk alt
gruplarda istatistiksel olarak anlamli fark bulundu (p<0.05).

Yurume Patern Analizi
0 == Kontrol
220 =fi=Sham

Ezi 48 Saat

T 40 =>=Ezi 14 glin

,:g} o —¥=—Ezi 30 giin
(=) TK 48 Saat

E -80 TK 14 gln

TK 30 gun
-100 7 YK 48 Saat
120 YK 14 GUn

Sekil 4.1.Deney gruplarinin cerrahi operasyon o6ncesi ve sonrasi elde edilen SFI
degerleri.
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4.2. Pinch Test Bulgulari

Kontrol ve sham grubunda pinch test cevabi preoperatif ve
postoperatif haftalarda tam geri gekme refleksi (Derece 3) olarak tespit
edildi.

Cerrahi operasyonun ertesi gunu tam geri ¢cekme refleksi sadece
yari kesi gruplarinda gorulmustidr. Yar kesi grubunun 14 gunlik ve 30
gunluk alt gruplarinda zamanin ilerlemesine paralel olarak rejenerasyonun
artmasiyla birlikte bu gruplarda gortlen tam geri gekme refleksini gdsteren
denek sayilarinda artig gorumustur (Sekil 4.2).

Ezi grubunda tam geri gekme refleksi sadece 30 gunluk alt grubta,
sakrifasyon 6ncesi son iki hafta dnce gorulmustir ve sakrifasyon ginu ezi
grubunun 30 gunluk alt grubunda 5 denekte gozlenlenmistir (Sekil 4.2).

Tam kesi grubuda ezi grubuna benzer sekilde sadece 30 gunlik alt
grubta tam gericekme refleksi gortlmustir ve sakrifasyon dncesi son iki
hafta igerisinde gorulmustur. Fakat bu grupda tam geri cekme refleksi
goOsteren denekler ezi grubunun 30 gunlik grubunda bulunan ve tam geri
cekme refleksi gosteren denek sayisindan daha azdir. Sakrifasyon gunu
ezi 30 gunluk alt grupta 5 denekte tam geri cekme refleksi gézlenirken, bu
say! tam kesi 30 gunluk alt grupta 2°dir (Sekil 4.2).

Pinch test verileri degerlendirildiginde en fazla gericekme refleksi
(derece 3) gosteren denek sayilarinin yari kesi grubunda oldugu
istatistiksel olarak ta dogrulandi (p<0.05). Diger gruplar da ise postoperatif
sureler bazinda degerlendirildiginde benzer sonuglar tespit edildi (p<0.05)

Pinch test sonuglari

L 104

% 9 - m Kotrol

-: 8 - m Sham

g 7 B Ezi 48 Saat

S 6 - mEzi 14 Gin

(o]

%5 5 - = Ezi 30 giin

o S

..q:, g 4 mTK 48 Saat

o TK 14 Gin

£ 3 i

3 2. | =TK30Gin

g YK 48 Saat

) 1 4 . | 8§

o YK 14 Giin

g 0 )

- Preop Postop 1 Postop 7 Postop Postop Postop YK 30 Gin
14 21 28

Sekil 4.2.Deney gruplarinda operasyon Oncesi ve sonrasi tam geri ¢ekme refleksi
(Derece 3) gosteren denek sayilari.
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4.3. Morfolojik Degerlendirme

Siyatik sinirin dig morfolojisinde 0Ozellikle damarlanmasinda ezi ve
kesi 6ncesi morfolojik farkhliklar gdézlemlendi. Kontrol ve sham (Sekil 4.12)
gruplarina goére Ezi grubunda sinirin butunligu bozulmazken, tam kesi
grubunda tamamen, vyari kesi grubunda kismen sinirin butlinlGgu
bozulmustur (Sekil 4.16).

Ezi grubunda tum alt gruplarinda (Sekil 4.13) o6zellikle de hasarli
bdlgede damarlanmada artis goriimustir. 48. saatlik ezi grubunda hasarli
bdlgede kuglk damarlarin artisiyla birlikte hasarli bolgede skar dokusu
g6zlemlendi (Sekil 4.3.). 14 glnluk alt grupta ise 6zellikle hasar bolgesinde
epineriumda kuguk arteriyollerin artisi dikkat cekmektedir (Sekil 4.4). 30
gunlik alt grupta ise skar dokusunun kayboldugu, hasar bdlgesinde ve
hasar bodlgesinin haricinde damarlanmada ve kuguk arteriyolerde artig
g6raldu. Ayrica longitudinal olarak uzanan damarlarin da hasar dncesi gibi
siniri besledigi gorulmustur (Sekil 4.5).

Tam kesi grubunun 48. saatlik alt grubunda da kesi bolgesinde skar
dokusu ve damarlanmada artig goéruldu (Sekil 4.6 ve Sekil 4.14). Bu artis
ezi grubunun 48 saalik alt grubundaki artis kadar degildir. 14 gunluk alt
grubunda da damarlanmada artis goéruldi ve hasar bolgesindeki skar
dokusu tamamen kaybolmadigi izlendi (Sekil 4.7 ve Sekil 4.14). Diger alt
grublarda oldugu gibi damarlanmada artis goérulmustir. Bu artis ezi
grubundaki kadar belirgin degildir. Hasar bolgesindeki skar dokusu ise bu
grupta gozlemlenmedi (Sekil 4.8 ve Sekil 4.14).

Yari kesi 48. saat alt grubunda damarlanmada artis gérilmezken,
skar doku sinirin kesi yapilan yariminda goruldu (Sekil 4.9 ve Sekil 4.15).
Diger yari morfolojik butiunligunu korudugu tespit edildi. 14 gunlik alt
grubta az da olsa yeniden damarlanma gorulmekte ve skar dokusu sinirin
kesi yapilan yariminda hala goruldigu tespit edildi (Sekil 4.10 ve Sekil
4.15). 30 gunluk grubtada az miktarda yeniden damarlanma goruldu ve
skar dokusu bu gruptada tespit edildi (Sekil 4.11 ve Sekil 4.15).
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Sekil 4.3.Ezi grubu 48. saat alt grubun cerrahi operasyon éncesi (A), cerrahi operasyon
sonrasi(B) ve sakrifasyon giini (C) morfolojik goriinimu. Beyaz ok; 48. saatlik
gruplarda belirgin olan skar dokusu
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Sekil 4.4.Ezi grubu 14. gun alt grubunun cerrahi operasyon 6ncesi (A), cerrahi operasyon
sonrasi(B) ve sakrifasyon gund (C) morfolojik gérinimi. Beyaz ok; arteriyol
artisinin fazla oldugu ezi bdlgesi
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Sekil 4.5.Ezi grubu 30 glnlik alt grubunun cerrahi operasyon oncesi (A), cerrahi
operasyon sonrasi(B) ve sakrifasyon guni (C) morfolojik gériinimu. Beyaz
oklar; ezi bolgesinin haricinde arteriyol artisinin fazla oldugu bodleyi
gOstermektedir.
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Sekil 4.6.Tam kesi 48. saat alt grubunun cerrahi operasyon éncesi (A), cerrahi operasyon
sonrasi(B) ve sakrifasyon gunu (C) morfolojik goérinimi. Beyaz ok; hasar
bblgesindeki yeniden damarlanma.

27



S Y - <

\"‘"" i >’

Sekil 4.7.Tam kesi 14 gunlik alt grubunun cerrahi operasyon &ncesi (A), cerrahi
operasyon sonrasi(B) ve sakrifasyon giini (C) morfolojik goriinimu. Beyaz ok;
skar dokusu.
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Sekil 4.8.Tam kesi 30 ginlik alt grubunun cerrahi operasyon Oncesi (A), cerrahi
operasyon sonrasi(B) ve sakrifasyon gunu (C) morfolojik gérinimd.
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Sekil 4.9.Yari kesi 48. saat alt grubunun cerrahi operasyon éncesi (A), cerrahi operasyon
sonrasi(B) ve sakrifasyon gini (C) morfolojik gorinimi. Beyaz ok; sinirin
yarisinda gorulen skar dokusu.
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Sekil 4.10.Yan kesi 14 glnlik alt grubunun cerrahi operasyon 6ncesi (A), cerrahi
operasyon sonrasli(B) ve sakrifasyon giini (C) morfolojik gériinimui. Beyaz ok;
sinirin yarisinda gorilen skar dokusu.
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Sekil 4.11.Yarn kesi 30 gunlik alt grubunun cerrahi operasyon oncesi (A), cerrahi
operasyon sonrasi(B) ve sakrifasyon ginu (C) morfolojik goriinimu. Beyaz ok;
sinirin yarisinda goérilen skar dokusu.

32



Sekil 4.12. Sham grubunun grubunun cerrahi operasyon dncesi (A) ve sakrifasyon gunu
(B) ve kontrol (C) grubunun morfolojik gérinimd.

33



operasyon oncesi (A), cerrahi operasyon sonrasi(B) ve sakrifasyon ginu (C)

morfolojik goriinimu.

48. saat 14. glin 30. glin

Sekil 4.14.Tam kesi deney grubunun 48. saat, 14. giin ve 30. giin alt grublarinin cerrahi
operasyon oncesi (A), cerrahi operasyon sonrasi(B) ve sakrifasyon gini (C)
morfolojik gortinimu.

34



Sekil 4.15.Yar kesi deney grubunun 48. saat, 14. giin ve 30. giin alt rublarmln cerrahi
operasyon oncesi (A), cerrahi operasyon sonrasi(B) ve sakrifasyon gini (C)
morfolojik gortinimu.
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Kontrol

Sekil 4.16.TUm gruplarin morfolojik gérinimui.
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4.4. Isik ve Elektron Mikroskopik Degerlendirme

Kontrol ve sham gruplarinin i1sik mikroskopik degerlendirmesinde,
myelinli ve myelinsiz sinir lifleri iceren normal bir siyatik sinir yapisi
gorulmastur ve myelin deformasyonu, hasarlanmis bir sinir lifi yapisi tespit
edilmemistir (Sekil 4.26, Sekil 4.27 ve Sekil 4.31).

Ezi 48 saatlik alt grubunda hem isik hem de elektron mikroskobik
goruntulerinde dejenerasyonun bagsladigi goruldu. Makrofaj infiltrasyonu ile
birlikte, sinir liflerinin de ayrildigi goruldu (Sekil 4.17 ve Sekil 4.28). Ezi 14
gunluk alt grubunda vakuoler dejenerasyon, makrofaj infiltrasyonu ve bag
dokusunda artis gortlmektedir (Sekil 4.18 ve Sekil 4.28). Ezi 30 gunluk alt
grubu daha iyi morfolojik durumda olup, remyelinize olmus sinir lifleri
goraldur. 14 gunlik alt grupta gozlenen bag dokusu ve 6dem azalmistir.
Myelin kilif farkli formlarda gorulmekle birlikte, hasarli myelinli lifler de
halen mevcuttur (Sekil 4.19 ve Sekil 4.28).

Tam kesi 48 saatlik alt grubunda goérilen dejenerasyon sahalari, ezi
48 saatlik alt gruba oranla daha fazladir. Makrofak infiltrasyonuyla birlikte
Schwann hucreleri de tespit edilmistir. Myelin lif yer yer ayrilip dejenere
olmaya basladigi ve ayrica akson diginda oldugu gibi akson icerisinde de
dejenerasyon alanlari goértulmektedir (Sekil 4.20 ve Sekil 4.29). Tam kesi
14 gunluk alt grubta dejenere myelin lifleri ve myelin reziduleri goruldu.
Bag dokusunda artis ve vakuoler dejenerasyonda izlenmektedir (Sekil
4.21 ve Sekil 4.29). Tam kesi 30 gunlik alt grubta halen myelin reziduleri
izlenmekte. Myelinli ve myelinsiz sinir lifleri gézlemlenmektedir. Bag
dokusu tam kesi 14 gunluk gruba oranla azalsa da, genel yapi ezi 30
gunluk grup kadar iyi degildir (Sekil 4.22 ve Sekil 4.29).

Yari kesi 48 saatlik alt grubunda yer yer myelin katlanmalarinda
ayrilmalar gozlemlendir. Myelin kilf dizensiz ve ince bir gorunumdedir.
Ayrica vakuoler dejenerasyonda gorulmustuar (Sekil 4.23 ve Sekil 4.30).
Yari kesinin 14 gunluk alt grubunda ise fasikuler tarzda dejenerasyon
gorildi. Kimi alanlar saglam iken, hasarin yapildigi yerlere yakin
alanlarda bag dokusu artigi, dejenerasyon artisi, fagositik aktivitede artis
tespit edildi (Sekil 4.24 ve Sekil 4.30). Yer kesi 30 gunlik alt grubtada
fasikuler dejenesyon izlenmekle birlikte, halen myelin reziduleri, degisik
formlarda ve kalinhkta myelin kilifi ve myelinsiz sinir lifleri gérulmuastur
(Sekil 4.25 ve Sekil 4.30).
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Sekil 41 8. Ezi 14 gunluk grubun ||k ve elektron mikroskobik gorintdleri.
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Ezi 30 gunlik grubun i1sik ve elektron mikroskobik goruntileri. Siyah ok;

remyelinize sinir lifleri, beyaz ok; myelin rezidileri.
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Ta. esi 30 gunlik grubun 1sik ve elektron mikroskobik goérintileri. Siyah ok;
remyelinize sinir lifleri, beyaz ok; myelin rezidileri.

e

Sekil 4.22.
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438. saat

'2}84){ oL S B B m_, s - X! i S 7 / 3
Sekil 4.28.Ezi grubunun 48. saat, 14. giin ve 30. gin alt gruplarinin 1sik ve elektron
mikroskobik goruntuleri.

