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A peripheral nerve injury can be devastating for the affected patient, including 
those patients with a concomitant diabetes. This thesis focuses on nerve rege-
neration in respect to orchestrated Schwan cell and macrophage response with 
the signs of neuroprotection revealed by expression of HSP27 and their relation 
to the axonal outgrowth in nerve injury and different repair and reconstruction 
models, including delayed and no nerve repair in healthy Wistar and diabetic 
Goto-Kakizaki rats. Additionally, this thesis presents a promising solution to 
injured nerve with nerve defect as reconstruction by modified artificial conduit 
through an inserted membrane with gold and cobalt-oxide nanoparticles which 
improves nerve regeneration. 

This thesis also offers an alternative pharmacological 
treatment as a local application of PXL01 which is 
already in clinical use in tendon injuries in hands. It is 
investigated in primary and autograft reconstructed 
nerve injury model in healthy and diabetic Goto-Ka-
kizaki rats, indicating its potential use to treat “tethe-
red/scarred” neuroma, even further hypothetical 
clinical use in nerve reconstruction both in healthy 
and diabetic patients.  
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Preface 

My interest in science and research started when I was a child. My father, Professor 
Baki Hazer, who is my role model through life, is a chemical engineer and 
specialized in organic chemistry - especially in polymer science. My fairy tales, or 
“good night stories”, were stories about atoms and electrons or basic physical rules. 
Our playground, for my sister and myself as children, was dad’s laboratory. 
Distillation tubes were our spaceship. We were full of curiosity and imagination. He 
showed me the science hidden behind every moment of life - the scientific thinking. 
From that moment, I decided to walk through the same path of life, the science, like 
my dad.  

The scientific research continued throughout the high school and during the medical 
faculty years. During my education as a resident in Neurosurgery in Hacettepe 
University, Faculty of Medicine in Ankara, Turkey and during the years as a 
specialist, I was interested in patients that had peripheral nerve dysfunction and 
diseases. At that time, I already conducted experimental projects in peripheral nerve 
injury and regeneration. As a neurosurgeon, I shifted my clinical practice and 
experimental research to the spine and peripheral nerve surgery.  

After I got my degree as Associate Professor in Neurosurgery in Turkey, I thought 
I needed to explore and learn more about peripheral nerves. That was how I met 
Professor Lars B. Dahlin, another “man of science”, and then I started my PhD 
training in Lund, Sweden. The idea of exploring the cellular and molecular 
mechanism(s) behind repair and reconstruction after nerve injury and the 
subsequent degeneration and regeneration was amazing. In the meantime, I had the 
most precious gift in life - my son Axel was born.  

During the time I have worked with my four projects included in the present PhD 
thesis, I have learned a lot. In this seven years journey, the scientific interactions 
with colleagues from this and other universities were valuable, but above all the 
endless support and guidance of my supervisor, Professor Lars B. Dahlin, was 
precious.  From the beginning to the end, during my time as a PhD student, and 
seeing my son growing up, my curiosity and hunger to better understand the mystery 
of peripheral nerves grew stronger and stronger.  The present thesis, consisting of 
four different subprojects, is only a section of my endless journey, and hopefully is 
a guide to even more curiosity in the future.  
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Thesis at a Glance 

Paper I  
Injury-induced HSP27 expression in peripheral nervous tissue is not 
associated with any alteration in axonal outgrowth after immediate or 
delayed nerve repair 
Injury-induced expression of HSP27 was investigated after no, an immediate or a 
delayed nerve repair after a sciatic nerve transection with 7 or 14 days follow up in 
healthy and diabetic Goto-Kakizaki (GK) rats. Axonal outgrowth was analysed with 
neurofilament measures and HSP27 expression was evaluated at site of lesion, in 
distal nerve end and in DRGs (see image for summary of methods and results). 

 

Injured sciatic nerves should appropriately be repaired in healthy and diabetic GK 
rats, but a short delay does not influence axonal outgrowth. HSP27 expression in 
sciatic nerve or in DRG, despite an increase after nerve injury with or without a 
repair, is not associated with any alteration in axonal outgrowth.  
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Paper II 
Gold and cobalt oxide nanoparticle modified poly-propylene poly-
ethylene glycol membrane in poly(ε-Caprolactone) conduits enhance 
nerve regeneration in sciatic nerve of healthy rats.  
Regeneration capacity, after bridging a 10 mm nerve defect with either a hollow 
poly-caprolactone (PCL) conduit or such a conduit with an inserted poly-propylene 
polyethylene glycol (PPEG) membrane enhanced with gold (Au) or gold-cobalt-
oxide (AuCoO) nanoparticles, was investigated 21 days after implantation in 
healthy Wistar rats (see image for summary). 

 

Au and CoO nanoparticle modified membranes in PCL conduits improve axonal 
outgrowth and increase the regenerative performance after nerve reconstruction. 
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Paper III 
PXL01 alters macrophage response with no effect on axonal outgrowth 
or Schwann cell response after nerve repair in rats 

The potential of PXL01, a synthetic peptide produced from a lactoferrin peptide and 
clinically used to prevent adhesions, to stimulate nerve regeneration was evaluated. 
Axonal outgrowth, response of Schwann cells, neuroprotection (HSP27) and 
expression of macrophages after local application of PXL01 in a sciatic nerve injury 
and repair model in healthy Wistar rats were investigated. Three different treatment 
agents - PXL01 in sodium hyaluronate carrier, sodium hyaluronate or sodium 
chloride solution (0.2 mL) as placebo - were locally applied immediately after nerve 
repair. Immunohistochemical analyses were done after 6 days. 

 

Local application of PLX01 inhibits inflammation (CD68) in transected and 
immediately repaired rat sciatic nerves without affecting nerve regeneration or pro-
healing macrophages (CD206). PLX01 can be used to treat “tethered/scarred” 
neuroma without affecting nerve regeneration. 
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Paper IV 
Lactoferrin-derived peptide PXL01 impacts nerve regeneration after 
sciatic nerve reconstruction in healthy and diabetic rats 
Application of PXL01, the lactoferrin-derived peptide, around a nerve autograft 
after reconstruction of a 10 mm long nerve defect in healthy Wistar and in GK rats 
was evaluated. PXL01 in a sodium hyaluronate carrier was compared to a sodium 
chloride solution (0.2 mL). At 8 days, axonal outgrowth, Schwann cell activity, 
HSP27 expression in sciatic nerves and DRGs bilaterally and the macrophage 
response were analysed immunohistochemically (see image for summary).  
 

 

PXL01 increases axonal outgrowth in nerve autografts with an impact on activated 
Schwann cells as well as an increased neuroprotection (HSP27 expression) in DRGs 
in healthy and diabetic GK rats, indicating that PXL01 is a promising candidate for 
improvement of nerve regeneration in nerve autografts. Diabetes impacts nerve 
regeneration in nerve autografts. 
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Summary in Swedish 

Våra händer används dagligen i varierade sammanhang, varför de löper stor risk att 
skadas av en mångfald orsaker. Av vävnaderna i handen och armen är de perifera 
nerverna särskilt utsatta. Skador på dessa, liksom på nerverna i benen, är svåra att 
behandla och slutresultatet kan, trots noggrann behandling, variera beroende på 
skadans omfattning. Mindre tryckskador medför oftast ett bra slutresultat medan 
allvarliga skador i form av kompletta avskärningar eller avslitningar av nerven i 
regel ger kvarstående funktionsbortfall. 

Efter en perifer nervskada tillbakabildas nervtrådarna bortom skadan varefter de 
ersätts av nya som växer ut centralt ifrån. Utväxthastigheten är låg (1-2 mm/dag), 
vilket bör beaktas om en skada är lokaliserad till över- eller underarm alternativt lår 
eller underben. Det kan därför krävas lång tid innan hud och muskler åter innerveras. 
Resultatet kan dessutom försämras genom förtvining (atrofi) av musklerna. Att 
kunna stimulera nervutväxt kan därför vara av vikt för återkomst av både muskel- 
och känselfunktion. 

Utfallet efter en behandlad perifer nervskada kan påverkas av flera faktorer. En 
sådan är typ 2 diabetes som idag är en folksjukdom. Orsaken till att den uppstår är 
okänd, men riskfaktorerna är livsstilsrelaterade, till exempel övervikt, rökning och 
stress. Det är känt att det karaktäristiskt höga blodsockret efter cirka 10 år leder till 
diabetesrelaterade nervskador hos många individer. Operation av perifera 
nervskador hos diabetiker kan ge sämre slutresultatet än hos för övrigt friska, men 
orsaken är okänd. Det är viktigt att man vid utveckling av nya kirurgiska tekniker, 
instrument och läkemedel också studerar hur dessa påverkar nervutväxten vid 
diabetes. Detta är betydelsefullt eftersom fler personer med diabetes kan skada sig i 
yrkeslivet och för att förstå om det finns andra typer av regenerationsmekanismer 
involverade vid diabetes. Jag valde att studera nervregeneration i en modell av typ 
2 diabetes eftersom många som lever med sjukdomen är i arbetsför ålder och kan 
drabbas av nervskador.   

Vid ”enklare nervavskärningar” kan skadorna kirurgiskt direkt sys ihop genom att 
ändarna läggs mot varandra och säkras/sys ihop med hjälp av små trådar. Vid 
slitskador uppstår ofta en defekt mellan de skadade nervändarna, vilket omöjliggör 
direkt reparation. Andra metoder måste då användas för att överbrygga defekten och 
den vanligaste är fortfarande att använda en ”mindre viktig” nerv som ”reservdel” 
– s.k. ”autolog (dvs. från individen själv) nervgraftteknik” – där reservdelen läggs 
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som en ”bro” mellan de skadade nervändarna. De skadade nervtrådarna kan då 
använda reservdelen som en brygga för att växa ner till den yttre nervänden och 
vidare ut till hud och muskler. I de fall defekten är betydligt kortare kan olika typer 
av ”tuber” (dvs. ”rör”) användas som genom biologiska mekanismer möjliggör ett 
återskapande av nerven och att med nervtrådar överbrygga gapet. Det finns ett flertal 
olika kommersiella varianter av tuber att tillgå, men ingen är tillräckligt bra då 
utformningen fortfarande medför att enbart kortare defekter kan överbryggas. Det 
finns därför ett behov att utveckla förbättrade alternativ för kliniskt bruk. 

Vid nervskador är det inte alltid möjligt att direkt reparera eller rekonstruera 
skadorna med reservdelar varför kirurgi måste ske med fördröjning. En alltför lång 
fördröjning kan emellertid medföra ett sämre slutresultat. Det är därför viktigt att 
förstå exempelvis hur så kallade neuroprotektiva (nervskyddande) mekanismer 
biologiskt är utvecklade efter nervskador. Skyddsmekanismen har ibland relaterats 
till uppreglering av ett speciellt ämne - Heat Shock Protein 27 (HSP27) - i den 
perifera nerven eller i nervtrådarnas cellkroppar i anslutning till ryggmärgen. Hur 
och när uppregleringen sker efter nervskador i relation till fördröjd kirurgisk åtgärd, 
särskilt hos individer med diabetes, är inte klarlagt. 

Vid behandling av perifera nervskador har man hittills enbart fokuserat på kirurgin, 
men man har inte tillämpat någon farmakologisk behandling som tillägg för att 
förbättra slutresultatet. Det finns ett behov av att finna läkemedel som kan förbättra 
nervtrådsutväxt efter nervskada, men tiden från skadan till den kirurgiska 
reparationen/rekonstruktionen är också viktig eftersom nervens inneboende 
mekanismer för läkning riskerar att försämras vad tiden går.  

I avhandlingen har jag undersökt: 

1) betydelsen av uppreglering i nerverna av det skyddande ämnet HSP27 i samband 
med omedelbar eller fördröjd nervreparation,  

2) hur modifiering av en tub för rekonstruktion av en nervskada kan förbättra 
nervregenerationen samt  

3) hur en farmakologisk substans, som appliceras lokalt i samband med 
nervkirurgin, skulle kunna förbättra nervutväxt och reparationsmekanismer.  

I studierna har jag använt friska råttor och en råttmodell som liknar typ 2 diabetes 
(så kallade Goto-Kakizaki råttor).   

I delarbete ett har jag hos friska och diabetiska råttor studerat förekomst av HSP27 
efter olika nervskador som inte reparerats eller som reparerats direkt eller med 
fördröjning. Studien visar att HSP27 var högre i oskadade nerver hos diabetiska 
råttor, troligen som en skadereaktion av diabetes, samt att nervfiberutväxten är mer 
begränsad hos diabetiska råttor efter nervreparationer. HSP27 ökade kraftigt i både 
den skadade nerven och i nervcellskropparna i anslutning till ryggmärgen som svar 
på skadan i både friska och diabetiska råttor. Det viktigaste fyndet var att ökningen 
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av HSP27 inte hade någon påverkan på nervfiberutväxten. En fördröjd 
nervreparation under kortare tid (få dagar) påverkar inte nervutväxt.   

I delarbete två modifierade jag ett speciellt membran med små guld- och 
koboltoxidpartiklar (så kallade nanopartiklar) som skjutits in i nervtuber för att 
förbättra nervfiberutväxten. De modifierade tuberna jämfördes med tomma tuber 
som använts för att överbrygga en kortare nervdefekt hos friska råttor. Resultaten 
visar att ett membran i tuber medför en längre nervutväxten, dvs. ”bättre”, jämfört 
med en tom tub. Tillämpning av nanopartiklar i guld och koboltoxid i membranet 
ökade utväxtlängden ytterligare. Modifierade tuber uppvisade ett bättre svar hos 
stödjeceller, så kallade Schwannceller, samt ett högre HSP27 svar. Schwanncellerna 
i den nybildade nerven i tuberna var förknippade med nervfiberväxt, men HSP27 
hade ingen påverkan på utväxten. Ett modifierat membran i en tub med guld- eller 
koboltoxidnanopartiklar kan förbättra nervåterbildningen.   

I de två avslutande arbetena har jag använt en farmakologisk substans - PXL01 – 
som tidigare har använts kliniskt för att minska sammanväxningar i bukhålan efter 
bukkirurgi och i fingrar efter skador på böjsenor. I studien på böjsenor noterades 
tecken till bättre återskapad nervfunktion vid samtidigt förekommande nervskada 
på en känselnerv i ett skadat finger. Jag har undersökt om och hur PXL01 skulle 
kunna påverka nervfiberutväxten, dels vid direkt nervreparation (som i den kliniska 
studien), dels vid nervrekonstruktion med hjälp av nervgrafter. I den första studien 
jämfördes behandling med PXL01 i sin bärarsubstans (sodium hyaluronate) mot 
användning av enbart hyaluronate och koksalt (sistnämnda s.k. placebo-
behandling). PXL01 minskade det inflammatoriska svaret men den hade inte någon 
effekt på nervfiberutväxt eller på andra celler. PXL01 minskar inflammationen utan 
att negativt påverka nervreparationsprocessen varför den kan användas som 
komplement till kirurgi för att behandla nerver som fastnat i ärr utan att den påverkar 
en eventuell restitution av nervfunktion.  

I det sista delarbetet undersöktes effekten av PXL01 på nervfiberutväxt i ett 
nervgraft på friska och diabetiska råttor. Kortfattat sagt visar det sista arbetet att 
PXL01 kan öka nervfiberutväxten i nervgrafter efter nervrekonstruktion samt visar 
tecken till en nervskyddande funktion.   

Sammanfattningsvis har min avhandling visat på intressanta neurobiologiska fynd 
som täcker flera olika aspekter av nervfiberutväxt och andra effekter på celler vid 
reparation och rekonstruktion av skadad perifer nerv hos friska och diabetiska råttor 
där resultatet kan direkt tillämpas inom klinisk verksamhet. 
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Summary in Turkish 

Başta kollar ve eller olmak üzere, daha az oranda da bacaklardaki sinirler çeşitli 
nedenlerle hasar görebilir. Hasarın boyutu, küçük basınç hasarından, sinirin 
tamamen kesilmesi ve yırtılması şeklinde ciddi hasara kadar değişir. "Daha basit" 
sinir kopması durumunda, yaralanmalar, uçların birbirine olabildiğince 
yaklaştırılması ve küçük iplerle sabitlenmesi yoluyla doğrudan cerrahi olarak 
dikilebilir. Herhangi bir sebepten dolayı, sinir dokusunun kaybı durumunda, hasarlı 
sinir uçları arasında sıklıkla kusurlar meydana gelir ve bu da doğrudan onarımı 
imkânsız hale getirir. Sinir doku kaybının gerçekleştiği yaralanmalarda, en yaygın 
tamir yöntemi "daha az önemli" bir siniri "yedek parça" olarak kullanmaktır ve 
“Otolog sinir grefti tekniği” olarak adlandırılır. Otolog sinir grefti tekniğinde– 
(farklı seçenekler vardır), sinir yedek parçası; kopmuş sinirleri uzak sinir ucuna ve 
daha da aşağıya, deriye ve kaslara taşımak için bir “köprü” olarak kullanılır. Sinir 
doku kaybının daha kısa olduğu diğer durumlarda, biyolojik mekanizmaların sinirin 
kendisinin yenilenmesini kolaylaştırdığı farklı türlerde "tüpler" kullanılabilir. Bu 
tüplerin birkaç farklı ticari çeşidi mevcuttur. Mevcut hiçbir varyant yeterince iyi 
değildir çünkü tasarımları hâlâ hasarlı sinir uçları arasında yalnızca daha kısa 
mesafeleri kapatılabilmektedir. Klinik olarak kullanılabilecek iyileştirilmiş 
alternatiflerin geliştirilmesine ihtiyaç vardır. 

Sinir hasarının tipine bağlı olarak, hasarın gecikmeden doğrudan onarılması veya 
yeniden yapılandırılması her zaman mümkün değildir. Tedavideki gecikme 
süresinin artması daha kötü sonuçlara yol açabilir. Sinir hasarı sonrası koruyucu 
(nöroprotektif) mekanizmalar devreye girer, özellikle sinirlerdeki özel bir maddenin 
– Isı Şoku Proteini 27 (HSP27) – arttığı bildirilmiştir. Yaralanmalardan sonra bu 
artışın nasıl meydana geldiği, gecikmiş cerrahi müdahaleyle ilişkisi açık değildir. 

Periferik sinir hasarının tedavisinde bugüne kadar daha çok cerrahiye odaklanılmış 
ancak ilaç tedavilerine çok fazla odaklanılmamıştır. Sinir hasarından sonra sonuç 
hala iyi olmadığından, hasardan sonra sinir lifi büyümesini iyileştirebilecek ilaçların 
bulunmasına ihtiyaç vardır, ancak hasardan cerrahi onarım/rekonstrüksiyona kadar 
olan zaman perspektifi de önemlidir. Periferik sinir yaralanmasından sonra, uzakta 
kalan sinir ucundaki sinir lifleri yenilenir, daha sonra merkezi sinir ucundaki sinir 
liflerinin, eski bölgelerine kadar büyümeleri gerekmektedir. Büyüme hızı oldukça 
yavaştır (1-2 mm/gün), ve yaralanmanın uyluk veya alt bacak seviyesinde olması 
daha kötü sonuçlar doğurabilir. Sinir yaralanmasından sonra derinin ve kasların 
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tekrar uyarılması uzun zaman alabilir. Kaslarda daha fazla değişiklik (erime) 
meydana gelebileceğinden sonuç daha da kötüleşebilir. Bu nedenle sinir büyümesini 
uyarabilmek hem kas hem de duyu fonksiyonunun geri dönüşü açısından önemlidir.  
Tezimde, acil veya gecikmiş sinir onarımı ile bağlantılı olarak koruyucu HSP27 
maddesinin sinirlerdeki artmış salınımının önemini, geliştirilmiş edilmiş sinir 
tüpünün sinir yenilenmesini nasıl iyileştirebileceğini ve bunun yanında lokal olarak 
uygulanan farmakolojik bir maddenin (PXL01) sinir yenilenmesi üzerine etkisini 
araştırdım.  

Yeni cerrahi teknikler, cerrahi aletler ve farmakolojik maddeler geliştirilirken, bu 
yöntemlerin diyabette sinir gelişimini nasıl etkilediğinin de araştırılması önemlidir. 
Toplumda diyabet hastalığı yaygınlığı hızla artmaktadır ve çalışma hayatındaki 
diyabetli bireylerde sinir hasarı oluşma riski artmaktadır. Diyabette başka tür 
yenilenme mekanizmalarının olup olmadığını araştırmak önemlidir. Bu tez 
kapsamında kendiliğinden diyabet geliştiren ve kan şekerinde hafif artış olan Goto-
Kakizaki sıçanlar ile sağlıklı Wistar sıçanlar kullandım.  

Çalışmanın ilk bölümünde, hasar anında veya gecikmeli olarak onarılan veya hiç 
onarılmayan sağlıklı ve diyabetik sıçanlarda farklı takip süresi sonrası periferik 
sinirdeki HSP27 salınımını inceledim. Çalışma, diyabetik sıçanlarda hasar 
görmemiş siyatik sinirlerde muhtemelen koruma amacıyla HSP27'nin arttığını, sinir 
onarımı sonrasında diyabetik sıçanlarda sinir büyümesinin daha sınırlı olduğunu 
gösterdi. HSP27 hem sağlıklı hem de diyabetik sıçanlarda yaralanmaya yanıt olarak 
hem yaralı sinirde hem de omuriliğe bitişik sinir hücresi gövdelerinde büyük ölçüde 
arttı. Ancak en önemli bulgu HSP27'deki artışın sinir lifi büyümesi üzerinde hiçbir 
etkisinin olmamasıydı. Ayrıca; kısa süreli gecikme sonrası yapılan sinir onarımının 
sinir büyümesi üzerinde etkisi olmadığı görüldü. 

