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ABSTRACT 

The use of 15%m-incorporated polystyrene latex particles for 

the external image scanning of tumors was simulated in four murine 

strains. Reticuloendothelial blood clearance and tissue localization 

of 0.5/im and 1.0/xm fluorescent PSL was evaluated in RE-competent and 

RG-depressed mice following IV injection and oral particle administra

tion. Intravenous injection of PSL revealed differences in blood 

clearance rates and tissue distribution patterns with respect to strain 

and particle size; an explanation based on genetic strain derivation is 

offered. RE depression in the Balb/c resulted in higher circulating 

blood levels of both particle sizes without affecting tissue distribu

tion patterns; the use of dissimilarly sized particles for blocking and 

testing resulted in dramatic decreases in organ PSL concentrations and 

alterations in apparent kinetic rate constants. Balb/c blood levels of 

orally administered particles were increased and remained temporally 

constant while tissue concentrations were generally lower than IV-

injected levels. 
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CHAPTER 1 

INTRODUCTION 

One of the most exciting and challenging areas of cancer 

research at present is that of the early detection of cancer prior to 

surgical intervention. 

In years past, the diagnosis of cancer by standard radiographic 

methods was largely accidental and ultimately futile; x-ray technology 

was able to detect only large primary tumors, while small operable 

tumors or metastases went undetected. Often, by the time the tumor was 

discovered, vital tissue had been invaded or metastasis had occurred, 

leading to inoperable conditions and a resulting poor patient prognosis. 

Within the last 15 years, many advances have been made in the 

external diagnosis of cancer and several methods are currently under 

active research in a number of institutions. 

Cancer Detection Methods 

Nuclear Magnetic Resonance 

Nuclear magnetic resonance (NMR) analysis, primarily developed 

to study organic and biochemical molecular structures (Bloch, 1953; 

Purcell, 1953), has recently been employed to investigate the biochem

istry of tissues. Damadian (1981) found that NMR could detect certain 

properties characteristic of malignant tissue in vitro. However, 

attempts to utilize NMR as an in vivo tool have been unproductive, due 

to the perturbing effects of surrounding tissue (Hendee, 1983). NMR has 
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also been used to determine the concentration of various elements, 

especially hydrogen and phosphorus, in tissue and may aid in the iden

tification of various disease processes (Hendee, 1983; Burt, Glonek, and 

Barany, 1977), and to identify differences in extracellular fluid spaces 

between normal tissue and an adjacent tumor (Crooks and Singer, 1978). 

Advantages of NMR imaging include excellent contrast resolution 

and accessibility to bony regions of the body, while disadvantages 

include high cost (initial investment and continuing operating costs) 

and poor spatial resolution of the image (Hendee, 1983). 

Computed Tomography and Ultrasound 

The diagnostic potential of computed tomography (CT) depends 

upon the delineation of a cross-sectional image of the body produced by 

an x-ray beam, and essentially reflects the electron density of the 

tissues. CT has been used, to a great extent, to study the anatomical 

landmarks of the brain (Di Chiro et al. , 1979) and to relate bone 

mineralization to various disease processes (Ruegsegger et al., 1976). 

A major disadvantage of CT, at present, is the inability to 

resolve small (1 sq mm) tumors, thereby negating its current usefulness 

in the detection of micrometastases. Rockoff, Goodenough, and Mclntire 

(1980) utilized a "cold" immunological tracer (antibodies combined with 

nonradioactive iodine and visible on CT) in an attempt to enhance the 

detection of small tumors, and concluded that tumors of approximately 

1 sq mm would rarely be detected by conventional scanners unless iodine 

concentrations approaching 2 x 10s atoms per tumor site were bound. 
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Ultrasound diagnosis relies on the reflection of ultrasound 

energy in tissue to produce an image that is indicative of variances in 

tissue density and characteristics. To date, clinical applications have 

been limited primarily to the analysis of normal versus neoplastic 

breast tissue. 

Disadvantages of ultrasound include reflection, refraction, and 

scattering of the ultrasound waves and the interference of bone and gas 

with ultrasound transmission, increasing the difficulty of image 

reconstruction (Hendee, 1983). 

A combination of techniques, ultrasound with computed tomog

raphy, has shown some progress in clinical evaluation. This procedure 

analyzes the transmitted sound waves in much the same way as the x-ray 

beams are evaluated in CT; however, reflection and refraction lead to 

data distortion and imprecise image analysis (Hendee, 1983). 

Emission Computed Tomography 

Emission computed tomography (ECT) utilizes the principles of 

CT to evaluate the distribution of radionuclides in specific anatomical 

areas of the body. Two areas of ECT are currently under investigation 

for the localization of tumors: Single photon emission computed 

tomography (SPECT), which utilizes scintillation detectors to accumulate 

gamma-ray emission data and thus form the tomographic image, and 

positron emission tomography (PET), which detects the radiation produced 

by the positron emission of carbon-11, nitrogen-13 or oxygen-15 and 

utilizes the accumulated data to produce the tomographic image. Both 

methods yield increased sensitivity, contrast and spatial resolution 
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over conventional CT or ultrasound methods (Hendee, 1983); however, 

techniques required for the diagnosis of tumors are still in the 

developmental stage. In addition PET requires a substantial operating 

budget and the routine availability of short-lived cyclotron-produced 

radionuclides; it is therefore doubtful that PET will be employed in 

widespread clinical applications as a diagnostic instrument. 

Tumor Radiolocalization 

Conventional radiolocalization techniques for the detection of 

tumors involve the intravenous administration of radioactive compounds 

and pharmaceuticals that have been shown to preferentially localize in 

areas of neoplastic growth. Typically, a gamma-emitting radionuclide, 

either singly or covalently attached to a carrier molecule, is injected 

and its course through the blood circulation and eventual tissue 

localization is followed over time with a scintillation camera. The 

images produced are computer enhanced, background radiation is sub

tracted and the subsequent localization of the nuclide is displayed in 

a manner similar to radiation gradient. 

Current research in the area of external tumor imaging is 

centered around the use of a radiolabeled antibody, either monoclonal 

or polyclonal, directed against a tumor-associated antigen that is not 

present (or present in negligible amounts) in normal tissue. However, 

results to date have been inconclusive and disappointing due to a 

variety of physical and biological factors. 

The properties of an ideal tumor scanning system are outlined 

in Table 1. Failures in definitive tumor diagnosis may be directly 
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Radionuclide 

1. High-energy gamma-emitter 

2. Half-life sufficient for imaging, but short enough to minimize 
radiation exposure to the patient 

3. High specific activity 

4. Cost efficient, readily available 

Antibody 

1. High specificity for tumor antigen 

2. Rapidly cleared from blood to decrease background interference 

Tiimnr Antipen 

1. Found only in tumor 

2. Expressed in high density 

3. Accessible to circulating antibody 

4. Structurally stable; not released into circulation 
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related to physical factors of the scanning procedure, such as the 

choice of radionuclide, the antibody used to localize the nuclide, or 

the antigen directing the specificity of the antibody. However, even 

assuming ideal scanning conditions, biological factors within the host, 

such as tumor size, necrosis, and vascularity may also contribute to the 

inability to adequately distinguish a tumor from surrounding normal 

tissue. 

Radionuclides 

In order to trace the course of a radionuclide externally, the 

nuclide must produce a gamma particle with sufficient energy to 

penetrate surrounding tissue and bone without severe deflection and 

thereby be "collected" and quantitated, producing an image. A variety 

of radionuclides have been tested as potential ttimor scanning agents. 

Gallium-67 

Gallium-67 (Ga-67; t^/2= 78 h) is a cyclotron-produced radio

nuclide that is currently finding use in the diagnostic differentiation 

between cerebrovascular lesions and brain tumors (Haynie and Glenn, 

1982). Although Ga-67 is a pure gamma emitter, producing no secondary 

particulate emissions, it emits a complex spectrum of gamma rays that 

complicates the imaging procedure. The most abundant photons are of low 

energy, resulting in poor spatial resolution. 

Edwards and Hayes (1969) first utilized Ga-67 as a potential 

bone scanning agent. While carrier-free Ga-67 showed poor bone 

localization, it unexpectedly showed deposition in tumor tissue, espe

cially tissue of lymphoid origin. Ga-67 was also found to localize in 
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abscesses and other local areas of infection (Lavender et al., 1971), 

probably due to the fact that the nuclide behaves in some respects as 

an iron analog, binding primarily to servun transferrin after injection 

in competition with iron for binding sites (Hartman and Hayes, 1967; 

Oster, Larson, and Wagner, 1976). In normal tissue, Ga-67 accumulates 

primarily in secretory tissue, including the salivary glands, spleen, 

bone marrow and gut; these tissues are rich in lactoferrin which has 

been shown to bind gallium more efficiently than transferrin (Hoffer, 

Huberty, and Khayam-Bashi, 1977). The liver accumulates and metabolizes 

both transferrin and lactoferrin, resulting in high Ga-67 concentrations 

(Hoffer et al., 1977). In addition, lactoferrin is a major constituent 

of neutrophilic leukocytes (Masson, Heremans, and Schonne, 1969); 

neutrophilic migration to areas of inflammation may account for the 

localization of Ga-67 in abscesses (Lavender et al., 1971). 

The exact mechanism of gallium uptake into tumor cells is 

unknown, but may involve tumor proteins that compete with transferrin 

for iron or Ga-67. Clausen, Edeling, and Fogh (1974) reported that 

approximately one-third of all intracellular tumor Ga-67 was found bound 

to ferritin. Ferritin has also been found in high concentrations in 

some hepatomas, as well as in normal liver, spleen, and bone marrow 

(Rostock et al., 1983). 

Advantages in the use of Ga-67 as a tumor imaging agent include 

rapid blood pool clearance. Scanning usually commences 72 hr after 

injection, permitting the blood pool gallium to be cleared and evacuated 

from the colon. However, intra-abdominal tumors are often not distin

guishable due to excretion of the radionuclide by the bowel (Hoffer, 
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1978) and the metabolism of the carrier proteins by the liver (Hoffer 

et al., 1977). 

Iodine 

Two radioisotopes of iodine, 1-125 (t^- 60 d) and 1-131 (ty2 

- 8 d), are currently in use as protein labels in a number of areas of 

research. Iodine-labeled proteins have been used as tracers and 

precursors in metabolic and synthetic biochemical studies and, more 

recently, when bound to a carrier molecule, as a gamma source for the 

external localization of tumors. 

The use of 1-131 as a precursor label and its subsequent detec

tion as a metabolic by-product requires only detectable specific 

activity; however, specific activity of the nuclide must be much higher 

in order to detect the gamma radiation externally. When 1-131 is 

produced by the neutron activation of tellurium, the most commonly used 

method of preparation at present, three isotopes of tellurium and three 

isotopes of iodine are produced; it has been calculated that, after a 

10-day activation of tellurium, only 12% of the total iodine content 

consists of 1-131, while 67% and 21% consists of 1-127 and 1-129, 

respectively (Kim, LaFave, and MacLean, 1962). In addition to inter

fering gamma radiation, 1-129 has half-life of 1.6 x 107 years and may 

prove to be a major problem in in vivo studies. 

Carrier-free iodine is known to be thyroid-specific and has been 

utilized in the differential diagnosis of thyroid lesions with a high 

rate of success; the uptake of radioactive iodine by normal thyroid 

tissue is greater than that of thyroid tumors, and the tumor therefore 
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lappears as a "cold" area of the scan (McCready and Trott, 1976). To 

preclude thyroid uptake in in vivo studies, potassium iodide is given 

orally for several days preceding the scan to block thyroid iodine 

receptors and prevent clearance of the iodine from the circulation. 

Several compounds have been utilized as carriers for iodine in 

tumor localization studies. 1-131 human serum albumin, first used to 

scan brain tumors (Bakay, 1967), has largely been replaced by 

technetium-99m due to high blood background and high radiation dose 

(Beierwaltes, 1976), but may prove useful in the study of tumor 

angiography. Radioiodinated fibrin and fibrinogen have been shown to 

accumulate nonspecifically in most late-stage solid tumors (Day, 

Flaninsek, and Pressman, 1959), probably during necrosis formation, and 

are not suitable for early diagnostic purposes. 1-131 chloroquine 

analogs were demonstrated to concentrate in dermal melanotic melanomas 

(Boyd et al., 1970); a principal diagnostic limitation in the use of 

this compound is that the high concentration in normal lung precludes 

its use in localizing thoracic dermal metastases (Beierwaltes, 1976). 

Immunoglobulins have also been successfully radioiodinated and have 

served as nuclide carriers for tumor localization; specific applications 

of radioiodinated antibodies will be discussed in a subsequent section. 

Several methods are currently in use to radioiodinate the anti

body molecule. Chloramine-T, widely in use to radioiodinate protein 

moieties, utilizes an oxidation reaction to create a positively charged 

radioiodine species that is subsequently bound to tyrosine residues of 

the protein (Bale, Contreras, and Grady, 1980). This method has been 

shown to also oxidize the protein molecule (Bale et al., 1980; Lee and 



19 

Griffiths, 1984). Enzymatic iodination by the lactoperoxidase method 

utilizes peroxidase as an intermediate, which transfers the oxidized 

iodine to a tyrosine residue on the protein (Pressman, 1980). The most 

recent method of iodination, the Iodo-Bead reagent (Pierce Chemical 

Company, Rockford, IL), utilizes a solid-phase Chloramine-T derivatized 

polystyrene bead preparation to aid in overcoming the oxidative damage 

produced by the other iodination methods. Lee and Griffiths (1984) 

compared the radioiodination of human alpha-fetoprotein (h-AFP) by the 

Chloramine-T and lodo-Bead methods and reported that while the 

Chloramine-T method produced h-AFP of higher specific activity than that 

of the Iodo-Bead preparation, radioiodination by Chloramine-T caused 

conformation or structural changes to the h-AFP and decreased immuno-

reactivity of the molecule. 

Technetium-99m 

Technetium-99m (Tc-99m, t^j2= 6 h) the metastable radioisotope 

of technetium, is now the most widely used radionuclide in the field of 

nuclear medicine due to its excellent scanning characteristics: Tc-199m 

decays by internal transition, has excellent gamma energy for scanning 

and produces no beta-emissions (Glenn, Haynie, and Konikowski, 1976a; 

Jones and Davison, 1982). 

Technetium complexes have been shown to be kinetically stable 

in aqueous solution when present in the +5 oxidation state (Jones and 

Davison, 1982); for this reason, Tc-99m compounds are usually prepared 

either as a pertechnetate (TcO^ complex or chelated with EDTA or DTPA 
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under reduced conditions (Rhodes et al., 1982; Lanteigne and Hnatowich, 

1984). 

Technetium compounds have been shown to visualize tumors on the 

basis of radionuclide exclusion or altered tissue physiology and direct 

tumor localization has been largely limited to brain, bone and thyroid 

tumors (Glenn et al., 1976a; McAfee et al., 1984). Many Tc-99m prepa

rations form colloids upon injection and are cleared from the blood 

relatively slowly during the course of a scanning procedure; Tc-99m 

compounds therefore serve the practical application of vascular pool 

agents (Eckelman, Faik, and Reba, 1980) in double-label scanning pro

cedures, and the blood pool radiation is computer subtracted to provide 

an enhanced image from the localized second label (DeLand et al. , 1980). 

Tc-99m-pertechnetate has been primarily used for the presurgical 

diagnosis and screening of brain tumors (Krishinamurthy et al., 1972; 

McAfee et al. , 1984) and has a clinical reliability of 80-90%, with 

approximately 10% appearing as false negatives (Glenn et al., 1976a); 

Tc-99m is the preferred nuclide for brain scanning because of its high 

photon density and low patient radiation dose (Glenn et al., 1976a). 

Localization in thyroid tumors, where Tc-99m scans are visualized as 

"cold" areas in a manner analogous to radioiodine uptake, have been 

reported (Steinberg, Cavalieri, and Choy, 1970). 

Tc-99m-pyrophosphate, -polyphosphate, and -diphosphorate have 

proven useful for localizing tumors in bone (Pendergrass, Potsaid, and 

Castronovo, 1973), with high clinical reliability (Glenn et al. , 1976a) , 
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but are of questionable value in the delineation of mammary carcinoma 

(McDougall and Pistenma, 1974). 

Indium 

Indium (In-111, t 1/2 - 2.82d; In-113m, t 1/2 - 1.67h) has been 

utilized in tumor localization studies in humans, primarily in brain. 

After chelation with either EDTA or DTPA (Burdine, 1969), In-113m has 

been shown to localize by simple diffusion (Soloway and Davis, 1974) and 

has reasonable clinical reliability. In-113m is produced from Sn-113 

in a laboratory nuclide generator and can be used when the preferred Tc-

99m is not readily available; however, its short half-life of 1.67 h may 

preclude its usefulness in routine tumor imaging procedures. Cyclotron-

produced In-111 has been utilized primarily in animal experiments in a 

variety of conjugated forms. In-lll-citrate has been visualized only 

in large tumors of specific origins in mice (Wagner et al. , 1971) while 

others report In-111-chloride superior to the citrated form, both in rat 

lymphosarcoma (Serafini et al., 1971) and in a mouse brain tumor model 

(Konikowski et al., 1974). 

Both isotopes of indium have been helpful in localizing tumors 

by other than direct uptake. In-113m-albumin has been utilized in lung 

scanning while labeled colloids have proved useful in lymphatic scanning 

(Glenn, Haynie, and Konikowski, 1976b). 

In-lll-colloids, on the other hand, have revealed neoplasms of 

the liver, spleen, and kidney as "cold" areas within the organs due to 

decreased uptake (Glenn et al., 1976b). In-Ill has also been shown to 

localize in the liver (Glenn et al., 1976b) and, with a half-life of 
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2.82 d, may prove to be detrimental to the patient if multiple scans 

are needed. 

Lanthanides 

As a group, 8 of the 15 elements comprising the lanthanide 

series have shown some promise as tumor localizing agents. Durbin et 

al. (1956) tested the distribution of the lanthanides in the rat and 

reported that the lighter elements of the series were rapidly cleared 

by the reticuloendothelial system while the heavier lanthanides local

ized primarily in bone, leading to subsequent investigation of the 

lanthanides as potential bone scanning agents. 

O'Mara, McAfee, and Subramanian (1969) investigated four 

lanthanides as potential agents for skeletal imaging: lutetium-176m, 

lutetium-177, samarium-153, and erbium-171 and confirmed the observa

tions of Durbin et al. (1956). They also tested the effects of 

chelation on the biodistribution of the nuclides. When complexed with 

agents possessing high stability constants (i.e., DTPA), the nuclides 

were rapidly excreted without localization. Reticuloendothelial 

localization resulted from the formation of complexes of low stability; 

however, complexes of intermediate stability (i.e., EDTA or HEDTA) 

showed approximately 50% of the nuclide localized in bone with the 

remainder excreted (Durbin et al., 1956). 

Karika et al. (1972) utilized Sm-153-EDTA and Sm-153-DTPA for 

bone scanning and brain scintigraphy. Bone scans were performed 24 hr 

after the injection of EDTA-complexed Sm-153 into 30 patients; 23 scans 

were reported as satisfactory without the utilization of background 
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subtraction methods. This nuclide complex was found to be nonspecific 

for tumors, however, also localizing to some extent in abscesses. Sm-

153-DTPA, a complex of high stability, was tested as a brain scanning 

agent. Due to its rapid blood clearance, scans were performed after 1-

1/2 hr in 10 patients; eight scans were reported as satisfactory but the 

complex failed to localize in 67% of brain metastases (Karika et'al., 

1972). 

Hisada and Ando (1973) investigated eight citrated radio-

lanthanides for localization in Yoshida sarcoma and found that all 

showed some tumor affinity; they also reported a decrease in liver 

lanthanide concentration and an increase in tumor localization with 

increasing lanthanide atomic number (Hisada and Ando, 1973). 

Hisada, Ando, and Suzuki (1976) compared in vivo distribution 

of the lanthanides with Ga-67 in respect to abscess localization and 

reported that, while accumulation of the lanthanides in abscesses often 

reached 25-50% of that in the tumor, accumulation in necrotic areas was 

consistently less than that of Ga-67. 

Woolfenden et al. (1983) compared the distribution of Sm-153-

citrate, Sm-153-chloride, and Ga-67-citrate in rabbits bearing either 

V-Z carcinoma or fecally-induced abscesses. Sm-153-chloride showed poor 

uptake and was discontinued from the investigation; Sm-153-citrate 

showed high tumor-to-blood and tumor-to-muscle ratios, while Ga-67-

citrate showed better tumor-to-bone and tumor-to-liver ratios. Both 

nuclides were found to localize in abscesses; the failure to differen

tiate between tumors and abscesses may preclude the use of either 

nuclide, in the citrated form, as a tumor scanning agent. In addition, 
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the liver uptake of Sm-153-citrate was found to be greater than 50% of 

the inj ected dose and could present a hazard to human patients; 

chelation of Sm-153 with EDTA reduced accumulation in the liver, but 

also decreased localization of the nuclide in the tvunor (Woolfenden et 

al., 1983). 

