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R E V I E W

The kinetic behaviour of cardiac glycosides 
i n  v i v o , measured by isotope techniques

K. LULLMANN AND P. A. VAN ZWIETEN

T he D e p a r tm e n t o f  P h a rm a c o lo g y , C h r is tia n -A lb re c h ts  U n iv e rs ity , K ie l ,  W .-G e rm a n y

The usual clinical doses o f cardiac glycosides are low (0-002-0-02 mg/kg) because of  
their potent pharmacological activity and relatively narrow therapeutic range. 
Accordingly, the classical analytical procedures are not sensitive enough for the 
quantitative determination of the low concentrations of these drugs in biological 
material. The introduction o f radioactively labelled cardiac glycosides, however, 
has greatly facilitated investigations of the fate o f therapeutic amounts o f the drugs in 
the organism and also enabled kinetic studies in isolated organ systems to be made. 
The radiochemical analysis has proved so sensitive that the kinetic behaviour of cardiac 
glycosides even in su b th re sh o ld  dosage or in concentrations, devoid o f any pharma
cological or toxic action, can be examined. Such investigations have led to a better 
understanding of the kinetic and clinical properties of these valuable drugs.

In earlier reviews (Rothlin & Bircher, 1954; Wright, 1960; Zwieten, 1967) compre
hensive compilations o f references on the subject have been given. The present paper 
aims rather to present a  critical appreciation o f current development in this field, partly 
based on our own experience. At first, the kinetic behaviour of the drugs in isolated 
organ systems will be discussed. Investigations in organs, incubated in Tyrode 
solution will be emphasized, but also studies made in isolated organs incubated in 
oxygenated whole blood will be considered. In v ivo  studies on the fate of radio
actively labelled cardiac glycosides have been made in animals and in man. Distribu
tion, absorption, elimination and metabolism may thus be examined under normal and 
also pathological circumstances. The sequence: isolated organs (Tyrode solution) <  
isolated organs (whole blood) <  animals <  man shows an increasing complexity of 
the systems studied, although it should be recognized that conclusions drawn from 
these studies are, at the same time valuable in throwing light on the behaviour o f  
cardiac glycosides under clinical circumstances.

K in e tic  s tu d ie s  on  is o la te d  a tr ia , in c u b a te d  in o x y g e n a te d  T y ro d e  so lu tio n

Electrically driven isolated atria, suspended in oxygenated Tyrode solution provide a 
simple system for the determination o f kinetic properties o f drugs under reproducible 
circumstances, the number o f variables in the system being limited and well-defined. 
Moreover, the influences of, for example, changes in drug concentration, frequency o f  
beat, and ion concentration on the kinetic behaviour may be conveniently examined in 
such an experimental system. The results probably allow relevant conclusions about 
the kinetic behaviour of the drugs in human heart muscle tissue if  the experiments are 
made with atria of the guinea-pig, a species that shows pronounced sensitivity to 
cardiac glycosides. Although Sjoerdsma & Fischer (1951) studied the uptake of 
[14C]digitoxin by isolated perfused hearts o f the rabbit, systematic investigations on
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uptake and release o f the various cardiac glycosides by isolated heart muscle prepara
tions have only been done recently. In isolated atria kept in Tyrode solution, the 
kinetic properties of 4 different glycosides were established: [3H]digoxin (Kuschinsky, 
Lahrtz, & others, 1967; Kuschinsky, Lullmann & others, 1967); [3H]ouabain and 
[3H]digitoxin (Kuschinsky, Lullmann & Zwieten, 1968a); peruvoside ( =  a-theveto- 
side o f cannogenin) (Kuschinsky, Lullmann & Zwieten, 1968b). These experiments 
were extended to [3H]digitoxigenin to establish whether the sugar moieties in the glyco
side molecules are pertinent to their kinetic and pharmacological properties (Kuschin
sky, Lullmann & Zwieten, 1968c).

The uptake of the four glycosides and the aglycone showed some similarity. For 
all five substances the uptake process reached an equilibrium phase after a given time 
of incubation. The time course of the uptake could be described algebraically by 
means of e-functions; that is to say, the well-known equation Y = A  (1—e~kt) could be 
applied, Y  being the uptake at time t, A the uptake at equilibrium and k the rate 
constant. Apart from k, the tissue/medium (T/M) radioactivity ratio at equilibrium 
is also a parameter o f particular importance for the character o f the uptake process 
since it allows a direct comparison of the relative accumulation o f the various com
pounds examined. The rate constants (k), the half lives (t£) and also the T/M  ratios 
obtained for “therapeutic” medium concentrations of the glycosides and the aglycone 
are listed in Table 1. [3H]Ouabain is seen to be taken up much mere rapidly than the 
other drugs. The rate o f the ouabain uptake process suggests that the drug is restric
ted mainly to the extracellular space, since its uptake rate is similar to that o f the uptake 
rate of molecules o f similar size in this compartment (Liillman & Zwieten, 1967). The 
other glycosides and the genin also penetrate into the cell and become attached to 
intracellular structures (see literature quoted above).