Çalışmanın ikinci bölümünde, sinir büyümesini iyileştirmek için sinir tüplerinin 
içine altın ve kobalt oksit nanoparçacıkları emdirilen özel bir polimer zar 
yerleştirilmiş polimer yapıda tüpler kullandım. Bu geliştirilmiş tüpleri, sağlıklı 
Wistar sıçanlarda sinir doku kaybını kapatmak için kullanılan boş tüplerle 
karşılaştırdım. Sonuçlar, tüplerdeki zarın, boş tüple karşılaştırıldığında sinir 
büyümesini arttırdığını, hatta zardaki altın ve kobalt oksit nanoparçacıklarının, 
büyüme uzunluğunu daha da arttırdığını gösterdi. Geliştirilmiş tüpler aynı zamanda 
destek hücrelerinde (Schwann hücresi) olumlu tepkiye yol açtı ve HSP27 salınımını 
da arttırdı. Tüp içinde yeni oluşan sinir dokusundaki Schwann hücrelerinin sinir 
büyümesi olumlu etkilediği görüldü ancak HSP27 salınımın büyüme üzerinde 
herhangi bir etki oluşturmadığı tespit edildi. Sonuç olarak, altın veya kobalt oksit 
nanoparçacıkları içeren zar ile geliştirilmiş sinir tüpünün, sinir büyümesini 
iyileştirdiği tespit edildi. 

Son iki çalışmada, daha önce karın ameliyatlarında ve fleksör tendon 
yaralanmalarından sonra parmaklarda, yapışıklıkları azaltmak için klinik olarak 
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kullanılan PXL01'i kullandım. Bu çalışmalarda, doğrudan sinir onarımında (klinik 
çalışmada olduğu gibi) veya sinir doku köprüsü (otogreft) ile tamir edilmiş sinir 
hasarında, PXL01'in sinir büyümesini nasıl etkileyebileceğini inceledim. İlk 
çalışmada, taşıyıcı maddesiyle birlikte (sodyum hiyalüronat) PXL01, tek başına 
hyaluronat ve tek başına serum fizyolojik kullanımı (plasebo tedavi) karşılaştırıldı. 
Çalışmada PXL01’in, iltihabi yanıtı azalttığı görüldü ancak sinir lifi büyümesi veya 
diğer hücreler üzerinde hiçbir etkisi olmadığı tespit edildi. Sonuç olarak, PXL01 
tedavisinin sinir onarım sürecini olumsuz etkilemeden iltihabı azalttığı tespit edildi. 
Bu nedenle, lokal uygulanan PXL01 maddesinin sıkışan sinirleri tedavi etmek için 
cerrahi müdahalede tamamlayıcı olarak kullanılabileceği öngörüldü. Çalışmanın 
son bölümünde sağlıklı ve diyabetik sıçanlarda sinir doku köprüsü ile onarılmış sinir 
hasarında PXL01 tedavisinin sinir lifi büyümesine etkisini araştırdım ve bulgular 
PXL01'in otograft ile tamir sonrası sinir lifi büyümesini ve nöroprotektif fonksiyon 
belirtilerini arttırdığını gösterdi.  

Özet olarak tezim, sağlıklı ve diyabetik sıçanlarda periferik sinirlerin onarımı ve 
yeniden yapılandırılması sırasında sinir lifi büyümesinin moleküler yönlerini ve 
hücreler üzerindeki etkilerini kapsayan; tıbbi klinik uygulamaya doğrudan katkı 
sağlayabilecek ilginç nörobiyolojik bulgular göstermiştir. 
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Introduction 

The peripheral nervous system (PNS) is “the executive-productive” part of our 
body, which determines our functionality and daily activities. Any possible injury 
or disturbance in the PNS results in impaired function with a decreased social 
activity and productive ability of the individual (Dahlin & Wiberg, 2017; Krishnan 
et al., 2024). Different disorders, such as “chronic” nerve entrapment disorder, a 
nerve tumour and a variety of neuropathies, especially diabetic neuropathy are well-
known to cause dysfunction of the peripheral nerves (Dahlin & Wiberg, 2017 ; 
Dillon et al., 2024; Eid et al., 2023; Elafros et al., 2022; Krishnan et al., 2024).  

Traumatic nerve injuries, however, is a common cause of nerve injury, resulting in 
“acute” compression, transection, or laceration of the nerve trunk, with or without a 
subsequent nerve defect and is often accompanied by an altered functional capacity. 
Since these injuries and disorders cause impaired function of the extremities, an 
untreated nerve injury may severely decrease the functional capacity of the 
individual altogether. Recently, the reported incidence of peripheral nerve injuries 
in Europe was 11.2/100 000 population per year, and males were found twice more 
likely to have a nerve injury, and with individuals in the age span 15-45 years being 
most likely to be affected (Murphy et al., 2023). This in turn results in a high 
socioeconomic burden to the society (Bergmeister et al., 2020; Krishnan et al., 2024; 
Reitan et al., 2019; Rosberg et al., 2015; Rosberg et al., 2013). 

To overcome the consequences of a peripheral nerve injury, treatment strategies, 
such as surgical and medical treatments, together with an intense rehabilitation 
program, play a crucial role and must be optimized in all details. A transection or a 
laceration injury of a nerve trunk, with or without a nerve defect, always requires a 
surgical intervention, usually by a primary nerve repair - a gold standard 
intervention - or a reconstruction using nerve autografts (Raza et al., 2020).  

Note, that despite the best surgical technique and the enhanced rehabilitation 
program, functional outcome is overall still unsatisfactory with residual problems, 
such as decreased mobile functional capacity of the patient (Dahlin & Wiberg, 2017; 
Lanier et al., 2021; Lin & Jain, 2023; Reitan et al., 2019; Rosberg et al., 2015). This 
is the reason why it is of outmost importance to understand the mechanisms behind 
a peripheral nerve injury, as well as the alterations during degeneration as well as 
the nerve regeneration processes.  
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Results from clinical studies and trials demonstrate an suboptimal outcome of a 
peripheral nerve repair or reconstruction, especially regarding the treatment of nerve 
defects (Atzei et al., 2007; Isaacs et al., 2023; Tan et al., 2023; Thomson et al., 2022) 
and delayed nerve repairs or reconstructions (Birch & Raji, 1991; Jivan et al., 2009; 
Kim et al., 2018). However, many of these studies have limitations, such as limited 
number and heterogenous sampling of patients, presence of concomitant diseases, 
and a variety of different time aspects of the repair or reconstruction of the nerve 
injury.  

In the present thesis, I have highlighted mainly four important issues that needs to 
be further addressed in treatment studies on peripheral nerve injuries: (1) the 
expression of the neuroprotective substance HSP27 in relation to no, immediate or 
delayed nerve repair or to nerve reconstructions, (2) the concept of using a modified 
conduit to bridge a nerve defect that needs to be bridged, (3) concomitant diseases 
like diabetes and (4) the use of pharmacological substances as an adjunct to surgery.  

First; the concept of immediate, delayed or no nerve repairs is a major issue, since 
many patients have a risk of being surgically treated after a time period following a 
nerve injury for different reasons, e.g., the patient´s or the doctor’s delay (Kim et 
al., 2018), which can have a negative effect on the functional outcome (Dahlin, 
2013; Jivan et al., 2009). The diminished functional outcome is probably due to an 
altered nerve regeneration at the molecular and the cellular levels, especially the 
Schwann cell response, when treatment is delayed. Hence, attention is deserved to 
investigate any difference in molecular and cellular response/events, such as the 
expression of HSP27, between situations when a nerve is not repaired, when it is 
immediately repaired or repaired with a delay.  

The second issue is the extent of the nerve tissue defect itself, because a nerve injury 
cannot be repaired under tension (Yi & Dahlin, 2010). In such situations, an 
autologous nerve graft is the best alternative to bridge a nerve defect. However, the 
limited amount of autologous nerve grafts and the risk of surgical site complications 
at the donor site have led to the need  of using artificial nerve grafts (Isaacs et al., 
2023; Thomson et al., 2022) or nerve conduits for short defects (Thomson et al., 
2022). Processed nerve allografts (PNA), which are decellularized nerve grafts from 
dead donors, have been developed and used clinically, but the use has limitations 
due to biological reasons (Frostadottir et al., 2023). Several biological or 
bioartificial nerve conduits are also in clinical usage, but clinical trials showed a low 
overall proof of evidence, and such conduits may be only applicable for short defects 
(Thomson et al., 2022). Therefore, there is a tremendous amount of documentation 
with different bioengineered conduit models, including modified with 
pharmacological agents, to enhance the nerve regeneration.  

The third issue in treatment of a peripheral nerve injury is the patients with a 
concomitant disease, like diabetes, which potentially may impair nerve 
regeneration. Other laboratories as well as the Dahlin´s laboratory have increased 
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the knowledge about nerve regeneration based on experimental studies on diabetic 
rats (Stenberg & Dahlin, 2014; Stenberg et al., 2016; Stenberg et al., 2017). 
However, the knowledge from clinical studies is yet scarce. Patients with diabetes 
show substantial changes in nerve degeneration and regeneration, particularly in 
type 1 diabetes (Dahlin, 2023; Mohseni et al., 2017; Osman et al., 2015). In diabetes, 
the altered “microenvironment” with continuously disturbed blood glucose levels 
can further affect nerve regeneration in an already disrupted axonal continuity. 
Several experimental studies are available with particular interest in molecular and 
cellular mechanisms in nerve regeneration in diabetes. Streptozotocin has been used 
to induce diabetes in rats, with an induced high blood sugar level, which is not 
replicating the clinical situation well (Qamar et al., 2023; Salles et al., 2013; 
Talukdar & Basumatary, 2023). To mimic the clinical setting of diabetes with 
moderate blood glucose levels, genetically developed Goto-Kakizaki (GK) rats 
seem to be a more suitable animal model (Dahlin, 2023; Talukdar & Basumatary, 
2023). The similarity with the effect on the human beta cells, compared to those 
cells in other rodent models, is an unique characteristic of GK rats (Stenberg & 
Dahlin, 2014), making the model valid also for studies on the peripheral nervous 
system. Thus, it is crucial to examine any novel devices or pharmacological 
substances also in experimental models using appropriate rat models with diabetes. 

Issue four includes the concept that despite the perfected surgical technique and the 
adequate timing of the nerve repair or reconstruction of the injured nerve, there is 
still need for an additional medical treatment that enhance nerve regeneration. There 
have been attempts with different pharmacological agents described in the literature, 
such as hyaluronic acid (Atzei et al., 2007), and platelet rich plasma (S. L. Wang et 
al., 2023; Yadav et al., 2022) in both clinical and experimental studies with 
promising results. PXL01, clinically used in flexor tendon injuries to prevent 
adhesions, has been evaluated previously in a clinical trial that showed a better 
sensory nerve function in the patients with a concomitant repaired digital nerve 
injury (Wiig et al., 2014). This information draws my attention to a hypothesis that 
application of a substance, like PXL01, directly is beneficial for nerve regeneration 
after nerve injury and repair.  

The overall goal of present thesis is to contribute to the advancement of the field of 
peripheral nerve regeneration after injury by addressing three issues as indicated 
above:  1) the role of nerve repair and timing of surgery in relation to expression 
of HSP27; 2) the potential use of a novel and modified scaffold containing 
nanoparticles and; 3) the capability of the lactoferrin-derived peptide PXL01 to 
improve nerve regeneration in healthy and in diabetic rats; the latter acting as a 
rat model of type 2 diabetes.  
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The specific aims of my thesis include: 

- investigating nerve regeneration after no, immediate, and especially a 
“delayed” nerve repair with the relation to the potential impact of the 
neuroprotective substance Heat Shock Protein 27 (HSP27) on axonal 
outgrowth. This substance is induced in an injured nerve and in DRG in 
healthy and diabetic rats, and is also important for preservation of nerve 
function in diabetic neuropathy (Pourhamidi et al., 2011). 

- evaluating axonal outgrowth and Schwann cell response after bridging a 
nerve defect with a modified conduit that is enhanced with an inserted 
membrane with nanoparticles. 

- finally, focus on axonal outgrowth, Schwann cell response, and especially the 
macrophage reactions after local application of PXL01 in a primary nerve 
repair model and in a nerve reconstruction model with a nerve autograft; the 
latter in both healthy rats and in rats with diabetes using the appropriate GK 
rat model.  

 

 

Malmö, 2024 
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Background 

The nervous system, known as the “conductor” of the body, is composed of two 
parts: the central and the peripheral nervous systems (CNS and PNS). The CNS 
includes the brain and the spinal cord (Geuna et al., 2009; Krishnan et al., 2024 ). 
The PNS, as the name implies, extends from the CNS as cranial and spinal nerves, 
expands throughout the body and the nerve ends reach almost all parts of the body. 
Although the two systems together form the nervous system, the CNS and PNS have 
anatomical, histological, functional, cellular, and molecular differences that 
subsequently lead to distinguished nerve regeneration processes. 

Anatomy of the peripheral nerve 
The peripheral nerves are the nerve trunks - the extensions of the CNS and formed 
by the spinal nerves. Peripheral nerves are mainly divided into two types: somatic 
(sensory, motor, or mixed nerves) and visceral autonomic nerves. The somatic 
motor nerve fibres originate from the somatic motor neurons in the ventral horn of 
the spinal cord and perform execution of the voluntary function of the extremities. 
They reach directly to the target muscle without any synapses, which means that 
they need to encounter a long distance in the body. The somatic sensory nerve fibres, 
on the other hand, carry information from the periphery to the central nervous 
system, and have their neurons in the dorsal root ganglion (DRG) that is located just 
outside the spinal cord on the designated level (Geuna et al., 2009). However, the 
visceral autonomic nerves consist of sympathetic and parasympathetic nerve fibres 
that regulate involuntary physiological processes, including the cardiovascular, 
respiratory, and gastrointestinal systems. Their neuronal cell bodies are located in 
the CNS (preganglionic neurons) along the sides of the spinal column 
(postganglionic sympathetic neurons) and closer to the target tissues (postganglionic 
parasympathetic neurons) (Waxenbaum et al., 2023). 

Independent of type of nerve, there is a constant communication between the nerve 
cell body and the axon, and their terminals, through proteins transported by mostly 
anterograde transport, i.e., information carried out from the nerve cell body to the 
axon, or to a substantial extent by retrograde transport, i.e., from the periphery to 
the nerve cell body; thus being crucial in initiation of the nerve regeneration process 
after injury. 
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The rat sciatic nerve, used in the present system in healthy Wistar and diabetic GK 
rats, is composed of nerve fibres from the L4, L5 and L6 spinal nerves, but most 
predominantly the L4 and L5 spinal nerves; L6 spinal nerve contributes only to 10%  
of the nerve fibres (Delibaş & Kaplan, 2024; Schmalbruch, 1986). It is a mixed 
nerve, composed of both somatic sensory and motor fibres that coordinates the 
voluntary movement of the lower extremity (Schmalbruch, 1986). The sensory 
neurons therefore are located in the DRG of the lumbar 4 to 6, predominantly in the 
lumbar 4 (L4) and 5 (L5) DRG (Asato et al., 2000). The analysis in this thesis, and 
in many published studies (Geremia et al., 2010; Z. Wang et al., 2023), therefore 
focuses on evaluation of events in relation to nerve regeneration in L4 and L5 DRG 
(Figure 1A).  

 

Figure 1. (A) Schematic drawing of the location of used DRGs and the possible DRG variation in rats. 
L6 spinal nerve contributes only to 10% to the formation of sciatic nerve (showed with dashed line). (B) 
Schematic drawing of the components of the peripheral nerve and the nerve fibre anatomy with 
myelinated and unmyelinated nerve fibres in relation to the Schwann cells. 
 

A peripheral nerve is composed mainly of a variety in numbers of axons, being 
myelinated or unmyelinated, that forms the main functional components of the 
nerve trunk (Dahlin & Wiberg, 2017; Krishnan et al., 2024) (Figure 1B). Myelinated 
nerve fibres consist of a single axon that is wrapped by a myelin sheet formed by 
the Schwann cell membrane and cytoplasm (Berthold & Rydmark, 1983). Electrical 
signalling through the axon is conducted with the help of myelin, and myelin 
optimizes the velocity of conduction between the nodes of Ranvier. On the other 
hand, unmyelinated nerve fibres have several axons that are enclosed by one 
Schwann cell [i.e., Remak cells (Harty & Monk, 2017; Jessen & Mirsky, 2016, 
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2019)] (Figure 1B). The myelinated and unmyelinated nerve fibres gather around in 
a connective tissue - so called endoneurium - in the endoneurial space that contains 
collagen fibres, fibroblasts, macrophages, and mast cells together with a rich 
network of capillaries. Within this endoneurial space, collagen fibres are grouped 
around each nerve fibre forming a special endoneurial tube with a basement 
membrane along its course in the nerve trunk. Several nerve fibres, together with 
the endoneurial tube and the content of the endoneurial space, form a nerve fascicle 
together with the surrounding dense connective tissue – perineurium – consisting of 
flattened cells with certain characteristics (Dahlin & Wiberg, 2017; Krishnan et al., 
2024). Several fascicles are then gathered in a loose connective tissue – epineurium 
– forming at last the nerve trunk. The epineurium contains a rich network of blood 
vessels where some vessels pierce obliquely through the perineurium to approach 
the endoneurial capillaries (Figure 1B). Finally, a thin membrane-like layer 
surrounds the peripheral nerve like the mesentery in the abdominal cavity – the 
mesoneurium – in which the segmentally approaching blood vessels are located 
(Sunderland, 1951).  

 

Cells in peripheral nerve of relevance for nerve injury 
and regeneration 
There are several cell types in the peripheral neve trunk that play a key role in nerve 
injury and nerve regeneration; two of them in particular of interest in the analysis in 
this thesis. The first cell type is the supporting microglial cell that are called 
Schwann cells. This cell type has a unique plasticity that enables it to differentiate 
from a progenitor stage; i.e. the so-called Remak cell to a myelin-producing 
Schwann cell or to a Schwann cell with repair-promoting properties after an 
environmental signal, like a nerve injury (Harty & Monk, 2017; Jessen & Mirsky, 
2016).  

The second cell type is the macrophage, which can be historically divided into two 
categories: a) resident and b) invading macrophages. Tissue-resident macrophages 
are present in peripheral nerves under homeostatic conditions and can proliferate, 
migrate, and produce chemokines following an injury. They are further divided into 
epineurial and endoneurial macrophages and have different characteristics (Ydens 
et al., 2020). After axotomy, endoneurial resident macrophages secrete chemo-
attractants for the blood born monocytes, and this blood born monocytes then 
differentiate into invading macrophages that are recruited to the injured nerve. In 
contrast, epineurial macrophages are not active during the injury or post-injury 
processes (Cattin & Lloyd, 2016; Giordano & MacDonald, 2021).  
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The peripheral nerve in diabetes 
Diabetes is one of the most common diseases world-wide and is basically divided 
is type 1 and type 2 diabetes (Feldman et al., 2019; Gregory et al., 2022; Xu et al., 
2018). Type 1 diabetes is an autoimmune disease, defined by a total insulin 
deficiency, whereas type 2 diabetes is characterized by an insulin resistance with 
other pathophysiological mechanisms involved; both conditions are associated with 
hyperglycaemia, but a risk of hypoglycaemia may occur as well (Alwafi et al., 
2020). Diabetes, overall, is a systemic disease that affects many tissues in the body, 
such as eyes, kidneys, the cardiovascular system and, as relevant for the present 
thesis, the PNS. Diabetes targets the entire neuron, particularly the sensory neurons, 
the Schwann cells and the microvascular system in the PNS, causing neuropathy, 
i.e., diabetic neuropathy (Feldman et al., 2019). The pathophysiology of diabetic 
neuropathy, affecting the peripheral nerve particularly in the lower extremity, is 
complex and differs between type 1 and type 2 diabetes, where hyperglycaemia 
(particularly crucial in type 1 diabetes) together with hyperlipidaemia/dyslipidaemia 
(added factors in type 2 diabetes) may induce microangiopathy. Diabetic neuropathy 
can be “aggressive” in type 1 diabetes, but the condition is often present in around 
half of the affected individuals of type 2 diabetes at diagnosis. The increased glucose 
level leads to increased reactive oxygen species (ROS), which subsequently damage 
mitochondria in Schwann cells and specifically the sensory neurons in DRG 
(Fernyhough, 2015; Fernyhough & McGavock, 2014). Besides mitochondrial 
damage, increased glucose levels cause glycation of the structural and functional 
proteins, which results in production of the advanced glycation end products (AGE). 
These glycated proteins directly interact with AGE specific receptors, leading to 
increased proinflammatory molecules and free radicals. In parallel, hyperlipidaemia 
with excessive free fatty acids causes increased production of ROS that injures 
Schwann cells. This reaction then activates macrophages to produce cytokines 
(Padilla et al., 2011), resulting in Schwann cell injury (Goncalves et al., 2017). 
Furthermore, ROS oxidized-low density lipoproteins (LDL), together with 
excessive cholesterol, activate signalling cascades and causes nuclear DNA 
degeneration, which in turn leads to additional  ROS accumulation and finally 
resulting in progressive nerve injury, i.e., the diabetic neuropathy (Cotter & 
Cameron, 2003; Keller et al., 1999; Vincent et al., 2007).  