Samarium-153 is probably the most promising tumor scanning 

element of the lanthanide series (Table 2). Sm-153 is an-economical 

radionuclide, reactor-produced from Sm<p3 and is therefore more readily 

available than the cyclotron-produced nuclides. It can be produced with 

high specific activity (6-10 mCi/mg) (Woolfenden et al., 1983) and the 

Table 2. Samarium-153 as a potential tumor scanning element 

1. economical, reactor produced from Sm^33 

2. high specific activity (6-10 mCi/mg) 

3. strong gamma energy peak suitable for imaging 

4. 47-hour half-life; minimizes radiation exposure 

5. low-to-intermediate toxicity allows for multiple imaging 
procedures at low health risk to patient 

6. little or no tendency to localize in bone 
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gamma radiation shows a strong energy peak suitable for imaging. The 

47-hr half-life is suitable for in vivo imaging while minimizing 

radiation exposure to the patient. The lanthanides, in general, have 

been shown to be of low to intermediate toxicity, when compared with 

other metals used in nuclear medicine (i.e., In, Hg, and At) (O'Mara, 

McAfee, and Subramanian, 1969), allowing for multiple imaging procedures 

at low health risk to the patient. Samarium-153, a lighter member of 

the lanthanide series, has shown little or no tendency to localize in 

bone, either in a carrier-free state or in complexes of either high or 

low stability, possibly negating the need for subtraction methods in the 

imaging procedure. 

However, a review of the literature suggests that Sm-153, in 

all tested forms, is nonspecific for tumors; it becomes readily apparent 

that tumor specificity may be increased by complexing the radionuclide 

to a carrier molecule with extremely high stability and targeting the 

complex to the tumor site by an antibody directed against a specific 

tumor antigen. 

Tumor-associated Antigens 

The ideal tumor antigen, as defined by Britton and Granowska 

(1987), is one that is: cancer specific, expressed in high density, 

present on all cells of a particular cancer, whether differentiated or 

undifferentiated, and should be at a site accessible to circulating 

antibody or fragments. In addition, it should be structurally stable 

and should not be released into the circulation or the lymphatics where 

it could complex with antibody at a site remote from the tumor. 
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Unfortunately, due to the extreme biological diversity of tumor cell 

populations, a true tumor-specific antigen has yet to be isolated and 

identified. 

Normal tissue cells, as well as tumor cells, are known to 

express heterogeneous surface antigens. Rosenberg et al. (1977) tested 

normal and malignant human cell lines with a single allogeneic serum and 

reported differences in reactivity not only between different patients, 

but also within the same patient. Ceriani, Peterson, and Blank (1984) 

compared the rate of phenotypic variability (RPV) in human breast 

epithelial cells cultured from normal breast, breast carcinoma and from 

normal tissue peripheral to breast carcinoma. While the RPV was 10-fold 

higher in overtly malignant cells versus normal cells, the "normal 

cells" adjacent to tumorous tissue showed significantly increased 

variability when compared with normal tissue. 

Tumor surface antigens of murine methylcholanthrene induced 

lesions also exhibit extreme polymorphism. Numerous reports indicate 

that, within a single tumor, or between similar chemically-induced 

tumors, common tumor surface antigens may be shared by some cells of 

the population, but no universal antigen is shared by all cells (Wang 

et al., 1982; Woodruff et al., 1984; Law, 1984; Rogers, 1984). 

The search for a tumor-specific antigen is still in progress; 

Greiner et al. (1984) reported an increase in the surface expression of 

tumor-associated antigens after treatment of the cell lines with 

recombinant human leukocyte alpha-interferon. An increase in antigen 

concentration per cell as well as a increase in the percentage of cells 

expressing the antigen, without affecting normal tissue antigens, infers 
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that alpha-interferon treatment may aid in overcoming the heterogeneity 

of antigen expression in human tumor cells. 

At present, two general classes of tumor-associated antigens 

are in use in an attempt to externally image solid tumors: the 

oncofetal antigens and the tissue-specific antigens. 

Oncofetal Antigens 

The oncofetal, or dedifferentiation, antigens are normally 

expressed in fetal tissue and are not present in normal adult tissue. 

Several types of tumors dedifferentiate or fail to differentiate, and 

begin to express fetal antigens at detectable levels. 

Alphafetoprotein 

Alphafetoprotein (AFP) is produced primarily by fetal liver and 

yolk sac, and is considered by many investigators to serve as fetal 

albumin. AFP and albumin are similar in molecular weight, share 

approximately 45% amino acid sequence homology, and have a reciprocal 

relationship in serum concentration during development (Sell, 1978). 

The production of AFP by adult tumors is related to the tissue of origin 

and usually arises from cells that produce AFP during fetal development; 

liver hepatoma, biliary tract carcinoma, and cancers of the stomach and 

colon are typically associated with AFP production. 

Serum concentrations of AFP may be used diagnostically in 

patients with hepatocellular carcinomas (Sell, 1978); however, it is 

nonspecific and may be elevated in conditions other than malignancy, 

including abnormal pregnancy (Sell, 1978), viral hepatitis, and 
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cirrhosis (Wolf, 1978; Bellet et al., 1984). In addition, serum AFP 

may interfere with antibody localization at the tumor site. 

Carcinoembryonic Antigen 

Carcinoembryonic antigen (CEA) is produced primarily by the 

gastrointestinal tract of human fetuses (Gold and Freedman, 1965) and 

is typically associated with neoplasms of the adult digestive system, 

including colorectal carcinoma (Shuster and Gold, 1978; Rosenthal, 

Tompkins, and Rawls, 1980; Hine and Dykes, 1984) and gastric tumors 

(Hockey et al., 1984). In addition, other tumor types, including 

breast, uterus, liver, and bladder have been shown to express measurable 

quantities of CEA (Mach et al., 1980). 

CEA is a heterogeneous molecule, primarily due to variable 

carbohydrate and/or sialic acid residues in individual preparations and 

within individual CEA molecules (Shuster and Gold, 1978). Within a 

single individual, cell surface CEA has been shown to be structurally 

different from that circulating in the serum (Terry et al., 1974; 

Rosenthal et al., 1980; Primus and Goldenberg, 1980). 

Elevated serum levels of CEA have been reported in a variety of 

benign diseases, including pregnancy, emphysema, cirrhosis, and duodenal 

ulcer (Wolf, 1978; Zamchek et al., 1972; Kuusela et al. , 1984), and 

indicates that serum CEA determination is a poor routine screening test 

for neoplasia. However, CEA measurement plays an important role in the 

post-surgical management of colorectal cancers, as the rise in serum CEA 

concentration usually precedes the reappearance of symptoms of several 

months (Wolf, 1978; Shuster and Gold, 1978). 
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Tissue-specific Antigens 

Tissue-specific antigens are cell surface components present on 

normal tissue that are not normally exposed to the circulation; 

architectural disruption by the malignant process exposes the antigens 

in higher density to the circulation. One example is the human milk 

fat globule (HMFG) antigen, produced in the epithelial lining of the 

breast duct, as well as by the lining of the ovarian follicle and the 

crypts of the colon (Taylor-Papadimitriou et al., 1981; Hilkins et al., 

1984; Britton and Granowska, 1987). The HMFG antigen has been shown to 

be increased in ovarian, colorectal and breast tumors (Gpenetos et al., 

1981). 

Increased enzymic expression is often associated with the 

presence of cancer: lactic dehydrogenase (melanoma, leukemia, lymphoma, 

lung carcinoma, hepatocellular carcinoma), alkaline phosphatase (liver, 

bone, kidney, pancreas), creatine kinase (prostate, stomach, lung), and 

acid phosphatase (prostatic carcinoma) are only a few that have been 

identified (reviewed in Wolf, 1978). As with the oncofetal antigens, 

elevated levels of .serum enzymes are frequently nonspecific and may be 

an indication of benign disease. 

Other elevated tumor antigens have been reported that may aid 

in the diagnosis of cancer. Human chorionic gonadotropin (hCG), often 

in association with AFP, has been measured in the servim of patients with 

testicular tumors (Javadpour et al., 1981). 

Increased serum levels of ferritin, a protein that plays a role 

in the metabolism of iron, as well as increased cell surface markers 

have been reported in experimental rat and mouse hepatoma (Rostock et 
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al., 1983; Rostock et al. , 1984; Hann, Stahlhut, and Mlllman, 1984), and 

in human hepatocellular carcinoma (Ettinger et al. , 1982) . In addition, 

ferritin levels appear to correlate with the differentiated state of the 

neoplasm, with greater levels of ferritin present in well- to 

moderately-differentiated hepatomas (Munro and Linder, 1978). 

Receptors, located either within the cell or on the cell surface 

of certain endocrine-responsive neoplasms may prove to be of some value 

in the localization of radiolabeled hormones. Wittliff et al. (1971) 

examined human breast carcinoma and associated nonmallgnant tissue for 

the presence of specific estrogen-binding receptors in vitro; the iso

lated cytoplasmic steroid receptors indicated that primary carcinoma 

bound approximately 8 times the amount of estrogen as borderline tissue, 

while normal tissue showed no significant binding. 

Steroid receptors for estrogen, progesterone, and estradiol have 

been isolated from a number of human gastrointestinal cancers; as many 

as 78% of the G.I. tumors tested proved to be positive for at least one 

steroid receptor (Alford et al., 1979) while nearly 15% were positive 

for more than one receptor type (Sica et al., 1984). This suggests that 

neoplastic cells may have acquired steroid dependent growth (Sica et 

al., 1984) and may allow for external imaging or hormonal manipulation 

of growth. Steroid receptors have also been identified in malignant 

skeletal tumors (Walker et al., 1980) where 75% of tumors tested were 

positive for a single steroid and 50% were positive for multiple binding 

sites. 

The growth of 7-12-dimethylbenzanthracene (DMBA)-induced rat 

mammary tumors is dependent upon the presence of the peptidic hormone 
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prolactin (Kelly et al., 1974). Formelli et al. (1983) demonstrated 

that the use of prolactin-lowering ergoline derivatives was effective 

in the regression of established tumors and on the onset of new tvunors. 

In addition, Rose, Gottardis, and Noonan (1983) showed that rat N-

nitrosomethylurea-induced mammary tumors, while less susceptible to 

prolactin inhibition than DMBA-induced tumors, were suppressed by a 

combination of drugs designed to suppress both prolactin and growth 

hormone. 

In contrast, human breast carcinomas appear to be less sensitive 

to the effects of prolactin than those of the rat. Partridge and H&hnel 

(1979) reported that 33% (n — 9) of the human carcinomas showed specific 

binding of prolactin in vitro; Holdaway and Friesen (1977) tested 63 

human breast tumors and found that 20% were prolactin positive. Pearson 

et al. (1978) reported remissions in patients with Stage IV breast 

cancer from the use of either hypophysectomy or anti-estrogen therapy 

and suggested that both pituitary and steroid hormones aid in main

taining the growth of some cancers. In a review of hormone dependency 

in human breast carcinoma, Costlow and McGuire (1978) proposed a 

hypothesis based on the interrelationship between peptidic hormones, 

insulin and prolactin, and the steroids, estrogen and progesterone, in 

the growth and maintenance of mammary carcinoma. While prolactin may 

not serve as an adequate marker for tumor diagnosis, hyperprolactinemia 

has been directly associated with metastatic disease and may be of 

prognostic significance follow chemotherapy (Holtkamp et al., 1984). 
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Carriers of Radionuclides or Cytotoxic 
Agents for Cell Surface Localization 

Several molecular structures have been actively investigated as 

carriers of radionuclides or cytotoxic agents in an attempt to increase 

the specificity of cell surface localization; potential candidates for 

carriers include both immunoglobulins and microspheres of polymerized 

resins of various composition and have proved to be of major importance 

in the study of tumor localization and imaging. 

Immunoglobulins 

Upon initial investigation, the immunoglobulin or antibody 

molecule should, in theory, have proved to be the ultimate answer to 

the problem of nonspecific tumor localization of radionuclides; in 

practice, however, antibodies have proved to be inconsistent in the 

targeting of cytotoxic agents or radionuclides to the site of the tumor 

or metastases, due, in part, to the physical structure of the antibody 

molecule itself. 

The immunoglobulins are categorized by their electrophoretic 

behavior, within the gamma-globulin class of serum proteins. They are 

produced by cloned plasma cells (antigen-activated B-lymphocytes) in a 

specific response to antigenic stimulation; each antibody molecule is 

specifically directed against a single site on the antigen structure 

and, although an immunoglobulin preparation may be "specific" for a 

particular antigen, polyclonal antiserum contains a mixture of anti

bodies directed against the various determinant sites of the antigen. 

In order to render a polyclonal antiserum more specific for a particular 

tumor type, the antiserum must be absorbed with normal surrounding 
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tissue of the various types to remove those antibodies directed against 

normal antigens associated with the tumor cell surface and cross-

reacting antibodies that may localize elsewhere than in the tumor. This 

absorption procedure, however, removes the vast majority of produced 

immunoglobulin, leaving little with which to specifically localize at 

the tumor site. Kohler and Milstein (1975) fused myeloma cells with 

plasma cells secreting immunoglobulins of known specificity, developing 

the monoclonal (monospecific) antibody and greatly advancing the field 

of immunology. By selecting plasma cells for the hybridization process 

that produce specific antibody of interest, relatively large quantities 

of antibody, directed against a single antigenic determinant site, can 

be produced. It was anticipated that the highly specific monoclonal 

antibody would lead to rapid advances in the area of tumor localization 

and scanning, but nonspecific localization of the antibody in areas 

other than the tumor site and slow blood clearance have produced less 

than desired results (Chatal et al., 1984; Gautvik et al. , 1982; Rhodes 

et al., 1982; DeLand et al., 1980). There appears to be some contro

versy as to the use of a monoclonal antiserum versus a heterologous 

polyclonal antibody preparation for tumor localization. Several 

investigators (Chatal et al., 1984; Moshakis et al., 1981; Mann et al., 

1984; Epenetos et al., 1982) have utilized monoclonal antibodies as a 

means to increase specificity of localization at the tumor site; others 

(Gautvik et al., 1982; Wilbanks et al., 1982; Jeppsson et al., 1984) 

advocate the use of a polyclonal antiserum, which is directed against 

multiple determinant sites on the tumor cell surface, or monoclonal 

antibodies of different specificities that will detect multiple sites 



34 

(Chatal et al., 1984; Jeppsson et al., 1984). The problem of decreased 

specificity of the antibody can be linked directly to the structure of 

the immunoglobulin molecule and the methods employed to couple nuclides 

or cytotoxic agents to the carrier molecule. 

The immunoglobulin-G (IgG) molecule is produced in high titer 

upon a second or subsequent exposure to an antigen. Its basic struc

ture consists of four polypeptide chains, with two identical heavy 

chains of approximately 50,000 daltons molecular weight, and two 

identical light chains with molecular weights of approximately 25,000 

daltons; the chains are linked via disulfide bonds. The carboxyl-

terminus of each chain is termed the constant region of the molecule 

and is restricted in the number of amino acid sequences available to 

each chain; this restriction determines the class of antibody as well 

as the class of the light and heavy chains. The amino-terminus of the 

light/heavy chain pairs constitutes the dual antigen-binding sites of 

the molecule; antigenic specificity is determined by variable and 

hypervariable amino acid sequences within the binding sites. The IgG 

molecule is susceptible to proteolytic cleavage by both papain and 

pepsin, producing fragments that have been shown to be immunologically 

useful. Porter (1959) reported that the hydrolysis of rabbit gamma

globulin and antibodies with papain resulted in two univalent antigen-

binding fragments (Fab) and a single crystallizable fragment (Fc) 

consisting of the disulfide-linked constant domains of the paired heavy 

chains. Enzymatic digestion of IgG with pepsin cleaves the molecule on 

the carboxyl-terminal side of the interchain disulfide bond of the heavy 

chains and results in a single bivalent antigen-binding fragment 



35 

[F(ab')2] and a portion of the Fc fragment that is degraded by pepsin and 

not recovered. The Fc portion of the antibody molecule contains all of 

the carbohydrate residues present on the structure and contributes to 

much of the antibody's nonspecific binding activity to a variety of cell 

types (Spiegelberg and Weigle, 1965); Fc-receptors have been identified 

both normal and tumor tissue (Noltenius, 1981), and may contribute, at 

least in part, to the nonspecific localization of the antibody in normal 

tissue. Opinions as to whether whole antibody molecules or their 

associated binding fragments are better suited for tumor localization 

and subsequent scanning also differ among investigators. Gaffar et al. 

(1982) compared whole IgG molecules, Fab and F(ab')2 fragments in a 

series of binding and localization experiments in vivo and concluded 

that the localization of the whole antibody was better than that either 

of the fragments and was preferred for localization; however, non

specific binding to normal tissue was not reported. Other investigators 

(Jeppsson et al. , 1984; Gautvik et al., 1982; Chatal et al. , 1984) 

advocate the use of papain-cleaved Fab fragments as a method for 

obtaining images without the necessity of computer subtraction meth

ods ; Fab fragments appear to clear from the blood pool more rapidly than 

whole antibodies, resulting in improved tumor-to-blood ratios in a 

shorter period of time (Gautvik et al., 1982; Wilbanks et al., 1982). 

Specific Applications. 

Radio iodinated antibodies are, by far, the most commonly 

utilized carrier-label system for the imaging of tumors. Altenbrunn et 

al. (1981) utilized 131I-labeled antibodies to Clostridium butvricum to 
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image transplanted tumors in mice after the administration of bacterial 

spores; Javadpour et al. (1981) scanned testicular tumors with 131I-anti-

hCG or -AFP, depending on which marker was elevated in serum, and 

reported the detection of lesions and metastases not detected by either 

CT or ultrasound. Radioiodinated anti-CEA has been used to identify 

human breast carcinoma xenografts in immunosuppressed mice (Moshakis et 

al. , 1981; Moshakis et al. , 1982), as well as a variety of tumors in 

human subjects (Dykes et al., 1980; Goldenberg et al., 1980; Mach et 

al., 1980). Ettinger et al. (1982) reported the use of labeled anti-

CEA and -ferritin as therapeutic agents against primary liver cancer in 

humans and reported a partial response to treatment in six of nine 

patients. Radioiodinated anti-ferritin has been utilized to image 

experimental hepatoma in a rat system (Rostock et al. , 1983; Rostock et 

al., 1984) and labeled monoclonal antibodies against a human germ cell 

tumor xenograft were shown to localize at the tumor site in immunosup

pressed mice (Moshakis et al. , 1981). Wilbanks et al. (1982) imaged 

mouse mammary tumors with Fab' fragments directed against mouse mammary 

epithelial cells; although they reported overall lower tissue levels 

(including tumor) with Fab' fragments than with whole antibody prepara

tions, rapid blood clearance allowed for adequate visualization of the 

tumor site. In a unique experiment, Weinstein et al. (1983) were able 

to visually scan guinea pig hepatocarcinoma and lymph node metastases 

after subcutaneous injection of 12®I-monoclonalantibodies and subsequent 

delivery through the lymphatics. Belitsky et al. (1978) reported the 

successful imaging of human renal cell carcinoma metastases with 131I-

antibody, while several groups have reported moderate success in the 
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detection of human colon carcinomas with 131I-monoclonal antibodies 

(Chatal et al., 1984; Ghose et al., 1976; Smedley et al., 1983). An 

early study by Ghose et al. (1967) report that mice inoculated with 

Ehrlich ascites cells which had been incubated with 131I-antiserum 

remained tumor-free, while mice inoculated with tumor alone, with tumor 

incubated with nonlabeled antiserum or radiolabeled nonspecific 

antiserum died within 14 d of inoculation; a later study by the same 

author demonstrated that the suppression of a mouse EL-4 lymphoma was 

directly related to the density of 131I attached to the antibody molecule 

(Ghose and Guclu, 1974). 

Haisma et al. (1984) utilized 111In-labeledmonoclonal antibodies 

in conjunction with ^Ga-labeled nonspecific immunoglobulin in a 

localization study of human breast carcinoma xenografts in mice; tumors, 

after computerized subtraction of ^Ga activity, were visible for 5 d 

following injection. 

While "m-Tc has been primarily used in chelated form for the 

scanning of brain, bone, and thyroid tumors, Zimmer et al. (1987) 

directly compared the biodistribution and radioimmuno-imaging charac

teristics of 99">rc- and 131I-labeled anti-CEA monoclonal antibody 

fragments in nude mice bearing human colon carcinoma xenografts; they 

reported higher tumor uptake and correspondingly better tumor images 

with the iodinated fragments and speculated that the reduction process 

necessary for the labeling of antibodies with ""^c resulted in the 

reduction of disulfide bonds and the generation of univalent Fab' 

fragments. Pettit et al. (1980) tested ""^c-anti-CEA in an in vitro 

system and reported that stability of the complex was less than that of 
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the corresponding iodinated antibodies, but was sufficient for imaging 

applications. Conversely, Rhodes et al. (1982) concluded that a """-Tc-

labeled antibody (or fragment) is "as good as, or better than, an 

iodine-labeled product." 

