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ELSEWHERE!? the thesis was advanced that the basic group of the molecule
influenced analgesic activity and evidence was adduced in support. In
morphine-type compounds, a gradual transition from analgesic to anti-
analgesic activity occurred as the group was changed from N-methyl to
N-ethyl, N-n-propyl and N-allyl.3-®

A number of authors have attributed this anti-analgesic effect to drug-
antagonist competition for unspecified “cell sites”, or “susceptible enzyme
systems” thought to be involved in the analgesic metabolic process®-2.
Beckett and Casy® outlined the physical and chemical characters of the
hypothetical ‘“‘analgesic receptor site” and speculated on the mode of its
physical interaction with the drug. It seems reasonable to assume that
the mechanism of action of an analgesic antagonist involves competition
with an analgesic for the “analgesic receptor site’, but “fit”* at the receptor
surface does not of necessity mediate an analgesic response®.

If the analgesic is represented by A and the receptor by S, the reaction
between the drug and the receptor may be represented by (1) where
k, and k, are the rate constants for the association of the components and
the dissociation of the complex respectively.

k,
A+S=AS .. .. )
2
The formation of this complex may be regarded as initiating a sequence of
reactions which may be represented in the following way :
ANALGESIC RESPONSE
1 FURTHER REACTION?

ky kg
A+S=2AS—XS+Y-=-X+8S+Y .. (2)
2
@O (1n (IID)
ADSORPTION REACTION DESORPTION

X represents the compound which causes analgesic action, or an
essential intermediate in a further sequence of reactions which produces
the biological effect. The desorption of X from the receptor S regenerates
the latter for further combination with the drug. Assuming all receptors
must be filled to obtund “pain”, if A is present in less than an effective con-
centration in the biophase in contact with the receptor site, there will be
incomplete saturation of the receptors which will result in a decreased

874



ANALGESICS AND THEIR ANTAGONISTS. PART III

concentration, or rate of formation, of X leading to a reduced analgesic
response. Complete saturation of the receptor sites by a particular
analgesic will result in the full analgesic effect for the drug, (within its own
analgesic ‘‘potency”, which is itself limited by other considerations) and
further increase in concentration may prolong, but will not increase, the
level of the action.

Mechanism of antagonism

An analgesic antagonist B may be considered to exert its effect by one
of the following mechanisms.

(1) The antagonist B may react with the analgesic A to form a stable
complex AB which thus removes A from possible combination with the
receptor S. However, since such analgesic antagonists as nalorphine and
(—)-3-hydroxy-N-allylmorphinan differ from their parent analgesics only
in the replacement of the N-methyl group by an N-allyl group, and have
the same configuration, this mechanism may be ignored.

(2) The antagonist B may combine with the analgesic receptor and the
formation of this complex may be followed by, (a) failure to undergo
reaction I (see equation 2), with the result that the essential intermediate
X is not produced; or (b) reaction Il may proceed only with great difficulty
so that X is liberated so slowly that only very low levels of analgesia are
produced; or (¢) a reaction sequence differing from that caused by an
analgesic is initiated, and one of the intermediates in this sequence fails to
react with one of the enzyme systems or receptor surfaces implicated in the
analgesic metabolic sequence.

The following observations indicate that analgesics and their antago-
nists are adsorbed upon the same receptor sites.

(i) Morphine and the antagonist, N-allylnormorphine have the same
configuration.

(ii) (—)-Dromoran, an active analgesic, becomes an analgesic antago-
nist upon replacing the N-methyl by an N-allyl group, whereas the corre-
sponding change in the analgesically inactive (+ )-dromoran fails to yield
an antagonist!®,

(iii) When substitution of the hydroxyl groups of morphine-type com-
pounds leads to a reduction in the analgesic activity, similar substitution
in the corresponding N-allylnormorphine compounds leads to a reduction
in anti-analgesic activity®4,

(iv) Antagonists based on the morphine or morphinan type structures,
antagonise not only their parent molecules®~3 but also many other active
compounds!¢13-18,

This spectrum of antagonism is further demonstrated by the precipita-
tion of the withdrawal phenomena by N-allylnormorphine in man!® and
monkey? addicted to any one of a range of analgesics. That antagonists
seem to be adsorbed on the same receptors as analgesics and undergo
comparable reactions less readily after adsorption, is indicated by the
following :—

(a) N-allylnormorphine—an antagonist, possesses slight analgesic
activity at high doses!3:21.22; (b) alteration of the N-alkyl group of certain
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analgesics can lead to compounds in which there is a gradual transition
from analgesic to anti-analgesic activity as the groups are changed in the
order, methyl, ethyl, n-propyl, allyl®4.