Diabetes causes microcirculatory dysfunction 
A diabetic nerve is depicted by dysfunction of the endothelium with abnormalities 
of the endoneurial capillaries that has thickened basement membranes with reduced 
endoneurial perfusion, and therefore a risk for ischemia (Eid et al., 2023). The most 
characteristic changes in the microcirculation in patients with diabetes is the 
reduction of the capillary size and thickened basement membrane (Hile & Veves, 
2003). This microcirculatory dysfunction leads to reduced endoneurial prefusion 
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and in the end ischemic changes in the nerve  (Feldman et al., 2017). In response to 
the ischemic changes in the peripheral nerve, endoneurial capillary density increases 
in the peripheral nerves in diabetes (Kim et al., 2012; Thrainsdottir et al., 2003). In  
diabetic animal models, there is an impaired endoneurial blood flow due to poor 
vasodilation of epineurial arterioles (Coppey et al., 2006). Another microvascular 
feature of diabetic neuropathy is activation of protein kinase C (PKC) that is induced 
by the hyperglycaemia, which causes a subsequent impact on expression of vascular 
endothelial growth factor (VEGF), a promotion of vasoconstriction, and induction 
of hypoxia (Mizukami & Osonoi, 2021). Diabetes can also lower the levels of 
neurotrophic and angiogenic factors, such as insulin like growth factor (IGF-1), 
VEGF and nerve growth factor (NGF) (Schratzberger et al., 2001). In an 
experimental study with diabetic rats, administration of VEGF resulted in an 
increased nerve conduction velocity and an increased number of small arterioles that 
supplies the peripheral nerves (Schratzberger et al., 2001).  

These molecular and cellular changes in diabetic neuropathy cause complex 
alterations after an additional peripheral nerve injury and subsequent nerve 
degeneration and regeneration. It is expected that nerve regeneration is diminished 
in individuals with diabetes. To understand and explain the mechanisms, several 
studies have been published. Studies that focus on cellular and molecular response 
to a nerve injury and subsequent repair or reconstruction, especially related to 
delayed surgical procedures, are limited, despite recent published studies using the 
Goto-Kakizaki rat model [see below (Stenberg & Dahlin, 2014; Stenberg et al., 
2016; Stenberg et al., 2017)]. The present thesis focuses on the neuronal, axonal and 
Schwann cell responses, specifically HSP27 expression, to a repaired or 
reconstructed nerve injury, including a delayed nerve repair, in healthy Wistar rats 
as well as in diabetic GK rats; the latter having moderately increased glucose levels.   

Animal models of diabetes 
Diabetes may cause excessive damage to the peripheral nerve, including axons, 
neurons and Schwann cells together with endothelial damage as discussed above, 
which leads to a generally irreversible neuropathy. To explore and understand these 
complex cellular and molecular cascades, access to experimental model(s) that 
mimics human diabetic neuropathy is essential (M. Yorek, 2022). The hitherto used 
diabetic rodent models manifest early stages of diabetic neuropathy, and lack more 
advanced consequences, such as decreased glomerular filtration rate that causes 
renal dysfunction (Biessels et al., 2014; Talukdar & Basumatary, 2023). Although 
in theory, it seems impossible to have the exact similar diabetic model to mimic the 
human situation, several animal models have been successfully used for 
translational studies (Yorek, 2016; M. A. Yorek, 2022). 

There are experimental studies that focus on the cellular and molecular response to 
nerve injury and models with different repair and reconstruction techniques in 
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mostly drug-induced diabetes in rats and mice (Talukdar & Basumatary, 2023), but 
also models with spontaneously developing diabetes with moderate or high blood 
glucose levels are available (Talukdar & Basumatary, 2023). Here, a description of 
the diabetic rat models is provided since one of the models is used in the present 
thesis due to its applicability in peripheral nerve regeneration. Streptozotocin is an 
alkylating agent and a broad-spectrum antibiotic that causes the destruction of 
pancreatic β-cells and is hence widely utilized to secondarily induce diabetes that 
generally resembles type 1 diabetes in rodent models. A single high dose 
administration of streptozotocin or multiple administrations of a low dose 
streptozotocin create type 1 diabetes (Yorek, 2016). This former model with a high 
single dose leads to high blood glucose levels and the rats develop a cachectic 
condition and therefore needs insulin treatment during the treatment period 
(Biessels et al., 2014). The multiple dose regime partially damages pancreatic beta 
cells, causes insulin deficiency, and resembles more of a clinical picture of type 1 
diabetes.  Due to relative high levels of glucose and the need for insulin treatment, 
these models are not completely suitable for investigating events after a peripheral 
nerve injury and subsequent regeneration. Streptozotocin administered with 
nicotinamide or with high fat diet can produce type 2 diabetes with stable and 
moderate hyperglycaemia and these models are useful for evaluating anti-diabetic 
agents (Biessels et al., 2014). 

Transgenic Cyp1a1mRen2‐Fisher rat is a genetic model that mimics type 1 diabetes 
with similar conditions (Talukdar & Basumatary, 2023). The bio-breeding rats is 
another genetic model that mimics untreated diabetes type 1 with high blood glucose 
levels, which may require daily insulin injections for optimal survival. This 
condition makes them unsuitable as a peripheral nerve injury and repair or 
reconstruction model, although there are studies investigating short term cellular 
responses in a nerve injury and repair model (Stenberg et al., 2012). 

Rodent models with moderate blood glucose levels are more suitable for studying 
nerve regeneration mechanism(s) in relation to surgical procedures in diabetes. 
Zucker rats, fatty or diabetic or obese, have diabetic type 2 conditions. However, 
they may have polyphagia, be obese and can even have hypertension, which is 
another pathophysiological mechanism in peripheral nervous disorders in diabetes.  
This type of diabetic rodents is more optimal for evaluation of anti-obesity drugs, 
because the rats have altered lipid levels in the blood (Talukdar & Basumatary, 
2023).  

Goto‐Kakizaki (GK) rats are spontaneous polygenic rats, which develop a diabetes 
that resemble type 2 diabetes (Janssen et al., 2004; Portha et al., 1991; Talukdar & 
Basumatary, 2023). The model was developed in Japan by selective breeding of 
Wistar rats having the highest glucose intolerance in glucose tolerance tests over 
many generations (Portha et al., 1991). From already an early age (after 4 weeks), 
they start to exhibit elevated plasma glucose levels and insulin resistance, and 
especially female rats have a rather stable and moderate high glycaemic level 
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compared to male rats (Díaz et al., 2019; Östenson et al., 1993). These rats are stated 
to be a good candidate to study early stages of diabetic neuropathy (Sato et al., 
2003). The GK rat develops a moderate hyperglycaemia but does not exhibit 
hyperlipidaemia, obesity, or hypertension, which makes the model suitable to 
analyse nerve regeneration since the younger human population that is affected by 
a nerve injury usually lacks concomitant diseases, such as hyperlipidaemia, obesity 
and hypertension. Based on these described properties of GK rats, female GK rats 
were chosen in the present thesis to study the mechanisms, as axonal outgrowth, 
Schwann cell response, presence of neuroprotective activity as well as macrophage 
responses, after the various nerve injury and repair or reconstruction models.  

Neuropathy in diabetes 
The most prevalent complication in diabetes is damage to the peripheral and 
autonomic nervous systems caused by the focal or diffuse nerve damage that may 
affect almost half of the diabetic population (Callaghan et al., 2015; Feldman et al., 
2019). It is estimated that without proper treatment, among an estimated total 
population of 9.7 billion individuals worldwide in 2050, approximately one third of 
the population is expected to get a diagnosis of diabetes with subsequent 
complications, such as half of them having diabetic neuropathy (Boyle et al., 2010; 
Imperatore et al., 2012; Lovic et al., 2020). The name of the neuropathies is related 
to their location, i.e., autonomic neuropathies, such as gastrointestinal neuropathy 
or cardiac autonomic neuropathy, focal neuropathy, such as mononeuropathy or 
radiculopathy, or the most common form – the distal symmetric neuropathy, with 
stocking and glove distribution type of  sensory impairment due to involvement of 
long nerves (Feldman et al., 2019). It is described as a “dying back” phenomena, in 
which the longest sensory axons are affected with relative preserved cell bodies. As 
described above, hyperglycaemia and hyperlipidaemia, via the ROS pathway, cause 
alterations in Schwann-cell-axon transport, alterations in protein expression in DRG 
and eventually demyelination and degeneration of the nerve fibres. Schwann cells 
not only lose their capacity to provide energy to axons, but also transfer harmful 
products to the axons (Eid et al., 2023). In more advanced diabetic neuropathy, 
axonal damage also triggers cascades in neurons that in turn cause irreversible 
damage to the nerve (Raghav et al., 2022). The order of damage to the Schwann 
cells, axons or cell body is not known (Feldman et al., 2019; Feldman et al., 2017).  

Today, for nerve damage caused by diabetic neuropathy or even any type of a 
traumatic injury, the possibility of successful outcome after repair is expected to be 
low. With the increasing incidence and prevalence of diabetes and the increased 
living expectancy in the population, the mechanism(s) behind the cellular and 
molecular changes after nerve injury, degeneration and regeneration have become 
crucial to understand (Haastert-Talini & Dahlin, 2018), where evaluation of novel 
surgical and pharmacological treatment strategies have to be investigated also in 



37 

diabetic models. Experimental diabetic animal studies show dysfunction of neurons 
and Schwann cells together with unfavourable distal environment for axonal 
regeneration with risk for impaired axonal outgrowth depending on the model 
(Sango et al., 2017). However, with the evolving experimental diabetic animal 
models and still the lack of definitive treatment for the diabetic neuropathy, there is 
a need for further studies to understand the cellular interaction in diabetes with 
concomitant nerve injury and repair or reconstruction. In the present thesis, I have 
focused on axonal outgrowth, Schwann cell and macrophage responses and HSP27 
expression as a sign of neuroprotection in different surgical models in the diabetic 
GK rats compared to healthy rats.  

Peripheral nerve injury and mechanisms in nerve 
regeneration 
A nerve can be injured for many reasons, such as by mechanical, ischemic, thermal, 
or chemical trauma. Trauma is mostly found in individuals between 15-45 years of 
age, and males are twice more likely to experience a nerve injury (Murphy et al., 
2023). The variety of cells and tissue components in a peripheral nerve can thereby 
be affected, particularly the most important functional cells – the axons and the 
Schwann cells. To grade the dysfunction of an affected peripheral nerve, different 
classification systems have been used over the years. In 1943, Seddon introduced a 
classification system that categorizes the nerve injuries into three parts according to 
presence of nerve continuity (Seddon, 1942) (Table 1). 

Table 1: Nerve injury classification according to Seddon, Sunderland and MacKinnon. 

SEDDON SUNDERLAND  MACKINNON FEATURES 

Neurapraxia Type I  With or without myelin damage, but axons and 
connective tissue are intact 

Axonotmesis Type II  Axonal damage but intact connective tissue.  

Axonotmesis Type III  Axonal damage and injury to endoneurium but 
intact epineurium. 

Axonotmesis Type IV  Damage to axons, myelin, and the endo- and 
perineurium. Epineurium is intact. 

Neurotmesis Type V  Complete division of all elements, including 
epineurium => the nerve is divided.  

  Type VI Combination of any of Sunderland I-V 
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Neurapraxia consists of a diminished conduction velocity, leaving the axons intact, 
which in the end recovers without any surgical intervention. 

Axonotmesis is defined as injured axons with loss of its continuity but with intact 
epi- and perineurium, and endoneurial tube. The function usually recovers naturally 
through axonal outgrowth along the previous endoneurial tube with its basement 
membranes.  

Neurotmesis is the complete nerve transection that needs repair or reconstruction by 
surgical intervention.  

Sunderland in 1951 (Sunderland, 1951), and with a later modification by 
MacKinnon et al [type 6; (Mackinnon, 1989)], expanded the classification into five 
sections based mostly on histological findings (Table 1).   

The type I injury represents an ischemic injury that may or may not have segmental 
myelin damage with intact axons and connective tissue (similar as neurapraxia). In 
this type of injury there may be a diminished segmental conduction velocity. A type 
II injury is characterized by an axonal disruption but with intact connective tissue 
sheaths in which the lesioned axons undergo Wallerian degeneration but eventually 
fully regenerate (like axonotmesis). A type III injury represents axonal interruption 
that includes injury to the endoneurium with intact epi- and perineurium. The 
recovery is quite slow and may need surgical intervention. A type IV degree injury 
is characterized by damage to axons, myelin, endoneurium and perineurium, leaving 
only the epineurium intact. This type of injury requires surgical intervention. 
Finally, a type 5 (neurotmesis) is the nerve injury in which the nerve is transected 
(injury to axons and all the tissue components). MacKinnon et al, in 1989 
(Mackinnon, 1989), introduced the sixth level injury to the Sunderland classification 
that is the combination of one or two subtypes of previously described nerve injuries 
(Table 1).  

The present thesis focuses on a transection injury, with complete axonal disruption 
with or without a nerve defect, where different repair and reconstruction models 
have been applied to answer the presented hypotheses.  

Unlike the CNS, the milestones of the nerve injury and nerve regeneration are well 
documented in the literature and are mostly directed to enhance the nerve 
regeneration (Cattin & Lloyd, 2016). There are several topics that explains the 
response to the nerve injury: a) Wallerian degeneration (also known as the distal 
axonal degeneration), b) cellular reprogramming of the distal nerve end, c) filling 
the nerve gap irrespective of length (including formation of a nerve bridge), d) 
changes in the proximal nerve end, and e) neuronal response and sprouting from the 
injured axon (Krishnan et al., 2024). 
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Wallerian degeneration and cellular reprogramming in distal nerve end 
After a nerve transection, the distal part of the axon in the distal nerve end, which is 
separated from the proximal nerve end and thereby from the nerve cell body, 
undergoes Wallerian degeneration; named after the researcher Augustus Waller, 
who in 1851 transected glossopharyngeal and hypoglossal nerves of the frog 
(Waller, 1851). Wallerian degeneration involves demyelination and fragmentation 
of the axon distal to the nerve injury that starts approximately 24 hours after the 
injury (Krishnan et al., 2024; Zhao et al., 2022). Schwann cells are thought to 
provide axons with metabolic and trophic support, and they exhibit plasticity, which 
is of outmost importance in nerve regeneration. Their most important stimuli are the 
axons (Jessen & Mirsky, 2016, 2019). The Remak and the myelinating Schwann 
cells in the distal nerve end lose the contact with the axons and the latter change 
their genetic code from myelin-forming cells to regenerating-repair Schwann cells 
(Jessen & Mirsky, 2016). These repair Schwann cells rely on the extracellular signal 
regulated kinase pathway (Gomez-Sanchez et al., 2017; Tiong et al., 2020), which 
is orchestrated by phosphorylation of c-jun (Gomez-Sanchez et al., 2015). 
Phosphorylation leads to down-regulation of myelin producing genes and up-
regulation of the growth-promoting genes (Gomez-Sanchez et al., 2015; Wang et 
al., 2015).  

The repair cells have several functions, which are basically controlled by a set of 
repair-supportive characteristics:  

i) together with the resident macrophages, the repair Schwann cells phagocyte 
the axon and myelin debris (Bosch-Queralt et al., 2023; Cattin & Lloyd, 
2016);  

ii) the repair Schwann cells secrete cytokines, such as Tumour Necrotising 
Factor-α (TNFα), Interleukin-1α (IL-1α), Interleukin-1ß (IL-1ß), and 
Leukemia Inhibitory Factor (LIF) (Martini et al., 2008), and recruit immune 
cells, such as neutrophiles and macrophages from the blood stream; 

iii) they promote survival of the injured neurons and axonal elongation by up-
regulating factors, such as Glial cell line-Derived Neurotrophic Factor 
(GDNF), Brain Derived Neurotrophic Factor (BDNF), Neurotrophin-3 
(NT3), and NGF (Martini et al., 2008; Wood & Mackinnon, 2015); 

iv) the Schwann cells multiply and reach to three-fold elongation to form bands 
of Büngner that are essential for guiding the axons to their targets.  

An interesting study that planned to block the Wallerian degeneration with the 
intention to slow down the degeneration process has been performed with Wlds mice 
in which the Wallerian degeneration is significantly delayed (Lunn et al., 1989). The 
authors found that degeneration was prominently delayed with no hinder in nerve 
regeneration (Lunn et al., 1989) but in the end the axons in these mice still 
degenerate after 15-25 days (Beirowski et al., 2005). A study from our laboratory 
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has also shown that axonal outgrowth can be impaired in nerve autografts after nerve 
reconstruction, where the invasion of cells and macrophages, as well as the myelin 
breakdown, into the nerve graft before surgery was prevented (Dahlin, 1995). 

Regenerative alterations at site of lesion 
At the same time as the Wallerian degeneration in the distal nerve end occurs, the 
proximal end starts to degenerate in somehow backward called retrograde 
degeneration (Geuna et al., 2009). Axons retract up to the first node of Ranvier and 
leave some part of the endoneurial tubes empty (i.e., the basal lamina of the 
Schwann cells) (Geuna et al., 2009). Within hours after injury, the axons in the 
proximal nerve end produce a great number of collateral and terminal sprouts that 
advance distally along the tube on the inside of the basal lamina (Cajal, 1928; 
Dahlin, 1995). With the orchestrated function of Schwann cells, macrophages, and 
their secretion of various growth factors, and with the crucial impact of the nerve 
cell body, axonal outgrowth is promoted by the formation of sprouts from the 
injured axons with their growth cones on the tip that “palpate the environment” 
through the filopodia. By these structures, axonal outgrowth is supposed to reach to 
the distal nerve end across the nerve gap, through a formed fibrin matrix between 
the nerve ends, and down to the target. Axons are known to regenerate at a speed of 
1-3 mm/day in humans, which can be higher in rats (Danielsen et al., 1995). The 
summary of Wallerian degeneration and regenerative alterations are summarized in 
Figure 2.  
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Figure 2:  Shematic illustration of nerve degeneration and regeneration and the involved cellular 
interactions after nerve injury.  
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Filling the gap between nerve ends and regenerative alterations 
After a transection injury to the nerve, the gap between the proximal and distal nerve 
ends, if not too long (Zhao et al., 1993), is initially filled with a fibrin matrix. First, 
the tissue resident macrophages are present in this fibrin matrix and then follow the 
blood recruited macrophages. Because this gap is an hypoxic environment, 
macrophages secrete angiogenetic factors, such as VEGF, and this in turn facilitate 
the endothelial cell recruitment and blood vessel formation (Jessen & Mirsky, 2016; 
Min et al., 2021; Pan et al., 2020). These blood vessels become polarized and play 
a crucial role for Schwan cell migration and alignment along the axis. In turn, they 
interact with fibroblasts and form cellular cords, along which axons regenerate 
(Jessen & Mirsky, 2016; Min et al., 2021; Pan et al., 2020). Then, the new 
extracellular matrix is formed, containing the growth-promoting substances, like  
laminin, fibronectin, and galectin-1 as well as specific collagens, such as collagen 
type I, III and IV (Gonzalez-Perez et al., 2013). The collagen subtypes are produced 
from the proximal nerve end and thought to be important for the mechanical support 
for the outgrowing axons (Koopmans et al., 2009). Especially type IV collagen 
promotes adhesion and migration of Schwann cells and axonal outgrowth (Yu et al., 
2023). These Schwann cells proliferate and realign forming the bands of Büngner.  

The Schwann cells continue to participate in recruitment of macrophages from the 
blood stream, which maximizes around 4-7 days after the nerve injury. These 
macrophages then polarize and form M1 macrophages - so called “pro-
inflammatory” that promote degeneration - and M2 macrophages that can be 
characterized as “anti-inflammatory or pro-regenerative (healing)” that support 
regeneration. Macrophages are an additional source for growth factors for axons and 
the non-neuronal cells, i.e., mainly Schwann cells, in the regenerative milieu 
(Zigmond & Echevarria, 2019). Details about the function of macrophages in nerve 
degeneration and regeneration are described below. Macrophages are crucial for 
intraneural blood vessels since they secrete e.g., VEGF, which induces formation of 
new blood capillaries (Cattin & Lloyd, 2016). These capillaries not only bring blood 
supply to the milieu but, also by physically aligning with Schwann cells, guide the 
outgrowing axons to the distal nerve end (Cattin & Lloyd, 2016; Krishnan et al., 
2024).  

The reaction of the nerve cell body 
In the meantime, the axon, and its nerve cell body, rapidly receives information 
about the injury. After the injury, there is a rapid influx of Ca2+ ions into the axons 
with a stop in transport of proteins within the axons. This information is rapidly 
transported to the neuronal cell body leading to the up-regulation of a regeneration-
associated gene (RAG) program. Neurons that have this program survive but other 
neurons are at risk and cannot survive the injury. The RAG program activates 
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regeneration-associated transcription factors, such as the Activating Transcription 
Factor 3 (ATF3), which is upregulated only in injured-stressed neurons. ATF3 
promotes nerve regeneration by Jun amino terminal kinase (JNK)-mediated 
activation of the induced c-Jun in neurons and in Schwann cells (Hai et al., 1999; 
Lindwall & Kanje, 2005; Patodia & Raivich, 2012b). ATF3, which is not present in 
uninjured neurons or Schwann cells, is an excellent marker for “activated” cells; 
therefore, this marker was used in the present thesis. 

Additionally, growth proteins, such as growth associated protein- 43 (GAP-43), 
BDNF, and galanin, as well as cytoskeleton proteins, like actin and tubulin, are 
induced (Fu & Gordon, 1997). These factors are then carried out from the neuron 
anterogradely to the growing axons and to migrating Schwann cells to enhance 
regeneration. This switch in the neuronal cell body from cell-to-cell communication 
to survival and regeneration is crucial for the nerve regeneration process (Dahlin, 
2023; Patodia & Raivich, 2012a).  

