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Preface

THE acute inflammatory reaction is a phenomenon that can be investigated from many points of view: by anatomists, biochemists, physiologists, immunologists, pathologists, pharmacologists and clinicians. Therefore, in planning a Monograph on such a subject one has to be selective in treatment and the choice of approach depends on the author’s involvement in one or more of those sectors of medical investigation. However, if a pharmacological approach is adopted many of the physiological, biochemical and pathological aspects of this complicated process will require to be integrated to give an acceptable working hypothesis. We have traced the history of investigation into the acute inflammatory reaction from the early observations in invertebrates through to the experiments of therapeutic significance for humans. It is not uncommon to benefit in clinical terms from pathological observations and the results of fundamental experimental work long before the complete elucidation of the biological mechanisms is achieved—the acute inflammatory reaction is no exception.

Though brief, the review of common techniques is sufficient to guide the reader to the old literature of the subject. A thorough review of biochemical techniques which can be easily found in the specialized literature if required could not be accommodated in a Monograph of this size.

Emphasis is given to those mediators that are accepted as being commonly involved in the inflammatory reaction: histamine, kinins, serotonin, prostaglandins and permeability factors. Omission of many factors that on occasion have been implicated in the fundamental mechanism of the inflammatory reaction, is again an inevitable consequence of the limitations imposed on available space. However, some are omitted out of ignorance, since the so-called “literature explosion” scatters enough paper to hide many interesting facts held in the immense literature on the subject. To those who consider the failure to make reference to their work as reprehensible in a Monograph on the Acute Inflammatory Reaction, we offer our sincere apologies.

We are deeply indebted to a number of publishing houses for allowing us to reproduce illustrations in the present Monograph. To Miss Nayde de Faria, Célia dos Santos, Solange Jorge for preparing the typescript and to our technician, Helgio Werneck, and the Photography Section for the drawing and reproductions of the pictures, our thanks for their efforts and cooperation. The continuous stimulus from our colleagues in the Department of Pharmacology of the Faculty of Medicine of Ribeirão Prêto, University of São Paulo, to discuss the problems presented in this Monograph has been of inestimable benefit.

We are also greatly indebted to the Editors of the division Modern Trends in the Physiological Sciences for the substantial improvement of the manuscript through critical reading and suggestions.
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CHAPTER 1

Natural History of the Inflammatory Reaction


Publisher Summary

This chapter describes the morphological aspects of an acute inflammatory reaction. Metchnikoff’s theory suggests that inflammation is essentially a process of digestion of the noxious agent after being ingested by the protoplasm of the phagocytes, the microphages, and the macrophages. A true network of macrophage cells extends all over the body as a defensive system—the Reticulo Endothelial System (RES)—whose function would be to engulf and to remove from the circulating blood or interstitial spaces any kind of foreign or noxious agent, including bacteria, protozoa or decayed cells. Besides playing a role in a real inflammatory reaction, the system plays a physiological part in involution processes, such as removal of vestigia of embryonic organs, involution of the uterus in Puerperium, removal of old erythrocytes by spleen, in the metamorphosis of amphibia, in graft against host reactions. This sort of teleological description is disapproved by many who believe that biological phenomena as they appear are the result of the interplay of blind forces of adaptation and that far from a perfect development toward a final mechanism. Moreover, if all events in an inflammatory reaction are perfectly balanced for the defense of the organism against the aggressor, then any attempt to find anti-inflammatory drugs would be unnecessary. It is not a good indication that some of the so-called defense mechanisms overplay their role in becoming more harmful than helpful.



EVERY biological phenomenon has its phylogenesis. It was great credit to Metchnikoff (1892) to trace back to Parameciae, Spondilidae, Crustaceae and other Phyla of the Animal Kingdom some of the typical defense reactions observed in the mammalian body. In so doing, a general description of the inflammatory process, such as given by Celsus (first century B.C.)of “rubor et tumor, cum calore et dolore”, or any of the more elaborate definitions given by modern pathologists dealing mainly with mammalian bodies, became inadequate, since protozoa exhibit only a capacity for engulfing the aggressor and digesting it in their intracellular vacuoli; the sponges mobilize an army of wandering cells which migrate to the site where the aggression has been perpetrated, without participation of a vascular system; while the poikilothermic animal species up to Batrachiae and Reptilia have no capacity for raising the temperature of the inflamed tissue through increased blood flow, and so forth.

