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SUMMARY 

 

Inflammatory reactions play critical roles in determining the survival or destruction of 

tissues after various injuries. The microvascular system is a decisive mediator of these events, 

but the microcirculatory aspects of anti-inflammatory therapeutic approaches are rarely 

investigated. We set out to examine and determine the microcirculatory effects of novel, 

potentially vasoactive medications with possible anti-inflammatory properties in the 

gastrointestinal tract. The microcirculatory changes were observed in vivo by means of 

orthogonal polarization spectral imaging technique and confocal laser scanning 

endomicroscopy in inflammatory models of human gastrointestinal pathologies. The 

microvascular actions of N-methyl-D-aspartate (NMDA) receptor antagonist compounds and 

phosphatidylcholine (PC) treatments against the consequences of microcirculatory 

inflammation, were characterized by detecting markers of oxidative and nitrosative stress and 

leukocyte recruitment. It was found that the single use of the NMDA antagonist kynurenic 

acid and its synthetic blood-brain-barrier permeable analog, SZR-72 effectively modulated the 

microcirculatory changes and in parallel reduced the colonic leukocyte accumulation and 

biochemical signs of oxido-reductive stress in the acute and subacute phases of colitis. The 

administration of PC also exerted potent microcirculatory effects in the intestinal mucosa; the 

treatment protocols normalized the altered microcirculation in the early and late phases of 

colitis, and a direct protective effect of dietary PC supplementation was demonstrated against 

injuries of the microvessel structure and vascular permeability elevations. 

In conclusion, the microcirculatory inflammatory changes were successfully visualized 

and influenced by NMDA receptor antagonist therapy and PC administration, and the 

secondary, harmful consequences leading to tissue destruction were also modified. The 

analysis of microcirculatory reactions provided an excellent tool via which the possible anti-

inflammatory, therapeutic efficacy of different, novel candidate molecules could be assessed 

objectively. 
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1. INTRODUCTION 
 

1.1. Links between inflammation and the microcirculation  

1.1.1. Characteristics of microcirculatory networks 

The microcirculation includes the smallest blood vessels of an organ, the arterioles, 

capillaries and venules creating a microvascular network. This system has vital roles in 

transport, secretion and absorption; the microvessels carry O2, nutrients, metabolic  

end-products, mediators and hormones to and from the tissues and cells. The microcirculatory 

networks additionally play decisive roles in the regulation of blood flow and pressure, and the 

fluid content of the tissues and the body temperature are also regulated at this level. 

Nevertheless, large areas of human microcirculatory biology are still unmapped, largely 

because of diagnostic and technical obstacles. Furthermore, the microcirculation displays 

many differences between species and organs, the microvascular anatomy, branching patterns, 

vessel densities and fine structure of capillaries may be strikingly different, and the function 

of the microcirculation is also highly heterogeneous.  

In general, the terminal (precapillary) arterioles have an internal diameter of 15 to 20 

µm and are surrounded by only one layer of smooth muscle cells. Capillaries are largely 

similar to a tube with an internal diameter of 4 to 10 µm, comprising a single layer of 

endothelial cells and a thin basement membrane. With regard to the fine structure of the 

endothelium, capillaries are divided into fenestrated, continuous and discontinuous categories. 

Capillaries drain into larger vessels that are also devoid of a smooth muscle coat. Smooth 

muscle appears on the media of larger venules (muscular venules) that drain the postcapillary 

venules. 

The main cell types in the microvasculature are smooth muscle cells and adjacent 

endothelial cells. The endothelial lining inside the microvessels provides a smooth surface for 

the flow of plasma and the cellular blood components, including red blood cells and 

leukocytes, and regulates the movement of water and dissolved materials in the plasma 

between the blood and the tissues. In general, the contractile smooth muscle cells of the 

arterioles regulate blood flow and pressure, but the driving pressure, arteriolar tone, 

hemorheology and capillary patency are all important determinants of the capillary blood flow 

(Ince 2005). 

Under normal conditions, the regulation of the microcirculation is myogenic, under 

metabolic or neurohormonal control (Johnson & Henrich 1975; Guslandi 1986). Myogenic 

control involves the sensing of strain and stress, while metabolic control involves the 
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regulation of O2, CO2, lactate and H+ concentrations. This control uses autocrine and 

paracrine interactions to regulate the microcirculatory blood flow to meet the O2 requirements 

of the tissue cells. The patency of the endothelium is critical in the vasomotor tone regulation 

by sensing the flow and metabolic regulating substances, and is actively involved in 

defending the body against microcirculatory dysfunctions. The arteriolar smooth muscle tone 

and capillary recruitment can be achieved by the release of potent vasodilator substances such 

as nitric oxide (NO) (Palmer et al. 1987) and prostacyclin, and vasoconstrictor mediators such 

as endothelin-1 (ET-1) (Masaki 1989) and platelet activating factor (Ince 2005). 

1.1.2. Characteristics of inflammation  

Inflammation is the first line of the complex protective responses to infection, 

irritation or cell damage by the immune system. The major distinct phases of inflammatory 

responses are the acute transient phase, characterized by changes in the diameter of blood 

vessels, local vasodilation and increased capillary permeability, followed by a slightly 

delayed, subacute phase, most prominently characterized by the infiltration of leukocytes and 

phagocytic cells, and a chronic proliferative phase, in which tissue degeneration and fibrosis 

occur. Many different mechanisms are involved in the  inflammatory phases, but each of the 

classical inflammatory signs, dolor (pain), calor (heat), rubor (redness), tumor (swelling) and 

functio laesa (dysfunction of the organs involved) can be linked to changes in the 

microcirculation. The microcirculatory disturbance is one of the main reasons for the organ 

failure after the induction of inflammation, and it is considered to be based on 

polymorphonuclear (PMN) leukocyte-endothelial cell interactions and the increased 

production of reactive oxygen species (ROS) (Granger & Kubes 1994). Cytokines play a 

crucial role in the mediation of the inflammatory cascade signals by promoting PMN-

endothelial cell interactions. In this respect the most important cytokine is tumor necrosis 

factor-alpha (TNF-α), which participates in a complex network of interactions in both acute 

and chronic inflammation (Gross et al. 1991; Niederau et al. 1997). TNF-α, produced from 

different types of leukocytes, is the proximal cytokine generated during an inflammatory 

response; it is capable of activating other cytokines and hence, remaining at the focus of the 

inflammation, inducing the development of a microcirculatory disturbance and excessive, 

systemic inflammation (Zhou et al. 2006; Zhou et al. 2008). 

1.1.3. Microcirculatory consequences of inflammation 

The microcirculatory network exhibits morphological and functional changes during 

the inflammatory response. The best characterized reactions include an impaired vasomotor 
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function, changes in capillary perfusion, cell to cell interactions, activation of the coagulation 

cascade, and increased vascular permeability (Granger 1999). These changes are based on the 

alterations in autoregulation of the microcirculation by inflammatory mediators. 

The impaired microhemodynamics mediates further changes in inflammatory enzymes 

such as myeloperoxidase (MPO) and xanthine oxidoreductase (XOR), which generate ROS 

and cause endothelial cell damage. The functional disturbance of these enzymes, together 

with the activated endothelium causes an imbalance of vasoconstrictor and vasodilator 

molecules such as ET-1 (Masaki 1989) and NO (Palmer et al. 1987), evoking secondary 

changes in microhemodynamics and structural endothelium damage (Granger 1988). The 

increase in the microvascular permeability is one of the most important pathological events in 

the pathogenesis of inflammation. These pathophysiological events alter the barrier function 

and can lead to extracellular edema. 

The recruitment of inflammatory cells into the perivascular tissue involves a complex 

cascade mechanism. The adhesion process consists of several steps, beginning with the rolling 

of the PMNs on the endothelial surface of the postcapillary venules until they have slowed 

down to such a degree that they stick to the endothelium. At this point, the PMNs are 

sequestered from the main vascular flow, and firm adherence to the endothelial cells may 

follow. Subsequently, the PMNs pass an intercellular junction between the endothelial cells 

and reach the abluminal side. 

The most potent mediator of the intrinsic microcirculatory vasoregulation in 

inflammation is probably NO. This short-acting soluble gas molecule is produced from L-

arginine by endothelial cells and macrophages by the enzyme nitric oxide synthase (NOS). 

Three major isoforms of NOS are known: endothelial NOS (eNOS or NOS1), present in 

vascular endothelium; neuronal NOS (nNOS or NOS3), present in the discrete neuronal 

populations; and a cytokine-inducible, calcium/calmodulin-independent isoform (iNOS or 

NOS2), expressed in various cell types when activated, including macrophages and glial cells 

(Moncada & Higgs 1991; Moncada et al. 1991). NO is a potent vasodilator and antiadhesive, 

and has the ability to modulate the vascular permeability (Moncada 1999; Duran et al. 2010). 

