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1. Giris

Ozon (O,) gembersel ii¢ oksijen atomundan olusan, kararsiz, depo-
lanamayan, ¢ok a¢ik mavi renkli, keskin kokulu ve havadan daha agir bir
gazdir (1). Oksijenden 1,6 kat daha yogun ve 10 kat daha fazla suda ¢6zii-
niir olan bu gaz, -192 C° de kati1 ve -112 C° de gaz halde bulunmaktadir (2).
Oda sicakliginda renksiz ve keskin kokulu olan bu gaz, firtinali havalar-
dan sonra yiiksek yerlerde veya deniz kiyisinda hissedilmektedir (3). Ad1
Yunancada koku yayan anlamina gelen “ozein” kelimesinden tiiremistir.
Oksidan ajanlar arasinda florin ve persulfattan sonra {igiincii en kuvvetli
oksidandir. Atmosferdeki ozonun %90’1na yakini, yer yiizeyinden yaklagik
20-50 km yiiksekte bulunan stratosfer tabakasi i¢inde yer alir. Geri kalan
%10’luk ozon miktar1 ise 10—15 km arasindaki troposfer tabakasi iginde
bulunmaktadir (4). Ozonun stratosferdeki varlig1 glinesten gelen ultravi-
yole (UV) B ve C 1sinlarini engelledigi i¢in hayati iken, yasadigimiz hava
katmani olan troposferde bulunmasi solunum yollar1 i¢in ¢ok tehlikelidir
ve hava kirliligi olarak kabul edilmektedir (5). Oksijen ve ozon siirekli
birbirlerine doniisiim halindedirler. Bu doniisiimii saglayan kimyasal re-
aksiyonlar, giines 15181 kaynakl yiiksek frekanstaki UV 1ginlari tarafindan
katalize edilmekte ve asagida formiilde gosterilmektedir. Ozon tabakasi
sayesinde giinesten yayilan ultraviyole radyasyon (200-300 nm) emilir ve
boylece bu radyasyonun hiicrelerdeki niikleik asitler tarafindan absorbe
edilip DNA hasarina neden olmas1 énlenmis olur (6, 7). Ozon gazi canlilar
icin toksiktir. Antioksidan kapasiteleri ¢ok diisiik oldugundan akciger ve
gozler ozonun toksik etkisine en hassas organlardir. Verdigi zarar; ozon
gazinin ortamdaki yogunlugu (ppm- part(s) per million), ortamdaki sicak-
lik, nem (ozon nemli ortamda daha aktiftir) ve maruziyet siiresine gore
degisiklik gostermektedir (8).

2. Tibbi Ozon

Tipta kullanilan ozon 6zel jeneratdrlerde saf oksijenin yiiksek voltaj
farkindan ge¢cmesi sonucu elde edilmekte ve jeneratorden ¢ikan bu gazin
sadece %3 ile %5’1 ozondan olugsmaktadir. Geriye kalan kisim ise oksi-
jenden ibarettir (9). Ozonu tipta kullanabilmemiz i¢in ozon cihazlarinin
ozon iireten kisimlarinin ¢elik (V4A kalitesinde), 6zel olarak anotlanmis
alliminyum, seramik, cam ya da teflon gibi reaksiyona girmeyen maddeler-
den yapilmasi gerekirken, ozon vermek icin kullanilan donanimlarin ise;
cam, polietilen, polipropilen, polivinilchloride (PVC) veya teflon olmasi
onerilmektedir (1, 5). Tibbi amagla kullanilan ozon, saf oksijenin yiiksek
voltaj gradiyentinden ge¢mesi sonucu asagida belirtilen reaksiyonun ger-
¢eklesmesiyle liretilmektedir (10). Ozon iiretiminde normal hava kullanil-
dig1 takdirde igindeki yliksek azot orani nedeniyle toksik N,O, (nitrojen
dioksit) ortaya ¢ikmakta ve bu nedenle onerilmemektedir. Ozon konsant-
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rasyonu fotometre ile 6l¢iilmektedir. Bunun i¢in mor &tesi dalga boyuna
yakin 254 nm bandi kullanilmaktadir. Ozon tedavisinde genellikle gama
birimi kullanilmaktadir. Bu 1 ml ozon/oksijen karigiminda 1 pg ozon de-
mektir (5). Ozon serbest radikal 6zelliginde olmamasina ragmen, florin ve
persiilfattan sonra ti¢lincii en giiclii oksidandir. Stabil olmamasi nedeniy-
le depolanamamakta ve hemen kullanilmasi gerekmektedir. Ozonun yari
omrii sicakliga bagli olmakla birlikte; 20°C’de 40 dakika, 30°C’de 25 da-
kika, 0 C*’de 140 dakika, -50°C’de ise ii¢ haftadir (10, 11).

3. Ozonun Etki Mekanizmasi

Immunstimulan etki: Diisiik dozlarda 16kositoz ve fagositozu
indiikleyerek immun sistemi stimule ederken, yliksek dozlarda ise immun
sistemi inhibe etmektedir. 30-55 pg/ml dozlarinda interferon, timor
nekrotizan faktor (TNF) ve interlokin iiretiminde miikemmel bir artig
sagladigi bildirilmektedir. Bu nedenle; 6zellikle bagisiklik sistemi diisiik
olan hastalarda etkili bir sekilde kullanilabildigi ifade edilmektedir (12,
13).

Antibakteriyel etki: Giiglii germisid aktivitesi vardir ve bir¢ok pato-
jen mikroorganizmanin hiicre duvarini pargalayabilmektedir. Bu sayede
enteroviriisler, koliform bakteriler, Staphylococcus aureus ve Aeromonas
hydrophilia enfeksiyonlarinda etkindir. Sirkiiler plazmid DNA’y1 acarak
bakteriyel proliferasyonu azaltmaktadir. Fungisit etkilidir ve candidanin
biiyiimesini inhibe etmektedir (14). Asidik ortamda antibakteriyel aktivite-
si artig gostermektedir (12). 2003 yilinda, ozonun aktive edilmis notrofil-
lerde iiretilebildigi kesfedilmistir (15).

Antienflamatuvar etki: Lokosit ve endotel hiicrelerinde interferon
(IFN-a, -B, -y), interlokin (IL-1B, IL-2, IL-6, IL-8), TNF-a ve bilyiime
faktorlerinin yapimina (PDGF- Platelet derived growth faktor, TGF-p1 —
Transforming growth factor beta 1 gibi) sebep olmaktadir. Ozon tedavisi
bu etkileri nedeniyle yangisal siirecin yogun oldugu ve bagisiklik siste-
minin tetiklendigi fizyopatolojik durumlarda tedavi amactyla kullanilabil-
mektedir (16).

Glutasyon, katalaz, SOD enzimleri diisitk dozdaki ozonla aktive ol-
maktadir. Bu enzimler organizmay1 serbest oksijen radikallerinden koru-
maktadir. Glikolizi aktive etmektedir. Boylece;

*  Oksijenin hemoglobinden ayrilmasini saglayarak doku oksijeni-
zasyonunu arttirmakta,

*  Metabolik detoksifikasyonda dnemli bir rolii olan acetyl coenzy-
me-A’nin olusumunu artirmakta,
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*  Mitokondriyal transport sistemini aktive ederek tiim hiicrelerin
metabolizmasini artirmakta ve bu sayede mutajenik degisimlere
kars1 hiicre savunmasini giiglendirmektedir (17).

3.1. Klinik Uygulamalarda Ozonun Etki Mekanizmasi

Ozon lokal ve sistemik uygulamada farkli etki mekanizmalarina sa-
hiptir. Lokal etkiler ozonun direkt antimikrobiyal ve yara iyilestirici86-
zelliklerinden kaynaklanirken; sistemik etkiler eritrosit, 16kosit gibi ¢esitli
hiicrelerin aktivasyonu sonucu ortaya ¢ikmaktadir (18).

Ozonun viicuda verilen kontrollii oksidatif stres oldugunu sdylemek
mimkiindiir (8). Etki mekanizmasi, uygulama bi¢imine gore degisiklik
gostermektedir. Glintimiizde en sik kullanilan ozon tedavi yontemi has-
tanin kendi kanmnin belirli konsantrasyonlarda ozona maruz birakildiktan
sonra geri verilmesi esasina dayanmaktadir. Ozon gazi plazmada hizl bir
sekilde erimekte ve kan hiicrelerinin zarlarindaki doymamais yag asitleri ile
reaksiyona girip onlar1 oksitlemektedir. Ayn1 zamanda basta H202 olmak
iizere pek cok ROS meydana getirmektedir. ROS plazmada asir1 derecede
hizli olusmakta ve ortamdaki antioksidan kapasitesini %5-25 kadar azalt-
maktadir (19). Ancak; bu etki gecicidir ve 15-20 dakika icerisinde bir to-
parlanma olmaktadir (20). Bu arada bir miktar H2O2 hiicre i¢ine girmis ve
bir¢ok metabolik reaksiyonu tetiklemeye baslamistir.

Hiicre igine giren H O, antioksidanlar tarafindan hizh bir sekilde etki-
siz hale getirilmektedir (21). Buraya kadar anlatilan reaksiyon, kan viicuda
geri verilmeden 6nce olup bitmektedir. ROS ¢ok kararli degildir ve viicuda
verilmeden once bozulmaya baslamaktadir. LOP daha kararlidir, ancak o
da kana verildiginde hemen seyrelmektedir. Ayn1 zamanda safra ve idrarla
bir kism1 digariya atilmaktadir. Geri kalanlar ise GSH-transferaz ve aldehid
dehidrogenaz sistemleri ile metabolize edilmektedir. Geriye kalan mikro-
molar konsantrasyondaki bu maddeler, viicutta devam eden bir oksidatif
stresin haberci molekiilleri olarak viicuda yayilmaktadir (22). Bunun so-
nucunda viicuttaki siiperoksit dismutaz (SOD), GSH-peroksidaz, GSH-re-
diiktaz ve katalaz gibi antioksidan enzimlerin {iretimi artmaktadir. Ayrica;
LOP oksidatif stres proteinlerini de tetiklemektedir. Hemoksijenaz-1 (HO-
1) bunlardan bir tanesidir (23). Bocci, ozon tedavisini yukarida belirtilen
fizyolojik ve biyokimyasal tepkimeler nedeniyle “tedavi edici sok” olarak
isimlendirmektedir (5).

4. Ozonun Uygulama Yontemleri

Ozon gazi solunum yolu hari¢ birgok yoldan verilebilmektedir (24).
Uluslararasi kabul gérmiis 10 civarinda uygulama sekli bulunmaktadir (3).
Bunlardan baglicalart:
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*  Major otohemoterapi (MOH)
+  Mindr otohemoterapi (MIH)
+ Intraartikiiler uygulama

* Topikal uygulama

¢ Torbalama

4.1. Major Otohemoterapi

En sik tercih edilen uygulama yontemidir (25). Hastadan 50-270
ml’ye kadar kan alinarak heparin ya da %3,13 oraninda sodyum sitrat ice-
ren ozona dayanikli bir kabin igine alinir. Uygun dozda ozon/oksijen (ozon
en ¢ok %5, oksijen en az %95) gazi karisimi kanin bulundugu kabin i¢ine
verilerek kanla 5-10 dakika kadar temas etmesine izin verilir. Takiben 15
dakika igerisinde ozonlanmis kan damardan geri verilerek islem tamam-
lanmis olur (26). Bu uygulama sekli, bircok tedavi girisiminde temel uy-
gulama yontemi olarak kabul edilmektedir (25).

Kan ozonlandiktan sonra kanin antioksidan kapasitesi artmaktadir. 10
adet safkan atta yapilan dl¢limlerde, 20 pg/kg dozunda uygulanan MO-
H’dan sonra 3. ve 7. giinlerde antioksidan kapasitesinin kontrol grubuna
gore belirgin bir sekilde arttig1 gézlemlenmistir (27). Cross (28), MOH’da
her ml kana 15 pg ile 80 ng arasinda ozon verilmesinin giivenli oldugunu
kabul etmekteyken; Beck (1), giivenlik sinirini her ml kan igin 10-40 pg
olarak onermektedir. Kana verilen ozon plazma tarafindan tamponlanmak-
ta, diger bir deyisle olas1 zararl etkileri azaltilmaktadir. Plazma olmadigi
durumlarda, alyuvarlar serum fizyolojik i¢cindeyken, ozonla temas hemoliz
oranint %10’ a kadar ¢ikarabilir (29). Oysa bu oran ayni konsantrasyon
ozonda normal kanda %0,5’ten fazla degildir (30, 44). Konsantrasyon
200 pg/ml’ye ¢ikarildiginda ise; hiicrelerin %7’sinde hemoliz goriilmek-
tedir. Ozonun antioksidan etki gostermeye basladigi esik miktar 15-20 pg/
ml olarak rapor edilmistir (30). Bu miktarin altindaki konsantrasyonlar-
da kanda hazir bulunan antioksidan mekanizma ile etkisini gdsteremeden
ROS’lar nétralize olmaktadir (25). Ozon tedavisine yeni baglayan hastalar
icin en yararli uygulama sekli diisiik dozdan baglayip yavas bir sekilde
dozu yiikseltmektir.

