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8. ^glucuronidase data for the animal

group exposed to sulfuric, acidaerosol for 0.5 hour . . . . . . . . . . . . .  83
9. 0-glucuronidase data for the animal

group exposed to sulfuric acidaerosol for 2 hours . . . . . . . . . . .  . 86
10. 0-glucuronidase data for the animalgroup exposed to •sulfuric acidaerosol for 4 hours . . . . . . . . . . . .  . 88
11. Glutsmio-oxaiacetie tfansaminasedata for the control animal "

group 92

vii



viii
LIST OF TABLES--Continued 

Table Page
12. Glutamic-oxalacetic transminase datafor the animal group exposed to

sulfuric acid aerosol for 0»5 hour . . . . . 94
13. G1utami c-oxa1abeti c transminase datafor the animal group exposed to

sulfuric acid aerosol for 2 hours . . . . . . 96
14. Glutamic-oxalacetic transminase datafor the animal group exposed tosulfuric acid aerosol for 4 hours . . . . . .  99
15. Lactate dehydrogenase data for the .control animal group . . . . . . .•. . . . . 105
16. Lactate dehydrogenase data for theanimal group exposed to sulfuric

acid aerosol for 0.5 hour . . . .  . . . . . . 107
17.. Lactate dehydrogenase data for theanimal group exposed to sulfuric

acid aerosol for 2 hours , . . . . . . .  . . 110
18. Lactate dehydrogenase data for theanimal.group exposed to sulfuric

acid aerosol for 4 hours . . .  . . . . . .  . 112
19. Lysozyme data for the control animal group . . . 116
20. Lysozyme data for the animal groupexposed to sulfuric acidaerosol for 0 „ 5 hours . . . . . . . . . . . . .  118
21. Lysozyme data for the animal groupexposed to sulfuric acidaerosol, for 2 hours . . . . . . . . . . . . .  120
22. Lysozyme data for the animal group

exposed to sulfuric acidaerosol for 4 hours . . . . . .  . V  . . . » . 123
23. Mean enzyme levels for each animal group ■expressed per million cells . . . . . . . . .  131



LIST OF ILLUSTRATIONS

Page
1. An outline of cells included in the widelyused reticuloendothelial classification system [RES] of Aschoff . . . . . . . .  3
2„ Outline of the recommended mononuclearphagocyte system as proposed by the International Conference onMononuclear Phagocytes 5
3. Acid phosphatase values obtained from the3 cell concentrations prepared from -

the buffy coat preparation . . .  6 . 54
4. Lactate dehydrogenase values obtained for

the 3 cell concentration preparedfrom the buffy coat preparation . . . . . . . 55
5. Glutamic oxaloacetic transaminase valuesobtained for the 3 cell concentrations prepared from the buffy coat preparation . . 56
6. Standard curve prepared for the. "iysopiate"lysozyme assay . . . . . . . . . . . . . . .  57
7. Lysozyme values obtained for the 3 cell

concentrations prepared from thebuffy coat preparation . . . . . . . . . . .  58
8. Standard curve for 3-glucuronidase assay . » . . 59
9. 3-glucuronidase values obtained for the

3 cell concentrations prepared from . the buffy coat preparation . . . . . . . . .  60
10. Values of percent AM for all 4 animal

groups as obtained by a 300 cell . differential count of a eytocen- 
trifuge preparation.from each
sample collection . . . . . . . . . . . . . . . .  62

rx



X

LIST OF ILLUSTRATIONS— Continued 
Figure Page
11. LDH isoenzyme patterns indicating lossof heat labile fractions, LD4 and

LD5, due to overheating of celllysate during the ultrasonic celldrsruptron , , , , , , ,  , , , , , , , , , , 64
12. Acid phosphatase values for the controlanimal group , , , , , , , , , , , , , , , , 6 9
13. Acid phosphatase values for the animalgroup exposed to sulfuric acid

aerosol for 0.5 hour . . . . .  . . . . . . .  71
14. Acid phosphatase values for the animalgroup exposed to sulfuric acid

aerosol for 2 hours , . . . . .  . . . . . . . 74
15. Acid phosphatase' values for the animalgroup exposed to sulfuric acid

aerosol for 4 hours . . .  . . . . , . .. . . 7 6
16. Accumulative acid phos values for allanimal groups, enzyme vs cone.

time of exposure . .... . . . . . . . . . . 78
17. (3-glucuronidase values for the controlanimal group . . . . . . . . . . . . . . . .  80
18. 8-glucuronidase values for the animalgroup exposed to sulfuric acid . aerosol for 0.5 hour . . . . . . . . . . . .  82
19. glucuronidase values for the animal

group exposed to sulfuric acid
aerosol for 2 hours . , •. . . . ... . . . . . 84

20. (3--glucuronidase values for the animalgroup exposed to sulfuric acid
aerosol for 4 hours . . . . . . . . . . . . .  87

21. Accumulative 6-gluc values for all animal groups, enzyme vs cone. time of 
exposure . . . . . . . . . . . . .  . 89



XI
LIST OF ILLUSTRATIONS— Continued

Figure Page
22.. Glutamic-oxalacetic transaminase valuesfor the control animal group . . . . . . . . 91
23. Glutamic-oxalacetic transaminase valuesfor the animal group exposed to

sulfuric acid aerosol for 0.5 hour 93
24. Glutamic-oxalacetic transaminase valuesfor the animal group exposed tosulfuric acid aerosol for 2 hours . . . . . .  95
25. Glutamic-oxalacetic transaminase valuesfor the animal group exposed tosulfuric acid aerosol for 4 hours . . . . . .  97
26. Accumulative GOT values for all animalgroups, enzyme vs cone, time ofexposure . . . . . . . . .  . . . . . . . . . 100
27. LDH isoenzyme patterns of sample storage

for 1 day . . . . . . . . . . . . . . . . . .  102
28. LUfi isoenzyme patterns indicating changeswhich occur during a 2 day storageperiod . . . .  . . . . . . . . . . . . . . .103
29. Lactate dehydrogenase values for the

control animal group . . »' . . . . . . . . . 104
30. Lactate dehydrogenase values for theanimal group exposed to sulfuric •acid aerosol for 0.5 hour . . . . . . . . . .  106
31. Lactate dehydrogenase values for theanimal group exposed to sulfuric

acid aerosol for 2 hours . . . . . . . . . . .  108
32. Lactate dehydrogenase values for theanimal group exposed to sulfuric

acid aerpsol for 4 hours . . . . . . . .  . . Ill
33. Accumulative LDH values for all animalgroups, enzyme vs. cone. time ofexposure . . ..... ... . . . . . . . . . . 113



XI1
LIST OF ILLUSTRATIONS— Continued 

Figure Page
34. Lysozyme values for the controlanimal group * ; . , 115
35. Lysozyme values for the animal groupexposed to sulfuric acid aerosolfor 0.5 hour . . . . . . . . . . . . . . . . .  117
36. Lysozyme values for the animal group

exposed to sulfuric acid aerosolfor 2 hours . . . . . . . . . . . . . . . . .  119
37. Lysosome values for the animal groupexposed'to Sulfuric acid aerosolf Ci 3̂ 4 "llĈUÛS .. . o . .:. . o oo e o . . . . . 121
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ABSTRACT

The pulmonary alveolar macrophage is the free cell 
of the lung which plays an important role in maintaining a 
clean, sterile environment for gas exchange. The hydroly
tic enzymes present in the alveolar macrophage have been 
implicated in the progression of several forms of lung 
disease.

Various sulfur compounds are produced during the 
combustion of fossil fuels, presently our most important 
source of energy. Increased levels of these compounds have 
been associated with increased morbidity and mortality from 
respiratory disease.

The enzyme response of the alveolar macrophage to 
varying concentrations Of sulfuric acid aerosol was studied. 
The enzyme assays were performed on cell sonicates of 
alveolar macrophages collected by pulmonary lavage from con
trol rabbits and rabbits exposed to sulfuric acid aerosol 
with concentrations of 43-596 mg/cu.m for 0.5 to 4 hours.

The results for enzymes acid phosphatase,
3-glucuronidase, -GOT, LDH, and lysozyme are presented. The 
results are inconclusive because of a wide variability in 
the cell population. The data presented may represent be
ginning responses and increased exposure concentration or

xiii



xiv
duration would further these early changes and make them 
statistically significant. A number of recommendations 
are made to decrease the variability in the enzyme data.



CHAPTER 1

THE ALVEOLAR MACROPHAGE— ITS FUNCTION AND RELATIONSHIP TO PULMONARY DISEASE

The pulmonary aveolar macrophage (PAM) or free cell 
of the lung plays a very critical role in maintaining a 
clean and sterile surface in the alveoli for. respiratory 
gas exchange.

The large surf ace area of the lung- makes this organ 
the major exposure route for many cytotoxic materials and 
pathogenic microorganisms. There is some protection af
forded by the tortuous upper and lower respiratory passages, 
the hair, and the mucociliary escalator system. However, 
the alveolar macrophage forms the last major line of de
fense against the persistent pathogenic microorganisms and 
the materials in the air.we breath which are from the flatu
lence of man's "technological advances."

A number of books which.provide complete considera
tion of the morphology and the complex biochemical and 
immunological actions of the macrophage are available (1-5). 
There are also several excellent review articles which 
provide much of the information in a condensed form (6-9).

1



Brief - Historical Outline
The first attempt to systematically define the 

group of phagocytic cells was in 1892. Metchnikoff called 
the phagocytic cells macrophages or "Big Eaters" because 
they were capable of ingesting large particles as opposed 
to the ingestion of small particles by polymorphonuclear 
leukocytes. It was from this he introduced the term "macro
phage system."

. In 1924, Aschoff included other cells in the macro- 
phase system to form his new reticuloendothelial system 
(RES), the cell classification which is still widely used 
today. The general outline of cells included in this 
system is found in Figure 1. The RES Classification has 
been criticized over the years because the endothelial cells 
and reticular cells constitute two different cell lines 
with different functions and characteristics.

In 1949, Thomas reintroduced the cell.classifica
tion proposed in 1927 by Volterra. Namelythe "reticulo- 
histiocyte system." This system has not found wide 
acceptance, and like the RES, does not clearly and correctly 
define the cells which are clearly mononuclear phagocytic 
cells.

The new system, "the mononuclear phagocyte system," 
has been proposed, and through consultation with some 90 
specialists, has been recommended as the system to use
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RES in a

*Endothelial cells 
Fibrocytes.
Reticular cells of the spleen and lymph nodes

strict Reticuloendothelial cells -sense of lymph and blood sinuses, RES in aincluding;Kupffer cells broad
Histiocytes
Splenocytes and monocytes

sense

*Cells that are listed in increasing order of phagocytic activity.

Figure 1, An outline of cells included in the widely used reticuloendothelial classification system [RES] 
of Aschoff. (See 1, 5, 7,)
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(10, 11). A brief outline of the proposed mononuclear 
phagocyte system is seen in Figure 2.

The cells are characterized as developing through a 
common cell, the monocyte, as well as by their specific 
functional characteristics of avid phagocytosis and pino- 
cytosis,• firm attachment to glass and plastic, and a 
ruffling membrane.

Origin and Kinetics of the Macrophage 
It has been widely accepted that the following 

derivation and life history is true for the alveolar macro
phage as well as the -other mononuclear phagocytes (12-14).

Isotopic labeling studies using tritiated thymidine, 
tritiated diisopropylfluorophosphate and chromosome marker : 
studies provide evidence that the cells originate in the 
bone marrow from stem cell precursors of the blood mono
cytes (13, 14). Additional studies using isotope labeling 
of bone marrow cultures provide additional proof for the 
myelogenous origin of the mononuclear phagocytes (15).

The monocytes formed from the promonocyte rapidly 
enter the blood stream indicating the existence of only a 
small bone marrow storage pool. The blood vascular system 
then serves as the transit system whereby the monocytes 
move from the bone marrow production line to their future 
assignments in the various tissues.
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Promonocyte
4*In blood Monocyte

Primitive stem cell4>Monoblast
in bone marrow

Histiocytes (connective tissue)
Liver (Kupffer cells)
Lung (alveolar macrophage)
Spleen (free and fixed macrophages)
Lymph node (free and fixed macrophages) 
Bone marrow (macrophages)
Serous cavity (pleural and peritoneal macrophage)
Bone tissue (osteoclasts)
^Nervous system (microglial cells)

*Complete evidence for these two cells has not yet been obtained.

Figure 2. Outline of the recommended mononuclear phagocyte system as proposed by the International Conference on Mononuclear Phagocytes„ (See 10, 11.)



The monocytes emigrate into the various tissue 
spaces where, in response to the particular microenviron- 

. ment, they differentiate into the specific type of macro
phage of the tissueo The oxygen content and other variables 
of the environment exert enough influence upon the cells 
during this differentiation period to cause the production 
of numerous morphological and functional biochemical 
changes (16, 17)„

For example, it has been adequately demonstrated 
that significant differences exist between alveolar and 
peritoneal macrophages even though they develop from a 
common origin in the bone marrow. The alveolar macrophage 
. contains higher lysosomal enzyme content than peritoneal 
macrophage. The alveolar:: macrophage metabolism is pri
marily oxidative? however, it can be converted to glycoly
tic under low oxygen conditions (16). The peritoneal 
macrophage on the other hand, depends primarily on glycoly
tic metabolism. There are other differences such as bac
tericidal activity, response to chemotactic stimuli, 
response to migration inhibition factor, presence of Fc 
receptor for cytophilic antibody, and the ability to form 
immunogenic complexes from endocytized antigens.

This information is presented to emphasize the sig
nificant complexity and the heterogeneity of the mononu
clear phagocytes, and demonstrate that they are indeed a



very dynamic group of cells capable of a myriad of func
tional processes.

The Alveolar Macrophage 
The alveolar macrophage differentiates from the 

interstitial cell pool which is fed by monocytes from the 
peripheral blood (6), The alveolar macrophage is one of 5 
cell types which make up the alveolar membrane (18, 19).
The 5 cell types associated with this membrane are:

1. The type I pneumocyte, which is the squamous epi
thelial cell, forms a nearly continuous layer over 
the supporting basement membrane.

2. The type IT pneumocyte is a granular, rounded cell 
which contains numerous inclusions. This cell 
develops from the type I pneumocyte and is the 
source of pulmonary surfactant.

3. The endothelial cells form the lung capillaries by
resting On a basement membrane of reticulum.

4. The fibroblast is a connective tissue cell which
produces the fibrous tissue elements collagen, 
reticulum, and elastin.

5. The alveolar macrophage is the free cell of the
lung because it is actively motile and is phagocy
tic. It is somewhat similar in morphology, to the 
type II pneumocyte but contains more organelles and 
has pseudopodia.
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Another -cell which is sometimes found, is the macro

phage polykaryon or inflammatory giant cell. The results 
of studies indicate that these cells form by fusion of 
newly arriving alveolar macrophages with cells which are 
already present (20, 21).

Pulmonary Clearance Mechanisms
The deposition of particulate and soluble material 

from our environment is a constant process. As a result 
various clearance processes must be operational to prevent 
the accumulation of these materials and their toxic conse
quences.

Materials which deposit in the upper airways can be 
removed by the action of the mucociliary, escalator system 
and be either swallowed or expectorated. Material deposited 
deeper in the respiratory tree may be transported, in the 
alveolar fluid to the lymph drainage system into the lympha
tic system (19). The soluble or particulate material may 
also be ingested by the alveolar macrophage by pinocytosis 
or phagocytosis respectively. The material can then be 
transported by either of the above mechanisms from the 
alveolar surface or may be digested by the lysosomal enzyme 
system present in the alveolar macrophage.



Endocytosis
During phagocytosis or pinocytosis, the boundary 

membrane invaginates around the material being ingested to 
form vesicles called the phagosome and pinosome, respec
tively. Hydrolytic enzymes which are synthesized in the 
endoplasmic reticulum are transferred to the Golgi appara
tus (22-24). The enzymes are packaged in small Golgi 
vesicles which are actually the primary lysosomes of the 
macrophage. Table 1 contains a list of the lysosomal 
enzymes found in the alveolar macrophage. The primary lyso- 
some migrates to. and fuses with the phagosome forming a 
phagolysosome or secondary lysosome. The enzyme contents 
are discharged into the phagosome. The ingested material 
is then digested and extruded from the cell. In the in
stance of a non-digestible material, a residual body is 
retained within the cell.

