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ABSTRACT

The effects of short, acute exposure to aerosols of zinc 

ammonium sulfate (ZAS) on the lungs of New Zealand white rabbits were 

gauged by light microscopy, scanning electron microscopy and by 

assessment of the phagocytic capabilities of the lung macrophages.

Exposures of rabbits to chamber concentrations of 31 to 673 pg 

ZAS/liter resulted in a dose-related decrease in the phagocytic 

abilities of the lung macrophages and in the quantity of lung macro

phages lavaged from the lungs per gram of lung tissue. A dose-related 

inflammatory reaction was also evident. Scanning electron microscopy 

revealed evidence of perivascular pulmonary edema, active mucous 

secretion and inflammation in tissues from exposed animals.



CHAPTER 1

INTRODUCTION

Aerosol Formation 

Sulfur oxides comprise a major segment of the air pollution 

load. Commins (1963) measured ambient air levels of sulfur oxides in 

London. From 4-20% of the particulate collected were sulfur oxides and 

up to 10% of the sulfur compounds sampled was sulfuric acid aerosol. 

Sulfate particulates are formed by photo-oxidation of sulfur dioxide5 a 

process described by Gerhard and Johnstone (1955).

Gerhard and Johnstone measured the oxidation of SO^ in the SO^ 

concentration range of 5-30 ppm using light of wavelengths between 

2950-3650 A. The reaction is first order with respect to sulfur 

dioxide and the rate is unaltered by humidity (39-90%), presence or 

absence of salt nuclei or the concentration of nitrogen dioxide present 

during the reaction sequence in the concentration range tested (1-2 ppm). 

The oxidation of SO^ proceeded at a rate of approximately 0.68% hr ^ at 

the wavelengths listed above producing particles 0.2-0 .4 P in diameter. 

The rate of the reaction in "natural sunlight" was much less, however, 

from 0.1-0.2% hr \

Gartrell, Thomas, and Carpenter (1963), by measuring the sulfur 

dioxide effluent from power plant stacks and the oxidation products, 

reported a rate of oxidation of 1-2% min in relatively high humidity 

(~75%) which is much higher than the rate disclosed by Gerhard and



Johnstone (1955). The rate was decreased 25-50% by fog or mist,

Renzetti and Doyle (1960) conducted photochemical oxidation of sulfur

dioxide in a 50 liter flask and reported a rate of similar magnitude,
-10.4% min .

The role of ultraviolet light in the reaction sequence was 

further confirmed by Meszaros (1973). He described a correlation 

between the logarithm of the mole ratio of sulfate ion to sulfur

dioxide and the intensity of sunlight of wavelengths 2900-5000 A and

with temperature (Figs. 1 and 2).

Friend, Leifer, and Trichon, in 1973, presented a scheme for the 

reaction sequence for the oxidation of sulfur dioxide. The sequence 

proposed by Friend is outlined below:

03 + hv (X 2000-3000, 4500-6400 A) --- > 0% + 0

s°2 + 0 + M  --- > S03 + M

S°3+ H2° --- > h2S04
h2so4 +  h2o  > h2so4-h2o

which after (n-1) steps becomes:

H2S04 + (n-l>H20 + H20 ----- H2S04 -nH20

NH„ + HoS0-nHo0 --- > NH^HSO. ~-nHo03 2 4 2 4 4 z
NH0 +NH/+H S 0 “ -nHo0 --- > 2NH/+ S0~-nHo03 4 4 2 4 4 2

where M - any body in the atmosphere capable of carrying off energy.

That sulfates can be formed by oxidation of sulfur dioxide 

catalyzed by ultraviolet light and are in sunlight raises the distinct 

possibility that sulfates may be responsible, in a large or small role.

(1)
(2)
(3)

(4a)

(4n)

(5)

(6)
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for many of the effects produced during air pollution episodes where 

sulfur oxides were present.

Epidemiology and Human Effects

The effects of sulfur oxides on human populations has been 

assessed in epidemiology studies and in experiments using human volun

teers. Sim and Battle (1957) exposed adult male volunteers to sulfur
3dioxide and sulfuric acid aerosols at levels from 2.7-216 mg/m . The 

exposures were face-only for ten minutes using a mask or whole-body for 

one hour in a large exposure chamber.

The sulfur dioxide gas increased the airway resistance of the 

subjects and produced rales with rhinorrhea and lacrimation. Inhalation 

by two subjects of sulfuric acid aerosol resulted in "long-lasting 

bronchitic symptoms." It was noted that the addition of water vapor to 

the sulfuric acid aerosol increased the mean particle size and also the 

irritant effects.

The experimenters also reported an increased sensitivity in 

themselves to SO^ and H^SO^. One developed, in the 10-month course of 

the experiments, "moderately severe but extremely persistent bron

chitis" with coughing and wheezing upon exposure to either of the 

chemicals.

In a review of the particulate and sulfur oxides epidemiologic 

literature Speizer (1969) concluded that adequate demonstration of the 

direct effects of acute, high ambient air levels during air pollution 

episodes had been made. Specific levels of these air pollutants had 

been associated with excess mortality in selected episodes and the



prevalence of chronic respiratory diesase in the populations exposed 

during the episodes.

The Environmental Protection Agency (EPA) conducted simultaneous 

epidemiologic studies on the populations of four communities located in 

different areas of the country and representing a relative air pollution 

gradient for SO^ and suspended sulfates. The results, reported by 

French et al. (1973), established a "clear link" between the levels of 

sulfur dioxide and suspended sulfates and the incidence of "excessive 

acute respiratory disease." An increase in lower respiratory disease, 

manifested as laryngotracheobronchitis, in children in heavily polluted 

communities was also discovered. Excess morbidity for the portion of 

the population suffering acute respiratory disease and those with upper 

and lower respiratory tract infections was also tied to SO^ and 

suspended sulfate levels. The survey also revealed that exposure for 

greater than three years increased the respiratory disease risk. The 

author predicted acute respiratory disease for children or adults 

exposed for more than three years to elevated levels of SO^ and 

suspended sulfates.

French (1975) further defined the effects of sulfur oxides 

exposure in a review article which quoted several Community Health and 

Environmental Surveillance System (CHESS) articles. French cited 

Finhlea (CHESS, 1970-1971) who observed dose-related increases in 

asthma attacks which correlated with increased ambient air levels of. 

total suspended sulfates and suspended particulates but not with SO^ 

concentrations. The highest morbidity rates were also linked to 

elevated suspended sulfates levels. \



Goldberg et al. (CHESS* 1970-1971)9 as reviewed' by French 

(1975)* also associated excess risk of asthma attacks with exposure to 

elevated ambient air levels of suspended sulfates»

A reduction in ambient air sulfur oxides levels may lead to a 

reversal of respiratory symptoms, in the exposed population. Ferris 

et al. (1973) reported such an occurrence in Berlin* New Hampshire. The 

levels of insoluble dust decreased nearly 50% between two sampling 1 

periods approximately 5-6 years apart. The prevalence of respiratory 

symptoms was reduced and slight improvements in pulmonary function tests 

were evidenced by the town’s population during the second sampling.

Animal.Testing

The toxicity of sulfur oxides has been explored in several 

animal.species* using wide ranging parameters and for various exposure 

periods. Sulfur dioxide.has been administered in vivo as the pure gas* 

with soluble aerosols and insoluble aerosols. The gas has also been 

used in in vitro tests with lung macrophages.

Amdur and Underhill (1968) exposed guinea pigs to sulfur 

dioxide alone and in combination with soluble and insoluble aerosols to 

assess the effect on airway resistance. Insoluble salts did not poten

tiate the bronchoconstrictor action of sulfur dioxide; however* salts 

in which the SO^ was soluble produced an increase in resistance that 

correlated with the solubility of the SO^ in salt solution. Salts which

contained metals which catalyze the oxidation of SO^ to H^SO^ (e.g.* Mn* 
+2Fe * V) also potentiated the actions of the SO^ at a higher rate and at 

lower concentration levels than insoluble salts.



Lewis et al. (1973) exposed beagle dogs to sulfur dioxide 

(13-4 mg/nr*) or E^SO^ (889±296 pg/nv) for 21 hours per day for 620 davs. 

The SO^ exposures resulted in a significant increase in mean nitrogen 

washout whereas the H^SO^ led to decreases in carbon monoxide diffusion 

capacity, residual volume, total lung volume and heart weight plus an 

increase in total expiratory resistance. These changes could not be 

detected by histopathologic examination of the lung tissues; however, 

all indicate an impairment in lung function which can be traced to the 

exposures to the sulfur oxides.

