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Abstract
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ABSTRACT 

 
During my PhD I focused on the role of collagen VI in skeletal muscle regeneration and 

in intestinal homeostasis. Collagen VI is a glycoprotein of the extracellular matrix (ECM) 

containing three genetically distinct chains and forming an extended microfilamentous 

network that interacts with the cells and with other ECM components. Mutations of 

collagen VI genes in humans cause several muscle diseases, including Bethlem myopathy 

and Ullrich congenital muscle dystrophy. The generation of a collagen VI knockout 

mouse model was fundamental for clarifying the pathomolecular defects caused by the 

absence of this protein and provided a valuable tool for developing novel therapeutic 

opportunities in patients. During the past decade, studies on collagen VI null mice 

revealed an increasingly important role for this ECM component in a plethora of 

different cell and tissue processes, including apoptosis and oxidative damage, 

autophagy, cell differentiation, maintenance of stemness, regulation of tissue 

regeneration and biomechanical properties. 

In the first part of my PhD work, I was involved in a large project aimed at characterizing 

the role of collagen VI in muscle regeneration and in the regulation of the activities of 

satellite cells (SCs), the main adult stem cell population of skeletal muscles. Our studies 

revealed that collagen VI is a key component of the SC niche, and its lack affects muscle 

regeneration and impairs SC self-renewal in collagen VI null mice. Interestingly, we 

found that the absence of collagen VI affects the in vivo mechanical properties of skeletal 

muscles. Furthermore, in vitro studies revealed that SC stemness and regenerative 

capabilities are strongly compromised when SCs are cultured on biomimetic substrates 

with the abnormal stiffness displayed by collagen VI deficient muscles, compared to SCs 

cultured on biomimetic substrates with the normal muscle stiffness. Both the 

biomechanical properties value and the regenerative capability of collagen VI null 

muscle are improved after in vivo grafting with wild-type muscle fibroblasts, the main 

cell type producing collagen VI, thus pointing out that a key mechanism by which 

collagen VI regulates SC activity is via modulation of muscle mechanical properties. In a 

subsequent work, we found that pharmacological treatment of collagen VI null mice 

with cyclosporin A is able to stimulate myogenesis in physiological conditions by 

increasing the percentage of regenerating myofibers, and to improve muscle 

regeneration and SC homeostasis after cardiotoxin-induced injury.  

In the second part of my PhD, I investigated the role of collagen VI in intestine. Despite 
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its broad distribution within the mucosa and the smooth muscle layers of the digestive 

tract, lack of collagen VI does not trigger any gross abnormality in the intestinal 

architecture of knockout mice. However, studies of the gastrointestinal functionality 

revealed that the lack of this ECM component lead to increased motility and decreased 

paracellular permeability. Induction of experimental acute colitis by administration of 

dextran sodium sulphate showed that collagen VI deficient mice have a decreased 

responsiveness and severity to acute colitis, with a lower body weight loss and 

decreased colonic inflammation when compared to wild-type subjected to the same 

treatment. Moreover, wild-type mice displayed an increased recruitment of 

inflammatory cells, in association with increased macrophage number and neutrophil 

activity, which decreased during 10 days of recovery subsequent to acute colitis, thus 

allowing proper tissue repair. Conversely, collagen VI deficient mice were unable to 

efficiently turn off inflammation during post-colitis recovery, displaying a high number 

of pro-inflammatory M1 colonic macrophages, an increased neutrophil activity and a 

higher body weight loss when compared to wild-type. Moreover, lack of collagen VI 

affected both macrophage polarization and activity in physiological conditions and 

during mild inflammation. Further studies allowed to reveal that lack of collagen VI 

affects the behavior of intestinal macrophages, both in physiological conditions and 

during mild inflammation, whose activity is essential to ensure intestinal mucosa 

homeostasis. These findings point at a role for collagen VI as a chemoattractant during 

acute inflammation and in tissue regeneration in the subsequent recovery phase. 

Immunofluorescence studies revealed an increased deposition of collagen VI in the 

colonic mucosa during acute colitis, and the protein was found in contact with 

macrophages. Interestingly, ileal biopsies of Crohn’s disease patients displayed 

increased expression and deposition of collagen VI, in association with a high number of 

macrophages, suggesting that the dysregulation of this ECM component may play an 

active role in the onset and/or maintenance of inflammatory bowel diseases. 

In conclusion, my PhD work provided novel information on the in vivo roles of collagen 

VI in cell and tissue homeostasis. In more general terms, these findings highlight the 

importance of a specific defined ECM microenvironment to ensure tissue homeostasis, 

and demonstrate that lack of one of the major ECM component may have a severe 

impact on cell behavior. 
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RIASSUNTO 

 
Durante il mio percorso di dottorato mi sono occupata di studiare il ruolo del collagene 

VI nella rigenerazione del muscolo scheletrico e nell’omeostasi dell’intestino. Il collagene 

VI è una glicoproteina della matrice extracellulare (MEC) costituita da tre catene 

geneticamente distinte, le quali si organizzano in modo da formare un’estesa rete di 

microfilamenti in grado di connettere cellule e altri componenti della MEC. Mutazioni a 

carico dei geni codificanti le catene del collagene VI causano diverse patologie muscolari, 

principalmente la miopatia di Bethlem e la distrofia muscolare congenita di Ullrich. Gli 

studi condotti sul modello knockout murino privo di collagene VI hanno permesso di 

chiarire i difetti patomolecolari causati dall’assenza di questa proteina, dimostrandosi 

utile anche per l’identificazione di nuovi trattamenti farmacologici per le malattie 

umane. Nel coso degli anni, molteplici studi hanno messo in luce le diverse funzioni 

esercitate dal collagene VI nel regolare diversi eventi cellulari e tissutali, tra cui 

l’apoptosi e il danno ossidativo, l’autofagia, il differenziamento cellulare, il 

mantenimento della staminalità ai fini rigenerativi e le proprietà biomeccaniche. 

Nel corso del mio dottorato ho partecipato inizialmente alla caratterizzazione del ruolo 

del collagene VI durante la rigenerazione del muscolo scheletrico e la sua influenza 

sull’attività delle cellule satelliti, la popolazione principale di cellule staminali adulte nei 

muscoli scheletrici. Da tali studi è emerso che il collagene VI è un componente essenziale 

della nicchia delle cellule satelliti. La mancanza di tale proteina determina una ridotta 

rigenerazione tissutale e una diminuita capacità delle cellule satelliti di compiere self-

renewal in seguito a danni muscolari multipli. I muscoli dei topi privi di collagene VI 

sono caratterizzati da una minore stiffness e approfondite analisi condotte in vitro hanno 

rivelato che le proprietà staminali e rigenerative delle cellule satelliti sono fortemente 

compromesse quando coltivate su biomateriali con un modulo elastico che mima la 

condizione patologica. Le capacità rigenerative e le proprietà meccaniche dei muscoli di 

topi privi di collagen VI vengono ripristinate in seguito alla deposizione di collagene VI, 

ristabilita tramite grafting di fibroblasti muscolari isolati da topi wild-type. 

Complessivamente, questi studi hanno dimostrato che modulando le proprietà 

meccaniche del muscolo, il collagene VI è in grado di regolare l’attività delle cellule 

satelliti. Abbiamo inoltre dimostrato che la somministrazione di ciclosporina A è in 

grado di stimolare la miogenesi in condizioni fisiologiche, inducendo la formazione di 
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nuove fibre muscolari, e di migliorare la rigenerazione muscolare e l’omeostasi delle 

cellule satelliti in seguito a danni muscolari nei topi privi di collagene VI.  

Successivamente mi sono dedicata ad indagare il ruolo del collagene VI nell’omeostasi 

dell’intestino. Sebbene questa proteina sia ampiamente distribuita nella mucosa e nello 

strato muscolare, la sua assenza sembra non comportare alterazioni macroscopiche 

sull’architettura intestinale. L’analisi della funzionalità del sistema gastrointestinale ha 

evidenziato un’aumentata motilità e una ridotta permeabilità paracellulare in assenza di 

collagene VI. Esperimenti di induzione di colite acuta mediante sodio solfato destano 

hanno rivelato che i topi privi di collagene VI presentano una ridotta risposta e severità, 

associate ad una minore perdita di peso corporeo e minore infiammazione della mucosa 

del colon rispetto ai topi wild-type. Inoltre, durante la fase di colite acuta il reclutamento 

di cellule infiammatorie è risultato essere aumentato nei topi wild-type, comportando 

un aumento del numero di macrofagi e di attività dei neutrofili, mentre si riduce durante 

la fase di recupero seguente la colite acuta, favorendo la rigenerazione tissutale. Di 

contro, nei topi privi di collagene VI l’infiammazione è risultata essere ancora attiva 

durante la fase di recupero, con un elevato numero di macrofagi pro-infiammatori M1, 

un’alta attività dei neutrofili e un peggioramento della perdita di peso. Inoltre l’assenza 

di collagene VI ha dimostrato influenzare il comportamento dei macrofagi della mucosa 

del colon, sia in condizioni fisiologiche sia durante i primi giorni di infiammazione acuta, 

la cui attività è essenziale per assicurare l’omeostasi della mucosa intestinale. Nel 

complesso, da questi studi è emerso che il collagene VI esercita un ruolo da 

chemoattrattore per le cellule infiammatorie durante la fase di colite acuta, mentre nella 

successiva fase di risoluzione la sua presenza è necessaria nell’indurre una corretta 

rigenerazione tissutale. Studi di immunofluorescenza hanno inoltre rivelato nei topi 

wild-type un’elevata espressione di collagene VI in stretto contatto con i macrofagi della 

mucosa del colon durante la fase di colite acuta. L’evidenza di un’aumentata espressione 

di collagene VI su biopsia di ileo di paziente affetto da morbo di Crohn, associata ad un 

elevato numero di macrofagi rispetto al controllo sano, suggerisce un coinvolgimento di 

questo componente della MEC nel decorso delle malattie infiammatorie intestinali. 

In conclusione, le evidenze emerse in questo mio lavoro di tesi avvalorano l’importanza 

del ruolo della matrice extracellulare nell’omeostasi tissutale. 
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1. Introduction 

 

1.1 Skeletal muscle and extracellular matrix 

Skeletal muscle is one of the most dynamic and plastic tissues of the human body. In 

humans, skeletal muscle comprises approximately 40% of total body weight, contains 

50–75% of all body proteins, and accounts for 30–50% of whole-body protein turnover. 

Muscle is mainly composed of water (75%), proteins (20%), and other substances 

including inorganic salts, minerals, fat, and carbohydrates (5%). In general, muscle mass 

depends on the balance between protein synthesis and degradation and both processes 

are sensitive to factors such as nutritional status, hormonal balance, physical 

activity/exercise, and injury or disease, among others (Frontera and Ochala, 2015). 

All vertebrate skeletal muscles, apart from head muscles, are derived from mesodermal 

precursor cells originating from the somites, segments of paraxial mesoderm that form 

following an anterior-posterior progression on either side of the neural tube and 

notochord (Buckingham, 2001). Mammalian skeletal muscles consist of multinucleated 

post-mitotic cells called myofibers or “muscle fibers”. Myofibers form during embryonic 

development through fusion of mononucleated muscle progenitors, some of which 

remain associated to adult myofibers as satellite cells, a specific type of myogenic stem 

cell present in adult muscles. Mature myofibers are plastic cells that can undergo 

changes in fiber size (atrophy/hyperthophy) or fiber type (fast-to-slow or slow-to-fast 

swich), and can also repair local damages to specific subcellular structures (Ciciliot and 

Schiaffino, 2010).  

Each skeletal muscle is formed by thousands of muscle fibers surrounded by a 

connective tissue envelope, called epimysium, from which processes originate to form 

the perimysium that enwrap several myofibers. The perimysium divides the muscle into 

a series of compartments each containing a bundle of myofibers called fascicle. Each 

myofiber is further surrounded by the endomysium, a thin connective tissue layer 

containing a specialized extracellular matrix (ECM) in contact with basement 

membrane, capillaries and nerve terminals (Buckingham 2001). Muscle fibers are 

attached to tendons and bone through myotendinous junctions (Bentzinger et al., 2013). 

The basement membrane is composed by an inner basal lamina, in tight connection with 

the plasma membrane of myofibers, and by a fibroreticular lamina, bound to the 
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connective tissue (Sanes, 2003). The basal lamina is mainly constituted by two proteins, 

collagen IV and laminin, which interact each other through nidogen/entactin and 

perlecan (Timpl, 1996). The key role of these proteins is not only due to their anchoring 

role between endomysium and basal lamina, but also to their interaction with a number 

of cell receptors such as 7 1 integrin (Campbell and Stull, 2003). The fibroreticular 

lamina is characterized by the presence of collagen I and III and by a microfilament 

network of collagen VI embedded in an amorphous proteoglycan-rich ground substance, 

which guarantees the connection between the basal lamina and the connective tissue 

(Kuo et al., 1997). The basement membrane not only provides mechanical support to 

myofibers, but also supplies a significant fraction of the tensile strength of the whole 

structure. Moreover, it plays crucial roles in myogenesis and muscle regeneration, in the 

integrity and function of neuromuscular junctions and in synaptogenesis (Sanes, 2003).  

The primary functions of skeletal muscle are locomotor activity, postural behaviour and 

breathing (Chargé and Rudnicki, 2004). Each myofiber, with approximate sizes of 50-

100 µm in diameter and 1 cm in length, is made of thousands of myofibrils, cylindrical 

structures with 1-2 m diameters. Myofibers are organized in contractile unites, named 

sarcomeres, molecular machineries triggering muscle contraction through the relative 

movement of two interlocking macromolecular structures, the thin actin filaments and 

thick myosin filament. The sarcomere and sarcoplasm contain many other proteins that 

contribute to the structure of the cytoskeleton, coupling of the excitation and 

contraction processes, energy release, and the generation of force and power. These 

proteins include tropomyosin and the calcium-dependent troponin complex (troponins 

C, I, and T), which are associated with the actin filament and play very important roles in 

the activation process that leads to myofilament sliding and force generation. Further 

proteins contributing to the mechanical and physiological properties of muscle are titin 

and nebulin. Other cellular elements in the sarcoplasm of muscle fibers include: i) 

mitochondria, which form a three-dimensional network throughout the cell that 

generates the energy (ATP) needed for muscle contraction when oxygen is made 

available to the muscle fiber; ii) a transverse tubular system (T tubule), an invagination 

of the plasma membrane of myofibers whose important role is the conduction of the 

nerve action potential within the cell; and iii) the sarcoplasmic reticulum, a specialized 

form of endoplasmic reticulum responsible for the storage, release, and reuptake of 

calcium ions. The calcium is stored in the terminal cisternae (dilated regions of the 
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sarcoplasmic reticulum) that are in close contact with the transverse tubule system. The 

two cisternae on both sides of the T tubule, together with the T tubule itself, form a 

structure known as the triad (Frontera and Ochala, 2015).  

Excitation–contraction (EC) coupling is the coordination of two processes that are 

needed for the generation of force: the transmission of the nerve stimulus to the triad 

followed by the release of calcium from the cisternae of the sarcoplasmic reticulum and 

the interaction between actin and myosin that forms cross-bridges. Axons of motor 

neurons, which transmit the synaptic signal to the myofibers, terminate into 

neuromuscular junctions (NMJ) in the proximity of triads. As soon as the action potential 

reaches the axon terminals, it induces the opening of the voltage-gated Ca2+ channels on 

the presynaptic nerve membrane. This allows a Ca2+ influx that induces synaptic 

vescicles to fuse with the presynaptic membrane and to release the neurotransmitter 

acetylcholine (ACh) in the synaptic cleft. From here, ACh diffuses and binds to 

acetylcoline receptors (AChRs) localized in the post-synaptic membrane of the muscle 

fiber. This binding leads to an increased permeability to both Na+ and K+ and opens the 

associated voltage-gated Na+ channels on the muscle membrane which, in turn, initiate 

an action potential causing Ca2+ release from the sarcoplasmic reticulum into the 

sarcoplasm. Ca2+ then binds to the regulatory protein troponin C on the actin thin 

myofilaments, resulting in conformational changes of other troponin subunits that 

expose the myosin-binding sites on the actin chain, leading to muscle contraction 

(Hopkins, 2006; Ferraro et al. 2012; Frontera and Ochala, 2015). 

For long time ECM was considered as a mere mechanical support to tissues, but in the 

last years its roles in regulating growth factors availability and molecular pathways 

became increasingly evident. Nowadays, ECM is considered a highly dynamic structure 

whose components are bioactive macromolecules that modulate cellular events such as 

adhesion, migration, proliferation, differentiation, and survival (Daley et al., 2008). In 

skeletal muscle, the importance of ECM/cell contact and ECM integrity is underlined by a 

number of animal models and human diseases where defects in ECM proteins or in 

proteins connecting myofibers to ECM lead to muscle pathology (Sanes, 2003).  
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1.2 Collagen VI  

Collagen VI is a glycoprotein of the ECM forming a microfilamentous network in various 

tissues, such as skin, brain, joints, tendons, peripheral nerve, heart, blood vessels, 

intestine and cornea, and particular abundant in skeletal muscles (Keene et al., 1988). It 

consists of three chains, 1(VI), 2(VI) and 3(VI), encoded by distinct genes (COL6A1, 

COL6A2, COL6A3, respectively) (Bonaldo et al., 1989; Bonaldo et al., 1990; Chu et al., 

1990; Doliana et al., 1990). In humans, the COL6A1 and COL6A2 genes are organized in a 

head-to-tail fashion on chromosome 21q22.3, whereas the COL6A3 gene maps on 

chromosome 2q37 (Weil et al., 1988). In mouse, Col6a1 and Col6a2 genes form a cluster 

located on chromosome 10C1, while Col6a3 is located on chromosome 1D (Fitzgerald et 

al., 2008). 

All collagen VI chains contain a relatively short central triple-helical region of 335-336 

amino acid residues with repeated Gly-Xaa-Yaa sequences, which are flanked by large N- 

and C-terminal globular regions. The globular regions are mostly composed of repetitive 

domains of ~200 amino acids that share similarity with the von Willebrand factor type A 

(vWFA) domain. The 1(VI) and 2(VI) chains are approximately 140-150 kDa in size 

and contain one N-terminal and two C-terminal vWFA-A globular domains (namely N1, 

C1 and C2). On the other hand, t -300 kDa in size and displays ten 

N-terminal and two C-terminal vWF-A domains (N1-N10 and C1-C2), followed by three 

additional C-terminal modules (C3-C5) with different structures. C3 is a proline-rich 

domain, containing Ser and Thr repeats that may be utilized for O-glycosylation; C4 is a 

fibronectin type III domain, whereas C5 shows 40-50% identity to a variety of serine 

protease inhibitors of the Kunitz type and its cleaved immediately after the secretion of 

collagen VI in the ECM (Bonaldo and Colombatti, 1989, Chu et al., 1990; Zhang et al., 

1993; Colombatti and Bonaldo, 1991) (Fig. 1). Alternative splicing of the COL6A2 

transcript was found to generate three different 2(VI) protein variants, referred to as 

2C2, 2C2a and 2C2a’ (Saitta, et al., 1990). Also the COL6A3 transcript can undergo 

variable number of vWF-A modules (Zanussi et al., 1992; Dziadek et al., 2002) (Fig.1). 
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Figure 1. Primary structure of collagen VI. The three chains are made of different domains. N1-N10, N-

terminal vWF-A globular domains; C1-C5, C-terminal domains; TH, triple helical region. Grey squares 

indicate domain undergoing alternative splicing (Bernardi and Bonaldo, 2008). 

 

Collagen VI is synthesized and secreted by cells organizing an ECM, such as fibroblasts 

and smooth muscle cells, and transcriptional regulation is a key step in its production 

(Braghetta et al., 2008). In muscle, collagen VI is mainly produced by interstitial 

fibroblasts and it is a major component of the endomysium (Kuo et al., 1997; Zou et al., 

2008). Secretion of collagen VI is a complex multistep process and requires the 

intracellular association of the three alpha chains in a 1:1:1 stoichiometric ratio to form 

triple-helical monomers 

tetramers are 

secreted in the extracellular space where they interact each other by end-to-end 

association through non-covalent bonds, forming characteristic microfilaments with 

beaded 105 nm-long repeats, as revealed by electron microscopy (Hessle and Engvall, 

1984; Engvall et al., 1986; Colombatti et al., 1987; Colombatti and Bonaldo, 1987). 

In 2008, three additional genes (named Col6a4, Col6a5, Col6a6) arranged in tandem on 

mouse chromosome 9 and coding for novel collagen VI chains [ 4(VI), 5(VI) and 

6(VI), respectively] were identified. The human orthologs of these genes (COL6A4, 

COL6A5, COL6A6) map to human chromosome 3q21, where the tandem orientation of 

the three genes is conserved. However, during primate evolution the COL6A4 gene 

became broken into two pieces, thus becoming a non-functional pseudogene. The novel 

chains coded by these genes share domain organization and high sequence homology 

with during collagen VI assembly 

Fitzgerald et al., 

2008; Gara et al., 2008). Furthermore, these chains display distinct tissue distribution 

patterns, suggesting that they may have tissue-specific functions and allowing a 

modulation of collagen VI properties (Gara et al., 2011). 
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Given its complex structure and variety of domains, collagen VI has a wide range of 

interactions with other ECM components, such as fibronectin, hyaluronan, collagens I, II 

and IV, perlecan, biglycan and decorin. Moreover collagen VI is able to interact with 

different cell surface receptors, including 1 1 and 2 1 integrins and NG2 proteoglycan 

(Pfaff et al., 1993; Burg et al., 1996; Wiberg et al., 2002; Lampe and Bushby, 2005). 

1.3 Collagen VI-related muscle disorders 

Mutations of the genes encoding for collagen VI in humans are causative for a group of 

inherited muscle diseases showing a high degree of heterogeneity in clinical symptoms, 

collectively known as collagen VI-related myopathies. These comprise two major clinical 

forms, Bethlem myopathy [BM, (MIM 158810)] and Ullrich congenital muscular 

dystrophy [UCMD (MIM 254090)], but limb-girdle muscular dystrophy and congenital 

myosclerosis variants were also reported (Bönnemann, 2011).  

BM was first described in 1976 by Bethlem and van Wijngaarden as an autosomal 

dominantly inherited mild proximal myopathy, characterized by slowly progressive 

axial and proximal muscle weakness with finger flexion contractures, proximal muscles 

being more involved than distal, and the extensors more than flexors (Lampe and 

Bushby, 2005; Merlini and Bernardi, 2008). Usually patients become symptomatic 

within the first and second decade. The classical phenotype is characterized by a 

variable clinical onset and intrafamilial variability (Bertini and Pepe, 2002). BM is a very 

heterogeneous disorder, and patients show a wide range of clinical features, from mild 

myopathy to more severe cases with early onset and features of slowly progressive 

muscular dystrophy (Bönnemann, 2011). BM inheritance is usually autosomal 

dominant, but recessive cases were also described (Gualandi et al., 2009). 

