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CHAPTER I 

HISTORICAL REVIEW AND INTRODUCTION 

Phagocytosis is the cellular phenomenon involving the 

incorporation of extracellular particulate materials into 

intracellular vacuoles that originate by the infolding of 

the plasma membrane around the material being engulfed (Novi-

koff and Holtzman, 1970). The ability of cells to engulf 

foreign particles was widely observed in the 19th century 

and was first termed "phagocytosis" by Metchnikoff (18 83). 

Phagocytosis has been observed in a wide variety of 

cells, including neurons, muscle fibers, intestinal epithe

lium, kidney tubule cells, liver cells, gall bladder epithe

lium, adipose tissue, osteoclasts, fibroblasts, insect 

oocytes, pollen mother cells of tomatoes and pumpkins, 

leukocytes and amoeboid protozoa (DuPraw, 1969) , mast cells 

(Padawer, 1969) and peritoneal phagocytes (Adee, et al., 

1968). The value of phagocytosis to a cell is intimately 

related to the digestive processes. In many unicellular 

organisms, phagocytosis is the dominate mode of feeding. 

In higher organisms, simple metabolites are transported 

across the plasma membrane; however, large, complex mole

cules must first be broken down or digested by the cell to 
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simpler forms which may then be utilized. These large 

molecules are taken into the cell by phagocytosis and 

broken down by the action of lysosomal enzymes. The prod

ucts diffuse through the membrane where they may be used 

in various synthetic processes. An advantage of phagocytosis 

to higher animals is the role this phenomenon plays in the 

chemotactic response of phagocytes to cell injury, bacterial 

infections, foreign particles and other inflammatory condi

tions . 

The phagocytic process involves contact between the 

plasma membrane and the particulate material after which 

the plasma membrane folds in and pinches off to form vacuoles 

that move into the cell, carrying the engulfed material. 

Pinocytosis, first described by Lewis (1931), is a related 

process by which cells take in fluid. The mechanism by 

which cells recognize and establish contact with the foreign 

particles or solutes to be engulfed has received considerable 

attention. Ponder (1928) was one of the first to point out 

the importance of surface charge on a particle to be engulfed. 

In pinocytotic activity in amoeba, the solute-binding reac

tion occurring at the surface of the cell is closely asso

ciated with the mucous layer coating the plasma membrane 

(DuPraw, 1969) . This mucoid layer was thought to be acid 

mucopolysaccharide in content as early as 1953 (Bairati and 

Lehmann, 1953). In 1960, Roth described the disappearance 
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of the mucous fringe lining pinocytotic vacuoles as the 

vacuoles migrated from the surface of the cell into the 

cytoplasm. In this connection, it would seem important 

that the role of the surface coat, or glycocalyx (Bennett, 

1963) , in phagocytosis be elucidated. The apparent univer

sality of phagocytosis and of the glycocalyx (Bennett, 1963; 

Fawcett, 1965; Revel and Ito, 1967) only serves to increase 

the necessity of understanding the function of the glyco

calyx in phagocytosis. Chemically the glycocalyx has been 

characterized at the ultrastructural level in several cell 

types. Berlin (1968) described an acid mucopolysaccharide-

rich enteric surface coat in rat intestinal absorptive cells 

following x-irradiation. Cytochemically, he was able to 

describe the subcellular structures involved in acid muco

polysaccharide synthesis. Acid mucopolysaccharide precur

sors have been observed in the Golgi complex of the intesti

nal absorptive cells (ibid) and goblet cells (Berlin, 1967; 

Wetzel, et al. , 1966). Structurally, acid mucopolysaccha

rides should carry a strong negative charge in the ionized 

form due to the presence of carboxyl groups. The binding 

of positively charged inducer molecules in pinocytosis, 

e.g., proteins, basic dyes and charged ions, would then be 

expected to occur by electrostatic attraction and formation 

of salt linkages with the mucous coat. This would result 

in a reduced surface charge, which would in turn lead to 
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the induction of pinocytosis (DuPraw, 1969). A comparable 

inductive mechanism for phagocytosis was suggested by Sku-

telsky and Danon (1969) where a reduction in surface charge 

on expulsed nuclei from rabbit erythroblasts supposedly 

accounted for the recognition and established contact between 

these nuclei and macrophages. Korn and Weismann (1967) sug

gested that latex particles are held on the surface of 

Acanthamoeba by a secreted substance before being ingested, 

but they failed to identify the substance. A means by which 

the glycocalyx may be studied regarding the phagocytic role 

is afforded through cytochemical staining. Recently, Dim-

mock (1970) reported staining of the cell surface utilizing 

ruthenium red staining and a modified procedure from Luft 

(1966). 