Table 1. R a te  c o n s ta n ts  (k), th e  h a l f  liv e s  (t)-) a n d  a lso  th e  T/M ra tio s  o b ta in e d  f o r  
th e ra p eu tic  m ed iu m  c o n cen tra tio n s  o f  th e  g ly c o s id e s  a n d  th e  a lg y c o n e

Rate
Medium Positive constant k
concn inotropic s-1 T

Drug (g/ml) action (%) (x  10-4) min T/M
[3H] Ouabain . . 5  X 10-’ 132 310 3-7 0-6
[3H]Digoxin .. 2-5 x  10-7 100 50 23-1 2-8
[3H]Peruvoside .. 2-5 x  10~7 120 5-2 22-2 3-2
[3H]Digitoxin . . 1 x  IO“7 90 140 8-3 9-3
[3H]Digitoxigenin .. . .  1 x  IO“7 150 5-7 200 80

Although the pharmacological effects o f the various drugs in the given concentra
tions occur within the same range (compare the relative increases o f the contractile 
force in Table 1), there are quite large differences between the T/M ratios achieved at 
equilibrium. Whereas the ouabain content of the atrial tissue is but 60% of that in 
the medium, a more than nine-fold accumulation relative to the concentration o f the 
bath fluid was seen with digitoxin. The decreasing polarity in the sequence : ouabain 
>  digoxin >  digitoxin «a digitoxigenin (Waldi, 1962) is obviously accompanied by 
an increased cellular accumulation. This finding would suggest that an important 
part of the cardiac glycosides (and the aglycone) that accumulate is probably bound to 
lipid-, and protein-containing, structures of the cells. The binding of the labelled 
drugs to serum proteins also increases in the same sequence : no measurable protein 
binding could be demonstrated for ouabain, whereas about 80% of the [3H]digitoxin



or its genin are firmly attached to serum proteins (Scholtan, Schlossmann & Rosen- 
kranz, 1966 ; Kuschinsky, 1968). Moreover, previous removal of lipid material from 
atrial tissue upon extraction with aqueous glycerol reduced the T/M ratio for [3H]- 
digitoxin to approximately 4-5 without changing that obtained for [3H]ouabain (0-5) 
(Kuschinsky, Liillman & Zwieten, 1968d). Obviously the removal of lipid material 
reduces the binding capacity of the tissues for digitoxin without affecting the size of the 
compartment that contains ouabain.

If we assume that a certain degree of receptor occupation is related to a given 
positive inotropic action and that this degree will be about the same for all the glyco
sides used in our experiments, the large differences in T/M ratio achieved suggest 
that not all of the accumulated drug is involved in the therapeutic effect. In other 
words, the higher the relative accumulation, the larger the amount of drug that is bound 
to those cellular structures or dissolved in those cellular lipids that are not involved in 
the development of the pharmacological effect. For [3H]digitoxin and its aglycone, 
especially, the major part of the amount taken up is probably bound to or dissolved in 
cellular compartments that are not involved in drug action. For [3H]ouabain the 
picture seems to be different : the relatively small amount of drug bound by the tissue 
is probably o f vital importance for the pharmacological effect. Concomitantly, 
[3H]ouabain probably combines to a major degree with specific “receptors” , necessary 
for the development o f positive inotropic action. Such “receptors” will probably be 
accessible from the extracellular space quite easily, since [3H]ouabain is mainly 
contained in the extracellular space (see below). The “receptors” might for instance 
be located on the outward membrane or otherwise in the T-tube system, the latter 
being accessible from the extracellular space. If the membrane location o f the 
“receptors” is assumed, these structures would occupy but 0-006% of the membrane 
surface (Kuschinsky, Liillmann & Zwieten, 1968a).

The comparison between the uptake process of the cardiac glycosides and their 
pharmacological effect has provided some information about the existence of glyco
side “receptors” and cellular structures to which an unspecific binding o f the drugs 
takes place. It also seemed of interest to compare the release of initially bound 
[3H]glycosides (or aglycones) with the disappearance o f the pharmacological effect 
during wash-out with glycoside-free Tyrode solution (Liillmann, Weber & Zwieten,
1968). The release processes could not be described by means of e-functions, since 
the rate constant gradually decreased upon prolonged incubation. It drew the atten
tion, however, to the fact that the loss of [3H]labelled glycosides from the tissue 
occurred at roughly the same rate for each of the five drugs studied : after a wash-out 
period of 2 h about 40-50% of the initially accumulated drugs had been released by 
the tissues. The disappearance of the positive inotropic effect, however, took place far 
more rapidly, no measurable effect being left after 15-20 min o f wash-out for ouabain, 
digoxin or digitoxin. The positive inotropic effect o f digitoxigenin disappeared after 
only 5 min, although the total tissue concentration determined by isotope studies was 
50% of its original value 2 h after wash-out. There seemed to be no correlation 
between the disappearance of the pharmacological effect and the reduction in total 
tissue issue concentration o f all 4 drugs studied. The disappearance of the positive 
inotropic action must be a reflection of the dissociation of the glycoside or aglycone 
molecules from the “receptors” . Since these “receptors” are easily accessible from 
the extracellular space, it might be assumed that the diffusion of the glycoside mole
cules from this space would be the rate-limiting step in the wash-out process of the

Kinetic behaviour o f  cardiac glycosides 3
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pharmacological effect. Indeed, experimental evidence is available to show that the 
diffusion of the glycoside molecules from the extracellular space largely determines the 
rate by which the positive inotropic effect is washed out, although the major part of 
the glycosides bound to cellular structures or dissolved in cellular lipids disappears 
more slowly (Liillmann & others, 1968). These findings once more confirm that, 
particularly with digitoxin and its genin but also with digoxin and paruvoside, by far the 
greater part of the accumulated drug plays no part in the pharmacologic effect. 
Obviously, the differences in “fixation” to heart muscle tissue, postulated by clinicians 
to explain the differences in loss of activity per day for the various glycosides does not 
really exist. The different clinical decay rates of ouabain, digoxin and digitoxin must 
be caused by differences in the elimination rate, a parameter that is governed by a 
much longer half life than the “wash-out” process from myocardial tissues.