It is true that the name inflammation (Greek, phlogosis) meaning inflamed area, from the Latin flamma = fire, could only have its full meaning in the complicated process occurring in the mammalian and avian body with increased blood flow and dilation of small vessels (rubor), increased vascular permeability (tumor) leading to rise in local temperature (calor), passage of cells from circulating blood, and local pain (dolor). Notwithstanding this the inflammatory reaction shows a few fundamental features that are of phylogenetic significance. The situation here, as regards nomenclature, is similar to many others encountered in modern physiology or biochemistry. So the names ferment given to enzymes in general, and fermentation to the related process occurring in homogenates from mammalian muscles, suggest a similarity with principles or processes observed in yeast cells or homogenates of bacteria, in spite of some significant differences which have been introduced through a long evolutionary process.

If one wished to draw a picture symbolic of the elementary processes of inflammation, nothing would be more suitable than the process of digestion in a fresh-water Rhizopode—the Lieberkühnia—provided with a rigid ovoid membrane, with a permanent small hole at one of its poles, through which a delicate system of long pseudopodic filaments emerge as antennae to select and collect the prey (Fig. 1). If a small infusorium becomes attached to one of these tentacles it is engulfed by a stream of protoplasm, loses its morphological characteristics and slowly disappears by a process of digestion during which its substance is incorporated into the protoplasma of the Rhizopode (Verworn, 1900).


[image: image]

FIG. 1 Lieberkiihnia, fresh-water rhizopode with long pseudopodes. In the detail below, an infusorium (Colpidium colpoda) is being englobed and digested by a pseudopode of the rhizopode. (According to Verworn, 1900.)




I Earliest Theories on the Mechanism of Inflammation


Role of Phagocytes

According to Metchnikoff (1892) the primum movens of the inflammatory reaction is a digestive action of the protoplasm toward the noxious agent. In the case of the protozoa, this action is exerted by the whole organism itself which can attack, ingest and digest the aggressor or avoid it by limited movements of flight. But from the sponges up to the highest forms of metazoal organization, such an action is transferred to cells of the mesoderm. The phagocytic cells are endowed with ameboid movements which enable them to approach, encircle and digest the noxious agent. This encounter will end either with the destruction of the phagocytic element or with removal of the noxious agent if the organism prevails. This phagocytic reaction, being slow in the lowest forms of metazoa because of its dependence upon ameboid movement, is accelerated in the vascularized organisms, in which the cells can travel quickly through the blood stream to the places where their action is urgently needed. As the phagocytic elements become confined to closed vessels a new function appears, namely the diapedesis across the vessel walls (Metchnikoff, 1892).

To support this interesting point of view, Metchnikoff studied a great variety of defensive mechanisms from Protozoa up to the most complicated mammalian organism, including in his studies many natural infections of simple organisms such as Daphniae invaded by a fungus Monospora bicuspidata. After crossing the intestinal wall of the Daphniae, the spores of the infecting fungus become enveloped by leucocytes and suffer a process of degeneration resulting from a typical digestive process. If a great number of such spores go across the intestinal wall of the crustacea, a true clump of leucocytes engulfing several infecting bodies will form in the interstitial spaces of the body of the host (Fig. 2).


[image: image]

FIG. 2 A. The posterior region of a Daphnia showing spores of monospora, being englobed by clumps of leucocytes. B. Spores of Monospora bicuspidata being ingested by leucocytes of a Daphnia. (According to Metchnikofif, 1892.)



A long series of observations throughout the animal kingdom led Metchnikoff to define a new branch of general zoology to which he gave the name of “Comparative Pathology”. This concept, according to Metchnikoff, should be understood as different from the current concept of comparative pathology held by veterinarians. “The true Comparative Pathology must encompass the whole animal kingdom to be studied from a general biological standpoint” (Metchnikoff, 1892). See also Bisset (1947) and Papermaster et al. (1964).