Somuta indirgenecek olursa 15 pug/ml’den baslayip, yavas yavas 40
pg/ml’ye kadar ¢ikmak olarak ifade edilebilir. Normalde haftada 2 kez
ozon uygulamasinin yeterli oldugu ifade edilse de, her giin ya da giinde 3
kez yapildig1 durumlarda da bir sorunla karsilasiimadig: bildirilmektedir
(5). Yogun egzersiz yaptirilan atlarda oksijen tiiketimi tiim viicutta 10-20
kat artmaktadir. Artan bu oksijen tiiketimi daha fazla ROS artisina sebep
olmaktadir. Viicutta asir1 birikmis olan ROS antioksidanlar sayesinde vii-



6 - Kiirsad YIGITARSLAN, Dogukan POLAT, Candemir OZCAN

cuttan atilmaktadir. ROS kas liflerinde hasara, performans diisiikliigline
ve topalliga sebep olan oksidatif stresin en biiylik sebebidir. Ancak yo-
gun egzersiz yapan atlarda ROS’un tamaminin viicuttan uzaklastirilmasi
miimkiin olmamaktadir. Bu ylizden antioksidan kapasitesinin artirilarak
oksidatif stresin azaltilmasi hayati 6nem tagimaktadir. 400 ml kanin 20 pg
dozunda ozonla doyurularak MOH yo6ntemiyle geri verilmesinin atlarda
antioksidan kapasitesini arttirdig1 bildirilmektedir (27).

4.2. Minor Otohemoterapi

Yaklasik 5 ml hacmindeki vendz kan antikoagulansiz kaba alinir. Ayni
hacimde ve 80-100 pg/ml dozundaki oksijen/ozon karigimi ile bir dakika
temas ettirildikten sonra koplikte dahil olmak {izere hemen gluteal bolgeye
intramuskular olarak enjekte edilir (31). Kan, enjeksiyon sahasinda pihti-
lagir ve olusan lokal enflamasyonla ¢evreye mediator salinimi gerceklesir
(5). Bu uygulama sonrasinda kas igine enjekte edilen kanm doku derin-
liklerine ilerlerken pihtilasmasina ragmen hastalardan ¢ok azi hafif sisme
ve agridan yakinmaktadir. Bu islem esnasinda anesteziye gerek yoktur.
Tartigmali olmakla birlikte, bu uygulamanin immunmodiilator bir etkisi-
nin oldugu iddia edilmektedir. Etki mekanizmasinin, enjeksiyon yerinde
hafif derecede steril enflamasyon meydana gelmesi neticesinde, bolgeye
noétrofil ve monositlerin go¢ ederek denature proteinleri ve parcalanmig
eritrositleri fagosite etmesi seklinde oldugu ifade edilmektedir. Eger kan
icinde HCV, HBV ve HIV gibi viriisler varsa, ozon tarafindan inaktive
edilip par¢alanmis bu viriis atiklari, bélgeye gelen bu immun hiicreler ta-
rafindan ortadan kaldirilmaktadir (32). Kronik laminitisli bir kisrakta ve
lumbal bdlgede agr1 oldugu teshis edilen atlarda MIH y&ntemi ile tedavide
basarili sonuglar elde edildigi ifade edilmektedir (33, 34).

Marfella ve arkadaslar1 (35)’nin yaptig1 ¢ogu diyabet, hipertansiyon
ve koroner arter hastasi olan ve bozulmus periferik kan akimindan dolay1
iyilesmeyen yaralara sahip 151 hastanin dahil edildigi randomize, plasebo
kontrollii bir klinik ¢alismanin sonuglarina gore; 22 hafta boyunca haftada
bir kez yapilan minér ozon tedavisi belirgin diizeyde tedavi edici 6zellik
gostermigtir. Tedavi kriteri olarak, lezyon ¢apindaki kii¢iilme ve kapanma-
larin yaninda dokuda transkutan parsiyel oksijen basinci artis1 ve yara iyi-
lesmesini geciktirdigi bilinen TNF-a diizeyleri degerlendirmeye alinmistir.
Uygulanan tedavi ile her iki kriterde de anlamli diizelmeler gézlenmistir.

4.3. Intraartikiiler Uygulama

Bocci (10), ozonun eklem sivisinda ¢oziinmesi neticesinde; biyokim-
yasallarla (antioksidanlar, proteinler) tepkimeye girerek reaksiyonlara ne-
den oldugu, proenflamatuvar sitokinlerin olasi inhibisyonu nedeniyle ek-
lem i¢i enflamasyonu azalttig1, diisiik dozlarda eklem kikirdagi, fibroblast
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ve kondrositlerin proliferasyonunu indiikledigini ifade etmektedir. Ayni
zamanda bradikinin salinimini, enflamatuvar prostoglandin salinimini,
6demin absorbsiyonu ve boylece agrinin yok olmasinda etkin rol oynadigi
belirtilirken, TGF-B1 ve IL-10 gibi immunsupresif sitokinlerin salimimiyla
enflamasyonun inhibe edildigi belirtilmektedir.

4.4. Topikal Uygulama

Uygun ozon/oksijen karisimi (0zon en ¢ok %5, oksijen en az %95) ile
tiretilmis gazin veya ozonlu sivilarm (su, yag) cilt lizerine dogrudan uygu-
lanmasi esasina dayanmaktadir (3). Icinden ozon gecirilen bitkisel (zeytin)
yagda peroksitler ve ozonoidler olugsmaktadir. Bu uygulamanin gerek ya-
niklarda gerekse diger yaralarda iyilesmeyi %40 oranina kadar hizlandir-
dig1 rapor edilmektedir (36). Topikal uygulamalar i¢in ozonlanmis yaglar
en ideal uygulama yontemidir. 4°C’ de 2 yil stabil olarak kalabildigi ifade
edilmektedir (37). Ozonlu yagin yavas ancak; uzun siiren bir ozon kaynagi
olarak yara iizerinde kaldig1 ve yavas bir sekilde ozon salarak mikropla-
rin tremesini etkili bir sekilde engelledigi bildirilmektedir (3). Bu sayede
septik siirecin azaltilmasinda 6nemli etkisinin oldugu ve antibiyotik gider-
lerinin 6nemli dlgiide azaltildig: ifade edilmektedir (35). Yara iyilesmesi
sirasinda ozonlanmis susam yaginin anjiyogenezisi artirdigi ve damar en-
dotellerinde biiylime faktdrlerinin artisina sebep oldugu bildirilmektedir
(37). Ayrica; kollojen sentezini ve fibroblast liretimini arttirarak yara iyi-
lesmesini hizlandirmaktadir (38). Ozonlanmis aycicek yaginin etkilerinin
arastirildigi bir ¢aligmada da (36); Pseudomonas, E. coli, mikobakterium,
stafilokok ve streptokok etkenlerine kars1 antibiyotik bir etki sagladigi ra-
por edilmistir.

Ozonlu yaglarin, meme dokusunda yangiya sebep olan ve siit sigircili-
ginda yliksek endemide seyreden mastitis etkenlerine kars1 da etkili oldugu
ifade edilmektedir. Moureu (40), mastitise sebep olan S. aureus, E. coli ve
S. uberis etkenlerine kars1t ozonize yagin etkinligini aragtirdig1 ¢alisma-
sinda; S. aureus ve E. coli’ye kars1 antibakteriyel etki gosterdigini ifade
etmektedir. Bu yontemle, mastitisin tedavi edilebilecegi ve organik inek
ciftliklerinde antibiyotik tedavisine alternatif yeni bir yol olabilecegi ifade
edilmektedir.

4.5. Torbalama

Bu yontem oksijen-ozon karisimimin ozona dayanikli ve sizdirmaz
bir ¢anta veya torba i¢ine pompalanmasi ve deriyle bir siire temas ettiril-
mesi esasina dayanmaktadir. Ozellikle ekstremitelerdeki enfeksiyon, kro-
nik yara ve ilserlerin tedavisinde kullanilmaktadir (41). Deri 1slatildiktan
sonra 6zel dizayn edilmis bir torba ile lezyonun oldugu bdlge ¢evrelenir.
Torbanin gaz karisimini torba i¢ine veren ve gazi emen girig ve ¢ikiglari
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bulunur. Torbalama tedavisi boyunca gaz giris ve ¢ikis1 ayni1 hizda devam
eder (3).

5. Ozonun Klinik Uygulamalar

Ozon terapi pek cok alanda tek basina kullanilabildigi gibi modern
tedavilere destek amaciyla da yaygin olarak kullanilmakta ve farkli uygu-
lama yontemleri onerilmektedir (18, 42). Ozon-oksijen karisimi peritoneal
ve alveolar makrofajlardaki fagositoz aktivitesini artirarak immun sistem
iizerine olumlu etkiler gostermektedir (30, 43). Hiicresel ve humoral bagi-
siklik sistemini etkileyerek, immunokompetan hiicrelerin ve immunoglo-
bulinlerin sentezlenmelerinin artigin1 uyarir. Ayn1 zamanda makrofajlarin
islevlerini ve mikroorganizmalarm fagositoza duyarliligimi artirir. Ozon
interlokin, 16kotrien, prostaglandin gibi iltihap giderici ve yara iyilestiri-
ci sitokinlerin sentezlenmelerine neden olur (17). Diisiik konsantrasyon-
lu ozon immunostimulatif etkiye neden olurken; yiiksek konsantrasyonlu
ozon, immunodepresif etki meydana getirmektedir (20, 44, 45).

Ozon, dokulardaki oksijen basincini ve kandaki oksijen dolasimini
artirmaktadir. Bu hiicresel metabolizma degisikligi aerobik islemlerin ak-
tivasyonu ile sonuglanmaktadir. Tekrarlayan diisiik dozlu ozon uygulama-
sinin etkiledigi enzimler; SOD, katalazlar, dehidrogenazlar ve glutasyon
peroksidazlardir. Bunlar, organizmalar1 serbest radikallerin etkilerine kar-
s1 koruyan kompleks enzimatik sistemlerin bir parcasidir. Ayn1 zamanda
ozon, eritrositlerin oksijen dolagimini artirmalarin1 saglamasi nedeniyle,
dolagimla ilgili bozukluklarin tedavilerinde kullanilmaktadir (17). Ozon,
iltihapli doku metabolizmasinda oksijenasyonu artirarak ve lokal iltihap-
lanmay1 azaltarak iyilesmeyi saglamaktadir. Eritrositlerin hiicre zar yapi-
sin1 degistirerek ve negatif yiiklerinin artmasina neden olarak elastikiyet
kazanmalarini saglar ve kapiller gecis hizini artirir. Kanin dokulara oksijen
birakma yetenegini saglayan 2,3DPG miktarinda artis meydana gelir. Bu
da oksijenin iltihapli dokuya geri donmesine imkan tanir (44, 45). Ozon,
NO gibi damar genisleticilerin salgilanmasina neden olarak kiiciik atarda-
marlarin ve kiicliik damarlarin genislemesine sebep olmaktadir (44, 17).
Kan dolagimini arttirmak, anjiogenezi aktive etmek ve oksijen metaboliz-
masini uyarmak ozonun diger 6nemli etkilerindendir (20).

5.1. Yara lyilesmesi Uzerine Etkisi

Gectigimiz birka¢ on yilda ozon, yara iyilesmesi i¢in potansiyel bir
tedavi olarak tanitildi. Cok sayida makale, insanlardaki kronik yara iyiles-
mesinde ozonun kullanimina iligkindir. Veteriner hekimlikte bu konu hak-
kinda sadece birkag ¢alisma yayinlanmistir, ancak ¢ok daha genis dlgekte
ancak belgelenmeden kullanildigi goriilmektedir (46). Ozon yara iyilesme-
sinin farkli asamalarinda rol oynar. ilk énce kontaminasyonun ortadan kal-
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dirllmasina yardimeci olur, ardindan oksijeni serbest birakir, bu da saglikl
graniilasyon dokusunun olusumuna ve ardindan epitelizasyona yol acan
fibroblastik proliferasyonu aktive eder (47, 48, 49).