Although the establishment of surface contact with 

the extracellular, foreign element is important, numerous 

studies have dealt with the metabolic requirements of phago

cytic activity. In 19 33, Baldridge and Gerard, using War

burg manometers, observed increased respiration in cells 

following the addition and phagocytosis of a suspension of 

bacteria. Sbarra and Karnovsky (1959) using polymorpho

nuclear leukocytes and starch granules, established the 

fact that the respiratory increment in phagocytosis was 

dependent upon the presence of serum, and proportional to 

the load of particles offered to the cells. The metabolism 



5 

of carbohydrates is another important factor involved in 

phagocytosis. Cohn and Morse (1960) found glycogen deple

tion during the first thirty minutes of phagocytic activity, 

followed by a restoration to normal levels after two hours. 

Other investigators, notably Fisher and Ginsburg (1956), 

have pointed out the necessity for glucose availability to 

insure optimal and continuous phagocytosis of particles. 

Several investigators (Cohn and Morse, 1960; Sbarra and 

Karnovsky, 1959) have concluded that glycolysis is essential 

to particle uptake. Apparently, particle engulfment stimu

lates glycolysis, which is, therefore, a prime source of 

energy for phagocytosis, although some mammalian cells 

depend on sources other than glycolysis for their energy 

requirements for phagocytosis (Karrer, 1960). 

Several investigations involving both phagocytosis 

and pinocytosis have been conducted. Chapmen-Andresen 

(1957) , in studying pinocytosis in peritoneal leukocytes 

from guinea pig and rabbit, concluded that protein was 

necessary for pinocytotic vesicle formation. Several 

experiments have been conducted to compare pinocytosis-

inducing and phagocytosis-inducing substances (Mudd, 

McCutcheon, and Luckg, 1934; Suter, 1956). Indeed, the 

line of demarcation separating pinocytosis and phagocytosis 

has never been sharp, and several investigators, such as 

Karrer (1960) , have suggested the identity in principle of 
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the two processes. Brandt and Pappas (1960) discussed the 

seeming continuity in cellular uptake of large particles, 

small particles, or solutes. 

Intracellular digestion of material of endogenous or 

exogenous origin is the result of a group of single mem

brane-limited organelles which contain acid hydrolases. 

These were first termed "lysosomes" by de Duve, et al. (1955) , 

as the result of biochemical studies of cell fractionation. 

Upon identification of the biochemical properties of lyso

somes, they were immediately thought to be extremely impor

tant in the digestive processes of phagocytic cells. In 

1961, Novikoff supported these proposed theories with data 

stressing high acid phosphatase activity in the von Kupffer 

cells lining the sinusoids of the liver and other macrophages. 

The role of phagocytosis and lysosomes in intracellular 

digestion has been described in detail by de Duve and Wat-

tiaux (1966). Hirsch and Cohn (1964) were able to show the 

discharge of enzymes from the lysosome-like specific granules 

of neutrophil polymorphonuclear leukocytes into the phago

cytic vacuoles. This initiates the digestive process, and 

further, the manner in which lysosomes participate in the 

digestion of phagocytized particles is made clear. Archer 

and Hirsch (1963a) derived the same conclusions with regard 

to eosinophil polymorphonuclear leukocytes. Lysosomes play 

an essential role in the heterophagic and autophagic 

Ml 
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digestive processes of the cell. Certainly, they play an 

integral part in phagocytosis—the initial digestive mechan

ism of unicellular organisms and defense mechanism for vir

tually all cells. 

In the present study a simple technique was designed 

to study phagocytosis in vitro. Several parameters of 

phagocytosis were examined including the effects of particle 

size on phagocytosis, the metabolites essential to the ini

tiation of the phagocytic response, the effects of different 

time lengths of incubation on phagocytosis, the role of the 

glycocalyx during phagocytic activity, and the localization 

of acid phosphatase activity associated with phagocytosis. 

Morphological changes arising as the result of phagocytic 

activity were observed in comparison with data collected 

from samples of control animals. The role of the glycocalyx 

has rarely been studied utilizing cytochemical staining 

procedures. Results from this investigation substantiated 

the involvement of the glycocalyx in phagocytosis. 



CHAPTER II 

MATERIALS AND METHODS 

Male albino laboratory rats (Rattus norvegicus) 

weighing 300-500 grams were used for this investigation. 