48. saat

Sekil 4.29.Tam kesi grubunun 48. saat, 14. guin ve 30. gun alt gruplarinin isik ve elektron
mikroskobik goéruntuleri.
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48. saat
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$ékii40.Yarl kesi grubunuﬁ-S. saat, 1. gin ve 30. gln alt gn pIarlr‘nn |§|k elektron
mikroskobik goruntileri.
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Sekil 4.31.TUm gruplarin isik ve elektron
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mikroskobik gériintileri.
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4.5. immiinohistokimyasal Degerlendirme

Gruplara ait VEGF’in immunohistokimyasal degerlendirmesi iki
g6zlemci tarafindan gerceklestirildi. Yapilan degerlendirmeler sonucunda
en yuksek VEGF ekspresyonunun tam kesi 48 saatlik grupta oldugu
go6zlendi. En az VEGF ekspresyonu ise tam kesi 30 gunlik grupta oldugu
goruldu (Sekil 4.32 — Sekil 4.47).

Ezi grubunu incelendiginde en fazla VEGF ekspresyonu 48 saatlik
alt grupta belirlendi. En az VEGF ekspesyonu ise 30 gunlik alt grupta
goéruldu. 14 gunluk alt grup ise diger alt gruplara gore orta siddette
ekpresyon gosterdi (Sekil 4.32, Sekil 4.33, Sekil 4.34, Sekil 4.43 ve Sekil
4.47).

48 saatlik, 14 gunluk ve 30 gunlik yari kesi gruplari incelendiginde,
en fazla VEGF uUretiminin 48 sattlik alt grupta, 14 gunlik ve 30 glnluk alt
grunlarin ise ayni seviyede ve 48 saatlik alt gruba gore daha az eksprese
oldugu gozlenlendi (Sekil 4.38 — Sekil 4.47).

VEGF ekpresyonu tam kesi alt gruplarinda arasinda en yogun
siddette 48 saatlik alt grupta gozlenirken, en dusuk ekpresyon ise 30
gunluk alt grupta gortlmuastur (Sekil 4.35, Sekil 4.36, Sekil 4.37, Sekil 4.45
ve Sekil 4.47).

48 saatlik alt gruplar incelendiginde ise en az VEGF ekpresyonu
yari kesi grubunda iken, en fazla ekspresyon tam kesi grubunda belirlendi.
Yari kesi ve tam kesi gruplarinin 14 gunlik alt gruplarinda VEGF
ekpresyonu ayni seviyede olup, ezi 14 gunlik alt gruba gore daha dusuk
duzeyde tespit edildi. 30 gunluk alt gruplarda ise en fazla VEGF
ekspresyonu ezi grubunda gorullrken, en az ekpresyon ise tam kesi 30
gunluk alt grubunda goralmusgtuar.
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Sekil 4.32. Ezi 48 saatlik grubun VEGF expresyonu ve dagilimi.
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Sekil 4.33. Ezi 14 giinlik grubun VEGF expresyonu ve dagilimi.
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Sekil 4.34. Ezi 30 giinlik grubun VEGF expresyonu ve dagilimi.
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Sekil 4.35. Tam kesi 48 saatlik grubun VEGF expresyonu ve dagilimi.
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Sekil 4.36. Tam kesi 14 gunlik grubun VEGF expresyonu ve dagilimi.
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Sekil 4.37. Tam kesi 30 gunlik grubun VEGF expresyonu ve dagihmi.
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Sekil 4.38. Yari kesi 48 saatlik grubun VEGF expresyonu ve dagilimi.
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Sekil 4.39. Yari kesi 14 gunlik grubun VEGF expresyonu ve dagilimi.
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Sekil 4.40. Yari kesi 30 giinlik grubun VEGF expresyonu ve dagilimi.




Sekil 4.41. Sham grubunun VEGF expresyonu ve dagilimi.
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Sekil 4.42. Kontrol grubunun VEGF expresyonu ve dagilimi.



Ezi 48. saat Ezi 14. giin Ezi 30. giin

- -
. . 100X

Sekil 4.43.Ezi 48. saat, 14. gun ve 30. gun alt gruplarinin VEGF expresyonu ve dagilimi.

Tam kesi 48. saat Tam kesi 14. giin Tam kesi 30. gun

--
. 100X .

Sekil 4.44.Tam kesi 48. saat, 14. giin ve 30. gin alt gruplarinin VEGF expresyonu ve
dagilimi.

Yari kesi 48. saat Yari kesi 14. glin Yari kesi 30. glin

Sekil 4.45.Yar kesi 48. saat, 14. gin ve 30. glin alt gruplarinin VEGF expresyonu ve
dagihimi.
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Sekil 4.46.TUm gruplarin VEGF expresyonu ve dagihmi.
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Sekil 4.47. Tim gruplarin immuanohistokimyasal olarak VEGF expresyonunun grafigi.
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Sekil 4.48.Deney gruplarinin immunohistokimyasal olarak VEGF expresyonunun

karsilastiriimasi grafigi.
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4.6. Western Blot Degerlendirmesi
Kotrol ve sham gruplarinda VEGF ekspresyonlarinin ayni dizeyde
oldugu belirlenmistir (Sekil 4.48 ve Sekil 4.49).

Ezi grubunun alt gruplarini olusturan 48 saatlik, 14 gunltk ve 30
gunluk gruplarda VEGF ekspresyonu immunohistokimyasal bulgularla
benzerlik gostermektedir. En fazla ekspresyon ezi 30 glnlik alt grubunda
iken, en az ekspresyon 14 gunluk alt gruptadir (Sekil 4.48 ve Sekil 4.49).

Yari kesi grubunda ise 48 saatlik ve 14 gunluk alt gruplarin western
blot degerlendirmesi immunohistokimyasal sonuglar ile korele olup. En az
VEGF ekspresyonu 14 gunluk alt grupta bulunurken, en fazla ekspresyon
30 gunluk alt grupta saptanmistir (Sekil 4.48 ve Sekil 4.49).

Tam kesi grubunun 48 saatlik ve 14 gunlik alt gruplarinin VEGF

ekspresyon seviyesi ayni olup, 30 gunluk tam kesi alt grubundan ise daha
dusuk duzeyde olduklari gérilmustar (Sekil 4.48 ve Sekil 4.49).

Kontrol ~ Sham Ezi48S Ezi14G Ezi1A YK48S YK14G YK1A TK485 TK14G TK1A

VEGF

actin

Sekil 4.49. Western blot uygulamasi sonrasi elde edilen VEGF ve beta actin
ekspresyonun bantlarini gésteren film.
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Sekil 4.50. Western blot uygulamasi sonrasi elde edilen VEGF ekspresyon grafigi.
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Sekil 4.51.Deney gruplarinin Western blot analizine goére VEGF expresyonunun
karsilastinimal grafigi.
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TARTISMA

Periferik sinirler olmadan hareket ve his olmaz. Periferik sinir
hasarlari sik goérilen durumlardan biridir. Bu sebeple periferik sinir
yaralanmalarinin sik gorulmesi ekonomik ve sosyal aktivite kaybina neden
olur [54]. Sinire yapilan uygun cerrahi onarima ragmen duyusal ve motor
fonksiyon zayiflar [54, 55]. Periferik sinir yaralanmalari ¢ok cesitli tiplerde
gérulebilir. Bunlardan en sik rastlanilani da ezici ve Kkesici tipte
yaralanmalardir [56]. Sinir yaralanmalarindan sonra tam fonksiyonel
iyilesme basarili sinir onarimi ile mumkutndur. Bu da yaralanma suresi ve
cerrahi onarim ve arasinda gegen sure, cerrahi teknik, ¢esitli buyume
faktorleri ve mediatorler, cerrahi sahasinda skar dokusu olugsumu gibi
bircok faktorler sinirin fonksiyonel iyilesmesine etki eder. Periferik sinirlerin
aksonal rejenerasyonunun hizli olmasina ragmen fonksiyonel iyilesme
yavastir [56]. Zayif fonksiyonel iyilesme, probleminin rejenere sinir ve onun
hedef kasinda gorulen anatomik ve fizyolojik degisiklerle direkt olarak
bagli olabileceg@i vurgulanmigtir.

Sinir denejerasyonu ve reneresyonunu daha iyi anlamak igin gesitli
hasar modelleri kullaniimaktadir. Bunlardan en ¢ok tercih edilenleri ezi ve
kesi modelleridir. Birgok periferik sinirde bu modellerde hasarlanma igin
kullanilmaktadir. Biz de calismamizda ezi ve kesi modellerini kullanarak
periferik sinir hasar modelleri olusturduk.

Periferik sinirlerin dejenerasyon ve rejenerasyon suresince siniri ve
mikrogevresini etkileyen bir¢cok faktdér rol oynamaktadir. Bunlardan bir
tanesi de trofik faktorlerdir. Bu trofik faktorler spesifik hlcre reseptorlerine
etki ederek onlarin protein sentezi yapmasi, gelismesi yada hicreye
destek saglayacak mekanizmalar GUzerinde rol alirlar. Sinir sisteminde, sinir
biyime faktori (NGF), norotrofinler olarak bilinen blyume faktorleri
ailesine onculik eder. Norotrofin en basit tanimiyla, néronun yagam
gelisme ve protein sentezi gibi farklilasmis fonksiyonlari dizenleyen
endojen bir proteindir [57]. Bu norotrofik faktorlerden bir tanesi de vaskuler
endotel buyume faktéradiar (VEGF).

VEGF anjiogenezdeki rollyle bilinse de periferik sinirler Gzerinde de
etkisi vardir [21]. VEGF kuguk ganglia ndronlarindan sentezlenmektedir ve
reseptord olan flk-1 sensorial ganlia néronlarinda ve Schwann hicresi gibi
bayume konisinde bulunur. VEGF'’in sensorial noron kulturlerinde akson
gelismesini stimlle ettigi ve noétonlarin ve satellit hicrelerin hayatta
kalmasinda etkin oldugu bulunmustur [17]. VEGF ayrica Schwann hucre
proliferasyonunu da indukler. VEGF’in bu 6zelliklerinden dolayi periferik
sinir yaralanmalarinda akson ve damar geligimi Uzerine etkili olabilecegine
dair caligmalar yapilmaktadir.
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Periferik sinirler son derece iyi gelismis damarsal yapiya sahiptirler.
Bu damarlar sinirlere oksijen destegi saglayarak, hicre devamliiginin
surdurtlmesi icin gerekli olan enerjiyi ve impuls iletiminde gerekli olan
membran potansiyelinin onarimini ve devamhligini saglamaktadirlar. Uzun
sureli anoksi veya kronik hipoksi irreversibl hasara yol acabilir [58]

Bu literatur bilgisine dayanarak bizde c¢alismamizda periferik sinir
hasar modeli olarak ezi ve kesi tipi hasar modellerini, denek olarakda
temini, bakimi, ¢aligiimasi kolay olmasi sebebiyle digi siganlari kullandik.
Periferik sinir olarakta sinire ulagsim acaisindan ve operasyonun
operasyonun rahatligi agisindan ve literatlirde sik kullanilan bir periferik
sinir olmasi dolayisiyla siyatik siniri tercih ettik.

Siyatik sinir hasari sonrasi deneklerin kendi ayaklarini kemirme
davranisina otofaji adi verilir [9]. Otofaji tirnaklarla baslayip, falanks ve
parmaklar kadar ilerleyebilir. Biz de bazi deneklerimizde otofaji davranigini
g6zlemledik.

Morfolojik olarak tium gruplarda 48 saatlik alt grubunda
damarlanmada artig gorulurken, yari kesi grubunda sadece kesilen tarafta
artis gorulmustar. Ayrica benzer durum skar dokusu igin de gegerlidir. Bu
sonug yari kesi grubunda sinirin diger yarisini saglam olmasin dolayi
sasirtici degildir. Tum gruplarda 14 gunlik suregte skar dokusunun
kaybolmadigi  gozlenlenmigtir.  Periferik sinirler hasari kompanse
edebilecek bir damar agina sahiptir, fakat Castaigne ve ark.
damarlanmanin az oldugu periferik sinir bolgelerinin zedelenmeye daha
duyarh oldugunu bildirmistir [59]. Sarikcioglu ve ark. ise siniri besleyen
damarlarin kaldirmasinin sinir hasarina yol agtigini belirtmislerdir [13].
Bizde benzer sekilde sinir batinligunin bozulmadidr ezi grubunda
yaniden damarlanmaya birlikte skar dokusundaki azalma, sinirin
batinligunidn bozuldugu tam kesi grubunda daha az oldugunu tespit ettik.

