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I. Introduction 
Tolerance means usually an acquired phenomenon, the decrease in 

effect produced by repeated administration of a drug, but the term is 
also used in connection with natural resistance to drug action. Natural 
tolerance is a variable with species, with individuals, and with many 
other conditions, and a better understanding of its variability might 
very well help toward a better understanding of acquired tolerance. 
Our discussion, however, will be limited to the latter. 

Tolerance and physical dependence may be related phenomena, but 
they do not always develop simultaneously and they may not develop at 
the same rate (Wilder, 1953). With suitable conditions of administration 
some degree of tolerance can be developed to all substances that produce 
physical dependence, but tolerance has also been seen with many other 
agents. To acquire tolerance may require weeks or months of adminis-
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tration; it will develop more quickly, in many instances at least, if large 
doses are given at regular intervals (Tatum, 1929; Downs, 1928). It can 
develop very rapidly, the acute tolerance to the vascular effects of many 
agents, for example, with repeated administration at short intervals 
(Shideman, 1948; Evans, 1952; Haggart, 1952), and a decrease in the 
effectiveness of a drug has been seen after the application of a single 
dose (Green, 1951; Eddy, 1953; Winter, 1953). 

Tolerance develops most readily to those drugs and those effects of 
a drug that are associated with diminished function. It is doubtful if it 
is ever complete, or if at any given time it is ever equal in degree to all 
effects of a drug. Tolerance has been developed to the highest degree 
to morphine and morphine-like agents, and we propose to describe 
morphine tolerance in some detail as a basis for subsequent discussion 
of mechanisms. 

I I . Morphine tolerance 

A. D E V E L O P M E N T O F T O L E R A N C E 

Many years ago Rossbach (1880) commented on characteristic dif
ferences in tolerance development in clinical practice. He noted that, in 
a great number of the patients to whom morphine had been admin
istered in doses of 40 mg daily, initial loss of appetite, malaise, sleepiness, 
and depression disappeared in three to eight days. On the other hand, 
a dose of only 10 mg would continue to induce sleep and analgesia in 
many individuals for weeks and in some for months, but the effect 
became shorter and shorter. Eventually the sleep-promoting effect was 
lost and later the analgesic action to be replaced by restlessness and 
hyperesthesia. 

If one is careful to keep the dose of morphine, both individual dose 
and dose per day, strictly to the smallest amount that will suffice to 
relieve pain, tolerance develops less rapidly than if larger doses are 
given at regular intervals. During weeks of carefully controlled admin
istration to patients with terminal cancer, Lee (1942) found it neces
sary to increase the single dose, on the average, from 10 to 13 mg and 
the daily dose only from 48 to 80 mg. Yet it is possible, especially in 
the presence of very severe pain, to increase the dose of morphine very 
rapidly to amounts that would be expected otherwise to produce serious 
toxic effects. 

Addicts take, or can take, very large amounts of morphine sub-
cutaneously or intravenously. For example, the usual stabilization dose 
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of morphine for addicts at the Public Health Service Lexington Hos
pital ranges from 200 to 500 mg per day (Himmelsbach, 1937; Isbell, 
1948). On one occasion Williams (1946) increased the daily subcutan
eous administration to an addict from 500 to 4,400 mg within two 
weeks. The man was kept on the highest dose for a few days only 
because of the inconvenience of injecting such large quantities, but dur
ing this time he was "reasonably happy, carried on his usual routine 
duties and ate and slept well." Electroencephalographic records were 
made on this patient before, during, and after addiction. Some tolerance 
to drug effect on cortical electrical activity was observed (Andrews, 
1943). The patient was not allowed to sleep while the records were 
made, but it was recorded that he was not unusually drowsy on the 
highest dose. Light and Torrance (1929) gave addicts large doses of 
morphine intravenously and intramuscularly, amounting to as much as 
nine times the quantity usually taken by the same individuals. In one 
instance an addict was given 1,950 mg intravenously in 60-mg doses 
within a peroid of two and one-half hours. Another man, who had been 
without drug for 48 hours, was given 1,300 mg intravenously within an 
hour. In neither case was there marked effect of any kind, not even 
much sedative effect. 

Addicts are not completely tolerant to the large doses that they take. 
They can maintain an appearance of approximately complete tolerance 
and normalcy by administration of an amount of drug that just balances 
the degree of tolerance present. Typically, however, they strive for and 
to some extent obtain a euphoric and sedative effect by constantly in
creasing the dose. Addicts do develop a striking and high degree of 
tolerance to the respiratory depressant effect of the drug. Sixty milli
grams or less of morphine can cause respiratory arrest in nontolerant 
individuals; many times that amount produces in addicts very little 
change in respiration. Man is more sensitive than any other species to 
the respiratory depressant effect of morphine; he acquires a greater 
degree of tolerance to this effect than any other species and conse
quently a higher resistance to the lethal effect of the drug. 