K in e tic  s tu d ie s  on is o la te d  a tr ia , in c u b a te d  in o x y g e n a te d  w h o le  b lo o d

The use of oxygenated blood for the incubation of isolated organs has given rise to 
insurmountable experimental difficulties like excessive foam formation and haemolysis. 
However, with the aid of a specially designed oxygenator, Liillmann, Peters & Zwieten 
have developed an experimental procedure allowing them to incubate beating guinea- 
pig atria and other organs in circulating, oxygenated whole blood of the same species. 
N o significant haemolysis occurred over several hours and the usual serum electrolyte 
concentrations were also maintained. Foam formation could be avoided. This 
newly developed technique proved convenient for kinetic studies with radioactively 
labelled cardiac glycosides. Of course, this method more closely approaches in v ivo  
conditions than does the incubation of isolated atria in Tyrode solution. In whole 
blood both the binding of the glycosides to serum proteins and also the presence of  
erythrocytes give rise to a more complicated, although a more realistic, over-all picture. 
On the other hand, elimination by either the liver or kidneys cannot occur, thus 
metabolic degradation hardly takes place. Therefore, these processes cannot interfere 
with the partition o f the radioactively-labelled drug over the various biological com
partments within the given system.

It can be demonstrated that both [3H]digitoxin and its aglycone are taken up by 
erythrocytes, much less, however, than by atrial tissue. Neither [3H]ouabain nor 
[3H]digoxin are taken up by the erythrocytes (Liillmann, Peters & Zwieten, to be 
published).

At equilibrium, the following apparent T/M radioactivity ratios were reached for the 
partition between the blood and the isolated atria: [3H]ouabain 0-52; [3H]digoxin 1 -25; 
[3H]digitoxin 1T2; [3H]digitoxigenin 0-61 (serum =  1). These values are clearly 
different from those obtained in the experiments with oxygenated Tyrode solution as a 
medium. However, the binding of the drugs to serum proteins (mainly albumin) 
should be taken into consideration. By means of the Sephadex gel filtration method, 
Kuschinsky (1968) obtained the following values for the amount o f f r e e  drug in guinea- 
pig serum: ouabain «a 100, digoxin 70, digitoxin 12, digitoxigenin 8 %. These 
determinations were made with [3H]labelled drugs in “therapeutic” concentrations. 
If the ratio of glycoside concentration in the tissues to f r e e  glycoside concentration in 
the serum is calculated, the following “true” T/M values are obtained: ouabain 0-52, 
digoxin 1-79, digitoxin 9-32, digitoxigenin 7-63. These ratios are in satisfactory 
agreement with the T/M ratios obtained in Tyrode solution as the medium of incuba
tion (see Table 1). It is evident, then that the cardiac glycosides are taken up by heart



muscle tissue only when they are available in the free form, that is to say, not bound to 
serum proteins. The same conditions may be expected to hold true for the partition 
o f cardiac glycosides administered to man. The pharmacologically a c tiv e  concentra
tion of the different glycosides probably lies within the same range.

F a te  o f  [3H ]la b e lle d  g ly c o s id e s  in a n im a ls  a n d  m an

The distribution of radioactively labelled cardiac glycosides between various 
organs has been investigated in a number of animal species (Repke, 1958; Gonzalez & 
Layne, 1960; Bretschneider, Doering & others, 1962; Dutta, Marks & Smith, 1963; 
Marks, Dutta & others, 1964; Fauconnet &Widmer, 1965; Liillmann & Schaum, 1968) 
In most o f these studies no particular affinity o f the cardiac glycosides for heart 
muscle tissue could be demonstrated. N o particular accumulation in heart muscle 
tissue was observed, since the highest concentration was found in the excretion organs 
like liver, colon and kidneys. However, myocardial tissue accumulated somewhat 
more o f the glycosides than did striated or smooth muscle.

Virtually the same observations were made by Okita, Talso & others (1955) for the 
distribution o f [14C]digitoxin, administered to moribund patients shortly before 
death. A five-fold accumulation in the serum level, however, was found for [3H]- 
ouabain in human auricle tissue obtained by biopsy (Marks & others, 1964). The 
usually modest accumulation of [3H]labelled cardiac glycosides in v ivo , both in animals 
and man is in agreement with the unpublished observations o f Liillmann, Peters & 
Zwieten on the accumulation of the drugs by isolated atria, incubated in circulating, 
oxygenated whole blood (p. 4).