Ozonun interlokin, 16kotrien ve prostoglandinlerin salinmasini uyar-
dig1, bu sayede yangiyr azalttig1 ve yara iyilesmesine katkida bulundu-
gu ifade edilmektedir (50, 51). Ancak; ozonun deriyle siirekli temasinin
sagliga zararh olabilecegi vurgulanmaktadir. Bu nedenle uygun kullanim
sekliyle tedavi girisimine basvuruldugunda proliferatif ve proenflamatu-
var doku cevabinda belirgin bir artig oldugu sonucuna varilmistir. Ozonun
deri {izerine uygulamalarda iki uygulama yontemi bildirilmistir. Birinci-
si viicudun yarisin1 kaplayan kabinlerdir. Bu yontemin kronik ekstremite
iskemisi olanlarda yararli oldugu ifade edilmektedir. Ikinci yaklasim ise;
bir takim deri enfeksiyonlariin tedavisinde ya ozonun deriye direkt ya da
ozonlanmis zeytinyaginin topikal uygulanmasidir (diyabetik iilser, yanik,
cerrahi yaralar, apse ve radyodermatit). Bu uygulamalar neticesinde artmis
oksijenizasyondan dolay1 temizleyici etki saglanmis ve iyilesmede artis
saptanmustir (7).

Teorik olarak yara iyilesmesi 3 asamada gerceklesmektedir. Birinci
agsama enflamasyon basamagidir. Normalde 2-3 giin siirmektedir. Bu asa-
mada 80 pg/ml ozon gazinin yara temizligi i¢in bolgeye 10-15 dakika uy-
gulanmasi tavsiye edilmektedir. Travma, diyabet, lokal iskemi, olas1 anti-
biyotik direnci sonucunda olusan bakteriyel enfeksiyon, ozon tedavisi ile
miidahale edilmezse kronik hale gelebilmektedir. ikinci asama yaklasik 2
hafta siirmektedir. Lokal metabolizma ve sitokin iiretiminin artist fibrob-
last ve keratinosit tiretimindeki artisa sebep olmaktadir. Bu da hiicre dis1
matriks sentezini artirmaktadir. Enfeksiyon geriledik¢e ozon konsantras-
yonunun diisiiriilmesi gerekmektedir (2-5 pg/ml). Bu asamalarda gittikge
azaltilan konsantrasyonlarda uygulanan ozon siiper enfeksiyonu 6nlemek-
le kalmamakta, doku iyilegsmesini de hizlandirmaktadir (10).

MiH’in tendon ve ligament proliferatif rejenerasyonunu sagladigmi
ve klinik uygulamalarin ¢ok iyi sonug¢ verdigini ifade eden aragtirmalar
mevcuttur (52, 53). Atesli silah yaralanmasina maruz kalan ve deri gerf-
ti konulan hastalarda ozon gazi uygulamasi ile greft basarisinin %40’tan
%75’e ¢iktig1 rapor edilmistir (54). Bir bagka calismada ise; 200 kronik
yarali hastanin 187’sinin ozon tedavisi sonucunda belirgin iyilesme gos-
terdigi bildirilmektedir (52). Saglikli bireyler {lizerinde yapilan ¢aligmada,
ozonun TNF-a, IFN-y ve IL-2 ve diger interlokin seviyelerini belirgin bir
sekilde yiikselttigi rapor edilmektedir (48, 49). Tiim bunlar olurken, nétro-
fil fonksiyonlarinin bozulmadig1 saptanmistir (55).

Al-Dalain ve Martinez (7, 56) tarafindan yapilan ¢aligmalarda da; rat-
larda deneysel olarak meydana getirilen diyabet, rektal insuflasyon yonte-
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miyle tedavi edilmis ve 50 pg/L dozunda verilen ozonun glisemiyi kontrol
altina aldig1 ve oksidatif stresten korudugu bildirilmistir. Hayvan modelle-
rinde uygulanan ozonlu zeytinyaginin da iyi bir yara iyilesmesi ile sonug-
landig1 bildirilmektedir. Bu iyilesmede kollojen fibrillerin ve fibroblastla-
rin sayisindaki artigla birlikte PDGF, TGF-B ve VEGF gibi ¢esitli bityiime
faktorlerinin sayisindaki artigin 6nemli rol oynadigi diistiniilmektedir (38).

Ozonlanmis yagin topikal uygulamasinin yara iyilesmesi tizerindeki
etkisini belirlemek icin kobaylar {izerinde yapilan bir baska calisma, grup-
lar arasindaki farki belirlemek i¢in kullanildi. Ozonlanmis yag grubu i¢in
istiin degerler elde edildi (immiinohistokimyasal analiz ve kollajen lifleri
ve fibroblast sayimi), bu iriiniin kutandz yara iyilesmesini hizlandirabil-
digini gosterdi (57). SKH1 fareleri iizerinde yapilan benzer bir ¢alisma,
ozonlanmis susam yaginin {i¢ farkli konsantrasyonda uygulandiginda iyi-
lesmeyi arttirict olarak etkinligini gosterdi. Ozonlanmis yagdaki peroksit
seviyesi, iyilesme hiziyla iligkili olarak analiz edildi (58,59). Eroglu ve ark.
(60), ozon tedavisinin damak dis eti iizerindeki sekonder yara iyilesmesi
iizerindeki histolojik ve immiinohistokimyasal etkilerini degerlendirmistir.
TGF-f’nin ekspresyonunu arastirmak i¢in rutin histolojik analiz ve im-
miino-histokimyasal boyama yapildi. Ozon gazinin topikal uygulamasinin
yara iyilesmesinin erken evrelerinde VEGF ekspresyon miktarini arttirdigi
icin etkili oldugu goriildii. Ozon hem sistemik olarak major otohemoterapi
olarak hem de kopeklerde lokal olarak kullanildi, ancak etkinliginin kaniti
yalnizca klinik iyilesmeye (hizl1 epitelizasyona ve hematolojik degerlerin
normallesmesine sahip niteliksel bir graniilasyon dokusu) dayali olarak
degerlendirildi (61, 62). Bir vaka raporu, lokal olarak ozonlanmis su ve
ozonlanmis yag ile tedavi edilen ve iki ayda tamamen iyilesen kutandz
habronemiazis lezyonlari olan bir atta kullanilan protokolii ortaya ¢ikardi
(63). Her ne kadar dermatolojik hastaliklarda ozon kullanimina ydnelik
Oneriler olsa da arastirmamiz, travmatik dermatit veya intertrigo gibi yay-
gin dermatopatileri olan ve ozonun lokal olarak gaz olarak uygulandig1 30
kopek iizerinde yapilan tek bir deneysel ¢alismayi ortaya ¢ikardi. Ortalama
olarak 21. giinden sonra iyilesme elde ettiler (64). Ouf ve arkadaslar1 (65)
in vitro olarak ozonun dermatofitlere karsi mantar onleyici potansiyelini
ortaya koymustur. Bir baska ilgin¢ ¢alisma, ozonun yara iyilesmesi {ize-
rindeki toksik (terapdtik olmayan) etkisini yasla iliskili olarak analiz etti.
Lim ve arkadaslar1 (66), oksidan kirleticilerin daha uzun siire maruz kalan
yetiskin deneklerde yara iyilesmesini geciktirdigi yoniindeki hipotezlerini
dogruladilar.

Ozonlanmis oftalmik yagin yeni bir formiilasyonu, yalnizca insanlar-
da degil atlarda da yara iyilesmesini desteklemek ve yaygin géz bozuk-
luklarini tedavi etmek igin kullanilmaktadir. Bir ¢alismada bu yeni ozon
formiilasyonu, topikal antibiyotik (tobramisin) ve topikal ve sistemik ste-
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roidal olmayan antiinflamatuar ilaglar (piroksikam art1 fluniksin meglu-
min) tedavisine direnc¢li konjonktiviti olan bir at1 tedavi etmek igin kulla-
nild1. Giinde 3-4 kez uygulanan bu okiiler preparatin antiinflamatuar etki,
bakterisidal aktivite, doku onarimi ve hasta iyilesme potansiyeli sergiledigi
gosterilmistir (67). Gongalves ve ark. (68), leishmaniosis testi pozitif ¢ikan
bir kdpek vakasi aktardi. Domperidon 1 mg/kg, alopurinol 15 mg/kg ve
%2 miltefosi yaninda kopek ayrica tedaviye de tabi tutuldu. 12 seanstan
sonra biten ozon protokolil. 4. uygulamadan sonra ciltteki yaralarda iyiles-
me goriildiigi bildirilmistir.

Koschenco ve ark. tarafindan bildirilen vakalarda. (62), politravma
nedeniyle biiyiik ve enfekte yaralar1 olan, dncelikle antibiyotik, analjezik,
antiinflamatuar ve multivitamin takviyesi ile tedavi edilen, ayrica cansiz
dokularin ve miyazislerin debridmani ve uzaklastirilmasiyla tedavi edilen
4 kopegi dahil etti. Tedavi protokollerine ¢esitli uygulama yoluyla ozon
dahil edildi ve ozonun antimikrobiyal etkisini, hizl1 ve iyi bir graniilasyon
dokusunu ve ardindan yaralarin yeniden epitelizasyonunu gozlemlemek
de miimkiin oldugunu bildirmislerdir. Repciuc ve arkadaslarinin vaka ra-
porunda (69), 12 yasinda FIV pozitif bir kedide amputasyon sonucu deri
nekrozu ve yara agilmasi meydana geldi. Ozon tedavisi amputasyondan
13 giin sonra 38 giin boyunca her 48 saatte bir baslandi. Ilk seanstan sonra
yaranin sinirlar1 daralmaya basladi ve eksudat 6nemli 6l¢iide azaldi, teda-
vinin baglangicindan 40 giin sonra yara ylizeyi tamamen iyilestigini bildir-
mistir.
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1.GIRIS

Intervertebral disk herniasyonu kdpeklerde nérolojik fonksiyon bo-
zuklugunun yaygin bir nedenidir (Brisson, 2010). Kopeklerin yaklasik
%2’sinin ve Dachshund’larin yaklagik %20’sinin yasamlar1 boyunca in-
tervertebral disk hastaligindan etkilendigini bildiren bir epidemiyolojik
caligma ile su veya bu sekilde intervertebral disk hastaligi muhtemelen
pratisyen hekimin karsilasacagi en yaygim noérolojik durumdur (Freeman
ve Ives, 2020).

Intervertebral disk, vertebral kolonun stabilitesinde kritik bir rol oynar
ve ¢ok diizlemli harekete izin verirken tiim eksenel iskelete destek sagla-
mak i¢in vertebralar1 birbirine baglar (Fenn ve ark, 2020). Kraniokaudal
goriinlimde servikal disklerin sekli neredeyse daireseldir, torakal diskler
daha ovaldir ve lumbar diskler fasulye seklindedir (Brisson, 2010). Nor-
mal intervertebral disk, niikleus pulposus, annulus fibrosus, gecis bolgesi
ve kikirdakli ug plaklar olmak {izere dort ana bilesenden olusur. Niikleus
pulposus diskte eksantrik olarak bulunur ve yiiksek mukoprotein ve su ige-
rigine sahiptir. Annulus fibrosus niikleusu ¢evreler ve ¢ok katmanli fibro-
kartilajdan olusur. Her ikisi de esmerkezli fibrokartilaj lamellerle karakte-
rize edilen i¢ ve dis bolgelerden olusur. I¢teki annulus fibrosus kikirdak ug
plaklara, distaki annulus fibrosus ise komsu vertebralarin epifiz kemigine
Sharpey lifleri ile baglanir. Gegis bolgesi niikleus pulposustan annulus
fibrosusa gegcisi temsil eder (Fenn ve ark., 2020). Gegis bolgesi, mukoid
cekirdek ile fibroz halka arasinda yer alir ve kondrodistrofik irklarda daha
genis ve daha az belirgin goriiniir. Kikirdakli ug plakalar, diskin kranial ve
kaudal kenarlarini, annulus ve vertebralarin bitisik kemik u¢ plaklarina lifli
baglantilar olusturur. Intervertebral diskte vaskiiler destek minimaldir ve
annulusun dis katmanlar ile sinirlidir (Wisner ve Zwingenberger, 2015).
Nukleus pulposus, yiiksek su igeriginden dolay1 diskin dinamik ve fonksi-
yonel pargasidir ve yliklenme sirasinda hidrolik bir yastik olarak hareket
etmesine izin verirken, dis kollajenik annulus fibrosus diskin kuvvet ve
dayanikliliginin ¢ogunu saglar (Rosenblatt ve ark., 2014).