Alveolar macrophages have been exposed to sulfur dioxide gas in

vitro (Weissbecker et al., 1969). The chamber concentrations during the
3one hour exposures were high (830-50,000 mg/m ) and the percentage of 

macrophages which survived the exposure ranged from 55-35%. The 

presence of a dose-related effect on the viability of the cells is 

implied but not stated by the author.

Animal exposures to sulfate aerosols have been less frequently 

reported. Amdur and Corn (1963) measured airway resistance in guinea 

pigs to gauge the effects of exposures to aerosols of zinc ammonium 

sulfate, zinc sulfate and ammonium sulfate. At equal concentrations 

zinc sulfate expressed approximately one-half and ammonium sulfate one- 

third to one-fourth the irritant potency of zinc ammonium sulfate 

aerosols. The airway resistance was also a function of the aerosol 

particle size. Smaller particles produced a greater effect at a given 

mass concentration than larger particles in the particle sizes studied,

i.e., 0.29, 0.51, 0.84, 1.4 p in diameter. However, if concentration



was expressed as the number of particles per unit volume, the larger

particles elicited a greater response at a given concentration.

The effect of these three sulfate aerosols on the susceptibility

of mice to respiratory infection was assessed by Erhlich, Findlay and

Gardner (1978). Mice were exposed to aerosol of the double salt or

either of the single salts for three hours then challenged with air-

bourne pathogenic bacteria. No deaths were produced in the animals by

exposure to any of the sulfate aerosols alone; however, exposure to
3zinc sulfate aerosol at levels greater than 1.2 mg/m led to significant

excess mortality and decreased survival time in these mice. Zinc

ammonium sulfate aerosols were less potent, requiring concentration
3levels in excess of 2.1 mg/m to produce similar results. The ammonium 

sulfate aerosols had no effect on mortality or survival time in 

exposed animals. Erhlich et al. concluded that- the--excess' mortality and 

decrease in survival time exhibited by mice exposed to aerosols of the 

zinc-containing salts was due to the presence of zinc ions which, they 

postulated, may affect the phagocytic capabilities of the lung 

macrophages.

- Lung-Defenses

The degree of penetration of lung tissues by aerosol particles 

depends on several physico-chemical aspects of the particulate.

Increased tidal volume may lead to.a decreased deposition of particles 

greater than three microns diameter as lung ventilation increases 

(studies presented by the Task Group on Lung Dynamics, 1966). The 

solubility of the aerosol also affects the ability of the aerosol to



traverse the pulmonary airways' (By lander* 1970). However * one of the 

most important properties that determines the penetrant abilities of the 

particles is the. size of the aerosol particles.

Figure 3 is a graphic representation of the relationship 

between particle size and the degree* and site, of. particle deposition. 

Decrease in particle size results in increased penetration of the lung 

allowing particles to reach the alveolar regions. Larger particles 

sediment out of the pulmonary airstream in the tracheo-bronchial 

regions of the lung and the largest particles (> 10 y) are scrubbed by 

the nose.and deposited by impaction in the nasopharyngeal region.

Each of the above anatomical regions of the lung present 

different defense mechanisms to clear the particulate from the lung 

tissue- The ability of the lung to rid itself of foreign particles 

prevents the accumulation of insoluble particulates on the alveolar' 

surfact to impair gas-exchange in the alveoli or the proliferation of 

viable microorganisms in the organ. "For particulates in general, the 

crucial factor for the development.of an effect in the lung is the 

contact time*" (Rylander* 1970‘* p. . 496) L Increased contact time allows 

biologic organisms’to multiply and chemical species to exert possible 

cytotoxic effects-on proximal areas.at high local concentration.

Lung defense mechanisms can be broadly classified as those that

employ physical removal of the particle and those which kill* inactivate
\

or limit replication (Green* 1968). Cough reflexes* expectoration and 

sneezing physically remove particles trapped in the nasopharyngeal 

region* i.e., large diameter particles* or those which are transported 

to this region by other lung defense mechanisms.



10

DIFFUSION 
< — S E D I M E N T A T I O N

IMPACTION

100

80
zoH 60wO
CL
LUQ 40
UJOcrwo. 20

.VEOLAP

0.01 0.1 1.0 10 100

A E R O DY N A M I C  S I Z E  ( >  DIAMETER)

Figure 3. Graphic Summary of Dust Deposition in the Respiratory Tract 
(From Morrow, 1964)



11

Mucociliary transport involves particles trapped in a large area 

of the respiratory tree, from the nares to the terminal bronchioles 

(Goldstein etal., 1976)♦ Particles impinge on the surface of the 

mucous and are solubilized in the mucous or are trapped in the upper 

gel-like surfaces of the mucous (Green, 1968) then, are transported 

through the airways by the concerted efforts of ciliated cells lining 

the epithelium to be swallowed or expectorated. Irritation, produced 

by particulates, in this region generally results in an increase in 

mucous production and flow rate (Rylander, 1970). Mucous also contains 

"biocidal" components including immunoglobulins, complement, lytic 

enzymes .and interferon (Green, 1968).

Particles of sufficiently small size, which include individual 

bacteria, may reach the alveolar spaces by diffusion. Clearance from 

this region is primarily the responsibility of the alveolar macrophage 

(Green and Kass, 1964; Goldstein et al., 1976). Bacteria removal in 

the alveolus is a rapid process. Goldstein, Lippert, and Warshauer 

(1974) reported bacterial clearance rates in the murine lung of 44.5% 

and 76.9% at 2.5 and 5 hours, respectively, post-exposure to the 

bacterial aerosol. The percentages of bacteria which were intra

cellular were 54.8, 87.1 and 91.9 at 0, 2.5 and 5 hours, respectively. 

These data support Green and.KassTs (1964) contention that the 

majority of lung bactericidal activity is in situ and the lung macro

phage accounts for a larger portion of this activity than muco-ciliary 

transport. However, macrophages laden with phagocytized bacteria 

migrate toward the muco-ciliary ladder (Green and Kass, 1964) to be 

removed to the oropharynx where they are swallowed (Bowden, 1973). Thus
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the successful clearance of inhaled particulates by the lung is the 

result of interaction between the engulf ment and bactericidal actions 

of the macrophage and the physical transport of the cell by the muco

ciliary ladder (Green and Kass, 1964).

Substances which affect the phagocytic capability of the 

macrophage may have several deleterious effects on the health of the 

lung and on the whole organism. Inhaled particulates would be expected 

to be more pathogenic (Green, 1969) for the alveolar epithelial cells 

due to possible increased localized cytotoxic effects. Inhaled micro- 

organisims would be permitted, to multiply in the lung if microbicidal 

mechanisms or phagocytic capacities were impaired. Unsuccessful per

formance by the lung macrophage would be expected to precipitate an 

inflammatory reaction in the affected tissue with pissible detrimental 

sequelae (Green, 1968).

In short, . . the alveolar macrophage must be regarded as 

the ultimate scavenger of the respiratory system. If this cell is 

functionally overwhelmed, either by virtue of the magnitude of the 

inhaled load or by the inherent toxicity of the particles, the conse

quences to the lung or indeed to the whole organism may be serious" 

(Bowden, 1973, p. 95).



CHAPTER 2

MATERIALS AND METHODS

Exposure Apparatus 

The exposure apparatus consisted of the aerosol generator9 the 

mixing tube, where dry diluting air is combined with the aerosol, the 

exposure chamber, a barium chloride trap for exiting chamber air and an 

aqueous trap for chamber air concentration determinations (Fig. 4).

A small capacity aerosol generator (Sandia Research, Albur- 

querque, N. M.) and a large capacity aerosol generator (also Sandia 

Research) were utilized during different exposures. The small capacity 

generator consisted of a reservoir, an impactor, the generator and a 

lid with stainless steel tubing to allow the aerosol to escape (Fig. 4). 

The lid fit firmly onto the reservoir portion and rubber gaskets 

circumscribing the reservoir prevented leakage. The aerosol was pro

duced when compressed air entering the generator created a partial 

vacuum to pull fluid from the reservoir across the orifice from which 

the compressed air was exiting. The force of the air leaving the 

orifice impacted the fluid against an adjustable Teflon screw. Small 

aerosol particles escaped, the generator and entered the mixing tube,

then the exposure chamber. Larger particles were trapped in the
Rgenerator by the impactor directly above the Teflon screw and were 

returned to the reservoir.

13
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The small aerosol particles were combined with a stream of dry 

diluting air in the mixing tube to facilitate speedy and even distribu

tion of the aerosol in the chamber.

The exposure chamber consisted of a 29 liter bell-jar laid 

lengthwise and supported by a wooden brace. A wire mesh flooring on 

the bottom of the chamber prevented animal contamination by urine and 

feces voided during the exposure. A plexiglass faceplate, containing 

an inlet for the aerosol.and outlets for the barium chloride trap and 

the aqueous trap, was bolted to the opening of the chamber to create a 

leakproof seal during the exposure and allow entry and removal of the 

experimental animals.

