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Chapter 7

GENERAL PHARMACOLOGIC ACTION OF NICOTINE ON
NERVE CELLS

The pharmacology and chronic toxicity of nicotine, in dosage comparable
to the amounts that man may absorb from smoking or other use of tobacco,
are pertinent to an evaluation of health hazard.

The most notable action of nicotine involves a direct effect on sympathetic
and parasympathetic ganglion cells (18). This usually occurs as a transient
excitation, followed by depression, or even paralysis with effective doses,
The ganglia are rendered more sensitive to acetylcholine initially and thus
make preganglionic impulses more effective. Paralysis is associated with
diminished sensitivity of ganglia to acetylcholine and concomitant reduction
in the intensity of postganglionic discharges. Similar effects occur at the
neuromuscular junction, resulting in a curariform action in skeletal muscle
with adequate doses (16). In the central nervous system, as in ganglia,
primary stimulation is succeeded by depression. Furthermore, nicotine like
acetylcholine discharges epinephrine from the adrenal glands and other
chromaffin tissue (20); it also releases antidiuretic hormone from the
posterior pituitary by stimulating the supraopticohypophyseal system (3).
Nicotine also augments various reflexes by excitation of chemoreceptors in
the carotid body (10)

The pharmacological response of the whole organism at any one time
therefore, representing as it does the algebraic sum of stimulant and de-
pressant effects resulting from many direct, reflex, and chemical mediator
influences on autonomic nervous transmission and excitability of virtualy all
organ systems, defies accurate description. The wide variation in smoking
habits leads to every conceivable pattern of fluctuating blood levels of nico-
tine during the day. This suggests strongly that nicotine-sensitive cells may
be shifting continuously from excitation to depression. Such activity prob-
ably accounts for the unpredictable effects observed in different individuals
and in the same individual at different times. Using the classic pharma-
cological approach, it is therefore virtually impossible to make reliable state-
ments regarding the effect of smoking on the many organ systems. In order
to characterize the biological effects of nicotine in man, it thus becomes neces
sary to place heavy reliance on symptoms and signs derived from clinical and
epidemiological studies.

EFFECTS ON THE CENTRAL NERVOUS SYSTEM

The action of nicotine on central nervous system functions has recently
been reviewed (20). Very little of the reported work involves human
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experimentation, and most of it is with doses much larger than are asso-
ciated with the act of smoking. It suffices to note here that moderate doses
of nicotine elicit marked increases in respiratory, vasomotor, and emetic
activity, and still larger doses lead to tremors and convulsions, both in ani-
mals and man. The amounts absorbed even in heavy smoking may produce
transient hyperpnea through carotid and aortic arch reflexes (5). The
increase in blood pressure which is commonly observed is partly central in
origin. Nausea and emesis are more pronounced in the novice smoker but
may occur even in heavy smokers with excessive use of tobacco. Electro-
encephalographic (EEG) studies in the intact rabbit (21) indicate that nico-
tine, in doses of 0.5 to 3.0 milligrams per kilogram, produced an “arousal
reaction” involving the hippocampus. In a later stage of the same reaction
there appeared a discharge pattern similar to that noted in convulsions.
Lesions in the septum abolished the “arousal reaction,” chlorpromazine and
evipan abolished the discharge pattern. None of the congeners of nicotine,
including lobeline, produced similar patterns.

Knapp and Domino (12) found that concentrations of nicotine (10 to
20 pg/kg), a level commonly reached in man by smoking, produced EEG
arousal patterns in four species of animals, the rabbit, cat, dog, and monkey,
after neopontine transection. These effects did not appear to be related to
fluctuations in blood pressure or to catecholamine or serotonin levels.

In a study of electrical activity (as measured by electroencephalogram)
in 25 human subjects before and after smoking one cigarette, Lambiase and
Serra (15) noted an 80 percent depression in voltage and an acceleration in
frequency of the alpha rhythm which remained unchanged in form during
the recordings. These alterations were more consistent in subjects over 35
years of age and were attributed to carbon monoxide and nicotine resulting
in cerebral anoxia and/or release of epinephrine. Hauser et al. (9), who
studied the EEG changes on cigarette smoking in healthy young adults, ob-
tained highly variable responses usually toward an increase in the dominant
alpha frequency of 1 or 2 cycles per second. Some subjects showed sim-
ilar changes when puffing a glass cigarette stuffed with cotton and others
when puffing specially prepared nicotine-free cigarettes. They concluded
that the effects noted were more likely to represent a psycho-physiologic
response to the act of smoking than to any substances present in cigarette
smoking. Bickford (1) arrived at a similar conclusion. Wide gaps of
information exist in this area and it is not meaningful to attempt inferences
concerning correlations of electrical events in the central nervous system
and subjective effects of smoking from the type of evidence currently
available.