Intervertebral disk, tiim kdpeklerde bir dejenerasyon siirecinden geger,
kondrodistrofik irklar daha hizli bir dejenerasyon gosterme egilimindey-
ken, daha biiyiik, kondrodistrofik olmayan irklarda dejenerasyon genel-
likle daha yavag bir siirectir. Baglangicta Hansen tarafindan tanimlandigi
gibi, kopek 1rklar arasinda dejeneratif siirecin dogasinda da farkliliklar
vardir (Freeman ve Ives, 2020) Kondrodistrofik irklarin niikleus pulposusu
kondroid metaplaziye ugrayarak su ve hidroelastisite kaybina neden olur.
Bu siireg, yaygin bir sekel olan distrofik mineralizasyon ile tiim vertebral
kolon boyunca meydana gelir. Kondrodistrofik olmayan irklarin diskleri,
annulus fibrosus dejenerasyonu ile uyum iginde niikleus pulposusun fibréz
kollajenizasyonu ile karakterize edilen fibr6z metaplaziye maruz kalma
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egilimindedir (Wisner ve Zwingenberger, 2015). Bu farkliliklar, kondro-
distrofik irklarin daha fazla disk ekstriizyonuna (Hansen tip I disk hastali-
&1) maruz kalma egiliminde olmasinin nedeni olarak one siiriiliir; (Freeman
ve Ives, 2020) bu durum dejenere niikleus pulposus rupture annulus fibro-
susun tiim katmanlar1 boyunca herniye oldugunda meydana gelir (Deards
ve ark., 2019). Kondrodistrofik olmayan irklarin, annulusun bozulmadan
kaldig1 ancak ¢esitli sekillerde kalinlastig1 ve sistigi bir disk protriizyonu-
na (Hansen tip II disk hastalig1) maruz kalmasi1 daha olasidir (Freeman ve
Ives, 2020).

Tanisal goriintiileme intervertebral disk hastaliginin tanisinda énemli
bir rol oynar (Casado ve ark., 2020) Disk herniasyonu i¢in “altin standart”
olarak kabul edilen tanisal goriintiileme yontemi, sinir kokleri, spinal kord
parankimi, epidural yag, beyin omurilik sivisi ve intervertebral disk kat-
manlar1 gibi anatomik yapilar ayirt edebildigi i¢in manyetik rezonans go-
riintiilemedir (Bach ve ark., 2023). Bu goriintiilleme yonteminin veteriner
hekimlikte halihazirda yaygin olarak kullanilmasi, akut kompresif olma-
yan niikleus pulposus ekstriizyonu, hidratl niikleus pulposus ekstriizyonu,
intradural/intramediiller intervertebral disk ekstriizyonu, intervertebral fo-
raminal disk ekstriizyonu ve intravertebral disk herniasyonunu (Schmorl
nodiilii) igeren, halihazirda iyi belgelenmis Hansen tip I ve II’ye ek ola-
rak daha fazla intervertebral disk hastalig1 tiiriiniin taninmasin1 miimkiin
kilmistir (Casado ve ark., 2020).

2. intervertebral Disk Hastahgimin Simflandirilmasi

2.1. Hansen Tip I Disk Hastahgi

Hansen Tip I intervertebral disk hastaligi, genellikle herniasyon veya
ekstriizyon olarak adlandirilir, kdpeklerde spinal kord yaralanmasinin en
yaygin nedenidir. Hansen tip I intervertebral disk ekstriizyonu genellikle
akut veya subakut olarak ortaya c¢ikar, agrili, siklikla ilerleyicidir (Fenn
ve ark., 2020). Esas olarak kondrodistrofik irklar, 6zellikle Dachshunds,
Beagles, Basset Hound, Cocker Spaniel, Pembroke Welsh Corgi ve Fransiz
Bulldog gibi irklarda (Albertini ve ark., 2023) ortaya ¢ikar ancak herhangi
bir irk kopekte de ortaya ¢ikabilir (Freeman ve Ives, 2020). Daha uzun sirt-
lar1 olan ve iskelet olarak daha kii¢iik ve fazla kilolu olan Dachshund’larin
intervertebral disk ekstriizyon riskinin daha yiiksek oldugu ortaya konmus-
tur (Dewey ve ark., 2016) Hansen tip I disk ekstriizyonlarinin ortalama
goriilme yag1 5°tir ancak (Freeman ve Ives, 2020) tipik olarak 2 yasindan
biiytik kopeklerde goriiliir. Dachshund gibi kondrodistrofik kopeklerde,
3 ila 6 yaslan arasinda zirve yapar. Yakin zamanda yapilan bir ¢alisma,
Fransiz Buldoglarda daha erken yasta ekstriizyonlarin meydana geldigi,
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2-4 yaglarinda zirveye ulastigim ve kopeklerin %6’simnin 1 yasinda disk
ekstriizyonuna sahip oldugunu gosterdi (Dewey ve ark., 2016).

Hansen tip I intervertebral disk ekstriizyonlarinin yeri servikal veya
torakolumbar olabilir (Freeman ve Ives, 2020); servikal bolgede en sik et-
kilenen disk alanlar1 kiigiik irklarda C2-C3 ve biiyiik irklarda C6-C7’dir
(Dewey ve ark., 2016; Freeman ve Ives, 2020). Servikal intervertebral disk
ekstriizyonlar1 genellikle siddetli agr1 (6rnegin ses ¢ikarma) ve minimal
norolojik defisitlerle ortaya cikar (Freeman ve Ives, 2020). Hasta genellik-
le torakolumbar agri ile karistirilmamasi gereken kifotik bir durusla (ke-
merli sirt) korunan bir boyun durusu (burun asagi) benimser. Donerken,
bu kopekler boyunlarii bitkmek yerine bas ve boynu tek bir birim olarak
hareket ettirme egilimindedirler. Boyun kaslarindaki fasikiilasyonlar, 6zel-
likle boyun palpasyonu sirasinda ortaya cikarilabilir. Bazen, bu kopekler
bariz bir ac1 i¢inde ¢1glik atar ve diiserler. Bu durum hasta sahibi tarafindan
nobet ile karistirilabilir. “Root signature” olarak anilan bir torasik ekstre-
mitenin topallig1 bazen ortaya cikabilir ve lateral olarak ekstriide olan disk
materyalinin servikal sinir kdklerinin basisindan kaynaklandig: diisiiniiliir.
Pelvik ekstremitelerde root signature daha az rastlanir. Birgok root signa-
ture vakasinda, anormal ekstremite fleksiyon pozisyonunda tutulmaktadir
ve bu ektremitenin kaudal uzantisi agrili bir tepkiye (muhtemelen sinir
koklerinin gerilmesinden dolay1 meydana gelen basindan dolay1) yol acar
(Dewey ve ark., 2016).

Torakolumbar bolgede disk hastaligina servikal disk hastaligindan
daha sik rastlanir. T10-T11 disk araliginin kranialindeki disk problemleri,
muhtemelen interkapital ligamentin stabilize edici etkisinden dolay1 na-
dirdir. Bu ligament, ilk ve son iki ¢ift kosta hari¢ hepsinde, kosta bagindan
kosta bagina dorsal annulusun {izerinden geger. Bunun bir istisnasi, kranial
torasik disk herniasyonlarina yatkin olduklarini gosteren iki yeni ¢alisma
ile Alman Coban Kopekleri olacaktir (Dewey ve ark., 2016). Tip I disk
ekstriizyonlari genellikle T11 ve L3 vertebra seviyeleri arasinda meydana
gelir (Dewey ve ark., 2016; Freeman ve Ives, 2020). T12-T13 ve T13-L1
diskleri, kiiglik cins kdpeklerde tip I disk ekstriizyonlarinin meydana gel-
digi en yaygin yerlerdir. Daha biiyiik kopeklerde, L1-L2 ve L2-L3 disk
araliklari, tip I ekstriizyonlarin en yaygin bolgeleridir. L4-L5 intervertebral
disk araligi, kedilerde torakolomber disk ekstriizyonunun en yaygin bolge-
si gibi goriinmektedir (Dewey ve ark., 2016). Torakolumbar ekstriizyonlar
daha siklikla degisen derecelerde norolojik defisit ve goriiniise gore daha
az siddetli agn ile kendini gosterir (Freeman ve Ives, 2020)

2.2. Hansen Tip II Disk Hastahigi

Hansen, kondrodistrofik olmayan kopeklerde yas ilerledik¢e diskin
yavas bir olgunlagmaya ugradigini, boylece kollajen igeriginin arttigini
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ve notokordal hiicrelerin daha fazla fibrosit benzeri hale geldigini, bu
stirecin fibroid metaplazi olarak adlandirildigim bildirdi (Fenn ve ark.,
2020). Intervertebral disk protriizyonu (Hansen tip II olarak bilinir) tipik
olarak fibroid dejenerasyonu ile iligkilidir ve annulus fibrosusun kismi
olarak yirtilmasi, zayiflamasi ve niikleus pulposusun vertebral kanala dog-
ru ¢ikint1 yapmasi ile karakterizedir (Brisson, 2010). Hansen tip II disk
protriizyonu genellikle kronik, ilerleyici bir sekilde ortaya g¢ikar, bazen ag-
ril1 ve genellikle simetriktir (Freeman ve Ives, 2020). Biiyiik 1k, kondro-
distrofik olmayan kopekler (Dewey ve ark., 2016) 6zellikle Alman ¢oban
kopekleri, Labrador Retrieverler, Dalmagya, Doberman gibi irklarda gorii-
liir (Freeman ve Ives, 2020). Genellikle yasl hayvanlarda (>5 yas) ortaya
¢ikar (Dewey ve ark., 2016). Ilerleyici tetra veya paraprezi ile proprioseptif
ataksi gibi belirtiler olur (Freeman ve Ives, 2020).

Tip II servikal disk hastalig, klinik olarak kayda deger boyun agrisina
neden olabilir (Bach, 2023), ancak nadiren tip I servikal disk hastaliginda
karsilasilan dereceye kadar olur. Tip II servikal disk hastaligi genellikle ya-
vas ilerleyen pareziye neden olur. Bu, izole bir siire¢ olarak veya servikal
spondilomyelopatinin (CSM) bir bileseni olarak ortaya ¢ikabilir (Dewey
ve ark., 2016)

Tip II torakolumbar disk protriizyonlart tipik olarak, genellikle bir de-
receye kadar sirt agrisi ile birlikte ilerleyici paraparezi belirtilerine neden
olur. L7-S1 diskinin protriizyonu genellikle dejeneratif lumbosakral steno-
zun bir bilesenidir (Dewey ve ark., 2016)

2.3. Akut Non-Kompresif Niikleus Pulposus Ekstriizyonu
(ANNPE)

Akut non-kompresif niikleus pulposus ekstriizyonu, rezidiiel spinal
kord basis1 olmaksizin dejeneratif olmayan veya minimal dejeneratif niik-
leus pulposusun ani ekstriizyonu ile karakterize edilir. Bu durum yillar bo-
yunca Hansen tip III intervertebral disk herniasyonu (Hansen rapor etme-
mis olsa da), travmatik intervertebral disk ekstriizyonu, intervertebral disk
patlamasi, fiize diskleri ve yiiksek hizli diisiik hacimli intervertebral disk
ekstriizyonu gibi ¢esitli terimlerle rapor edilmistir (da Costa ve ark., 2020).
Akut non-kompresif niikleus pulposus ekstriizyonu genellikle perakut bir
sekilde meydana gelir ilerleyici degil, baslangigta agrili ama hizla agrisiz
hale gelir genellikle asimetrik sekilde seyreder. Her yas ve irkta kdpek et-
kilenebilir. Border Colli irki képekler en ¢ok etkilenen irklardir. Orta veya
siddetli norolojik defisitler, baglangicindan sonraki 24 saat icinde agrisiz
ve siklikla degisken bir oranda diizelmektedir (Freeman ve Ives, 2020)
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3. Manyetik Rezonans Goriintiileme

3.1. Pozisyonlama

Hastalar genellikle sirt iistli yatar pozisyonda yatirilir. Sagittal
goriintiilerde birden fazla intervertebral bolgenin karsilagtirilmasina olanak
saglamak icin diiz bir vertebra hizalamasi elde etmek son derece dnemlidir.
Kum torbalar1 ve kopiik takozlar bu amag i¢in ¢ok kullanighdir (Inglez ve
ark., 2018).