Five minutes prior to sacrifice, the animal was given a 

5 ml intraperitoneal injection of sterile culture medium 

free of divalent cations (Hirsch and Strauss, 1964). The 

basic culture medium consisted of 0.85% NaCl, 0.1 M phos

phate buffer (NaH2PO^'H20 and K2HPO.) adjusted to pH 7.5, 

0.1% glucose, and 0.01% bovine seriim albumin. Utilizing 

sterile technique, a mid-line, abdominal incision was 

made, an additional 5 ml of culture medium added to the 

opened peritoneal cavity, the abdomen gently massaged, and 

the cell-containing exudate retrieved with sterile 1 ml 

pipettes. The collected samples were added to previously 

autoclaved 12 ml, screw cap, centrifuge tubes. At this 

point in the procedure groups were divided according to 

the experimental material to be added to the individual 

cell exudates (Table 1). To study the effect of particle 

size on phagocytosis, two sizes of polystyrene latex parti

cles (Dow Chemical Co.) were added to the individual cell 

o 

suspensions. The particles were either 0.109y ± 27 A or 
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1.099y ± 27 A in diameter. To study the influence of 

calcium ions on phagocytic activity, 0,5 ml of 4.0 mmole 

calciiim chloride was added to the incubation medium. The 

addition of calcium ions was accompanied by the addition 

of 0.25 ml of a 10% aqueous solution of latex particles. 

Particles were also added to cells from which calcium ions 

TABLE 1 

EXPERIMENTS AND CULTURE MEDIUM MODIFICATIONS 

Experiment Medium 

1 Culture medium 

2a Culture medium 4- 0.109y 
particles 

2b Culture medium 4- 1.099y 
particles 

3a Culture medium 4- 0.109y 
particles 4- calcium ions 

3b Culture medium 4- 1.099y 
particles 4- calcium ions 

4a C u l t u r e mediiim - BSA 4-
0.109y particles 

4b Culture medi;am - BSA 4-
1.099y particles 

5 Physiological saline (0.85%) 
4- 0.109y particles 

6 Cytochemistry of ruthenium 
red stain 

7 Cytochemistry of acid phos
phatase 
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had been deleted. Bovine serum albumin (BSA) was omitted 

from the culture medium of certain cells in order to observe 

the effect of a charged protein on phagocytosis. 

Cells were retrieved and suspended, in vitro, in a 

0.85% solution of physiological saline (NaCl), in order 

to delete constituents of the culture medium essential to 

phagocytosis. The cells underwent four separate washings 

and resuspensions prior to a 30 minute particle incubation. 

Following the collection of cells in the various 

modifications of the culture medium, the cells were incu

bated for 1, 10, 20, 30, 45 and 60 minutes, 2 hours and 48 

hours. Incubations for the 1, 10, 20, 30, 45 and 60 minute 

periods were carried out in the presence of particles. Fol

lowing incubation the cells were centrifuged at 1725 rpm 

for 5 minutes. Samples not involved in cytochemical stain

ing procedures were fixed for 1 hour in cold, 1% glutaralde-

hyde in 0.1 M cacodylate buffer (pH 7.2, 0°C) according to 

Sabatini, Bensch, and Barnett (1963), and postfixed for 1 

hour in chilled (0-4°C) osmium tetroxide (Millonig, 1961). 

Cells incubated for 2 hours were suspended in the 

medium free of calcium ions and BSA. Particles were added 

at the end of the 2 hour incubation and allowed an addi

tional incubation period of 10 minutes prior to fixation. 

The 48 hour samples suspended in either calcium-free-

BSA-free medium, or calciiom-free-BS A-containing medium, 
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were incubated with particles for the entire period, or 

for 30 minutes at the end of the incubation period. 

In addition to the in vitro studies, in vivo phago

cytosis was examined for comparative purposes. Particles 

were injected intraperitoneally and allowed to incubate for 

30 minutes prior to sacrifice of the animals. The cells 

were then retrieved, centrifuged and fixed as described 

previously. 

Samples used for rutheniiim red staining procedures 

were fixed for 1 hour at 0-4°C in the following solution: 

0.5 ml, 3.6% glutaraldehyde in 0.2 M cacodylate buffer 

(pH 7.3); 0.5 ml, 0.2 M cacodylate buffer (pH 7.3); 0.5 ml, 

ruthenium red stock solution in distilled water at 1500 to 

3000 ppm. The tissue was then rinsed with 3 changes of 

0.150 M cacodylate buffer over a 10 minute period and post-

fixed in the following solution: 0.5 ml, 5% aqueous OsO^; 

0.5 ml, 0.2 M cacodylate buffer (pH 7.3); 0.5 ml, purified 

ruthenium red stock (1500 to 3000 ppm) (Luft, 1966) . The 

tissue was then rinsed briefly in the buffer before pro

ceeding to dehydration. 

