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AN ABSTRACT OF THE THESIS OF

Hisham Saadeddine Daouk for Master of Science
Major: Anatomy, Human Morphology

Title: Effect of Denervation on Burn Wound Healing

Background and Aims: The skin forms a barrier between the interior milieu of the
organism and its environment. This barrier has multiple physiological functions and is
subject to an array of pathologies including wounds and burns. The present study aims
to determine the effect of the nervous system on wound healing. Specifically, this study
tested the effect of denervation by chemical ablation on the burn wound healing process
using guanethidine for the sympathetic postganglionic neurons and resiniferatoxin for
the Capsaicin-sensitive fibers.

Methods: Animals were divided into different groups of controls, sensory denervated
and burned, sensory denervated non-burned, sympathetic denervated and burned,
sympathetic denervated non-burned, vehicle sensory burned, vehicle sympathetic
burned and non-denervated burned. We measured different morphologic and
biochemical parameters such as wound surface area, histological alterations and mast
cells. In addition, NGF, IL-1p, IL-6 and I1L-8 were measured using the ELISA
technique.

Results and Conclusion: The gross observations, the histological data including mast
cells modulation as well as the molecular data speak in favor of a significant delay of
burn wound healing caused by the sensory denervation and worse scar. On the other
hand, results support the positive role of sympathetic denervation in reducing scar
formation and speeding up the healing process. The dual effect of the nervous system on
burn wound healing is being documented in an animal model for the first time.
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Effect of Denervation on Burn Wound Healing

1 INTRODUCTION

1.1 Preamble

The integumentary system is the largest system of the human body, covering
almost its entire surface area. It forms a barrier between the interior milieu of the
organism and its environment. What was merely thought of as a simple coat covering
the human body, the skin has numerous other physiological functions, ranging from
mechanic, metabolic, and regenerative, to energetic and immunological (Glinter &
Machens, 2012). It is also subject to disease and abnormal alterations including

lacerations, wounds and burns.

A burn is defined as a damage inflicted to a body’s tissue caused by heat,
electricity, sunlight or radiation. Scalds from hot liquids and steam, building fires, and
flammable liquids and gases are the most common causes of burns. Another kind is an
inhalation injury, caused by inhaling smoke or chemical fumes (National Institute of
Health, 2014). In general, a wound encompasses “tissue disruption of normal anatomic
structure with consecutive loss of function” (Lazarus, et al., 1994). The disruption of
anatomic, histologic, and molecular structures caused by wounds results in pathologic
processes (Lazarus, et al., 1994). In this context, wounds and wound burns are breaks in
the epithelial integrity of the skin (Enoch & Price, 2004). Wounds can be classified in
many ways, primarily depending on their duration and their depth. They range from
acute wounds which usually heal within 3 weeks to chronic wounds which may last for

more than 3 months (Korting, Schollmann, & White, 2011).



1.2 Classification of Burns/Wounds

Burns have been classified into four types depending on the severity of burn:

superficial, superficial partial-thickness, deep partial-thickness and full thickness.

1.2.1

1.2.2

1.2.3

In superficial wounds, damage may extend over the epidermis, like in superficial
thermal wounds. An isolated loss of the epidermis, leaving the dermis intact,
heals completely and without any scar formation within utmost of 8 days. An
example is sunburns. In such a situation, there is no need for a specialized

therapy (Glnter & Machens , 2012).

Superficial Partial-thickness wounds extend over epidermis and superficial parts
of the dermis mainly the papillary layer of the dermis (Gomez & Canico, 2007).
Superficial partial-thickness burns form blisters, the base of which may be

extremely painful if exposed to air (Glinter & Machens , 2012).

Deep partial-thickness wounds covers the injury to the epidermis and deep
dermis layers i.e. the papillary and the reticular layers of the dermis (Gomez &
Canico, 2007). In such an injury, the necrotic layers of the skin should be

removed by surgical debridement most of the times (Glinter & Machens , 2012).



1.2.4 In full-thickness wounds the subcutaneous tissue layer is damaged (Korting,
Schollmann, & White, 2011). If an acute full-thickness skin injury has occurred,
any underlying tissue will be exposed to infection and trauma because the
protecting barriers are being lost, namely the epidermis and dermis (Gunter &
Machens , 2012). Therefore, wound closure with sterility in such a case would

be the best treatment approach (Glinter & Machens , 2012).

1.3 Wound Healing
Wound healing is recognized as an important process for the survival of all
living organisms. It is regulated by a complex interplay between cells, signaling

pathways, and extracellular matrix.

An effective restoration of barrier function and its normal anatomic structure
are associated with healing of any type of wound (Lazarus, et al., 1994), although scar
formation may be possible (Korting, Schollmann, & White, 2011). This process of
restoring skin to its original structure after any injury is called wound healing. However,
wound healing is a complicated process formed of overlapping stages: Inflammation or
Homeostasis, Proliferation, and Remodeling or Maturation. Therefore, skin healing of a
wound “displays an extraordinary mechanism of cascading cellular functions which is

unique in nature” (Reinke & Sorg, 2012).

1.4 Physiology of Adult Skin Wound Healing

Skin wound healing begins directly after wounding and might last for years. It
is a dynamic process that is highly regulated by cellular, humoral and molecular
mechanisms. Regeneration is a specific substitution of a tissue, i.e. the superficial

epidermis, mucosa or fetal skin. However, skin repair is an unspecific form of healing



whereby fibrosis and scar formation are the result (Reinke & Sorg, 2012). The latter,
unfortunately, takes place mainly in adult skin wound healing. Wound healing
resembles an orchestra or acts of a drama (Krafts, 2010; Enoch & Leaper, Basic science
of wound healing, 2005). A deficiency of a cell type or the absence of a mediator could
be compensated for by others that are involved in wound healing; hence, the repair can
still occur (Eming, Krieg, & Davidson, 2007). The acute wound healing process can be

divided into 3 overlapping stages defined below.

1.4.1 Stage one: Hemostasis

This stage takes place immediately after injury and lasts for some hours. In this
phase, the inflammatory process is initiated. The inflammatory phase of the wound
healing cascade gets activated during the coagulation phase and can roughly be divided
into an early phase with neutrophil recruitment and a late phase with the appearance and

transformation of monocytes (Reinke & Sorg, 2012; DiPietro & Polverine, 1993).

This phase is also called the ‘lag-phase’, in which the organism manages the
enrolment of many cells and factors for the healing process with no mechanical strength
in the wound yet (Robson, Steed, & Franz, Wound healing: biological features and
approaches to maximize healing trajectories, 2001). The different clotting cascades are
then initiated by extrinsic clotting factors from the injured skin in addition to the

intrinsic thrombocytes that get activated by exposed collagen for aggregation.

At the same time, the injured vessels go through a 5 to 10-min vasoconstriction
caused by the platelets in order to reduce blood loss and fill the tissue gap by a blood
clot composed of cytokines and growth factors (Martin, 1997). The blood clot contains

fibrin molecules, fibronectin, vitronectin and thrombospondins, thus, forming a



provisional matrix as a scaffold for many cells to migrate; of these cells are leukocytes,
keratinocytes, fibroblasts and endothelial cells. This matrix also acts as a reservoir of
growth factors and the vasoconstriction is life-saving whereby clot formation causes a
local perfusion failure. This lack of perfusion will result in a consecutive lack of
oxygen, increased glycolysis and changes in pH (Woo, Park, Subeita, & Brennan,
2004). A vasodilation, in which thrombocytes invade the provisional wound matrix, will
then follow the vasoconstriction (Robson, Steed, & Franz, 2001). In addition, the
infiltration of leukocytes is influenced by chemotactic factors secreted by platelets, mast
cells, and leukocytes would release cytokines and growth factors to: (1) initiate the
inflammatory process (IL-1a, IL-1p, IL-6 and TNF-a), (2) stimulate the collagen
synthesis (FGF-2, IGF-1, TGF- B), (3) activate the transformation of fibroblasts to
myofibroblasts (TGF-p), (4) start the capillary sprouting (FGF-2, VEGF-A, HIF-1 a,
TGF-B) (Werner & Grose, 2003). Vasodilation can be recognized by an edema

(hyperemia) and by a local redness of the wound (Reinke & Sorg, 2012; Bauer, 2005).

In response to degranulated platelets, mast cells and by-products of bacterial
degradation, neutrophils are recruited to the site of injury for 2-5 days (Reinke & Sorg,
2012). Neutrophils are crucial within the first days to injury due to their ability of
phagocytosis and protease secretion that may Kill local bacteria and assist in degrading
necrotic tissue, act as chemoattractants for other cells that are involved in the
inflammatory phase (Eming, Krieg, & Davidson, 2007), and release mediators (TNF-a.,
IL-1P and IL-6). These mediators will amplify the inflammatory response and will

stimulate VEGF and IL-8 for an adequate wound repair (Reinke & Sorg, 2012).

About three days after injury, macrophages move to the injury zone to support

the ongoing process. They perform phagocytosis of pathogens and cell debris



(Tziotzios, Profyris, & Sterling, 2012; Profyris, Tziotzios, & Do Vale, 2012), in
addition to the secretion of growth factors, chemokines and cytokines. Furthermore,
these secretions keep the healing process intact, because some of them are able to
initiate the next phase of wound healing: the proliferative phase (Gurtner, Werner,
Barrandon, & Longaker, 2008). The inflammatory response is very essential as it
supplies growth factors and cytokine signals that regulate cellular and tissue
movements, which are very crucial for the wound repair mechanisms in adult
mammalians (Eming, Krieg, & Davidson, 2007; Leibovich & Ross, 1975). Evidence
suggests that the severity of inflammation is very important in the extent of scar

formation.

Macrophages have many functions in wound healing. Some of these are host
defense, promotion and resolution of inflammation. In addition, they remove apoptotic
cells, support cell proliferation, and restore tissue after an injury (Koh & DiPietro,
2011). They also function as antigen-presenting cells. Moreover, phagocytes during
wound repair play an integral role in a successful healing response via the synthesis and
secretion of numerous potent growth factors such as TGF- B, TGF- a, basic FGF, PDGF
and VEGF. These growth factors promote cell proliferation and synthesis of
extracellular matrix (ECM) molecules by cells present in skin (DiPietro & Polvering,

1993).

1.4.2 Stage two: Proliferation

The second stage is the phase of proliferation. It lasts for 3—10 days after
wound infliction. In this stage, the main aim of the healing process is to cover the
wound surface, to form a granulation tissue, and to restore the vascularization.

Therefore, besides migration “of local fibroblasts along the fibrin network and the



beginning of reepithelialization from the wound edges” (Robson, Steed, & Franz, 2001),
neovascularization and angiogenesis are triggered by capillary sprouting (Bauer, 2005;
Arnold & West, 1991; Endrich & Menger, 2000). Granulated tissue formation stops via
apoptosis, thus forming a mature wound being avascular and acellular (Reinke & Sorg,
2012; Endrich & Menger, 2000). Besides, the basis of a new matrix of connective is
regulated by cytokines like IFN-y and TGF-f3, whereby, collagen synthesis, fibronectin,
and other basic substances, needed for wound healing by fibroblasts, are used for the
closure of tissue gaps and the restoration of the mechanical strength of the wound.
“Subsequently, the synthesis of collagen increases throughout the wound, while the
proliferation of fibroblasts declines successively, adjusting a balance between synthesis

and degradation of the ECM” (Maden & Peacock, 1971).

Reepithelialization is ensured by local keratinocytes at the wound edges in
addition to epithelial stem cells located at hair follicles or sweat glands (Martin, 1997
Lau, Paus, Tiede, Day, & Bayat, 2009; Miller, Bruke, Rader, Coulombe, & Lavker,
1998; Roh & lyle, 2006). This process of covering the wound by epithelial lining is
activated by signaling pathways of epithelial and nonepithelial cells from nearby intact
skin, thus releasing a myriad of different cytokines and growth factors: EGF, KGF, IGF-
1 and NGF (Werner & Grose, 2003) among others. “Furthermore, the abolition of the
contact inhibition and physical tension at desmosomes and hemidesmosomes produces
lipid mediators and activates membrane-associated kinases (SRC kinases) resulting in
an increased permeability of the membranes for ions, e.g. calcium” (Reinke & Sorg,
2012). This signaling to the cells at wound edges causes retraction and reorganization of
their intracellular tonofilaments to adjust direction of the cellular migration.

