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Introduction

In assessing the biological effects of air pollutants we are confronfed
with basically two types of situations. The first one is to assess the
possible effects of long-term exposure to low levels of pollutants in order
to establish at what levels individuals can be exposed without significant
increase in respiratory diseases, pulmonary impairment, possible shortening
of expected lifespan, etc. The second one is to assess the possible effects
of short-term exposures, air pollution episode types, when the concentration
of pecllutants may rise several folds above normal background levels due to
a variety of reasons. In this case possible effects such as sensory irrita-
tion of the eye-nose-throat and effects on the bronchial tree as well as on
deeper pulmonary structures are important to evaluate. In this case not only
must the acute effects be evaluated per se but also considerations must be
given to the possible effects from repeated exposures to thege levels.

We must also be concerned about the effects on some sensitive sub-groups
as well as on healthy individuals within the exposed population. There will
obviously be some cut-off point as far as evaluating the effects on sensitive
sub-groups since there is an infinite number of them. Quite frankly an arbi-
trary decision will be made as to the level of protection to be reacHEd.

In this article aﬁ attempt is made to evaluate the methodology used to
investigate the effects of pollutants which primarily affect the respiratory
tract. The article is divided into two parts: short—term and long-term effects

and concerned with methodology used in laboratory animals.
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I. METHODOLOGY FOR SHORT-TERM EXPOSURES

1. Introduction

This section is based on the following articles (1,2,3,4,5 and 6) and on

three review articles (7,8,9). For discussion purposes the following is pro-

posed:

i)

ii)

iii)

iv)

v)

vii)

viii)

Sensory nerve endings are found in the membranes lining the respira-
tory tract, from the tip of the nose to the pulmonary alveoli.

These sensory nerve endings are s&imulated when irritants impinge
upon them.

Stimulation of the endings will increase the frequency of impulses

on the afferent nefve.

Information will be integrated at the C.N.S. and various reflex
reactions will occur through efferent nerve(s).

The increase in impulse frequency and the intensity of the reflex
reaction(s) will be proportional to the concentration of the irritant.
By measuring either of the above a dose-response relationship can be
established and threshold values determined.

These nerve endings are cholinergic in nature, belonging to either
the trigeminal, laryngeal or vagal nerves depending upon the level of
the respiratory tract and are stimulated by specific mechanisms.
Methods which will measure increases in impulse frequency on the
afferent nerves or reflex reactions occuring are likely to be more
sensitive in detecting theieffeéts of airborne chemicals on the

respiratory tract than any other biological evaluation.



If we examine at which level of the respiratory tract airborne chemicals

can impinge and act we can determine the following:
i) nasal
upper respiratory tract
ii) laryngeal
iii) central conducting airways (large airways)
lower respiratory tract
iv) peripheral conducting airways (small airways)
v) alveoli

and therefore adequate methodology must be devised to recognize an effect at
each level. In this article, the methodology will be restricted to measurement
of reflex reactions occuring from the action of irritants at each level described
above sin;e.measurement of impulses from affereﬁt nerves is still a difficult
procedure and necessitates anesthesia, surgery, etc. while measurement of reflex
reaction can be done in unanesthetized animals and is better suited for the
investigation of large numbers of pollutants and mixtures. Depending on the
nature of the airborne chemicals the net dose received by each area of the
respiratory tract will vary. For example, sulfur dioxide because of its high
solubility is retained primarily by the upper respiratory tract while nitrogen
dioxide can penetrate deeper. A useful classification is presented in Table 1.

This classification is arrived at by determining which level of the respiratory

tract is affected first and by the lowest concentration of the chemical.

2. Methodology Used
A. Sensory irritation of the upper respiratory tract
i) Method
A method to measure sensory irritation of the upper respiratory
tract, nasal and laryngeal area but mainly nasal passages, is based on
the fact that when nasal trigeminal nerve endings are stimulated (and

to a lesser extent laryngeal) a reflex reaction occuring is a decrease



ii)

in respiratory rate as described in Table 2. This decrease in respi-
ratory rate is characterized by a lengthening of the expiratory phase
as shown in Figure 1 and is specific for stimulation of trigeminal
nerve endings as presented in Table 3.

With this method, dose-response curves have been obtained in mice
with a very wide variety of sensory irritants. Since it is quite sim-
ple to measure respiratory rate in animals the method can be proposed
to investigate numerous pollutants aﬁd mixtures of pollutants. Currently
we are using this method to evaluate the effects of combustion products
of various plastics, a quite complex mixture and the results look promising.
Similarly we have used this technique in the past to evaluate irritancy
of cigarette smoke with excellent results.

Animal species

In the test described above mice have been used extensively although
other species such as rats, guinea pigs, rabbits, dogs, etc. will react
in a similar way as shown in Table 4. Mice are selected basically be-
cause they are inexpensive and easy to keep and they breathe exclusively
via the nose. Some attempts have been made to determine which animal

species is more sensitive and would be more useful to predict the reac-—

- tion in humans. The results indicate some variation depending on the

type of irritants. For sulfur dioxide it would appear a comparison is
difficult becﬁé@e the pattern of response is not the same in both
species. |
Pattern of response

With sensory irritation of the upper respiratory tract the most

frequent time-response pattermobserved in mice is that a maximum respounse



iv)

V)

is established for each concentration tested and remains at this
level for the duration of expééure. This is demonstrated in Figure
3. However, this pattern of response can vary. For sulfur dioxide
the time-response pattern observed in mice is that»a maximum res-—
ponse is reached rapidly and is followed by a recovery although the
exposure continues as shown in Figure 4. We have called this phe-
nomenon ‘'desensitization”. TFrom the review of the literature on
subjective response of humans to sulfur dioxide (7) and also from
a very recent article on this subject (10) it does appear that humans
exposed to a concentration of 10-25 ppm experienced immediate dis-—
comfort which gradually fades with time thus resembling the response
we obéerved in mice.
Effect of repeated exposure

With repeated exposure to sensory irritants the same level of
response is usually obtained. One notable exception is with sulfur
dioxide. With this gas, the maximum response observed in a serles
of exposures gradually faded until the 10th exposure when no response
was observed. This is illustrated in Figure 5.
Prediction to humans

We feel that the test described will correctly predict which
airborne chemicals-are likély to induce sensory irritation in humans.
As far as quantitative prgdiétion is concerned a concentration capable
of decreasing respiratory rate by 50% in mice would be predicted to

be absolutely intolerable for humans and approximately 1/10 of this

concentration would evoke subjective responses.of sensory irritation

of eye-nose-throat in humans within 1 or 2 minutes of exposure. For
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sulfur dioxide these concentrations would be 120 ppm and 12 ppm
respectively. From an evaluation of the literature on humans exposed
to sulfur dioxide (7) and also from a very recent article on this sub-
ject (10) these values seem appropriate.
vi) Conclusions
Measurement of decrease in respiratory rate in mice appears to

evaluate reliably the action of airborne chemicals and can be of use in
predicting at what concentration seﬁsory irritation will occur in hu-
mans as well as predicting the time-response pattern of the reaction

during continuous or repeated exposures.

Action on Lower Respiratory Tract
The receptors located in the lower respiratory tract are basically of
three types (8)
+lung irritant receptors
-stretch receptors
stype J receptors
Stimulation of any of them always results in an increase in respiratory
rate as shown in Tables 5 and 6. With stimulation of lung irritant recep-—
tors, which are the most centrally located, coughing and bronchoconstriction

is also observed but not with stimulation of deflation or type J receptors.

1. Determination of an effect on central airways
i) Method

The work of Amdur, as reviewed (7) has been an attempt to establish
i

that several airborne chemicals are capable of inducing the broncho-
on

constriction by reactingithe central airways and acting upon them.



ii)

To determine their action at this level airflow resistance was
measured in intact as well as in tragheostomized animals. The
results obtained by Amdur and other workers are summarized in
Table 7 and Figure 6: = If we compare concentrations necessary
to produce 50 or 100% increase in airflow resistance in intact
guinea pigs, sulfur dioxide would be the ieast potent while zinc
ammonium sulfate would be the most potent of all the chemicals
tested. The use of this technique in tracheostomized animals
certainly reveals that constriction of the central and perhaps
peripheral airways does occur when an increase in resistance
occur., However, with present knowledge, when intact guinea
pigs are exposed and an increase in airflow registance is re-
corded one cannot reach a direct conclusion that this increase
in resistance is due to bronchoconstriction. Indeed several
mechanisms exist by which an increase in resistance can be ob-
tained as presented 1in Table 8.