In some cases, when the particle being ingested is 
very large, or when the activities are not properly syn
chronized, some of the enzymes may be prematurely discharged 
into the developing phagosome during the invagination pro-

: ' ■ ■ 7 'cess with the resultant release of enzymes into.the sur
rounding areas before complete closure has occurred.
Enzyme release may also occur if the material which is in
gested is toxic to the cell and cell death occurs.



Table 1. List of some lysosomal enzymes 
macrophages. (See 3, 25, 26.)

Enzyme ____________  pH optima
Prpteases and peptidases 
Cathepsin D 3.6-3.8
Collagenase 6
Peptidase 7.8

Nucleases
Acid ribonuclease 6.0-6.5
Acid deoxyribonuclease 4.5

Phosphatases
Acid phosphatases 5-6

Enzymes hydrolyzing the carbohydrate chains of glycoproteins and glycolipids
8-N-acetyIhexosaminidase 4 .0-4.6
(3-Galactosidase 3.6

l

which have been found in rabbit alveolar

Major natural substrates

Proteins
Collagen
Peptides

RNA
DNA

Most o-phosphoric monoesters

8-N-acetylhexosaminides
8-Galactosides and muco
polysaccharide-protein
complexes



Table 1— Continued

Enzyme pH optima Major natural substrates
Enzymes degrading glycosaminoglycans
Lysozyme 6.2 Bacterial cell walls, mucopolysaccharides
Hyaluronidase 3.5 Hyaluronic acid, chon- 

droitin sulfates A and C
3-Glucuronidase

• ' '
4.5-5.2 Polysaccharides, mucopolysaccharides, steroid glucuronides

Enzymes degrading lipids
Triglyceride lipase 4.2 Triglycerides
Phospholipase 4.5 Lecithin
Esterase 3.6-4.0 Fatty acid esters

H
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Macrophage Enzyme Response to Various Stimuli
Since the macrophage is an extremely vital cell in 

maintaining the healthy organism, studies have been under
taken over the period of several years to determine the 
relationship of these - cells to various inflammatory pro
cesses.

One important area of study is alveolar macrophage 
biochemistry, particularly the involvement of the extensive 
enzyme complement, as it relates to the various forms of 
lung pathology.

In vitro studies using macrophage cell cultures 
have shown that this cell contains numerous enzymes which 
respond to different stimuli. Cohn and Wiener (27, 28) 
found at least six hydrolytic enzymes in association with 
the particulate elements of the macrophage. They found dif
ferences in the quantity of enzymes present in peritoneal, 
alveolar, and BCG induced alveolar macrophages. The peri
toneal macrophage was found to contain lower concentrations 
of hydrolytic enzymes than the alveolar macrophage. They 
further found that specific enzymes were increased in the 
BCG induced alveolar macrophage. The levels of enzyme and 
protein production are considerably variable depending upon 
the type of exposure material.

Davies, Page and Allison. (29) have shown stimula
tion of Various lysosomal and non-lysosomal enzymes with



the selective release of these enzymes in response to vary
ing concentrations of Group A streptococcal cell wall sub
stance.

Exposure of rabbits to traumatic shock in a rotat
ing drum resulted in an increased release of lysosomal 
enzymes (30). It was also found that these shocked 
alveolar macrophages were incapable of killing and degrad
ing ingested organisms.

Gordon, Todd and Cohn (31) found that mouse peri
toneal macrophages and human monocytes actively secrete 
large quantities of lysozyme. In addition, there is pro
duction and induction of the acid hydrolases in response 
to stimulation with thioglycolate. The lysozyme secretion 
was a function independent from that of the acid hydrolases.

These studies support the suggestion that the secre
tion and release of these acid hydrolases and neutral pro
teinase s may be the cause of tissue damage which occurs 
during chronic inflammatory processes. The greatest amount 
of information regarding induction or suppression of macro
phage enzyme systems has been obtained from in vitro cell 
culture studies.

Alveolar Macrophage Response to Toxic Materials
Since the primary role of the alveolar macrophage 

is to ingest microorganisms and foreign materials at the 
alveolar surface, two possible pathways exist for the
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endocytized material» One is that the material will be non- 
cytdtoxic for the macrophage and would be ingested and 
digested or removed via the mucociliary escalator. The 
material could also be removed through the lymph drainage 
system.- The second pathway would occur if the material was 
cytotoxic for the macrophage, and in this case, the material 
would cause cell death and not be removed from the area.

It is somewhat ironic that this cell, which is a 
major factor in defending the body from invading toxic 
materials in the lung, has been implicated, and indeed 
strong evidence has been presented for certain cases, in 
the pathogensis of various pneumoconioses.

It has been clearly demonstrated that alveolar , 
macrophages contain a diverse collection of enzymes and 
the capacity for secretion of selected enzymes in response 
to varying inducing stimuli. It therefore naturally fol
lows that secretion of these enzymes from living alveolar 
macrophages or release of the enzymes from killed alveolar 
macrophages could be responsible for the severe tissue 
destruction which occurs during an inflammatory process.
The type and severity of response depends upon the inciting 
toxic material. The second process, wherein the alveolar 
macrophage is killed, results in the more severe type of 
injury. The damage which occurs is irreversible.
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Silica and Asbestos Pneumoconiosis

The pathological process which occurs as a result 
of the inhalation of these toxic materials, particularly, 
particulates and dusts, is termed pneumoconiosis = The two 
substances, asbestos and silica, provide examples of the 
differences in degree and type of inflammatory reaction 
which can be produced by cytotoxic materials„.

Asbestos is generally less cytotoxic than silica 
(32). The ingested asbestos induces release of lysosomal 
enzymes and increased intracellular lactate dehydrogenase. 
There is no extracellular increase in LDH indicating the 
cells are intact and viable (33). This material produces a 
disease process with intense cellular reaction and diffuse 
■ fibrosis.

Silica, on the other hand, produces a rapidly de
veloping and debilitating lung disease, silicosis, which is 
characterized by severe nodular fibrosis with little tissue 
reaction.

The lesion which is Seen in silicosis has been stud
ied by several investigators, and the following sequence of 
events is thought to occur (34-36). The inhaled silica enters 
the alveolar macrophage by phagocytosis. The lysosomal en
zymes of the primary lysosome are released into the phago
some creating the secondary lysosome. The cytotoxic effect 
of silica results in cell death with the release of intact
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silica and lysosomal enzymes into the surrounding area. The 
released enzymes act upon tissue substrates and induce mo
bilization of fibroblasts with the resulting fibrosis. The 
released silica is then ingested by another macrophage to 
repeat the process• This cyclic killing of the alveolar 
macrophage may be the reason for the rapid course of this 
particular disease.

The difference in effect of silica and asbestos dn 
the alveolar macrophage is probably due to the difference 
in the way each interacts with the cell membranes.

The silica causes cell death by disrupting the 
phospholipid component of the membrane. This effect is 
proposed to be due to formation of hydrogen bonds with the 
phenolic hydroxyl groups of silicic acid that are rigidly 
arranged on the surface of the particles (37).

Asbestos is thought to disrupt the membrane in a 
non-lytic fashion by interaction-of its magnesium,groups 
with membrane glycoproteins (37).

The usefulness of the many hydrolytic enzymes in 
the function of the macrophage have not been fully ex
plained. - Some suggestions have been made, however, for the 
function of some of the enzymes .(38) . The enzymes, galac- 
tosidase and aminopeptidase might be required to hydrolyze 
some of the bacterial surface antigenic groups. Ribonu- 
clease and deoxyribonuclease hydrolyze nucleoproteins of
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bacteria and injured tissue, and deoxyribonuclease may also 
release cationic antibacterial histones from the hydrolyzed 
nucleoproteins. Lysozyme may be responsible for hydrolysis 
of the mucopolysaccharide of certain microorganisms.

Enzyme Induced Emphysema and Chronic Lung Disease
The release of several lysosomal enzymes found in 

the alveolar macrophage has been associated with the patho
logical. changes which occur in emphysema and chronic lung 
disease. The proteinase enzymes, elastase, collagenase, 
and plasmin have been associated with production of pul
monary changes very similar to those found in emphysema 
and chronic obstructive lung disease. The administration 
of collagenase, elastase, trypsin, and papain have caused 
emphysema-like symptoms in experimental animals (39, 40).
A very severe form of emphysema has been found to occur in 
individuals which have a genetic deficiency of alpha-1- 
antitrypsin (41, 42). The mechanism suggested for this 
disease process is that the proteolytic enzymes released by 
the alveolar macrophage during phagocytosis may proceed un
touched to produce the cellular changes.

The release of lysosomal enzymes as a Idealized 
response of the.alveolar macrophage during the removal of 
the components of cigarette smoke has been implicated as a 
contributing factor in chronic lung disease. This was 
probably meant to be a protective mechanism to remove the
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irritating component of cigarette smoke from the lung. The 
changes seen, however, can be reversed following cessation 
of smoking (43).

The Toxicologic Effects of Sulfur Oxides
Considering the above examples of association of 

the alveolar macrophage and its enzyme release with pul
monary pathological processes, one could perhaps see a 
similar association as a response to inhalation of the sul
fur containing compounds which are present in our environ
ment as air pollutants. The compounds are present primarily 
as a result of combustion of fossil fuels as an energy 
source. In Arizona and other areas with copper smelter ac
tivity, there is additional release of sulfate material 
during the. process as sulfuric acid. A new potential source 
of sulfate is the automobile catalytic converter, especially 
in urban areas.

The Association of SO? and Sulfate Compounds 
as They Are Related to Health Effects

A number of studies have been undertaken to deter
mine the effects of sulfur oxides, and these studies have 
been the subject of several review articles (44, 45).

The original idea was that sulfur dioxide was the 
pollutant responsible for the major adverse health effects 
which resulted from acute episodes of high pollution or 
so-called pollution "fogs." It has been found that the
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sulfur dioxide is only a mild respiratory irritant which is 
primarily absorbed in the upper respiratory tract, and it 
is seldom present in irritating concentration. The primary 
action is mild bronchoconstriction except in certain sensi
tive individuals, where severe bronchoconstriction occurs 
with exposure to as little as 5-rlO ppm (46) . This could be 
considered an important factor for a particularly vulnerable 
group of individuals in our population.

' Even though considered a mild irritant , SOg is the 
major pollutant and is used as an index of pollution because 
of its constant presence in the effluent of stationary power 
sources which rely on the burning of fossil fuels.

The SO2 released during this process is converted to 
sulfuric acid and sulfate by photochemical and catalytic 
oxidation processes (44, 47)- The processes have been in
vestigated but are not completely understood regarding the 
specific details of the processes. It has been found that 
these sulfate compounds, particularly the sulfuric acid, 
are more serious respiratory irritants than the parent sul
fur dioxide. Various epidemiologic studies have confirmedi .. '
a direct association between the levels of sulfur oxides 
and the mortality and morbidity from respiratory conditions 
(44, 45)„



Animal Studies and the Effects of Sulfur Oxide Compounds
The animal studies indicate extremely variable re

sponse to sulfur dioxide and sulfuric acid aerosol. The 
variation in response depends upon particle size, concen
tration , presence or absence of particulate, and humidity.
The response is variable depending upon the experimental 
animal used as well as individual animal differences. The 
guinea pig is the most susceptible of the test animals to 
this group of compounds. The rabbit, oh the other hand, 
appears to, be relatively resistant to the effects, and 
appears to be an acceptable experimental animal (48, 49).

A review of several studies indicates the primary 
emphasis has been with the changes in pulmonary function, 
the anatomical, and histological changes which occur. These 
changes are significant, and an association is present be
tween the changes and differing exposure parameters of 
particle size, concentration, and other introduced variables 
(44, 48, 50).

Studies have also been developed to determine the 
sulfur oxide effects on the defense mechanism Of the lung 
against bacterial and viral agents (51, 52).

Three mechanisms have been presented for an increase 
in the concentration of hydrolytic enzymes which may contact . 
and damage lung tissue.
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The first mechanism is induction and secretion of 

certain hydrolytic enzymes in response to cell contact or 
various stress situations. The second situation occurs 
when the alveolar macrophage comes in contact or ingests 
some toxic material. This is a terminal situation for the 
cell with the final event being cell death and total re
lease of the cell enzyme load.

These first two mechanisms are due to an increased 
production or release of the hydrolytic enzymes. The third 
mechanism allows unhindered activity in the normal situa
tion as well as situations of increased enzyme load. This 
is the result of a genetic defect leading to. a decrease in 
the enzyme inhibitors alpha-1-antitrypsin and alpha-2- 
macroglobulin.

Since the alveolar macrophage or its enzymes have 
been responsible for lung damage in a number of instances 
of inhaled materials, an investigation should be made of 
the possible contribution of the alveolar macrophage in the 
cause and effect of sulfur oxide inhalation, especially the 
acute respiratory effects of sulfur oxide pollutants.

In Vivo. Response of the Alveolar Macrophage 
to Sulfuric Acid Aerosol

The alveolar macrophage is a cell which is inti
mately associated with many of. these mechanisms and may 
indeed be affected by the presence of the sulfur oxide
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compounds. The action or interaction of the alveolar macro
phage with the sulfur oxides could have some bearing upon 
the associated pathogenesis of the respiratory complications 
which can occur as a result of exposure to these environ
mental contaminants.

Since the alveolar macrophage is such an extremely 
vital cell which is capable of various reactions to its 
environment, it could be an extremely important influence 
on the lung disease which results from acute and chronic 
exposure to the sulfur containing compounds. This is 
especially important in view of the information given pre
viously which implicates the alveolar macrophage as a fac
tor in respiratory disease caused by other materials. In 
each case, the enzymes released from the cells are associ
ated with the changes which occur.

It would seem important to examine some of the 
enzymes present in a normal heterogeneous population of 
cells. Most of the data obtained concerning macrophage 
enzyme response to various materials has been obtained from 
cultured cells, and in this case would not represent the 
normal heterogeneous population of alveolar macrophages 
present in a series of healthy test animals.

The objectives of this study would be tos
1. Find enzyme assays which would be acceptable in

terms of simplicity, sensitivity, and specificity.



23
2. Establish the baseline or control values for each 

enzyme to be examined, in the normal population of
■alveolar macrophage.

3. Examine the -same enzyme systems in alveolar macro
phage following exposure of the test animals to 
varying concentrations of sulfuric acid aerosol, 
and to determine if there has been induction or 
suppression of these systems as a result of the 
exposure to the sulfuric acid. %

4. If ah induction or suppression response does occur, 
determine if the response is dose related.

The information obtained could be significant in 
indicating whether the alveolar macrophage has a role in 
the pathogenesis of the air pollution associated respira
tory disease. The Study would also indicate whether the 
cellular enzyme study could be a sensitive indicator of
adverse effects before actual tissue damage occurs.

x - - - 'If changes are found to occur in the enzyme studies, 
they may be extrapolated to other areas such as comparative 
toxicity of other sulfur compounds and even other pulmonary 
irritants„ One could also examine the enzyme changes pro
duced in in vitro studies of selected groups of alveolar 
macrophages which have been separated from the normal popu
lation by other methods.



CHAPTER 2

MATERIALS AND METHODS

All chemicals used, unless otherwise indicated, are 
of analytical reagent grade. The reagents are all prepared 
with distilled deionized water. The concentration and prep
aration of the required buffer solutions, enzyme substrates, 
and standards will be fully described in the sections deal
ing with the specific enzyme assay procedures.

Experimental Animals 
Healthy adult New Zealand White rabbits of either 

sex were used as control animals, and in the sulfuric acid 
aerosol exposures. The rabbits weighed 1500—1800 kg. Each 
rabbit was sacrificed by injecting a 50 ml bolus of air into 
a marginal ear vein.

Animal Exposures 
The animals were individually subjected to acute 

exposure to sulfuric acid aerosol. The concentrations of 
sulfuric .acid during the exposure periods of 0.5, 2.0, and 
4.0 hours ranged from 43-596 mg/cubic meter (0.043 to 0.596 . 
mg per liter of air)..