The other important component in microvascular injury is ROS formation. Oxygen-centered 

radicals may originate from the xanthine/xanthine oxidase system, but infiltrating PMNs also 

produce ROS (Granger et al. 1988). Further, NO can react with the superoxide anion (SOX) 

to form peroxynitrite, a potent oxidizing molecule capable of eliciting lipid peroxidation and 

cellular damage (Beckman 1990; Radi et al. 1991). 
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In general, reduced efficacy of the microcirculation results in a malfunction of the 

nutrient and waste product transport and leads in the long run to tissue damage. A relative 

lack of NO, together with the extensive release of vasoconstrictor mediators can lead to 

significant vasoconstriction of the precapillary sphincters, i.e. a considerable proportion of the 

inflowing blood returns to the venules without passing through the capillaries. 

These alterations lead to changes in functional capillary density (FCD) and capillary red 

blood cell velocity (RBCV), two important parameters that can be determined by intravital 

microscopy (IVM). The technology allows real-time imaging of the microcirculation and the 

exact determination of the consequences of inflammation. FCD, an indicator of the quality of 

tissue perfusion, is defined as the length of red cell-perfused capillaries in relation to the 

observation area, which accurately describes the decrease in the efficacy of tissue perfusion 

when the corresponding area is unchanged (Tsai 1995). Precapillary vasoconstriction can also 

account for the decrease in capillary RBCV, which is determined primarily by the blood flow 

and the cross-section of the circulatory area. In addition to precapillary vasoconstriction, other 

factors, such as ROS production, can also contribute to the reduction of RBCV. 

1.1.4. Microcirculatory dysfunction in gastrointestinal inflammatory disorders 

Simplifying terms, such as an impaired microcirculation, are generally used to 

describe the microcirculatory dysfunction in pathological conditions. However, this may 

rather misleadingly suggest that the microcirculatory responses are uniform in nature and 

similar in extent. In the studies summarized in this thesis, we focused on microvascular 

changes in experimental models of human inflammatory disorders of the gastrointestinal (GI) 

tract. In this system, the mucosal layer serves as an important barrier against chemical and 

bacterial threats from the luminal side and modulates different bidirectional transport 

processes. Under normal conditions, regulation of the microcirculation is extremely complex 

and crucial for the transport of O2 and nutrients in the mucous layer of the GI tract and is 

therefore necessary for the maintenance of normal mucosal homeostasis, intestinal 

permeability and the gut barrier function (Foitzik et al. 1999). Mucosal perfusion is mainly 

regulated by the vasodilators NO and prostaglandin I2, by the sympathetic nervous system and 

probably by the potent vasoconstrictor ET-1. Moreover, the arterial baro- and 

chemoreceptors, cardiopulmonary receptors and afferents from skeletal muscle affect the GI 

blood flow and blood volume (Hasibeder 2010). The vascular response is a key component of 

GI inflammation, where tissue endothelial cells become activated, and leakiness, leukocyte 
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adhesiveness, procoagulant activity, and eventually angiogenesis evolve (Granger 1988; 

Zorov et al. 2006). 

Inflammatory bowel diseases (IBDs) (Crohn’s disease and ulcerative colitis) are 

chronic inflammatory conditions of the intestine and/or colon. The intracolonic application of 

2,4,6-trinitrobenzenesulfonic acid (TNBS) to rodents is the most widely used experimental 

model of human IBD. This model is characterized by a weight loss (Morris et al. 1989) with 

visceral hyperalgesia (Zhou et al. 2008), significant elevations of the pro-inflammatory 

cytokines, including TNF-α (Neurath et al. 1997) and interleukin-6 (IL-6) (Ten et al. 2001), 

extensive ulcerations, morphological changes (Tatsumi & Lichtenberger 1996), significant 

elevations of NOS activities (Kiss et al. 1997; Yue et al. 2001) and tissue leukocyte 

accumulation (Kiss et al. 1997). 

1.2. Methods for investigating the microcirculation 

Investigation of the changes in the microcirculation is essential for many aspects of 

physiological, pathophysiological, and pharmacological studies. A number of excellent 

techniques are currently available for evaluation of the microcirculation. Direct investigation 

techniques Can be uses to measure vascular density, perfusion and blood flow; they include 

the side-stream dark field imaging, nailfold videomicroscopy, laser-Doppler and orthogonal 

polarization spectral (OPS) imaging techniques. Other, indirect investigation techniques are 

able topermit measurements of tissue oxygenation, e.g. reflectance spectroscopy, near-

infrared spectroscopy, tonometry, or capnometry (De Backer et al. 2010). We have made use 

of noninvasive or minimal invasive techniques that can directly visualize or indirectly 

evaluate microvascular perfusion, and which are applicable under clinical conditions too. 

The OPS technique is a noninvasive in vivo imaging method, which was developed to 

visualize the microcirculation directly, without the need for contrast enhancement. This 

technique facilitates observation of the structural pattern of the superficial microcirculation 

(vascular network and vessel dimensions) and quantitative measurements of physiological 

parameters (RBCV and perfusion of capillaries) and pathophysiological conditions, e.g. 

increased permeability. The basic feature of the OPS technique is the use of linearly polarized 

reflected light, which results in high-contrast images of the blood in the microcirculation. 548 

nm was chosen as the wavelength of the emitted light to achieve optimal imaging, because 

oxy- and deoxyhemoglobin absorb light equally at this wavelength (Groner et al. 1999; 

Lindert et al. 2002). Incident linearly polarized light in one plane is emitted from the objective 

into the tissue. A second orthogonally oriented polarizer is used to block light reflected from 
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the tissue surfaces with unchanged polarization before visualization. Light which is multiply 

deflected and scattered in deeper layers of the tissue experiences a change of in polarization 

direction. This light passes the second polarizer and serves as a virtual light source in the 

depth of the tissue. Thus, images comparable to those obtained by transillumination are 

created (Groner et al. 1999; Lindert et al. 2002). 

By means of fluorescence confocal laser scanning endomicroscopy (CLSEM), in vivo 

real-time dynamic analyses can be achieved (McLaren et al. 2001). The main advantage of 

CLSEM as compared with conventional histological investigations is that virtual biopsies can 

be made by an optical sectioning process, and sectioning, fixation and embedding artifacts can 

therefore be avoided. Three-dimensional, high-resolution optical biopsies can be obtained 

with this technique without the physical disruption of the observed tissue integrity on the use 

of systemically or topically administered fluorescent agents (Kiesslich et al. 2007). CLSEM 

involves the use of a single-line laser with a wavelength of 488 nm to generate optical 

histologic sections, which can be recorded at different depths within the range 0-250 µm. The 

optical slices are parallel with the mucosal surface with a thickness of 7 µm and a lateral 

resolution of 0.7 µm, the field of view being 475 µm × 475 µm. This technology is capable of 

providing real-time “optical” biopsy specimens in the GI tract with a very high sensitivity and 

specificity. It allows targeted biopsies to be taken, potentially improving the diagnostic rate in 

certain GI diseases. By means of this approach, the cellular and subcellular structures of the 

connective tissue in the colonic epithelium (surface epithelium and crypts) can examined 

without physical disruption of the epithelial integrity. Another advantage of this method is 

that the changes in the microvascular structure and damage occurring in the microvessels can 

be outlined as well (Kiesslich et al. 2007). 

1.3. Therapeutic, anti-inflammatory possibilities in gastrointestinal disorders 

Inflammation-induced microvascular injury can play critical roles in determining 

tissue survival, but the possibilities inherent in the currently used anti-inflammatory strategies 

are rather limited. The main emphasis at present in the therapeutics of IBDs is placed on 

conservative treatment. The aim of local and systemic anti-inflammatory and 

immunomodulant therapies is the reduction or blockage of the activation of inflammation. 

The medical therapy depends on the nature of the IBD, the site of the disease and the disease 

severity and involves anti-inflammatory aminosalicylates, corticosteroids, 

immunosuppressive and immunomodulatory agents (Braus & Elliott 2009) and biological 

therapy with monoclonal anti-TNF-α antibody (Rutgeerts et al. 2004). Despite advances in the 
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medical treatment, surgical intervention is needed in the event of ineffectiveness of 

conservative management or for the treatment of complications. 25-35% of patients with 

ulcerative colitis and 70-90% of patients with Crohn's disease will need a surgical 

intervention at some point during their disease (Hwang & Varma 2008). 

Long-term conservative management with aminosalicylates and corticosteroids may 

be accompanied by severe complications, especially in the kidneys and GI tract or other 

severe side-effects, such as osteoporosis, hypertension, diabetes, cataract, skin striae and 

pathologic fractures. The main risks of immunomodulatory drugs are infections or the 

development of tumors. Biological therapy has much less severe and less frequent side-

effects; but in the case of the administration of monoclonal anti-TNF-α antibody, up to half of 

the patients have no sustained benefit, due to a nonresponse, a loss of response or intolerance 

(Perrier & Rutgeerts 2012). 

New therapeutic ways are Therefore sought, which are efficacious in improving the 

inflammation process, but with much milder or no side-effects. 