Scharenburg (unpublished, cited by Seevers and Woods?) claims to
have shown that there is competition between nalorphine and synthetic
analgesics of the pethidine, methadone and methorphinan type for cell
sites in certain myelinated neurons. A similar phenomenon has been
described for morphine and heroin?’. Seevers and Woods* concluded
from this and other evidence that “‘these compounds (morphine and syn-
thetic analgesics), occupy receptors on certain myelinated neurons, and
exert a pharmacologic or pathologic effect after occupation, and nalor-
phine competes successfully for the receptors ordinarily occupied by these
agents, or displaces these agents after occupation™.

Another possible way by which an antagonist may exert its effect is by
directly blocking the reaction sequence initiated when a drug is adsorbed
upon the receptor site subsequent to the formation of X (see later).

Nalorphine, in addition to antagonising the analgesic action of mor-
phine, antagonises many of the other effects, e.g., respiratory and vaso-
motor depression. We are deliberately restricting our considerations
in the present paper. The rapid reversal of morphine analgesia by nalor-
phine may be attributed to a direct central nervous stimulation by the
latter rather than drug-receptor antagonism. The foregoing considera-
tions and facts seem to favour the latter explanation, but the possibility
of a dual mechanism of antagonism cannot be excluded (see also Miller
and others?).

The reaction between an analgesic antagonist B and the analgesic
receptor S may be shown thus:

NEGLIGIBLE ANALGESIC RESPONSE
avy T FURTHER REACTION?

k, ke
B+S<2BS—XS+Z->X+S+2Z .. (3)
ks
()] an (III)
ADSORPTION REACTION DESORPTION

In these reactions, it is presumed that kq is very much smaller than the
rate constant k; for the corresponding reaction of analgesics, resulting in
X being formed only slowly so that there is insufficient concentration to
give an analgesic response. The question of the possible constitution of
X will be considered later.

The degree of inhibition of an analgesic A by an antagonist B will
depend upon, (@) the relative concentration of A and B in the phase in
contact with the receptor, and (b) the change in free energy upon forma-
tion of the complexes AS and BS.

It would appear that analgesics and their antagonists exert the particular
effect under consideration, at the central nervous system?$, and conse-
quently transport through membranes is involved before these drugs can
reach the site of action. Although such factors as lipoid solubility,
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chemical reactivity, and steric factors may affect the distribution of chem-
icals within the body, the similarity in structure and dissociation constants
of analgesics and their antagonists, derived by alteration of the N-alkyl
group only should ensure similar distributions in the body.

The relative stability of the analgesic and anti-analgesic-receptor complex

The stability of these complexes will probably be influenced by the
following factors.

(a) The shape of the molecule, which may affect the closeness of
the fit of the complementary surfaces and consequently the strength of the
ionic and van der Waals’ forces bonding the drug to the receptor; (b) the
dissociation constant of the basic group which will affect the ionic
interactions of the drug and the anionic site; and (c¢) the presence or
absence in the drug molecule of other groups in addition to the basic
groups and the flat aromatic ring. These additional groups may increase
the attractive or repulsive forces when in proximity to the receptor surface,
and may cause steric effects which will alter the fit of the drug to the
receptor.

The influence of the factor (¢) may be thought to be reduced to a mini-
mum by considering the competitive antagonism of an analgesic and its
antagonist derived by alteration of the N-alkyl group only. Winter and
others'® reported that nalorphine antagonised many times its molecular
equivalent of analgesic drugs, although the drug-antagonist ratio seemed
to vary with different drugs. Huggins (unpublished, cited by Siebert and
Huggins?), in what appears to be a study of respiratory depression, com-
ments on a blocking ratio of one molecule of nalorphine to 67 molecules
of morphine. It may be postulated that, using equal doses, nalorphine
may penetrate to the central nervous system in slightly higher concentra-
tion than morphine since the former is less ionised at physiological pH.
Nevertheless, the slight concentration difference would probably be nulli-
fied by the lower basic strength of nalorphine leading to a less strong ionic
binding at the receptor than occurs with morphine.