The aerosol was generated by passing an air stream 
through a silica gel drying chamber and directing it at the
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surface of a 50 ml aliquot of fuming sulfuric acid (Mallin- 
krodt) contained in a 500 ml single neck flask. A teflon 
coated magnetic stirring bar: constantly keeps a fresh 
surface of the fuming sulfuric acid exposed to the air 
stream. The sulfur trioxide vapors produced by this process 
are forced through a glass column by a stream of diluting 
air into a 44 liter pyrex bell jar exposure chamber. The 
sulfur trioxide reacts with the moisture in the air to form 
sulfuric acid aerosol. The aerosol is exhausted through an 
outlet at the bottom of the chamber door into a sodium 
carbonate trap.

The concentration of sulfuric acid aerosol was de
termined by bubbling an aerosol sample,.drawn at nose level 
at a rate of 1 liter/minute, through a 100 ml sodium car-

i

bonate solution of known concentration. The time to the 
endpoint, using Bromocresol green as an indicator, is mea
sured and the aerosol concentration is calculated from the 
following equation:

(ilOO) (A) x s.8062 x ID4 „ mg/1 ^SO,

Where A = the concentration of the sodium carbonate.
t =  minutes to reach end point liter of aerosol.

The aerosol concentration was adjusted by changing 
air flow rates and stirring bar speeds.

The aerosol particle size mass median diameter (HMD) 
was determined by using an eight stage cascade impactor.
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The sulfuric acid aerosol is drawn through the cascade im- 
pactor at a rate of 700 ml/minute for 1 hour. The sulfuric 
acid accumulation on each stage is determined by Gran's 
plots and the (HMD) is calculated from this data (Stephen 
Gomez, unpublished research).

Technique for.Obtaining Alveolar Macrophages
The technique for harvesting alveolar macrophages 

from the rabbits was a modification of the method of Myrvik, 
Leake and Fariss (53) and with some observed precautions of 
Brain and Frank (54).

The animal exposures and the collection of alveolar 
macrophages from the exposed animals were performed by 
Stephen Gomez as part of his research. The alveolar macro
phage collections from the control animals were obtained by 
the author.

The collected alveolar macrophages were centrifuged 
at 300 X G for 10 minutes in a refrigerated centrifuge.
The saline wash solution was removed by aspiration and the 
cells were resuspended in 10 ml of Eagles minimum essential 
medium, (Grand Island, New York), containing 10% fetal calf 
serum, 100 units of penicillin per ml, and 100 micrograms 
of streptomycin per ml. The resulting cell suspension was 
buffered to pH 7.4 and stored at 4°C for 3-4 hours.
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Processing of Alveolar Macrophage Cells for Enzyme Analysis

The cell suspension was mixed and a small aliquot 
was used to prepare 4 cytocentrifuge slides. The prepared 
slides were fixed in 95% ethanol and two of the slides were 
stained with Wright's stain using the Ames automatic slide 
stainer. The other two slides were stained with the stan
dard histological May-Grunwald Geisma stain. These stained 
preparations were used to examine the morphology of the 
cells and to obtain a differential count of the cell collec
tion. A 100 cell count differential was performed three 
times for each preparation and the average was used.

The remaining Eagles MEM macrophage suspension was 
then centrifuged at 300 X G for 10 minutes. The aqueous 
supernatant was vacuum aspirated and the pellet was resus
pended in 20 ml of azide-free normal saline. The cells were 
washed by this procedure three times. Following the final 
wash, the saline was aspirated, and the cells were suspended 
in a known volume of saline to obtain a final concentration 
of 3-10 million cells per ml.

The cell suspensions were counted by hand using a . 
white blood cell counting technique and a Neubauer Brite- 
line hemocytometer. The cells were also counted with the 
Coulter model S automatic cell counter. Excellent agreement 
was obtained between the two cell counting methods for the 
first 15 cell suspensions. All Subsequent cell suspensions



28
were counted in duplicate with.the Coulter model S automatic 
cell counter.

Cell Disruption Procedure 
The cells were disrupted using a Branson model W 

185D "Sonifier Cell Disrupter" fitted with a microprobe.
The output control was set at 6, and the power control was 
set at 75 watts„ The sample was kept immersed in an ice 
bath, and the sample probe was immersed in an ice bath be
tween sonications. The samples were sonicated 6 times for 
20 seconds duration with a cooling period between each 
period of sonication. The sample temperature was monitored 
and maintained between 10 to 38°C. The enzyme assays were 
performed on this cell sonicate.

Sample Storage 
The Sonicate produced above was separated into 

three fractions for storage until the enzyme assays, for 
the group of samples collected, were performed each week.
One aliquot was frozen for acid phosphatase determination. 
One aliquot was maintained at room temperature, 25°C, for 
lactate dehydrogenase determination. The third aliquot was 
stored at refrigerator temperature, 4°C, for the remaining 
enzyme assays.
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Enzyme Assay Procedures 

The enzyme assays were performed once a week during 
the time span of the research project. It was done this 
way for the most efficient use of time and enzyme substrates.

Radial Diffusion Assays 
The radial diffusion enzyme assays, which have re

cently been developed, can be used for sensitive and spe
cific enzyme analysis when time, temperature, and standard 
concentrations are controlled. Radial diffusion in gel has 
been used previously for quantitation of immunoglobulins 
and.enzyme analysis (55-58).

The quantitative analysis of enzymes by radial dif
fusion is performed in an agar medium which is placed in 
petri dishes or on microscope slides, special slides, or 
some other support medium. A 1-1.5% agarose gel is prepared 
in a buffer which contains the proper ionic strength, pH, 
and metal ion required to provide optimum enzyme activity.
The enzyme substrate is incorporated into this agarose gel 
solution in appropriate concentration. It is poured onto 
the support material, glass slide or petri dish, and the 
agar is allowed to solidify. Wells are punched in the solid 
agar which are of the correct size and pattern for the par
ticular assay.

Standards and samples are placed in their respec
tive wells, and the plates are then incubated in a moist
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chamber for several hours at 20~25oC. The time optimum for 
the incubation is variable and depends upon the concentra
tion of substrate, concentration of enzyme, and other mo
lecular properties of the enzyme.

During the incubation, the enzyme diffuses out from 
the well into the agarose gel stabilized substrate. Hydrol
ysis of the substrate by the enzyme results in a progressive 
enlargement of zone diameter around the well. The zone can 
be visualized by simply a zone of clearing in a turbid sub
strate or by overlaying the agar with a solution which pre
cipitates unhydrolyzed substrate. The zone can be visualized 
also by means of special stains (59).

The zone diameters can be measured directly using a 
millimeter ruler, vernier caliper, or other appropriate 
measuring device. The plates can also be: photographed, and 
the zones which are visible can be measured from the print. 
The diameters of standards are plotted on semilog paper, 
and the unknown concentration is obtained from this prepared 
curve

The technique of radial diffusion is particularly 
applicable to assay of small sample volumes. The technique 
is sensitive enough to determine microgram quantities of 
enzyme in crude and unfractionated samples.
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Deoxyribonuclease [DNase-1; Deoxyribonucleate oligonucleotide hydrolase;.E. C. 3.1.4.5} (60)1

Assay buffer, tris-HCl pH 7.0
50 mM tris-HCl
10 mM CaCl2
10 mM MgClg

Standard DNase (Worthing Biochemical Corp., Freehold, N. J.) 
was used to prepare the following standard solutions:

Stock standard— 1 mg/ml in assay buffer of DNase.
Working standards— 0.1, 0.01, 0.001 mg/ml.

Prepare 1:10 dilutions of the stock standard enzyme and the 
prepared 1:10 dilutions to obtain the concentrations for the 
working standards which are indicated above. : The dilutions 
were made using assay buffer as diluent. DNase radial dif
fusion plates prepared by Worthington Biochemical Corp., 
Freehold, N. J., were used.

The radial diffusion plates used calf thymus DNA 
incorporated into an agarose gel stabilized medium contain
ing calcium and magnesium ions, buffered at pH 7.0. The 
hydrolysis of the substrate by the enzyme present in the 
standards and sample produces a zone around the sample well. 
The zone is visualized by precipitation of unhydrolyzed DNA 
with an overlay of IN HCl. The zone diameter is a function 
of time, temperature, and enzyme concentration, and since

1. International Union of Biochemistry Enzyme Com
mission number.
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standards are run with each group of samples, the zone 
diamater is a function of the DNase concentration in the 
samples.

Assay Procedures
1. Prepare a reference enzyme standard of bovine pancreatic deoxyribonuclease at a concentration of1 mg/ml in assay buffer.
2. Dilute the standard enzyme solution to concentrations of 0.1, 0.01, 0.001 mg/ml with assay buffer.-
3. Prepare appropriate dilutions of the sample (approximately 0.01 mg of active enzyme per ml).
4. Apply 10 pi of each sample and standard dilution, in duplicate, into the respective wells. This should be done very carefully to avoid splattering or overflow of the well.
5. incubate the plates for 18-24 hours at room temperature, 25°C. •
6. Following incubation, overlay the gel with 15 mlIN HC1 for 1 minute, then rinse with distilled water. This will stop the enzyme activity and enhance the 

contrast of zones.
7. Measure the diameter of the clear zones with avernier caliper, and read to the nearest 0.2 mm.
8. Using 3-cycle semilogarithmic paper, plot the zone diameter for the three enzyme standards on the linear 

axis in millimeters versus the enzyme concentration on the logarithmic axis in mg/ml.
9. Read and record the concentration of the samples 

from the obtained standard curve.
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Lysozyme [xnuramidase; • mucopeptideN-acetyImuramoyIhydrolase; B.C. 3.2.1.17]

Reagents:
Phosphate buffer— "1/15 M pH 6.3 with 0.1% NaCl.

Stock Na2HPO^— 9 i, 47 gm/L.
Stock KH^PO^— 9.08 gm/L.
Combine 226 ml stock Na2HPO^ and 775 ml RH^PO^ 
and add 1 gm NaCl. Check pH at 6.3.

Lysozyme stock standard— 50 mg/dl enzyme in phosphate 
buffer:

Prepared with Sigma Chemical Company Grade I 
lot #14C— 8271 3 times crystallized, dialyzed 
and lyophylized egg white muramidase. Activity 
was approximately 25,000 sigma units per milli
gram.

One sigma unit is defined as that amount 
of enzyme which will cause a decrease in absor- 
bancy at 450 nm of 0.001 in a Micrococcus lyso- 
deikticus suspension in one minute, at pH 6.24, 
in 2.6 ml reaction mixture and a light path of 
1 cm at 25°C.

Working lysozyme standards were prepared as follows: 
Stock standard is 5-00 yg/ml.
100 ng/ml— 1:5 dilution of 500 yg/ml in phosphate buffer.
25 yg/ml— 1:4 dilution of 100 yg/ml in phosphate 
buffer.
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5 yg/ml— 1:5 dilution of 25 yg/ml in phosphate buffer.

Micrococcus lysodeikticus— powdered (Sigma Chemical Co.).

Preparation of "lysopiates" (61):
A 1.2% suspension of agarose in 1/15 M phosphate 

buffer was heated to 90°C to dissolve the agarose. The re-? 
suiting solution was allowed to cool to 70°C. M. lysodeik
ticus suspended, in 1-2 ml of buffer was added to the agarose 
solution to a final concentration of 50 mg/100 ml. The 
solution was mixed and poured into 100 mm petri dishes to a 
thickness of 5 mm. The plates were covered and allowed to 
cool. They were stored refrigerated until use. At this 
time, 3 mm diameter holes were punched in the agar using a 
plexiglass 16 well template. The hollow 3 mm diameter punch 
was attached to a vacuum source.

The "lysoplate" lysozyme assay of Osserman and 
Lawlor (61) was used. It was a development from earlier 
turbidimetric procedures which were less sensitive and 
which had very narrow concentration ranges.

The lysozyme present in standards and samples 
causes bacterial cell wall lysis of the organism M. lyso
deikticus. This results in the production of clear zones 
in the agarose around the sample well. The clear zone is 
easily seen in the turbid agar gel. The measurement of
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zone diameters is facilitated by using an indirect back 
lighting technique.

Assay Procedure;
1. Standards are prepared in 5, 25, 100 and 500 yg/ml concentration using twice crystallized egg white lysozyme.
2. Apply 20 ul of each sample and standard dilution, in duplicate, to their respective wells. This should be done very carefully to avoid splattering or overflow of the wells.
3. Incubate the plates for 18-24 hours at room temperature, 25 °C.
4. Measure the diameter of the clear zones with avernier caliper and read to the nearest 0.2 mm.
5. Using 3 cycle semilogarithmic paper, plot the zonediameter for the standards on the linear axis in mmversus the concentration on the logarithmic axisin yg/ml.
6. Read and record the sample concentration from the 

prepared standard curve in yg/ml.

Protease
Reagents:

Assay buffer— tris-HCl pH 7.6 with calcium ions.
50 mM tris-HCl.
10 mM CaCl2

Casein-Worthington Biochemical Corporation, Freehold, 
N. J. (60).
Calcium acetate— 1M pH to 4.6 with acetic acid. 
Trypsin stock standard— 1 mg/ml in assay buffer.
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Trypsin working standards:

0.1 mg/ml— 1:10 dilution of stock standard in assay buffer.
0.05 mg/ml— 1:2 dilution of 0.1 mg/ml standard in assay buffer.
0.01 mg/ml— 1:10 dilution of the 0.1 mg/ml standard in assay buffer.

- The radial diffusion plates were prepared the same
way as outlined above for the preparation of lysoplates.
The only difference was using 1% casein as the substrate 
rather than M. lysodeikticus, the substrate in the lyso-

, . " • " ■ ' - iplate.
The resulting plates were slightly turbid, and the 

action of trypsin upon the casein substrate produced a zone 
of clearing around the sample wells. Overlaying the plate 
with 15 ml IN calcium acetate enhanced visualization of the 
clear zones.

As with the other radial diffusion assays, the 
standards were processed with the samples. Time and tempera
ture of incubation were the same for both standards and 
samples, so again, the zone diameter is a function of con
centration.

Assay Procedure:
1. Prepare stock standard reference solution of 1 mg/ml pancreatic trypsin in 1 niM HCl.
2. Prepare working standard concentrations, from the 

stock standard, of 0.1, 0.05, 0.01 mg/ml in 1 mM HCl.
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3. Dilute the sample to approximately 0.05 mg enzyme activity per ml with 1 mM HC1.
4. Place 10 pi of each standard concentration and sample, in duplicate, into the respective wells.

This should be done very carefully, to avoid splattering or overflow of the wells.
5. Incubate the plates at room temperature, 25°C, for 18-24 hours.
6. Overlay the agarose with 15 ml 1M calcium acetate to enhance zone visualization and stop the enzyme reaction.
7. Allow the development to proceed for 15 minutes then rinse the plate with distilled water.
8. Measure and record the zone diameters with a vernier caliper to the nearest 0.2 mm.
9. Using one cycle semilogarithmic paper, plot the zone diameter for the three enzyme standards on the linear axis in millimeters versus the enzyme con

centration on the logarithmic axis in mg/ml.
10. Read and record the concentration of the samplefrom the prepared standard curve in mg/ml.

Kinetic Enzyme Assays 
The kinetic-rate measurements were performed with 

the Aminco Rotochem Centrifugal Analyzer. The instrument 
uses the centrifugal mixing and Sampling techniques which 
were developed by Dr. Norman Anderson and associates of the 
Oak Ridge National Laboratory (62).

It is an automatic computer controlled analytical 
system. The test parameters and instrument program for the 
specific enzyme assay are read from a tape by a tape reader 
and stored in the 8K memory computer.
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The test samples with appropriate enzyme substrates 

are placed into a transfer disc. The transfer disc is 
placed into the instrument rotor. To begin the reaction, 
the appropriate command is given to the instrument„ The 
rotor is accelerated with the resultant transfer of the 
sample and substrate by centrifugal force into the reaction 
cuvette. A vacuum is applied to mix the sample and sub
strate .