Immunohistochemistry shows apparently normal or mildly reduced levels of collagen VI 

in the endomysium of most BM patients, and quantitative or qualitative collagen VI 

defects can be detected in cultured fibroblasts derived from skin biopsies (Bernardi and 

Bonaldo, 2008). 

UCMD was first described in 1930 by Ullrich and is an autosomal recessive severe 

congenital muscular dystrophy characterized by early onset, generalized and rapidly 

progressive muscle wasting and weakness with axial and proximal joint contractures 

and coexisting distal joint hypermobility (Lampe and Bushby, 2005; Bönnemann, 2011). 

The rapid progression of the clinical symptoms usually leads to early death, as a result of 
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respiratory failure. Usually, UCMD shows an autosomal recessive inheritance with 

homozygous or compound heterozygous mutations of the COL6 genes, but several cases 

of UCMD with dominant mutation were also reported. Collagen VI appears to be strongly 

reduced or absent in muscle biopsies from UCMD patients, suggesting that UCMD 

mutations severely affect the synthesis and secretion of this protein in muscle (Bernardi 

and Bonaldo, 2008).  

Congenital myosclerosis (MIM 255600) is a rare inherited disorder characterized by 

slender muscles with “woody” consistency, associated with early, diffuse and 

progressive muscle contractures that cause severe limitation of movement of axial, 

proximal, and distal joints. The disease is linked to a homozygous mutation of the 

COL6A2 gene, which was originally found in affected sibs of an Italian family. Secreted 

collagen VI is quantitatively reduced and structurally abnormal in biopsies and cultures 

fibroblasts (Merlini et al., 2008a). 

 

1.4 Collagen VI null mouse model and therapeutic approaches of collagen 

VI-related myopathies  

To gain insight into the in vivo function of collagen VI, in 1996 the team of Prof. Bonaldo 

generated a collagen VI knockout (Col6a1–/–) mouse model. This animal model provided 

valuable information on the pathomolecular defects underlying collagen VI deficiency, 

both for the biological point of view and for the prospective therapy of BM and UCMD. 

Col6a1–/– mice were obtained by targeted inactivation of the second exon of the Col6a1 

gene, thus leading to the complete absence of the 

does not affec

Col6a1–/– mice completely abolishes the assembly and secretion of collagen VI in the 

ECM (Bonaldo et al., 1998). Col6a1–/– mice are fertile, develop normally and do not 

display any overt sign of anatomical defect. The absence of collagen VI in Col6a1–/– mice 

leads to an early onset of myophatic disease, characterized by histological defects on 

different skeletal muscles, including muscle necrosis and phagocytosis, pronounced 

variation in myofiber diameter and increase in central nucleated myofibers, a finding 

which indicates muscle degeneration and regeneration. The myopathic phenotype 

triggered by collagen VI ablation suggests that the Col6a1–/– mouse could be considered 

an animal model of BM, based on the several features shared by Col6a1–/– mice and BM 

patients: both display a relatively mild myopathy, with an early onset appearing early in 
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life and showing slow progression with age. Further analysis revealed that Col6a1–/– 

muscles displays loss of the contractile strength in diaphragm, flexor digitorum brevis 

(FDB), tibialis anterior and gastrocnemius muscles, in association with spontaneous 

apoptosis and ultrastructural alterations of myofiber organelles (Irwin et al., 2003). In 

particular, mitochondria have abnormal cristae with tubular shape and altered matrix 

density associated with the presence of dense bodies. Marked dilations of sarcoplasmic 

reticulum were detected, especially at the level of triadic system, whereas sarcomeres, 

sarcolemma and basal lamina appear normal. In addition, myonuclei with the typical 

hallmarks of apoptosis are found in Col6a1–/– myofibers displaying organelle alterations, 

and the increased incidence of apoptosis in Col6a1–/– myofibers was confirmed by 

TUNEL assay. Ex vivo analysis on FDB myofibers treated with the selective F1FO ATPase 

inhibitor oligomycin revealed the presence of a latent mitochondrial dysfunction that 

affects myofiber functionality in Col6a1–/– mice (Irwin et al., 2003). In particular, the 

latent mitochondrial dysfunction is related to an increased opening propensity of the 

permeability transition pore (PTP) of the inner mitochondrial membrane, thus leading 

to mitochondria depolarization, altered calcium handling by sarcoplasmic reticulum, 

cytochrome c release and finally to apoptosis (Bernardi and Bonaldo, 2008). Moreover, 

in vivo treatment with cyclosporin A, an inhibitor of cyclophilin D (Cyp-D, a peptidyl-

prolyl cis-trans isomerase that is a component of the PTP), led to the rescue of the 

apoptotic and mitochondrial defects and more importantly attenuated the myopathic 

phenotype of Col6a1–/– muscles (Irwin et al., 2003). Additional evidence that pointed out 

a role of PTP in the pathogenesis of the myopathic phenotype was obtained by genetic 

ablation of Cyp-D on Col6a1–/– mice, leading to a marked attenuation of the phenotypic 

defects of collagen VI deficient mice (Palma et al., 2009).  

In 2010, subsequent work from Bonaldo’s team allowed to elucidate the molecular 

mechanisms causing the organelle defects in Col6a1–/– mice, revealing a link between 

defective regulation of autophagy and muscle wasting and weakness (Grumati et al., 

2010). Autophagy is a highly conserved homeostatic mechanism used for the 

degradation and recycling of bulk cytoplasm, long-lived proteins and organelles through 

the lysosomal machinery (Mizushima et al., 2008). Interestingly, the autophagic 

machinery was found to be inefficient in the absence of collagen VI, due to abnormal 

signalling leading to defective regulation of Beclin 1 and Bnip3, two key factors needed 

for the activation of the autophagic process, with lower lipidation of the microtubule-

associated protein-1 light chain 3 (LC3). In particular, lack of collagen VI leads to 
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persistent activation of the Akt/mTOR pathway in myofibers, with consequent blockade 

of the autophagic machinery (Grumati et al., 2010; Grumati et al., 2011). The formation 

of autophagosomes, i.e. the double-membrane vesicles that sequester cytoplasmic 

portions and deliver them to lysosomes for degradation, is strongly reduced in Col6a1–/– 

muscles, and following 24-hour starvation, a well-known stimulus for autophagy 

induction, autophagy activation is still impaired in collagen VI deficient muscles. As a 

consequence of the defective autophagy, dysfunctional and damaged organelles 

accumulate in Col6a1–/– muscles, leading to the onset of the myopathic phenotype 

(Grumati et al., 2010; Grumati et al., 2011). Interestingly, reactivation of autophagy in 

Col6a1–/– mice by genetic, dietary and pharmacological approaches restored myofiber 

survival and rescued the myopathic phenotype, leading to normalization of muscle 

homeostasis and strength. Therefore, these diverse in vivo approaches were not only 

able to successfully reactivate autophagy, but also to ameliorate muscle histology and 

myofiber defects, with a significant increase of muscle strength (Grumati et al., 2010; 

Grumati et al., 2011). 

Studies on muscle biopsies and muscle cell cultures from BM and UCMD patients 

allowed to reveal similar pathomolecular defects in human collagen VI-related 

myopathies. As for Col6a1–/– mice, the latent mitochondrial dysfunction and 

spontaneous apoptosis of patients’ muscle cultures were rescued by cyclosporin A 

treatment, as well as by adhesion onto purified collagen VI (Angelin et al., 2007). 

Moreover, further studies revealed that Beclin 1 and Bnip3 protein levels are reduced in 

muscle biopsies from BM and UCMD patients, thus revealing that defective regulation of 

autophagy is a shared feature of mice and men with collagen VI deficiency (Grumati et 

al., 2010).  

The beneficial effects displayed by cyclosporin A treatment in Col6a1–/– mice, allowed to 

perform a first pilot clinical trial in four UCMD and one BM patients in 2008. 

Interestingly, oral administration of cyclosporine A for one month not only was able to 

recover apoptosis and mitochondrial dysfunction, but was also associated with muscle 

regeneration in pediatric UCMD patients (Merlini et al., 2008b). A subsequent long-term 

clinical study in UCMD/BM patients by oral administration of CsA for one month 

followed by a maintenance therapy for 1 to 3 years, revealed amelioration of muscle 

strength, rescue of mitochondrial dysfunction and increased muscle regeneration 

(Merlini et al., 2011). 
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During the past few years, several studies in Col6a1–/– mice helped to shed further light 

on the role that collagen VI exerts in tissues where it is expressed, revealing that this 

ECM protein is involved in the regulation of a number of cellular pathways, spanning 

from biomechanical properties, which are typical of collagen components of the ECM, to 

more specific cytoprotective functions. These include counteracting apoptosis and 

oxidative damage, favoring tumor growth and progression, regulation of the autophagic 

machinery and of cell differentiation and recruitment, and even contributing to the 

maintenance of stemness and regulation of tissue regeneration. Furthermore, other 

human disorders were recently linked to altered expression or mutations of the genes 

encoding collagen VI, thus emphasizing the importance of this protein for tissue 

homeostasis (Cescon et al., 2015). 

Despite its network of interactions with several ECM and cell membrane components 

and the plethora of emerging findings about its functions in tissue homeostasis, the 

specific nature of the cell receptor(s) that mediate the surprisingly broad range of 

signals elicited by collagen VI remains unknown. 

 

1.5 Satellite cells and skeletal muscle regeneration 

Mammalian skeletal muscle has an impressive ability to regenerate itself in 

physiological conditions or upon injuries that may occur as a result of disease, such as 

muscular dystrophy, exposure to myotoxic agents, ischemia, sharp or blunt trauma or 

muscle’s own contraction (Karalaki et al., 2009).  

The main players in muscle regeneration are the so-called satellite cells (SCs), a specific 

population of muscle cells located between the basal lamina and the plasma membrane 

of myofibers (Mauro et al., 1961). SCs are necessary for post-natal muscle growth, and 

are responsible for maintenance, hypertrophy and repair of adult skeletal muscle 

(Musarò, 2014). SCs comprise 30–35% of all myofiber nuclei in postnatal mouse 

muscles, whereas the number decreases to 2.5–6% in adult muscles (Motohashi and 

Asakura, 2014). In resting muscle, SCs exist in a dormant state, known as quiescence or 

the reversible G0 state, tightly regulated by Notch signals and maintained by miRNA, 

essential for the long-term conservation of the satellite cell pool (Dumont et al., 2015). 

Quiescent SCs express several markers, among which Pax7, a paired box transcription 

factor, is thought to be exclusively expressed in SCs of mature muscle and has been 
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proposed to be the most reliable marker for both mouse and human SCs. Upon 

stimulation, SCs activate and re-enter the cell cycle, undergoing proliferation and 

differentiation. The progression of SCs through the myogenic program is orchestrated 

by the up- or down-regulation of Pax7 and of myogenic regulatory factors (MRFs), which 

include Myf5, MyoD and myogenin (Snijeder et al., 2015). SCs are activated to generate a 

committed population of myoblasts that can either fuse with existing myofibers, 

repairing damaged muscle fibers, or alternatively fuse to each other to form new 

myofibers. A small minority of myoblasts return to quiescent state, replenishing the 

resident pool of SCs through self-renewal (Musarò, 2014).  

Quiescent SCs (Pax7+Myf5–MyoD–) are activated in response to both physiological 

processes (such as exercise) and pathological conditions (such as injury and 

degenerative diseases), and can undergo symmetric divisions to expand the satellite 

stem cell population, or asymmetric divisions which generate one stem cell and one 

committed daughter cell that will progress through the myogenic process. Committed 

myogenic progenitors (Pax7+Myf5+ and/or MyoD+), also called myoblasts, proliferate 

and are able to asymmetrically divide or directly differentiate into myocytes (MyoG+), 

which fuse and form new myofibers (Dumont et al., 2015). Despite the presence of many 

differentiating cells in adult muscle, the total number of SCs remains constant through 

multiple rounds of regeneration and this equilibrium is due to the ability of SCs to self-

renew, which provides progeny for differentiation while uncommitted mother cells are 

retained (Bentzinger et al., 2013). 

SC activity is strictly regulated by the niche, a microenvironment composed by 

extracellular factors and cells which provide biochemical, mechanical and structural 

cues. The SC niche is exceptionally complex and the sources of environmental influences 

are diverse. The composition of SC niche can change based on the homeostasis and 

necessity of skeletal muscle, dynamically regulating SC quiescence, 

activation/proliferation, differentiation and self-renewal. Notably, the niche can change 

its composition based on the homeostasis and needs of skeletal muscle. In particular, 

several cell types, including immune cells, fibrogenic cells, vessel-associated cells and 

committed and differentiated cells of the myogenic lineage, have emerged as important 

constituents of the SC niche during the regenerative process. Furthermore, a plethora of 

different cell signals, including Notch signaling, Wnt signaling, and various growth 

factors, such as hepatocyte growth factor (HGF), insulin-like growth factor-1 (IGF-1), 

vascular endothelial growth factor (VEGF), fibroblast growth factor-2 (FGF-2), platelet-
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derived growth factor (PDGF), and transforming growth factor (TGF-

regulation (Broek et al., 2010; Bentzinger et al. 2013).  

A growing body of evidence supports ECM components as essential signal mediators in 

the niche, both for maintaining stem cell identity and regulating activation. One of the 

major roles of this ECM is to provide structural integrity to the niche. However, it also 

plays a role in localizing molecules such as growth factors and glycoproteins that 

regulate the balance between activation and quiescence. During regeneration, post-

injury muscle basal lamina undergoes substantially remodelling, subsequent to the 

activation of proteases, such as matrix metalloproteinases, that allows SCs to leave the 

niche and migrate to the site of injury (Thomas et al., 2015). Besides its role in providing 

biochemical signals, ECM modulates the stiffness, i.e. the mechanical properties of the 

microenvironment, by regulating the so-called elastic modulus (E, also called Young’s 

modulus), which is known to influence the stemness and regenerative capability of SCs 

(Cosgrove et al. 2009; Guilak et al. 2009; Gilbert et al. 2010). Indeed, small alterations to 

the niche ECM can have profound effects on SC localization, activation, self-renewal, 

proliferation and differentiation. 

The cellular dynamics during muscle regeneration are highly complex and occur with 

distinct temporal and spatial kinetics. Several experimental models of muscle injuries 

are used to study the events of muscle regeneration and SC behaviour. Among these, one 

of the most commonly used is cardiotoxin damage, a snake venom that induces myofiber 

degeneration but preserves basal lamina, thus sparing SCs, vessels and nerves (Couteaux 

et al., 1988). Indeed, after injury muscle regeneration can be divided into two distinct 

phases: i) degeneration and ii) regeneration. Starting events of degeneration are 

characterized by a rapid necrosis of the injured myofibers and the disruption of the 

sarcolemma (cell membrane of myofibers), with subsequent release of cytosolic 

proteins, like creatine kinase, and the infiltration of the damage muscle by inflammatory 

cells (Karalaki et al., 2009). The first inflammatory cells that invade the injured tissue 

are neutrophils, peaking in concentration between 6 and 24 h, followed by inflammatory 

CD68+CD163– M1 macrophages, whose number rapidly increase within 24 h after injury 

(Tidball and Villalta, 2010). After infiltration, macrophages not only phagocytose cellular 

debris and remove the disrupted myofilaments, other cytosolic structures and the 

damage sarcolemma, but also release pro- -6 

and IL-

CD68–CD163+ anti-inflammatory (M2), apparently derived from M1 macrophages by 
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phenotypic switch, reach their peak at 2 to 4 days after injury and secrete the anti-

inflammatory cytokine IL-10, contributing to the termination of inflammation and 

stimulating myogenic cell differentiation, thus enhancing in this way the regenerative 

phase (Tidball and Villalta, 2010). Moreover, macrophages, especially M2 subset, also 

secrete different ECM proteins according to the stage of macrophage differentiation, 

such as fibronectin and collagen VI, important components of the muscle stem cell niche 

that promote SC self-renewal (Bentzinger et al., 2013). SC activation, that occurs within 

the second and fourth days after injury, concerns not only the cells associated with 

degenerated fibers, but also those present in undamaged fibers and in the neighbouring 

intact muscles (Kuang et al., 2008). After the activation, myogenic cells start to 

proliferate and migrate to the damaged site, differentiate into myoblasts and fuse to 

existing damaged fibers for repair or alternatively to each other to form new myofibers. 

New myofibers appear during the following day and, by 7–10 days after cardiotoxin 

injection, the overall architecture of the muscle is restored, although most regenerated 

myofibers are smaller and display centrally located myonuclei. Only when fusion is 

completed, myofibers start to increase their size and myonuclei, located on the centre of 

the fiber, begin move to the periphery; in humans myonuclei movement happens 

quickly, but in mouse centrally myonuclei persist for months (Karalaki et al., 2009). 

Growth and maturation of newly formed myofibers requires the presence of nerve. If 

neuromuscular connections are not established, regenerating myofibers remain 

atrophic (Tedesco et al., 2010). Indeed, nerve activity can directly influence protein 

turnover and gene expression within multinucleated regenerating myotubes and 

indirectly influence the proliferation and differentiation of satellite cells. The 

progressive maturation of regenerating myofibers occurs by 15 days. The last stage of 

the regenerative phase is characterize by ECM remodelling and angiogenesis. The 

activation of the ECM results in the overproduction of several types of collagens, 

fibronectin, elastin, proteoglycans, and laminin, which serve to stabilize the tissue, to act 

as a scaffold for the new fibers, and to guide the formation of neuromuscular junctions 

(Musarò, 2014). 

Even if myogenic cells plays a central role in muscle regeneration, several studies 

demonstrated the existence of myogenic precursor originating from tissues other than 

skeletal muscle that are recruited in response to homing signals emanating from injured 

skeletal muscle, including mesenchymal stem cells, mesangioblasts, muscular stem cells 
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called “side-population”, endothelial progenitor cells, hematopoietic cells and adipose-

derived stem cells (Broek et al., 2010). 

The regenerative of skeletal muscle declines significantly with age. Reduced myofiber 

size is observed in combination with the accumulation of intramuscular fat, fibrosis and 

chronic inflammation, suggesting that aged muscles exhibit impaired regeneration 

potential and reduced muscle mass and strength. In fact, several studies pointed out that 

SC self-renewal and the ability of SCs to maintain/return to quiescence are impaired in 

aged muscles (Dumont et al., 2015). Moreover, studies examining the basal lamina of 

aged muscle and other tissues have demonstrated a pronounced thickening with a loss 

of laminated structure, becoming irregular and amorphous, a change which could affect 

the ability of the basal lamina to store and release growth factors and other signalling 

molecules involved in maintaining the SC niche (Thomas et al., 2015).  

Muscle regeneration is also affected in several muscle disorders, many of which are 

caused by defects in proteins that bind components of the basal lamina. The most 

common and well-studied are the muscular dystrophies, a heterogeneous group of 

inherited progressive disorders characterized by pronounced muscle weakness, fibrosis 

and fatty infiltration, and resulting from mutations of dystrophin (Duchenne muscular 

dystrophy), laminin (congenital muscular dystrophy type 1A), collagen IV (Walker-

Warburg syndrome), collagen VI (Ulrich congenital muscular dystrophy and Bethlem 

myopathy), and components of the dystroglycan complex (dystroglycanopathies) 

(Thomas et al., 2015). 

1.6 Role of collagen VI in skeletal muscle regeneration 

During the first year of my PhD, I was involved in a project aimed at investigating the 

role of collagen VI in skeletal muscle regeneration. We demonstrated that collagen VI is a 

major component of SC niche, being required for the proper self-renewal and 

maintenance of SCs, and it plays a key role during skeletal muscle regeneration induced 

by cardiotoxin (Urciuolo et al., 2013). By investigating Col6a1–/– mice, we found that the 

SC pool is increased in collagen VI deficient muscles when compared to wild-type 

muscles. Moreover, ablation of collagen VI leads to impaired muscle regeneration and 

reduced SC self-renewal capability in Col6a1–/– mice after multiple injuries. In addition, 

by performing in vitro studies on sorted SCs and isolated myofibers, we found that 

collagen VI exerts a direct effect on SC activation and self-renewal. We demonstrated 
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that these defects are associated with a significantly decreased stiffness in Col6a1–/– 

tibialis anterior muscles. When we grafted in wild-type tibialis anterior muscles SCs 

cultured on biomimetic structures with this lower stiffness value (7 kPa), we found that 

their stemness and regenerative capabilities were compromised when compared to 

those displayed by wild-type tibialis anterior muscles grafted with SCs cultured on the 

proper stiffness (12 kPa). When local collagen VI in vivo deposition in Col6a1–/– muscles 

was restored by grafting with wild-type fibroblasts, the biomechanical properties of 

Col6a1–/– muscles were ameliorated and SCs defects rescued (Urciuolo et al., 2013).  

I contributed to this work by performing the histological and morphological 

characterization of wild-type and Col6a1–/– muscles in physiological condition and after 

injury, and by carrying out in vivo muscle grafting with fibroblasts and SCs. I also 

contributed to the analysis of wild-type and Col6a1–/– SCs, both in vivo and in vitro. 

1.7 Effect of cyclosporin A on muscle regeneration in collagen VI deficient 

mice 

During the first and in the second year of my PhD, I was involved in another project 

aimed at throwing light on the mechanisms underlying the increased muscle 

regenerative potential seen in UCMD pediatric patients that underwent the clinical trial 

with cyclosporin A (§ 1.3). Towards this aim, we investigated in detail the effects of 

cyclosporin A in ameliorating muscle regeneration and SC activity in Col6a1–/– mice, 

both under physiological condition and after SC depletion by cardiotoxin-induced injury 

(Gattazzo et al., 2014).  

Our findings showed that cyclosporin A treatment for 10 days in physiological condition 

leads to a significant increase of the percentage of regenerating myofibers and of the SCs 

pool in Col6a1–/– tibialis anterior muscles, when compared to vehicle-treated Col6a1–/– 

animals. Moreover, data obtained on injured muscles showed that cyclosporin A is able 

to stimulate myogenesis in Col6a1 /  mice by significantly increasing the number of 

myogenin (MyoG)-positive cells and of regenerating myofibers at the early stages of 

muscle regeneration, thus indicating that cyclosporin A administration is able to 

improve muscle differentiation upon damage in the Col6a1–/– myopathic mouse model 

(Gattazzo et al., 2014). To assess the effects of cyclosporin A on counteracting the 

defective muscle regeneration and the depletion of SC triggered by multiple injuries, we 
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performed triple injury experiment and treated mice with the drug for 10 days during 

the third injury. After 30 days from the last injury, cyclosporin A treatment increased 

muscle mass in Col6a1–/– mice, in addition to the increase of myofiber cross-sectional 

area. Interestingly, cyclosporin A treatment was also able to significantly reduce muscle 

fibrosis when compared to vehicle-treated mice. Importantly, cyclosporin A was able to 

increase SC number following repeated injuries in Col6a1–/– mice, thus confirming the 

ability of cyclosporin A to improve muscle regeneration and SC homeostasis (Gattazzo et 

al., 2014). Altogether, these finding indicate that cyclosporin A is able to stimulate 

muscle regeneration and preserve the SC pool in the collagen VI disease mouse model, 

supporting and strengthening the increased muscle regeneration observed in UCMD 

patients undergoing clinical trial. 