Animal species

In the test described above the guinea pig has been used most
extensively with also experiments done in cats and dogs as re-
viewed (7). Although we are constantly told that the guinea
pig is the most sengitive species, I canmot find evidence such
as dose-response curves supporting this statemént. Since guinea
pigs can be easily handled and are quite adaptable for this
measurement they will probably be used in future| studies. Such

measurements can however, be very easily performed in monkeys(ll).



iv

v)

Pattern of Response

The pattern of response-of the action of sulfur dioxide in
increasing resistance to airflow is quite different in guinea
pigs than for dogs, cats or humans as reviewed (7). In.guinea

pigs the increase is sustained over a period of 1 hour or more

while this is not so in humans or dogs. However, the pattern

of response in humans as recently measured by Anderéen et al
(10) seems to more closely approximate the pattern
seen in guinea pigs. Further evaluation will be necessary on
this point.

Effect of repeated exposure

As reviewed (7) in humans the action of sulfur dioxide decreased

in sequential exposures. Few animal experiments have been per-
formed to study this aspectféil this is a most important topic.
Predictions to humans

Although several airborne contaminants have been tested in
guinea pigs for their effect in increasing airway resistance
only one, sulfur dioxide, has been extensively tested in both
guinea pigs and humans (7). From the data obtained (Table 7
and Figure 6) we can reach two different predictions. First
if we choose a level of response such as 50 or 100% increase

in resistance and the corresponding exposure concentrations

necessary to obtain such responses in guinea pigs and in humans.

of sulfur dicxide

we find that it takes much higher concentrations /in guinea pigs
than in humans. Second, if we choose the minimum concentration

at which any level of response can be detected we find that
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guinea pigs reacted at a lower concentration than humans. Which
selection should be made? It is particularly treacherous to
predict from the lower portion of the dose-response in guinea
pigs since a no-response concentration has not been established
and that for a 2 fold increase in concentration there is hardly
any noticeable increase in response. Alsc in a recent report
McJilton
by / et al (13) there was no detectable response at 1.0 ppm
contrary to the data presented by Amdur in Figure 6. However,
even if quantitative predictions are difficult to make, it would
appear that qualitative predictions can be made from this test
In guinea pigs.
vi) Conclusions
Measurements of airflow resistance in guinea pigs appears to evaluate
- reliably the action: of airborne chemicals, particularly on the
larger conducting alrways. Some reservations are in order when
considering the contribution of each portion of the respiratory
tract (upper and lower) to the total increase in resistance and
to the various mechanisms involved in this reaction to inhaled

chemicals.

2. Determination of an effect on peripheral airways
i) Method .
Several methods have bgen established to déteét changes in the
status of peripheral airways in humans as reviewed by Macklem
{14) but unfortunately few are applicable in undnesthetized
laboratory animals. One method which can be used in unanes-

thetized monkeys is the nitrogen wash-out technique (15).
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It would be difficult to adapt this technique to small rodents
although it has been used in squirrel monkeys with good success

(C.E. Ulrich, personal communication).

At this time it is impossible to assess how such techniques’
will reveal the action of pollutants such . as sulfur dioxide
nitrogen dioxide, etc. in short-term acute exposures because

of limited data. There is, however, a definite need to explore
this area since an action at this level is probably most impor-

tant.

3. Determination of an effect on peripheral airways and pulmonary struc-

ture.

i)  Method
As stated above, when receptors in the lower respiratory tract
are stimulated by inhaled chemicals there is a reflex increase
in respiratory rate. If there is an action on the lung irritant
receptors, there is normally also constriction of the airways in
which they are located but this does not cccur with stimulation
of stretch receptors or type J receptors which are more peripherally
located. There is indeed a long list of chemicals which . have
been shown to induce reflex tachypnea by their action on pulmonary
receptors as shown in Tables 5and 6.. Unfortunately, there has
been few quantitative réports in this area but for two @ of the
pollutants of interest at this conference, ozong and nitrogen
dioxid% a dose-response relationship has been estabiished in

guinea pigs as shown in Figure 7. For both ozone and nitrogen
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dioxide there was no increase in airflow resistance while respira-
tory rate increased as shown in Figure 7. This would indicate
that their action occurs on the deepest portion of the pulmonary
system,
ii) Animal species
As shown in Tables 5and 6 this reflex tachypnea occurs in a
wide variety of laboratory animals exposed to airborne chemicals
but there is not sufficient data to aséess which animal species
is more sensitive or best suited for investigation of pollutants.
iii) Prediction to humans
_Unfortunately, little can be said about this. In_Table 6, one
pollutant, sulfuric acid mist, has been reported to increase
respiratory rate in man. Sulfuric aéid mist can probably be
classified as a pulmonary irritant rather than a sensory irri-
tant (also see section on long-term exposure) and indeed its
action may have been on pulmonary receptors as discussed (7)
resulting in an.increase in respiratory rate. However, this
will need further investigation.
iv) C&nclusions
Measurements of increase in respiratory rate in laboratory animals
appears to be reliable to evalﬁate the action of airborne chemicals

on the deeper pulmonary structures.

3. Mechanisms by which sensory receptors iIn the respiratory tract are
stimulated.
It has been frequently stated that the action of irritants in non-—

specific, due to change in pH in the tissues, formation of acids or
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bases, etc, Quite the contrary is true. Sensory receptors are stimu—
lated because of specific interactions. with airborne chemicals
although the mechanisms involved are only beginning to be defined (7).
There are good reasons to believe that interactions with SH g¥oups

and S-S bonds in proteins of sensory receptors are two basic mechanisms

by which these receptors can be stimulated by airborne chemicals (7).

' General Conclusion

Nerve endings lining the réspiratory tfact are easily accessible
to inhaled airborne chemicals. Stimulation of these nerve endings re-
sults in reflex reactions which can be evaluated in unanesthetized
laboratory animals with adequate methodology and used to predict, at

least qualitatively, the type of reaction to be expected in humans.
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II. METHODOLOGY FOR LONG-TERM EXPOSURES
1. Introduction

This section is based on the following articles (18,19,20,21,22,23) and
on one brief review article (24)*. It mainly discusses the studies in which
I was involved and certainly does not includg all possible tests that can
or should be conducted in animals exposed to low levels of pollutants for
a long period of time. Quite simply an evaluation of the protocol we used
is given in an attempt to point out which kinds of tests are likely to be of
value. Since these studies were designed In 1963-64 it is obvious that some
deficiencies can be pointed-out on the basis of present knowledge. This, of
course, is a frustration that scientists doing long-term chronic studies must
learn to acéept. The second one is that usually, when such studies are de-
signed and reviewed, everyone will suggest the addition of a variety of tests
to be performed and we usually end up with a testing schedule so overloaded
that animals would be tested 6 hours/day instead of being in exposure chambers.
Indeed the temptation is very great to design a study which will answer all

questions. I do not think this can be done.

*Qther articles are being prepared on results of long-term chronic exposures
to various pollutant systems.
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Experimental Design: number of animals, statistical analysis

Obviously the design of long-term studies is crucial because of
the economics involved. I would add that in testing for concentrations
of pollutants or mixtures in order to establish a deleterious effect
level we should design our experimenté in such a way that an experiment
could be terminated as soon as possible and not carried on to its
original completion date just for the sake of completion. Indeed in
our studies on sulfuric acid mist and nitrogen dioxide we could have
terminated the studies much earlier than the planned termination date
since early in the exposure we had obtained sufficient assurance that
at some levels deleterious effects had definitely been observed. The
studies, however, were continued to answer some questions about possible
tolerance development. Obviously, if studies involving these pollutants
would be started with other mixtures, they could now be much shorter
and more economically feasible but yet provide probably as much infor-
mation. We now come to some improtant decisions about the number of
animals and statistical analysis.
a. Number of animals

In inhalation exposures, because of restriction in space

available in exposure chambers, the number of animals will usually

be much smaller than in other toxicological studies. Therefore,

one must make a decision about what kind of animal selection will

take place since if the number is small and the variation in the

biological parameters being measured is large we automatically

deny ourselves any chance of detecting small cha&ges at a sta-

tiscally significant level. In our studies on monkeys, the space
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available in exposure chamber was limited to 9 animals. We
therefore did not take animals on a random basis. Even after

a long conditioning period in our laboratory, we ''screened"
animals and selected them on the basis of previously determined
"standards" thus obtaining what we called "healthy animals".