Macrophages in nerve degeneration and regeneration  
The important macrophages, being mainly of two subtypes, are either present in the 
epineurium or in the endoneurium [resident - induce inflammation via expression of  
toll like receptor (TLR), IL-13 and IL-1β (Chen et al., 2015)] or invade the nerve 
(monocyte driven macrophages recruited the blood stream). The latter are 
recognized by the marker CD68, but in the literature several used nomenclatures 
exist. However, it is still unclear exactly which type of macrophages that is specified 
by CD68 staining (see below) (McLean & Verge, 2016; Mokarram et al., 2012; 
Potas et al., 2015; Zigmond & Echevarria, 2019). In this thesis, I chose to name the 
CD68 macrophages as “activated-invading macrophages” (McLean & Verge, 2016; 
Mokarram et al., 2012; Potas et al., 2015; Zigmond & Echevarria, 2019).  

Macrophages show polarization. M1 macrophages, the “proinflammatory”, activate 
inflammation and M2 macrophages, the “anti-inflammatory” or “pro-regenerative”-
healing, contribute to tissue remodelling and repair (Roszer, 2015). M1 
macrophages express nitric oxide and secrete TNF alfa and  IL6 and are considered 
to promote nerve degeneration (Zigmond & Echevarria, 2019). Some of the surface 
markers are CD32, the above-mentioned CD68 and CD197 (Liu et al., 2019). In 
contrast, M2 macrophages express arginase and secrete IL-10, TGF-β  and promote 
nerve regeneration (Mokarram et al., 2012; Roszer, 2015). M1 macrophages are 
activated by TLR ligands, lipopolysaccharides, TNF alfa, and interferon alfa. M2 
macrophages on the other hand is activated by IL-4, IL-13 and TGF-β. M2 
macrophages consist also of several subtypes, where M2a and M2c are the subtypes 
that are specifically of interest in the present thesis. The subtypes stimulate and 
release factors as IL-10 and are recognized by the surface marker CD206 (Liu et al., 
2019). They contribute to cell proliferation and migration, as well as resolution of 
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inflammation (Liu et al., 2019). Within the scenario of nerve injury and repair or 
reconstruction, there is a dynamic polarization between the different subtypes of 
macrophages as a response to the microenvironment at the site of injury and repair 
or reconstruction area. Thus, M1 macrophages can polarize to M2 over time and 
M2a subtypes can diverge to the M2c subtypes under the control of different 
cytokines (Mokarram et al., 2012). 

The task of macrophages in degeneration and regeneration locally after a nerve 
injury is generally described in three sets. First, they clean the remaining 
“inhibitory” components, such as axons and myelin debris, in the distal nerve end. 
Second, they stimulate extracellular matrix remodelling by secreting several 
cytokines and growth factors. Third, they have an active role in facilitating nerve 
regeneration via regulation of the Schwann cell activity through distinct 
mechanisms and an active role in DRGs (Chen et al., 2015; Stratton et al., 2018). 

At the time of the injury, the resident macrophages, together with the Schwann cells, 
start to clean axonal and myelin debris from the distal nerve end (Cattin & Lloyd, 
2016). This role is previously described in another section. At around the 2nd and 3rd 
day after nerve injury, infiltration of the “invading” macrophages, by the help of 
Schwann cells as described above, into the distal nerve end starts. These Schwann 
cells then secrete chemokine (C-C motif) ligand (CCL2), TNFα, IL-1α, and IL-1β 
and recruit more invading macrophages into the nerve (Shamash et al., 2002). 
Attempts to inhibit these factors do not diminish the macrophage recruitment into 
the injured nerve, which points to that other factors also are crucial in the process 
(Tofaris et al., 2002). Similarly, C-C chemokine receptor 2 (CCR2) (Chen & 
Bonaldo, 2013) and TLR2 and 4 (Boivin et al., 2007) are also important in recruiting 
the macrophages into the injured nerve.  

The formed matrix (the details of formation of extracellular matrix were previously 
described in another section) in the nerve gap between the proximal and distal nerve 
ends has predominantly macrophages as their major cell type where they exert 
action (Dahlin, 1995; Dahlin et al., 1996; Jessen & Mirsky, 2016; Min et al., 2021; 
Pan et al., 2020; Zhao et al., 1993). In this hypoxic environment, as in a nerve 
autograft or a nerve allograft, the macrophages secrete VEGF that in turn induces 
angiogenesis and further migration of Schwann cells as described (Cattin & Lloyd, 
2016). The extracellular matrix proteins in the formed matrix, that initially contains 
fibrin, enclose also especially laminin, fibronectin, galectin-1 and collagen type IV 
and VI that further stimulate macrophage recruitment into the formed matrix. 
Galectin-1 deficient mice show a significantly decreased amount of macrophage 
invasion to the site of injury (Gaudet et al., 2009).  

Macrophages have also an active role in DRG. The resident macrophages in the 
DRG proliferate upon stimulation of the colony stimulating factor 1 (CSF-1) 
(Krishnan et al., 2018). The CCL2 mediated recruitment of macrophages to DRG 
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also plays a crucial role in the neuronal priming - the neuronal regeneration 
programming (Niemi et al., 2016). 

In this thesis, I was interested in the macrophage response, especially the C68 
stained pan-macrophages (activating-invading macrophages) and the CD206 
stained anti-inflammatory macrophages, in the surgically repaired or reconstructed 
nerves as well as in the contralateral sciatic nerves.   

Nerve cell death and apoptosis after injury 
Besides regeneration-promoting activities at the site of the nerve injury and in the 
distal nerve end, there is also a programmed cell death as a part of the regeneration 
process, indicating a delicate balance between regeneration and cell death, 
particularly related to the Schwann cells but also of the sensory neurons. Following 
the nerve injury, there is loss of sensory neurons (Welin et al., 2009), with up to 
13% at the onset of 3 weeks postinjury, and to a less extent, loss of motor neurons 
which is more pronounced in a proximal nerve injury (Welin et al., 2009). In 
addition, the dedifferentiated Schwann cells that lose axonal contact may miss their 
ability as repair Schwann cells and reprogram themselves. They also go into 
apoptosis thereby expressing e.g., cleaved caspase 3 as a marker for apoptosis 
(Krishnan et al., 2024). There is a delicate balance between proliferation and 
apoptosis of the Schwann cells, as reported by the Dahlin laboratory and others 
(Saito & Dahlin, 2008; Stenberg et al., 2012; Stenberg et al., 2016; Stenberg et al., 
2017). In the present thesis, I decided to use the cleaved caspase 3 antibody as a 
marker for apoptosis (“apoptotic Schwann cells”). 

Neuroprotection after nerve injury 
Neuroprotective mechanisms are important after a nerve injury as a rescue 
mechanism (Stetler et al., 2009), which is observed also in diabetic neuropathies 
(Albers & Pop-Busui, 2014; Feldman et al., 2019; Feldman et al., 2017; Pourhamidi 
et al., 2014; M. A. Yorek, 2022). Among the described proteins, Heat Shock 
Proteins (HSPs) are crucial in this context and are reported to be present in human 
nerve biopsies in healthy subjects and in subjects with type 1 and type 2 diabetes 
(Ising et al., 2023). Heat Shock Protein 27 (HSP27) exists in neurons and Schwann 
cell under physiological conditions (Costigan et al., 1998) and is known to be 
upregulated after stress in sensory neurons following axotomy (Garrido et al., 2001; 
Jakob et al., 1993; Lindquist & Craig, 1988). After a nerve injury, retrograde axonal 
transport of Jun amino terminal kinase (JNK) signalling components in neurons 
contributes to the injury-induced c-Jun phosphorylation and ATF3 induction 
(Nakagomi et al., 2003). The relation between c-Jun phosphorylation, ATF3 
induction, and HSP27 upregulation is also considered to have a major impact on 
Schwann cells to change their phenotype and become repair cells after injury (Jessen 
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& Mirsky, 2016). In clinical studies, it is found that decreased blood levels of 
HSP27, which also is detected in nerve biopsies in healthy subjects and in subjects 
with type I and 2 diabetes, (Ising et al., 2023), is related to impaired nerve function 
and presence of neuropathy in subjects with diabetes (Pourhamidi et al., 2014).  

In this thesis, I chose to observe the HSP27 expression after different nerve injury 
and repair or reconstruction models, especially in diabetic GK rats, because it is a 
suitable marker to investigate neuroprotective mechanisms both in an injured nerve 
and in the contralateral uninjured nerve as well as in the distant sensory neurons in 
DRG.  

How to repair and reconstruct a nerve injury 
The history of nerve repair 
The first document in which an author suggested a repair of a nerve injury is by 
Paulus Aegineta in 600 AD. In 11th century, Avicenna (980-1037 AD) 
recommended epineurial end-to-end anastomosis with sutures; however, he did not 
give technical details. After that, in 1275 Saliceto, and in 1296 Guido Lanfranchi, 
mentioned peripheral nerves in their books. Even in 1363, Guy de Chauliac 
(Montpellier) mentioned that peripheral nerve surgery to some extent improved the 
injured limb. The author of Alâim-i Cerrâhîn (“Wonders of Surgeons”), surgeon 
Ibrahim in Ottoman era in 1505 explains in his book an illustrated case of a 
peripheral nerve injury of a thief who was stabbed by the horseman while stealing 
a horse. In that section, it is described that Hippocrates first applied tourniquet to 
both the proximal and distal sides of the wound and then sutured the nerve ends with 
a woman’s hair instantly, where the patient did not limb afterwards. In other later 
copies of Alâim-i Cerrâhîn (Wonders of Surgeons), it is stated that Hippocrates 
together with Galens was among the opponents of nerve repair (Belen et al., 2009; 
Irisarri, 2024). Gabriella Ferrara in 1543 was first to describe the suturing of the 
nerve ends with a technique that a special needle with an eye and a very thin thread 
from a turtle tendon is used. 

In the Middle Ages, the peripheral nerve repair practice was stopped due to the 
belief that the nerves could not regenerate. It accelerated again in eighteenth and 
nineteenth centuries, and even nerve graft procedures were performed in dogs in 
1863 (Dellon & Dellon, 1993; Millesi, 2000). Also, in the late nineteenth century, 
the first tube was used to bridge a nerve gap. A researcher in Lund, Sweden, John 
Forssman in 1898, conducted a study with experimental animals on nerve 
reconstruction with tubes and chambers. A neurologist, Foester, in the beginning of 
1900, presented over 700 cases with nerve repair and in some he used nerve grafts. 
After that, other pioneers, such as Stookey and Bunnell, introduced “cable grafting” 
(Irisarri, 2024).  
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Peripheral nerve surgery was developed mainly during the two world wars and with 
the introduction of the operating microscope (Fugleholm, 2013). One of the pioneers 
in twentieth century is Professor Hanno Millesi, who helped to improve the nerve 
surgery techniques and clarify the indications (Millesi, 2000). The possibility of 
microdissection and the use of microsutures have improved outcome after 
peripheral nerve surgery. The research group originating from Lund University, 
Sweden, initiated by Professor Göran Lundborg and continued with Professor Lars 
Dahlin in collaboration with Professor Martin Kanje, has conducted extensive 
research on a variety of nerve construction technique based on experimental studies 
and translation to the clinical practice (Dahlin, 2008; Lundborg, 2000; Lundborg, 
Rosen, et al., 1997). 

Surgical techniques in nerve repair 
Even though there has been an accomplishment with the use of the operating 
microscope in peripheral nerve surgery, the surgical technique to reconstruct a nerve 
has been almost the same for decades/centuries as indicated above (Grinsell & 
Keating, 2014; Lin & Jain, 2023; Lundborg, 2000). In the absence of a nerve defect, 
a direct epineurial end-to-end nerve repair or a group fascicular nerve repair is 
preferred and performed (Dahlin, 2008). If the proximal nerve end of the injured 
nerve is not available for suturing, end-to-side neuroraphy may in certain 
circumstances be a choice (Lundborg, 2000); a technique that will not described 
further since it is not used or investigated in the present thesis (Bontioti et al., 2005; 
Cederlund et al., 2009). In the presence of a nerve defect between the nerve ends, 
nerve reconstruction with an autologous nerve graft, a group fascicular nerve 
autograft reconstruction or in certain situations use of a nerve allograft can be a 
possibility. In the absence of available nerve autografts or nerve allografts, and with 
the patient and surgeons’ choice depending on the length of the nerve defect, a nerve 
reconstruction with a conduit may be applied.  

The gold standard technique, which is most often possible in most of the clinical cases 
after a nerve injury, is the primary nerve repair, defined as end-to-end epineurial nerve 
suturing (McMorrow et al., 2024). There are several precautions during nerve repair 
that the surgeon should consider to achieve a better nerve regeneration and a 
favourable functional recovery (Dahlin, 2008; Lin & Jain, 2023; Lundborg, 2000; 
Midha & Grochmal, 2019; Yi & Dahlin, 2010). First, tension free nerve repair is 
crucial, since it is shown that nerve repair under tension results in impaired axonal 
outgrowth (Yi & Dahlin, 2010). Second, one should try to use a minimum number of 
stiches/sutures with an appropriate suture material to avoid scarring in the nerve 
(Dahlin & Wiberg, 2017). If the nerve ends are severed or damaged, trimming of the 
nerve ends to achieve a clean sight of the fascicles is important. This “manipulation” 
is shown to result in a superior nerve regeneration with a favourable surgical outcome 
(Dahlin & Wiberg, 2017; McMorrow et al., 2024).  
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The other surgical method - group fascicular nerve repair - offers a theoretically 
good alignment of fascicles but requires more manipulation and therefore causes an 
increased risk of intraneural scarring (Dahlin, 2008; Lundborg, 2000; McMorrow et 
al., 2024). In the present thesis, a direct epineurial nerve repair was used to handle 
the transected rat sciatic nerve in two of the experimental studies (Figure 3).  

 

 

Figure 3: A schematic drawing of the different surgical repair and resconstructions models, including 
local application of a pharmacological drug, used for the transected sciatic nerve in healthy and 
diabetic GK rats in the present thesis. 
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Reconstruction of a nerve defect with nerve autograft 
In the clinical setting, a nerve reconstruction with an autologous nerve graft (i.e., 
nerve autograft), or several nerve autograft cables, is the preferred choice of 
reconstruction in longer nerve defects (probably >3 cm) in nerve injuries and for 
certain critical nerves (Grinsell & Keating, 2014; Wu & Chuieng-Yi Lu, 2024).  

Autologous nerve autografts can be considered as ideal nerve bridges because they 
provide suitable scaffolding structures with a ready extracellular matrix filled with 
aligned endoneurial tubes and Schwann cell supply as well as neurotrophic factors 
(Siemionow & Brzezicki, 2009). The nerve autograft undergoes remodelling, 
similar to Wallerian degeneration described above, during the weeks that follow 
after the nerve graft procedure, including invasion of macrophages, proliferation of 
the donor graft Schwann cells, digestion of the axon and myelin debris within the 
graft, and even a robust migration of Schwann cells from the graft to the nerve ends 
as well as Schwann cells from the proximal and distal nerve ends approaching the 
nerve graft (Millesi, 1990; Siemionow & Brzezicki, 2009; Tomita et al., 2009 ). The 
Schwann cells within the nerve autograft increase their surface cell adhesion 
molecules and provide a better scaffold with their basement membrane that contains 
laminin and fibronectin (Fu & Gordon, 1997). The importance of these Schwann 
cells in the nerve autograft is reported in studies with a pre-degenerated nerve 
autograft in which the nerve regeneration was superior to the fresh autografts 
(Danielsen et al., 1995; Kerns et al., 1993). The hypothesis behind these results was 
introduced as with the pre-degeneration process, and that the Schwann cells 
proliferate and produce basal lamina proteins, such as laminin and collagen IV. 
Additionally, there is also a robust invasion of macrophages to the pre-degenerated 
nerve autograft, which  can influence regeneration (Danielsen et al., 1995). 

Another important factor with the nerve autograft is the vascularization. At the time 
of the reconstruction, a nerve autograft is considered as an avascularised structure, 
which survives by the diffusion from the surrounding tissues and nerve ends. After 
some time, the nerve autograft is revascularized by the direct capillary ingrowth 
mainly from the proximal and distal nerve ends but also from the surroundings, 
where the bed on which the nerve autograft is applied is of crucial importance 
(Almgren, 1975; Millesi, 2000; Siemionow & Brzezicki, 2009).   

However, there are local disadvantages at the donor site of the nerve autograft 
procedure, such as scarring, neuroma formation and a (low) risk for infection 
together with a risk for a lack of autograft material if there is need for thicker nerve 
reconstructions (Hallgren et al., 2013).  

  



50 

Reconstruction of a nerve defect with nerve allograft 
To avoid donor site disadvantages and neuroma formation at site of harvest, 
processed nerve allografts (PNA) can be another option, especially in extensive 
nerve injuries or if the nerve autograft material is insufficient. A short description 
of the use of PNA is presented here due to its international topicality. Previously, 
immunogenic host response due to Schwann cells acting as antigen presenting cells 
has been reported (Lassner et al., 1995; Lassner et al., 1989). Due to the long 
duration of immunosuppressive therapy and the side effects of such a treatment, 
decellularized nerve allografts, i.e., PNA, have become more common. There have 
been several experimental studies showing outcome of nerve regeneration with 
nerve allografts. A rat sciatic nerve defect model of 10 mm showed a superior 
isometric strength with allografts compared to collagen conduits with nerve 
autografts being superior to both the other treatment options (Giusti et al., 2012). A 
rat model with a 14 mm nerve defect had higher number of myelinated fibres with 
nerve allografts compared to conduits, but the nerve autograft was found superior 
to both modalities (Whitlock et al., 2009). Another study comparing a 
predegenerated acellular nerve graft to a fresh acellular nerve graft revealed superior 
regenerative findings supporting the predegenerated acellular nerve grafts 
(Danielsen et al., 1995). PNAs have been widely used in clinical practice, known as 
Avance = nerve graft by Axogen Inc., Fl. USA. However, there are studies in the 
literature  that present different results regarding the outcome of the treatment with 
allografts: promising (Isaacs et al., 2023; Leckenby et al., 2020) or suboptimal 
(Huddleston et al., 2021). Thus, the use of PNA is a controversial issue because the 
lack of appropriate randomised clinical studies in humans (Frostadottir et al., 2023; 
Jain et al., 2021).  

Reconstruction of a nerve defect with conduits 
To overcome the disadvantages of the nerve autografts that are described above and 
due to controversial results reported in literature about PNA, other alternatives as 
nerve conduits have been developed and used. Nerve conduits are considered as 
options for nerve defects less than 3 cm in length and can be classified as autologous 
biological, non-autologous biological or non-biological-artificial-conduits. 
Biological materials, initially used as nerve conduits, were vein grafts, arterial 
conduits and muscle and tendon conduits with relative good clinical results 
compared to sural nerve autografts (Chiu & Strauch, 1990; Konofaos & Ver Halen, 
2013; Strauch & Strauch, 2013). Non-autologous biological conduits, such as 
collagen, are clinically available, with clinical studies showing functional outcome 
in repair of digital nerves (Bushnell et al., 2008; Lohmeyer et al., 2009) or motor 
nerves in the forearm (Klein et al., 2016). Silk is another biological conduit, showing 
promising results in experimental studies (Huang et al., 2012). Artificial conduits 
are the non-biological conduits, such as bioengineered or polymer-based conduits. 
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One of the first non-biological conduits was the silicone tube (Dahlin et al., 2007; 
Nilsson et al., 2005; Zhao et al., 1997) that was tested in clinical trials (Dahlin & 
Lundborg, 2001; Lundborg, Dahlin, et al., 1997; Lundborg, Rosen, et al., 1997; 
Zhao et al., 1993), which presented a limited inflammatory response in contrast to 
the hypothesized increased inflammatory response (Dahlin et al., 2001). However, 
it was criticized as being not biodegradable and not flexible especially when used 
near finger joints. Therefore, the search for a more flexible, and bioabsorbable 
artificial conduit has become the priority.  

Polyglycolic acid (PGA) is one of the clinically used bioabsorbable conduits with a 
market name - Neurotube (Dahlin & Lundborg, 2001; Dahlin & Wiberg, 2017). It 
is porous and flexible and allow diffusion of molecules (Kusuhara et al., 2019). 
Clinical trials with reconstruction of a digital nerve defect showed equal/superior 
results in nerve regeneration compared to the nerve autograft (Weber et al., 2000) 
with a disadvantage of extrusion (Battiston et al., 2005). Other types of 
biodegradable polymer conduits, such as poly (ε-caprolactone) (PCL) (Niu et al., 
2014) or chitosan (Haastert-Talini et al., 2013; Stenberg et al., 2016; Stenberg et al., 
2017), were also developed and demonstrated successful nerve regeneration in 
primarily experimental, but also in clinical studies (Neubrech et al., 2016). Bacterial 
polyesters (Derya Burcu Hazer et al., 2012), such as poly-3-hydroxyoctanoate 
(Hazer et al., 2013) and poly-3-hydroxybutyrate (Sakar et al., 2014), were also used 
as conduits presenting axonal regeneration in experimental studies with rats. PCL, 
one of the biodegradable polymers, is presented as an efficient alternative to nerve 
autografts (Assaf et al., 2017; Bockelmann et al., 2011; Yu et al., 2011). As being 
rather transparent and not highly flexible, it is easier to handle and does not collapse 
easily (Assaf et al., 2017). In this thesis, a bioengineered conduit made of PCL was 
used to reconstruct a nerve defect of 10 mm in healthy rats. In summary, all nerve 
graft alternatives, autologous and non-autologous biological nerve grafts together 
with artificial conduits, are reported to demonstrate almost similar efficacy in terms 
of nerve regeneration and functional outcome; some in clinical studies but mostly 
in experimental studies in nerve defects shorter than 3 cm compared to nerve 
autografts (Grinsell & Keating, 2014; Lin & Jain, 2023). However, nerve autografts 
are still the gold standard treatment for the nerve defects larger than 3 cm, indicating 
the need for modifications of the available conduits.  