From clinical experience it is well known that the enteral absorption o f cardiac 
glycosides shows large differences for the various drugs: thus, whereas digitoxin is 
absorbed completely, the absorption of ouabain is particularly uncertain and in most 
cases negligible. These clinical observations confirmed early animal studies with the 
Hatcher procedure (for reviews see Rothlin & Bircher, 1954; Wright, 1960). In recent 
experiments (Lahrtz, Sattler & Zwieten, 1968) it was shown that in the cat, in tra -  
d u o d en a lly  applied [3H]labelled digitoxin reached a much higher serum level than did 
[3H]digoxin by the same route. [3H]Ouabain on the other hand gave widely varying 
though usually low serum levels when administered in this manner. N o measurable 
radioactivity could be demonstrated in the serum o f human subjects who had been 
given an oral, therapeutically subthreshold dose of [3H]ouabain. The low urine 
radioactivity in these subjects indicated that about 0-5-2% of the given dose had been 
absorbed (Lahrtz, Sattler & Zwieten, 1968). These isotope studies in both animals 
and man have confirmed the empirically obtained clinical experience about the 
absorption of cardiac glycosides—the uselessness of oral administration o f ouabain is 
once more emphasized.

The time course o f the serum radioactivity after intravenous or oral administration 
of radioactively labelled cardiac glycosides has been studied in animals (Harrison, 
Brandenburg & others, 1964; Katzung & Meyers, 1965; Abel, Luchi & others, 1965; 
Liillmann & Schaum, 1968) and also in man (Okita & others, 1955; Doherty,Perkins & 
Mitchell, 1961; Doherty & Perkins, 1962; Marcus, Pavlovitch & others, 1967). 
Usually, serum concentration of the cardiac glycosides was found to decline by at least 
two e-functions, the first process being much faster than the second one. The exact 
significance of these two phases is not yet known. Possibly the first phase may 
represent the rapidly cccurring uptake of the [3H]cardiac glycosides in the blood by

Kinetic behaviour o f  cardiac glycosides 5
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the various organs, whereas the second phase might reflect the elimination process. 
The rate of the elimination is n o t determined by the partition of the drug between blood 
and tissues, but by the kidney or the liver, or both. The presumed tissue “fixation” to 
the heart does n o t determine this rate. During renal failure the excretion of cardiac 
glycosides is retarded (Doherty, Perkins & Wilson, 1964; Doherty & Flanigan, 1967; 
Lahrtz & Zwieten, 1968a, 1968b). However, the exact mechanism of the retarded 
excretion is not fully understood (Lahrtz & Zwieten, 1968b). Although in man 
ouabain is almost entirely excreted in the urine (Lahrtz & Zwieten, 1968b), [3Hj- 
digitoxin and its metabolites are eliminated via kidneys and liver (Lahrtz & Zwieten, 
unpublished). The excretion via the kidney by glomerular filtration may be expected 
to become preponderant if the binding to serum proteins o f the glycoside in question is 
low. M ost of the protein-bound glycoside becomes attached to serum albumin, a 
molecule that normally cannot be filtered by the glomerular system.

Impairment o f the glycoside excretion via the liver as a result of a pathologically 
reduced biliary flow does not seem to give rise to an increased tissue concentration in 
patients (Marcus & Kapadia, 1964; Lahrtz & Zwieten, 1968a, 1968b). Accordingly, 
no accumulation o f cardiac glycosides can be expected during liver disease, in contrast 
to the observations made in patients suffering from renal failure. Again, the isotope 
studies have confirmed previous clinical observations.

C O N C LU SIO N S

The kinetic experiments with tritium-labelled cardiac glycosides in isolated atria 
incubated either in oxygenated Tyrode solution or in oxygenated whole blood have 
shown that the distribution o f the drugs between the various compartments in the in 
v itro  system occurs rapidly. Since this rate o f distribution is much higher than that of  
the drug elimination in v ivo , the latter process exclusively determines the decay rate in 
v ivo . The elimination depends rather upon the activity o f the excretion organs like the 
kidney and the liver. The kinetic behaviour o f cardiac glycosides in heart muscle is 
not primarily responsible for the duration of the cardiac effect elicited by these drugs.

The different T/M ratios obtained for the four cardiac glycosides and for the genin in 
isolated atrial tissue, incubated in an aqueous, protein-free medium suggest that 
their distribution between the various compartments within the cell differs widely from 
drug to drug. With those glycosides achieving a high T/M ratio at equilibrium, most 
o f the accumulated glycoside seems to be bound to cellular structures or is present in 
compartments that have nothing to do with the positive inotropic effect. A  small part 
o f the molecule (e.g. digitoxin or its aglycone), however, combines with more specific 
“receptors” that are obviously involved in the development of the positive inotropic 
glycoside effect. With ouabain, the m a jo r  part of the tissue bound drug combines 
with these “receptors”, that are probably located on the outward membrane surface or 
may also be in the T-tube system. The kinetic studies with [3H]ouabain suggest that 
the “receptors” must be easily accessible from the extracellular space. The combina
tion of the drugs with the “receptors” probably reaches the equLibrium phase quite 
rapidly.

In  v ivo , and also in isolated atria incubated in oxygenated whole blood, the relative 
accumulation of the glycosides by the tissues a p p a re n tly  shows little difference for the 
drugs studied. However, if  the protein-binding of the drugs is considered, a different 
picture emerges: if  the amount o f f r e e  glycoside in the blood is taken as a base for the 
calculation o f the T/M ratios at equilibrium, approximately the same values are



obtained as for isolated atria, incubated in Tyrode solution where protein-binding 
cannot occur. Concomitantly, cardiac glycosides are taken up by heart muscle in 
accordance with the concentration o f free and not protein bound, molecules.