The wavelength for a particular analysis is obtained 
by an interference filter with a 10 mm bandpass. The light 
from the source passes through each cuvette once each revo
lution. The amount of light which is allowed to pass 
through the sample is detected by a photodiode, and this 
output is converted to digital signal input for the computer.

At programmed intervals following a lag period, the 
absorbance readings are stored in the computer memory, The 
readings include a post mix absorbance measurement to ensure 
detection Of an exhausted substrate condition, an absorbance 
measurement at the end of the lag time, and seven more ab
sorbance measurements at the specified sampling intervals.

When the analysis time has been completed, the ab
sorbance measurement data is analyzed from the computer 
memory by the least-squares curve fit calculation. The com
puter analyzes the data to ensure the slope is greater than 
zero, that at least four of the absorbance readings are
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linear and near the computed slope. It analyzes the data to 
determine if the substrate has been exhausted and that no 
absorbance is greater than 2.0. Should any one of these 
conditions exist for a particular sample, the appropriate 
error response is printed. The optical density change per 
minute is then multiplied by a factor. This factor is .ob
tained from a calculation based upon Sample volume, total 
volume of the reaction mixture, and the molar absorptivity 
for the particular substrate. The values are then printed 
out by high speed printer.

For simplicity, the procedure outlined for each of 
the kinetic rate procedures to follow will indicate steps 
for manual performance of the procedures. In practice, the 
sample and data processing were performed as given above.

Acid Phosphatase [orthophosphoric monoester phosphohydrolase; E.C. 3.1.3.2] (63)
The.acid phosphatase method which was used is a 

modification of the method used by Smith Kline (63)i Babson, 
Read and Philips (64) claimed originally, that the 
a-naphtholphosphate was the best substrate for prostatic 
acid phosphatase. However, Amador, Price and Marshall (65) 
found that the acid phosphatase of leukocytes and platelets 
would readily hydrolyze the a-naphthol phosphate.

The assay was performed at 30°C with a 5 minute lag 
period to allow the reaction to become linear. The acid
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phosphatase present in the sample hydrolyzes the' 
a-naphtholphosphate to a-naphthol and inorganic phosphorus 
at a pH of 5.0, The rate is proportional to the enzyme 
activity present in the sample. The a-naphthol produced is 
coupled with a diazonium compound Fast Red TR (diazotized 
2-amino-5-chlorotoluene) which results in a colored complex 
that absorbs at 405 nm. The coupling reaction is instan
taneous , therefore, the rate of colored product is the re
sult of the rate of a-naphthol production in the enzyme 
mediated reaction.

Substrate:
a-naphthylphosphate . . . . . . , . . . 3.0 mM
Fast Red TR     1.0 mM .
Citrate buffer pH 5.0

Citric acid . . . .  ... f . » . . . . 30 mM
Sodium citrate . . . . . . . . . . 50 mM

Assay Procedure:
1. Into a cuvette, pipet 50 yl sample, 100 yl distilled deionized water, and 500 yl substrate.
2. Mix and incubate at 30°C for 5 minutes (lag time). Record the initial absorbance reading, and the absorbance for each sample at 30 second intervals 

for a total of 8 readings.
3. Calculate the AO.D. per minute and convert this to international units with the appropriate conversion 

factor.
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Alkaline Phosphatase [orthophosphoric . 
monoester phosphohydrolase; B.C. 3.1.3.1] (60)

The activity of phosphatase is obtained by the de
termination of the rate at which various phosphate esters 
are hydrolyzed under specific conditions of time, tempera
ture , and pH. The substrates used in various methodologies 
include glycerophosphate, phenyl phosphate, p-nitrophenyl- 
phosphate, and sodium thymolphthalein monophosphate.

The method of Bowers and MeComb (66), which was 
used, eliminates the requirement of long incubation times 
that are required for other methods. This shortens assay 
time while at the same time provides excellent sensitivity, 
precision, and accuracy.

The alkaline phosphatase present in the sample 
hydrolyzes the p-nitrophenol-phosphate (PNP) to p-nitrophenol 
and inorganic phosphate. The p-nitrophenol produced is 
yellow in the alkaline buffer of the substrate. The increase 
in p-nitrophenol is measured at 405 mm and is directly pro
portional to the alkaline phosphatase activity of the sample. 

Substrate:
. p-nitrophenolphosphate . . . . . . . . 4.15 ymol/ml ,
' magnesium acetate . . .  . . . . . . . 0.103 ymol/ml
2-amino-2-methyl-1-propanol buffer . . pH 10.20

Assay Procedures
1. Into a cuvette, pipet 20 yl sample, 100 yl deionized water, and 500 yl substrate.
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2. Incubate at 30°C for 1 minute (lag time). At 405 run, read and record absorbance readings for each sample at 30 second intervals for a total of 8 readings.
3. Calculate the AO.D. per minute and convert to inter

national units with the appropriate conversion factor.

Lactate Dehydrogenase (LDH) [L—lactate:NAD oxidordeductase; B.C. T.T.T.27] (60)
The reaction catalyzed by lactate dehydrogenase 

(LDH) is readily reversible and can be measured in either 
direction. The method of choice, from the many available, 
is that of Wacker, Ulmer, and Vallee (67) and Amador, Dorf- 
mdn, arid Wacker (68) which uses the lactate to pyruvate 
reaction. The lactate to pyruvate reaction is preferable 
to the pyruvate fo lactate reaction because the reaction has 
greater linearity, the reagent is more stable, and no long 
preincubation is required for the consumption of other sub
strates which may be present. The LDH present in the sample 
catalyzes the conversion of lactate to pyruvate and NAD to 
NADH. The activity of LDH in the sample is directly pro
portional to the increased absorbance of NADH at 340 nm.

Substrate:
NAD . . . . . . . . . . . . . .  . .4.81 ymol/ml
L-lactate . . .  . . . . .  . . . . . 58.0 umb1/ml 
Trizma buffer  ....... . . . . . pH 8.8
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Assay Procedure:

1. Into a cuvette, place 20 yl of sample, 100 yl de-. ionized water, and 500 yl substrate.
2. Incubate at 30°C for 1 minute (lag time). At 340nm, read and record absorbance readings for each sample at 30 second intervals for a total of 8 readings.
3. Calculate the AO.D. per minute and convert to international units with the appropriate conversion factor.

Glutamic Oxaloacetic TransaminaseGOT)[Aspartate amino-transferase, L-aspartate 2-oxoglutarate amino-transferase,E.C. 2.6.1.1.3 (60)
The Worthington substrate is based on the methods 

of Henry, Chiomori, Golub, and Berkman (69) and Amador and 
Wacker (70). Additionally, LDH is added to remove sample 
pyruvate during the first minute of the reaction.

This method involves a 2-step reaction. In the 
first step 2-oxoglutarate and L-aspartate catalyzed by GOT 
goes to glutamate, and oxaloacetate. In the second step of 
the reaction, the oxaloacetate produced in the first step 
plus NADH is converted by malate dehydrogenase to malate 
plus NAD. This second rate is dependent upon the rate of 
oxaloacetate formed in the first step by the unknown GOT 
concentration. The rate of reaction is determined by fol
lowing the rate of conversion of NADH to NAD in the second 
step reaction. There is a decrease in absorbance at 340 nm.
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Substrate;

L-asparatate . . . . . . .  . . . . . 134.0 ymol/ml
2-oxoglutarate . . . . . . . . . . .  6.64 ymol/ml
NADH ....... . 0.24 ymol/ml
Lactate dehydrogenase . . . . . . .  5.0 units/ml
Malate dehydrogenase . . . . . . . 1.25 units/ml
Trizma buffer  ...... . pH 7.4

Assay procedure;
1. Into a cuvette, pipet 50 yl of sample, 100 yl of deionized water, and 500 yl of substrate.
2. Incubate at 30°G for 1 minute (lag time). At 340nm, read and record absorbance readings for each sample at 30 second intervals for a total of 8 sample readings.
3. Calculate the AO.D. per minute and convert this to international units with the appropriate conversion 

factor.

Colorimetric Enzyme Assay

Beta Glucuronidase (g-D-Glucuronide 
glucuronohydrolase; B.C. 3.2.1.31)

The enzyme (3-glucuronidase has been assayed by
several methods using hydrolysis of. various glucuronide
compounds. The two most common methods are the method of
Goldberg, Pineda, Bank, and Ruthenburg (71) which uses
6^bromo-2-naphto1 glucuronide as substrate and the method
of Fishman, Kato, Anstiss, and Green (72) which uses
phenolpthalein.glucuronide substrate. A modification of the
method of Fishman et al. was used. The sigma modification
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is an incubation at 56°C rather than the original 37°C/ 
which reduces the incubation time.

The colorimetric determination for g-glucuronidase 
is based upon the enzyme hydrolysis of the substrate, 
phenolphthalein mono-g—glucuronic acid, to liberate 
phenolphthalein. The intensity of the red color of 
phenolphthalein in alkali is measured at 550 run and is pro
portional to the enzyme activity»

Reagents:
Acetate buffer— 0.2 mol/liter pH 4 <, 5.
Phenolphthalein glucuronic acid— 0.03 mol/literpH 4.5 (Sigma).
2-amino-2-methy1-1-propano1 (AMP) buffer"— 0.1mol/liter (Sigma).
Phenolphthalein standard— 1 mg/ml in ethanol (Sigma). 

Assay Procedure:
1. Prepare a standard curve by diluting the 1 mg/ml phenolphthalein standard to obtain concentrations of 2, 4, 6, and 8 yg/ml in the pH 11 AMP buffer. Plot absorbance units on the linear X axis and phenolphthalein concentration in yg/ml on the linear Y axis.
2. Prepare a reagent blank for each group of tests,substituting 0*2 ml of distilled deionized water 

for the 0.2 ml volume of sample which will beused in the test sample.
3. Prepare a sample blank to correct for sample ab

sorbance, for each sample to be tested by substituting 0.2 ml of distilled deionzed water for the 
0.2 ml phenolphthalein glucuronic acid which is added to the test and reagent blank.
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4. Pipet 0.6 ml pH 4.5 acetate buffer into the reagent blank, sample blank and test cuvettes.Pipet 0.2 ml phenolphthalein glucuronic acid and0.2 ml of the sample in the test cuvettes.
5. Mix and incubate all tubes for one hour at 56°C.
6. Immediately following incubation, add to each tube 5.0 ml of the AMP buffer and mix. This stops the enzyme reaction and develops the color.
7. Read and record the absorbance of the reagent blank, 

each sample blank, and test at 550 nm using wateras a reference.
8. Subtract the combined absorbance of the reagent and sample blank from the absorbance of the test. Using this corrected absorbance, read the concentration from the standard curve in pg/ml.

LDH Isoenzymes 
An isoenzyme is an enzyme which has similar sub

strate specificity and catalyzes the same reaction as an
other enzyme. The enzymes occur in the same species but 
differ in various chemical and physical properties. The 
typical pattern of isoenzymes is different for various 
tissues in the species. This is the result of. differentia
tion in a particular environmental influence, which, in 
this case, may be the substrate and oxygen content of the 
particular tissue (73).

The LDH isoenzymes are numbered with the isoenzyme 
moving fastest to the anode, number one. This is the 
European system of nomenclature, and the one generally re
ferred to in the literature. The American system labels
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the isoenzymes in reverse order and although no longer used, 
may be seen occasionally, especially in older papers.

The LDH isoenzyme with the largest positive charge 
is LDH^ and one with the least positive charge is LDHg.

The isoenzymes have a molecular weight of 140,000. 
Rat heart hydrolysis shows LDH^ containing 138 moles of 
aspartic acid per mole of enzyme, and rat skelletal muscle, 
LiDHg, has only 118 moles of aspartic acid per mole of 
enzyme. The LDHg contains 100 moles of lysine compared to 
89 moles in IDH^. This difference in amino acid content 
accounts for the difference in polarity present in each of 
the 5 fractions and accounts for the different electro
phoretic mobility. Even though the molecular weight is the 
same for all 5 isoenzymes, there is a regular spacing 
between the separated fractions on the electrophefogram.
This is due to the gradual increase in the content of lysine 
and arginine, and a regular fall in aspartic and glutamic 
acid moieties in LDH^ to LDH^.

The production Of LDH is controlled by two separate 
genes. These genes are responsible for production of the 
two monomers, which in various combinations, make up the 5 
LDH isoenzymes. Each isoenzyme is a tetramer of these mono
meric units, which have molecular weights of-30-35,000. The 
subunits, or monomers, having been designated as H and M by 
Cohn, Kaplan, Levine, and Zwilling (74), and A and B by
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Apella and Markert (75). The combinations of H and M 
subunits which make up the 5 LDH isoenzymes are HHH for 
LPHlf HHHM for LDH2.,. HHMM for LDH3, HMMM for LDH^ and MMMM 
for LDHg, The relative amount of each isoenzyme varies 
from tissue to tissue and species to species.

It has been found that LDH^ and LDH2 are the primary 
isoenzymes present in tissues such as heart, erythrocytes, 
and kidney, and the isoenzymes LDH^ and LDHg are present 
in liver and skeletal, muscle (76) . There are differences 
reported for the percent of each isoenzyme in the various 
tissues because of differences in assay techniques, isola
tion procedure, and sample handling techniques.

It is indicated that the type H LDH isoenzyme func
tions in cells with a high degree of aerobic metabolism, 
and the properties of the M type LDH isoenzyme indicate 
that it could function in cells with a high rate of glycoly
sis or low oxygen uptake (77). Thus H LDH should be found 
in muscle or cells of sustained activity or high oxygen 
content. The M LDH would be found in voluntary striated 
muscle geared for sudden activity. Therefore, LDH,- is the 
predominant fraction in anaerobic tissue and LDH^ is the 
dominant fraction in aerobic.tissue where high substrate 
concentrations do not develop. Additionally, there is 
intracellular localization of LDH. LDH^ is found
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primarily in the nuclear fraction and LDH^ in the mito
chondrial fraction.

Stability of LDH Isoenzymes . .
The cathodic isoenzymes are generally more thermal 

labile than the anodic components. LDHg is much more labile 
to both heat and cold than LDH^.

On prolonged Storage LDHg disappears much more 
rapidly than the other. This includes storage at 4°C or 
frozen at -20°C. A study (78) indicates that LDH^ remains 
constant at room temperature, 25°C, 4°C, and -20°C for one 
month. There is a rapid loss, within 2 days, of LDH^ and 
LDHg with storage at -20°C, and after 8f10 days, LDH2 and 
LDHg are severely decreased. At room temperature, 25°C, 
there is little change in fractions LDHg-LDHg and slight 
decrease in LDHg and LDHg.

Biochemical Differentiation
In addition to electrophoretic separation, some 

biochemical methods have been used to try separating or 
identifying the LDH isoenzymes. The LDH^ and LDHg fractions 
are inactivated at 56°C for 15 minutes. The LDH^ and LDHg 
can use the next higher homologue, 2-oxybutyrate, almost as 
easily as pyruvate whereas LDH^ and LDHg show little active 
ity. This fact was the theory behind, the clinical use of 
the hydrdxybutyric dehydrogenase assay. LDHg and LDH^ are
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partially and LDH^ is totally inhibited by 2 M urea. Sul
fites and potassium oxalate inhibit LDH^ and LDH^ (79).
LDHg can function in a medium which contains a pyruvate 
concentration that would inhibit the activity of LDH^.

LDH Isoenzyme Procedure
The samples were placed on appropriately prepared 

cellulose acetate plates with a special Helena sample appli
cator. The cellulose acetate plates were then placed in an 
electrophoresis chamber containing the required amount of 
HR buffer. The electrophoresis on cellulose acetate plates 
was allowed to proceed for 18 minutes at 180 volts.

Following electrophoresis, the plates were over- 
layed with LDH substrate and incubated at 37°C for 30 min
utes protected from light. The plates were fixed in 5% 
acetic acid v/v for 5 minutes and then dried. The plates 
were then scanned using a Helena densitometer with the 
Helena Quick Quant II electrophoresis computer. The scan
ning wavelength was 570 nm. The densitometer scan provides 
a percentage of each isoenzyme and this is used to calculate 
the amount of each isoenzyme in lU/ml from the total LDH 
value. (80).