Air leaving the chamber entered a trap.containing barium 

chloride dissolved in distilled water. Reaction of the sulfate ion of 

the zinc ammonium sulfate with the barium chloride resulted in-.a 

barium sulfate precipitate. The barium chloride solution was changed 

at regular intervals to insure cleansing of the escaping chamber air.

Chamber Concentration Determination 

Each thirty minutes during the exposure a sample of chamber air 

was evacuated from the chamber into a 50 ml aqueous trap. A vacuum
Rpump was used to withdraw a known, volume of chamber air through Tygon 

tubing to a glass frit, fractionating the air stream into small bubbles 

which then percolated through the trap fluid. Triplicate aliquots of 

the trap fluid were then analyzed chemically for sulfate content and 

from these data the chamber air concentration of zinc ammonium sulfate 

derived. Chemical analysis of trap fluid aliquots used the chloranilate



method of sulfate determination (Schafer, 1967). The aliquot of trap 

fluid is combined with isopropanol and solid barium chloranilate is 

added. The barium reacts with the sulfate ion stoichiometrically, 

precipitates as barium sulfate and the chloranilate anion is freed into

tometry at 310 nm and a standard curve prepared for known concentrations 

of zinc ammonium sulfate (Fig. 5, Table 1).

by a mechanical shaker then unreacted barium chloranilate is precipitated 

by centrifugation, the supernatant decanted and analyzed spectropho- 

tometrically as outlined above.

Aerosol

Both aerosol generators produced heterogenous aerosol popula

tions, the size distributions of which were determined using an

eight-stage, non-viable sample Anderson Sampler (Anderson 2000, Atlanta, 

GA). Aerosols were not sized during animal exposures. For particle 

size analysis the sampler was placed inside the exposure chamber, the

chamber sealed and an aerosol generated. When the chamber had
, > -

achieved equilibration the vacuum pump was activated and chamber air 

pulled through the Sampler. Aerosol particles were collected on glass

the solution (Equation 7). The anion can be detected by spectropho-

0

Zn+2S042 • (NH4)2S042 + 2
HO
Cl 0- Ba

Cl
4+

0 '

(7)

The reaction is facilitated by vigorous shaking for 30 minutes

\
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Table 1. Barium. Chloranilate Method Standard Curve for Sulfate 
Concentration Determination.^

yg ZAS/ml Trap Solution . . Absorbance*3 (± S.D.M.)C

1 0.104+0.046

2 0.13210.013

4 0.242+0.011

7 0.42010.009

10 0.58810.007

20 1.15510.007

a Correlation coefficient, r, = 0.9996 

k Mean of five or six trials 

C Standard deviation from the mean



fiber discs which had been preweighed then stored in a desiccator for 

at least 24 hours prior to the sampling. 1

One cubic foot of chamber air was sampled during a one minute 

interval. Following sampling the chamber was flushed, the Sampler 

removed and the glass fiber discs placed in a desiccator for 24 hours 

at which time they were removed and analyzed gravimetrically for 

increases in weight.

The weight increase for the disc corresponding to each stage of 

the Sampler was expressed as a fraction of.the total increase for all 

discs to derive an aerosol population size distribution (Fig. 6). This 

distribution was a function of the aqueous concentration of the 

reservoir fluid, the flow rate of the air entering the generator (and 

consequently the jet velocity of the air impacting the fluid film, the 

relative humidity of the internal chamber air and the .model of 

generator).

In Vitro Assay

The in vitro assay described below is outlined in Figure 7. and 

was modified from Hahn et al., 1974. Immediately following exposure, 

rabbits were removed from the exposure chamber, placed in stocks and 

sacrificed by air bolus injected into "the marginal ear vein. Body 

weight was recorded and the corpse exsanguinated by severing the 

inferior vana cava. The trachea was isolated and clamped to prevent 

erythrocytes from entering the lumen during lung excision. A 

thororacotomy was performed, the lungs removed from the chest cavity 

then heart, esophagous, thymus and other viscera dissected away. The
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Sacrifice
i

Thoracotomy
4

Remove Heart, Esophagus, Viscera

Cannulate Trachea1
4

Lavage Lungs with 4 10 ml Aliquots of Sterile Saline
4

Place Each Aliquot in 50 ml Centrifuge Tube on Ice
4

Centrifuge the 4 Tubes 10 Min @300 x g 

Select One Tube
Determine Quantity of Cells

Top = Phagocytically 
Inactive Cells 

Middle = Phagocytically 
Active Cells 

Bottom = Unphagocytized 
Particles

Pour Off Supernatant

Add 10 ml MEM Containing 
Pen-Strep and L-Glutamine

4
Count Cells 

^ 5Dilute to 10 Cells/ml
4

Combine Equal Volumes of Cell Solution 
and Radio-Labelled Polystyrene Particles 

in MEM (106/ml)
4

Incubate Cell-Particle Mixture in 
Shaker Bath @370C for 0, 1/4, 1/2, 1, 2, or 3 Hrs.

' 4Stop Phagocytosis at End of Incubation 
Period with EDTA and Ice

i
Layer Cell-Particle Mixture onto 

Cold (4-8°C> Ficoll Solution
4

Centrifuge for 3 Hrs @300 x g '
4f  Separate Resultant Layers
4

Count Gamma-Emissions from 
* Each Layer

Percent : (M^)-(Mo-To)
Phagocytosis TxiMx+Bx

Figure 7. Outline of In Vitro Assay.
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lungs were weighed, examined for evidence of gross changes and the 

trachea cannulated. The lungs were lavaged through the cannula four 

times, 10 ml each, with pre-warmed physiologic saline (37°C) while 

suspended in a 37°C saline bath. The lavage fluid was collected in 

four separate sterile disposable plastic 50 ml centrifuge tubes and 

macrophages were isolated from the lavage fluid by centrifugation at

300 x g for 10 minutes at 2-4°C.

The tube with the smallest mass of erythrocytes apparent by

visual examination of the pellet was chosen for the phagocytosis assay.

A count of the total number of macrophages in the remaining three 

centrifuge tubes was made by hemacytometer.

The supernatant of the tube chosen for the assay was decanted 

and 10 ml of medium (88% v/v Flow Laboratories Eagle Minimum Essential 

Medium, 10% v/v heat inactivated fetal bovine serum, 1% v/v penicillin- 

G-streptomycin sulfate and 1% v/v L-glutamine, at pH 7.2) was added to 

the pellet. The pellet was then resuspended and the number of macro

phages per ml estimated by hemacytometer. . An aliquot containing 

1.5 x 10^ cells was removed and diluted with additional medium to 15 ml
5to give a concentration of 10 cells per ml.

Approximately fifteen million radioactive polystyrene micro

spheres (3M Company), 2.4 micron diameter, labelled with Scandium-46, 

a gamma ray emitter (specific activity = 13.08 mCi/g), suspended in 

physiologic saline (approximately 65 pi of suspension) were added to 

15 ml of medium to give a dilution of 10 microspheres per ml of medium.
Equal volumes (0.5 ml) of cell suspension and microsphere 

suspension were placed in sterile disposable 15 ml plastic centrifuge
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tubes (at a ratio of 10 microspheres per macrophage), in triplicate and 

incubated in a shaker water bath (37°C) for time periods of zero, 1/4, 

1/2, 1, 2, or 3 hours. At the end of the incubation period further 

phagocytosis of the microspheres by the macrophages was inhibited by 

addition of 0.3 ml of 0.03 M ethylenediaminetetraacetic acid (EDTA) to 

the incubation mixture and the tube containing the mixture was. then 

placed on ice.

The cell-particle mixture was then carefully layered onto 1 ml 

of 30% w/v Ficoll^ solution (maintained at 2-4°C) in fresh 15 ml 

disposable plastic centrifuge tubes. The tubes were differentially 

centrifuged at 300 x g for 3 hours at 2-40C. The resultant three layers 

were separated by pipet and each placed in a ,separate gamma counting 

tube. The gamma.radiation emissions from each tube were counted 

(Beckman Instruments) for ten minutes and net counts per minute 

determined.