Elektron mikroskobik incelemede tim gruplarin 48 saatlik 14
gruplarinda dejenerasyonun baslangini gosteren, myelin lif sismeleri ve
ayrilmalari, makrofak infiltrasyonu ve Schwann hcresi artisini gérduk. 14
gunluk alt grup ise dejenerasyonun ilerlemesimne paralel yogun bag
dokusu artisi, myelinli ve ¢ok sayida myelinsiz sinir lifler, myelin residileri,
vokuol artigi ve fagositik aktivitede artig gozlemledik.30 gunlik alt
gruplarda ise ayni anda hem myelinli hem de myelinsiz sinir liflerini
gozlemledik. Rejenere liflerle birlikte az miktarda da olsa myelin
rezidllerini go6zlemledik. Yari grubunda ise dejenerasyonun, sinirin
yarisinin harabiyeti sebebiyle fasikiler tipte oldugunu gorduk. Bazi
fasikuller saglam iken, bazi fasikuller dejenere halde tespit edildi. Powell
ve ark ise Schwann hucrelerini hasar sonrasi birinci haftada tespit
etmislerdir [60].

immiinohistokimyasal olarak VEGF ekpresyonu en fazla tam kesi
48 saatlik grupta gorulmekte iken, en az tam kesi 30 gunlik grupta
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gOrilmustir. Tam gruplar kendi igerisinde en fazla ekspresyonu 48 saatlik
grupta gostermis, 14 gunluk ve 30 gunlik alt gruplarda bu ekspresyon
seviye dusmustur. Hoke ve ark ise tam tersi olarak VEGF ekspresyonun
48. Satte azaldigini 14. ginde en Ust seviyeye ¢iktigini belirtmistir [49].
Yari kesi grubunda ise VEGF ekspresyonu diger gruplara gére hada
duguk duzeydedir. Bunu sebebini sinirin diger yarisinin saglam olmasina
baglamaktayiz.

Westen blot analizinde ise VEGF ekspresyonu en fazla ezi 30
gunluk alt grupta, en az ise yari kesi 14 gunluk grupta gorulmagtir. Tam
gruplar kendi arasinda incelendiginde Hoke ve ark. [49] tersine en az
ekpresyon 14 gunluk alt gruplarda en fazla ekspresyon ise 30 gunluk alt
guruplarda tespit edilmistir. Pola ve ark. ise hasar sonrasi ilk haftada
VEGF ekspresyonunun yasgla farelerde geng¢ fareler gore daha az
oldugunu tespit etmistir [61]. Yine western blot analizinde
immunohistokimyasal sonuglara paralel olarak en az ekspresyon seviyei
yarl kesi grubunda goérUlmustir. En fazla ekspresyon ise tam kesi
grubundadir.

islamov ve akr. yaptiklari calismada VEGF ve reseptdrlerinin
ekspresyon seviyelerine medulla spinaliste bakmiglardir [62]. Bu VEGF’in
kaynagr yonunden onemlidir. VEGF ekpresyonu immunohistokimyasal
olarak en fazla tam kesi 48 saatlik grupta gorilmesine karsin, western blot
ezi 30 gunluk grupta ekpresyon fazladir. Bunun sebebinin,
immunohistokimyasal analizde aksondaki ekspresyon g6z ©Onlne
alinirken, western blot analizinde deg@erin igerisinde bag dokusundan ve
damarladan gelen VEGF'’in etkisi oldugunu dusinUyoruz. Bunun igin
VEGF ekspresyonu ile birlikte reseptorlerininde degerlendiriimesinin daha,
VEGF'’in sinir rejenerasyonundaki etkisinin daha da iyi anlasiimasini
saglayacaktir.
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SONUGLAR

1) Siyatik sinirin ezi, kesi ve yari kesi modellerinde yurime patern
analizi sonuglarina gore yari kesi grubunun 14 gunluk ve 30 gunluk alt
gruplariyla, ezi grubunun 30 gunlik alt grubunda siyatik fonksiyon
indeksinde -50 degerini gecmesi sebebiyle daha iyi bir rejenersayon
oldugunu dustnuyoruz. Pinch test sonuglarina goére yari kesi grubunun
tim alt gruplarinda tam geri cekme refleksi gosteren denekeler operasyon
sonrasi ilk ginden itibaren goruldu.

2) Morfolojik olarak tim gruplarin 48. saatlik alt gruplarinda, hasar
bolgesinde yeniden damarlanmada artis ve belirgin skar dokusu ve 6dem
goraldu. Yar kesi grubunda ise damarlanma 0zellikle hasarin yapildigi
sinir yarisinda diger yariya oranla daha fazla oldugu tespit edildi.

3) Elektron mikroskobik olarak tim gruplarin 48 saatlik alt
gruplarinda dejererasyonun bagslangici ultrastriktirel olarak gézlemlendi.
30 gunluk alt gruplarda ise rejenerasyonla birlikte ayni anda hem myelinli
hem de myelinsiz sinir lifleri gorulurken, bazi alanlarda myelin rezidulerine
rastlaniimasinin rejenerasyonun hala devam ettiginin igareti oldugunu
dugunuyoruz. Yari kesi modelinde dejenerasyonun ve rejenerasyonun
fasikiler olmasini uygulanan hasar modeli tipinden kaynaklandigi
dugsunmekteyiz.

4) imminohistokimyasal olarak en fazla VEGF ekspresyonu tam
kesi 48 saatlik alt grupta gorulirken en az VEGF ekspresyonu tam kesi 30
gunluk alt grupta gorulda.

5) Western blot analizinde ise en fazla VEGF ekspresyonun ezi 30
gunluk alt grupta, en az VEGF eksresyonunu yari kesi 14 gunluk alt grupta
tespit ettik.

6) Elde ettigimiz morfolojik, ultrastruktirel ve molekuler sonuglardan
U¢ hasar modeli arasinda tam kesi modelinin en agir hasari
olusturdugunu, ezi modelinde sinirin butunligu bozulmadig i¢in daha az
katastrofik oldugunu; en az hasarin ise yari kesi modelinde olustugunu
dusundyoruz.

7) Bu bulgular isiginda yeniden damarlanmanin hasarlanma
sonras! arttigini ve uygulanan hasar modeline gére damarlanmada ve
VEGF ekspresyonunda farklilik oldugunu dustnuyoruz.

8) VEGF'’in reseptorlerinin ekpresyonunu gosteren c¢alismalarin

yapilmasinin sinir hasarinda VEGF ekspresyon surecini daha iyi
anlamamizi saglayacagini dugsinmekteyiz.
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9) Ayrica arka kok gangliyonunda ve medulla spinalisin
segmentlerinde, Ozellikle de L4-5 segmentlerde VEGF ekspresyonun
arastiriimasinin uretilen VEGF ile hasar bolgesinde tespit edilen VEGF
ekspresyonlarinin karsilastirimasinda etkili ve boylece VEGF'in periferik
sinir hasari Uzerinde olan etkisinin anlasiimasina 1sik tutacagini
dusundyoruz.
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Nerve repair after facial nerve injury provides neural input to the distal facial nerve and facial mus-
culature via a variety of motor nerves such as hypoglossal, spinal accessory, masseteric branch of the
trigeminal nerve and motor branches of the cervical plexus. The most commonly used procedure is the
hypoglossal-facial nerve transfer. This cross-nerve paradigm is a unique nerve repair method as one

motor nerve takes over the function of another motor nerve. The hypoglossal-facial nerve repair was
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reviewed by means of history, terminology, technical variations, and its capacity for recovery of function.
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1. Introduction

Facial injuries are commonplace in today’s society. Motor vehi-
cle accidents, accidental injuries, and falls comprise the majority of
causes for complex facial wounds (Thaller and McDonald, 2004).
Apart from traffic-accident injuries (temporal bone fractures or
lacerations of the face), most chronic facial nerve lesions are post-
operative (radical parotidectomy, petrous bone surgery, removal of
the cerebellopontine angle tumors, and iatrogenic injury) (Bascom
et al,, 2000; Gharabaghi et al., 2007; Guntinas-Lichius, 2004;
Guntinas-Lichius et al., 2007; Hundeshagen, 2006; Skouras and
Angelov, 2010; Sood et al., 2000).

The main goal of any surgical technique is to restore the symme-
try of the face not only during rest but also in expressing emotion
and voluntary motions such as smiling and eye closure. Severe and
long-standing facial paralysis and loss of facial expression is a social
handicap and leads to significant deterioration in quality of life
owing to serious aesthetic, psychological and economic hardships
(May and Schaitkin, 2000; Terzis and Konofaos, 2008). Regretfully,
despite the numerous microsurgical and neuro-otological tech-
niques proposed in the literature, the understanding of different
aspects of nerve regrowth and facial reanimation remains a chal-
lenge for the reconstructive surgeon (Terzis and Konofaos, 2008).

* Corresponding author. Tel.: +90 242 2496952; fax: +90 242 2274482.
E-mail addresses: sarikcioglu@akdeniz.edu.tr, sarikcioglul@yahoo.com
(L. Sarikcioglu).

0940-9602/$ - see front matter © 2011 Elsevier GmbH. All rights reserved.
doi:10.1016/j.aanat.2011.01.009

Furthermore, despite the use of advanced techniques, cerebello-
pontine angle surgical interventions (e.g. during acoustic neuroma
removal) still result in a postoperative facial motor deficit owing to
an astonishingly frequent (20-40%) facial nerve injury. Of course,
during removal of facial nerve schwannoma, the resection of the
facial nerve is inevitable (Magliulo et al., 2001). Several tech-
niques have been proposed to repair facial nerve deficit, such as
nerve transposition with the hypoglossal nerve, cross-face nerve
graft, muscle transposition (temporalis, masseter muscles), and
free muscle flap. Each of the techniques has specific indications,
contraindications and complications (Arai et al., 1995; Atlas and
Lowinger, 1997; Conley and Baker, 1979; May et al., 1991; Pensak
et al, 1986; Pitty and Tator, 1992; Sawamura and Abe, 1997;
Schaitkin et al., 1991), but the quality of the reanimated face
has been a matter of controversy. Usually, functional recovery of
voluntary coordinated movements of all 42 facial muscles, and
emotional expression of the face following repair of transected
facial nerve remains disappointing in human patients (Ferreira
et al., 1994; Kerrebijn and Freeman, 1998; Robinson and Madison,
2005; Robinson and Madison, 2009; Vaughan and Richardson,
1993; Zochodne, 2008). A surgical technique to obtain optimal cos-
metic results, such as a natural smile without synkinesis, has yet to
be developed (Schaitkin et al., 1991).

When the proximal stump of the facial nerve is not available for
direct repair, surgical transpositions of cranial nerves to the distal
facial nerve stump are the only feasible reconstruction approach.
For this purpose, several cranial nerves have been employed for
reinnervation of the distal facial nerve stump. The spinal accessory,
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glossopharyngeal, and trigeminal nerves have all been described
as potential donors, though none has gained great popularity since
they cause more morbidity in the donor region and show less sat-
isfactory results (Hadlock et al., 2005). Among these nerves, the
neural compatibility achieved with the hypoglossal nerve was bet-
ter than that with the other ones, mainly due to their functional
similarities to the facial nerve: both tongue and facial muscle have
close cortical representation (Chen et al., 2000; Hammerschlag,
1999; May and Schaitkin, 2000).

This review article will focus on hypoglossal-facial nerve repair
as one of a wide variety of surgical therapies available to recon-
structive surgeons for successful facial nerve refunctioning.

2. Terminology

Misapplied, or sometimes patently incorrect terms and words
have found their way into common usage in the literature; some
examples of these have been found in journals and textbooks
over the years. This is true of the frequently used term “anas-
tomosis” between two nerves in any part of the body. The term
“anastomosis” has been used for nervous connections from Galen’s
time until the “Jena Nomina Anatomica”. According to Stedman’s
Medical Dictionary, the term “anastomosis” refers to a “union of
the two hollow structures”. This definition does not include solid
structure such as nerves (Menovsky and van Overbeeke, 1997).
Although “hypoglossal-facial anastomosis” is a widely accepted
term, some authors prefer to use the correct term. Darrouzet et al.
(1999) used the term “side-to-end hypoglossal-facial nerve attach-
ment” throughout their study and abbreviated this term as HFA
being the common abbreviation for hypoglossal-facial anastomo-
sis. Menovsky and van Overbeeke (1997) put it more clearly and
stated that the appropriate term should be “repair”, “reconnection”,
or “reconstruction”.

In accordance, we will avoid the use of “anastomosis” to denote
nerve repair in this paper.

3. History

The idea of transposition of an alternative motor nerve dates
back to 1895. Zachariasz Thomasz Drobnik is credited with the
first successful reconnection of the spinal accessory nerve to the
facial nerve in 1879 (May and Schaitkin, 2000; Terzis and Konofaos,
2008). Interestingly, it turns out Drobnik was in high school at the
time and itis postulated that this was a typographical error. It is now
assumed that the real date is 1899 (Rosson and Redett, 2008; Van
de Graaf et al., 2009). Therefore, it is concluded that Drobnik was
not the first to operate on the facial nerve in 1899. Instead, the first
was Sir Charles Alfred Balance (Streppel et al., 2000; Van de Graaf
et al., 2009). In 1895, Dr. Balance operated an 11 year old boy for
left-sided otitis media and paralyzed the facial nerve iatrogenically.
Six months later, Dr. Balance re-operated the boy and reconstructed
his facial nerve. For this purpose, he exposed the spinal accessory
nerve, incised its sheath and fixed the remnants of the facial nerve
to the accessory nerve by means of fine silk sutures (Van de Graaf
et al., 2009).

The concept of usage of the hypoglossal nerve for reanimation of
the facial nerve was first proposed by Korte and Bernhadt in 1901
(May and Schaitkin, 2000). Dr. Kérte operated on a female patient
suffering from facial paralysis secondary to infectious petrositis and
attached the peripheral facial stump to the side of the hypoglos-
sal nerve by interposition of a free nerve graft. After 6 months,
initial facial movements appeared. The ipsilateral tongue became
atrophic; however, the initially completely paralyzed hypoglossal
nerve regained full activity after 2 years. In 1932, Ballance and Duel
propagated the direct end-to-end nerve repair by complete tran-

section of the hypoglossal nerve (Rebol et al.,2006). The importance
of sparing part of the hypoglossal nerve was originally emphasized
by Zehm and Hartenau (1981), but May et al. (1991) definitively
refined, popularized, and actually named the interpositional-jump
graft technique in 1991 (Ferraresi et al., 2006). In last two decades,
some modifications of the hypoglossal-facial repair technique have
also been proposed in the literature (Atlas and Lowinger, 1997;
Darrouzet et al., 1999; Ferraresi et al., 2006).