Role of Vascular Walls

It is customary to present Metchnikoff’s views on the mechanism of inflammation as opposed to those of his contemporary Cohnheim (1873–7) who defined the inflammatory reaction mainly in terms of a vascular lesion. Under the influence of the noxious agent acting inside of the vessels, their walls would lose the capacity of retaining the blood elements (not only soluble materials, but also blood cells) which would passively travel across pre-formed stomata present in the vascular walls: “I consider unquestionable that the cause of the inflammation resides in the vessels themselves; everything occurring outside the vessels giving the impression of secondary alterations without great significance for explaining the whole phenomenon” (Cohnheim, 1873a). Cohnheim’s conception of the importance of the vascular system in explaining the course of an acute inflammatory reaction was supported by the interesting description by Arnold (1875) of the phenomenon of diapedesis and the presence of preferential loci in the vascular membrane, through which particulate matter and leucocytes can pass. Figure 3 gives a striking picture of preformed loci(stomata) present in the wall of a small vessel, according to Arnold (1876).


[image: image]

FIG. 3 Passage of leucocytes across the walls of a small vessel. Note they migrate through preformed stigmata in the intercellular spaces. (According to Arnold, 1876.)






Role of Connective Cells

A third view put forward about the same epoch was the conception by Virchow (1871), the father of Cellular Pathology, that inflammation consisted mainly of a degenerative change of the connective cells due to an abnormally high demand for nutrients which should be carried by the blood stream to the inflamed area. As a consequence, the improperly nourished tissue would undergo a diffuse protoplasmic (parenchymatous) degeneration, with swelling of the cells (cloudy swelling) and increased afflux of blood. According to Virchow, the inflammatory reaction would be another example of cell degeneration, such as that resulting from an excessive deposit of fat (fat degeneration); or of the material, named by Virchow himself, amyloid substance (amyloid degenerescence); or of excessive calcification of the cells as occurs in the vascular walls. All these phenomena, and the hyaline or parenchymatous degeneration seen in connective tissue, would result from an imbalance in the metabolism of the cells leading to an excessive production of material which cannot be disposed of. This would end with the destruction of the cellular organization or with a process of healing achieved by the capacity of the afflux of circulating blood for removal of abnormal metabolic products.




Inflammation as a Pattern Reaction

Such views, though incomplete or imperfect in the light of modern concepts, had the merit of stimulating the experimental analysis of the phenomenon, by discriminating between the separate events which occur in any inflamed area: namely, the changes in the vascular walls induced by the noxious agent acting primarily upon the connective tissue, enhanced filtration of blood constituents and migration of leucocytes induced by release of intermediates generated by metabolic alterations of cells. Considering the enormous mass of evidence that had accumulated around these theories, one could say that by the turn of the century a fairly clear picture of the inflammatory process was available to physiologists and pathologists.

But what seems most significant in all of these earlier theories of inflammation was its characteristic “pattern reaction”, dependent more upon the species or the individual than upon the nature of the damaging agent. It was from such a stereotyped pattern that the idea of the inflammatory reaction being mediated by endogenously mobilized active materials arose. These could fairly be named “Chemical Mediators of Inflammation”. It is obvious that the exact nature of such mediators could not even have been suspected by the earliest investigators in the field, since only in recent times have most of them been defined by biochemists or pharmacologists. The pioneers in the field had to be content with metabolites known at their times, such as lactic acid, carbon dioxide, urea, poisonous amines, amino acids, proteins, peptones, and so forth, but one would be committing an act of injustice not to stress the fact that the pattern offered by the three main theories presented above enabled subsequent workers in the field to complete the present day picture of the inflammatory process.






II Development of the Evidence

A complete review of the evolution of ideas along the main lines sketched above would not fit into the limited space of this chapter. Our aim will be to try and derive a working description of the morphological basis of the inflammatory reaction preparatory to a biochemical and pharmacological approach. It will be necessary to mention a few milestones in the evolution of our concepts: for example, the introduction of the modern view on the role played by blood elements, the endothelial cells and the mobile cells of the connective tissue, in the complicated process of restoring the physiological equilibrium following its disruption by the noxious agent. But again, the best introduction is to follow the ideas which emerged from the three main theories, outlined above, proposed in the last three decades of the nineteenth century by Cohnheim, Virchow and Metchnikoff.


