VI. Personnel ,

Staffing has been conpleted. Below are descriptions of scientific personnel
and their involvement in the research effort. Included in this list are laboratory
perscnnel whose salaries are derived from sources other than the California Air

Resources Roar

Crocker, T.T., M.D. . . Principal Investigator

Involved in scientific planning, experimental design, and in interpretation
of results in all phases of project.

Samuelsen, G.S., Ph.D. Co-Principal Investigator

Involved in facilities planning and implementation, and in directing
generation and characterization of pollutant atmospheres (Involvement
terminated July, 1975) '

Wilson, A.F., M.D., Ph.D. Co-Principal Investigator

Involved in supervision of development of animal methods, design of pulmonary
testing protocols and in' interpretation of animal response data

Phalen, R.F., Ph.D. Project Director

Involved in project coordination, develepment of animal methods, generation
and characterization of aerosol and gaseous pollutants, conduct of animal
exposures and animal testing, and handling and interpretation of data.

Fairshter, R.D., M.D. Pulmonary Specialist

Involved in animal methods development and interpretation of pulmonary
function data.

‘Davis, J., B.S. (biologist) ' . Staff Research Associate

Involved in animal testing, development of masks, plethysmographs, animal
restraint devices, exposure of animals, dissections, preparation of histo-
logic samples, calibration and maintenance of physiologic cquipment, computer
interfacing and data handling.

Dennison, W., M.S. (engineer) - ' Engineering Aide

Involved in general facilities implementation, equipment fabrication, design
fabrication § checkout of pure air system, and animal § environmental systems

Kenoyer, J.L., M.S. (physicist) _ t Staff Rescarch Associate

Involved in aerosol and gas generation and characterization, radiation safety,
radiolabeling, calibration § maintenance of exposure chambers and equipment,
computer interfacing and data handling.

Jruglio, N., B.S. (biologist) ' Animal Caretaker

Involved in care, handling and training of animals and support of animal
methods development. ’ - '
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Hinrichs, R.J., B.S. (chemist) : ‘ Research Assistant

Led

A.F.C. licensed senior operator for the UC Ixvine mcionr faciiity. Involved
¢ he

in radionuclear chemistry of polystyrenc-latex microsj

Walters, R., B.S. (chemist-engincer) Ingincering

m..

Involvod.in seneration and characterization of dulfuric acid zc
preparation of Rochester chambers, design and equipment xlgCLlUP
air in animal

chambers and animal housing arcas, and general JdCiW]Lieh

Katz, A. (pre-medical student) Summer Student

performing exposures with,ozone,

Ho, A.T., M.S. (engincer) Staff Rescarch Associate
Involved in acrosol @unerdtxonAawﬁ characterization, conputer interfacing,
software duvelopmank, jmplementation of purc air system, and develiopment
of fixation methods for rodent lungs.

Murdock, L.M., M.A. (physiologist) Staff Research Associate

Involved in pulmonary fuhction studies, animal carc and training, general
animal methods development and supervision of animal housing wing.

#Stavert, D.M., B.S. (biologist) ‘ : Laboratory lleiper

Involved in care, handling and training of laboratory animals and in animal
rethods development

Moreshead, M. Animal Caretaker

Tnvolved in animal handling, training and care, maintenance and fa
of masks, slings and miscellancous cquipment. Performs rodent dis

*Salary wholly derived from other than State of California funds.
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VII. Status of the Budget

(alf3

In this draft of the final report on Contract ARB 4-611, budget figures

‘are not complete because our University accomnting procedures are such that

there is a delay in providing cach project with the detailed computer runs.
This problem has been discussed with Kathy Whorley at ARB, and it is understood
that the final budget figures will be incorporated in the final report. The
official billing and accounting of cxpenses of Contract ARB 4-611, however,

will be forthcoming from the University Accounting Office.

During the period of the Contract, adjustments have been made within
expenditure categories, but we have not excecded our total dollar allotment.
The Quarterly Progress Reports have listed details of some of the early

transfers, and the final report will outline a compilation of these adjustments.

All equipment purchases over $500 required approval from ARB. Necessary
approval was obtained for all such equipment purchases and there follows a
detailed accounting of equipment purchases made during the contract period.
Included in this listing is the amount originally budgeted for the item of
equipment in the proposal and the subsequent savings or overrun for each iten.

Iquipment. purchases were within the amount proposed in the original budget.
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VIIJ. Discussion

General Aims .

Appropriate advice as to menagement of amblent air may be achiecved if an
adequate scientific data base on the characteristics, sources and long- and
short-term health effects is compiled. A solid foundation of pertinent infor-
mation is still being compiled. Only when the relcvant pollutants, their
detailed characteristics and interactions, and their important biologic actions
are elucidated, can decision makers be secure in their strategies and actions.
Science has been utilized effectively in this cowntry in the past in the
solution of major problems. .Key factors in this success have been: 1) identi-
fication of relevant questions that require answers; 2) development and
validation of methodologies powerful cnough to find valid answers; 3) applica-
tion of these methods to the pertinent questions. Success is inevitably due
to the parallel and cohesive efforts of many persons -- some directly in the
heart of the problem area, others working on peripheral problems. The Air
Pollution Health Effects Laboratory has been developed and is currently engaged
with the description of toxicity of inhaled solids, liquid droplets and gases,
considered singly and in combinations. An attémpt has been consciously made
to derive methods, data, and questions that are important to understanding
and elucidating current pertinent problems relating to atmospheric air standards.

As scientists collaborating toward developing information on the health
effects of air pollutants, we have established a laboratory whose major concern
is inhalation toxicology and which has the necessary depth and breadth to
provide valid answers in this area. We have equipped and staffed for
concentration of effort in the areas of: a) respiratory physiology and,path6~
logy using relevant animal models including the use of humans at a later
time ; b) pollutant properties'that are pertinent to health effects,,espe;
cially for aerosols and aerosols in the presence of various gases; and c¢) the
conduct of precisely controlled inhalation experiments. This first annual report
sets forth important methodologies developed specifically to serve scientific
investigators, points out those characteristics of aerosols that are important
to their toxicology and provides preliminary toxicologic data on important
basic components of the polluted atmosphere. = This and subsequent research

at this laboratory can be expected to contribute materially to the proper
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managonent of our aly Tesource.

Specific Al

1t s

I o identify needs for reseacch towerd answering several
relatively specificd questions that besr on the evaluntion of health effccts o1
air pollutants. Dxamples of such questions that we plan to take a leading

role in aswering include:

1. Of the large number of possible acrosol/gas sir-pollutant combina-
tions which are the most potent, and thercfore worthy of more
detailed study?

2. What is the role of relative humidity as a wodifying factor?

3. What is (are) the gite(s) and nature of injury to lung from mixed
air pollutants? _

4. How arc important defense mechanisms of the Twng affected by expo-
sure to air pollutants?

5. What is the time course of rccovery after an acute air-pollutant
episode?

6. In particulate salt toxicity, what are the relative toxicities of
various anions and cations, e.g. Na vs. Fe and nitrate vs. sulfate?

7. What is the role of pil of acid droplets in degrec of injury to the
respiratory tract?

8. What forms of adaptation of scnsitization can one expect upon
repeated cxposure to various alr-pollutants?

9. What are those most critical health cffects upon which exposure
limits for genceral populations depend?

10. What are thc most sensitive sub-populations, the very young, the

old, the debilitated, ctc.?

11. "What are the delayed effects after exposure of the young, develep-

ing respiratory system?

12. What aerosol properties other than size, c.g., surface arca and

rate of dissolution in lung fluids, might be important to toxic
~ response?

13. How do chronic exposure effects differ from those of acute exposure?

14. What are the best animal species for air-pollution research?

15. Mow does constant living in a relatively clcan or rélatively polluted

RPN
s

envirciment influence the responsce to an episode
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16. What should the general public learn about health effects of air
pollutants and what should be taught in public schools?

17. -What sort of education on air pollutants should be included in

' medical schools, colleges and universities?

18. How should future rescarchers in air pollution be trained?

19. What should the short and long-range objectives be with respect
to health effects research?

20. What can bé-expected with respect to future airborne toxins in our
changing society?

lnitiul Results/Relevance

Perhaps the most important result of this first year's effort is that the
laboratory has been installed, staffed and engaged in research. The smoothness
of the development of methods and initial gathering of data verifies that the
planning and implementation have been sound. The laboratory now stands as an

important resource for identifying and solving relevant problems.

A more specific accomplishment is in the controlled generation of particu-
late pollutants, with sizes, compositions and concentrations that mimic actual
ambient aerosols. These aerosols can be generated into very clean air within
a broad, controlled range of relative humidities and under precise temperature
control. In the past, much potentially valuable toxicologic information has
been compromised by gross ﬁnceftainties, or in appropriate values in the expo-
sure environment. We feel that our methods for purification of carrier air,
control of humidity and temperature, gencration and mixing of aerosols, and
careful characterizations constitute a valuable contribution to the science of
inhalation toxicology.

Another contribution 11es in the successful adaptdtlon of inhaled gas

wash in/washout methods to animals. Such tests, of recent use in human evaluation,

shed light on the previously "silent" zone of the Iung: the small delicate
airways. Performance of these tests in animals permits screening of many
atmospheric combinations at various levels, acidities, humidities, etc., that
would be prohibitive in human subjects. |

Of the three aerosols tested in dogs, sodium chloride and ferric sulfate
appear to have little acute effect on small airways patency while ammonium
nitrate does interfere with pulmonary function. The level of ammonium nitrate

initially studied, 3-4 mg/m3 of air, is much higher than that in ambient air,
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SO it is now noccssary to drop the level to deternine a 'no-cifect™ thyeshold

{or the healthy subject.