Reagents:
HR buffer— 1.8 gm/750 ml distilled water.

A Tris-barbital-sodium barbital buffer pH 8.8 with 
an ionic strength of 0.05.
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nicotimamide-adenine-dinucleotide . . ... 6 mg.
nitroblue tetrazolium 9 mg.
lithium lactate   15 mg.
phenazine methosulfate . . . . . . . . . 0.15 mg.plus stabilizers
dilute with 3 ml HR buffer.

The staining reaction is the result of several 
integrated processes. The LDH present in the sample reacts 
with the Lactate present in the reagent and DPN to produce 
pyruvate and reduced DPN. The reduced DPN is regenerated 
to DPN by the phenazine methosulfate (PMS). The intermedi
ate electron carrier, phenazine methosulfate, converts the 
colorless tetrazolium salt, nitroblue tetrazolium to ah 
insoluble violet formazan. The intensity Of the color pro
duced is proportional to the LDH activity present in,each 
fraction. The color reaction and the stained electrophero- 
gram are sensitive to light so proper precautions must be 
taken to protect them.



CHAPTER 3

RESULTS

The white blood cells in a buffy coat preparation 
from a pool of 3 samples of EDTA anticoagulated human blood 
were substituted for macrophage collection in a simple 
pilot study. The buffy coat collection was diluted to pro
vide cell concentrations of 1.1, 2.2, and 4.4 million cells 
per ml. The purpose of this pilot study was to:

1. Process the cells through the entire proposed experi
mental procedure to point out potential problem 
areas, and to determine if there would be any re
quired experimental design changes.

2. Prepare the required buffers, reagents, radial dif
fusion plates, and standards.

3. Prepare the standard curves.
4. Provide a preliminary check of the various assay 

procedures as to the sensitivity and linearity.

The enzyme assays were performed on the cell lysates 
in the same manner as described for macrophages previously 
in the experimental section. The acid phosphatase, lactate 
dehydrogenase, and glutamic-oxalacetic transaminase concen
trations in international units per ml (lU/ml) for each cell

52
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concentration were plotted on linear paper (Figures 3,4 
and 5). A near linear relationship is present with a corre
lation coefficient of 0.87, 0.96, and 0.99 respectively.

The "lysoplate" assay for lysozyme was incubated at 
room temperature for 12 and 24 hours with 10 pi standard 
volume and 25 pi standard volume respectively. The results 
are expressed in Figure 6. In both cases, a straight line 
was obtained and the lines were also parallel for the dif
ferent standard volumes and incubation times. The zone 
diameters of duplicate standards were very reproducible. 
Figure 7 represents the data obtained from the lysozyme 
assays of the buffy coat preparation. As can be seen, there 
is excellent linear relation between the lysozyme concentra
tion in pg/ml and the white blood count (wbc). The . corre
lation coefficient is 1.00 for this particular group of 
samples.

The standard curve for the 8-glucuronidase assay was 
prepared with dilutions of phenolphthalein. . A linear plot 
was produced for pg/ml phenolphthalein versus absorbance 
with excellent duplication at each point (Figure 8). A plot 
of 8-glucuronidase values versus white blood count (Figure 9) 
produced a straight line with a correlation coefficient of 
1.00.

This study indicated that there was a linear rela
tionship between the cell number and enzyme concentration.
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Figure 3. Acid phosphatase values obtained for the 3 cell
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Figure 5. Glutamic oxaloacetic transaminase values obtained
for the 3 cell concentrations prepared from the
buffy coat preparation.
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Figure 6. Standard curve prepared for the "lysoplate" 
lysozyme assay. (A = 12 hour incubation at 25°C with 10 yl sample volume; B = 24 hour 
incubation at 25°C with 25 yl sample volume)
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FOR LYSOZYME UG/ML 
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Figure 7. Lysozyme values obtained for the 3 cell concentrations prepared from the buffy coat prepara
tion .
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Figure 8. Standard curve for 3-glucuronidase assay.
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FOR 3-GLUCURONIDASE UG/ML 
NO. COMPARED = 3 CORRELATION COEFFICIENT =

MEAN

0.0 1.0 2.0 3.0 H.0 S.0 5.0 7.0 8.0 9.0 10.0
WHITE BLOOD CELLS MILLION/ML

.00

Figure 9. 3-glucuronidase values obtained for the 3 cell
concentrations prepared from the buffy coat
preparation.
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It further showed that there were indeed measurable levels 
of the enzymes which were to be included in the study. It 
also indicated that one million cells per ml would be the 
lower limit to still obtain meaningful enzyme values.

Alveolar Macrophage Results 
The enzyme assays were performed on the cell lysates 

as described in the previous chapter. A differential count 
obtained for each collection provided the percent AM. A 
plot of the percent AM for all animal groups can be seen in 
Figure 10. The mean percent AM for all collections was 88.4 
with a standard deviation of 9.0. The term AM (alveolar 
macrophage), for the purpose of this study, refers to large 
mononuclear cells, excluding lymphocytes, counted on Wright's 
stained and May-Grunwald stained preparations. It is con
ceded that this may be inferential without specific staining 
or, some might even say, without electron microscopy.

Mo attempt was made to purify the collections or 
remove the lymphocytes and polymorphonuclear leukocytes 
(pmn's). The enzyme values are not corrected to reflect 
amounts of enzyme per million "AM." The erythrocyte contam
ination of the cell collections was essentially eliminated 
during the cell washing procedure. The erythrocytes formed 
a layer at the upper and outer edge of the cell pellet.
This "ring" of erythrocytes was easily removed by aspiration.
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Figure 10. Values of percent AM for all 4 animal groups as obtained by a 300 cell differential count of a cytocentrifuge preparation from each sample collection. (+ = control, 0 = 0.5 hour,* = 2 hour, # = 4 hour)
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It was found that the initial parameters used for 

sonication allowed the lysates to become overheated. One 
of the collections from a control animal provided an excep
tionally large number of cells. 'This particular sample was 
separated into four aliquots. Simultaneous assays of 3 of 
the aliquots indicated that one aliquot had significantly 
decreased LDH and acid phosphatase levels. An LDH isoenzyme 
analysis of the normal and decreased aliquots revealed a 
complete loss of fractions LD4 and LD5 from the decreased 
sample (Figure 11). This indicated that the decreased 
enzyme activity was due to sample overheating since the LD4 
and LD5 fractions of LDH are temperature labile fractions.

From this point, the cell lysates were maintained 
between 10°C and 380C during the sonication procedure. This 
was accomplished by decreasing the duration of sonication 
from 30 seconds to 20 seconds and, increasing the number of 
times to six with appropriate cooling of the sample and 
sonicator probe between sonications. Table 2 contains the 
raw data obtained for all exposure groups and controls.

Acid Phosphatase
Acid phosphatase was found to be very labile and 

must be frozen or buffered to an acid pH with 10 pi 5M ace
tate buffer as soon as possible following the preparation 
of the cell lysate. A comparison of the preservation 
methods for the cell lysate, by freezing or acetate buffer.
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Figure 11. LDH isoenzyme patterns indicating loss of heat labile fractions, LD4 and LD5, due to overheating of cell lysate during the ultrasonic cell disruption. (A = the isoenzyme pattern for the unaffected sample; B = the isoenzyme pattern for the heated sample)



Table 2. Raw data obtained from the sonicate for all exposure groups and controls„
(The asterisk denotes this collection was not properly preserved for these two enzyme assays).

Exposure — — No. ofLevel Acid phos GOT LDH g-Gluc Lysozyme Cells
mg/m3 lU/ml_____ lU/ml lU/ml____ yg/ml_____ yg/ml X106 % AM
0.0 (control)Animal No.
1 61.6 129 194 6.9 3050 11.3 92
2 52.5 100 191 5.2 1840 8.6 97
3 71.8 225 564 11.1 850 13.3 79
4 45.4 102 203 4.3 480 10.4 85
5 80.0 156 332 7.1 1280 12.7 100
6 63.6 85 220 3.0 350 8.2 63
7 81.6 121 405 10.9 5400 7.6 83
8 176.4 227 1003 15.0 10000 13.1 78
9 68.8 199 248 8.7 3300 10.0 92
10 * 88 * 6.3 600 8.1 84

G\(J1



Table 2— Continued.

ExposureLevel Acid phos GOT LDH
mg/in ̂  iu/ml_____ IU/ml TU/ml
0.5 hour exposure animal group:

46 100.0 113 344
48 4.0 81 9
59 76.7 91 152
141 51.2 134 433
159 38.4 73 111
180 46.4 149 237
188 187.6 223 237
200 31.2 82 19
227 81.6 143 301
245 ' 66.8 76 144
380 4.4 46 23
522 4.0 31 19
596 19.6 82 76

x

NO. of3-Glue Lysozyme Cellsyg/ml______ yg/ml____ XI0 6______% AM

9.3 4567 7.4 91
2.3 200 3.9 95
5.7 2488 4.4 92
8.0 1240 10.1 85
2.9 800 6.1 85
7.2 4350 10.3 90
10.8 2640 11.5 90
6.3 1360 7.2 87
9.6 1550 8.5 72
4.3 325 4.7 91
1.9 392 4.5 85
2.1 192 3.5 87
3.5 496 5.1 97 (Tl



Table 2— Continued.

Exposure No.ofLevel Acid phos • GOT LDH fS-Gluc Lysozyme Cellsmg/m3 _____lU/ml______ I D/ml____ XU/itil yg/ml  yg/ml ___ XI0̂ _____ % AM
hour exposure animal group:
46 18.2 78 127 2.4 875 4,3 98
87 1.2 23 6 1.0 75 1.8 95
90 43.8 123 309 3.5 1375 7.0 98
118 5.2 64 68 2.0 1 3.8 84
121 22.6 70 125 2.4 675 5.0 91
317 9.3 45 " 44 1.7 250 2.6 99
324 9.0 48 64 1.3 210 . 3.8 83
hour exposure animal group:
43 48.2 129 387 8.5 1000 11.2 83
45 15.5 76 29 2.1 210 4.4 91
48 81.6 207 601 10.9 1920 11.1 91
66 46.8 126 377 7.4 3200 12.2 66
73 25.4 104 179 4.1 420 6.4 98
92 44.4 125 243 4.5 1000 9.1 99 ■ 0̂ SJ
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indicated a slight difference in favor of the freezing 
method.

The acid phosphatase activity in the cell lysates 
was inhibited by 2M sodium tartrate which is also true of 
prostatic acid phosphatase. Ten samples tested for this 
difference, had a mean value of 78.82 lU/ml beforeztreat
ment with 2M tartrate and a mean value of 10.56 lU/ml after 
addition of the 2M tartrate.

Axline (81, 82) has found that a large portion of 
the acid phosphatase is membrane bound. This was confirmed 
in an experiment which compared the whole lysate acid phos
phatase level with the acid phosphatase level of the super
natant of the same lysate after centrifugation. The values 
Obtained were 44.1 and 26.7 lU/ml respectively.

Relatively large amounts of acid phosphatase were 
found in the cell lysates. Nearly all samples were analyzed 
from 1:4 saline dilutions of the cell lysates.

For the control group, the mean acid phosphatase 
level was found to be 7.3 with a standard deviation of 3.0 
IU per million cells. The data for the control group of 
animals can be seen in Figure 12 and Table 3.

The animal group exposed to sulfuric acid aerosol 
for 0.5 hour had a mean of 7.6 with a standard deviation of
6.0 lU/million cells as seen in Figure 13. The correlation
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Figure 12. Acid phosphatase values for the control animal group.
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Table 3. Acid phosphatase group. data for the control animal

Control lU/ml 106 IU/106 %Number Lysate cells/ml cells PAM
1 61.6 11.3 5.5 98
2 52 . 5 8.6 6.1 97
3 71.8 13.3 5.4 79
4 45.4 10.4 4.4 85
5 80.0 12.7 6.3 100
6 63.6 8.2 7.8 63
7 81.6 7.6 10.8 83
8 176.4 13.1 13.5 78
9 58.8 10.0 5.9 92
10

i
— -p. 8.1 — — 84

Mean = 7.3 Kurtosis = .122
Variance = 8.8 Std. Dev. = 3.0
C.V. Pet = 40.7 Skewness = -1.2
Std. Err. = .99 Sum = 65.7
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Figure 13. Acid phosphatase values for the animal group
exposed to sulfuric acid aerosol for 0.5 hour.
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coefficient is -0.45 (Table 4) which indicates a very' 
slight dose-response related effect.

The plot for the data obtained from the animal 
group exposed to sulfuric acid aerosol for 2 hours' is seen 
in Figure 14. This group of seven animals has a mean of
3.. 3 with a standard deviation of 1.9 IU per million cells.
The correlation coefficient of -0.14 indicates a random 
scatter rather than any dose-response relationship (Table 5).

'Figure 15 presents the data for the animal group 
exposed to sulfuric acid aerosol for 4 hours. The exposures 
in this group were maintained below 100 mg/cubic meter,
The mean was 4.7 with a standard deviation of 1.4 lU/million 
cells. The correlation coefficient of -0.12 again indicates 
random rather than a dose-response relationship (Table 6).

The accumulative data points for all 4 groups con
sidering concentration and time of exposure is presented in 
Figure 16. The mean is 6.2 with a standard deviation of 
4.3 XU/million cells. The correlation coefficient was 
-0.40.

A statistical analysis of acid phosphatase serum 
controls analyzed with the samples was done. The low level 
control had a mean of 6.4 with a standard deviation of 0.7 
XU/ml, a variance of 0.4, and a Coefficient of variation 
of 10.2 percent. The high level serum control had a mean



73

Table 4= Acid phosphatase data for the animal groupexposed to sulfuric acid aerosol for 0.5 hour.

Cone.of
82S04Aerosol
(Mg/M3)

lU/ml
Lysate

10 6 
cells/ml

IU/106
cells

% . 
PAM

46 100.0 7.4 13.5 91 ,
48 4.0 3.9 1.0 95
59 76.6 4.4 17.6 92

. 141 51.2 10.1 5.1 85
159 38.4 6.1 6.4 85
180 46.4 10.3 4.5 90
188 187.6 11.5 16.3 . 90
220 31.2 7.2 4.3 87
227 81.6 8.5 9.4 72
245 66.8 4.7 14.4 91
380 4.4 4.5 1.0 85
522 4.0 3.5 1.2 87
596 19.6 5.1 ' 3.8 . 97

Correlation (R) = -0.45 Intercept (A) = 11.23Std.Err.of Est. = 5.58 Slope (B) = -.016R Squared - .2059
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Figure 14. Acid phosphatase values for the animal group
exposed to sulfuric acid aerosol for 2 hours.
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Table 5. Acid phosphatase data for the animal groupexposed to sulfuric acid aerosol for 2 hours.

Cone. of
H2S04Aerosol
(Mg/M3)

lU/ml
Lysate

106
. cells/ml

IU/106
cells

' % 
PAM

46 18.2 4.3 4.2 . 98
87 1.2 1.8 0.7 . 95
90 43.8 7>Q . 6.3 98
118 5.2 3.8 1.4 84
121 . 22.6 5.0 4.5 91
317 9.3 2.6 3.6 99
324 9.0 3.8 2.4 83

Correlation (R) = -.14 Std. Err. of Est. - 2.1 
R Squared = .02073

Intercept (A) = 3.68870 Slope (B) = -.00245
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Figure 15. Acid phosphatase values for the animal group
exposed to sulfuric acid aerosol for 4 hours.



Table 6. Acid phosphatase data for the animal groupexposed to sulfuric acid aerosol for 4 hours„

Cone.of
H2S04Aerosol
(Mg/M3)

lU/ml
Lysate

106
cells/ml

IU/106
cells

%
PAM

43 48.2 11.2 4.3 83
45 15.5 4.4 3.6 91
48 81.6 11.1 7.4 91
66 46.8 12.2 3.9 66
73 25.4 6.4 4.0 98
92 44.4 9.1 4.9 99

Correlation (R) = -.12 Std. Err, of Est. = 1.56 R Squared = .015
Intercept (A) = 5.22 Slope (B) = -.87
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Figure 16. Accumulative acid phos values for all animalgroups, enzyme vs cone. time of exposure.(Control = +, 0.5 hr. = 0, 2 hr. = *, 4 hr. = #)
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of 36.8 with a standard deviation of 2.8 lU/ml, a variance 
of 7.7 and a coefficient of Variation of 7.6 percent.