How to influence nerve regeneration in various situations  
Conduits are physical tubes that grasp the proximal and distal nerve ends, 
intentionally hold the secreted fluid between the injured nerve ends and provide 
guidance of the regenerating axons. The fluid is important for the regenerating axons 
and contains neurotrophic factors. In the conduit, although differences occur 
between various conduits, a fibrin matrix is formed that is essential for migration of 
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important cells in the regeneration process as described in previous sections. 
Historical achievement from silicone tubes (Lundborg et al., 1982; Lundborg, 
Rosen, et al., 1997) to modified bioengineered conduits shows that conduits evolve 
to enhance nerve regeneration (Qian et al., 2021; Rebowe et al., 2018).  

Modifications of a conduit 
The goal of the use of a nerve conduit is to provide a suitable microenvironment for 
the outgrowing axons and cells after the nerve injury (Qian et al., 2021). An ideal 
conduit is described to have the following properties (Phillips et al., 2022; Taylor & 
Haycock, 2022): 

• should be biocompatible and at the same time not induce excessive 
inflammation,  

• being biodegradable to avoid second surgery for removal of the conduit, 

• being semipermeable and have adequate porosity to allow exchange of 
nutrients and interaction of cells and the extracellular matrix, 

• should be mechanically stable but at the same time flexible to allow 
regenerating axons not to be compromised, 

• lastly, being easy to fabricate and being comfortable to surgically implant 
(Rebowe et al., 2018; Taylor & Haycock, 2022; Wong & Chung, 2024). 

However, a hollow conduit was shown to increase the risk of misdirection of the 
regenerating axons (De Ruiter et al., 2014). With the help of literature, our 
understanding of the cellular interaction and the physiology of the nerve 
regeneration have increased, and so the modification and innovative approaches of 
the nerve conduits. The modifications can be done in several ways. 

One can change the material of the conduit, to increase the biocompatibility and at 
the same time preserve the biodegradable properties, for example collagen as a 
natural polymer can be blended with poly-caprolactone. Electrospun-
polycaprolactone-collagen polymer is reported to support Schwann cell adhesion 
and proliferation in a 8 mm gap rat model (Yu et al., 2011). 

Changing the design of the conduit is another alternative. Since nerves consist of 
fascicles, adding channels may mimic the microarchitecture of the nerve and 
therefore possibly enhance nerve regeneration (Gao et al., 2016). This modification 
was reported to increase the attachment of Schwann cells by five folds compared to 
hollow conduits (Hadlock et al., 2000). Addition of chambers to chitosan conduits 
may enhance axonal outgrowth after a delayed nerve reconstruction in rats 
(Stenberg et al., 2017). However, adding multiple channels does not always have 
favourable results with respect to functional outcome (Clements et al., 2009). 
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Grooves and guidance cues are other modifications to increase the inner surface to 
help attachment and migration of the Schwann cells and regenerating axons (Wong 
& Chung, 2024). Introducing pores to the conduit is a modification intended to allow 
transfer of transcription factors and growth factors necessary for cellular 
communication (Kehoe et al., 2012), but is reported at the same time to decrease the 
mechanical strength of the conduit (Bell & Haycock, 2012).  

Coating the inner surface of the conduit is a further alternative. The use of 
extracellular matrix, such as collagen and laminin, is common to improve the 
biocompatibility of the conduit itself (Bell & Haycock, 2012). Axonal outgrowth is 
significantly better on laminin- and fibronectin-coated polymer films compared to 
collagen (Armstrong et al., 2007).  

Increasing the hydrophilicity of the lumen by modifying the conduit polymer or by 
coating the lumen of the conduit may also work as a variation. Hydrophilicity can 
also be increased by modification of the polymer with polyethylene-glycol (PEG) 
or simply by using PEG itself as coating or as a membrane (Cai et al., 2012; 
Mokarizadeh et al., 2016).  

Biochemical modifications of the conduit polymer can be another alternative by 
integrating any growth factors or cells into the scaffold itself or by the help of a 
carrier system. Stromal vascular fraction cells enhanced electrospun poly-L-lactic 
acid conduits seem to support axonal outgrowth (Frost et al., 2018). Other attempts 
have been made to enhance nerve regeneration through a conduit by adding 
embryonal Schwann cells, revealing a better axonal outgrowth compared to 
acellular conduits (Kalbermatten et al., 2008). In addition, application of growth 
factors, such as NGF, BDNF, or GDNF, into the conduit is suggested as a further 
alternative, despite the problems with concentration and timing of the applied 
factors but seems to improve nerve regeneration within a conduit (Carvalho, 
Oliveira, et al., 2019; Tuffaha & Lee, 2024). Silk fibre is another alternative for 
modification of the conduit. Previous in vitro studies with spider dragline silk of 
Trichonephila species showed successful Schwann cell and neuronal cell 
attachment and axonal growth (Millesi et al., 2021; Roloff et al., 2014). In vivo 
studies with decellularized veins filled with silk fibres in rats (Allmeling et al., 2008) 
and in sheep (Kornfeld et al., 2021; Radtke et al., 2011) revealed comparable results 
with nerve autografts in long distance nerve defects even in up to 6 cm long nerve 
reconstruction models. Even clinical results were reported with four patients having 
nerve defects longer than 2 cm that restored part of sensory function and prevented 
neuroma formation (Vogt et al., 2024).  

Another modification can be integrating nanoparticles with which the conduit 
become sensitive to electrical (graphene) (Assaf et al., 2017), magnetic (iron 
nanoparticles) (Wang et al., 2020) or light stimulation (gold nanoparticles) 
(Carvalho-de-Souza et al., 2019). The detailed information about nanoparticle 
modification of the conduits is discussed in the fallowing section.  
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Nanoparticles 
Nanoparticles (NP), by definition, are the entities whose size ranges from 1 to 100 
nm. Old transcripts show that about 4500 years ago, humans utilized natural 
asbestos nanofibers to develop ceramic. The first synthetic product that consists of 
nanometre sized glass and quartz was “Egyptian blue” used by Egyptians around 
third century BC (Jeevanandam et al., 2018). NPs have been a part of a biomedical 
application mostly in diagnostic imaging, and as drug delivery systems (Peng et al., 
2024). In the medical literature, they have been used in research on nerve conduits, 
particularly to modify nerve conduits as described (Carvalho, Silva-Correia, et al., 
2019; Escobar et al., 2022; Sharifi et al., 2023).  

Gold (Au) NPs (AuNPs) are attractive in biomedical application due to being inert, 
easily functionalized, and ease of catalysation. Their sizes ranges from 50-100 nm 
that is comparable to a large biological molecule (Paviolo & Stoddart, 2017), which 
is in the range of the particles used in the present thesis; i.e., range 70-100 nm. 
AuNPs are reported to enhance nerve regeneration by stimulating the outgrowth of 
axons on AuNP-modified electrospun nanofibers (Baranes et al., 2016). Silk fibres, 
modified by AuNPs, were observed to facilitate proliferation and adherence of the 
Schwann cells without any toxic effects as evaluated up to 18 months after a sciatic 
nerve repair in rats (Das et al., 2015). Furthermore, in vivo experiments using a 
Poly(l-lactide-co-glycolide) (PLGA) nerve conduit, enhanced with a controlled 
release of BDNF and AuNPs, show facilitation of the nerve regeneration process in 
rat sciatic nerves after injury (Jahromi et al., 2020).  

Cobalt (Co)-NPs, a metallic NP, are mostly used in cancer treatment as a vehicle for 
drug delivery or direct as an anti-cancer agent (Huang et al., 2020). Co-NPs act as 
an apoptotic agent, which stimulates the apoptotic cascade by promoting cleaved 
caspase 3 activation in leukemic cells after intracellular uptake (Chattopadhyay et 
al., 2014). Co-doped 3D-polymer scaffold promotes outgrowth of axons and 
facilitates polarization of pro-inflammatory (M1) macrophages to anti-
inflammatory (M2) macrophages (Chen et al., 2021). In this thesis, Co-oxide 
(CoO)NPs, together with AuNPs, are used for modification of the used PCL nerve 
conduit.  

Administration of NPs in biomedical application is like a two-sided sword due their 
potential toxicity. Zinc oxide (ZnO) NPs are nephrotoxic, and copper (Cu)-NPs with 
diameters of 40 nm cause brain toxicity. Silver(Ag)-NPs with a size of 25 - 40 nm 
seem to cause damage to blood-brain barrier (Barik et al., 2021). Their toxicity is 
mainly due to intracellular formation of reactive oxygen species, which leads to cell 
membrane disruption and genotoxicity by DNA damage and finally cell death. 
(Soderstjerna et al., 2014) 

To overcome these toxic effects, NPs should be used in the lowest possible 
concentration, larger, preferably >40 nm, particles should be applied, and finally 
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NPs should be integrated to a polymer base or to another structure that can hinder 
the release and any invasion to systemic circulation (Jeevanandam et al., 2018). 

In the present thesis, my choice of NPs is Au- and AuCoO-NPs; a decision which is 
based on favouring results of a pilot study. I integrated and “anchored” the NPs into 
a hydrophilic polymer–polyethylene glycol composite to prevent the release of the 
NPs.  

At the end, each modification seems to enhance regeneration within the conduit to 
some extent, but a balance should be kept in mind. Excessive biodegradability can 
cause early degradation of the conduit before full regeneration is achieved 
(Houshyar et al., 2019). Similarly, increased porosity can alter the mechanical 
strength of the conduit, and additional modification with hydrophilicity in the lumen 
of the conduit may cause an increased fibrotic cell adhesion besides the increased 
neural cell affinity (Qian et al., 2021). To overcome these obstacles, the conduit 
used in the present thesis was chosen to be a biodegradable polymer conduit made 
of PCL with a membrane coated with a hydrophilic polymer PEG, enhanced with 
NPs as “locally anchored” to the membrane minimizing the risk for toxicity.  

Pharmacological therapy in nerve regeneration 
Besides chemical and biological modifications of the environment in nerve 
regeneration, attempts have been used to facilitate nerve regeneration 
pharmacologically; both as a systemic treatment as well as a local treatment (Chan 
et al., 2014; Choi et al., 2022; Lopes et al., 2022; Rayner et al., 2022). A well-known 
and clinically used drug is dexamethasone, which has been studied in an 
experimental rat nerve injury model with both systemic and local applications and 
with positive functional effects (Bolandghamat & Behnam-Rassouli, 2020). 
Another study, using a sciatic nerve crush model, showed a better function in the 
walking track analysis with betamethasone administered subcutaneously in short 
term (Al-Bishri et al., 2005). Another alternative, methyl-prednisolone, is already 
in clinical use in facial nerve palsy (Yildirim et al., 2015). Experimental studies with 
intraperitoneal and local application show cellular and functional recovery after a 
facial nerve injury in rats. In a sciatic nerve crush model, it was also shown to 
decrease Schwann cell “atrophy” but also increased the perineurial inflammatory 
cells (Ozturk et al., 2016).  

Atorvastatin, which is clinically used to treat hypercholesterolemia, is used as a 
neuroprotective agent in Alzheimer´s disease and in multiple sclerosis (MS). Such 
a treatment promotes axonal outgrowth by activating c-Jun and inhibiting 
extracellular kinase system, such as protein kinase B (AKT), after systemic 
application in an experimental rat models after nerve injury (Pan et al., 2010). 
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The other pharmacological agents that have been used in experimental models of 
nerve injuries are citicoline (a precursor of phosphatidyl-choline), L-carnitine, 
memantine,  and riluzole; all of which show good functional and histological 
outcome (Bolandghamat & Behnam-Rassouli, 2020). The combination of these 
agents with stem cells has revealed results that indicate promotion of nerve 
regeneration. Systemic administration of L-carnitine together with adipose-derived 
stromal cells seeded on a de-cellularized nerve allograft leads to axonal outgrowth 
in a 10 mm nerve defect model in rats (Mohammad-Bagher et al., 2019). Systemic 
administration of L-carnitine has improved topographical and functional outcome 
after a sciatic nerve crush injury in diabetic rats (Avsar et al., 2014). NeuroHeal, 
a mixture of acamprosate and ribavirin, was introduced in experimental studies and 
showed to  reduce the glial scar, to accelerate nerve regeneration by activating the 
AKT  pathway in a delayed rat nerve repair model (Romeo-Guitart et al., 2017) and 
being favourable for regeneration of sensory neurons (Romeo-Guitart & Casas, 
2020); however, further clinical studies were stopped.  

Local application of a lactoferrin-derived peptide - PXL01 
PXL01 is a synthetic peptide, which is produced from the lactoferrin protein and 
has been used in a variety of clinical studies to reduce adhesions after surgery, for 
example after flexor tendon surgery with study participation of our department 
(Wiig et al., 2014), and to reduce abdominal adhesions (Nilsson et al., 2009) by 
decreasing secretion of the inflammatory cytokines and enhancing fibrinolysis. The 
synthetic peptide is applied locally together with its carrier sodium hyaluronate 
(HA). PXL01 interacts with the plasminogen activating system by reducing the 
expression of Plasminogen Activator Inhibitor-1 (PAI-1), which can inhibit 
Schwann cell migration from DRG. Therefore, PXL01 may enhance nerve 
regeneration through the activation of the plasminogen activator system (Siconolfi 
& Seeds, 2001).  

In the clinical study, investigating the effect of local application of PXL01 on the 
range of motion in cases with flexor tendon surgery, a  better recovery was detected 
in patients with a repaired concomitant digital nerve injury at 12 weeks (Wiig et al., 
2014). That information awakened the question of cellular interaction between 
outgrowing axons, Schwann cells and macrophages in the regeneration process after 
a nerve injury. In the present thesis, I searched for the answer to this question by 
designing two different models of nerve injuries; one with a primary nerve repair 
and the other with a nerve reconstruction with nerve autografts in both healthy 
Wistar and diabetic GK rats in which PXL01 was applied locally during surgery.  
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Pharmacological therapy - tacrolimus (FK506) 
FK506, known as tacrolimus, is an immunosuppressive agent that is already in 
clinical use in kidney and liver as well as in several other tissue transplantations as 
anti-rejection therapy. Tacrolimus treatment is one of the few clinical drugs that is 
used for nerve regeneration which is successfully translated from basic experimental 
research (Daeschler et al., 2023; Marsh et al., 2024; Seixas et al., 2022; Xiao et al., 
2024). Rodent and large animal studies with different nerve injury models have 
demonstrated enhanced nerve regeneration (Gold et al., 1995; Snyder et al., 2006).  
FK506 is shown to upregulate Heat Shock Proteins (HSPs) and causes  upregulation 
of growth-associated proteins that in turn results in enhanced  nerve regeneration 
(Gold, 1997). It has been shown that even pre-therapy with FK506 increases nerve 
regeneration in an animal model (Snyder et al., 2006). However, the positive effects 
of FK506 have been objected in studies from our laboratory (Kvist et al., 2003). The 
effects of tacrolimus on nerve regeneration are here described to give a full view of 
the subject. 

Immunomodulation by co-stimulation 
As presented in previous sections, nerve allografts, have been a possible treatment 
modality in reconstruction of a nerve defect. However, these nerve allografts that 
are taken from different living beings can induce a graft-host immune reaction that 
needs attention (Fansa et al., 2002). A solution to this problem has been introduced 
as increasing an immune tolerance by co-stimulation blockade. The idea behind this 
treatment is that several immunosuppressive treatments are used at the same time to 
achieve the most effective immunosuppression and not just to decrease the immune 
reaction against the graft but also to enhance cell viability to help nerve regeneration 
(Tai et al., 2010). Immunomodulation by co-stimulation does not have any 
beneficial effect on nerve regeneration in short term after nerve allograft 
reconstruction in mice (Kvist et al., 2007). However, another study has shown that 
in longer time follow up (three weeks), nerve regeneration in allografts treated with 
a short course of three doses was equivalent to isograft (Tai et al., 2010). Again, the 
use of co-stimulation strategy is here described to provide a full view of the subject. 

Non-pharmacological therapy with electrical stimulation 
Besides pharmacological therapy, electrical stimulation has historically 
demonstrated a positive effect with greater axonal sprouting, rapid muscle 
innervation and faster functional recovery (Hoffman & Binet, 1952; Nix & Hopf, 
1983), why a short description of the concept is here written. The mechanism(s) 
behind the treatment is given as the crossing of the axons to the coaptation site with 
no change in speed of regenerating axon, and also an upregulation of neurotropic 
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factors (Liu & Fox, 2024). Animal studies, with a reconstructed nerve defect, 
demonstrate an increased percentage of regenerated axons with no effect on 
regeneration speed (Witzel et al., 2016), but with functional recovery (Haastert-
Talini et al., 2011). There are randomized clinical trials that demonstrate a positive 
functional outcome with respect to return of two point discrimination as well as grip 
and key pinch strength (Gordon et al., 2010; Power et al., 2020; Wong et al., 2015; 
Zhang et al., 2023). With these clinical studies, and with results from animal studies, 
it is suggested that intraoperative electrical stimulation with duration of 10 minutes 
and 2-mA current with pulse duration of 100 microseconds delivered just proximal 
to the injury and repair site for patients operated under general anaesthesia, can give 
potential benefit for nerve recovery, but its clinical use is not widespread (Liu & 
Fox, 2024).  

 

 

 

 

Furilden, July,2023 

“If you can’t explain it simple, you don’t understand it well enough.” 
Albert Einstein 
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Aim 

The overall goal of the present thesis is to improve nerve regeneration and axonal 
outgrowth with focus on the cellular response in healthy and diabetic GK rats with 
the specific aims: 

• To investigate injury-induced Heat Shock Protein 27 (HSP27) expression 
and its association to axonal outgrowth in different nerve repair models – 
i.e., no, immediate, and delayed (7-day delay) nerve repairs with 7- or 14-
days follow-up in healthy Wistar and diabetic GK rats.  

• To evaluate the regeneration capacity of poly-propylene polyethylene 
glycol (PPEG) membrane divided poly-caprolactone (PCL) conduits, 
enhanced with gold (Au) or gold-cobalt-oxide (AuCoO) NPs, in 
comparison with hollow conduits after 21 days of implantation in healthy 
Wistar rats. 

• To examine the effects of local application of the lactoferrin-derived peptide 
PXL01 in a sodium hyaluronate carrier system on nerve regeneration with 
respect to axonal outgrowth, response of Schwann cells and sensory 
neurons, expression of HSP27 (i.e., neuroprotective function) as well as on 
the inflammatory response, i.e., presence of pan-macrophages and anti-
inflammatory macrophages, after transection and immediate repair of the 
sciatic nerve in healthy Wistar rats. 

• To study the effects of local application of PXL01 in a sodium hyaluronate 
carrier system in a nerve defect model reconstructed by an autologous nerve 
graft on nerve regeneration with respect to axonal outgrowth, response of 
Schwann cells and sensory neurons, expression of HSP27 as well as the 
inflammatory response in healthy Wistar and diabetic GK rats. 
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Ravlunda, June, 2021 
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Methods  

A summary of the methods is presented here for the four papers. Please refer to 
individual articles for more detailed information. 

Animal surgery 
The experiments were conducted according to the approved ethical permission from 
the local ethics committee for animal research at Lund University; Animal Ethics 
Committee of Lund University, Lund, Sweden (protocol code 5.8.18-06842/2019; 
date of approval 5 June 2019) and carried out according to the European 
Communities Council’s directive regarding care and use of animals for 
experimental procedures.  

Two different species of rats were used in thesis; the Wistar rats as healthy rats, 
provided from Janvier labs, France (Paper I - IV) and diabetic Goto-Kakizaki (GK) 
rats provided from the Lund Laboratories via own breeding (Paper I, IV). The 
Wistar rats represent the healthy rats with normal blood glucose levels, and the GK 
rats represent and resemble type 2 diabetes with moderately increased blood glucose 
levels. All used rats were female rats, weighing around 180-300 gr and at the age of 
around 2 months to 4 months.  

In all papers, the sciatic nerve was unilaterally exposed in the midthigh; right or left 
sciatic nerve according to the preference of the surgeon. In all papers, the nerve was 
injured by transection and several different nerve repair or reconstruction models 
were used: nerve transection and no repair (Paper I), nerve transection and 
immediate repair with epineurial sutures (Paper I, III), nerve transection and delayed 
nerve repair (7 days) with epineurial sutures (Paper I), a 10 mm nerve segment 
transection and nerve autograft reconstruction of that segment ( Paper IV), a 5 mm 
nerve segment (Paper II) or a 10 mm nerve segment (Paper II pilot study) transection 
and bridging by different modified conduits. 

Sham operations were included in Paper III and IV in which a pharmacological 
agent was applied. The nerve was explored in a similar fashion as the experimental 
model, but no further nerve injury was performed or designated treatment agents 
were applied; PXL01 in carrier sodium hyaluronate carrier, sodium hyaluronate or 
sodium chloride solution (0.2 mL).  
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In all papers, the preoperative preparations were similar. The rats were anaesthetized 
with an intraperitoneal injection of a mixture of Rompun® (20 mg/mL; Bayer 
Health Care, Leverkusen, Germany) and Ketalar® (10 mg/mL, Pfizer, Helsinki, 
Finland) with a dose of a 2 mL Ketalar® and 0.5 mL Rompun® per 100 g body 
weight. Postoperatively, all rats were treated with the analgesic Temgesic® in a dose 
of 0.01–0.05 mg/kg (0.3 mg/mL; Schering-Plough Europe, Brussels, Belgium). The 
animals were kept on a 12 h dark-light cycle with ad libitum feeding. 

Poly (ε-caprolactone) (PCL) conduits with modified 
membranes 
The detailed methodology is presented in the Paper II. As a summary, the granule 
form of PCL was dissolved in Tetra hydro furan (THF) solution and a Kirshner wire 
was used to dip into the solvent several times to form an even layer of PCL that 
covers the wire. The obtained PCL conduit was taken out from the stainless-steel 
rod and cut into 14 mm long (0.5 mm wall thickness, 1 mm inner and 2 mm outer 
diameter) or 19 mm long (used in the pilot study) conduits. 