1.3.1. The therapeutic possibilities of N-methyl-D-aspartate receptor antagonists 

The main excitatory neurotransmitter in the central nervous system (CNS) is 

glutamate, which is also present in the enteric nervous system (ENS) (Liu et al. 1997; Giaroni 

et al. 2003). As concerns the several types of glutamate receptors, the N-methyl-D-aspartate 

(NMDA) type is expressed on a high proportion of the ENS neurons (Wiley et al. 1991; 

Sinsky & Donnerer 1998; Kirchgessner 2001; Giaroni et al. 2003). It has been established that 

the NMDA receptors play a role in the modulation of the enteric cholinergic function (Liu et 

al. 1997; Giaroni et al. 2003). More importantly, other in vivo data have shown that the 

expression of the NMDA receptors increases in peripheral inflammatory reactions (Tan 2008) 

and the receptor upregulation is present on the neurons of the myenteric plexus in TNBS-

induced colitis too (Zhou et al. 2006). 

Kynurenic acid (KynA), an antagonist of the NMDA receptors with high affinity for 

the glycine co-agonist site (Kessler et al. 1989; Stone 1993), is a product of an alternative 

tryptophan pathway, the major route for the conversion of tryptophan to nicotinamide adenine 

dinucleotide and nicotinamide adenine dinucleotide phosphate, leading to the production of a 

number of biologically active molecules with neuroactive properties. 

L-Tryptophan is an important essential amino acid used for protein synthesis and is 

also a precursor of bioactive molecules. Approximately 1-2% of the intake is metabolized 
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through the serotonin synthesis, but most enters the kynurenine pathway, synthesizing L-

kynurenine, quinolinic acid, KynA and nicotinamide adenine dinucleotide.  

Two major products of the tryptophan - L-kynurenine pathway, quinolinic acid and 

KynA, act on glutamate receptors. Quinolinic acid is an agonist of the NMDA glutamate 

receptors with pro-inflammatory properties, while KynA is an endogenous NMDA receptor 

antagonist. KynA is able to reduce excitotoxic damage of the CNS both in vivo (Simon et al. 

1986; Faden et al. 1989) and in vitro (Choi et al. 1988) and can be regarded as a 

neuroprotective agent in neurodegenerative disorders (Klivényi et al. 2004). 

To date, a number of clinical data suggest that the metabolism of tryptophan along the 

kynurenine pathway is altered in inflammatory GI disorders. The plasma level of L-

kynurenine is elevated in IBD patients, and the levels are likewise increased in celiac disease 

(Forrest et al. 2002; Torres et al. 2007). Increased serum levels of free tryptophan have been 

reported in patients with diarrhea-predominant irritable bowel syndrome (Christmas et al. 

2010). These observations clearly suggest roles for NMDA-glutamate receptors and 

kynurenine modulation in the symptoms of inflammatory GI conditions. 

An analog of KynA has recently been synthetized SZR-72, which differs from KynA 

mainly in that it can cross the blood-brain barrier. It was originally developed to influence 

NMDA receptor overexcitation in the CNS, but its role and peripheral effects on the ENS are 

still largely unmapped (Fülöp et al. 2009). 

1.3.2. The therapeutic possibilities of phosphatidylcholine 

Phosphatidylcholine (PC), a ubiquitous phospholipid, is a major component of 

biomembranes, and a number of experimental and clinical studies have demonstrated that it 

alleviates the consequences of inflammation and ischemia in different organs and 

experimental models (Stremmel et al. 2005; Erős et al. 2006; Gera et al. 2007; Ghyczy et al. 

2008; Tőkés et al. 2011). Furthermore, it inhibits the mucosal damage and morphologic 

impairment caused by acids and other noxious agents in the GI tract (el-Hariri et al. 1992; 

Erős et al. 2006). Compelling in vitro evidence has been published that exogenous PC 

significantly inhibits TNF-α-induced inflammatory responses (Treede et al. 2007). 

In vivo, PC is produced via two major pathways. Two fatty acids undergo addition to 

glycerol phosphate, to generate phosphatidic acid. This is converted to diacylglycerol, after 

which phosphocholine (the head group) is added to give cytidine 5-diphosphocholine. The 

second, minor pathway involves the methylation of phospatidylethanolamine, in which three 

methyl groups are added to the ethanolamine head-group of the phospholipids, converting it 
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into PC. Orally taken PC serves as a slow-release blood choline source. The choline 

component of PC participates in a wide range of responses, including interference with the 

mechanism of activation of the PMNs (Monje et al. 2003) and this pathway becomes 

important under inflammatory stress conditions. Choline itself is anti-inflammatory; PC is 

taken up by phagocytic cells, and it may accumulate in inflamed tissues (Cleland et al. 1979). 

On the other hand, the hydrolysis of PC by phospholipase D generates choline in cholinergic 

neurons (Blusztajn & Wurtman 1983), and this choline is used for synthesis of the principal 

vagal neurotransmitter, acetylcholine. Previous studies have shown that some of the choline is 

stored in the form of membrane PC, and this pathway may become particularly important 

when extracellular circulating choline concentrations are low (e.g. during a dietary choline 

deficiency) or when acetylcholine synthesis and release are accelerated by high neuronal 

activity (Ulus et al. 1989; Lee et al. 1993). 

 

2. MAIN GOALS 

Examination of the local microcirculatory function or a dysfunction within affected 

tissues is critical to determine the efficacy of therapeutic approaches in inflammatory 

pathologies. Agents which improve the function of the microcirculation might be more 

promising therapeutics and more advantageous in clinical practice. In our investigations, we 

specifically focused on new, possible therapeutic ways which could be efficacious in 

mitigation of the inflammation process through their microvascular and microcirculatory 

effects. The main goals were to evaluate the degree of inflammatory activation together with 

the GI microcirculatory changes in experimental models of colitis, and to test new methods 

via which to influence such events simultaneously. In this line, our aims were: 

1. to evaluate the usefulness of microcirculatory imaging for recognition of the 

microcirculatory dysfunction and microvessel injuries caused by inflammation in the 

GI tract in experimental models of IBD; 

2. to compare the potential applications of OPS and CLSEM techniques in the GI tract; 

3. to develop a new scoring system with which to estimate the rate of microcirculatory 

changes under experimental conditions; 

4. to study the microcirculatory effects and anti-inflammatory properties of NMDA-

antagonist treatment modalities in experimental colitis; 

5. to examine the anti-inflammatory effects of oral PC treatment regimens on the  

colitis-induced microcirculatory changes and tissue damage in this condition. 
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3. MATERIALS AND METHODS 

 
The experimental protocol was approved by the Ethical Committee for the Protection 

of Animals in Scientific Research at the University of Szeged and followed the NIH 

guidelines for the care and use of experimental animals. 

3.1. Animals 

The animals, fed on a normal diet with tap water available ad libitum, were divided 

into two studies. The experiments in Study I were performed on 32 (280-320 g) male Wistar 

rats (Series 1), and 32 (280-320 g) male Sprague-Dawley rats (Series 2). In Study II, 48 male 

Sprague-Dawley rats were used. The animals were housed in plastic cages in a thermoneutral 

environment (21±2 °C) with a 12-h dark-light cycle. 

3.2. Induction of colitis 

The animals were deprived of food, but not water, for 12 h prior to the enema. Colonic 

inflammation was induced by the intracolonic administration of TNBS (40 mg kg-1 in 0.25 ml 

of 25% ethanol) through an 8-cm-long soft plastic catheter under transient ether anesthesia 

(Morris et al. 1989). In sham-operated groups, only the vehicle for TNBS was administered. 

The animals were then returned to their cages and were fed ad libitum with standard 

laboratory chow.  

3.3. Surgical preparation 

The animals were anesthetized with sodium pentobarbital (50 mg kg-1 bw ip) 1 or 6 

days after the enema and placed in a supine position on a heating pad. Tracheostomy was 

performed to facilitate spontaneous breathing, and the right jugular vein was cannulated with 

PE50 tubing for fluid administration and Ringer's lactate infusion (10 ml kg-1 h-1) during the 

experiments. A thermistor-tip catheter (PTH-01; Experimetria Ltd., Budapest, Hungary) was 

positioned into the ascending aorta through the right common carotid artery to measure the 

cardiac output (CO) by a thermodilution technique. The right femoral artery was cannulated 

with PE40 tubing for mean arterial pressure (MAP) and heart rate (HR) measurements. 

3.4. Direct measurements of the microcirculation 

3.4.1. Intravital videomicroscopy 

The OPS imaging technique (Cytoscan A/R, Cytometrics, Philadelphia, PA, USA) was 

used for noninvasive visualization of the serosal microcirculation of the colon. This technique 

utilizes reflected polarized light at the wavelength of the isobestic point of oxy- and 

deoxyhemoglobin (548 nm). As polarization is preserved in reflection, only photons scattered 



16 
 

from a depth of 2-300 µm contribute to image formation. A 10x objective was placed onto the 

serosal surface of the ascending colon, and microscopic images were recorded with an S-VHS 

video recorder 1 (Panasonic AG-TL 700; Matsushita Electric Ind. Co. Ltd, Osaka, Japan). 

Quantitative assessment of the microcirculatory parameters was performed off-line by frame-

to-frame analysis of the videotaped images. RBCV (µm s-1) changes in the postcapillary 

venules were determined in three separate fields by means of a computer-assisted image 

analysis system (IVM Pictron, Budapest, Hungary).  