I contributed to this work by performing the histological and morphological 

characterization of wild-type and Col6a1–/– muscles in physiological condition and after 

injury. I also contributed to the analysis of SCs and I performed cardiotoxin damage. 
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1. Introduction 

 

1.1 The gastrointestinal system 

The gastrointestinal (GI) tract consists of a hollow muscular tube starting from the oral 

cavity, continuing through the pharynx, oesophagus, stomach and small and large 

intestine. The small intestine is further subdivided into the duodenum, jejunum and 

ileum, while the large intestine is subdivided into the cecum, colon, rectum, and anal 

canal. The human whole digestive tract is about 4.5 metres long. The digestive system 

includes also accessories organs, such as salivary glands, pancreas, gallbladder and liver, 

that produce exocrine secretions containing enzymes and mucus and regulates 

metabolism. The GI tract releases hormones from enzymes to help regulating the 

digestive process (Ross and Pawlina, 2010). 

The GI system has a number of sophisticated and autonomous functions coordinated 

over a range of length and time scales. The primary functions of the GI tract are i) 

digestion, i.e. the mechanical and enzymatic breakdown of food into smaller 

components; ii) absorption, from the lumen into the blood or lymphoid vessels; iii) 

motility, i.e. the contractions and relaxation of the gastrointestinal smooth muscle 

necessary for the food transport; iv) secretion of hormones, to help regulate the 

digestive process, and enzyme and mucus, that regulate metabolism; v) excretion of 

faeces; and vi) protection, i.e. against pathogens by secreting enzymes and activating the 

immune system, or by triggering reflexes, such as diarrhea or vomit. These functions are 

achieved through a series of organs with distinct roles from mouth to anus. The stomach 

and small intestine are principally responsible for digestion and absorption, a process 

incorporating both physical (e.g., retropulsion in the stomach) and chemical (e.g., bile 

and enzymes in the small intestine) mechanisms. The large intestine is primarily 

devoted to absorption of water and some minerals and compaction of faeces, with 

storage in the sigmoid colon and rectum prior to elimination (Cheng et al., 2010). 

From the histological point of view, the GI tract can be divided into four different 

concentric layers in the following order: i) mucosa, the innermost layer, composed by 

the epithelium, the lamina propria (i.e. a layer of connective tissue) and muscularis 

mucosae (i.e. a thin smooth muscle layer); ii) submucosa, consisting of a dense irregular 

layer of connective tissue with blood and lymphatic vessels, and nerve branches; iii) 
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muscularis externa, which is made of two different concentric smooth muscle layers, an 

inner circular and an outer longitudinal one, which regulate through the peristalsis (i.e. 

the coordinated contractions of these layers) the propulsion of the food through the 

tract; and iv) serosa and adventitia, the outermost layers consisting in several layers of 

connective tissue, covering the intraperitoneal and the retroperitoneal parts of the GI, 

respectively (Ross and Pawlina, 2010). 

The entire GI tract, the associated glands (salivary glands and pancreas) and the 

gallbladder are innervated by the enteric nervous system (ENS), a part of the autonomic 

nervous system that integrates motility, secretions, blood flow, and immune and 

inflammatory responses into organised patterns of behaviour through neural reflexes. 

The ENS is commonly described as a “second brain” for its capability to function 

autonomously from the central nervous system, even if normal digestive function 

requires communication links between each other. Neurons of the ENS are collected into 

two types of ganglia (i.e. a group of efferent nerve cell bodies). Ganglia are connected 

each other by amielinic nervous fibers and with the effector system (muscle cells, 

glands, blood vessels, and immune cells) forming a so-called plexus. The ENS has two 

major ganglionated plexuses: i) the submucous (or Meissner’s) plexus, located between 

the submucosa and the circular muscular layer; and ii) the myenteric (or Auerbach’s) 

plexus, located between the circular and longitudinal muscular layers. The density of 

neurons is higher in the myenteric plexus compared to submucous one and they are 

connected each other (Hansen, 2003). Submucous plexus sense the lumen environment 

and is involved in regulating the gastrointestinal blood flow as well as controlling the 

epithelial cell functions and secretions, whereas myenteric plexus regulates mainly the 

relaxation and contraction of the intestinal wall (i.e. the peristalsis). Enteric neurons can 

be divided into three classes: the primary afferent neurons, the interneurons, and the 

motor neurons. Based on the function of the neurotransmitters they secrete, motor 

neurons can be divided in excitatory (acetylcholine, serotonin and neuropeptides, such 

as substance P, that stimulates contraction and increase secretions) and inhibitory 

(norepinephrine and nitric oxide) (Nezami and Srinivasan, 2010). Besides ENS activity, 

peristalsis is also regulated by interstitial cells of Cajal, which are spontaneously active 

pacemaker cells widely distributed within the submucosal, intra-muscular and inter-

muscular layers, driving the spontaneous electrical and mechanical activities of smooth 

muscle cells (Takaki, 2003). 
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The mucosa of the GI is responsible for most digestion and absorption of nutrients, 

electrolytes and water, and for secretory processes (the latter mainly carried out by 

glands that secrete hormones and digestive enzymes). The absorptive surface area of the 

small intestinal mucosa is dramatically increased by numerous finger-like protrusions 

that point toward the lumen, the so-called villi, and invaginations into the submucosa 

known as the crypts of Lieberkühn. On the contrary, the mucosa of the large intestine 

contains only crypts, that invaginate deeply into the submucosa. Four differentiated cell 

types mediate the functions of the intestinal epithelium: i) enterocytes, whose primary 

function is absorption of nutrients and water, in addition to provide a selective 

permeable barrier, achieved by intercellular tight junctions structures, that limits the 

permeation of luminal noxious molecules; ii) goblet cells, that produce mucus and whose 

number increase from proximal (small intestine) to distal (colon and rectum) as the 

stool becomes increasingly compacted; iii) enteroendocrine cells, that control gut 

physiology by secreting a variety of hormones; and iv) Paneth cells, that reside at the 

bottom-most positions of the crypts of the small intestine and secrete antimicrobial 

agents such as cryptidins (termed defensins in humans) and lysozyme, which play an 

essential role in the control of the microbial environment of the intestine. The intestinal 

epithelium is renewed every three to five days by vigorous proliferation of crypt 

progenitors that reside in the crypt (Barker et al., 2008; Suzuki, 2013).  

 

1.2 Inflammatory bowel diseases 

Inflammatory Bowel Diseases (IBDs) are complex, multifactorial disorders characterized 

by chronic relapsing intestinal inflammation. The two major subtypes of IBD are 

Ulcerative Colitis (UC) and Crohn’s Disease (CD). IBDs represent a worldwide health-

care problem with a continually increasing incidence in areas where the disease was 

previously infrequent (Gómez-Gómez et al., 2015).  

UC is characterized by mucosal inflammation and limited to a part or extended to the 

entire colon in a uninterrupted pattern and it is superficial, affecting only the mucosal 

layer of the intestinal wall. In contrast, CD can cause transmural inflammation and may 

affect any part of the GI tract (most commonly, the terminal ileum or the perianal 

region) in a non-continuous type. Unlike UC, CD is commonly associated with 

complications such as granulomas, abscesses, fistulas and strictures (Abraham and Cho, 

2009; Loddo and Romano, 2015). However, in the most severe forms of UC, the intestine 
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can get distended, presenting deep ulceration and possibly intestinal perforation (de 

Mattos et al., 2015). 

Although the etiology of IBD remains largely unknown, it is now clear that CD and UC 

represent two distinct forms of chronic inflammation of the gastrointestinal tract and, as 

such, have different causes and different pathogenic mechanisms. Still, the factors 

underlying the appearance of both CD and UC are roughly the same, and include a 

temporal association with progressive changes in the environment (i.e. smoking, diet, 

drugs, geography, social stress, and psychological element), an intrinsic genetic 

predisposition, the existence of a rich enteric flora, and an abnormal immune reactivity 

which is ultimately responsible for damaging the gut and causing clinical manifestations 

(Danese and Fiocchi 2006; Zhang and Li, 2014). 

The most common type of reaction that the body mounts against external or internal 

offending agents is inflammation and the gut is particularly susceptible to inflammation 

as indicated by the fact that, and even under normal circumstances, there is a baseline 

degree of “physiological inflammation” in the mucosa, elicited by the abundant number 

of leukocytes in the lamina propria. Under normal circumstances there is an intimate 

interaction between commensal intestinal bacteria (i.e. the so-called enteric microbiota, 

that is a complex ecosystem of approximately 300-500 bacterial species) and the 

immune system (both innate, i.e. macrophages and dendritic cells, and adaptive, i.e. T 

and B lymphocytes), and this complex crosstalk is tightly regulated under the control of 

the so-called immune tolerance. When this interaction is disrupted, the loss of tolerance 

towards the autologous enteric microbiota is lost, resulting in an inappropriate immune 

response in the mucosa. If inflammation persists and becomes chronic, it represents an 

excessive response that almost invariably leads to lingering injurious effects resulting in 

anatomical and functional abnormalities, typical of IBD. Why tolerance is lost and an 

abnormal response to otherwise normal gut bacteria develops in IBD is still not entirely 

clear (Danese and Fiocchi 2006; Abraham and Cho, 2009). 

Over the past decades, there have been huge advances in understanding of genetic 

contributions to IBD. Until now several genome wide associations studies (GWAS), 

followed by meta analysis of both principal forms of IBD (CD and UC) identified a total of 

201 IBD associated loci, of which 37 and 27 loci contribute specifically to the 

development of CD and UC, respectively (Bianco et al., 2015). Single-nucleotide 

polymorphisms (SNPs) associated with increased risk of developing IBDs were 

identified in genes involving microbial sensing (NOD2, IRF5, NFKB1, RELA, REL, RIPK2, 
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CARD9, and PTPN22), autophagy and clearance (ATG16L1, IRGM, and NCF4), and 

integrating antimicrobial adaptive immune responses (IL23R, IL10, IL12, 

IL18RAP/IL1R1, IFNGR/IFNAR1, JAK2, STAT3, and TYK2), pointing out the importance 

of the crosstalk between host innate and adaptive immune responses against microbes 

in the pathogenesis of IBD (Steinbach and Plevy, 2014). 

The localized release of certain cytokines, such as IL-12 and IL-17, by antigen-presenting 

cells (APC) and macrophages, was found to be implicated in the chronic intestinal 

manifestations of CD patients. In turn, these cytokines trigger a polarized differentiation 

towards Th1 lymphocyte, leading to an increased release of pro-inflammatory cytokines, 

including TNF-  and INF- 1 lymphocyte cytokines stimulate APCs and 

macrophages to secrete a wider spectrum of inflammatory cytokines such as IL-1, IL-6, 

IL-8, IL-12, and IL-18, resulting in a self-sustained cycle. In UC, the main interleukin 

responsible for the inflammation and chronicity of the disease is IL-13 and, despite the 

Th1 involvement, patients also present a Th2 response with increased secretion of IL-4, 

IL-5, and IL-9, in addition to an IL-17 increase (de Mattos et al., 2015).  

 

1.3 Intestinal macrophages  

In the healthy organism, the innate immune system provides the first line of defence 

against external or internal danger signals, by initiating a protective inflammatory 

response that develops during time through different phases, from initiation and full 

inflammation, to resolution and re-establishment of tissue integrity. The first phase of an 

inflammatory response is aimed at destroying pathogens, followed by a phase in which 

dead and dying cells, damaged ECM material and cellular debris are removed, to end up 

with a recovery phase in which the tissue is repaired and restored to a healthy fully 

functional condition. In this perspective, inflammation presumably evolved as an 

adaptive response to tissue malfunction or homeostatic imbalance, which need to be 

tightly controlled to avoid excessive tissue damage leading to disease (Italiani and 

Boraschi, 2014). 

In the gut, the innate immune system consists of the intestinal epithelium, which 

functions as a barrier, and the cells of the innate immune system, such as neutrophils, 

dendritic cells, monocytes/macrophages, innate lymphoid cells (ILCs) and natural killer 

cells (Haag and Siegmund, 2015). This form of immunity is initiated by pattern 
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recognition receptors (PRRs), including toll-like receptors (TLRs) on the cell surface and 

nucleotide-binding oligomerization domain receptors (NLRs) in the cytoplasm, that 

recognize foreign carbohydrate, lipid, and nucleic acid ligands (i.e., pathogen-associated 

molecular patterns, PAMPs, and danger-associated molecular pattern, DAMPs) essential 

for microbe survival (Zhang and Li, 2014). 

Mononuclear phagocytes, comprising both macrophages and dendritic cells, play a key 

role in discriminating between pathogenic organisms and innocuous antigens such as 

food proteins and resident commensal flora, helping to determine whether protective 

immunity or tolerance occurs (Bain and Mowat, 2011). Intestinal macrophages 

represent the largest pool of tissue macrophages in the human body and are the most 

abundant monocular phagocytes in the gut, especially in the large intestine, where they 

comprise approximately one-fifth of all leukocytes and greatly outnumber dendritic 

cells. Most of the intestinal macrophages are in the lamina propria below the epithelial 

monolayer, although some can extend transepithelial dendrites into the intestinal lumen 

to sample antigens, playing essential roles in maintaining intestinal homeostasis, but are 

also central drivers of the pathology associated with IBD (Bain and Mowat, 2011). A 

discrete population of macrophages is also present in the smooth muscle layers of the 

gut wall where they interact with enteric neurons, thereby regulating GI motility (Muller 

et al., 2014). 

Macrophages are generally classified into two major functional groups, based on the 

their surface receptors and on the mediators they produce (Table 1). Basically, 

“inflammatory” M1 macrophages are polarized by IFN-

lymphocytes, and produce pro-inflammatory cytokines and reactive oxygen and 

nitrogen species, that promote the differentiation and activation of the Th1 and Th17 

lymphocytes, and are essential for the eradication of intracellular infections. Th1 

response in turn helps macrophages by enhancing their ability to clear intracellular 

pathogens. Upregulation of M1 macrophage activity can induce tissue damage and 

predispose the host to developing neoplastic lesions. On the contrary, “wound-healing” 

M2 macrophages are polarized by IL-4 produced by granulocytes or Th2 lymphocytes in 

response to injury or activation by some fungi and parasites. M2 macrophages produce 

matrix metalloproteinases and growth factors, and demonstrate efficient phagocytosis 

of debris without production of pro-inflammatory cytokines. In addition, M2 
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macrophages are also efficient at recruiting Foxp3-positive regulatory T cells (Treg), 

which further downregulate local immune responses (Steinbach and Plevy, 2014).  

Based on more recent data, this view is going to being replaced by a novel one taking 

into account the considerable plasticity of macrophages, where they acquire distinct 

functions of host defence, wound healing, and immune regulation based on 

environmental cues they encounter. Therefore macrophages are now considered a 

highly heterogeneous population of cells with a continuum of activation states (Dave et 

al., 2014)  

 M1 M2 Resident intestinal M  

Phenotypic markers 
F4/80 
CD11b 
CD11c 
CD14 
CD68 
CD115 (M-CSFR) 
CD163 (Scavenger R) 
CD206 (Mannose R) 
CD210 (IL-10R) 
CX3CR1 

MHC class II 
IL-4R 
 
Functions 
Phagocytosis 
Costimulatory molecules 
TLR-responsiveness 
 
Factor produced 
TNF-  
iNOS 
Reactive oxygen intermediates 
Arginase 
IL-10 
COX-2 

 
+++ 
+++ 
++ 
++ 
++ 
++ 
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– 
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– 
– 
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++ 
+/– 

 
+++ 
+++ 
++ 
++ 
++ 
++ 
? 
+ 
+ 
+++ 
+++ 
– 
 
 
+++ 
+/– 
– 
 
 
+/– 
– 
– 
– 
++ 
++ 

Table 1. Features of M1, M2 and resident intestinal macrophages (M ) in the mouse (from Bain and 

Mowat, 2011). 

 

1.3.1 Origins and functions of intestinal resident macrophages in intestine 

homeostasis 

Like other tissue macrophages, intestinal resident macrophages of the lamina propria 

are first established before birth from precursors originating in the yolk sac and/or 

foetal liver. However, unlike other tissue macrophages that are maintained in adult life 
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by self-renewal in situ, intestinal murine macrophages pool requires continuous 

replenishment by Ly6C-positive blood monocytes (Gross et al., 2015). The majority of 

blood monocytes, so-called Ly6Chi monocytes, expresses high levels of Ly6C/Gr-1, CCR2 

and CD62L, but low levels of CX3CR1. The entry of Ly6Chi monocytes into the circulation 

from the bone marrow is dependent on the CCL2(MCP-1)-CCR2 axis. A smaller 

population of murine monocytes, called Ly6Clo monocytes, expressing lower levels of 

Ly6C and CCR2 but higher amounts of CX3CR1, were initially proposed to be precursors 

of steady state tissue macrophage (Bain and Mowat, 2014a). However, more recently it 

has become clear that the primary functions of these Ly6Clo monocytes is to act as 

phagocytes in the blood-stream, patrolling and maintaining the vasculature, and they 

might be considered as terminally differentiated blood-resident macrophages (Italiani 

and Boraschi, 2014). Ly6C-positive murine monocytes constantly enter the normal 

colonic mucosa and begin to undergo a process of local differentiation through a series 

of short-lived intermediates (CX3CR1int), resulting within 4-5 days into mature 

F4/80hiCD64+MHCII+CD11c+CX3CR1hi resident macrophages. The phenotypic 

differentiation of monocytes is paralleled by the progressive acquisition of the typical 

functions of resident intestinal macrophages, characterized by i) increased production of 

IL-10, lysosomal and hydrolytic enzymes, and an increase in the number and size of 

mitochondria; ii) enhanced phagocytic activity; iii) acquisition of scavenger receptors 

(such as CD206 and CD163); and iv) development of unresponsiveness to TLR ligation, 

downregulating key TLR signalling molecules [e.g. TNF receptor associated factor 6 

(TRAF6)], and upregulating negative regulators of TLR and NF- e.g. IL-1 

receptor-associated kinase (IRAK)-M and A20)](Smith et al., 2011; Bain and Mowat, 

2014a; Cerovic et al., 2014). Intestinal resident macrophages exhibit greater phagocytic 

activity for enteric bacteria, inert material, senescent enterocytes and leukocytes, and 

stronger bactericidal activity than autologous blood monocytes. However, in contrast to 

blood monocytes and other tissue macrophages, intestinal resident macrophage 

phagocytosis and bactericidal activity is not accompanied by the release of pro-

inflammatory cytokines nor results in respiratory burst (Smith et al., 2011). This 

tolerant anergic phenotype of intestinal resident macrophages is likely conditioned by 

the constitutive production of the anti-inflammatory cytokine IL-10, one of the major 

factors ensuring macrophages quiescence in response to environmental stimuli, TGF-

 (Bain and Mowat, 2014b; Cerovic et al., 2014). Thus the 
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environment in the gut influences newly recruited monocytes to acquire an anti-

inflammatory phenotype. 

Autophagy and phagolysosomal function have emerged as a central components of the 

macrophage machinery to eradicate intracellular bacteria or clear apoptotic and 

necrotic cells, internalized by phagocytosis. Several studies demonstrated that TLR 

signalling enhances the phagosome formation and also increase the entrapment of 

Mycobacterium in autophagosomes, whose contents can be degraded by the fusion with 

late endosomes and/or lysosomes. Moreover, defective autophagy could also modulate 

phagocytosis, as suggested by the impaired eradication of intracellular bacteria in 

macrophages of CD patients with mutations in autophagy genes (Sheikh and Plevy, 

2010; Vural and Kehrl, 2014). 

After a period of weeks to possibly several months, tissue macrophages undergo 

programmed cell death and are replaced by newly recruited blood monocytes (Smith et 

al., 2011). Intestinal resident macrophages are also involved in wound-healing 

processes. Macrophages associated with colonic crypts of Lieberkühn promote MyD88-

dependent survival and proliferation of epithelial progenitor cell during colonic wound 

healing. Macrophages also appear to be able to influence the permeability of the 

epithelium barrier via the secretion of IL-6 and nitric oxide, thereby potentially 

increasing the invasion of pathogens. Moreover, the expression of CX3CL1 by 

enterocytes is crucial for the anatomical position of intestinal macrophages under the 

epithelial layer (Bain and Mowat, 2014a; Zigmond and Jung, 2013). 

In contrast to their progenitor cells, intestinal resident macrophages do not serve as 

professional antigen-presenting cells (APC), such as dendritic cells, due to their low, or 

even absent, cell surface expression of CD40, CD80 and CD86 (i.e. T cell activating co-

stimulatory signals). As a consequence, they have a lower capability to prime naïve T 

cells (Gross et al., 2015). On the other hand, IL-10 produced by intestinal resident 

macrophages is responsible for the final differentiation and maintenance of Treg 

lymphocytes in the intestinal lamina propria, thereby maintaining immune tolerance 

(Bain and Mowat, 2011). 

 

1.4 Mouse model of colitis 

Much of the recent progress in the understanding the pathogenesis of IBD has been 

achieved by the study of experimental animal models. Animal models of IBD have been 
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used for over fifty years and although these models do not represent the complexity of 

human disease and do not replace studies with patient material, they are valuable tools 

for studying many important disease aspects that are difficult to address in humans, 

such as the pathophysiological mechanisms in early phases of colitis and the effects of 

emerging therapeutic strategies (Perše and Cerar, 2012).  

Early models resulted from the observation that a variety of laboratory animals fed with 

extracts from certain species of seaweed display similar symptoms to human IBD. 

Subsequent refinement and development of this model led to a variety of other 

experimental models that can be classified into four main categories: i) chemically 

induced models, i.e. administration of specific chemical agents such as dextran sodium 

sulphate (DSS) and 2,4,6-trinitrobenzene sulfonic acid (TNBS) that induce intestinal 

inflammation and tissue damage; ii) spontaneous colitis model, i.e. naturally occurring 

mutant strains that spontaneously develop colitis (e.g. C3H/HeBir and SAMP1/Yit); iii) 

gene knockouts and transgenic strains for specific gene (e.g. IL-2 null, IL-10 null  and 

Nod22939iC mice); and iv) adoptive cell transfer models, i.e. reconstitution of 

immunodeficient mice with T cells or immune tissue (Boismenu and Chen, 2000). 

