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Abstract: The term neuroimmunomodulation defines the modulating role of the nervous system in 

relation to immune functions. This phenomenon is possible due to the existence of receptors for 

neurotransmitters on immune cells. The neuronal mediators are also able to direct and modulate 

many of the events in the wound healing process. Among these substances nitric oxide (NO) is a 

neuromodulator involved in the control of vascular tone and blood pressure, which has a vasodila-

tor and antimicrobial effect. Photodynamic treatments in venous leg ulcers have shown how this 

therapy stimulates the activity of immune cells involved in healing, which have, among their func-

tions, that of releasing NO into the extracellular space. The experimental results, showed an increase 

in the expression of iNOS (the enzyme involved in the secretion of NO) in PDT-treated lesions, 

underlining its central role in improving the clinical condition of the wound. In the light of such 

evidence, the versatility of this protein would therefore assume a key role in the definition of new 

clinical therapies, as well as in the study of the process of wound healing itself. 
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1. Introduction 

Wounds that do not heal within 6/8 weeks are considered chronic. The difficulties or 

even the impossibility of treating these types of wounds entail high costs in terms of care 

for the various communities [1]. In general, the processes involved in chronic wound heal-

ing are like those in acute wound healing, but dysregulation of MMP secretion is strongly 

associated with chronic wounds [2]. Besides, prolonged inflammation in chronic wounds 

is mainly mediated by various cell types present in the cell infiltrate [1]. Photodynamic 

Therapy (PDT) is a treatment based on the interaction between a photosensitizing agent 

as 5-aminolevulinic acid (ALA) and molecular oxygen. ALA-PDT has been proposed as 

an adjuvant tool for the treatment of chronic wounds, especially in long lasting wounds 

with multi-resistant bacteria colonization and infection [3]. Among the multiple proper-

ties of PDT, there are evidences for a strong immune modulating activity [1]. However, 

the activity of the immune system can be modulated by the nervous system [4]; this close 

correlation is also documented in healing wounds. Recently it was described that in 

chronic wounds after PDT treatment the expression of some neuronal mediators involved 

in wound healing were increased in neurons while mast cells (MCs) other than express 

VIP and NGF increased their degranulation index [5]. Nitric oxide (NO) is an extracellular 

molecular messenger capable of freely crossing membranes, thanks to its gaseous nature, 
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and it is characterized by a rather short half-life [6]. In mammals, NO is synthesized from 

the enzyme complex nitric oxide synthase, (NOS), of which there are three different ho-

modimeric isoforms: (1) neuronal isoform, nNOS (or NOS I); (2) inducible isoform, iNOS 

(or NOS II); (3) endothelial isoform eNOS (or NOS III) [6]. All NOS isoforms use L-argi-

nine as substrate and molecular oxygen and NADPH as co-substrates. As regards the 

functions of the different isoforms, the nNOS isoform is expressed in specific neurons of 

the central nervous system, and is implicated in synaptic plasticity and blood pressure 

regulation. The eNOS isoform is mainly expressed in endothelial cells, where it helps to 

keep blood vessels dilated and to control blood pressure, as well as having vasoprotective 

and anti-atherosclerotic effects. About the inducible iNOS isoform, this is up-regulated 

under stress conditions; in fact, the expression of the enzyme increases in the presence of 

inflammatory cytokines, apoptotic bodies or bacterial antigens [6]. The involvement of 

iNOS has also been hypothesized in the inflammatory phase of wound repair, during 

which it favors vasodilation and antibacterial activity and affect the function of fibroblasts 

[1,7]. 

In this preliminary study in untreated or ALA-PDT treated chronic wounds, we in-

vestigated the expression of iNOS and his content in some cellular types of cellular infil-

trate involved during wound healing processes. 

2. Material and Methods 

2.1. Study Population, Clinical Study Details and Photodynamic Therapy 

As for the clinical outcomes of this study, the model and the use of the instrument 

see [5] for details. 

2.2. Immunohistochemical Analysis 

Cryostatic sections were labeled with primary antibodies against the following anti-

gen: iNOs (Abcam, Milan, Italy). The followings label were combined with iNOS: Avidin 

(for MCs; Sigma, Milan, Italy), NSE (for neurons, Abcam) and SPM250 (for granulocytes, 

Genetex, Irwine, CA) Photomicrographs were taken with an Axiophot microscope (Zeiss, 

Berlin, Germany) equipped with epifluorescence and a digital photocamera (Zeiss) con-

nected with a personal computer hosting the software Axiovision 4 (Zeiss) or Leica TCS 

SP5 confocal microscope.  

2.3. Morphometry  

For the evaluation of the degranulation index of mast cells and iNOS expression see 

[5, 8] for details. 

2.4. Statistical Analysis  

For every parameter the average value of each skin sample was taken as a sample 

unit. All differences were subjected to a one-way analysis of variance among all experi-

mental groups (including Bonferroni-corrected t-tests or Tukey HSD tests). When signifi-

cant results were obtained the values for each time frame were compared to controls by 

Student’s T test for unpaired values with two tails. P< 0.05 was assumed as significant. 

The results of this analysis are given as median values and error standard (ES) of the me-

dian. For values concerning percentages the chi-square test was applied. 

3. Results 

(a) The morphometric evaluation of iNOS, shows an increase in average surface area of 

about 50% in the wound and about double in the treated one, underlining the ability 

of PDT to influence the activity of iNOS itself (Figure 1A). 
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(b) Avidin positive cells i.e. MCs were located around vessels and nerve fibers. They 

increase in density as well as their degranulation index upon photodynamic therapy 

(Figure 1B, see page 4). 

(c) The percentage of MCs containing iNOS decreases significantly upon PDT (Figure 

1C). Simultaneously the % of cells containing INOS increases significantly. 

(d) About the neuronal population it is observed how the percentage of iNOS increases 

after treatment with PDT. Surprisingly, the proportion of other cell types containing 

iNOS after treatment with photodynamic therapy decreases significantly compared 

to the control (Figure 1D, see page 5). 

(e) The granulocytes expressed iNOS in chronic wounds and also in those treated with 

PDT (Figure 1E).  
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(E) 

Figure 1. Please add legend/discription for each subfigures. (A) xxx (B) xxx (C) xxx (D) xxx (E) Co-

expression of iNOS (in green) in granulocytes marked with Spm 250 (in red), Fluorescence micros-

copy, x40,. 

4. Conclusions 

Previously we compared the distribution and content of SP, NKA, CGRP, NPY, VIP, 

NGF and PGP 9.5 in neuronal cells before and after a single exposure to ALA-PDT; the 

choice of these mediators was strictly related to their involvement in different phases of 

wound healing [5]. This time we have considered iNOS since the great importance of this 

substance during wound healing [1,7]. The preliminary results of the experiments demon-

strate that the expression of iNOS increase in chronic wounds treated with PDT, and neu-

rons are the predominant cells that contains this mediator. About MCs, the degranulation 

index of these cells also increase and they contain iNOS as well as granulocytes. As far as 

the neuronal population is concerned, it is observed that the majority of neurons contain 

iNOS as opposed to other cell types present. However the response of other cells involved 

in iNOS secretion and in wound healing upon PDT are currently underway in the labor-

atory.  
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