Phagocytic Index 

A parameter, the Phagocytic Index, was used to compare the 

phagocytic rates of macrophages of different animals, each exposed to 

different chamber air concentration of aerosol, to the phagocytic 

rates of macrophages lavaged from control animals. „ The numerical 

representation of the Phagocytic Index is derived from an equation that 

incorporates data (net counts per minute) derived from the gamma 

emissions counting proces:

Phagocytic Index ' ^ t x p 0Bx^ + 100



where:

Tx = net counts per minute (mean of three samples) from the top 

fraction of the nx” hour incubation sample 

Mx = net counts per minute (mean of three samples) from the middle 

fraction of the ^x11 hour incubation sample 

To = net counts per minute (mean of three samples) from the top 

fraction of the zero hour incubation sample 

Mo = net counts per minute (mean of three samples) from the middle 

fraction of the zero hour incubation sample 

Bx = net counts per minute (mean of three samples) from the bottom 

fraction of the TTxTT hour incubation sample

In utilizing this rationale, it is expected that the top frac

tion (the uppermost 0.5 ml) of the incubation mixture following 

differential centrifugation contains phagocytically inactive macrophages 

because these cells would-have engulfed few or none of the microspheres, 

they would have the least, density of any of the components of the 

incubation mixture. Therefore, they would be least affected by the ■ 

centrifugal forces exerted on the mixture. The middle fraction (the 

intermediate 0.9 ml) of the incubation mixture following centrifugation 

would contain the phagocytically active macrophage population. These 

cells would have internalized several microspheres each, and therefore

have a greater density than the less phagocytically active macrophages.
RThe centrifugal force would thus propel them further into the Ficoll 

solution during the centrifugation. Light microscopic examination of 

macrophages incubated with microspheres as described above has verified
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this rationale. At the end of a three hour incubation most of the 

macrophages examined contained at least 20-30 microspheres and some had 

engulfed larger quantities.

The bottom layer (the remaining 0.9 ml) of the centrifuged 

mixture would contain the most dense portion of the incubation mixture, 

the un-phagocytized microspheres.
/

The denominator of the equation represents the total radio

activity of the three fractions of the incubation mixture. The net 

counts per minute for each incubation time period due to uningested 

microspheres not sufficiently dense to be propelled into the bottom - 

layer of the centrifuged incubation mixture is represented by the net 

counts per minute of the top fraction. This value, theoretically equal 

to zero since it should only contain macrophages, is subtracted, in the 

numerator, from the net counts per minute of the middle portion of the 

centrifuged incubation mixture to yield a more accurate representation 

of the amount of radioactive material contained within the phagocy-' 

tically active macrophages. At zero hours none of the microspheres 

should have been ingested. Therefore any radioactivity in either the 

top or middle fractions at this time period is due to solubilized 

microspheres in these fractions and this is further deducted from the 

net counts per minute of the middle fraction at each incubation time 

period.

The resultant numerical value represents the percentage of the 

total number of microspheres in the incubation mixture which have been 

internalized by or are firmly adhering to the cell membrane surface of
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the phagocytically active macrophages» The phagocytic indices were 

calculated.for macrophages populations, each exposed to a distinct 

aerosol concentration, and for control macrophage populations at each 

incubation time period *

Examination of Lung- Tissue 

Lung tissues of eight animals exposed to different chamber air 

concentrations of aerosol and of three control animals were preserved 

in 10% phosphate-buffered formalin and later examined for histo

pathologic changes following routine section and H & .E staining 

(Intermountain Laboratories, Salt Lake City, Utah).

Lung tissues of three exposed and two control animals were 

fixed for scanning electron microscopy and prepared using a procedure 

modified from Cockrell, Busey, and Cavender, 1978. Following excision 

of the lungs and removal of viscera as described above, the lungs were 

perfused with 5 ml of Kamovsky?s fixative, (5% v/v glutaraldehyde in 

0.2 N cacodylate buffer, 1% w/v paraformaldehyde plus trace amounts of 

CaCl2 and AICI3 , pH 7.2-7.4) introduced via endotracheal tube then 

immersed in fixative and stored at 2-4°C for 2-5 days.

The lungs were removed from the fixative and the lower left 

lobe of each set of lungs sectioned transversely, into slices 2-3 mm 

thick. The third and fourth slices from the distal portion of each of 

the lobes were each cut into quadrants; the piece located at the dorsal 

periphery of the lobe and the piece opposite it were chosen from each 

slice then immersed in fresh fixative. The following day the tissues 

were dehydrated in ascending concentrations of ethanol [50%, 70%, 95%



(2 times)9 and 100% (3 times) for 5 minute intervals each] then 

critical-poiht dried into CC^. The tissues were coated with carbon and 

gold-pallidium in a high vacuum evaporator, then examined under a 

scanning electron microscope (ETEC Auto Scan) at 20 kV for changes for 

comparison to those observed, during light microscopic examination.



CHAPTER 3

RESULTS

i Observations During Exposure 

Signs of upper respiratory tract irritation during each 

exposure were recorded. These signs included: 

o Distention of ear vasculature 

o Sneezing

o Facial grooming with forepaws 

o Licking motions 

o Changes in respiratory rate 

o Wet nasal area

The ear* vasculature of each rabbit became distended and 

prominent within the first few minutes of aerosol entering the chamber „

This phenomenom was noted in all exposed animals5 independent of the
■. '

chamber concentration, and persisted throughout.the exposure until the 

animal was sacrificed. Chamber temperatures during the exposures were 

24.7 ± 1.00°C.

Sneezing - commenced within 10 minutes of the initiation of the 

exposure, increased in. frequency during the first hour of the exposure 

then decreased in rate during the subsequent hour. The onset of 

sneezing was more rapid with increased aerosol concentration.

The increase in frequency of sneezing was more a function of 

the choice of aerosol generator used, one producing an aerosol
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population with a larger segment of relatively large aerosol particles, 

than of chamber concentration. These large particles (>10y diameter) 

would be trapped in the naso-pharyngeal region to precipitate the 

sneezing.

- The sneezing was frequently accompanied by facial grooming with 

the forepaws, licking motions and changes in respiratory rate. The 

respiration was frequently rapid and shallow during the initial 15-30 

minutes of the exposure then became slowed or normal during the 

remainder. The depth remained shallow.

The area around the nasal orifices frequently appeared damp 

during the exposure and the severity increased as the exposure 

progressed. This observation was reported more frequently for animals 

exposed to aerosols produced by the aerosol generator emitting a greater 

percentage of large particles, however, the source of the wetness could 

not be distinguished as mucous or as trapped aerosol particles that had 

collected on the hairs within and surrounding the nasal orifices.

These signs of toxicity are primarily indicative of upper 

respiratory tract irritation. The in vitro assay, described earlier, 

is a more sensitive indicator of the effects of the in vivo exposure.

The assay gauges the change in the phagocytic capabilities, using the 

phagocytic index parameter, due to the exposure to aerosols of zinc 

ammonium sulfate.

Phagocytic Indices
■■ ■' 1 . ■ 

The data presented in Table 2 represent the phagocytic indices

of lavaged cell populations exposed to a range of chamber aerosol



Table 2. Mean Phagocytic Indices for Rabbit Lung Macrophages incubated In Vitro for 1/4, 1/2, 1, 2, 
or 3 Hour Periods Following In Vivo Exposure to Zinc Ammonium Sulfate (ZAS) Aerosol for Two 
Hours *

Chamber
Cone.

(yg ZAS/l)a

Phagocytic Indices

1/4 Hr 

mean(±S.D .M)*3

. 1/2 Hr 

mean(lS.D.M)

1 Hr 

mean(iS.D.M.)

2 Hr 

mean(+S.D.M.)

3 Hr 

mean(+S.D.M.)

. 31.4 . 2.80+0.00 2.75+0.07: 16.4+3.23 47.2+1.06 53.4+7.11

,32.2 2.10+0.35 9,7510.07. 30.2+2.55 50.3+3.64 51.710.82

62.2 1.85+0.07 5 .20+0.00 16.8+3.16 47.4+4.81 49.011.65

62.6 0.45±0.21 1.70+0.00 6.9+0.57 32.6+4.03 42.5+2.19

67.1 3.10+1.31 5.70+1.00 24.3+1.08 43.6+6.11 45.0+4.01

90.2 2.10+1.31 5.40+2.70 14.7+1.42 34.813.25 42.0+1.25

93.0 0 .00+0.00 2.80+0.66 12.111.51 38.8+1.56 40.610.90

169.4 0 .00+0.00 0 .00+0.00 4.25+2.19 19.3+1.90 30.2+4.95

672.5 1.20+0.14 3.4012.50 7.40+1.72 17.0+2.29 24.2+1.41

Control 2.811.48 10.5014.45 36.97+6.93 58.67+6.03 60.25+4.67

a One rabbit per exposure level 

k Standard deviation from the mean
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concentrations and for periods of incubation of 1/4 ? 1/2 , 1, 2 or 3 

hours with polystyrene spheres. The phagocytic index values for 

macrophages from exposed animals do not diffhr from values from control 

animals at the end of the 1/4 and 1/2 hour incubation periods (Table 2). 