Polypropylene-polyethylene glycol (PPEG) amphiphilic copolymer was chosen to 
be the polymer base of the membrane that was used to chamber the conduit. A 
slightly modified Williamson-ether-synthesis-like reaction was performed for 
synthesis of the PPEG membrane by the reaction between chlorinated 
polypropylene and polyethylene glycol. Then, gold nanoparticles, gold and cobalt 
oxide nanoparticles, and Ag nanoparticles (used in the pilot study) were embedded 
into the PPEG membranes which were named as AuPPEG, AuCoOPPEG and 
AgPPEG (used in the pilot study), respectively. Poly(3-hydroxy undecenoate)-
poly(N-isopropyl acryl amide) (PHUPNIPAM) amphiphilic copolymer that was 
used in the pilot study is an unsaturated microbial polyester that is obtained from 
the fermentation using Pseudomonas oleovorans (Erduranlı et al., 2008; Hazer & 
Steinbuchel, 2007; Kalaycı, 2010; Kocer, 2003; Toraman, 2014). The detailed 
information of the synthesis of the Au nanoparticle embedded PHUPNIPAM graft 
copolymer is presented in the Paper II. 

  

From each polymer membrane, 0.1 mm thick, 2 mm width and 10 mm length or 14 
mm length rectangular membranes were cut and placed into the conduits. Finally, 
nano-conduits were formed as follows: 14 mm and 19 mm long PCL conduits with 
10 mm and 15 mm long nanocomposite membranes placed parallel to the long axis 
of the conduit allowing 2 mm on both the proximal and distal ends of the nerve for 
insertion and suturing of the ends (Table 2).  
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Table 2. The list of different bioengeneered conduits that were used in the Paper II. 

PAPER CONDUIT CONDUIT 
DIMENSIONS MEMBRANE NANOPARTICLE  MEMBRANE 

DIMENSIONS 

Main 
manuscript 

Poly(ε-
caprolactone) 
(PCL) 

14 x 0.5 x 2 mm 

- - - 
Poly-propylene poly-
ethylene glycol (PPEG) - 10 x 0.1 x 2 mm  

PPEG Au 10 x 0.1 x 2 mm 
PPEG AuCoO 10 x 0.1 x 2 mm 

Pilot study 

PCL 
14 x 0.5 x 2 mm  PPEG Ag 10 x 0.1 x 2 mm  
19 x 0.5 x 2 mm PPEG Ag 14 x 0.1 x 2 mm  

PCL 
14 x 0.5 x 2 mm 

Poly(3-hydroxy 
undecenoate)-poly(N-
isopropyl acryl amide) 
(PHU-PNIPAM) 

Au 10 x 0.1 x 2 mm  

19 x 0.5 x 2 mm PHU-PNIPAM Au 14 x 0.1 x 2 mm  

PCL 
14 x 0.5 x 2 mm PPEG Au 10 x 0.1 x 2 mm  
19 x 0.5 x 2 mm PPEG Au 14 x 0.1 x 2 mm  

PCL 
14 x 0.5 x 2 mm PPEG AuCoO 10 x 0.1 x 2 mm  
19 x 0.5 x 2 mm PPEG AuCoO 14 x 0.1 x 2 mm  

Harvesting and processing of tissues 
In all papers, the operated nerve, the contralateral uninjured nerve, the DRG on both 
sides at the L4 and L5 levels were harvested. In Paper II, the spleen and the liver 
were harvested from the randomly picked animals for the toxicity analysis of the 
nanoparticles. The processing of the harvested tissues was the same in all papers; 
fixation was performed in the Stefanini`s solution (i.e., 4% paraformaldehyde and 
1.9% picric acid in 0.1 M phosphate buffer, pH 7.2) for 24 h and placed in sucrose 
solution (20% sucrose in 0.01 M PBS) for 24 hours after washing. Then the 
specimens were immediately frozen in cryostat and the fresh frozen specimens were 
sectioned longitudinally with a thickness of 8 μm (Paper I, III, IV) or 6 μm (Paper 
II) and then mounted on slides.  

Immunohistochemistry and macroscopic analysis 
The same immunohistochemical procedures were followed in all papers. After 
washing procedure, the sections were incubated with the primary antigens in PBS 
over night at 4C, washed again, and incubated with secondary antibody at room 
temperature. All slides were mounted with Vectashield Mounting Medium with 
DAPI (4′,6-diamino-2-phenylindole) (Vector Laboratories, Burlingame, CA, USA) 
and then coverslipped. In all papers, the neurofilament (NF), and Heat Shock Protein 
27 (HSP27) analyses were performed. In Paper II, III and IV, activated (ATF3 
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stained) and apoptotic (cleaved caspase 3 stained) Schwann cells were analysed. 
The macrophage analyses with pan-macrophage count (CD68) and anti-
inflammatory M2 macrophage count (CD206) were performed in Paper III and IV.  

To ascertain the Schwann cell identity, the localization of HSP27 expression in 
sciatic nerve and DRG, and the macrophage identity, double staining procedures 
were performed with S-100 and neurofilament staining with HSP27 (Paper I, III, 
IV), ATF3, cleaved caspase 3, CD68 and CD206 staining (Paper III, IV). To see the 
polarization of macrophage response, several randomly selected sections were 
double stained with CD68 and CD206 (Paper III). Additionally, to ensure the 
paranodal staining in the contralateral uninjured nerves, staining with the anti-caspr 
antibody was performed (Paper III).  

In all papers, HSP27 expression in the axons and sensory neurons were analysed in 
DRG. The activated sensory neurons with ATF3 staining were analysed in Paper II, 
III and IV. All the primary and secondary antibodies use in thesis is summarized in 
Table 3. 
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Nanoparticle analysis of polymers and tissue toxicity of 
nanoparticles 
To ensure the presence of the nanoparticle in the polymer membrane, scanning 
electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS) were 
performed. After coating procedure (Emitech K550X Sputter Coating Systems, 
Quorum Technologies, UK) samples were examined under a SEM (JEOL JSM-
7600F, Joel Ltd., Tokyo, Japan) with accelerating voltage of 15 kV and elemental 
analysis was performed with semi quantitative-Inca-energy dispersive X-ray 
spectroscopy (EDS). 

Tissue toxicity of the nanoparticles was analysed with the liver and spleen tissues 
collected from randomly selected rats in each group at the end of 21 days of 
implantation. One gram of the tissues was dried and burned. The tissues were frozen 
and coated with palladium, gold, and carbon. SEM, as described above, was 
performed and the microscopical images recorded.  

Imaging and analysis 
All images of the tissue sections in this thesis were taken by a fluorescence 
microscope (Olympus BX3) with a digital camera (Olympus DP80) and analysed 
with CellSens Dimension software (Olympus).  

The region of interest in the experimental sciatic nerve is described in detail in each 
paper; the site of lesion is determined as the area just distal to the most proximal 
suture line in the Paper I, III and IV. In Paper II, the site of the lesion is selected as 
3 mm distal to the proximal suture line within the regenerative matrix. The distal 
nerve end is determined as the area just distal to the point of the longest growing 
nerve fibres, which in Papers II and IV is the area just distal to the distal suture line. 

In Paper II, the macroscopic evaluation of the regenerative matrix was classified 
according to the thickness of the regenerative matrix; no matrix, loose matrix (<1 
mm) and dense matrix (≥ 1 mm). Also, the number of nerve cables (no cable, one 
full length cable and two cables) was presented.  

The immunohistochemical analysis is described in detail in each paper. As a 
summary, the images of the HSP27 staining were analysed with ImageJ program 
(U.S. National Institutes of Health, Bethesda, Maryland, USA). Axonal outgrowth 
was measured as the longest neurofilament protein staining starting from the 
proximal suture line. ATF3 and cleaved caspase 3 stained Schwann cells together 
with the CD68 and CD206 stained macrophages were counted manually and were 
expressed as percentage of total number of DAPI-positive cells within the selected 
area. DAPI cells were counted manually in Paper I, and with a ready plug-in 
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program in Image J in Paper II, III, and IV. ATF3 stained sensory neurons were also 
counted manually in the whole DRG section. For all immunofluorescence analyses, 
except for the macrophage analysis in Paper III, three random slides were selected 
from each rat and analysed, and a mean value was calculated.  

Statistical analyses 
The results in all papers are presented as median values with 25th and 75th percentiles 
and nonparametric tests - Kruskal Wallis test - were used to analyse the difference 
between experimental groups with the Mann–Whitney (MW) test used as a post hoc 
analysis. In Paper I, Fisher’s method for independent samples were used to identify 
difference between different surgical methods and health status of the rats.  

Wilcoxon signed rank test was used to detect any difference between the 
experimental and contralateral sides as well as between the proximal and distal 
lesion sites. Intra-rater reliability was conducted to ensure the analyses of the HSP27 
expression in two different measurements by one observer.  

To have a consistent analysis of the DAPI cell count, Blant Altman statistical 
analysis was performed for the data taken from 50 slides in which the DAPI positive 
cells were counted manually or with the previously described plug-in in Image J.  

Spearman’s correlation test was used to see the relation between variables, where a 
r-value >0.30 (i.e., >0.30–0.7 = moderate correlation; >0.70 = strong correlation) 
was set as relevant.  

Linear regression analyses were performed to evaluate the influence of predictive 
factors, such as health status in Paper I, the expression of HSP27 in sciatic nerve 
and in DRG (Paper I, II, III), the Schwann cell activity in the sciatic nerve (Paper 
II, III) and the macrophage activity (Paper III) on length of axonal outgrowth (i.e., 
neurofilament; dependent factor); represented as unstandardized Beta [95% CI] and 
the p-value. A 2x2 factorial ANOVA was conducted (Paper IV) to examine the 
effect of the health status and treatment on same parameters. A p-value of < 0.05 
was considered significant.  

Ethical Considerations 
Peripheral nerve injuries are still a major problem, a surgical challenge and the 
injuries give the patient a lot of suffering with decreased sensation and muscle 
strength as well as a high risk of pain and cold sensitivity. 
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The surgical repair or reconstruction procedures are not always successful, giving 
the individual extensive problems but also cause huge economical costs for the 
society while these serious nerve injuries mainly affect young working individuals.  

To gain new knowledge how cells and nerves react to an injury and repair, or 
reconstruction, is of major importance to be able to develop new surgical nerve 
repair and reconstruction methods. This can make it possible to improve the life 
situation for those men and women, with or without diabetes, who will get a 
peripheral nerve injury. It may also be possible to shorten the rehabilitation process 
and therefore may decrease the costs for both the individual and the society. To 
highlight these problems, I have conducted this thesis, which is composed of four 
different projects with subprojects involving different nerve injuries and repair or 
reconstruction models with different time of follow up. Besides different surgical 
methods that are used, new pharmacological agents, like PXL01, and nanoparticles 
are also introduced within these projects. I decided to conduct these projects in 
living subjects, and I chose to study rats. When there is a project that is conducted 
in a living being, the question that immediately arises, is why I chose to study nerve 
regeneration in living beings, in this situation rats. One should always explain the 
reason for the choice according to ethical guidelines and rules. Ethical 
considerations play an important role when conducting an experimental study, 
where the 3R concept - Replace, Reduce and Refine - must be met (Lee et al., 2020; 
Ogden et al., 2016; Taylor & Haycock, 2022). 

With the Replacement concept, one should try to replace a living being with the 
lowest possible species that allows the scientific study to answer all the questions. 
To be able to understand healing mechanisms, and to improve surgical methods, it 
is necessary to be able to study different types of injuries to a major nerve trunk in 
an animal limb. In vitro experiments cannot give answers to all scientific questions 
since the injury and surgical procedure cannot be performed in a test tube. It is also 
not possible to study the complex balance between different cells in a nerve trunk 
after an injury and in connection with diabetes in vitro. Cultured cells from animals, 
which are studied in a test tube model, are not behaving in the same way as in the 
living species.  

To Reduce is to decrease the number of living individuals included in the study to 
the lowest amount. By planning the experiments thoroughly with correct 
comparisons between different rats with various injuries, meticulous statistical 
calculation based on earlier research, it will be possible to reduce the number of rats 
and keep them to a minimal and adequate number.  

The Refinement is the concept that tries to alleviate or minimal pain and distress as 
well as to enhance wellbeing for the study. The rat has one major nerve, the sciatic 
nerve, in the hind leg that has the same size as a digital nerve in a human finger, 
which make the rat sciatic nerve model suitable for the present experiment. The 
healthy Wistar rat is suitable when the healing process can be compared with the 
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diabetic GK rats which spontaneously develop diabetic with a relative low blood 
sugar level, resembling type 2 diabetes in humans. Very careful controls of the rats 
are done daily by both researchers and animal personal after the surgery to be able 
to ensure the rats general health after the injury and the surgical repair or 
reconstruction, including provision of analgesics postoperatively. The follow-up 
times are kept as short as possible. The nerve injury in the rat is the same as in 
humans. The sciatic nerve injury in rats causes a disturbed sensation in the injured 
nerve distribution area and a decreased muscle function. This gives the rat an altered 
walking pattern after the injury. However, the rat usually adapts to this situation. 
The return of function is followed carefully. The pharmacological substances 
PXL01 and NPs have been used and studied in experimental and clinical studies 
earlier without detecting any negative reactions. The substances have not been found 
to be toxic to animals or humans. This is reasonable safe for the rats to examine if 
the substances have a positive effect on the healing mechanism after a nerve injury. 

The ethical consent for this thesis was approved as described above. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

“Science never solves a problem without creating ten more.” 
George Bernard Shaw 
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Results 

The results are summarised here, and for detailed information the reader is referred 
to the individual papers.  

Paper I. Injury-induced HSP27 expression in peripheral nervous tissue is not 
associated with any alteration in axonal outgrowth after immediate or delayed 
nerve repair.  

• In healthy and diabetic rats, various types of nerve injury and repair models 
increase HSP27 expression in the sciatic nerve and in DRG. 

• Diabetes is associated with an increased HSP27 expression in nerves and in 
DRG at the uninjured side.  

• Diabetes is associated with a decreased axonal outgrowth after injury in the 
different surgical models.  

• Immediate nerve repair has a positive effect on axonal outgrowth compared 
to an unrepaired nerve injury, but a nerve repair with a short delay has no 
influence on axonal outgrowth compared to immediate nerve repair.  

• The increased expression of HSP27 in the injured sciatic nerve or in the 
DRG at the injured side has no impact on axonal outgrowth. 
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Paper II. Gold and cobalt oxide nanoparticle modified poly-propylene poly-
ethylene glycol membrane in poly(ε-Caprolactone) conduits enhance nerve 
regeneration in sciatic nerve of healthy rats. 

• Modification of the used conduits, either with a membrane or with a NP 
modified membrane, used to bridge a nerve defect demonstrates longer 
axonal outgrowth.   

• HSP27 expression in the formed regenerative matrix in the conduits was 
higher in NP membrane conduits compared to hollow conduits.  

• Chambered conduits contain a higher number of activated Schwann cells in 
the formed regenerative matrix compared to hollow conduits.  

• Chambered conduits, used to bridge a nerve defect, have higher expression 
of HSP27 in the ipsilateral DRG compared to hollow conduit. 

• HSP27 expression in the regenerative matrix and in DRG has no influence 
on axonal outgrowth.  

• More activated Schwann cells in the regenerative matrix is associated with 
longer axonal outgrowth, whereas a higher number of apoptotic Schwann 
cells in the regenerative matrix has a negative impact on axonal outgrowth.  
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Paper III. PXL01 alters macrophage response with no effect on axonal 
outgrowth or Schwann cell response after nerve repair in rats. 

• PXL01 treatment causes fewer CD68 stained macrophages at the site of 
lesion and in the distal nerve end compared to treatment with the carrier 
solution (sodium hyaluronate) or to placebo (saline) but does not alter the 
anti-inflammatory CD206 stained macrophage count. 

• The number of CD68 stained macrophages is higher at site of lesion 
compared to the distal nerve end in all treatment groups.  

• Axonal outgrowth, HSP27 expression as well as activated and apoptotic 
Schwann cell counts do not differ between treatment groups.  

• A nerve injury and subsequent repair cause an increase in HSP27 expression 
and in the anti-inflammatory CD206 macrophage count in the operated 
sciatic nerve compared to contralateral side.  

• The percentage of activated sensory neurons and the HSP27 expression in 
the sensory neurons in DRG do not differ between the treatment groups. 

• An increased apoptotic Schwann cell count in the distal nerve end has a 
positive impact on axonal outgrowth whereas presence of CD68 stained 
macrophages in sciatic nerve does not influence axonal outgrowth. 
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Paper IV. Lactoferrin-derived peptide PXL01 impacts nerve regeneration 
after sciatic nerve reconstruction in healthy and diabetic rats 

• Reconstruction of a nerve defect with a nerve autograft is associated with 
an increased expression of HSP27 in the operated sciatic nerve compared 
to the contralateral nerve in both treatment modalities (PXL01 or saline) 
and health status (healthy and diabetes).  

• Activated Schwann cell count is higher in the sciatic nerve (both at lesion 
site and in distal nerve end) in healthy rats compared to diabetic rats in each 
treatment group. 

• Factorial ANOVA analyses show that both health status (being diabetes) 
and treatment (PXL01 treatment) influence axonal outgrowth, activated 
Schwann cells at the site of lesion, CD206 macrophage count in the 
unoperated contralateral sciatic nerve and the HSP27 expression in the 
contralateral DRG. 

• Local treatment with PXL01 of a nerve autograft reconstructed sciatic nerve 
injury improves axonal outgrowth together with an increase in the HSP27 
ratios in the DRG both in healthy and diabetic GK rats.  

• Diabetes decreases axonal outgrowth and number of activated Schwann 
cells at site of lesion and in distal nerve end. Diabetes also decreases number 
of activated sensory neurons in DRG but increases HSP27 expression in 
uninjured DRG and sciatic nerves with some effects on the pro-
inflammatory and pro-healing macrophages in the sciatic nerve. 
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Discussion 

The present thesis focuses on axonal outgrowth and the cellular responses after 
sciatic nerve injuries and various surgical procedures, particularly on Schwann cells 
and macrophages, together with expression of one of the Heat Shock Proteins, 
HSP27, belonging to the family of chaperones that are involved in protein folding, 
assembly, translocation and degradation in intracellular processes. The nerve 
regeneration processes were investigated after no nerve repair, immediate nerve 
repair, delayed nerve repair, reconstruction of a nerve defect with nerve autografts 
or with modified bioengineered conduits, and finally after local application of a 
pharmacological agent, PXL01, which potentially can stimulate axonal outgrowth 
in both healthy and diabetic GK rats. I focused on early regenerative events after 
nerve injury and repair or reconstruction. The achieved results will be discussed 
related to the time factor of nerve repair, including if a repair should be done at all, 
possibilities to improve nerve regeneration concerning the “tube concept” with 
modification of membranes, the option of using a locally applied pharmacological 
peptide to stimulate nerve regeneration after nerve repair or nerve reconstruction 
and finally discussing the impact of diabetes in some of the regeneration models.   

Time schedule for repair of a nerve injury and relation to 
HSP27 expression 
One focus, especially in Paper I, was the expression of HSP27 and its association 
with axonal outgrowth on different timelines after injury and with or without 
immediate nerve repair, or a delayed repair, in healthy Wistar and diabetic GK rats. 
HSP27, a member of heat shock protein family, already exists in CNS, spinal cord 
and in primary sensory neurons in physiological conditions as previously observed 
in experimental studies (Costigan et al., 1998). In addition, HSP27, is observed in 
human nerve biopsies from the forearm from healthy and diabetes type 1 and 2 
human subjects, indicating its clinical relevance (Ising et al., 2023). Blood samples 
from type 1 and type 2 diabetic patients have shown that higher levels of serum 
HSP27 are related to better nerve function and fewer signs of neuropathy 
(Pourhamidi et al., 2011; Pourhamidi et al., 2014), which points out the 
neuroprotective effect of HSP27 rather than directly interacting with axonal 
outgrowth as in the present thesis. Experimental studies have also demonstrated that 
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HSP27 is increased in sensory neurons after axotomy (Costigan et al., 1998). It is 
antero- and retrogradely transported and is present in Schwann cells in accordance 
with previous (Hirata et al., 2003) and present findings. This is further indicated by 
the higher ratio of HSP27 at the site of lesion compared to the distal nerve end, 
indicating the presence of HSP27 where outgrowing axons interact with Schwann 
cells.   

Experimental and clinical studies point to a neuroprotective and a regeneration 
supportive act of HSP27 expression in general (Benn et al., 2002; Nakagomi et al., 
2003; Pourhamidi et al., 2011; Read & Gorman, 2009). However, there is a lack of 
information about HSP27 expression at the site of lesion and in the distal nerve end 
as well as in the DRG in relation to different nerve injury and repair or 
reconstruction models. I aimed to highlight these issues in the present thesis, such 
as a delayed nerve repair (Paper I), as well as the interaction of HSP27 with 
Schwann cell activity (Paper II, III, IV) and presence of macrophages (Paper III, IV) 
in nerve reconstruction with nerve autografts and conduits. In Paper I, III and IV, I 
confirmed by double staining with S100 and neurofilament that HSP27 exists in 
both axons and Schwann cells. HSP27 was differently expressed at the site of lesion 
and in the distal nerve end in Paper I and II, which could be explained by the 
different interaction between axons and Schwann cells in the nerve and in the 
regenerative matrix.   