Tnitial results of an cevesol/gas conbination, sodium chloride plus ozone,
indicate that an inevt salt does not poitentiate the acute phy;.olomiL TOSPONSe

to ozone.

The hint thet, under some civcumstances, a lower level of a pollutant inuy

k-
be more toxic then a higher onc is an iwportant lead to be followed as time
permits. Tt is possible, as prcvious}y stated, that o low encugh level docs

not triccer the protective byeathing response seen at a slightly higher, nore
e Yer) 1 b 5

irritatine level. ¥hen the protective breathing responsce is absent, deeper-
& 3 & i b H
lying tissues might be more heavily exposed.

Recomnendations

Recommendations for a long-term rvesearch program have been made in @ research
proposal, "Sulfate, Nitrate Inhalation Toxicity", submitted to the California
Adir Resources Board in August, 1975. At that time, program expansion into one
or more of 5 posgib]c arcas was discussed and two of these, short-tcrm expo-
sures of normal and ebnormal humsn subjects, and Jong-term oxposures beginuning
in the young, pre—ado]escent animal were recommended as having high priority.

Je believe that program expaision is desirable on behalf of the public good and
policy questions for control of air poliUtionu To these ends, discussions of
Jong-term program plamning between the staff of the Air Pollution Health Effects
Laboratory and the staff of the California Air Resources Board should be insti-
tuted. No new recommendations of a short-term nature are made at this time.

The rescarch program is in an interesting and productive phase and, we feel,

should proceced as planned.
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Althouph the primary function of the foeflity is to study inhalation rescarch,
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of sev~"u} aninals. The animal fecllity will beo conplete with dop runs rat
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The preject director will be Pobert Phalen and his back cvound is certal
o indicate that he has an impressive amsunt of c"nezibx ce In thie ox

Rochoster end Lovelace. Dic votnl empericnce with radlatlen. and vadi
materiale dates back to his being a Phcb. student It the Unlvereity o
and he has served ag an Asgistant radiclegical Safety Officer at San

Uni VGLSLi} fyom 1964 to 1966. Ue haﬂ over eleven vears eupericnce with uos
of radiocisotopes and hie expericnce with the proccdures end techniques inveived
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Professional Activities of the Air Pollution Health Effects
‘ Laboratory Staff (1974-1975)

Publications

*Crocker, T.T. (ed.). Conference on llealth Lifects of Atmospheric Salts and .
Gascs of Sulfur and Nitrogen in Association with Photochemical Oxidant,
Volumes I and 1I, prepared for California Air Resources Board, January, 1974.

*Crocker, T.T. Effects of Sulfur Oxides in Animals and Man, Conference on
Health Effccts of Atmospheric Salts and Gases of Sulfur and Nitrogen in
Association with Photochemical Oxidant, Volume TI, California Alr Resources
Board, January 1974.

Davis; J. and B.H. Brattstrom. Vocalization of the California Newt, Taricha
Forosa, J. of Herp. (accepted for publication)

Dennison, William J. Design of High Flow Ambient Air Purification System.
School of Engineering Report - UCI-ARTR-75-1, University of California,
Irvine :

*Dungworth, D.C., R.F. Phalen and W.S. Tyler. Systematic approach to methods
for evaluation of pulmonary toxicity in animals. Proc. of the Sixth Ammual
Conf. on Environmental Toxicology, Dayton, Ohio, October 21-23, 1975 (in press)

Fairshter, R.D. and A.F. Wilson. Paraquat poisoning - manifestations and
therapy. Am. J. Medicine (in press) ’

Glauser, F., A. Wilson, L. Carothers, J. Higi, D. White and J. Davis. Pulmonary
parenchymal tissue volume (V¢) measurements in graded degrees of pulmonary
edema in dogs. Circ. Res. 36:229, 1975, )

Ho, A. The_evaluation 0f Vmax as contractility index of myocardial muscle.

M.S. Thesis, School of Mechanical Engineering, California State College at
Sacramento, June, 1974. |

Kenoyer, J.L., Dissolution of 169y, Fused Clay Particles, M.S. Thesis, San Diego
State University, Department of Physics, 1975. v
Murdock, L. The physiology and bioenergetics of the American coot, Fulica
Americana. M.A. Thesis, California State University at Fullerton, 1975,

Phalen, R.F. Respiratory Tract Morphology: Summary of a Confer U
§§;6i2, 1974, P gy _ Ty of onference. Bio.Sci. !

Phalen,_RJF. and 0.G. Raabe. Aerosol particle size as a factor in pulmonary
t0x1C}ty. Proc. of the Fifth Amm. Conf. on Invironmental Toxicology,
AMRL-TR-74-125, pp.353-366, 1974. )

1 ¥y S - . . . .
Acknowlndgemont given to California Air Resources Board for support of research




Phalen, R.U., W.L. Cenron and DL sporza. Comparisen of dwpaciion, cenirifupal
SOpi!JLJCH and o]o' tron picroscopy for sizing cigrretic smoke.  Proc. of the
Sypposivm on Fine Pavticles, Fovironmental Protecticon Agency, 1975,

“phalen, R.P., J.D. Hallford and J.5. Kenoyer. Particle deposition and clearance

as o tost of toxic offect. Proc. of the Sixth Ann. Conf. on ]1vx101mcngd1

Toxicology (in press)

Phalen, R.F.  Inhalation expesure of animals. Envirvommental tealth Perspectives
(in press)

Raabe, ©.C., H.C. Yeh, G.J. Newton, R.F. Thalen and D.J. Velasquez. Deposition
of inhaled monodisperse aerosols in small rodents. (to appear in Inhaled
Particles IV, Pergamon Press, 1976)

Shepherd, A.F., J.C. Sutherland and A.F. Wilson. Continuous spectrophotometric
measurements of arteriovenous oxygen difference. J. Appl. Physiol. 39:152-155,
1975. T

Wilson, A.F., R. Hop%berger, J.T. Chiu and I11.S. Novey. Transcendental meditation
and asthma. Respi ion 32:74, 1975.

Yeh, H.C., A.J. Iudbert, R.F. Phalen, D.J. Velasquez and T.D. Harris. A stereo-
radiogrephic technique and its application to the evaluation ol Jung casts.
J. Invest. Radiol. 10:351-357, 1975.

¥ACKnowl cagement given to CaliTornin Ady R “es Board for support of rescarch.



Presentations

Ho, A. Vpay as the Index of Myocardial Contractility. Conference on Engineer-
ing in Biology and Medicine, New Orleans, Sept. 1975.

Kenoyer, J.L. Radiation Physics and Safety in the Laboratory. Seminar, Air
Pollution Health Effects Laboratory, University of California, Irvine, June
17, 1975.

Phdloﬁ, R.F. Inhalation Program at University of California, Irvine. Conference
on Health Effects of Air Pollutlon University of California, Los Angeles,
November 26, 1975.

Phalen, R.F. Health Effects of Air Pollution. Presented to Orange County
Pharmaceutical Association, Newport Beach, California, October 15, 1975.

Phalen, R.F. The Human Tracheobronchial Tree. Annual American Industrial
Hygiene Association Conference, Minneapolis, Minnesota, June 5, 1975.

Phalen, R.F. Inhalation Exposure of Animals. Target Organ Toxicity and Lung
Conference sponsored by Society of Toxicology, Environmental Protection
Agency and National Institute of Environmental Health and Safety, Cincinnati,
Ohio, September 16, 1975.

Phalen, R.F., J.D. Hallford and J.L. Kenoyer. DParticle Deposition and Clearance-
Relationship to Recognition of Toxic Effects. Sixth Ann. Conf. on Environmental
Toxicology, Dayton, Ohio, October 21, 1975.

Davis, J. Health Consequences of Air Pollution, Lecture, Corona del Mar High
School, Newport Beach, California, December, 1975

Ho, A. Sources and Mechanics of Air Pollution, Lecture, Corona del Mar High
Schoo] Newport Beach, California, December, 1975.

Other Professional Activjtieq

Davis, J. Attendance of 55th Ann. Meeijng of the American Society of Mammalo-
glsts Missoula, Montana, June, 1975.

Davis, J. and R. Phalen. Attendance of Sixth Amn. Conference on Environmental
Toxicology, Dayton, Ohie, October, 1975.

Davis, J. Visit to NIOSH laboratories, Cincinnati, Ohio, October, 1975.

Davis, J. Visit to Pulmonary Research Unit, University of Cincinnati, Cincinnati,
Ohio, October, 1975.

Davis, J. Visit to Inhalation Toxicology Research Institute, Lovelace Foundation,
Albuquerque, New Mexico, October, 1974.

Kenoyér, J., T. Crocker, J. Davis and R. Phalen. Visit to Inhalation Research
Group, University of California, Davis, June 1975.




Murdock, L. Attendance of American Institute of Biological Scientists Conference,
Corvalis, Qrcgon, June, 1975.

‘Walters, R. Visit to Air Pollution Project, University of California, Riverside,
August 25, 1975.

Kenoyer, J., J. Davis and R. Phalen. Visit to laboratory of Dr. Jack Hackney at
Rancho Los Amigos Hospital, Inc., Dowmey, California, December 23, 1575.