4. Surgical nerve repair

The nerve transfer procedure, also termed nerve substitution,
is the technique yielding the best results. However, in many cases
the proximal stump of the nerve cannot be used for reconstruc-
tion due to injury of the long contiguous or multiple segments of
the facial nerve. For this reason, other methods should be applied
such as nerve replacement by innervation of another cranial nerve,
transfer contralateral facial nerve (cross-facial nerve repair), or
muscle transpositions/transfers (May and Schaitkin, 2000). Combi-
nation of repair techniques has also been reported in the literature
(Guntinas-Lichius et al., 2006; Hadlock et al., 2005; May and
Schaitkin, 2000; Stennert, 1979; Terzis and Konofaos, 2008; Terzis
and Tzafetta, 2009). Using this technique, the upper face is recon-
structed by a direct facial nerve repair with interpositional graft
and the lower face with a hypoglossal-facial nerve repair. The
functional results are convincing as synkinesis between upper and
lower face is avoided.

Nerve repair after facial nerve injury provides neural input to
the distal facial nerve and facial musculature via a variety of motor
nerves such as hypoglossal, spinal accessory, masseteric branch of
the trigeminal nerve and motor branches of the cervical plexus. The
most commonly used procedure is the hypoglossal-facial nerve
transfer (Mehta, 2009). Its proximity to the extratemporal facial
nerve, its dense population of myelinated motor axons, the rela-
tive acceptability of the resultant hemitongue weakness, and highly
predictable and reliable result make it a logical choice (Hadlock
et al., 2005).

Preferred treatment protocols and specific techniques for man-
agement of facial nerve paralysis often differ among surgeons. The
goal of surgical intervention is to achieve an aesthetic result at
rest while enhancing sphincter control (ocular, nasal, and oral).
The choice of treatment plan is dependent on the type of facial
nerve injury, the resultant deficit, the prognosis for recovery, and
the expectations of the patient (Galli et al., 2002). It is partic-
ularly important to differentiate complete paralysis from partial
or reversible denervation. It is possible that it would be an error
to sacrifice a potentially intact or recoverable facial nerve with
nerve substitution. The surgeon must use all available information
in making this determination such as history, operative records,
evoked and spontaneous electromyography, MRI, and, clinical
observations regarding tone and volitional movements. EMG is
more reliable than clinical observation due to the possible occur-
rence of autoparalytic syndrome as a special situation of synkinesis
simulating a palsy. Another important tool is MRI to determine the
status of the muscles of expression. This type of dilemma might
occur following acoustic neuroma surgery where facial nerve may
be injured by crush, stretch, or cauterization, rather than totally
transected (May and Schaitkin, 2000).

From the functional point of view, one must distinguish between
two different situations: (i) patients showing no sign of facial nerve
regeneration (Hofmann-Tinel sign, recovery of tone, and move-
ment on the affected side) due to complete hindrance of regrowth
of axons proximal to the lesion site are candidates for surgical
intervention. For this purpose, the muscles of expression them-
selves, the cerebral cortex and the other cranial nerves have to be
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examined. (ii) Patients who have developed spontaneous axonal
regrowth but in whom defective healing has occurred, hindering
recovery of function, are also candidates for surgical reconstruction.
In these patients, the problem remains because residual weak-
ness and synkinesis are inevitable components of the healing
process. Physician should evaluate the severity of dyskinesia, synk-
inesia, and autoparalytic syndrome in these patients (Volk et al.,
2010).

The hypoglossal-facial nerve repair has remained popular
despite a few successes with other cranial nerve reconnection
procedures for facial nerve rehabilitation. Both dynamic (e.g.,
nerve grafting and interpositional nerve grafting, end-to-side nerve
repair, or as acomplete transection and reconnection, muscle trans-
position) and static (e.g., fascial and alloplastic slings) procedures
have been described to achieve architectural integrity and func-
tional restoration of the totally or partially paralyzed face (Rose,
2005). In an effort to reduce the side effects, a Z-plasty technique
interdigitating the tongue musculature has been proposed (Krespi
and Ossoff, 1993). The aim of this technique is to provide muscular
neurotization from the intact normal side across the midline into
the atrophic side.

4.1. Hypoglossal-facial nerve repair and its technical variations

Several modifications of the hypoglossal-facial nerve repair
technique (split hypoglossal-facial nerve repair, interpositional
nerve grafting, transposition of the mastoid segment of facial nerve)
have been described in the literature (Hadlock et al., 2005). Other
techniques used to reduce the postoperative tongue atrophy are
suturing of the ansa cervicalis to the distal stump of the facial nerve
or longitudinal splitting of the hypoglossal nerve and performing a
split hypoglossal-facial nerve repair (Manni et al., 2001).

4.1.1. End-to-end repair (classical hypoglossal-facial nerve
repair, hook-up)

Transposition of the hypoglossal nerve to the facial nerve as end-
to-end manner is a popular, effective, and reliable technique with
consistent and satisfying results. Hypoglossal-facial nerve repair is
most appropriately performed for complete and permanent paral-
ysis when reconnection of the facial nerve is not possible for repair
or grafting and when performed up to 2 years after injury (May and
Schaitkin, 2000).

The idea behind the hypoglossal-facial nerve repair is summa-
rized metaphorically by the adage “rob Peter to pay Paul” (May
and Schaitkin, 2000). In this procedure, the hypoglossal nerve is
sacrificed (rob Peter) in order to transfer its motor power to the
facial nerve (to pay Paul). The requirements for the successful
performance of the hypoglossal-facial nerve repair are an intact
extracranial facial nerve, a nonatrophic facial musculature, anintact
donor hypoglossal nerve, and a patient who can physiologically and
psychologically accept the neurologic deficit created by sacrifice of
the hypoglossal nerve. Contraindications to the procedure occur
when these criteria are not fulfilled (May and Schaitkin, 2000).
Patients with congenital facial paralyses are not candidates for this
surgical intervention, since neuromuscular units had never devel-
oped. Thus, sacrifice of an intact hypoglossal nerve may compound
future functional deficit (Hadlock et al., 2005). In 10% of patients
who have undergone the classic hypoglossal-facial nerve repair no
improvement may be seen even two years after operation (Park
et al.,, 2005).

The classic hypoglossal-facial nerve repair involves hypoglossal
nerve transection distal to the ansa cervicalis and suturing to the
main trunk of the facial nerve (Fig. 1) (Hadlock et al., 2005; May
and Schaitkin, 2000; Mehta, 2009). Since the hypoglossal nerve is
directly and purposely neurectomized, the complete transection
of the hypoglossal nerve inevitably results in homolateral paral-

ysis and hemitongue atrophy, which interferes with mastication,
speech, and swallowing, particularly when the facial expression
function is less than normal (May and Schaitkin, 2000; Pannucci
et al., 2007). Mackinnon and Dellon (1995) demonstrated that the
human hypoglossal nerve is monofasicular until passing under the
posterior belly of the digastric muscle. Graft repair distal to the
level at this point may specifically affect individual fascicles. Since
other fascicles will not be damaged their function will be spared.
Thus post-operative deficit will be decreased due to individually
neurolysed fascicles.

Moreover, it is emotionally difficult for the patient to sac-
rifice another cranial nerve after having lost the vestibular,
acoustic, and occasionally the lower cranial nerves or trigeminal
nerve as a result of cerebellopontine angle surgery (Manni et al.,
2001). Patients undergoing facial nerve repair by means of clas-
sical hypoglossal-facial nerve repair often complain of subjective
oral dysfunction, such as difficulty in mastication, articulation,
and swallowing (Conley and Baker, 1979; Graeber et al., 1993;
Hundeshagen, 2006). Pensak et al. (1986) reported in 74% of
patients some functional difficulties with eating, of which 21% were
debilitating. Hammerschlag (1999) observed both speech and swal-
lowing problems in 45%.

The classical type of hypoglossal-facial nerve repair using the
entire proximal hypoglossal nerve should be avoided nowadays.
This intervention leads to unpleasant long-term sequelae, because
the unilateral tongue atrophy leads to permanent speech and swal-
lowing problems. For that reason, basis science research has to
be performed to find refinements of techniques which promise
anatomic restoration of structure and, hopefully, function.

4.1.2. Interpositional nerve grafting (IPNG, hypoglossal-facial
jump grafting, indirect hypoglossal-facial nerve repair)

End-to-side nerve repair, in which the well-preserved distal
stump of a transected nerve is reconnected to the side of an
uninjured donor nerve, has been suggested as a reconstructive
technique for repair of peripheral nerve injuries with an inaccessi-
ble central facial nerve stump, or there is a large nerve gap (Dvali
and Myckatyn, 2008; Pannucci et al., 2007).

Tension-free reconnection warranted by the use of 10-0 (or
thinner) suture material is needed in peripheral nerve surgery.
Otherwise scar formation can occur and axons will regrow out-
side the facial nerve. If a tension-free reconnection is not possible,
interposition of a nerve graft should be performed.

In 1991, May et al. (1991) described a modified technique orig-
inally conceived by Julia K. Terzis, wherein the hypoglossal nerve
and the facial nerve were repaired with the aid of interposition
of a free nerve graft (end-to-end to the facial nerve stump, and
end-to-side to the hypoglossal nerve) (Fig. 2). May et al. (1991)
reported improvement of tone and symmetry in more than 90%
of patients undergoing hypoglossal-facial nerve repair procedure.
They also analyzed results and complications between end-to-end
repair (classical hypoglossal-facial nerve repair) and interposi-
tional nerve grafting techniques (interpositional jump grafting)
and found that only 8% of patients who underwent interpositional
grafting experienced permanent tongue deficit. Good facial move-
ment and expression was noted in 41% of interpositional grafting
patients, and they experienced less synkinesis than those who had
undergone classical hypoglossal-facial nerve repair (May et al.,
1991).

The idea behind placing a hypoglossal-facial nerve interposi-
tional graft is similar to those for classic hypoglossal-facial nerve
repair. It includes complete interruption of the facial nerve, with
lack of availability of the central stump for repair, intact extracranial
facial nerve and nonatrophic facial musculature. Interpositional
nerve grafts are used to bridge the missing segment or gap. A par-
tial hypoglossal-to-facial nerve transfer using a free nerve graft
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Facial nerve

Temporal branch
Zygomatic branch
Buccal branch

Marginalis mandibulag branch
Cervical branch

Hypoglossal nerve

Fig. 1. Schematic drawing of the classical hypoglossal-facial nerve repair. (A) Normal anatomy of the facial and hypoglossal nerves. (B) Classic hypoglossal-facial nerve
repair. 1 and 2: Transection of the hypoglossal and facial nerves. 3: Repair of the two nerve stumps in an end-to-end manner. Large X indicates the lesion site of the facial

nerve.

Facial nerve

Fig. 2. Schematic drawing of the interpositional nerve grafting. 1: Repair of the free
nerve graft(s) to the distal stump of the facial nerve in an end-to-end manner. 2:
Repair of the free nerve graft(s) to the hypoglossal nerve in an end-to-side manner.
Large X indicates the lesion site of the facial nerve.

can reanimate the facial muscles while curbing the complica-
tions, mainly tongue paralysis, of complete hypoglossal sacrifice
(Sawamura and Abe, 1997). This procedure leaves the hypoglos-
sal nerve axons in a healthy condition to spare tongue function
while a sufficient number of axons are redirected to regenerate
across the interpositional nerve graft to reinnervate the paralyzed
mimetic muscles (Parketal.,2005). Spontaneous, symmetric move-
ment is unlikely following this type of procedure. Therefore motor
sensory re-education to learn voluntary control of movement to
decrease synkinesis, and limit facial grimacing that can occur with
mastication would be necessary.

Several branches of the extratemporal part of the facial nerve
may be damaged during parotid cancer surgery. Reanimation of the
facial nerve will require several nerve grafts. Discrepancies in cal-
iber between the thick proximal stump and the thin distal branches
are overcome by pooling the peripheral branches, or by splitting the
interposition graft (Guntinas-Lichius, 2004). Despite these difficul-
ties, interpositional nerve grafting restores some voluntary facial
expression and function after resection of parotid neoplasms (Fisch
and Lanser, 1991).

Grafts are used to avoid tension at the suture site and to bridge
the missing segment or gap (Bailey, 2001). The two most popu-
lar donor grafts are the greater auricular nerve and sural nerves.
Although shorter and smaller in caliber than the sural nerve, the
greater auricular nerve resides adjacent to the surgical area. If the
caliber is inadequate, two or three separate grafts could be united to
match the caliber of both nerve stumps (Hadlock et al., 2005). A lim-
itation of the of this technique is the necessity of a graft together
with its obvious double line of suture to be crossed by sprouting
axons as well as the resultant scarring and morbidity at the donor
site (Ferraresi et al., 2006).