3.4.2. In vivo detection of microvascular damage 

The extent of microvascular damage of the distal colon was evaluated with CLSEM 

(Five1; Optiscan Pty. Ltd., Melbourne, Victoria, Australia) developed for in vivo histology. 

This technique is capable of determining the vascular permeability. The analysis was 

performed twice, separately by two investigators. The mucosal surface of the distal colon 8 

cm proximal to the anus was surgically exposed and laid flat for examination. The 

microvascular structure was recorded after the iv administration of 0.3 ml of fluorescein 

isothiocyanate-dextran (FITC-dextran 150 kDa, 20 mg ml-1 solution dissolved in saline, 

Sigma). The objective of the device was placed onto the mucosal surface of the descending 

colon, and confocal imaging was performed 5 min after dye administration (1 scan/image, 

1024 x 512 pixels and 475 x 475 µm per image). The degree of edema was examined 

following topical application of the fluorescent dye acridine orange (Sigma-Aldrich Inc, St. 

Louis, MO, USA) in the mucosal architecture. The surplus dye was washed off the mucosal 

surface of the colon with saline 2 min before imaging. The CLSEM imaging technique was 

used in, Study I and Study II. 

Non-overlapping fields of active areas of disease were processed in TNBS-treated 

animals and compared with the control group by using a semiquantitative scoring system. The 

grading was performed with two criteria: 1. the structure of the microvessels (0 = normal, 1 = 

dye extravasation, but the vessel structure was recognizable, 2 = destruction, and the vessel 

structure was unrecognizable), 2. edema (0 = no edema, 1 = moderate epithelial swelling, 2 = 

severe edema). 

3.5. Detection of inflammatory markers 

3.5.1. Preparation of tissue biopsies 

Tissue biopsies kept on ice were homogenized in phosphate buffer (pH 7.4) containing 

Tris-HCl (50 mM, Reanal, Budapest, Hungary), EDTA (0.1 mM), dithiotreitol (0.5 mM), 

phenylmethylsulfonyl fluoride (1 mM), soybean trypsin inhibitor (10 µg ml-1) and leupeptin 
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(10 µg ml-1, Sigma-Aldrich GmbH, Steinheim, Germany). The homogenate was centrifuged at 

4 °C for 20 min at 24 000 g (Amicon Centricon-100, Millipore Corporation, Bedford, MA, 

USA). Tissue nitrite, nitrate and nitrotyrosine and XOR activity were determined in the 

supernatant, while MPO activity was measured in the pellet of the homogenate. 

3.5.2. Tissue MPO activity 

The activity of MPO as a marker of tissue leukocyte infiltration was measured on the 

pellet of the homogenate by the modified method of Kuebler et al, (Kuebler et al. 1996). 

Briefly, the pellet was resuspended in K3PO4 buffer (0.05 M; pH 6.0) containing 0.5% hexa-

1,6-bis-decyltriethylammonium bromide. After three repeated freeze-thaw procedures, the 

material was centrifuged at 4 °C for 20 min at 24,000 g and the supernatant was used for 

MPO determination. Subsequently, 0.15 ml of 3,3’,5,5’-tetramethylbenzidine (dissolved in 

DMSO; 1.6 mM) and 0.75 ml of hydrogen peroxide (dissolved in K3PO4 buffer; 0.6 mM) 

were added to 0.1 ml of the sample. The reaction led to the hydrogen peroxide-dependent 

oxidation of tetramethylbenzidine, which could be detected spectrophotometrically at 450 nm 

(UV-1601 spectrophotometer; Shimadzu, Kyoto, Japan). MPO activities were measured at 37 

°C; the reaction was stopped after 5 min by the addition of 0.2 ml of H2SO4 (2 M) and the 

resulting data were referred to the protein content. 

3.5.3. Tissue XOR activity 

The XOR activity was determined in the ultrafiltered, concentrated supernatant by a 

fluorometric kinetic assay based on the conversion of pterine to isoxanthopterine in the 

presence (total XOR) and absence (xanthine oxidase activity) of the electron acceptor 

methylene blue (Beckman et al. 1989). 

3.5.4. Measurement of tissue NO products 

Nitrite and nitrate (NOx), stable end-products of NO, were determined in the colonic 

homogenate by the Griess reaction. This assay depends on the enzymatic reduction of nitrate 

to nitrite, which is then converted into a colored azo compound detected 

spectrophotometrically at 540 nm. Total NOx was calculated and expressed as µmol 

(mg protein)-1 (Moshage et al. 1995). 

3.5.5. NOS activity 

NO formation in the colonic tissue was measured by the conversion of [3H]L-citrulline 

from [3H]L-arginine according to a published method (Szabó et al. 1993). Briefly, tissue 

biopsies kept on ice were homogenized in phosphate buffer (pH = 7.4) containing 50 mM 

tris(hydroxymethyl)aminomethane-HCl (Reanal, Budapest, Hungary), 0.1 mM 
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ethylenediaminetetraacetic acid (Serva Feinbiochemica GmbH, Heidelberg, Germany), 0.5 

mM dithiotreitol, 1 mM phenylmethylsulfonyl fluoride and 10 µg ml-1 soybean trypsin 

inhibitor. The homogenate was centrifuged at 4 °C for 20 min at 24,000 g and the supernatant 

was loaded into centrifugal concentrator tubes (Amicon Centricon-100; 100,000 MW cutoff 

ultrafilter). The tubes were centrifuged at 1,000 g for 150 min and the concentrated 

supernatant was washed out from the ultrafilter with 300 µl of homogenizing buffer. The 

samples were incubated with cation-exchange resin (Dowex AG 500W-X8, Na+ form) for 5 

min to deplete endogenous L-arginine. The resin was separated by centrifugation (1,500 g for 

10 min) and the supernatant containing the enzyme was assayed for NOS activity. 

For the Ca2+-dependent NOS activity, 50 µl of enzyme extract and 100 µl of reaction 

mixture (pH 7.4, containing 50 mM Tris-HCl buffer, 1 mM NADPH, 10 µM 

tetrahydrobiopterin, 1.5 mM CaCl2, 100 U ml-1 calmodulin and 0.5 µCi [3H]L-arginine (ICN 

Biomedicals; specific activity 39 Ci mmol-1) were incubated together for 30 min at 37 °C. The 

reaction was stopped by the addition of 1 ml of ice-cold HEPES buffer (pH 5.5) containing 2 

mM EGTA and 2 mM EDTA. Measurements were performed with boiled enzyme and with 

the NOS inhibitor N-ω-nitro-L-arginine (3.2 mM) to determine the extent of [3H]L-citrulline 

formation independent of the NOS activity. Ca2+-independent NOS activity (iNOS) was 

measured without Ca-calmodulin and with EGTA (8 mM). 

1 ml of reaction mixture was applied to Dowex cation-exchange resin (AG 50WX8, 

Na+ form) and eluted with 2 ml of distilled water. The eluted [3H]L-citrulline activity was 

measured with a scintillation counter (Tri-Carb Liquid Scintillation Analyzer 

2100TR/2300TR; Packard Instrument Co., Meriden, CT., USA). 

3.5.6. Immunoassay for tissue nitrotyrosine 

Free nitrotyrosine, as a marker of peroxynitrite generation, was measured by enzyme-

linked immunosorbent assay (ELISA; Cayman Chemical; Ann Arbor, MT, USA). Large 

intestinal tissue samples were homogenized and centrifuged at 15,000 g. Supernatants were 

collected and incubated overnight with anti-nitrotyrosine rabbit IgG and nitrotyrosine 

acetylcholinesterase tracer in precoated (mouse anti-rabbit IgG) microplates, followed by 

development with Ellman’s reagent. Nitrotyrosine content was normalized to the protein 

content of the small intestinal homogenate and expressed in ng (mg protein) -1. 

3.6. Experimental protocol, Study I 

In Series 1, 32 animals were randomly allocated into 4 groups. The animals received 

enemas with a total volume of 0.25 ml containing only the solvent (25% ethanol) in the case 
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of group 1 (n = 8), which was the control group. In groups 2-, 3- and 4 (n = 8, each) colitis 

was induced with an enema of TNBS (40 mg kg-1 in solvent). On the following day, the 

animals were anesthetized and surgery was performed to monitor the hemodynamic 

parameters for 6 h, starting 17 h after the enemas. Group 2 served as untreated colitis group, 

while in group 3 the animals were treated iv with 25 mg kg-1 KynA (Sigma Chem, St Louis, 

MO, USA) dissolved in 0.1 M NaOH with the pH adjusted to 7.2-7.4. Group 4 received iv 10 

mg kg-1 of SZR-72 in a 1 ml h-1 infusion for 60 min. SZR-72 (2-(2-N,N-

dimethylaminoethylamine-1-carbonyl)-1H-quinolin-4-one hydrochloride, synthetized by the 

Institute of Pharmaceutical Chemistry, University of Szeged (Patent No. 104448-

1998/Ky/me), was dissolved in 1 ml of saline and the pH was adjusted to 7.2-7.4. The 

infusion of KynA or SZR-72 started 60 min after the end of surgery, 18 h after the 

intracolonal instillation of TNBS or the solvent, and lasted for 60 min (summarized in Figure 

1). 