This screening procedure resulted in a 50% rejection rate of
animals received after quarant%ne and rejection was for a
variety of reasons from "abnormal" values for hematocrit, E.K.G.;
arterial blood pH, airway resistance, etc. With such screening

procedure we probably eliminated some 'possible sensitive animals"

but since these were the first studies, we believed that establishing

the effect in "normal, healthy animals" was probably more important
since we could not define (and still today cannot define) what
type(s) of abnormalitry(ies) in animals would be most suitable to
represent some sensitive sub-groups.
Statistical Analysis

In our studies in monkeys and guinea pigs we decided from
the very beginning to measure all parameters under normal control
conditions not only once but several times in order to determine
normal variation when the poliutants were not present. Also we
decided to measure each variable as frequently as possible early
in the exposure. Furthermore, sequential analjsis of the data
was undertaken in an attempt to determine if an effect would
occur and at what time it would occur. This wasfquite successful.
It seems to me that to measure a variable once prior to exposure

and then only after termination of exposure, some one or two years
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later, and to attempt to analyze the data by analysis of wvariance
is an absolute waste of time, particularly when pulmonary function
tests, which are known to change with age, are performed. Some
investigators have done this and we have done this irn studies in
rats (in order to save money) and the results are a worthless mass
.of tables including a lot of ¥ or t values. There must be new
ideas and concepts in designing long-term studies so that such
mistakes are avoided. The sequential analysis attempts we have
made have certainly shown to us that a lot more can be obtained
in these studies if frequent testing is made and a recent article
by Riffenberg showing how sequential analysis can be done in such
_studies is certainly worth considering. Furthermore with our
present knowledge it should be possible for scientists in statis-
tics and operations research to optimize experimental design in
order that long-term studies be made at less cost.
2. Biological variables and frequency of testing
An attempt was made to evaluate pulmonary function by measuring:
-mechanical properties of the lung
.distribution of pulmonary ventilation
‘-diffusing capacity of the lung
sarterial blood gas measurements
The various measurements made and the frequency of-testing under
each categories are presented in Tables 9, 10, 11 and 12. Also
various hematological and serum biochemical determirations were

petrformed as shown in Table 13. The methodology used for measurements

of these biological parameters has been described fully (11, 12, 15,



19, 23). 1In view of the high retention of sulfur dioxide in the upper
respiratory tract (10, 25) itAwould have been advisable to study the
effect on these membranes but this was not done. Also a possible
reduction in lung clearance which may be indicated from recent studies
(26) (although I have some reservation about this article) has not
been investigated.
Results

The results of the ldng—tefm chronic sfudies published so far are
summarized in Table 14. From this table it is easy to determine that
sulfuric acid mist and nitrogen dioxide act in a very similar way as
pulmonary irritants. Sulfur dioxide and sulfur dioxide with fly ash
mixtures did not, with the testing methods used, induce detectable
deleterious effects. It may be added that-when calcium sulfate (10
mg/m3) was added to 7.5 ppm of nitrogen dioxide in conditions similar
to exposure to nitrogen dioxide alone there was no increase in the
effect seen with nitrogen dioxide alone at 7.5 ppm, in fact perhaps

a slight decrease (Alarie, unpublished).
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4. Discussion
i) Changes observed

It is interesting to note that both pollﬁtants which are con-
sidered as deep lung irritants as opposed to sulfur dioxide which
is primarily an upper respiratory tract irritant induced similar
type of effects. The distribution of pulmonary ventilation was
impaired, the respiratory rate was increased and decreases in
arterial blood oxygen tension were observed. Modifications of
the distribution of ventilation indicates anveffect primarily on
the peripheral conducting airways._ The increase in respiratory
rate may be attributed to stimulation of pulmonary receptors al-
fhough other factors may have contributed (7,21). 4With sulfur
dioxide at low concentrétions or with sulfur dioxide and fly ash
mixtures no deleterious effects could be observed. However, with
an accidental exposure to a very high concentration the effects
observed were similar to those obtained with nitrogen dioxide
and sulfuric mist thus indicating that such an exposure resulted
in irritation of the peripheral pulmonary airways. What is
interesting in this case is that the abnormal pulmonary function
detected immediately after the accidental exposure persisted for
‘a period of 48 weeks auring which the animals were maintained in
filtered air and no appérent recovery occurred during this pericd
Histopathological examination at the end of this 48 week period
revealed pulmonary lesions almost similar in nature as the ob-
tained following acute of subacute exposure to very high concen-

tration of this gas, apparently no healing process had taken place.
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In all three instances where deleterious effects were
detected, involvenment of the peripheral airways can be com-
pared with the action of other pulmonary irritants such as
phosgene and ozone (21).

Animal species

The use of monkeys seems to be appropriate for evaluation
of the effects of various respiratory irritants commonly found
in either urban atmospheres or industrial situations. Following
a period of adaptation to the restraining chair and face mask
pulmonary function tests can be done in these animals in the
same manner as in humans. Monkeys either in a sitting or upright
position will remain quiet and breathe normally duéing the various
tests without need for anesthetics. This is an obvious advantage
since anesthesia has a profound effect on respiratory function and
will introduce confusing artifacts in studies on the effects of
low concentrations of pulmonary irritants. However, to obtain
arterial blood samples for determination of oxygen and carbon dio-
xide tranquilization should be used.

Cynomolgus monkeys have been used in these studies instead of
rhesus monkeys because they are less susceptible to tuberculosis.
Also infestations with lung mites is much lower or non-existant.
This is advantageous for histopathological evaluation. Whether or
not monkeys have some advantages over other species in terms of
predicting the effects to be observed in man from exposure to the
various pollutants listed in Table 1 remains unanswerable at this

time. Upper respiratory tract retention and alveolar deposition
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of aerosols seems similar in monkey and man (27) and their tidal
volume and respiratory frequency as well as other mechanical pro-
perties of the lung are very close to those found in young in-
fants. However, other aspects are less well known.

As with other animal species,pulmonary function tests such
as determination of maximum ventilatory capacity which requires
cooperation of human subjects cannot be made in monkeys. A
serious drawback in the use of gonkeys is their increasing scar-
city and cost. Also a ﬁeriod of at least three months should be
observed after a quarantine period for tuberculosis detection so
that the animals will be well adapted to their new laboratory

environment and be in good health.



Other Considerations

Since we are getting together to discuss various aspects of air pollution
T would like to place forward some statements for discussion.

1. Sulfur dioxide, possible synergism, sensitive individuals. It seems
rather difficult for me to admit that sulfur dioxide is responsible for all
the bad effects that we attribute to air pollution. Also of all the condi-
tions presented so far in which potentiation was observed I remain very
skeptical that any would be suffiéient to cause death or severe discomfort
in normal or sensitive individuals when the concentration of sulfur dioxide
is lower than 2 ppm. In reports of controlled human exposure to sulfur dio-
xide it is sometimes reported that "sensitive' individuals reacted. I don't
think the data presented is sufficient, particularly, since in a recent re-
port (10) is was discussed that "an individual experienced intense discomfort
even during clean air exposure”". This is a rather remarkable observation
since no subject reported such levels of discomfort when exposed to 25 ppm
SO2 (concentration increasing from 0 to 25 ppm in about one hour) and points

out some of the difficulties to be expected in non—-controlled experiments.