Tolerance to the emetic effect of morphine, commonly produced in 
many individuals, develops rapidly, but constriction of the pupil is 
maintained and constipation is always present in the addict, so that 
tolerance to miotic and spasmogenic effects is very incomplete. The 
antidiuretic effect of morphine, mediated through an effect on the 
pituitary, quickly disappears with repeated administrations (Eisenman, 
1951), and tolerance to the drug's effect on heart rate, on blood pressure, 
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and on body temperature must occur because these are little affected in 
addicts even by large doses (Isbell, 1953a). 

Tolerance to the sedative effect of morphine in the chimpanzee has 
been described (Spragg, 1940), and many experiments on monkeys 
indicate that they develop tolerance comparably to man, especially with 
rapid increase in dose and multiple doses per day (Tatum, 1929; Kolb, 
1931; Eddy, 1934, 1936; Seevers, 1934, 1936). Tatum et al (1929) 
described two fatal dose levels for the monkey; one between 20 and 200 
mg per kilogram, with death resulting from depression; the other above 
500 mg per kilogram, when convulsions occur and death from exhaustion 
follows. Since tolerance to respiratory depression occurs, death at the 
lower dose level may be eliminated or delayed; but repeated adminis
tration of morphine to the monkey lowers the threshold for convulsions. 

The outstanding difference between man and the lower animals with 
respect to tolerance is the lack in the latter of significant increase in 
resistance to the toxic effects of morphine as the result of repeated 
administration. Tolerance to narcotic and analgesic effects of a high 
order have been demonstrated in the dog and rat, to some extent also 
in other species, including tolerance to the typical exciting effect in the 
cat (Eddy, 1936). Tolerance to most other effects of morphine has been 
shown in the dog (Plant, 1929). A notable exception is the effect on 
the gastrointestinal tract, which persists apparently unabated whatever 
the duration of administration or the size of the dose attained (Miller, 
1926). Rats and mice show a peculiarity with respect to analgesic effect 
not demonstrated for any other species, namely, a diminution in effect 
after a single dose (Green, 1951; Eddy, 1953; Winter, 1953). In mice 
this change has the further peculiarity that it is demonstrable if the 
doses are given four to seven days apart but not if they are given on 
the same day or 24 to 48 hours apart. Fichtenberg (1951) and some 
others have claimed some increase in the LD 5 0 of morphine for the rat. 
Fichtenberg said that the increase could be attained whether the rats 
were given only three daily doses or were injected daily for three weeks. 
In the latter instance at least it is possible that the difference was due 
largely to survival of the naturally more resistant animals, since half of 
those subjected to daily injections died during the three-week period. 
Fichtenberg could show no difference in the LD 5 0 for mice under con
ditions of administration similar to those for the rats. 

A number of successful experiments have been reported on the 
development of increased resistance to morphine by the cells of tissue 
cultures, mainly fibroblasts from the chick embryo (Semura, 1931, 1933; 
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Sanjo, 1934; Sasaki, 1936; Saito, 1936). This has the appearance of toler
ance, and the degree of resistance attained (growth in 1:80,000 initially, 
1:800 finally) seems to be too great to be accounted for by survival and 
growth of the naturally more resistant cells. Also, fibroblasts that were 
growing well in a 1:10,000 morphine solution stopped growing when 
transferred to a morphine-free medium. The technical difficulties are 
very great, but further work on tissue cultures seems like an excellent 
opportunity to study possible changes in the alkaloid on prolonged 
contact with living cells and possibly to increase our knowledge of 
interrelationship between the drug and various enzyme systems. 

B . D I S A P P E A R A N C E O F T O L E R A N C E 

Mention can be made here of only a few of the attempts to measure 
the rate of disappearance of tolerance, a difficult task because each dose 
given to determine the degree of tolerance to any effect present must 
itself affect the tolerant state. Man certainly loses his tolerance to the 
lethal effect of morphine rapidly, possibly by the time withdrawal is 
complete, because addicts have killed themselves by trying to take 
amounts of morphine to which they were accustomed before withdrawal. 
At the same time man retains some degree of residual tolerance to effect 
of the drug on body temperature and to its emetic effect, but not to 
narcotic or analgesic effects, for at least six months (Fraser, 1952). 

Kolb and DuMez (1931), in their work on monkeys, considered that 
tolerance was almost completely lost in two weeks. Six weeks to two 
months later, monkeys that had been receiving daily injections of mor
phine for at least 16 months were more sensitive to the drug than they 
were at the beginning of treatment. This increased susceptibility after 
the disappearance of tolerance has been confirmed in our laboratory 
(Eddy and Reid, 1934) and by Seevers and Irwin (1952). Cats appear 
to lose their tolerance to morphine within 48 hours (Gold, 1929). 

C. A C U T E T O L E R A N C E 

In 1928 Schmidt and Livingston coined the expression "acute toler
ance" to represent the early disappearance of a characteristic reaction to 
morphine and described the phenomenon first as a changing response 
to the circulatory effect of the drug. Repeated intravenous injections a 
few minutes apart gave* diminishing responses until within an hour no 
depressor reaction followed doses much larger than the original. This 
acute tolerance persisted for hours or days according to the size of the 
dose that had been administered (Schmidt, 1933c). As the result of 
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further work Schmidt and Livingston (1933a, b, c) believed that the 
cerebral cells and the vasomotor and respiratory centers, as well as the 
peripheral blood vessels, were able to develop an acute tolerance to 
morphine. 