Attempts to elucidate a linear relationship between the logarithm of 

the chamber concentration and the phagocytic index for 1/4 and 1/2 hour 

incubation periods produced a weak correlation between the phagocytic 

index values and the straight lines predicted by a least squares 

analysis of the data. The correlation coefficients, r, are equal to 

0.43893 and 0.40051 for the 1/4 hour and 1/2 hour incubation periods, 

respectively.

The phagocytic index values for the one, two and three hour 

incubation periods for the macrophages of animals exposed to chamber 

concentrations of zinc ammonium sulfate aerosol greater than 62 ytg/1 

were depressed from control values for the same incubation periods 

(Table 2 and Fig. 8). The depression of the phagocytic index values at 

the 1, 2 and 3 hour incubation periods represents a decreased ability " 

of the macrophages from exposed animals to actively engulf foreign 

material, i.e.,,the polystyrene spheres, when contrasted to the ability 

of control cells to ingest similar material.

The phagocytic index values displayed an increasing trend 

toward a linear relationship with the logarithms of chamber concentra

tion values as the length <hf time of incubation with the polystyrene 

increased. This trend was indicated by the'increase of correlation 

coefficients, r, for each incubation time period (r =  0.63310, 0.88694, 

and 0.96091 for the 1 , 2, and 3 incubation periods, respectively).
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The rate of increase of phagocytic index during each hour of 

incubation may be indicative of a prolonged (if the phagocytic index 

values increased as the incubation time increased but at a rate less 

than the control rate of increase) or progressive (if the phagocytic 

index values reached a maximum then decreased as the effects of the 

exposure became manifest) debilitation of phagocytic ability of the 

exposed macrophages, or, of a recovery from the effects of the exposure 

(if the rate of phagocytic index increase exceeded the control rate 

and the values for the phagocytic indices of exposed animals approached 

control values) when the values for the rate of phagocytic index 

increase for exposed cells are compared to the values for the rate of 

increase for control cells, These rates are summarized in Table 3 for - 

each concentration level during each incubation time period, i.e., 1/4, 

1/2 , 1 , 2 and 3 hours.

The increase in phagocytic index at 1, 2 and 3 hours was 

evident in controls and all test animals. Though the phagocytic 

competence of phagocytes from all test rabbits was below controls in a 

concentration related manner, these phagocytes followed the controls in 

the increase in phagocytic indices. At 169 yg/1 and 672.5 yg/1 (Fig. 8), 

the phagocytes showed lesser phagocytic capability as illustrated by the 

flattening of the post exposure trend.

During the second hour of incubation the mean rate of phago

cytic index increase for all concentration levels of chamber 

concentration during exposure was equivalent to the rate of increase 

exhibited by control cells. However, the rates of phagocytic index 

increase for cells exposed to chamber concentration levels greater than



Table 3• Rate of Phagocytic Index Increase during In Vitro Incubation Time Periods of 1/4, 1/2, 1, 
2, or 3 Hours for Rabbit Lung Macrophages Exposed In Vivo to Zinc Ammonium Sulfate (ZAS) 
Aerosol for Two Hours.

Chamber
Cone.

(yg ZAS/l)3

Rate of Phagocytic Index (PI) Increase 
during Incubation Period (PI units/Hour).

0 Hr-1/4 Hr 1/4 Hr-1/2 Hr 1/2 Hr-1 Hr l.Hr-2 Hr 2 Hr-3 Hr

31.4 11.2 -0.20 27.30 30.80 6.2
32.2 8.4 30.60 40.90 20.10 ■ 1.4
62.2 7.4 13.40 23.20 30.60 1.6
62.6 1.8 5.00 • 10.40 25.70 4.9
67.1 12.4 10.40 37.20 19.30 1.4
90.2 8.4 13.20 18.60 . 20.10 7.2
93.0 0 11.20 18.60 26.70 1.8

169.4 0 0 8.50 15.05 10.9
672.5 4.8 8.80 6.00 9.60 7.2

Control*3 10.29+5.19 32.19+10.58 52.31+14.98 24.8+8.75 1.11+5.83

a One rabbit per exposure level 

k Mean ± standard deviation from the mean
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169 yg/l were decreased from the -.control rate of phagocytic index 

increase (Table 3). Conversely, the rates of phagocytic index 

increase for macrophages exposed to chamber concentrations of less than 

63 yg/1 were greater than the control rate of increase, possibly 

indicating a recovery from the effects of the exposuree

During the third hour of incubation with the polystyrene 

spheres the mean rate of increase for exposed cells was greater than 

the mean rate of phagocytic index increase for control macrophages.

The small rate of increase for control cells probably represents the 

approach of a maximal value for phagocytic index for these cells. Cells 

of animals which were exposed to chamber concentrations of zinc 

ammonium sulfate aerosol of less than 169 yg/1 displayed no dose-

related trend in their rate of phagocytic index increase. Those cells
/

exposed to chambers concentration levels above 169 yg/1 showed a 

greater rate of increase of phagocytic index values than the control 

rate of phagocytic index increase. This disparity of rates possibly 

indicated an increased recovery rate for exposed cells during this time 

period. The phagocytic index values are, however, still depressed 

from control values,.

Lavaged Cell Populations 

Counting by hemacytometer to determine the total number of 

macrophages lavaged from exposed and control rabbits disclosed several 

characteristics of the lavaged cell populations, presented in Table 4: 

o Macrophage yield.per gram of lung



Table 4. In Vitro Quantitative Characteristics of Lavaged Cell Populations and LungS of Rabbits 
Exposed to Zinc Ammonium Sulfate (ZAS) Aerosol In Vivo for Two Hours.

Percent Erythro- Percent Viability Rabbit Lung Macrophage Yield
Chamber Cone. ■ cytes in Lavaged of Lavaged Weight to Body per Gram of
(pg ZAS/l)a Cell Population Macrophages Wt. Ratio (xlO^) Lung Tissue (xlO- )̂

31.4 1 99 . 5.262 3.285

32.2 4 98 6.931 4.248

. 62.2 9 99 . 5.291 2.997

62.6 ■ 4 99 5.133 1.954

67.1 6 99 4.488 2.738

90.2 9 99 7.358 1.161

93.0 1 99 5.584 2.103

169.4 3 96 6,494 1.815

672i5 4 99 5.137 1 • 0.477

Control 4.43+1.99 98.43+1.13 5.761+0.984 5.389+0.186

a One rabbit per exposure level
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q Percent erythrocytes in the lavaged cell populatipn 

o Percent viability of macrophages in the lavaged cell population

The lung weight to body weight ratio is also recorded for the animal at 

each exposure level in Table 4.

The mean cell yield per gram of lung tissue from exposed animals 

was depressed from the mean yield per gram from control animals 

Table 4), Figure . 9 depicts a plot of chamber concentration versus cell 

yield per gram of lung tissue for exposed animals„ A negative linear 

correlation disclosed by least-squares analysis is present between the 

two parameters (coefficient of correlation, r, equals 0,85427).

The ratios of lung weight to body weight were not altered from 

control ratios (Table 4). No changes in the lungs of exposed animals 

were discovered at necropsy.

Lung Tissue Examinations 

Microscopic examination of the lung tissues of animals exposed 

in vivo to aerosols of zinc ammonium sulfate and of controls was 

conducted by Veterinary Research Laboratories, Salt Lake City, Utah.

The examination detected:

© No morphologic changes attributable to the exposure in the 

tissues of animals sacrificed immediately post-exposure 

o An inflammatory reaction consisting of collections of heterophils 

around the bronchioles and alveoli 

© Dose-related inflammation in pulmonary parenchyma in which 

epithelioid cells were involved 

© Degenerate cells in the bronchioles
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The absence of a change in the morphology of the exposed tissues 

was not unexpected since the exposure was short and the animals were 

sacrificed immediately post-exposure„

The inflammatory reaction around the bronchioles and alveoli 

was observed in all except one of the exposed animals and in two of the 

three control animal tissues. The reaction in the control animals was 

less severe than that of exposed animals and less diffuse.

The severity of the inflammatory response was greatest in one 

animal that was exposed to the highest level of chamber concentration 

of this group of animals5 184 yg/l5 then sacrificed 24 hours post- 

exposure. The inflammatory reaction in this animal was. more' pronounced 

than that of controls or other exposed animals and also consisted of 

large numbers of epithelioid cells. Degenerate cells were noted in the 

bronchioles. The alveolar septal cell proliferation which was present 

in varying degrees in each.of the animals, control and exposed, was 

also judged to be most severe in this animal.

The lung weight to body weight ratios of exposed animals were - 

equivalent to control ratio values and no changes were noted in the 

lungs of exposed animals at necropsy.

The lungs.of four rabbits exposed to zinc ammonium sulfate 

aerosols were examined by scanning electron microscopy ( F i g s .10-17).