Samples used for acid phosphatase localizations were 

incubated either in the calcium-free-BSA-free mediiun, or in 

the calci\im-free-BSA-containing medium. Cells were allowed 

to incubate for 30 minutes with particles, or for 48 hours 

with a 30 minute particle incubation at the end of the 
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regular incubation period. The samples were then centri

fuged and fixed in glutaraldehyde as outlined above. All 

tissues were rinsed in chilled, cacodylate buffer to elim

inate excess fixative. The medium used for acid phospha

tase localization was mixed according to Gomori (1952) 

(Table 2) . The medium was prepared 24 hours prior to use, 

•stored overnight at 37°C and filtered before using. Sam

ples were incubated in 5 ml of the medium for 80 minutes 

at 37°C with continuous agitation. The reaction was moni

tored at 5 to 10 minute intervals throughout the incubation. 

This was done by placing one section of the tissue on a 

microscope slide, blotting excess medium with filter paper, 

briefly washing in 2% acetic acid, blotting, briefly wash

ing in distilled water, blotting, treating for 2 minutes 

with 2% ammonium sulfide, washing with water, mounting with 

a coverslip and examining for black spots (lead sulfide) 

under a compound light microscope (Gomori, 1952). At the 

completion of incubation determined by the above monitoring 

process, the tissues were washed with 0.05 M acetate buffer, 

pH 5.0, for 5 to 10 minutes, treated for 10 to 15 minutes 

with 2% acetic acid, washed in 0.05 M acetate buffer for 

2 to 3 minutes and stored in cacodylate buffer to await 

postfixation. 

Following postf ixation in osmiiim tetroxide, samples 

were dehydrated in an ethanol series. Dehydration was 
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completed with a brief rinse in 70% ethanol, 4 to 5 minute 

intervals in 70%, 95% and 3 changes in 100% ethanol, all 

at 25°C. Dehydration procedures involving propylene oxide 

were omitted due to the fact that propylene oxide is known 

TABLE 2 

MODIFIED GOMORI'S MEDIUM 

I. Buffered stock: 

Lead nitrate 134 mg 

Sucrose 5 mg 

Q.E.D. 100 ml 0.05 M acetate buffer, pH 5.0 

Acetate buffer: 

Solution A 0.3 ml acetic acid 
Q.E.D. 100 ml boiled 
distilled water 

Solution B 0.6 75 g sodiiom ace
tate Q.E.D, 100 ml 
boiled distilled 
water 

For pH 5.0 30 ml solution A 
70 ml solution B 

II. Substrate solution: 

Sodium betaglycerophosphate 341 mg Q.E.D. 10 ml 
boiled distilled 
water 

III. Inciibation media: 

Buffered stock 100 ml 

Substrate solution 10 ml 
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to partially dissolve latex particles (Korn and Weismann, 

1967). 

Infiltration was accomplished by carrying the samples 

through 3 changes of a mixture of equal volumes of embedding 

media and 100% ethanol at 15 minute intervals. Following 

this, samples were placed in 100% embedding media for 4 to 

6 hours. Infiltration was enhanced by placing the samples 

on a slowly rotating wheel mounted on a tilted frame. Em

bedding was carried out in disposable Beem capsules. 

Two types of embedding media were used. A low visco

sity embedding medium was utilized because of its relatively 

short polymerization time, and for cutting properties. The 

medium was prepared by a procedure from Spurr (1969) . Vinyl 

cyclohexane dioxide (10.0 g) was mixed with diglycidyl ether 

of polypropylene glycol (6.0 g), nonenyl succinic anhydride 

(26.0 g) and dimethylaminoethanol (0.4 g) . 

Epon was also employed, with a modified procedure 

from Luft (1961) . Epon 812 (46 ml) was mixed with duodenyl 

succinic anhydride (28 ml), methyl nadic anhydride (25 ml) 

and 2,4,6-dimethylaminomethyl phenol (2 ml). 