In the current thesis, I did not see any association with axonal outgrowth after sciatic 
nerve injury and immediate or delayed nerve repair as well as in conduit or nerve 
autograft reconstructed models to the expression of HSP27 in healthy or diabetic 
GK rats, despite its profound upregulation after the nerve injury. Comparison of the 
7 days follow up after an immediate nerve repair or a delayed nerve repair of 7 days 
revealed no difference in axonal outgrowth despite a higher expression of HSP27 at 
site of lesion after a delayed nerve repair. In addition, comparison of the 14 days 
follow up with no to immediate nerve repair revealed, as expected, a longer axonal 
outgrowth after immediate nerve repair as well as a higher HSP27 after no nerve 
repair at site of lesion; the latter possibly as a response to the injury.  

The nerve repair model with a delay of 7 days can be considered as an early-delayed 
nerve repair model. A previous publication has reported an impaired axonal 
outgrowth after a delayed nerve repair (14 days), which may be due to a decreased 
presence of p-ERK1/2 in Schwann cells as well as other changes with decreased 
activation and an increased apoptosis of Schwann cell in the distal nerve end (Tsuda 
et al., 2011), thereby with a diminished Schwann cell support for the outgrowing 
axons. In addition, a decrease in activated and an increase in apoptotic Schwann 
cells have been detected after a delayed nerve repair of 30 days (Saito & Dahlin, 
2008). In an experimental study with different timelines of a delayed nerve repair 
(1, 4, 6, 8 or 12 weeks) that was compared with immediate nerve repair using nerve 
action potential as an outcome, the threshold for a delay was presented to be 4 weeks 
and should not be more than that (Wu et al., 2013), which is supported by the 
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experimental studies of activated and apoptotic Schwann cells (Saito et al., 2009). 
Other authors have in experimental studies evaluated longer periods of a delayed 
nerve repair with analyses of muscle atrophy and Schwann cell count, indicating 
that the critical time point for a poor outcome is 3 months in rats (Jonsson et al., 
2013). Hypothetically, one should also expect an altered expression of HSP27 in a 
delayed nerve repair, which may affect the axonal outgrowth. In the present thesis, 
I detected an increased HSP27 expression at the site of lesion in sciatic nerve and in 
DRG after a delayed nerve repair compared to immediate repair, but the increase in 
HSP27 expression did not influence axonal outgrowth (Paper I).  

Together, these data suggest that a delayed nerve repair alters the cellular and 
molecular response in the nerves with induction of HSP27. However, an impaired 
axonal outgrowth was observed if no repair (i.e., just leave the nerve ends) was 
performed. The data supports an opinion that an injured nerve should be repaired 
clinically (Jain et al., 2019) and that, according to the discussion above, a “best 
before date “ of not more than 4 weeks is at least recommended; probably shorter 
for technical reasons. However, based on surgical and technical reasons, a nerve 
injury should promptly be repaired. Even though there are cases in literature that 
show recovered sensory function after an unrepaired injured digital nerve, the risk 
of neuroma formation after the injury remains unresolved (Poppler et al., 2018) and 
a high risk for persistent pain problems, despite further surgery, exists (Dahlin, 
Gudinge, et al., 2023; Dahlin, Zimmerman, et al., 2023). To summarize, in all the 
studies presented in this thesis I found no association between axonal outgrowth and 
the levels of HSP27 expression.  

Why does a nerve repair or a nerve reconstruction fail?  
Despite reports in various studies, stating that an effective nerve repair can be 
performed with the aid of an operating microscope, outcome after nerve injury and 
repair or reconstruction is insufficient (Grinsell & Keating, 2014; Midha & 
Grochmal, 2019). Several factors explain an unsatisfactory outcome, such as that i) 
the proximal nerve end cannot appropriately support axonal growth; ii) not all axons 
grow through the suture gap or the bridged defect and reach the distal nerve end; iii) 
the outgrowth of the axons is misdirected; iv) the speed of the outgrowth is relatively 
slow in comparison to the degeneration process in the distal nerve end (Jessen & 
Mirsky, 2019; Krishnan et al., 2024).  

Axonal outgrowth is calculated to 1-3 mm/day in humans but may be higher in rat 
sciatic nerves (Danielsen et al., 1995; Kerns et al., 1993). Chronic denervation with 
a resulting slow outgrowth of axons to the targets causes target atrophy, and with a 
risk that some specific neurons also gradually die and cannot longer support the 
outgrowing axons (Hoke, 2006; Sulaiman & Gordon, 2013). As a part of these 
points, the intention of Paper III and IV was to improve the outgrowth of the axons 
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based on data from the clinical study of flexor tendon surgery with the sub-analyses 
of the injured digital nerve injuries (Wiig et al., 2014). However, as the outcome in 
Paper III showed, no positive effect on axonal outgrowth was observed in short term 
despite a clear effect on the treatment with a diminished response of the CD68 
stained macrophages. In contrast, a positive effect of the PXL01 treatment was 
observed in nerve autografts (Paper IV), where data indicated an improved length 
of axonal outgrowth at the investigated time point. The mechanism(s) of this effect 
cannot clearly be defined, although the treatment showed an effect on the HSP27 
expression ratio in DRG. However, as indicated in Paper I, HSP27 expression is not 
related to axonal outgrowth, but may be neuroprotective. 

Another important factor that controls the success of nerve regeneration is the distal 
nerve end, which gradually loses its ability to support the outgrowing axons through 
the reduction of the Schwann cell population or by the fading of the “repair Schwann 
cells” (Jessen & Mirsky, 2019). Unfortunately, the speed of axons cannot meet the 
rate of degeneration and alterations of Schwann cells, therefore the regeneration 
fails. The interaction between the Schwann cells and the neuron and its axon is 
crucial. Schwann cells need the axonal contact to hold their “repair” status, why 
their ability may be reduced over time if regeneration fails. New formation of 
capillaries, for example by stimulation of the macrophages, helps to align the 
Schwann cells thereby forming guidance cues for the outgrowing axons (Krishnan 
et al., 2024). The outgrowth of axons may therefore be associated to the 
microcirculation and formation of capillaries as well as to the proliferation and 
migration of Schwann cells in the distal nerve end. Therefore, models that evaluate 
nerve regeneration after a delayed nerve repair should be included in research to 
better understand failure mechanisms in such situations.  

In Paper I, I evaluated axonal outgrowth and HSP27 expression in different surgical 
nerve repair models with focus on any failure mechanism(s) related to no nerve 
repair (such as in a situation where the nerve is not repaired at all for different 
reasons), immediate nerve repair (an optimal situation) and a delayed nerve repair 
(a “suboptimal” situation depending on the time after injury). Immediate nerve 
repair was superior with axonal outgrowth compared to no nerve repair, but 
interestingly a shortly (i.e., 7 days) delayed nerve repair had no negative impact on 
axonal outgrowth, indicating similar axonal outgrowth as after the immediate nerve 
repair despite the mentioned increased HSP27 expression. Again, whether a delayed 
nerve repair of 7 days has any influence on nerve regeneration in a clinical situation 
yet needs to be clarified (Jain et al., 2019; Kim et al., 2018; Kusuhara et al., 2019; 
Weber & Isaacs, 2023). Nerve reconstruction with a conduit also lacks an 
endoneurial structure that is vital for Schwann cells and outgrowing axons (Cattin 
& Lloyd, 2016; McMorrow et al., 2024; Pan et al., 2020), which is another factor 
that diminish the nerve regeneration process in conduits if the distance in the conduit 
is too long. Therefore, I included models with membranes with different 
nanoparticles to improve the nerve regeneration process in conduits (Paper II). 
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Sprouting of outgrowing axons responds to guidance cues in the regenerating 
environment and Schwann cells help to attract or to repel outgrowing axons with 
chemical substances, such as VEGF-1 (attracts motor axons), BDNF, NT-3, NGF, 
and GDNF (attracts sensory axons) (Bolívar et al., 2020). Thus, that was also the 
attempt to modify the conduits with inserted membranes with “cues” of 
nanoparticles in Paper II, a procedure that had a positive effect on nerve 
regeneration. Still, even a modified conduit has a limited effect on nerve 
regeneration in shorter nerve defects.  

In reconstruction of a nerve defect with a conduit, a nerve autograft or a PNA, the 
problem of hypoxia must be considered. The formed regenerative matrix within a 
conduit as well as the environment in the PNA or in the nerve autograft are all 
initially avascular; thus, a hypoxic environment for the outgrowing axons and the 
surviving, migrating and proliferating Schwann cells. Even if angiogenesis starts 
early, interestingly through the macrophages, by secretion of substances, such as 
VEGF (Cattin et al., 2015), it takes time until new capillaries are formed, basically 
from the proximal and distal ends of the conduit or graft and provides blood supply 
to the outgrowing axons and the Schwann cells. The outcome of hypoxia is a 
diminished axonal outgrowth, which is probably more pronounced in conduits than 
in nerve autografts and in particular compared to an immediate nerve repair in which 
the distal nerve end is well vascularized (Pan et al., 2020). As a part of these points, 
the intention of Paper IV was to improve the outgrowth of the axons in an autograft 
reconstructed model. Paper III with primary repair model showed no positive effect 
on axonal outgrowth in short term despite a clear effect of the local PXL01 treatment 
with a diminished response of the CD68 stained macrophages. In contrast, a positive 
effect of the PXL01 treatment was observed in nerve autografts (Paper IV), in which 
a hypoxic environment is present initially, and data indicated an improved length of 
axonal outgrowth at the investigated time point. The mechanism(s) of PXL01 
treatment effect, especially in the nerve autograft reconstruction model, will be 
discussed in a later section.   

Attempts to overcome failures of nerve regeneration 

Modification of conduits in nerve regeneration 
Different methods of modification of conduits have been discussed. One 
modification is to increase the luminal surface by diving the conduit into a variety 
of small or larger “chambers” as in Paper II (Johansson & Dahlin, 2014). Division 
of the lumen may help to guide the outgrowing axons and the migration of Schwann 
cells. Previous studies have shown that dividing a conduit into two chambers by a 
membrane gives a promising result regarding axonal outgrowth and functional 
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outcome almost reaching the level of functional outcome of nerve autografts (Meyer 
et al., 2016). Another study indicated a better axonal outgrowth and an improved 
functional outcome with one inserted film compared to three films (Clements et al., 
2009). In accordance, a superiority, with respect to function and histochemistry of 
one channel in a NeuraGen® conduit, bridging a 10 mm nerve defect in rats, 
compared to two to four channels, have been reported (Yao et al., 2010). 

I designed a PCL conduit and modified it with one membrane that was made of 
Poly-propylene-polyethylene glycol (PPEG) and additionally enhanced it with gold 
and gold-cobalt-oxide NPs (Paper II). In accordance with reports in the literature, 
the chambered conduit with a PPEG membrane led to a longer axonal outgrowth at 
the investigated time point of 21 days. I chose PCL as a material for the conduit 
because of its highly hydrophobic properties, its slow degradation rate, its rigidity 
and being transparent which makes it easier to suture (Assaf et al., 2017; Taylor & 
Haycock, 2022; Ulery et al., 2011). A co-polymer of PCL, known as Neurolac®, 
has been used in a rat study with a 15 mm sciatic nerve defect. At follow up at 2 
years after surgery, data showed axonal outgrowth but still with observed remnants 
of the conduit and a foreign body reaction present (Meek & Jansen, 2009). A clinical 
study using Neurolac® to bridge up to 20 mm nerve defects is reported to 
successfully support nerve regeneration and with a recovery of sensibility as good 
as after a primary nerve repair up to one year after surgery (Bertleff et al., 2005; 
Kehoe et al., 2012). Later, PCL conduits have been modified by carbon and 
graphene NPs that seem to speed up degradation rate (Assaf et al., 2017). In 
addition, Reid et al reported nearly a similar axonal outgrowth compared to nerve 
autografts in rats 18 weeks after implantation with hydroxide treated PCL conduits 
(Reid et al., 2013) but with lighter muscle weight compared to the nerve autograft, 
indicating a diminished functional outcome. Based on these data, PCL was used in 
Paper II with the intention to modify it and to further improve nerve regeneration. 
Previous publications, together with the present data (Paper II), indicate that a 
mechanical modification may improve nerve regeneration, but functional outcome 
may still be insufficient. Thus, there is a need for further enhancement of the design 
of conduits, such as increasing the hydrophilicity and increasing the cellular 
adhesions.  

Initially, I conducted a pilot study with different polymer membranes and NPs to 
analyse how different nanoparticles (i.e., silver, gold and gold cobalt oxide) on a 
polymer composite membrane (PPEG or PHUPNIPAM) with a 10 mm or a 15 mm 
nerve defect model may affect nerve regeneration. The best result with the longest 
axonal outgrowth was observed in the 10 mm nerve defect model with a PPEG 
membrane and gold and gold-cobalt oxide nanoparticles (Paper II, supplementary 
file). Therefore, I chose to divide the present conduit into two chambers with a 
membrane made by PPEG, which is a hydrophilic and biocompatible polymer and 
a good carrier for integrating NPs (Hazer et al., 2011; D. B. Hazer et al., 2012; Hazer 
et al., 2016). Polyethylene glycol (PEG) can be neuroprotective by silencing 
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oxidative stress on neurons (Papastefanaki et al., 2015) and can also facilitate axonal 
outgrowth as a conduit (Mokarizadeh et al., 2016). Recent clinical (Bamba et al., 
2016) and experimental studies (Paskal et al., 2019) with PEG fusion may enable 
rapid fusion of nerve ends with promising outcome with respect to axonal 
regeneration and prevention of Wallerian degeneration.  

I detected a longer axonal outgrowth in the chambered conduits compared to the 
hollow conduits. In almost half of the rats, I detected two full-length cables, and the 
second cable revealed axonal outgrowth and Schwann cell response as well as 
HSP27 expression that mimic the main regenerated cable at the follow up of 21 
days. This phenomenon can be explained by a high hydrophilicity of the PPEG 
membrane, supporting cellular attachment and permitting molecular 
communication in between chambers (Qian et al., 2021). Immunohistochemical 
analysis showed that the membrane chambered conduits, compared to hollow 
conduits, attracted more activated (i.e., ATF3 stained) Schwann cells to the 
regenerative matrix and even induced a higher HSP27 expression in the distal nerve 
end compared to hollow conduit, highlighting a neuroprotective effect. However, 
like in Paper I, there was no direct impact of HSP27 expression in the regenerated 
matrix or in DRG on axonal outgrowth (Paper II). Again, this information suggests 
that HSP27 expression in axons and in Schwann cells, together with the sensory 
neurons and surroundings in DRG, acts mainly as a neuroprotective protein rather 
than a protein that stimulates axonal outgrowth. 

Additional modification of the membrane with nanoparticles – with gold and gold -
cobalt-oxide – improved the length of axonal outgrowth at the investigated time 
point. AuNPs were a good candidate for biomedical applications due to its inert and 
non-immunogenic character, its good biocompatibility and its relatively low toxicity 
(Paviolo & Stoddart, 2017). Several studies have shown an enhanced nerve 
regeneration, such as successful axonal outgrowth on electrospun nanofibers coated 
with Au nanoparticles (Baranes et al., 2016), silk fibres coated with Au NPs 
attracting and facilitating adhesion of Schwann cells without toxicity at 18 months 
(Das et al., 2015), and even stem cell modified conduits with continued secretion of 
gold nanoparticles (Jahromi et al., 2020). On the other hand, a magnetic 
nanoparticle, cobalt oxide, is used as an anticancer agent (Huang et al., 2020), being 
most active intracellularly by increasing cleaved caspase 3 activity in leukemic cells 
(Chattopadhyay et al., 2014). Although there is no published information 
concerning application of cobalt-oxide nanoparticles in peripheral nerve research, 
the results in Paper II indicate that modification of the nanoparticle-embedded 
membranes attracted more activated Schwann cells to the regenerative matrix 
together with a higher HSP27 expression with the former probably be the factor that 
drives the significantly longer axonal outgrowth compared to hollow and non-
modified PPEG membrane chambered conduits. Additionally, CoO nanoparticles in 
the PPEG membrane (Paper II) decreased the amount of cleaved caspase 3 stained 
Schwann cells in the regenerative matrix and this low apoptotic Schwann cell count 
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had a direct positive influence on axonal outgrowth. Hypothetically this can be 
explained as:  NPs applied on a suitable membrane may form nano-islands, inducing 
a change on the surface of the membrane, which facilitates attachment of Schwann 
cells. This may help the Schwann cells to stay in an activated state rather than an 
apoptotic state leading to an enhanced axonal outgrowth. There may be negative 
effects of using NPs in conduits. Toxicity of NPs is one disadvantage of the 
biomedical application (Paviolo & Stoddart, 2017; Soderstjerna et al., 2014). Metal 
NPs in high concentrations, especially silver nanoparticles, cause oxidative stress 
on cells and production of reactive oxygen species, leading to disruption of the cell 
membrane, DNA damage and cell death (see Background). In Paper II, I used gold 
and cobalt-oxide NPs, because gold NPs are inert metal NPs. However, cobalt oxide, 
which can activate apoptosis and oxidative stress mechanisms itself, causes cellular 
toxicity why it is used in cancer treatment. Two factors can be involved in the 
mechanism(s) of toxicity of metal NPs. First, the intranuclear activity of the NP and 
second, the degree of the release of the NPs from the nanocomplex (Chattopadhyay 
et al., 2014; Paviolo & Stoddart, 2017). In Paper II, the size of the gold and cobalt-
oxide nanoparticles were greater than 50 nm (i.e., around 70–100 nm), and they 
were embedded into the PPEG membranes, which probably increased their stability. 
Furthermore, I did not detect any traces of nanoparticles systemically at 21 days of 
the implantation, indicating a low risk for a general toxicity.  

Pharmacological treatment to improve nerve regeneration 
As I have mentioned in the background section, there have been several agents used, 
both clinically and experimentally, to influence nerve regeneration (Rayner et al., 
2022). Unfortunately, usage of some of all mentioned substances may be limited 
due to systemic side effects (Rayner et al., 2022). These adverse systemic effects 
could be due to a rather slow axonal outgrowth that needs to be met with long term 
treatment periods. Therefore, to choose a local administration method could be a 
solution to the problem. I used local application of PXL01 in the present study; a 
substance that has been used clinically without any adverse effects and with 
indications of an improved axonal outgrowth after a digital nerve injury in humans 
(Wiig et al., 2014). In the future, one may develop a carrier system, such as a 
biodegradable polymer, that releases a drug at a rate that cover the regeneration 
time.  

Nerve repair model 
PXL01, the lactoferrin-derived peptide, shows an improvement of sensory nerve 
function in patients with a digital nerve injury (Wiig et al., 2014). Its anti-adhesive 
effect is due to an indirect increased expression of lubricin, which in turn decreases 
mRNA expression of IL-1, IL-6 and IL-8 observed in the tendon sheaths in flexor 
tendon surgery (Edsfeldt et al., 2017). PXL01 also activates the plasminogen 
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activating system (Siconolfi & Seeds, 2001). Tissue plasminogen activator (tPA) 
enhances Schwann cell migration and axonal regrowth by degrading the 
extracellular matrix (Klimovich et al., 2021). In cell culture, growth cones of 
regenerating axons secrete proteases, specifically plasminogen activators (PAs), 
which are believed to facilitate growth cone movement by digesting extracellular 
matrices and cell adhesion molecules (Klimovich et al., 2021). After a nerve crush 
injury, PA activity is detected hours after the injury and stays active until day 7 
within the regenerating axons (Siconolfi & Seeds, 2001). I designed two studies 
with the intention to evaluate effects of PXL01 - an immediate nerve repair model 
in healthy rats (Paper III) and a nerve autograft model in healthy and diabetic rats 
(Paper IV), focusing on a variety of cellular responses. In the nerve repair model, 
PXL01 had no impact on axonal outgrowth, Schwann cells response or HSP27 
expression, neither in the sciatic nerve nor in DRG. However, it inhibited the 
recruitment of activated-invading (i.e., CD68 stained) macrophages at 6 days 
without any alteration in the number of M2 pro-healing macrophages (i.e., CD206 
stained). Recruited macrophages reach a peak within a week after injury, which is 
crucial for proper axonal regrowth by the cleaning of the debris in Wallerian 
degeneration (Cattin & Lloyd, 2016). The decrease in invading macrophages at site 
of injury without their polarization to pro-healing macrophages can potentially be 
explained by PXL01 preferentially inhibits production of inflammatory cytokines, 
such as IL-1 and IL-6 (Edsfeldt et al., 2017), but has no effect on IL-10 that 
contributes to the polarization of M2 macrophages (Liu et al., 2019). However, this 
macrophage inhibition did not directly have any negative effect on axonal outgrowth 
at 6 days after the repair of the nerve injury. This may be due to PXL01 not altering 
the Schwann cell activity and HSP27 expression in the operated sciatic nerve and 
points that the unaltered population of M2 macrophages has somehow a protective 
effect. Maybe, a longer time is needed to see a change in axonal outgrowth. The 
inhibitory effect of macrophages brings another curiosity that PXL01 may behave 
in another way in a different nerve injury model, such as reconstruction with a nerve 
autograft or a scaffold in a nerve defect model (i.e., Paper IV).  