Alkaline Phosphatase
As expected, there was essentially no alkaline 

phosphatase activity in the first group of cell lysates 
for both control and exposed animals (27) The assay for 
alkaline phosphatase was not performed on subsequent 
samples.

8-glucuronidase
3-glucuronidase activity was found in measurable 

quantities in all samples. The enzyme is stable at room 
temperature and also at refrigerator temperature. All . 
assays were performed on the refrigerated samples.

For the control group, the mean 8-glucuronidase was 
found to be 0.8 With a standard deviation of 0.3 yg/million 
cells (Figure 17 and Table 7).

The animal group exposed to sulfuric acid aerosol 
for 0.5 hour had a mean of 0.8 with a standard deviation of 
0.3 pg/million cells (Figure 18). The correlation coeffi
cient of -0.46 indicates a slight negative dose-response 
effect (Table 8).

The plot for the data obtained from the animal group 
exposed to sulfuric acid aerosol for 2 hours is seen in 
Figure 19. This group of 7 animals had a mean of 0.5 and a
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Figure 17. B-glucuronidase values for the control animal 
group.
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Table 7. g—glucuronidase data for the control animal group o

ControlNumber yg/mlLysate 106cells/ml yg/106cells %PAM
1 6.9 11.3 .61 98
2 5.2 8.6 .61 97
3 11.1 13.3 .84 . 79
4 4.3 10.4 . 41 85
5 7.1 12.7 .56 100
6 3. 0 8.2 .37 63
7 10.9 7.6 1.44 83
8 15.0 13.1 1.15 78
9 8. 7 .10 .0 .87 92
10 6.3 8.1 .78 84

Mean = 0«8 Variance = . C.V. Pet. — 
Std. Err. =

12446.2..117

Kurtosis = Std. Dev. = Skewness =
-.4820.3.765
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Figure 18. g-glucuronidase values for the animal group
exposed to sulfuric acid aerosol for 0.5 hour
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Table 8. B-glucuronidase data for the animal groupexposed to sulfuric acid aerosol for 0.5 hour.

Cone.of
h2so4
Aerosol
(Mg/M3)

Hg/ml
Lysate

106
cells/ml

yg/io6
cells

%
PAM

46 9.3 7.4 1.25 91
48 2.3 3.9 .60 95
59 5.7 4.4 1.31 92
141 8.0 10.1. .80 85
159 2.9 6.1 • .48 85
180 7.2 10.3 .70 90 ;
188 . 10.8 11.5 .94 90
220 6.3 7.2 . 88 87
227 9.6 8.5 1.14 72
245 4.3 4.7 .93 91
380 1.9 4.5 .42 85
522 2.1 3.5 .61 87
596 3.5 5.1 .69 97

Correlation Std. Err. of R Squared =
(R) = -0.46 Est. = .26 .21

Intercept (A) Slope (B) = - = 1.00 .007

'
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Figure 19. 8-glucuronidase values for the animal group
exposed to sulfuric acid aerosol for 2 hours.
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standard deviation of 0.1 ug/million cells. The correla
tion coefficient of -0.05 indicates a random rather than a 
dose-responSe effect (Table 9).

Figure 20 presents the data for the animal group 
exposed to sulfuric acid aerosol for 4 hours. The exposures 
in this group were maintained below 100 mg/cubic meter. The 
mean was 0.7 with a standard deviation of 0.2 ug/million 
cells. The correlation coefficient of —0.47 indicates a 
slight negative dose-response effect (Table 10).

The accumulative data points for all 4 groups con
sidering concentration and time of exposure is presented in 
Figure 21. The mean is 0.7 with a standard deviation of 
0.3 ug/million cells. The correlation coefficient was -0.36.

A statistical analysis of the single g-glucuronidase 
control was done. The mean was 5.9 with a standard devia
tion of 0.9 ug/million cells. The variance was 0.83 and 
the coefficient of variation was 15.4 percent.

Deoxyribonuclease
There was no DNAse activity found in the samples.

The radial diffusion assay was simple to perform, and the 
standard curve prepared Was linear. The plates which were 
used included an agarose buffered to a pH of 7.2. The 
neutral pH is the most likely reason DNAse activity was not 
observed as an acid DNAse would be the enzyme expected to 
be present in the cell lysates (3).
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Table 9. 6-glucuronidase data for the animal groupexposed to sulfuric acid aerosol for 2 hours.

Cone.of
H2S04Aerosol
(Mg/M3)

yg/ml
Lysate

106 
cells/ml .

yg/io6
cells

%
PAM

46 2.4 4.3 .56 98
87 1.0 00H .60 95
90 3.5 7.0 .50 98
118 2.0 w 00 .40 84
121 2.4 5.0 00"3* 91
317 1.7 2.6 O0 99
324 1.3 w 00 .34 83

Correlation (R) = -0.05 Std. Err. of Est. = .13304 R Squared = .00209
Intercept (A) — .51912 Slope (B) = -.0005
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FOR 3-GLUCURONIDASE UG/MILLION CELLS MEAN = 0.7 S.D. — 0.2 
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Figure 20. 3-glucuronidase values for the animal group
exposed to sulfuric acid aerosol for 4 hours.



88

Table 10. 8-glucuronidase data for the animal groupexposed to Sulfuric acid aerosol for 4 hours.

Cone.of
H2S04Aerosol
(Mg/M3)

ug/ml
Lysate

««  -
cells/ml

ug/io6
cells

%
PAM

43 8.5 11.2 .76 83
45 2.1 4.4 .48 91
48 10.9 11.1 .98 ■ 91
66 7.4 12.2 .61 66
73 4.1 6.4 ,65 98
92 4.5 9.1 .50 99

Correlation (R) = -0.47 Std. Err. of Est. =• .18389 R Squared = .21786
Intercept (A) = . 93723 Slope (B) — -.00448
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FOR 3-GLUCURONIDASE UG/MILLION CELLS MEAN =0.7 S.D. = 0.3 C.V. = 38.6 NO. COMPARED = 36 
CORRELATION COEFFICIENT = -0.36

MEAN

132.0 198.0 HH.0 330.0 39E.0 HE2.0 528.0 594.0 850.0 
CDNC* TIME CMS*HR/OJ.M)

Figure 21. Accumulative 3-gluc values for all animal groups, enzyme vs cone. time of exposure. (Control = +, 0.5 hr. = 0, 2 hr. = *, 4 hr. = #)
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Glutamic. Oxalacetic Transaminase (GOT)

GOT was found to be present at measurable levels in 
the cell lysates„ A comparison of the values for samples 
stored at room temperature and refrigerator temperature 
indicates that refrigerator temperature is the best storage 
temperature for GOT. All values for GOT were obtained from 
the refrigerated samples.

For the control group, the mean GOT was found to be 
13.7 with a standard deviation of 3.6 lU/million cells 
(Figure 22 and Table 11).

The animal group exposed to sulfuric acid aerosol 
for 0.5 hour had a mean of 15.1 with a standard deviation 
of 3.9 lU/million cells (Figure 23). The correlation coeffi
cient was -0.50 with a slope of -.0115 and an intercept at 
17.68 (Table 12).

The plot for the data obtained from the animal group 
exposed to sulfuric acid aerosol for 2 hours is seen in 
Figure 24. This group of 7 animals had a mean of 15.6 and 
a standard deviation of 2.4 lU/million cells. The correla
tion coefficient was -0.27 with a slope of -0.0056 and an 
intercept at 16.48 (Table 13). This indicates a random 
rather than a dose-response effect.

Figure 25 presents the data for the animal group 
exposed to sulfuric acid aerosol for 4 hours. The exposures 
in this group were maintained below 100 mg/cubic meter. The
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Figure 22. Glutamic-oxaloacetic transaminase values for the control animal group.
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Table 11. Glutamic-oxalacetic transaminase data for the control animal group.

ControlNumber lU/mlLysate 106cells/ml IU/106cells %PAM
1 129 11.3 11.5 98
2 100 8.6 11.6 97
3 225 13.3 17.0 79
4 102 10.4 9.8 85
5 156 12.7 12.3 100 .
6 85 8.2 10.4 63
7 121 7.6 16.0 83

" 8 227 13.1 17.4 78
9 199 10.0 19.9 92

10 88 8.1 10.9 84

Mean ~ 13.7 Kurtosis — -1.357Variance = 13.109 Std. Dev. = 3.62C.V. Pet. =25.882 Skewness = .358Std. Err. = 1.207
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Figure 23. Glutamic-oxalacetic transaminase values for the
animal group exposed to sulfuric acid aerosol
for 0.5 hour.
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Table 12. Glutamic-oxalacetic transminase data for the animal group exposed to sulfuric acid aerosol for 0.5 hour.

Cone. of
H2S04Aerosol
(Mg/M3)

lU/ml
Lysate

10 6 
cells/ml

IU/106
cells

%
PAM

46 113 7.4 15.3 91
48 81 3.9  ̂ 21.0 95
59 91 4.4 20.8 92
141 134 10.1 13.3 85
159 73 6.1 12.1 85
180 149 10.3 14.5 90
188 223 11.5 19.4 90
220 82 7.2 11.4 87
227 143 8.5 . 16.9 72j
245 76 • 4.7 16.3 91
380 46 4.5 10.2 85
522 31 3.5 9.0 87
596 82 5.1 16.1 97

Correlation (R) = -0.50 Intercept (A) = 17.681Std. Err. of Est. = 3.50155 Slope (B) — -.01115R Squared = .24662
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2 hours.
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Table 13. Glutamic-oxalacetic transaminase data for the animal group exposed to sulfuric acid aerosol for 2 hours.

Cone.of
H2S04Aerosol
(Mg/M3)

lU/ml
Lysate

106
cells/ml

IU/106
cells

%
PAM

46 78 4.3 18.1 98
87 23 1.8 12.8 95
90 123 7.0 17.6 98
118 64 ; 3.8 16.8 84
121 70 5.0 14.0 91
317 45 2.6 17.3 99
324 48 3.8 12.6 83

Correlation Std. Err. of R Squared =
(R) = -0 Est. ~ .07096

.272.51273 Intercept (A) Slope (B) = - = 16.47598 .00556
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mean GOT value was 14.7 with a standard deviation of 3.3 
lU/million cells. The correlation coefficient was -0.23 
with a slope of -0.039 and an intercept at 17.097 (Table 
14). Again, this is an indication of random scatter of 
values rather than a dose-response relationship.

The accumulative data points for all 4 groups con
sidering concentration and time of exposure is presented 
in Figure 26. The mean was 14.7 with a standard deviation 
of 3.4 lU/million cells. The correlation coefficient was 
— 0.04.

A statistical analysis of GOT serum controls 
analysed with the samples was done. The low level control 
had a mean of 21.3 with a standard deviation of 2.3, a 
variance of 5.4, and a coefficient of variation of 11.0 
percent. The high level control had a mean of 54.8 with 
a standard deviation of 3.4 lU/ml, a variance of 11.8 and 
a coefficient of variation of 6.3 percent.

Lactate Dehydrogenase (LDH)
LDH was found in .measurable levels in the cell 

lysates. In addition to being heat labile, as indicated 
previously, the enzyme is also cold labile. Samples were 
stored at room temperature and refrigerator temperature.
The enzyme levels found for LDH were consistently lower 
than the levels for the room temperature samples. LDH 
isoenzyme analysis of several samples was performed. This
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Table 14. Glutamic-oxalacetic transaminase data for the animal group exposed to sulfuric acid aerosol for 4 hours.

Cone.of
H2S04Aerosol
(Mg/M3)

lU/ml
Lysate

106
cells/ml

IU/106
cells

%
PAM

43 129 11.2 11.6 83
45 76 4.4 17.5 91
48 207 11.1 18.7 91
66 126 12.2 10.4 66
73 104 6.4 16.4 98
92 125 9.1 13.7 99

Correlation (R) = -0.23 Intercept (A) = 17.0970Std. Err. of Est. = 3.63947 Slope (B) = 0.039
R Squared = .05097
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study revealed some differences in the general isoenzyme 
pattern between the two groups (Figures 27, 28). The iso
enzyme pattern obtained for all of the samples analyzed was 
relatively nonspecific. The fractions LD1 and LD2 appear 
to reflect the least amount of change. The pattern changes 
appear to be largely with fractions LD3 and LD4. Fractions 
LD4 and LD5 are considered to be the most temperature 
labile with LD4 being the most cold labile. LD3 is reported 
to be relatively stable hence the seemingly cold labile 
effects on LD3 seen in this study are somewhat difficult to 
explain. It was found that a total LDH of at least 100 
lU/ml was required to obtain a readable isoenzyme pattern. '

For the control group, the mean LDH value was found
to be 33.3 with a standard deviation of 20.9 lU/million 
cells (Figure 29 and Table 15). -

The animal group exposed to sulfuric acid aerosol 
for 0.5 hour had a mean LDH level of 21.8 with a standard 
deviation of 15.5 lU/million cells (Figure 30). The corre
lation coefficient was —0.45 with a slope of -0.041 and an 
intercept of 31.197 (Table 16).

The plot for the data obtained from the animal 
group exposed to sulfuric acid aerosol for 2 hours is seen
in Figure 31. This group of 7 animals had a mean LDH of
21.9 and a standard deviation of 12.7 lU/million cells.
The correlation coefficient was -0.30 with a slope of
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A is the cell lysate stored at room temperature, 25°C.B is the cell lysate stored at refrigerator temperature, 
4 °C.

Figure 27. LDH isoenzyme patterns of sample storage for 
1 day.
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Figure 28. LDH isoenzyme patterns indicating changes which occur during a 2 day storage period.
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Table 15, Lactate dehydrogenase data for the control animal group„

ControlNumber lU/mlLysate 106cells/ml IU/106 • cells %PAM
1 194 11.3 17.2 98
2 191 8.6 11.6 97
3 564 13.3 42.6 79
4 203 10.4 19.5 85
5 332 12.7 26 . 3 100
6 220 8.2 26.8 63
7 405 7.6 53.6 83
8 1003 13.1 76.9 78
9 248 10.0 24.8 92

10 8.1 -- 84

Mean = 33.3 Kurtosis = .069Variance = 435.445 Std. Dev. = 20.9C.V. Pet. = 62.7 Skewness = 1.08
Std. Err. = 6.956
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Figure 30. Lactate dehydrogenase values for the animal
group exposed to sulfuric acid aerosol for
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Table 16. Lactate dehydrogenase data for the animal group exposed to sulfuric acid aerosol for 0.5 hour.

Cone.of
H2S04Aerosol XU/ml 106 IU/1Q6 %
(Mg/M3) Lysate cells/ml cells . PAM

46 344 7.4 46.5 91
48 9 3.9 2.3 95
59 152 4.4 34.9 92
141 433 10.1 43.1 85
159 111 6.1 18.4 85
180 237 10.3 23.1 90
188 237 11.5 20.6 90
220 19 7.2 2.6 87
227 301 8.5 35.6 72
245 144 4.7 31.0 91
380 23 4.5 5.1 85
522 19 3.5 5.5 87
5.96 76 5.1 14.9 97

Correlation Std. Err. of (R) = - Est. =.4514.40672 intercept (A) Slope (B) = - = 31.19722 
.04051

R Squared = .20345
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-0.0338 and an intercept of 27.25 (Table 17). This indi
cates a random rather than a dose-response effect.

Figure 32 presents the data for the animal group 
exposed to sulfuric acid aerosol for 4 hours. The expo
sures in this group were maintained below 100 mg/cubic 
meter. The mean LDH value was 30.2 with a standard devia
tion of 15.2 lU/million cells. The correlation coefficient 
was -0.10 with a slope of -0.077 and an intercept, of 34.929 
(Table 18). Again, this is an indication of random scatter 
of values rather than a dose-response relationship.

trhe accumulative data points for all 4 groups is 
presented in Figure 33. The mean LDH was 26.2 with a stan
dard deviation of 16.6 XU/million cells. The correlation 
coefficient was -0.25.