After embedding, plastics were polymerized according 

to the following schedules: low-viscosity embedding medium 

in 72°C oven for 12 to 18 hours; Epon in inciibation ovens 

at 35°C for 8 to 24 hours, 45°C for 8 to 24 hours and 60°C 

for 3 to 5 days. 
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Pre-shaped blocks from the embedding capsules were 

trimmed with double-edged razor blades while observing the 

tissue under a dissecting microscope. Thin sections in the 

gray-silver-pale gold (30-90 mu) range were acquired using 

an LKB Ultratome III or a Reichart Om U-2 microtome. Sec

tions were picked up on 300 or 400 mesh unsupported copper 

grids. 

All sections were double stained for electron micro

scopy with uranyl acetate and lead citrate (Reynolds, 1963), 

with 0.001% triton X-100. 

Electron microscopic observations were made with 

Hitachi HS-8-2 and Hu llE-1 electron microscopes. Nominal 

operations were conducted at 50 Kv. Micrographs were taken 

on DiiPont graphic arts film and Kodak contrast plates at 

3500 through 81,000 diameters. A Durst S-45 Em enlarger 

was employed for enlargement and printing of micrographs 

from the photographic plates. 



CHAPTER III 

RESULTS 

Ultrastructure of Peritoneal Cells 
f̂ rom Control Rats 

The ultrastructure of neutrophils, eosinophils, mast 

cells and monocytes, the four cell types that normally line 

the peritoneal cavity, are shown in Figure 1. Three of 

these cell types contain specific, cytoplasmic granules 

which were used to characterize the individual cells. Neu

trophil cells contain characteristic neutrophilic granules 

that were circular in structure and appeared to be membrane-

limited (Figure la). The eosinophil cells possessed banded 

granules that were membrane-limited (Figure lb) . The cyto

plasm of mast cells was packed with large, membrane-limited 

granules which gave these cells a very dense appearance 

(Figure Ic). Monocytes were differentiated on the basis 

of a horseshoe-shaped nucleus and the absence of specific 

granules (Figure Id). 

Normal cytoplasmic inclusions were prevalent in 

neutrophils, eosinophils, and monocytes, but were noticeably 

reduced in mast cells. A bilobed nucleus was often present 

in neutrophils and eosinophils (Figures la and lb) . The 

peripherary of the peritoneal cells frequently showed a 

16 
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very irregular appearance due to the niomerous cytoplasmic 

extensions (e.g., Figures Ic and Id). This morphological 

feature is generally associated with a high rate of phago

cytic activity. 

Phagocytosis by In Vitro Peritoneal Cells 

The importance of the divalent cation, calcium, in 

phagocytosis was studied by utilizing a culture medium free 

of calcium ions. Substantial phagocytosis of small latex 

particles (0.109y in diameter) was observed to occur in the 

absence of the calci\im ions (Figure 2) . Particles first 

appeared to accxomulate on the surface of the cell in large 

numbers up to a "critical" volume (Figure 2a) before being 

subsequently engulfed (Figures 2b and 3a) . Following pro

longed incubations the particles occasionally appeared to 

mass together within the cytoplasm creating a rather dense 

appearance (Figure 2b). Cells isolated for 48 hours in 

vitro in the calcium-free-medium prior to particle incuba

tion were still active in phagocytosis (Figure 3b). 

Cells were also incxobated in the calcium-free medium 

with large latex particles (1.099y in diameter). Results 

again indicated a high rate of phagocytic activity (Figure 

4). Particle uptake with the larger-sized particles was 

normally restricted to one particle per vacuole in contrast 

to the uptake of numerous small particles per vacuole as 

seen previously (compare Figures 2, 3, and 4). With the 
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large particles, there was substantial uptake in the 

calcium-free medium at the end of the 1 minute incubation 

period (Figure 4a) , and continued activity through 10 

minutes (Figure 4b) and 60 minutes (Figures 4c and 4d) . 

The influence of the presence of calcium ions on the 

phagocytosis of small particles is shown in Figure 5. Phago

cytic activity did not appear to vary noticeably from that 

which occurred in the calcium-free medium. Numerous small 

particles again appeared to accumulate on the cell surface 

up to a "critical" volume (Figure 5a) before being engulfed 

(Figures 5b and 5c) . There was a substantial amount of 

phagocytic activity after only 1 minute incubation time. 

Phagocytes suspended in the calcium-containing medium 

were also allowed to phagocytize the larger latex particles 

(Figure 6). Phagocytic activity did not appear to vary from 

the activity of cells in the calciiom-free medixom. One 

particle was usually engulfed per phagocytic vacuole. 