Intercellular desmosomes’ loosening via collagenase and elastase enzymatic activity



causes keratinocytes to migrate along the maintained fibrin blood clot in the higher
layers of the granulation tissue (Reinke & Sorg, 2012). This process is called the
‘shuffling’ of keratinocytes (Jacinto, Martinez-Arias, & Martin, 2001) and is
characterized by the ability of such cells to migrate along a chemotactic gradient formed
by mediators e.g. IL-1, and over a fibronectin-rich matrix to the wound’s center (Clark,

et al., 1982; Clark, Fibronectin in the skin, 1981).

The migration itself is accomplished via lamellipodial crawling and is directed
into the defective site due to the polymerization of cytoskeletal actin fibers. The
formation of a new focal adhesion at the ECM, which is regulated by integrins (Korting,
Schollmann, & White, 2011), proceeds until the migrating cells touch each other which
then leads to a reorganization of the cytoskeleton (Jacinto, Martinez-Arias, & Martin,

2001).

Binding of growth factors to their receptors on the endothelial cells of existing
vessels is the first step in neovascularization, thereby activating intracellular signaling
cascades. Endothelial cells that are activated will secrete proteolytic enzymes to
dissolve the basal lamina and thus be able to proliferate and migrate into the wound
area. This process is called ‘sprouting’. The endothelial cells orient themselves at
superficial adhesion molecules, e.g. integrins (avp3, avp5, a5p1). Then, they will
exocytose matrix metalloproteinases at the front of proliferation to lyse surrounding
tissue and hence support endothelial proliferation. Small tubular canals form the newly
built sprouts. In turn, the sprouts will interconnect to others forming a vessel loop. The
latter new vessels will differentiate into arteries and venules. Stabilization of these
mature vessels is established via pericytes and smooth muscle cells’ recruitment

(Reinke & Sorg, 2012).



The last step in the proliferation phase is the formation of an acute granulation
tissue. As the acute granulation tissue is a transitional tissue, it replaces the
fibrin/fibronectin-based provisional wound matrix. Hence, it might produce a scar by
maturation (Krafts, 2010) (Enoch & Leaper, Basic science of wound healing, 2005;
Robson, Steed, & Franz, 2001; Martin, 1997; Gurtner, Werner, Barrandon, & Longaker,
2008; Nauta, Gurtner, & Longaker, 2011). Furthermore, it is composed of highly dense
fibroblasts, granulocytes, macrophages, capillaries and loosely organized collagen
bundles. This high amount of cellular compounds gives the granulation tissue its name.
As angiogenesis is not yet completed, the tissue is highly vascular (Reinke & Sorg,
2012) making it appear with a classic redness that might be traumatized easily (Korting,
Schollmann, & White, 2011). However, fibroblasts dominate in this phase, fulfilling
different functions such as collagen bundles formation and ECM substances production
(i.e. fibronectin, glycosaminoglycans, proteoglycans and hyaluronic acid) (Reinke &
Sorg, 2012). ECM at this stage presents a scaffold for cellular adhesion in addition to
regulation and organization of growth, movement, and cells’ differentiation within it
(Eckes, Nischt, & Krieg, 2010; Barker T. H., 2011). Fibroblasts are precursors of the
provisional wound matrix on and in which cell migration and organization occurs
(Jacinto, Martinez-Arias, & Martin, 2001). By the end of this phase, the numbers of
mature fibroblasts will be reduced by myofibroblast differentiation and consecutively

terminated by apoptosis (Hinz, 2007).



1.4.3 Stage three: Remodeling
Remodeling is the last phase of wound healing and occurs from day 21 to up to
1 year after injury. The formation of granulation tissue stops through apoptosis of the

cells (Korting, Schollmann, & White, 2011).

A mature wound is, therefore, characterized as being avascular as well as
acellular (Greenhalgh, 1998). During the maturation of the wound, the components of
the ECM undergo changes. Collagen 111, which was produced in the proliferative phase,
is now replaced by the stronger collagen I (Reinke & Sorg, 2012; Guadry, et al., 1997).
This type of collagen is oriented in small parallel bundles and is, therefore, different
from the basket-woven collagen in healthy dermis (Gurtner & Evand, 2000). Later on,
the myofibroblasts cause wound contraction by their multiple attachments to collagen
and help decrease the surface of the developing scar (Tziotzios, Profyris, & Sterling,
2012; Profyris, Tziotzios, & Do Vale, 2012; Gurtner & Evand, 2000). Furthermore, the
angiogenic processes diminishes, the wound blood flow declines, and the acute wound
metabolic activity slows down and finally stops (Reinke & Sorg, 2012; Arnold & West,

1991).

1.4.4 Scarring

The physiological endpoint of mammalian wound repair displays the formation
of a scar, which is directly linked to the extent of the inflammatory process throughout
wound healing (Reinke & Sorg, 2012; Akaishi, Ogawa, & Hyakusoku, 2008). There are
different situations which provide evidence that inflammation during the process of
wound healing is directly linked to the extent of scar formation (Eming, Krieg, &
Davidson, 2007). First, there is the fact that fetal wound healing, which shows a lack of

the typical inflammatory response, is scarless up to a certain age (Bullard, Longaker, &
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Lorenz, 2003; Redd, Cooper, Wood, Stramer, & Martin, 2004). In addition, scar
formation seems to be extended when inflammation in fetal wounds is induced (Whitby
& Ferguson, 1991). A second example indicating the role of inflammation on the
formation of scars is the influence of reproductive hormones on this process (Reinke &
Sorg, 2012). Studies showed that low estrogen levels in mice resulted in an impaired
rate of healing, thus inducing excessive inflammation and scarring (Eming, Krieg, &

Davidson, 2007; Aschroft, et al., 2003).

Most non-healing wounds fail to progress through the normal phases of wound
repair, and remain in a chronic inflammatory state (Loots, et al., 1998) which leads to
abnormal wound repair, e.g. to hypertrophic or keloid scars. Keloids contain thick
collagen fibers, whereas hypertrophic scars contain thin fibers which are organized into
nodules (Ehrlich, et al., 1994; Verhaegen, et al., 2009). Changes in collagen maturation
are fundamental changes in excessive scar formation. The granulation tissue continues
to grow due to the excessive secretion of growth factors and the lack of molecules
required for apoptosis or ECM remodeling (Reinke & Sorg, 2012; Darby, et al., 2002).
Hypertrophic scars contain excessive microvessels, which are mostly occluded due to
the over proliferation and functional regression of endothelial cells induced by
myofibroblast hyperactivity and excessive collagen production (Xi-Qiao, Ying-Kai,
Chun, & Shu-Liang, 2009). Focal upregulation of p53 expression, which seems to play
an important role in the inhibition of apoptosis, has been reported in situations of
excessive scarring (Reinke & Sorg, 2012; Darby, et al., 2002). Furthermore, mechanical
irritation in the early proliferative phase leads to hypertrophic scars by inhibiting
apoptosis (Arabi, et al., 2007). Changes in the ECM and epithelium seem to be involved

in excessive scarring also (Darby, et al., 2002; Bellemare, et al., 2005; Dabiri,
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Tumbarello, Turner, & Van de Water, 2008). A neurogenic inflammation hypothesis
has been suggested whereby, mechanical stress stimulates mechanosensitive nociceptors
in skin sensory fibers that release neuropeptides involved in vessel modifications and
fibroblast activation (Korting, Schollmann, & White, 2011). In brief, excessive scarring
is a fibrotic disorder resulting from the disruption of the normal wound healing process

(Sarrazy, Billet, Micallef, Coulomb, & Desmouliere, 2011).

1.5 Growth Factors and Cytokines in Wound Healing

An increased understanding of the molecular mechanisms that regulate the
various events of wound healing has laid the foundation for therapeutic interventions
attempting to improve the healing outcome (Kiwanuka, Junker, & Eriksson, 2012). The
body’s response to skin injury is focused on rapid wound closure, restraining invasion
of microorganisms and preventing excessive fluid loss (Gurtner, Werner, Barrandon, &
Longaker, 2008; Singer & Clarl, 1999; Aarabi, Longaker, & Gurtner, 2007; Mustoe,

2004).

1.5.1 Cytokines in Wound Healing

Cytokines are peptides and glycoproteins with a molecular weight of 5 to 30
kDa and are primarily produced by inflammatory cells (Rumalla & Borah , 2001).
Cytokines regulate inflammatory and immune responses during wound healing by
activating various cells (Kiwanuka, Junker, & Eriksson, 2012). The cytokines include
chemokines, lymphokines, monokines, interleukins, colony-stimulating factors, and
interferons. They can be distinguished from growth factors by the type of cells they
influence (Kiwanuka, Junker, & Eriksson, 2012). Inflammatory cytokines are believed
to have roles in wound healing, including migration and proliferation of keratinocytes

and fibroblasts (Holman & Kalaaji, 2006). Interleukins 1 and 6 (IL-1 and IL-6) and
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tumor necrosis factor a (TNF-a) are upregulated during the inflammatory phase of
wound healing and are important in modulating reepithelialization (Werner & Grose,
2003). The granulocyte-macrophage colony-stimulating factor (GM-CSF) is involved in
the activation of neutrophils and macrophages, and alters the activity of keratinocytes

and fibroblasts (Hu, Sun, Han, Wang, & Yu, 2011).

1.5.2 Interleukins in Wound Healing

In an acute wound, IL-1B is produced by monocytes, macrophages, fibroblasts,
and keratinocytes (Sauder, et al., 1990; Goretsky, Harriger, Greenhalgh, & Boyce, 1996;
Finnerty, et al., 2006). Besides serving as a paracrine factor, IL-1 acts as an autocrine
signal that induces the migration and proliferation of keratinocytes (Freedberg, Tomic-
Canic, Komine, & Blumenberg, 2001; Chen, Lapiere, Sauder, Peavey, & Woodley,
1995; Gyulai, Hunyadi, Kenderessy-Szabo, Kemeny, & Dobozy, 1994). Exogenously
administered IL-1 has been shown to promote healing of partial-thickness wounds in

swine (Singer, McClain, Hacht, Batchkina, & Simon, 2006).

1.5.3 TNF-a in Wound Healing

Similar to IL-1, TNF-a is a proinflammatory cytokine that is produced by
many cell types during wound healing (Brauchle, Angermeyer, Hubner, & Werner,
1994). The TNF-a level is elevated in chronic wounds, and its expression diminishes as

healing progresses (Kiwanuka, Junker, & Eriksson, 2012).

1.5.4 GM-CSF in Wound Healing
GM-CSF is one of the most widely studied cytokines in wound healing (Hu,
Sun, Han, Wang, & Yu, 2011; Malik, et al., 1998; Jaschke, Zabernigg, & Gattringer,

1999). Besides being a potent activator of neutrophils and macrophages, GM-CSF
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influences the activity of keratinocytes and fibroblasts and increases the production of
vascular endothelial growth factor (VEGF) (Cruciani, Lipsky, Mengoli, & de Lalla,

2005).

1.5.,5 Growth Factors in Wound Healing

Growth factors are regulatory peptides that are synthesized and secreted by
many of the cell types involved in wound healing, including inflammatory cells,
platelets, fibroblasts, epithelial cells, and endothelial cells (Bennet & Schultz, 1993).
Growth factors cause cells to migrate by chemotaxis, proliferate, differentiate, and
synthesize extracellular matrix components (Robson, Robson MC. 1991). Growth
factors may act by autocrine, paracrine, juxtacrine, or endocrine signaling (Kiwanuka,
Junker, & Eriksson, 2012). On binding to the cell receptors, the growth factors trigger a
cascade of intracellular events, leading to the activation of transcription factors, which

results in gene expression (Kiwanuka, Junker, & Eriksson, 2012).