A statistical analysis of LDH serum controls ana
lyzed with the samples was done. The low level control had 
a mean of 102.2 with a standard deviation of 12.6 lU/ml 
cells, a variance of 158.6, and a coefficient of variation 
of 12.3 percent. The high level control had a mean of 131.0 
with a standard deviation of 8.2 lU/ml cells, a variance of . 
68.7, and a coefficient of variation of 6.3 percent.

Lysozyme (Muramidase)
Lysozyme was found in all samples in measurable 

amounts. It was found to be stable at both room temperature 
and refrigerator temperature. The levels found in the cell
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Table 17. Lactate dehydrogenase data for the animal group exposed to sulfuric acid aerosol for 2 hours.

Cone.of
H2S04Aerosol
(Mg/M3)

lU/rtil
Lysate

10 6 
cells/ml

IU/106
cells

%
PAM

46 127 . 4.3 29.5 98
87 6 1.8 3.3 95
90 309 7.0 44.1 98
118 68 3.8 17.9 84
121 125 5,0 25.0 91
317 44 2.6 . 16.9 99
324 64 3.8 ' 16.8 83

Correlation (R) = -.30 Std. Err. of Est. = 13.3 R Squared = .09155
Intercept (A) = 27.253 Slope (B) = -.0338
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Figure 32. Lactate dehydrogenase values for the animal
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Table 18. Lactate dehydrogenase data for the animal group . exposed to sulfuric acid aerosol for 4 hours.

Cone.of
H2S04Aerosol
(Mg/M3)

lU/ml
Lysate

106
cells/ml

IU/106
cells

%
PAM

43 387 11.2 34.7 83
45 29 4.4 6.7 91
48 601 11.1 54.1 91
66 377 12.2 31.0 66
73 179 6.4 28.2 98

' 92 243 9.1 26.7 99

Correlation (R) = -0.10 Intercept (A) = 34.929Std. Err. of Est. = 16.95 Slope (B) = -0.77
R Squared = .00954
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lysates were too high for determination with the "lysoplate" 
assay so all samples were tested using a 1:5 or 1:8 dilu
tion of the sample with assay buffer. It was also found 
that dilution of the sample placed the reading in the most 
linear area of the standard curves. Ideal dilution placed 
the sample readings in the area between the 25 and 100 
yg/ml standards.

For the control group, the mean lysozyme value was 
found to be 262 with a standard deviation of 271 yg/million 
cells (Figure 34 and Table 19).

The animal group exposed to sulfuric acid aerosol 
for 0.5 hour had a mean lysozyme level of 218 with a stan
dard deviation of 194 yg/million cells (Figure 35). The 
correlation coefficient was -0.53 with a slope of -0.60 and 
an intercept of 356.6 (Table 20). This indicates a slight 
negative dose-response relationship.

The plot for the data Obtained from the animal ... 
group exposed to sulfuric acid aerosol for 2 hours is seen 
in Figure 36. This group of 7 animals had a mean lysozyme 
concentration of 104 with a standard deviation of 78 yg/ 
million cells. The correlation coefficient was -0.36 with 
a slope of -0.249 and an intercept at 143.3 (Table 21).

Figure 37 represents the data for the animal group 
exposed to sulfuric acid aerosol for 4 hours. The exposures 
in this group were maintained below 100 mg/cubic.meter. The
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Figure 34. Lysozyme values for the control animal group.
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Table 19. Lysozyme data for the control animal group.

ControlNumber pg/mlLysate 10 6 . cells/ml yg/io6 . . cells. . %PAM .

1 3040 11.3 270 98
2 1840 8.6 214 97
3 850 13.3 64 79
4 480 10.4 46 85
5 1280 12.7 101 100
6 350 8.2 43 63
7 5400 7.6 715 83
8 10000 13.1 766 78
9 3300 10.0 330 92

10 600 8.1 75 84

Mean — 262 Variance = C.V. Pet. = Std. Err. =
77759.7810392.951

Kurtosis = 7- Std. Dev. — Skewness - .
.696271911
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Table 20. Lysozymesulfuric dataacid for the aerosol animal group exposed to for 0.5 hours.

Cone.of
h2so4
Aerosol Tag/ml 10 6 yg/106 %
(Mg/M3) Lysate cells/ml cells PAM

46 4567 ■ 7.4 617 91
48 200 3.9 52 95
59 2488 4.4 572 92
141 1240 10.1 123 85
159 800 6 .1 132 85
180 4350 10.3 424 90
188 2640 11.5 230 90
220 1360 7.2 189 87
227 1550 8.5 183 72
245 . 325 4.7 70 91
380 392 4.5 87 85
522 192 3.5 56 87
596 496 5.1 97 97

Correlation (R) = - Std. Err. of Est. = R Squared = .28134
.53172.051114 Intercept (A) Slope (B) = - = 356.55543 .60
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Figure 36. Lysozyme values for the animal group exposed to
sulfuric acid aerosol for 2 hours.
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Table 21. Lysozymesulfuric dataacid for the aerosol animal group for 2 hours. exposed to

Cone.of
H2S04Aerosol
(Mg/M3)

yg/ml
Lysate

- ' 106
cells/ml

ug/io6
cells

%
PAM

46 875 4.3 204 98
87 75 1.8 42 95
90 1375 7.0 196 98
118 1 3.8 •3 84
121 675 5.0 135 91
317 250 2.6 96 99
324 210 3.8 55 83

Correlation (R) = -.3641 Intercept (A) = 143.26Std. Err. of Est. = 79.60142 Slope (B) = -.249
R Squared = .13260
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mean lysozyme value was 125 with a standard deviation of 
80 yg/million cells. The correlation coefficient was 0.10 
with a slope of 0.40 and an intercept of 100 (Table 22).
This indicates a completely random relationship.

The accumulative data points for all 4 groups con
sidering concentration and time of exposure is presented 
in Figure 38. The mean lysozyme was 198 with a standard 
deviation of 194 pg/million cells. The correlation coeffi
cient was -0.35.

Protease
Protease measured as trypsin was not found in the 

samples. Standards provided a linear standard curve. Stan
dard incubated with samples indicated that an antitrypsin 
material was not present in the samples, and was thus not 
the cause of the absence of protease activity. Possible 
reasons for not seeing protease activity in the cell lysates 
are incorrect pH or substrate.
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Table 22. Lysozymesulfuric dataacid for the aerosol animal group for 4 hours. exposed to

Cone.of
H2S04Aerosol Vg/ml 106 yg/io6 %
(Mg/M3) Lysate cells/ml cells PAM

43 1000 11.2 90 83
45 210 4.4 48 • 91
. 48 1920 11.1 173 91
66 3200 12.2 263 66
73 420 6.4 66 98
92 1000 9.1 110 99

Correlation (R) = 0.10 Intercept (A) = 100.0Std. Err. of Est. = 89.24853 Slope (B) = .40R Squared = .00943
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CHAPTER 4

DISCUSSION AND CONCLUSION

An extensive review of recent literature has failed 
to reveal a comparative study which has been concerned with 
the enzyme levels found in alveolar macrophages following 
in vivo or in vitro exposure to sulfuric acid aerosol i, The 
primary concern of a majority of the studies examined has 
been an analysis of the various epidemiological aspects 
regarding the morbidity and mortality associated with sul
fur containing materials during air pollution episodes. A 
large number of studies were found which investigated the 
relative irritancy of the various sulfur compounds and their 
effects on histology as well as the physiological effects 
such as increased air flow resistance and changes in the 
clearance rates of various materials (83, 84).

One paper was found which examined the effect of 
ozone upon three acid hydrolytic enzymes present in the 
alveolar macrophage (85). The authors examined the effects 
of varying concentrations of ozone from 0.25 to 7.0 ppm for 
exposure periods of 3 hours. The cells were obtained and 
processed essentially the same as in the present research. 
The only difference was an attempt to obtain pure macro
phages by subjecting the cell collection to a density

125
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gradient centrifugation. They indicate, however, that the 
fraction used for enzyme determinations contained 92% macro
phages. This percentage is not significantly different 
from the average of 8.8% macrophages used in the present 
study,

They examined B-glucuronidase, acid phosphatase, 
and lysozyme in alveolar macrophages from control rabbits 
and rabbits exposed to various concentrations of ozone. 
Significant decrease in all three enzymes was noted in ex
posed animals at concentrations as low as 0.25 ppm.

An examination of the mean enzyme values found by 
Hurst, Gardner and Coffin (85): for the control animal group 
indicates that acid phosphatase was 0.079 AA/min. per 
million cells, lysozyme was 0.145 yg per million cells, and 
B-glucuronidase was 0.628 yg phenolphthalein per million 
cells. In the present study, acid phosphatase was 7.3 IU 
per million cells, 8-glucuronidase was 0.8 yg phenolphtha
lein per million cells, and.lysozyme was 262 yg per million 
cells.

The comparison of acid phosphatase values is diffi
cult, because reaction temperature, substrate, and reporting 
units are different. B-glueurbnidase levels are comparable 
and the method is comparable. Lysozyme values are consider
ably different, and comparison is difficult since different 
methodologies are used, and the activity of the lysozyme
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standard was not given in the paper. The difficulty in 
comparison of enzyme values is a common finding. There have 
been noted in the literature a multitude of methods for 
reporting the enzyme data. This fact points to the impor
tance of standardizing the presentation of enzyme data. This 
would.make comparison of other studies easier and would make 
the data obtained more useful and -meaningful.

In the present case, the only enzyme value which can 
be compared is g-glucuronidase, and the values appear to be 
significantly similar. .

Experimental Discussion 
The pulmonary lavage method for collection of alveo

lar macrophages can be criticized since it is not a pure 
collection by many standards. Ah examination of the litera
ture shows lavage to be a widely used method of procuring 
the cells. However, some investigators do attempt to purify 
the "collections by various manipulations, in this instance, 
we decided that a purification step would not be required 
and could introduce an artifactual change by an added manip
ulation of the cells.

The original design of this research was to examine 
enzyme levels found in a natural heterogeneous population 
of cells, and this would reflect the situation seen for the 
"real life" in vivo situation. This situation would theo
retically be different from the studies which are normally
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carried out using selected groups of cells found in in vitro 
cell cultures. This later situation would present artifi
cial or biased data since it would not reflect the variable 
life history of the natural cell population.

The natural cell population will include cells with 
a variable life history> especially concerning previous 
contact with toxic materials and microorganisms. There will 
also be differences in cell maturity and influences from 
other nearby cells. For this reason, it was thought that 
examination of cell culture situations would only indicate 
changes in a selected group of cells in a well controlled 
environment which might not necessarily reflect the "real 
life" situation.

This ideal has been modified since analysis of the 
experimental data has been attempted. An analysis of the 
accumulated data from the enzyme research indicates that it 
may be difficult to obtain statistically significant data 
from a natural heterogeneous population.

The statistical analysis of the serum controls, 
standards, and duplicate samples used in the enzyme studies 
indicates a coefficient of variation of 10% +4%. Another 
point which should be included, is that all samples were 
analyzed in duplicate, and several samples were analyzed 
with two or more different groups of samples on different 
days. A statistical analysis of this data indicates a
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coefficient of variation of 2% and a correlation coeffi
cient of 99%. These two points indicate that the.enzyme 
assay techniques are not an important source of the vari
ability seen in the enzyme data presented in the results 
section.

The control animal group had coefficients of vari
ation from a low of 26% for GOT to a high of 95% for lyso- 
zyme. This large variation compared with 6-14% 
coefficient of variation for the serum controls and dupli
cate samples, indicates that the large variation in the 
values for the control animal group are due to the cell 
population variability rather than problems with enzyme 
methodology or techniques.

The variability could be" due to natural biological 
variation, variables in cell collection technique, and 
variables in the sample handling, preparation, and storage. 
The extreme variability precludes a sensible analysis of 
the data, and a comparison of the control animal group with 
the exposed animal groups.

Another source of variability is the fact that 
samples were stored and analyzed once each week. This was 
done to save time and to conserve some expensive enzyme sub
strates. A conscious effort was made in an attempt to 
duplicate exactly the sample handling technique throughout 
the research project. Special attention was given to timing,
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temperature, and wash volumes involved in cell handling up 
to and including the sonication.

Variations in enzyme stability were noted early in 
the research, and an attempt was made to optimize sample 
storage. An indication of the stability for the various 
enzymes is notably absent from the papers examined during 
the literature search. Especially important in this regard, 
is the heat denaturation of LDH during sonication, and the 
extreme lability of acid phosphatase at room and refrigera
tor temperature,

The statistical analysis of the data obtained for 
each enzyme and each timed exposure group, as presented in 
the results section, indicates the absence of a dose- 
response effect, or early, indistinguishable changes in 
enzyme profiles. An additional plot of cumulative enzyme 
data for all groups against concentration multiplied by the 
time of sulfuric acid aerosol exposure did not produce a 
clear dose-response curve.

However, it is important to examine Table 23 and 
note that comparison of the mean values for the exposed 
groups and the control group indicates a statistically sig
nificant decrease in lysozyme and acid phosphatase. A 
smaller decrease is seen with 3-glucuronidase (2.0 hour ex
posure). LDH shows a small decrease for 0.5 and 2.0 hour 
exposure returning to control range at 4.0 hours of
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Table 23. Mean enzyme pressed per levels for each million cells. animal group ex-

Enzyme Control 0.5 hr. 2.0 hr. 4.0 hr.

Acid phos. 7.3 7.6 3.3 4.7
GOT 13.7 15.1 15.6 14.7
LDH 33.3 21.9 21.9 30.2
(3-glue. 0.8 0.8 0.5 0.7
Lysozyme 262.4 217.8 104.0 125.0

exposure. GOT shows a slight increase which could mean that 
the control mean is lowr and the other test values indicate, 
no change. While these differences appear meaningful# and 
related to exposure, one can not overlook the large standard 
deviations and therefore, we can not make a firm statistical 
statement regarding the differences obtained in this re
search. .

The following pattern of enzyme values is what was 
expected to emerge. The enzymes, LDH and. GOT would be indi
cators of cell number and viability. They Should remain 
constant per million cells as long as the cells are intact. 
We have shown changes though slight in both of these.
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Changes in the acid hydrolase enzymes might be expected to 
be similar to the decreases seen for ozone (85).. The 
greatest change reported in this work is with lysozyme and 
acid phosphatase, and it appears to be a parallel decrease 
and thus similar to that reported by Hurst et al. (85).
The 8-glucuronidase decrease observed was not great. The 
overall pattern which we are reporting for acid phosphatase, 
8-glucUronidase, and lysozyme, does not indicate a dose- 
response relationship. It appears to be an all or none 
effect. On the other hand, these data may represent the 
beginning responses, and increased exposure concentration 
or duration would further these early changes and make them 
statistically significant.

Conclusion
The original objective of the research, to assay 

the enzymes found in the natural heterogeneous population 
of alveolar macrophages, is a less than ideal situation.
The wide variability in the enzyme values for each animal . 
group is no doubt largely the result of a large natural 
biological variation of the cell population as well as vari
ation in the cell collection technique. Several factors 
may be responsible for variability in the number and percent 
of macrophages recovered in a pulmonary lavage, and in addi
tion, may also prevent macrophage exposure to toxic mate
rials. The most important factors are, atelectasis.
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bronchoconstriction, and mucus plugging of alveolar ducts 
as a response to the irritant effects of the exposure 
material (86).

It is recommended that a pulmonary lavage technique 
which incorporates maintenance of a constant pressure and a 
volume of 3CH40 ml per lavage be used for rabbits. Follow
ing the pulmonary lavage procedure, the washed cells may 
require some type of cell purification. This purification 
could be obtained by density gradient centrifugation using 
either an albumin solution (85) or Ficoll (87).

The enzymes studied satisfy the requirements set 
out in the introduction. They were relatively simple, and 
they were sensitive and specific enough to accurately de
termine enzyme levels in a sample containing 1 million cells 
per ml.

A baseline or control value for each enzyme was ob
tained even though in the case of lysozyme rather wide con
fidence limits exist.