In  v ivo , the protein-binding o f the cardiac glycosides may be expected to influence 
their elimination through the kidneys. The protein-bound drugs cannot pass through 
the glomerular system; on the other hand, if  free glycosides have passed the glomerular 
system, part of the molecules may be subject to reabsorption in the tubular system, 
provided the compound in question is lipid soluble, as for example is digitoxin.

The main conclusion that may be drawn from the kinetic investigations is probably 
the fact that no particular “fixation” of the drugs to heart muscle takes places in  v ivo . 
Although this parameter is frequently discussed by clinicians, there seems to be no 
experimental evidence for its real existence. The different properties of the various 
cardiac glycosides in v ivo  are most probably caused by differences in e lim in a tio n  or 
metabolic degradation or both, and not by a different kinetic behaviour towards 
myocardial tissues.

Kinetic behaviour o f cardiac glycosides 7

SU M M A RY

In this review a critical evaluation o f current developments in kinetic research on the 
behaviour of cardiac glycosides both in v itro  and in v ivo  is given. The results recently 
obtained in this field suggest that in heart muscle tissue digitoxin and to a lesser 
extent digoxin predominantly combine with cellular structures that are not immediately 
involved in the development of the pharmacological effect. Only a part o f the drugs 
combine with specific “receptors”, and thus give rise to positive inotropic action. 
Probably, these “receptors” are easily accessible from the extracellular space which 
may be the membrane surface or T-tube system. Ouabain, however, chiefly combines 
directly with these “receptors” . Thus, the different properties of the various cardiac 
glycosides in v ivo  are probably caused by differences in elimination or metabolism and 
not by a different kinetic behaviour towards heart muscle tissues. The kinetic studies 
suggest that in v ivo  no particular “fixation” of these drugs to the heart really takes 
place.

R E FE R E N C E S

Abel, R. M., Luchi, R. I., Peskin, G. W., Conn, H. L. & Muler, R. D. (1965). ./. Pharmac. 
exp. Ther., 150, 463-468.

Bretschneider, H. J., Doering, P., Eger, W., Haberland, G., K ochsiek, K., Mercker, H., 
Scheler, F. & Schulze, H. (1962). Arch. exp. Path. Pharmak., 244, 117-144.

D oherty, J. E. & Flanigan, W. J. (1967). Circulation, 35, 298-302.
Doherty, J. E. & Perkins, W. H. (1962). Am. Heart J., 63, 528-536.
Doherty, J. E., Perkins, W. H. & Mitchell, G. K. (1961). A rch  intern. Med., 108, 531-539. 
Doherty, J. E., Perkins, W. H. & Wilson, M. C. (1964). Am. J. Med., 37, 536-543.
D utta, S., Marks, B. H. & Smith, C. R. (1963). J. Pharmac. exp. Ther., 142, 223-230. 
Fauconnet, L. & Widmer, J. (1965). Pharm. Acta Helv., 40, 496-503.
Gonzalez, L. F. & Layne, E. C. (1960). J. clin. Invest., 39, 1578-1583.
H arrison, C. E., Brandenburg, R. O., Ongley, P. A., Ovis, A. L. & Owen, C. A. (1964). Ann. 

intern. Med., 60, 709-715.
Katzung, B. G. & Meyers, F. H. (1965). J. Pharmac. exp. Ther., 149, 257-262.
Kuschinsky, K. (1968). Arch. Pharmak. exp. Path., 259, 394-399.
Kuschinsky, K., Lahrtz, Hg., Lüllmann, H. & Zwieten, P. A. van (1967). Br. J. Pharmac. 

Chemother, 30, 317-323.
Kuschinsky, K., Lüllmann, H., Schmitz, G. & Zwieten, P. A. van (1967). Arch. Pharmak, 

exp. Path., 258, 297-308.



Kuschinsky, K., Lüllmann, H. & Zwieten, P. A. van (1968a). Br. J. Pharmac. Chemother., 32, 
598-608.

Kuschinsky, K., Lüllmann, H. & Zwieten, P. A. van (1968b). Arzneimittei-Forsch., in the press. 
Kuschinsky, K., Lüllmann, H. & Zwieten, P. A. van (1968c). Br, J. Pharmac., 34, 613-622. 
Kuschinsky, K , Lüllmann, H. & Zwieten, P. A. van (1968d). Europ. J. Pharmac.. 4, 228-230. 
Lahrtz, Hg. & Zwieten, P. A. van (1968a). Ibid., 3, 147-152.
Lahrtz, Hg. & Zwieten, P. A. van (1968b). Arch. Pharmak. exp. Path, 260, 165-166.
Lahrtz, Hg., Sattler, R. W. & Zwieten, P. A. van (1968). Z. exp. Medizin, 148, 210-222. 
Lüllmann H. & Schaum, E. (1968). Arzneimittel-Forsch., in the press.
Lüllmann, H., Weber, R. & Zwieten, P. A. van (1968). Submitted for publication in Europ. 