Growth factors are classified into several families based on their characteristics
(Kiwanuka, Junker, & Eriksson, 2012). The most relevant growth factor families for
wound healing are the epidermal growth factor (EGF), fibroblast growth factor (FGF),
transforming growth factor B (TGF-B), platelet-derived growth factor (PDGF) and

VEGF (Kiwanuka, Junker, & Eriksson, 2012).

1.5.5.1 EGF Family
The EGF family is composed of: EGF, TGF-a, Amphiregulin and Heparin-
binding EGF (Kiwanuka, Junker, & Eriksson, 2012). EGF was first isolated from the

submandibular glands of rats but is primarily produced by platelets and macrophages
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(Cohen, 1962). The roles of the EGFs and growth factors that signal through the EGF

receptor (EGFR) are well characterized.

1.5.5.2 FGF Family

The FGF family includes more than 20 growth factors (Kiwanuka, Junker, &
Eriksson, 2012). However the most relevant to wound healing are: FGF-2, FGF-7, FGF-
10, and FGF-22 (Kiwanuka, Junker, & Eriksson, 2012). FGF-7 is also known as the
keratinocyte growth factor 1 (KGF-1) and is secreted by dermal fibroblasts and T cells
(Jameson, et al., 2002; auf demKeller, Krampet, Kumin, Braun, & Werner, 2004;
Steiling & Werner, 2003). Moreover, FGF-2, also known as basic FGF, is released from
damaged endothelial cells and is one of the most potent isoforms (Kiwanuka, Junker, &
Eriksson, 2012). FGF-2 is a mitogenic and chemotactic factor for fibroblasts and
endothelial cells, and stimulates angiogenesis (Kiwanuka, Junker, & Eriksson, 2012). Its
concentration is upregulated during wound healing, and exogenous administration of
FGF-2 has been shown to increase wound reepithelialization (Sanz Gracia, et al., 2000;

Hebda, Klingbeil, Abraham, & Fiddes, 1990).

1553 TGF-B Family

The TGF-B family consists of: TGF-B1-3, Bone Morphogenetic Proteins
(BMPs), Activins, Nodals, Growth and differentiation factors and Mullerian-inhibiting
substances (Shi & Massague, 2003). The TGF- superfamily is so named because it was
believed to induce normal cells to become malignant (Broughton, Janis, & Attinger,

2006). At present, TGF-p cells are seen as important regulators of wound healing.
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1.5.5.4 PDGF Family

The PDGF is the first and only recombinant growth factor to be approved by
the FDA for topical administration to wounds. The PDGF family consists of several
homodimeric or heterodimeric growth factors including: PDGF-AA, PDGF-BB, and
PDGF-AB. PDGF is produced by platelets, macrophages, endothelial cells, fibroblasts
and keratinocytes (Kiwanuka, Junker, & Eriksson, 2012). Each of these cells plays a
role in each phase of wound healing (Niessen, Andriessen, Schalkwijk, Visser, &

Timens, 2001; Uutela, et al., 2004).

1555 VEGF Family

The members of the VEGF family are VEGF-A-E in addition to the placental
growth factor (Kiwanuka, Junker, & Eriksson, 2012). The VEGF is produced by a
variety of cell types during wound healing, and is a potent stimulator of proliferation

and migration in endothelial cells (Nissen, et al., 1998; Guadry, et al., 1997).

1.6 The Nervous System and Wound Healing

The nervous system is present in the skin, especially in the dermis, as they
share similar embryonic origin. It forms a complex 3-dimensional network, modulating
immune and inflammatory responses, controlling thermoregulation and homeostasis,
and is being involved in wound healing and skin appendages regulations (Besne,
Descombes, & Breton, 2002; Esteves Junior, et al., 2009; Ferreira, Gragnani, Furtado, &
Hochman, 2009; Liang, et al., 2004). Neurogenic inflammatory disorders have been
linked to various skin diseases including psoriasis (Saraceno, Kleyn, Terenghi, &
Griffiths, 2006), atopic dermatitis (Misery, 2011), and contact dermatitis (Pavlovic, et
al., 2011). The neurogenic inflammation concept was conceived after discovering that

primary afferents stimulation mediates inflammatory effects (Jancso, 1960).
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“Neurogenic inflammation is caused by antidromic activation of nerve endings by
exogenous stimuli” (Besne, Descombes, & Breton, 2002; Pavlovic, et al., 2011,
Roosterman, Goerge, Schneider, Bunnett, & Steinhoff, 2006; Caviedes-Bucheli, Munoz,
Azuero-Holguin, & Ulate, 2008).

In neurogenic inflammation, dermal and epidermal nerve endings secrete
proinflammatory cutaneous neuropeptides, such as substance P (SP) and calcitonin
gene-related peptide (CGRP), in the proximal direction (Lapin, et al., 2015). These
neuropeptides affect and modulate the inflammatory and immune responses in the skin
via different pathways such as paracrine, juxtacrine, and endocrine pathways (Peters, et
al., 2006).

“Substance P is an 11-amino-acid peptide of the tachykinin family that is
released from nerve endings and acts through neurokinin 1 receptors causing
degranulation of mast cells and activation of keratinocytes, fibroblasts, macrophages,
and B and T lymphocytes” (Lapin, et al., 2015), including vasodilation (flare), plasma
extravasation (Chahl, 1988; Maggi, 1991), changes in smooth muscle contractility, an
increase in fibroblast activity, and effects on leukocytes” and vice versa (Arvier, Chahl,
& Ladd, 1977; Levine, Dardick, Roizen, Helms, & Basbaum, 1986). The latter cells,
then, synthesize and secrete immunomodulators and proinflammatory agents like
histamine, tumor necrosis factor a, prostaglandin D2, leukotriene B4, neurokinin 1, and
interleukins IL-1 a, IL-1p, and IL-8 that initiate chemotaxis of neutrophils and
eosinophils (Misery, 2011; Pavlovic, et al., 2011), in addition to activation of the
immune system, and wound healing. Substance P also shows involvement in
inflammatory dermatoses such as atopic dermatitis, where its release, triggered by

stress, greatly enhances the inflammation of skin lesions (Lapin, et al., 2015). It can be
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summed up that SP is one of the endocrine mediators of the immune and nervous
system (Saraceno, Kleyn, Terenghi, & Griffiths, 2006; Misery, 2011).

On the other hand, “calcitonin gene-related peptide is a 37-amino-acid neuropeptide that
has 2 forms in humans, B- and a-CGRP, which differ by 3 amino acids” (Schmelz &
Petersen, 2001). B-CGRP is mainly released in skin by nerve endings, on the other hand,
a-CGRP is present in the epidermis especially on enteric nerve endings (Schmelz &
Petersen, 2001). CGRP is commonly found in the same nerve fibers as SP in skin
(Steinhoff, et al., 2003). Upon its secretion, “CGRP activates f-CGRP and a-CGRP
receptors on mast cells, macrophages, fibroblasts, melanocytes, dendritic cells,
keratinocytes, and B and T lymphocytes”. CGRP is involved in complex processes,
especially those related to proinflammatory activities in the acute phase of
inflammation. CGRP has many important “local effects including vasodilation, T-
lymphocyte suppression, modulation of wound healing, chemotaxis of inflammatory
cells, and consequent pain modulation” (Moore & Salvatore, 2012; Brain & Grant,
2004; Birklein & Schmelz, 2008).

Other evidence indicates another major role for sympathetic postganglionic
neurons (SPGNs) in neurogenic inflammation, where they also secrete SP and CGRP. It
has also been reported that in wound healing is delayed in denervated cutaneous wounds
(Barker, Rosson, & Dellon, 2006; Fukai, Takeda, & Uchinuma, 2005; Younan, et al.,
2010).

1.6.1 Resiniferatoxin mode of action

TRP channels are involved in cellular homeostasis and growth control,

regulation of cell fate and survival, immune and inflammatory mechanisms, and

endocrine and exocrine secretory processes (Nilius & Owslanik, 2010; Boesmans,
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Owslanik, Tack, Voets, & Vanden Berghe, 2011; Denda & Tsutsumi, 2011; Moran,
McAlexander, Bird, & Szallasi, 2011; Fernandes, Fernandes, & Keeble, 2012).
Resiniferatoxin (RTX), an excitotoxic agonist for transient receptor potential vanilloid
receptor 1 (TPRV1) (Tender, Li, & Cui, 2013). TPRV1 provides responses to
temperature, pH and endogenous lipids (Alawi & Keeble, 2010). When activated
TPRV1 may open transiently and initiate depolarization mediated influx of sodium and
calcium ions resulting in action potentials in nociceptive sensory nerves like capsaicin-
sensitive fibers and some AS fibers. These signals may be interpreted by the brain
and/or spinal cord as warming, burning, stinging or itching sensations. However,
stimulation by agonists such as RTX and capsaicin can generate biochemical signals
with persistent effects. High concentrations of RTX lead to impaired local nociceptor

function to extended periods (Bley, 2010).

Chemical ablation of sympathetic fibers with either 6-hydroxy dopamine (6-
OHDA) (Helme & Andrews, 1985; Lee, Coderre, Basbhaum, & Levine, 1991),
guanethidine (Green, 1974; Loh & Nathan, 1978), or reserpine (Gozsy & Kato, 1966)
significantly decreases vascular permeability. On the other hand, chemical and electrical
sympathetic stimulation lead to vasodilation and increased plasma extravasation in both
rat and human skin (Gozsy & Kato, 1966).
1.6.2 Guanethidine Mode of Action
Guanethidine has been reported to deplete peripheral noradrenaline stores (Cass,
Kuntzman, & Brodie, 1960; Devine, Robertson, & Simpson, 1967). Guanethidine has
been shown to diminish noradrenaline accumulation and dense-cored vesicles of

sympathetic nerves in vitro in a dose-dependent manner (Tomlinson, Mayor, Mitchel, &
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Banks, 1971). Guanethidine, like reserpine, increases deaminated catechols in urine
when administered parenterally to rats (Kopin & Gordon, 1963). Thus indicating that
the catecholamines removed from their intravesicular storage sites by the action of
guanethidine were broken down by monoamine oxidase. Guanethidine, at high doses in
vivo and high concentrations in vitro, interferes with noradrenaline uptake and retention
by the amine-storage granules (Tomlinson, Mayor, Mitchel, & Banks, 1971).
Guanethidine reduces the release of norepinephrine, by displacing it from the

presynaptic release vesicles, resulting in a chemical sympathectomy (Gil, et al., 2016).

1.6.3 Nerve Growth Factor (NGF)

NGF was the first to be isolated of the neurotrophin family and the best-
characterized member. NGF has a critical role in survival, differentiation, and function
of peripheral sensory and sympathetic nerves and brain neurons of mammals
(Sofroniew, Howe, & Mobley, 2001). NGF has been assigned as a neurotrophic and
immunomodulatory factor and in control of cutaneous morphogenesis, wound healing
and inflammatory processes (Lambiase, Manni, Rama, & Bonini, 2003). “It was
originally recognized for its effects in stimulating growth and differentiation in
neurons” (Jurjus, et al., 2007). Evidence has shown NGF to play a renowned role in
promoting healing processes (Matsuda, et al., 1998). “NGF levels are significantly
higher at wounded sites after skin punching than at uninjured control skin sites” (Chen,
et al., 2014). NGF is responsible for many activities in the immune system and beyond
(Micera, Puxeddu, Aloe, & Levi-Schaffer, 2003). Although NGF is considered a pro-
inflammatory factor, it is also pro-angiogenic (Graiani, et al., 2004). VVasoactive
neuropeptides dilate blood vessels hence delivering more serum proteins at wound site

(Graiani, et al., 2004). Neuropeptides modulate pain protecting from further injury
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(Cruise, Xu, & Hall, 2004). “This may partly explain why sensory innervation is so

critical for wound healing” (Jurjus, et al., 2007).