Vaughan, Bateman, and Fisher (1982) utilized a monoclonal 

antibody directed against the human transferrin receptor, and labeled 

with the alpha-emitter 211At(t 1/2 - 7.2 h), in an in vitro cytotoxicity 

study, as well as an in vivo biodistribution study in mice, as a poten

tial therapeutic agent; they reported that, while 211At-Ab was extremely 

cytotoxic in vitro, approximately 13.5% of the injected activity was 

retained in the blood pool 6 hr after injection, possibly compromising 

its therapeutic value. The same laboratory (Vaughan et al. , 1982) 

reported a decrease in cellular reproduction potential of a human 

myelogenous leukemia cell line in vitro when tested against 211At-labeled 

monoclonal antibodies and Concanavalin A. Macklis et al. (1988) 

utilized a 21%i-labeled monoclonal antibody (IgM) in a murine EL-4 

acites tumor model; they reported that while an I.P. injection of 150/iCi 

of immunoconjugate was sufficient to cure the ascites, up to 30% of the 

injected activity was localized in the renal tubules and bladder 2 hr 

after injection. 

Immunotoxins, antibodies of defined specificity conjugated to 

cytotoxic agents, have undergone laboratory trials as potential thera

peutic agents; toxins include those of bacterial origin (i.e.: A-chain 

of diphtheria toxin) and the A-chain of the castor bean protein, ricin. 

Moolten, Schreiber, and Zajdel (1982) utilized a polyclonal antiserum-
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diphtheria toxin conjugate in an in vivo study of SV-40-induced tumors 

in hamsters; while the immunotoxin failed to inhibit established SV-40-

induced fibrosarcoma, coinjection of the conjugate with the malignant 

cell line afforded partial protection. In a more sensitive SV-40-

induced lymphoma model, a 20-56% regression of established tumors was 

reported (Moolten et al. , 1982); however, the antigenicity of diphtheria 

toxin, in those previously immunized, may preclude its use in human 

clinical trials. Marsh (1988) tested a monoclonal antibody-diphtheria 

toxin conjugate in an in vitro murine system; while murine cells showed 

marked tolerance to diphtheria toxin, the immunotoxin inhibited protein 

synthesis of the cell line at a rate similar to that observed with 

native toxin in cell lines of sensitive species. The increased efficacy 

of the complex was attributed to the efficient antibody-mediated routing 

of the conjugate (Marsh, 1988). Jansen et al. (1982) conjugated ricin 

A-chain to monoclonal Fab' or F(ab) 2 fragments of various specificities; 

while good results were obtained in vitro, in vivo cytotoxicity trials 

were hampered by the immunogenicity of the toxin, lesions of the 

intestine, liver and kidney, and anaphylactic reactions if the treatment 

was discontinued and later restarted. A human T-cell leukemia antigen-

specific monoclonal antibody-ricin A conjugate was shown to suppress 

100% of an ascitic tumor in nude mice but was less effective in the 

suppression of the solid form of the neoplasm (Hara and Seon, 1987). 

It is feasible that ricin A-antibody conjugates may be utilized in the 

in vitro destruction of tumor cells in the bone marrow of leukemia 

patients prior to retransplantation (Jansen et al. , 1982; Vallera et 

al., 1983). 
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While several investigators have reported no serious problems 

in the use of radiolabeled antibodies in vivo (Rhodes et al., 1982; 

Wilbanks et al., 1982; Hoshakis et al., 1981; Moshakis et al., 1981a, 

1981b), a survey of the literature indicates that a large proportion of 

researchers have experienced severe drawbacks with their use. In 

general, these drawbacks fall into three groups, any one of which may 

limit the use of directly labeled antiserum as a routine diagnostic aid: 

1. Loss of radiolabel in vivo, with subsequent localization of 

activity in the liver and spleen (Macklis et al., 1988; Zimmer 

et al., 1987; Haisma et al, 1984: Jeppsson et al., 1984; Mann 

et al., 1984; Rostock et al., 1983; Jansen et al., 1982; Moolton 

et al., 1982; Vaughan, Bateman, and Fisher, 1982; Eckelman et 

al., 1980; Pettit et al., 1980). 

2. Decrease in antibody specificity upon labeling (Chatal et al., 

1984; Ferens et al., 1984; Jansen et al., 1982; Moolten et al. 

1982; Bale et al., 1980; Eckelman et al. , 1980; Pressman, 1980). 

3. Nonspecific accumulation of labeled antibodies in non-tumorous 

tissue (Hara and Seon, 1987; Rostock et al., 1983; Smedley et 

al., 1983; Bale et al., 1980; Epenetos et al., 1982; Pressman, 

1980). 

In addition, adverse effects have been reported in humans 

administered xenogeneic antibodies. These include not only an alter

ation in normal blood cell levels (Ettinger et al., 1982) and mild 

anaphylactic reactions (Ghose et al., 1976), but also the presence of 

anti-idiotypic antibodies after xenoglobulin treatment (Traub et al., 



41 

1988; Klein et al. 1988; Klein et al. , 1986; Primus and Goldenberg, 

1980). 

Microspheres 

Immunomicrospheres, spherical microscopic particles coated with 

antibodies or similar molecules, have been utilized in a variety of in 

vivo and in vitro cellular studies (reviewed by Rembaum and Dreyer, 

1980). They may be specifically synthesized to incorporate materials 

that are highly fluorescent, magnetic, radioactive or pharmacologically 

active and thus provide continuing opportunities in diagnosis, therapy 

and research. Polystyrene latex microspheres, in particular, have found 

increasing use in biological research. The physicochemical properties 

of the particles make them widely applicable for in vivo study. In 

general, polystyrene latex microspheres (PSL) have the following ideal 

characteristics: 

1. uniform in size and shape, 

2. metabolically inert and nontoxic to the host, and 

3. readily identified within cells, organs and in the circulation. 

PSL microspheres can be synthesized with several different surface 

characteristics and are available in a variety of diameters. Cova-

spheres particles (reg. trademark, Covalent Technology Corp, Ann Arbor, 

MI) are available with three basic surface properties: Cx particles 

have carboxyl surface sites while the Fx particles incorporate an amine 

group for surface binding; the Mx particle utilizes a modified carboxyl 

binding site, allowing for gentle antibody coupling in a short period 

of time. 
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Specific Applications. 

An early experiment utilized ceramic microspheres tagged with 

the pure beta-emitter 90-yttrium C90?) to prevent tumor growth in rabbits 

(Lafave et al., 1963). Ehrhardt and Day (1987) utilized 90if-glass 

microspheres in the intra-arterial radiotherapy of liver tumors; trials 

in rabbits and dogs proved successful and the product (^if-TheraSpheres; 

reg. trademark, Theragenics Corp., Atlanta, GA) has entered human 

clinical trials. 

Theodorakis et al. (1982) utilized ""^Tc-labeled polystyrene 

particles in studies of gastric emptying and for imaging segments of 

the gastrointestinal tract. 

Magnetic polymeric microspheres, tagged with the fluorescent 

label FITC and coupled to antibodies or lectins have been used in the 

in vitro separation of B- and T-cells from a heterogeneous cell 

population (Molday, Yen, and Rembaum, 1977); the iron contents of the 

microspheres permitted the use of transmission electron microscopy to 

correlate labeling information with cellular ultrastructure. Margel, 

Zisblatt, and Rembaum (1979) incorporated iron oxides into polygluter-

aldehyde microspheres and reported the separation of cellular mixtures 

with a magnet. Lichtenstein, Pojer, and Spokas (1984) labeled carboxyl 

iron particles with ""^c and were able to control the intravenous 

localization of the particles by an external magnetic field. 

Fluorescent microspheres have proved to be especially useful in 

a variety of cellular applications. Rembaum, Margel, and Levy (1978) 

covalently attached fluorescent immunoglobulin to polyacrylamide 

microspheres with polygluteraldehyde and used the conjugates to 
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quantitate lymphocyte subpopulations. Parks et al. (1979) utilized 

fluorescent microspheres coupled with myeloma protein antigens to 

identify and isolate specific antibody-producing hybridomas by 

fluorescence-activated cell sorter (FACS). Olson et al. (1980) reported 

the identification of B- and T-cell subsets with immunoabsorbent 

microspheres and attempted to correlate immunofluorescence with other 

specific immunologic techniques used to differentiate lymphoid cells. 

Mirro, Schwartz, and Civin (1981) utilized monoclonal antibodies 

conjugated to fluorescent Covaspheres to simultaneously analyze cell 

surface antigens and cellular morphology. Rolland et al. (1987) studied 

the phagocytosis of fluorescent submicron particles by flow cytometry 

and was able to visualize microsphere ingestion by scanning and 

transmission electron microscopy; in addition, they reported the 

simultaneous analysis of cell surface antigen expression and particle 

phagocytosis by human mononuclear cells in vitro. 

Other Carriers 

Although less frequently reported, carriers other than immuno

globulins or polymerized resins have used in tumor scintigraphy. Uriel 

et al. (1984) reported the in vivo uptake of 125I-labeled AFP by spon

taneous mouse carcinoma and predicted its usefulness in tumor detection. 

Volkow et al. (1983) tested the feasibility of using putrescine as a PET 

tracer for brain tumors in rats; the in vivo uptake of 14C-putrescine was 

35 times greater within the tumor than in normal brain and suggests that 

11C-putrescine may be effective for the selective metabolic imaging of 

brain tumor. Shani et al. (1984) utilized radioiodinated prolactin as 
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a potential mammary tumor localizing agent in rats; however, nonspecific 

binding, loss of radiolabel and the rapid in vivo metabolism of prolac

tin may preclude its use as a localizing agent. Franke and Hanson 

(1984) chemically synthesized two unique radioiodinated analogs for the 

estrogen receptor and tested their uptake in, and selectivity for, 

estrogen receptor-containing tissue in female rats; upon passage through 

the liver after IV administration, the 3-0-methyl ether linkages of the 

"pro-drugs" were cleaved, generating the parent compound and resulted 

in preferential uptake in estrogen-containing tissue. 

In order for a carrier-label complex to be effective as a tumor 

detection system, the conjugate must evade total removal from the circu

lation by the clearance organs of the body, known collectively as the 

reticuloendothelial system. 

Reticuloendothelial Clearance 

The Reticuloendothelial System: 
Components and Function 

The liver, spleen, and to a much lesser extent the lungs com

prise the major functional organs of the reticuloendothelial (RE) 

system; the Kupffer cells of the liver and the splenic macrophages serve 

to remove particulate material from the blood while alveolar macrophages 

of the lungs function primarily to remove inhaled particulates. The 

general term "phagocytosis" is commonly used to describe all methods of 

particulate removal by RE cells, although evidence indicates that a 

variety of endocytic mechanisms may take place during the internaliza

tion process (Bradfield, 1984), and is used in this context throughout 

this report. 
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The liver serves as the primary organ for blood detoxification 

in the body, and is responsible for the removal of emulsified fat from 

the circulation (tfaddell et al., 1954); it also appears that the liver 

may aid in the clearance and subsequent phagocytosis of old and worn 

blood erythrocytes (Halpern et al. , 1957). The Kupffer cells are highly 

phagocytic and are located on the luminal side of the hepatic endo

thelium. New Kupffer cells are recruited from the blood pool of 

circulating monocytes and are therefore considered to be end-stage 

cells, although some observations suggest that Kupffer cells possess 

the ability for limited localized cell division (Bradfield, 1984). As 

may be expected from a cell with an extremely diverse range of function, 

the Kupffer cell elaborates specific membrane receptors for the Fc 

portion of the immunoglobulin molecule and the C3 complement fragment, 

as well as receptors for hormones, lipoprotein and several carbohy

drates. In addition, it is capable of binding and internalizing a 

variety of foreign particles, including lipids, bacteria, viruses and 

denatured proteins, although it is not clear whether specific receptor-

mediated binding occurs prior to internalization (Bradfield, 1984). As 

seen with other types of macrophages, the Kupffer cell is able to 

function successfully as an antigen-presenting cell in vitro, aiding in 

the induction of an immune response to the particulate; in vivo, 

however, it serves primarily to sequester the particulate, preventing 

contact between the antigen and the immune system (Souhami, 1972). 

The primary function of the spleen in RE clearance is that of 

removing aged erythrocytes from the circulation and to serve as a 

secondary organ of clearance for those particulates that escape removal 
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by the Kupffer cells of the liver. The RE cells of the spleen are 

located both in a central structure surrounding the follicular artery 

and scattered throughout the red pulp; relatively few macrophages are 

present in the splenic germinal centers (Duque, 1965). 

Macrophages are also present in the alveolar lining of the lungs 

and function primarily to remove inhaled particulate antigens prior to 

entry into the circulation and subsequent contact with the immune sys

tem. The lungs participate in the blood clearance of certain materials 

by a mechanism of nonspecific particle aggregation in the alveolar 

capillary beds, as well as by an active phagocytic process (Adlersberg, 

Singer, and Ende, 1969). 

Genetic Variation: Differences 
between Murine Strains 

Histological as well as functional differences have been 

reported in the RE organs and components between the various murine 

strains. Duque (1965) compared the histologic structure of the spleen 

in ten inbred mouse strains of high- or low-susceptibility to spontane

ous mammary tumors. While no differences in liver or lymph node struc

ture were visible, and no correlation between tumor susceptibility and 

splenic structure was noted, differences in the number of spleen 

germinal centers and in the pattern of cells in the follicle of the 

spleen were found to be present between the strains (Duque, 1965). 

Zschiesche et al. (1966) compared six inbred mouse strains and reported 

quantitative differences not only in total serum proteins and the 

electrophoretic serum patterns but also strain-dependent phagocytic 

activity and a positive correlation between gammaglobulin concentration 
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and phagocytic activity. Definitive differences in susceptibility to 

spontaneous mammary tumors and in cellular response to gram-negative 

bacterial lipopolysaccharide (LPS) have made several murine strains 

especially useful as animal models in the study of cellular response and 

differentiation. 

Balb/c 

The Balb/c mouse (h2d) is an inbred albino strain that has a 

very low susceptibility to spontaneous mammary tumors (10-20%). It is 

the most sensitive of the murine strains to infection by Salmonella 

tvphimurium (Hormaeche, 1979) and its B-lymphocytes respond mito-

genically to purified LPS in vitro. 

C3H 

The C3H mouse (h2k) is an inbred agouti strain that also has a 

relatively low incidence of mammary tumors. It is also less sensitive 

to colonization by S. tvphimurium and shows a mitogenic response to LPS. 

C3H/HeJ 

The C3H/HeJ mouse (h2k) is an inbred agouti strain derived from 

the Cgl parental strain. It has an extremely high incidence of spontane

ous mammary tumors (65% in breeding females) and is hypersensitive to 

infection by S. tvphimurium (O'Brien et al., 1980; von Jeney, Gunther, 

and Jann, 1977), with a theoretical lethal dose approaching a single 

cell (Eisenstein et al., 1982). However, the B-cells, and a variety of 

other cell types (reviewed by Agarwal and Lazar, 1984), fail to respond 

to purified endotoxin (Kelly and Watson, 1977). 
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Cg HeB/FeJ 

The C3HeB/FeJ mouse (h2k) is an inbred agouti strain, derived 

from the C3H/HeJ, and bred to eliminate the mammary tumor virus by 

ovarian transplant into a foster Bl/6 strain. Like the C3H/HeJ 

strain, this strain is also hypersensitive to Salmonella infection 

(Eisenstein et al. , 1982; O'Brien et al. , 1980; von Jeney et al. , 1977). 

In contrast, however, the C3 HeB/FeJ shows cellular sensitivity to 

purified LPS (Eisenstein et al. , 1982). It is unknown when the C3H/HeJ 

and the C^HeB/FeJ strains diverged in terms of endotoxin responsiveness. 

Specific Cellular Differences 
in Response to Purified LPS 

The unresponsiveness of the C3H/HeJ strain appears to be due to 

a hyporeactive state of most cell types, including B- and T- lympho

cytes, macrophages and fibroblasts (Agarwal and Lazar, 1984). Respon

siveness to toxic and mitogenic effects of LPS is believed to be deter

mined by a pair of autosomal codominant genes located at a single locus 

of chromosome-4 and designated as LPS (Vatson, Largen, and McAdam, 

1978). No relationship exists between the mitogenic responsiveness to 

LPS and strain susceptibility to Salmonella infection (Eisenstein et 

al., 1982), and susceptibility to colonization by Salmonella is not 

related to murine haplotype (Hormaeche, 1979). 

B- and T-lymphocytes 

The B-cells of the C^rl/HeJ strain fail to respond to mitogenic 

stimulation by LPS; furthermore, they also cannot be induced to produce 

a secondary antibody response to LPS, but instead, respond with two 
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consecutive primary responses (Rudbach and Reed, 1977). A secondary 

response, of the IgA. isotype, can be induced, however, after oral 

administration of whole bacterium (Jirillo et al., 1984). The lack of 

a B-cell mitogenic response in the C3 H/HeJ strain appears to be LPS-

specific, as the lymphocytes respond in a normal manner to tuberculin 

purified protein derivative (PPD) (Rosenstreich and Glade, 1975). In 

addition, the T-lymphocytes are unresponsive to the induction of 

phenotypic differentiation by LPS (Koenig, Hoffman, and Thomas, 1977). 

The cell most profoundly affected by the defect in the LPS locus 

in the C^l/HeJ strain is the macrophage. C^H/HeJ macrophages lose the 

ability to phagocytose erythrocytes after 24 h culture in vitro (Vogel 

et al., 1980); however, this defect can be completely reversed by the 

addition of a lymphokine-rich spleen cell supernatant (Vogel et al., 

1982; Vogel and Rosenstreich, 1979). The phagocytic defect appears to 

be specific for Fc receptor-mediated processes because the phagocytic 

rate of latex particles has been reported as comparable to that of LPS 

responsive macrophages (Vogel et al., 1980). C^i/HeJ macrophages cannot 

be activated for tumor cytotoxicity by in vitro treatment with LPS, BCG 

or lymphokine-rich supernatants (Ruco and Meltzer, 1978). While other 

macrophage responses, such as peroxidase staining, in vitro response to 

chemotactic lymphokines and rate of latex uptake appear to be normal 

(Ruco and Meltzer, 1978), latex particles are less avidly phagocytosed 

by C^l/HeJ macrophages than by those of responsive strains (Lubinsky-

Mink, Hunkenbeck, and Morrison, 1983). In addition, McCuskey et al. 

(1984) compared latex uptake by liver Kupffer cells in the C^eB/FeJ and 

C3 H/HeJ strains in vivo and reported that, while the rate of 
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phagocytosis was not significantly different between the strains, the 

liver of the C^H/HeJ contained 60% fewer Kupffer cells that actively 

phagocytosed latex. Infection with viable BCG organisms renders C^H/HeJ 

macrophages sensitive to endotoxin in vitro, but only if co-cultured 

with T-cells (Vogel et al. , 1980); these macrophages are also refractory 

to migration inhibition factors (MIF) unless actively infected with BCG 

7 d prior to the in vitro assay (Tagliabue, McCoy, and Herberman, 1978). 

Goichot and Joyeaux (1977) compared macrophage migration in six inbred 

strains of mice and reported that the macrophages of the C3H/ICO (LPS-

responsive) strain, as well as those of the C^I/HeJ, failed to migrate 

in the absence of antigen. Both LPS and calcium ionophore A23187 failed 

to induce interleukin-1 (IL-1) production in C^H/HeJ microphages when 

compared to a C^J responder strain (Shinomiya and Nakano, 1987); however, 

IL-1 production was inducible in macrophages of both strains by phorbol 

myristate acetate (PMA), an activator of protein kinase C. The delayed 

type hypersensitivity (DTH) response appears to be deficient within the 

Cj^I murine strains. While immunization with avirulent Salmonella was 

found to provide high levels of protection against challenge with 

virulent organisms in both the C3 H/HeJ and C^leB/FeJ strains, both 

strains failed to exhibit significant DTH responses despite high levels 

of immunity (Killar and Gisenstein, 1984). 
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Reticuloendothelial Clearance of 
IV-injected Particulates 

Mathematical Models Describing 
Overall RE Function 

Essentially, phagocytosis by the RES is governed by two 

considerations: 

1. The physiological condition of the host and the cells of the 

RES, and 

2. The physicochemical characteristics of the particle presented 

to the RES. 

Gabrieli and Snell (1965) developed a mathematical model 

describing the overall scheme of RE phagocytic function based on the 

concept of reverse phagocytosis. They described a two-compartment 

system in which the injected particulates, after interaction with blood 

and serum components, leave the first compartment (blood vascular 

system) and are reversibly retained in the second compartment, which 

includes the organs of the RES as well as other areas of the body in 

which particulates are nonspecifically trapped or aggregated. The 

authors emphasized the reentry of phagocytized material into the circu

lation as an important characteristic of RE clearance. Fred et al. 

(1967) elaborated on the two-compartment model and have described a 

complicated three-compartment model that offers little clarification of 

RE function over that previously described (Gabrieli and Snell, 1965). 

In a long-term study of RE clearance in mice, Adlersberg et al. 

(1969) concurred with the results of Gabrieli and Snell (1965) and 

proposed four distinct phases in RE clearance. 
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1. The clearance of particulates from the circulation, 

2. the subsequent reentry of previously phagocytized material into 

the circulation, 

3. the cyclic redistribution of particulates in various organs, 

and 

4. slow fecal elimination of particulates from the body. 

Factors that Mav Influence 
Routine RE Clearance 

Opsonins 

The concept of opsonization, the coating of foreign particu

lates with specific or nonspecific serum proteins to facilitate phago

cytosis, had been debated for years without complete resolution. 