Cohnheim’s Theory

Though in the following years workers in the field tended to favor one or the other, it is now obvious that Cohnheim’s theory should be considered too narrow a conception, since phylogenetically the process of inflammation developed much earlier than the vascular system. In spite of that and as far as vertebrates and especially mammalian species are concerned, the previous idea put forward by Cohnheim and his contemporary Arnold, of the existence of permanent and preformed stomata in the wall of small vessels, has been confirmed by pictures obtained with the light and electron microscope (Cotran and Majno, 1964; Majno and Palade, 1961) as shown later in this chapter. The role played by the interendothelial spaces in the development of an inflammatory reaction is becoming more and more important since the work by Chambers and Zweifach (1940) stressed the significance of the interendothelial cement in vascular permeability (Zweifach, 1955, 1962). Figure 4 shows a blood element going through a stoma in the interendothelial space of a small vessel according to an original drawing by Metchnikoff (1892), and Fig. 5 is an electron micrograph of a blood element (probably platelet) forcing its way through a gap in the vascular membrane (Majno and Palade, 1961).
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FIG. 4 Diapedesis of a leucocyte across the wall of a small blood vessel. (According to Metchnikoff, 1892.)
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FIG. 5 Electron micrograph of the diapedesis of a blood element (possibly platelet) through a gap in the capillary wall after local injection of serotonin and intravenous injection of HgS. The vascular wall is thickened by a large accumulation of the injected particles, × 39,000 enlargement. (According to Majno and Palade, 1961.)






Virchow’s Theory

Virchow’s conception, though undoubtedly true, was too general to allow any serious direct approach to the problem. Any evidence of degenerative phenomena in the cells playing a role in the mechanism of inflammation had to wait until the introduction of very fine biochemical procedures for detecting the enzymic activity resulting from the breakdown of the internal organization of cells submitted to changes which are characteristic of the inflammatory reaction. Thus the interesting work of De Duve and Berthet (1953) and De Duve et al. (1963) showed the disintegration of granulae—the lysosomes—the permanent receptacles of hydrolytic enzymes the release of which under an “activation process” (hypotonic saccharose medium, 37°C at pH 5.0) might be concerned with the intimate mechanism of any inflammatory reaction. Again the “droplets” of Straus (1957) in the cells of the rat kidney and “phagosomes” in polymorphonuclear leucocytes (Cohn and Hirsch, 1960a, b) would fall in the same category. Several enzymes: cytochrome oxidase, aminopeptidase, succinic dehydrogenase, acid phosphatase, esterase and alkaline phosphatase have been detected by histochemical methods in mononuclear and polymorphonuclear cells of the peritoneal cavity of the rabbit and in macrophages of the pulmonary alveoli in the same species (Dannenberg et al., 1963). Increases in alkaline phosphatase and glycogen were observed to parallel cell motility and stickiness as well as phagocytic ability. Such a condition of activation of intracellular enzymes in polymorphonuclear leucocytes was named “leukergy” by Fleck and Murczynska (1949). For reviews on the subject see Heller (1960), Halpern (1957), Dannenberg et al. (1963) and Spitznagel (1969). By applying electron microscopy to liver cells submitted to damage or simple anoxia, a progressive disintegration of the intracellular mitochondrial system responsible for cell respiration can be observed (Fonnesu, 1960). Recent work done on liver cells tends to favor the idea that before the mitochondrial system becomes affected by certain poisoning agents (carbon tetrachloride) the endoplasmic reticulum and the synthesis of proteins is already affected (Smuckler et al., 1962). This impairment of protein synthesis might lead to more severe lesions, such as mitochondrial alterations, fatty deposition and necrosis (Rees, 1962–3). Subsequently, levels of intracellular enzymes begin to rise in blood, in particular isocitric, malic and glutamic dehydrogenases. These changes would reflect an increase in permeability of the cell membrane to proteins, for glutamic dehydrogenase is a mitochondrial enzyme, and its loss is interpreted as being a sign of mitochondrial damage. For details see Judah et al. (1964). Figure 6 illustrates such sub-cellular levels of tissue damage. Figure 7 gives a scheme by De Duve et al. (1963) showing the consequences of rupture of lysosomes and the release of hydrolytic enzymes, among which proteolytic enzymes (cathepsins) might play an important role.


[image: image]

FIG. 6 Morphological changes induced in the rat liver by treatment with carbon tetrachloride. A. Liver cell of a control rat fasted overnight: rer, endoplasmic reticulum; G, Golgi apparatus; m, mitochondria; N, portion of the nucleus. Electron micrograph × 24,000. B. Liver cell of a rat 3 hours after treatment with carbon tetrachloride: widely dilated cisternae of the rough endoplasmic reticulum separated by thin rims of endoplasmic matrix with scattered ribonuclein particles. The mitochondria retain their morpholpgic integriity. × 23,000. (According to Smuckler et. al., 1962.)
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FIG. 7 Main properties of rat liver lysosomes, as revealed by their behavior in vitro. (According to De Duve et al., 1963.)