In hypoglossal-facial nerve repair practice, Ueda et al. (2007)
simultaneously performed cross-facial nerve repair and interpo-
sitional nerve grafting. They found that the patients in whom
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reinnervation by both nerve repairs succeeded could smile with-
out closing their eyes by moving the tongue and could close the
eye on the affected side without an accompanying oral movement.
The movement supplied by the hypoglossal nerve will be volitional
(nonemotive), which is why the cross-facial nerve repair is placed at
the same time. Only the motor fibers coming through the opposite
facial nerve (crossfacial nerve repair) can give volitional and emo-
tive mimetic movement (Rosson and Redett, 2008). However, Koh
et al. (2002) performed interpositional nerve grafting in which the
grafted sural nerve was sutured to the facial nerve at alevel near its’
emergence from the stylomastoid foramen but they reported fail-
ure of the graft in their patients. The reason for poor result has been
attributed to the double line of sutures to be crossed by sprouting
axons (Ferraresi et al., 2006).

Animal models have attempted to quantify the degree of
hypoglossal axotomy necessary for return of motor function while
minimizing tongue atrophy. Denervation of the orbicularis oculi
muscle in the rat model demonstrated that 40% axotomy provides
agoodreinnervation of the eye sphincter when sutured to the upper
zygomatic branch of the facial nerve with minimal tongue atrophy
(Kalantarian et al., 1998).

The primary advantage of the interpositional nerve grafting is a
satisfactory reinnervation of the facial nerve musculature with less
mass movement than is evident in the classic hypoglossal-facial
nerve repair. Another advantage is the possibility of the direc-
tion of the nerve graft to the main trunk of the facial nerve
or its cervicofacial division, depending on the rehabilitation
plan for the eye or mouth. Some of the drawbacks and limi-
tations of the classic hypoglossal-facial nerve repair would be
overcome by using the interpositional nerve grafting. However,
correct orientation of the sprouting axons to cross the double
line of sutures should be one of the more important research
areas.

4.1.3. Split hypoglossal-facial nerve repair

This technique involves a partial hypoglossal nerve transfer to
the ipsilateral facial nerve (Fig. 3). Only 30-50% of the ipsilateral
hypoglossal nerve is finely transected longitudinally, especially
fibers in the superior aspect of the nerve which do not contribute
to the ansa cervicalis and are destined only for the tongue mus-
culature. Part of the hypoglossal nerve (or fascicles) are sutured
to the distal stump of the facial nerve, the other part of the
hypoglossal nerve remains projecting to the tongue to prevent atro-
phy of the tongue musculature (Conley, 1982; May and Schaitkin,
2000).

Conley and Baker (1979) and Conley (1982), in reviewing their
experience with 137 cases of hypoglossal-facial nerve repair over a
period of 30 years, reported that the use of a split hypoglossal nerve
or a descending branch of the hypoglossal nerve was not advisable
due to failure of results in expected facial reanimation and improve-
ment in facility of the tongue. Furthermore, Pitty and Tator (1992)
reconnected a descending hypoglossal branch to a distal stump of
the hypoglossal nerve following classic hypoglossal-facial nerve
repair. However, they did not succeed in achieving improvement
in lingual dexterity with this procedure. Dellon (1992) reported
excellent results in facial reanimation and facility of the tongue
with hemihypoglossal-facial nerve repair and with an interposi-
tioning nerve grafting, respectively. In a recent study, Shipchandler
etal.(2010) also reported that split hypoglossal-facial nerve trans-
position provides good rehabilitation of facial nerve paralysis with
reduced lingual morbidity. Long-term rest symmetry and poten-
tial learned movement can be achieved. Although reported clinical
results are contradictory and this technique has been said to be an
alternative to the traditional method of complete hypoglossal sacri-
fice or interpositional nerve grafting (Shipchandler et al., 2010), the
axons in the hypoglossal nerve do not travel in strict linear paths

Facial nerve

Fig. 3. Schematic drawing of the split hypoglossal-facial nerve repair. 1: Longi-
tudinal incision of the hypoglossal nerve; 2: end-to-end repair of the split nerve
segment to the distal stump of the facial nerve. Large X indicates the lesion site of
the facial nerve.

through the epineurium. Therefore splitting the nerve may cause
damage to more fascicles than anticipated.

4.1.4. Transposition of the facial nerve

The facial nerve can be mobilized in its mastoid segment from
the second genu distally and transposed inferiorly to allow direct
repair to the hypoglossal nerve (Fig. 4). This typically requires
removal of the mastoid tip (Darrouzet et al., 1999; Hadlock et al.,
2005; Martins et al., 2008; Rebol et al., 2006). This procedure pro-
vides enough extension of the facial nerve to perform a tensionless
suture without the need of an interposed nerve graft. Therefore,
after its intratemporal transection the facial nerve is reflected infe-
riorly to the neck, and is sutured directly to a partially sectioned
hypoglossal nerve by end-to-side manner (Martins et al., 2008).

Although this procedure preserves the tongue function when
compared with classical hypoglossal-facial nerve repair, there are
some important facts to be considered. Anatomy of the facial nerve
and temporal bone and its dissection at the mastoid bone should
be well known to surgeons who perform hypoglossal-facial nerve
transfer for accurate and safe dissection of the facial nerve remnant
and its canal. Additionally, mobilization of the mastoid segment
of the facial nerve is a time-consuming procedure because dissec-
tion should be very carefully performed to avoid additional injury
(e.g. cerebrospinal fluid leakage). Since there have been few reports
using this technique, we think that demonstration of the superior-
ity of this technique to other commonly used techniques would
require following a larger patient series and clinical experience
reporting on indications and application of this technique.
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Facial nerve

facial canal

Fig. 4. Schematic drawing of the transposition of the intratemporal segment of the
facial nerve and end-to-side repair. 1: Mobilization of the facial nerve in the facial
canal by drilling the facial canal. 2: Repair of the mobilized facial nerve remnant to
the hypoglossal nerve (end-to-side). Large X indicates the lesion site of the facial
nerve.

5. Clinical results after hypoglossal-facial nerve repair

The major disadvantage of donor nerve techniques is that a func-
tional cranial nerve must be purposely sacrificed. Consequently,
homolateral paralysis and hemitongue atrophy, which interferes
with mastication, speech, and swallowing are inevitable after com-
plete transection of the hypoglossal nerve.

Many authors have chosen to establish their own grading scales
for facial nerve injury (Brackmann and Barrs, 1984; House and
Brackmann, 1985). Although results of facial nerve reconstruction
have been commonly evaluated using the House-Brackmann
grading system (Coulson et al., 2005), this grading system was
designed for acute palsies and for reconstructions. Synkinesis is not
scored correctly when using House/Brackmann grading system.
Whatever the technique or evaluation scale used, data reported
in the literature depend on personal evaluation by the surgeon
or surgical team. However, there is very little consensus between
the surgeon’s evaluation and the overall judgment of the patient
(Darrouzet et al., 1999).

In a study by Manni et al. (2001), 39 consecutive patients
were followed up after the use of this technique. Postoperatively,
all patients had normal tongue movements without swallow-
ing or speech dysfunction. Patient distributions according to the
House-Brackmann scale were grade II (20.9%), Il (44.6%), IV
(24.1%),V (6.8%),and grade VI(3.4%).In aretrospective evaluation of
a series of 66 patients evaluated according to a House-Brackmann
grade, Malik et al. (2005) compared three different techniques
(end-to-end nerve repair, interpositonal nerve grafting, and trans-
position of the facial nerve) and reported that end-to-end nerve

repair gave the best facial function, followed by interpositonal
nerve grafting and then transposition of the facial nerve.

Flores (2007) performed hypoglossal-facial interpositional
nerve grafting technique and found facial symmetry and improve-
ment in the facial tone in all his cases (House-Brackmann grade
IV in three (37.5%) and grade Il in five (62.5%) patients) with the
exception of definitive hemitongue atrophy and complaint of swal-
lowing or speech difficulty.

The formulation of a diagnosis, treatment plan, and prog-
nosis can be largely accomplished by means of a careful and
detailed history and physical examination. Additionally, moti-
vation and expectations of the patients who have undergone
hypoglossal-facial nerve transfer, indications, and complications of
the surgical intervention differ from patient to other. For that rea-
son, achievement of the best results depends on several factors such
as history of the patient, surgery, applied technique, severity of the
injury, time of injury etc. Therefore all factors affecting the recovery
of function should be thoroughly known and analyzed. Only after
having taken these precautions will the proper surgical interven-
tion technique and subsequent rehabilitation be successful.

6. Factors affecting the recovery of function
6.1. Axonal regrowth

Growing axons in the hypoglossal nerve and all other peripheral
nerves move through their environment via the growth cone at ran-
dom in an interweaving fashion, so that splitting the epineurium or
excision of the nerve trunk invariably results in transection of axons
at multiple points along the course (May and Schaitkin, 2000).

Earlier studies on the rat have shown that transected hypoglos-
sal axons readily regrow into the facial “periphery” (Guntinas-
Lichius et al., 2007; Watson, 1965). After hypoglossal-facial nerve
repair, the cut hypoglossal axons are able to reach and reinner-
vate the whisker pad muscles. Counts of neurons in adult rats
have revealed that practically 100% of the hypoglossal motoneu-
rons survive after hypoglossal-facial nerve repair. Indeed, the
number of hypoglossal motoneurons that project into the mus-
cles of the whisker pad increases steeply and, 2 months after
hypoglossal-facial nerve repair, reinnervation of the vibrissal mus-
cles was almost complete (Guntinas-Lichius et al., 2007).

6.2. Collateral branching at the lesion site

One of the more important issues affecting recovery of func-
tion is the misdirection of regenerating axons to incorrect targets.
This may be caused by collateral branching of the severed axons
and nonselective random regrowth of the collaterals along differ-
ent nerve fascicles (Brushart and Seiler, 1987; Nguyen et al., 2002).
Misdirected regeneration is so commonly encountered that motor
axons appear to enter and regenerate to muscles in an almost
random manner. As a consequence, the myotopic organization of
muscle innervation is lost (Guntinas-Lichius et al., 2005). Individ-
ual neurons re-establish contacts with the correct target, with false
targets or both. Thus, misdirected reinnervation accounts in many
incidences for a poor quality of functional restoration (Sumner,
1990).

Afterinjury, each parent axon may give rise to 25 daughter axons
(Shawe, 1955; Waxman, 1975). As regeneration proceeds, some
of these supernumerary branches are pruned off over a period of
up to 12 months (Angelov et al., 2005; Brushart and Seiler, 1987;
Heathcote and Sargent, 1985; Mackinnon et al., 1991). Those that
are lost presumably fail to make a connection with a peripheral tar-
get. There are, however, persistently higher numbers of myelinated
and unmyelinated axons in regenerated segments of peripheral
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nerves than in the corresponding parent nerves (Angelov et al.,
2005; Horch and Lisney, 1981; Murphy et al., 1990). The end-to-end
suture of the proximal stump of a transected normal hypoglossal
nerve to the distal stump of a transected facial nerve enables the
outgrowth of hypoglossal axons into facial nerve branches and rein-
nervate the paralyzed facial musculature (Angelov etal., 1993; Chen
et al., 2000; Guntinas-Lichius et al., 2007). Projecting through sev-
eral fascicles of a nerve, a single motoneuron thus can reinnervate
different (often antagonistic) muscles, which is the morpholog-
ical correlate of the pathological synkinesis (mass movements,
abnormally associated movements). Extending daughter axons are
guided in part by diffusible chemoattractants that lure them to
their targets by finely tuned codes of attractive and repulsive cues
(Carmeliet and Tessier-Lavigne, 2005).

Many studies have addressed the issue of collateral branching
at the lesion site of transected axons. For this purpose different
treatment modalities have been tested to reduce the collateral
branching, thus to improve quality of reinnervation (Angelov et al.,
1996, 1999; Dohm et al., 2000; Guntinas-Lichius et al., 1997, 2001,
2002; Skouras and Angelov, 2010; Streppel et al., 2002). It is
believed that a major reason for the poor functional recovery after
peripheral nerve lesion is collateral branching and regrowth of
axons to incorrect muscles (Guntinas-Lichius et al., 2005).

Literature on end-to-side nerve repair suggests that collateral
sprouting develops from the nodes of Ranvier and can occur spon-
taneously, without injury. Many studies (Giovanoli et al., 2000;
Tarasidis et al., 1997; Zhang et al., 1999, 2000) have confirmed that
axons of an intact “parent” motor nerve can sprout into another
“stepchild” motor nerve when the stepchild is sutured to the side
of the parent motor nerve without displaying the fascicle(s) of the
parent nerve. Other investigators (Bertelli et al., 1996; Noah et al.,
1997), however, believe that an epi- or perineurotomy is required
to induce collateral branching and grow through the end-to-side
repair (Pannucci et al., 2007). Axonal branching occurs in response
to nerve injury, and is widely accepted to occur in both end-to-end
and end-to-side nerve repair. At the level of injury, axonal branch-
ing occurs, but the injured axons may also retract and send nodal
collateral branches. Additionally, terminal intramuscular sprouting
occurs at the most distal aspect of an axonal projection which may
be injured or uninjured (Pannucci et al., 2007).

The end-to-side nerve repair technique is currently a subject
of debate in the literature because the results have proved to be
controversial as compared to those with the classical end-to-end
nerve repair technique (Schmidhammer et al., 2009). It is currently
believed that end-to-side nerve repair without epi- or perineurial
window and axonal incision of the donor nerve can induce reinner-
vation through the suture site. Although studies initially suggested
that layers (epineurium and/or perineurium) of the peripheral
nerve represent a barrier to regenerating axons, other reports show
that epineurium is the more formidable barrier (al-Qattan and al-
Thunyan, 1998; Pannucci et al., 2007). Some studies suggest that
regenerating axons can penetrate both the epi- and perineurium
when a window is not created (Liu et al., 1999; Noah et al., 1997).
Others report no significant difference in axon counts distal to the
reconnection in groups with and without epi- or perineurial win-
dows (Hayashi et al., 2004; Viterbo et al., 1994).