Carpenter and Barsales (1966) reported that the in vitro uptake of 

protein-coated Bentonite (aluminum/silicon oxides) particles was 

dependent upon the presence of specific complement-like components of 

normal, fresh serum. Jenkin and Rowley (1961) determined that an 

undefined serum component was required for the ingestion of bacteria, 

as well as colloidal material, by RE cells. Jeunet and Good (1967) 

reported that an undefined plasma factor facilitated the clearance of 

gold colloid from perfused rat liver; however, a report from the same 

laboratory (Lirenman, Fish, and Good, 1967) determined that carbon 

clearance in the rabbit was prolonged by the simultaneous injection of 

nonspecific serum factors (aggregated bovine serum albumin), and 

suggested that opsonins may be active only in certain species and may 

"not be of universal importance" (Lirenman et al., 1967). 
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Ionic Charge of Particulates 

Evidence suggests that the ionic charge of the circulating 

particle may influence the tissue localization of the particle without 

affecting its clearance from the blood. Wilkins and Myers (1966) 

utilized polystyrene latex (PSL) particles, coated with varying ratios 

of polylysyl gelatin and gum arabic to alter surface charge, in blood 

clearance and organ distribution studies in rats. They reported that, 

while the negatively-charged colloid was taken up and retained primarily 

by the liver, the positively-charged particulates initially accumulated 

in the lungs and later redistributed to the spleen. The use of nonionic 

particles, or the coating of ionic particles (i.e., PSL) with autologous 

serum proteins, prior to injection, has been recommended to overcome 

both opsonic effects and unwanted ionic tissue interactions (Zilversmit, 

Boyd, and Brucer, 1952). 

Blood Clearance and Tissue 
Distribution Studies 

Colloidal Carbon 

Biozzi, Benacerraf, and Halpern (1953) tested the blood clear

ance of varying doses of injected colloidal carbon in a rat model and 

reported that the initial rate of clearance was the same for all 

concentrations tested. They determined that the clearance of carbon is 

inversely proportional to the dose injected and suggested that clearance 

is stimulated by the concentration of circulating carbon and is 

inhibited by the amount of carbon absorbed by the RES. The exponential 

curve derived from their clearance data was explained as a saturation 

of receptor sites within the RES and concluded that "all colloidal 
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suspensions of particles whose concentration in blood decreases accord

ing to an exponential equation must saturate the RES" (Biozzi et al., 

1953). These investigators also determined the tissue localization of 

the particulates and recovered approximately 90% of the injected dose, 

primarily from the liver and spleen. They reported that, at lower 

doses, the liver is primarily responsible for the clearance of circu

lating carbon while the spleen absorbs smaller amounts in relation to 

its weight; at larger doses, however, while the carbon levels in the 

liver increased, spleen levels increased considerably, suggesting a 

"saturating effect" on the receptors of the liver and a concurrent 

increase in splenic activity (Biozzi et al., 1953). 

Polystyrene Latex Particles 

The advantages of using polystyrene latex (PSL) particles for 

in vivo studies have been listed in previous sections and include uni

formity of size and shape and the ability to surface label the particles 

with radioisotopes to better quantitate recovery from biological 

systems. 

Schoeriberg et al. (1961) evaluated the blood clearance and 

tissue localization of PSL particles (,5/im, . 6/im, 1.2 ftm) as a function 

of particle size and dose in the rabbit. As previously reported for the 

clearance of carbon (Biozzi et al., 1953), they observed exponential 

clearance for all concentrations tested. However, in contrast to the 

clearance of carbon, they reported that there was no indication that 

small doses cleared more rapidly than larger doses (rate independent of 

injected dose); in addition, they determined that the rate of clearance 
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was also Independent of particle size (Schoenberg et al., 1961). Unlike 

previous reports, Schoenberg et al. utilized microscopic techniques to 

evaluate the organ and cellular distribution of the injected particles. 

They reported that, especially with smaller particles, PSL particles 

were observed in the alveolar capillaries of the lungs shortly after 

injection and rapidly decreased over time. They also observed that only 

a small fraction of liver Kupffer cells contained latex, as did the 

cells of the spleen, even at higher doses of injected particles, and 

reported that there was no evidence to support the concept of receptor 

saturation at any concentration of PSL tested (Schoenberg et al., 1961). 

Adlersberg et al. (1969) studied the long-term fate of 12^I-PSL 

particles (0.23 pm) in the mouse. In addition to corroborating the 

blood clearance and tissue distribution studies reported by Schoenberg 

et al. (1961), these investigators observed low, constant levels of PSL 

particles in the peripheral blood for as long as 6 mo following a single 

injection. They also reported a continuous recirculation of latex 

particles among the liver, spleen, and lungs and described a cyclic 

process of redistribution and subsequent fecal elimination of PSL 

particles (Adlersberg et al., 1969). 

Singer et al. (1969) compared the blood clearance and tissue 

distribution colloidal carbon and 12®I-PSL particles (0.23 ftm) in a mouse 

model and reported the following observations: 

1. the rate of carbon clearance was inversely proportional to the 

dose injected, 

2. the rate of PSL clearance was independent of injected dose. 
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In addition, they evaluated the blood clearance of carbon and 125I-PSL 

particles in the presence of the other particulate and found that, 

whether injected simultaneously or sequentially, there was no difference 

in the clearance curve of each component when compared to that obtained 

from the component injected alone (Singer et al., 1969). Histological 

observations, both by light and electron microscopy, indicated differ

ences in the cellular localization of carbon and PSL particles and 

suggested differing mechanisms of phagocytosis with the two types of 

particles. All PSL particles were found to be coated with a granular 

monolayer, supporting the theory that opsonin is essential for the 

ingestion of foreign particles by living cells. Singer et al. also 

reported that PSL particles appeared to be enclosed singly within 

vacuoles in the cytoplasm of liver Kupffer cells while, in contrast, 

carbon was taken up in the form of aggregates and formed blind-sac 

channels within the cellular cytoplasm. In addition, carbon and PSL 

showed its own pattern of cellular uptake whether given alone or in 

mixed injection (Singer et al., 1969). 

Radiolabeled Gold (198Au>-colloids 

Zilversmit et al. (1952) tested the effects of 198Au-colloid 

particle size (.01-.04 /am) in clearance studies in dogs. While they 

found no evidence of dose dependent clearance, they reported that the 

rate of clearance was directly proportional to particle size, with 

larger particles clearing more rapidly than smaller particles. It was 
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also observed that colloidal particles of all sizes cleared less rapidly 

if they were coated with autologous serum prior to injection. 

Singer, Adlersberg, and Sadek (1972) compared the clearance and 

distribution of 198Au-colloid (.003-.007 /im) with previously reported 

latex studies (Adlersberg et al., 1969) in the mouse over a 6-d period. 

While they found similarities in the clearance rates of 198Au and PSL, 

and in the constant level of circulating particulates over the course 

of the experiment, differences in organ distribution of the radiogold 

were observed. While they reported no evidence of gold aggregation in 

lung capillaries, the liver absorbed the particulates rapidly, accumu

lating over 90% of the injected dose within 4 hr. In addition, 198Au 

levels in the spleen increased slowly over the 6-d period, suggesting 

that a smaller particle size allowed for rapid passage through the blood 

and a more rapid entry into the organs of the RES. The investigators 

also reiterated their theory of cyclic redistribution and recirculation 

of gold particles as previously described for PSL particles (Adlersberg 

et al., 1969). 

In view of the disparate and somewhat ambiguous literature 

reports, the following generalities concerning the blood clearance and 

tissue distribution of IV-injected particulates can be made: 

1. The process of opsonization prior to phagocytosis may be 

dependent on particle composition or, conversely, may only be 

active in some species. 

2. The overall rate of blood clearance of foreign particulates is 

dependent upon particle composition. 
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3. After a single IV injection, greater than 90% of the injected 

dose is removed from the circulation within 5 min, regardless 

of particle size or composition, uniformity of shape, particle 

concentration or species of animal tested (Zilversmit et al., 

1952; Biozzi et al., 1953; Schoenberg et al., 1961; Adlersberg 

et al., 1969; Singer et al., 1969; Singer et al., 1972). 

4. While the lungs may initially accumulate particles, the liver 

and spleen are primarily responsible for the clearance of 

foreign material from the blood. 

5. The removal of particulates from the blood does not necessarily 

imply a phagocytic process, as the nonspecific aggregation of 

particles in capillary beds and the entrapment of particles 

within sinusoids of the RES organs has been observed. 

6. The process of RE clearance involves the cyclic recirculation 

and redistribution of previously phagocytized (or entrapped) 

particles between the lungs, liver and spleen and results in 

slow fecal elimination from the body. 

Depression of the Reticuloendothelial 
System (RE "blockade") 

If it can be assumed that a saturation of the receptors of the 

organs of the RES occurs at higher doses of IV-injected particulates, 

then, theoretically, a "blockade" of the RES by inactivation of its 

constituent cells with large doses of particulates or colloids should 

be possible. Studies involving the use of nonspecific inhibitors, such 

as silica, lipid emulsions and dextran sulfate have been reported. In 

addition, research evidence indicates that repeated injections of the 
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same particulate material result in a temporary decrease in the ability 

to clear a subsequent dose. 

Nonspecific RE Depression 

Von Behren et al. (1983) tested the effect of injected silica 

on the susceptibility of mice to experimental histoplasmosis and 

reported that the macrophage response was completely inactivated 

following the injection of silica (1-5 (im) . In addition, the blastogenic 

response of spleen cells was depressed for 21 d after treatment. 

However, they also determined that silica was extremely cytotoxic in 

vivo, especially smaller sized particles, and that regeneration of the 

RE response occurred only after cellular regeneration (Von Behren et 

al., 1983). 

Di Luzio (1965) determined that an injection of methyl palmitate 

inhibited liver and spleen macrophage activity, depressed the immune 

response and permitted the growth of a murine Cgi lymphosarcoma in C57BL 

hosts while the incompatible tumor failed to grow in untreated mice. 

Saba and DiLuzio (1969) induced a temporary depression of phagocytic 

activity with methyl palmitate and tested the subsequent clearance of 

colloidal carbon. While they reported that the removal of successive 

doses of carbon was inhibited by 42%, the clearance of a dissimilar 

particulate (gold colloid) occurred at a normal rate, suggesting that 

the lipid emulsion depleted a specific circulating opsonin rather than 

physically saturating the RE receptors (Saba and DiLuzio, 1969). 

In an elegant series of experiments, Bradfield (1977) depressed 

phagocytic activity with dextran sulfate (mw 900,000) and evaluated the 
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blood clearance and organ distribution of 51Cr-sheep red blood cells 

(51Cr-SRBC) in mice. He reported that, while the SRBC cleared rapidly 

from the blood in both untreated and treated animals, the organ 

distribution of the cellular material was altered following treatment 

with dextran. Experimental animals showed a greatly reduced uptake of 

51Cr-SRBCby the liver, with a majority (71%) of the labeled particulates 

localizing in the spleen and bone marrow. Bradfield (1977) concluded 

that when particles are excluded from the liver, they are cleared only 

by the organs in which macrophages line the blood sinuses. In addition, 

Bradfield, Souhami, and Addison (1974) reported a dramatic increase in 

the humoral immune response to SRBC in mice following a single injection 

of dextran sulfate, suggesting an adjuvant effect when the blood cells 

are excluded from the liver and are diverted to the spleen. Souhami and 

Bradfield (1974) evaluated the recovery of hepatic phagocytosis after 

RE depression following a single injection of carbon, silica or dextran 

sulfate and concluded that, in all cases, recovery from phagocytic 

depression is associated with the formation of new Kupffer cells rather 

than receptor regeneration. 

RE Depression Induced by Multiple 
Particulate Injections 

Biozzi et al. (1953) utilized multiple injections of colloidal 

carbon in a rat model and reported that a previous injection slowed 

the rate of clearance of successive doses, providing evidence of a 

"saturating effect" on the RE organs. DuSouich, Bernier, and Cote 

(1981) reached similar conclusions in a rabbit model and suggested that 
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RE depression is due to the progressive saturation of RE cells with 

different rates and capacities of phagocytic activity. 

Schoenberg et al. (1961) evaluated multiple PSL injections of 

the same dose and particle size in the rabbit and reported that, while 

there was no change in the initial rate of clearance, increased levels 

of PSL particles remained in the circulation for longer periods of time 

when compared to a single injection of particles. Singer et al. (1969) 

reported that the multiple injection "saturation phenomenon" was not 

apparent in later blood clearance curves in mice, but became evident 

upon histological examination. In addition, they determined that 

previous injections of either carbon or PSL failed to affect the removal 

of subsequent injections of the dissimilar particulate (Singer et al., 

1969). 

Zilversmit et al. (1952) tested the effects of repeated 198Au-

colloid injections in dogs and reported no evidence of RE depression, 

either by blood clearance data or by histological methods. However, 

the small particle size of the colloid (.01-.04/im) may have been 

insufficient to induce RE depression. 

A critical review of the available literature concerning RE 

depression allows the following general facts to be surmised: 

1. RE depression in vivo may involve the depletion of serum factors 

as well as the depression of Kupffer cell phagocytic activity 

by the blocking of phagocytic sites. 
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2. RE depression is not necessarily specific; the clearance of one 

particle may affect the clearance of a subsequent dissimilar 

particle. 

3. Upon RE depression, the clearance of blood-bome particles 

becomes extrahepatic; particles are cleared only by those organs 

in which macrophages line the blood sinuses. 

4. Recovery from RE depression requires the replacement of damaged 

Kupffer cells. 

Alternative Routes of Particulate Administration 

In order to better describe the mechanisms of RE clearance, 

several groups have investigated alternative routes of particulate 

administration; the intraperitoneal (IP) and oral administration of 

particles results in distribution and dissemination via the lymphatics 

rather than by the blood vascular system, and should, theoretically, at 

least partially evade clearance by the RE organs. 

IP-injection of Particulates 

Stern, Bartizal, and Divshony (1967) investigated the RE 

phagocytosis of IP-injected 51Cr-SRBC in several inbred murine strains 

bearing spontaneous mammary carcinomas or lymphomas and compared the 

results with those of tumor-free littermates. Hepato- and splenomegaly, 

with a concurrent depression in splenic phagocytosis was reported in all 

tumor-bearing animals. In addition, a significant decrease in blood 

clearance was observed in the tumor-bearing groups. 

Adlersberg, Singer, and Edberg (1973) compared the distribution 

of IP-injected 12®E-PSL and 198Au-colloid in normal mice and in mice 
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bearing transplanted tumors. While no differences in distribution 

between the two particle types was observed, they also reported a 

depression in splenic phagocytosis in tumor-bearing animals. 

Oral Administration of Particulates 

Gut-associated lymphoepithelial tissue (GALT) is a specialized 

lymphoid tissue associated with lymphoid follicles in the avian Bursa 

of Fabricius and the appendix and intestinal Peyer's patches in mammals. 

GALT is characterized by microvilli of irregular number, length and 

diameter containing dense cytoplasm and numerous apical vesicles and 

vacuoles. It is distinguished from surrounding tissue by an efficient 

mechanism of pinocytotic transport from the lumen of the intestine into 

the intercellular spaces and underlying lymphoid tissue (Bockman and 

Cooper, 1973). GALT allows for the bidirectional transport of macro-

molecules and inert particles through the intestinal mucosa (Bockman and 

Stevens, 1977) and may represent specialized areas which promote the 

contact of intestinal antigens with immunocompetent cells (Cottier et 

al., 1973; LeFevre and Joel, 1977). 

Dissemination of Orally-
ingested Particles 

Volkheimer (1975) studied the distribution of orally adminis

tered polyvinyl chloride (PVC) particles (5-110 fim) in dogs and starch 

granules (5-110 |im) inhuman subjects and defined the term "persorption" 

to describe the transport of particulates from the digestive tract by 

both the lymphatic and portal systems. He reported that, after feeding 

200 g of PVC powder to dogs, particles were found in the blood within 



64 

1 min of ingestion. In addition, he reported the rapid dissemination 

of PVC to all organs and fluids of the body, including the brain and 

cerebrospinal fluid; in addition, he observed the transplacental passage 

of particles in a single animal. In human subjects, Volkheimer (1975) 

and Volkheimer et al., 1968) tested the effects of pharmacological 

agents on the rate of persorption of corn starch (5-110 /jm) from the 

gastrointestinal tract and reported that the administration of pros-

tigmine, caffeine and nicotine, drugs that increase the activity of the 

gastrointestinal musculature, resulted in a 2-fold increase in the 

persorption rate of starch granules, while atropine, which decreases gut 

mobility, significantly inhibited transport. 

Joel, Laissue, and LeFevre (1978) compared the long-term (2-12 

mo) ingestion of carbon particles (0.02-0.05 /m) with twice-daily gavage 

(8 d) in mice. During 8 d of gavage, carbon was not observed in the 

lungs, liver, spleen or mesenteric lymph nodes but was present in the 

epithelial layer covering the intestinal Peyer's patches and in under

lying macrophages. After 6 mo of chronic ingestion, macrophages 

containing carbon were observed in the lungs, liver, and mesenteric 

lymph nodes suggesting that subepithelial macrophages of the Peyer's 

patches are mobile. The lack of carbon accumulation in the liver also 

suggested that penetration via the absorptive villa and subsequent 

transport by the portal circulation, as described for larger particles 

(Volkheimer, 1975), is not a major route of entry for small particles. 

Sanders and Ashworth (1961) studied the movement and distribu

tion of orally administered PSL (0.2/im) particles by electron microscopy 
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in a rat model. They reported that, within 1 hr, particles were 

observed between the intestinal microvilli and were numerous in the 

cytoplasm of Peyer's patch epithelial cells where they were always 

enclosed within vesicles. They concluded that solid particles are 

absorbed through the intestinal epithelium by a continually intravesicu-

lar transport mechanism. 

Matsuno et al. (1983) administered Percoll microspheres by 

stomach tube to suckling (4 d) mice over a 7-d period and studied the 

uptake and tissue translocation of the spheres by transmission electron 

microscopy. They reported the presence of particles within the cyto

plasm of ileal enterocytes, as well as within vesicles, and in the 

enterocytes of Peyer's patches. In addition, particles were observed 

within lysosomes of the mesenteric lymph node complex and smaller 

numbers were located in the liver Kupffer cells. Surprisingly, small 

amounts of particulates were found within lysosomes of perivascular 

macrophages in the thymic cortex, lending support to previous sugges

tions that GALT may represent specialized areas which promote the 

contact of intestinal antigens with immunocompetent cells (Cottier et 

al., 1973; LeFevre and Joel, 1977). 

Statement of Objectives 

In order to determine the feasibility of utilizing a gamma-

emitting 15%m-incorporated PSL particle, coated with a tumor-specific 

antibody, as a means to externally image a solid tumor, the following 

experiments were conducted: 
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1. Determine the blood clearance rates of IV-injected fluorescent 

PSL particles (0.5 /im and 1.0|im, nominal) in Balb/c, C^I, C^l/HeJ 

and C^I/FeJ mice by use of a model-independent pharmacokinetic 

method. 

2. Determine tissue distribution and localization of fluorescent 

particles. 

3. Determine alterations in blood clearance and distribution of 

fluorescent particles following RE depression induced by a 

previous challenge of nonfluorescent PSL particles in Balb/c 

mice. 

4. Determine the presence of fluorescent PSL particles in the blood 

and organs of Balb/c and Cornice, following oral administration 

of particles, as a means to circumvent RE uptake. 
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CHAPTER 2 

MATERIALS AND METHODS 

Mice 

C^I, C^i/HeJ, C^l/FeJ, and Balb/c mice were bred and raised in 

the departmental animal facility; additional Balb/c mice were obtained 

from Jackson Laboratories, Bar Harbor, ME. All animals were maintained 

on Ralston Mouse Chow and tap water, ad libitum. 

Polystyrene Latex Particles 

Green fluorescent Covaspheres Mx particles, in nominal diameters 

of 0.5 /im (lot numbers 8A83 and 1F84) and 1.0 /xm (lot number 9A83), were 

generously provided by Covalent Technology Corporation, Ann Arbor, MI; 

in addition Covaspheres Mx particles of the same diameters and composi

tion but lacking the incorporated fluorescent label (lot number 7B82 and 

10V82) were also provided. The fluorescent beads have a stated 

excitation wavelength of 461nm and an emission wavelength of 472 nm. 

Preliminary Studies to Establish 
Experiment Parameters 

Dissolution of Covasphere 
Beads in Organic Solvent 

Although numerous investigators have utilized visual microscopic 

counting methods to quantitate polystyrene latex (PSL) particles 

(Schoenberg et al., 1961), a method was sought that would ensure accu

rate and reproducible quantitation of fluorescence from blood and 
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tissue. The manufacturer reports that, while the number of beads per 

unit volume of suspension is inversely proportional to bead diameter, 

the total surface area of the beads per unit volume and therefore the 

total fluorescence, remains constant. Preliminary experiments were 

conducted to find a suitable solvent that would completely dissolve the 

beads and result in a uniformly fluorescent solution without latex 

residue. A variety of organic solvents were tested, including acetone, 

chloroform, diethyl ether, dichloromethane and xylene; it was determined 

that only 1,4-dioxane would totally dissolve the beads and microscopic 

analysis revealed no resulting latex residue. Scintillation grade 1,4-

dioxane (lot number 715527, Fisher Scientific Company, Fairlawn, NJ) was 

used in all subsequent phases of the project. 