Bovine serum albumin (BSA) was deleted from the cul

ture medium in order to study the effect of a charged pro

tein on phagocytic activity (Figures 7 and 8) . Figures 7a 

and 7b show active phagocytosis of small latex particles 

in the BSA-deficient medium. Numerous small particles occur 

in phagocytic vacuoles after thirty minute incubations; 

however, phagocytosis of individual small particles was 

also observed (Figure 7a). 
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Cells incubated with large latex particles in the 

BSA-free medium were also observed to be active in phago

cytosis (Figure 8). Incubations were carried out for 30 

minutes and for 48 hours in the presence of large particles. 

In Figure 8b a 48 hour sample is shown, in which particles 

were present for the entire 48 hours, and the phagocyte 

appears to be severely degenerated. This is in striking 

contrast to phagocytes maintained for 48 hours in vitro 

prior to a 30 minute particle incubation (Figure 3b). 

To eliminate all metabolites thought to be necessary 

in phagocytic activity, cells were isolated in physiological 

saline (sodium chloride). Latex particles 0.109y in diameter 

were added to individual cell suspensions and a 30 minute 

incubation period was allowed. Figures 9a and 9b show the 

occurrence of phagocytic activity in an altered form. In 

physiological saline, the smaller particles appeared to be 

engulfed singularly (Figure 9a) and some cells appeared to 

be undergoing degeneration (Figure 9b). 

Actively phagocytizing cells were examined for local

ization of acid phosphatase activity by electron microscopic 

cytochemistry. A paucity of lysosomes in the phagocytes 

was partially responsible for the slight localizations of 

acid phosphatase activity observed (Figures 7b and 8a) . 

Cytochemical staining procedures utilizing ruthenium 

red stain were used to study the role of the glycocalyx in 



20 

phagocytosis (Figures 4b, 4d, 6a and 6b) . Additionally, 

localization of ruthenium red was observed within apparent 

phagocytic vacuoles (Figures 4b and 4d). 
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rteOT'O saxoxri.aBd xa-q^x qq-XM oa.q.xA. ux saq.nuxm g a o j paqeq 
-noux at^AooBpqd B J O qdBjBoJoxm uoaq.oaxa—^Z '^13. 
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*X000'Z.6 'uoxt^Hxxj umxmso-apAq 
-apxeaet^nxD 'uinxpaui aa j j -u inxoxeo aqq. ux puB saxoxt^JBd 

xaq.Bx aaBJBx ^q:^ qq-XM saq.nuxui 09 JOj"o.3:q.xA ux paq.Bq 
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'XOOS'Ot' 'uoxq-Bx-pj mnxuiso-apAqapxBJ[Bq.nx3 'axonoBA 
aad auo j o aq-Hj aqq. q.E pajxnBua aq oq. aeadde (d) saxoxq. 

- J : H £ • uinxpaui aaJj-uinxoxBo aqq. ux saxoxr^aed xart^x XBBX^J 
aqq. qq.xA oaq.xA u-p saq.nuxui 09 JOJ paq.Bqnoux at^AooBeqd 
B JO uoxq.:i:od B j o qdBJBoaoxui uoaq.oaxa—o^ 'Bxa 

•X00S'6TT 
•uoxq.Bx-[:j uinxuiso-apAqapxeJ:Bq.nxD * (AVoajB) axonoBA aqq. ux 
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AHUI uoxBaJ JBxnxxo^'S-^^xo oq^ uioaj axonoBA pus (d) axoxq. 
- JBd aqq. a soxo oq. q.aaui suo-i:suaq.xa ojuisBxdoq.Ao aqq. qoxqM 

qB q.uxod aqjL 'uo-pqBxxj oq. J o x J d uinxpaui aaaj-uinxoxBO aqq. 
ux saq.nuxui QT -^^J ojq.xA ux paq-Bquouj SBM aq.AooBBqd a q i 

•axonoBA oxq./;ooBBqd B uxqq.xAV jaq.auiBxp ux rl660'T ^ I^T^ 
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"XOOe'OS •uoxq.Bxxj uinxmso-apAqapxBJB:^ 
-nxD ' (u) snaxonu aqq. q:̂ xM uoxq.BxoossB ux q.uasaad O J B 

(MoajB) sauiosoqxH 'axonoBA oxqAooBBqd aqq. oq. Aq.xuixxoJd 
a soxo ux BuxAx jTeJiBABS qq.xAv 'snoaauinu ajB (Ba) saxnusaB 
papuBq aqj , 'axonoBA ox:;AooBBqd aB^Bx auo ux q.uasaad aq 

oq. JCBaddB (d) saxoxq-JBd x^^^-^^S 'umxpaui aaaj-uinxoxBO 
aqq. ux Jaq.auiBxp ux rl660'T saxoxq.a:Bd xaq.Bx q:HM aqnuxui 