Two animals were exposed simultaneously, one pair to a chamber concen

tration of 771 yg ZAS/liter and the other to 1106 yg ZAS/liter. One 

animal from each pair was sacrificed immediately post-exposure. The 

second animal exposed to 771 yg ZAS/liter was sacrificed six hours 

post-exposure while the second animal exposed to 1106 yg ZAS/liter died
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Figure 10. Pores of Kohn. —  Pores of Kohn surrounded by alveolar 
sacs in region of alveolar duct from lungs of rabbit 
exposed to aerosol of zinc ammonium sulfate (ZAS) for two 
hours at a concentration of 771 yg ZAS/1 then sacrificed 
six hours post-exposure (x 300).
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Figure 11. Alveolar Sacs in Region of Alveolar Duct. —  Note lung 
macrophage at upper right and nuclei of septal cells 
protruding into alveolus at lower left. Rabbit exposed 
for two hours to aerosol of zinc ammonium sulfate (ZAS) 
at 771 yg ZAS/1 then sacrificed six hours post-exposure 
(x 700).
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Figure 12. Airway (Left) and Adjacent Blood Vessel (Right) from Lung 
of Control Rabbit (x 100).
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Figure 13. Terminal Bronchiole from Control Rabbit. —  Note cilia on 
airway wall between Clara cells and, at bottom center, a 
red blood cell (x 100).



Figure 14. Lung Macrophage in Alveolus from Rabbit Exposed to Zinc 
Ammonium Sulfate Aerosol. —  Lung macrophage clinging to 
wall of alveolus and framed by outlines of protruding 
nuclei of alveolar septal cells. Rabbit exposed to 
aerosol of zinc ammonium sulfate (ZAS) at 1106 yg ZAS/1 
for two hours then sacrificed immediately post-exposure 
(x 2000).



45

Figure 15. Alveolar Sacs from Control Rabbit. —  Note lung 
macrophage at far right (x 900).
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Figure 16. Inflammatory Cells in Alveoli of Rabbit Exposed to Zinc 
Ammonium Sulfate Aerosol. —  Inflammatory cells invading 
alveoli of rabbit exposed to aerosol of zinc ammonium 
sulfate (ZAS) at 771 yg ZAS/1 for two hours then 
sacrificed six hours post-exposure (x 800).
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Figure 17. Lung Macrophage in Autolyzed Tissue. —  Lung macrophage 
adhered to alveolar wall of rabbit exposed to aerosol 
of zinc ammonium sulfate for two hours at 1106 yg ZAS/1 
then died during the night following the exposure. Note 
altered texture of wall. This lung tissue was probably 
autolyzed and the coarse texture is possibly due to 
plasma and intracellular proteins which have entered the 
alveolus (x 3000).
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during the night following the exposure. The effects of the probable 

autolysis of the tissue of this animal could not-be separated from 

exposure effects and3 thus, the tissue damage discovered by examination 

cannot be attributed solely to the exposure.

The lungs of this animal upon necropsy appeared distended and 

reddish-purple in color. The lung/body weight ratio was 15.1 x 10 

This value contrasts sharply with the mean value for control rabbits
 o ‘

(5.8 dt 1.0 x 10 ) and even for the exposed rabbits used in the

phagocytic assay (5.7 ± 1.0 x 10 ^) . Fluid with a pink tinge drained 

from the trachea upon suction.

The lungs of the other three rabbits appeared normal.

The tissues from the rabbits sacrificed immediately post

exposure did not appear to differ from the control animals* tissues. 

However, differences were noted in the lung tissue excised from the 

animal exposed to 771 yg ZAS/liter then sacrificed six hours after the 

exposure.

These tissues exhibited evidence of perivascular edema, pri

marily involving the pulmonary arterioles, airway constriction and 

active secretion, possibly of mucous, at the level of the terminal 

bronchioles which resulted in the obstruction of several of the small 

airways (Dr. Charles G. Plopper, personal communication ̂ 1979).



CHAPTER 4

DISCUSSION AND CONCLUSIONS

The zinc ammonium sulfate molecule dissociates in an aqueous 

medium into several ionic species:

ZnSQ4 * (NH4) 2 S04 • 6H20 ------? Zn+2 + 2NH4 + 2 SO™2 + GHgO

The effects of the exposure to a zinc ammonium sulfate aerosol may 

therefore be attributed to any of the ions, singly or in concert. In 

order to attempt.to provide possible explanations for the effects 

observed during and as a result of* the exposures, it is necessary to 

incorporate knowledge of each of the components of the zinc ammonium 

sulfate molecule as a distinct agent and as a contributor to the 

combined effects of all of the components.

Membrane Effects 

The importance of the plasma membrane as a receptor site 

during the initiation of the phagocytic process has been established 

in several recent reviews (Bowden, 1973; Stossel, 1974a,b,c, and 1978 

Griffin et al., 1975; Griffin, Griffin and Silverstein, 1976; and 

Sbarra et al., 1976). Passow, Rothstein, and Clarkson (1961) also 

described the significance of the role the cell membrane plays in 

protecting the interior of the cell from deleterious exogenous influ

ences. This role, however, separates the outer membrane from "the



50

large reservoir of protective complex-forming substances within the 

cell" (Passow et al., 1961) and thereby subjects the membrane to the 

initial ravages of the unaltered toxin. The cell membrane is thus 

frequently the first of the cell defenses to display disturbances in 

function, the consequences of which may be inhibition of phagocytic 

ability or entrance of the toxin to the cell interior where further 

disruptions of cell function may transpire.,.

The zinc ion exhibits several effects on biomembranes and on 

energy production processes within the cell. As a transition metal 

ion (Passow et al., 1961), zinc has a high affinity for amines or 

simple amino acids, and carboxyl and sulfhydryl groups. In 1972 

Chvapil, Ryan and Brada reported a stabilizing effect of zinc on lyso- , 

somal membranes. This effect is a membrane phenomenon exhibited Over a 

wide concentration and pH range (Chvapil, Ryan and Zukoski, 1972) which 

may be due to the interaction of the zinc ion with reactive groups of 

the membrane components, e.g., sulphydryl groups to form mercaptides, 

inhibition of phospholipase activity or a competition with redox metal

ions which catalyze lipid peroxidation and also function in cellular 

energy production systems.

In a letter to the editor of Lipid, Bidlack and Tappel (1972) 

proposed a mechanism for enzymatic lipid peroxidation system in rat 

liver microsomes (Fig. 18). The reduction of the ferrous form of the 

iron required to cleave the peroxide (L00H) to a hydroxyl plus the 

alkoxy radical ( L O ) is catalyzed by NADPH oxidase.
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Figure 18„ Proposed Mechanism for Enzymatic Lipid Peroxidation. —  
(Modified from Bidlack and Tapped* 1972).

Zinc ions have been demonstrated (Chvapil, 1973; Chvapil et al.9

1975) and Zukoski et al.', 1974) to inhibit the oxidation of NADPH, 

possibly by inhibiting the oxidase enzyme. Chvapil et al. (1975) 

postulated that zinc may displace the manganese cation necessary for 

function of the enzyme or react with free sulfhydryl groups essential 

for activity to form zinc mercaptides (Chvapil, Ellas et al., 1972), 

thereby altering the capability of the enzyme to oxidize NADPH. If 

zinc ions do. compete, with the iron, as proposed by Chvapil, Ryan and 

Zukoski (1972), for the NADPH oxidase, the peroxide or FADH^, i.e., the 

components in Bidlack1s scheme for lipid peroxidation, then the forma

tion of the alkoxy radical responsible for the peroxidation would be 

impaired since zinc is not a redox metal and possesses only one 

oxidation state. Impairment of lipid peroxidation would thus maintain 

the integrity of lipid molecules comprising the cell membrane to 

prevent lysis of the membrane.
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The reaction of zinc with ligands on the cell membrane surface 

may have consequences other than the stabilization of the cell 

membrane to prevent lysis. Cho, Cai, and Ogle (1977) reported the pre

treatment with zinc sulfate aerosol delayed the onset of antigen-induced 

bronchoconstriction in guinea pigs. Cho et al. suggested the possi

bility that zinc stabilized the membrane of most cells to prevent 

autocoid release. Kazimierczak and Maslinski (1974a) suggested a • 

similar mechanism for their finding of a significant decrease in 

histamine release when most cells of- guinea pig ileum .were stimulated 

by compound 48/80 following ten days of pretreatment with intra- 

peritoneal injections of zinc lactate. In a subsequent report, 

Kazimierczak and Maslinski (1974b) attributed this finding to competi

tion between zinc and the stimulator compound for receptor sites on 

the cell membrane.

The actions of zinc described above may account for two of the 

findings of this study. The exposures at all concentration levels had 

no effect on the viability of macrophages lavaged from the lungs of 

exposed animals when compared to the viability of control macrophages. 