In the second part of Study I (Series 2), the animals were also allotted to 4 groups  

(n = 8 in each group). The experimental set-up was identical on day 6 in the subacute phase of 

TNBS colitis in this series. Group 5 was the control group, while in groups 6-, 7- and 8 colitis 

was induced. The hemodynamic measurements were started 6 days following the TNBS 

enema. The animals in groups 7 and 8 received KynA or SZR-72, respectively. 

In Series 1, the animals in groups 1-4 were anesthetized 1 day after the TNBS enema; 

in Series 2, the animals of groups 5-8 were anesthetized 6 days after colitis induction. Surgery 

was performed to allow registration of the hemodynamic parameters at 1-h intervals for 6 h 

(CO data were measured only at the end of the experiments). IVM was performed at the end 

of the experiments to visualize the serosal microcirculation 3 cm distal from the cecum. 

Additionally, CLSEM was performed to examine the changes in microvasculature of the 

mucosa of the distal colon. At the end of the experiments, full-thickness tissue samples were 

taken to determine the colonic MPO and NOS activities in Series 1, and the tissue MPO 

activity and plasma NOx level in Series 2 (the protocol is summarized in Figure 1). 



20 
 

 
 

 
 

Figure 1. Experimental protocol of Study I. Time sequence of treatments and measurements 

in Series 1 and 2. 

3.7. Experimental protocol, Study II 

In the first part of the studies, 24 animals were randomly allocated into 3 groups. 

Group 1 (n = 8) served as sham-operated controls; the animals received enemas with the 

solvent for TNBS (25% ethanol in a total volume of 0.25 ml) and were nourished with 

standard laboratory chow. The group 2 animals (n = 8) were kept on a standard laboratory 

diet for 6 days and colitis was then induced with a TNBS enema. In group 3 (n = 8), the 

animals were fed with a special diet (Ssniff Spezialdiäten; Germany) containing 2% PC (1,2-

diacylglycero-3-phosphocholine; R45; Lipoid GmbH, Ludwigshafen, Germany) for 6 days 

prior to the TNBS enema. In these groups, the experiments were started with baseline 

hemodynamic measurements 1 day after TNBS induction (summarized in Figure 2). 

The experimental set-up was identical on day 6 in the subacute phase of TNBS colitis. 
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Group 4 (n = 8) nourished with standard laboratory chow, served as the sham-operated group; 

the enema was performed with the solvent of TNBS. In group 5 (n = 8), colitis was induced 

with the TNBS enema 6 days before the measurements, and these animals were fed with 

standard laboratory chow. In group 6 (n = 8), colitis was induced with the TNBS enema 6 

days before the start of the observations, and the animals were fed with the 2% PC-enriched 

diet for 3 days before and 3 days after the TNBS enema. The hemodynamic measurements 

were started 6 days following the TNBS enema (summarized in Figure 2). 

In Series 1, the animals in groups 1-3 were anesthetized 1 day after the TNBS enema; 

in Series 2, groups 4-6 were anesthetized 6 days after colitis induction. Surgery was 

performed to allow registration of the hemodynamic parameters at 1-h intervals for 6 h (CO 

data were measured only at the end of the experiments). IVM was performed at the end of the 

experiments to visualize the serosal microcirculation 3 cm distal from the cecum. 

Additionally, CLSEM was performed to examine the changes in microvasculature of the 

mucosa of the distal colon, and full-thickness tissue samples and venous blood samples were 

taken to determine the biochemical changes (tissue MPO and XOR activity) in the colon and 

plasma. 
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Figure 2. Experimental protocol of Study II. Time sequence of treatments and measurements 

in Series 1 and 2 of Study II. 

 

3.8. Statistical analysis 

In all studies, data analysis was performed with a statistical software package 

(SigmaStat for Windows; Jandel Scientific, Erkrath, Germany). The distribution of our 

experimental data was analyzed by the Kolmogorov-Smirnov normality test. Failure of the 

normality test indicated nonparametric distribution of the data. Accordingly, we employed 

nonparametric statistical tests. Friedman repeated measures analysis of variance on ranks was 

applied within groups. Time-dependent differences from the baseline for each group were 

assessed by Dunn's method. Differences between groups were analyzed with Kruskal-Wallis 

one-way analysis of variance on ranks, followed by Dunn's method for pairwise multiple 

comparison. In the Figures, median values and 75th and 25th percentiles are given; p values < 

0.05 were considered significant. 
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4. RESULTS 

 

4.1. Study I 

4.1.1. Hemodynamics 

In Series 1, there were no significant changes in the hemodynamic parameters as 

compared with the baseline values in the sham-operated group during the observation period. 

The CO was significantly higher in the colitis groups than in the sham-operated group, while 

the MAP and TPR (total peripheral resistance) were significantly lower in the TNBS-treated 

groups than in the control group (Annex 1, Figures 1-2 and Table 1). 

Treatment with KynA did not influence the colitis-induced changes in MAP, CO and 

TPR as compared with the colitis group (Annex 1, Figures 1 and 2 and Table 1). After SZR-

72 treatment, a significant increase in TPR relative to the colitis group evolved subsequent to 

19 h after colitis induction (Annex 1, Figures 1 and 2 and Table 1). The carotid artery flow 

was measured to estimate the condition of the cerebral perfusion. Neither TNBS-induced 

colitis, nor KynA or SZR-72 treatment influenced the carotid artery flow or HR (Annex 1, 

Table 1). 

In Series 2, the carotid artery flow was significantly higher in the colitis group than in 

the sham-operated group, but there were no significant changes in between-group differences 

in MAP, CO or TPR under the baseline conditions 6 days after the vehicle enema instillation 

or colitis induction, before the start of NMDA receptor antagonist treatment. The increased 

carotid flow was significantly decreased by SZR-72 treatment, but the other 

macrohemodynamic parameters were not influenced by the administration of the NMDA 

receptor inhibitors (Annex 4, Table 1). 

4.1.2. The microcirculation 

The RBCV of the serosa was examined as a quantitative marker of the colonic 

microcirculatory condition. In Series 1, the RBCV was significantly increased in the colitis 

group as compared with the control group. KynA and SZR-72 both significantly decreased the 

colitis-induced elevation in RBCV on day 1. However, the SZR-72 treatment was the more 

effective in decreasing the inflammation-caused RBCV elevation (Figure 4A). 

Six days after the TNBS enema, the RBCV in the colonic subserosa was significantly 

increased in the colitis group as compared with the sham-operated control group. KynA 

administration did not influence this change significantly, while SZR-72 treatment decreased 

the elevated RBCV by the end of the observation period (Figure 4B). 
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Figure 4. A: Changes in RBCV in the control (shaded squares with a thin continuous line), 

colitis (black diamonds with a thick line), SZR-72 (empty circles with a thick line) and KynA-

treated colitis (empty triangles with a thick line) groups. The box indicates the treatment with 

NMDA antagonists. The plots demonstrate the median values and the 25th (lower whisker) 

and 75th (upper whisker) percentiles; * p < 0.05 within groups vs baseline values, x p < 0.05 

between groups vs control group values, # p < 0.05 between NMDA antagonist-treated groups vs 

colitis group, + p < 0.05 KynA-treated group vs SZR-72-treated group values. B: Changes in 

RBVC in the sham-operated control (shaded box), colitis (empty box), KynA-treated colitis 

(striped box) and SZR-72-treated (checked box) groups on day 6 of colitis. The plots 

demonstrate the median (horizontal line in the box) and the 25th and 75th percentiles. x p < 

0.05 between colitis group and control group values, # p < 0.05 between colitis+NMDA 

antagonist-treated group and colitis group values. 

4.1.3. Biochemical data 

4.1.3.1. MPO activity 

The TNBS enema caused tissue leukocyte accumulation both on day 1 and on day 6 of 

colitis, as determined via measurement of the MPO activity.  

The median MPO activity in the control animals at the end of the observation period in 

Series 1 was 740 mU (mg protein)-1. 23 h after colitis induction, the MPO activity was 

increased significantly in the proximal colon relative to the control group. Each of the NMDA 

antagonist treatments resulted in a significant decrease in the MPO activity of the large bowel 
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as compared with the nontreated colitis group (Figure 5A).  

In Series 1, the MPO activity was significantly elevated 6 days after colitis induction 

(M = 854; p25 = 696; p75 = 1156 mU (mg protein)-1 vs the control M = 438; p25 = 363; p75 = 

576 mU (mg protein)-1). KynA administration decreased the MPO activity significantly in the 

large bowel in comparison with the nontreated colitis group (M = 523; p25 = 373; p75 = 638 

mU (mg protein)-1). The SZR-72 treatment also decreased the MPO activity, but less 

effectively (M = 752; p25 = 654; p75 = 824 mU (mg protein)-1) (Figure 5B). 
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Figure 5. Changes in activity of MPO in Series 1 (A) and Series 2 (B) in colonic tissue from 

the control (shaded box), colitis (empty box), KynA-treated colitis (striped box) and SZR-72-

treated (checked box) groups. The plots demonstrate the median (horizontal line in the box) 

and the 25th (lower whisker), and 75th (upper whisker) percentiles. x p < 0.05 between groups 

and control group values, # p < 0.05 between NMDA antagonist-treated groups and colitis group 

values. 