CARDIOVASCULAR EFFECTS

The cardiovascular effects of nicotine are described in Chapter 11, Cardio-
vascular Diseases.
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GASTROINTESTINAL EFFECTS

Most but not all experimental and clinical evidence supports the popular
view that smoking reduces appetite (6, 17 p. 271). This reduction has been
attributed both to direct effects on gastric secretions and motility and to
reflexes arising from local effects on the taste buds and mucous membranes
in the mouth. The unpredictable and temporary elevation of blood sugar
is probably too small to contribute significantly ( 17, p. 326 ). Nicotine
effects on the hypothalamus, comparable to the appetite reduction produced
by other stimulants like amphetamine, and psychological mechanisms may
play significant roles (23). Hunger contractions are inhibited but gastric
movements of digestion do not appear to be influenced significantly by
moderate smoking (4).

Nausea, often associated with vomiting, is by far the most common
symptom related to the gastrointestinal tract. This effect probably origi-
nates centrally in the medullary emetic chemoreceptor trigger zone (14).
It is now generally agreed that nicotine stimulates peristalsis but the
mechanism is a complex one, probably involving local, central and reflex
actions. Schnedorf and Ivy (21) found wide individual variation in gastro-
intestinal passage time in medical student smokers and non-smokers but
gained the impression that smoking tends to augment moatility of the colon.
These effects are probably related to actions on the parasympathetic ganglia
in the bowel. The summative effects of all of these pharmacological actions
on the whole intestinal tract do not produce a consistent pattern. Excessive
smoking may be associated with diarrhea, constipation, or alternating pat-
terns between the two extremes. The only consistency is that symptoms
attributable to nicotine effects on the gastrointestinal tract are very common.

DISTRIBUTION AND FATE

Nicotine is actively and rapidly metabolized by man and other mammals,
the metabolites being in large measure excreted in the urine. If any tissue
storage occurs, it is in such small quantity as to elude current analytical
technics. Nicotine is a rather unstable molecule which in neutral or alka-
line conditions undergoes a variety of changes. A review of the current
concepts of the known and suggested pathways for the metabolism of
nicotine is shown in Figure 1 (18). The main intermediate appears
to be (—)-cotenine which yields g-(3-pyridyl)-g-methylamino butyric
acid. Cotenine has low toxicity and lacks the potent pressor activity of
nicotine.

Dogs receiving 150 mg/kg/day orally for 108 days exhibited no weight
loss or other objective signs (2). Man has ingested 500 mg orally at 8-hour
intervals for 6 days without untoward effects. No evidence has been pre-
sented that the other known metabolites of nicotine carry any significant
systemic toxicity.
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SUMMARY DIAGRAM OF ROUTES
FOR THE METABOLISM OF NICOTINE IN MAMMALS

(Some hypothetical intermediates are shown in brackets.)
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CHRONIC TOXICITY

Evaluation of the chronic toxicity of tobacco smoke may be considered
in several categories: (a) the systemic toxicity of nicotine or its congeners,
(b) the systemic toxicity of other constituents of smoke or tobacco, carbon
monoxide and other compounds, (c) specific organ toxicity in certain sus-
ceptible individuals. such as those with Buerger's disease and allergic re-
sponses, (d) local effect of irritants on mucous and pulmonary membranes
by tars, phenols, the oxides of nitrogen, and others. The latter three types
of potential toxicity are discussed in Chapter 9, Cancer, and Chapter 10,
Non-Neoplastic Respiratory Diseases.

It might appear that the least difficult problem in this group of variables
would be to assess the chronic toxicity of nicotine since we are dealing with
a comparatively simple organic compound of known composition and re-
action. Whereas there is a voluminous literature of studies involving
chronic exposure to nicotine or tobacco smoke in many animal species (17,
pp. 501-504), most of these are poorly designed and controlled and are of
little value for extrapolation to man. For example, in the best nicotine
experiments involving life span studies, the daily dose of nicotine was near
the maximal tolerated dose (just subconvulsive), which is greatly in excess
of any human smoking exposure. Even though some authors (11) observed
weight loss and degenerative vascular changes in rats under these severe
conditions, others (22) noted some weight loss but no histologic change.
In life span experiments in rats, with tobacco smoke in amounts approxi-
mating human smoking exposure, very little systemic toxicity was noted
(8, 13). Even though animal experimentation is inadequate, especially in
long-term effects of nicotine on large animal species, existing data permits
a tentative conclusion that the chronic systemic toxicity of nicotine is quite
low in small to moderate dosage.