Stabilization of the plasma membranes through binding with reactive 

ligands on the surface or through inhibition of lipid peroxidation may 

lead to a more selective membrane barrier to exclude possible cytotoxic 

components of the zinc ammonium sulfate.

Changes in the cell surface may also be evidenced as perturba

tions in phagocytic capabilities of the cell. Successful phagocytosis 

is dependent on recognition of the foreign particle by the cell 

membrane and upon sufficient flexibility of the membrane to engulf the
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particle. Zinc may bind to, and therefore mask, receptor sites on the 

membrane surface or alter the flexibility of the membrane (Chvapil, *’

1976). The dose-related decrease in the phagocytic index of the macro

phages of exposed animals in this study may be due to zinc-related 

effects on the plasmalemmae of these cells.

Energy Production 

The importance of cellular energy production during phago

cytosis was realized by Ouchi, Selvaraj, and Sbarra (1965) when they 

outlined requirements for the maximal rate of phagocytosis. The 

respiration rate in their rabbit alveolar macrophages increased more 

than three times during phagocytosis. Gee et al, (1971) reported a 

60% increase in oxygen consumption and a 400% increase in CO^ production 

during phagocytosis by alveolar macrophages. Clearly, the high energy 

demands of phagocytosis impose a severe burden on the respiratory, 

systems of the macrophage.

Zinc has been shown to be an inhibitor of energy producing 

systems in macrophages. Mustafa et al. (1971) discovered the location 

of an ATPase previously characterized (Mustafa et al., 1969; Mustafa, 

Cross and Hardie, 1970). The enzyme was located on the cellular plasma 

membrane of rabbit alveolar macrophages. Cross et al. (1971), working 

with Mustafa,.further described the ATPase as sodium and potassium ion

stimulated and magnesium ion dependent. Zinc ions (Mustafa et al.,
+2 + + +2 1971) inhibited Mg -dependent activity and Na -K stimulated. Mg -

dependent activity by 20-50% in a concentration related manner over a

ten-fold increase in concentration.
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Other ATPases within the cell are also inhibited by zinc ions»

Zukoski et al- (1974) fed mice a high (2000 ppm) zinc diet and found a

significant decrease in the activity of peritoneal macrophages, which he

attributed to an inhibition of total cellular ATPase activity. A

similar feeding study by Chvapil (1976) led to a 39% decrease in

migration of peritoneal macrophages (mm/24 hrs). Also reported by

Chvapil (1976) was a complete ATPase inhibition in intact dog alveolar
+2macrophages at 0.5 mM Zn as well as the cell homogenate, the 400x g

pellet and the 40Ox g supernatant.

Inhibition of the mitochondrial respiratory chain by zinc ions

was examined by Chistyakov and Gendel (1968). They found that zinc ions

in micro-molar amounts inhibited respiration and phosphorylation is

isolated mitochondria during electron transfer along the phosphorylating

respiratory chain between cytochromes b and c^ (Fig. 19).

Chistyakov proposed a possible mechanism of action.. "Zinc ions

enter into the coordination sphere of the iron in the non-hemme ferro-

proteins (i.e., the cytochromes). Possessing strong electron acceptor

properties these ions attract part of the coordination sphere of the

non-heme iron, thereby disrupting the normal functioning of (the cyto- ■

chromes). . (Chistyakov and Gendel, 1968, p. 1200). This disruption

would be manifest' as a decrease.in the respiratory capacities of the

affected cellrsince ATP production, would be diminished.

Chvapil, Elias et al. (1972) confirmed Chistyakov’s findings

when they noted an inhibition of electron transport in the mitochon-
+2drial chain at a two micromolar concentration of Zn At concentra- 

tions greater than 2.5 - 5.0 x 10 Zn+^ succinyl dehydrogenase (which
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oxidizes succinate to fumarate in the tricarboxylic acid cycle) was also 

inhibitede The electron transport inhibition was completely reversed by 

divalent iron ̂ prompting Chvapil et al.. to suggest that the" zinc * ions may 

prevent enzymatic or nonenzymatic reduction of non-heme iron proteins. 

Again^ as in the lipid peroxidation mechanism described earlier, zinc, 

a monovalent metal, interferes with the reduction and oxidation of a 

divalent redox metal.
+2Considering the effects of Zn on the cell membrane and the

energy production mechanisms, both on the membrane surface and on sub-

cellular organelles, the concentration-related decrease in the

phagocytic capabilities of macrophages of animals exposed to zinc

ammonium sulfate aerosols could reasonable be linked to these effects.

Alterations in cell membrane surface morphology due to zinc binding

reactive ligands or masking of cell surface receptors may result in

changes in the ability of the macrophage to engulf or recognize foreign

particles. Zinc interaction with and inhibition of membrane ATPases

and mitochondrial respiratory activity could be expected to curtail ' N

phagocytic activity by these cells.

Chvapil et al. (1977) reported an observation which may indicate
+2such a curtailment in peritoneal macrophages exposed to Zn _in vitro. 

The macrophages exhibited a concentration-related decrease in oxygen 

consumption even in the presence of yeast cells which could be expected 

to stimulate phagocytosis and, hence, respiration. Zinc ions at 0.4 mM 

and 0.8 mM concentrations effected a 41%.and 98% decrease In 0^ con

sumption, respectively. In addition, the fraction of the cell .
+2population which appeared rounded reached 80% at 0.5 mM Zn at 75
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minutes, incubation time. Macrophages on a glass slide normally 

exhibit multiple cytoplasmic extrusions extending in several directions. 

These extrusions are the Tlpseudopids,! which make the initial contact 

with foreign particles then initiate and participate in the engulfment 

of the particle. Lack of these extrusions would indicate a decreased 

propensity on the part of the macrophages to initiate a phagocytic 

encounter with a foreign particle, possibly due to depletion of energy 

stores from.the effect of the zinc on ATP-generating systems. The 

consequences of this effect on the ability of the macrophages to 

maintain a sterile alveolar surface are clear and may represent a
■ S '

serious compromise of lung defenses against'inhaled airborne pathogens 

and debris.

Karl, Chvapil, and Zukoski (1973) observed a dose-related 

decrease in phagocytic index (defined as average number of bacteria 

per macrophage as determined by light microscopic examination) in mice 

pretreated with.intraperitoneal injections of zinc chloride. This 

population of cells showed a decreased number of cells which had phago- 

cytized bacteria at the end of a one hour incubation. This decrease 

was independent of the dose.of.ZnCl^ administered during the pretreat

ments. Ehrlich et al. (1978) exposed mice to zinc sulfate aerosols at

greater than 1.3 mg/m^ and zinc ammonium sulfate aerosols at greater 
3than 2.1 mg/m for three hours then challenged with airborne pathogenic 

bacteria (Streptococcus pyrogens). These mice exhibited excess 

mortality and decreased survival time compared, to control mice challenged 

by an aerosol of the same pathogen. * -
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Reversibility of Exposure Effects

Some of the effects of zinc on macrophages may be reversible

as indicated by Chvapil et al. (1977). As described above9 peritoneal
+2macrophages were incubated in vitro in. medium containing 0.5 mM Zn 

which resulted in a large majority of the cells becoming rounded. This 

effect could be reversed by changing the medium to one which contained 

no zinc. The differences in the rate of phagocytic index increase 

between macrophages from exposed animals and from control animals 

described in the Results section may be attributable to a "dilution 

effect" similar to that reported by Chvapil et al. (1977).

A certain amount of zinc ammonium sulfate (ZAS) could be 

expected to accumulate in the lung cavities during the exposure.. This 

amount would be washed from the lungs along with the macrophages 

during the lavage procedure and would be roughly proportional to the 

chamber concentration during the exposure, assuming the lung distribu

tion of the different aerosols was similar. This amount of ZAS would 

be greatly reduced as the supernatant (the lavage fluid) was decanted 

from the macrophage pellet formed by centrifuging the fluid collected 

during the lung lavage. It would be further diluted as fresh medium 

was added. The final concentration of ZAS in the medium containing the 

macrophages would be diminutive; however, it would, simplistically, 

correspond to the chamber concentration during the exposure.

The effects of the exposure would be expected to diminish as 

the macrophage metabolized and excreted the zinc which affected the cell 

during the exposure. The magnitude of the pool of zinc to replace that 

excreted by the macrophage, i.e., that which contaminates the
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incubation medium as described above, is proportional to the chamber 

concentration during the exposure. Therefore, low concentration level 

exposures (<63 yg/1) would supply fewer zinc ions to be further metab

olized by the macrophage during the in vitro post-exposure incubation 

time period than higher concentration level exposures. Macrophages 

exposed to lower levels would, thus, be anticipated to exhibit a 

recovery, if the cells were not permanently debilitated, at an earlier 

time than those exposed to higher levels which would confront a larger 

residual pool of zinc ions post-exposure in addition to being more 

severely affected during the exposure.