Kenoyer, J., J. Davis and R. Phalen. Visit to U.C.L.A. School of Medicine,
Pulmonary Division, Los Angeles, California, December 23, 1975.



APPENDIX C. DESCRIPTION OF UCI NUCLEAR REACTOR FACILITY

The Chemistry Department at the University of California, Irvine, has
developed a special facility in support of radionuclcar chemistry. The focal
point is a Triga Mark I class nuélear'research rcactor. The reactor operates
at 250 kw (1.8 x 1012 ﬁeutrons/cmz sec) steady state power and is capable of
pulsing to 100 Mw peak power. This supplies a suitable neutron source for
most activation studies or isotope production.. Other equipment in the facility
includes a 15 mev neutron generator for inducing reactions requiring fast
neutrons, a 11,000 Ci cessium gamma-ray source for photon chemistry, specialized
detection equipment includiﬁg a germanium-lithium high resolution crystal, a
4096 pulse height multichannel analyser, Nal (T1) detection systems, and a
high precision (0.1%) oxygen analysis system. This facility-is available to
support project areas of radioisotope generation and particle tracer chemistry

of the type required at the Air Pollution llealth Fffects Laboratory.




APPENDIX D

Computer Output of Size Distribution of Salt
Aerosols, as obtained from analysis of elcctron
microscopic photographs
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The objective of tests of aerosol deposition and clearance in toxicology
is to assess the effect of exposure to toxic materials on an important defense
mechanism, the ability of the lung to handle inhaled particles. Tests of .
deposition and clearance patterns have been performed by various investigators
using human as well as large and small animal subjects. Several agents do
alter deposition and/or clearance phenomena in the lung. The effect of
cigarette smoke exposure on the clearance of inhaled aerosols in the rat is
given as an example of use of deposition and clearance tests in the laboratory.




1. Introduction

The ficld of i%halation toxicology is currently in en intriguing active phase
characterized by two features: 1) connilation, description and guantitation of
effects other than mortality that include physiological, morphologicﬁl and
biochemical parameters, and 2) development of an understanding of biologic
responses in terms of the physical and chemical properties of inbaled materials.
Further development in both of thesc areas seems necessary for inhalation toxi-

-

cology to become a predictive discipline as opposed to merely a descriptive.on@.
The phenomend assbciated with deposition and clearance of inhaled particles have
recently been recognized as important aspects of the defensive mechanisms of the
lung. The purpose of this pangr is to justify the use of deposi tion and clearance
tests in the inhalation toxicology laboratory.

Particles, or aerosols as they are called when airborne, can be broadly
classified with respect to their origin. Naturally occurring aerosols include
5pOTC , pollens, microorganisms, inorganic dusts, ash, dcgradationﬂproducts of
various plants,~3iquid condensation droplets ang'various solids formed {rom
naturally occurring volatile materials. In and about areas populated by hunans
additional aerosols include thosc produced from combustion of fuels, 2 multitude
of industrial processes, ervosion of machinery and building and household mitﬂllﬂlS
spraying devices, and again; reactions of gascous materials. Aerosols in and about
localized workplaces form anothcr‘practically innunerable sub-category. A COmmon
belief, probably justifiable, is that virtually 211 acrosols are capable of pro-
ducing toxic responscs in humans if inhaled in sufficient concentrations over @

sufficient time (R.V. Christie, 1967).

For purposcs of scientific clucidation, the fate of many inhaled acTosels

con be analyzed into two phoeses: 1) deposition on surfaces of the respiratory



tract, and 2) clearance (or lack of) after deposition has occurred.

The patterns of deposition of inhaled acrosols are becoming understood in
terms of forces that act on airborne particles, the air-flow characteristics 6f
breathing, and the geometric prépcrtio§ (morphology) of the respiratory tract.
Manmalian respiratory systems have geometric and éir-flow properties such that
particles within a given range of size and éhape tend to deposit preférentialiy
in cha%acteristic locations. For example, the human nose is known to be highly
efficient in collecting particles with aerodynamic diamefers greater than a few
micrometers. The deep lung can only collect particles that have eluded the nose
(or mouth) and the tracheobronchial tree; that is, particles with aerodynamic
diameters below a few microns.

It appears that clearaﬁce mechanisms at various levels in the respiratory
tract are efficient in handling particles in the size ranges that preferentially
deposit at a given site. For example, alveolar macrophages seem to exhibit effi-
cient engulfment for particleé in the one micron diameter size range; this is just
in the size range of high deposition probability iﬁ alveoli. Infectious organisms

are often in the size range for deposition in the deep lung, where conditions. are

“usually favorable for their rapid reproduction. Fortunately, macrophages can

inactivate many infectious organisms. Similarly, the nose effectivoly clears the
1argcsf inhalable particles via sneezing, blowing and mucus movement, and the
moving mucus of the tracheobronchial tree is efficient in fransporting large
quantities of solid or liquid particles of various sizes, shapes and densities.

The point is that deposition and clearance phendmena appear to be somewhat matchad
or balanced with respect to particle size characteristics. This being the case,

onec might suspect that aiterations in either the deposition or clearance patterns
could predispose one toward future injury from inhaled acrosols. In some instances,
of coursc, shifts in deposition or c]earanﬁe'pattcrns night act to afford increased

protection.
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Foriunately, despite diffcrences in size and morphology, most mammals appear

to have clearance phonomena that arce remarkebly similar with respect to rates end
nechanism; for example, they commonly have mucociliary clearance in the nosc and
tracheobronchial tree and a macyophage Tespense iﬁ the alveolar spaces. Also,
though correspondence is not as close here, basic similarities exist in asrosol
déposition characteristics and in.respénses fo toxic neterials. Thus, 1t 1s

reasonable to consider tests of aerosol deposition and clearance in animals in

toxicologic evaluations of injury.

17. Iphaled Agents that Alter Deposition or Clearance Patterns

Several materials are known to alter deposition or clearance (including
killing or inactivation of micrcorganisms) of inhaled particles. A few examples
willserve to illustrate. Cigarctte smoke, an almost over—present'co—insult in
human inhalation exposurc situations, has understandably been well studied. The
controlled studies of Albert, et al. (1969, 1970, 1974) show effects in humans
and donkeys that depend on dose and exposure time. Low single doses or early
cffects of repeated exposure to Sméﬁe were associated with acceleration of clecarance
rates in the tracheobronchial tree of both spccies. Heavier doses and long-temm
yepeated exposures were associated with sporadic clearance, intervals of clearance
stasis, and even rctrograde movement of deposited particics (again in both species).
Cigarette smoKe CXpoOSUrcs (220 mg/mS] have bocﬁ shown to increase deposition and
delay clearance in rats (Garver, 1968) and to mcrease the survival of inhaled
viable bacteria in hamsters (llenry, Spangler, Findiay, and Thrilich, 1970). In the
hamster study, excess deaths due to bacterial infections were seen in animals
~exposed to cigarette smoke for 2 hours ("3% v/

Pre-existing influenza infection has been shown to impair both upper and
Jower respiratory tract clearance. Studies by Green (1665) with P-8 virus

infected wice that were exposced to viable staphyloccocus bacteria showed that



infected animals did not cffectively kill the bacteria. Similarly, Creasid,
Nettesheim, ané Hammons (1973) found that P-8 virus-infected mice had drastically
impaired clcarénce 6f radioactive "insoluble' particles. In humans, Camnér (1973)
found that influecnza infection could impair tracheobronchial clearance for up

to onc month after disappearance of the familiar clinical symptoms.

Elliot Goldstein and co-workers ( 1971, 1974) reported work in which mice
were challenged with radiolabeled viable stéphyloccocus both before and after
exposurés to relatively low levels of ozone and nitrogen dioxide. Prior exposure
to ozone (.6-2 ppm, i7 hours) or ozone plus nitrogen dioxide (.1-.3 and 1.5-4.2 ppm,
17 hours) lead to: 1) decreased overall deposition of bactefia, and 2) impaired
killing of deposited bacteria. In the same series of studies, exposures of ozone
plus nitrogen dioxide (.4 and 4-6.8 ppm, 4-hours) after inhalation of baétcria,
caused increased survival of the bacteria. Ozone alone at 2 ppm (4 hours) was
obserfed.to cause increased survival and increased clearance of the inhaled
bacteria.

"Sulfuric acid mist exposures by Fairchild, Stultz and Coffin (1975) at
3 mg/ms (1.8 pm CMD) in guinea pigs caused increased téfal depdsifion of inhaled
streptoccocué. : B

Sulfur dioxide (1 ppm, 7 hours, 5 days t0:25days) has been shown to diminish
fhe clearance of inert particles in both the lung‘and tracheobronchial tre¢ in
rat by ferin and Leach (1§73). A similar effect was seen in donkeys after brief
exposure (300 ppm SOZ’ 30 min) by Spiege]man‘gt al. (1968).

Many other agents have been reported to change deposition and/or clearaﬁce

patterns in various species.