The increase in drug-receptor attraction upon replacing the N-methyl
by an N-allyl group may be attributed to the increase in non-bonded
attractive forces between drug and receptor effected thereby.

If the free energy change upon the combination of the antagonist (B)
with the receptor (S) is AF;, and the corresponding change for the com-
bination of the analgesic (A) with the receptor is AF,, then

[BS]

Kps = B exp (— AF,/RT)
[AS]

Kis = [A][S] — S*P (— AF,/RT)

In concentrations in the vicinity of the receptor at which the analgesic
and the antagonist compete on equal terms for the site,

[BS] = [AS].
[A]

Then B] =~ exp ([ AF;— AF,J/RT)
877
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If [A] = 40[B] and T = 310° A. (body temp. = 37° C.)
40 = exp ([AF,—AF,]/RT) = exp ( AF,—AF,]/[1:986 x 310])

log 40
. AF, — AF, = 1:986 x 300 X log e cal.

= 2270 cal. = 2-27 k. cal.

Consequently, if the analgesic is present in the biophase in the vicinity
of the receptor in 40 times the concentration of the antagonist, and the
free energy change of BS formation is 2-27 k. cal. greater than that of AS
formation, the two complexes would be formed in equal amounts. The
difference of 2:27 k. cal. would be that expected for bonding involving an
allyl as distinct from a methyl group since the former has a double bond
in addition to 2 extra carbon atoms, and 5 carbon-carbon van der Waals’
bonding forces would represent a free energy change of about 2-5 k. cal.?".

If, as it seems possible, competition between the antagonist and the
drug for the supposed analgesic receptor site is the major mechanism
involved in reversal of analgesic action by an antagonist, the rapid charac-
ter of the reversal requires consideration. It is possible that few analgesic
receptor sites are available and that the reaction of AS to XS (2) and the
utilisation of X is rapid ; a relatively large excess of drug molecules possibly
is necessary in the biophase to give continued receptor saturation. The
antagonist molecules upon combination with the receptor could then be
supposed to lead to an immediate antagonism of the analgesic response.

Consideration of the possible structure of X—the primary product of the
reaction of an analgesic (and anti-analgesic) at the receptor site

If we assume that an analgesic and its antagonist analogue are adsorbed
at the same receptor site, and our own observations support this concept,
it may be useful to consider the possible nature of the first reactions in-
volved. Since an anti-analgesic will antagonise a great variety of anal-
gesics, it seems reasonable to assume that a common primary reaction
step is involved for both. Because change in potency and change from
an analgesic to an antagonist can occur by merely altering the N-alkyl
group, it is now postulated that this group is involved in the primary
reaction. This may be N-dealkylation by an oxidative mechanism
resulting in small groups being removed more readily than larger ones.
The reaction of an analgesic and its antagonist may be represented as
follows, k, being much greater than k,.

\N—CHs
ky A B
Analgesic N \N—H . HCHO
. / T or CH,=CH-CHO
—_—
N ?/ pgobably in
_ combination with
/N—CHa—CH =CH, another system

Analgesic Antagonist -
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Either the dealkylated residue A or the alkyl fragment will be the essen-
tial intermediate involved in the sequence which produces analgesic
activity. The latter possibility is precluded since some nor-compounds
derived from active analgesics are not devoid of analgesic activity?8,%,
However, the low activity of the nor-compounds of morphine, pethidine
and codeine, as compared with their parent molecule, does not invalidate
the hypothesis that the nor-compounds are the essential intermediates.
The assumption that the release of the nor-compounds at the receptor site
in sufficient concentrations leads to an analgesic response does not imply
that administration of these compounds by normal routes will give the
same (or increased) effects. Differences will occur in the chemical reac-
tivity, lipoid solubility and probably the membrane penetrating properties
between the nor-compound and its parent molecule, e.g. nor-pethidine is
extracted from a benzene solution of pethidine and nor-pethidine by a
phosphate buffer solution?.