3.2. Sekanslar

Sekans ve diizlem tercihlerinde farkliliklar olsa da, genellikle hem sa-
gital hem de transvers diizlemde T2 agirlikli ve T1 agirlikli goriintiilerin
rutin olmasi gerektigi kabul edilir. Kontrast sonrast T1 agirlikli goriintiiler,
rutin olarak kullanilmasa da, bir ¢alismada intervertebral disk ekstriizyo-
nunun yerini ve tarafini1 belirleme yetenegini arttirdigi bildirilmistir. Ultra
hizli agir T2 agirlikls, kisa T1 inversiyon geri kazanimi (STIR) ve grad-
yan eko sekanslar1 (GRE, T2* veya hizli alan ekosu-FFE olarak da bilinir)
da rutin olarak elde edilmektedir (Housley ve ark., 2017). Gegici olarak
“myelo-MRG” veya HASTE (Half-Fourier edinimi tek ¢ekimli turbo spin
eko) goriintiileri olarak da adlandirilan agir T2 agirlikli goriintiiler, beyin
omurilik sivisi ve ilgili alan1 hizli bir gekilde tanimlamak i¢in kullanilabilir.
Bunlar ¢ok hizli sekanslardir, bu nedenle manyetik rezonans goriintiileme-
de spinal protokollere ek olarak alinabilirler, ancak iki ¢aligma kompresif
intervertebral disk herniasyonunda lezyonlarin tanimlanmasi i¢in sagital
T2 agirlikl gortintiiler kadar giivenilir olmadiklarini gostermistir. Akut ve
kronik intervertebral disk hastalig1 vakalarini ayirt etmede ve ilerleyici mi-
yelomalazinin bir 6ngoriiciisii olarak faydalidirlar (da Costa ve ark., 2020).

3.3. intervertebral Disk Dejenerasyonunun Manyetik Rezonans
Goriintiilenmesi

Manyetik rezonans goriintiileme, intervertebral disk hastaliginin net
bir sekilde goriintiilenmesini saglar. intervertebral diskin normal niikleus
pulposusu, sagittal T2-agirlikli goriintiilerde hiperintens elips bir alan ola-
rak goriiniir. Normal hidrath niikleus pulposus, annulus fibrozise kiyas-
la asir1 yogun bir sinyale sahiptir (Gavin ve Bagley, 2009). Intervertebral
disk dejenerasyonu, sinyal yogunlugunda bir azalmaya yol agar ve deje-
nere disk, ¢evreleyen annulus fibrosus’a gore izointens ile hipointens hale
gelir. Niikleus pulposus’un T2 sinyalinin hiperintensitesi, proteoglikan
konsantrasyonu ile iligkilidir, ancak su veya kollajen konsantrasyonu ile
iligkili degildir. Manyetik rezonans goriintiileme ayn1 zamanda spinal kor-
dun gorsellestirilmesine izin verir, bu da birden fazla bdlge etkilendiginde
karsilagtirmayi kolaylastirir (Dewey ve ark., 2016).
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3.4. Intervertebral Disk Ekstriizyonunun Manyetik Rezonans
Goriintiilenmesi

Intervertebral disk ekstriizyonunun manyetik rezonans gériintiileme
Ozellikleri arasinda spinal kordun intervertebral disk araligi iizerinde
veya yakininda ekstradural olarak kompresyonu yer alir. Ekstriide mater-
yalin neden oldugu bu kitle etkisi, T2 agirlikli gorlintiilerde subaraknoid
ve epidural bosluklarla iliskili hiperintens sinyalin yer degistirmesi veya
kaybi olarak goriilen spinal kordun kompesyonuna ve/veya yer degistirme-
sine neden olur (Besalt1 ve ark., 2006). Manyetik rezonans goriintiilemede
spinal kord parankimi ile karsilastirildiginda, T1 agirhikli ve T2 agirlikh
goriintiilerde ekstriide dejenere niikleus pulposus materyali genellikle epi-
dural boslukta hipointens bir kitle olarak goriiliir (Albertini ve ark., 2023)
(Sekil 1) (Sekil 2).

Akut torakolomber disk ekstriizyonu olan kdpeklerde, T2 agirlikli go-
rintiilerde spinal kordda hiperintensite alanlar1 goriilebilir (da Costa ve
ark., 2020). T2 agirlikli goriintiilerde tanimlanan intramediiller hiperinten-
site nekroz, miyelomalazi, intramediiller kanama, inflamasyon ve 6dem ile
iligkilendirilmistir (Albertini ve ark., 2023; Olby ve ark., 2020).

Intervertertebral disk ekstriizyonu ile iliskili epidural kanama, sinyal
yoklugu da dahil olmak iizere ¢ok ¢esitli sinyal yogunluklarina neden ola-
bilir, dolayisiyla intervertebral disk ekstriizyonu tanisi tek bir sinyal yo-
gunlugu modeline dayanmamalidir (da Costa ve ark., 2020) Gradyan eko
sekanslar1 kanamanin varligini dogrulayabilir (Martin-Vaquero ve ark.,
2014) Cogu zaman, herniye intervertebral disk materyali ve kanama kom-
binasyonu, T2 agirlikli manyetik rezonans goriintiilerinde siklikla hetero-
jen sinyal yogunluguna neden olur (Gavin ve Bagley, 2009).

Lateral disk ekstriizyonu vakalarinda, 6zellikle de herniye disk ma-
teryali intervertebral foramen iginde veya lateralindeyse, lezyonun yeri
miyelografi ile belirlenemeyebilir. Ancak bu durumlarda dejeneratif disk
genellikle T2-sagital manyetik rezonans goriintiisiinde azalmis sinyal yo-
gunlugu ve anormal sekilli (daha kii¢iik) niikleus pulposus olarak tanim-
lanabilir. Transvers (aksial) goriintii genellikle lateral olarak ¢ikint1 yapan
diskin sinir kokiine bas1 yaptigini dogrular (Gavin ve Bagley, 2009).

Bir ¢aligmada intervertebeal disk ekstriizyonu olan kdpeklerin
%36’sinda paravertebral kas sinyal degisiklikleri goriilmiistiir. Bu degi-
siklikler, T2 agirlikli goriintiilemede hiperintens ve T1 agirlikli goriintii-
lemede izo veya hipointens olan ve en iyi T2 agirlikli yag baskilanmis
sekanslarda goriintiilenen 6demli bir patern ile karakterize edilir (da Costa
ve ark., 2020; Trampus ve ark., 2018).
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Sekil 1. Hansen tip I disk hernisi. T2 agirlikli goriintiilemede sagittal diizlemde
goriilen hipointens disk materyali (kirmizi ok) ve spinal kordda meydana gelen
kitle etkisi.

Sekil 2. Hansen Tip I disk hernisi. T2 agirlikli goriintiilemede transvers kesitte
goriilen ekstriide disk materyali. Ekstriide disk (kirminizi ok), spinal kord (sari
ok).
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3.5. Intervertebral Disk Protriizyonunun Manyetik Rezonans
Goriintiilenmesi

Lateralize intervertebral disk herniasyonu yerine orta hat interverteb-
ral disk herniasyonu intervertebral disk protriizyonu tanisi ile iligkilendi-
rilmistir. Niikleus pulposusun hiperintens sinyalinin tamamen kaybolmas1
yerine kismen kaybolmasi intervertebral disk protriizyonu tanisi ile ilis-
kilendirilmistir. Kronik intervertebral disk herniasyonu olan hayvanlarda
yaygin bir manyetik rezonans goriintiileme bulgusu, spinal kord basisi
bolgesinde fokal T2 agirlikli intraparankimal intensite degisiklikleridir (da
Costa ve ark., 2020). Bazen ve ozellikle daha kronik intervertebral disk
ekstriizyon veya protriizyonuyla, spinal kanal igindeki veya g¢evresindeki
intervertebral disk materyali intravendz kontrast madde uygulamasini ta-
kiben kontrast artig1 gosterebilir. Kontrast artist biiylik olasilikla ekstriide
olan veya protriide disk materyalindeki artan vaskiilarizasyona ve/veya
iligkili inflamasyona baglidir. Baz1 durumlarda, intervertebral disk mater-
yalinin ¢evresel kenarlarinda kontrast artis1 meydana gelecektir (“halka
gelistirme™). Spinal tiimdrler gibi kontrast artis1 gdsteren diger hastalik
siireglerinin yanlis teshisini 6nlemek icin intervertebral disk hernisinin bu
6zelliginin taninmas1 dnemlidir (Gavin ve Bagley, 2009).

{|

Sekil 3. Hansen tip 1l disk fitig1. T2 agwrlikli goriintiilemede sagittal kesitte
protriide disk materyali ve intensitesi tamamen kaybolmayan intervertebral disk
(kirmizi ok).
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Sekil 4. Hansen tip 11 disk fitigi. T2 agirlikli gériintiilemede transvers kesitte
goriilen protriide disk (kirmizi ok).

3.6. Akut Non-Kompresif Niikleus Pulposus Ekstriizyonu
Manyetik Rezonans Goriintiilenmesi

Fokal intramediiller, genellikle iyi sinirli, spinal kordda T2 agirlikli
goriintiilemede hiperintensite (De Risio ve ark., 2009; Fenn ve ark., 2020),
tipik olarak T1 agirlikli goriintiilemede izointensite mevcuttur. Lezyon in-
tervertebral disk alani iizerinde yerlesmistir ve siklikla lateralizedir (De
Risio ve ark., 2009). Niikleus pulposus homojen bir T2 agirlikl hiperintens
sinyale ve azalmis bir hacme sahiptir (De Risio ve ark., 2009; Fenn ve ark.,
2020). Etkilenen intervertebral disk alaninin dorsalinde az miktarda eks-
tradural materyal vardir ve spinal kord kompresyonu minimal diizeydedir
veya hi¢ yoktur (De Risio ve ark., 2009). Daha az siklikla gdzlemlenen di-
ger manyetik rezonans goriintiileme degisiklikleri arasinda annulus fibro-
susun dorsal kisminda bir yarik yer alabilir. Gadolinyum bazli kontrastin
intravendz uygulanmasindan sonra meninkslerde veya epidural materyalde
hafif lokal kontrastlanma rapor edilmistir, ancak bu genellikle mevcut de-
gildir (da Costa ve ark., 2020). Ayrica intervertebral disk ekstriizyonu olan
kopeklerde daha sik goriilmekle birlikte, ANNPE’li kopeklerde de zaman
zaman paravertebral kaslarda sinyal degisiklikleri de goriilebilmektedir
(Trampus ve ark., 2018).
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3.7. intradural/Ekstramediiller Disk Ekstriizyonunun Manyetik
Rezonans Gériintiilenmesi

Beseri tipta, intradural/ekstramediiller disk ekstriizyonlarini ile normal
ekstradural disk ekstriizyonlarini ayirt etmeye yardimei olabilecek spesi-
fik manyetik rezonans goriintiileme bulgularini veya 6zelliklerini arastiran
birkag galigma ve vaka serisi/raporu bulunmaktadir Bunlar sunlardir: (A)
Disk ekstriizyonu ile araknoid duradan siyrilirken dura ve araknoid taba-
kalarin boliinmesi olarak tanimlanan “Y isareti” (“'Y” olarak goriiniir); (B)
Kontrast madde enjeksiyonundan sonra periferik halka artisi ile keskin ke-
narl1 ve gaga benzeri sekilli lezyon olarak tanimlanan “Gaga isareti”; (C)
Posterior longitudinal ligamanin devamliligimin aniden kaybi; (D) Ekstrii-
de edilen materyalin periferik artis1. Dura ile araknoid arasinda disk ma-
teryali bulundugunda, subdural boslukta materyalin bulunmasi nedeniyle
dura ve araknoid hatt1 iki ¢izgiye ayrilarak “Y” goriiniimii verir. Beseri
tipta bu manyetik rezonans goriintiileme 6zelligi, araknoidin disk herni-
asyonu tarafindan duradan soyulmasi nedeniyle intradural/ekstramediiller
disk ekstriizyonunun bir gostergesi olarak bildirilmistir ve bu, kopeklerde
yapilan bir ¢aligma ile uyumlu bulunmustur (Casado ve ark., 2020).
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1. introduction

Different types and degrees of nerve lesions in peripheral nerves can be
caused by inflammatory, traumatic, metabolic, toxic, genetic and neoplas-
tic diseases (1). Multiple types of injuries affecting the peripheral nervous
system can lead to impaired nerve conduction and motor-sensory function
as well as changes in skeletal muscle performance. Following injury to the
peripheral nervous system, the normal function of several components cor-
responding to the injured nerve is altered; for example, the function of an
injured nerve may change from transmitting signals to growth and repair
(2). In recent years, peripheral nerve surgery has advanced significantly
(3). The surgical treatment strategy depends on the type and level of injury.
Primary direct end-to-end microsurgical epineural nerve repair remains the
gold standard for surgical treatment and provides the ideal environment
for direct nerve repair, blood supply and soft tissue repair (4,5). Primary
microsurgical nerve repair involves tension-free, end-to-end coaptation of
the nerve endings after adequate mobilization of the proximal and distal
roots. However, primary repair is usually only possible in cases of recent
nerve lacerations with minimal space and neuronal tissue loss (6,7). Other
end-to-end microsurgical methods include group fascicular repair and fas-
cicular repair (5). When tension-free primary nerve repair is not possible,
autogenous nerve grafting is considered the gold standard for repair of
nerve gaps (7). In general, a nerve gap larger than 2.5 cm requires nerve
grafting (8). Similar to the distal nerve segment, an autograft provides a
prepared schwann cell-laden scaffold for regeneration of axons exiting the
proximal nerve (9). The use of biological or artificial nerve conduits or the
application of nerve transfers are also viable alternatives (7,3). Following
nerve repair, nerve regeneration is the goal. Current research aims to acce-
lerate nerve regeneration using pharmacologic agents and growth factors,
stem cell-based therapies (stem cell-derived schwann cells) and bioengine-
ered nerve canals (10).