4.1.3.2. NOS activity, tissue NOx levels and tissue nitrotyrosine levels 

NOS activity is responsible for the production of NO, an important regulator of the 

colonic microcirculation. On day 1 of colitis, the TNBS enema resulted in a significant 

increase in the total NOS activity over the value for the control group. Both of the NMDA 

antagonist treatments significantly decreased the colonic NOS activity as compared with the 

nontreated colitis group (Figure 6A). 

In Series 2, NOx and nitrotyrosine levels were measured. On day 6 of colitis, a 

significant elevation was observed in the NOx level in the colonic tissue of the colitis group 

relative to the control group. Both NMDA antagonists decreased the NOx levels to the control 
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level (Figure 6B). 

The interaction of NO with SOX produces peroxynitrite, which causes the nitration of 

proteins and amino acid residues such as tyrosine. Whereas NO has a short half-life, the 

nitrotyrosine epitopes are stable and tend to accumulate in inflammatory surroundings. The 

nitrotyrosine levels were significantly elevated in the colitis group as compared with the 

sham-operated group, and both NMDA antagonists effectively decreased the amount of 

nitrotyrosine in the colonic tissue (Figure 6C). 
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Figure 6. Changes in activity of NOS in Series I 

(A), tissue NOx concentration in Series II (B) 

and tissue nitrotyrosine level in Series II (C) in 

colonic tissue from the sham-operated control 

(shaded box), colitis (empty box), KynA-treated 

colitis (striped box) and SZR-72-treated 

(checked box) groups. The plots demonstrate the 

median (horizontal line in the box) and the 25th 

(lower whisker), and 75th (upper whisker) 

percentiles. x p < 0.05 between groups and sham-

operated group values, # p < 0.05 between NMDA 

antagonist-treated groups and colitis group 

values. 
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4.1.3.3. In vivo detection of microvessel damage 

The colonic microvessels were visualized by FITC-dextran administration and edema 

formation was determined by topical application of acridine orange dye. In the control groups 

on day 1 and day 6 of colitis the network of capillaries exhibited a typical honeycomb pattern 

(M = 0; p25 = 0; p75 = 0.275; Figures 7A and 7E). In both Series, significant vessel damage 

was detected by CLSEM. One day after colitis induction, the capillary network was 

disorganized, the honeycomb pattern had disappeared, and fluorescent dye leakage was 

observed in several areas of the large intestine. A damaged capillary endothelium with edema 

formation was generally observed (M = 4; p25 = 3.25; p75 = 4; Figure 7B). In series 2, TNBS 

enema caused disorganized capillary network and fluorescent dye leakage in the colon (M = 

2; p25 = 1.625; p75 = 2.375; Figure 7F). After treatment with KynA (Figure 7C on day 1; 

Figure 7G on day 6) or SZR-72 (Figure 7D on day 1; Figure 7H on day 6), the level of injury 

did not differ markedly between the groups and the NMDA antagonist treatment did not 

influence the structural changes in the microvasculature of the inflamed colonic mucosa 

significantly in either Series 1 or Series 2. 

 
Figure 7. In vivo histology images of the mucosal surface of the distal rat colon, recorded by 

CLSEM after iv administration of FITC-dextran. A: Normal mucosal vasculature of the distal 

colon. B: One day after the TNBS enema instillation, dye leakage is observed from the vessel 

lumina, and the normal honeycomb pattern of the capillaries has disappeared in the colitis 

group. C: One day after TNBS enema instillation in the KynA-treated colitis group, dye 

leakage is observed from the vessel lumina, and the normal honeycomb pattern of the 

capillaries has disappeared. D: One day after TNBS enema instillation in the SZR-72-treated 
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colitis group, dye leakage is observed from the vessel lumina, and the normal honeycomb 

pattern of the capillaries has disappeared. E: Normal mucosal vasculature of the distal colon 

6 days after instillation of the TNBS solvent F: Six days after the TNBS enema instillation, 

dye leakage is observed from the vessel lumina, and the normal honeycomb pattern of the 

capillaries has disappeared in the colitis group. G: Six days after TNBS enema instillation in 

the KynA-treated colitis group, dye leakage is observed from the vessel lumina, and the 

normal honeycomb pattern of the capillaries has disappeared. H: Six days after TNBS enema 

instillation in the SZR-72-treated colitis group, dye leakage is observed from the vessel 

lumina, and the normal honeycomb pattern of the capillaries has disappeared. 
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4.2. Study II 

4.2.1. Hemodynamics 

There were no significant changes in the hemodynamic parameters as compared with 

the baseline values in the sham-operated groups during the observation periods. In Series 1, 

the MAP values were significantly lower in the colitis group than in the sham-operated group. 

PC feeding normalized this elevation (Annex 3, Figure 2A). CO was significantly higher as 

compared with the sham-operated group and the PC feeding did not influence the colitis-

induced changes in CO as compared with the colitis group (Annex 3, Figure 2B). There were 

no significant changes in the HR values in any of the three groups (data not shown). 

In series 2, there were no significant differences between the groups in the MAP, CO 

or HR changes 6 days after the vehicle enema or colitis induction (Annex 3, Figures 2A, B).  

4.2.2. The microcirculation 

The RBCV in the subserosa of the colon was significantly increased on days 1 and 6 

of colitis as compared with the control groups. PC administration normalized the colitis-

induced elevation in RBCV in Series 1, but did not cause a significant reduction of RBCV, in 

contrast with the colitis group in Series 2 (Figure 8). 
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Figure 8. Changes in RBCV in colonic 

serosa on day 1 in the control (white 

box), colitis (checked white box) and PC-

pretreated colitis (striped white box) 

groups; and on day 6 in the control 

(empty gray box), colitis (checked gray 

box) and PC-pretreated colitis (striped 

gray box) groups. The plots demonstrate 

the median (horizontal line in the box) 

and the 25th (lower whisker) and 75th 

(upper whisker) percentiles. x p < 0.05 

between groups and control group on day 

1, & p < 0.05 between groups and control 
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4.2.3. Biochemical data 

4.2.3.1. XOR activity 

The mucosal XOR is activated during inflammation processes and produces a 

considerable amount of SOX radical. The XOR activity was significantly higher 1 and 6 days 

after colitis induction as compared with the control groups. In both cases, the PC-enriched 

diet effectively decreased the XOR activity in the large bowel in comparison with the 

nontreated controls (Figure 9A). 

4.2.3.2. MPO activity 

The TNBS enema caused tissue leukocyte accumulation in the proximal colon on days 

1 and 6, as determined via the MPO activity. In both cases, PC feeding decreased the MPO 

activity significantly in the large bowel. In Series 2, the MPO activity of the PC-treated group 

was decreased significantly, in contrast with the colitis group on day 6 and also with the PC- 

pretreated group on day 1 (Figure 9B). 
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Figure 9. Changes in XOR activity (A) and MPO activity (B) on day 1 in the control (white 

box), colitis (checked white box) and PC-pretreated colitis (striped white box) groups; and on 

day 6 in the control (empty gray box), colitis (checked gray box) and PC-pretreated colitis 

(striped gray box) groups. The plots demonstrate the median (horizontal line in the box) and 
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pretreated group on day 6. 

4.2.3.3. Tissue NOx levels 

In the groups with colitis, a significant elevation in NOx level was seen in the colonic 

tissue relative to the controls on day 1. In series 2, the elevation of NOx was significantly 

higher in comparison with the control group on day 6. Both PC pretreatment protocols 

decreased the NOx elevation, in contrast with the nontreated colitis group on day 6, but the 

NOx level in the PC-treated group in Series 2 remained significantly higher than that in the 

control group on day 1 (Figure 10). 
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4.2.3.4. In vivo detection of microvessel damage 

The colonic microvessels were visualized by FITC-dextran administration and the 

edema formation was determined by the topical application of acridine orange dye. In the 

control groups, the network of capillaries exhibited a honeycomb pattern (M = 0; p25 = 0; p75 

= 0.275; Figures 11A, D). In Series 1, the confocal microscopic evaluation demonstrated 

significant tissue damage in acute phases of colitis in contrast with the control groups. The 

capillary network was disorganized, the honeycomb pattern had disappeared, and fluorescent 

dye leakage was observed in several areas of the large intestine. A damaged capillary 

endothelium with edema formation was generally observed (M = 4; p25 = 3.25; p75 = 4; 

Figure 11B). PC feeding significantly influenced the structural changes in the 

microvasculature of the inflamed colonic mucosa on day 1 of colitis. The extents of dye 

Figure 10. Changes in tissue NOx level on 

day 1 in the control (white box), colitis 

(checked white box) and PC-pretreated 

colitis (striped white box) groups; and on 

day 6 in the control (empty gray box), 

colitis (checked gray box) and PC-

pretreated colitis (striped gray box) 

groups. The plots demonstrate the median 

(horizontal line in the box) and the 25th 

(lower whisker) and 75th (upper whisker) 

percentiles. x p < 0.05 between groups and 

control group on day 1, & p < 0.05 between 
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leakage and edema formation were diminished (M=1.5; p25=1; p75=2; Figure 11C). 