“NGF was demonstrated to be an important component of wound healing and tissue
repair process both in vivo and in vitro” (Graiani, et al., 2004, Muangman, et al., 2004;
Kawamoto & Matsuda, 2004; Shi, Qu, & Cheng, 2003). The removal of the tissues that
store large amounts of NGF affects recovery in mouse wounded skin healing
considerably, while exogenous NGF added at the site of injury markedly accelerated
wound contraction rate (Li, Koroly, Schattenkerk, Malt, & Young, 1980). NGF
stimulates proliferation and inhibits apoptosis of keratinocytes and thus wound healing
Kinetics are improved by promoting epithelialization (Kawamoto & Matsuda, 2004). It
is reported that NGF has a robust effect on fibroblast migration, “a favorable factor for
early re-epithelialization” (Jurjus, et al., 2007). Clinical experience clearly shows that
NGF topical administration accelerates the healing of surgical corneal wounds
effectively (Genirini, et al., 2004). “NGF promotes healing of diabetic foot ulcers”
(Genirini, et al., 2004), and may be an effective therapy for severe pressure ulcers in
patients (Landi, et al., 2003). “Experiments demonstrated that local NGF administration
prevented diabetes-induced expressional alterations, enhanced reparative capillarization,
and accelerated wound healing” (Jurjus, et al., 2007). Topical administration of NGF
was associated with a three-fold increase in endothelial cell proliferation, and 50%
reduction in apoptosis (Jurjus, et al., 2007). “NGF increased also the release of
immunoreactive vascular endothelial growth factor-A (VEGF-A)” (Graiani, et al.,

2004).
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1.7 Aim

We hypothesize that sympathetic and capsaicin-sensitive fibers denervation
affects burn wound healing. This study aimed to determine the effect of the nervous
system on wound healing via its interactions with the inflammatory response initiated

by burn wound inflection in a rat model.

Specifically, this research assessed the effect of denervation by chemical
ablation on the burn wound healing process using guanethidine for the sympathetic

postganglionic neurons and resiniferatoxin for the Capsaicin-sensitive fibers.
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2 MATERIALS AND METHODS

The effect of skin denervation on the healing process of burn wound was

assessed in the experimental rat model through a series of parameters:

(1) Clinical observation and gross inspection of wound healing
(2) Comparison of the histopathological changes over time
(3) Measurement of the changing rates of NGF, IL-1p, IL-6, and IL-8 at various

time points.

2.1 Animals:

A total of 143 adult females Sprague-Dawley rats (250-300g) were used in this
experiment after approval of the Institutional Animal Care and Use Committee at
the American University of Beirut. The animals were randomly assigned to 2 major

groups:

2.1.1 Group one included 54 rats which were devoted to assess the effect of
resiniferatoxin (RTX), the chemical that can ablate capsaicin-sensitive primary
afferent fibers. The 54 animals in this group were divided into 3 subgroups A, B
and C:

2.1.1.1 Subgroup A (RTXB) consisted of 30 rats that were subjected to burning and

treated with RTX
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2.1.1.3

2.1.2

2.1.3

2.14

Subgroup B (RTXnB) consisted of 15 rats that were treated with RTX but were

not subjected to burn

Subgroup C (VRTX) consisted of 9 animals that were subjected to burning and

received only the vehicle for RTX, namely absolute alcohol.

Group two consisted of 54 rats and was subdivided into similar subgroups like in
Group One with the only difference being the treatment by Guanethidine (G)
instead of RTX. Similarly there were three other subgroups; D treated with
Guanethidine and subjected to burn (GB), E treated with guanethidine only
GnB, and F burned and treated with the vehicle (VG), namely physiological
saline.

Group three included 30 rats that were all subjected to burning without any

treatment.

Group four included 5 rats which were left untouched and were considered as

normal healthy controls.

Rats that underwent a standardized burning procedure were left to heal without

any dressing. They were housed throughout the experiment on 12 h light/dark cycles

with temperature of about 22 to 24°C. They had access to standard rodent chow and

water ad libitum. Animals from each group were sacrificed at multiple time points on

days 0,

3, 8, 14, 21 and 28 as these dates are standards in wound healing literature.As

for the normal healthy controls, they served all time points.
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2.2 Pre-operative preparation

The backs of all animals were shaved with a commercial electric shaving

machine one day before the burning procedure.

2.2.1 Sensory denervation

Following Ossipov (1999) protocol, sensory ablation was achieved by intra-
peritoneal injection of Resiniferatoxin, 0.1mg/kg dissolved in 100% pure ethanol
(Ossipov, Bian, Malan Jr, Lai, & Porreca, 1999) . Desensitization was verified after 3
days by the indifference to a corneal application of capsaicin in the RTX group

(Hammond & Ruda, 1991).

2.2.2 Peripheral block of sympathetic efferents

This block was performed according to Coderre et al.’s protocol (Coderre,
Basbaum, & Levine, 1989), whereby, Guanethidine (1-[2-guanidinoethyl]
octahydroazocine) monosulfate (1:1) (from Sigma) was used to block the sympathetic
efferents. It was dissolved in sterile saline, 30 mg/ml, and injected subcutaneously in the

area of the burn one hour before burn.

2.2.3 Anesthesia:

Burning was performed under deep anesthesia with a mixture of atropine
(atropine sulfate, Laboratoire Aguettant, 0.05 mg/kg) and chlorpromazine (Largactil®,
8 mg/kQ), injected intra-peritoneally (i.p.) as pre-anesthetics and followed 10 min later

by an i.p. injection of ketamine (Ketalar®, 50 mg/kg).
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2.3 Burninjury:

A modified version of the aluminum stamp described by Knabl et al. (Knabl, et
al., 1999) has been used. The desired temperature was maintained and controlled via an
electronic temperature controller with a thermo-coupling feedback sensor and a dimmer
knob. A burn area of 4.9 cm?was produced by applying an ordinary soldering iron (20
W) retrofitted with a 2.5 cm diameter aluminum stamp. The desired temperature of 80°
C was reached after preheating the device for 15 mins. The stamp was applied for 55
sec to produce a consistent deep partial thickness burn (Jurjus, et al., 2007). The iron
was held vertically, applying its own weight with no additional pressure to ensure a

reproducible experimental burn.

2.4 Treatment:

The experimental burns were left to heal with no dressing or any other

interference.

2.5 Biopsy and observational phase:

2.5.1 Macroscopic examination:

Wounds were inspected on a daily basis and findings were documented for
edema, debridement, exudation, quality of the healing wound and re-epithelialization.

Photos of the wounds were also taken with an mm-graded scale in frame.

2.5.2 Wound surface:

Wound surface was measured in square cm (area = r?) of the burn as it

progressed since the aluminum stamp was circular.
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2.5.3 Biopsies:

Ondays 0, 3, 8, 14, 21, and 28 punch biopsies of 3.5mm diameter were taken,
under deep anesthesia, from the rostral (for light microscopy) and caudal parts (for

ELISA) of the burn areas. Animals were then sacrificed.

2.6 Light microscopy:

Fixed biopsies were embedded in paraffin and 5 um thick sections were stained
with Toluidine Blue (a metachromatic stain of mast cells), and Hematoxylin-Eosin for
routine microscopy. These slides provided a chronological, histological account of the
healing process, as well as mast cell density and distribution record. H&E slides were
photographed by Olympus E330 camera connected to a CX41RF Olympus light
microscope. Whereas the TB slides were photographed of 2048 by 1536 pixel
resolution, using a VanGuard microscope fitted with MU300 camera with 3.1MP

Aptina color CMOS and an AmScope capturing software version 3.7.3036.

With respect to mast cell count, it was reported as high (7-10 or more cells/field),
moderate (4-6 cells/field) and low/ normal (1-3 cells/field) and very low (0-1 mast cells

per field).

2.7 Enzyme-Linked ImmunoSorbent Assay (ELISA):

Caudal biopsy samples were used for the quantitative assessment of IL-1p, IL-
6, IL-8 and NGF using ELISA. Biopsies were snapped directly into liquid nitrogen then

stored in deep freeze at -80°C until processing.
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2.7.1 Tissue Processing:

Collected tissues were homogenized for 45 sec on ice at 21000 rpm using a
homogenization probe (Tissue Tearor, Polytron, Biospec Products, Inc.) along with
freshly prepared ice-cold extraction buffer (Tris 200mM, NaCl 150mM, EGTA 1mM,
EDTA 1mM, Triton X-100 1%, Sodium deoxycholate 0.5%; pH=7.4; 1000pl/tissue)
and protease inhibitor cocktail tablets (Roche Diagnostics, Mannheim, Germany; 2
tablets/100 ml). The homogenates were then centrifuged at 4°C for 1 hour at a speed of
11,000 rpm (15,000xg) and the supernatants were collected, in sterilized test tubes, and

stored at -80°C.

2.7.2 ELISA

ELISA was used to evaluate IL-1p, IL-6, IL-8 and NGF in the supernatants of
the homogenized tissues. The protein concentration of each sample was first determined
using the BCA protein assay according to the manufacturer’s guidelines (Bio-Rad
Laboratories, Hercules, CA). The concentrations of NGF were detected using the four-
day ELISA kit (R&D Systems, Minneapolis, MN) and following the protocol provided
by the manufacturer. The concentrations of each cytokine; however, were determined
using a modified two-site sandwich ELISA as previously described (Saadé, et al., 2002;
Saab, et al., 2009). First, the ELISA plates were coated with immunoaffinity-purified
polyclonal sheep anti-rat IL-1p, IL-6 or IL-8 antibodies diluted in coating buffer and
incubated overnight at 4°C (100pul/well; NISBC, England). The plates were washed the
second day with wash/dilution buffer, blocked for non-specific binding with a blocking
buffer at 37°C (3% BSA, 0.1% Tween 20 in PBS) and then incubated with the samples

overnight at 4°C. On the third day, the plates were washed and respective biotin-
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conjugated immunoaffinity-purified polyclonal antibody diluted (1:4000) in 1% Normal
Sheep Serum (NSS; abcam, Cambridge, UK) was added and incubated at 4°C
overnight. On the last day, the plates were washed then loaded with the enzyme
streptavidin horse-radish peroxidase (Amersham; diluted 1:8000 in wash buffer
containing 1% BSA; 100ul/well) and a tetramethylbenzidine-containing substrate
solution was added. Finally, the reaction was stopped by an acidic stop solution (1M
H2S04; 100ul/well) and the optical density was measured using a 450nm filter. Data
were then analyzed using a four-parameter logistics curve-fit by Ascent Software for

IEMS Reader. Cytokine levels were expressed as picograms per milligram protein.

The protein concentration in the supernatant was quantified using the DC
Protein Assay following the manufacturer's instructions (DC Protein Assay Reagent Kit,
Bio-Rad) with minor modifications. Samples were pipetted as duplicates (5 pl/well) in a
96 well microtiter plate (Nunc). Each plate was inserted into a plate reader (iIEMS
Reader MF, Labsystems, Finland) to read the optical density of each well at an
absorbance of 750 nm. Data were analyzed using Ascent Software for iEMS Reader
(Saadé, et al., 2002; Saab, et al., 2009; Safieh-Garabedian, Poole, Allchorne , Winter, &

Woolf, 1995).

2.8 Statistical Analysis:
Microsoft Excel 2013 software was used to determine statistical significance using
student T-test double sided with unequal variance when comparing one group to

another.
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3 RESULTS

3.1 Clinical Observations

Daily observation of the animals showed that at DO, in the non denervated
burned group (nDB), the wounds were well delineated with an elevated rim and a high
degree of redness (+3). On the other hand, the guanethidine treated animals (GB)
presented with a well delineated softer burn and little redness (+1), while the
resiniferatoxin treated animals (RTXB) reacted similarly with little redness (+1). The

burned spots in the RTXB and GB groups were relatively softer than controls.