The clinical literature is devoid of human data concerning chronic expo-
sure to nicotine alone, and the general statements regarding the chronic
toxicity of nicotine for man represent inferences drawn from chronic expo-
sure to tobacco in various forms, including industrial poisoning. Repeated
exposure to tobacco in excessive amounts is reported to induce amblyopia,
arrhythmias, digestive disturbances, cachexia and a wide variety of other
signs and symptoms. But the effects of excessive dose are of little concern
here. The question is whether prolonged exposure to nicotine, in the quan-
tities absorbed systemically from smoking or other tobacco use, produces
toxic effects which result in unpleasant symptoms, dangerous signs, specific
degenerative disease, or shortening of the life span. Unfortunately even a
tentative answer to this question must be obtained indirectly and by making
certain assumptions. Inasmuch as nicotine is systemically absorbed from
all routes of administration, smoking, chewing, snuffing, or “snuff dipping,*“*
it appears logical to assume that if the amounts of nicotine absorbed in the
various methods of use are of the same order of magnitude, any toxic effects
observed should also be in this order of magnitude. There appears to be
general agreement that this is so. Calculations indicate that the nicotine

*A small amount of snuff is placed in the groove between the teeth and the lower lip
or beneath the tongue and held there from 30 minutes to severa hours.
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absorbed (40-60 mg) from 6 cigars uninhaled equals that from 30 ciga-
rettes inhaled (19). Chewing tobacco may yield 8 to 87 mg in 6 to 8 hours
(24) ; in chewing snuff, 20-60 mg of nicotine (7).
The following variables play a role in the amount of nicotine absorbed
(17, p.8) :
To sum up, the rate and amount of absorption of nicotine by the
smoker depend to a greater or less extent upon the following factors:
1. Length of time the smoke remains in contact with the mucous
membranes;
pH of the body fluids with which the smoke comes in contact:
Degree and depth of inhalation;
Degree of habituation of the smoker (?);
Nicotine content of the tobacco smoked,;
Moisture content of the tobacco smoked;
Form in which tobacco is smoked (cut [cigarettes] or uncut
[cigars]) (?) ;
Length of butt;
9. Use of holder or filter;
10. Alkalinity or acidity of the tobacco smoke (?);
11. Agglomeration of smoke particles (more important in cigarette-
smoking).

There is no acceptable evidence that prolonged exposure to nicotine creates
either dangerous functional change of an objective nature or degenerative
disease. The minor evidences of toxicity, nausea, digestive disturbances and
the like, are similar in kind and degree with all forms of use.

The fact that the over-all death rates of pipe and cigar smokers show little
if any increase over non-smokers is very difficult to reconcile with a concept
of high nicotine toxicity. In view of the mortality ratios of pipe and cigar
smokers, it follows logically that the apparent increase in morbidity and
mortality among cigarette smokers relates to exposure to substances in smoke
other than nicotine. Unfortunately, there are no useful mortality statistics
in those who chew, snuff, or “dip” tobacco, and the literature regarding in-
dustrial exposure is so confusing that little help is available here. The type
of projection made above, however unsatisfactory, is not inconsistent with
the animal toxicity data as well as the fact that nicotine undergoes very rapid
metabolism to substances of low toxicity. The evidence therefore supports
a conclusion that the chronic toxicity of nicotine in amounts ordinarily ob-
tained in common forms of tobacco use is very low indeed.
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SUMVARY

The pharmacological effects of nicotine at dosage levels absorbed from
smoking (I-2 mg per inhaled cigarette) are comparatively small; the
response in any point in time represents the algebraic sum of stimulant and
depressant actions from direct, reflex, and chemical mediator influences on
the several organ systems. The predominant actions are central stimulation
and/or tranquilization which vary with the individual, transient hyperpnea,

74



peripheral vasoconstriction usually associated with a rise in systolic pressure,
suppression of appetitite, stimulation of peristalsis and, with larger doses_
nausea of central origin which may be associated with vomiting.

Nicotine is rapidly metabolized by man and certain other mammals. The
primary  pathway through (—)-cotenine to  ¢-(3-pyridyl)-g-methylamino-
butyric acid is described in detail. The known metaholites have very low
toxicity.

The rapidity of degradation to non-toxic metabolites, the results from
chronic studies on animals, and the low mortality ratios of pipe and cigar
smokers when compared with non-smokers indicate that the chronic toxicity
of nicotine in quantities absorbed from smoking and other methods of to-
bacco use is very law and probably does not represent a significant health
problem.