6.3. Intramuscular (terminal) sprouting

Denervated muscles produce sprouting stimuli coming from a
class of muscle preparations in which denervation-like changes
have occurred and sprouting has been stimulated even though
nerve-induced activity is normal (Brown et al., 1981a,b). In rats,
there are two major groups of muscles possessing different physi-
ological activities (whisking at a frequency of 5-10 per second, but
eye closure of 1-3 times per minute). It might be, that, upon dener-

vation the two groups secrete different trophic factors or different
amounts of them.

A second major factor contributing to poor recovery is intramus-
cular axonal sprouting. On reaching a muscle target, regenerating
axons undergo additional sprouting to reinnervate many incor-
rect muscle fibers and thus form new and larger motor units
(Guntinas-Lichius et al., 2005). Reinnervation of motor end-plates
by more than one motoneuron, or “polyinnervation”, is maladap-
tive due to one muscle fiber being controlled by two or more
asynchronously, and often functionally different, motoneurons
(Brown et al., 1981a,b; Maclntosh et al., 2006; Rich and Lichtman,
1989)

6.4. Timing

The significance between time of injury and repair is supported
by physiologic, experimental, and clinic data (May and Schaitkin,
2000). Nerve biopsy may provide some useful information con-
cerning the potential for success of a surgical procedure, although
this is not indicated for most patients. Ylikoski et al. (1981) stud-
ied biopsy specimens of distal facial nerves prior to performing
hypoglossal-facial nerve repair at time intervals varying between
2 weeks and 30 months in five patients. They reported that the
distal stump of the human facial nerve appears to undergo less
denervation atrophy than demonstrated in the peripheral nerves
of experimental animals. Additionally, they found that success in
reanimation of facial function correlated with histologic findings
in that no recovery of facial function was seen when complete
neurofibrosis had occurred in the injured facial nerve prior to
hypoglossal-facial nerve repair (May and Schaitkin, 2000).

The effect of delayed nerve repair on nerve regeneration and
muscle reinnervation is still not well understood. This is surpris-
ing because in the clinical routine an immediate reconstruction
of the lesioned nerve is seldom possible. Pathophysiology of the
muscles dictates that muscle that is denervated for longer than 1
year displays a reduced activity of the acetylcholinesterase recep-
tor, muscle fiber volume diminishes, and intramuscular fibrosis
occurs. These sequelae minimize the possibility of a proper, func-
tional reinnervation (Rosson and Redett, 2008). Although there is
a lack of controlled studies for peripheral nerve reconstruction,
there is common agreement that the earliest possible repair will
result in best functional outcome (Bascom et al., 2000; Guntinas-
Lichius, 2004). Kunihiro et al. (2003) reported hypoglossal-facial
nerve repair can be delayed up to 2 years with only minimal effect
on the recovery of facial movement. Tate and Tollefson (2006)
reported that the ideal time window is 6 months to 2 years after
the initial nerve injury to ensure the presence of intact distal nerves
with viable motor end plates. Although it is possible to expect some
recovery 2 years after paralysis, a recovery after 4 years of denerva-
tion is not anticipated. When the time following the injury exceeds
4 years, collagenization and fibrosis of the distal facial nerve have
advanced too far to permit functional regrowth after nerve repair
procedure. While the state of the facial muscles also plays a role,
complete atrophy and myofibrosis take longer to occur than distal
neurofibrosis. This renders the muscle component a less a lim-
iting factor for recovery of reinnervation and function (May and
Schaitkin, 2000).

Contrary to typical animal studies, in the clinical routine, an
immediate reconstruction of the lesioned facial nerve by means
of hypoglossal-facial nerve repair is seldom possible. Furthermore,
the results of the few animal studies using different nerves, ani-
mal models, and methods are contradictory (Bignotti et al., 1986;
Bolesta et al., 1988; Fu and Gordon, 1995; Grabb, 1968; Irintchev
et al,, 1990; Van Beek et al., 1975). Some of them found that an
immediate nerve suture is superior to any delayed nerve suture,
whereas others report no differences. Guntinas-Lichius et al. (1997)
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studied delayed hypoglossal-facial nerve repair up to 224 days
denervation. They lesioned at first the facial nerve and follow-
ing varying times, sutured the proximal stump of a freshly cut
hypoglossal nerve to the facial predegenerated periphery. Their
morphological and electrophysiological results showed that the
target muscles can recover well even after a long-term dener-
vation of 224 days. This finding is in agreement with previous
studies showing the ability of long-term-denervated muscle fibers
to accept reinnervation if not impaired and that muscle recovery
is successful if motoneurons reinnervate the target muscle in suf-
ficient number (Anzil and Wernig, 1989; Fu and Gordon, 1995;
Irintchev et al., 1990). With longer denervation periods there was
a trend towards smaller muscle fiber area (atrophy) (Anzil and
Wernig, 1989).

Most experimental studies on the effects of delayed nerve
suture were performed using end-to-end nerve repair (Barrs, 1991;
Bolesta et al., 1988; Brunetti et al., 1985; Guntinas-Lichius et al.,
1997; Urabe et al., 1995; Van Beek et al., 1975). These studies are
influenced by an initial “dieback” of the Schwann cells plus subse-
quent axonal regrowth/branching in the proximal stump (Fu and
Gordon, 1995). However, after varying periods of permanent target
deprivation (Guntinas-Lichius et al., 1994; Neiss et al., 1992) there
a slowly progressing degeneration of the motoneurons occurs.
Therefore, itis not surprising that these studies generally show poor
regeneration after long-term pre-degeneration.

In general, nerve regeneration is slower in older patients and
the functional results are of poorer quality (Streppel et al., 1998).
Postoperative radiotherapy is not a contraindication for nerve
repair. In conclusion, the facial and hypoglossal nerves are affected
by a variety of parameters. Depending on the extent of nerve
resection, prognosis, motivation, health, age, desires of the patient,
and several other factors, the surgeon has to choose the method
of treatment, often as a combination of several measures, in the
individual situation (Guntinas-Lichius, 2004). It has been reported
that, presuming a correct selection of the best method in the indi-
vidual situation, the various facial reanimation techniques seem
to lead to nearly similar and satisfactory results (Guntinas-Lichius
et al., 2006).

Although the time between facial nerve injury and its repair has
been identified as an important predictor of the final outcome in
experimental and clinical studies (Chen et al., 1994, 2000; Conley
and Baker, 1979; Gavron and Clemis, 1984; Guntinas-Lichius et al.,
1997, 2006; Pitty and Tator, 1992), poor education, low socioeco-
nomic status of the patients and late delivery to a health center may
increase the time delay and therefore, the final result.

7. Artificial stimulation of nerve and target muscle for
facial reanimation

Clinically, soft tissue massage following nerve damage has been
shown to result in improved blood flow, facial symmetry and smil-
ing (Beurskens, 1990; Coulson, 2005). In line with these findings,
muscle activity imposed artificially by mechanical muscle stimu-
lation during the phase of synaptic formation and consolidation
also leads to reduction of the intramuscular sprouting (Brown
et al,, 1980; Deschenes et al., 2006; Tam et al., 2001). In a recent
study, a positive effect of manual stimulation has been reported.
Improved recovery of vibrissal motor performance after classical
hypoglossal-facial nerve repair and interpositional nerve graft-
ing was found to be associated with a significant reduction in the
proportion of polyinnervated motor end-plates (Guntinas-Lichius
et al., 2007).

Furthermore, previous studies in experimental animals have
shown that mild electrical activation of the denervated soleus mus-
cle inhibits intramuscular sprouting and diminishes motor-end
plate polyinnervation (Love et al., 2003). Direct electrical stimu-

lation of partly denervated muscle suppresses terminal sprouting
activation of the denervated fibers which is required for the
inhibitory effect of chronic direct muscle stimulation (Brown et al.,
1981a,b). Skouras and Angelov (2010) showed that the brief elec-
trical stimulation immediately after transection and for 1h prior
to end-to-end suture of the severed facial nerve, did not lead to
improved motor recovery at 4 months. Regardless of whether the
animals were electrically stimulated or not, the degree of collat-
eral branching of axons at the lesion site was high (50-70%), the
proportion of polyinnervated motor end-plates in the musculature
was approximately 50% and the amplitude of vibrissal whisking
remained at 25-30% of that in intact animals.

Despite increasing knowledge of cellular and molecular mech-
anisms determining the success or failure of peripheral nerve
regeneration, no effective treatments for peripheral nerve injury
exist. Therefore novel strategies in experimental animals should
be developed and validated to reduce collateral branching at the
lesion site, terminal sprouting and synkinesia. All of the aforemen-
tioned factors affecting the recovery of function address the bench
of basic science.

8. Future perspectives in facial nerve repair

Although the classical form of the hypoglossal-facial nerve
repairis a technically simple and consistently efficient intervention,
some modifications are needed to spare patient function after total
or partial hypoglossal nerve sacrifice. Additionally, experimental
studies should be continued to shed more light onto the clinical
studies.

One of the promising strategies in peripheral nerve repair is
the use of tubes as nerve guides. Silicone tubes have already
been used successfully in peripheral nerve repair (Tos et al., 2000,
2007). Experimental studies using substances that decrease axonal
branching at the suture site applied into the silicone or biore-
sorbable tubes are still anticipated for the hypoglossal-facial nerve
repair model: the insertion of the facial and hypoglossal nerves
into a Y-shaped tube would allow the regenerating axons to select
their own way through the Y-tube and regrow towards the two
major groups of facial muscles; i.e. those around the mouth and
nose (innervated by the buccal branch of the facial nerve) and those
around the eye (supplied by the zygomatic branch of the facial
nerve).

Facial nerve repair by its original proximal stump (facial-facial
nerve repair) shows better recovery of function comparing to the
hypoglossal-facial nerve repair. A possible explanation might lie
in the different physiological properties of facial and hypoglossal
motoneurons (Guntinas-Lichius et al., 2007). Since the aforemen-
tioned Y tube model had been studied on mixed nerves of the upper
and lower extremities (Tos et al., 2000, 2007), intermingling of the
different fibers (motor, sensory, autonomic) had not been discarded
in their models. Therefore, pure motor nerves such as the hypoglos-
sal nerve and the extratemporal segment of the facial nerve should
be used to test the different physiological properties of both nerves.
This model may reduce collateral branching at the lesion site, ter-
minal sprouting and synkinesia after facial nerve injury.
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Walking track analysis was first described by de Medinaceli et al. This tech-
nique has been significantly modified to provide methods of indexing nerve
function that are more valid. Moreover, it has been questioned by several au-
thors. The aim of the present review is to offer a combined knowledge about
walking track analysis for scientists who deal with neuroscience. (Folia Morphol

2009; 68, 1: 1-7)
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THE RAT SCIATIC NERVE AS
A MODEL FOR PERIPHERAL
NERVE REGENERATION
In the biological sciences, a number of animal mod-
els have been developed in order to study peripheral
nerve regeneration. However, rats are used extensively
in the biological sciences because of their small size and
the availability of a large number of animals of identi-
cal genetic stock at a reasonable cost. An additional
advantage is that it is easy to work with and well stud-
ied by many scientists. The sciatic nerve shows an equiv-
alent capacity for regeneration in rats and subhuman
primates [29]. For this reason, the rat sciatic nerve model
is a widely used model for the evaluation of motor and
sensory nerve function at the same time [11, 29].

APPROPRIATE PARAMETERS FOR
THE ASSESSMENT OF PERIPHERAL
NERVE REGENERATION

Nerve regeneration has been experimentally
quantified using three commonly employed class-
es of measures: electrophysiology, histomorphom-
etry, and functional tests such as walking track
analysis [11, 30], external postural thrust [16], and

ankle stance angle [26]. Selection of the appropri-
ate assessment parameter to measure neural re-
generation will be critical for the success of any
experimental study. It has been assumed that these
three classes are highly correlated to each other.
Many nerve studies report the usage of more than
one outcome measure, yet fail to report any corre-
lation analysis. Traditional methods of assessing
nerve recovery, such as electrophysiology and his-
tomorphometry, do not necessarily correlate with
a return of motor and sensory functions [11]. There
is no indication of whether poor electrical results
equate with poor histological results or poor func-
tion [30]. With axon count and degree of myelina-
tion studies it is not possible to know if the axon
reaches the appropriate target organ or not [23, 28].
Therefore, extrapolation of the electrophysiological
and histomorphometric parameters may lead to
inappropriate interpretation of return of function
[23, 30].

Research questions should be tested using the
most appropriate measures. If the nature of the
question is about functional outcome, then a func-
tional analysis is best. However, if the research
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question relates to enhancement of fibre regeneration,
then an electrophysiological or morphological anal-
ysis is more appropriate. The clinical reports, as well
as the experimental results demonstrating no corre-
lation between measures, underscore the need to
consider which aspects of nerve regeneration are of
interest when designing studies [23, 28].

Walking track analysis is a measure of overall
coordinated distal motor function requiring intact
motor and sensory functions. After nerve injury, the
nerve fibres innervate the muscles aselectively; be-
cause of this, the activation patterns of the mus-
cles is abnormal during locomotion [14]. Because
maximal effort is not necessary for walking, there
is no correlation between walking track parame-
ters and maximal muscle forces [35]. Although
a muscle or sensory receptor may be reinnervated,
cortical control may not permit adequate muscle
activation [11].