On the third day, (+3) redness continued in the nDB group with a relatively

harder crest, than in GB (+2) and RTXB (+1), no other major changes were noted.

After the first week, on day 8, the wounds in the nDB animals showed redness
of rims (+2) with dryness and hardening of the crusts as well as partial elevation of the
rims. On the other hand, the GB animals exhibited less hardening with elevation of the
rims and less necrosis and partial redness (+2). The RTXB depicted a clinical picture

similar to GB with less redness (+1).

After two weeks, the crust was partially shed away in the nDB group leaving
good vascularization behind (+2). In the GB the crust was completely shed away with
excellent vascularization or redness (+3). On the other hand, the RTXB wounds

showed hard elevated crusts but still in place with a rim of redness (+2).

After 3 weeks, the crust was completely sloughed in GB group but partially

remaining in the nDB group. In the RTXB sloughing was partial. Vascularization in all
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groups was good, however it was best in GB and least in RTXB treated rats compared

to the nDB group.

The burn wounds were checked for the last time on day 28, they all healed and
vascularized with hairs starting to grow, however, the RTXB still had a very loose curst

and the healing was less advanced.

nDB v GB RTXB

DO

D3

D8

D14

D21

D28

=

Figure 1. Gross wounds of the different experimental groups at all time points.
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3.2 Area of Burn Wound:
The area of burn at the various time points was also considered as valid

indicator for the progression of the healing process.

Table 1. Average wound area (in cm2) = SEM of different experimental groups at all
time points.

Time Points nDB (€] RTXB
DO 491+0 491 +30 4910
D3 491+0 491+0 491+0
D8 491+0 491+0 491+0
D14 3.90+ 0.03 4.18 +0.05 3.89 £ 0.07
D21 2.83+0.05 2.60 + 0.06 2.83 +£0.07
D28 1.72 £ 0.06 1.08 £ 0.06 2.27 £0.06

Measurements of the surface area of the wounds, on a regular basis, showed
that during the first week (DO to D8), there were no changes in the areas or diameters of
the burns. However, they significantly differed by the end of the fourth week, with the
GB group healing significantly faster with much less surface area of 1.08 + 0.06

compared to RTXB (2.27 = 0.06) and nDB group (1.72 + 0.06).

Such results lead us to conclude that the rate of healing is relatively faster in
the GB and slower in the RTXB, compared to controls nDB. In brief, GB treated

animals presented relatively faster closure velocity especially after day 21.

According to data in Table 2, which compared the surface area of the wounds
inflected in the GB group against the nDB group showed no significant difference
except at D28 where P is 0.002. Again comparing RTXB against nDB groups, a p-value

of 0.003 indicates a significant difference at one time point (D28). In brief, the closure
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of the burn wounds were more advanced and faster in the GB versus nDB versus
RTXB. When comparing GB against RTXB there were marked differences at all time

points (Table 2) in favor of a faster healing rate in the GB group.

Table 2. Same Day Comparison of Wound Area among experimental groups.

Time points nDB Vs GB nDB Vs RTXB GB Vs RTXB

DO - - 2
D3 - - -
D8 - - -
D14 0.097 0.366 0.241
D21 0.223 0.449 0.76
D28 0.002 0.003 0.222

N.B. Student T-test analysis. Significance p < 0.05.

Table 3 shows a comparison of the wound areas within the same group.
Accordingly, significant differences exist at three time points for each group. Group GB
shows significant differences at three time points, days 14, 21 and 28 where their
respective p-values are 0.016, 0.001 and 0.00009, respectively. In the RTXB group a
similar result is detected at the same time points and the respective p-values are 0.017,
0.018, and 0.004. Furthermore, in the nDB a statistically significant difference exists at
days 14, 21 and 28, very similar to the other groups with corresponding p-values of

0.002, 0.001 and 0.00004, respectively (Table 3).

In brief, the areas of the closing wound on day 28 are smallest for GB and

largest for RTXB compared to nDB’s.
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Table 3. Comparison of Wound Area within each group.

GB RTXB nDB

D3 Vs DO = = .

D8 Vs DO - - -
D14 Vs DO 0.016 0.017 0.002
D21 Vs DO 0.001 0.018 0.001
D28 Vs DO 0.00009 0.004 0.00004

N.B. Student T-test analysis. Significance p <0.05.

3.3 Histological Inspection:

3.3.1 Microscopic changes of the skin in various groups across time

e The controls of various categories (CTRL, GnB, RTXnB) showed normal skin
histology with distinct well layered epidermis, continuous ducts and glands well
delineated along with a well-organized dermis.

e The non-denervated burn wounds (nDB) showed disrupted and sloughed
epidermis with edema and disorganized dermis with glands and ducts destroyed.
The remnants of such glands reached surface of burned skin. The collagen
bundles in the upper dermis were also disorganized. The picture remained as
such till day 8 where an epidermal layer or two were growing and bridging the

gaps created by the burns.

On day 14, the epidermal gaps were closed, however, the glands and ducts did
not fully recover and collagen bundles were getting reorganized to a good

extent.

By D21 the wounds were fully recovered; the epidermis well layered and the

dermis well organized, however, the glands and ducts were not fully organized.
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By Day 28 the skin over the wound area was back to normal.

e The GB group showed a similar pattern to nDB except that the edema was less
on day 3, by day 8 the epidermal and dermal layers showed less disorganization
then the nDB group with the growing of distinct epithelial layers (one or two).
On D14, more organized and thicker epidermis and well organized dermis were
encountered but the adnexia were not fully recovered until day 21. By day 28,
the skin was normal like controls except that the crust present in the RTB to a
great extent.

e On the other hand, in the RTXB group the picture on days 0 and 3 was similar to
nDB. On day 8, however, disorganization remained very distinct and epidermal
growth was minimal; otherwise, the picture was pretty similar to day 8 of nDB

and GB.

Moreover, the picture on day 21 was pretty similar to D14 of GB and nDB and
the picture on day 28 was similar to day 21in other groups. In brief, almost one
week delay from nDB. With the vehicles, the picture was very much similar to

nDB or a little better.

In brief, RTXB delayed the time of healing for at least a weak and the results
of the scar was worse. The best healing occurred in the GB group, faster and better

quality scar.
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Figure 2. Hlstologlcal sections of he various experlmental groups stalned with H&E
(x100).

3.4 Mast Cells alterations in the various groups across time and treatment
Mast cells expressed alterations in their relative number in the various groups compared

to the CTRL controls which showed 2-3 mast cells per field.
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In the nDB group, mast cells on day 0 were about 6 per field, almost twice the
control CTRL group, and kept increasing on day 3 to a slightly higher number 7-
8 mast cells per field on the average. On the other hand, they decreased on day 8
with less cells 4-6 cells per field. On D14 it went back to DO levels 4-6 cells per
field, then increased again on D21 to 7 or more, to settle on D28 to a count of 4-
6 cells per field.

In the GB group, the picture on DO was similar to nDB, 4-6 cells per field, and
they maintained a similar presence on D3 then to decrease on D8 to very low
levels or even absence and later to increase tremendously on day 14 to 7 cells or
more per field and then remained numerous (4-6) per field on D21, to increase
tremendously on day 28 to 7 or more cells per field.

In the RTXB group, on DO the picture was similar to nDB or GB, however, a
drop or even absence of mast cells was noted on days 3, 8 and 14. On the other
hand, numerous mast cells, 7 cells or more per field, were encountered in the last
week of the experiment during the remodeling and scarring phases.

In the VG group the count started similar to nDB at DO and began to rise on day
3 to 4-6 cells per field and continued to increase tremendously on day 14 to 7
cells or more per field. However, the number of mast cell became moderate for
the last 2 weeks of the experiment with a cell count of 2-4 cells/field.

VRTX presented a higher count than CTRL for DO, 4-6 cells/field. Later, on
days 3 and 8 the count decreased to the level of controls (2-3 cells per field). It
then rose back to a moderate count of 4-6 cells per field for the rest of the

experiment
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In brief, in the RTXB rats the mast cells decreased in numbers until almost day
21 then increased during the last week of the experiment but remained above CTRL
levels. Where as in the GB the number of mast cells started moderate to decrease by the
first week of the experiment then to rise tremendously on the second week, then to
decrease on the third week to rise back again tremendously on the fourth week. In

addition, the presence of G or RTX led to more degranulations of mast cells.

CTRL CTRL GnB
7 TR o il - ; X

nDB

GB

RTXB

VG

VRTX

ctions stain
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3.5 Molecular Parameters:
Multiple molecular parameters were assessed in the various groups at all time

points considered. Such parameters included the: NGF, the IL-1, IL-6 and IL-8.

3.5.1 NGF modulation:

A thorough analysis of NGF data showed that:

e NGF concentration diminished slightly in the denervated non-burned (RTXnB and
GnB) compared to normal control non-burned (CTRL) or to denervated and burned
animals (RTXB and GB) (Table 7). The decrease was more obvious in the RTX
treated groups (range 45%, 47%, and 41%) than in Guanethidine denervated non-
burned rats (range 37%, 36%, 46%). These differences were significant at multiple
time points (Figures 5-7).

e The burning increased the levels of NGF in the denervated animals (RTXB and GB)
compared to non-burned denervated animals (RTXnB and GnB). However, in
general the non-denervated burn had the highest concentrations of NGF at days 0, 14
and 28.

e Asshown in figures 4 and 5, NGF levels were different in different groups and at
different time points. The concentrations of NGF in RTXB group oscillated. Figure 5
shows the NGF level in the RTXB group at DO to be 12 pg/mg. This level has risen
up to 16 pg/mg at D3 presenting a statistical significance of 0.04 of t-test. Then it has
fallen down to 11 pg/mg at D8 with p-value of 0.01. Then it decreased again to 10
pg/mg at D14. On the other hand, at D21, NGF concentration increased up of 13
pg/mg to fall again to a lowest recorded level of 8 pg/mg at D28, p=0.03, after

healing (Figure 5).
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e On the other hand, NGF levels in nDB group ranged from 8 pg/mg to 16 pg/mg. At
DO it showed a value of 14 pg/mg then decreased at D3 to 8 pg/mg. At D8, there was
an increase to 11 pg/mg. This rise continued to D14 showing a value of 16 pg/mg,
with a statistical difference to DO (p< 0.05), then to fall again at D21 to 11 pg/mg,
thus presenting a significant difference to D14 of 0.005. On the last day of the
experiment, D28 showed a rise back to the same value at DO (14 pg/mg) (Figure 6),
thus showing a statistical significance against D21 of p=0.04 (Figure 6), slightly
higher than normal healthy controls (12.32 pg/mg).

e On the other hand, NGF levels in the GB group ranged from 10.74 pg/mg to 12.87
mg/pg, values that are close to the normal control of 12.32 mg/pg. At DO the level of
NGF was 12.06 pg/mg. It rose a little at D3 to 12.14 pg/mg. At D8 the concentration
fell to 10.74 pg/mg then rose again on D14 to 11.42 pg/mg. The rise continued to
D21 which showed a concentration of 12.87 pg/mg. at D28 a fall was noted to 11.74
pg/mg. In this group no statistical significance existed at all time points compared to

control (Figure 7).

In brief, the denervation decreased the levels of NGF but more so in the RTXB
group, however, due probably to the burning effect, the levels rose at specific time

points significantly beyond all controls as well as non-denervated with burns.
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In brief, NGF concentrations were altered markedly and sometimes to relatively

significant levels, thus oscillating around control levels.