J. Pharmac.
Lüllmann, H. & Zwieten, P. A. van (1967). Medna. Pharmac. exp., 16, 89-94.
Marcus, F. I. & Kapadia, G. (1964). Gastroenterology, 47, 517-523.
Marcus, F. I., Peterson, A., Salel, A., Scully, I. & Kapadia, G. G. (1966). J. Pharmac. exp. 

Ther., 152, 372-382.
Marcus, F. I., Pavlovitch, J., Burkhalter, & L. Cuccia, C. (1967). Ibid., 156, 548-559. 
Marks, B. H., Dutta, S., Gauthier, J. & Elliott, D. (1964). Ibid., 145, 351-356.
Okita, G. T., Talso, P. J., Curry, J. H., Smith, F. D. & Geiling, E. M. K (1955). Ibid., 115, 

371-379.
Repke, K. (1958). Arch. exp. Path. Pharmak., 233, 271-283.
R o th lin , E. & B irch er , R . (1954). Ergebn inn. Med. Kinderheilk., 5, 457-552.
Scholtan, W., Schlossmann, K. & Rosenkranz, H. (1966). Arzneimittel-Forsch., 16, 109-114. 
Sjoerdsma, A. & Fischer, C. S. (1951). Circulation, 4, 100-109.
Waldi, D. (1962). Dünnschichtchromatographie, Ein Laboratoriumshandbuch, p. 281. Editor: 

Stahl, E. Berlin—Göttingen—Heidelberg: Springer.
Wright, S. E. (1960). The metabolism o f  cardiac glycosides. Springfield/IU.: Thomas.
Z w i e t e n , P. A. v a n  (1967). Dt. med. Wschr., 92, 1684-1687.

8 H. LÜLLMANN AND P. A. VAN ZWIETEN



J . P hartn . P harm ac ., 1969, 21, 9-17 R ece ived  J u ly  2, 1968

Examination of the hallucinogen 
2,5-dimethoxy-4-methylamphetamine

G. F. PHILLIPS* AND R. J. MESLEYf

* D ru g s  su b -D iv is io n  a n d  t  P h y s ic a l M e th o d s  su b -D iv is io n , L a b o r a to r y  o f  the  
G o vern m en t C h e m is t, S ta m fo r d  S tr e e t ,  L o n d o n , S .E A , E n g la n d

Physical characteristics are reported for a tablet form o f a new 
hallucinogenic drug previously circulating in the USA under the 
name “ s t p ” . High resolution mass, nmr, ultraviolet and infrared 
spectrometric evidence, which identify the extracted base as 2,5-di- 
methoxy-4-methylamphetamine, and its chromatographic behaviour, 
are compared with the experimental compound “ d o m ” . Poly
morphic modifications exhibiting distinct solid phase infrared spectra 
have been studied by X-ray diffraction and by differential calorimetry.
Animal behavioural tests indicate that the psychotomimetic activity 
of the base is comparable with mescaline but up to 50 times more 
potent.

In the summer of 1967, references appeared in the British press to “a new and 
dangerous drug” circulating under the description “ s t p ”  in the U.S.A. and Canada. 
Some medical reports suggested that this drug, the nature of which was not then 
known, was significantly more potent and longer acting than lysergide (l s d ), and that 
certain phenothiazines—customarily used as antidotes for l s d —potentiate its action 
and may cause respiratory collapse. The initials s t p  were not thought to be chemi
cally significant; some press reports suggested the substance to be 5-methoxy-AW- 
dimethyltryptamine (i.e. the methyl ether o f the natural hallucinogen bufotenine) 
or confused the drag with a military incapacitating agent “ b z ” .

Only very limited supplies of the drug were believed to have reached this country 
but the Home Office Drugs Branch was able to obtain a single tablet, thought to be of 
Californian origin; the tablet was submitted to this Laboratory for examination. A  
few milligrams of a base hydrochloride were extracted, sufficient to investigate the 
thin-layer chromatographic behaviour and to record high resolution mass, ultraviolet 
and infrared spectra; in addition animal behavioural tests with a small portion o f the 
tablet and with aqueous and chloroform extracts were undertaken on our behalf at 
the Chemical Defence Experimental Establishment. From accurate mass measure
ment and the spectral characteristics it was possible to deduce with fair certainty the 
structure to be l-methyl-2-(2,5-dimethoxy-4-methylphenyl)ethylamine: it is conven
ient to refer to this structure as 2,5-dimethoxy-4-methylamphetamine.

Concurrently, workers at the U.S. Food and Drug Administration (FDA) had 
encountered several dosage forms (white, orange or fight blue tablets) loosely described 
as s t p  and by a similar deductive process had reached an identical conclusion about 
the structure o f the psychotomimetic ingredient (Martin & Alexander, 1968). The 
weight, dimensions, lactose excipient and well finished appearance were all compar
able with the tablet we had examined [U.S. Bureau of Drug Abuse Control (US- 
BDAC), personal communication]. Moreover the FD A  identified]: the base with

Í Press release 2nd August, 1967; cited, inter alia, in Chem. Engng News, 14th Aug., 1967, p. 39.
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an experimental compound, d o m , developed by the Dow Chemical Co. but for which 
no information had hitherto been published nor had there been an “Investigational 
New Drug” application.