WALKING TRACK ANALYSIS

Walking track analysis was first described by de
Medinaceli et al. [10] in 1982. The approach they
described is utilized increasingly by the research-
ers who deal with neuroscience. It combines gait
analysis and the temporal and spatial relationship
of one footprint to another during walking (Fig. 1).
Their data analysis employed a complicated math-
ematical formula, empirically derived, comparing
four measurements between the experimental and
the normal sides. The numerical value of the for-
mula is termed the sciatic function index (SFI). This
index of measuring functional recovery has been
used by numerous investigators with consistent
results.

DATA OBTAINED FROM
WALKING TRACKS

Several measurements are taken from footprints,
these are as follows:

— print length (PL): distance from the heel to the
third toe;

— toe spread (TS): distance from the first to the
fifth toe;

— intermediate toe spread (ITS): distance from the

second to the fourth toe (Fig. 1).

All three measurements are taken from the ex-
perimental (injured) and normal (uninjured or op-
posite) sides [1]. Dellon and Dellon [12] discussed
the validity of the normal hind limb, since it is theo-
retically possible that a given strain of rat will have
a change in the measurements of the contralateral

. TOF

N i

Figure 1. The temporal and spatial relationship of one footprint to
another during walking; measurements are taken from the
footprints; PL — distance from the heel to the third toe, the

print length; TS — distance from the first to the fifth toe, the

toe spread; ITS — distance from the second to the fourth toe,
the intermediate toe spread; TOF — distance to opposite foot.

hind footprint parameters as a result of carrying in-
creased weight after nerve injury to the opposite
leg, it may be invalid to assume that the contralat-
eral leg has a normal footprint. However, many au-
thors have used the opposite leg as normal.

After obtaining the data from the tracks, they are
used to calculate the index SFI. An SFI of 0 indicates
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normal, and —100 indicates total impairment. How-
ever, de Medinaceli et al. [10] reported the normal
values between +11 and -11. As a result, many mod-
ified calculations accept 0 as normal and -100 as
total impairment [5, 9].

CHANGES AFTER SPECIFIC
NERVE INJURIES

As a result of a complete peroneal nerve lesion,
the toe extensors and foot dorsiflexors and evertors
are denervated. Therefore, owing to the opposed
action of the toe and foot flexors, the animal has
a shortened print length. The distance between the
intermediate toes is relatively unaffected owing to
the normal functioning of the foot intrinsics. Only
a slightly decreased toe spread is noted [1].

A complete posterior tibial nerve lesion results
in a more significantly impaired gait and walking
track. Secondary to the loss of ankle plantar flexion,
foot inverters, toe flexors, and foot intrinsics, the
footprint characteristically demonstrates an in-
creased print length, a decreased toe spread and
a decreased intermediate toe spread. There is also
a tendency toward foot eversion. Significantly, the
loss of intrinsic muscle function results in a decreased
toe spread. The unopposed dorsiflexion from intact
peroneal nerve function pushes the heel down, caus-
ing the animal to walk on the entire sole of the foot.
This results in a longer print length [1].

A complete sciatic nerve lesion is similar to that
of the posterior tibial nerve lesion; however, the
pattern attributable to the unopposed action of the
peroneal innervated musculature is not present.
Hence, the walking track shows an increased print
length, decreased toe spread, and decreased inter-
mediate toe spread without the tendency of foot
eversion. Owing to the loss of the peroneal nerve
function, there is a more abnormal print with evi-
dence of toe dragging and a more slurred print [1].

HISTORY OF SCIATIC
INDEX FORMULA

Prior to de Medinaceli et al. [10], gait analysis
had been described comprehensively by Hruska et
al. [19, 20]. However, de Medinaceli's group [10]
was interested in an assay of the end result of neu-
rological function in contrast with electrophysiolog-
ical recordings of conduction velocity or amplitude,
and with morphometric analysis of nerve fibre num-
bers or axon-myelin ratios. Furthermore, de Medi-
naceli’s group [10] was interested in an assay they
could apply to a model of localized severe nerve in-

A. De Medinaceli, Freed and Wyatt, 1982

SFI = ETOF - NTOF | | [ NPL-EPL) (ETS-NTS|  (EIT - NIT]|220
NTOF EPL NTS NIT 4

B. Carlton and Goldberg, 1986

NPL- EPL)_(ETS-NTS) [ EIT - NMIT )| 220
SFI = + + —
EPL NTS NIT 3

TFI =125

NPL - EPL
NIT

_a433 ETS - NT§ +959) EIT - NIT
NTS

PRI = (2% 8F1)-TFI

C. Bain, Machinnon, and Hunter, 1989

S - _BS‘Z[EPL*NPL]HDgrs[ETS*m]Hg B[E:T—MT]_&E
NPL NTS NIT

TFI = -37 EPL- NPL +104.4 ET8 - NT® +45.6 BIT - NIT _3g
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Figure 2. Index formulas; A. Index formula described by De Medi-
naceli, Freed, and Wyatt [10]; B. Index formula described by Carl-
ton and Goldberg [5]; C. Index formula described by Bain, Mackin-
non, and Hunter [1]; SFI — sciatic function index, PFI — Peroneal
function index, TFl — tibial function index.

jury. Therefore, they incorporated the parameters
that directly measured from the rat’s footprints: TOF
(distance to opposite foot), PL (print length), TS (toe
spread), ITS (intermediate toe spread), angle of feet,
and width between feet and toe. But, they selected
four variables, TOF, PL, TS, and ITS for calculation of
the index formula. The TOF (the swing of the oppo-
site limb) measures the capacity of the experimen-
tal limb to support the animal’s weight. TS and ITS,
indicators of condition of the peroneal nerve, were
based on previous studies [3, 15, 18]. They found
the PL to be short in normal animals that walk only
on their toes whereas animals with nerve damage
place the whole foot on the ground and sometimes
even drag their toes. De Medinaceli et al. [10] gave
equal importance to the different components in
the index formula (Fig. 2A). In 1986, Carlton and
Goldberg [5] eliminated from the formula the vari-
able relating to distance to the opposite foot (Fig. 2B).
Later, in 1989, Bain et al. [1] reported that the indi-
ces of sciatic function, as described by De Medinaceli
et al. [10] and Carlton and Goldberg [5], led to val-
ues that were not indicative of the nerve lesions cre-
ated. Bain et al. [1] provided indexes for the three
nerve functions (sciatic, posterior tibial, peroneal)
that were statistically, not empirically, derived. In-
dices for a sciatic, peroneal, and posterior tibial func-
tion index are created based on the coefficients
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derived from multiple linear regression analysis. They
suggested a new modification of the SFI, calculat-
ing the factors as follows: print length factor (PLF);
toe spread factor (TSF); and intermediary toe spread
factor (ITF). These factors were then incorporated
into the Bain-Mackinnon-Hunter sciatic function in-
dex formula (Fig. 2C). A similar set of sciatic nerve
indices was developed in mice [21]. Inserra et al. [21]
reported high correlation for SFl with PL and TS, for
peroneal function index with TS, and for posterior
tibial index with PL in mice. By these observations,
they constructed an index formula based on weight-
ed contributions of the components of the sciatic
function index.

SOME PROBLEMS IN OBTAINING
WALKING TRACKS
Sometimes it is difficult to obtain clear print
marks. The reported difficulties are as follows.

Long print length

One of the most difficult points to determine is
that for the heel. When a rat is first placed in the
corridor, it may remain still, pressing the entire foot-
pad and hell down, creating a very long print length
but not a walking print. At the end of the walkway,
before entering the dark box, it might put all its
weight onto its hind legs, again creating a very long
print [12]. To discard this behaviour, the rat should
first be allowed two or three conditioning trials,
during which it can stop to explore the walking path-
way. After these trials, the rat should walk steadily
to the darkened cage [37].

Autotomy

After transection of the sciatic nerve, rodents fre-
quently scratch and bite their anaesthetised foot, re-
sulting in amputation of one or more toes (especially
the last two digits). This is termed autotomy or au-
tophagy. This phenomenon was first described and
named by Wall et al. [39]. Mice show autotomy very
similar to that seen in rats but the onset is somewhat
faster [39]. Autotomy is usually seen in the beginning
of the third postoperative week. Autotomy starts with
nibbling of toenails (Fig. 3) and then extends progres-
sively to the toes and feet (Fig. 4). Subsequently, in-
fection and oedema may start in the attacked regions.
The extent of autotomy is scored according to the scale
used by Wall et al. [39]. Briefly, one point is tallied for
the loss of one or more toenails, and an additional
point is scored for each one-half toe amputated, and
for a total score when all toes are removed.
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Figure 4. Appearance of severe autotomy.

Although it has been suggested that this behav-
iour is simply an effort to shed an insensate append-
age, several researchers have attributed it to the
animal’s response to a painful condition that it per-
ceives as arising from the denervated body part,
named anaesthesia dolorosa. The painful perception
arising from the injured nerve may originate from
impulses spontaneously generated in the regener-
ating axonal sprouts because of mechanical com-
pression within the neuroma [8, 39].

When these rats or mice are part of a study us-
ing the sciatic function index, autotomy results in
unusable data, since the necessary foot marks have
been removed. Therefore, in most cases where au-
totomy occurs the hind limb can no longer serve as
the site at which nerve repair can be studied. For
the prevention of this problem, a deterrent in the
form of a foul-tasting substance [34] or some chem-
ical substances [2, 24, 31] have been used with ben-
eficial results. This behaviour can be significantly
limited when housing male rats with females [43].
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Figure 5. Appearance of contracture formation.

It would be helpful, therefore, to be familiar with
the phenomenon of autotomy and know which rats
are least likely to mutilate themselves. It is reported
that female Sprague-Dawley rats are significantly less
likely to perform autotomy than males [40]. In con-
trast to Weber et al. [40], Carr et al. [6] mentioned
that Lewis rats have been demonstrated to exhibit
the least autotomy.

Contracture formation

Sciatic and peroneal nerve injuries often cause
joint contractures such that the rats use the dorsum
of the affected foot (Fig. 5). Tibial nerve injuries cause
some rats to bear weight on the medial aspect of
the foot with the fifth toe elevated [17]. The forma-
tion of flexion contracture may occur due to a faster
or more complete reinnervation of the flexor mus-
cles in comparison with the extensor muscle group [7].
Contractures may also have contributed to the un-
expected findings of a decline in the mean SFI.
Contracture formation can be seen not only in rats
but also in mice. The incidence of contracture for-
mation in mice [42] is similar to that reported for
rats [17]. As a result of contracture formation, it is
difficult to measure the print length. To solve this
problem, Chamberlain et al. [7] developed a new
method to measure the print length in the presence
of flexion contracture after sciatic transection, where-
by the sum of the distance from the heel to the prox-
imal knuckle on the print and the distance from the
proximal knuckle to the end of the toe is calculated.
To prevent the development of flexion contractures,
the injured leg must be exercised manually on
a weekly or biweekly basis, or a wire mesh must be
used, where the animal is allowed to play freely, to
provide continuous physiotherapy throughout the

period of denervation [25]. Daily physical activity has
a positive influence in the early phase of nerve re-
generation, including motor and sensory function
[33, 36], as would be provided in real clinical situa-
tions [42].

MATERIALS USED TO OBTAIN
TRACKS: THEIR ADVANTAGES
AND DISADVANTAGES

An overview of the literature shows that in some
experiments, the bottom of the track was lined with
various kinds of materials, or the rat’s hind feet were
dipped or painted with various substances, in order
to refine and improve the prints for walking track
analysis.

De Medinaceli et al. [10] used an X-ray devel-
oper and film to observe the prints. Prior to Me-
dinaceli’s group, attempts to record the rat's
footprints for gait analysis used Vaseline and
white paper [32], or grease and polygraph chart
paper [19, 20]. These techniques produce prints
subject to error regarding the actual anatomy of
the rat plantar surface. A complex technique re-
quiring dye staining of paper has been reported
by Lowdon et al. [27], in which water is utilized
to produce a blue track image on yellow brown
paper. Johnston et al. [22] suggested that the
paint and paper method had many advantages
over the original method of X-ray developer and
film. The reported advantages are as follows:
paper is more readily available than x-ray film; it
is easier to cut and provides better traction; paint
is a non-toxic agent and can be washed easily;
the rat’s feet are not chronically exposed to po-
tentially caustic developer; slippage and print
smearing are kept to a minimum; it is easy to
visualize the paint of the plantar surface before
the rat walks so that all the important anatomi-
cal structures will be imaged.

Westerga and Gramsbergen [41] introduced the
use of a mirror to obtain two views of the rat’s hind
paw, the plantar and the side-view. A video record-
ing technique to measure SFl was reported by Walker
et al. [38] and Dijkstra et al. [13]. The rats are placed
in a Perspex runway, and a single mirror placed at
an angle of 45° below the animal, being filmed from
the side. Each frame of the video image is selected
from a non-hesitant step. The video analysis of stand-
ing was described by Bervar [4], to introduce a new
functional loss index, in static conditions: the static
sciatic index (SSI).
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CONCLUSIONS

Standardization of track analysis will be essen-
tial in interlaboratory comparisons of data. While
most reports have specified the Sprague-Dawley rat,
it is reemphasized that the normative data should
not be applied to other rat strains; rather, each lab-
oratory should obtain normative data for the strain
of Rattus norvegicus, such as Wistar or Lewis. We
suggest that verification of SFl with other modified
index formulas is important prior to use of these
functional indices for rat strains available in the re-
searcher’s laboratory.