3.5.2 IL-1B modulation

e The assessment of IL-1f exhibited undetectable levels in the non-burned normal
healthy skin and in the RTX treated non-burned skin (RTXnB) as well as
extremely low levels in the GnB group ranging between 2.81 + 0.2, 3.68 £ 0.4,
and 6.82 + 0.4 (Figures 9 and 11).

e On the other hand, in the non denervated burns nDB, IL-1p increased slowly but
steadily during the experimental period from 134 + 15 on day 0 to 353 £ 36 on
day 28 (Figures 10). This behavior was significantly different from the other
burned groups RTXB and GB (Figures 9 and 11) (P< 0.05). In the denervated
burned skins, IL-1f showed different patterns of expression among RTXB and
GB on one hand and among RTXB and GB with nDB on the other hand.

e Asshown in Figure 9, IL-1p in the RTXB group picked up after two weeks
(185 £25) to reach its maximal level on the third week (534 + 43) and to remain
high (471 + 39) by the end of the experiment.

e On the other hand, IL-1p in burned animals treated with guanethidine (GB)
remained suppressed for 3 days then started to increase to reach the levels of
denervated burned skin by day 8 and to keep up reaching its maximal level of
585 + 43 and then to remain significantly high for the rest of the duration, 378 =

24 week 3 and 388 + 30 week 4 (Figures 8-11).
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In brief, denervation of burns with RTXB and GB suppressed IL-1 initially in
the acute inflammation phase. The concentrations of IL-1B went up to non-denervation

levels after one week with guanethidine and after two weeks after RTXB treatment.

Figure 11 exhibits a comparison among the experimental groups, GB data
against CTRL data show significant differences on days 3, 8, 14 and 28. The p-values
are 0.05, 0.001, 0.009 and 0.04, respectively. Concentrations from RTXB against those
of CTRL show also significant differences at 4 time points with p-values of 0.01, 0.05,
0.006, and 0.01 at time points D3, D14, D21 and D28, respectively (Figure 9). On the
other hand, the nDB concentrations against those of the CTRL present significance at all
time points with p-values of 0.01, 0.02, 0.02, 0.02, 0.008, and 0.002 for day 0, 3, 8, 14,
21 and 28, respectively (Figure 10). However, a comparison of values from GnB against
CTRL shows no significance and so is the comparison of RTXnB against the CTRL
group, since the concentrations are numerically equivalent. In addition, comparing IL-
1B values of RTXnB against those of RTXB show significant differences at two time
points, at days 14 and 21where their respective p-values are 0.05 an0.006 (data not
shown). Furthermore, GnB against GB showed also significant differences also at two
time points. However, these time points are on days 8 and 21 with p-values of 0.0007
and 0.009, respectively (data not shown). When comparing RTXnB against GnB no
significance is presented (data not shown). Nevertheless, RTXB against GB also show
significant differences at two time points, days 8 and 21 where the p-values are 0.03 and

0.029, respectively (Figure 11).
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Figure 8. IL-1p levels among different groups.

Figure 9 shows the trend of increasing concentrations of the IL-1f in the
RTXB group. The slight increase on the first four time points showed no significance
when compared to its DO and D3. However, significance was present on days 14, 21 and
28 compared to DO and D3 when a rise of IL-1 concentration took place from 185

pg/mg to 534 pg/mg with a p-value of 0.02.
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Figure 9. IL-1p Level in RTXB group. ¥ shows statistical significance in comparison to
CTRL (p-value <0.05)

Figure 10 shows also an increase in the concentrations of IL-1p in the nDB
group. The graph shows a trend of a steady increase. When comparing one time point to
its previous one, no statistical significance was present. However, comparing

concentrations at DO against D14, D21 and D28, a statistical significance of p-values p

< 0.05 existed.
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Figure 10. IL-18 in nDB group. ¥ shows statistical significance in comparison to CTRL
(p-value < 0.05)

It is noteworthy that IL-1p had a different expression pattern in the GB group.
Figure 11 shows a marked decrease in the concentration of IL-1f from 48 pg/mg to 38
pg/mg on day 0 to day 3. However, on day 8 the concentration increased significantly to
324 showing a p-value of 0.0003. The rise continued on D14 to mark 585 pg/mg D14
(p-value is 0.04). On day 21, the concentration dropped to 378 pg/mg with no
significance against D14 but still significant compared to DO of p-value equals to 0.04.
On the other hand, on D28 the concentration increased to 388 pg/mg with no

significance to D21 but was still significant to DO, p-value equals to 0.03.
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3.5.3 IL-6 Quantification

IL-6 concentrations started high in all burned skin groups, however, in the non-
denervated group (nDB), the levels of IL-6 were significantly higher 1523 + 58 pg/mg

compared to 1062 + 101 pg/mg and 1068 + 78 pg/mg in the RTXB and GB, respectively

(P < 0.05) (Figures 13-15).

48



Comparing IL-6 levels in the GB against those of the CTRL groups, they
exhibited significant differences at four time points where the p-values are 0.005, 0.008,
0.001, and 0.002 for days 0, 3, 8 and 14, respectively. RTXB against CTRL showed also
significant differences at five time points DO, D3, D8, D21 and D28 with p-values of
0.02, 0.04, 0.047, 0.0002 and 0.0005, respectively. Furthermore, comparing nDB
against CTRL data, they showed statistically significant differences at all time points
with p-values of 0.01, 0.017, 0.013, 0.0001 and 0.02 for days 0, 3, 8, 21, and 25,
respectively. On the other hand, when comparing values of GnB against those of CTRL
and values of RTXnB against those of CTRL no significant difference was recorded. In
addition, when comparing RTXnB against RTXB, the effect of burn in modulating IL-6
Is significant at various time points, days 8, 14, and 21 for respective p-values of 0.05,
0.03 and 0.0004 (data not shown). GnB against GB shows a similar pattern, again with
significant differences at three time points, days 8, 14, and 21 with p-values of 0.001,
0.04, and 0.007, respectively (data not shown). On the other hand, comparing RTXnB to
GnB shows a significant difference at one time point at D8 where p-value is 0.03 (data
not shown). Furthermore, RTXB against GB groups when compared present statistical
significance at three time points, days 14, 21 and 28 with respective p-values of 0.03,

0.0004 and 0.01 (Figures 13-15).

In brief, burning has led to the production of high levels of IL-6 in the acute

phase of healing process and more so in the denervated burns.
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Figure 12. IL-6 levels among different groups.

On the other hand, Figure 13 exhibits the high concentrations of IL-6 early in
the process within the RTXB group at early time points. At DO the concentration scores
a 1062 pg/mg to fall gradually on D3 to 928 pg/mg without showing a statistical
significance against DO. The fall continues to D8 presenting a concentration of 285
pg/mg with a statistical significance against D3 of p-value of 0.05. On D14 the
concentration was down significantly to 40 pg/mg (p < 0.05) to rise on D21 to 165
pg/mg with a statistical significance against D14 of 0.0001, and to 194 pg/mg on D28.
In brief, IL-6 values on D8, D14, D21 and D28 show a statistical significance against
DO with p-value of 0.019, 0.011, 0.016 and 0.017, respectively. Consequently, there was
significance drop in IL-6 with time. Such a drop was slower with RTXB compared to

the nDB or GB groups.
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Figure 13. IL-6 Levels in RTXB group. ¥ shows statistical significance in comparison to
CTRL (p-value < 0.05)

On the other hand, in the non-denervated burned group (nDB), IL-6 has an
initial concentration of 1523 pg/mg at DO, to fall to 311 pg/mg on D3, (p=0.018). The
fall continues to 81 pg/mg on D8 with p-value of 0.018 against D3. On D14 the
concentration decreased more to 34 pg/mg to score a statistical significance against D8
of p-value equals to 0.023. On D21 the concentration rises again significantly to 155
pg/mg (p=0.0001) against D14. The concentration then rises again on D28 to 406
pg/mg, showing a significance against D21 of p-value equals to 0.031. In brief, all time
points show statistical significance against DO with p-values of 0.018, 0.007, 0.006,

0.008, and 0.014 for day 3, 8, 14, 21 and 28, respectively (Figure 14).
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Figure 14. IL-6 levels in nDB group. ¥ shows statistical significance in comparison to
CTRL (p-value < 0.05)

Furthermore, in the GB group, IL-6 concentration scores 1068 pg/mg on DO,
very close to RTXB, to fall to 300 pg/mg on D3 thus presenting a statistical significance
of p-value equals to 0.004. On D8 the concentration rose again to 433 pg/mg then falls
again on D14 to score 261 pg/mg showing also a statistical significance against D8 of p-
value equals to 0.04. On D21%, however, a concentration of 38 pg/mg was detected with
a statistical significance against D14 with a p-value of 0.015. On day 28 the
concentration went up to 79 pg/mg with no statistical significance against D21. In brief,
concentrations at all time points show statistical significance against DO with p-values,

of 0.004, 0.008, 0.003, 0.003, and 0.003, respectively (Figure 15).
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Figure 15. IL-6 levels in GB group. ¥ shows statistical significance in comparison to
CTRL. t shows statistical significance in comparison to RTXB (p-value < 0.05)

3.5.4 IL-8 Modulation

The data collected on IL-8 showed that denervation of burned skin decreased
significantly its levels during the first week with RTXB and the first 3 days in the GB
groups compared to the non denervated burned group (nDB). The concentration picked
up later on to closer levels in the 3 burned groups. However, the concentrations of 1L-8

in the non-burned and control groups were undetectable (Figures 17-19).

A comparison of the GB group IL-8 values against those of the CTRL group
values shows significant differences at four time points days 8, 14, 21, and 28 with

respective p-values of 0.000001, 0.002, 0.049 and 0.004. However, when comparing the
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RTXB against the CTRL groups, they show also significance at four time points D8,
D14, D21 and D28 with p-values of 0.002, 0.028, 0.002 and 0.010 respectively (Figure
17). Furthermore, the comparison of nDB vs CTRL presents significance at all time
points days, 3, 8, 14, 21 and 28 with respective p-values of 0.006, 0.002, 0.008, 0.004,
and 0.004 (Figure 18). Again, comparing RTXB against RTXnB shows three significant
time points at D8, D14 and D21 with p-values of 0.002, 0.003 and 0.002 respectively
(data not shown). Furthermore, comparing GnB against GB shows significance at two
time points days 8 and 14. Their respective p-values are 0.000001 and 0.002 (data not
shown). In brief, when comparing RTXB against GB there was difference only on D8

with p-value of 0.000001 (Figure 19).

350.00
300.00
/ =@=—RTXB
250.00
=i—nDB
== GB

IL-8 Conc pg/mg

200.00 N
/ /\ ——CTRL
150.00 =——RTXnB
X/ -
100.00 / / /
50.00
0.00 W T T T 1

Day O Day 3 Day 8 Day 14 Day 21 Day 28

Figure 16. IL-8 levels among different groups

However, when looking into the expressions of IL-8 in the RTXB group,

Figure 16 shows that the 1L-8 concentration in the RTXB group at DO was undetectable
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then rose to 37 pg/mg at D3 to fall again on D8 to 16 pg/mg. On D14 there was an
abrupt significant increase of the concentration to 181 pg/mg (p=0.02). The increase
continued on D21 and presented 247 pg/mg then to fall to 191 pg/mg on D28. In brief,
values of D8, D14, D21 and D28 time points show statistical significance against DO

with p-values of 0.001, 0.014, 0.0008 and 0.005, respectively (Figure 17).
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Figure 17. IL-8 levels in RTXB group. ¥ shows statistical significance in comparison to
CTRL (p-value < 0.05)

Concerning the nDB group, figure 20 shows the average concentrations of I1L-8
at various time points. At DO the concentration scores 7 pg/mg to rise significantly on
day 3 to 125 pg/mg (p=0.002). The concentration continues to rise on day 8 to 241
pg/mg, thus showing a statistical significance against D3 with a p-value of 0.004. This
concentration falls on day 14 to 201 pg/mg, then to 178 pg/mg on day 21. This decrease

continues at time point D28 to score 107 pg/mg, again showing a statistical significance
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against D21 (p=0.020). On the other hand, D3, D8, D14, D21 and D28 show statistical

significance against DO with p-values of 0.002, 0.0005, 0.0027, 0.0012 and 0.0007,

respectively (Figure 18).
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Figure 18. IL-8 levels in nDB group. ¥ shows statistical significance in comparison to
CTRL (p-value < 0.05)

Lastly, concerning IL-8 values in the GB group, figure 23 shows the average
IL-8 concentrations at the different time points. At DO, the concentration is 9 pg/mg to
fall at D3 to 3 pg/mg. On day 8, the concentrations rises to 196 pg/mg to show a
statistical significance against D3 of p-value equals to 0.0000001. On day 14, the
concentration falls significantly to 132 pg/mg, thus presenting a statistical significance
against D8 of p-value equals to 0.017. It then rises on D21 to 163 pg/mg and on day 28
the concentration scores a 288 pg/mg with a statistical significance against D21

(p=0.050). In brief, the time points D8, D14, D21 and D28 show statistical significance

against DO (p<0.05) (Figure 19).
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Figure 19. IL-8 levels in GB group. ¥ shows statistical significance in comparison to
CTRL. t shows statistical significance in comparison to RTXB (p-value < 0.05)

3.6 Summary of the changes of molecular parameters per treatment
The results when grouped by treatment type exhibited multiple alterations in

the concentrations of NGF, IL-1p, IL-6 and IL-8 (Tables 4-8 and Figures 20-24).