Very recently Beecher (1953) has reviewed his data on the analgesic 
effect of morphine and related substances against postoperative pain and 
concluded that there was no evidence of acute tolerance to analgesic 
action in man under the conditions of his observations. 

Mention has already been made of diminishing analgesic effect of 
morphine between first and second doses in rats and mice, even some
times when the doses are given a week apart. This suggests that toler
ance may be essentially the same in its mechanism of production, 
whether it is manifested acutely on a time basis after a single dose, 
whatever the time of its appearance, or after prolonged administration. 
There are essential differences, however, in rate and degree of tolerance 
development in different species and in the development of tolerance 
to different effects. 

I I I . Tolerance a n d cross-tolerance to other agents 

Reviewing the question of cross-tolerance in 1941, we concluded 
"that morphine tolerant animals (including man) are generally tolerant 
to the narcotic effect of other morphine derivatives, that under some 
circumstances they may also show increased resistance to the depressant 
effect of chemically dissimilar substances, but that they are not only not 
tolerant but may be more susceptible to central stimulating drugs, in
cluding the convulsant action of morphine derivatives themselves." Since 
1940 the morphine-like synthetic analgesics of several different types 
(meperidine and its derivatives, methadone and its derivatives, the 
dithienylbutenylamines and the morphinan derivatives) have appeared. 
Some are closely related to morphine chemically, some are very dis
similar; yet all of them produce many of the characteristic features of 
the morphine picture. Also, tolerance development, with some examples 
of each type, and cross-tolerance in many instances between morphine 
and these morphine-like analgesics has been demonstrated (Scott, 1946, 
1947; Wikler, 1947, 1948; Finnegan, 1948; Randall, 1948; Houde, 1948; 
Shideman, 1948; Gross, 1949; Isbell, 1947, 1949;-Lewis, 1949a, b; Kimura, 
1951; Petersen, 1951; de Boer, 1952; Seevers and Irwin, 1952; Porszasz, 
1953). Our 1941 conclusion, therefore, could now be modified to read 
that morphine-tolerant animals (including man) are generally tolerant 
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to the narcotic effect of other morphine derivatives and of morphine
like analgesics, whatever their chemical type. 

Brief mention must be made of the demonstration of tolerance and 
cross-tolerance to the effect of substances that are not morphine-like 
narcotics. About 30 years ago Myers (1924) described the occurrence of 
tolerance to the diuretic effect of caffeine in rabbits. Animals rendered 
tolerant to caffeine were equally tolerant to the diuretic effect of theo
bromine and theophylline. A little later, Eddy and Downs (1928) 
showed that humans could also acquire tolerance to the diuretic effect 
of caffeine and cross-tolerance to theobromine and theophylline as the 
result of prolonged use of caffeine-containing beverages. 

Carmichael in 1944 reported the appearance of tolerance to paralde
hyde repeatedly administered to guinea pigs, and papers have appeared 
from time to time more recently on the development of tolerance and 
cross-tolerance to the barbiturates. Using reduction in sleeping time as 
the criterion, Gruber and Keyser (1946) demonstrated the occurence of 
tolerance to several barbiturates in dogs, rats, and rabbits. When toler
ance to one barbiturate was acquired the animal was tolerant to another 
member of the series and, the authors said, would likely be tolerant 
toward all other barbiturates. Tolerance to hypnotic effect was not 
accompanied by an increase in the LD 5 0. Others have reported simi
larly. Of special interest is the observation of Brodie and his associates 
(1951) that the blood plasma level of thiopental in man at the time of 
waking was higher the larger the dose of the drug that had been given. 
The drug disappeared at the same rate whatever the dose, which would 
seem to exclude a change in metabolism. Thiopental has been shown to 
be freely diffusible into the central nervous system, so that a change in 
the permeability of the blood-brain barrier is improbable. Therefore, a 
true tissue adaptation seems to be involved, the central nervous system 
developing resistance to the depressant effect of the thiopental. 

Quite a different sort of tolerance and cross-tolerance, the relation 
of which to the general problem is not clear, has been demonstrated 
with Paredrine p-(2-aminopropyl)phenol). This drug was given orally 
for three to seven months to treat experimental renal hypertension in 
dogs (Ohler, 1948). During the course of this treatment the dogs became 
tolerant to the pressor effect of Paredrine as determined by intravenous 
assays and were tolerant also to some but not all of the common pressor 
agents. Tainter (1943) described the effect of cocaine and amphetamine 
on the spontaneous running activity of rats and said that when the drugs 
were given orally with food over a period of 21 days the effects might 
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be modified by the development of tolerance. Cocaine addicts do not 
develop tolerance to the drug; rather, increased sensitivity to its effects 
occurs, (Isbell and White, 1953). 

IV. Morphological a n d chemical changes in tolerance 

Investigators in recent years have shown some changes in cellular 
components and cellular environment or in enzyme systems in the toler
ant state. The results are not nearly complete enough to present a com
prehensive picture, but they may provide clues to the mechanism of 
tolerance and to the over-all question of drug resistance. 