Determination of Optimal 
Spectrofluorometric Parameters 

Fluorescence was analyzed with a Model 430 Xenon Spectrofluoro-

meter (Sequoia-Turner Corp., Mountain View, CA) . When the excitation 

and emission wavelengths were set to the stated wavelengths of the 

fluorescent beads (exc 461 nm, em 472 run), 1,4-dioxane was shown to be 

autofluorescent, interfering with the analysis of the beads. Various 

excitation and emission wavelengths were tested, ranging from 400-500 

nm, to minimize solvent fluorescence and maximize bead analysis. It was 

determined that an excitation wavelength of 450 nm and an emission 

wavelength of 495 nm negated fluorescent interference from the solvent 

while maximizing analysis of the beads. Emission bandwidth was 

maintained at 15 nm and a polarized filter was utilized at the emission 
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slit to further minimize interference from overlapping wavelengths. 

These parameters were utilized in all subsequent fluorescent analyses. 

Recovery of Total Fluorescence from 
Blood and Tissue Preparations 

In order to ensure accurate and reproducible fluorescence 

measurements, it was necessary to demonstrate the total recovery of bead 

fluorescence from both blood and tissue preparations. Eight microliters 

of bead preparation were added to 2 ml 1,4-dioxane, or to dioxane 

containing 50 fil of mouse blood or 0.5 g of homogenized mouse lung. All 

preparations were centrifuged at 1200 g for 20 min and the supematants 

compared spectrofluorometrically as described. 

Standardization Studies of Blood 
and Tissue Preparations 

A variety of substances in mouse blood and organ tissues, 

including lipids and hemoglobin, were shown to fluoresce in 1.4-dioxane 

at the established excitation and emission wavelengths of the spectro-

fluorometer. Methods were established to "zero" the spectrofluorometer 

prior to experimental analysis, thus negating interfering fluorescence. 

Blood and tissue controls, from each mouse strain, were prepared as 

follows: 

Blood Controls 

A 50 fil blood sample was drawn from the mouse by puncture of 

the retroorbital plexus and was placed in 2.95 ml 1,4-dioxane. Blood-

dioxane samples were vortexed for 15 sec and were centrifuged at 1200 

g for 20 min at 40°C to sediment blood cells and other insoluble 
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material. Supernatant fluid was removed and used to establish baseline 

blood fluorescence levels at the parameters described. 

Organ Controls 

Mice of each strain were killed by cervical dislocation; the 

lungs, liver and spleen were removed, debrided of adhering tissue, 

weighed in the wet state and frozen at -40°C until prepared. In addi

tion, the mesenteric lymph nodes, thymus and intestines of Balb/c and 

C^l strains were utilized. 

The lungs, spleen, and thymus were homogenized in 3 ml 1,4-

dioxane; the mesenteric lymph nodes were homogenized in 1.5 ml dioxane 

while the livers, of greater mass and having a correspondingly higher 

lipid content, required 4 ml of the solvent for adequate homogeni-

zation. The intestines, encompassing all digestive tissue from the 

stomach to the rectum, were longitudinally incised, debrided of omentum 

and extraneous tissue, and gently rinsed to remove overt fecal material; 

tissues were then homogenized in 3 ml dioxane. All organ preparations 

were vortexed for 15 sec and centrifuged at 1200 g for 45 min at 4°C, 

additional centrifugation at 1800 g for 30 min was required for liver 

preparations to remove undissolved lipid droplets from the solvent 

layer. Supernatant fluid was removed and used to establish baseline 

fluorescence levels for each individual organ of each mouse strain by 

methods described. 
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Concentration Standards 

A series of fluorescent standards, consisting of serial 1:4 

dilutions of a 1 fil/ml suspension of each size of Covasphere bead in 

2.95 ml dioxane plus 50 /xl mouse blood, was established for the 

quantitation of experimental samples. It was determined that a series 

of seven standards, encompassing a range of .25/il/ml to 1.22 x 10"4 

i 
/il/ml, was sufficient to analyze all groups of experimental samples. 

The series of standard dilutions was analyzed prior to experimental 

samples to ensure linearity and adequate sensitivity of the fluorometer 

and were reconstructed as necessary to maintain the detection of a 

minimum three-log decrease in fluorescence over the range of the 

standards. 

An external standard, spectrofluorometrically proportional to 

the total fluorescence of an injected dose of Covasphere beads, was 

prepared of each bead size at the onset of every experimental procedure. 

Twenty-five microliters of the bead suspension to be injected was added 

to 2.975 ml dioxane and vortexed to completely dissolve the latex; 150 

/il of the fluorescent dilution was then added to 2.8 ml dioxane 

containing 50 fil of mouse blood and preparation was completed as 

described. The external standard, a 1:160 dilution of the total 

injected bead dose, was analyzed in conjunction with experimental 

samples and served as a reference point for the calculation of bead 

concentrations in the samples. 
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Studies of RE Clearance and 
Depression of RE Clearance 

Preparation of Fluorescent 
Beads for in vivo Studies 

The fluorescent beads (.5 ftm and 1.0 ftm) were coated with mouse 

albumin according to manufacturer's recommendations to decrease ionic 

interaction with tissue and inhibit RE uptake. Briefly, bead suspen

sions were sonicated in a high-speed waterbath for 10 min prior to use 

to prevent aggregation of the beads. Ten microliters of bead suspension 

were added to 100 /il of phosphate buffered saline (PBS, pH 7.0) contain

ing mouse albumin (0.1 mg/ml). The resulting suspension was sonicated 

for 15 min at 40°C and allowed to incubate for 1 hr at room temperature. 

The beads were pelleted by centrifugation, washed 3 times in PBS and 

resuspended in mouse albumin (0.1 mg/ml in PBS) to the required concen

tration for injection. Nonfluorescent Covasphere beads (0.51/jm and 1.0 

fim) were utilized uncoated to enhance RE uptake, and were suspended to 

the required concentrations in PBS. 

Experimental Procedure: RE Clearance 
and Tissue Localization Studies of 
IV-administered Fluorescent Beads 

Adult mice of all four strains, both sexes, and 8 to 10 wk of 

age were utilized in this comparative phase of the experiment; a minimum 

of three animals was used at each designated time point. Two-tenths 

milliliter of a 40 fil/ml suspension of either 0.5/im or 1.0/jm albumin-

coated Covasphere beads, equivalent to 8 fil of commercial bead prepara

tion, was injected via the caudal vein. A 50 fil blood sample was drawn 
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by retroorbital puncture at one, 30, 60, or 180 min after injection and 

was placed in 2.95 ml dioxane to dissolve the latex spheres. Animals 

were immediately killed by cervical dislocation following the taking of 

the blood sample; lungs, liver, and spleen were removed, weighed in the 

wet state and frozen at -40°C until processed. Blood and organ samples 

were prepared as described; spectrofluorometric parameters were as 

described and a minimum of three intensity readings were observed for 

each sample. 

Experimental Procedure: Depression of RE 
Clearance and Subsequent Tissue Localization 
of IV-administered Fluorescent Beads 

Balb/c mice 8 to 10 wk in age and of both sexes were utilized 

in a study to depress RE clearance of the latex particles. 

Preliminary experiments indicated that a 16 p1 injection of 

nonfluorescent Covasphere beads administered 30 min prior to the 

injection of fluorescent particles resulted in an increased concentra

tion of circulating fluorescent beads. 

One-tenth milliliter of a 160/il/ml suspension of either 0.5/im 

or 1.0 /im nonfluorescent Covaspheres, equivalent to 16 ill of the 

commercial bead preparation, was injected via the caudal vein into 

groups of mice. This "blocking" dose was not albumin coated, allowing 

for maximum charge interactions with the tissues and cells of the RES 

and, subsequently, enhancing phagocytosis. This injection was followed 

after a 30 min period by a 0.1 ml injection of an 80/il/ml suspension of 

either 0.5 fil or 1.0 fim albumin coated fluorescent beads, equivalent to 
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8/xl of the commercial bead preparation. At time intervals of one, 30, 

60, or 180 min after the second injection, 50 /xl of blood was obtained 

by retroorbital puncture and added to 2.95 ml of dioxane; the mice were 

killed by cervical dislocation immediately following the taking of the 

blood sample and the lungs, liver, and spleen were removed. The organs 

were weighed in the wet state and were frozen at -40°C until processed. 

Groups of at least three mice were used at each time point. Blood and 

organ samples were prepared, as previously described, for spectrofluoro-

metric analysis; a minimum of three intensity readings were obtained for 

each sample. 

Experimental Procedure: RE Clearance 
and Tissue Localization Studies of 
Orally-administered Fluorescent Beads 

In anticipation of the rapid removal of IV-administered 

fluorescent beads by the RES, as reported in the literature, an 

alternative route of bead administration was studied. 

Balb/c and C^I mice, 8 to 10 wk in age and of bpth sexes, were 

administered 0.2/xl of a 40 /xl/ml suspension of albumin-coated fluores

cent Covasphere beads, equivalent to 8/xl of commercial bead preparation, 

of either 0.5 /xm or 1.0 /xm in diameter via esophageal catheter; animals 

showing signs of bead regurgitation were excluded from the experiment. 

Preliminary experiments indicated that mice maintained on a 

regular diet throughout the course of the experiment showed no latex 

particles in the blood at any time point; also, little if any fluores

cence was detected in the various tissue samples. It appeared that the 
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beads may have been expelled from the Intestines with fecal material 

prior to the absorption of the latex by the intestinal mucosa. Mice 

were thus given limited food (about 5 g/pan of 6 mice) the night before 

the experiment and food was withheld completely after the beads were 

administered until killed 6 to 24 hr later. Water was allowed ad 

libitum for the duration of the experiment. 

At 6 or 24 hr following the ingestion of the latex suspension, 

50 n1 of blood was obtained by retroorbital puncture and was placed in 

2.95 pi of dioxane. The animals were immediately killed by cervical 

dislocation and the mesenteric lymph nodes, thymus, spleen, lungs, 

liver, and intestines were removed, weighed in the wet state, and frozen 

at -40°C until processed. A minimum of three animals was used at each 

time point. Blood and organ samples were prepared as previously 

described. A minimum of three intensity readings were observed for each 

sample at parameters described. 

Calculations and Statistical Analyses 

It was determined that a linear relationship exists between the 

fluorescent intensity of a sample preparation and the concentration of 

the preparation, expressed in microliters of Covasphere particles per 

milliliter of dioxane, over all ranges of the spectrofluorometer. 

Linear regression analysis was performed on each series of standard 

concentration dilutions, prior to the analysis of the experimental 

samples, to ensure linearity and adequate spectrofluorometric sensi

tivity. Standard lines were utilized to quantitate the concentrations 

of fluorescent particles present in blood and organ preparations. 
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Data were analyzed by multi-level analysis of variance (ANOVA) 

utilizing a mainframe Control Data Computer (CED) Cyber 175 and programs 

provided by Dr. Lee M. Kelley, Department of Microbiology and Immunol

ogy, University of Arizona. F-values were used to identify areas of 

significant interaction between groups and treatments; values of p ^ 

0.05 were deemed to be significant. 

Visual inspection of log blood PSL concentrations versus time 

depicted biexponential clearance; the model-independent pharmacokinetic 

method of residual analysis, as described by Gibaldi and Perrier (1975) 

for a two-compartment system, and as utilized to determine rates of 

clearance of colloidal carbon in the rabbit (du Souich et al., 1981) was 

used to calculate PSL clearance rates in the present study. The 

methodology of residual analysis is fully described in the Appendix. 
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CHAPTER 3 

RESULTS 

PreHnHnnrv Results 

A preliminary experiment was conducted to determine whether the 

binding capability of Covasphere-MX particles could be affected adverse

ly by irradiation in the TRIGA reactor. Fifteen-microliter aliquots of 

irradiated 1.0 pm nonfluorescent particles or control (nonirradiated) 

particles were coated with a polyclonal antibody directed against the 

murine T-cell specific theta-antigen as previously described. Periph

eral blood lymphocytes (PBL) were separated from whole defibrinated 

mouse blood and were resuspended to a concentration of 8 x 105 cells 

ml"1 in phosphate buffered saline (PBS); equal aliquots of PBL and 

particle suspension were incubated and rosettes, consisting of > 3 

attached particles per cell, were counted by light microscopy. No 

significant differences between the control and irradiated particles 

were observed and it appeared that irradiation did not appreciably 

affect the binding capability of the particle. 

Blood Clearance of IV-injected 
Fluorescent PSL Particles 

Blood clearance curves of 0.5 nm and 1.0 /jm fluorescent PSL 

particles are shown in Figures 1 and 2, respectively. Visual inspection 

of blood clearance curves clearly indicates that the clearance of PSL 
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BALB/C/O.Su 

a. Balb/c b. 

FEJ/O.Su 

0:01 0:30 1:00 1:30 2:00 2:30 3:00 0:01 0:30 1:00 1:30 2:00 2:30 3:00 

time (hr) time (hr) 

c. C^H/HeJ d. C^l/FeJ 

Figure 1. Blood clearance of 8 ftm fluorescent 0.5 /xm micro
spheres, injected IV, in four murine strains 
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0:0t 0:30 1:00 1:30 2.-00 2:30 3:00 0:01 0:30 tOO 1:30 240 2:30 3:00 
lime (hr) lime (hr) 

a. Balb/c b. CjP 

0:01 0:30 1:00 1:30 2:00 2:30 3:00 0:01 0:30 *00 1:30 2:00 2:30 3:00 

time (hr) time (hr) 

c. C^l/HeJ d. C^I/FeJ 

Figure 2. Blood clearance of 8 fim fluorescent 1.0 nm micro
spheres, injected IV, in four murine strains 
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in the four murine strains tested is biexponential in nature, consisting 

of a rapid, distributive phase followed by a slower clearance phase. 

Distinct differences were observed in the time course of the 

initial distributive phase of blood clearance, both between strains, 

and within a single strain with respect to differing particle sizes. 

Blood clearance curves of the smaller 0.5 /xm particles indicated a 

distribution time of 60 min in the Balb/c and HeJ strains while a more 

rapid distributive phase of 30 min was observed in the CjP and FeJ 

strains (Fig. 1). Conversely, distribution times of the 1.0 /im PSL 

particle were clearly decreased to 30 min in the Balb/c and HeJ mice 

while the initial phase was lengthened to 60 min in both the CjP and 

FeJ strains (Fig. 2). 

Blood concentration levels of PSL, utilized in the semi-log 

blood clearance curves are shown in Table 3. No significant differ

ences in the blood levels of 0.5 fjim or 1.0 /im PSL were observed at any 

time point in the Balb/c strain. However, within the CjP strains, 

distinct differences in blood concentrations of the two particle sizes 

were readily apparent. While PSL concentrations of both particle sizes 

were widely varied at 1 min after injection, this variation may be 

attributed to a nonuniform blood distribution pattern within the strain 

and therefore may not be of any significance. Blood levels of the 1.0 

Hm PSL were significantly higher at 30, 60 and 180 min in the C^H strain 

when compared with those of the 0.5 /im particles and a 10-fold increase 

in blood levels was observed at the end of 3 hr. 
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Table 3. Blood levels of IV-injected fluorescent microspheres 
(8 fil). --Concentrations are expressed as microliters/ml ± SEM. a. p 
< .05 vs. 0.5/xm particle, same strain; b. p< .05 vs. other strains, 
same particle size. 

Micro
spheres Time 

(/im) 1' 30' 60' 180' 

Bailb/c 

0.5 4.41 ± 1.01 

1.0 4.09 ± 1.24 

C£ 

0.5 3.85 ± 1.18 

1.0 0.87 ± 0.41® 

Off/He J 

0.5 1.50 ± 0.24 

1.0 5.32 ± 2.40® 

CgH/FeJ 

0.5 2.64 ± 0.27 

1.0 1.87 ± 1.08 

0.68 ± 0.56 0.27 

0.18 ± 0.07 0.23 

0.13 ± 0.04 0.13 

0.49 ± 0.04® 0.40 

0.74 ± 0.14 0.36 

0.42 ± 0.01® 0.51 

1.99 ± 0.44b 1.85 

1.20 ± 0 .16 b  0.66 

± 0.08 0.04 ± 0.04 

± 0.02 0.12 ± 0.12 

± 0.04 0.02 ± 0.02 

± 0.04® 0.28 ± 0.02® 

±  0 .08  0 .28  ±  0 .08  

± 0.01 0.24 ± 0.04 

± 0.34b 1.36 ± 0.05b 

± 0.15® 0.51 ± 0.08ab 
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While C^I blood concentrations of 0.5 /im PSL were similar to those 

observed with the same particle size in the Balb/c strain, increases in 

levels of 1.0 /il particles of 186%, 150%, and 113% were observed at 

30, 60, and 180 min, respectively, when compared to 1.0 (tm blood 

concentrations in the Balb/c strain at corresponding times (Table 3). 

In contrast to the increases described for the C^l strain in 

respect to the 1.0 fim PSL levels, a 24% decrease in blood levels was 

observed at 30 min in the HeJ strain when compared with 0.5 /Jm concen

trations at the same time. Although a slight, but insignificant, 

increase in 1.0 /im concentration occurred at 60 min, no differences were 

apparent between the particle sizes at 3 hr (Table 3). A direct compar

ison of HeJ 0.5 /tm PSL blood levels with those of the Balb/c revealed no 

significant differences through the first 60 min of the clearance exper

iment; however, an increase of nearly 2.5 times Balb/c levels was 

observed at 3 hr (Table 3). In addition, it was determined that 

increases in circulating HeJ 1.0/im particles, amounting to 152% and 

200%, occurred at 30 and 60 min, respectively, when compared with 

corresponding Balb/c blood concentrations. While no significant 

differences were found in a comparison of HeJ and C^H 1.0 /im blood 

concentrations at any time point, clearance data indicated that 

significantly increased levels of 0.5 /im particles remained in the 

circulation of the HeJ mouse throughout the 3-hr experiment when 

directly compared with the parental C3P strain. HeJ 0.5/tm blood levels 

were determined to be increased to concen-trations 3.5, 1.7, and 4.1 
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times higher than corresponding C^l levels at 30, 60, and 180 min, 

respectively (Table 3). 

The most interesting blood clearance curves were those of the 

FeJ strain. As shown in Figure 1, the clearance of 0.5 /im PSL was nearly 

linear in shape, with a decrease in circulating particle concentration 

of approximately 50% over the 3-hr experiment. In comparison, greater 

than 81% of the 0.5 /im particles were cleared in 

3 hr by the HeJ strain, while over 99% were removed from the circulation 

in the same time frame in both the Balb/c and C3H strains (Table 3). 

FeJ 0.5 /im blood levels were consistently elevated at all time points 

when compared with corresponding values in the other three strains and 

the concentration at 180 min was determined to be 3.5-27 times higher 

than all other strains (Table 3). The clearance of 1.0 pm particles in 

the FeJ strain, shown in Figure 2, shows a more typical clearance curve. 

However, as observed with the 0.5 /im PSL, the 1.0 /im curve has a 

shallower profile than those observed in other strains; this profile 

reflects a decrease of 71% in circulating PSL concentration as compared 

with decreases of 96% and 98% in the HeJ and Balb/c strains, respec

tively, over the 3-hr period (Table 3). While FeJ 1.0 /im blood concen

trations were consistently less than 50% of the corresponding levels of 

circulating 0.5 /im particles, approximately twice as many 1.0 /im PSL 

remained in the circulation at the end of the experiment when compared 

with all other strains (Table 3). 
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Kinetics of Blood Clearance of IV-injected 
Fluorescent PSL Particles 

Observation of the blood clearance curves of 0.5 /im and 1.0 fim 

PSL particles in four murine strains revealed a pattern of biexpo-

nential clearance, indicating that PSL clearance in the mouse can be 

described by a two-compartment model in which an intravenously admin

istered material is transferred from the control compartment (blood 

vascular system) to the peripheral compartment (tissue). Gibaldi and 

Perrier (1975) derived and explained a series of mathematical expres

sions describing the kinetic parameters associated with a two-

compartment model in which the elimination of an intravenously admin

istered material occurs only from the peripheral compartment; i.e., PSL 

particles removed from the blood specifically by the organs of the RES. 

The pharmacokinetic method of residual analysis was utilized to calcu

late the apparent forward (kf), reverse (kr), and elimination (kel) 

rates of PSL blood clearance in the mouse. A complete description of 

the methodology and equations associated with residual analysis is 

presented in the Appendix. Briefly, the apparent intercompartmental 

first-order distribution rate constants kf and kr represent the rates 

at which the PSL particles are transferred from the central compartment 

(blood) to the peripheral compartment (RES) and the recycling of the 

particles from the RES to the blood, respectively. It is important to 

note that these rate constants only apply to that fraction of the PSL 

that is not specifically trapped by the RES; the nonspecific accumu

lation of PSL in capillary beds and aggregation in areas of the body 

other than phagocytic cells of the RES lead to the recycling of the 
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particles into the blood and thus contribute to the value of kr. The 

apparent first-order elimination rate constant (kel) illustrates the 

rate of elimination of PSL from the blood and describes the rate of 

disappearance of that PSL fraction trapped by the RES. 