Through the courtesy o f the US-BDAC a small sample of d o m  was supplied to the 
Home Office. Access to this material permitted a fuller examination o f the spectro- 
metric, chromatographic and chemical characteristics o f 2,5-dimethoxy-4-methyl- 
amphetamine, a refined estimate o f its psychotomimetic activity, and comparison 
with the base extracted from the s t p  tablet. A preliminary account of the tablet 
examination was given restricted publication (Maunder, 1967); the more detailed 
results are now reported as an aid to the identification o f this substance should its 
use become more prevalent in this country. To date, the relatively few samples 
detected have been either the pale blue tablet or clear gelatin capsules filled with a 
similarly coloured powder apparently diluted with lactose.

E X PE R IM E N T A L

M e ltin g  p o in ts  (uncorrected) were determined in sealed evacuated capillaries or with 
Kofler hot-stage microscope or inferred from calorimetric transitions.

U ltra v io le t a b so rp tio n  s p e c tra  were recorded as aqueous or acidified solutions using 
a Unicam SP.800 spectrophotometer.

T h in -la yer  c h ro m a to g ra p h y  sy s te m s . (A), silica gel (30 g) impregnated with NaOH  
(60 ml 0T n ), developed with chloroform-methanol (9:1) (Genest & Farmilo, 1964); 
(B), adsorbent as (A) but with methanol as solvent; (C), silica gel, developed with 
methanol-ammonia (sp. gr.: 0-880) (100:1-5) (Sunshine, 1963). Visualization was 
by spraying with 1 % iodine in methanol or by examining the fiuorescence under 
ultraviolet (360 nm) illumination.

C o lo u r rea g en ts . Froehde: sodium molybdate (50 mg) in sulphuric acid (10 ml). 
Mandelin: ammonium vanadate (1 g) in sulphuric acid (100 ml). Marquis: 40% 
formalin (8-10 drops) in sulphuric acid (10 ml). M ecke: selenious acid (0-25 g) in 
sulphuric acid (25 ml).

I n fra re d  a b so rp tio n  sp e c tra  were recorded as Nujol mulls using a Grubb Parsons 
GS 2 grating spectrometer.

X -r a y  p o w d e r  d iffra c tio n  p a tte r n s  were recorded photographically using a Unicam 9 
cm camera and vanadium-filtered chromium Ka radiation. Measurements o f  I/I0 

were made with a Joyce recording microdensitometer.
M a s s  s p e c tra  were obtained initially with an Associated Electrical Industries 

MS-9 spectrometer (at the National Physical Laboratory) and subsequently in this 
Laboratory with an MS-902. Both instruments are double focussing, electron 
bombardment mass spectrometers with a resolution better than 1:10,000. Accurate 
mass measurements were made with reference to heptacosafluorotributylamine and 
all fragment formulae assigned agree within 15 ppm (MS9), or 5 ppm (MS-902), 
with the theoretical values.

100 M H z  p r o to n  m a g n e tic  reso n a n ce  s p e c tra  were recorded (at the National Physical 
Laboratory) with a Varian HA-100 spectrometer using solutions in carbon tetra
chloride. Chemical shifts were calculated as t values using tetramethylsilane as 
standard.

D iffe re n tia l scan n in g  c a lo r im e try  was carried out with a Perkin-Elmer DSC-1B 
apparatus, using dry nitrogen at 2 0  ml/min as carrier gas and a heating rate o f 8 °/min.
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T a b le t fo r m .  The tablet was circular, biconvex and half-scored; the turquoise 
colour approximately matched G5 in the C h e m is t a n d  D ru g g is t Identification Guide. 
It weighed 189-6 mg. The maximum thickness was 3-74 mm (almost 5/32 inch) 
and diameter 7-16 mm (10/32 inch). The physical characteristics were such that 
expertise in its production could be inferred. The only crystalline component 
detected by X-ray diffraction was lactose monohydrate.

The tablet was substantially soluble in water and completely soluble in dilute 
hydrochloric acid. With small quantities (less than 10 mg) dispersed in sodium  
hydroxide solution the first chloroform extraction preferentially removed small 
amounts o f fatty material; acidification o f the alkaline phase, followed by an excess 
of dilute ammonia or sodium bicarbonate, with chloroform extraction yielded 
essentially pure base. On a larger scale (upwards o f  20 mg) the base was not sig
nificantly retained in the initial alkaline phase. It was discovered that the free 
base is somewhat volatile and isolation as the salt is safer. Altogether approximately
2-0 mg o f amorphous base, m.p. 59° (Kofler block), was extracted from 42 mg of the 
tablet.

The ultraviolet absorption spectrum o f an acidified solution o f 1 mg o f the tablet 
[Amax 288 nm (E  1%, 1 cm =  7-5) Amm 255, shoulder 220/225 (E  1% 1 cm ca  22) and 
Amax <215] was very similar to that o f  methoxamine [Amax 291, Amin 253, Amax 226, 
shoulder 215], which has the structure 2-amino-1-(2,5-dimethoxyphenyl)propan-l-ol. 
The aqueous extract also included a blue dyestuff, Amax 626 nm, and chloride ion, 
confirmed conventionally.

Limited examination with the thin-layer system (A) using methanolic iodine 
visualization suggested that the s t p  base could be distinguished from methamphet- 
amine but not easily from mescaline, phentermine and amphetamine. In addition 
a weaker, more mobile, spot, visualized only by its fluorescence in 360 nm illumination, 
overlapped secondary spots o f methoxyphenamine and methoxamine. In general 
the limited mobility in system (A) is disadvantageous and a more detailed comparison, 
using several thin-layer systems, was undertaken after the d o m  sample was obtained—  
see below.