Delaville and Russel (1938) found that the lecithin content of the 
brain increased and that of the liver decreased during daily administra
tion of morphine to guinea pigs. Zauder (1952), on the other hand, said 
that morphine increased the linoleic acid and total lipid content of rat 
liver. Compare with these statements the results of Ma (1931), who 
examined many tissues of the rat by different staining methods after sin
gle and repeated doses of morphine. After single large doses, cell lipoid, 
including that of nerve cells, was at first greatly increased and then 
decreased. Ma said that administration of morphine continued for eight 
months caused no deviation from normal, meaning of course while the 
administration continued, because he showed that extensive changes de
veloped after the last dose. In the first 4 to 20 hours of abstinence, cell 
lipoid increased moderately; in the next two or three days it decreased 
gradually, as did, to a lesser extent, mitochondria. Four to six days after 
the last dose of morphine, cell lipoid was below normal, mitochondria 
were slightly above. 

Wolff et al. (1929) reported histological changes, mainly degenera
tive swelling of Oligodendroglia, in dogs that had received morphine for 
a comparatively short time, 18 days, and in only moderate dosage, 10.8 
mg per day. MacEwen and Buchanan (1936), on the other hand, were 
unable to find significant histological variation from normal in their 
morphinized animals. They also used dogs, administered morphine up to 
50 mg per kilogram for as long as 1,000 to 1,165 days, and examined 
nerve cells from various parts of the central nervous system for Nissl 
bodies. The changes described by Wolff et al. were in nonneural 
elements, and they point out that similar changes have been produced 
by other intoxications and hence may be nonspecific. The negative find
ings of MacEwen and Buchanan referred to neural elements and, in 
accord with Ma's statement, may reflect the establishment of approxi-
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mately normal conditions in a maintained tolerant state. Ingersoll (1940) 
too found little change in the number, distribution, and size of the Nissl 
granules in sympathetic ganglion cells or in cell nuclei when he injected 
morphine daily into rabbits for 13 months. 

Most recently Seevers and his associates (Beben et al., 1954) have 
descrbied neuropathological changes, predominantly a demyelinization, 
as a result of acute and chronic administration to monkeys of analgesic 
drugs (morphine, 6-methyldihydromorphine, racemorphan, ketobemi-
don, methadone, I-isomethadone). The damage affected the white mat
ter of all portions of the cerebral hemispheres and, to a lesser extent, 
the basal ganglia and cerebellar hemispheres. No pathological changes 
were found in brain stem or spinal cord. 

Abreu et al. (1940) reported adrenal hypertrophy in mice following 
seven weeks of daily morphine administration, and Sung et al. (1953) 
found the adrenals enlarged in rats after repeated administration of 
methadone. It is possible that these adrenal changes are in response to 
the stress situation created by the drug administration and not a specific 
drug effect. Sung et al. thought their results indicated a slight decrease 
in thyroid function, and recent work by Isbell and his associates (1953a) 
suggests that pituitary activity may be depressed during morphine 
addiction. 

A significant degree of hydration, increase in body water, and water 
content of blood has been described by Williams and Oberst (1946) 
as occurring during a rapid increase in morphine administration to an 
addict, and Ko (1939) reported that the blood electrolytes, notably 
calcium and potassium, were disturbed in both rabbits and man during 
prolonged morphine administration. Calcium and potassium of blood 
serum were decreased, but so was the K:Ca ratio. Ko associated these 
changes with changes in the tonus of the vegetative nervous system. 

Various attempts have been made to demonstrate changes in the 
enzyme systems of the tissues during morphine tolerance, directly in 
some instances, but more commonly by comparing some metabolic 
activity in the tolerant and normal animal. Wang and Bain (1953), for 
example, investigated the cytochrome enzymes of brain and liver. They 
found a decrease in cytochrome c reductase and a slight increase in 
cytochrome c oxidase in both tissues during tolerance to morphine. 
Abood (1950) said that aldolase was increased in the tissues of chron
ically morphinized rats. He said also that glycolysis was increased in 
the tissue of the rat, after a single dose of morphine, by 65% in the 
chronically morphinized and by 50% in the nontolerant animal. The in-
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creased glycolysis was observed in the brain, liver, and kidney of acutely 
and chronically morphinized rats and in skeletal muscle of only chron
ically morphinized rats. Its mechanism was not determined. 

Some 14 years ago Seevers and Shideman began a study of the 
effect of morphine on metabolic processes and enzyme systems and com
pared in many instances effects in acutely and chronically morphinized 
animals. They found (1942a, 1946) that skeletal muscle, obtained from 
chronically morphinized dogs, rats, and mice 48 hours after the last 
dose of drug, had a significantly greater oxygen consumption than 
muscle taken from normal animals. Chronic poisoning with heroin pro
duced an increased oxygen consumption of skeletal muscle qualitatively 
like that produced by chronic morphine poisoning. Added morphine, 
0.12%, increased the oxygen consumption of muscle from tolerant and 
nontolerant rats by the same percentage, but it did not increase oxygen 
consumption of muscle from chronically morphinized dogs or mice, nor 
did it increase oxygen consumption of minced cerebrums of rats, either 
normal or chronically morphinized. The last observation does not pre
clude the possibility of a differential effect of morphine on oxidations 
in special nerve cell groups or on specific oxidation enzymes in the cen
tral nervous system (Shideman, 1942b). 