The apparent kinetic rate constants associated with the blood 

clearance of IV-inject PSL are reported in Table 4. It appears that 

the rate of elimination and, to a lesser extent, the reverse rate, are 

the primary factors responsible for the blood clearance of PSL particles 

in the four murine strains tested. The kel of 1.0/im PSL in the Balb/c 

strain was determined to be approximately 6.5 times less than that of 

the 0.5 pm particles, while the kr was found to be less than one-third 

of the corresponding 0.5 /xm rate; overall, an approximate 2.5-fold 

increase in mean circulating concentration of 1.0 pm particles resulted 

(Table 3). 

A similar, though slightly different, pattern emerged upon 

analysis of the 1.0 (im kinetic data. Although the kel rate constants 

for the 0.5 nm and 1.0 /im PSL were essentially-identical (Table 4), an 

approximately 8-fold increase in the kr of the 1.0 /*m particles over that 

of the smaller particles resulted in a significant 5.5 fold increase in 

circulating 1.0 /im PSL (Table 3). 

The kel in the He J strain proved to be identical for the differ

ent sized particles (Table 4); in addition, the reverse rate constants 

were found to be within 25% of being equal. As shown in Table 3, no 
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Table 4. Apparent clearance rates of IV-injected fluorescent 

microspheres (8/il) determined by the pharmacokinetic method of residual 
analysis 

Fluorescent 
Microsphere Apparent Clearance Rate 

Strain Size (pm) kf kel kr 

Balb/c 0.5 0.0787 0.0180 0.0091 

1.0 0.0554 0.0027 0.0029 

0.5 0.0869 0.0027 0.0034 

1.0 0.0271 0.0061 0.0266 

C^H/HeJ 0.5 0.0290 0.0038 0.0092 

1.0 0.0586 0.0040 0.0065 

C^i/FeJ 0.5 0.0157 0.0077 0.0491 

1.0 0.0208 0.0020 0.0110 
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significant differences in the final blood concentrations of 0.5 /im or 

1.0 /im PSL were found. 

The analysis of the kinetic data associated with the clearance 

of PSL in the FeJ strain proved to be more complex than that of the 

other three strains. The apparent elimination rate constant associated 

with the clearance of 1.0 /im PSL was found to be slightly lower than 

those of any strain tested while the kr was determined to be at approxi

mately the mean value of the reversed rates of the other three strains 

(Table 4); however, a significant increase in circulating 1.0 /im parti

cles after 3 hr was observed (Table 3). In addition, the elimination 

of the 0.5 /an particles was shown to occur at a more rapid rate than 

that observed in either the C^I or HeJ strains; although the apparent 

reverse rate constant was found to be considerably higher than those 

associated with the other strains tested, it appears that the determina

tion of kinetic parameters alone is unable to explain either the linear 

profile of blood clearance (Fig. 1) or the dramatic increase in circu

lating 0.5 /im particles (Table 3). It seems likely that factors, other 

than those directly observed through the course of the experiment, 

contribute to the clearance of both particle sizes in the FeJ strain. 

Orpan Distribution of IV-injected 
Fluorescent PSL Particles 

The distribution of 0.5 /im and 1.0 /im fluorescent PSL particles 

within the lungs, liver, and spleen, determined during the 3-hr blood 

clearance experiments are presented in Table 5. 
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Table 5. Organ distribution of IV-injected fluorescent 
microspheres (8 pi).--Concentrations are expressed as microliters 
(x lO^J/mg tissue SEM. a. p < .05 vs. 0.5/im particle, same strain; 
b. p < .05 vs. other strains, same particle size. ND: None detected. 

Micro
sphere Time 
(/im) 1' 30' 60' 180' 

Lung 

Balb/c 

0.5 17.48 ± 1.87b 8.76 ± 0.07b 4.96 ± 0.69 0.56 ± 0.56 

1.0 13.95 ± 4.88 6.58 ± 0.62 3.25 ± 0.75 2.51 ± 0.49a 

C£ 

0.5 2.84 + 0.16 0.95 ± 0.14 0.88 ± 0.20 0.60 ± 0.09 

1.0 9.95 + 1.40a 10.13 ± 2.18® 15.31 ± 4.40®" 10.56 ± 1.28ab 

C jl/HeJ 

0.5 1.25 ± 0.70 2.56 ± 0.19 6.37 ± 0.76b 6.80 ± 0.53b 

1.0 66.16 ± 9.28^ 4.72 ± 0.20® 6.84 ± 0.62 3.40 ± 0.39® 

C jl/FeJ 

0.5 0.32 + 0.19 1.24 ± 0.44 0.36 ± 0.21 0.37 ± 0.37 

1.0 1.03 + 0.68 0.24 ± 0.14® 6.08 ± 0.32® 0.56 + 0.09 
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Table 5.--Continued 

Micro
sphere 
(/im) 

Time 

30' 60'  180' 

Spleen 

Balb/c 

0.5 6.76+0.16 24.08+1.71 24.45+4.01 

1.0 3.60 + 0.14a 17.71 ± 3.98 23.04 + 2.95 

19.25 + 0.55 

25.32 + 2.43® 

C£ 

0.5 1.82 + 0.35b 

1.0 1.39 + 1.39 

6.87 ± 1.03 8.35 ± 0.06 4.65 ± 1.98 

1.92 ± 0.96® 88.72 + 16.26® 33.87 ± 13.64® 

CcH/HeJ 

0.5 5.01 ± 0.03 

1.0 5.44 + 0.28 

Cji/FeJ 

0.5 ND 

1.0 3.02 + 1.11® 

30.76 + 2.89 32.27 ± 0.47b 27.49 ± 0.76b 

52.83 + 17.02® 72.12 ± 28.33® 69.20 + 12.79® 

10.44 + 2.33 14.04 ± 0.95 10.72 + 5.41 

76.00 ± 5.68® 154.92 + 18.73®b109.76 ± 15.21^ 
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Table 5.--Continued 

Micro
sphere Time 

(/im) 1' 30' 60' 180' 

Liver 

Balb/c 

0.5 15.16 ± 0.62 13.84 ± 1.15 14.93 + 2.64 15.87 ± 3.06 

1.0 8.44 ± 1.09a 14.43 ± 3.11 10.45 ± 4.49 9.65 ± 1.72 

C£ 

0.5 0.53 ± 0.04b 2.66 ± 0.23b 3.38 ± 0.40b 1.67 ± 0.48b 

1.0 6.93 + 1.86a 4.28 + 0.21^ 25.71 + 6.22® 23.17 ± 5.32a 

C ff/HeJ 

0.5 8.64 ± 0.46 10.92 ± 2.33 16.91 + 2.27 23.39 ± 3.48 

1.0 5.40 + 0.21 13.89 + 3.92 10.88 ± 2.45 20.36 ± 8.99 

C ff/FeJ 

0.5 2.64 ± 1.06 11.52 + 0.23 18.80 + 6.74 15.09 ± 1.79 

1.0 1.66 ± 0.99b 20.63 ± 11.53 17.76 + 4.48 20.40 ± 10.19 
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Significant differences in tissue concentrations were observed, both 

between strains with respect to a given particle size, and with a single 

strain in a comparison of different particle sizes. In general, tissue 

fluorescence levels were found to be relatively comparable between par

ticle sizes at any given time point in the Balb/c strain, while, within 

the strains, concentrations varied with respect to PSL size. 

Lungs 

The nonspecific accumulation of fluorescent particles in the 

lungs and the subsequent reentry of PSL into the circulation is clearly 

shown in Table 5. Both particle sizes accumulated rapidly in the Balb/c 

strain within 1 min after injection and decreased gradually over 3 hr. 

After 3 hr, however, tissue levels of the larger particle were approxi

mately 5 times higher than that of the smaller particle. 

The time course of lung accumulation in the C^H strains varied 

with respect to particle size within the strain. In comparison with 

0.5 /im particle concentration in the Balb/c lung, a 7-fold decrease in 

0.5 /xm PSL fluorescence was observed at 1 min in the C^l strain; tissue 

levels decreased to one-third of initial value by 30 min and remained 

relatively constant for the remainder of the experiment. In contrast, 

the lung accumulation of 1.0 /xm PSL at 1-min post-injection closely 

approximated that of the corresponding particle in the Balb/c strain; 

however, the larger particles were not recycled into the circulation, 

as previously seen in the Balb/c, and remained at high concentration 

through 3 hr. 
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The initial low quantities of 0.5 /im PSL observed at 1 min in 

the HeJ lung increased 3-fold during the first 60 min of observation 

and remained constant for the following 2 hr; in contrast, the rapid 

initial accumulation of 1.0 /*m particles, amounting to a concentration 

of 50 times that observed with the smaller particle, rapidly decreased 

over time to a level approximately 50% of the 0.5 /im PSL at 3 hr. 

Overall, the FeJ strain showed the least tendency to 

nonspecifically accumulate particles of either size in the lungs. The 

initial low accumulation of 0.5 /im PSL, less than 25% of that observed 

in other strains, remained unchanged throughout the course of the 

experiment, except for a significant 1.5-fold increase in tissue levels 

at 30-min post-injection. Similar tissue concentrations were observed 

in a comparison of 1.0 pm particles, except that a 15-fold increase in 

particle accumulation occurred at the 60-min time point. 

The accumulation of PSL in the lungs following intravenous 

injection is nonspecific in nature and results from the aggregation of 

particles in the alveoli and capillary beds of the organs; the lungs 

contribute to blood clearance curves only to the extent that the aggre

gates are broken apart and the particles are returned to the circula

tion, thus affecting the apparent reverse rate constant. There is no 

evidence to indicate that lung aggregation is a function of particle 

size and it appears that the accumulation of PSL may be due to nonun

iform blood distribution of particles, rather than a specific, strain-

associated mechanism. 
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Spleen 

Levels of fluorescence in the spleen were found to vary between 

strains in the comparison of similar particle size and within a strain 

with respect to different particle sizes (Table 5). In all strains, the 

larger 1.0 ftm particle was found to be at significantly higher concentra

tion at 3 hr post-injection when compared to the 0.5 /im PSL. In addi

tion, it appears that the splenic removal of PSL from the blood occurred 

by both the specific entrapment of PSL within the organ and by nonspe

cific mechanisms. 

Initial 1 min tissue levels of 0.5 fim particles in the Balb/c 

mouse were approximately twice as high as those of the 1.0 fim particles; 

at 30 min, concentrations of 0.5 /im and 1.0 fim PSL increased by factors 

of 3 and 6, respectively, to approximately equal values and remained at 

constant levels until 3 hr post-injection when a significant decrease 

of 30% in accumulated 0.5 fim fluorescence was observed. 

As observed previously in the analysis of PSL accumulation in 

the lungs, highly significant differences in splenic tissue concentra

tions with respect to differing particle sizes were found within the 

three Cgi strains. Extremely low tissue levels of 0.5fim particles, 

determined to be approximately 25% of those associated with the compa

rable PSL size in the Balb/c mouse, were observed in the strain 

throughout the 3-hr time course. The localization of the larger parti

cle occurred at a slower rate than that of the 0.5/im particle; at 30 

min, the tissue concentration of 1.0 fim PSL was determined to be less 

than 40% of the value of the smaller particle. However, by 60 min 
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post-injection, 1.0 /xm tissue levels dramatically increased to a con

centration nearly 26 times that found at 30 min. Although a subsequent 

decrease of approximately 50% in accumulated 1.0 fim fluorescence was 

observed at 180 min, tissue levels of the larger particle were deter

mined to be at least twice that of the smaller particle. 

Splenic accumulation of 0.5 fim PSL was found to be greater in 

the He J strain than in the other three strains tested. While 1 min 

levels of the smaller particle approximated those of the Balb/c strain, 

a rapid 6-fold increase in 0.5fim particle localization was observed at 

30 min and remained constant through 60 min post-injection. A slight, 

though insignificant, decrease in 0.5 fim tissue concentration at 3 hr 

resulted in a splenic level no less than 1.5 times higher than compara

ble particle levels in the other three strains. A similar pattern of 

accumulation was observed with respect to the 1.0fim PSL; while splenic 

concentrations of the larger particle were slightly greater than those 

of the 0.5 fim particle at 30 and 60 min, a 2-fold increase in 1.0 fim PSL 

fluorescence was observed at 180 min. 

The FeJ strain, again, showed the greatest degree of variation 

in the splenic accumulation of differing particle sizes when compared 

with the other three strains. At 1 min post-injection, no 0.5fim PSL 

were found within the tissue of the spleen; a low tissue level of the 

smaller particles, approximately one-half of the concentration observed 

with the comparable particle in the HeJ strain, was detected at 30 min 

and remained relatively constant through 3 hr. In contrast, the larger 

particle localized at a more rapid rate in the FeJ mouse than in any 
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other strain tested. A dramatic 34-fold increase in tissue fluorescence 

was observed within the first 60 min of the experiment; final splenic 

concentrations of the larger particle were determined to be 6 times 

greater than the comparable 0.5 /xm PSL levels in the FeJ strain and 

significantly greater than 1.0/im particle concentrations in all other 

strains. 

Liver 

The hepatic localization of fluorescent PSL particles in four 

murine strains is reported in Table 5. It must be stressed that, while 

tissue concentrations may appear to be comparable to those observed in 

the lungs and spleen, data are reported on a per milligram rather than 

a whole organ basis. The liver, by virtue of its size alone, accounts 

for the majority of particles removed from the blood. 

In general, hepatic levels of fluorescence were found to be 

relatively consistent, both between strains and within a single strain, 

regardless of particle size. Although initial tissue concentrations at 

1 min post-injection were observed to vary with respect to strain and 

particle size, the variations may be due, in part, to the larger vascu

lar capacity of the liver and a nonuniform blood distribution of parti

cles within the vascular compartment; initial differences in hepatic 

fluorescence may not accurately reflect significant differences in 

either phagocytic function or capacity between the strains. 

In a comparison of differing particle sizes within each strain, 

no significant quantitative differences in hepatic 0.5 /xm or 1.0 (im 

particle localization was observed at 30, 60, or 180 min post-injection 
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in the Balb/c, HeJ or FeJ strains. In addition, tissue fluorescence 

concentrations were found to be comparable between strains at the same 

time points, regardless of particle size. 

The strain, however, showed significant deviation from the 

relatively constant tissue levels observed in the other three strains. 

The accumulation of 0.5 /im particles was minimal in quantity and amounted 

to less than 20% of tissue levels observed with the same particle size 

in the other strains at any time point. In comparison, hepatic concen

trations of the larger particles, while initially at levels less than 

50% of those seen at 30 min post-injection in the Balb/c, HeJ and FeJ 

strains, increased by 5-fold at 60 min to mean concentrations higher 

than comparable 1.0 /im FSL values observed in the other strains. A 

slight, though insignificant, decrease in fluorescence at 180 min 

resulted in tissue concentrations approximating those of both PSL sizes 

in the other strains. 

The liver and the spleen are the primary and secondary clearance 

organs of the reticuloendothelial system, respectively, and are consid

ered to be responsible for the removal of foreign material from the 

blood, primarily by phagocytic mechanisms. However, a comparison of 

final (3 hr) splenic PSL levels (Table 3) with corresponding apparent 

elimination rate constants (Table 4) suggests that a nonspecific accumu

lation of PSL particles, as well as the removal by phagocytosis, 

contributes to the overall pattern of blood clearance and organ distri

bution of PSL in the C^I strains. In a comparison of splenic concentra

tions of 0.5 /im and 1.0 /im particles in the HeJ strain, it can be clearly 
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seen that the larger particles accumulated to levels nearly twice that 

of the 0.5 nm PSL by 3 hr post-injection, yet the overall rates of 

elimination for the dissimilar particles were essentially identical. 

Similarly, a 3-fold increase in localized 1.0/im vs 0.5/im was observed 

in the C^ti strain while kel values for the different PSL sizes were 

comparable. Nonspecific accumulation of 1.0/im PSL is best shown within 

the FeJ strain; while the apparent elimination rate constant of the 

larger particles was shown to be approximately 25% of the 0.5 /im kel, 

splenic levels of 1.0 /im PSL were determined to be nearly 6 times greater 

than those of the smaller particle at 3 hr post-injection. There was 

no evidence of nonspecific accumulation of either particle size within 

the spleen of the Balb/c strain. 

Reticuloendothelial Depression 

The blood clearance and organ distribution of 0.5 /im and 1.0/im 

fluorescent PSL particles following the induction of a temporary RE 

depression was compared with control clearance and distribution patterns 

in Balb/c mice. RE depression was induced by a blocking injection of 

0.5 /im or 1.0 /im nonfluorescent PSL particles 30 min prior to the injec

tion of fluorescent test particles. Significant differences in blood 

clearance and organ distribution were observed with respect to both 

blocking and test particle size. 

Blood Clearance 

The blood clearance curves of 0.5 /im and 1.0 /im fluorescent test 

particles, both in the absence and presence of blocking injections of 
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0.5/xm or 1.0/im PSL, are illustrated in Figures 3a and 3b, respectively. 

While prior injections of either particle size failed to inhibit the 

blood clearance of the larger particle, it is clearly seen that blocking 

injections of both particle sizes resulted in significantly increased 

blood levels of fluorescent 0.5 ̂xm PSL. The blood concentrations used 

to calculate blood clearance curves are shown in Table 6. Except for 

slight variation in blood concentrations at 1 min post-injection, no 

significant differences in the clearance of 1.0 fim PSL were observed at 

to 
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a. 0.5 /im b. 1.0 /im 

Figure 3. Blood clearance of IV-injected fluorescent 

0.5 /im and 1.0 /im microspheres after depression of the RES.--Injection 
of fluorescent particles was administered 30' following a 

16 /il injection of nonfluorescent 0.5 /im ("•+"•) or 1.0 /im (*"**") micro
spheres. Control mice received no blocking injection. 
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Table 6. Blood levels of IV-injected fluorescent microspheres 

(8 /il) following RE depression induced by a 16 /il blocking dose of 0.5 
/im or 1.0 fim nonfluorescent microspheres.- -Concentrations are expressed 
as microliters/ml + SEM. Control Balb/c mice received no blocking 
injection a. p < .05 vs. control. 

Test Blocking 
(fluores- (nonflu
cent) orescent) 
Micro- Micro
sphere sphere 
Size Size 
(/im) (/im) 

Time 

30' 60' 180' 

0.5 Control 4.44 + 1. 01 0. 68 + 0. .56 0.27 ± 0. .08 0 .04 + 0 .04 

0.5 4.16 + 1. 48 0. 95 + 0. .07 1.16 ± 0. ,08a 0 .62 + 0 .08 

1.0 4.12 + 1. 73 0. 90 + 0. .22 1.01 ± 0. .03® 0 .76 + 0 .03 

1.0 Control 4.09 + 1.22 0.18 + 0.07 0.23 + 0.02 0.12 ± 0.12 

0.5 

1 . 0  

1.60 ± 0.65a 0.30 ± 0.07 0.26 ± 0.03 0.13 + 0.02 

1.49 + 1.30 0.26 ± 0.05 0.24 ± 0.01 0.14 ± 0.02 
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30, 60, or 180 min between control mice and those that received blocking 

doses of either particle size. Similarly, blood levels of fluorescent 

0.5 /im particles in mice receiving either 0.5 /im or 1.0 /im blocking 

injections were comparable to those of control mice at 1 and 30 min; 

however, RE depression became apparent at both 60 and 180 min post-

injection with increased levels of circulating 0.5 /im particles. Mean 

blood concentrations in control mice decreased to 40% and 6% of 30 min 

levels at 60 and 180 min, respectively. In contrast, circulating levels 

of 0.5 /im test particles in the presence of either 0.5 /im or 1.0 /im 

nonfluorescent PSL, remained unchanged at 60 min post-injection and 

decreased by approximately 25% through 180 min. RE depression induced 

by a blocking injection of either 0.5 /im or 1.0 /im nonfluorescent PSL 

resulted in circulating blood levels of the smaller fluorescent parti

cles nearly 8 times higher than those observed in control mice. 

Kinetics of Blood Clearance 

The apparent kinetic rate constants associated with the blood 

clearance of 0.5 /im and 1.0 /im fluorescent PSL following RE depression 

were compared with those of control Balb/c mice and are presented in 

Table 7. As clearly shown, the administration of both 0.5 /im and 1.0 

/im nonfluorescent blocking PSL particles drastically altered the appar

ent clearance rates of the smaller fluorescent particle and contributed 

to the increases in circulating blood concentrations. The initial 

blocking injection of 0.5/im PSL resulted in a 1.4-fold increase in the 

kr and a corresponding decrease in the apparent rate of elimination to 
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Table 7. Apparent blood clearance rates of IV-injected 
fluorescent microspheres (8 jtl) following RE depression induced by a 16 
/il blocking dose of nonfluorescent microspheres determined by the 
pharmacokinetic method of residual analysis.--Control Balb/c mice 
received no blocking injection 

Test Blocking 
Fluorescent (nonfluorescent) Apparent Clearance Rates fmin*1) 

(/jm) Size (#un) kf kel kr 

0.5 Control 

0.5 

1.0 

0.0787 

0.0307 

0.0416 

0.0180 

0.0041 

0.0020 

0.0091 

0.0126 

0.0160 

1.0 Control 

0.5 

1.0 

0.0554 

0.0794 

0.0773 

0.0027 

0.0068 

0.0050 

0.0029 

0.0191 

0.0169 
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approximately 23% of control values. Similarly, the apparent reverse 

rate was increased by a factor of approximately 1.75 and the kel was 

reduced to 11% of control values upon administration of the larger 

blocking particle. The inverse relationship between the two apparent 

kinetic constants directly led to the 8-fold increase in 0.5 /im blood 

concentration over that in control mice (Table 6). 