I1I.. Lxperimental Design for Deposition and Clearance Testing

A successf{ul test of deposition and clcarance implies that certain criteria

have been met. These criteria anply to the test aerosol, animal subjects
'} A 3 . )
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experimentel plan and analysis of date. Recomnsindstions cen be made in cach of

these areas.,

The acrosol

Tor deposition and clcarance studies, the actosol should be inhaled by thne
subjects énd havcban asrodynemic size that permits significant deposition beyond
the nose. For most studies an aerosol smaller than about 5 pm in diameter 1S
appropriate. Monodispersc acrosols, or at least those that havﬁ &iametcrs distrita-
ted with geometric standard deviations less than about 1.3, should be uscd.  Aeroson
characteristics should be Tcproduciblc {rom one yun to the next. The aercscl
should be detectable in the lung, either by external radiation detecticn or
chemical/biological assay in excised lung. Radicactive aerosols should have &
tag that does not have excessive leaching; a few percent per day in the lung
environment is sufficient. Initial activity of labeled aerosol should be on the
order of one microcurie to allow for precise externzl counting. An aerosol that
fits the 3bdve criteria is radiolabeled polystyrene-latex. The basic particles
are available COhMCILl?lJy (Dow Chemical Company, Midland, Michigen) in several

sizes, and methods for labelling with radioisotpes are available (Szende, ct al

"

1975 and Black and Walsh, 1970]. T

The animal.

Unanesthetized animdis should be used when possible in order to avoid variable
and often uncertain effects associated with anesthesia. In most studics 1wo
species should be used, especially when one is either the 0u1rﬂa pig or the rat.
Rats toend to have respiratory infections and guinea pigs appear to have unusually
reactive alrway musculature.  Individual subjects should scrve as thelr own
controls to reduce variability in the cata. Healtbfindividﬁals usually have
relatively repeatable deposition and clearance phenomena, but voriaticn within &

group umay be large



Experimental Plan

Exposure to thelaerosol should be to the nosc or mouth to avoid deposition
of large amounﬁ;on fur ofvskin._ Deposition of material on fur of iaboratory
animals can inteffere with subsequent .assay of ampﬁnts in lung and can lead to
ingestion of large quantities of particles. A determination of the initial
deposited amount should bc made immediately after exposure (within minutes),
and the inhalation exposurc sﬁould not last more than about 20-30 minutes. Long
inhalation exposures are complicated by concurrent clearance occurring during
deposition. |

Amount in the lung should be determined with sufficient frequency to define
the clearance curve. Ideally, the amoung in the lung should be quantitated
hourly for the first few hours and daily for several days. It is importaﬁt that
clearance be followed for long enough to properly define the clearance curve.
The traéheobronchial tree is;usually cleared by about 1-2 dgys but deep Jung
clearance can require several days, even months or years,‘for highly insoluble

materials.

Data Handling

To determine the effect of toxic agents on clearance, statistical tests

should be employed. This necessitates reducing clearance curves to numerical

values; the fewer parameters used to define the curve, the . simpler the

tests will be. Figure 1 depicts three out of the many‘ways of quantitating

clearance curves: 1) analysis into exponential ‘components; 2) fitting with a

‘polynomial {unction, and 3) calculation of moments. Fach method yields numerical

values that can be given mean values and standard deviations for a group of

‘observations. Statistical tests for significance can then be performed on these

valucs, permitting one to demonstrate significant changes in clearance patterns.




Vi. Tffect of Cigarettc Swoke Exposure on Particle Clearance in the Rat

Data resulting from a moucst study wili he presented to demonstrate the
effect of a toxic agent onl tracheobronchial clcarance.. Rats were used as they
were inexpensive and easy 10 handle. Eight Spraguc Dawley rats were briefly
exposed, nose only, to & radioactive silver acrosol. The animals were then
divided into two groups: one group wds cxposed to cigarette smoke for four
hours, the other group breathed ordinary air and served as a clearance control.
Clearance curves were determined for cach animal by measuring the radioactivity
in the thorax every 100 minutes for the first day, every 200 minutes the second
day and less frequently for about eight days. These measurcnents were made by
using a collimated gammpa-ray detector placed zbove an opening in a lead shield.
The animals were placed beneath this coilimator shield such that only genma T&ays
emitted from the thoracic region were measured. Feces werc collected every time

a thoracic count was made, and the radioactivity in each sample was determined.

Aerosol Ixposurc

An exploding wire aeroscl generator (a 4 microfarad capacitor cﬁargcd to
6.5 kilovolts) of the type described by Karioris and Fish (1962) was used to
aerosolize 20 cm of 0.005 inch diareter silver wire. The wire had previously
been neutron irradiated and had an induced activity of about 0.75 microcuries of
11Gm _ _ A e a1 Eo1i ) Ter B . ey

Ag (beta and gamma, 250 day half-1ife) per cm of wire. The acrosol had
spherical primary particles that were distributed appreximately log-normally
with a count median diameter of 0.07 microns and a geouetric standard deviation
of 1.6. Electron micrographs indicated that most of the acrosol was in the fomm
of aggloncrates of primary particles with an acrodynamic median diameter of about
1 um when inhaled by the animals. The radiocactive wire was exploded inside 2
22 ijier exposure chawber, five minutes wére allowed for setiling of large

particulates, andd the animals were exposed nose-onty to the acrosol thronsh
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ports in the chanber walls (Fig. 3). During the actual explosion, rats were

held in a scparate room to isolate them from the lowd noise. The exposure time

was 15 minutes and the mean initial lung deposition was estimated (using wheat-
filled phantoms) to be about 0.1 microcuries, or about 0.2 milligrams of silver.
No anesthetics were used as the animals were docile and cooperative during both

the aerosol exposure and the thoracic counting procedures.

Smoke Exposure

The experimental gloup was expoged to fresh tobacco smoke generated by a
machine which drew air cont1nuous]y through several 111 unfiltered cigarettes
and gently blew the smoke into a large box (one cubic meter volume). The animals
were placed inside cages within this box 30 minutes after exposure to the silver
aecrosol. -They remained in the smoke for four consecutive hours, being removed
only twice for two minutes each timé, for thoracic activity measurements. The
smoke concentratioh was maintained at.a level such that taking a breath inside
the smoke chamber (smoke exposure box) gave the cxperimentors the same subjective

experience as inhaling during normal cigarette smoking.

Clearance Measurement .

The animals were placed in plastic restrainers beneath a Nal(Tl) crystal

(3" diageter) for gamma activity determinations of their thoracic regions.. Two

inches of lcad were used to shield the.head and gastrointestinal tract from the

gamma detector. The shiecld, with a 2%" wide opening above the thoracic area, had

been designed using rocntgenograms of all of the rats so that 110“ Ag in cither the

head, stomach or intestines was shielded from the detector.

Results

Longitudinal body scans of radioactivity indicated high initial activitics in

the head region, and it was fearcd that the fur on the head had been contvnlnatod
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with significant amounts of Ag. However, this activity declined rapidly

indicating a £éir1y clean nose-only exposure, and indicating that the initial
activity was probably due to high deposition insi@e tﬁe nose znd throat.

When cornpared to the air breathing group, the animals in the smoke-{illed
chanber werc less active when in thelr cages, preferring to sit quictly, but they
‘ resisted handling by struggling considerably more than the control animals.

Clearance curves for control and smoke—exﬁosed groups (Figs. 4, 5) werc
arrived at by converting the Taw data (counts per minute) into percent of initial
value and then averaging the valucs of all enimals in cach group. Cumilative
activity excreted in the feces (¥ig. 6) is shown for both groups and is in ferms
of percent of total activity excreted during the data collection period.

The thoracic clearance curves appear lincar (on a semi-log plot) after about
40 hours. This linear portion has a half-1ife of about ZSS‘hours, with no
significant difference betweén the two groups. Extrapolating this linear curve
toward zero time and subtracting it from the original cleayance curve produces a
‘so—éalled "short-term! clearance curve. For rats, this curve is usually also

1inear on a scmi-log plot and is often assumced to represent mucociliary clearance

-

of particles deposited on the ciliated portions of the respiratory tract. The
control group's short-term curve is linear over its entire range and has 2 halfl-
1ife of (4% hours. The smoke-exposcd group's short-temm curve does not appear
{inear until 12 hours after the animals were removed from the smoke chamber.
The linear portion of this curve has a half-life of 6 hours which 1s not signifi-
_cantly different from the control value.

The time at which cumilative fecal cxcretion of ]]OmAg reached 50% of the
total excreted was 8 hours for the control group and 21 hours for the sumoke-

exposcd group.  The difference, 12 hours, is almost identical to the period of

time during which thoracic clearance was depressed in the smoke group. 1his lag
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in excretion was not due to fecal retention by the smoke group since both groups
produced fecal pellets at the same rate throughout the experimerital period. It

is therefore conclﬁded that the brief exposure 1o cigaretté smoke blocked movenment
of silver from the respiratory tract to the gastrointestinal tract, and that this

block was effective for 12 hours after the smoke cxposure terminated. '

V. Conclusion

The status of deposition and clearance phenomena is an important consideration in
inhalation toxicology. The techniques of aerosol challenge have been recently
developed to a sufficient degree that routine testing of deposition and clearance

of inhaled particles is now feasible in the toxicology laboratory.

e s et st
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.iNTﬁCDUCTIQN

The mammalian respivatory éyétcm has a ﬁariety of imﬁortant functions
in addition to the primary one of gascous exchanc {1,2). The corresponding

Cl%lty of structural componcnts of the respifatory tract, cempqunded by the

inhomogeneity of Tornhologlc 1eqpoﬁsc of the lung to damaging agents, necessi~
tates extremely ¢ careful sclection and JmplemenLaiaon of the several morphological
nethods required for its examination. Methods must be sensitive enough to re-
veal the pfescncc énd naturec of sgb”ie effects, and also provide information
on which usefﬁl hypotheses of pathogenesis céﬁ te basedl

This fevicw is designed‘to presbnt-the important considerations in the choice’
of methods and is a guide to referenceé describing‘them in more dgtail.‘ It is
not intended to be a detailed critiquo of méthods or a complete laboratory protocol.
The majority of the revicw will deal with the routine necessary for the satis-

factory search for and documentation of toxic effects. Emphasis will be on the

‘sine qua non for detecting subtle effects, which provide the most discriminating

information relevant to pulmonary toxicity. The remainder of the revicw briefly

u.
n

addresscs special methods for investigating various anocts of the pathogene
_of pulmonary lesions likely to be encountered and which are necessary for fur-
thering the understanding of pulmonary pathobioiogy. ~

ROUTINE EVALUATION

Gross Examination

The methods to be described in this and subscquent sections are post-mortem
procedures, although most are applicable to surgical specimens. Radiographic
studies, therefore, will not be discussed. They can provide indications of gross

‘and subgross morphologic changes in vivo, however, and are particularly perti-

nent to chronic studics involving the larger species of experimental animals.