Shideman and Seevers (1941) suggested a number of possibilities 
that might account for the increased oxygen consumption: (1) oxidation 
of morphine; (2) liberation of substrate, which is subsequently oxidized; 
(3) an accelerating effect on enzymatic oxidation of pre-existing sub
strate; and (4) inactivation of some inhibiting substance. Although some 
morphine may be oxidized, the amount known to disappear does not 
seem to be sufficient to account for the oxygen consumption increase. 
The work that has been done on enzymatic systems and metabolic 
processes is not nearly complete enough to favor strongly any one of 
the other suggestions. 

V . Mechanism of tolerance 

The main purpose of the present discussion is to try to arrive at an 
explanation of tolerance, and in this connection it is interesting to refer 
again to the paper on the subject written by Rossbach in 1880. 

After describing the phenomenon as he had observed it in man, 
Rossbach speculated on its explanation and considered most of the possi
bilities that have been argued about since: decreased absorption, more 
rapid elimination, change in the distribution of the drug in the tissues, 
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and change in the substrate of the responding cells. His major omission 
was change in the drug itself or change in its rate of metabolism. Also, 
all of these are still possibilities concerning which we have been and 
are still seeking evidence and, since we are dealing with the whole 
problem of tolerance and not just tolerance to a specific agent, we can 
make the generalization that every one of the suggested mechanisms 
seems to play some part, at some time, in the increased resistance to 
drug effect that results from repeated administration. Their importance 
varies with respect to different agents, but it has not been established 
that any single one of these mechanisms is a complete explanation of 
tolerance to any agent. We can, however, examine these mechanisms and 
seek to determine their relative importance. 

A. DECREASED ABSORPTION 
Decreased absorption has been offered as an explanation of the 

so-called tolerance of the arsenic eaters of middle Europe (Joachimoglu, 
1916), who are reported to take large amounts of dry arsenious acid by 
mouth apparently without deleterious effect. It has not been proved 
that these individuals acquire an ability to ingest increasing amounts 
of arsenic. Dry arsenious acid is poorly absorbed in any case, and we 
can hardly consider an individual tolerant to something that never 
entered the organism. If we broaden the concept of decreased absorp
tion to embrace failure to penetrate the cells at the drug's site of action 
and to presume that resistance to such penetration can be acquired, then 
it cannot be excluded as a possible factor in tolerance development. 
Evidence on the point is lacking with respect to the intact organism, 
but it is not at all unlikely that a change in permeability or penetrability 
is a factor in the acquired tolerance of tissue cultures. 

B . CHANGE IN THE RATE OF EXCRETION 
The change could be either a decrease, reflecting increased destruc

tion or storage at an inactive site in the body, or an increase, as part of 
a mechanism to establish equilibrium with increased ingestion. 

1. Decreased excretion, as a reflection of increased destruction of 
morphine and, therefore, as an explanation of tolerance, was, he thought, 
demonstrated by Faust in 1900. The point has been worked upon and 
discussed at intervals since then and is not yet settled, because it has 
never been clearly established that any method used for detection of 
morphine in tissues or excreta will completely differentiate between the 
alkaloid as administered and a molecule changed in part in such a way 
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as to destroy its effectiveness in some directions. The older literature 
was reveiwed in our monograph (Krueger et al.y 1941) and need not be 
referred to further here except to point out again that the chemical 
methods employed were unreliable or inadequately controlled. 

Pierce and Plant (1932) found that they could recover from 10 to 
20% of an administered dose of morphine in dogs, a result in general 
agreement at that time with the work of others, and that there was no 
significant decrease in the percentage excretion in the tolerant animal. 
Gross and Thompson (1940), working with dogs, and Oberst (1940), 
working with human addicts, found, however, that a much larger amount 
of morphine was recovered if the urine was hydrolyzed before extrac
tion. The bound fraction thus liberated amounted to more than 60% of 
the dose administered, giving a total excretion of 80 to 90% in nontolerant 
individuals. In the tolerant dog Gross and Thompson were able to 
recover only about 50%, and Oberst recorded a total excretion in addicts 
on the average of 36% of the daily dose. The decrease in both the dog 
and man was at the expense of the conjugated fraction. 

Recently, Zauder (1952) reported that the nontolerant rat excreted 
about 80% of a morphine dose, 20% free, the remainder conjugated. As 
tolerance developed the total excretion decreased, entirely with respect 
to the conjugated form, to about 60% of the daily dose in eight weeks. 
He reported further that, in spite of this decreased excretion of con
jugated morphine, liver slices from tolerant rats were able to conjugate 
more morphine than liver slices from nontolerant animals. If this is so, 
there must be a mechanism after conjugation that destroys more mor
phine or destroys it at a faster rate. 