Conversely, a different pattern emerged upon analysis of data 

derived from the blood clearance of the 1.0 /im particle following RE 

depression. Although the apparent reverse rate constants increased to 

values 6.5 and 6 times greater than the control kr in the presence of 

0.5 /im and 1.0 /tm nonfluorescent particles, respectively, and, in actu

ality, were greater than those associated with the clearance of the 

smaller fluorescent particles, significant increases in the kel over the 

apparent control elimination rate were also observed. However, a com

parison of the apparent kinetic constants associated with the depressed 

clearance of 0.5 /im and 1.0 /im fluorescent particles suggests that the 

relatively slight 2-fold increase in the elimination rates of the larger 

particles, coupled with a corresponding increase in the 1.0/im kr, fails 

to explain the significant differences between fluorescent 0.5/im and 1.0 

pm blood concentrations at 3 hr post-injection (Table 6), as well as the 

apparent inability to influence the blood clearance of fluorescent 

1.0 /im PSL by the injection of blocking doses of either 0.5 /im or 1.0/xm 

nonfluorescent particles (Table 6; Fig. 3b). 
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Organ Distribution 

Tissue fluorescence concentrations of 0.5 jim and 1.0 pm FSL 

following induced RE depression were compared to those of control 

animals and are reported in Table 8. Significant differences in the 

organ distribution and localization of fluorescent particles were 

observed, and levels of tissue fluorescence were found to vary with 

respect to the size of the nonfluorescent blocking particles as well as 

the size of the fluorescent test particles. In addition, although not 

observed in blood clearance studies, RE depression with respect to the 

1.0 ftm fluorescent particle became readily apparent upon analysis of 

tissue data. 

Lungs 

Tissue levels of the 0.5 ftm fluorescent particles in the presence 

of the smaller blocking particles were significantly less than control 

concentrations at 1, 30, and 60 min and were determined to be approxi

mately 14% and 35% of control values at 30 and 60 min, respectively. 

A further decrease of 50% in tissue fluorescence at 180 min resulted in 

comparable control and experimental lung concentra-tions of the 0.5 ftm 

PSL. Upon administration of the larger blocking particles, however, the 

accumulation of 0.5ftm fluorescent PSL persisted at relatively constant 

tissue levels through the 3 hr experiment; tissue fluorescence reflected 

a 3-fold increase above control values at 3 hr post-injection. 

Similarly, a persistence in the lung accumulation of 1.0 /xm 

fluorescent particles was observed in the presence of either sized 
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Table 8. Organ distribution of IV-injected fluorescent micro
spheres (8 nl) following RE depression induced by a 16 /il blocking dose 
of nonfluorescent microspheres. - -Control Balb/c mice received no blocking 
injection. Concentrations are expressed as microliters (x lO^/mg tissue 
_+ SEM. a. p < .05 vs. control; b. p < 0.05 vs. 0.5 /xm blocking 
microspheres; c. p < 0.05 vs 0.5 /im test microspheres. 

Test Blocking 
(fluores- (nonflu
cent) orescent) Time 
Micro- Micro
sphere sphere 
Size Size 
(/im) (/im) 1' 30' 60' 180' 

Lung 

0. .5 Control 17.48 + 1. .87 8. .76 + 0. .07 4. .96 + 0. 69 0. 56 + 0. .56 
0.5 7.03 + 3. , 73a 0, .86 + 0. .37® 1. ,28 + 0. 22® 0. 27 + 0. .27 
1.0 6.02 + 4. .03® 9. .01 + 4. , 69b 4. ,47 + 0. 01b 4. 38 + 0. .71 

1. .0 Control 13.95 + 4, .88 6, .59 + 0. .62 3. ,25 + 0. 75 2. 51 + 0, .49 
0.5 6.24 + 0. .92° 3. .03 + 0. .82®° 3. .36 + 1. 06c 3. 03 + 0, .31 
1.0 5.07 + 3. .24® 4, .17 + 1, .30® 4. ,02 + 0. 25 6. 54 + 0. .56 

ab 

ab 

Spleen 

0. ,5 Control 6.76 + 0.16 24.08 + 1. ,71 24.45 + 4. 01 19 .25 + 0, ,55 
0.5 4.60 + 1.75 7.86 + 5. ,75® 25.71 + 3. 28 20 .68 + 2. ,50 
1.0 6.92 + 2.30 17.14 + 6. ,87 9.61 + 4. 54 ®b 15 .61 + 0. ,60 

1. ,0 Control 3.60 + 0.14 17.71 + 3. ,98 23.04 + 2. 95 25 .32 + 2, .43 
0.5 5.42 + 0.33® 3.31 + 2. ,17® 5.21 + 2. 83 ®° 13 .10 + 1, .01 
1.0 3.14 + 1.43 11.82 + 9. ,18 4.50 + 0. 59® 25 .99 + 1. .14 

Liver 

0.5 Control 15 .16 + 0. 62 13. 84 + 1. .15 14.93 + 2. ,64 15. .87 + 3. .06 
0.5 6 .96 + 3. 64® 8. 71 + 4. .41 15.55 + 1. ,11 15. .75 + 0. .85 
1.0 6 .34 + 3. 91® 11. 64 + 2. ,92 7.08 + 1. ,71®" 8. .31 + 2, , 18 ®b 

1.0 Control 8.44 + 1. .09 14.43 + 3. .11 10. ,45 + 4. .49 9, .65 + 1. .72 
0.5 3.11 + 0. .76® 1.43 + 0. .47®° 2. .05 + 1. .54®° 5, .96 + 0. ,11®C 

1.0 1.59 + 0. .95® 3.27 + 1. .88®° 2. .13 + 0, ,08®° 7, .03 + 0. .56 
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blocking particles. While tissue levels of 1.0 /im fluorescent PSL were 

initially decreased to 79% and 65% of control concentrations at 1 and 

30 min, respectively, in the presence of nonfluorescent 0.5/im particles, 

lung fluorescence remained unchanged for the duration of the experiment 

and no further deviations from control values were observed. The local

ization of the larger particles following injection of the 1.0/im block

ing PSL compared, in quantity, to that observed with a blocking dose of 

0.5/im particles at 1, 30, and 60 min; an increase in accumulation of 

approximately 40% at 180 min post-injection resulted in tissue levels 

nearly twice as high as those observed in control mice or those mice 

receiving a blocking injection of 0.5 /im PSL. 

In comparing the localization of 0.5/im and 1.0 /im fluorescent 

particles in the lung tissue of control mice (Table 8), it can be seen 

that, at 3 hr post-injection, the accumulation of the 1.0 /im PSL was 

nearly twice that of the smaller particles. It appears likely that 

aggregates of larger particles are selectively entrapped within the 

capillary beds and alveolar tissue of the lungs while smaller particles 

are permitted to pass freely; experimental results tend to support this 

observation. Following the injection of 0.5/im nonfluorescent particles, 

final lung fluorescence levels of both the 0.5 /im and 1.0 /im particles 

were not significantly different from control values of comparable PSL 

sizes (Table 8) suggesting that the smaller blocking particles cleared 

rapidly from the lungs and allowed the fluorescent test particles to 

accumulate in similar quantities as in noninjected control animals. In 

contrast, the administration of 1.0 /im blocking particles resulted in 
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substantially higher tissue levels of 0.5 /im and 1.0 /im fluorescent 

particles than those observed in either control mice or the other 

experimental group and suggested that aggregates of the larger blocking 

particles delayed the reentry of the fluorescent PSL into the circula

tion, resulting in increased lung PSL concentrations at 3 hr post-

injection. 

Spleen 

In general, RE depression resulted in a slower rate of accu

mulation of fluorescent PSL than observed in control mice. Following 

the administration of 0.5 /im blocking PSL, splenic levels of the smaller 

fluorescent particles were shown to be 96% and 61% of control values at 

1 and 30 min, respectively; at 60 and 180 min, however, tissue concen

trations were found to be equivalent to corresponding control levels. 

Similarly, the localization of 1.0/im test PSL in the presence of the 

larger blocking particles was quantitatively comparable to control 

levels at both 1 and 30 min; although tissue fluorescence decreased to 

25% of control values at 60 min, no significant differences were 

observed between control and experimental tissue concentrations at 3 hr 

post-injection. In contrast, the utilization of dissimilar particle 

sizes for the depression of RE function and the evaluation of PSL local

ization resulted in significantly decreased levels of fluorescence 

within the tissue of the spleen. Splenic concentrations of the 0.5 /im 

fluorescent particles, following the injection of 1.0 /im blocking PSL, 

were determined to be approximately 30% and 15% lower than control 
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values at 60 and 180 min, respectively. Tissue levels of the 1.0/xm test 

particles, in the presence of 0.5 pm nonfluorescent PSL, were found to 

be decreased by approximately 60% at 30 and 60 min and by nearly 40% at 

180 min when compared with control tissue concentrations. 

Experimental results suggest that a size-dependent clearance 

process exists within the murine spleen with respect to the removal of 

PSL from the blood. It appears that the initial accumulation of nonflu

orescent PSL may inhibit the subsequent localization of the dissimilarly 

sized fluorescent particles; in addition, the deposition of fluorescent 

PSL, in the presence of similarly sized blocking particles, may be per

mitted, or even enhanced, by the continuation of the clearance process 

in progress at the time of injection of the fluorescent particles. 

Alternatively, a nonspecific accumulation of fluorescent PSL resulting 

from an increased injection volume of similarly sized particles (nonflu

orescent + fluorescent) cannot be completely ruled out. 

Liver 

Hepatic tissue concentrations of 0.5 pm and 1.0 pm fluorescent 

PSL following the induction of RE depression described a pattern similar 

to that observed in the analysis of splenic tissue. The accumulation 

of fluorescent particles occurred at a slower rate than in control 

animals and, in general, were found at decreased concentrations at 3 hr 

post-injection. 

The localization of 0.5 (im PSL, in the presence of the smaller 

blocking particle, was found to be decreased by approximately 25% over 

control concentrations at 1 min; however, at 30, 60, and 180 min 
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post-injection, no quantitative differences were observed between con

trol and experimental particle deposition. Similarly, tissue levels of 

the larger fluorescent particles, following administration of 1.0fim 

blocking PSL, were decreased to 37%, 23%, and 37% of control values at 

1, 30, and 60 min, respectively, but approached control concentrations 

at 180 min. 

A localization pattern similar to that previously described for 

the spleen was observed upon the introduction of dissimilarly sized 

blocking and test particles. Hepatic tissue concentrations of 0.5/im 

fluorescent PSL, in the presence of the larger blocking particles, were 

found to be 71% of control levels at both 1 and 60 min; final hepatic 

concentrations were calculated to be decreased by 28% when compared with 

both control tissue and tissue obtained from animals receiving the 

smaller nonfluorescent blocking particles. In comparison, the hepatic 

localization of 1.0 /im test particles, following the administration of 

the smaller blocking PSL, was determined to be decreased by 47%, 83%, 

and 40% at 1, 30, and 60 min, respectively, when compared with control 

fluorescence levels; at 3 hr post-injection, tissue concentrations were 

found to be approximately 25% lower than either control values or those 

of the other experimental group. 

Although depression of RE function was not apparent after anal

ysis of the blood clearance curves (Fig. 3b) and blood fluorescence 

levels (Table 6) of the 1.0/jm fluorescent particles, evidence of RE 

depression was found upon analysis of hepatic fluorescence levels (Table 

8). The larger particles were shown to localize at a significantly 
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slower rate and accumulated at decreased mean concentrations at all time 

points when compared to control levels. Evidence suggests that the 

exclusion of PSL particles from the liver precedes both alterations of 

the apparent kinetic rate constants (Table 7) and the appearance of 

increased levels of circulating particles in the blood (Fig. 3b; Table 

6 ) .  

Oral Administration of Fluorescent 
PSL Particles 

Following the oral administration of 0.5 pm and 1.0 pm fluores

cent PSL, particles were found in the blood and within various organs 

of the body, including those of the reticuloendothelial system, at both 

6 and 24 hr. Tissue fluorescence varied with respect to particle size 

for some organs within a strain as well as between strains. Blood and 

tissue levels of fluorescent PSL are shown in Table 9. 

Blood Appearance 

No significant differences were observed between the levels of 

either particle size in the blood of the Balb/c strain at 6 or 24 hr. 

In addition, concentrations of the 0.5 /im PSL were found to be 3 times 

higher at 24 hr when given orally than corresponding blood values at 

3 hr post-injection (Table 5), while the appearance of the larger 

particles increased insignificantly by 10% over injected blood levels. 

In the C^I strain, no smaller particles were detected at either time 

point following oral administration; also, oral blood levels of the 

1.0/xm PSL were approximately 70% lower at 6 and 24 hr than comparable 

IV blood concentrations at 3 hr. 
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Table 9. Organ distribution of orally administered fluorescent 
microspheres (8 pi) . --Concentrations are expressed as microliters/ml for 
blood and microliters (x lO^J/mg tissue + SEM. a. p < .05 vs. 6 h 
concentration; b. p < .05 vs. 0.5 fan microspheres; c. p < .05 vs. 
Balb/c concentration; ND - none detected. 

Fluorescent 
Strain Microsphere Time (hi 
(organ) Size (pm) 6 24 

Balb/c (blood1) 

Cjl (blood) 

0.5 0.31 ± 0.15 0.36 ± 0.09 
1.0 0.33 ± 0.05 0.36 ± 0.10 

0.5 ND ND 
1.0 0.06 ± 0.04c 0.06 ± 0.03c 

Balb/c (mesenteric lvmph nodes') 

0.5 0.44 ± 0.44 2.41 ± 0.05a 

1.0 1.90 ± 0.16b 2.87 ± 0.72 

CgH (mesenteric lvmph nodes) 

0.5 3.64 ± 1.84c 4.90 ± 1.67c 

1.0 2.77 ± 0.96 7.08 ± 1.08®° 

Balb/c (thymus) 

C<fl (thymus) 

Balb/c (lung) 

0.5 2.35 ± 0.43 3.98 ± 0.95 
1.0 1.73 ± 1.14 1.18 ± 0.86b 

0.5 6.77 ± 0.86° 3.54 ± 1.77a 

1.0 2.54 ± 1.41b 1.60 ± 0.84 

0.5 0.50 ± 0.20 0.11 ± 0.11a 

1.0 2.94 ± 1.49b 1.04 ± 0.16ab 
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Table 9.--Continued 

Fluorescent 
Strain Microsphere Time (h) 
(organ) Size (#im) 6 24 

Cji (lung) 

0.5 1.87 ± 0.13° 1.74 ± 0.96® 
1.0 2.51 ± 0.46 1.11 ± 0.81 

Balb/c (spleen) 

Cji (spleen) 

0.5 1.75 ± 0.91 2.85 ± 0.92 
1.0 2.93 ± 0.52 2.77 ± 0.25 

0.5 1.35 ± 0.83 2.58 ± 2.58 
1.0 0.73 ± 0.28° 0.78 ± 0.61° 

Balb/c (intestines) 

0.5 0.14 ± 0.08 0.24 ± 0.18 
1.0 0.55 ± 0.15b 0.21 ± 0.11a 

Cjl (intestines) 

0.5 0.80 ± 0.09° 1.02 ± 0.12° 
1.0 0.46 ± 0.16b 0.35 ± 0.06b 

Balb/c (liver) 

0.5 4.07 ± 0.16 4.65 ± 0.85 
1.0 3.57 ± 0.41 3.64 ± 0.74 

C ( l i v e r )  

0.5 
1 . 0  

7.13 ± 1.16° 
2.52 ± 0.33bc 

8.42 ± 1.54c 

1.49 ± 0.29®"° 
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Organ Localization 

Lungs 

During the experimental time course of 6 through 24 hr, the 

nonspecific accumulation of both PSL sizes in the Balb/c strain was 

observed within the lungs, while in the strain, the recycling of PSL 

from the lungs to the blood was not apparent. Tissue levels of the oral 

0.5 pm and 1.0 /im particles at 6 hr in the Balb/c were quantitatively 

similar to concentrations observed at 3 hr following IV-injection (Table 

5) and gradually decreased by 30% and 17%, respectively, by 24 hr. In 

comparison, lung concentrations of both particle sizes in the C^rl strain 

remained essentially constant from 6 through 24 hr; although accumula

tion of the larger particles was found to be equal in concentration to 

that observed in the Balb/c strain, tissue levels of the 0.5 /im PSL were 

determined to be 2.5 and 3.5 times higher than corresponding Balb/c 

levels at 6 and 24 hrs, respectively. 

Spleen 

Spleen levels of 0.5 /im and 1.0/im fluorescent particles showed 

little variation with respect to PSL size within a strain. No signifi

cant differences were observed in the splenic localization of dissimilar 

particle sizes at 6 or 24 hr in either strain; however, the accumu

lation of 1.0/tm PSL were found to be 42% and 55% of Balb/c tissue levels 

at 6 and 24 hr, respectively. In contrast to previous observations with 

respect to IV-injected PSL (Table 5), there was no evidence of nonspe

cific accumulation of 0.5 /im or 1.0 /im fluorescent particles within the 

splenic tissue of either strain at any time point. 
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Liver 

Hepatic tissue concentrations of fluorescent particles following 

oral administration were found to vary with respect to particle size 

only in the C3H strain. No significant differences in Balb/c liver 

accumulation of either PSL size were observed at 6 or 24 hr; in addi

tion, tissue levels of the 0.5 (im and 1.0/Jm particles were reduced by 

58% and 45% at 24 hr, respectively, when compared to concentrations 

observed at 3 hr post-injection (Table 5). Hepatic concentrations of 

the smaller particles in the strain were also determined to be 

quantitatively similar at 6 and 24 hr, although concentrations at 24 hr 

reflected a 3-fold increase in particle number over comparable injected 

levels at 3 hr (Table 5). A significant 20% decrease in 1.0 /jm 

tissue levels was observed 6 and 24 hr following oral PSL administration 

and concentrations at 24 hr were determined to be approximately 10% of 

the corresponding 3 hr IV-injected tissue levels (Table 5). As observed 

previously in splenic tissue, there was no evidence of nonspecific 

accumulation of either particle size within hepatic tissues at 6 or 24 

hr in either the Balb/c or C^H strains. 

Mesenteric Lymph Nodes 

Since the primary route of transport for orally administered 

particles is via the lymphatic system, it appeared likely that particle 

accumulation in the mesenteric lymph nodes (MLN) should increase over 

time and experimental results, in general, showed this to be true. MLN 

concentrations of the smaller particles in the Balb/c strain increased 

by 2.5-fold between 6 and 24 hr after administration. Initial levels 
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of the 1.0 fim PSL were found to be nearly twice those observed with the 

0.5 /zm particles at 6 hr, but did not increase significantly over time; 

MLN concentrations of the 0.5 fin and 1.0/Jm PSL in the Balb/c strain were 

similar at 24 hr. Tissue levels of the smaller particles in the 

strain were found to be 2-fold higher than those in the Balb/c at 6 hr; 

a slight increase in concentration at 24 hr resulted in 0.5 /xm particle 

accumulation approximately 1.5 times higher than the Balb/c strain. 

While MLN levels of the 1.0 /im PSL were observed to be quantitatively 

similar to 0.5 pm tissue concentrations in the strain at 6 hr, a 1.5-

fold increase between 6 and 24 hr resulted in significantly higher 

tissue levels than those observed with the smaller particles within the 

strain or with the same sized particles in the Balb/c strain. 

Perhaps not surprisingly, the MLN were shown, in general, to retain 

larger quantities of both particle sizes than any other tested organ of 

the body, with the exception of the liver, on a per milligram basis. 

Thym\is 

No significant differences in the Balb/c thymic localization of 

0.5 /jm PSL were observed at either 6 or 24 hr following oral particle 

administration; in addition, tissue levels of the larger particles were 

quantitatively similar to those of the 0.5 /tm PSL at 6 hr but decreased 

slightly by 24 hr to a concentration approximately 67% of the smaller 

particles. Similarly, thymic tissue levels of the 1.0/xm PSL were 

found to be equal in concentration to those of the larger particles in 

the Balb/c strain. The 0.5 /ra particles, however, were observed to 
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accumulate rapidly in the thymus and were determined to be increased 

by 1.5-fold when compared with the larger particle size at 6 hr and by 

more than 2-fold when compared with Balb/c 0.5 /im tissue levels. By 24 

hr, the mean thymic concentration of 0.5 (im PSL decreased by approxi

mately 50% to levels comparable to Balb/c 0.5 /im levels. 