2. Treatment Methods of Peripheral Nerve Injuires

2.1. Nerve Suture Methods

Various techniques focusing on peripheral nerve suturing have been
described over the years. The three most commonly used micro-suturing
techniques for peripheral nerves are epineural, fascicular, and epi-perineu-
ral sutures (11).
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2.1.1. End-to-End Nerve Repair Techniques

Epineural Suture:

Epineural repair is a technique commonly used in partial injuries with
good fascicle alignment following damage to the proximal part of the ner-
ves without loss of nerve tissue (12). Sutures pass through the epineurium
at both ends (11, 13, 14). The main aim of epineural repair is to ensure
continuity of the nerve roots without tension and with proper fascicular
alignment (15). Correct fascicle positioning can be confirmed by the con-
tinuity of nerve surface structures such as blood vessels (vasa neurvorum)
within the epineurium (16, 17). Nerve repair is performed using an 8- or
9-0 nylon non-absorbable suture (12). Nerve repair is performed by first
placing two guiding lateral sutures 180 degrees apart in the epineurium
to prevent rotational displacement during mobilization (18). The suture is
placed proximally and distally to the epineurium and tied. After the lateral
sutures are tied, the suture extensions can be held with an instrument such
as a thin hemostat, thus facilitating the return of the nerve for coaptation
of the posterior wall. The lateral edges of the stumps are slightly widened
so that the proximal and distal epineural edges clearly interlock. As the su-
ture needle passes through the epineural sheath, a small amount of deeper
structure (internal epineurium) is usually present within the suture so that
fascicular coaptation is properly maintained. The epineurium should not
be tied so tightly that it leads to mismatch, misalignment, or protrusion of
the fascicles. This can be avoided by leaving a small gap between a suture
and the epineurium held together. A minimum number (usually 4 to 8) of
epineural sutures are placed to ensure correct coaptation of the nerve roots.
Most polifascicular nerves can be repaired with direct epineural repair. If
nerve repair cannot be performed with 8-0 sutures due to distraction from
the repair site, it suggests that the tension in the suture line is too great for
direct repair. Postoperative distraction of the repair site can contribute gre-
atly to failure and should be avoided. Therefore, if the gap is large, a nerve
graft is required without creating significant tension at the repair site, and
the results may be better than direct repair. If the gap is small (a few cm or
less), direct suture repairs work very well (12). Alternatively, fibrin glue
can be used instead of standard nylon sutures (19).

Fascicular Suture:

The fascicular suturing of peripheral nerves was first introduced by
Sunderland and Hakstian. The idea is to suture the fascicle to minimize the
possibility of misdirection. It is a more challenging technique compared to
epineural suturing, with a longer operative time and more tissue reaction at
the suture site (11). In fascicular repair, sutures are placed in the perineu-
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rium. This technique requires dissection of the interfascicular epineurium
and separation of the fascicles (13, 15). The proximal and distal stumps are
paired with the corresponding fascicles. Two or three 10-0, 11-0 sutures
placed 120 to 180 degrees apart along the perineurium are usually suffi-
cient for each fascicle. Suture placement is performed under high magnifi-
cation, taking care to include only the perineurium and avoid endoneurial
content. The knot should not be tied tightly, as this causes lateral protrusion
of the interfascicular contents. If excessive tension is placed on the peri-
neurium, the spiral bands of the fontanin are lost. It has been suggested that
these nerve bands maintain proper fascicular structure and allow tolerable
tensile deformation by maintaining the elasticity of the perineurium. If this
band disappears, the surgeon should re-examine the nerve roots to elimi-
nate tension at the repair site. Individual fascicles can be repaired with the
fascicular repair technique. Fascicular repair is more easily and appropria-
tely achieved in the oligofascicular and monofascicular nerves. Therefore,
it is especially useful in some distal median and ulnar nerve repairs where
the motor and sensory fascicles can be well recognized. In this case, a
fascicular repair may be appropriate, especially if the individual fascicles
can be properly paired and aligned (12). Both fascicular grouping and fas-
cicular repair provide better fascicular alignment, reducing misdirection
of regenerating axons (20); however, the additional dissection and greater
number of sutures required compared to epineural repair may result in inc-
reased intraneural scarring and impaired intraneural blood flow (21, 16).

Grouped Fascicular Sutures:

Grouped fascicle repair is best applied in crushed nerve injury or de-
layed nerve repair requiring amputation of nerve endings, especially in
mixed nerves where matching fascicle groups can be easily identified (15).
The connection of matching fascicle groups is accomplished by placing su-
tures in the interfascicular epineurium (17). The external epineurium is cut
back, and adjacent fascicle groups are gently isolated. Identification and
separation of fascicle groups can be difficult in damaged tissue. Therefore,
damaged nerve endings should be debrided until normal fascicle groups
are visible. The fascicle groups are dissected, the proximal and distal ends
are aligned, and then sutured together by placing an 8-0 to 10-0 suture ac-
ross the interfascicular epineurium. Two to three sutures are usually used
for each fascicle group. Again, the number of sutures should be minimized,
and the suture line should be tension-free to prevent scarring. Since the in-
ner epineurium is not as strong as the outer epineurium, it is very important
to avoid tension at the repair site. If tension is present, nerve grafting is
indicated. Grouped fascicular repair has many advantages over fascicular
suture repair. The interfascicular anatomical arrangement of the nerve is
more likely to be preserved as there is no manipulation within the interfas-
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cicular epineurium. The physiologic environment (blood-nerve barrier) is
less affected as there is less direct damage to the perineurium. Scar forma-
tion is reduced, and the procedure requires less time (12).

Epineural Sheath Neuroraphy:

Another possibility for direct nerve repair is epineural sheath neuror-
rhaphy. The technique, described by Snyder in 1974, was originally deve-
loped to minimize or prevent neuroma formation at the repair site and to
facilitate nerve regeneration (22, 23). The epineural sheath is formed from
the epineurium covering the coaptated nerve endings (24). In this tech-
nique, the epineurium covering the distal stump is reversed, and a 2 mm
nerve segment is resected. The epineural sheath is pulled over the proximal
nerve end and sutured to the epineurium 2 mm proximal to the coaptati-
on site with two 10-0 sutures (22). The epineural sheath provides a good
environment for axons to grow and a biological chamber for axoplasmic
fluid leakage from the cut nerve endings (25). The sheath prevents fascic-
les from protruding from the suture line and facilitates axonal regrowth by
preventing the nerve from coming into contact with scars or fibrotic tissues
around the coaptation site (24).

2.1.2. End-to-Side Nerve Repair

End-to-side nerve repair is a surgical technique in which the distal
end of a severed nerve is attached to the lateral side of an adjacent nerve,
with or without the creation of an epineural window (26, 27). This may
be an alternative to nerve grafting when a peripheral nerve injury presents
with a long segmental defect, provided that the functional outcome of an
equal-length nerve graft would be poor and an adjacent uninjured nerve is
nearby (28). End-to-side nerve repair is a potential strategy for the treat-
ment of nerve lesions without usable proximal nerve stumps (29-31). The
basic concept of end-to-side nerve repair is based on achieving nerve fiber
regeneration along the distal stump of a severed nerve by inducing colla-
teral axonal sprouting from an adjacent healthy nerve (32). The proximal
end of the distal portion of the injured nerve is refreshed by serial incisions
with a sharp scalpel until a healthy-looking cut surface is visible. An intact
and nearby compatible nerve is selected to act as the donor nerve. An epi-
neural window is created lateral to the donor nerve in the same plane as the
approaching recipient nerve. Care is taken not to damage any axons in the
donor nerve. The recipient nerve is sutured to the epineural window using
four 8-0 prolene sutures; there should be no tension on the suture line, and
twisting of the nerve should be avoided (33). The tibial nerve is most com-
monly coaptated to the peroneal or sural nerve, and the ulnar nerve is most
commonly coaptated to the musculocutaneous nerve (34).
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2.1.3. Side-to-Side Nerve Repair

Side-to-side neurorrhaphy was first developed in 1994 (35). Labo-
ratory studies show that this method effectively prevents muscle atrophy
(36). Distal side-to-side anastomosis has been shown to have clinically re-
generative potential in the treatment of proximal nerve injuries (37). First, a
relatively normal nerve root is identified as close as possible to the injured
nerve to serve as the “donor” nerve. This donor nerve is then pulled towar-
ds the injured nerve (recipient nerve), and the two nerves are placed side
by side in a suitable segment. Depending on the thickness of the nerve, 1 to
2 cm long incisions are made in the epineurium and partial perineurium on
adjacent sides, and the cut epineurium and partial perineurium are sutured
side by side with 9-0 to 11-0 monofilament nylon and microsurgical instru-
ments. For example, if the L4 and L5 lumbar roots are injured in humans,
the common femoral nerve is selected for side-to-side neurorrhaphy in the
lower thigh. If the lower trunk of the brachial plexus is injured, the ulnar
and median nerves are selected for side-by-side neurorrhaphy (35).

2.1.4. Reverse End-to-Side Nerve Repair

The reverse end-to-end neuroraphy model was described in 2005 (38).
In certain situations, the recipient nerve may suffer a continuity injury, and
complete sacrifice of the remaining axons may not be desirable. In reverse
end-to-end neuroraphy, the recipient and donor nerves are different from
a standard end-to-end repair (39). The donor nerve is transected, and the
proximal end is sutured to the epineural window of the intact recipient
nerve. Axons sprout from the severed proximal donor nerve next to the
intact recipient nerve and then innervate the appropriate end organs. This is
advantageous considering that the recipient nerve is only partially injured
(40).

2.2. Nerve Graft Methods

Free nerve grafting was first attempted by Albert in 1876, and nerve
grafting has been recognized as a salvage procedure with a very low chan-
ce of success (41). Nerve grafts are applied to close the gap between both
ends of an affected peripheral nerve that cannot be approximated without
tension (42). Nerve grafts fill the gap, guide regeneration, and protect the
axons from the surrounding scar tissue (43). Nerve grafts are divided into
three categories: heterografts, homografts, and autografts (44). Heterog-
rafts have not been successful (45), and homografts are limited by the im-
munologic response of the patient. However, homografts are being extensi-
vely studied and are approaching clinical application (46). The best choice
is an autograft, which is a nerve section from another part of the body (10).
Autografts both provide a canal with a basal lamina structure and preserve
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Schwann cells, which provide an excellent scaffold for nerve regeneration
(47-49). However, unavoidable disadvantages include the limited number
of available nerve graft materials and permanent loss of donor nerve func-
tion (10), requiring a second operation to obtain the donor nerve (50). The
nerve grafting technique has evolved from trunk grafts, cable grafts, and
pedicled nerve grafts to interfascicular nerve grafts (11, 47). It has been
suggested that the ideal nerve graft should contain certain characteristics:
it should be available in large quantities, consist of a stroma with the stru-
cture and mechanical properties of an endoneurium, contain capillaries,
a few fibroblasts, and a large number of Schwann cells arising from the
nerve to be repaired (41). Nerve grafts should be cut 10-20% longer than
the calculated length (4); it is well known that grafts shrink (45). The grafts
are attached to the fascicles with 10-0 sutures (one or two sutures). There
should be no tension at the distal and proximal ends. Vascularization of
the nerve graft begins on the third postoperative day. Grafts larger than 5
mm in diameter are difficult to revascularize and deteriorate due to central
necrosis. Therefore, the ideal graft diameter is 2—-3 mm (18).

2.2.1. Autograft

Each donor nerve segment used to close a gap is cut long enough
to avoid tension when secured to the proximal and distal roots of the cut
nerve with a single 7-0 suture. The first graft is fixed at the six o’clock
position, and successive grafts are placed at the edges of the gap until they
reach the 12 o’clock position. If it is necessary to fill the center of the
cavity, the required number of free grafts are placed within the borders of
the fixed grafts, with the ends resting against the stump. After this step,
the 12 o’clock graft is sutured in place. The junctions of the grafts and the
nerve stumps are closed with a 1 cm-long, loosely placed silastic tube. In
this way, axon passage sites are protected against invasion by external con-
nective tissue, while the viability of the grafts is maintained until internal
capillary circulation is re-established by the diffusion of extracellular fluids
accumulated in the wound (51).