REFERENCES

1. Bickford. R. G. Physiology and drug action: An electroencephalo-
graphic analysis. Fed Proc 19: 619-25, 1960.

2. Borzelleca, J. F., Bowman, E. F., McKennis, H., Sr. Studies on the
respiratory and cardiovascular effects of (--)-cotenine. J Pharma-
col Exp Ther 137: 313, 1962.

3 Born, J. H., Truelove, L. H., Burn, I. The antidiuretic action of nico-
tine and of smoking. Brit Med J 1: 403-6, 1945.

4. Carlson, A. J., Lewis, J. H. Contributions to the physiology of the
stomach. 14. The influence of smoking and of pressure on the abdo-
men (constriction of the belt) on the gastric hunger contractions.
Amer J Physiol 34: 149-54, 1914.

5 Comroe. J. H., Nadel, .J The effect of smoking and nicotine on respira-
tion. In: James, G., Rosenthal, T. eds. Tobacco and health. Spring
field, Thomas, 1962. Chapter 17, p, 233-43.

6. Effect of smoking on appetite and on peripheral vascular disease.
[Queries and minor notes] JAMA 119: 534, 1942.

7. Gaede, D. Sur wirkung des schnupftabaks. Naunyn Schmiedeberg
Archiv Exp Path, 130-45, 1944.

8. Haag. H. B., Weatherby, J. H., Fordham, D., Larson, P. S. The effect
on rats of daily-life span exposure to cigarette smoke. Fed Proc 5:
181, 1946.

9. Hauser, H., Schwarz, B. E., Roth, G., Bickford, R. G. Electroencephalo-
graphic changes related to smoking. Electroenceph Clin Neuro-
physiol 10: 576, 1958.

10. Heymans, C., Bouchaert, J. J., Dautrebande, L. Sinus carotidien et
reflexes respiratories. 3. Sensibilite des sinus carotidiens aux sub-
stances chimiques. Action stimulante respiratorie reflexe du sulfure
de sodium, du cyanure de potassium, de la nicotine et de la labeline.
Arch Int Pharmacodyn 40: 54-91, 1931.

11. Hueper, W. C. Experimental studies in cardiovascular pathology. 7.
Chronic nicotine poisoning in rats and dogs. Arch Path (Chicago)
35: 846-56, 1943.

75



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Knapp, D. E., Domino, E. F. Action of nicotine on ascending reticular
activating system. Int J Neuropharmacol 1. 333-51, 1962.

Kuchle, H. J., Loeser, A., Meyer, G., Schmidt, C. G., Strurmer, E. Ta-
bakrauch. Ein beitrag zur wirkung von tabakfeuchthaltemittein. Z
Ges Exp Med 118: 554-72, 1952.

Laffan, R. J., Borison, H. L. Emetic action of nicotine and lobeline.
J Pharmacol Exp Ther 121:468-76, 1957.

Lambiase, M., Serra, C. Fumo e sistema nervoso. 1. Modificazioni
dell'attivita elettrica corticale da fumo. Acta Neurol (Napoli) 12:
475-93, 1957.

Langley, J. N. On the reaction of cells and of nerve-endings to certain
poisons, chiefly as regards the reaction of striated muscle to nicotine
and to curari. J Physiol (London) 33: 374-413, 1905.

Larson, P. S., Haag, H. B., Silvette, H. Tobacco. Experimental and
clinical studies. Baltimore, William & Wilkins, 1961. 932 p.

McKennis, H., Jr. Special report to the Surgeon General's Advisory
Committee on Smoking and Health.

Nicotine content of smoke from cigars and cigarets. [Queries and minor
notes] JAMA 130: 825, 1946.

Rapela, C. E., Houssay, B. A. Accion de la nicotina sobre la secrecion
de adrenalina y nos adrenalina de la sangre venosa suprarrenal del
perro. Rev Soc Argent Biol 28: 219-24, 1952.

Schnedorf, J. G, Ivy, A. C. The effect of tobacco smoking on the ali-
mentary tract. An experimental study of man and animals. JAMA
122: 898-904, 1939.

Silvette, H., Hoff, E. C., Larson, P. S., Haag H. B. The actions of nico-
tine on central nervous system function. Pharmacol Rev 14: 137-73,
1962.

Stumpf, C. Die wirkung von nicotin auf die hippocampustatigkeit des
kaninchens. Naunyn Schmiedeberg Archiv Exp Path 235: 421-36,
1959.

Thienes, C. H. Chronic nicotine poisoning. Ann NY Acad Sci 90:
239, 1960.

76