Contrary to Zauder, Deneau et al. (1953) reported that the capacity 
of the liver of the tolerant rat to alter morphine was reduced markedly 
in comparison with the nontolerant state. These investigators have used 
an improved method of increased sensitivity for detection of morphine 
in tissues and excreta and were able to demonstrate the presence in the 
tissues of significant amounts of morphine 24 and 48 hours after the 
last dose, in rats which had been receiving the drug in increasing amount 
up to 200 mg per kilogram. Seevers et al. (1952), using this same 
method, analyzed the blood plasma of dogs for morphine after its 
administration by various routes. Free and bound morphine were de
tected simultaneously, 10 and 27 μg respectively, per milliliter. Both 
disappeared from the plasma about five hours after intravenous or 
subcutaneous administration. These authors reported a similar distribu
tion between free and bound morphine in the dog's urine, 8 to 16% and 
38 to 75% respectively, as found by others, but they said that, at the 
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beginning of repeated administration, while an equilibrium was being 
established, the morphine in the urine increased. With developing toler
ance the morphine content of the urine fell to and then below the non-
tolerant level. Fecal excretion of morphine, mostly free, is a little greater 
in the tolerant than in the normal dog, and most recently Woods (1954) 
has said that total excretion in the dog is not significantly different in 
tolerant and nontolerant animals. 

Even conceding decreased excretion of bound morphine in tolerant 
animals, decreased excretion alone is not an adequate explanation of 
tolerance, because it will not account for differences in the rate of devel
opment of tolerance to different effects or for the almost complete lack 
of tolerance to the intestinal effect. Also, although the decrease in excre
tion of conjugated morphine in tolerant man and anmials appears to be 
the same quantitatively, man develops a high degree of tolerance to the 
lethal effect; animals do not. 

Rickards et al (1950) and Chen-Yu et al (1951, 1953) have been 
able to find no difference in the urinary excretion of methadone in 
normal and tolerant rats. The former injected their animals three times 
daily and increased the dose to 15 mg per kilogram in about two 
months; the latter gave their rats only one dose a day, increasing from 
5 to 20 mg per kilogram in 80 days. Sung, however, found an increase 
in apparent methadone in the feces of the tolerant animals, the major 
portion of which was probably a metabolite. Similarly to these results 
with methadone, Lief et al (1952) reported that the r.ate of metabolism 
of meperidine was the same in normal and tolerant individuals (man). 
So again change in excretion fails to account for tolerance. In the case 
of methadone or meperidine, tolerance can be established, though the 
rate of excretion remains the same. 

2. Increased Excretion. It has long been known that continued ad
ministration of bromides leads to establishment of an equilibrium 
between absorption and excretion and re-establishment of equilibrium 
at a higher level by increased excretion if the dose is increased, limiting 
cumulative action or producing the appearance of a partial tolerance. 
More than 20 years ago (Eddy, 1929) we showed a similar sequence of 
events during prolonged administration of barbital, namely, an increase 
in the rate of excretion of barbital in the cat to catch up with and 
balance an increment in dosage, accompanied by a decrease in depres
sant action. During the first few days of oral administration, excretion 
lagged, and there was apparent cumulative action. Then excretion 
speeded up and depression decreased but never became less than to 
the initial dose. This cycle was repeated with two successive increments 
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in dosage at two-week intervals. Strictly speaking, the animals never 
became tolerant, but there was declining depression with increasing 
excretion. 

Quite recently, Hubbard and Goldbaum (1949) have shown that 
limited tolerance to thiopental could be develpoed by daily intraperi
toneal injection in mice. This was maximal in about five days and 
amounted to approximately 50% reduction in sleeping time. During 
these five days there was a progressive increase in the tissue concen
tration of thiopental at the time of awakening. In this case tolerance 
could not have been due to increased excretion. 

It seems fair to say that, though it may in some instances be an 
accompaniment, there is no evidence that increased excretion is a 
common or generally significant factor in the mechanism of tolerance. 

C. ALTERED TISSUE DISTRIBUTION 

Teruuchi and Kai in 1926 suggested, but did not prove, storage of 
morphine in muscle as a factor in tolerance and a corollary of decreased 
excretion. A little later, Plant and Pierce (1933) published an extensive 
investigation of the concentration of morphine in various tissues of 
normal and tolerant dogs. Half of the dogs were killed 4 hours and 
half 24 hours after a 50-mg dose of morphine sulfate per kilogram. 
The concentration was highest in liver, lungs, and heart, lowest in 
the blood, and intermediate in skeletal muscle and nervous tissue. 
Strangely, the concentration in the tolerant animals was lower than in 
the nontolerant animals at 4 hours but higher than in the nontolerant 
animals at 24 hours, as if metabolism of the drug was at first more rapid 
in the tolerant dog but was overtaken within 24 hours by that in the 
nontolerant. However, differences in average concentrations were less 
than individual variations among the animals in each group, and also 
the work was done before the discovery of bound morphine. Repetition 
of these studies on tissue concentration with the improved chemical 
techniques now available and with attention to the presence of bound 
morphine has been initiated by Seevers and his associates. 