Animal models of IBD have significant advantages. One can investigate not only factors 

implicated in the pathogenesis, but also the secondary effects of ulceration (e.g. liver 

changes, effects on protein metabolism, electrolytic changes in the cellular and 

extracellular spaces) and other systemic complications. They may also be used to study 

the influence of drugs or other potential therapies on the pathogenesis and course of the 

disease process. However, none of the current IBD models represent a faithful 

equivalent of the human diseases (Barnett and Fraser, 2011) 

Chemically induced murine models of intestinal inflammation are the most commonly 

used models because of they are simple to induce and the onset, duration, and severity 

of inflammation are immediate and controllable. A variety of agents have been used as 

inducers of colitis in animal models, including carragenin, acetic acid, oxazolone and 

very recently, sodium hydroxide. While predominantly used in rodents, compounds such 

as these have also been used to develop colitis models also in dogs and rabbits. The two 

most widely used chemicals used to induce IBD in such models are DSS and TNBS. Both 

agents recapitulate many of the events proposed to initiate and sustain the human IBD, 

although DSS more closely mimics UC, whereas TNBS CD (Barnett and Fraser, 2011). 

TNBS is delivered intrarectally with ethanol, that is required to break the mucosal 

barrier, where it is believed to haptenize colonic autologous or microbiota proteins 
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rendering them immunogenic to the host immune system. As CD4+ T cells have been 

shown to play a central role in chronic TNBS colitis, this model is useful to study T 

helper cell-dependent mucosal immune responses (Wirtz and Neurath, 2007). 

 

1.4.1 DSS-induced colitis mouse model  

DSS (C6H7Na3O14S3)n is a sulphated polysaccharide with highly variable molecular 

weight, ranging from 5 kDa to up to 1400 kDa. It is a polyanionic derivative of dextran 

and the first report of its use dates back in the year 1985, when Ohkusa et al. published 

their investigation on DSS-induced colitis in hamsters. The most severe murine colitis, 

resulting from administration of 40-50kDa and most closely resembles human UC, was 

characterized by Okayasu et al. in 1990. Nowadays DSS colitis model is very popular in 

IBD research due to its rapidity, simplicity, reproducibility and controllability, as 

demonstrated by the numerous studies of colitis in mice, rats, hamsters and guinea pigs 

(Chassaing et al., 2014). 

DSS is most commonly administered in drinking water, often as a 3% solution, although 

it can also be administered rectally. Depending on the concentration, the duration, and 

the frequency of DSS administration, the animals may develop acute or chronic colitis or 

even colitis-induced dysplastic lesions. Mice show differential susceptibilities and 

responsiveness to DSS-induced colitis. In particular, colitis onset and severity depends 

on many factors: not only DSS (i.e. concentration, molecular weight, duration of DSS 

exposure, manufacturer, and batch) but also genetic (i.e. strain and substrain, gender) 

and microbiological (i.e. microbiota and intestinal flora) factors of animal, in addition to 

stress. Differences in the DSS susceptibility do not correlate with differences in the 

consumption of DSS-supplemented water. However, there is a need to monitor DSS 

consumption, especially when animals are exposed to different therapeutic strategies 

that may vary DSS consumption (Perše and Cerar, 2012).  

It has emerged that the molecular weight of DSS plays a crucial role in the induction of 

colitis or colitis-induced dysplastic lesions (carcinogenicity) and that the severity and 

location differs with the administration of DSS at different molecular weight. In 

particular, it was found that mice treated with 40 kDa DSS developed more severe 

colitis, diffused in the middle and distal third of colon, compared to 5 kDa DSS, instead 

diffused mainly in the cecum and upper colon. In contrast, higher molecular weight (500 

kDa) failed to induce colitis because the passage through the mucosal membrane is 
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prevented (Kitajima et al., 2000). In addition, carcinogenic activity in colon was found to 

be induced by DSS of 54 kDa, whereas larger or smaller molecular weights did not 

(Hirono et al., 1983).  

The mechanism by which DSS triggers intestinal inflammation is unclear but it is widely 

accepted that it is toxic to colonic epithelial cells and induces defects in the epithelial 

barrier integrity causing increased colonic mucosal permeability, allowing bacteria to 

penetrate, and consequently macrophage activation (Boismenu and Chen, 2000). 

Further, its anticoagulant property aggravates intestinal bleeding. The mechanism by 

which DSS passes through mucosal epithelial cells (transcellularly or paracellularly, i.e. 

via tight junctions) remains unclear. However it has been found that DSS causes quick 

alterations in the inner colon mucus layer, making it permeable to bacteria, which reach 

the epithelial cells thus triggering an inflammatory reaction (Johansson et al., 2010). 

More recently, it has been published that DSS could induce colitis in mice by forming 

nano-lipocomplexes with medium-chain-length fatty acids (MCFAs) present in the 

colonic lumen, which fuse with colonocyte membrane (Laroui et al., 2012). The 

specificity of DSS for the colon could be a function of water and electrolyte absorption in 

the presence of numerous bacteria (Chassaing et al., 2014).  

One day after DSS treatment, small amounts of this compound were found in colonic 

macrophages and mesenteric lymph nodes, one of the components of tight junction 

complex zonula occludens-1 (ZO-1) was lost and pro-inflammatory cytokines (TNF- , IL-

1- , IFN- , IL-10, and IL-12) expression was significantly upregulated in the colon. The 

production of these pro-inflammatory cytokines increases progressively during DSS 

treatment. By day 3, significant increase in permeability to Evans blue was observed and 

at this time first histological changes in the colonic mucosa in the form of basal crypts 

loss and increased inflammatory cell infiltration can be seen. The impairment of 

epithelial barrier function is associated with loss and redistribution of the tight junction 

proteins such as occludin, ZO-1, claudin-1, -3, -4, and -5 and an increased epithelial 

apoptotic ratio, typical signs also reported also in human IBD. It was proposed that 

imbalance between apoptosis and proliferation causes relevant leaks in the epithelial 

barrier, allowing the entrance of luminal antigens and microorganisms (Perše and Cerar, 

2012). 

Intestinal microflora and their products have been implicated in the pathogenesis of 

human IBD, and in DSS-induced colitis in mice as well, as evidenced by the amelioration 
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of inflammation in germ-free animals and in mice treated with antibiotics. The first who 

suggested the contribution of colonic bacteria or their products in the development of 

colitis in this model were Okayasu et al. that observed an increased numbers of 

Enterobacteriaceae, Bacteroidaceae, and Clostridium spp. in the colons of mice treated 

with DSS. Interestingly, mice reared in germ-free conditions (lacking any intestinal 

microflora) develop only minor signs of mucosal inflammation, indicating that intestinal 

microflora may play an important modifying role in the susceptibility and 

responsiveness to DSS-induced damage of epithelial cells (Perše and Cerar, 2012). 

Similar to IBD in humans, genetic factors play an important role in DSS-induced lesions, 

as demonstrated by differences in susceptibility and responsiveness to DSS among 

inbred strains and substrains of mice, that could be related to genetic differences in the 

ability of the mucosa to withstand inflammatory damage or in the capability to limit the 

inflammatory response, or both (Mähler et al., 1998).  

The clinical and histological features induced by DSS mirror those seen in human IBD, 

particularly UC. Mice with high susceptibility to DSS show severe rectal bleeding and 

weight loss within 3-4 days of DSS administration. Other signs of illness displayed by 

treated mice include hunched back, raised fur, symptoms of sepsis and reduced mobility 

as a result of diarrhea and anaemia. Usually, mice on DSS will lose 20-30% of body 

weight depending on the concentration and duration of DSS (Perše and Cerar, 2012). 

Acute and chronic models of intestinal inflammation can be achieved by modifying the 

concentration of DSS and the frequency of administration. Acute colitis is usually 

induced by continuous administration of 2-5% DSS for short period (4-9 days). Clinical 

manifestation of DSS colitis in acute phase may include weight loss, diarrhea, occult 

blood in stools, anaemia, and eventually death. Typical histological changes induced by 

DSS include mucin and goblet cell depletion, epithelial necrosis and ulceration (i.e. 

disappearance of colonic epithelium). Further, DSS induces an influx of neutrophils into 

the lamina propria and submucosa. Transepithelial migration of neutrophils (i.e. 

cryptitis) and extensive migration of neutrophils through the mucosal epithelium and 

into the crypt lumen (i.e. crypt abscess) are commonly associated with human IBD but 

occasionally reported in DSS-induced pathology. Chronic (advanced) lesions can be 

induced by continuous treatment with low concentrations of DSS or cycling 

administration of DSS (e.g., 4 cycles of DSS for 7 days followed by 10 days of water). 

Chronic DSS colitis results in mononuclear leukocyte infiltration, crypt architecture 
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disarray and increasing distance (i.e., widening of the gap) between crypt bases and 

muscularis mucosa, deep mucosal lymphocytosis and possible transmural inflammation 

(Perše and Cerar, 2012). 

Similarly to IBD, DSS-induced colitis models displayed upregulation of different 

cytokines, chemokines, nitric oxide, and inducible nitric oxide synthase (iNOS). 

Increased expression of different Th1-mediated inflammatory mediators (TNF- -

IFN- -10 and IL-12) was observed as early as the first day of DSS treatment, whose 

production increased progressively during DSS treatment. On the contrary, Th2-

mediated inflammatory response predominates in the chronic DSS-colitis, characterized 

by lower levels of TNF- -17 and KC/CXCL1, and elevated levels of IL-6, IFN- -4 

and IL-10. Progressive upregulation in the transcripts for Th1 cytokines (IL-12, IFN-

IL-1 and TNF-

was also observed between strains (Perše and Cerar, 2012). 

Interestingly, unlike IBD, the adaptive immunity (T and B cells) is not required for the 

development of DSS-induced colitis. Studies have shown that DSS administration causes 

colitis in NK-deficient and in T- and B-cell deficient mice, suggesting that these cells may 

not be critical in the induction of the colitis (Chassaing et al., 2015). However, some 

studies showed that lymphocytes contribute to colitis progression, suggesting that 

adaptive immunity may act as an aggravating factor in DSS-induced colitis (Kim et al., 

2006). 

Hence, the DSS-induced colitis model is particularly useful to study the contribution of 

the innate immune system to the development of intestinal inflammation, besides 

various aspects of IBD such as pathogenesis, genetic predisposition, and the role of 

microflora, as well as bowel malignancy secondary to IBD and epithelial repair 

mechanisms. 

1.5 Role of macrophages in intestinal inflammation 

The composition of the macrophage pool in the intestinal mucosa markedly changes 

during disruption of tissue homeostasis by infection and/or inflammation. During sterile 

inflammation, such as that induced by feeding mice with DSS, the normal balance 

between the proportion of CX3CR1hi (resident) and CX3CR1int macrophages is reversed, 
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with intense recruitment and accumulation of blood Ly6Chi monocytes and their 

CX3CR1int progeny, becoming the dominant cell type during acute colitis. These 

CX3CR1int cells display a pro-inflammatory phenotype, retaining their enhanced 

production of pro-inflammatory cytokines (e.g. TNF- - -6, IL-12 and IL-23), 

iNOS and displaying enhanced TLR responsiveness. The entry of pro-inflammatory cells 

into the inflamed colon mucosa is driven mainly by the CCL2(MCP-1)-CCR2, but also by 

CCL3-CCR1 chemokine axes (Bain and Mowat, 2014b; Cerovic et al., 2014). The 

chemokine CCL2 is produced at high levels in the inflamed tissues by fibroblasts, 

epithelial and endothelial cells in response to inflammatory cytokines or microbial 

molecules (Italiani and Boraschi, 2014). 

Additionally, activated macrophages secrete TGF-

for other macrophages and neutrophils and, hence, increases the recruitment of these 

cells to sites of inflammation. Cytokine secretion not only augments the phagocytic 

intracellular killing but also serves as a critical link between the innate and adaptive 

arms of the immune system, thus playing an important role in gut homeostasis and 

inflammation (Dave et al., 2014).  

It has been observed that the number of resident intestinal macrophages changes very 

little during inflammation, possibly because Ly6C+ recruited monocytes adopt a pro-

inflammatory phenotype shaped by the inflamed environment, instead the anti-

inflammatory one of resident macrophages. Moreover, they continue to produce high 

levels of IL-10 and are TLR hyporesponsive, suggesting that resident macrophages do 

not turn, or little, into pro-inflammatory phenotype under these conditions (Bain and 

Mowat, 2014b). 

There are multiple lines of evidence, mainly using the DSS-induced colitis model, 

showing that Ly6Chi monocytes and their CX3CR1int pro-inflammatory derivatives are 

directly involved in intestinal inflammation. Firstly, CCR2-deficient mice are less 

susceptible to DSS-induced colitis, due to defective monocytes recruitment. Second, the 

administration of an anti-CCR2 depleting antibody, that targets Ly6Chi monocytes 

selectively, ameliorates colitis and correlates with lower levels of IL-6 and IL1-

colonic tissue. Third, TNF-

progression, as the severity of DSS-induced colitis is reduced in TNF- -deficient Ly6Chi 

monocytes. Fourth, macrophages lacking STAT3, a transcription factor within the signal 

transduction pathway of IL-10 receptor, develop a spontaneous enterocolitis 
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characterized by histological features similar to IBD and increased pro-inflammatory 

cytokines. Fifth, Rag 1 deficient or SCID (both lacking lymphocytes) mice develop severe 

DSS-induced colitis, suggesting that the adaptive system does not play a primary role (at 

least in the acute phase) in this IBD model. Sixth, colonic macrophages of IL-10 deficient 

mice display exaggerated pro-inflammatory responses to bacterial products and 

spontaneously develop severe colitis, similar to that seen in CD patients, in consequence 

of the absence of this anti-inflammatory cue that drives Ly6Chi monocytes to 

preferentially differentiate into a pro-inflammatory subset producing large amounts of 

IL-12 and IL-23. Remarkably, the depletion of all macrophages in IL-10 deficient mice 

prevents the development of colitis. Moreover, IL-10 receptor deficiency is also 

associated with an early onset form of severe IBD in humans (Mahida, 2000; Wirtz and 

Neurath, 2007; Weber et al., 2009; Zigmond et al., 2013; Bain and Mowat, 2014a; Cerovic 

et al., 2014;) 

During the resolution of colitis in mice, the expanded population of CX3CR1int pool 

contracts to homeostatic level, which is paralleled to a reduction of neutrophils number. 

The exact mechanisms for the contractions of the inflammatory cells is unclear, although 

it seems likely that most elicited CX3CR1int cells are cleared by apoptosis or may convert 

into anti-inflammatory resident macrophages that contribute to physiological tissue 

remodelling (Bain and Mowat, 2014b). Importantly, the contribution of intestinal 

macrophages to the restoration of homeostasis is dependent on the TGF- -

receptor axis, as demonstrated by the delayed resolution of DSS-induced colitis in mice 

whose intestinal macrophages are unresponsive to this cytokine (Bain and Mowat, 

2014a). 

 

1.6 Intestinal macrophages in human gut homeostasis and disease 

Under steady state conditions, human resident intestinal macrophages display a similar 

phenotype to that described in mice, characterized by profound inflammatory anergy 

despite avid phagocytic and bactericidal activity. As for the murine counterpart, 

precursors of intestinal macrophages are bone marrow-derived monocytes, which 

circulate through the blood before being recruited into the intestinal mucosa by IL-8 and 

TGF-

immediately polarized into anti-inflammation anergic macrophages by signals from the 

intestinal mucosa (Kühl et al., 2015). A phenotypic monocyte differentiation process, 
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analogous to that displayed by mice, seems to exist in human intestine. It has been found 

that CD14hiCD16– blood monocytes (equivalent of Ly6C+ murine monocytes) appear to 

differentiate into resident intestinal macrophages though a series of intermediates 

which involves downregulation of CD14 and upregulation of CD64, CD68, MHCII, CD209 

and CD163 (Weber et al., 2009; Bain and Mowat, 2011; Bain and Mowat, 2014a).  

Macrophages represent one cell population contributing to the pathogenesis of IBD. 

Indeed, inflammatory lesions in IBD display an increased accumulations of infiltrating 

CD14+ macrophages, characterized by i) enhanced expression of T cell costimulatory 

molecules (CD80 and CD86); ii) activated NF- ii) production of pro-inflammatory 

cytokines (e.g. TNF, IL1- -6, IL-8, IL- -1, 

attracting further monocytes; and iv) responsiveness to exogenous stimulation (by e.g. 

TLR ligands) (Steinbach and Plevy, 2014). This macrophage phenotype might result 

from polarization cue derived from the pro-inflammatory environment of the inflamed 

intestinal mucosa that shapes the fate of newly recruited monocytes. These findings 

suggest a scenario where polarization toward the anergic, anti-inflammatory resident 

macrophages might be disturbed in IBD patients due to defective TGF- signaling (Kühl 

et al., 2015) 

In IBD, large numbers of CD14+CD68+ macrophages massively infiltrate the intestinal 

mucosa and diffusely spread throughout the thickened mucosa and submucosa and, in 

CD patients, they infiltrate also the muscular layer and the mesenteric fat. Even if overall 

macrophage numbers are comparable, the composition (M1 and M2 phenotype) and 

functions of intestinal macrophages differ in the inflamed gut of UC and CD patients. This 

might explain the overall different outcome in CD and UC (Kühl et al., 2015).  

 

1.7 The role of extracellular matrix in inflammation 

The ECM is a three-dimensional, non-cellular structure present in all tissues, composed 

by water, proteins and polysaccharides, and it is a fundamental component of 

multicellular organisms (Bonnans et al., 2014). The ECM is composed by two main 

macromolecules: i) proteoglycans, which are made of glycosaminoglycan (GAG) chains 

covalently linked to a specific protein core; and ii) fibrous proteins (i.e. collagens, elastin, 

fibronectin and laminin). It is a highly dynamic structure that provides not only essential 

physical scaffolding for the cellular constituents but also initiates crucial biochemical 
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and biomechanical cues that are required for tissue morphogenesis, differentiation and 

homeostasis. Each tissue has a unique ECM composition and topology that is generated 

during tissue development through a dynamic and reciprocal, biochemical and 

biophysical dialogue between the various cellular components (e.g. epithelial, fibroblast, 

adipocyte, endothelial cells) and the evolving cellular and protein microenvironment 

(Frantz et al., 2010).  

A growing number of experimental data point out a role of several ECM proteins (e.g. 

collagens, laminins, proteoglycans and glycoproteins) in regulating the inflammatory 

process. ECM molecules bind via adhesins pathogens, which use the ECM as a site for 

propagation and spreding, causing breakdown of the ECM. Larger ECM components, that 

are relatively inert when bound within an uninjured matrix, may be broken down within 

the inflammatory environment to smaller, biologically active fragments which can also 

influence infiltrating inflammatory cells. In response to signals from an inflammatory 

environment, leukocytes leave the circulatory system and migrate through the ECM to 

the site of insult. During this process, interactions with the matrix serve to regulate 

immune cell action in both a positive and negative fashion, tailoring cell function to one 

that is appropriate for the type and magnitude of insult. For example, adhesion of 

phagocytes to various ECM components promotes phagocytic functions (i.e. ingestion 

and oxidative burst), thereby enhancing the host defence against infections. Moreover, 

in vitro studies showed that ECM can also modulate gene expression of inflammatory 

cells. In addition to this, cells of the immune response may transiently secrete ECM 

proteins in response to specific signals, and these can then act in an autocrine or 

paracrine fashion (Morwood and Nicholson, 2006; Adair-Kirk and Senior, 2007; Sorokin, 

2010). This indicate that ECM molecules can affects many aspects of immune cell 

behaviours, including infiltration/recruitment, differentiation, and functional activation, 

both in a pro- or anti-inflammatory manner (Lu et al., 2012). Indeed, several ECM 

proteins have also anti-inflammatory functions contributing to the downregulation of 

inflammation, thereby enhancing tissue repair(Morwood and Nicholson, 2006).  

In chronically inflamed tissues the ECM is modified by cytokines and proteases [in 

particular, matrix metalloproteinases (MMPs)] that are produced by infiltrating immune 

cells or by activated tissue-resident cells. There is strong evidence suggesting that 

several cytokines (e.g. TNF, IFN- -

inflammation, can alter both the synthesis and turnover of various ECM molecules, 

typically those of the interstitial matrix, as well as the secretion and/or activation of 
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proteases in particular the MMPs, thereby leading to tissue remodelling and release of 

chemokines/cytokines from ECM (Sorokin, 2014). Indeed, excessive ECM production 

and deposition without reciprocally balanced degradation can result in fibrosis, which 

can lead to organ failure, besides increasing the risk of cancer (Bonnans et al., 2014). 

Tissue damage and fibrosis, a consequence of local chronic inflammation and impaired 

tissue repair, are a hallmark of progression and severity of several chronic inflammatory 

diseases, including IBD. It is known, for instance, that CD progression can advance 

towards two seemingly opposing phenomena: i) excessive deposition of ECM 

components by myofibroblast leading to fibrosis, and ii) ECM destruction that eliminates 

boundaries between tissues, causing fistulae. Microscopic colitis, a less common form of 

IBD, has an ECM component as well, the thickening of the collagenous layer in the 

subepithelium, which is thought to be the cause of diarrhea in this condition. These 

examples demonstrate that ECM build-up and/or destruction play a central role in IBD 

(Shimshoni et al., 2015). Furthermore, MMPs are known to be upregulated in 

inflammatory conditions, including IBD, whose susceptibility was found to be linked to 

several SNPs in MMP-encoding genes. Distinct roles for different MMPs have been 

recently described in intestinal inflammation regulation, beyond ECM degradation, 

angiogenesis, fibrosis, immune cell infiltration and wound healing (O’Sullivan et al., 

2015). Evidences pointed out also that the fine balance between MMPs and tissue 

inhibitors of metalloproteinases (TIMPs) appears to be disturbed in IBD, but how these 

proteins are regulated is not known (Speca et al., 2012). 

Intestinal fibrosis is related to the abnormal function of several cell types, mainly 

fibroblasts and myofibroblasts. These cells could be activated by both autocrine factors 

and paracrine signals, derived from immune and non-immune cells, and by pathogen-

associated molecular patterns (PAMPs) derived from microorganisms that interact with 

pattern recognition receptors such TLRs. Among soluble factors that regulate the 

activation of the ECM-producing cells, there are cytokines (e.g., IL-6, Il-13; IL-17, IL-21, 

and TNF- e.g., CCL2/MCP-1 and MIP-1), growth factors (e.g., TGF-

CTGF, IGF) and products of the oxidative stress (Wynn, 2008).  