Evidence is lacking concerning oxidative dealkylation by brain or
central nervous system tissue but enzyme systems capable of effecting
such reactions are known to be present in the body. Demethylation of a
diverse range of compounds by animals and animal tissues has been
demonstrated?, e.g., demethylation of choline, monomethyl- and dimethyl
aminoethanols (by dogs)®; monomethyl- and dimethylanilines (by
rabbits)®; N-methyl and NN-dimethylsulphonamides (by man and
mice)**; aminopyrine3, ephedrine®®, methylamphetamine®’. Evidence
that dealkylations other than demethylations can take place is also avail-
able, e.g., the metabolism of phenacetin to p-aminophenol via pheneti-
dine®-% and the de-ethylation of mepacrine?®. The metabolism of mepa-
crine in man also demonstrates that large groups can be removed by
dealkylation®!, the following change having been shown to occur:

1\|IH'CH'CH3(CH,),NEt, NH,
M"O—/)/\l/\ HO A

— (]
NN NANAA G

Conversion of the removed alkyl groups to the corresponding aldehyde
(methyl giving formaldehyde and ethyl, acetaldehyde) has been demon-
strated in certain cases, e.g. ephedrine??, amidopyrine®® and monoethyl-
aniline. The dealkylation enzyme system, requiring both oxygen and
reduced triphosphopyridine nucleotide, has been located in the microsomes
of liver cells.

Bert and others®® found that monomethyl-4-aminoantipyrine is more
rapidly demethylated than the dimethyl analogue (amidopyrine) and
showed that the size of the basic group has an influence on the ease of
dealkylation (see Table I).

In analgesics, it has been shown using N-methyl-*C labelled morphine,
codeine, and pethidine, that N-demethylation occurs in rats and
man3%:45-48, The nor-compounds have not always been isolated although
evidence confirming their presence has been reported. Burns and
others® have isolated the demethylation products of pethidine, while
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Plotnikoff and others*, also using pethidine, established the presence of
1CQ, in the expired air and identified nor-pethidine in the urine of rat
and in man by counter current distribution. Brossi and others? recently
reported that (4 )-3-methoxyl-N-methylmorphinan was excreted as such,
and in the form of three demethylated derivatives. On the other hand
Shore and others® reported that neither of the isomers of 3-hydroxy-N-
methylmorphinan are demethylated by intact animals or in vitro by a

TABLE 1
DEALKYLATION OF VARIOUS AMINES

4-Aminoantipyrine Substrate

. formed dealkylated

Substrate i (. moles) (per cent.)
Monomethyl-4-aminoantipyrine i 1-93 36
Monoethyl-4-aminoantipyrine .. | 0-60 11
Monobutyl-4-aminoantipyrine .. .. } 0-56 9
Dimethyl-4-aminoantipyrine .. .. 0-62 11
Diethyl-4-aminoantipyrine .. ‘ 0-29 6
Dibutyl-4-aminoantipyrine . .. | 0-10 ! 1

(5 w. moles of each alkylamine were incubated with liver homogenate. From Bert and others*®.)

demethylating enzyme present in liver. This last observation does not
invalidate the present hypothesis because the very low concentration of the
nor-compound, even after complete demethylation of the drug localised in
the central nervous system, would pass undetected by the techniques
adopted. The evidence provided by the work of Miller and Elliott® is
apparently far more damaging to the present hypothesis. Using mor-
phine-N-methyl-C, codeine-N-methyl-1*C and 2-“C(4)-methadone,
they determined the distribution of these analgesics in the central nervous
system of the rat; peak levels correlated with pharmacological activity as
measured by the pain reaction time method. Countercurrent distribution
studies indicated that unaltered codeine and methadone (at least 90 per
cent. unchanged) were present in the central nervous system 30 minutes
after drug administration. The present hypothesis is therefore only
tenable if relatively few of the analgesic molecules penetrating to the
central nervous system are responsible for the biological response.