2. Tolerance - Desensitization with SOZ'

In mice, cats, or dogs sensory receptors in the respiratory tract
become desensitized to the action of S0, and this probably also occurs in
man (7) although the report by Andefsen et al (10) pointing out that if
humans are suddenly exposed to 25 ppm of sulfur dioxide they found this
situation intclerable while the subjects exposed to 25 ppm but reaching this
concentration slowly in one hour never reported this.- I interpret this

situation as desensitization or tolerance development. This raises some
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interesting questions as far as evaluation of sénsory irritation in
day to day air pollution effécts in humans.
Formation of irritant sulfates

In Figure 6, the dose response obtained with S0, and zinc ammonium
sulfate indicate that this salt is much more potenf than sulfur dioxide
in increasing airflow resistance in guinea pigs. 1 cannot asses the
possible formation of this.salt under urban atmospheric conditions and
it seems rather difficult to admit that formation of "irritant sulfates”
occurs when we do not yet know the exact nature of the sulfates. Ob-

viously, if calcium sulfate is formed this is quite different than zinc

-ammonium sulfate. In long-term chronic studies exposure of monkeys

and fats to calcium sulfate no deletérious effects couid be detected
(Alarie, unpublished). Therefore, I strongly object to the use of the
term "irritant sulfates" until further definition of their nature can
be obtained.
Current work

Presently we are engaged in research work on sensory irritation and
although not directly engaged in the effects of sulfur dioxide or ni-
trogen dioxide our work may be of some relevance to urban atmospheric
pollution. Our present hypothesis is that specific organic chemicals
which may be forﬁed as a.result of interactions between hydrocarbons,
sulfur dioxide and nitrogen dioxide are much more important to.consider
than sulfur dioxide or nitrogen dioxide in terms of evoking sensory
irritation of the eye-nose-throat. For example, nitroolefins are much
more potent sensory irritants than either sulfur dioxide or nitrogen

dioxide (7)." Similarly some simple sulfonyl halides are about 50 to



100 times more potent sensory irritants than sulfur dioxide and
some carbodiimides and diimines are tremendously potent sensory
irritants (Alarie, unpublished). Similarly we have identified

some other organic classes of chemicals which are potent sensory
irritants. To what extent are these formed in photochemical smog
or in some air pollution episodes is still undefined and therefore
we are not suggesting these products as the only possible important
ones. A recent article by Yeung and Phillips (16) based on data
obtained by Heuss and Glasson (17) is encouraging us to pursue our
work on chemical reactivity and sensory irritation activity for

organic chemicals (7).



TABLE 1

%
Classification of Airborne Chemicals Capable of Stimulating Nerve Endings in the Respiratory Tract

A - Sensory Irritant

1.

2.

3.

4.

Definition: Chemical which when inhaled via the nose will stimulate trigeminal nerve endings, evoke a burning
sensation of the nasal passages, and inhibit respiration. Also, most will induce coughing from laryngeal stimulation.
Other characteristics: These chemicals are also capable of stimulating trigeminal nerve endings of the cornea and
induce tearing. At high concentration, particularly on moist tuciul skin, they are capable of inducing u burning
scnsation. Some have odorant andfor pustatory qualities. Most will induce bronchoconstriction, usually at
concentrations in the air higher than required for stimulation of nerve endings in the nasal passages.

Lquivalent terms to describe their action: Upper respiratory tract irritant, nasal or corneal trigeminal stimulant,
common chemical sense stimulant, chemogenic pain stimulant, suffocant, lachrymator, and sternutator.

Typical examples: Chloracetophenone, o-chlorobenzylidene malonenitrile, g-nitrostyrene, diphenylaminochloro-
arsine, sulfur dioxide, ammonia, acrolein, and inert dust. (Sce Tables 510 13) T

B — Pulmonary Irritant )
1. Definition: Chemical which when inhaled will stimulate sensory receptors within the lung and increase respiratory

w

rate with a decrease in tidal volume resulting in rapid shallow breathing. Their action, as opposed to that of sensory
irritants or bronchoconstrictors, is to evoke a sensation of dyspnea and breathlessness rather than a censcious
painful sensation.

Othier characteristics: These chemicals are capable of inducing pulmonary edema which is then accompanied by
painful breathing. They have littdle or no action as sensory iritants of the eye or nasal passages atl concentration
sufficient for pulmonary irritation, and, therefore, they provide little warning of their presence. Some have odorant
or gustatory qualitics and some exert a bronchoconstricting action.

Equivalent terms to describe their action: Lower respiratory tract irritant, lung irritant, and deep lung irritant.
Typical examples: Phosgene, nitrogen dioxide, sulfuric acid mist, ozone, sulfur and nitrogen mustard, and sulfur
pentafluoride. (Sce Tables 15 and 16.) T

C — Bronchoconstrictor

1.

Definition: Chemical which when inhaled will induce an increase in resistance to airflow within the conducting
airways of the Jung. The action can be via direet effect on smooth muscles of the conducting airways by axonal
reflex, vago-vagal, or trigeminal-vagal reflexcs following stimulstion of nerve endings belenging to these systems or
by liberation of histamine.

Other characteristics: Most of these chemicals are also sensory irritants. Their action on the bronchial mucosa
produces a painful sensation.

Equivalent terms to deseribe their action: None

Typical examples: Sulfur dioxide, ammonia, inert particles, sensitization by allergens such as foreign proteins or
chemicals acting as hapten such as toluene diisocyanate, and acrosols of histamine or cholinergic agonists. (Sce
Tables 15, 16, and 17.) T

D - Respiratory lrritant

1.

3.

4.

Dcfinition: Chemical which when inhaled can act as sensory irtitant, bronchoconstrictor, and pulmonary irritant.
These chemicals are capable of all three actions and there is little difference between the concentration at which
they are sensory irritant and pulmonary irritant.

Other charactersistics: Similar to sensory irritants and lung irritants,

LEquivalent term to describe their action: Any of the terms mentioned in this table, depending on ihe exposure
conditions involved.

Typical examples: Chlorine, ketene, chloropicrin, dichloromethyl ether, and chlorine pentafluoride.

*Adaptcd from Henderson and Hagpard,'3® (ref.7)
T see Ref. 7, this paper
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TABLE 2

Characteristic Actions from Stimulation of Nasal Trigeminal Nerve Endings by Chemical or Physicat Stimuli in
Unancsthetized or Lightly Anesthetized Laboratory Animals and Man

Adcquate
Stimuhi

a. Physical:
tempera-
ture
pressure

b. Chemical:

specific
receptor
agonists

References
-see Tables
‘51013

“from Alarie, Ref. 7

Receptor

Iiree nerve
iendings of
trigeminal
nerve at
surface of
nasal
respiratory
epithelium

References

91, 145, 204,
251,262,328

Afferent
ncrve

Increase
impulse
activity in
afferent
trigeminal
nerve

References
see Table 6

Processor

Integration
at CNS level:
medutla and
other centers
and inter-
connections
with cfferent
nerves

References
94,151,198
266,303

Efferent
ncrves

a. Phrenic:
inhibition
during
cxpiration
phase of
respiration

b. Vagus:
increase
activity

c. Splanchnic:

increase
activity

References
see Table 4

Reflex reactions observed

a. Decrease in respiratory
rate; lengthened
expiratory phase

b. Decrease in heart rate

c. Peripheral vasocon-
striction and rise in
systolic arteriul
blood pressure

T-25

d. Bronchoconstriction? -

bronchodilation?
e. Decreased renal clea-
rance and blood flow
f. Decreased coronary
blood flow
g- Decrease in pulmonary
blood flow
. Closure of the
glottis
i. Closure of the nares
and increase in nasal
flow resistance
References
sce text, Tables 4 and 5

-
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TABLE 3

Demonstration of Reflex Pathways Involved in Reflex Reactions from Seasory Irritation of the Upper Respiratory Tract
by Airborne Chemicais

Reactions observed under various conditions

Conditions
same as same as same as saine as same as same as
(a) (a)+ @)+ @+ . (a)t (a)+ @
Systems Normal Section Section Scction Section Section Section Brea-
Affected condi- of of tri- of ol- of the of of va- thing
tions superior geminal factory splanch- vagus gus ner- via
unancs- faryn- nerves ncrves nic nerves ves with tra-
thetized.  geal or or nerves or or section cheal
breath- nerves* local removal symputhe- para- of spla- cannula
ing via anesthe- of ol- tic sympa- nchnic ¢
nose ¢ sia with factory blockade thetic nerves
cocaine bulb** blockadce ot sym-
pathetic
blockade
Respiratory Rate 4 1 - i i i t t
Systolic Arterial
Blood Pressure ? t - t - § - -1
f{eart Rate H b - + 1) - - -4
Refercnces* ** sce 197, 209 15,17, 15,197 6,16, 6,16,17, 6
’ Table 5 ) 123,197, 209, 270 114, 209 123,133,
209, 270, 193, 209,
306 210
1 decrease
+ © increase
- :  nochange.
* :  see text for secondary role
% 1 see text for secondary role
=x% : gther secondary references are noted in text
o . {his condition is added to demonstrate the opposite effect of ircitants when acting on lower airways; sce section
4.0 for details and references
ford . or chemical restricted to the upper respiratory tract only
* 3
from Alarie, Ref. 7