~——.



‘TRACHEOBRONCHEAL.TREE AND PARENCHYMA lThe andmal.is deeply anesthetized by
sodium pentobarbi@al amd killed by exsanguination; - The trachea and lungs efe

.. carefully exposed efter‘the diaphragm is punctuped, and'seamch is mede'for‘ab—
morma}ities of the pleofel cavity amd-its pariefal and visceral surfaces~(e.g.
iéxcessive'fluid adhesions) “The trﬁchea is transected 3-5 rings dlStdl to the
larynx and the dlstal porthﬁ w1th attached lungs and other Lhorac1c v1scera
removed. The surfaces of the trachea and lungs are examlned for slgns of ab-
normalltles (e.g., 1ndlcat¢ons of edema, hemorrhage, COHSOIlddthH, emphysema,
scarring, p0351b1e tumor nodules). These .can be documented photocraphncally or’
'schematicelly in oufldne drawinés. The partlally collapsed state of the normal
regioms of the exeised_lung results in'exaggergted appearance of the abnormalities
. and enables’ detection of small 1esions that sometimes cannot.be discermed in the
;inflated.state. The exten’r to whlch the major alrways and pulmonary parenchyma
need be opened depcnds on the amount of gross damaoe If there is no-sign of
edeme or an exudative lesion, the examlnatlonAof airways and parenchvma is left
until after flxatlon Even where major alrways are opened sampies of lungs
,should be retained for pe;fusing fixq;iggmby"tme airwéys:. The weight and fluidf
~displacement volume of-the lungs ean be‘obteined aftefveying_off‘the major vessels
~and dissecting away the heart and mediastinom, i% the degree and naturc of .the ab-
lnormalities‘observed ihdicates ﬁhese would be useful quantitative paremetersl. The
volume of fresh unfixed lungs is better meésdred fpom radiograpﬁs,.howevef, as
recommended by Dunnill et al. tSi. .
NASOPHARYNX AND LARYNX.  These structu;es should be surveyed for damage'and the
need for morec extens¢ve examlnatlon determlned In laborapory podents, the nasal
sinuscs and turbinates can be cxamined by removing the overlying nasal bone with

. forceps or by sagittal section. In larger'andmals soch as the dog, a sagittal

T—— X .
section is made. Excepting in cases of tumors or scvere upper respiratory

R —
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irritatio b) iphaled materials, microscopic methoeds are usgxll‘ necessary for

pa

detection of changes in the se regions.

CHOICE OF FIXATIVE AND METHOD OF FIXATION Clllp“\d for suitable fixation are:

a) - production of 1eaSt artifact S

b) reproducibility .“ ' } - L

c) simplicity and coét |
a) The major a2im with respect to production'of lecast artifact 1s to retain as
closc as possible the in vivo sppearance of the 1unﬁ Jmmcawately preceding death.

With pulmonary tissuc, in addition to the usual fixation artifacts which have to

be considered (e.g., shrinkage, mechanical distortion, changes in cellula . organclle s}

there is the need to prepare pulmonary parenchyma for microscopic examination. such

)

~
3

that the correct configurations and relationships of airspaces are retained. Fixa-
tion by immersing sﬁall picces of lung in various fluid§ is a common routine pro-
@edure. With the exception of severe éxudative prdccsses or.where thefe are
soiid lesions such as tumors, howevel, immersion—fillcd lungs do not provide proper
’definition df either normal or abnormal componcnts. The ?referred method of
distending the 1uhgs with perfusion of fixative through the airwayé eliminates
these disadvantages by recturning the lung to a étate similar to that in vivo.

The work of Hcard-and colleagues (4,5) is the basis for most of the methods
of perfusion via the airways used today. Afﬁerlthe lungs have been examined
grossly, they are inflated with fixative via thc trachca‘at 30 cn of fluid proes-
sure measured from the surface of the fixative bath in which Lhc lungs are immersed.
We have used pumps to provide the necessary height of fixative in the reservelr
for large animals (c.g., horses) but havé found tho'marriott bottle to be the

most suitable device for lungs from animals the size of dogs or monkeys down to

T



mice. We rouﬁincly ﬁée 30 cm of water pressuré since this is‘cieérly §n th¢

- plateau of the prqssuré;volumé curve for all of these»Schies-and docs not re-
‘sult in tearing or fuptu;e of.aﬁy tissues. Fixation of doglluﬁgs at 25.cm of
water pressurelhas resuitcd in incompletely Eilied or distended alveéli.‘ This is
Fcharacterizéd by folds in the interalveolar septum whiéhva£ t&tal iuné capacity
should be straight. Spccimeﬁs prepdred at pressures whigh result in incomplete
distension of the alveoli ahdlairways are not suitablé for morphometrjc'analysis
using stereological pfécedqres, and ar§ less suitablé for scahﬁing electron micfo—
' séopy due to local variations in the degree of distensioh-and therefbre interre-
lationships of the component.parts; . The airway-perfusion‘mpthod can be applied
equally well to one lung or, as is sometimes necessary in iarge animalé,'to one
iobe or.brbnchopulmonary segmépt. A more extonéive discussion of general methods
vof‘fixation éaﬂ bg found in the report by Dunnill et al. (3).

Thé perfusion methed of fixation Bf the-airways not only maintains the dimen-
§ions and configurations of the tissues at tofal'lﬁng capacity, butlalso provides
tﬁe.large voiume-of fixative in intimatg contéqt with the various surfaces which-‘
. is essential to rapid fixation. Thgn§i§§g2§§ the fixative musf diffuse for com-
plete.penctration'isbminimal.‘ This method ha$ for general studies the additional
' advantﬁge of providing a relatively unobstrﬁcted view of cell surfaces for scann- |
~ing electron microscopy.by flushing off mucous coat and alveolar lining material;
It_has theAdisadvantage of‘causing‘somé tranélocétion of exudates.and particles
and providing‘a specific artifact of increascd tissue space#laréuna pulmonary
vcsseis, the so-éalled_edcma artifact. '

~ The choice of fixative 1is alss a major consideraticn in view of the large
numbers of‘fixatjvgsAwhich have been used on the rcspiratory system. The main
cbmponents of these fixativcs arc usually one or more aldchydes, buffer, and

~
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various solts with high purity water so that the fixative has a constant pH and
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osmolality. PMany investigators today uéc a mixture of glutasreldehyde uﬁ&.
'formaldehydé made from'fgrafoymaldehfde which rcsults-in rapid pén tration

and thorough fixation. Cacodylic-acid is generally prefefrcd-as the buffcr
because it esults in féqllzcnt lun s ) that is, blocks Uf lung comprcssed by
cutting rapidly Tresume theirrofiginal fixed volume whén pldccd in fresh fixative.
A émall amount of calcium 1s comaﬁnly added to the f1AL tive to preserve phospho-
lipids associated with pulmonary surfactant as well as those whiéh are éon@bneﬁts
of thc various cell mémbrancs;. Although 5so-osmotic fixatives are used, we
prefer a hypertonic fixativc (approximately 550 milliosﬁcles). [?11 of the above
desirable characteristics are achieved Uswmg a mOdelC&thu of karnovsky

formalueh rde/glutaraldehyde IJ\dLlVG with adcﬂd ‘calcium chloride Qﬂaxaformﬁlu< yde

40 g/llbor' 01utaraldchydc 100 ml of 50% %olutlnn/llter celcium chloride--0.5 oflite

cacod)]lc acid--12.8 0/11t€1} which is dllLLCd 1 to 4.5 before use with cacodylic
l

acid (32 g/liter) and the pH adjusted to 7.2 with 1 0 N HC1 (b)i] The fixative is

&
Yelatively simple to prepare and can be stored in the refri igerator for scveral

months. It has the advantage of being a good room temperature storage fiuid for
“fixed tissues. Using this fixative at 30 cm of pressure, fixation is rapid and
complete. Fixa£i§n times of 2 and 4 hours are acceptable, but we prefer to main-
taiﬁ the 30 cm of pressure overnight or for 18 hours. Samples cut from these
lungs are placed in fresh Toém temperature fixative where they may be stored
WJtlout damage or detcri ioration for more tham one year.

b) Fixation of lungs at a s{andard pressure of 30 cm of the fluid providces the
most reproducible appearance for gencral purposes. Considerations of reproducl-
bility and least artifact become more critical relative to morphometry. Here
again, for purposcs of pathology we find ncrfﬁsion of the excised lung te be the

-

method of choice. The alternative epproach used for ﬂO]phOLmtl) of normal lungs
\

is perfusion via the trachea with the lungs in situ ulthln the thoracic cavity (73.