Recent investigations® have shown that the reduced, triphosphopyridine
nucleotide dependent, microsomal enzyme system, which can demethylate
morphine and other phenanthrene analogues—methadone and pethidine,
is inhibited by certain N-substituted nor-morphines (the N-allyl
and N-isobutyl derivatives exert the greatest action). The N-allyl
compound has no effect on the enzymatic N-demethylation of cocaine,
the side chain oxidation of hexobarbitone or the de-esterification of pethi-
dine. It is of interest that N-allylnormorphine can itself be deallylated,
but no evidence is available concerning the rate of deallylation in compari-
son with the rate of conversion of other N-alkylnormorphines to nor-
compounds.

The above hypothesis, that dealkylation is the primary step subsequent
to adsorption of the drug upon the receptor site implies that, if the nor-
compounds could be introduced directly into the biophase about the
receptor, analgesic activity at least equal to that of the parent analgesics
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would result. Investigations using morphine and nor-morphine were
carried out in attempts to provide information on this point.

Pharmacological testing and results

Subcutaneous injections of morphine sulphate (2 mg./kg.) into rats
gave much greater analgesic effects than those obtained using 50 mg./kg.
doses of nor-morphine3?,

Solutions of the two compounds were injected intracisternally into
mice and the degree of analgesia determined using a modification of the
Singh Grewal method®:. The results demonstrated that nor-morphine
was rather more active than morphine at equal dose levels. Intravenous
injection (mice) gave results indicating that nor-morphine had about 10
per cent. of the analgesic activity of morphine by this route; the onset of
analgesic action using nor-morphine was preceded by short-lived convul-
sions in the animals.

N-Allylnormorphine antagonised the analgesic action of intracisternally
injected nor-morphine in doses comparable to those required to antagonise
the action of morphine.

(The authors are grateful to Dr. M. F. Lockett and Mr. M. J. Davis for
carrying out the above pharmacological testing which will be published
elsewhere.)

Mr. A. F. Green tells us that preliminary tests using the peristaltic
reflex of isolated guinea-pig ileum show that nor-morphine has an
inhibitory activity of about 10 per cent. that of morphine.

The greater activity of nor-morphine than morphine upon presentation
of the drugs close to the analgesic receptors (intracisternally), in contrast
to the negligible activity of nor-morphine upon subcutaneous injection, is
consistent with the above hypothesis. The antagonism by N-allylnor-
morphine of the nor-morphine, as well as the morphine response, may be
attributed to the former blocking the analgesic receptor so that although
the essential metabolite X (nor-morphine) is available, it fails to be incor-
porated into the reaction sequence resulting in analgesia unless present
upon the analgesic receptors.

The above discussion of oxidative dealkylation of analgesics has
involved the consideration of compounds possessing one relatively small
alkyl group attached to the N-atom (e.g., morphine and pethidine type
compounds). The application of this hypothesis to methadone and
thiambutene-type compounds possessing dialkylamino groups is self
evident. (Methadone is demethylated by a reduced triphosphopyridine
nucleotide dependent enzyme system®.) Analogous compounds possess-
ing piperidino, morpholino and pyrrolidino groups have high analgesic
activity. It is presumed that ring opening and dealkylation occurs by an
oxidative mechanism as shown below (I to III).

CH, CeH,
@-c&cn,-c-coc,m —_ /_H i*I'CH-CH,-(':-COC,H, —
CH, CeH, CHO CH, CH,
M an
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C¢H;
N~CH~CH,'C|3'C0C2H5
(|3H, CqH;
a1

Although it is suggested that increasing the size of the alkyl group
attached to the nitrogen atom in morphine and pethidine-type compounds
leads to anti-analgesic activity due to the greater difficulty of dealkylation,
it is necessary to stress that the presence of electrical dipoles in the alkyl
chain may affect the rate of dealkylation, e.g., the high activity of N-B8-
phenylethylrorpethidine®s, despite its large alkyl group, may be attributed
to this factor.

N

v’

SUMMARY

1. The mode of action of analgesic antagonists is considered in terms
of competition with analgesics for the analgesic receptor surface.

2. The hypothesis is advanced that analgesics and their antagonists
undergo a similar chemical reaction subsequent to adsorption, the rate
constant for the former being very much greater than that for the latter.