TABLE &

Sensory rritants®

fixposure

- A. Chemical Animal species conditions** References
Acelic acid cat, rabbit, AB 4,18,197
A0use, mant ’
Acrolein rabbit, puinea AB 107, 209,
pig 227
Ammonia rabbit, cat, man AB 15,18, 50,
: 109, 197,
270
Automobile exhaust guinca pig A 229
Benzene rabbit, dog A, B 15,105
Bromacetone rabbit, dog B 209, 210
Bromine rabbit ' A, B 270
Capsaicin mouse A 8
Chloracetophenone (CAP) mouse A 8
Chlorine rabbit, dog B 2019, 210
o-chlorobenzylidene mouse, rabbit, A, B 4,5,6,7.9,
malononitrile (CBMN) cat, man, rat 254, 306
Chlorotorm rabbit, doy A B T114, 123, 147,
197, 209, 210
Chloromethyl rubbit, dog B 209, 210
chloroformate i
Chloropicrine rabbit, dog B 209, 210
Cigarctte smoke rabbit, mouse AB 4. 88,107,

133,142,192,
193,197,270

Cinnamylidene- mouse A 7

malononitrile

Diphenylunino- | mouse A 6

chloroarsine

Ethanol rabbit, mouse AB 6, 197

Lther rabbit, duck, A, B 50,142,192,
rat, guinea pig, 193,197
hamster, mouse

Formaldchydc nouse, rabbit, A, B 4.29.107,
puinca pig 133

Hydrochlotic acid rabbit B . 197

fumes

Nitroolefins puinea pig A 228

g-nitrostyrene mouse A 7

Phosgene rabbit B 209

Sodium metabisulfite mouse A 10

Sulfur dioxide Mmouse, guinca A.B 9, 39,107,
pig, rat, mun 205, 284

Sulfuric acid fumes rabbit B 197

Toluene rabbit A S0

Trichloromethyt- rabbit, dog B . 209,210

chloroformate

Xylenc rabbit’ B 15

B. Physical

Cooling with rabbit B 197

carbonic acid

Cooling with cold dog, rat, cat, B 123,147,

water or cold air man 214,215

Tickling or pinching rubbit, man B 50, 188,
197,212

*Chemical and Physical stimuli capable of inducing a decrease in respiratory rate and other
reflex reactions listed in Table 3 because of their action on nasal trigeminal nerve endings.
**Conditions: A: whilc breathing via the nose. B: chemical or physical stimuli restricted to
upper respiratory tract.

+from Alarie, Ref. 7
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TABLE 5 |

Inhaled Chemicals Reported to Evoke Reflex Reactions* from their Action on

Pulmonary Nerve Endings

Chemicals

Acrolein
Ammonia

. Benzene
Bromacetone
Chlorine
o-chlorobenzylidene
malononitrile
(high concentration)
Chloroform
Chloropicrin
Cigarette smoke

Ether
Formaidehyde
Histaminc acrosol
Sensitization with
inhalation of foreign
proteins

Nitrogen dioxide
Ozone

Phosgene
Sulfur dioxide

Sulfuric acid mist
Toluene

Species tested

guinea pig
rabbit, dog, cat

1abbit

rabbit, dog
rabbit, dog
cat .

rabbit, dog
rabbit, dog
rabbit, man,
guinea pig
rabbit, dog
guinea pig
rabbit, guinea pig
dog, monkcey,
rabbit, guinca pig

guinea pig
guinea pig,
1at, rabbit
dog, cat

guinea pig, cat
man
rabbit

Exposure
Conditions**

B
B,C

e

TwWwwx

References

107
16,65,98,
281,325
16
209,210
209,210
83

209,210
209,210
102,107,
219,325
98,219,325
107

72,219
80,148,149,
218,219,221,
281,290
230

23,167,
230,236
65,146,200,
313
107,316,317
45

16

*Reflex reactions include an increase in respiratory rate usually with a decrease in
tidal volume prececded or not with coughing and a very brief period of apnea and

accompanicd or not with bronchoconstiiction.
**A: normal bresthing; B: breathin

following trigesninal section.

tfrom Alarie, Ref.7

8 via tracheal cannula; C: breathing via nose
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TABLE 6+

Inhated Chemicals Reported to increase Afferent Vagal Fibers Activity by
Stimulation of Various Pulmonary Nerve Endings or by Sensitization of
Nerve Endings****

Receptors
Chemicals Species Action™ stimulated®®® References
Ammonia®* rabbit, cat AB fung irritant, 219,317,
stretch, tra- 318,324
cheobronchial
Carbachol rabbit A stretch 178,179
acrosol
Carbon diotide cat A type J 241
Carbon cat B streteh 314
" tetrachloride
Charcoal dust cat, rabbit A lung irritant, 282,325
cough 327
Chlorine rabbit, cat A type J 240,241
Chloroform cut B streteh 314,315
Cigarette smoke 1ubbit A luny irritant 219,282
Cyclopropane cat B streteh 314,315
Ethy! chloride cat B stretch 314
Fluothane cat A.B stretch 240,241,
(halothane) type J 314
Histamine, ralbbit A.B lung drritant, 156,219,
serotonin : streteh 282,320
acrosol or i.v.
Nitrous oxide cat B streteh 314,315
Qzone rabbit, cat A stretch 167
Sensitization rabbit, A lung irritant, 148,178,
by forcign puinci pig dellation, 195,196,
proteins*® ’ streteh 218,219
Starch cat Al tracheobronchial 316,317
{(powdcred) )
Sulfur dioxide*** cat AB tracheobronchial 316,317
Talc cat AB tracheobronchiat 316,317
{powdercd)
Trichloro- cat AB stretch, 314,315
cthylene deflstion
Other conditions
Atclectasis yabbit, cat B streteh 320
Hyperpnea rabbit - A lung irritant 219,281,325
Large rabbit A lung irritant 219,325
deflution
Large rabbit A tung irritant 219,325
inflation
Mechanical rabbit A lung irritant 218
Microembolism rabbit A lung irritant 182,218,
219,325
Pnctmmothorax rabbit, A lung irritant 182,195,196,
guinca pig deflation, 219,281,325
) streteh
Pulmonary yabbit A Tung irritant 219,240,241,
congestion type ) 281,325
Pulmonary edemit - rabbit, cat B stretech 320

* A: stimulation
B: sensitization

% Also efferent vagat fibers (148,318)
e* & Stimulation followed by refractoriness

¢ Type } rcceplors were  originally  called  deflution receptors and
tracheobronchial are probably similar to lung initant receptors (242). However,
the nume of the receptor is as piven in the originad references.

¥ Usually an inciease in respiratory tite and bronchoconstiiction were also
reported, prececded or not by coughing and a brief pertod of apnet.

t+from Alarie,Ref. 7



TABLE 7'

Airborne Chemicals Reported to Increase Resistance to Airflow in the Respiratory System and Concentrations Necessary
for Increasing Resistance by 50 or 100% Above Control Values Estimated from Curves in Figure 16

Concentration for Concentration for

507 increase 100% increase
in resistance in resistance
Chemicals Exposure % increase
Congitions concentirations in resistance
and References* mg/m* above control value  mg/m? umol/l  mg/m*  umol/i
Acetic acid 13.2 30 70 1.33 220 3.66
_guinea pigs 99.5 54
nose breathing 303 120
Reference 30 : 14438 383
Curve A in Figure 6
Acrolein 0.276 3 0.8 0.016 1.1 0.022
guinea pigs 0.414 18 :
nose breathing 0.805 52
Reference 228 1.380 132
Curve B in Figure 6
Formaldehyde 0.06 7 4.8 0.16 23 0.77
guinea pigs 0.372 14
nose breathing 0.696 22
Reference 29 1.46 29
Curve C in Figure 6 S
Formaldehyde 1.08 65 0.75 0.025 2.2 0.073
guinea pigs 6.24 : 132
breathing via tracheal cannula 24 209
.Reference 29 60 : 264
Curve D in Figure 6
Formic acid 0.646 30 22 0.048 30 0.65
guinea pigs 1.9 43
breathing via nose 5.32 66
Reference 29 12.54 82
Curve L in Figure 6 25.65 93
80.75 142
Histamine aerosol 3 50 3.0 0.017 4 0.023
guinea pigs 6 150
breathing via nose 9 264
Reference 29
Cuyve IF in Figure 6
2—Nitro~2-butene ‘ 1.739 46 2.0 0.017 12 0.11
guinea pigs 3.384 66
breathing via nose 5.358 76
Reference 228**
Curve G in Iigure 6
Sulfur dioxide 0.42 10 110 1.7 370 5.7
guinea pigs 1.3 12
breathing via nose 6.8 21
Reference 32 494 26
Curve H in Figure 6 293 79
o 426 112
; 879 178
-2171 265
Sulfur dioxide . - 0.96 38 2 0.031 9 0.14

tfrom Alarie, Ref. 7



TABLE 7 (Cont.)