Both in UC and CD, fibrosis follows the distribution and location of inflammation, with 

collagens and fibronectins being the major components. In UC, the deposition of ECM is 

restricted to the mucosal and submucosal layers of the large bowel, whereas in CD it can 

involve the entire bowel wall of the GI tract including the mucosa, submucosa, 

muscularis mucosae, muscular and serosa layers. Injury to intestine is not an uncommon 
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phenomenon, even in otherwise healthy individuals. However, acute inflammatory 

response is usually followed by physiological healing of the damaged tissue and 

restoration of the normal structure and function of the intestine. If this does not occur 

chronic inflammation can develop, characterized by continuous events of injury and 

repair that may lead to the development of fibrosis. It is still unclear which factors 

triggers the road to chronicity in IBD, but various findings suggest that innate and 

adaptive immune mechanisms acting in chronic inflammation may divert the healing 

process towards fibrogenesis (Speca et al., 2012). Although several lines of evidence 

suggest that inflammation is necessary to prompt the onset of the fibrotic process, 

subsequently it plays a minor role in progression of the disease. Furthermore, this 

process does not occur in all patients, suggesting that distinct mechanisms exist for 

inflammation and restitution/fibrosis (Speca et al., 2012). 
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2. Methods 

 

2.1 Animals 

Specific pathogen free wild-type C57BL/6N and Col6a1–/–, previously backcrossed in the 

C57BL/6N strain for eight generations (Bonaldo et al., 1998), were used. Mice were kept 

in filtered cages in a level B clean room under controlled temperature and light-dark 

cycle (23 °C, 12 h light/12 h dark cycle). All mice had ad libitum access to food and water 

before and during the study. Male mice of 3-months-old were used for intestine 

characterization in physiological condition, experimental DSS-induced acute colitis and 

recovery male mice, whereas both male and female of 2/3-months-old mice were used 

for FACS analysis of macrophage polarization and phagocytosis in physiological 

condition and after 3 days of DSS-induced colitis. Mouse procedures were approved by 

the Ethics Committee of the University of Padova and authorized by the Italian Ministry 

of Health. 

 

2.2 DSS experimental colitis 

Mice were administered 3% Dextran Sulfate Sodium (DSS; molecular weight 40 kDa, 

TdB Consultancy), a sulfated polysaccharide that is toxic to colonic epithelial cells and 

induces mucosal inflammation (Perše and Cerar, 2012), dissolved in drinking water. 

Three DSS models were used to study the effect of the absence of collagen VI on different 

phase of intestinal inflammation: i) 3 days DSS to assess mild inflammation to 

investigate macrophage polarization and phagocytosis; ii) 5 days DSS to induce acute 

colitis and iii) 4 days DSS followed by 10 days of recovery with tap water, to study the 

impact on the severity and on the healing/resolution of inflammation, respectively. Body 

weight of mice treated with DSS to induce both acute colitis and recovery was recorded 

daily and the body weight loss has been expressed as percentage of body weight 

treated/body weight untreated ration. At the end of the treatment mice were sacrificed 

by cervical dislocation, colons were carefully removed and luminal content was 

eliminated by flushing PBS. Colons for analysis of macrophage polarization and 

phagocytosis were put on RPMI on ice until manipulation. Instead, colons of mice 

untreated and treated with DSS to study the severity of inflammation and the resolution 

phase were divided in different pieces and specimens were either fixed in 10% buffered 
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neutral formalin and embedded in paraffin for histological analysis, or snap frozen in 

liquid nitrogen for further analysis (immunofluorescence, real time qPCR, and MPO 

assay). DSS-induced acute colitis severity was assessed with the disease activity index 

(DAI), that is a score frequently used on experimental colitis and it is based on three 

criteria: body weight, stool consistency and bleeding (Table 1). These clinical 

parameters are functional measurements that are somewhat analogous to clinical 

symptoms observed in human IBD (Murthy et al., 1993). These experiments were 

assessed in collaboration with Prof. Castagliuolo and Dr Brun (Department of Molecular 

Medicine, University of Padova). 

Table 1. Criteria for scoring Disease Activity Index* 

Score Weight loss (%) Stool consistency† Occult blood/gross bleeding 

0 0 normal negative 

1 1-5 loose stools - 

2 5-10 - few blood 

3 10-15 no stools bood with loose stools 

4 >15 diarrhea 
blood without stools/ 

bleeding more than score 3 

* Disease Activity Index= (combined score of weight loss, stoll consistency, and bleeding)/3.

† Normal stools = well formed pellets; loose stools = pasty stool that does not stick to the anus; no stools = 

no stool inside colon; and diarrhea = liquid stools that stick to the anus.  

(From Murthy et al., 1993) 

2.3 Histological analysis 

Cross-sections (8 m thick) of paraffin embedded specimens were processed by Prof. 

Porzionato laboratory (Department of Molecular Medicine, University of Padova) 

following standard protocols with hematoxylin–eosin to examine morphology and 

changes in the intestinal architecture and, after DSS-treatment, to investigate the 

epithelial cell erosion, the extent of inflammation and healing. Examination of the 

sections was performed under a Leica DM4500B microscope (Leica Microsystems) 

connected with a Leica DFC320 high-resolution digital camera (Leica Microsystems) and 

a computer equipped with Leica Application Suite Version 2.8.1 software for image 

acquisition (Leica Microsystems). 
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2.4 Real time quantitative PCR (real time qPCR) 

Total RNA was extracted using TRIzol Reagent (Life Technologies) following the 

manufacturer’s protocol. For mouse tissues 1 mL of reagent was used. Colonic RNA 

extracted from DSS-treated mice was further purified via precipitation with lithium 

chloride as previously described (Viennois et al., 2013), to efficiently remove DSS that 

inhibits PCR. RNA was then quantified using a Nanodrop ND-1000 instrument 

(Nanodrop Technologies) and 1 g total colonic tissue RNA was retrotranscribed using 

the SuperScript III First-Strand Synthesis System for RT-PCR (Life Technologies), 

following manufacturer’s instructions. Resulting cDNAs were used to perform real time 

qPCR using Rotor-Gene SYBR Green PCR Kit mastermix (Qiagen) with the RotorGeneQ 

instrument (Qiagen). The mRNA expression level of each gene was calculated by 

comparing with s-16 housekeeping gene. All results are expressed as fold induction 

compared to wild-type in physiological condition. Primer sequences used in this study 

are listed in Table 2. 

 

Table 2. List of primers for real time qPCR used. 
 

  Forward primer (5’ > 3’) Reverse primer (5’ > 3’) 

s-16 GCAGTACAAGTTACTGGAGCC CGGTAGGATTTCTGGTATCG 

Col1a1 GAGCGGAGAGTACTGGATCG GCTTCTTTTCCTTGGGGTTC 

Col6a1 TGCCCTGTGGATCTATTCTTCG CTGTCTCTCAGGTTGTCAATG 

Col6a2 CATCTCACCCCAGGAGCAGGAA TACACGTTGACTGGGCAGTCGG 

Col6a3 AACCCTCCACATACTGCTAATTC TCGTTGTCACTGGCTTCATT 

Col6a4 ATGACAAGTGCCGACCAGCC ACTAGCCGCAAAGCCCCAAG 

Col6a5 TGCTCTGTTGGTGGTGTCCC TGCCCAGGTCTAGCATCCCA 

Col6a6 TTCAGTGCACAGAGGGGCAG GACAGCTGCCTTGGTCACGT 

Cxcl1 CTGCACCCAAACCGAAGTC AGCTTCAGGGTCAAGGCAAG 

Cxcl2 ATCCAGAGCTTGAGTGTGACGC AAGGCAAACTTTTTGACCGCC 

Cxcl10 ATGACGGGCCAGTGAGAATG TCAACACGTGGGCAGGATAG 

Il-  GCCACCTTTTGACAGTGATGAG TGATGTGCTGCTGCGAGATT 

Il-6 GAGGATACCACTCCCAACAGA AAGTGCATCATCGTTGTTCATACA 

Il-10 GACTTTAAGGGTTACTTGGGTTGC CAGCTTCTCACCCAGGGAAT 

F4/80 CTTTGGCTATGGGCTTCCAGTC GCAAGGAGGACAGAGTTTATCGTG 

Mcp-1 CTTCTGGGCCTGCTGTTCA CCAGCCTACTCATTGGGATCA 

Tnf-  AGCCCACGTCGTAGCAAACC CATCGGCTGGCACCACTAGT 
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2.5 Immunofluorescence staining  

Immunofluorescence analysis were performed in both murine and human samples to 

detect collagen VI and macrophage immunoreactivity. In addition immunofluorescence 

whole mount of myenteric plexuses of the distal ileum longitudinal smooth muscle for 

collagen VI and peripherin was performed. 

Immunofluorescence on murine specimens. Tissue cryosections (8 m thick) were 

permeabilized with methanol-acetone for 10 min at -20 °C, let dry at room temperature, 

washed in PBS, and incubated for 30 min with a blocking solution containing 10% goat 

serum (Sigma) in PBS. Sections were incubated over night at 4 °C with primary 

antibodies diluted in 5% goat serum in PBS. The following antibodies were used: guinea 

pig anti- 3 collagen VI chain (1:500; kindly supplied by Prof. Raimund Wagener, 

Cologne) and rat anti-F4/80 (1:500; AbD Serotec). After three washing in PBS, slides 

were incubated for 1 h with anti-guinea pig Cy2 (1:500, Jackson Immunoresearch) and 

anti-rat Cy3 (1:1000, Jackson Immunoresearch) diluted in 5% goat serum in PBS 

solution. Nuclei were stained with Hoechst 33258 (Sigma). After washing three times in 

PBS, slides were mounted in 80% glycerol-PBS and analyzed by confocal microscopy 

(Leica SP5), supporting LAS software (Leica Microsystem). 

Immunofluorescence on human specimens. The following human ileal specimens 

were kindly provided by Dr Angriman (Department of Surgery Oncology and 

Gastroenterology, University of Padova): subjects undergoing surgery for colonic 

carcinoma (control), macroscopically normal and diseased portion of a Chron’s disease 

patient. Human tissue cryosections (8 m thick) were permeabilized with methanol-

acetone for 10 min at -20 °C, let dry at room temperature, washed in PBS, and incubated 

for 30 min with a blocking solution containing 10% goat serum (Sigma) in PBS. Sections 

were incubated over night at 4 °C with primary antibodies diluted in 5% goat serum in 

PBS. The following antibodies were used: rabbit anti- collagen VI (1:500; Fitzgerald) and 

mouse anti-CD163 (1:500; Santa Cruz). After three washing in PBS, slides were 

incubated for 1 h with anti-rabbit Cy2 (1:500, Jackson Immunoresearch) and anti-mouse 

Cy3 (1:1000, Jackson Immunoresearch) diluted in 5% goat serum in PBS solution. Nuclei 

were stained with TOTO-3 iodide (Life Technologies). After washing three times in PBS, 

slides were mounted in 80% glycerol-PBS and analyzed by confocal microscopy (Leica 

SP2), supporting LAS software (Leica Microsystem). 
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Whole mount immunofluorescence of murine myenteric plexuses . Distal ileal 10 

cm-segments of 3-months-old mice in physiological condition were filled with fixative 

solution (4% paraformaldehyde, 0.2% saturated picric acid in PBS) for 1 h at room 

temperature and then washed with PBS for at least 1 h. Using a stereoscopic microscope 

longitudinal muscle layer (containing longitudinal muscle-myenteric plexus, LMMP) was 

gently stripped by circular muscle layer/mucosa (containing the submucosal plexus, 

SMP). Both layers were pinned down on a silicon support, washed with PBS/0.2% Triton 

X-100 (PBS-T) and then incubated for 30 min with a blocking solution containing 2% 

BSA-IgG free (Jackson) in PBS-T. Specimens were incubated over night. at room 

temperature with the following antibodies diluted in PBS-T/BSA 2%: guinea pig anti-

collagen VI (1:500; kindly supplied by Prof. Raimund Wagener, Cologne); rabbit anti-

peripherin (1:500, Novus Biologicals). After three washing in PBS-T, specimens were 

incubated for 1 h with anti-guinea pig Cy2 (1:500, Jackson Immunoresearch) and anti-

rabbit Cy3 (1:500, Jackson Immunoresearch) or anti-mouse Cy2 (1:500, Jackson 

Immunoresearch). diluted in PBS-T/BSA 2%. Nuclei were stained with Hoechst 33258 

(Sigma). After washing three times in PBS, slides were mounted in 80% glycerol-PBS 

and analyzed by confocal microscopy (Leica SP5), supporting LAS software (Leica 

Microsystem) Low magnification images were acquired by optical and epifluorescence 

microscopy Leica DC500 ZEISS Axioplan, using the IM2000 software. 

 

2.6 Gastrointestinal functionality assays 

Functionality assays were used to analyse both GI motility and ex vivo contractility of the 

distal ileum. Gastrointestinal transit and intestinal permeability were assessed in 

collaboration with Prof. Castagliuolo (Department of Molecular Medicine, University of 

Padova), whereas ex vivo contractility were performed by Prof. Giron (Department of 

Pharmaceutical and Pharmacological Sciences, University of Padova). 

Gastrointestinal transit. Mice were administered  FITC(fluorescein 

isothiocyanate)-dextran (70 kDa, MP Biomedicals LLC) in PBS (6.25 mg/mL) via oral 

gavage, with minimum animal handling. Mice were sacrificed after 1 h. The entire GI 

system, from stomach to colon, was carefully removed. Stomach, caecum and colon were 

examined separately, whereas the small intestine was divided equally into 8 segments. 

Luminal contents from each segment were collected, by flushing PBS, and clarified by 

centrifugation (10,000 rpm for 15 min at 4°C). Fluorescence analysis was assessed with 
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fluorescence spectroscopy at 494/521 nm (LS 50 B, Perkin Elmer). Data were expressed as 

percentage of fluorescence per each segment. GI transit was calculated as the geometric 

center (GC) of the distribution of the fluorescent probe along the whole tract. 

Fecal output and water content analysis. Fecal excretion was assessed placing mice 

individually in cages and left there 1 hour. All the mice were analysed at the same time, 

in the morning. During this period, food was withdrawn, and fecal pellet output was 

then monitored. Pellets were collected, counted and weighed immediately (wet weight) 

and after drying (over night at 70 °C) (dry weight). Water content was expressed as 

percentage of (wet weight-dry weight)/wet pellet weight. 

Ex vivo distal ileum contractility. Full-thickness distal ileum was isolated and gently 

flushed with oxygenated Krebs solution to remove luminal content. One cm ileal 

segments were mounted vertically by 5-0 silk ligated at each end in organ baths 

containing 10 mL of Krebs solution, maintained at 37°C and under aerated conditions 

(95% O2 and 5% CO2). Changes in muscle tension were recorded by isometric 

transducers (World Precision Instruments) connected to a quad bridge amplifier and 

PowerLab 4/30 data acquisition system using LabChart6 software (ADInstruments). 

Acetylcholine receptor-mediated contractions were evaluated in the presence of the 

cholinergic receptor agonist carbachol (CCh) at different concentrations (0.001-100 

). For Electrical Field Stimulation (EFS), to evoke myenteric neuron-mediated 

contractions, ileal preparations were positioned between a pair of parallel electrodes 

connected to a Grass S88 stimulator (Grass Instrument Co.). Frequency-response curves 

to EFS (2-5 Hz, 1 ms pulse duration; 10-50 Hz, 10 s pulse trains, 40 V) were evaluated. In 

particular, EFS within 20 Hz determines a nervous response mediated by the release of 

acetylcholine, whereas beyond 20 Hz also muscle influence is recorded. At the end of the 

experiment isoprenaline was added, 1 provoks 

the relaxation of intestinal smooth muscle. Data were normalized on dry weight and 

both smooth muscle and myenteric neuron responsiveness were expressed ad g 

tension/g tissue dry weight. 

Intestinal permeability. Segments of duodenum, ileum, and proximal colon were 

collected, rinsed free of luminal contents, and opened along the mesenteric border. 

Samples were mounted in Ussing chambers connected to a voltage-clamp apparatus 

apparatus (EVC 4009, World Precision Instruments, Saratosa, FL). Each half chamber 

was filled with 5 ml Krebs solution, bathing both the mucosal and serosal side of the 

specimen and left to equilibrate for 20 min, to achieve steady-state conditions. The 
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Krebs solution was continuously kept under aerated conditions (95% O2 and 5% 

CO2)and stirred by gas flow in the chambers. pH was kept at 7.4 at a temperature of 

37°C with a heater block system. After equilibration, the Krebs solution in the mucosal 

compartment 50 L was added of horseradish peroxidase (HRP, 10 M; Sigma) and 50 

L of FITC–dextran (4kDa, 3 mg/mL; MolecularProbe). HRP served as marker for 

transcellular permeability, whereas FITC-dextran 4 kDa served as marker for 

paracellular permeability. After 30 minutes, a sample of 250 µL was taken from the 

serosal side and replaced with 250 µl mL Krebs solution. Collected samples were stored 

in the dark at 4°C until analysis. To determine the HRP content, 50 L of each sample 

were transferred to 96-wells plate. To each well, 50 L TMB (3,3',5,5'-

tetramethylbenzidine) substrate (Thermo Scientific) was added. TMB is a cromogen that 

yield a blue colour when oxidazed typically as a result of oxygen radicals produced by 

hydrolysis of hydrogen peroxide HRP. The plate was incubated at room temperature 

until a pale blue colour developed (few seconds). The reaction was stopped adding 100 

L of phosphoric acid, that changes the colour to yellow and the absorbance of the 

coloured reaction product was measured at 450 nm using a microplate reader (Sunrise; 

Tecan). To determine the content of FITC–dextran, 50 L of each sample were 

transferred to a Victor plate and then analyzed using a fluorescence multi-well plate 

reader (Victor, PerkinElmer) with excitation and emission wavelengths of 490 nm and 

520 nm, respectively.  

 

2.7 Intestinal macrophage isolation 

Intestinal macrophages were isolated from colonic mucosa of both untreated and 3% 

DSS treated mice to analyse their polarization and phagocytosis activity.  

After sacrifice, colons were carefully removed and put in RPMI media on ice. Luminal 

content was discarded by PBS wash, then colons were open longitudinally and incubated 

with DTT (10 mM, Applichem) to remove mucous for 20 min in vigorous agitation. 

Colonic mucosa was then scratched away from muscular layers with the help of two 

slides and digested for 20 min at 37°C with collagenase II (0.2 mg/mL, Sigma-Aldrich) 

and DNAse  in 5 mL of RPMI, followed by a mechanical digestion 

through a filter to dissociate undigested tissue. Conic material was then centrifuged in 

RPMI at 1,800 rpm for 8 min at 20°C. Cell pellet was resuspended in 4 mL of RPMI and 

layered onto 3 mL FicollTM Paque Plus (GE Healthcare Life Sciences) and centrifuged at 
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2,000 rpm for 20 min at 20°C without brake to separate mononucleated cells of the 

mucosa. Interphase, containing both fibroblasts ad immune cells, between Ficoll and 

RPMI was harvested and washed once with RPMI at 1,800 rpm for 8 min at 20°C. Then 

two different approaches were applied to study M1 and M2 polarization and phagocytic 

activity of CD11b+ macrophages, both by flow cytometric analysis.  

Macrophage polarization. To investigate macrophage polarization, colonic mucosa 

cells were analyzed by flow cytometry incubating with CD11b, a specific 

monocyte/macrophage marker, and M1 or M2 specific antibodies. Colonic mucosal cells 

of the interphase of Ficoll gradient, were once washed in RPMI and then plated a 12-well 

CD11b+ macrophages, based on their ability to adhere or not to plastic, respectively 

(Smith et al., 1997). Later, both infiltrating and resident cells were harvested, put in 

different tubes, and washed with 1 mL of BSA buffer (2% BSA in PBS) at 1,600 for 6 min 

-

coniugated CD11b (DB Biosciences) for 30 min on ice. Each samples were equally 

divided in two tubes and washed with 1 mL ice cold BSA buffer at 1,600 for 6 min at 

20°C. Then one tube was incubated with rabbit anti-iNOS (1:100, Santa Cruz), in 

permeabilization buffer (eBioscience) at room temperature; one with rabbit anti-CD206 

(1:100, Abcam) in BSA buffer on ice, for 30 min. Tubes were washed with ice cold BSA 

buffer at 1,600 for 6 min at 20°C and then incubated with anti-rabbit Cy2 in 

permeabilization buffer (1:200, Jackson Immunoresearch) at room temperature, or in 

BSA buffer on ice, for 30 min. Samples were analysed with FACScalibur (BD Biosciences) 

based on a CellQuest software (BD Biosciences) acquiring at least 10,000 events. Data 

were analyzed using the WinMDI 2.9 (Windows). One experimental replicate consisted 

on the sum of mucosal cells isolated from two independent colons. 

Macrophage phagocytosis. To investigate phagocytic ability, colonic mucosal 

macrophages were sorted with MACS (magnetic cell sorting) CD11b microbeads 

(Miltenyi Biotec). Colonic mucosal cells of the interphase of FicollTM Paque Plus gradient, 

 (0.5% BSA, 2 mM 

EDTA in PBS, pH 7.2) -CD11b antibody 

(CD11b Microbeads, Miltenyi Biotec), coniugated with metal beads for 30 min on ice. 

Then cells were resuspended with 1mL of buffer and centrifuged to discard unbound 

 of buffer and sorted with a MS column, 

placed on the magnetic field of a MACS separator, that hold CD11b-bound cells. CD11b-



Chapter II Methods

73

bound cells were then eluited by washing column with 1 mL of buffer after being 

removed from MACS separator. Cells were then centrifuged at 1,800 rpm for 8 min at 

20°C and then plated in a 12-well plate with DMEM 10% FBS at 37°C for 2 h to 

separate infiltrating from resident CD11b+ macrophages. Later, infiltrating macrophages 

were separated from resident cells, exploiting their adherence ability, and both cell 

populations were incubated for 30 min at 37°C with FITC-labelled microparticles 

(Sigma-Aldrich). Cells were harvested, washed with ice cold buffer (2% BSA in PBS) at 

1,600 for 6 min at 20°C to remove unphagocyted microparticles, and then dispersed in 

buffer and incubated with PE-coniugated MHC class II (1:100, BD 

Biosciences), a macrophage marker, for 30 min on ice. Cells were washed with ice cold 

and 

conserved at 4°C until analysis. Flow cytometric analysis was performed with 

FACScalibur flow cytometer (BD Biosciences) based on a CellQuest software (BD 

Biosciences) acquiring at least 10,000 events. Data were analyzed using the WinMDI 2.9 

(Windows). One experimental replicate consisted on the sum of mucosal cells isolated 

from two independent colons. 

2.8 Myeloperoxidase activity assay 

The determination of myeloperoxidase (MPO) activity is an index of inflammation. MPO 

is the most abundant pro-inflammatory enzyme stored in the azurophilic granules of 

neutrophils, and its determination is an index of neutrophils activity. Full thickness of 

colon segments were weighted and then mechanically homogenized in 5% CTAB buffer 

[50 mM cetyltrimethylammonium bromide (Sigma-Aldrich) in 50 mM potassium 

phosphate buffer, pH=6]. Homogenates were then centrifuged at 10,000 rpm for 10 

 of working buffer 

containing 0.167 mg/ml O-dianisidine dihydrochloride (Sigma-Aldrich) and 0.0005% 

hydrogen peroxide. MPO activity assays were performed in duplicates on 96 well 

microtiter plates and analyzed with a microplate reader (Sunrise, Tecan; Switzerland). 