\.
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¢) Perfusion of excised lungs by trachea or major bronchus is a relatively

simple procedure f01 rodents once a series of delivery tubes leading from

marriatt bottle reservoirs is provided. Larger reservoirs are necded for

lungs of larger species. "Althouqh the'perfusioﬁ_method cannot be performed as

'rapldly as 1mmer51on of samples in fixative, the greater effectivcness in

enabllng dOtCCLlon and evaluation of subtle or mild 1e51ons more than outwelghs
the greater cost in time taken Where large numbers of anemals per treatment
group are 1nvolved at least a 51gn1ficant proportion of lungs should be - flxed
by airway perfusion. - ' _ . |

FIXATION OF LUNG BY PERFUSION THROUGH AIRWAYS ~As will be evident from the fore-

.going'discussion, our preferred routine method of fixation is perfusion by the.

airways with modlfled Karnovsky f:xatlve at 30 cm of fluid prcs:ure (6) We
find that after partial collapse of the lungs “has occurred on excision, no de-
gass;ng is necessary to obtain complete dJstrlbutJon of the perfusate. Degassing
s in fact contra:ndlcated for most purposes because it increases the cumbersome-

ness of th04technlqu0, lessens the degree‘of reproduc1b111ty of relnflatlon and

makes redistribufion of components of any‘lesion more likely.
FIXATION OF LUNG BY IMMERSION Massively consolidated or edematous parenchyma, or

' 1a1ge solld lesions such as tumors, have to be fixed by immersion in leQthG

fluid. For subsequent study by light mlcroscony Zenker formcl is profcrable to

formalin because it heightens the contrast of hematoxylin and eosin staining, es-

pecially the eo<1noph111a of protelnaccouq Lransudates or exudates. The shrinkage

caused by immersion in flxatlve is used to advantage in cnumcratlon of tumor

nodules in lungs of strain A mice which is the basislof a carcinogencsis bioassay
system (8). Tissue to be examined by electron microscopy is ‘immersed in the

modificd Karnovsky's fl\atlvc described previously.
T~
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Inu~“51Cn ‘fixation is alsc used when the 100 stribution of intialuminal
particles, cells or cxudates might interfere with tbu obchtives of the study,
as in determining the fate of inhaled particlcs_(9,10)u

FIXATION OF NASOPHARYNX AND LARYNX  After gross examination, thesce structurces

\

the modificd Karnovsky®s

jn small animals (i.c.; rcdents) can be fixed in toto in
fixative after flushing surfaces with fixative to remove trapped air bubbles and

mucous coat. Samples of tissues from recognized lesions and represc Latlve

i

PO"thﬂS 0{ the nascturbinate region, pharynx and Wnlynx need to be dissecte

Iy

out in large animals.

Sampling for Microscopic Examination

jam
«

The size and divcrsity of components of the respl“ﬂtory tract posc a cons
able sampiing problem'in the tho*ough search for lesions. This is compouﬁded by
the inhomogené;ty of mor“h01061c rcsponses of the tré¢t to irritants 2s was men-
tioned in the introﬁuctioﬁ; These two features together fequire sampling be both
yide in distribution and specific 3in anatomic logalization. The ngmbcr of large
blocks taken for eﬁamination by light micrdscopy and scanning electron microscopy

7111 be dCLCIHiﬂCd by the compromise between thoroughness and the practical limit
in terms of cost'pf preparation and examination.. But there is é minimum below
which the risk of spurious conclusions due to secrious sumpllng errors bccomes un-
a§ccptable. Any sampling of parenchyma must take into account vertical (gra\i
tional) gradicnts'affecﬂiug the distributidn patterns of certain lesions and- the
difference between hilar and pcriphcral rcgioﬁs of lobes.

TRACHEOBRONCHIAL TREE AND PARENCIYMA Thclsampiing procedure varies according to
the size of the lung. In the case of rodents such as rats and hémsters, sanpling
i,Qf the trachea presents few problems other than to be a;arc of poss ible dif-
fercences in the micoesa over the énx‘rlluﬂﬁoux and intercartilaginous membrane

portions of the trachca as has been found 1 the rat (11) A block containing
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a lon01tud1nal Jcctlon of dlqtal t1achca and the bi. furcatlon into bronch1 suf—

- fices for nonparenchymal regions. The preferred planes of scction for TOantb

lungs are illustrated in Fig. 1. Thcse are vertical sectidns in the sagittal

plane for the left lung and from the hilus along the axis of major alrwa)s for

the cranial,~m1ddle and caudal lob s of the rlght lung All of thesc blocks can:
be sectioned whole for'histologic examinatioﬁ; Although.the sagittal section of
the left lung is a common section for major attentzon we prefor the QCCLlOﬂS
fron the rlght mlddle and caudal lobes. One reason is that unless the sectlon
of the left lung is cut very close to the mid- llne, mcst of the airways are cut

transversely. The 10ng1tud1nal sectlons of\alrways present in blocks from'the

‘tight middle and -caudal lobes reveal bronchlal and acinar orlentatlon: of lesions

much more readlly, especially by scanning electron microscopy (SEM). A second

reason is that the blocks from the right lung are a more convenient size to

mount whole for light microscopy

‘More care in sampllng is required for lunos of larger anlmals such as dogs

and monkeys becau:c of the bulL of tlssue to be %u1veyed and the ‘increascd like-

lihood of reglonal variations in response belng manlfesLed. To minimize sampling

errors, Standard pafenbhymal sampling sites covering both dersoventral and hilar-

‘ per1phera1 axes should be chosen. The § sampling sites we take from parenchyma

of the 4 lobes of thc right lung of thc dog are illustrated in Fig. 2 Because
we frcquently usc one lung of dogs and monkeys for blochcmlcal studies or those
requ1r1ng special f1xat1on, such as f1e021ng,_Qe dc11ve most morphologic 1nforra~
tion on the basls of one Jung. If the two lungs are avallablc{ samples can be
taken from both. Samples of major air&ays typically consist of proximal trachea,
bifurqution of trachea, and lobar bronchus.

Fvaluation of pulmonary toxicity invariably ihvo]vcs_fho comparison of lungs
from two or more groups of animals. Tor thig specific comparigon, by qualitative

i .

|

\



T

or quantitative (morp1um- ic) means, we use the same. sempling sites for Tissue
blocks in all animals (12) rather than the met thed of stratified random seupling
using a2 vandom number tabic together with @ numbered sampling grid (13). The
latter wathoi relates to statistical confidence with which the sanplo represcnts

the lung from hq3rh the sample 1s Lakcn ra Lhor than comparison among lungs where

the lcsion can be affected by specific anatomic location.

arisons ire Tequired within or smong gvoups of animnls,
a uscful dpproaéh is to select a specific hronchopulﬁonary segment of the lung
for more speéific study. Sections of sogmentai bronchus; términal bronchiole,
and morc Aistal lobular tis;ue can be sliced out of.thé desired broncho pulmon Ty
segment under a dissecﬁing microscope.” These éections, as-well as those of trachea
and lobar bronchus, can then be closely compared.

Any groés lesions notv%cprcscnted in the samples describcd previously must
also be sclccted. ‘ |
FASOPHARYNX AND LARYNX - Blocks are taken representing proximal and distal rcgicn;
of nasal sinuses and turbinates, and‘'the pharynx-aﬁd"lnryﬁi; Again, more are re-
quired for larger animals. Yor some studics it is deéirﬁble fo disscct mucosa
from the nasal septum or turbinates and Prcpare it as'a'whole‘mount for morpho-
logical examination. Further detaiis of the use.of “hole mounts and secticns of

nasal regions can be found clsewhere {14,15).

Mlcro%cap1 F\amlnatlon

The nced for cxamingtion of a wide sampijng of pulmoﬂary tissuc has alrcady
bccn_strcssed. chuircments for cost effcctiﬁcness in the evaluation of lungs
from large numbers of animals in toxicity trials wmeans that tﬁc ﬁicroscopic
methods most uscful arve those that provide for cxamination of large samples
that is light microscopy (LM) and scanning olgctron ﬁicrgstopy (Sr).  Tor ini-

T~

tial detection and analysis of lesions we usc correlated LJ Jnd SEif.  The bost



way to do thi§'generélly is to take coﬁplementé&y blocks of tissuélfiom fhe
fsame sampllng 51te, embed one in plastJC suitable for large lu sections and
process the other for SEM. The qurface and scctioned views can then be com-
pgred for interpretatién.- The advantage of the large 1p: section is that it
B ﬁbt'only provides the best resolution fdr LM, but.alséseﬁables:preéise selec-
tion of anatomicllocations for thinlséctions.to be examined by transmission
electron microsgopy (TEM) . | |

.This is a discussion of routine midroscépié mgtﬂods and we recognize that
the word can take on shades of difference in meaniﬁg.according to the objectives
of the investigations. Often, most microscopié screening is by IM alone because
‘of. the bdlk of specimens. _Eqpally so, it must be realized that in £he'séarch for
subtle effects or in the dcqcrlptlon of damage once it is found, -at‘léast a sio;
‘nlflcant number of lungs from animals in the critical experimental groups should
Abe examined. by correlated LM, ShM and TEM. |
EJGHT MICROSCOPY (LM) Survey by IM of sectioné carefully prepared from vacuum-
embedded paraffih blocks and stained 'by hematoxylin and eosin provide the basis
~for other médes of microscopic invcg?igg}}gpu(Fig; 3). More definitive’study of
Acellular.componcnfs of lesions is made on £he iu secfions cut from large plastic-
'embéddeg blocks and these provide the esseﬁﬁial‘link between IM and TEM (see seg-
'ment on TEM below). The paraffin sectiéns also provide the basis. for a large
variety of special stainiﬁg‘methéds (16). .
SCANNING ELECTROS MICROSCOPY'(SEM) The 1aige;'approximafely.12x10i4 mm samples
of tigsue sclected for SCM are the_complementaty halves of blocks used for LM
and gfe cut sb as to include longitudinal sections ;f airways in the surface to
be examined (Figsh 4;6).’ The-tissue blocks are dehydrated‘in graded ethanol and
' thcn dried by the critical point proceduro using CO (6,17). The dried tissue is

S

attached to standard SEM stubs put in a hlPh vacuum coating device on a tilting

g\:.