Abe in 1930 postulated a difference in the ratio concentration in 
brain/concentration in blood to explain both the natural tolerance to 
morphine in different species and acquired tolerance. The ratio varied 
because in the tolerant animal the nervous tissue adsorbed relatively 
less, the blood relatively more of the drug. He offered no explanation of 
the mechanism by which the adsorbing power of nervous tissues de
creased, but he and Kabasawa (1935) believed that they had shown 
such a decrease by blood and brain analyses. Ikeshima (1935) carried 
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out similar analyses and reported that the brain of a dog tolerant to 
100 mg per kilogram contained less morphine than that of a normal dog 
after a dose of 10 mg per kilogram. The same criticism and the same 
need for repetition of the work apply here as toward the more compre
hensive tissue studies of earlier investigators. 

D. METABOLIC TRANSFORMATION 
Conjugation of morphine has already been commented on, as has 

decreased excretion of the conjugated fraction in the tolerant animal, 
which may mean development of a mechanism to store the conjugate or 
to destroy it more rapidly. But whatever the role of conjugation in the 
action of the drug, whether or not the conjugate is an active or inactive 
form, the difference in the disappearance of morphine, as indicated by 
decreased excretion of the conjugate, is not sufficient to account for the 
degree of tolerance that can be acquired, nor will it account for differ
ences in tolerance to different effects. 

Many years ago Marme (1883a, b) claimed to have found oxydimor-
phine (pseudomorphine), an oxidation product of morphine, in the tis
sues of a tolerant dog; he maintained that this substance had an effect 
opposite to that of morphine and would produce symptoms like the 
abstinence phenomena following abrupt withdrawal of morphine in 
addiction. According to Marme, repeated administration of morphine 
would be accompanied by accumulation of oxydimorphine, which would 
antagonize the morphine and necessitate the use of larger and larger 
doses with production of more and more oxydimorphine. To get this 
cycle under way one would have to assume destruction or elimination 
slower for oxydimorphine than for morphine, or a mechanism increasing 
its rate of formation. Unfortunately no other investigator has been able 
to recover pseudomorphine from tissues. Besides, pseudomorphine is un
stable in alkaline solution, is precipitated by blood, and is not antag
onistic to morphine pharmacologically. Seevers and Woods (1953) have 
pointed out, however, that the solubility properties of pseudomorphine 
would almost insure its accumulation in tissues if it is a product of 
morphine metabolism in vivo, since the acidity of tissues would probably 
keep it there. The absence of antagonism to the narcotic effect of mor
phine by exogenous pseudomorphine could be rationalized on the as
sumption that the substance does not gain access to the site of action 
from the blood stream because of failure to pass the blood-brain barrier. 
Yet endogenous pseudomorphine might compete for receptors ordinarily 
utilized by morphine. 

Recent work on molecular changes by enzyme action in vivo, deester-
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ification and demethylation of meperidine (Lief et al., 1952), and 
demethylation of codeine (Adler and Elliott, 1952), for example, sug
gests the possibility of an enzymatic transformation of morphine to a 
product that retains in large measure its toxic (convulsant) and perhaps 
its intestinal effects, but which has lost mainly its narcotic and analgesic 
actions. If such a transformation occurs and its mechanism can be 
accelerated by repeated presentation of the parent substance, it offers 
a simple and attractive explanation of morphine tolerance, which could 
account for the many variations in the phenomenon, even the wide 
difference in tolerance to toxic effects in man and animals. Normorphine 
is one possibile compound that comes close to meeting the requirements 
of this postulation. An attack upon the problem along the lines of this 
suggestion, together with reinvestigation of tissue concentrations by the 
better methods now available, should be most interesting. 

E. ANTITOXIN FORMATION 

Another early attempt to explain tolerance to morphine was made 
by Gioffredi (1899). His theory was that the prolonged administration 
of morphine caused the production of a specific antitoxic substance that 
neutralized the effects of morphine. This was supposed to accumulate 
in the blood, so that, if the serum of a tolerant animal was injected into 
a nontolerant animal, the latter would be protected from an otherwise 
lethal dose of morphine. The evidence of many investigators, most 
recently DuMez and Kolb (1925), has proved conclusively that there 
is no antitoxic substance in the serum of morphine-tolerant animals, 
and, therefore, no basis for a specific antibody mechanism of tolerance. 

F . CELLULAR ADAPTATION 

Discussing tolerance about 50 years ago, Cloetta (1903) was dis
satisfied with the theories current at that time of increased destruction 
and specific antibody production and postulated a protoplasmic adapta
tion to the toxiphore group of morphine. Most authors since have had 
to consider adaptation, increased cellular resistance, as at least one of 
the factors in tolerance production, but only a few have ventured to 
suggest how that adaptation may be brought about. 

Santesson (1911) thought that the tissues might acquire the ability 
to bind the drug more tightly or more completely. If the binding was 
in cells not pharmacodynamically sensitive, obviously the sensitive cells 
would be protected, whereas, if the binding were in pharmacodynam
ically sensitive cells, these might become and remain saturated, and 
thus entrance and action of new quantities of the drug would be 
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prevented. This is still an attractive idea but there is no concrete 
evidence to support it. 