Absorbance was recorded at 450 nm for 3 minutes at regular intervals of 1 min. MPO 

activity was expressed as units per milligram of tissue. 
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2.9 Statistical analysis 

All data are expressed as means ± s.e.m. Statistical analysis of data was performed with 

Student’s t test for unpaired data and a P < 0.05 was considered statistically significant 

(*, P < 0.05; **, P < 0.01). 
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3. Results

3.1 Collagen VI is expressed in ileum and colon, and around longitudinal 

muscle myenteric plexus  

At first I analysed collagen VI deposition in both small and large intestine of 3-month-old 

wild-type mice (Fig. 1). Similarly to previously reported studies (Gara et al., 2011), 

immunofluorescence analysis with an antibody against 

collagen VI is widely expressed along the villus/crypt axis of distal ileum, in the crypts of 

colon, and in the muscular layer of longitudinal and circular smooth muscle of wild-type 

adult intestine (Fig. 1A). I further analysed collagen VI localization by whole mount 

confocal immunofluorescence of longitudinal muscle myenteric plexus of distal ileum 

and I found that this ECM protein is also abundantly deposited in tight contact with the 

myenteric ganglia and the nerve fibers below longitudinal muscle (Fig. 1B). 

3.2 Histological analysis does not reveal any gross abnormality in the 

intestine of collagen VI deficient mice 

Since collagen VI has a wide distribution in murine intestine, we next investigated the 

impact of collagen VI ablation on the overall morphology of distal ileum and colon by 

histological analysis with haematoxylin-eosin staining (Fig. 2). Towards this aim, we 

analysed 3-month-old wild-type and Col6a1-/- mice, in which absence 

leads to a complete loss of collagen VI deposition in the ECM. When compared to wild-

type, Col6a1-/- mice displayed a similar tissue morphology, and no gross macroscopic 

abnormalities in the architecture of ileal villus/crypt axis or of the colonic crypts were 

detected (Fig. 2A-B). Also smooth muscle layers appeared normal in Col6a1-/- intestine, 

suggesting that lack of collagen VI does not influence the general mucosal structure nor 

alters the muscle layer pattern. 
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3.3 Myenteric plexus of collagen VI null distal ileum displays a normal 

pattern of peripherin organization and distribution 

I analyzed longitudinal muscle myenteric plexus of distal ileum from 3-month-old wild-

type and Col6a1-/- mice, using whole mount immunofluorescence for the neuronal 

marker peripherin, a type III intermediate filament protein (Fig 3). At lower 

magnification, Col6a1-/- ganglia appeared to have smaller area compared to wild-type 

(Fig. 3A). However the number of ganglia per field seemed to be equal between wild-

type and Col6a1-/- mice. Confocal high magnification maximum projection displayed a 

normal distribution and organization of peripherin (Fig 3B). These data suggest that the 

global architecture of myenteric ganglia is not grossly affected by lack of collagen VI, 

however further analysis are needed to understand whether collagen VI ablation has 

any impact on neuron number and subtype. 

3.4 Collagen VI deficient mice display increased gastrointestinal motility 

One of the primary functions of the GI system is motility, which refers to the contraction 

and relaxation of smooth muscles to allow for food transport along the whole tract. We 

investigated whether lack of collagen VI causes alterations in GI physiology, using 

different assays (Fig. 4). First, we analyzed the whole GI transit of a fluorescent probe, a 

FITC-dextran whose molecular weight hampers its absorption by mucosa, for 1 hour in 

3-month-old wild-type and Col6a1-/- mice. This method gives a direct parameter of 

motility, which is expressed as the mean geometric center of the distribution of the 

probe fluorescence. Interestingly, Col6a1-/- mice displayed an increased FITC-dextran 

transit compared to wild-type (Fig 4A). I also performed further analysis of GI motility 

by other methods. I collected the pellet excreted in 1 hour by individually caged wild-

type and Col6a1-/- mice, and I measured the water content. During pellet harvest, I did 

not observe differences in the appearance of stools, such as liquid or pasty, or presence 

of blood. The number of collected pellet resulted increased in Col6a1-/- mice compared to 

wild-type (Fig. 4B). Next, I weighted pellet and let them dry over night at 70°C, to 

measure the content of water, expressed as percentage of (wet weight – dry 

weight)/wet weight. I found that Col6a1-/- mice had an increased number of excreted 

pellet compared to wild-type, with an increased percentage of water content (Fig. 4C). 

Collectively, these data suggest that the GI motility is increased in Col6a1-/- mice. 
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We further deepened this aspect and, in collaboration with Prof. Maria Cecilia Giron 

(Department of Pharmaceutical and Pharmacological Sciences, University of Padova), we 

analysed the neuromuscular features of GI motility, by performing ex vivo contractility 

studies of distal ileum segments of 3-month-old mice (Fig. 5). We analyzed acetylcholine 

receptor-mediated contractions by means of cumulative doses of a cholinergic agonist, 

carbachol (Fig. 5A). Acetylcholine receptor is mainly expressed by smooth muscle cells 

and in this way only contractions originated by smooth muscle responsiveness to 

carbachol were recorded. The strength of carbachol-induced contractions detected in 

the two genotypes were comparable, suggesting that both the expression of 

acetylcholine receptors and their sensibility are not affected by collage VI ablation. We 

also recorded contractions mediated by enteric neurons applying Electric Field 

Stimulation (EFS) (Fig. 5B). Wild-type and Col6a1-/- mice displayed a similar neuronal 

responsiveness, suggesting that also the activity of enteric neuronal compartment is not 

affected by collagen VI deficiency.  

 

3.5 Ablation of collagen VI affects intestinal paracellular permeability 

Along the whole GI tract, a single layer of epithelial cells separates the inside of the body 

from the external environment, thus representing the first component of the barrier 

function against luminal noxious agents and molecules. Another primary function of the 

intestinal epithelial cells is the absorption of nutrients and water. Intestinal permeability 

is an intrinsic property of the intestine and is defined as the “facility with which 

intestinal epithelium allows molecules to pass through by non-mediated passive 

diffusion” (Ménard et al., 2010). We used FITC-dextran and horseradish peroxidase for 

30 minutes for testing the permeability of different intestinal segments (duodenum, 

ileum and proximal colon) in 3-month-old wild-type and Col6a1-/- mice by using Ussing 

chambers. (Fig. 6). FITC-dextran is a probe with a molecular weight that allows the 

measurement of the paracellular permeability, i.e. between epithelial cells (Fig. 6A). We 

found that the FITC-dextran permeability was reduced in Col6a1-/- mice in each 

intestinal segments, compared to wild-type. We also tested transcellular permeability, 

i.e. the endocytosis process of epithelial cells (Fig. 6B). We found that the capability of 

intestinal epithelium to endocytosis is not affected in Col6a1-/- mice compared to wild-

type. These data suggest that cell junctions, which ensure paracellular permeability, are 



Chapter II Results

 

78 

affected by the lack of collagen VI, thus causing an impairment in the paracellular 

permeability. 

 

3.6 Lack of collagen VI influences the severity of DSS-induced colitis  

The above findings indicate that in physiological conditions, despite the high expression 

and wide distribution of collagen VI in the intestine, lack of this ECM component does 

not lead to gross changes in intestinal morphology but it impacts on GI physiology 

leading to increased motility. While this phenotype does not seem to have any 

consequence on the survival rate of collagen VI deficient mice, we wondered whether it 

may have a role during colonic mucosa injury. Towards this aim, we administered wild-

type and Col6a1-/- mice Dextran Sodium Sulphate (DSS), dissolved in drinking water at a 

final concentration of 3% (Fig. 7). DSS is a sulphated polymer toxic for colonic mucosa 

and widely used in experimental colitis. We sacrificed mice after 5 days to study the 

effect of collagen VI ablation on acute colitis (Fig. 7A).  

Some of the visible symptoms that mice experience during experimental colitis is body 

weight loss, reduced motility and, in some cases, haemorrhagic diarrhea. We monitored 

body weight daily, whose eventual loss is the major symptom of GI inflammation, and 

we recorded any sign of illness. The effects of DSS treatment began to be visible at day 3 

after the beginning of the experiment, when both genotypes displayed a slight decreased 

of the body weight. During the first days of experimental colitis, we did not observed any 

difference in body weight loss between the two genotypes. A small difference began to 

arise at day 4 after the beginning of the experiment, becoming overt and statistically 

significant during the last day (day 5), when wild-type mice displayed a marked body 

weight loss when compared to Col6a1-/- mice (Fig. 7B,C). Mice started to exhibit signs of 

illness, such as reduced motility, between day 3 and day 4 from the beginning of DSS 

treatment, and appearance of blood in stools became evident at day 4, being more 

frequent in wild-type than Col6a1-/- mice. Soon after the sacrifice, we performed a 

macroscopic examination of stool consistency and bleeding. These, together with the 

percentage of body weight loss at day 5, provided an evaluation of the severity of 

experimental colitis, whose combined score is the so-called DAI (Disease Activity Index) 

(Murthy et al., 1993). Col6a1-/- mice had a decreased DAI score when compared to wild-

type, suggesting that the severity of DSS-induced acute colitis was lower in the absence 

of collagen VI (Fig. 7D). Histological analysis of paraffin embedded colons revealed the 
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presence of areas of inflammation, characterized by increased leucocyte infiltration, 

ulceration (i.e. disappearance of colonic crypts), and mucin-producing goblet cell 

depletion, typical changes described in this kind of experimental colitis model. These 

lesion areas were more extensive in wild-type colons, being instead more circumscribed 

in Col6a1-/- colons. We then analysed by real time qPCR the mRNA expression of the 

most upregulated pro-inflammatory (TNF- - -6) and anti-inflammatory (IL-

10) cytokines during colitis (Fig. 8). mRNA levels of both pro-inflammatory and anti-

inflammatory cytokines were upregulated in DSS-treated colons compared to 

physiological condition, and interestingly the levels were less increased in Col6a1-/- mice 

compared to wild-type following DSS treatment (Fig. 8A-D). These results, together with 

the DAI score and histological examination, revealed that the in absence of collagen VI 

mice experience a decreased susceptibility to DSS-induced acute colitis. 

 

3.7 Collagen VI deficient mice are unable to efficiently turn off inflammation 

during recovery from acute DSS-induced colitis 

During DSS treatment, Col6a1-/- mice displayed a decreased susceptibility to DSS-

induced acute colitis, opening the question whether this was related to a delay in the 

onset of the inflammatory process. To assess this aspect, we carried out further 

experiments where DSS-induced acute colitis was followed by a recovery phase (Fig. 9). 

We decreased the number of days of acute experimental colitis in order to avoid the 

precocious death of animals, possibly due to excessive body weight loss and 

inflammation, particularly experienced by wild-type mice. Considering that the fourth 

day of acute colitis is the time point at which illness signs became evident and the 

difference in body weight loss between wild-type and Col6a1-/- began to be appreciated, 

then becoming significant at the fifth day with rectal bleeding and reduced motility, we 

administered 3% DSS for 4 days, followed by tap water for 10 days (Fig. 9A). We 

recorded body weight daily and found that, while neither wild-type nor Col6a1-/- mice 

were able to completely rescue the body weight loss during the recovery phase (R1-

R10), Col6a1-/- mice displayed a remarkable difference in their body weight trend when 

compared to wild-type (Fig. 9B). At the first day of recovery (R1), wild-type mice 

displayed a rapid increase of body weight loss that tended to diminish during the next 

days (R2-R4), followed by a rescue of the body weight. This rescue was not linear, and 

after the sixth day (R6) wild-type mice showed a relapse, followed by a further rescue 
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phase of the body weight loss starting from the eighth day (R8). On the contrary, in 

Col6a1-/- mice body weight loss dramatically worsened compared to wild-type from the 

first day (R1) until the seventh day (R7), followed by a rescue from the eighth day (R8) 

until the tenth day (R10). Notably, the trend of body weight loss in Col6a1-/- mice 

remained significantly increased starting from the second day (R2) of recovery until the 

last day (R10), when compared to wild-type. 

Histological analysis of paraffin embedded colons revealed that the amelioration of body 

weight loss in wild-type mice correlated with a reduction in inflammation areas and 

ulceration (Fig.9C). Indeed, after 10 days of recovery most wild-type mice showed an 

increased epithelial regeneration, and only in few cases some small areas of 

inflammatory cell infiltration were still present in the tissue. Conversely, Col6a1-/- colons 

exhibited persistent inflammatory areas, and in some cases transmural inflammatory 

cell infiltration in the muscle layer.  

We analysed in more detail the inflammatory response during the recovery phase by 

real time qPCR (Fig. 10A-D). As expected, mRNA expression levels of pro- (TNF- -

and IL-6) and anti-inflammatory (IL-10) cytokines strongly decreased in wild-type mice 

after 10 days of recovery. Together with the rescue of body weight loss and histological 

analysis, this further evidence suggests that inflammation is going to be completely 

resolved in wild-type mice. Not surprisingly, in Col6a1-/- mice the mRNA expression 

levels of pro- and anti-inflammatory cytokines were still high during recovery when 

compared to acute DSS-induced colitis, and additionally they were also higher when 

compared to the corresponding wild-type samples. These data, supported by the 

increased loss of body weight and the histological analysis, strongly suggest that in the 

absence of collagen VI inflammation is still ongoing following acute colitis. 

3.8 Collagen VI expression is highly regulated during inflammation 

We wondered whether collagen VI expression is affected during colitis and how is it 

regulated both in the inflammatory and in resolution phase. The major form of collagen 

VI is made of three chains encoded by separate genes (Col6a1, Col6a2, Col6a3), but in 

some tissues three other collagen VI genes (Col6a4, Col6a5, Col6a6) display a restricted 

expression. Previous studies showed that among these three non canonical collagen VI-

related genes, Col6a6 is not expressed in the intestine (Gara et al., 2011). We analyzed 

the mRNA expression of Col6a1, Col6a2, Col6a3, Col6a4 and Col6a5 by real time qPCR, 
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together with the expression of another unrelated ECM gene, Col1a1, in wild-type colons 

(Fig. 11). Compared to physiological conditions, the expression of Col1a1 gene was 

upregulated during acute colitis, but returned to basal level during recovery (Fig. 11A). 

Conversely, the expression of collagen VI–related genes was dynamically regulated. In 

fact, during acute colitis Col6a1, Col6a2, Col6a3 and Col6a4 were upregulated, whereas 

Col6a5 did not changed, compared to physiological conditions (Fig. 11B-F). During 

recovery Col6a1, Col6a2, Col6a3 and Col6a5 expression level decreased when compared 

to DSS-induced acute colitis, and the expression levels of these genes were also 

decreased when compared to physiological conditions. The expression of Col6a4, 

instead, returned to basal levels during recovery. This peculiar pattern of expression of 

collagen VI related genes during acute inflammation and the subsequent resolution 

phase suggests a tissue- and/or environment-specific regulation for collagen VI and its 

different isoforms, which could mediate distinct functions.  

 

3.9 During DSS-induced acute colitis, collagen VI deficient mice display a 

decreased expression of chemokine genes that is maintained during 

recovery 

Since real time qPCR analysis in colonic specimens during recovery revealed that Col6a1-

/- mice had still high pro-inflammatory gene expression levels compared to physiological 

conditions, we investigated the recruitment of inflammatory cells. Towards this aim, we 

performed real time qPCR for chemokines that act as chemotactic factors for 

macrophages, the most involved innate immune cell types in experimental colitis 

induced by DSS, and neutrophils, whose role is beneficial to resolution of inflammation 

by eliminating invading microbes (Fournier and Parkos, 2012) (Fig. 12). We analyzed 

the mRNA expression of the following chemokines: i) MCP-1, one of the key chemokines 

that regulate migration and infiltration of monocytes/macrophages; ii) CXCL1 and 

CXCL2, major neutrophil chemokines; and iii) CXCL10, involved in the recruitment of 

both monocytes/macrophages and T cells (Fig. 12A-D). Compared to physiological 

conditions, the expression level of these chemokines was upregulated during acute 

colitis in both wild-type and Col6a1-/- colons. However, their expression levels were 

reduced in Col6a1-/- colons when compared to wild-type. After 10 days of recovery, 

expression levels of all these chemokines decreased significantly in wild-type colons 



Chapter II Results

 

82 

compared to acute colitis, and no differences between wild-type and Col6a1-/- colons 

were detected. In Col6a1-/- colons, the mRNA levels of all cytokines decreased, except for 

CXCL10. Nevertheless, while in wild-type mice chemokine expression decreased to 

physiological condition levels, in Col6a1-/- mice the expression of CXCL1 was still higher 

compared to physiological conditions, while CXCL10 decreased to physiological 

condition levels. These results suggest that, except for CXCL10 in Col6a1-/- colons, the 

chemotaxis of inflammatory cell, which is elevated in acute inflammation induced by 

DSS treatment, is turned off after 10 days recovery. These data could explain the 

reduced cytokine expression levels displayed by wild-type mice during recovery. On the 

contrary, the partial decrease of chemoattractant proteins in Col6a1-/- mice could explain 

why they still have high cytokine levels compared to physiological conditions. 

 

3.10 Collagen VI deficient mice display higher macrophage number, more 

polarized towards M1, and neutrophil activity during recovery from DSS-

induced colitis 

Since in the absence of collagen VI mRNA levels of chemokines and inflammatory genes 

are not completely abolished during 10 days of colitis, we analyzed macrophages and 

neutrophils during acute colitis and after 10 days of recovery. We analyzed the 

macrophage number in colonic mucosa by immunofluorescence for a commonly used 

marker, F4/80, and we also analyzed the distribution of collagen VI with respect to 

macrophages (Fig. 13). As highlighted by real time qPCR data, collagen VI was increased 

during DSS-induced acute colitis in wild-type colonic cryosections, compared to 

physiological conditions. Immunofluorescence showed that collagen VI was often found 

in contact with F4/80+ macrophages of the colonic mucosa, whose number was found 

dramatically increased in this condition. Instead, after 10 days of recovery, expression 

the collagen VI decreased to physiological level.  

We next counted the number of F4/80+ macrophages in colonic mucosa (Fig. 14A). In 

physiological conditions, the number of F4/80+ cells in the colonic mucosa was 

decreased in Col6a1-/- compared to wild-type mice. It is well known that the number of 

macrophages increases both in IBD patients and in experimental models of DSS colitis, 

since these cells are the main players in the intestinal inflammatory process (Steinbach 

and Plevy, 2014). In agreement with this, the number of F4/80+ cells increased in both 
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genotypes after DSS-induced acute colitis, as also highlighted by immunofluorescence. 

However the macrophage number in wild-type colons was higher compared to Col6a1-/- 

and this difference could explain the increased expression levels for cytokines and 

chemokines displayed by wild-type mice during DSS-induced acute colitis. During 

recovery, the recruitment of inflammatory cells is turned off to allow regenerative 

processes to occur. In agreement with this, wild-type colons displayed a decreased 

number of F4/80+ cells, which however remained significantly higher when compared 

to physiological conditions. On the contrary, F4/80+ macrophages in Col6a1-/- colons 

displayed a further increase of their number during recovery. This could be related to a 

dysregulation of macrophage behaviour due to the absence of collagen VI. 

We assessed neutrophil activity with MPO assay, which allows to determine the activity 

of myeloperoxidase, an enzyme contained mainly in neutrophils but also in a lesser 

extent in monocytes/macrophages (Fig. 14B). In physiological conditions, MPO activity, 

expressed as unit number on mg of tissue, was similar in wild-type and Col6a1-/- colons. 

After DSS-induced acute colitis, wild-type colons displayed an increased MPO activity 

compared to physiological conditions and to DSS-treated Col6a1-/- colons. However, in 

Col6a1-/- colon MPO activity remained unchanged when compared to physiological 

conditions. During recovery, wild-type MPO activity was reduced to physiological levels, 

whereas Col6a1-/- colons displayed a dramatically increase compared to physiological 

conditions and to DSS-acute induce colitis. These data suggest that the absence of 

collagen VI also affects neutrophil activity. 

To gain insight on macrophage behaviour, we analyzed polarization by flow cytometry 

and we determined the percentage of pro-inflammatory M1 (CD11b+iNOS+) and anti-

inflammatory M2 (CD11b+CD206+) colonic mucosa macrophages from wild-type and 

Col6a1-/- mice maintained under physiological conditions or during recovery phase. 

Based on their capacity to adhere or not to plastic, we also discriminated intestinal 

macrophages between infiltrating (i.e. recruited from the vascular compartment) and 

resident, respectively (Fig. 14C,D). The percentages of M1 and M2 macrophages, 

expressed as fold change, were normalized to wild-type in physiological conditions. In 

physiological conditions, resident macrophages had an equal distribution between M1 

and M2 in wild-type colons, whereas they displayed a more pronounced M1 polarization 

in Col6a1-/- colons. Intriguingly, infiltrating macrophages showed similar M1 and M2 

levels both in wild type and in Col6a1-/- colonic mucosa. During the recovery phase, 

resident and infiltrating macrophages of both genotypes displayed a higher M1 level 
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compared to M2 level, that was more pronounced in Col6a1-/- resident macrophages. In 

addition, while M1 level in wild-type resident macrophages was higher compared to 

physiological conditions, whereas M2 level was reduced, both M1 and M2 levels of 

infiltrating macrophages were reduced compared to physiological conditions. 

Interestingly, Col6a1-/- resident macrophages displayed an increased M1 level compared 

to wild-type during recovery phase, but the level did not changed compared to 

physiological conditions. Infiltrating macrophages of both genotypes displayed both a 

reduced M1 and M2 levels compared to physiological conditions. When comparing wild-

type and Col6a1-/- during recovery, no difference in infiltrating macrophages emerged. 

These data reveal that the absence of collagen VI alters macrophage behaviour, 

stimulating their polarization towards pro-inflammatory M1, both in physiological 

conditions and during the recovery phase, when inflammation is progressively turned 

off.  

 

3.11 Collagen VI deficiency affects macrophage polarization and 

phagocytosis in physiological conditions and during mild inflammation 

Although inflammation severity in acute experimental colitis was reduced in Col6a1-/- 

mice, recovery experiments revealed that the inflammatory process was still ongoing 

and that the number of macrophages increased in Col6a1-/- mice. So we decided to study 

macrophage behaviour during the first steps of the inflammatory process, by treating 

mice with 3%DSS for 3 days, i.e. in mild inflammation condition, during which 

macrophages are strongly recruited from the vascular compartment by chemokines 

produced by fibroblast and epithelial cells (Fig. 15). First, we analyzed macrophage 

polarization by flow cytometry and we determined the percentage of pro-inflammatory 

M1 (CD11b+iNOS+) and anti-inflammatory M2 (CD11b+CD206+) colonic mucosa 

macrophages from wild-type and Col6a1-/- mice maintained under physiological 

conditions or during mild intestinal inflammation, discriminating between infiltrating 

(i.e. recruited from the vascular compartment) and resident, respectively (Fig. 15A,B). 