During the second hour of incubation macrophages from animals 

exposed to lower levels (<63 yg/1) displayed rates of phagocytic index 

increase, a representation of the rate of phagocytosis of the cell 

population during the incubation time period, greater than the control 

rate (Table 3). This may represent a partial recovery of cellular 

function for these cells during this time period.

The rates of phagocytic index increase during the third hour 

for the macrophages exposed to lower concentration levels (<63 yg/1) 

were decreased during the third hour from that of the second hour. The 

rates were greater than the control rate; however, the difference is 

small, possibly indicating the approach of a maximal phagocytic 

capability for these populations of cells.

Macrophages from animals exposed to >169 yg/1 (high level 

exposure) showed phagocytic index increase rates which were less than 

the control rate at all incubation time periods except the third hour of 

incubation. These cells would be expected to be more severely affected
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by the exposure and would also be exposed in vitro to a larger residual 

pool of zinc ions in the post-exposure incubation period than those 

macrophages from animals exposed to lower chamber concentrations in • 

vivo. The high level exposure macrophages would, thus, require a longer 

time "period to exhibit recovery from the effects of the exposure.

During the third hour of incubation these cells evinced a rate of 

phagocytic index increase greater than the control rate. The macro

phages from the exposed animals were able to engulf more radiolabelled 

microspheres during this hour than the macrophages from control animals, 

possibly indicative of a partial recovery of phagocytic function in 

these cells.

The large difference in phagocytic index values (Table 2) at 

the end of three hours of in vitro incubation between control macro

phages and those from animals exposed to >169 yg/1 may represent a 

permanent dysfunction in these cells induced by the exposure. An 

increased time of incubation could determine the ability of the 

exposed macrophages to approach control phagocytic index values. Such 

an approach could indicate recovery from the effects of the exposure by 

the cells. An inability to approach control values may point to a 

permanent effect on the phagocytic capabilities of these macrophages 

with attendant sequelae.

Bronchoconstriction

Amdur and Corn (1963) demonstrated the bronchoconstrictor action 

of zinc ammonium sulfate, zinc sulfate and ammonium sulfate aerosols on 

guinea pigs by measuring airway resistance during exposure to the



aerosols* Zinc ammonium sulfate (ZAS) aerosol was twice as potent in

increasing.airway resistance as an equivalent concentration of zinc

sulfate aerosol and three to four times as potent as ammonium sulfate

aerosol of equivalent concentration. The effect of the ZAS aerosol was

greater than that predicted by combining quantitatively the effects of

zinc sulfate and ammonium sulfate aerosols. Schlesinger, Lippmann,

and Albert (1978) observed a (NE^)^SO^ aerosol-mediated effect on

pulmonary resistance, compliance, regional deposition and mucociliary

clearance, Larson et al.' (1976) have reported.the presence of ammonia

in the airways of normal human subjects and Kazmierczak and Maslinski

(1974b) showed the inhibitory effect of zinc ions on histamine release

by mast cells in vitro. By the process of elimination it may be deduced

that the ionic species which, as a component of the zinc ammonium

sulfate, zinc sulfate and ammonium sulfate aerosols, is responsible for
_2the bronchoconstricting action of these aerosols is sulfate (SO4 ).

Charles and Menzel (1976) suggested that the differences in the 

bronchoconstrietion action associated with certain sulfates may be due 

to differences in sulfate ion absorption rates. These rates, they 

proposed, are influenced by the cationic species present in the salt.

The moderator of sulfate-mediated bronchoconstriction is histamine 

(Charles, Anderson and Menzel, 1977), an autocoid.which stimulates 

receptors (H-l) on bronchial smooth muscle fibers to produce contraction 

of the fibers*

In a study reported in 1975, Charles and Menzel (1975a) incubated 

guinea pig lung fragments in 100 mM ammonium sulfate. The lung 

fragments released 97% of the lung stores of histamine during a 30
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minute period (Fig. 20)* Is opro terenal9 a sympathomimetic ^-receptor 

stimulating agent which relaxes bronchial smooth muscle, had no effect 

on the histamine release.. A reduction in the respiratory volume of the 

isolated, perfused and ventilated rat lung, evidence of bronchoconstric- 

tion, was induced by a dose of 1 mole (NH^)^SO^ introduced via 

intratracheal injection (Charles, Anderson and Menzel, 1977). This 

effect was prevented by prior perfusion of the lung preparation with 

mepyramine maleate, an H-l histamine receptor antagonist.

Sulfate is absorbed from the lung by an "unsaturable process," 

possibly simple diffusion (Charles and Menzel, 1975b). Ammonium ions 

(Charles and Menzel, 1975b;. Charles, Anderson and Menzels 1977) and 

zinc ions (Charles and Menzel, 1976; Charles, Gardner, et al., 1977) 

enhance the rate of this absorption. The effect of the zinc ions on 

the absorption rate may be attributed to several factors including zinc 

interactions with ligands on the pulmonary septal cell membrane, as 

described earlier, and a possible pH effect.

The rate of sulfate absorption can be linked to the pH of
35SO^ containing solution used to trace the sulfate absorption (Charles, 

Gardner, et al., 1977). The minimum absorption during a 30-minute 

period occured at a pH 7.4 (Fig. 21). The absorption increased as the 

pH of the solution increased (a 25% increase at pH 9.4) or decreased 

(a 30% increase at pH 4.4). Zinc ions in water would act as a 

relatively strong acid. The approximate pH of a 0.5 M solution of zinc 

ammonium sulfate solution was 4.8 (author, unpublished data).



Hi
st
am
in
e 

Re
le
as
ed
 

(y
g/g

 
Ti

ss
ue

)

63

10 30 50 100
(NH^^SO^ Concentration (mM)

Figure 20. Histamine Release from Guinea Pig Lung Fragments when
Exposed to Ammonium Sulfate In Vitro. —  (Modified from 
Charles and Menzel, 1975a)
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The enhanced sulfate absorption rates cannot be attributed to 

tissue damage or increased vascular permeability induced by histamine 

release. Charles and Menzel (1976) reported an absence of tissue 

damage, as gauged by lactate dehydrogenate release, in his study on 

the effects of heavy metals on sulfate absorption. In a subsequent 

study Charles, Anderson and Menzel- (1977) determined that tritiated 

water absorption was uniform in the presence of ammonium sulfate, a 

potent histamine releasing agent, and a control salt which did not 

stimulate histamine release.

The augmentation of sulfate ion absorption by the zinc and 

ammonium ions may potentiate the hist amine-releasing action of the 

sulfate ions to produce a greater than additive effect when the two 

species of ions are combined, as they are in the zinc ammonium sulfate 

molecule„ )

Histamine-mediated bronchoconstriction may be the etiologic 

agent for variations in respiratory rate and depth observed during the 

in vitro exposures and the distended ear vasculature common to all of 

the exposed rabbits. Histamine is known to increase the blood pressure 

in rabbits (Goodman et al., 1975; p. 592). Monitoring the blood pressure 

of the experimental animal could validate the correlation between the 

distended ear vasculature and a possible increase in blood pressure.

Cell Yield

In addition, the bronchoconstrictor action of histamine may be 

responsible for the linear relationship between the log of the chamber 

concentration during the exposure and the number of macrophages per gram



of lung tissue removed by lung lavage„ This decrease in the number of 

cells per gram of lung tissue is real. The exposure and subsequent 

lavage did not affect macrophage viability (Table 4),

Assuming a dose-response relationship between the amount of 

histamine-releasing stimulator (sulfate) acting on the mast cells and 

the amount of histamine released by each mast cell or the number of 

mast cells affected, and a-similar relationship between the amount of 

histamine released and the degree of bronchoconstriction of bronchial 

smooth muscle one would expect an increasing severity of contraction 

of the smooth muscle as the dose (chamber concentration) increased.

Histamine acts directly on the H-l histamine receptors on the 

bronchial smooth muscle to cause the constrictor action; the constric

tion is not a neural response of the sympathetic nervous system 

mediated by norepinephrine. Sacrifice of the animal with subsequent 

cessation of neural transmission would not be expected to immediately 

affect the local response produced by histamine on the bronchial smooth 

muscle. Thus, the bronchoconstriction may persist until the .histamine 

is removed from the receptor sites, possibly through the period of time 

during which the lavage procedure was performed. The bronchoconstric

tion could restrict the flow of the lavage fluid to the lung cavities 

thereby decreasing the number of macrophages the lavage fluid contacts 

and washes from the lung. The amount of time the histamine persists 

and the degree of constriction would depend on the amount of histamine 

released, a function of the exposure concentration.
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