Schmidt and Livingston (1933c) described a changed resistance of 
the cells as a "cell tolerance reaction," which required the attainment 
of a certain level or concentration of the drug, a saturation of receptors, 
which could be brought about by one large dose or repeated small doses 
at short or longer intervals, thus bringing into line "acute" and the more 
usual type of acquired tolerance. The saturation might occur at different 
rates in different cells. 

Hubbard and Goldbaum (1949) also had to fall back on cellular 
adaptation, increased cellular resistance, to explain barbiturate toler
ance, since they found an increasing tissue concentration of thiopental 
as tolerance to its hypnotic effect developed. This is of a piece with the 
observation of Brodie et al. (1951) that the plasma concentration of 
pentobarbital at waking time is higher after the giving of large than 
after small doses. This implies the building up of an acute resistance, 
one might even say an acute tolerance, of the reacting cells as the result 
of exposure to an initial high drug concentration. 

There is no doubt that we must at present consider acquisition of 
cellular resistance a major factor in the development of tolerance, though 
in so saying we leave unexplained the real mechanism concerned. The 
most recent attempt to go further has been made by Seevers and Woods 
(1953). They referred to the much earlier report of Tatum et al. (1929), 
which described the action of morphine as diphasic, simultaneous stim
ulation and depression of the nervous system, the former outlasting the 
latter and gradually, on repetition of morphine administration, raising 
the level of excitability of the central cells, so that it becomes more and 
more difficult to depress them below the normal level. Seevers and 
Woods carried the idea of dual action a step further, postulating its 
occurrence in the same cell, the neuron. According to this concept the 
drug combines with receptors at two different sites: on or near the 
surface of certain medullated axons of internuncial neurons, and in the 
cell body of the same or other neurons. Receptor-drug combination at 
the two sites may possibly involve the same molecular configuration but 
results in a different sort of response in the cell. That on the axon is 
essentially a surface phenomenon dependent upon physicochemical 
forces, the pharmacological response occurring at the time of receptor 
occupation. Axon-drug interaction is characterized by rapidity of com
bination, ease with which the bond is broken, and rapidity of return of 
function when the drug is displaced. Narcosis, analgesia, and motor 
weakness result from partial blockade by axon-drug combination in 
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internuncials of brain and cord. Receptor-drug combination in the cell 
body requires intracellular penetration, is slow in onset, firm in com
bination, and long lasting. The pharmacological response is cellular 
excitation, which lasts throughout the period of receptor occupation. 
Prolonged occupation brings into being a series of cellular reactions out
lasting the presence of the drug, semipermanent (or even permanent) 
alteration of the biochemical composition of the cell. Tolerance of the 
high-grade and specific type is a maximal but never complete saturation 
of the axon receptors; tolerance of the low-grade nonspecific type results 
from increased excitability of the cell body. Cross-tolerance to agents 
with similar "anchoring" groups is a competitive partial saturation of 
axon receptors, to nonspecific depressants results from increase in excit
ability in the cell body. This conception is still largely descriptive but it 
is a good working hypothesis for which evidence can be sought; it 
avoids the difficulties that arise when one tries to explain tolerance by 
a difference in the handling of the drug. It refers specifically to the 
nervous system, but there, apparently, is the seat of tolerance. 

V I . Summary 

Acquired tolerance is a variable phenomenon with respect to species 
and individuals, with respect to time, and with respect to the various 
effects of the drug. It rarely, if ever, becomes complete to any drug 
effect. Tolerance has been acquired to many different agents but most 
readily and most markedly to morphine and pharmacologically mor
phine-like substances. Tolerance to one member of a pharmacological 
class is usually accompanied by cross-tolerance to other agents with 
similar pharmacological action. 

At least in man and the higher mammals, tolerance develops more 
rapidly with multiple doses a day, at an interval within the duration of 
action of the drug, and with rapid increase in dose. In rats and mice, 
at least, it appears to develop under some circumstances on exhibition 
of a single dose. In several species an acute tolerance to some effects can 
be acquired by rapid repetitions of the dose with only minutes between. 

Tolerance is acquired most easily to those drugs and those effects of 
a drug that are associated with diminished function, very strikingly to 
hypnotic and analgesic actions. It rarely develops to exciting effects. 
Except in man and with morphine-like agents, development of tolerance 
to toxic effects is very limited. 

Of the many explanations of tolerance that have been offered—altered 
absorption or excretion, altered distribution and metabolic transformation 
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of the drug, formation of specific antitoxic substances, and cellular 
adaptation—metabolic transformation and cellular adaptation have the 
greatest likelihood, and in present state of our knowledge emphasis must 
be placed on cellular adaptation. Altered molecular structure to a form 
that has lost many, but not all, of the effects of a drug will account for 
the tolerance if there is at the same time a mechanism set up to protect 
the receptor site from the unmodified drug. Also, a good working 
hypothesis of the mechanism of tolerance to morphine-like substances is 
based on their diphasic action, simultaneous depressant and excitant 
effects, related to two receptor sites with different physicochemical 
properties and different abilities for penetration and persistence of the 
drug at these receptor sites. 
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