X J o j oaq-xA u-p paq.Bqnoux aqAoo^nax JiBaxonuoqdaouiAxod 
o-pxxqdouxsoa B J O qdBJBoaoxui uoj[q.oaxa—^f '^Jd 
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CHAPTER IV 

DISCUSSION AND CONCLUSIONS 

A simple and concise technique for the in vitro study 

of phagocytosis has been described. Cells were viable and 

phagocytically active when maintained in vitro for as long 

as 48 hours prior to fixation and exhibited no apparent 

morphological change. Various parameters of phagocytosis 

were studied using in vitro cultured peritoneal cells, with 

particular emphasis placed on the involvement of metabolites 

and the glycocalyx in phagocytic activity. 

The importance of divalent cations, particularly 

calcium ions, to phagocytosis has received considerable 

attention from numerous investigators (Hirsch and Strauss, 

1964; Mudd, McCutcheon, and Lucke, 1934). Phagocytes sus

pended in the medium free of divalent cations readily en

gulfed polystyrene latex particles. Various modifications 

of incubation times showed an initial phagocytic response 

at some point between zero and sixty seconds. Calcium ions 

added to the incubation medium in the form of calcixom 

chloride did not appear to enhance the phagocytic activity 

or capacity of the individual phagocytes. 

Three of the four cell types in this system were seen 
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to be actively engaged in the phagocytic response. Parti

cle uptake was observed in monocytes, neutrophils and 

eosinophils. Although mast cells were not observed to 

engulf latex particles in this system, Padawer (1969) has 

reported the active involvement of mast cells in the pha

gocytosis of colloidal thorium. 

Apparently the initiation of vacuolization of particu

late matter depends upon a volume of accumulated material 

at the cell surface. Korn and Weismann (1967) suggested 

the accumulation of a "critical" volume of material at the 

cell surface before the actual engulfment could be accom

plished. This observation was confirmed in all cases in

vestigated with two exceptions, to be mentioned subsequently. 

Latex particles 0.109y in diameter were phagocytized in 

vacuoles v/hich accommodated numerous particles per vacuole. 

In contrast, latex particles 1.099y in diameter were observed 

to be phagocytized one at a time. Indeed, there appeared 

to be an additional factor involved in phagocytosis—accumu

lation of a "critical" volume of material at the cell surface. 

-4 3 -1 3 

The critical volume was between 5.3 X 10 y and 5.9 X 10 y . 

Due to the importance of surface charge on particle 

and cell alike that has been stressed by several investi

gators (Ponder, 1928; Skutelsky and Danon, 1969; see DuPraw, 

1969) a study of phagocytosis in the absence of bovine 

serum albumin as well as calcium ions was performed. Reduced 
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or.nonextant phagocytic activity was expected; however, 

results indicated the occurrence of a modified form of 

phagocytosis. In some instances particles were phagocytized 

as seen previously, with a "critical" volume of accumulated 

material at the cell surface appearing to be of importance. 

The uptake of single latex particles, 0,109y in diameter, 

was also observed in contrast to the normal uptake of numer

ous small particles per phagocytic vacuole. An altered form 

of phagocytic activity was maintained in the absence of 

bovine serum albumin. Perhaps the concentrations of metabo

lites within the peritoneum which are essential to the 

phagocytic process are commensurate with the requirements 

for the initiation of phagocytosis. It might be suggested 

that the in vitro washings performed on these cells were 

not sufficient to rid the cells of essential metabolites. 

Future experimental work possibly will confirm the observa

tions of other investigators in this area, particularly 

with respect to the role of calcium ions in phagocytosis. 

In an effort to delete metabolites essential to pha

gocytosis, phagocytes were isolated in vitro in physiologi

cal saline and thoroughly washed. Again phagocytosis was 

observed to occur in an altered form. In contrast to the 

uptake of numerous small particles in one phagocytic vacuole 

as indicated previously, cells suspended in physiological 

saline were observed to engulf single 0.109y latex particles. 
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in some instances the particles appeared to adhere closely 

to the surface before and during internalization, and in 

close proximity to a rather dense glycocalyx. Other cells 

present in the exudate gave a rather degenerated appearance 

although phagocytic activity was maintained in an apparent 

modification of normal engulfment processes. Phagocytosis 

was retained in physiological saline, although it appeared 

to be altered. 