3.6.1 In the regular non-denervated burns (nDB) the followings were recorded:

e NGF

In the non denervated burned group (nDB), NGF decreased from DO t0 D3
(14.5 pg/mg to 7.9 pg/mg) then went up steadily after day 3 to regain the DO level and
beyond after 2 weeks (15.7 pg/mg) and then back within the range of DO, 11.0 pg/mg on

D21 and 13.6 pg/mg on D28 (Figure 20a).

o IL-1P
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The concentration of IL-1p increased slowly but steadily all the duration of the

experiment; 134 pg/mg on DO to 353 pg/mg on D28 (Figure 20b).
o |L-6

The burn affected significantly the concentration of IL-6, it decreased sharply
from DO to D3, D8, D14 and remained very low for the rest of experiment; from 1523
pg/mg at DO to 311 pg/mg on D3, then to 81 pg/mg on D8 to a minimum of 34 pg/mg

was on D14 (Figure 20c).
e |L-8

The concentration of IL-8 increased steadily from DO (9 pg/mg) to D3 (3 pg/mg)
and D8 (196 pg/mg) where it reached its maximal concentration. It plateaued between
D14 (132 pg/mg) and D21 (184 pg/mg) around the control levels to reincrease markedly

on D28 (288 pg/mg) (Figure 20d).

Table 4. nDB Group Parameters.

NGF IL-1B IL-6 IL-8
DO 14.5 134 1523 9
D3 7.9 226 311 3
D8 11.3 188 81 196
D14 15.7 399 34 132
D21 11 255 155 184
D28 13.6 353 406 288

58



a b
nDB NGF nDB IL-1
1 100
A 350 f
14 &
& / \ /I & 300 ,\
£ 2\ A A4 £ / N
2 10 ¥ 250
(8] o
§ 8 v § 200 —%J
e 6 @ 150
(] 4 e " 4
= ) = 100
O T T T T T 1 50
Day Day Day Day Day Day 0 . . . . . .
0 3 8 14 21 28 Day 0 Day 3 Day 8Day 14ay 2Day 28
c d
nDB IL-6 nDB IL-8
1600 300
1400 ‘\ 250
B 1000 B 200 /
g 800 \ g 150
S \ S £ N\
o 600 \ S 100
= 400 \ = 50 /
200 /
0 T T T T T Y 0 - T T T T T Y
Day 0Day 3Day &ay 1Day 2Day 28 Day O Day 3 Day 8 Day 14Day 21Day 28

Figure 20. nDB Group Parameters

3.6.2 RTXB treatment

Denervation by RTX of burned wounds has altered the concentrations of

various parameters at the various time points (Figure 21).

e NGF

In the RTXB, NGF concentration increased from DO (12.0 pg/mg) to D3 (15.7)
pg/mg steadily, then decreased till days 8 (10.8 pg/mg) and 14 (10.2 pg/mg) to go up to

almost control levels and beyond by day 21 (13.4 pg/mg) and then to decrease a little by
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day 28 (8.2 pg/mg). That is, after an initial acute rise, the concentration of NGF went

down althrough the duration of the experiment (Figure 21a).

o IL-1p

The secretion of IL-1PB was suppressed for almost a week to pick up later. It
was suppressed from DO (52 pg/mg) to D3 (35 pg/mg) and started to increase by days 8
(132 pg/mg), 14 (185 pg/mg) to reach a maximum on D21 (534 pg/mg) and remained
high by day 28 (471 pg/mg). Consequently, there was a delay in its production in the

acute phase (Figure 21b).

e |L-6

In the presence of RTX, IL-6 behaved a little different by slowing down its
decrease. IL-6 started to decrease slowly from DO (1062 pg/mg) to D3 (928 pg/mg) and
D8 (323 pg/mg) to reach complete suppression afterwards on D14 (40 pg/mg) and to
remain at very low levels afterwards; 165 pg/mg and 194 pg/mg by D21 and D28,

respectively (Figure 21c).

o |L-8

It was suppressed significantly from DO (0 pg/mg) to D3 (37 pg/mg) and D8
(16 pg/mg) then increased steadily by D14 (184) to reach a maximum by day 21 (247

pg/mg) and remained high on D28 (191 pg/mg) (Figure 21d).
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Table 5. RTXB Group Parameters.

NGF IL-1B IL-6 IL-8
DO 12 52 1062 0
D3 15.7 35 928 37
D8 10.8 132 323 16
D14 10.2 185 40 181
D21 134 534 165 247
D28 8.2 471 194 191
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Figure 21. RTXB Group Parameters.
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3.6.3 GB Treatment
The changes in the various parameters in the guanethidine treatment were close

to those of RTX.

e NGF

In the GB group, NGF oscillated around the controls CTRL’s level with the
lowest concentrations level reached on D8 (10.74 pg/mg) and the highest on day 21

(12.87 pg/mq) (Figure 22a).

o IL-IB

Results showed that IL-1p was actually suppressed till D3 (38 pg/mg) then
increased sharply afterwards D8 (324 pg/mg), to reach its maximal concentration on
D14 (585 pg/mg) and then to decrease a little and remain high by D21 (378 pg/mg) and

D28 (388 pg/mg) (Figure 22b).

e |L-6

The changes in IL-6 concentrations were similar to nDB and slightly different
from RTXB. IL-6 concentrations decreased sharply from DO (1068 pg/mg) to D3 (38

pg/mg) and remained very low throughout the duration of the experiment (Figure 22c).

o |L-8

IL-8 concentrations did not seem to be affected by guanethidine treatment. It
remained suppressed from DO (9 pg/mg) to D3 (3 pg/mg) then picked up on D8 (196
pg/mg) and remained high on days 14 (132 pg/mg) and 21 (184 pg/mg) to reach a

maximum on day 28 (288 pg/mg) (Figure 22d).
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Table 6. GB Group Parameters.

NGF IL-1B IL-6 IL-8
DO 12.1 48 1068 9
D3 12.1 38 300 3
D8 10.7 324 433 196
D14 114 585 261 132
D21 12.9 378 38 184
D28 11.7 388 79 288
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Figure 22. GB Group Parameters.
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3.6.4 RTXnB and GnB

In the absence of burn RTX by itself lead to a decrease in NGF and IL-6 for 2
weeks. For the rest of the duration, NGF increased while I1L-6 remained low (Figure 23
a,c). On the other hand, RTX suppressed IL-1p and IL-8 althrough the experiment
(Figure 23 b,d). As for guanethidine, in the absence of burn, it also suppressed NGF for
two weeks and IL-8 althrough the experiment (Figure 24 a,d). on the other hand, IL-1
decreased slowly from 8 to 21 days while IL-6 increased sharply during the second

week (8-14 days) then decreased sharply (Figure 24 b,c).

Table 7. RTXnB Group Parameters.

NGF IL-1B IL-6 IL-8
D8 6.82 0 14 0
D14 6.57 0 0 0
D21 7.29 0 0 0
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Figure 23. RTXnB Group Parameters.

Table 8. GnB Group Parameters.

D8
D14
D21

NGF
9.08
8.14
8.63

IL-1B
6.82
3.68
2.81

IL-6

IL-1p Conc pg/mg

IL-8
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Figure 24. GnB Group Parameters.

In brief, burning the skin has stimulated significant alterations in all parameters
tested; it increased pro-inflammatory cytokines (IL-1p) and downregulated to variable
extents various anti-inflammatory cytokine (IL-8). IL-6 was maintained in the early
phase and its decrease was delayed mostly in the RTX group. However, in the GB as

well as in the nDB the decrease was sharp and acute.

The denervation has delayed for one (GB) or two weeks (RTXB) the up

regulation of pro inflammatory cytokines and inhibited the production of IL-6 and IL-8

in the early phases.
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4 DISCUSSION

The results of this study demonstrated an important role of sensory and
postganglionic sympathetic fibers in the healing process of skin burn injury. The
denervation of the sympathetic postganglionic neurons seemed to hasten the process
with an earlier shedding of the crust and better vascularization compared to the non-
denervated group. On the other hand, the denervation of the capsaicin-sensitive fibers
by resiniferatoxin delayed the inflammation process, vascularization and sloughing of
the crust for almost a week compared to the nDB group. Towards the end of the
experiment (D28), the burn surface was reduced significantly in the GB and nDB
groups, while the crust was widely maintained in the RTXB group. Such results are in
line with reported data indicating that the wound surface area was larger by almost 36%
in the final stage compared to the controls (Smith & Liu, 2002). It has also been
reported that capsaicin denervation impairs migration of stem cells progeny present in
hair follicles to participate in the reepithelialization process, thus resulting in longer
times needed by capsaicin denervated wounds to heal (Martinez-Martinez, Galvan-
Hernandez, Toscano-Marquez, & Gutierrez-Ospina, 2012; Barker, Rosson, & Dellon,
2006; Younan, et al., 2010; Fukai, Takeda, & Uchinuma, 2005). On the other hand,
Souza et al. concluded that in full thickness wounds sympathetic denervation
accelerated wound healing, although it partially impaired reepithelization (Souza,
Cardoso, Amadeu, Desmouliere, & Costa, 2005). Their findings are in agreement with
our data by showing that reepithelialization was relatively slow in the first two weeks
then it picked up faster than non-denervated group by day 21 and definitely much faster

than in the RTXB group which was well delayed. Consequently, by day 28, the
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guanethidine treated rats had the best results of least surface area and scar with better
vascularization. Sympathetic innervation is very important in regulating vascularity, in
that chronic loss of sympathetic activity may contribute to abnormal vascular
proliferation. Effects originate in the vascular tone from disruption of sympathetic
fibers, causing the dilation and reorientation of choke vessels within the tissue of
interest (Steinle, Pierce, Clancy, & Smith, 2002). “The term “choke vessel” refers to the
portions of the vasculature that are located on the periphery of one vascular territory, or

angiosome” (Glotzbach, Levi, Wong, Longaker, & Gurtner, 2010).

In this study, guanethidine helped in maintaining a more favorable
microenvironment for the healing process while the resiniferatoxin did not. However, it
is important to note that the dermis has a very important effect on the epidermal layer
and both layers “cross talk” (Muller, 1971). In our study, the dermis was not fully
destroyed, suggesting that in a partial-thickness burn, sympathetic inhibition may not be
complete and might recover in 2-3 weeks, thus leading to a rebounce and to a
modulation of alterations in the levels of cytokines and growth factors involved or even

affecting cell populations, like mast cells, myofibroblasts or even stem cells and others.