Nerve reconstruction model 
The regenerative events in a nerve autograft used to reconstruct a nerve defect are 
different in which there is a non-vascularized section, which creates an initial 
hypoxic environment for the present and possibly migrating and proliferating 
Schwann cells as well as the outgrowing axons (see Background). The sprouting 
axons, with their growth cones, need to pass through this hypoxic environment in 
close interaction with the Schwann cells that remain after the surgical graft 
procedure. During this process, macrophages again play a crucial role by invading 
the area and secreting several substances, like VEGF, which help angiogenesis 
(Cattin & Lloyd, 2016). Additionally, newly formed endothelial cell cords serve as 
a track that also helps to physically align the Schwann cells and the outgrowing 
axons during the nerve regeneration process (Cattin & Lloyd, 2016; Krishnan et al., 
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2024). One may speculate that PXL01 can influence the macrophages in another 
way in the nerve autografts. Surprisingly, I did not find any differences in numbers 
of CD68 or CD206 stained macrophages in the nerve autografts with or without 
PXL01 treatment (Paper IV). An inhibition of numbers of activated Schwann cells 
by PXL01 was detected. Schwann cells need oxygen to survive before the 
angiogenesis starts. Such revascularization starts approximately 3 days after an 
autologous nerve reconstruction in rabbits (Penkert et al., 1988; Tiam M. Saffari et 
al., 2020). Hypothetically, PXL01 may affect the angiogenesis of the nerve 
autografts, which may subsequently delay that process. Therefore, the activated 
Schwann cells may not proliferate until the time that new vessels are formed. 
Surprisingly, the decreased Schwann cell activity did not have any negative impact 
on axonal outgrowth; instead PXL01 facilitated axonal outgrowth which may be 
due to the activation of the PA system. However, I did not analyse the plasminogen 
activating system in sciatic nerves in this thesis. Facilitated axonal outgrowth in 
nerve autografts by PXL01, but not in a nerve repair model, supports the findings 
that PXL01 may be more important in a hypoxic microenvironment. This also may 
suggest that PXL01 could be more effective in conduits used to reconstruct nerve 
defects.  

Additionally, PXL01 treatment increased M2 macrophage activity in the 
contralateral nerve and this increase affected the ratio of M2 macrophages in the 
distal nerve end which caused a decrease by the PXL01 treatment. Together with 
the data that PXL01 decreases HSP27 expression in the contralateral DRG, again 
an increase in HSP27 ratio in the DRG was observed, indicating somehow a 
neuroprotective effect in the nerve autograft reconstructed model (Read & Gorman, 
2009). If the distant neuroprotective effect present in DRG, and in the contralateral 
sciatic nerve as pro-healing macrophages, are processes that have any impact on the 
improved axonal outgrowth by PXl01 is not known; probably being less likely. I 
could not detect any similar effect in the model with nerve repair in the healthy rats, 
which again implies that PXl01 reacts more efficiently in a hypoxic environment. 

Diabetic rat models for nerve regeneration 
As the prevalence of diabetes increases in the world (Feldman et al., 2017; Gregory 
et al., 2022; Sun et al., 2022), it is important to understand the cellular and molecular 
interaction of nerve regeneration in diabetes. Subjects with diabetes are active and 
have a professional life with a risk of a peripheral nerve injury. In addition, the 
understanding of the degeneration and regeneration processes in diabetes, 
particularly in the presence of neuropathy, is crucial (Albers & Pop-Busui, 2014; 
Dahlin, 2023; Eid et al., 2023).  

In the literature, most experimental models with a nerve injury is performed in rats 
with streptozotocin-induced diabetes (Lee et al., 2015; Nishida et al., 2013), which 
in review articles considered to mimic mostly type 1 diabetes, with a toxic 
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destruction of the beta cell islands in the pancreas, causing high blood glucose levels 
and a katabolic condition (Biessels et al., 2014; Talukdar & Basumatary, 2023; M. 
Yorek, 2022; Yorek, 2016). “Multi-low dosing” streptozotocin-induced diabetes is 
more often used as a diabetes model, causing more stable clinical condition without 
cachexia. There is generally criticism against this streptozotocin-induced diabetes 
model because of the presence of non-specific effects on kidney and nerve tissue 
(Yorek, 2016). However, there are reports on nerve regeneration after a nerve injury 
with this model that presents an impaired axonal outgrowth over time (Nishida et 
al., 2013; Sango et al., 2017; Terada et al., 1998). Another alternative of a diabetic 
rat model is the genetic model with spontaneously developed diabetes in 
Biobreeding (BB)-rats. They exhibit even higher blood glucose levels and in short-
term nerve injury models it is considered to also mimic diabetes type 1 (Talukdar & 
Basumatary, 2023; M. A. Yorek, 2022). However, for longer time periods, there is 
need for insulin injections, which makes it more difficult to judge the effect of 
diabetes on nerve regeneration. A nerve transection injury with an immediate nerve 
repair model in BB rats shows a similar axonal outgrowth as in healthy rats despite 
a significantly higher number of activated and apoptotic Schwann cells both at site 
of lesion and in the distal nerve end compared to healthy rats (Stenberg et al., 2012).  

I used the genetically modified rats – the GK rat model - to imitate diabetes (Paper 
I, IV), which more resembles type 2 diabetes with relatively moderate blood glucose 
levels in humans, thereby not requiring additional insulin treatment despite a long 
follow up. The used rats were around 8 weeks old, with a weight of around 200 gr, 
and therefore at a relative young adult age in the rat´s life span (Sengupta, 2013). 
From the age of 2 weeks, they start to have a glucose intolerance and by 4 weeks 
hyperglycaemia is found and later early stages of diabetic neuropathy are reported 
in adult rats (Talukdar & Basumatary, 2023). Thus, the used diabetic rat model is a 
suitable model to investigate nerve regeneration in conjunction with different 
techniques to stimulate such a process as previously reported (Stenberg et al., 2016; 
Stenberg et al., 2017). 

Nerve regeneration in the diabetic Goto-Kakizaki model 

Axonal outgrowth 
Diabetes was associated with a decreased axonal outgrowth after immediate nerve 
repair (Paper I). In addition, probably as a response to a subclinical neuropathy, 
HSP27 expression was higher in the contralateral uninjured nerve and in DRG 
among the diabetic rats compared to the healthy ones, indicating that diabetic rats 
may be a suitable model to investigate the effects of diabetes on nerve regeneration 
with a clinical implication (Paper I). Previous data from our research group, 
evaluating nerve regeneration up to 21 days in nerve reconstruction using hollow 
chitosan conduits compared to reconstruction with nerve autografts, revealed that 
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not only autologous nerve grafts were superior to hollow chitosan conduits, but that 
diabetic GK rats showed a longer axonal outgrowth compared to healthy rats 
(Stenberg et al., 2016). Even a delayed nerve reconstruction in a 15 mm long nerve 
defect that is reconstructed by a chitosan conduit, reinforced with a porous 
membrane, shows a better nerve regeneration process in GK rats, where the nerve 
defect is bridged by a nerve autograft or a chitosan conduit (Meyer et al., 2016; 
Stenberg et al., 2017). In both studies, the follow-up time was longer than the time 
I have analysed in Paper I and IV. This fact could be reason why there was a shorter 
axonal outgrowth in diabetic rats in the present thesis, especially in delayed nerve 
repair. Overall, this indicates that it is important to investigate nerve regeneration in 
different rat models, such as diabetic rat models, for a better overview of novel nerve 
repair and nerve reconstruction methods as indicated in the studies of PLX01 
treatment (Paper III, IV). No effect of PLX01 was observed after immediate repair 
of a sciatic nerve injury in healthy rats (Paper III), but an improved axonal 
outgrowth was seen in the nerve autografts after treatment with PLX01 where both 
healthy and diabetic GK rats were used (Paper IV).  

In summary, axonal outgrowth in nerve autografts after nerve reconstruction in 
diabetic rats in short term (8 days), with and without treatment with PXL01, is 
shorter that  healthy rats, which is opposite to data where diabetic rats are followed 
for longer time (21 days) (Stenberg et al., 2016). Current data may indicate that the 
time required to prepare the environment of the autograft in diabetes takes longer, 
where the nerve regeneration process initially is impaired in diabetic rats but over 
time improves (Stenberg et al., 2016).  

HSP27 expression 
Diabetic rats showed a higher HSP27 expression in the uninjured nerves at the 7 
days follow up and an even higher expression at the site of lesion at 7- and 14-days 
follow up. The former finding was later supported in Paper IV with higher detectable 
HSP27 expression in the contralateral uninjured sciatic nerve. The question is if this 
reaction comes from “the physiological” state of expression that already is in the 
body or that there is also a reaction to the injury in the contralateral uninjured nerve. 
To answer this question, I conducted a pilot study with sham operated and naïve rats 
(for details see Method section) in healthy and diabetic rats. The results showed that 
in sham operated healthy and diabetic rats there was HSP27 expression in both sides 
of the sciatic nerves (sham operated side and unoperated side) and of DRG. 
Statistical analyses were not conducted but HSP27 expression was similar in both 
sides in both sciatic nerve and DRG.  In naïve rats, HSP27 expression was also 
detected in sciatic nerve and in DRG. The intensity of the HSP27 expression in naïve 
rats was similar to sham operated rats (statistical analysis not conducted). When 
HSP27 expression in sciatic nerve and in DRG of sham operated and naïve rats were 
compared to the contralateral-uninjured side of the pharmacologically treated nerve 
injury-repaired rats, sham operated, and naïve rats revealed a trend to less HSP27 
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expression (again no statistical analysis was conducted). There was not enough data 
to analyse any difference between healthy and diabetic rats with respect to HSP27 
expression in sham operated or naïve rats. This entity about the sensing of the injury 
by the contralateral side has also been reported by others with detection of higher 
levels of transcription factors and increased growth-related gene expression together 
with increased axonal growth capacity in the contralateral or distant DRG after 
injury or in sciatic nerve (Hashimoto-Torii et al., 2018; Verge et al., 2020). The 
authors point out the importance of including naïve and sham operated individuals 
in the project planning (Hashimoto-Torii et al., 2018; Verge et al., 2020). The 
relative higher expression of HSP27 in the diabetic GK rats is in accordance with a 
clinical study postulating that decreased serum levels of HSP27 relates to impaired 
nerve function (Pourhamidi et al., 2014). A slight, but insignificant, increase in 
HSP27 is also seen in human nerve biopsies in type 1 diabetes compared to healthy 
subjects and subjects with type 2 diabetes (Ising et al., 2023). HSP27 is probably 
active in “prevention” or “compensation” of the mechanism(s) involved in diabetic 
neuropathy in humans (Pourhamidi et al., 2011). The contralateral effect on HSP27 
expression in diabetic GK rats can still be interpreted as a reaction to a probable 
onset of subclinical diabetic neuropathy (Murakawa et al., 2002). Diabetes is 
reported to correlate and be associated with a diminished axonal outgrowth by other 
(Kennedy & Zochodne, 2005; Stenberg et al., 2012) and present (Paper I) studies, 
but HSP27 expression does not have any impact on axonal outgrowth (Paper I, IV).  

Schwann cell activity 
Diabetes, with a systemic high blood glucose level, leads to an increased oxidative 
stress and an increase in free radicals (Albers & Pop-Busui, 2014), which in turn 
causes damage to the peripheral nerve, resulting in neuropathy. It is speculated that 
Schwann cells in a diabetic nerve lose their capacity to provide energy to the axons 
by a mechanism that hyperglycaemia causes Schwann cells mitochondria to produce 
high amount of ROS. This in turn causes damage to mitochondria DNA, resulting 
in insufficient energy generation and mitochondrial apoptosis (Fernyhough, 2015; 
Li et al., 2023; Wu et al., 2024). This pathophysiological mechanism may be 
especially important in the nerve autograft reconstructed model after a nerve injury. 
Again, in such a condition there is already an hypoxic environment initially after 
the reconstruction, and the Schwann cells and the outgrowing axons rely mostly on 
diffusion from the environment for energy supply (Pan et al., 2020; T. M. Saffari et 
al., 2020). Thus, it is important to apply nerve autografts in a suitable bed, such as 
in a healthy muscle tissue with the intention to provide the nerve autograft with an 
optimal oxygen tension. The hypoxic state can be one explanation why a lower 
percentage of activated Schwann cells, both at site of lesion and in the distal nerve 
end, in diabetic rats, independent of the treatment modality (Paper IV), is present. 
This finding is an important factor that causes a diminished axonal outgrowth in 
diabetic rats in the nerve autograft reconstruction model early point after the surgical 
procedure. Previous studies with nerve autograft reconstruction models in diabetic 



91 

rats (Stenberg et al., 2016) and nerve repair in the streptozotocin-induced diabetic 
rat model (Stenberg et al., 2012) show that numbers of apoptotic Schwann cells are 
high in the sciatic nerve, which is contrast to the present nerve autograft 
reconstruction model (Paper IV). In Paper IV, with the nerve autograft 
reconstruction model, I also detected fewer activated sensory neurons in DRG in 
diabetic rats, which may contribute to the impaired axonal outgrowth. The data 
indicates that in diabetes there is a delicate balance in Schwann cell activity that 
regulates the axonal outgrowth.  

Macrophages 
An important evaluation when investigating the potential effect of PLX01 is 
evaluation of the macrophage response also in diabetic rats. Macrophages were 
hypothesized to be affected in diabetic individuals after a nerve injury. Upon an 
acute peripheral nerve injury, RAGE [receptor of advanced glycation end products 
(AGEs)] are expressed in activated Schwann cells and in infiltrating mononuclear 
phagocytes (Sorci et al., 2013). In a nerve crush model in diabetic wild type mice, 
there is macrophage polarization, an increased amount of pro-inflammatory M1 
macrophages and fewer pro-regenerative M2 macrophages compared to healthy and 
RAGE deficient ones and this result is explained to be due to RAGE activity 
(Juranek et al., 2013). After a nerve injury, activated Schwann cells and recruited 
macrophages have more AGE receptors on their surface that interact not only with 
AGE products but also with several other pro-inflammatory and regulatory 
molecules (Sango et al., 2017). An impaired axonal outgrowth may be due to RAGE 
dependent alterations in the macrophage polarization, favouring the M1 pro-
inflammatory macrophages (Sango et al., 2017).  

In Paper IV, in contrast to the literature, I detected a decrease in the activated-
invading macrophage count (CD68 stained) at the site of lesion in diabetic rats 
together with a decrease in CD206 stained macrophage ratio in the distal nerve end. 
However, there was a prominent increase in the M2 (CD206 stained) macrophage 
count in the contralateral uninjured nerves among the diabetic GK rats. The 
contralateral increase in the M2 macrophage count could be due to an increased 
neuroprotective response that previously was explained by an increased HSP27. The 
decreased count of CD68 stained macrophages, especially at the site of lesion, could 
be due to a decrease in activated Schwann cell count present in the diabetic rats that 
are already responsible to recruit macrophages to the injury site but fail to do so. 

Diabetes, sex and nerve regeneration 
I only investigate female rats (Paper I, III, IV) in relation to HSP27 expression and 
the effects of PXL01 treatment, but one may consider in the future to use also male 
rats since sex differences have been reported (Stenberg & Dahlin, 2014). In both 
healthy and diabetic GK rats, male rats show a longer axonal outgrowth than female 
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rats (Stenberg & Dahlin, 2014). As earlier pointed out, the blood sugar levels may 
be more unstable in male rats compared to female rats, which may be a strong 
argument to use female rats in the present projects (See Background). 
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Strength and limitations 
In this thesis, axonal outgrowth, the Schwann cell response, and the distant reaction 
of sensory neurons in DRG were investigated after application of different, and 
clinically relevant, surgical methods - from primary and immediate nerve repair to 
the nerve autograft or conduit reconstructions. Addition of the macrophage response 
to this cellular response was a complement to understand the orchestrated cellular 
interaction.  

However, there are several aspects that one can consider as drawbacks. First, the 
observation period in the immunohistochemical analysis was rather short (longest 
time was 21 days in Paper II). These days, i.e. 6-8 and 14 days, were chosen with 
respect to the repair and the reconstruction methods. The reason is that I was 
especially interested in the cellular response at the time where the outgrowing axons 
should reach the nerve autograft or conduit and passing the suture line after nerve 
repair, but not too far allowing analysing the response in the distal nerve end without 
the presence of outgrowing axons.  

Another aspect is that only female rats were used. There are some sex differences 
with respect to nerve regeneration, in favour of male sex having a longer axonal 
outgrowth at the presently used time points for evaluation (Stenberg & Dahlin, 
2014). However, in research, female rats are the principal rat type to investigate 
impact of drugs and stimulations, and by not using the male rats, one can also avoid  
the unstable blood sugar levels that potentially occur in male diabetic rats (Stenberg 
& Dahlin, 2014). 

In Paper II, I used conduits to reconstruct a nerve defect, but I did not include any 
nerve autograft reconstruction as a control group. Additionally, there was no 
additional experimental group of PCL conduit with a PPEG membrane modified by 
only cobalt oxide NPs. A future project should include a nerve autograft model as a 
control group together with investigation of cobalt oxide in nerve regeneration.  

Also, in Paper III and IV, I applied a new pharmacological drug locally to the 
operated nerve. One question could be how much of this drug stays in the operative 
field and more of that how much of that remains on the nerve. I could only evaluate 
the presence of the drug macroscopically and did not perform any analyses. As far 
as I could observe, there was a milky solution, not so thick as initially, that stayed 
on the nerve after 6 and 8 days compared to a clear nerve tissue in the saline group, 
suggesting that there is still active compound at the observation time.  

The last, but not the least, I did not use any methods to investigate functional 
outcome in long-term in the different surgical methods. The functional outcome is 
more relevant in longer follow up periods, especially when a new pharmacological 
treatment or a new bioengineered conduit is evaluated. In studies using PXL01, I 
already knew from the clinical study that indicated a better functional outcome in 
repaired human injured digital nerves, but the question was what may happen at the 
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cellular levels (Wiig et al., 2014). The bioengineered conduit study was planned in 
the first place to see first the biocompatibility and the cellular response, and 
evaluation of the functional outcome is planned in the future.   

Future perspectives 
Despite the achievement of understanding the multicellular interaction and 
knowledge about molecular pathways presented in the literature after a peripheral 
nerve injury and subsequent regeneration, the outcome of nerve repair or 
reconstruction is still insufficient. Those cases are still a challenge in clinical 
practice. Different surgical techniques, addition of pharmacological agents, as well 
as introduction and modification of different bioengineered conduits, some 
enhanced with stem cells or growth factors, have been reported in medical literature 
with a variety of regenerative properties and outcome. 

In this thesis, I have gathered four studies in which I have analysed the cellular 
aspects with potential interactions in various nerve repair and reconstruction 
models, including neuroprotection mirrored by HSP27 expression, in healthy and 
diabetic rats. I aimed to introduce a new bioengineered conduit, chambered with a 
membrane that was modified with gold and gold-cobalt oxide nanoparticles, which 
may be an aspect that can further be developed in the future, e.g., longer nerve 
defects, and other time points for follow up etc. The most important obstacle in 
clinical practice is the nerve injury cases with large nerve defects, which future 
studies should focus on. Utilization of growth factors or stem cells to bioengineered 
conduits have not yielded any significant improvement and create some challenges, 
particularly using stem cells. Whether the present conduit can be used in models 
with longer nerve defects is not known and a specific focus is needed to overcome 
the discussed hypoxic microenvironment. Enhancement of the conduit lumen with 
other filling material in the lumen, such as spider silk fibres (Radtke et al., 2011; 
Vogt et al., 2024) or with extracellular matrix proteins, can be a solution to 
overcome this obstacle.  

When peripheral nerve injury and repair and reconstruction models, that are 
clinically relevant, are introduced, one should strongly apply these models in rat 
models where a concomitant disease, like diabetes, cardiovascular disease etc., is 
present. Novel methods should be applicable also in such individuals as well as also 
be potentially suitable for all types of peripheral nerves, such as digital and major 
nerve trunks in the upper and lower limbs. The complexity of neuroprotective 
mechanism(s) must further be analysed both in health and disease. A deeper 
knowledge may be achieved from various nerve biopsies after nerve injuries in 
relation to time after the injury.  
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Finally, introduction of a new pharmacological agents, such as PXL01, which is 
already established in clinically practice as an antiadhesive agent in hand surgery, 
is strongly advised to further facilitate nerve regeneration beyond what can be done 
by surgery. Interestingly, PXL01 can decrease inflammation through altering the 
pan (CD68) macrophage response without interfering with the pro-healing (CD206) 
macrophages or impairing axonal outgrowth. Whether PXL01, or other similar 
substances, may be applied as an adjunct in surgical treatment of a specific type of 
neuroma, i.e., scarred, or tethered neuroma, is not known but must be elucidated 
clinically. The question is if substances, like PXL01, may be an additional clinical 
tool in immediate or in delayed nerve reconstruction is also most relevant.   
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“Yesterday I was clever, so I wanted to change the world.  
 Today I am wise, so I am changing myself.”  
 Mevlânâ Celâleddin-i Rûmî 
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Conclusions 

The main conclusions, based on the present four included papers, are that: 

• A nerve injury extensively increases expression of HSP27 ipsilaterally in 
an injured sciatic nerve and in DRG in healthy and diabetic Goto-Kakizaki 
(GK) rats but HSP27 has no impact on axonal outgrowth.  

• A nerve injury should appropriately be repaired, but a short (7 days) delay 
of the nerve repair does not influence axonal outgrowth.  

• Conduits with an inserted poly-propylene poly-ethylene glycol (PPEG) 
membrane – i.e., “chambered conduits” – show an improved nerve 
regeneration compared to hollow conduits. Modification of such a 
membrane with gold or gold-cobalt-oxide NPs promotes the nerve 
regeneration process even more.  

• Treatment with PLX01 locally around a nerve repair inhibits inflammation 
through pan (CD68)-macrophages without affecting the pro (CD206)-
healing macrophages but has no impact on nerve regeneration in such a 
short-term nerve repair model. 

• Local application of PXL01 in a short-term nerve autograft reconstruction 
model may improve axonal outgrowth and has an impact on Schwann cell 
activation as well as on HSP27 expression in DRG in healthy and diabetic 
GK rats.  

• Diabetes has a negative impact on nerve regeneration after nerve injury and 
repair or reconstruction in short-term as well as is associated with an 
increased expression of HSP27 in the sciatic nerve and in DRG on the 
uninjured side. 
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