Airborne Chemicals Reported to Increase Resistance to Airflow in the Respiratory System and Concentrations Necessary
for Incteasing Resistance by 50 to 100% Above Control Values Estimated from Curves in Figure 16

Chemicals
Conditions
and References*
Luinea pigs
Lreathing via tracheal cannula
Reterence 32
Curve Lin Figure 6
Sullur dioxide
humains
breathing via mouth
Reference 140
Curve I in Figure "6~

Sulfuric acid mist {0.8uMMD)
guinea pigs

breathing via nose

Reference 27+**

Curve K in Figure 6

Sulfuric acid mist (2.5 uMMD)
guinca pigs

Lreathing via nose

Reterence 27

Curve L in Figure 6
m-Terpheny! (0.3 uMMd)
guinea pigs

breathing via nose

Reference 33*¢**

Curve M in I'igure 6

Zinc ammonium sulfate (0.3 uMMMD)

guinea pigs
breathing via nose
Refercnee 37¢
Curve N in Figure 6

Exposure
concentrations

mg/m?®
2.6
5.5
58.8
283
2.6
13
33.8

1.9
5.3
15.4
26.1
42.0

2.3
8.9
15.4
43.6

0.25
0.5
11
1.8

% increase
in resistance
above control value

61
64
164

230
0
4099¢
7090

50
54
70
88
120

38
60
96
310

71
110
150

22
40
. 81
130

Concentration for
509 increase
in resistance

Concentration for
100% increase
in resistance

mg/m?

17

4.8

2.7

0.5

umol/t

0.26

0.051

0.049

0.012

0.0012

mg/m?

100

28

8.0

1.2

umol/l

1.5

0.286

l 0.173

0.035

0.003

*Data given in references were transformed to % increase in resistance above control value and mgm/m?® when other units
were given. The following conversion factors were used for ppm to mgm/m?>:

acetic acid: 1 ppm = 2.5 mgm/m’?
acrolein: 1 ppm = 2.3 mgm/m?®
formaldehyde: 1 ppm = 1.2 mgm/m?
formic acid: 1 ppm = 1.9 mgm/m*

2-nitro-2-butene: 1 ppm =4.7 mgm/m"

sulfur dioxide: 1 ppm = 2.6 mgm/m?

**Data for 3-nitro-3-hexene and 4-nitro-4-nonene also given in this reference

*»*Data for 7 u particles also given in this reference
**#**Data for larger particles also given in this reterence
oData for larger particles also given in this reference
oolligher and lower increase in resistance have also been reported at this concentration
oooSimilar increase in resistance has also been reported at this concentration

234

138,139,288
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TABLE 8 '

Suggested Mechanisms Contributing {o an Increase in Resistance to Airflow in the
Respiratory Tract When Animals Breathing via the Nose Are Exposed to Airborne

Chemicals*

A. Upper Respiratory Tract
- Nasal and laryngeal constriction
« Swelling, congestion of membrancs
« Increased secretions

« Nasobronchial and laryngobronchial reflexes

B. Lower Respiratory Tract

- Constriction of central and peripheral conducting airways by:

1. direct action on smooth muscles
2. axonal reflexcs
3. vago-vagal reflexes

4. rtelease of histamine, scrotonin, etc.

« Accumulation of sceretions
- Inflammatory changes of the walls
- Collapsing airways

*Adapted from 111 and references given in sections 3 and 4.

*
TABLE 9

MECHANICAL PROPERTIES OF THE LUNG AND RESPIRATORY SYSTEM
MEASURED IN CYNAMOLGUS MONKEYS DURING EXPOSURE TO FLY ASH FOR A
PERIOD OF 78 WEEKS.

Parameter Abbreviation ﬁ:g::m

Total respiratory system flow resistance during Rurs(i) A

inspiration*
Total respiratory system flow resistance during

expiration® Rrs(e) A
Tidal Volume Vo B
Respiratory rate RR B
Minute Volume MY B
Dynamic compliance of the lungt Cdyn(1) B
Pulmonary flow resistancet R1 B
Pulmonary flow resistance during inspiration} R1() B
Pulmonary flow resistance during expiration} RI{e) B
Work of breathing during inspiration per mli

tidal volume W(i)/ml V- B
Work of breathing during expiration per ml

tidal volume W(e)/ml VT B

® Method similar to that of Swann ez al. (1965) and KNG (1966).
1 Method similar to that of MeaDp (1960).
1 Method similar to that of Murpay & ULRICH (1964).

A Measured every week during the pre-exposure control period, every week during the first nine

weeks of the exposure period, and every four weeks thereafter.

B Measured on five occasions during the pre-exposure control period, every two weeks during the

first ten weeks of the exposure period, and every four weeks thereafter.

from Alarie, Ref. 7
from MacFarland, Ref. 23
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TABLE lOJr

VENTILATION AND DISTRIBUTION OF INSPIRED AIR (NITROGEN WASHOUT)
MEASURED IN CYNAMOLGUS MONKEYS DURING EXPOSURE TO FLY ASH FOR A

PERIOD OF 78 WEEKS

Parameter Abbreviation :I:;‘:i:fnycg{

Tidal volume Vr A
Respiratory rate RR A
Minute volume MV A
Number of brecaths to 1% nitrogen N(1% Na) A
Time to 1% nitrogen t(1% N2) A
Cumulative tidal volume to 19 nitrogen CV(1% N2) A
Graph displaying the % and cxpiratory nitro-

gen concentration vs. number of breaths,

{ime, or cumulative tidal volume A

A. Measured on six occasions during the pre-exposure control period, every two
weeks during the first four wecks of the exposure period, and every four weeks
thereafter.

TABLE llT

. Gas DIFFUSION MEASUREMENTS IN CynaMorLGus Monkrys DURING
ExprosURE TO FLY Asii FOR A PERIOD OF 78 WEEKS

. L. Frequency of
Paramelcr Abbreviation Mecasurement
Diffusing capacity of the lung for carbon
monoxide DLco _ A

A. Measured on six occasions during the pre-¢xposure control period, every two
weeks during the first four weeks of the exposure period, and every four weeks
thereafter,

TABLE 12+

. ARTERIAL BLOOD GAS MEASUREMENTS IN CYNAMOLGUS MONKEYS DURING
Exprosurg 10 FLY AsH FOR A PERIOD OF 78 WEEKS

Parameter Abbreviation gﬁ:;f:::c?&
Arterial blood oxygen tension P,02 A
Arterial blood carbon dioxidc tension P co, A
Arterial blood acidity pH A

A. Mcasured once during the pre-exposure control period, every eight weeks for
the first 24 weeks during the exposure period, and every 12 weeks thereafter.

-1.
from MacFarland, Ref. 23



TABLE 13

HAEMATOLOGICAL AND SERUM BIOCHEMICAL DETERMINATIONS IN CYNA-
MOLGUS MONKEYS PERFORMED DURING EXPosURE TO FLY ASH FOR A PERIOD OF

78 WEEKS

.t.