Electron microscopic cytochemistry involving the 

localization of acid phosphatase activity resulted in slight 

localizations in lysosomes. The importance of interrelating 

biochemical function with cytological structure was stressed 

in cytochemical studies, Lysosomes were first recognized 

utilizing biochemical techniques which yielded evidence of 

several types of acid hydrolases (de Duve, et al,, 1955), 

Results from the present study confirmed these observations 

although only slight acid phosphatase activity was observed. 

It is suggested that the relatively low amounts of acid 

phosphatase activity was due to the small number of lysosomes 

found in these cells. This was somewhat confusing in view 

of the extreme importance of lysosomes in heterophagic and 

autophagic digestion within the cells (Hirsch and Cohn, 

1964; Archer and Hirsch, 1963b), However, polystyrene latex 

particles are relatively inert and do not undergo intra

cellular digestion. This observation was confirmed by 
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results indicating particle uptake but little or no parti

cle digestion for incubation periods as long as 48 hours 

with particles. Therefore, lysosomal activity would appear 

to be low in this system due to a slow rate of intracellular 

digestion. 

Ruthenium red staining procedures were utilized in 

an effort to cytochemically ascertain additional information 

regarding the role of the glycocalyx in phagocytosis. 

Ruthenium red stain has been reported to be specific for 

surface acid mucopolysaccharides (Luft, 1966). This was 

apparently due to the fact that ruthenium red has no mechan

ism by which to gain entrance into the cell when procedures 

involving staining of whole cells are employed as described 

previously. Moderate to heavy staining of the cell surface 

was observed with some internal staining of the membrane 

surrounding phagocytized latex particles within phagocytic 

vacuoles. Latex particles located substantially deeper 

within the cytoplasm possessed virtually no affinity for 

the ruthenium red stain. The presence of the stain within 

the phagocytic vacuole at the surface of the cell may be 

explained as being due to the sectioning plane. Particles 

which appear to be completely internalized in cytoplasmic 

vacuoles lined with ruthenium red stain may possess a con

tinuity with the cell surface that is in a different section 

plane. For example, a section through the cell periphery 



44 

would result in apparent phagocytized particles, located 

in phagocytic vacuoles, and give the appearance of being 

lined with ruthenium red stain. Particles in vacuoles 

which were not lined with ruthenium red stain are actually 

particles which have been completely engulfed and are 

located within the cytoplasm. It appears that ruthenium 

red is a very specific surface stain, but is not an intra

cellular stain. 

The present study yields several implications with 

respect to future experimental work. Peritoneal cell cul

tures should facilitate studying virtually all of the para

meters of phagocytosis. Metabolites reportedly essential 

to phagocytosis, particularly calcium ions, might be more 

profitably studied with an increased number of washings 

and resuspensions. Chelating agents utilized to completely 

inhibit phagocytosis would also yield considerable informa

tion pertaining to the involvement of metabolites in phago

cytosis. The effect of inhibitors (e.g., of protein syn

thesis and energy production) could easily be studied v/ith 

the in vitro culturing techniques described. 



CHAPTER V 

SUMMARY 

The in vitro phagocytosis of latex particles by peri

toneal cells was examined utilizing a simple technique 

designed specifically for the present investigation. Results 

indicated few problems involving maintenance of cell via

bility. Little or no bacterial contamination V7as encountered 

in samples ranging from one minute to forty-eight hour in

cubation times. This technique provided an excellent means 

for studying phagocytosis in general, as well as for the 

in vitro study of various parameters of the engulfment 

process. 

The involvement of calcium ions in the phagocytic 

response was seemingly of reduced importance in this system. 

Phagocytosis of latex particles in the absence of calcium 

ions did not vary noticeably from uptake of particles in 

the presence of calcium ions. However, modified phagocytic 

activity by phagocytes in the BSA-deficient medium and in 

physiological saline was observed. 

Acid phosphatase activity in cells containing engulfed 

particles was slight. The rate of intracellular digestion 

in this system as compared to intracellular digestion in 
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cells containing engulfed material of a viable nature is 

low. The low activity of acid phosphatase and the low rate 

of intracellular digestion observed in the present study 

may be explained on the basis of the inert nature of latex 

particles. 

Finally, the glycocalyx was cytochemically observed 

to be dense on the surface of cells to which latex particles 

were attached, suggesting the importance of the glycocalyx 

in the attachment phase of phagocytosis. It would also be 

expected to be of great importance in subsequent proceedings 

leading to complete internalization of foreign particles 

within the cytoplasm. 
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