The tissue damage was also pronounced in the case of subacute colitis in contrast with 

the control groups. Fluorescent dye leakage with edema formation was seen in the capillary 

network 6 days after the TNBS enema (M = 2; p25 = 1.625; p75 = 2.375; Figure 11E). By day 

6, PC pretreatment prevented the structural changes in the microvasculature of the inflamed 

colonic mucosa. The histological results indicated decreases in dye leakage and edema (M = 

0; p25 = 0; p75 = 0.875; Figure 11F). 

 
Figure 11. In vivo histology images of the mucosal surface of the distal rat colon recorded by 

CLSEM after iv administration of FITC-dextran. A: Normal mucosal vasculature. B: 1 day 

after the TNBS enema, dye leakage from the vessel lumina is observed and the honeycomb 

pattern of the capillaries has disappeared. C: Moderate dye leakage is observed from the 

vessel lumina in the PC-pretreated colitis group 1 day after colitis induction. D: Normal 

mucosal vasculature 6 days after enema of TNBS solvent. E: Six days after colitis induction, 

dye leakage is observed from the vessel lumina and the normal pattern of the capillaries has 

disappeared. F: The PC-pretreated group with normal mucosal vasculature 6 days after 

colitis induction. 
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5. DISCUSSION 

 

Mapping of a local microcirculatory dysfunction within the inflamed tissues could be a 

critical factor to determine the therapeutic approaches in the different inflammatory processes. 

Therapeutic agents, which improve the function of the microcirculation might be of 

substantial therapeutic benefit in medical practice. The results of our studies demonstrated 

significant microcirculatory changes during the acute and subacute phases of TNBS-induced 

experimental colitis. The therapeutic efficacies of the NMDA receptor antagonist treatments, 

and pretreatment with oral PC were also evident in our models. 

5.1. Evidence of circulatory changes in TNBS-induced colitis 

The onset of TNBS-induced colonic inflammation shares many similarities with 

fulminant episodes of human IBD. This experimental IBD model is characterized by a weight 

loss (Morris et al. 1989) and visceral hyperalgesia (Zhou et al. 2008), and is in line with 

increased plasma levels of the proinflammatory cytokines TNF-α and IL-6 (Hove et al. 2001). 

During the phase of colitis evolution, the barrier function of the mucosal epithelium is rapidly 

lost (Appleyard et al. 2002; Krimsky et al. 2003), leading to bacterial translocation and a 

characteristic hyperdynamic cardiovascular response. The high CO process is regarded as a 

compensatory change through which the organism strives to accommodate to the emerging 

septic metabolic changes (Bone 1991). 

During IBD, the intramural colonic microcirculation exhibits signs of a microvascular 

dysfunction, heterogeneous flow with hyperemia (Hatoum et al. 2003), vasodilation and 

venous congestion (Laroux & Grisham 2001). In parallel with these developed macro- and 

microcirculatory changes, colonic leukocyte recruitment and extravasation have been 

demonstrated, with significant elevations of NOS activities (Kiss et al. 1997; Yue et al. 2001). 

The elevated NO production induces vasodilatation and thereby increases the capillary blood 

flow in the colonic serosa (Kruschewski et al. 2001; Varga et al. 2010). The increased 

leukocyte activation and enhancement of the PMN-endothelial cell interactions are common 

denominators of these processes (Kruschewski et al. 2006). 

In our studies, intracolonic TNBS administration induced manifest colitis with a 

hyperdynamic macrocirculatory reaction, as evidenced by decreased MAP and TPR and 

elevated CO levels. In the TNBS-treated animals, an increased serosal RBCV was observed in 

the acute phase. The serosal hyperemia was accompanied by a significant increase in colonic 

NOS activation. Moreover, an elevation of the MPO activity indicated that the PMNs are still 
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anchored in the inflamed proximal colon tissue. The subacute phase of colitis is characterized 

by normal systemic hemodynamics, and moderate serosal hyperemia. The marked leukocyte 

infiltration in the intestinal tissue was accompanied by biochemical signs of oxidative and 

nitrosative stress. 

The results of in vivo CLESM analyses revealed a complete disruption of the capillary 

network and extended dye leakage. These microcirculatory changes were observed in the 

acute and subacute phases of TNBS-induced experimental colitis. 

5.1.1. Significance of NMDA receptor antagonist therapy in circulatory changes 

It has been established that the NMDA receptors play a role in the modulation of the 

GI function (Liu et al. 1997; Giaroni et al. 2003). More importantly, other in vivo data have 

shown that the expression of the NMDA receptors increases in peripheral inflammatory 

reactions (Tan et al. 2008) and the receptor upregulation is present on the neurons of the 

myenteric plexus in TNBS-induced colitis too (Zhou et al. 2006). 

Treatment with the NMDA receptor antagonist KynA did not significantly influence 

the overall hemodynamics, but the analog SZR-72 caused a moderate TPR elevation. The 

difference between the systemic circulatory effects of the examined NMDA antagonists may 

be linked to the divergent permeabilities of SZR-72 and KynA through the blood-brain 

barrier. This assumption is supported by the observation that the microinjection of L-

glutamate and NMDA into the nucleus tractus solitarius produced a dose-dependent decrease 

in blood pressure, mesenteric blood flow and iliac vascular resistance. However, previous 

administration of the NMDA receptor antagonist MK-801 into the same CNS area 

significantly attenuated this NMDA-induced depressor effect (Tian & Hartle 1994). Unlike 

KynA (Vécsei et al. 1992; Bari et al. 2006), SZR-72 readily crosses the blood-brain barrier 

(Knyihar-Csillik et al. 2008) and in this way peripheral hemodynamic reactions may be 

modulated by CNS effects. 

In the acute phase of Study I, the NMDA antagonists reduced the elevated RBCV to 

normal levels. A further important feature of NMDA receptor antagonist treatment modalities 

was the parallel influence on the microcirculation, determining distinct elements of the 

inflammatory response, including the inhibition of local NO synthesis and leukocyte 

recruitment. The matching effects on the microcirculatory and biochemical responses may be 

indicative of a connection between the action on local NMDA receptors and the NOS 

systems. The various NOS isoforms are activated by diverse mechanisms and stimuli, but 

there is a time-related difference in the activation of the Ca2+-dependent constitutive NOS and 
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Ca2+-independent iNOS isoforms during this inflammatory process. Both iNOS and eNOS are 

upregulated in TNBS colitis and reach peak activity after 24 h, subsiding during the ensuing 2 

weeks (Petersson et al. 2007). The constitutive NOS variants (eNOS or nNOS) permit rapid 

NO release, but the bulk of the NO is synthesized by the nNOS in the submucous and 

myenteric plexus of the intestinal wall (Qu et al. 1999). iNOS activation is considered a 

hallmark of inflammation, but it seems that iNOS is not required for the full development of 

chronic colitis. In iNOS-deficient mice, increases in both macroscopic and microscopic 

damage have been noted, similarly as in the wild type (McCafferty et al. 1999), and iNOS 

inhibitor treatment does not alter the high rate of perfusion in the colonic microcirculation 

(Petersson et al. 2007). Moreover, it has been demonstrated that the calcium/calmodulin-

dependent process (through activation of protein kinase II) significantly inhibits iNOS-

specific activity following cytokine induction (Jones et al. 2007). Thus, it is reasonable to 

suggest that the activation of myenteric NMDA receptors is followed by a massive Ca2+ 

influx through the NMDA receptor-ion complex, which stimulates Ca2+-dependent NO 

synthesis (Liu et al. 1997; Furness 2000). The NMDA receptor channel ensures a direct route 

for Ca2+ to the constitutive NOS isoform and XOR, so that the excessive accumulation of 

glutamate with subsequent activation of the ligand-gated, ion channel NMDA glutamate 

receptors can lead to stimulation of both constitutive NOS and XOR activities (Furness 2000; 

Kirchgessner 2001). Accordingly, NMDA receptor inhibition, directly or indirectly linked to 

NO synthesis reduction, might offer a pathway toward the therapy of intestinal inflammation. 

In the subacute phase of Study I, TNBS-induced experimental colitis was associated 

with significantly increased tissue NOx levels and tissue nitrotyrosine formation. The 

pathogenic role of NO-derived species such as peroxynitrite in IBDs is supported by the fact 

that the intracolonic administration of exogenous peroxynitrite induces severe inflammation, 

which mimics the features of human ulcerative colitis. Nitrotyrosine has been identified as a 

marker of cellular damage caused by NO, and it is a specific marker of peroxynitrite. 