Frequency ot

Parameter Abbreviation Measurement
Haematocrit Hct. A
Haemoglobin Hgb. A
Erthyrocytes RBC A
Leucocytes WBC A
Lymphocytes Lymph. A
Segmented neutrophils Seg. A
Blood urea nitrogen BUN A
Total bilirubin — A
Serum total protein — A
Serum albumin —_ A
Sodium Na A
Potassium K A
Chlorides Cl A
Calcium Ca A
Serum glutamic-oxaloacetic transaminase SGOT A
Serum glutamic-pyruvic transaminase SGPT A
Serum lactic acid dehydrogenase LDH A
Serum alkaline phosphatase Alk. POy A

A Measured once during the pre-exposure control period and at 11, 16, 25, 49,

and 77 weeks.

Jrfrom Mac Farland, Ref. 23
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Top tracing: normal breathing rate in mice. Bottom tracing:
breathing rate during exposure to o-chlorobenzylidene malononitrile as reported
in Reference 6. This shows the characteristic decrease in respiratory rate during
exposure of animals to sensory irritants as reported in Table 4. Note that the
duration of expiration is increased and that tidal volume is relat, rely unchanged.
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Dose-response curves obtained with sulfur dioxide in mice (from Reference 9) and
in guinea pigs (Curve a, open circles, from Alarie, DeRosa, and Wakisaka, unpublished, and
Curve b, black squares from Reference 39). Data points for mice and curve a for guinea pigs
represent the maximum decrease in respiratory rate obtained at each exposure concentration.
In Curve b for guinea pigs data points represent the average decrease in respiratory rate during a
one hour exposure. The maximum response does not occur at the same time in mice and guinea

pigs
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Time-response curves obtained in mice with o-chlorobenzilidene malononitrile at
2.4 and 75 ug/t air (top and bottom of line respectively) during 10 min of exposure. This
demonstrates that the response occurs rapidly, reaches a stable level, and that recovery occurs
rapidly following termination of exposure. (Reproduced from Alarie, Y., Wakisaka, L., and Oka,
S., Environ. Physiol Biochem., 3,1973

FIGURE 4
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Time-response curves, fitted by visual inspection, during exposure to SO,. Each
data point represents the mcan obtained with four mice exposed simultancously. The
cocflicient of variation-—(s.1>./ %) x 100—for all data points was below 229 and usually
below 12%.
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FILGURE 51-

INTENSITY OF RESPONSE
=g

0 2 4 6 8 10
EXPOSURE NUMBER

Intensity of response with repeated exposures. Curve A represents:
1. data with o-chlorobenzylidene malononitrile in mice: the maximum response,
decrease in respiratory rate reflecting sensory iiritation of the upper respiratory
tract remained the same with repeated exposures. From References 8, 9, and
Alarie and Wakisaka, unpublished. 2. data with o-chlorobenzilidene malononitrile
in humans: the intensity of the response, subjective reports of sensory irritation
of the upper respiratory tract and eyes remained the same with repeated
exposures. I'rom Reference 254, Curve B represents: 1. data with capsaicin (low
concentration) in mice: the maximum response, decrease in respiratory rate
reflecting sensory irritation of the upper respiratory tract remained the same for
the first 4 exposures and was then less intense during the following 5 exposures.
From Refcrence 8. Curve C represents: 1. data with suifur dioxide in mice: the
maximum response, decrease in respiratory rate reflecting sensory irritation of the
upper respiratory tract decreased with each successive exposure until no response
is observed by the 10th exposure. From Reference 9. 2. data with sulfur dioxide
in man: the maximum response, increase in airflow resistance reflecting mainly
bronchoconstriction decreased from the first to the second exposure. rom
References 135, 138, and 140. :
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Dose-response curves obtained with exposure of guinea pigs to
ozone and nitrogen dioxide. The maximum increase in respiratory rate (%
increase) occurring during exposure is plotted tor each exposure concentration
From data in Reference 230.
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When we were invited to speak about the functional changes caused
by sulfur oxides and suspended particles in man, we accepted with great
pleasure, but made one minor stipulation: that additionally, we be al-
lowed to discuss a recent study in our laboratory involving guinea
pigs. The results of that study have implications for the effects of
air pollution on health. The Academy most graciously accepted the
stipulation.

0

First, however, let us consider SO2 alone. There is a large body
of experience gained from studies employing just SO2 which will serve
as a useful preamble to our discussion of the consequences of mixing

the gas with an aerosol. Acute exposure to SO, in concentrations of

2
about 1-2 parts per million by volume (ppm) may cause slight changes

in the maximal ventilatory performance of healtly individuals (Snell

and Luchsinger, 1969; Anderson, et al., in press). These concentra-
tions are encountered industrially but are probably rare in urban en-
viromments. In the most recent of these studies (Anderson, et al., in
press), evidence was adduced that the upper airways, specifically the
nasopharynx, could in response to irritation by SO2 initiate reflex
broncho-constriction. We will return to this study later. Nonetheless,
it is reasonable to state that low ambient concentrations of SO2 alone
are not directly irritating to the lungs. The reason is that the gas

is highly soluble in tissue fluids, so that little penetrates be&ond

the upper airways.l An example of the efficiency of the nasopharyngeal

S0. is over 50 times more soluble than carbon dioxide in water at
body temperature
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passageway in removing SO2 from inspired air is shown in Figure 1.
In these subjects only about 1-2% of the 16 ppm of SO2 entering the
nose reached the posterior pharynx during quiet breathing (Speizer
and Frank, 1966). The findings have since been confirmed (Anderson,
et al., in press).

1t is well to note that the subjects in both studies were at rest
and breathing nasally. We do not know what percentage of the inspired
SO2 might have reached the lower airways (tracheo-bronchial tree) had

they been exercising and were obliged to breathe by mouth. A study in
35

anesthetized dogs in which SO2 was administered to either the nose
or mouth at two widely different rates of flow suggests an answer
(Frank, et al., 1969). The results are shown in Figure 2. Note that
the scrubbing efficiency of the oro-pharynx was only slightly less than
that of the naso-pharynx at a low flow, but fell rapidly at the high
flow. We can infer from these results that the amount of SOZ’ or of
any soluble pollutant gas, that reaches the lower alrways per unit of
time will increase during exercise for two reasons: its fractional up-
take by the upper airways falls, while the ventilatory rate rises. For
these reasons, it is likely that children who play a lot out-of -doors
are being unduly exposed to air pollution. Some of the clear-cut asso-
ciations between urban air pollution and both respiratory functional
impairment and disease in children may reflect their greater physical
activity. .

Analysis of the uptake of SO2 by the respiratory system can be
carried a step further to consider what happens to the gas once it

reaches the trachea. What are the subsequent sites of transferral from

the air stream to the tissue fluids? The level(s) at which transfer occurs



should have bearing on the nature of the functiomal, biochemical, and
structural responses. Unfortunately, there is no direct information
on the subject. Nonetheless, we would like to present briefly the
results of a computer analysis of the problem (McJilton, et al., 1972j.
The results must be considered preliminary; they have not yet been
tested experimentally. We relied on a modified version of Weibel's
(1963) model of the human lung, i.e., for computational convenlence,
we used segments that differed slightly from his convention of numbering
branches or generations of airways. Three independent variables were
treated: tidal volume, duration of the breathing cycle, and the ab-
sorption characteristics or mass transfer coefficient of the gas. The
results are indicated in Figures 3 and 4.

Figure 3 compares the sites of uptake in the lungs beginning at
the trachea of two gases of interest to this Conference, SO2 and ozone
(03). In this analysis the respirafory bronchioles comprise segments
23-24. Note that for a tidal volume of one-half liter and a respiratory
frequency of about 15 breaths/minute, SO2 is taken up (virtually) entire-
1y in the pre-bronchiolar airways. The uptake of O3 is more peripheral.

Figure 4 relates mass transfer of the gas to tissue surface area
in each segment; i.e., it provides an index of local tissue dosage. On
the basis of this analysis, one would expect the effects of SO2 to be
confined to the airways, while those of O3 would be distributed between

the airways and alveoli.

§92—Aerosol Mixtures

Our experiment on guinea pigs referred to earlier was the first in

a projected series designed to test factors that might influence the

interaction between SO2 and suspended particles and thereby modify the
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biological response. We chose the guinea pigs and a sodium chloride
(NaCl) aeroscl for historical reasons.2 Virtually the only convincing
evidence that a gas-aerosol mixture may have synergistic effects on the
lungs was obtained by Amdur (1961) using this animal and aerosol.