2.2.2. Allograft

Nerve allografts are one of the alternatives in the treatment of periphe-
ral nerve defects (43). They have the same structure as the peripheral nerve
(50) and therefore provide better adhesion and support to regenerated axons
(43, 52). Nerve allografts can be used in destructive or segmental injuries
of the peripheral nerve and can provide live donor schwann cells. They can
close a nerve gap up to 7 cm in length and appear to be more efficient than
nerve conduits due to the neurotropic effect they provide (11). Although
they provide an easily available graft without donor site morbidity, the side



38 * Mehmet Nur CETIN, Yusuf Sinan SIRIN, Batuhan NEYSE

effects of immunosuppression should be seriously considered (43). Like all
tissue allotransplantation, nerve allografts require systemic immunosupp-
ression; the associated morbidity of immunomodulatory therapy limits the
widespread application of nerve allografting. Several techniques (e.g., cold
preservation, irradiation, and lyophilization) have been described to reduce
nerve allograft antigenicity (3). However, in recent years, non-immunoge-
nic nerve allografts have been used with promising results (11). Further-
more, despite the morbidity of immunosuppressive therapy, the commonly
used immunosuppressive agent FK-506 (Tacrolimus) has been shown to
enhance neuronal regeneration (53). The combination of FK-506 with cold
preservation of allografts has produced reliable, robust clinical results (54).

2.3. Nerve Ducts

Tubulization provides a canal through which the proximal nerve end
grows to fuse with the distal end (8). The proximal and distal nerve ro-
ots are inserted into each end of the tube, anchored in place with one or
two epineural sutures (55). Theoretical advantages include prevention of
scar tissue ingrowth and growth of axonal sprouts into non-nerve regions,
and prolonged delivery of exogenous neurotrophic factors as they become
better available (8). The rate of degradation of nerve canals is also very
important because a high rate leads to swelling and inflammation, whereas
a low rate can cause chronic immune rejection (11). The use of nerve ducts
is limited to defects up to 3 cm (3). There are synthetic nerve conduits,
which are divided into biologic autologous nerve conduits, non-degradab-
le ones, and degradable ones. Biological nerve conduits are usually au-
tologous arteries, veins, and muscles. These can also be isotype variants,
heterogeneous collagen tubes, muscle basal lamina, and human amniotic
membrane (56, 57). These materials have the advantage of being degraded
into harmless products after nerve regeneration. Synthetic, non-degradable
nerve conduits are made of silicone, plastic, and polytetrafluoroethylene.
Degradable nerve conduits are mostly composed of collagen, chitin, polyg-
lycolic acid conduit, glycolide trimethylene carbonate conduit, polylactic
acid conduit, polycarbolactone, polylacticoglycolide, natural collagen, and
hydrogel (11). Evaluation of the soft tissues at the site of injury is a manda-
tory step to determine whether reconstruction should be performed before
or in conjunction with nerve repair. The proximal and distal stumps of the
nerve are approximated without tension to avoid torsion, which can change
the direction of the fascicles in the two nerve stumps. Commercially avai-
lable canals range from 1.5 mm to 10.0 mm in diameter. The channel cho-
sen should be slightly larger than the diameter of the nerve. The technique
for preparing the tube varies considerably according to the type of material
used. In general, the tube is soaked in normal or heparinized isotonic water
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before use. Once the correct size canal has been selected, the nerve tube
is stabilized with separate sutures to the adjacent soft tissues and sutured
in a U-shape over the tube. Stabilization of the tube facilitates the place-
ment and suturing of the nerve roots at the tube ends. Both nerve roots are
inserted 2 mm into each end of the tube and secured by means of two or
three separate epineural sutures (9-0 or 10-0 nylon sutures) under adequate
magnification. The technique for fixing the nerve endings to the tube is as
follows: nylon is passed through the wall of the tube at least 1 mm from
the tip. The suture is passed through the epineurium 2 to 3 mm inward and
outward from the cut end. The suture is then passed through the tube wall,
close to the point where the suture first entered. Finally, the nerve end is
stretched over the nylon, gently inserted into the tube, and secured in place
with a knot on the outside of the tube. The lumen of the canal is filled with
sterile isotonic fluid to prevent blood products and clots from forming in
the lumen. Some studies suggest using heparin instead of isotonic at this
stage to reduce blood clot formation, which can inhibit axonal regeneration
by blocking the advancing growth cone of the axon. Closure of well-vas-
cularized soft tissues over the tube is critical. It provides uninterrupted
wound healing (58).

2.3.1. Autogenous Biological Nerve Ducts

Skeletal Muscles

The idea of using skeletal muscle fibers to guide regeneration across
nerve gaps comes from the observation of the regular longitudinal align-
ment of muscle fibers and, in particular, their basal laminae. This is based
on similarities between the basal laminae of muscle and the endoneural tu-
bes of degenerating nerves (59, 60). Only a few clinical studies have been
published reporting the use of muscle fiber grafts to repair nerve defects in
patients. In a series of clinical papers published in the first half of the nine-
ties, satisfactory functional recovery was reported in most patients after re-
construction of nerve defects up to 6 cm (61, 62). Most studies recommend
an upper limit of 5 cm for the largest animal models (sheep femoral nerve)
and 2 cm for the rat sciatic nerve (58).

Blood Vessels

Among the various different types of biological tubes that have so far
been experimented with for bridging peripheral nerve gaps, those based
on the use of blood vessels as a source of conduit material have undou-
btedly been the most popular due to their wide availability in the human
body. Already in 1891, Biingner was the first to test a blood vessel, namely
an artery segment, to repair nerve gaps with a good regeneration result.
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Although several other studies on the use of arteries as nerve guides were
published in the following years, the clinical use of arteries for nerve tu-
bulization is limited due to the difficulty of safely removing appropriately
sized arteries in a patient. In 1909, Wrede was the first to describe the
clinical use of vessels to repair nerve lesions with loss of substance and
to report functional improvement after reconstruction of a 45 mm median
nerve gap (57). In an experimental rabbit model, he determined that good
axonal regrowth occurred in a 3 cm-long vascular nerve canal. The repair
technique was venoneurorrhaphy (63). In this way, clinical applications of
autogenous venous nerve canals have been demonstrated (64). A potential
disadvantage of vein grafting is that the vessel wall may collapse (47).
However, it has been shown that hematoma and thrombi within the vessel
protect the conduit in the rat (65).

Tendon

Using the rat sciatic nerve model, it has been proposed that tendon
grafts can be used as nerve conduits to bridge 10 mm defects. The extracel-
lular matrix components of the rat tail tendon, together with the longitudi-
nal arrangement of collagen bundles in the graft, form a suitable substrate
for the regeneration of axons and other cellular elements involved in the
regeneration process (66). It has been suggested that the main advantage
of this technique is the availability of abundant graft material with limited
loss of function (67).

2.3.2. Non-autogenous Biological Nerve Ducts

Collagen

Collagen is one of the major extracellular matrix proteins, accounting
for 30% of total body protein (68). Compared to many synthetic polymers,
biomaterials made from collagen offer several advantages, including bio-
compatibility, non-toxic degradation products, and minimal foreign body
response (69). Collagen conduits have been reported to be as effective as
autografts when repairing small peripheral nerve defects up to 4 mm in
length (70).

Fibrin

Fibrin is formed by thrombin-mediated cleavage of fibrinogen. Fibrin
forms spontaneously in numerous examples of wound healing, acting as an
early but temporary scaffold or matrix (1-2 weeks) before remodeling by
migrating cells and subsequent extracellular matrix formation. Such fib-

rin bridges form in the lumen of hollow nerve canals used for peripheral
nerve repair and are the extracellular matrix onto which migrating peri-
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neural cells, regenerating Schwann cells, and axons are traced. Therefore,
the spontaneous deposition of a fibrin matrix is the crucial first step for the
promotion of axon regeneration in any hollow canal implantation strategy
(68). Furthermore, fibrin has been shown to be a key regulator of periphe-
ral nervous system myelin formation around regenerating nerve fibers after
peripheral nerve injuries (71).

Matrigel

Matrigel is a commercially available extracellular matrix solution pro-
duced from tissue-cultured mouse sarcoma cells (72, 73). Although Mat-
rigel has shown significant improvements when incorporated into neural
canals, the fact that it is derived from mouse sarcoma cells prevents its
use in clinical applications. Matrigel has been combined with a number
of other axon growth-promoting elements to fill hollow canals in combi-
nation with polyglactin filaments enriched with Schwann cells. Although
the combined implant promoted axon regeneration in the distal stump of a
1.5 cm lesion of the rat sciatic nerve, functional recovery by gait analysis
remained poor up to 6 months and was lower than that promoted by the
autograft (68).

Fibronectin and Laminin

Fibronectin and laminin are adhesive glycoproteins whose main pro-
perties are their ability to bind to various extracellular components. A
study on sciatic nerve regeneration with silicone tubing in rats revealed
that fibronectin and laminin caused an increase in nerve diameter and the
number of myelinated axons (74). Incorporation of fibronectin into hollow
channels was shown to improve axon regeneration along the 18-mm gaps
of the adult rat sciatic nerve. However, the best degree of axon regenerati-
on was promoted by combined fibronectin and laminin filling of the canal
(68).

Alginate

Alginate is a biodegradable polysaccharide with repeating mannuro-
nic acid and glucuronic acid units. It is obtained from brown seaweed (68).
In a study, alginate was used both with and without tubulation to repair a
50-mm sciatic nerve defect in cats. It was demonstrated that animals in
both groups exhibited similar locomotor functional recovery, and elect-
rophysiologic examinations revealed successful axonal elongation and re-
innervation in both afferent and efferent systems at the third postoperative
month (75). The results of alginate use in neuroregeneration are not consis-
tent when compared with in vitro and in vivo studies. In vitro studies show
their neutral or negative effects on cell proliferation. In vivo studies have
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shown the beneficial effect of alginate hydrogel on the neuroregeneration
process in the peripheral and central nervous systems (76).

Silk

Fibroin is the basic structural protein of silk purified from the silkworm
Bombyx mori and has been shown to have good biocompatibility with pe-
ripheral nervous system cells in vitro (68). In a study, 10 mm defects in
the median nerve of rats were tried to be repaired with nerve canals made
of 12 mm silk fibroin. As a result, it was shown that the biomechanical
and biological properties of the nerve canals had an optimized balance,
and the canal was able to sustain the progressive growth of regenerating
nerve fibers with excellent cellular colonization (77). In another study, a
nanofibrous silk nerve conduit was evaluated for its efficacy based on the
promotion of peripheral nerve regeneration in rats. Tubes designed with
or without Schwann cells were implanted into a 10 mm gap in the sciatic
nerves of rats. The results showed that nanofibrous grafts, especially in the
presence of Schwann cells, enabled reconstruction of the rat sciatic nerve
trunk with restoration of nerve continuity, myelination, and the formation
of nerve fibers (78).

2.3.3.Synthetic Material Nerve Ducts

Silicone

Silicone nerve guides were first used in 1989, and successful nerve re-
generation was reported in three patients (79). Silicone nerve guides filled
with a gel based on collagen, laminin and fibronectin have been shown to
result in a better regenerating axon organization compared to controls (80).

Polyglycolic Acid

Polyglycolic acid is a bioabsorbable substance that is now widely used
as a suture material of choice for wound closure (81, 82). Polyglycolic
acid channels were used in a 3 cm ulnar nerve space in monkeys, and the
results after 1 year were compared with an interfascicular sural nerve graft.
The results showed that polyglycolic acid conduits are a good alternative
to short nerve grafts (83).

Polyester

The physicochemical properties of synthesized copolymers of trimet-
hylene carbonate and e-caprolactone were investigated to evaluate their
potential in the development of flexible and slowly degrading artificial
neural guides. Poly(trimethylene carbonate) and poly(trimethylene carbo-
nate-co-epsiloncaprolactone) copolymers with high epsilon-caprolactone
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content were suggested to have good physical properties, making them
suitable for the preparation of porous artificial neural guides (84).

Chitosan

Chitosan is a polysaccharide derived from the N-deacetylation of chi-
tin, a copolymer of D-glucosamine and N-acetyl-D-glucosamine. Several
researchers have shown that chitosan has a good affinity for nerve cells
and promotes nerve cell survival and neurite outgrowth in vitro, suggesting
that chitosan can be used as a scaffold for axonal regeneration in peripheral
nerves (58). Chitosan was used as a nerve graft to fill a 30 mm gap in the
sciatic nerve in beagle dogs. In this application, the outer part of the graft
was composed of chitosan, and the inner part was composed of polygly-
colic acid. According to the results, in the chitosan/polyglycolic acid graft
group, the canine sciatic nerve trunk was reconstructed with restoration of
nerve continuity and functional recovery, and the target skeletal muscle
was reinnervated, improving the movement activities of the operated limb
(89).