Following exposure to sulfuric acid aerosol, there 
is some evidence of suppression of the three acid hydrolase 
enzymes studied. This effect is more pronounced for acid 
phosphatase and lysozyme than for 8-glucuronidase. The 
response appears to be all or none at the exposure levels 
which were used. A similar study using increased exposure
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concentrations and duration would be required in order to 
see a dose-response effect, if indeed there is one.

A number of significant technical, difficulties have 
been pointed out by this study. As indicated previously, 
some type of cell purification step will obviously be re
quired for the pulmonary lavage samples obtained following 
the in vivo exposure methodology. A method of maintaining 
single exposure concentrations for each animal group will 
be required. The stability and storage requirements of the 
enzymes under study should be given full consideration. A 
constant pressure, constant volume lavage technique should 
be employed.

One final recommendation is that some uniform method 
be adopted for expressing the enzyme data. Suggested alter
natives include enzyme units per milligram of protein, 
enzyme units per million cells, or both expressions. This 
would certainly improve the comparative value for data ob
tained by all involved in similar types of research.

The findings and the suggestions which have been 
presented here should significantly aid other investigators 
who may be working on similar follow-up studies of this 
same type.



LIST OF REFERENCES

1.

2 o

3.

4.

5.

6.

7.

8.

9.

10.

11.

Van Furth, R. > Mononuclear Phagocytes, Van Furth ̂ R., Ed., Blackwell Scientific Publications, Oxford, Eng., 1970.
Nelson, David S., Immunobiology of the Macrophage, Nelson, David S., Ed., Academic Press, New York, 1976.
Vernon-Roberts, B., The Macrophage, Cambridge (Eng.) University Press, 1972.
Bellanti, Joseph A., and Dayton, Delbert H., Ed.,The Phagocytic Cell in Host Resistance, Raven Press, New York, 1975.
Carr, Ian, The Macrophage, Academic Press, New York, 1973.
Bowden, D. H., The alveolar macrophage and its foie in toxicology, CRC Crit. Rev. in Tox., 95, June 1973.
Gordon, S., and Cohn, Z. A., The macrophage. Intern, Rev. of Cytology, 36, 171, 1973.
Unanue, Emil, R., Function of macrophages, Unanue,E. R. Chairman for Symposium of the American Association of Immunologists, Federation Proceedings, 

34, No 8, 1975.
Axline, S. G., Functional biochemistry of the macrophage , Sem. in Hem., 7, No. 2, 142, 1970.
Van Furth, R,, Cohn, Z. A., Hirsch, J. G., Humphrey,

J. H., Spector, W. G., and Langevoort, H. L.,The mononuclear phagocyte system: a new classi
fication of macrophages, monocytes, and their precursor cells. Bull. Wld Hlth Org., 46, 845, 1972.

A proposed new classification of macrophages, monocytes and their precursor cells, (Letters to Ed.) Nature New Biol., 240, 65, 1972.

135



136
12. Cohn, Z.A., Introduction-monocytes and macrophages,Semin. Hemat., 1, 107, 1970.
13. Meuret, G., Bammert, J., and Hoffmann, G., Kinetics ofhuman monocytopoiesis, Blood, 44, 801, 1974.
14. Van Bufth, R.> Origin and kinetics of monocytes andmacrophages, Semin. Hemat., 7, 125, 1970.
15. Van Furth, R., and Cohn, A. A., The origin and kineticsof mononuclear phagocytes, J. Exp. Med. 128, 415, 1968. '
16. Simon, L. M., Robin, E. D., Phillips, J. R., Acevedo,j., Axline, S. G., Theodore, J., Enzymatic basis 

for bioenergetic differences of alveolar versus peritoneal macrophages and enzyme regulation by molecular J» Clin. Invest., 59, 443, 1977.
17. Walker, W. M., Functional heterogeneity of macrophages,in Immunobiology of the Macrophage, Nelson, D. S., Ed., Academic Press, New York, 91, 1976.
18. Parkes, w. R., Occupational Lung Disorders, Butter-worth and Co. Ltd., 1974.
19. Morrow, P.. E., Alveolar clearance of aerosols. Arch.Intern. Med., 131. 101, 1973.
20. Mariano, M., and Spector, W. G., Macrophage polykaryons,

J. Pathol, 113, 1, 1974.
21. Gordon, S., and Cohn, Z. A., Macrophage-melanocyteheterokaryons„ I. Preparation and properties, J. 

Exp. Med., 131, 981, 1970.
22. Cohn, Z. A., Hirsch, J. G., Fedorko,M. E., The invitro differentiation of mononuclear phagocytes.

IV. The ultrastructure of macrophage differentiation in the peritoneal cavity and in culture, J.
Exp. Med., 1234, 747, 1966.

23. Cohn, Z. A., Fedorko, M. E., Hirsch, J. G., The invitro differentiation of mononuclear phagocytes.V. The formation of macrophage lysosomes, J. Exp. Med.,123, 757, 1966.
24. Dingle, J. T., Vacuoles, vesicles, and lysosomes, Br. Med. Bull., 24, 141, 1968.



137
25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Dingle, J. T., and Fell, J. B . E d . , Frontiers ofBiology, Vol. 14A, Lysosomes in Biology and Pathol
ogy, North-Holland Pub. Co., London, 1969.

Behnke, G. T., The use of the pulmonary alveolar macrophage as an indicator of toxic response. Master's thesis. University.of Arizona, 1976.
Cohn, Z. A., and Wiener, E., The particulate hydrolases of macrophages. 1. Comparative enzymology, isolation, and properties, J. Exp. Med., 118, 991, 1963.
Cohn, Z. A., and Wiener, E., The particulate hydrolases of macrophages, II. Biochemical and morphological response to particle ingestion, J. Exp.Med.,118, 1009, 1963.
Davies, P., Page, R. C., and Allison, A. C., Changes 

. in cellular enzyme levels and extracellular release of lysosomal acid hydrolases in macrophages exposed to group A streptococcal cell wall substance, J. Exp, Med., 139, 1262, 1974.
Lockard, V.. G. > and Kennedy, R. E., Alterations inRabbit alveolar macrophages as a result of traumatic shock. Lab. Invest., 35, 501, 1976.
Gordon, S., Todd, J., and Cohn, Z. A., Invitro synthesis and secretion of lysozyme by mononuclear 

phagocytes, J. Exp. Med., 139, 1974.
Davies, P., and Allison, A. C., The macrophage as a secretory cell in chronic inflammation, in Future 

Trends in Inflammation.
Davies, P., Allison, A. C., Ackerman, J., Butterfield, A., and Williams, S., Asbestos induced selective release of lysosomal enzymes from mononuclear phagocytes, Nature, 251, 423, 1974.
Allison, A. C., Harrington, M. B., and Birbeck, M.,An examination of the cytotoxic effects of silica on macrophages, J. Exp. Med., 124, 141, 1966.
Williams, C. J., and Hawley, R. E., An industrial hazard, silica dust, Amer. Lab., 7, 17, 1975.



138
36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Nadler, S., and Goldfischer. S., The intracellularrelease qf lysosomal contents in macrophages that have ingested silica, J. Histochem. and Cytochem., 18, 368, 1970.
Davies# P., and Allison, A. C., Secretion of macrophage enzymes in relation to the pathogenesis of chronic inflammation, in Immunobiology of the 

Macrophage, Nelson, D. S., Ed., Academic Press,New York, 1976.
Carr, Ian, Introduction: the free macrophages. TheMacrophageCarr, Ian, Academic Press, New York, 1973, 1.
Atkinson, G. W., The role of proteolytic enzymes inthe pathogenesis of emphysema, Ann. Clin. Lab. Sci., 3, 345, 1973.
Ackerman, N. R., and Beebe, J. R., Release of

0-glucuronidase and elastase from alveolar mono
nuclear cells. Chest, 66, 21s, 1974.

Ackerman, N. R., and Beebe, J. R., Release of lysosomal enzymes by alveolar mononuclear cells, Nature, 
247, 475, 1974.

Larson, R. K., Barman, M. L., Kueppers, F., and Fuden- berg, H. H., Genetic and environmental determinants 
of chronic obstructive pulmonary disease, Ann. Intern. Med., 72, 627, 1970.

Harris, J. 0., Swenson, E, W., and Johnson, J. E., "Protective" response may hurt lung of smoker, 
J.A.M.A., 212, 1789, 1970.

Rail D. P., Review of the health effects of sulfur oxides, Environ. Health Persp., 8, 97, 1974.
Clayton, J. W., Jr., Toxicologic assessment of thehealth effect of sulphur dioxide and sulfate particulates , Proceedings, International symposium 

on the recent advances in the assessment of the health effects of environmental pollution. Vol.. 1, 
Paris, 1974.

Amdur, M. O., Toxicologic appraisal of particulate matter, oxides of sulfur, and sulfuric acid, J.
Air Poll. Control Assoc., 19, 638, .1969.



139
47.
48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Brosset, C., Air-borne acid, Ambio, 2, 2, 1973. '
Treon, J. P., Dutra, F. R., Cappe, J„, Sigmon, H., and Younker, W., Toxicity of sulfuric acid mist. Arch. Indust. Hyg. Occup. Med., 2, 716, 1950.
Amdur, M. O., The respiratory response of guinea pigs to sulfuric acid mist. Arch. Indust. Health, 18, 407, 1958.
Alarie, Y. C., Krumm, A. A., Busey, W.M., Ulrich,C. E., Kantz, R. J., Long-term exposure to sulfur 

dioxidej sulfuric acid mist, fly ash, and their mixtures, Arch. Environ. Health, 30, 254, 1975.
Fairchild, G. A., Roan, J., and McCarroll, J., Atmospheric pollutants and the pathogenesis of viral respiratory infection. Sulfur dioxide and influenza infection in Mice, Arch. Environ. Health,15, 167, 1967.
Rylander, R., Alterations of lung defense mechanisms against airborne bacteria. Arch. Environ. Health, 

18, 551, 1969.
Myrvik, A. N., Leake, E. S., and Fariss, B., Studies on pulmonary alveolar macrophages from the normal 

rabbit: a technique to procure them in a highstate of purity, J. Immunol., 86, 133, 1961.
Brian, J. D., and Frank, N. R., Recovery of free cells 

from rat lungs by repeated washings, J. Appl. Physiol., 25, 63, 1968.
Carter, D. V., and Sykes, G., The assay Of enzyme activity by the plate diffusion technique, J. 

Pharm. Pharmacol., 13, Suppl., 195, 1961.
Mestecky, J., Kraus, F. W., Hurst, D. C., and Voight, S. A., A simple quantitative method for a-amylase determinations, Anal. Biochem., 30, 190, 1969.
Fahey, J. L., and McKelvey, E. M., Quantitative determination of serum immunoglobulins in antibody- 

agar plates, J. Immunol., 94, 84, 1965*
Ryan, C. A., Quantitative determination of soluble cellular proteins by radial diffusion in agar cells containing antibodies, Anal. Biochem., 19, 

434, 1967.



140
59.

60. 

61. 

62.

63.

64.

65.

66.

67.

68.

69.

70.

Schill, W. B., and Schumacher, G. F. B., Radial diffusion in gel for micro determination of enzymes. I. Muramidase and DNase, Anal. Biochem., 46, 502, 1972.
Worthington Biochemical, Worthington Diagnostic Applications Manual, 1976.
Osserman, E. F., and Lawlor, D. P., Serum and urinary lysozyme in leukemia, J. Exp. Med., 124, 921, 1966.
Anderson, N., Analytical techniques for cell fractions, XII. A rnultiple-cuvet rotor for a new micro- analytical system. Anal. Biochem., 28, 545, 1969.
Smith Kline instruments, Eskalab acid phosphatase bulletin number 2, Revised 7 Dec. 1974.
Babson, A. L., Read, P. A., and Philips, G. E., The importance of substrate in assays of acid phosphatase in serum. Am. J. Clin. Path., 32, 83, 1959.
Amador, E., Price, J. W., and Marshall, E., Serum acid a-naphthyl phosphatase activity, Am. J. Clin. Path., 

51, 202, 1969.
Bowers, G. N., Jr., and McComb, R. B. A., Continuous spec trop hotome tri c method for measuring the activ

ity of serum alkaline phosphatase, Clin. Chem., .12, 70, 1966.
Wacker, W. E. C., Ulmer, D. D., and Vallee, B. L.,Metalloenzymes and myocardial infarction. New Eng.J. Med., 225, 449, 1956.
Amador, E., Dorfman, L. E., and Wacker, W. E. C.,Serum lactic dehydrogenase activity: An analyticalassessment of current assays, Clin. Chem., 9, 391, 1963.
•Henry, R, J., Chiomori, N., Golub, 0. J., and Berkman,S., Revised spectrophotometric methods for the determination of glutamic-oxalacetic transaminase, 

glutamic-pyruvic transaminase, and lactic dehydrogenase, Amer. J. Clin. Path., 34, 391, 1960.
Amador, E., and Wacker, W. E. C., Serum glutamic-oxalacetic transaminase activity: A new modification and analytical assessment of current assay technics, Clin. Chem., 8, 343, 1962.



141
71. Goldberg, J. A., Pineda, E. P., Bank, B. M., and Ruth-enburg, A. M., A method for the colorimetric determination of 6-glucuronidase in serum, urine, and tissue? assay of enzymatic activity in health and disease. Gastroenterology, 36, 193,. 1959.
72. Fishman, W. H., Rato, K., Anstiss, C. L., and Green,S., Human serum 6-glucuronidase? its measurement and some of its properties, Clin. Chem. Acta, 15, 435, 1967.
73. Buckley, R. D., and Balchum, 0. J., Effects of nitrogen

dioxide on lactic dehydrogenase isozymes. Arch. Environ. Health, 14, 424, 1967.
74. Cohn, R. D., Kaplan, M. 0., Levine, L., and Zwilling,

E., Nature and development of LDH, Science, 136, 962, 1961.
75. Ape11a, F., and Markert, C. L., Dissociation of LDHinto subunits with guanidine HCl, Biochem. Bio- phys. Res. Com., 6, 171, 1961.
76. Markert, C. L., and Holler, F., Multiple forms ofenzymes: Tissue, ontogenetic, and species specificpatterns, Proc. Nat. Acad. Sci., 45, 753, 1959.
77. Dawson, D. M., Goodfriend, T. L., and Kaplan, N. 0.,LDH-functions of 2 types, Science 143, 929, 1964.
78. Kreutzer, J. H., and Fennis, W. H. S., LDH isoenzymes

in blood serum after storage at different temperatures, Clin. Chim. Acta, 9, 64, 1964.
79. Batsakis, J. G., and Briere, R. 0., LDH isoenzymes byurea inhibition and substrate (lactate) modifications a clinical evaluation, Clin. Biochem., 2, 

171, 1969.
80. Golias, T., Helena Electrophoresis Manuals LDH isoenzymes, Helena Laboratories, 1975.
81. Axline, S. G., Isozymes of acid phosphatase in normaland Calmette-Guerin bacillus induced rabbit 

alveolar macrophages, J. Exp. Med., 128, 1031,
1968.

82. Axline, S. G., Acid phosphatase isozymes in cultivatedmouse peritoneal macrophages, Fed. Proc., 27, 480, 1968.



142
83.

84.

85.

86 .

87.

Wolff, R. K., Dolovich, M., Eng, P., Rossman, C. M., 
Newhouse, M. T., Sulfur dioxide and tracheobron
chial clearance in man. Arch. Environ. Health, 30, 
521, 1975.

Fairchild, G. A., Kane, P., Adams, B., Coffin, D., 
Sulfuric acid and streptococci clearance from 
respiratory tracts of mice. Arch, Environ. Health, 30, 538, 1975.

Hurst, D. J., Gardner, D. E., and Coffin, D. L., Effect 
of ozone on acid hydrolases of the pulmonary 
alveolar macrophage, J. Reticuloendothel. Soc.,8, 288, 1970.

Gross, P., de Treville, R. T. P., Tolker, E. B .,
Kaschak, M., and Babyak, M., The pulmonary macro
phage response to irritants. Arch. Environ. Health, 
18, 174, 1969.

Noble, P. B., Cutts, J. H., and Carroll K. K., Ficoll 
flotation for the separation of blood leukocyte 
types, Blood, 31, 66, 1968