NaCl aerosol is deliquescent. At a low reiative humidity (RH),
the particles are solid. At an RH of about 68-72%, the particles form
droplets. Thereafter, as the RH continues to rise, the droplets in-
crease in size. Figure 5 illustrates the deliquescent behavior of a
NaCl aerosol. The light scattering ratio of the aerosol (Bscat), mea-
sured with a nephelometer (Charlson, et al., 1969) is shown on the
ordinate. The ratio is an approximate index of the mass concentration
of submicronic aeroscls. RH is shown on the abscissa. There is a sharp
increase in mass concentration starting at an RH of about 68%.

We reasoned that SO2 and NaCl aerosol would not interact extensively

if mixed in air at an RH below deliquescence.3 Once RH was sufficiently

high for droplets to form, the SO, would enter solution. Less than

2
two to three minutes would be required for equilibration between the gas
and liquid, while the average residence-time of the mixture in our reac-
tion chamber would be eight minutes. Admittedly, if a dry NaCl particle
were inhaled, it also would rapidly become a droplet in the warm, humid

upper airways. The process might take only 20-30 msec (Keith and Arons,

1954) and approach completion in the vicinity of the naso-pharynx. But

2NaCl aerosols are present in maritime cities and certainly in the area
around Salt Lake City, Utah. More importantly, NaCl serves as a model
for any deliquescent aerosols. The presence of which has recently been
demonstrated in the St. Louis area (i.e., (NH4)ZSO4).

Dry aerosols adsorb small amounts of SO, on their surfaces. From Pilat's
calculations (1968) it can be predicted fhat 1.5 mg of SO, will be ad-
sorbed in each m® of gas_when the SO, concentration is 1 6pm and the aero-
sol concentration 1 mg/m”. We assume this occurred in our experiment.
Once the aerosol becomes a droplet, the amount of SO, entering solution
will substantially exceed the amount adhering to the solid surface, and

will of course dissociate into H+, HSO3 and 803= ion.
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while the droplet was forming, the surrounding mucosa would have removed
most of the SO,. Thus, the more favorable circumstance for synergism
would be that in which the aerosol, before entering the airways, was in
droplet form and equilibrated with the gas.

Figure 6: The animals were lightly sedated with sodium pentobarbi-
tal to reduce their sense of discomfort and struggling within the pleth-
ysmograph. We used 6 experimental modes: 1 ppm of 802 alone at low RH
(< 40%) and high RH (>80%); 1mg/m3 of NaCl aerosol alone at the two RHs.
The aerosol was generated by flowing filtered air through a fritted
glass sparger submerged in a 5% NaCl solution. The size distribution
was essentially that of urban air as described by Junge (1963) and
Butcher and Charlson (1972).

Following a control period, each animal was exposed to one mode
for one hour, allowed to recover on filtered, ambient air for one hour,
and re-exposed to another mode for one more hour. The sequence of modes
was randomized. In this way, 36 animals were exposed 72 times; there
were 12 exposures per mode, half being initial and half being final
exposures.

The average changes in pulmonary flow resistance (RL) for the
entire hour are shown in Figure 7. The only significant increase in

RL occurred with the mixture at a high RH.

To assess the changes 1n RL as a function of time, we divided the
one-hour exposure into foﬁr 15 minute periods, and obtained an average
value of RL for each period. To simplify the presentation, the results

of only two modes are shown in Figure 8: SO2 alone and the mixture at

the high RH. The increase 1n RL in response to the mixture was at least
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as great during the last half-hour of exposure as during the first
half-hour.

One other finding is worthy of note: the pH of the aerosol droplet
(high RH) in the presence of SO2 collected in a midget impinger averaged
3.5; i.e., it was an acid aerosol.4 The pH of the aeroscl droplet in
the absence of SO2 was 6.8. Sulfurous acid, formed when SO2 dissolves
in an aqueous solution, is highly dissociated into hydrogen (H+) and bi-
sulfite (HSO%) ions. The presence of bisulfite ion and absence of sul-
fate ion were confirmed quantitatively by mass spectrometry. Sulfuric
acid mist was not detectable with a method described by Covert, et al.
(1972).

There are differences worth noting between Amdur's experimental
results and our own. Whether her NaCl aerosol was in liquid or solid
state just prior to inhalation is unknown since RH was unknown. She
did employ Higher concentrations of aerosol, i.e., 4 and 10 mg/ms, and
in general, higher concentrations of SOZ' We estimate from one of her
reports that the increase in RL in response to a mixture of 1 ppm of SO2
and 10 mg/rn3 of NaCl aerosol averaged about 30% (by extrapolation), that
the increase in RL in response to a mixture of 1 ppm of SO2 and 4 mg/m3
of aerosol averaged slightly under 20%, and that the change evoked by 1
ppm of the gas alone was about 15% (Amdur, 1961). Conceivably, had she
used only 1 mg/m3 of NaCl in combination with SO2 the response might
have been no different from that of the gas alone. It will be recalled
that the increase 1n RL in our animals (gas-aerosol mixture, high RH)

averaged 47%. On this basis, we suspect that her aerosol was dry.

4The presence of an acid aerosol (either or both HZSO and NH4HSO4) in
the ambient air in the St. Louis area was recently coﬁfirmed by’ real-
time measurements, by graduate students working under the direction of
Dr. Robert Charlson of the University of Washington.
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Perhaps one way of reconciling the differences between the two
studies is to suggest that if enough soluble dry aerosol and gas were
inhaled together, the former in the process of becoming a liquid in
the upper airways may present an absorptive surface area large enough
to compete effectively for the gas with the nasal mucosal surfaces.
Also, since 4-10 times as much aerosol was used in Amdur's experiments,
there would have been a correspondingly greater amount of SO2 adsorbed
on the dry surface of the aerosol prior to inhalation.

It is debatable whether synergism arising from a mixture of SO2
and a soluble aerosol has been shown experimentally in man. This,
despite a number of attempts here and in Japan (Toyama, 1962; Toyama
and Nakamura, 1964; Frank, et al., 1964; Burton, et al., 1969; Snell
and Luchsinger, 1969). Generally the aerosol has been NaCl, but plain
water and hydrogen peroxide have also been used as substrates. In the
study by Toyoma purporting to show synergism, the technique for measur-
ing pulmonary flow resistance (Ainsworth and Eveleigh, 1952; 1953;
Clements, et al., 1959) appears to have been used improperly, judging
from an illustration (Figure 2) in the text. In one of the studies in
which synergism could not be demonstrated (Ir: k, et al., 1964), there
was a deliberate effort to replicate the concentration and size dis-
tribution of the NaCl aerosol previously shown to be effective in guinea
pigs (Amdur, 1961). Unfortunately, none of these studies provided
information about the ambient RH, so that it is difficult to interpret

the results or to resolve ostensible conflicts. The experiments ought

The nasal surface area lying between the bony opening of the nose a%d

the posterior ends of the turbinates is estimated to be about 160 cm 2
(Proctor, 1964), comBared with a surface area for the aerosol (1 mg/m-”)
of about 3 x 107> cm?.
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to be redone with proper attention given not only to RH but also to
other factors such as Changes in ambient temperature and the addition
of metallic catalysts to the mixture. All of these circumstances
might be expected to modify the interaction between SO2 and soluble

aerosols and thereby modify the toxicity of urban air pollution.

Effects of SO2 on Upper Airways

Thus far we have considered just two functional parameters: the
mechanical behavior of the lungs and maximal ventilatory performance.
Until recently, they were the basis for virtually all the information
we had about the effects of SO2 on man. The scope of information 1is
now increasing. A year ago, Andersen, et al. (in press) exposed a
group of young male subjects on three successive days to the following
sequence of SOZ: 1 ppm on Day 1, 5 ppm on Day 2, 25 ppm on Day 3, each
exposure lasting six hours. Among the functional changes that occurred
during the first day of exposure to 1 ppm of SO2 were: slowing of the
rate of nasal mucus flow; a decrease in nasal patency as measured by
the resistance to airflow; and confirmatory evidence, menticned earlier,
that the uptake of SO2 by the nose was virtually complete. Notwith-
standing this capacity of the nose to remove SO2 from the inspired air,
there was a reduction in forced expiratory flow rate over the middle

range of the vital capacity (FEF 25-75%). The 