The use of walking track analysis provides a non-
invasive method of assessing the functional status
of the sciatic nerve during the regeneration process.
Because proper walking requires coordinated func-
tion involving sensory input, motor response, and
cortical integration, SFI may therefore be better than
simply using basic electrophysiology and histomor-
phometry of axon growth and muscle reinnervation,
if the research focus concerns functional outcome.
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Peripheral nerve trunks are well-vascularized structures where a well-developed
collateral system may compensate for local vascular damage. Vasculitis in nerve
has a predilection for epineurial vessels and causes to the peripheral neuropathy,
which is a major clinical feature of primary and secondary systemic vasculitides. In
the present study, the goal was to simulate the vasculitic neuropathy in rat sciatic
nerve and to investigate the watershed zones after stripping of the epineural vessels
of the sciatic nerve. Sciatic function index values, light and electron microscopic
evaluations of the experimental sciatic nerve suggested that the sciatic nerve was
normal except for some watershed zones located in the peripheral part of the nerve.
Although there is abundant collateral circulation in the peripheral nerve, distribution
of the vessels of the watershed zones as observed in the present study should be
elucidated by further studies.

Keywords epineurial vessels, sciatic nerve, vasa nervorum, watershed zones

INTRODUCTION

Vasculitis in nerve has a predilection for epineurial vessels with diameters
of 75 to 250 um (Dyck et al., 1987; Hawke et al., 1991). Active lesions
are characterized by predominant T cell and macrophage infiltration to
affected nerves showing reduced myelinated nerve fiber density (with large
fibers most susceptible), wallerian-like degeneration, and minimal demyelina-
tion/remyelination. Nerve fiber loss is typically asymmetric within and between
fascicles (Collins & Kissel, 2003).

Special problems are incurred in the study of peripheral nerve ischemia.
Unlike brain and heart, where ischemic effects are readily produced, peripheral
nerve is relatively resistant because of its low energy needs and extensive
anastomoses (Schmelzer et al., 1989).

Peripheral neuropathy is a major clinical feature of primary and secondary
systemic vasculitides, often observed during the early phases of the disease
and therefore carrying an important diagnostic value. The vasculitic processes
defining these diseases may indeed affect the vasa nervorum and epineurial
arteries and cause axonal neuropathy (Pagnoux & Guillevin, 2005). The
identification of hypoxic mechanism of peripheral nerve disease supports a
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need for investigation of distribution of vasa nervorum. In the present study,
the goal was to simulate the vasculitic neuropathy in rat sciatic nerve and to
investigate the watershed zones after stripping of the epineural vessels of the
sciatic nerve.

MATERIALS AND METHODS
Animals

A total number of 24 male Wistar rats (200-250 gr) were randomly divided into
two groups, control and experimental. The animals were housed in Makrolon
cages (5 per cage) and maintained on a 12-h light-dark cycle; lights on from
7.00-19.00 h. Food and water were provided ad libitum. All procedures were
reviewed and approved by Animal Care and Usage Committee of Akdeniz
University.

Surgery

After being prepared for aseptic surgery, animals of the experimental group
were anaesthetized with a mixture of xylazin HCI (15 mg/kg) and ketamine
(100 mg/kg) via intramuscular injection. Left side of the hind limb was shaved
and swabbed with an antiseptic solution. The sciatic nerve was exposed by
lateral incision of the thigh and reflection of the superficial masculature. Careful
blunt dissection was performed to isolate the sciatic nerve from the surrounding
connective tissue over a length of 3 to 3.5 cm. Then, epineural vessels of
the sciatic nerve (vasa nervorum) (Figure 1) was stripped for 2-2.5 cm by
microdissection using two pairs of microforceps (TAAB, T302, and T145) and
a trinocular operating microscope (Olympus SZ61, x150 to 200) with fiber
optic illumination. Additionally, the sources of these vessels from the gluteal
and popliteal tributaries were also ligated. After stripping was completed, two
sutures were tied in the adjacent muscle to mark the border of the stripped
areas. The wound was closed with a 2-0 Ethilon® suture and rats were allowed
to recover.

Evaluation Tests

Walking Pattern Analysis. The return of motor function was monitored by
analysis of the free walking pattern. The overall index of sciatic nerve function
was used as a parameter to evaluate the recovery of coordinated motor function
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Figure 1. Blood supply of the sciatic nerve in the rat. A: Vasa nervorum originating from the gluteal
vessels. B: Vasa nervorum originating from the popliteal vessels. Epineural vessels (arrows), sciatic
nerve (SN), peroneal nerve (PN), tibial nerve (TN).

of the injured hind paw. The test procedure is as follows. After dipping the
both hind feet of the rats in the ink, the rats were walked on a corridor
(80 cm long, 7 cm wide, and inclining 10°) covered by a photocopy paper. From
the footprints, sciatic function index (SFI) was calculated using the formula
developed by Bain and colleagues (1989). The walking patterns were analyzed
by weekly intervals starting on the day of surgery to second postoperative week
by an experienced author (LS).

Sensory Function. The sensory functional recovery was analyzed by pinch
test. Using a Yasargil aneurysm clip (Aesculap, FE-752 K), the lateral side of
the foot of the animals was pinched. Animals showing withdrawal response to
pinching were recorded.

Electron Microscopic Evaluation. At the end of the second postoperative
week the animals were sacrificed. Then, a stripped part of the sciatic
nerve was sampled and fixed with 4% glutaraldehyde in 0.1 M Sorensen’s
phosphate buffer solution (pH:7.3). Then, it was post-fixed with 1% osmium
tetraoxide in the same buffered solution and after dehydratation through a
graded series of ethanol. It was embedded in epoxy resin (Araldite CY212, Agar
Scientific Ltd, Stansted, UK). Semi-thin sections were stained with toluidine
blue and were examined with a light microscope (Olympus CX41). Afterwards,
ultrathin sections (400-600 A°) were contrasted with uranyl acetate and lead
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Figure 2. SFI values of the control and experimental groups.

citrate and finally examined with Zeiss LEO 906E transmission electron
microscope.

Data Analysis

All measurements were carried out in a blind fashion. Data obtained from the
free walking patterns are expressed as mean SFI for each group. All statistical
analyses were done by using SPSS (version 10.0) for PC. Differences were
considered to be statistically significant at the p < .05 level.

RESULTS
SFI Values

The print length (PL) of the animals was longer, toe spreading and intermediate
toe spreading narrower on the experimental animals. Before surgery, SFI values
of the experimental group showed no significant difference (¢: 0.79, df: 18, p >
.05) compared with the control group. On the following day of the surgery
(postoperative day 1), the SFI values were —7.12 £ 0.6, and —60.12 + 5.11 for
control and experimental groups, respectively. The SFI levels were recovered
to the —50 values at postoperative day 5 in the experimental group (Figure
2). Significant differences were observed between control and experimental
groups in postoperative days 1 (z: 31.85 df: 18,p < .05),7 (¢: 55.46 df: 18,p <
.05), and 15 (¢: 55.57 df: 18, p < .05).
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Onset Day of Withdrawal to Pinching

All experimental animals showed withdrawal to pinching in every postoperative
days. There was no significant difference between control and experimental
group (X?: 0, df: 1, p > .05).

Autotomy

No animals in the experimental and control groups showed autotomy.

Light and Electron Microscopic Evaluations

Light microscopic evaluation of sciatic nerve of the control group revealed
normal peripheral nerve structure that consisted of myelinated and unmyeli-
nated fibers, and did not show myelin deformation and damaged fibers. Light
microscopic evaluations of the sciatic nerve of experimental group revealed
that some watershed zones located especially in the peripheral part of the
sciatic nerve were observed (Figure 3). The watershed zones showed fascicular
localization where they contained numerous damaged myelinated fibers (Figure
4). Fascicles in central part of the sciatic nerve of experimental group had
intact nerve fibers and normal endoneurium structure. Electron microscopic
observation supported the aforementioned findings. Electron microscopic
evaluations on the watershed areas of experimental group revealed endoneurial
proteolysis, demyelinization, and numerous macrophage infiltrations. The
endoneurium, perineurium, and axons showed severe deformation. Collagen
and reticular fibrils in interfibrilar endoneurium were not recognized. Their
normal fibrilar structure and bundle organization were lost. There were
numerous myelin residues in the cytoplasm of active Schwann cells and
macrophages. The cytoplasm of the active Schwann cells had numerous
mitochondrion, myelin debris (Figure 5).

DISCUSSION

Peripheral nervous system involvement in vasculitides typically results from
focal or multifocal axonal ischemia caused by vasculitis of the vasa nervorum
in the branches of small epineurial vessels. Under normal conditions, the
nervous system is supposed to be protected from immunologic attack by
the blood—brain and blood—nerve barriers. However, the peripheral nerves are
affected frequently and early in vasculitides, which might be explained by the

RIGHTS

ir



Int J Neurosci Downloaded from informahealthcare.com by Y ale University on 12/08/11

For personal use only.

STRIPPING OF THE VASA NERVORUM 1151

Figureda |

Figure 3. Photomicrograph showing watershed zones in sciatic nerve after epineurial vessels
stripping. Rectangular lines show areas illustrated in panels of the Figure 4.

breakdown of the blood—nerve barrier at the precise level of epineurial vessels,
in contrast with endoneurial vessels (Lundborg, 1975; Younger, 2004).

Ischemic neuropathy is an indirect sign of vasculitis and is characterized by
a predominantly axonal type of degeneration with often more than 55% fiber
loss (Fressinaud et al., 2003) and patchy fascicular involvement. Castaigne
et al. (1984) reported that lesions are located in the less vascularized nerve
parts, that is, predominantly in the fascicle center, which is more vulnerable to
ischemia. However, the results of the present study indicated that there were
subperineural demyelinazation not centrifascicular.

Sladky et al. (1985) performed an acute occlusion of the femoral artery
and found reduced regional sciatic blood flow. They observed that the flow
was especially depressed within the endoneurial core of the proximal posterior
tibial branch, which lies in a watershed zone between adjacent segmental
arterial fields. They attributed the centrifascicular distribution of nerve infarcts
to the topography of the arterial supply to nerves and their abundant collateral
circulation. Nukada et al. (1993) also studied morphologic changes after
ligature of the femoral, internal iliac, or superior gluteal arteries at various
levels and identified watershed zones. Femoral artery ligation produced the most
severe ischemia, focally reducing nerve blood flow by 80% in the tibial nerve
at a level just below the knee. Within these ischemic nerve segments there were
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Figure 4. Magnification of the selected portions in the Figure 3. A: Magnified view of the upper-
right portion of the Figure 3 shows the degeneration of the peripheral fascicle. B: Magnified
rectangular area illustrated in Figure 4A. There were numerous degenerated myelin sheaths (black
arrows) and active Schwann cells (white arrows). C: Lower-right portion of the sciatic nerve as
shown in Figure 3, D: Magnification of the area illustrated in Figure 4C. Black arrows: Degenerated
myelin sheaths, white arrows: Active Schwann cells.

degenerative changes of nerve fibers seen mainly in the subperineurial region.
During another pilot study of the present research, the authors compressed the
common iliac artery over 30 or 60 minutes and found no evidence of ischemic
injury due to insult of the sciatic nerve (unpublished data). It is thought that
further studies should be performed to understand the real mechanism.

Using laser Doppler measurements of nerve blood flow and electron
microscopy, Myers et al. (1991) determined that removal of the vasa nervorum
from the surface of rat peripheral nerve results in an immediate reduction
in nerve blood flow and subsequent subperineurial demyelination. They also
reported Wallerian degeneration in fibers surrounding central endoneurial
vessel. They suggested that ischemia is the mechanism for subperineural fiber
injury after epineurial devascularization and highlighted the importance of the
transperineurial vessels, which connect the epineurial anastomotic circulation
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Figure 5. Electron micrographs of the sciatic nerve. A: Normal sciatic nerve with intact myelinated
(white arrows) and unmyelinated fibers (*). B: An active Schwann cell (Sch) with degenerated
myelin sheath (DM) and several mitochondrions in the cytoplasm (arrows). Note that Collagen
and reticular fibrils in interfibrilar endoneurium were not recognized (*). C, D: Degenerated
myelinated fibers (DM) with numerous myelin residues (white arrows) in the active Schwann cells
and macrophages (M). Vessel (V).

and endoneurial capillary network. Approximately normal appearance of the
sciatic nerve except for watershed zones was supported by the SFI values. It is
thought that the parts (print length, toe spreading, intermediate toe spreading)
of the SFI calculation were also not totally affected from the stripping of the
vasa nervorum. SFI values, light and electron microscopic evaluations of the
experimental sciatic nerve were suggested that the sciatic nerve were not totally
normal. Although there is a well-developed collateral system in the peripheral
nerve (Lundborg, 1988), distribution of the vessels of these watershed zones
as observed in the present study should be elucidated by further studies.
Myers et al. (1991) reported that vessels entering the endoneurium from the
epineurium give off immediate and repeated branches in the subperineurial
region. Because the authors stripped the epineural vessels around the sciatic
nerve and ligated the source of these vessels from the gluteal and popliteal
tributaries, appearance of the watershed zones in the peripheral parts of the
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nerve after vascular stripping should be due to existence of the vessels that
entered either from the lower part of the popliteal vessels or upper part of the
gluteal vessels. It is thought that studies focusing on that issue might answer the
configuration of the vascular network inside the sciatic nerve and give valuable
knowledge about ischemic and vasculitic neuropathy.
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