!



Cand rotating stage and coated first with carbon then with gol

- Such tissues can be stored in a dessicator for prolonged periods znd still be
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Although not a routine procedure, to enable precise correlation between

5

“surface features scen by SEM z2nd cross sectional features of selected areas,

blocks can

be removed from the SEM stub after evaluation and prepared for Li

and TEM. They are placed in 100% ethanol, which is then substituted by propylenc

oxide, and’

are then embedded in an Epon-Araldite mixture. he tissue 1s examincd

by'LM of 1u sections and SpecificlregiOnSECHH_be selected for TEM (18). Informa-

tion on interior aspects of tissucs and cells can be obtained by SEM after the

tissue has

been fractured either before (19) or after (20) drying. It can also

be obtained from plastic-embedded tissue after iodine and acetone surface etching {

_sparenchyma
. ¥ oL
airways or

be learned

'by Grimley

RANSMISSION ELECTRON MICROSCOPY  Recause lesions in the lung are frequently focel

specific orientaticon relative to the acirar structure of the pulmncnar

d
N

it is essential to know precisely the anatomic Jocation in the small
acinus from which the TEM.blocks are taken. This precise location can

by several routes. Theoldest is a modification of the procedure uscc

et al. (22) wherein large, 2x2 cm blocks of tissue are embedded as for

CTEM and alternate 30u and 10u sections cut on a large microtome commonly uscd for

metal or bone. The 10u sections are evaluated using light microscopy and the pre-

‘cisc lesion arca is dissected from the adjacent 30p section, cemented on a block

from a beam capsule and ultrathin sections cut (23). It has the disadvantage of

relatively

be avoided

low resolution for IM due to the thickness of the section. This can

by embedding slightly smaller sections (i.e., 12x10 mm) and cutting

1u sections on a Sorval JB-4 microtome using glass knives. These thin sections

can be staincd using various dyes and provide high resolution for cvaluation of

—~——
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'the.tissue bf"LM.(Figs. %A, B].l:Tﬁe afca;'ofiinferest ére.selectéd in the
one-micron seétiqn, identificd in éhe giock, énd the surrodnding tissue‘removeq
leaving a pléétig mcsa‘confaining thé.fcquircd regiOn.(24);',This;mesé is'scé—
tioned in fhe usual méﬁney and examined by TEM-(Fig. 7C). | |

JéPECIAL METHODS FOR_GROSE‘AND_SUBGROSS;EVALUATION.. |

Whole Lung Sections

The techﬁiéue of preparing whole éecfions from humaﬁilungs was first des-
cribed by Couéh and Wentworth.(ZS) and -was used.in their studies of.émphysema in
man. The séctions can bé‘useful as permanent records oriiliustrations oé whole
luﬁg involvement in certain types of disease proFesseQ}' Subsequent developments
of thé techniqué and their-qse in the measqremént'or grading of emphysema in '

human 1uﬁgs is bfiefly\discuésod in‘g report Bf Duqnill EE!El: (3). Preparation
“ .of lung macroscctions aﬁd their permanent mounting by thgif 1aminatioﬁ between

sheets of transparent plastic film has also been described (26,27).

{Vascular Injection Techniqué

lA fechnique using thin slices of lungs in which_the VCssélg_havé been in-
jected with multicolored latex, has been used in studiés“of;thé comparative sub-
'gross puimonary anatomy of a variety of ﬁammals (28,29}.' A major focus of atteﬁ_
tion. in these studies was the comparatiyé aﬁatomy of tﬁe vaécular tree. Vascular
injection and casting has been used in investigations into the vascular changes
accompanying emphysema in man (30).

Airway Casting

This is useful for development of mathematical models for behavior of inspired

gases and particles (31) and for the study of airway disease (32) and the patho-
: ‘ ' v
genesis of emphysema (33).

Replica casts of airways down to and including alveoli can be prepared in situ

for large and small animals (31). The metlicd involves replacenent of air by cycilc
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ventilation with CG?, filliﬁg with degassed salinalamd 510W1y_iniecming_$ili»
cone rubbor through-thc tfachea while -allowing SJlinCvﬁd drain from the thorax
via slits bCJWQCﬂ fihsc After curing (2-20 hourﬁ) the orgon 1is rembﬁed from
the thorax and thetissué‘oigested away;' Morphomct?ic ﬁeasurcments t
‘bé made oﬁ sUch‘casts include b;hnchiﬁ;'angles'and diménsiops’of airways and
alveoli. In some cases alveolar pores can bes seen and their relative sizes
determined via the scanning clectron microscope,_
The major limitation in using air&éy casts is.that all bﬁ{ the Simplgét
measurements mﬁde on them may require considerable time, effort and skill. On
the other hand, ? replica cast captures and ﬁrgserves the entire airway structurc,
allowing precise determination of the épatial aﬁd structurai distributiOn‘of lesions.
SPECTAL METHODS OF MICROSCOPIC LVALUATION )
A variety of invcstigafive methods is nceded in the search for pathogenctic
mocﬁanisms under]ying disease processes in fhe lung, as it is for any organ.
These methods are relevant to studies of both cellular biclogy and pathobiology,
and unaveidably investigations into the one havc.cdnsidcraﬁic impact gn the other.
Thé techniques in question have for the most.pait'either been in'use for a rela-

tively short time, or are in the process of being explored. Only an introduction

to these topics will therefore be provided.' 

lHistbchemistry " 3 ' -

Histochemistry and cytoéhemistry are essential for the full oiucidation of
the pathogenesis of toxic changes in inhomogencous organs such as the lung be-
caus¢ 1t 1s neccessary to localize biochemical changes to the_specific'cclis or
cell populations involved.

Many specialized methods of tissue preparation and incubation arc required

for the broad spectrum of histochemistyry. Enzyme histochemistry and histochenlsiry

—

for certnin cellular components is best done on cryostat scctions. Like a1l
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gections of thé respiratory system, distended.éryostat se;tions are much easier

to evaluate and p;ovidé‘more“useful information. Usually.the-tissug is distended

. with a cryostat emﬁedding materiai,.commonly 4%:ge1atin,>as bfiginally éoscribed

by Tyler and Pearse (34). This embedment has the double advantage of distending

the lunp and also prOV1d1n0 a medlum or‘embedment whlch pcrmlts much more conplete

sectlons than can be obtalncd if the lung is handled liKe. other organs or tissues.

Without such embcddlng, only fragments of SPCthD§ are obtainable. These are

extremely dlfflcult to evaluate 1n terms of total dlgtal airway and parenchymral

morphology. Fr6621ng of the gelatin infiltrated section is generally accomplished

using freon-22 cooled to near its fICCZng point of -160°C. Freczing directly

An 11qu1d nitrogen 1s con51derab1y slower and frequcntly distorts the tissue blocks.

While most cryostat scctlons tend to be thlcker and thercfore provide less resolu-

tion that paraffin sections, with appropriate equipment it is possible to serially

cut frozen sections at 5 or 6 microns. Such.sections afe suitable»for a wideb

%ariety of histochemical procedurecs which are‘cdmmonly applied to the serial

section in Ofdef to obtain correlated bidchemi;al and morphological information

at the cgllular level. i
Histochemicai procedures haye been divérsified.sigﬁificantly in recent years (35)

and-inqlude methods for miny enzymes as well as'ccll.inélusions and intercellulaf

~material. Many of these procedures can:be applied at both the light aﬁd electron

micrbécopic levels of obsérvafion of the lﬁﬁg‘(36—40) and some are su1table for

automated image analysis (41).‘ The studies of Spicor et al. (42) and Lamb and

Reid,t43,44) concerning toxic effegts of inhaled gasses on rcspiratory mucopoly-

saccharides is especially noteworthy. Another example is.the fluorescent amine

technique of Falck that has been used in studies of scrotonin-producing cells of

neurocpithelial bodies present im respiratory mucosa (45).

~———
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' ‘A promising new arca of chemical analysis that can be applied to the
respiratory system 1s that of analyzing’ X rays, cathodoluminescence or back-
scattered electrons genera by the interaction of the -clectron becam of an

109
iy

StM or fﬁM with the atoms of cellular components, inclusicns, oOT histochemical

- final reaction products in situ, thUS'providing clemental analysis of endo-

genous or foreign mater 59 s in cells and tissues (46-49).