Intestines 

Within the Balb/c strain, the 1.0 /im fluorescent PSL appeared 

to traverse the intestinal wall at a slower rate than the smaller parti

cles. Tissue levels of the larger particles were approximately 1.75 

times higher at 6 hr following oral administration than those of the 0.5 

/im PSL; however, concentrations of the 1.0 /im particles decreased 

slightly by 24 hr and 0.5/im tissue levels remained unchanged, resulting 

in quantitatively similar tissue concentrations at the end of the exper

iment. Conversely, the 0.5 /im PSL were retained to a greater extent than 

the larger particles within the intestinal mucosa of the C^H strain; 

tissue levels of the 1.0 /im particles were not significantly different 

from those of the Balb/c 1.0/im tissue at 6 hr. However, tissue levels 

of the 0.5 /im particles were found to be approximately 3 times higher 

than corresponding Balb/c concentrations at 6 hr and remained unchanged 

through 24 hr; 0.5 /im PSL tissue concentrations were found to be 

increased by approximately 2-fold when compared with both Cgl 1.0 /im 

intestinal levels and Balb/c concentrations of 0.5/im particles at 24 hr. 
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CHAPTER 4 

DISCUSSION 

The ideal system for the external image scanning.of solid tumors 

is one that includes an antigen found only on accessible surfaces of the 

tumor, a highly specific antibody directed against the tumor antigen and 

a radiolabeled carrier of sufficient stability and specific activity to 

allow labeling of the tumor possible. It seems likely that a 15%m-

polystyrene latex particle, coated with a specific antibody, could serve 

as a tumor imaging system. Samarium-153 can be economically produced, 

by the neutron bombardment of the oxide form, with high specific activ

ity (Woolfenden et al., 1983). In addition, the gamma radiation shows 

a strong energy peak suitable for imaging (O'Mara et al., 1969; Karika 

et al., 1972; Woolfenden et al., 1983) and the relatively short half-

life of 47 hr minimizes radiation exposure to the patient. However, 

antigen and antibody specificity, as well as radionuclide specific 

activity, becomes irrelevant if the tumor imaging system is removed from 

the blood vascular system prior to localization at the tumor surface. 

The primary focus of this project, therefore, was to investigate the 

reticuloendothelial clearance of IV-injected 0.5/Jm and 1.0/xm fluores

cent PSL particles from the blood, in four strains of mice, and their 

subsequent localization in the tissues of the lungs, spleen, and liver. 

In addition, alterations in the blood clearance and organ distribution 

of PSL were examined following the temporary depression of RE function, 
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and the alternate method of oral particle administration was investi

gated. 

Several groups have evaluated the blood clearance and tissue 

distribution of nonfluorescent PSL particles in unrelated species, 

including the rabbit (Schoenberg et al., 1961) and the mouse (Adlersberg 

et al. , 1969; Singer et al. , 1969). Upon examination of blood clearance 

curves, all three groups concluded that the clearance of PSL is indepen

dent of particle size, and a cursory glance at the blood clearance 

curves of 0.5 pm and 1.0 /ra PSL in the Balb/c strain (Figs. 1 and 2) 

obtained in this experiment would initially appear to confirm previous 

reports. However, examination of blood clearance curves and data 

derived from the three strains within the family (Figs. 1 and 2; 

Table 3) suggests the existence of a size-dependent mechanism of PSL 

clearance, with the smaller particles clearing more rapidly in the CjjH 

strain and the larger particles in the FeJ strain. 

Further evidence to support the size-dependent clearance of PSL 

in the mouse was obtained from the determination of the apparent kinetic 

clearance rate constants by the method of residual analysis (Gibaldi and 

Perrier, 1975; Appendix). The apparent forward rate constant (kf) 

describes the rate at which the PSL particles are transferred from the 

blood to the peripheral organs, including those of the RES, while the 

reverse rate constant (kr) describes the rate at which particles that 

are nonspecifically entrapped or accumulated within various areas of the 

body, i.e., within capillary beds, are recycled from peripheral areas 

into the blood. The apparent elimination rate (kel) represents the 
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portion of PSL specifically trapped within the phagocytic organs of the 

RES. During the course of this experiment, it was determined that the 

kel, and to a lesser extent the kr, are directly reflected in the pro

files of the blood clearance curves. It is clearly shown that a lower 

kel and a correspondingly higher kr for the 1.0 /im PSL results in a less 

rapid clearance of the larger particles in the C^H strain. Similarly, 

although not obvious from blood clearance curves, the apparent rate 

constants suggest that the smaller particles are removed more rapidly 

than the larger particles in the Balb/c strain. The nonparental C^H 

strains show marked variation in size-dependent clearance when compared 

to the Balb/c and parental strains. Apparent kinetic rate constants 

suggest that the larger particles are cleared at a slightly, though 

insignificantly, faster rate in the HeJ strain while the extremely large 

reverse rate constant for the 0.5 /im PSL indicates that the larger 

particles are selectively removed in the FeJ strain. 

It is interesting to note that the time course of the initial 

rapid distributive phase of PSL blood clearance varies not only between 

strains, but also within a strain with respect to particle size. The 

smaller particles distribute within a 60-min period in both the Balb/c 

and HeJ strains while the 1.0/im particles require only 30 min to reach 

the clearance phase. Conversely, in both the and FeJ strains, the 

smaller particles are rapidly distributed within 30 min while the time 

course of the 1.0 /im PSL is lengthened to 60 min. 

While blood clearance curves and the apparent kinetic rate 

constants clearly reveal differences in the ability of a murine strain 
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to remove PSL particulates from the blood and, to some extent, suggest 

the presence of a size-selective RE mechanism within a strain, these 

parameters fail to adequately explain the alterations in both distribu

tion times and size-selective particle clearance between strains, pri

marily within the family. Results suggest that factors other than 

simple strain variation are responsible for the differences observed in 

RE clearance and may be genetically determined. 

In order to illustrate the possibility of genetic RE function, 

it is necessary to redefine the genetic origins of the four murine 

strains. The Balb/c and C^I strains are standard, inbred laboratory 

strains showing a relatively low susceptibility to spontaneous mammary 

carcinoma; in addition, the B-lymphocytes of both strains respond mito-

genically to purified LPS in vitro. The Cgl/HeJ strain is derived from 

the parental strain and has an extremely high incidence of spontane

ous mammary tumors inbreeding females; the B - lymphocytes, however, fail 

to respond mitogenically to purified endotoxin (Kelly and Watson, 1977) 

due to a defect at the LPS locus on chromosome-4 (Watson et al., 1978). 

The C^IeB/FeJ mouse is derived from the HeJ strain and was bred to 

eliminate the inherent mammary tumor virus; unlike those of the HeJ 

strain, FeJ B-lymphocytes show a normal proliferative response to puri

fied LPS (Eisenstein et al., 1982). Within the Balb/c and parental 

strains, it appears likely that both the PSL distributive time course 

(Balb/c: 0.5 pm > 1.0 /im; C^I: 1.0 /xm > 0.5 /im) and size-selective 

particle clearance (0.5/xm > 1.0 /im) are genetically controlled and may 

be considered to be "normal" for the strain. In the HeJ strain, it 
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appears that the loss of the functioning LPS locus resulted in the 

concomitant alteration of particle distribution (0.5 /im > 1.0/im) and 

size-selectivity (1.0 /im _> 0.5 /im) , without altering the apparent kinetic 

rate constants, when compared to the parental strain. Upon restora

tion of LPS sensitivity in the FeJ strain, it appears that the time 

course of particle distribution (1.0/un > 0.5 /im) is also restored, when 

compared to the parental C^l strain. However, particle size-selective 

clearance is dramatically altered (1.0/tm >> 0.5/im), as are the apparent 

kinetic rate constants, resulting in an apparent inability to clear 

small particles from the blood. 

Tissue distribution studies of fluorescent PSL particles, in 

general, paralleled those of previous reports. Gabrieli and Snell 

(1965) developed a mathematical model of RE phagocytic function based 

on the concept of reverse phagocytosis and emphasized the reentry of 

previously phagocytized or accumulated particles into the circulation 

as an important characteristic of RE clearance. The nonspecific accum

ulation and subsequent release of both particle sizes was observed in 

the lungs of all four strains, although the larger particles accumulate 

to higher concentrations and persist for longer periods of time than the 

smaller particles. The nonspecific accumulation of the larger PSL, but 

not the 0.5 /im particles, was also observed within the spleens of all 

three strains in the family (FeJ >> HeJ > C^l) ; there is no evidence 

of splenic particle aggregation of either size in the Balb/c strain. 

Singer et al. (1969) reported that the concentration of 12®I-PSL (0.23/im) 

in murine liver was approximately twice that of the spleen at 60 min 
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post-injection; throughout the 3 hr time course of this experiment, 

hepatic PSL concentrations, in general, are consistently lower than 

corresponding splenic particle levels at all time points in all four 

strains of mice. Variations in organ distribution may be due to 

differences in murine strain (CF^ , particle size (0.23 /Jm), and/or 

injected concentrations utilized in previous work. 

Numerous investigators have reported the depression of reticulo

endothelial blood clearance by large intravenous injections of particu

lates or colloids including lipid emulsions (DiLuzio, 1965; Saba and 

DiLuzio, 1969), silica (Von Behren et al. , 1983; Souhami and Bradfield, 

1974), gold colloids (Zilversmit et al., 1952), carbon (Singer et al., 

1969; Souhami and Bradfield, 1974; Biozzi et al., 1953; Souhami, 1972), 

dextran sulfate (Bradfield et al. , 1974; Bradfield, 1977), and poly

styrene latex particles (Schoenberg et al., 1961; Singer et al., 1969). 

RE depression induced by silica has been shown to be irreversible (Von 

Behren et al. , 1983) and inhibits spleen cell blastogenesis for periods 

exceeding 21 days. The nonspecific high molecular weight dextran sul

fate, as well as lipid emulsions, colloids and particulates, reversibly 

inhibit RE function; recovery of hepatic phagocytosis occurs within 4 

days (Souhami and Bradfield, 1974). Blood clearance curves reveal that 

a 16 pi injection of either 0.5 pm or 1.0 fim nonfluorescent PSL particles 

markedly inhibit the blood clearance of a subsequent 8 fil injection of 

0.5pm fluorescent particles in the Balb/c strain; no visible reduction 

in the blood clearance of the larger particles is apparent in the pres

ence of either nonfluorescent particle size. The apparent elimination 
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rate constants of the smaller fluorescent particles in the presence of 

both the 0.5 /im and 1.0/im blocking particles are significantly lower 

than the kel in the control mice while the corresponding reverse rate 

constants in the experimental groups are increased considerably. 

Similarly, although not apparent from blood clearance curves and data, 

significant increases in the apparent reverse rate constants associated 

with the clearance of the larger fluorescent particles following the 

injection of either sized blocking PSL suggest the induction of RE 

depression. 

The tissue distribution of fluorescent PSL is altered following 

the depression of RE blood clearance. Within the lungs, the 1.0 /xm 

particles tend to accumulate nonspecifically in the presence of either 

the 0.5 fim or 1.0 /im blocking particles while the increased accumulation 

of the smaller fluorescent particles occurs only after a previous injec

tion of nonfluorescent 1.0 /im PSL. It appears likely that the larger 

particles aggregate to a greater extent within the capillary beds and 

alveolar tissue than the smaller particles and delay the reentry- of 

subsequent particle injections into the circulation. 

Following a single intravenous injection of either 0.5 /im or 

1.0 /im fluorescent PSL, it was surmised that, in the Balb/c strain, a 

size-dependent blood clearance mechanism exists in which the smaller 

particles are cleared from the blood at a slightly faster rate than the 

larger particles. An analysis of the apparent kinetic rate constants, 

and to a lesser extent, blood clearance curves tend to support this 

observation although final splenic and hepatic fluorescence levels fail 
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to confirm differences in particle localization bases on size. However, 

following particle induced RE depression, an interesting corollary to 

the mechanism of size-selective PSL becomes apparent upon examination 

of spleen and liver residues. Splenic and hepatic levels of both the 

0.5 /<m and 1.0 fim fluorescent particles, preceded by a blocking dose of 

similarly sized nonfluorescent PSL, are quantitatively equal to control 

tissue concentrations in mice receiving only a single injection of 

fluorescent particles. However, fluorescent concentrations of both 

particle sizes, preceded by a blocking injection of the dissimilarly 

sized nonfluorescent PSL, are significantly lower than control tissue 

levels in both the spleen and the liver at 3 hr post-injection. It 

appears that the initial localization of the nonfluorescent particles 

may inhibit the subsequent localization of the dissimilarly sized par

ticles; in addition, the splenic and hepatic deposition of the fluores

cent particles, in the presence of similarly sized blocking particles, 

may be permitted, or enhanced, by a continuation of the size-selective 

removal process in progress at the time of injection of the fluorescent 

particles. However, a nonspecific accumulation of fluorescent particles 

resulting from an increased injection volume of similarly sized parti

cles (nonfluorescent and fluorescent) cannot be ruled out. 

Numerous investigators have tested alternate routes of particle 

administration to describe both subsequent tissue localization of par-

ticu-lates (Volkheimer, 1975; Joel et al., 1978; Sanders and Ashworth, 

1961; Matsuno et al., 1983) and to better define the immune response to 

orally administered antigens (Cottier et al. , 1973; LeFevre and Joel, 
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1977). It appears that the transport of hard particulates across the 

intestinal mucosa, and their subsequent appearance in the blood and 

internal organs is directly related to intestinal motility (Volkheimer, 

1975). In addition, Volkheimer (1975) and Matsuno et al. (1983) 

reported the presence of particles in nearly every area of the body 

following the oral administration of particulates. In a comparison of 

0.5 im and 1.0 fim FSL administered via gastric lavage in the Balb/c and 

strains, results, in general, confirm previous reports (Volkheimer, 

1975; Matsuno et al. , 1983) with respect to areas of particulate deposi

tion; in addition, organ particle deposition is markedly different from 

that associated with IV-injected PSL. 

Balb/c oral blood levels of 0.5 /im and 1.0 /xm fluorescent parti

cles are considerably higher at both 6 and 24 hr than those of the IV-

injected particles at 3 hr but nearly 50% lower than corresponding lev

els associated with injected PSL following RE depression induced with 

0.5/im nonfluorescent particles. It must be stressed, however, that 

oral blood levels of both particle sizes remain constant from 6 through 

24 hr and may improve the possibility of localizing a gamma-emitting PSL 

particle at the site of a solid tumor. In contrast, oral blood levels 

of both particle sizes in the strain are markedly lower than corre

sponding injected blood concentrations and may reflect interstrain 

differences in intestinal motility or permeability to solid particles. 

As expected, due to the lymphatic transport of ingested PSL, 

the mesenteric lymph nodes of both strains are shown to accumulate 

particles of both sizes in quantities approximating those of the spleen 
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and the liver. Similarly, while the intestines appear to allow rapid 

transmucosal passage of PSL and localize relatively few particles of 

either size, the thymus of both strains tends to accumulate and retain 

relatively high numbers of PSL, especially of the smaller particle size. 

The passage of inert PSL through the intestinal mucosa and their subse

quent localization in the mesenteric lymph nodes and thymus lends sup

port to previous observations (Cottier et al., 1973; LeFevre and Joel, 

1977) that specialized areas of the intestine serve to promote the 

contact of intestinal antigens with immunocompetent cells. However, the 

retention of transported intestinal particulates in the lymph nodes and 

thymus may, in fact, describe a mechanism of antigenic sequestering by 

the thymus, thus preventing immunological contact and subsequent sensi

tization to antigens of resident intestinal organisms that may traverse 

the intestinal barrier. 

Following the oral administration of fluorescent PSL, particle 

accumulation in the lungs, spleen, and liver of both strains are shown 

to be, with few exceptions, dramatically lower than corresponding organ 

concentrations following intravenous injection. Although there is no 

suggestion of nonspecific particle accumulation, as previously seen in 

the lungs and spleen after IV-injection, PSL particles appear to persist 

at relatively constant levels in the three organs from 6 through 24 hr 

rather than recycling into the circulation. Experimental results sug

gest that the organ concentrations of PSL, especially in the spleen and 

liver, may be extravascular in origin and may represent that portion of 

fluorescent particles transported directly to the organs via the 

lymphatic system. 
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Conclusions 

After evaluation of the reticuloendothelial clearance and subse

quent tissue localization of fluorescent polystyrene latex particles in 

RE-competent mice, in animals following depression of the RE system, and 

in mice administered PSL via gastric lavage, it appears, by analogy, 

that the administration of antibody-coated 15%m-incorporated particles 

may serve to localize at the site of a solid tumor and emit sufficient 

gamma-radiation to permit external image scanning of the neoplasm. 

Experimental results suggest the following conclusions: 

1. The IV-injection of PSL particles into an RE-competent mouse 

results in rapid clearance of particles from the blood and 

subsequent localization of PSL in the organs of the reticulo

endothelial system. Low circulating blood PSL levels may 

preclude the localization of particles at the tumor site, and 

high liver and spleen radionuclide levels may prove to be a 

health hazard to the patient. 

2. The IV-injection of PSL particles into an RE-depressed animal 

results in significantly higher levels of circulating particles 

and may facilitate localization of PSL at the tumor site. 

However, increased nonspecific particle accumulation of the PSL 

in the liver and spleen may prove to be detrimental to the 

patient. Alternate methods of RE depression may decrease par

ticle tissue localization while maintaining adequate circulating 

blood particle concentrations. 
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The oral administration of PSL particles results in higher blood 

particle concentrations than observed in RE-competent IV-

injected animals. In addition, blood levels remain elevated and 

constant for over 18 hr and may improve localization at the 

tumor site. While hepatic and splenic tissue levels of PSL are 

considered to be moderate, localized areas of radioactivity in 

the mesenteric lymph nodes and thymus may prove to be detrimen

tal to patient safety. 
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APPENDIX 

PHARMACOKINETIC METHOD OF RESIDUAL ANALYSIS 

Gibaldi and Perrler (1975) derived and explained a series of 

mathematical expressions describing the kinetic parameters associated 

with a two-compartment model in which the elimination of an intrave

nously administered material occurs only from the peripheral compart

ment, i.e. , PSL microspheres removed from the blood specifically by the 

organs of the RES. Du Souich et al. (1981) utilized the pharmacokinetic 

method of residual analysis to describe the rates of blood carbon clear

ance in a rabbit model. 

The intravenous administration of polystyrene latex microspheres 

confers multicompartment characteristics of blood clearance in the 

murine model; the biexponential curve, defining a two-compartment model, 

can be resolved into two monoexponential expressions from which the 

kinetic parameters kf (forward rate), kel (elimination rate) and kr 

(reverse rate) can be calculated (Gibaldi and Perrier, 1975). 

Figure A-l illustrates the blood concentration/time curve 

obtained following intravenous injection of 0.5 |xm fluorescent micro

spheres in the Balb/c mouse, and can be described by the equation: 

C - Ae*1 + Be*4 ( 1 ) 

where a and ft are the apparent first-order fast (distributive) and slow 

(clearance) rate constants, respectively. B and A represent the 
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Figure A-l. Blood clearance of 0.5 pm fluorescent PSL particles 
in the Balb/c : Model of residual analysis 
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intercepts of the extrapolated clearance phase and the extrapolated 

residual concentration values, respectively, to axis of ordinates. Since 

a is, by definition, larger than 0, the term Ae""4 approaches zero more 

rapidly than the term Be-Bt and equation (1) reduces to: 

C - Be*1 (2) 

which, in terms of logarithms becomes 

log C - log B - /5t/2.303 (3) 

Equation (3) , describing the slow clearance phase of the curve resulting 

from a graph of log blood concentration vs time, has a slope of -0/2.303 

and yields an intercept of log B when extrapolated to the ordinate at 

zero time. 

Residual blood concentration-time values are obtained by 

subtracting concentration-time values of the extrapolated clearance 

phase line from the corresponding blood concentration-time values 

obtained experimentally. In a similar manner, equation (2) is sub

tracted from equation (1) and yields a new expression 

C - Ae^ (4) 

describing the initial fast linear distributive phase of the curve. 

When expressed in logarithmic form, equation (4) becomes 

log C - log A - (at/2.303) (5) 
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A graph of log residual concentration values vs time thus yields a 

straight line with a slope of -a/2.303 and an extrapolated zero-time 

intercept of log A. 

The apparent intercompartmental first-order distribution rate 

constants (kf and kr) represent the rates at which the particles 

recirculate between the central compartment (blood) and the peripheral 

compartment (RES). It-is important to note that these rate constants 

apply only to the fraction of PSL not being trapped within the organs 

and cells of the RES. 

The sum of the apparent fast and slow disposition rate constants 

at and p is equal to the sum of the kinetic rate constants 

a + p — kf + kr + kel (6) 

while 

aft — kf kel (7) 

The apparent first-order forward rate constant (kf) can be 

calculated from the expression 

kf - (aA + 0B)/(A + B) (8) 

The apparent elimination rate constant (kel), describing the 

rate of disappearance of the fraction of PSL trapped within the RES, 

can be calculated by rearrangement of equation (7) to yield the constant 

kel - oep/kf (9) 
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The apparent reverse rate constant (kr) can be determined by 

the substitution of values for kf and kel in equation (6); rearrangement 

yields the constant 

kr - a + - (kf + kel) (10) 
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