The percentages of M1 and M2 macrophages, expressed as fold change, were normalized 

to wild-type in physiological conditions. During mild inflammation, M1 and M2 levels of 

wild-type resident macrophages increased compared to physiological conditions, 

whereas they remained stable in Col6a1-/- colonic mucosa. In addition, wild-type 

infiltrating macrophages showed an increased M1 polarization, whereas M2 level 
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remained unaffected. In contrast, in Col6a1-/- colonic mucosa both M1 and M2 levels 

remained unchanged compared to physiological conditions. These data reveal that, 

besides under physiological conditions the absence of collagen VI induces a polarization 

of resident macrophages towards the M1 phenotype, after mild inflammation with 3% 

DSS for 3 days, during which resident macrophages tune their polarization and 

infiltrating macrophages are strongly recruited from the vascular compartment 

displaying a M1 phenotype in wild-type colons, the absence of collagen VI seems to alter 

their behaviour. 

One of the functions of colonic macrophages is their ability to phagocyte pathogens or 

dangerous agents, which is easily testable ex vivo using FITC-microparticles. Colonic 

mucosa macrophages, magnetically sorted with CD11b+, were discriminated between 

resident and infiltrating and the phagocytic ability of MHC type II+ cells was assessed by 

flow cytometry, and expressed as mean fluorescence of phagocyted FITC-microparticles 

(Fig. 15 C,D). Macrophage activity was studied both in physiological and under mild 

inflammation conditions. In normal conditions, wild-type resident colonic macrophages 

displayed a decreased phagocytosis compared to Col6a1-/- cells. This capability changed 

during mild inflammation, since both in wild-type and Col6a1-/- mice resident 

macrophages showed a reduced capability compared to physiological conditions. 

Notably, this decrease was much higher in Col6a1-/- mice, which showed even a reduced 

capability compared to wild-type mice. When comparing infiltrating macrophage 

activity in wild-type and Col6a1-/- mice, no difference emerged neither in physiological 

conditions nor under inflammation. 

These data indicate that the absence of collagen VI influences the phagocytic activity of 

colonic macrophages in physiological conditions, which is strongly affected during mild 

inflammation. 

 

3.12 Collagen VI expression and the number of CD163+ macrophages are 

increased in ileal mucosa and muscle layers of Crohn’s disease patients 

Altogether, our data suggest that collagen VI influences macrophage behaviour both in 

physiological conditions and during inflammation. Since these cells are thought to be 

one of the cell populations that contribute to wasting in Inflammatory Bowel Diseases, 

we determined whether expression of collagen VI is deregulated in samples from 

patients affected by Crohn disease. With this aim, we analyzed by confocal 



Chapter II Results

86 

immunofluorescence of human cryosections the distribution of collagen VI together with 

the macrophage marker CD163 (Fig. 16). Collagen VI immunoreactivity was found in 

both ileal mucosa and around smooth muscle fibers in control (i.e. subjects undergoing 

surgery for colonic carcinoma) and Crohn’s disease patient specimens. Intestinal 

macrophages, stained for CD163, were found both in the mucosa and in the lamina 

propria of villi, and a high number was also present in the muscle layer of human control 

(Fig. 16A). Interestingly, strong immunoreactivity for collagen VI was found in 

macroscopically normal mucosa and muscle layer, and in diseased ileal tissue of a 

Crohn’s disease patient (Fig. 16B). When compared to control, the number of CD163+ 

macrophages appeared higher in macroscopically normal ileal mucosa of Crohn’s 

disease patient, whereas they were fewer in the muscle layer. On the contrary, the 

macroscopically diseased ileal tissue of patient displayed a larger number of CD163+ 

macrophages, which were found in contact with larger amounts of collagen VI. 

Moreover, some CD163+ macrophages appeared to co-localize with collagen VI. These 

data suggest that collagen VI deposition could be deregulated during the onset and 

inflammation of Crohn’s disease. 
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4. Discussion 

 

The extracellular matrix (ECM) is a complex meshwork of secreted molecules that 

constitute the cell microenvironment, composed of a dynamic and complex array of 

glycoproteins, collagens, glycosaminoglycans and proteoglycans (Kim et al., 2011). The 

ECM is well known for its ability to provide structural support for organs and tissues, for 

cell layers in the form of basement membranes, and for individual cells as substrates for 

cell motility (Hynes 2009). Besides its original concept as an inert, space-filling material 

that provides only mechanical strength to tissue and organ, the ECM is now considered 

as a dynamic structure that interacts with cells and generates biochemical signals 

through feedback loops that orchestrate their behavior. Indeed, ECM macromolecules 

modulate a plethora of cellular events, spanning from proliferation, migration, growth, 

differentiation, to survival (Daley et al., 2008). The importance of ECM is evident by the 

increasing number of diseases associated with mutations of genes coding for ECM 

components and affecting tissue homeostasis, ranging from musculoskeletal, cardio-

vascular, renal, ocular and skin defects. In addition, excessive deposition or, conversely, 

destruction of the ECM can also lead to pathologies such as fibrosis or osteoarthritis 

(Naba et al., 2015).  

Among the complex network of ECM proteins, collagen VI has been emerged in the last 

decade as a multifunctional component, whose dysregulation is related to numerous 

diseases.  

Collagen VI is a glycoprotein with a widespread distribution in tissues of multicellular 

organisms, and particularly abundant in the basement membrane of skin and skeletal 

muscle. It is mainly composed by three different chains encoded by separate genes and 

organized in a supermolecular assembly, leading to the formation of a extended 

microfilamentous network that links cells and other ECM components (Bonaldo et al., 

1989). The complexity of collagen VI is further increased by the recent discovery of 

three additional genes encoding f

helical assemblies (Fitzgerald et al., 2008; Gara et al., 2008). Mutations in gene encoding 

collagen VI cause the so-called collagen VI-related myopathies, which comprised 

principally Bethlem myopathy and Ullrich congenital muscle dystrophy (Bönnemann, 
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2011). However, altered expression or mutations of the collagen VI genes have been 

linked to the central and peripheral nervous system, articular cartilage, bone and also to 

cancer (Cescon et al., 2015). 

provided a valuable model for the dissection of the pathomolecular defects caused by 

the lack of collagen VI and for the identification of novel therapeutic opportunities in the 

treatment of the corresponding human diseases (Bonaldo et al., 1998). The initial 

characterization of collagen VI null (Col6a1–/–) mice revealed that ablation of this ECM 

protein has a major impact in skeletal muscles, causeing myofiber apoptosis and 

al. 2010). Detailed investigations of the pathomolecular mechanisms underlying these 

defects revealed the presence of dysfunctional mitochondria and altered organelles, 

whose accumulation is caused by a defective regulation of the autophagic process 

associated with oxidative stress and increased production of reactive oxygen species 

(Irwin et 

also display decreased muscle strength and lower resistance to physical exercise (Irwin 

 

Col6a1–/– mouse model was also used to investigate the effects of the absence of this 

protein in the homeostasis of other tissues. Altogether, these studies revealed that 

collagen VI regulates a plethora of different cellular and tissue events, including 

mechanical support, cytoprotection, cell differentiation, and tissue regeneration. 

Despite its broad distribution in the intestinal compartment, the role of collagen VI in 

this district was never investigated before. The aim of this part of my PhD work was to 

investigate the role of collagen VI in intestine homeostasis and during inflammation in 

an experimental model of colitis.  

Collagen VI is widely distributed in both distal ileum and colon. In particular, it appears 

concentrated throughout the lamina propria along the villus/crypt axis of distal ileum, in 

the crypts of colon and in the muscular layer of smooth muscle of wild-type mice, in 

agreement with previous studies (Gara et al., 2011). In the intestine, collagen VI can be 

synthesized and secreted not only by interstitial fibroblasts, the main ECM-producing 

cells in the body, but also by smooth muscle cells (Colombatti and Bonaldo, 1987). In 

addition, it has been found that collagen VI is also produced by intestinal epithelial cells 

as a basal lamina component (Groulx et al., 2011). Studies concerning the differential 
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expression of the additional three chains of collagen VI highlighted a peculiar 

distribution pattern in intestine: -mucosal and 

found that collagen VI is abundantly deposited in tight contact with the myenteric 

ganglia and nerve fibers below longitudinal muscle of distal ileum. However, it seems 

that collagen VI does not co-localize with peripherin, a neuronal marker, and it is not 

preset inside nerve fibers, strongly suggesting that it is not produced by neurons. 

Previous immunohistochemical studies on of the distribution of various ECM 

components in rat and guinea pig colon showed that also laminin, fibronectin and 

collagen IV are present in or nearby the basement membrane that surrounds enteric 

ganglia, whereas nidogen and heparin sulphate proteoglycan were demonstrated in the 

basement membrane of both enteric ganglia and Schwann cells (Bannerman et al., 

ells and has a role in 

regulating myelination and function of peripheral nerve (Vitale et al., 2001; Chen et al., 

2014). This opens the possibility that in the enteric compartment collagen VI may be 

also produced by enteric glial cells, that are actively involved in the control of 

gastrointestinal functions, such as motility, mucosal secretion, host defence, epithelial 

permeability and support for neurons and epithelial cells (Gulbransen and Sharkey, 

2012). A putative role for collagen VI in myelination in this compartment is however 

unlikely, since enteric glial cells envelop neuronal cell bodies and axon bundles without 

 

The ECM plays a crucial role during development and absence of one of its components 

may lead to profound changes in the overall tissue architecture, even causing premature 

defects in the small intestine, although overt alterations in villus organization was also 

reported, wher

membrane of small intestine leads to a compensatory deposition of colonic laminins, 

resulting in a tissue transformation from small intestinal to colonic mucosal architecture 

(Bolcato-

collagen VI does not display any abnormality during embryonic development and mice 

are viable at birth, without any overt anatomical defect (Bonaldo et al., 1998). The 

macroscopic architecture and morphology of organs is not altered in collagen VI null 
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mice, except for skeletal muscle which shows an early onset myopathic phenotype. 

Therefore, it is not surprising that, despite its wide distribution in murine intestine, lack 

of collagen VI does lead to any gross abnormality in the overall intestinal architecture. 

Considering the primary functions played by the gastrointestinal system, from digestion 

and absorption of nutrients to protection against pathogens, collagen VI deficient mice 

are able to grow and feed and no visible alteration is seen under physiological 

conditions. By investigating the morphology of myenteric plexuses of distal ileum, we 

found that ganglia are smaller in collagen VI null mice, despite the regular organization 

and expression of peripherin. Enteric ganglia are composed by several neuronal 

subtypes, classified on the basis of the neurotransmitter they secrete, and glial cells. It 

may be interesting to deepen this studies in the future to assess whether collagen VI 

may influence the survival, number and subtypes of enteric neurons, besides glial cells. 

The impact of ECM on the differentiation of specific neuronal subtypes was recently 

investigated by in vitro cultures of enteric neurons in smooth muscle engineered sheets, 

with different combinations of collagen I, collagen IV, laminin and/or heparan sulphate 

(Raghavan and Bitar, 2014). It was found that enteric neuronal progenitor cells 

differentiate to functionally innervate smooth muscle, capable to mediate 

contraction/relaxation pattern by neuronal stimuli, in different ways based on the 

influence of ECM composition. Thus, a specific microenvironment could influence 

neuronal differentiation and may also facilitate adequate trophic support and phenotype 

maintenance of differentiated neurons.  

Past studies on collagen VI deficient mice revealed that the functionality is impaired or 

reduced in several tissues. The first evidence emerged in skeletal muscle, in which the 

lack of this ECM component causes a loss of contra

Furthermore, the absence of collagen VI affects peripheral nerve conduction velocity, 

motor coordination and delays the response to acute pain stimuli (Chen et al., 2014). A 

decreased tensile strength and stiffness was also found in collagen VI deficient tendons 

(Izu et al., 2011). We carried out several studies aimed at assessing the effects of the 

absence of collagen VI in intestinal functionality. We first measured gastrointestinal 

motility and found that collagen VI deficient mice have an increased transit of the 

dextran fluorescent probe compared to wild-type. This data was corroborated by the 

increased number of fecal output, which can be considered an index of colonic 

propulsion, and the increased water content, indicating that that the increased motility 
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exhibited by collagen VI deficient mice leads to a higher number of excreted pellet 

impairing the efficiency of water absorption. An intact enteric nervous system with the 

preservation of myenteric ganglia is required for intestinal motility and function, which 

is achieved by contractions and relaxations of the smooth muscle. Surprisingly, at 

nerves (Chen et al., 2014), ex vivo contractility performed on distal ileum segments 

showed that lack of collagen VI does not affect the neuromuscular features of 

gastrointestinal motility, i.e. neither smooth muscle nor neuronal responsiveness. It 

remains to be explored whether the increased gastrointestinal motility observed in the 

absence of collagen VI is due to a differential pattern of secreted neurotransmitters, i.e. 

increased number of excitatory enteric neurons or decreased inhibitory neurons, or if 

the release or uptake of neurotransmitters is affected. Besides the activity of the enteric 

nervous system, gastrointestinal motility is also regulated by spontaneously active 

pacemaker cells, namely interstitial cells of Cajal. A hypothesis that could be explored in 

the future is whether the number of interstitial cells of Cajal is affected by lack of 

collagen VI.  

Several studies shed light on the importance of the ECM in the gut colonization by neural 

crest cells, the progenitors of the vast majority of both enteric neurons and glial cells. 

Lack of a defined ECM pattern impairs the migration of neural crest cells, thereby 

leading to severe enteric nervous system related disease, such as Hirschsprung’s 

disease, characterized by the absence of neural ganglia along variable length of the distal 

intestine, resulting in a functional obstruction ( ). ECM molecules function as 

substrates for locomotion, guidance and signalling during enteric neural crest migration 

and enteric nervous system formation, and several proteins were found to coordinate 

this process, including fibronectin, tenascin-C, laminins, collagen IV and proteoglycans 

-

integrin, was proposed, since ablation lia in the 

descending colon and to abnormal enteric nervous formation, due to progenitor 

impairment in interacting with migration-promoting fibronectin (Breau et al., 2009). 

Recently, also collagen VI emerged as a new player in the scenario. A novel insertional 

mutant mouse line as Hirschsprung’s disease model has been identified, in which enteric 

neural crest cells specifically overexpress Col6a4. Increased cell-autonomous deposition 

of collagen VI around enteric neural crest cells during development resulted in slower 
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migration of these cells, most likely due to interference with fibronectin, and thereby 

leading to an aganglionic megacolon phenotype resembling Hirschsprung’s disease 

(Soret et al., 2015).  

The relationship between gastrointestinal motility disorders and muscular dystrophies 

has been reported in literature since long time. Gastrointestinal symptoms are frequent 

in patients with myotonic dystrophy type 1 and may be associated with reduced 

gastrointestinal motility caused by smooth muscle dysfu

dystrophin deficient mdx mouse model displays alterations in the gastrointestinal 

propulsion, with a significant delay in the small intestinal transit and a decreased 

amount of excreted stools, possibly due to impairment of nitric oxide function (Mulè et 

al., 2010). However, to date, no evidence of gastrointestinal disorders in patients 

affected by collagen VI-related myopathies has been reported. 

Intestinal permeability, an intrinsic property of the intestinal epithelium, refers to the 

transport of molecules from the intestinal lumen to the lamina propria. It can occur 

through two distinct mechanisms, i.e. paracellular and transcellular permeability. The 

epithelium is composed by a single cell epithelial layer, whose cohesion and polarity is 

guaranteed by the apical junctional complex, characterized by tight and adherens 

junctions, and by the subjacent desmosomes (Ménard et al., 2010). Among these, tight 

junctions are the rate-limiting factor for the epithelial paracellular permeation of 

molecules, controlling molecular penetration of ions, solutes, water and cells, besides 

their role as a fence dividing apical and basolateral domains to compartmentalize the 

plasma membrane (Ichikawa-Tomikawa et al., 2011). Literature work showed that ECM 

and tight junctions influence the expression and function of each other components. 

Alveolar epithelial cells cultured on three different ECM components display different 

outcomes: on fibronectin coat cells they form high-resistance barriers and show 

continuous claudin- -18 localization to the plasma membrane, as opposed 

to cells cultured on either collagen I or laminin, which form low resistance monolayers 

and display areas of cell-cell contact that are claudin deficient (Koval et al., 2010). In 

turn, claudins have identified to modulate the activation of ECM metalloproteinases, 

enzymes that are involved in the degradation of various ECM components and playing 

important roles in tumour invasion and spreading leading to metastasis (Hwang et al., 

2014). In intestine, it has been recently found that syndecan-1 acts in synergy with tight 

junctions in the maintenance of regulation of the intestinal barrier, and that this 
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proteoglycan is able to modulates the expression of tight junction -1 and 

occludin (Wang et al., 2015). In our studies, it emerged that the paracellular 

permeability is decreased in the absence of collagen VI. This may be due to a differential 

expression and/or distribution of tight junction proteins, or to changes in the 

microenvironment of the basement membrane, due to lack of collagen VI. A recent in 

vitro study showed that intestinal epithelial cells cultured on a basement membrane-

coated substrate display a columnar appearance of cells and a distribution of tight 

junctions that is closer to in vivo intestinal epithelium (Vllasaliu et al., 2014). Collagen VI 

knockdown in epithelial cells leads to striking cell spreading and is accompanied by a 

significant increase in the number of stress fibers and of adhesion structures in the 

central body of the cell (Groulx et al., 2011). Moreover, collagen VI is characterized by a 

microfilamentous network interacting with several other ECM components, and its 

absence affects in vitro fibronectin production, deposition and organization (Groulx et 

al., 2011; Sabatelli et al., 2001). As consequence, loss of collagen VI leads to a 

destabilization of its complex network thereby impairing biomechanical properties of 

tissue, as emerged in skeletal muscle and tendons (Izu et al., 

Therefore it may be possible that both biochemical and mechanical cues affect intestinal 

which involves endocytosis at the epithelial luminal membrane followed by exocytosis 

at the basolateral membrane of large molecules, seems to be not affected in collagen VI 

null mice, suggesting that the epithelial function and/or the endocytosis mechanisms are 

not perturbed by the lack of this ECM protein.  

Tissue regeneration is a process during which interactions between infiltrating 

inflammatory cells and resident cells must be finely coordinated in order to restore 

homeostasis and functionality. ECM components are other main actors in this scenario, 

as they can both control the way in which a tissue responds to injury and function as a 

scaffold where the regenerative process occurs. Based on the amplitude of the injury, 

ECM responses can be both positive or detrimental, leading for example to unfunctional 

fibrotic tissue substitution. Moreover, the ECM serves as a reservoir for several growth 

factors and cytokines that are released during ECM remodeling, and cell can respond to 

both mechanical and biomechanical changes in the ECM through crosstalk between 

integrins and the actin cytoskeleton (Kim et al., 2011). In this way, ECM bioactive 

molecules can modulate the inflammatory process, by promoting infiltration/migration, 
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activation, both in pro- and anti-inflammatory manner. Thus, the inflammatory process 

becomes the only way with which the body reacts against noxious agents to restore 

tissue homeostasis, but if this process persists inflammation become chronic resulting in 

anatomical and functional abnormalities. Collagen VI recently emerged as a key ECM 

component that plays active roles during tissue regeneration. Moreover, its involvement 

in an increasing number of diseases corroborates the concept that there is still much to 

unveil about the functions of this ECM molecule eded for 

maintaining a proper skeletal muscle stiffness, which in turn regulates satellite cell 

implicated in peripheral nerve regeneration, where it plays a crucial role in macrophage 

recruitment and polarization (Chen et al., 2015a). In addition, a very recent study by our 

team highlighted a role for collagen VI in hair follicle regeneration (Chen et al., 2015b).  

The best way to study tissue regeneration and inflammation in the intestine is to 

perform mucosal injury by experimental model of colitis. In the past years, several 

experimental models of colitis were proposed, using different approaches. Among them, 

one of the most used and well-established is Dextran Sodium Sulphate (DSS)-induced 

colitis, particularly useful to study the contribution of the innate immune system to the 

development of intestinal inflammation. Studies about the role of ECM in experimental 

models revealed that it influences in different manner the severity of colitis and the 

inflammatory response. Most of these studies concerned proteoglycans. Lumican, a 

keratin sulphate proteoglycan present in large amounts in connective tissues rich in 

fibrillary collagen such as the intestinal submucosa, was shown to affect the outcome of 

colitis, with low innate immune and inflammatory responses, and a more severe body 

weight loss and tissue damage (Lohr et al., 2012). Also syndecan-1 has protective effects 

during experimental colitis, since its lack aggravates colitis by promoting increased 

leukocyte recruitment accompanied by up-regulation of inflammatory mediators, thus 

hampering efficient wound repair (Floer et al., 2010). Moreover, orally administration of 

proteoglycans in DSS-induced colitis in rats ameliorates the clinical symptoms of bloody 

stools and diarrhea, and reduces the degree of mucosal erosion and inflammatory cell 

osteopontin deficiency accelerates the spontaneous development of colitis in IL-10 

deficient mice, by affecting the gut microbiota and macrophage phagocytic activity 

(Toyonaga et al., 2015). Laminins seem to exert different effects: high expression of 
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SS-induced colitis, but in 

a pro-oncogenic context they favors colitis-associated cancer (Spenlé et al., 2014). To 

our knowledge, no extensive studies about the effects of the lack of collagens in 

experimental colitis have been reported in the literature until now. However, treatment 

with the synthetic collagen analogue (Gly-Pro-Hyp)10 was found to ameliorate colitis, by 

interfering with collagen binding of proMMP-2 and proMMP-9, which in turn are 

involved in the recruitment of immune cells such as neutrophils and macrophages and 

shedding of biologically active proinflammatory cytokines (Heimesaat et al., 2012). 

During DSS-acute colitis, lack of collagen VI seems to exerts a beneficial effect on the 

severity of the experimental colitis. In fact, in the absence of collagen VI mice display less 

signs of illness, displaying lower body weight loss and decreased DAI. Histological 

analysis, accompanied by real time qPCR data about inflammatory cytokines, confirmed 

these findings, indicating that in the absence of collagen VI the responsiveness to DSS is 

markedly reduced. In the literature it is well-known that DSS has differential 

susceptibilities based on different factors, where microbiological and genetic ones are 

the most important, but the way it works in inducing mucosal damage is still poorly 

known (Perše and Cerar, 2012). However, it is conceivable that, following the alterations 

in the mucous layers induced by DSS, bacteria are more able to reach the epithelial cells, 

triggering an inflammatory reaction (Johansson et al., 2010). Moreover, several studies 

pointed out that the proper integrity of the intestinal epithelium is essential to prevent 

the entrance of luminal microbes and their potentially toxic products, triggering 

mucosal inflammation. Besides this, physiological permeability, guaranteed by apical 

junctional complexes of tight junctions that form a physical barrier linking together cells, 

also plays a crucial role. During experimental colitis in rats, the permeability increases, 

as a consequence of the changes in the expression and distribution of claudins, increased 

intestinal epithelial cell apoptosis and the activation of the immune system (Yuan et al., 

permeability in physiological conditions, and this may explain the different 

susceptibility to DSS with respect to wild-type mice, possibly impairing the entrance of 

luminal bacteria and consequently reducing the immune system activation. Further 

studies on the expression and distribution of tight junction proteins in the epithelial 

cells during colitis of wild-type and collagen VI null mice will be useful to get more 

insights on this aspect.  
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With the aim to investigate possible delay in the inflammatory process, we performed a 

recovery study following DSS-induced colitis. Notably, lack of collagen VI caused a 

marked body weight loss during the recovery phase. Although 10 days recovery were 

not sufficient to restore completely the body weight loss displayed by wild-type mice, 

the partial rescue of the body weight loss in wild-type mice was accompanied by 

amelioration of the histological signs, showing small inflammatory areas and increased 

epithelial regeneration, signs that were on the contrary exacerbated during acute colitis. 