2.4.Nerve Transfer

Nerve transfer involves the connection of a healthy, expendable donor
nerve to a denervated recipient nerve to restore the function of the reci-
pient muscle (86). The concept of nerve transfer, or neurotization, aims to
replace a proximal injury distally by transferring “proximal” nerve functi-
on to a distal denervated nerve near the target (3). Nerve transfers use an
expendable motor transmitter nerve to a less important limb muscle. The
nerve is cut and then fused to the injured distal end of the primary motor
nerve (87). The theory regarding the selection of donor nerves is similar
to tendon transfer: synergistic muscle movements from the donor and re-
cipient nerves are preferred to antagonistic motor function. Although it is
possible to use and retrain an antagonistic muscle, postoperative motor le-
arning is more intuitive when a synergistic donor nerve or muscle is selec-
ted for transfer (88). This change is accompanied by a reorganization of the
brain that lasts 3-6 months (89). Donor nerves should be expendable and
should not cause a decrease in donor function (90). Donor nerves should
be undamaged, anatomically close to each other, have a high proportion of
motor fibers, and not cause any loss of function after transposition (89).
Nerve transfers can be performed in an end-to-end, end-to-side, or rever-
se end-to-side fashion, depending on the degree of injury to the recipient
nerve and the type of defect being reconstructed (91). Motor nerve trans-
fers should be performed directly, end-to-end. Sensory nerve transfers are
also preferably performed end-to-end for critical sensation, but can also be
end-to-side for non-critical sensation if donor availability is limited (92).
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Donor nerves for brachial plexus neurotization include accessory nerves,
phrenic nerves, and intercostal nerves; median and ulnar nerves for radial
nerve neurotization; tibial nerves for fibular neurotization; and sural and
saphenous nerves for sciatic neurotization (89). Background quadriceps
paralysis is mainly caused by proximal lesions in the femoral nerve. In a
study in rats, the efficacy of obturator nerve transfer to the femoral nerve
was investigated. As a result, a stronger knee extension force, heavier and
larger quadriceps muscle mass was demonstrated (93). In another study
conducted to determine the feasibility of rectal reinnervation in rats pri-
marily by transferring a genitofemoral nerve to the pelvic nerve, increased
axonal regeneration occurred after genitofemoral nerve transfer, and incre-
ased rectal pressure was determined in 10 of 12 rats, and it was shown that
genitofemoral nerve-pelvic nerve transfer could provide nerve regenerati-
on (94). Free functional muscle transfer is another reconstructive option
for severe and delayed nerve injuries, including those that have failed after
primary reconstruction, by ensuring that an undamaged donor nerve is ava-
ilable (95). The procedure transfers a healthy muscle and its neurovascular
pedicle to a new position to assume a new function (96). This can be used
in a situation where both nerve and muscle are damaged due to severe acu-
te injury or changes resulting from chronic axotomy and muscle fibrosis
(87). Some authors have reported promising results after nerve transfers,
although there is no clearly established evidence for their use (97).

2.5.0ther Treatment Methods

Growth Factors

Nerve growth factors (neurotrophins) are naturally released molecu-
les in the process of nerve regeneration. They are released from the nerve
end, especially following a nerve injury, and have effects on nerve growth,
differentiation, and surveillance (58). Nerve growth factor (NGF) is found
in low concentrations in healthy nerves. Following nerve injury, NGF is
upregulated in the distal nerve stump and plays an important role in the
survival of sensory neurons and the growth of their neurites (87). Several
growth factors have been identified during nerve regeneration, including
glial growth factor (GGF), fibroblast growth factor (FGF), glial cell-deri-
ved neurotrophic factor (GDNF), neurotrophin 3 (NT-3), ciliary neurot-
rophic factor, and leupeptin. NGF, GGF, GDNF, and NT-3 have been app-
lied to small animal models of nerve gap injury (1-4 cm gap) nerve canals
and demonstrated improved histologic, electrophysiologic, and functional
outcomes compared to nerve canals (58). However, one of the few NGF
studies comparing silicone conduits with nerve autografts demonstrated
superior functional results in the autograft group (98). A synthetic tube bri-
dge material containing 10 g/mL FGF-1 and collagen matrix was used in a
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10 mm nerve defect, and only an increase in regeneration was found com-
pared to the collagen matrix group (99). GGF, another epidermal growth
factor, is released from neurons and has been shown to induce Schwann
cell proliferation. They play a role in the interaction between neuronal and
glial cells in terms of peripheral nerve healing. GGF applied to a canal
for 2-4 cm defects in a rabbit peroneal nerve model was found to increase
the number of newly formed schwann cells, significantly improve axonal
regeneration and significantly reduce lost muscle mass compared to the
control group (53). Ciliary neurotrophic factor is found in the cytoplasm
of myelin schwann cells and increases neuron survival following axotomy.
It is released directly from the periphery of the neuron. Used in 10 mm
rat sciatic nerve defects in silicone conduits, it increased the diameter and
number of axons, myelination, and motor nerve conduction velocity, incre-
asing the amplitude of muscle movement compared to controls (100). Vas-
cular endothelial growth factor (VEGF) is best described for its effect on
endothelial cell biology and its role in neovascularization; however, VEGF
has also been reported to have positive effects on nerve regeneration (53).

Electrical Stimulation

There are limited reports on the application of electrical fields or gra-
dients along a repaired peripheral nerve to accelerate axonal regeneration.
Animal studies show that direct nerve electrical stimulation as little as one
hour immediately after repair of a severed femoral nerve in the rat promo-
tes a dramatic increase in the kinetics of target muscle reinervation (53).

Non-Thermal Laser Amnion Wrap

Photochemical tissue bonding uses a Nd/YAG laser, photoactive dye,
and a non-immunogenic amniotic dressing to create a covalently bonded
nerve wrap around the nerve coaptation. The problems of unwanted ther-
mal injury to nerve tissue from conventional laser techniques are avoi-
ded. The collagen fibers in the amniotic wrap are covalently bonded to
the collagen in the epineurium. This bond strengthens repair, concentrates
neurotrophic and neurotropic factors in coaptation where they are needed,
excludes inflammatory mediators from external tissues, and contains rege-
nerating axons that direct them towards the remote motor or sensory target.
Animal studies in rat sciatic nerve and rabbit peroneal nerve models have
shown increased axon numbers and gait function after end-to-end coapta-
tion with a photochemical tissue-binding nerve wrap (87).

Laser Coaptation

In 1985, Fischer et al. (1985) reported successful nerve coaptation
with laser welding; however, this was followed by frequent reports of se-
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paration ranging from 12% to 41% (101). To prevent detachment, one or
two fixed sutures can be placed before laser welding (102); however, nylon
fixed sutures lose their tensile strength when irradiated with a carbon di-
oxide (CO2) laser (103). More recently, protein solders have been melted
on the outer surface of the nerve coaptation site to create stronger struc-
tures (25, 102). Protein solder hardens immediately when absorbed. The
solder can also close small gaps in coaptation, thus reducing the need for
permanent sutures. In addition, the solder can protect the underlying nerve
tissue from the potentially damaging thermal effects of the laser welding
process. The use of solder with CO2 laser has produced better histologic
results than CO2 laser alone (103).

Fibrin Adhesives

Fibrin adhesives have been used as an alternative to the traditional di-
rect end-to-end suture approach to close-cut nerves (104, 105). Fibrin glue
is permeable and remains in place for the time required to allow the nerve
endings to fuse (i.e., several days) (106). Fibrin glue is a plasma-derived
biological concentrate for topical use with a mechanism of action similar to
the final step of physiologic coagulation (fibrinogen formation) (104). The
main advantage of fibrin glue is that it does not cause foreign body reacti-
ons or scarring, unlike nylon sutures. In this context, the use of fibrin glue
will minimize manipulation of the nerve roots and prevent the presence
of nylon in the nerve tissue (107). In nerve repair, cyanoacrylate adhesi-
ves have been used to overcome the infection risks of fibrin, especially in
combination with its questionable tensile strength (108). A number of rat
studies have compared cyanoacrylate with direct suture on sciatic nerves,
finding no difference in regeneration or functional outcome (109, 110).
In addition, cyanoacrylate has failed in terms of biocompatibility, causing
foreign body toxicity and fibrosis (111, 112). Polyethylene glycol forms a
biocompatible, non-toxic hydrogel. Furthermore, polyethylene glycol has
the potential to act as a blank slab into which cell-specific bioactive ligands
can be covalently incorporated to enhance regeneration, while once around
nerve endings, the tubular adhesive can be photopolymerized with visible
light, making it a simple and rapid procedure (113). Compared to fibrin
glue, polyethylene glycol glue has been noted to reduce scar tissue around
the application and has comparable tensile strength (114). However, it deg-
rades very slowly, and this degradation may continue for up to 20 months
following implantation (104).

Stem Cell Therapy

While various strategies are being developed to enhance neurorege-
neration in response to trauma, conditions where cell loss is common fol-
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lowing significant injury or in response to degenerative diseases of the
nervous system will likely require whole cell replacement. In the hope of
regenerating tissue through cell replacement, many efforts have focused
on the use of stem cells as a source of ‘replacement’ cells (53). Embryonic
stem cells (ESC), neural stem cells (NSC), induced pluripotent stem cells
(iPSC), and adult mesenchymal stem cells (MSC) have been the subject
of several in vitro and in vivo studies investigating their suitability for
nerve repair (115). As demonstrated in histological, molecular, and elect-
rophysiological studies, neural progenitor cells derived from mouse ESCs
supported nerve repair in the rat sciatic nerve in the 10 mm range (116).
Induced pluripotent stem cells can efficiently generate functional neural
crest cells and were used in combination with gelatin microspheres con-
taining FGF to repair 10 mm nerve gaps with 50% poly-lactide and 50%
poly-caprolactone porous nerve conduits (117). Mesenchymal stem cells
provide an interesting alternative to Schwann cell transplantation, as they
can be relatively easily isolated from bone marrow aspirates and expanded
in culture (118).

Hormones

Hormones are a promising alternative for pharmacologic intervention
in the treatment of nerve injuries. Neuroactive steroids such as proges-
terone or allopreganolone modulate schwan cell physiology through the
expression of myelin proteins and their effect on schwan cell differenti-
ation (119, 120). The peculiarity of progesterone is that it promotes the
formation of new myelin sheaths, which are essential not only for the sal-
tatory conduction of action potentials but also for axonal integrity. The role
of progesterone in myelin formation was first demonstrated in peripheral
nerves and dorsal root ganglia (121). High doses of progesterone may blo-
ck action potential generation and thus nerve conduction (122). Thyroid
hormone and growth hormone have been shown to accelerate axonal mye-
lination, myelin thickness (123, 124), axonal regeneration, and functional
recovery in rat models of sciatic nerve injury (125). Erythropoietin (EPO)
is a renal cytokine that regulates hematopoiesis. It is also produced by
different cells in the nervous system that activate the EPO receptor. This
receptor is activated by glial cells in the central and peripheral nervous
systems and has been proven to have neuroprotective and neurotrophic
effects (126). EPO has been proven to have a myeloprotective effect and
provide a faster functional recovery after a sciatic nerve crush injury (127).
Melatonin is involved in many physiological processes and has potent
anti-inflammatory, antioxidant, and neuroprotective properties (128). Me-
latonin has been reported to have neuroprotective effects by decreasing
nitric oxide synthesis or scavenging the destructive effects of free radicals
in the nervous system (129). Pharmacological studies have reported that



48 + Mehmet Nur CETIN, Yusuf Sinan SIRIN, Batuhan NEYSE

melatonin has strong effects on cytoskeleton organization, neuronal diffe-
rentiation, growth cone formation, and neurite generation, all major factors
in controlling cell shape (130). In addition, reportedly, early melatonin ad-
ministration following traumatic sciatic nerve injury caused by acute blunt
injury can reduce lipid peroxidation, axon damage and myelin destruction
(131). Melatonin is also known to have a positive effect on myelin content
and axon number by reducing collagen deposition, preventing neuroma
and scar tissue formation at the site of nerve injury, and stimulating the
proliferation of schwann cells (132). Neuronal survival and regeneration
are neurotrophin-dependent and require increased aerobic glycolytic ca-
pacity. Acetyl-L-carnitine (ALCAR), a physiological peptide integral to
mitochondrial aerobic glycolysis, has natural antioxidant properties, en-
hances neuronal binding and responsiveness of NGF. ALCAR abolishes
neuronal loss following axotomy, even after a clinically significant delay
before starting treatment (133).
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