Metchnikoff’s Theory

No earlier theory stimulated as much interest as the fascinating conception of Metchnikoff, that inflammation is essentially a process of digestion of the noxious agent after being ingested by the protoplasm of the phagocytes, the microphages (granulocytes) and the macrophages (monocytes and endothelial cells). The interest in such a view was so widespread that there has been in some schools of pathology the tendency to completely disregard the other components of the reaction and assume that the inflammatory process constitutes solely a battle between phagocytes and the agent of aggression with victory for the former resulting in recovery or for the latter resulting in complete damage to the suffering tissue or organ.






III The Phagocytic System and Antibody Production


Phagocytosis

One of the reasons for its assumed importance was the result of visualizing the elements participating in the phagocytic function by the use of vital stains or particulate matter. Colloidal suspensions of metals or dyes, carbon particles as in India ink, oil droplets or finely divided granules of the most varied origins were employed. Simple color reagents, such as vital stains, by their ability to enter the cell and remain inside vacuoli, were utilized to pinpoint morphological structures suspected of being concerned with the phagocytic function. Similarly, dyes which have the property of being adsorbed to protein molecules (trypan red and trypan blue, Evans blue, Geigy blue, etc.), together constituting detectable micellae for engulfment by the phagocytes were widely used by workers in the field. To this long list of materials, modern industry provided many synthetic or natural polymers of large molecular weight that could easily be spotted in the interior of the phagocytic cells. Table 1 gives a list of materials which can be utilized in experiments with phagocytosis.


TABLE 1

COLLOIDAL SUSPENSIONS OF PARTICLES SUITABLE FOR OBSERVING PHAGOCYTOSIS BY THE RES
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Note: In all perfusion experiments: 4% horse serum + saline (Jancsó, 1955).

Polysaccharides:

Inulin (M.W. 5000)

Heparin (M.W. 17,000)

Dextran sulfate (M.W. 7000 to 30,000)

Carrageen (from Chondrus crispus)

Arabic gum (M.W. 30,000)

Polyanethol sulfonate (Liquoid)

Pectin (M.W. 45,000)

Acid dyes:

Trypan blue

Evans blue

Trypan red

Germanin

Polymers:

Polyvinylpirrolidone (M.W. 50,000)

Polystyrene (1.17 μ diam.)

Inorganic materials:

Thorotrast (thorium oxide)

Quartz (2.44 to 4.63 μ diam.)

Carbon (3.2 to 4.7 μ diam.)



The requirement claimed by Schulemann (1917, 1930) and Möllendorff (1915, 1930) that only negatively charged particles can be stored inside the phagocytic cells was disproved in more recent times by the observation that not only heteropolar charged particles but also homopolar uncharged ones are suitable for following the phenomenon of phagocytosis (Jancsó, 1955). The size of the particles is not a limiting factor since particles as small as 40 Å in diameter (colloidal gold suspensions) to particles as large as 1500–2000 Å diameter can be rapidly ingested by phagocytic cells (Table 1).




The Phagocytes

The distinction put forward by Metchnikoff of microphages and macrophages referred to their size rather than to their function.
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material experiment

India ink Cy,/1431

(Gnther Wagner) 0.5 mg/100 ml in vivo Benacerraf ef al. (1957)
fodinated serum albumin
(C.AL) 2 millicuries in 3 mg in vivo Benacerraf et al. (1957)
protein

Chromium phosphate
(tagged with 32P) toxic in vito Benacerraf ef al. (1957)
Iron saccharate oxydatum in vivo Siimegi and Weiss (1924)
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(in A)

Phosphor gold sol. 4 Liver perfusion Slow ingestion
(AuP) (5% in 60 min)

Hydroxylamine gold sol. 80 Liver perfusion Slow ingestion
(AuHydr.) (24.9% in 60 min)

Hydroxylamine gold sol. 160 Liver perfusion Rapid ingestion
(AuHydr.), (46 in 60 min)

Hydroxylamine gold sol. 360 Liver perfusion Very rapid ingestion
(AuHydr.) (100% in 60 min)

Formalin gold sol. 120-300 Liver perfusion Very rapid ingestion

(100% in 60 min)
Collargol (silver sol) 200 Liver perfusion Very rapid ingestion
India ink 1500-2000 Liver perfusion Very rapid ingestion
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