3. Oxidative dealkylation to produce nor-compounds is presumed to
be the first step in the reaction sequence leading to analgesia.

4. Nor-morphine has been shown to have a greater analgesic activity
than morphine upon intracisternal injection into mice.

The authors wish to express their thanks to Mr. A. F. Green for supply-
ing the nor-morphine and to Dr. M. F. Lockett and Mr. M. J. Davis for
carrying out the pharmacological testing.
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DISCUSSION
The papers were presented by DR. A. H. BECKETT.

Dr. A. McCousrey (London) said that pKa is of undoubted impor-
tance in all basic drugs, but he felt that attempts to relate pKa to analgesic
activity would be unlikely to succeed, especially should the activity be
mediated by a degradation product. Correlation could be expected
only of the active species in either the ionised or unionised molecule
provided factors such as excretion and detoxication were controllable or
negligible. Attempts to extrapolate findings with nonspecific enzymes
in liver to the more specific functions of nervous tissue may be mis-
leading. He was glad that another worker was considering metabolic
activation in the analgesic group. He could not, however, see much
fundamental difference between morphine and normorphine, though one
remembered the curious dissociation of properties in the sympathins.
Incidentally adrenaline has been stated to be more effective as an analgesic
than noradrenaline by the intracisternal route. He felt doubtful of the
validity of analgesic assay figures derived from animals that had recently
suffered convulsive seizures. He realised, of course, that Dr. Beckett
had not been actively concerned here. The drug SKF-525A has been
stated to prevent the demethylation process or any other detoxication
process in liver, at the same time increasing the action of various drugs,
though he was not sure whether figures have been quoted for pethidine or
morphine.
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Dr. J. B. STENLAKE (Glasgow) said he was critical of the use of infra-
red measurements to supplement the conclusions drawn from dissociation
constant measurements, The authors were concerned finally with the
conformation of the structure in aqueous solution. While infra-red
measurements would be made in non-aqueous media, he was therefore
critical of their value as supporting evidence, although he agreed with the
postulated transannular effects. He suggested that the author should
take some pK measurements in a mixed solution, because it had been
shown that there was a shift of pK values as a concentration of non-
aqueous solvent was brought down to water, and the direction of shift
of pK was a measure or an indication of whether ionisation of the proton
was away from nitrogen or oxygen. Measurements of that type would,
he suggested, provide much more satisfactory confirmatory evidence than
infra-red for annular structure in methadone and related compounds. He
had looked in the papers for the dissociation constant of normorphine
but had been unable to find it. His own guess was that normorphine
being a secondary base would in fact be a stronger base than morphine,
and that meant that in all probability there would be much lower penetra-
tion to the surface receptor site. That would explain the difference in
results which had been obtained by intracisternal and subcutaneous
methods of testing normorphine.

Dr. A. H. BEckETT, in reply, said while there was a danger in extra-
polating results using liver when considering central nervous tissue,
nevertheless, the enzyme system which was involved in demethylation of
N-methyl compounds was also present in central nervous tissue. The
important fact had to be considered that when the morphine was con-
verted to form N-ethyl, N-propyl and N-allyl-normorphine, there was a
change from active analgesic into an analgesic antagonist, yet the analgesic
antagonist had some analgesic activity in itself. Therefore, it seemed
reasonable to postulate that some reaction involving the alkyl group was
implicated in the action. It was significant that since the paper was
presented, work had appeared by Brodie and his colleagues in which de-
alkylation of analgesics had been carried out and this had been antagonised
by N-allylnormorphine. He agreed that dissociation constants in various
mixed solvents were required and that for the conformation of the molecules
infra-red measurements cannot be used as a complete argument because
these cannot be made in aqueous conditions. The authors were sub-
mitting that it was reasonable to believe that that dissociation constant
measurements indicated the conformations existing in aqueous con-
ditions and that the infra-red measurements showed that such conforma-
tions existed. He had no figures for the dissociation constant of nor-
morphine. He agreed that penetration would be an important factor,
but he also suggested that conjugation involving the free hydrogen on
the nitrogen atom would also be important.

884