These findings support the concept that collagen VI exerts a beneficial effect on tissue 

regeneration, as previously highlighted by our studies in other tissues, such as skeletal 

muscle and peripheral nerve system (Urciuolo l., 2015a

contrary, in the absence of collagen VI, mice display a dramatical worsening of the body 

weight loss when compared to wild-type mice. In addition, histological analysis revealed 

persistent inflammatory areas, which became in some cases more severe leading to 

transmural inflammation. These data are corroborated by the persistently high 

expression of inflammatory cytokines in collagen VI null mice during recovery when 

compared to acute DSS-induced colitis, indicating that the inflammatory process is still 

ongoing in the absence of collagen VI. These findings suggest that collagen VI is required 

to efficiently break off inflammation, following noxious stimulus withdrawal, thereby 

enhancing tissue regeneration.  

Several studied pointed out that the ECM influences macrophage modulation and 

function as a structural scaffold for immune cell infiltration. Biomaterials based on 

collagen I matrix containing high-sulfated hyaluran are able to modulate human pro-

inflammatory M1 macrophages by decreasing inflammatory macrophages functions, 

including uptake of pathogens and release of pro-inflammatory cytokines, and by 

decreasing the activity of transcription factors controlling macrophage polarization 

In vivo implanted hydrogel coatings composed 

by dermal and urinary bladder ECM show a reduced pro-inflammatory M1 response and 

a resultant increase in M2:M1 ratio, with a decreased foreign body reaction (Wolf et al., 

2014). Tenascin-C was shown to enhance inflammatory responses by accelerating 

macrophage migration and synthesis of proinflammatory/profibrotic cytokines via 

V /FAK-Src/NF-

2015).  

ECM can also exerts several functions contributing to tumor progression, by releasing 
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proteolytic fragments that act as inflammatory stimuli for the recruitment of innate 

immune cells and the expression of pro-inflammatory genes, such as elastin fragments, 

denaturated and fragmented collagen I, fibronectin, soluble biglycan and tenascin-C 

(Chanmee et al., 2014). In addition, a tightly cross-talk exists between ECM and 

macrophages. ECM components can be secreted by macrophages, that conversely can 

also influence tissue remodeling by secreting metalloproteinases, thereby facilitating the 

recruitment of further inflammatory cells to the site of tissue injury (Murray and Wynn, 

2011). A growing number of studies indicate that collagen VI, highly expressed in a 

variety of tumors, affects the tumor microenvironment by increasing the recruitment of 

macrophages, thus promoting tumor development and metastasis via modulation of the 

immune system. The synthesis and secretion of collagen VI by macrophages depends on 

their activation stage, stage of differentiation, and cell density. M2 macrophages were 

-associated 

macrophages, which are mainly skewed towards M2 phenotype, as one of the key 

providers for collagen VI in tumors, and collagen VI significantly enhances the in vitro 

adhesion of macrophages, suggesting a potential role in macrophage recruitment 

(Schnoor et al., 2008). This concept is supported by the evidence that the cleaved C5 

domain of collagen VI (also called endotrophin) is able to promote tumor inflammation 

by increasing macrophage recruitment and upregulating the production of inflammatory 

factors (Park et al., 2012  

The role of collagen VI on in vivo macrophage function has been extensively 

demonstrated by our findings in peripheral nerve regeneration. We recently published 

that collagen VI is an essential component of peripheral nerves required for proper 

nerve myelination and function, and during nerve injury it plays an essential role in 

macrophage recruitment and polarization, whose activity is pivotal for debris clearance, 

growth factor production, ECM remodeling and tissue regeneration (Chen et al., 2014; 

Chen et al., 2015a). In particular, our studies showed that addition of purified native 

collagen VI in vitro functions as a chemoattractant for macrophages, increasing their 

migration, and promotes M2 polarization. Furthermore, collagen VI regulates both 

macrophage migration and polarization towards M2 in vivo, contributing to PNS 

regeneration (Chen et al., 2015a). 

The major inflammatory cell types in the DSS model of colitis belong to the innate 

immune system, first macrophages, followed by neutrophils, which are recruited mainly 
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of D

central to inflammatory responses are the integrin-mediated adhesive interactions of 

cells with their ECM-rich environment, highlighting the importance of ECM-monocyte 

interactions in the pathogenesis of experimental colitis, and the link with inflammatory 

-binding integrin 1 1 

expressed on monocytes in two different experimental models of colitis is associated 

with significantly attenuated inflammation, decreased mucosal monocyte accumulation, 

activation, and pro-inflammatory cytokine production, demonstrating that the 

engagement of integrins by ECM plays a pivotal role in mediating intestinal 

inflammation via promotion of monocyte/macrophage movement and/or activation 

within the inflamed tissue (Fiorucci et al., 2002; Krieglstein et al., 2002). In addition to 

the pro-migratory role of integrins in the blood-to-tissue paradigm, it has been emerged 

that 1 1 integrin adhesion specifically inhibits macrophage exit from a peripheral 

inflammatory lesions, thereby causing the persistence of macrophages in tissue, and the 

subsequent cytokine production feeding inflammatory responses until chronicity 

(Becker et 4 1/VCAM- L 2/ICAM-

1 was found to ameliorate experimental colitis, abrogating leukocyte invasion and 

adhesion (Soriano et al., 2000; Bendjelloul et al., 2000) In this scenario, it appears clear 

that a fine balance in ECM-inflammatory cell interactions is needed. To gain insight 

about the role of collagen VI in innate immune system involvement during intestinal 

inflammation, we analyzed the expression of chemokines, acting as chemotactic factors 

for macrophages and/or neutrophils, as well as macrophage polarization and neutrophil 

activity, in acute colitis and recovery conditions. During acute colitis, increased levels of 

chemokine expression were found in the presence of collagen VI, which progressively 

reduced during the recovery phase. This decrease could be related to the fact that 

inflammatory cell recruitment should be completed, following DSS withdrawal, to allow 

regeneration mechanisms to occur. Interestingly, the expression of collagen VI was also 

modulated during different phases of inflammation, showing an increase during acute 

colitis, and a decrease in the subsequent resolution phase. These findings suggest a 

putative role as chemoattractant for this ECM component, corroborating our previous 

findings in peripheral nerve injury (Chen et al., 2015a). Moreover, since collagen VI is 

1 1, it may promote monocyte 
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tion 

during the first stages of inflammation was also highlighted by our previous works in 

Moreover, collagen VI genes display a peculiar pattern of expression during the different 

phases of intestinal inflammation, suggesting that probably a tight tissue- and/or 

environment-specific regulation of its different isoforms may occur, thereby mediating 

distinct functions to ensure tissue homeostasis. In addition, further analysis revealed 

that collagen VI is important for intestinal macrophage number, polarization and 

activity, both in physiological condition and in different phase of inflammation. In fact, 

lack of collagen VI affects macrophages number in the colonic mucosa in physiological 

conditions, and macrophages are more polarized toward the pro-inflammatory M1 

phenotype, whereas the presence of collagen VI ensure a balanced M1:M2 ratio. Based 

on our data, it emerges that during inflammation the number of macrophages in collagen 

VI deficient mice progressively increases during acute colitis and the subsequent 

recovery phase, in association with an increase of neutrophil activity, thus explaining 

why inflammation is still ongoing in the absence of this ECM component during the 

recovery phase. The aberrant microenvironment caused by lack of collagen VI probably 

affects a proper anti-inflammatory M2 activity of resident macrophages, unable to 

trigger efficiently tissue regeneration, considering the huge number of M1 still present 

in the tissue during the recovery phase. To gain more insight about the effects of 

collagen VI on macrophages behavior and activity, we analyzed macrophage polarization 

in the first steps of experimental induced colitis, when inflammation is still mild. In this 

context, when resident macrophages should tune their polarization toward M1 to 

respond to noxious stimuli, and infiltrating macrophages are strongly recruited by the 

blood compartment as an effect of the inflammatory process, lack of collagen VI does not 

efficiently increase resident and infiltrating M1 polarization, possibly because of an 

impaired chemoattractant activity. In addition, during mild colitis, lack of collagen VI 

also impairs the phagocytic activity of resident macrophages, suggesting a role for this 

ECM protein in regulating macrophage activity. Since it is known that autophagy is 

strictly related to phagocytosis, the defective autophagic regulation that occur in 

collagen VI deficient mice (Grumati et al., 2010) may be also occurring in intestinal 

macrophages, thereby explaining the decreased phagocytosis displayed by these cells 
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intestinal macrophage behavior, influencing M1:M2 ratio and activity, both in 

homeostatic conditions and during inflammation. Moreover, since collagen VI is 

produced by macrophages, it could be possible that this ECM protein exerts its 

modulation by both paracrine and autocrine manner. The hypothesis that collagen VI 

promotes macrophage recruitment and activity through integrins remains to be 

explored in the future. 

The innate immune system is thought to be the main player in the pathogenesis of IBDs, 

complex multifactorial disorders characterized by chronic relapsing intestinal 

inflammation. Inflammatory lesions in IBD display increased accumulation of infiltrating 

macrophages, whose pro-inflammatory M1 phenotype worsens the course of the disease 

(Steinbach and Plevy, 2014). Analysis of collagen VI immunofluorescence revealed a 

strong deposition and expression of this ECM component in the ileal mucosa and 

muscular layer not only in macroscopically diseases, but also in apparently normal ileum 

of a CD patient, as compared to non-affected subjects. Moreover, the macroscopically 

diseased ileal tissue of patient displayed a high number of macrophages, which were in 

contact with larger amounts of collagen VI. The co-localization of collagen VI and 

macrophages in CD diseased ileum suggests that this ECM component is expressed by 

macrophages, in the light of previous findings about production of collagen VI by human 

macrophages (Schnoor et al., 2008). These data suggest the novel concept that 

dysregulation of this ECM component can precede tissue damage and play an active role 

in the onset and maintenance of inflammation in IBD, possibly by modulating 

inflammatory cell recruitment and facilitating their invasion through cell-matrix 

interactions. Moreover, by regulating macrophage function, collagen VI may be relevant 

to IBD pathophysiology, in the light of the primary macrophage intrinsic dysfunction 

described in CD patients, resulting in an impaired attraction of granulocytes and 

inappropriate ignition of defensive inflammatory responses toward intruding luminal 

bacteria (Casanova and Abel, 2009). 

In conclusion, this part of my PhD work supports the concept that a defined ECM 

microenvironment composition is critical for triggering an appropriate inflammatory 

response to counteract toxic agents and a subsequent tissue regeneration to ensure 

homeostasis. Among the intestinal ECM components, collagen VI reveals to be a novel 

intriguingly actor, by actively contributing to the preservation of intestinal homeostasis 
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and tuning appropriate inflammatory response by modulating intestinal macrophage 

activity. Considering the increasing evidence about macrophage dysfunction in the onset 

and development of IBD, collagen VI may have broad implications as a potentially new 

biomarker for disease progression.  
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Figure 1. Analysis of collagen VI localization in mouse intestine. A. 

Immunofluorescence staining for collagen VI on cryosections of wild-type distal ileum 

and colon. Nuclei were stained with Hoechst (blue). Scale bar, 100 µm. B. Whole 

mount confocal immunofluorescence for peripherin (red) and collagen VI (green) of 

wild-type longitudinal muscle myenteric plexus (LMMP, upper) and nerve fibers 

(below) of distal ileum. Dotted white line indicates a ganglium. Scale bar, 50 µm.  
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Figure 2. Histological analysis of adult distal ileum and colon from wild-type 

and collagen VI null mice. A-B. Hematoxilin-eosin staining on paraffinated sections 

of wild-type and Col6a1-/- distal ileum (A) and colon (B). Dotted yellow line indicate 

the area shown at higher magnification. Scale bar, 150 µm (left panels) or 75 µm 

(right panels). 
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Figure 3. Whole mount immunofluorescence of longitudinal muscle myenteric 

plexus of distal ileum from wild-type and collagen VI null mice. A. Representative 

low magnifications of whole mount images of immunofluorescence for peripherin 

(red) in wild-type and Col6a1–/– longitudinal muscle myenteric plexus of distal ileum. 

Dotted white lines indicate ganglia. Scale bar, 100 m. B. Whole mount maximum 

projection confocal immunofluorescence for peripherin (red) in wild-type and 

Col6a1–/– longitudinal muscle myenteric plexus of distal ileum. Scale bar, 100 m. 
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Figure 4. Analysis of gastrointestinal motility in wild-type and Col6a1–/– mice 

under physiological conditions. A. Gastrointestinal motility of wild-type and Col6a1–

/– mice measured by fluorescent FITC-dextran transit and expressed as geometric 

center. B. Number of pellet collected in 1 hour in wild-type and Col6a1–/– mice caged 

individually. C. Percentage of water content in collected wild-type and Col6a1–/– pellet 

after heating over night at 70 C, expressed as the percentage of (wet weight – dry 

weight)/wet weight. WT, wild-type. *, P < 0.05; **, P < 0.01.  
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Figure 5. Ex vivo contractility of distal ileum of 3-month-old wild-type and 

Col6a1–/– mice under physiological conditions. A. Acetylcholine receptor-mediated 

contractions contractility of wild-type and Col6a1–/– isolated distal ileum segments, 

recorded by means of cumulative doses of carbachol (CCh) and expressed as g 

tension/g dry weight tissue.  B. Myenteric neuron-mediated contractions of wild-type 

and Col6a1–/– isolated distal ileum segments recorded by means of Electric Field 

Stimulation (EFS) and expressed as g tension/g dry weight tissue. WT, wild-type.  
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Figure 6. Analysis of gastrointestinal permeability in wild-type and Col6a1–/– 

mice. A. Analysis of transcellular permeability with FITC-dextran after 30 minutes. B. 

Analysis of transcellular permeability with horseradish peroxidase (HRP) after 30 

minute. WT, wild-type. *, P < 0.05; **, P < 0.01.  
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Figure 7. Body weight trend, DAI score and colon histological analysis of wild-

type and Col6a1–/– mice during DSS-induced acute colitis. A. Schematic diagram of 

the experimental procedure to induce acute colitis with 3% Dextran Sodium Sulphate

(DSS) for 5 days. B. Trend of the body weight loss displayed by wild-type and Col6a1–

/– mice during 5 days of DSS treatment, expressed as percentage of body weight loss. 

C. Percentage of the loss of body weight at the end of treatment (D5). D. Evaluation of 

the disease activity index (DAI) in wild-type and Col6a1–/– mice. E. Hematoxylin-eosin 

staining on paraffinated sections of colon of wild-type and Col6a1–/– mice treated for 5

days with DSS.  Scale bar, 100 µm. WT, wild-type. *, P < 0.05. **, P < 0.01.  
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Figure 8. Expression of inflammatory cytokines in wild-type and Col6a1–/– mice 

subjected to DSS-induced acute colitis. A-D. Real-time qPCR analysis of pro-

inflammatory (TNF-  IL-1  and IL-6) and anti-inflammatory (IL-10) cytokines in 

wild-type and Col6a1–/– mice under physiological conditions and in DSS-induced 

acute colitis. Data are expressed as fold induction compared to wild-type in 

physiological conditions. *, P < 0.05. All differences between DSS-treated and 

physiological conditions for each genotypes are statistically significant. DSS, acute 

colitis; nt, not treated; WT, wild-type.  
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Figure 9. Trend of body weight loss and colon histological analysis in wild-type 

and Col6a1–/– mice subjected to DSS-induced acute colitis followed by recovery. 

A. Schematic diagram of the experimental procedure to induce acute colitis by 4 day 

treatment with 3% DSS, followed by 10 days of recovery with tap water. B. Trend of 

the body weight loss displayed by wild-type and Col6a1–/– treated with 3% DSS for 4 

days followed by recovery, expressed as percentage of body weight loss. C. 

Hematoxylin-eosin staining on paraffinated colon sections from wild-type and Col6a1–

/– mice treated with 3% DSS for 4 days followed by recovery. Scale bar, 150 m. *, P < 

0.05. 

Chapter II Figures 

115 



0,00

5,00

10,00

15,00

20,00

25,00

30,00

35,00

WT DSS Col6a1-/-DSS

m
R

N
A

 l
e
v
e
l 
(f

o
ld

 i
n
d
u
c
ti
o
n
)

TNF-

0

50

100

150

200

250

300

350

400

WT DSS Col6a1-/-DSS

m
R

N
A

 l
e
v
e
l 
(f

o
ld

 i
n
d
u
c
ti
o
n
)

IL-1

0

50

100

150

200

250

300

WT DSS Col6a1-/-DSS

m
R

N
A

 l
e
v
e
l 
(f

o
ld

 i
n
d
u
c
ti
o
n
)

IL-6

0

5

10

15

20

25

WT DSS Col6a1-/-DSS

m
R

N
A

 l
e
v
e
l 
(f

o
ld

 i
n
d
u
c
ti
o
n
)

IL-10

Figure 10. Expression of inflammatory cytokines in wild-type and Col6a1–/– mice 

treated with DSS followed by recovery. A-D. Real-time qPCR analysis of pro-

inflammatory (TNF-  IL-1  and IL-6) and anti-inflammatory (IL-10) cytokines in 

wild-type and Col6a1–/– mice subjected to DSS-induced acute colitis and after 10-day 

recovery. Data are expressed as fold induction compared to wild-type in physiological 

conditions. DSS, acute colitis; rec, DSS-induced acute colitis followed by 10-day 

recovery. WT, wild-type. *, P < 0.05; **, P < 0.01. 
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Figure 11. Expression of collagen VI genes in wild-type and Col6a1–/– mice under 

untreated conditions, DSS-induced acute colitis, and recovery. A-F. Real time 

qPCR data of Col1a1 (used as a control ECM gene) and collagen VI genes (Col6a1, 

Col6a2, Col6a3, Col6a4, and Col6a5) in wild-type and Col6a1–/– mice under 

physiological condition, DSS-induced acute colitis, and DSS-induced colitis followed 

by 10-day recovery. Data are expressed as fold induction compared to wild-type in 

physiological conditions. DSS, acute colitis; nt, not treated; rec, DSS-induced acute 

colitis followed by 10-day recovery. WT, wild-type. *, P < 0.05; **,  P < 0.01. 
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Figure 12. Expression of chemokines genes in wild-type and Col6a1–/– mice 

under untreated conditions, DSS-induced acute colitis, and recovery. A-D. Real 

time qPCR analysis of chemotactic cytokines for monocytes/macrophages and 

neutrophils (MCP-1, CXCL1, CXCL2 and CXCL10). Data are expressed as fold induction 

compared to wild-type mice under physiological condition. DSS, acute colitis; nt, not 

treated; rec, DSS-induced acute colitis followed by 10-day recovery; WT, wild-type. *, P 

< 0.05; **, P < 0.01; , P < 0.01 for WT nt vs Col6a1–/– nt. 

A B 

C D 

**

* 

* 

ns

**
* 

**

ns

**

* 

ns

**

* 

ns

* 

* 

Chapter II Figures 

119 



Figure 13. Immunofluorescence analysis for collagen VI and F4/80+ colonic 

mucosa macrophages. Confocal immunofluorescence for F4/80 (red) and collagen VI 

(green) in colon criosections from wild-type and Col6a1–/– under untreated 

conditions, DSS-induced acute colitis, and DSS-induced colitis followed by 10-day 

recovery. Scale bar, 100 m. 
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Figure 14. Analysis of the number of F4/80+ macrophages and of neutrophil 

activity in wild-type and Col6a1–/– colons. A. Analysis of F4/80+ colonic mucosal 

macrophages of wild-type and Col6a1–/– mice under physiological condition, DSS-

induced acute colitis and DSS-induced colitis followed by 10-day recovery. B. MPO 

assay in colons of wild-type and Col6a1–/– mice under under physiological condition, 

DSS-induced acute colitis and DSS-induced colitis followed by 10-day recovery. C, D. 

Analysis of M1 (CD11b+iNOS+) and M2 (CD11b+CD206+) phenotype of resident and 

infiltrating colonic mucosa macrophages of wild-type and Col6a1-/- mice under 

physiological condition and DSS-induced colitis followed by 10-day recovery, 

expressed as fold change with respect to untreated wild-type for each condition. DSS, 

acute colitis; nt, not treated; rec, DSS-induced acute colitis followed by 10-day 

recovery; WT, wild-type. *, P < 0.05; **, P < 0.01.  
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Figure 15. Analysis of polarization and phagocytic activity of colonic mucosal 

macrophages of wild-type and Col6a1-/- mice under physiological conditions and 

after mild inflammation with 3% DSS for 3 days. A, B. Analysis of M1 

(CD11b+iNOS+) and M2 (CD11b+CD206+) phenotype of resident and infiltrating 

colonic mucosa macrophages of wild-type and Col6a1-/- mice in physiological 

conditions and during mild inflammation, expressed as fold change with respect to 

untreated wild-type for each condition. C, D. Analysis of FITC-microparticle 

phagocytosis of resident and infiltrating CD11b+ MCH-II+ colonic mucosal 

macrophages of wild-type and Col6a1-/- mice in physiological conditions and during 

mild inflammation, expressed as absolute number (C) and as the ratio of resident 

macrophages vs infiltrating macrophages (D). DSS, acute colitis; nt, not treated; WT, 

wild-type. *, P < 0.05; **, P < 0.01. , indicates statistic difference between M1 and 

M2 macrophages for each condition, P < 0.01. †, indicates statistic difference between 

resident and infiltrating phagocytic capability for each condition, P < 0.01. 
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Figure 16. Immunofluorescence analysis of collagen VI deposition and of 

CD163+ macrophages in human specimens from Crohn’s disease patients. A. 

Analysis of CD163+ macrophages (red) and collagen VI (green) by confocal 

immunofluorescence in cryosections of ileal mucosa and muscle layers from a control 

subject undergoing surgery for colonic carcinoma. B. Analysis of CD163+ 

macrophages (red) and collagen VI (green) by confocal immunofluorescence in 

cryosections of ileal macroscopically normal mucosa and normal muscle layers and of 

diseased tissue from a patient undergoing surgery for Crohn’s disease localized to the 

distal ileum. Nuclei were stained with TOTO-3. Scale bar, 75 µm. 
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