Autoradiography

3

-Autorédiégj phy has buen used to determ1nc the cytokinetics of pulmonary cells
responding to damage caused by toiic envifonments,<such'g§ in the demonstrafions
that alveolar type 2 cpitﬁelial cells are thé precursors of type 1 epithelial o
cells (50,51). The second major use of autoradiographic techniquos is for tracing
the intraéellu] ar pathhays traversed by radiolabeled precursors of known oT
hypothesized cell.products (52—54). A third use is in studying the depcsition and
fate of inhaled particies (55).

Yorphometry " | o :

Morphometry is necessary for precise correlation of structure and function

a.

in both normal and discased orgsns. -It-can provide accurate measurement of the
'sevefity of damaﬁé in diseased organs and it is the onlyvmeans of confirming, by
statistical mcthods, fhe existence of significant éubtle lesions 1in a par ticular
treatment group of experimental animals. |

A systematic approach to'a quantiiative morphologic analysis of the archi-

tecture of the pulmonary systcm' sing manual wethods has been provided by Dunnill
(56), Xclbol (57) and Thu1]bcc} (58). Those aufhors estzblished the formulac and
methods necessary to obtain statistically reliable quantitative values for the
pulmonary system. Recently quantitation of the pulmonary system has bcen auto-
mated by use of computed pattern rccognition tcchniqueé (59) and automated mca-

e

suring microscopes (60). The greatest application of automation has becen with
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éutomated measuring ﬁicroscopés.- They:have béen used. to qUantifate geleCted
feafures of ;onductingiairyay& in normal and experimental bronchitisA(61)-and
of distal éirspaces in normal (62), emphysematops (63), and'expériméntal,pollu-
Fant—damaged.lung “12,64): Pattern.fecognition tcchniques have also recently
"been uscd'tofciassify and measuie the distal airways on an aut§matea neasuring-
microscope (65);

Freeze-fracture

Freeie—fracture is a method of looking at repligas of fréctured'surﬁaces at
very high regélution using TEM. Like the_SEM, it”proVidés é view of surfaces
rather thén‘cross ééétions._ Thus for low magnifiéatioﬁ énd low resolution of
natural or fractured sqffaces, the SEMTis the'most appropriate instfumenf, whereas
for high mégnification{ high resolution freeze—fractﬁre qr_frgeze—etch.is the
“most éppropriafe technique;

| Freeze#fracturé propedures-avoid the nécessity for including chemical inter-
actions, which may cause artifacts in the preparation of tiséue, and reveal an
gg!fggg_view of membranous surfaces.* In the pulﬁohafy syétem,rthe méthod has
béeﬁ used fo¥ study of cell organelles, paiticﬁlarly durihg secretion and phago-
cytosis (65), for visualization of tﬁe_a}veblar 1ining‘iayer (67) and in the
_examination of endothelialvcells reiativé to tﬁéir cépability for metabolizing
‘ciréulating vasoactive agents‘(GS). ‘The method is also neccessary for the sfﬁdy
of normal and abnormal cell junctions (69): ; |

Tracer Techniques

These have been used in studies of the permeability of the pulmonary vascu-
Jature in both normal ‘and edematous lungs. Horseradish peroxidase, hemoglobin,
microperoxidase, ferritin and colloidal particle$ have been used (70-74). The

investigations on pathways of clearance of inhaled iron oxide acrosols (10} or
— .



iptratracheally instilled ferritin or colloidal carbon (9) referred
~also involved the use of tracers.

Thick uiblblOOJC JCLLIO“*

Thesc were principally used in the study of human cmphysema (75). .To
extent they have been superceded by SEM, but they stiil have an important role
in documechting thc pattern of collagbnovs and elastic fibers in interalveelar
septa and determining their abnormelities during the pa thogencsis of ﬁisc: ;€S
subh as emphyscma.
ADDTTIONAL SPECIAL METHODS OF FIXATION

No one fixation nroccaﬁro is appropjuch for all investigative purpos To
the extent that considerations of methods of fixation ave intimatcly related to
the tcChHlGUCS of evaluation for which they are to be employed, common fixation
techniques have alrcady been discus sed. Th@re rcmain scveral, however, that have
-SP“Clal indications to be mstched VLLh the %poc1f1c aims of the investigator.

Vapor Fixation

Mcthods.have been developed for:the usc of formalin vapor (76,77) or forma]ﬁn
_steém (79 bﬁt have little to offer in the way of advantages and nothing afbajl in
convenience. Air fixation likewise has no uscfulness oéhcr than to provide a
convenient gross anatomical rcfoience. A recent method of vapor fixation usiug
osmium tetroxide suspended in coolpd fluorocarbon has been briefly ICPOTLCd by
Kilburn and McKenzie (79). The mixturé waéuinjected jntratracheally into breat
ing hamsters to fix the lungs while inflated and to lessen the chance of trans-
location of cells and particles on luminal surfaces of airways.

Vascular Perfusion

- The primary use of this method has been in the demonstration of extracellular
lining laycrs of alveoli and bronchioles by clectron microscopy (89,81). Trans-

location of cells and purticles should be less than by jntratracheal perfusion,



which may maké this method useful for localization of these components. .

Rapid freeze method

This method wds‘develbpcd by Sté&b and Storey (82){ It provides an ac—-
curate representation bf.?he morphologic state of the "lung "frozen".aﬁ a point
“in time in its cycle of dynamic.events. 'Tﬁé animél’s~luﬁgs are frozen while
it is aiive, at the desifed phase of the fespiratory cycle. The procedurc does
rgqﬁire thofgﬁéﬁomy w;th.good exposure'of fhe'lungs; Cafefully controlled venti-
lation is‘requircd.to maintain physiologidal stéte with the abiiity'fo mOmen -~
tarily hold the lung‘at the désired‘ngree of fnflétion.or ?ascular perfugion.
Freon 22 cooled to near its freezing poin; of7f1§0°C éf propane cooled to -175°C.
is uéed as the éryogenic.agépt fbr rapid fxeezing‘aé each of them absorbs'sig;
nificantly»mofé héat pér uﬁit volumé_of weighfjthanlliquid:nitrogen which rapidly
_gbsorbs heat then boils; fprming aﬁ air interface which effectively réducés the
transmission of additional.ﬁeat fr6m1thc ébeéiméﬁ fo ;he Eryogenic agénf. 'Only

the first few millimeters of tissue under the pleura are extremely rapidly frozen;
l‘ . . .

deeper tissue is frqzen considerably more élowly: ‘Tissues.frozen in this manner
may be freeze-dried or freeze~substitutedifor.subseqdent‘criticél point dr?ing.

‘ folldwed_by evaluation#in the scanning elcct?on microscope‘(ﬁ) or followed by
embedding in paraffin of plastic for'ligﬁt microécopy (23) of TEM. - In theASEM,
the general architecture of the pulhonary tiséues‘gre wéll pfeserved and avail-
~able for evaluation, but the surface detail of‘the cells is obécured by the mucous
coat or alveolar lining layer in £he airways ;r alveoli respectiveiy.
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“Fig. l1--Schematic outline of the corsal view of a rat's lung illustrating the
vertical plemncs of section for ampling tissue, The contour of the accessory

jobe is indicated by the narrow broken linc. LL--left Jung; RCr--vight cranial

iobe; RM--right middle lobe; RCa--vight caudal lobe.

Fig. 2--Schematic outline of the lateral view of the four lobes of a dog's right

lvng illustrating nine sampling sites.

Fig. 3--Light microsceopy of properly prepared paraffin sections provides a rela-
tively simple and rapid means of screening all levels of the trachcobronchial

tree and parcnchyma. Normal rat lung, HEE stain, 12x.

Figo. 4--SEM enables evaluation of surfaces and is intermediate in resolution be-
tween LM and TEM. 1t allows the examination of relatively large aresas and a
;great depth of field as ijliustrated in this micrograph of normal rat lung.

Thb--Terminal bronchiole; Ad--Alveolar duct, 30x.

.Fig..SA——The transition regpion from terminal bfonchiole_to alvobiar duct 1s an
area frequently damaged by inhaled irritants. Occasional macrophages {(arrow)
caﬁ be obscrved within proximal alveoli of this alveolar duct from a normal rat,
170x. : . e

B--Compared to the noymal,'in'the rat folldwing egpdsure to ozone (0.8 ppn
for f days) fhc terminal bronch@oie has a flattened surfacc appearance (Tb) and
proximal alveoli contain clusters of infiltrating inflammatory cells and decbris

(arrows), 160x.



C e
Fig. 6A4-Highiy magﬁified SEM view dfAﬁqrmal.ferminal.bronchioiériééifhelium
~in the rat, 2800x. k

B~—Iﬁ contraét, note the ioss of surface projections.éf nénciiiatcd
Pronchiolar (Clara) ceils and the sﬂortening and reduéed density of cilia in

‘a rat eprsed to 0.8 ppm ozone for 7 days, 2300x.

Fig;l7A——Oﬁe micron seétion from plaétié—embéddgd lung of a raf.exposed to 0.8
me 6zone fof 2 days proﬁidCS'good Tesolution of cellular'detail by IM and
loéalization,of specific region of interest (cifﬁ}ed). .Bichardson trichrome,
111x. ) |
B——Higher'hagnification of aféa circlediiﬁiA,;SOOx.H.
C--Using tHe mesa techﬁique, a pérfi&niof the 1e§ion, such gs_éirclcd in.
7B, can be selected and thin sectiqné from the same.region'of'the block examined

by ‘'TEM. Uranyl acetate and lead-citrate;~3750x.‘
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