4.1 Mast Cells

Skin mast cells constitute the peripheral response to stress, a major key player
in neurogenic inflammation’ (Bienenstock et al., 1987), and as a major stress guard at
the interface of the neuroimmunoendocrine environment (Maurer, et al., 2003). They
secrete many proinflammatory cytokines and their cell life cycle has been regulated by
stress mediators such as CRH, ACTH, SP, NGF and SCF among other factors, thus
promoting activation and proliferation, however, inhibition is mainly mediated by

catecholamines or corticosteroids (Theoharides et al., 1998). In addition, mast cells have
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been documented to play a role in wound healing mostly in the homeostasis phase, and

in particular in the inflammatory cascade.

Many studies have indicated that mast cells degranulate when subjected stress
(Theoharides et al., 1998; Singh, Pang, Alexacos, Letourneau, & Theoharides 1999;
Peters et al., 2005; Kiernan J. A., 1974). The authors described different stress modules
of hormone, physiologic and mechanical stimuli. Kiernan JA and Siebenhaar F. also
reported degranulation of mast cells by antidromic effect by sensory fibers (Kiernan J.
A., 1975; Siebenhaar et al., 2008). Siebenhaar also concluded that sensory denervation
impairs skin inflammation induced by mast cells (Siebenhaar et al., 2008). On the other
hand, Bunker et al. reported decreased number of mast cells after capsaicin topical
application in human subjects with compromised stratum corneum (Bunker et al., 1991).
Our data are in line with the reported literature, they showed that the mast cells
increased during the inflammatory phase in the regular nDB to go back to normal
control levels later. However, in the RTXB group there was a drop and even absence of
mast cells during the first two weeks of the healing process to reappear later during the
last healing phase of remodeling and scarring whereby the scar was maintained for
longer periods. On the other hand, in the GB group the effect on mast cells was similar
to RTXB, but less drastic. Mast cells disappeared only for a short time during the first
week to regain their presence later during the remodeling and scarring phases.
Moreover, IgE activation of mast cells is reduced markedly in the absence of sensory
innervation (Siebenhaar, et al., 2008). Siebenhaar et al. also reported that sensory
innervation contribute to allergic skin responses suggesting that they augment
inflammatory response driven by mast cells. Bunker et al. suggested that capsaicin

induced the release of peptides from neurons could lead to mast cell degranulation
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(Bunker, et al., 1991). On the other hand, it has been reported that SP immunoreactive
nerve fibers were present near degranulated mast cells, thus indicating plasticity in the
peptidergic innervation and skin neuro-immune communication (Peters, et al., 2005) via

NK-1 (Paus, Theoharides, & Arck, 2006).

4.2  Changes of molecular parameters per treatment:

Our data showed that burning the skin has stimulated significant alterations in
tested parameters; it increased the pro-inflammatory cytokine (IL-1p) and
downregulated to variable extents the anti-inflammatory cytokine (IL-8). The
denervation has delayed for one week in GB or two weeks in RTXB the up regulation of
pro inflammatory cytokines and inhibited the production of IL-8 in the early phases. On

the other hand, NGF had its non-significant ups and downs alterations.

The Nerve growth factor (NGF), a member of the neurotrophin family of
polypeptides, is crucial for the development and survival of certain sympathetic and
sensory neurons in the nervous systems: central and peripheral (Lewin & Mendell,
1993). “It plays a key role in the initiation and maintenance of inflammation in various
organs” (Werner & Grose 2003). Accordingly it is documented that NGF is also
involved in skin wound healing (Werner & Grose 2003). Applying exogenous NGF
accelerates wound healing in normal and diabetic mice (Matsuda, et al., 1998; Li,
Koroly, Schattenkerk, Malt, & Young, 1980) and promotes pressure ulcers healing in

humans (Bernabei, et al., 1999).

Constantinou et al. found a marked increase in NGF levels of neonatal but not
of adult rats after wounding (Constantinou, Reynolds, Woolf, Safieh-Garabedian, &

Fitzgerald, 1994). NGF levels also increased at the wound site and so did serum levels
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of NGF in the same wound model, and NGF mRNA was detected at the wound edge in
new epithelial cells and in fibroblasts granulated tissue (Matsuda, et al., 1998). In
addition, in myofibroblasts granulation tissue of rat wounds, high expression of NGF
was found. On the other hand, much lower levels of NGF being found in adult animals’
myofibroblasts compared with neonatals (Hasan, Zhang, Liu, Warn, & Smith, 2000).
However, NGF presence in higher levels in neonatals compared with adult wounds
indicates it is partially “responsible for the faster healing observed in neonatal animals”
(Werner & Grose, 2003), independent of its mechanism of action. RTX is an agonist of
TPRV1 and has blocked the sensory neurons from secreting NGF and other peptides
hence the low levels of NFG in the RTXnB groups. After burning NGF was back to
around CTRL levels. This is may be due to that NGF is usually secreted by different
cell types present at wound site including fibroblasts, mast cells, T-cells, and
keratinocytes (Radtke, Rennekampff, Reimers, Vogt, & Kocsis, 2013). Keratinocytes
produce and secrete active NGF, stimulating neuritic outgrowth and also acting on
keratinocytes to migrate and proliferate promoting repithelialization (Di Marco, et al.,
1993; Pincelli & Marconi, 2000) hence, contributing to wound healing (Di Marco, et al.,
1993). In addition, Ratdke et al., in their study, concluded that “keratinocytes up-
regulate NGF production and proliferation in the presence of sensory neurons” (Radtke,
Rennekampff, Reimers, Vogt, & Kocsis, 2013). In our study, NGF levels decreased
more in denervated non-burned rats (RTXnB) than GnB, nDB or in controls indicating a
successful denervation by RTX with maximal effect compared to guanethidine or

controls.

In the RTXB, after an initial non-significant increase, NGF decreased all

through the experiment and so did IL-6 which also decreased slowly, the first three days
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then sharply to zero levels by day 8 to remain low later on. In addition IL-1B presence
was delayed and started to increase significantly after the first week, therefore, delaying
the inflammatory homeostasis phase. Such a response corresponded to a similar increase

of IL-8.

During the experiment, NGF did not seem to vary significantly among the
various groups and so was the case of 1L-6, which dropped significantly to zero levels in
nDB and later in RTXB groups, but remained present for more time in the GB group,
till end of the second week. In conclusion, sensory neurons are needed for the
upregulation of NGF production by keratinocytes and mast cells. The sensory nerve
fibers entering wounds may contribute to keratinocyte stimulation and epithelial
proliferation at wound edges and hence more NGF and IL-1 secretion (Radtke,

Rennekampff, Reimers, Vogt, & Kocsis, 2013).

Our results come mostly in agreement with the reported literature concerning
skin wounds and the nervous system. Actually, the inflammatory cytokines that are
secreted with barrier disruption by wounds or burns can recruit and trap inflammatory
cells in the dermis and epidermis and store an array of cytokines and growth factors
(Nickoloff & Naidu, 1994). These preformed cytokines: interleukin-1a and g, NGF and
tumor necrosis factor-a (TNF-a), among others, are released from the keratinocytes,
mast cells and granular cells in response to minimal external perturbations (Nickoloff &
Naidu, 1994; Wood, Jackson, Elias, Grunfeld, & Feingold, 1992; Wood, et al., 1996;
Elias, Wood, & Feingold, 1999). The levels of IL-1p, IL-6 and IL-8 released at the site
of injury, are indicative of progress in wound closure and of surface area of the burn

wound. In brief, IL-1p levels increase has been linked to myofibroblasts apoptosis
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increase (Ziche, et al., 1994) and IL-6 normally present in small amounts in cells of the
epidermis, quickly increase in levels after barrier disruption (Wang, et al., 2004). The
presence of burn and denervation have decreased or inhibited IL-6 in our case a possible
indication of delayed inflammatory response and reepithelialization. Simultaneously,
changes leading to repair are aided by cytokines like IL-8, triggering proliferation and
rebuilding of the epidermis (Elias & Feingold, 2001). However, it is proven that the
mitogenic effect of IL-6 can inflict a dramatic delay of reepithelialization for
keratinocytes in IL-6 Knock out mice, not to mention that granulation tissue formation
could be impaired too (Werner & Grose, 2003). Thus, IL-6 appears to be crucial for the
initiation of the healing process via its mitogenic effect on keratinocytes and neutrophils
recruitment (Werner & Grose, 2003) and it decreased dramatically in the denervated

rats, in particular, in the RTXB group may be due to the delayed inflammatory process.

On the other hand, IL-8 being an anti-inflammatory cytokine is also expressed
in healing skin wounds. It has been suggested that it reduces inflammation in fetal
wound healing (Liechty, Crombleholme, Cass, Martin, & Adzick, 1998) due to their
higher presence in fetal wounds (Werner & Grose, 2003) and hence may be contributing
to scarless wound repair [224]. In vivo application of IL-8 stimulated reepithelialization
on human skin grafts in a chimeric mouse model (Werner & Grose, 2003). Data in our
study showed that the increase of IL-8 appearance coincided with the progress of the

healing process.

The inflammatory process can sustain the abnormal skin condition initiated by
the primary barrier disruption (Liechty, Crombleholme, Cass, Martin, & Adzick, 1998).
Acute and chronic disruption of the cutaneous permeability barrier increase messenger

ribonucleic acid (MRNA) levels for TNF, granulocyte-macrophage colony-stimulating
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factor (GMCSF), IL-1a, IL-1B, and IL-6 in the epidermis (Fore-Pfliger, 2004). Treating
the abnormality in the skin barrier is a key factor in reducing the inflammatory process
(Ganz, 2002). It could also be the opposite, decreasing inflammation severity by
guanethidine could enhance the healing process for a shorter time and leading to a better

scarring condition like in our experiment.

Tian et al. reported that in their controls which are equivalent to the nDB group
in this study, inflammatory cells appeared at site of injury after six hours of superficial
second degree burn infliction (Tian, et al., 2016). Hence the inflammation phase of
wound healing has started almost instantly. As reported in this study, IL-1
concentration at DO after injury inflection was134 pg/mg more than double those of the
RTXB (52 pg/mg) and the GB (48 pg/mg). Moreover, IL-6 concentration on DO was
1523 pg/mg which was higher also than RTXB (1062 pg/mg) and GB (1068 pg/mg).
However, it took more time for I1L-8 to pick up. This difference might be explained by
the suppression of the inflammatory process in the first week (GB group) and second
weeks (RTXB group). Richards A. M. et al. found a significant reduced cell count of
monocytes and macrophages in the granulation tissue of the sensory denervated flap

compared with his controls (Richards, Floyd, Terenghi, & McGrouther, 1999).

As the inflammatory phase picked up pace, IL-1 concentrations started to rise
and IL-6 concentrations continued to decrease in the homeostasis and proliferation
phases. The pace was, however, slower for RTXB compared to GB or nDB group. IL-
1B levels were almost significant at all time points in RTXB, GB and nDB groups
compared with the control group. However, NGF did not seem have much influence in

this case or not much affected, since close concentration levels, not significantly
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different, were detected in all groups. On the other hand, IL-8 increase corresponded

very well to the progress in the healing process.

It is important to note that estrogen has an inhibitory role on the inflammatory
process after burn injury in female rodents (Deitch, et al., 2006; Gregory, Duffner,
Faunce, & Kovacs, 2000). Ovariectomy was shown to result in increased neutrophil
activity in the periphery (Deitch, et al., 2006). Moreover, the percentage of
reepithelialized biopsy surface was significantly larger in male patients (Wehrens,
Arnoldussen, Booi, & van der Hulst, 2016). In brief, “Estrogen modulates all phases of
wound healing by reducing inflammation, accelerating re-epithelialization, stimulating
the formation of granulation tissue, and regulating proteolysis” (Emmerson & Hardman,
2012). Based on this information, cytokines levels in this study may have been affected
by the estrogen cycle. Hence, in burn studies done on females, time points should take

into consideration the estrogen cycle which is about 5 days in female rats.

In conclusion, the denervation by RTX of sensory fibers delayed the healing
time and resulted in a hard and worse scar. On the other hand, denervation by
guanethidine of the sympathetic nerves created a better environment for healing of the

burned wounds leading to a faster and better scar.
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