Peroxynitrite produced by the reaction of NO with SOX is highly cytotoxic and is able to 

induce structural damage (Ko et al. 2005; Linden et al. 2005). ROS produced in the inflamed 

mucosa are mainly generated by activated phagocytic leukocytes via NADPH oxidase and the 

XOR system. The colonic XOR activity was significantly elevated 6 days after TNBS 

induction, although the level was somewhat lower than in the early phase of colitis (Varga et 

al. 2010). Nevertheless, our results clearly indicated the role of nitrosative stress and the 

effectiveness of KynA and SZR-72 treatment in decreasing nitrotyrosine formation to the 

control level. 
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The second microcirculation-determining factor is the increased leukocyte activation 

and enhancement of the PMN-endothelial cell interactions in the pathomechanism of IBD. A 

recent study (Welters et al. 2010) disclosed the relationship between NMDA receptor 

activation and leukocytic cell lines. It has further been demonstrated that NMDA receptors are 

expressed not only by neurons, but also by a number of non-neuronal cell types, including 

endothelial cells and immune-competent cells, and this points to the action of a common 

regulatory mechanism (Boldyrev et al. 2004; Hinoi et al. 2004; Miglio et al. 2005; Reijerkerk 

et al. 2010). Indeed, it has been established that the population of inactive lymphocytes 

contains only a few cells with NMDA receptors, and expression is induced after appropriate 

stimuli (Mashkina et al. 2010). Moreover, it has been reported that NMDA receptor 

expression and a normal function are required for activation of the respiratory burst of PMNs 

(Kim-Park et al. 1997). Our results clearly indicated the effectiveness of the examined 

NMDA receptor antagonist treatments in decreasing leukocyte activation in TNBS-induced 

experimental colitis. 

In fact, the relationship between NMDA receptors and peripheral inflammatory 

responses has not been completely mapped, but given the role played by NMDA receptor/ 

leukocyte recruitment signalling during the development and progression of TNBS-induced 

colitis, direct or indirect reduction of the leukocyte activation may be an appropriate strategy 

for the simultaneous treatment of the inflammatory changes and intestinal malfunction.  

These data additionally indicated that treatment with endogenous or synthetic NMDA 

receptor antagonists commencing 1 day or 6 days after colitis induction reduces the signs of 

oxidative and nitrosative stress together with the leukocyte activation and effectively 

modulates the microcirculatory changes of the process. On the other hand, the single use of 

NMDA antagonists did not alter the morphological changes in the microvessels and was 

unable to decrease the small vessel permeability. 

5.1.2. Significance of PC therapy in circulatory changes 

In Study II, we examined the potentially preventive dietary effects of a PC regimen on 

the microcirculatory and inflammatory changes in the acute and subacute phases of TNBS-

induced colitis. The results demonstrated that a PC-enriched diet reduced the signs of colitis-

induced local inflammatory activation as regards the components of nitrosative stress and 

leukocyte activation, thereby normalizing the colonic mucosal and serosal microcirculation. 

Our data from Study II support the results of previous studies that provide evidence of 

the beneficial effects of PC supplementation in almost every segment of the GI tract 
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(Lichtenberger 1995; Erős et al. 2006; Stremmel et al. 2010). In the colon, the protective 

effects of phospholipids were first outlined after intraluminal application in acetic acid-

induced murine colitis (Fabia et al. 1992). Polyunsaturated PC mixtures were successfully 

used in TNBS-provoked colitis (Tatsumi & Lichtenberger 1996) and in a double-blind, 

randomized, placebo-controlled human study, chronic active IBD patients were treated for 3 

months with delayed-release PC without concomitant steroid treatment. 90% of the PC-

treated patients reached clinical remission or showed a 50% improvement of their clinical 

activity (Stremmel et al. 2005). 

The in vivo monitoring of the microcirculation demonstrates that PC-enriched diets 

reduced the colitis-induced serosal hyperemia and the fluorescent dye leakage from the 

mucosal capillary network of the colon. These beneficial effects on the microvessel structure 

and microhemodynamic and biochemical changes were evident both 1 day and also 6 days 

after the inflammatory challenge. 

The serosal microcirculatory hyperemia could be a consequence of the altered 

synthesis of endothelium-derived mediators, including NO (Hatoum et al. 2003), and iNOS-

dependent processes. iNOS-derived NO has been implicated in several aspects of the 

inflammatory cascade in experimental or clinical colitis. We earlier reported that PC 

treatment inhibited the expression and activity of iNOS isoenzyme in vivo (Erős et al. 2009) 

and decreased GI tissue NOx levels in endotoxemic rats (Tőkés et al. 2011), and in the present 

study PC supplementation significantly decreased the stable end-product of NO in the colon 

tissue in both phases of colitis. 

Moreover, it has been demonstrated that preoperative dietary PC supplementation can 

indeed either directly or indirectly reduce the ROS-producing activity of the intestinal tissue 

(Ghyczy et al. 2003; Ghyczy et al. 2008). Our results show that PC treatment decreased the 

XOR activity in both examined phases of TNBS-induced experimental colitis. Elevated levels 

of XOR activity and PMN accumulation are characteristic of GI inflammation, and the 

inhibition of PMN leukocyte activation and reduction of the tissue concentrations of PMN- or 

XOR-derived radicals, therefore results in less tissue damage. NO combined with XOR-

derived SOX radicals form peroxynitrite, a molecule that is highly damaging to a variety of 

cells (Beckman et al. 1990). 

Another explanation is provided if orally administered PC serves as a slow-release 

blood choline source and the choline component of PC is able to influence the inflammatory 

process through the cholinergic anti-inflammatory pathway (Tracey et al. 2007), including 

interference with the activation of PMNs. Nevertheless, the mediators formed during the 
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hydrolysis of PC (e.g. betaine and dimethylglycine) may also influence cell-cell interactions 

in a favorable manner (Ghyczy et al. 2003). It was recently found that the multistep 

extravasation cascade of leukocytes (rolling, adhesion and transmigration) was reduced by PC 

in the post-ischemic periosteum (Gera et al. 2007). Our present results reveal that PC 

treatment also decreases colitis-induced tissue granulocyte accumulation. An elevated PMN 

accumulation is characteristic of GI inflammation, and the inhibition of PMN leukocyte 

activation may result in less tissue damage. In this line, PC metabolites with an alcoholic 

moiety in the molecule inhibit the ROS-producing activity of PMNs (Ghyczy et al. 2003; 

Ghyczy et al. 2008). PC is readily taken up by phagocytic cells and, accordingly, it may 

accumulate in inflamed tissues (Miranda et al. 2008). Other in vitro data have shown that 

dipalmitoyl-PC modulates the inflammatory functions of monocytic cells (Tonks et al. 2001) 

and that a mixture of PC and phosphatidylglycerol inhibits the respiratory burst and SOX 

generation of human PMNs (Chao et al. 1995).  

The recent development of a fiberoptic confocal endomicroscope allows potential 

applications for the noninvasive monitoring of dynamic processes in vivo (McLaren et al. 

2002) and offers a possibility for acquiring more precise in vivo data for histological analysis. 

Cellular and subcellular structures of the colonic epithelium (surface epithelium and crypts), 

the connective tissue and vasculature could be examined by intravital CLSEM. The CLSEM 

revealed complete disruption of the capillary network in the early phase, and distortion of the 

capillary network in the subacute phase of colitis. The in vivo and real-time histology data 

revealed the time-dependent differences in injury of the microvasculature and regeneration of 

the damaged vessels. PC therapy was successful in decreasing the morphologic damage of the 

microvessels and thereby decreased the vascular permeability. 

In conclusion, we have demonstrated that PC feeding effectively modulates the 

inflammatory processes and normalizes the changes in the microcirculation 1 day and 6 days 

after colitis induction. A direct beneficial effect of dietary PC supplementation may be the 

prevention of the injury of the microvessel structure, and the resulting prevention of the 

elevation of the vascular permeability. 
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6. SUMMARY OF NEW FINDINGS 

 

1. The results showed that intravital microcirculatory evaluations with OPS can be used 

for visualization and quantitative assessment of the microcirculation at the bedside in 

inflammatory conditions of the GI tract. Similarly, CLSEM can be used to determine 

the functional and morphological changes of the microvessels and to investigate the 

microvascular permeability in real time. These intravital imaging techniques may 

replace the conventional histological methods, because high-resolution histological 

images could be taken without physical disruption of the observed tissues. 

2. Our findings indicate that both microcirculatory examination techniques can be 

effectively used to monitor the microvascular function. However, it is important to 

note that neither of them can be replaced by the other; rather, they have a 

complementary role in microcirculatory examinations.  

3. We have successfully set up a new scoring system for the evaluation of microvessel 

injury in the records taken by CLSEM. We have demonstrated for the first time that 

this scoring system can be used in in vivo histological investigations of inflammatory 

conditions of the GI tract. 

4. Blockade of the enteric NMDA receptors provides a therapeutic possibility by 

targeting the local inflammatory changes and microcirculatory injury in the early and 

later phases of acute colitis. Although single treatments with the NMDA receptor 

antagonist KynA or SZR-72 were not capable of influencing the microvascular 

damage in TNBS colitis, both NMDA receptor antagonists have the potential to 

normalize the elevated serosal RBCV. These effects are associated with decreasing 

PMN leukocyte accumulation and NO production in the proximal colon 1 and 6 days 

after TNBS administration. 

5. PC pretreatment proved to be effective in preventing the deterioration of the 

microcirculation and injuries of the microvessels in the intestinal wall in both phases 

of experimental TNBS colitis. The drug administration decreased the elevated PMN 

leukocyte accumulation, the XOR activity and NO production in the proximal colon 1 

and 6 days after TNBS administration. 
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