A c tiv e  d ru g  fo r m .  The d o m  sample was a white powder; it proved to be a hydro
chloride salt, m.p. (evacuated capillary) 184-5°. With the Marquis reagent it gave 
a bright lemon yellow colour slowly turning pink, in contrast to the brown becoming 
olive green given by amphetamines not substituted in the aromatic ring. Colours 
were developed with other common alkaloid reagents, including Froehde (yellow 
turning to lime green), Mandelin (bright green tending to brown), Mecke (varying 
from brown through green hues back to brown) and sulphuric acid itself (faint pink 
becoming yellow).

On all three thin-layer systems when visualized with methanolic iodine, d o m  gave 
a single spot comparable with that observed with the base extracted from s t p , whereas 
in 350 nm illumination there was no sign of the latter’s weaker more mobile spot. 
In a detailed study of 31 variously substituted amphetamine, phenethylamine and 
phenethanolamine salts, using systems (B) and (C) (to be published), only ephedrine, 
pseudoephedrine, and methamphetamine exhibited mobility overlapping d o m ; the 
first two substances may be distinguished by their bright yellow colour with methanolic 
iodine spray ( d o m  gives a pinkish-brown) while methamphetamine may be resolved in 
the otherwise less favourable system (A).
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Fig. 1. A =  aqueous extract of stp tablet (c =  36 mg %). B =  aquecus solution of dom 
hydrochloride (c =  6-6 mg %). C =  aqueous solution of methoxamine hydrochloride (c =  5-5 
mg %).

Note that at wavelengths greater than 220 nm, B and C are virtually superposable, and that 
from the ratio A/B, the stp tablet must contain about 4-5% dom base, or 5 3% expressed as the 
hydrochloride.

An aqueous solution of d o m  produced an ultraviolet absorption spectrum [Amax 
288 nm (E  1%, 1 cm =  166), Amln 251 (33), Amax 224 (272), Amax 209 (254)] which 
above 215 nm is in satisfactory agreement with that obtained from the aqueous extract 
of the s t p  tablet and moreover is virtually superposable on that previously demon
strated for methoxamine (see Fig. 1); in the latter there is a slight bathochromic shift 
of the centre o f the aromatic band to 291 nm, possibly attributable to interaction of 
one methoxyl with the side-chain hydroxyl. From the specific absorbance at 288 nm 
observed for d o m  it may be calculated that the STP tablet contained about 4-5% of 
2,5-dimethoxy-4-methylamphetamine (that is, 8 - 6  mg base or 10 mg as the hydro
chloride).

Chloroform extraction of an alkaline solution of d o m  yielded a base giving the same 
infrared spectrum as that normally obtained from the s t p  tablet. Two polymorphic 
forms were obtained: material recovered from evaporation o f chloroform solution 
was shown to be substantially form II containing a small proportion o f form I, 
detectable by its infrared absorption at 924 cm-1. On standing for one month this 
material was wholly converted to form I I ; form I was obtained in a pure state by 
crystallization from a melt. Infrared spectra and X-ray diffraction patterns o f the 
hydrochloride as received and of the two forms of the base are shown in Fig. 2 and 
Table 1 respectively. The melting points of the two forms differ widely: differential 
scanning calorimetry o f form II showed a broad endothermic transition commencing 
at 55° (melting o f form II) followed by an exothermic transition (recrystallization as 
form I) and a second broad endothermic transition beginning at 1 1 0 ° (melting of 
form I). The two forms are apparently enantiotropic, since form I slowly reverts to 
form II at room temperature.
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Fig. 2. Infrared spectra (Nujol mulls) of a, d o m  base form I ; b, d o m  base form I I ; c, d o m  hydro
chloride.

The high resolution mass spectrum o f dom base was in general agreement with 
that o f the base from the stp tablet and with that given by Bellman (1968). There 
were, however, some additional peaks in the stp spectrum, most o f which were 
apparently derived from fatty acids used as binders in the tablet, but those at m/e 
281, 192 and 116 remain unidentified; accurate mass measurement suggested the 
formulae C15H 23N 0 4 , C12H160 2 and C5H10NO 2 respectively. The high resolution 
nuclear magnetic resonance spectrum o f the dom base was also recorded.

/
n tu tw n  m im m n p n iW



Table 1. X-Ray powder diffraction patterns
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Base form II Base form I Hydrochloride
d I/I. d I/I* d I/Io

(A) (A) (A)
13-9 5 8-59 6 9-97 25
10-8 15 7-81 100 7-28 4
8-59 47 7-43 72 6-64 6
7-76 22 7-18 5 6-17 20
7-08 100 5-67 5 5-77 28
6-64 8 5-21 44 5-59 100
5-71 14 4-49 18 5-34 77
5-50 15 4-24 66 5-04 46
5-18 11 4-02 19 4-70 10
4-77 5 3-89 5 4-35 35
4-63 5 3-79 37 4-24 42
4-47 8 3-73 23 4-11 3
4-31 16 3-62 72 3-94 76
4-24 20 3-43 6 3-80 14
4-13 38 3-18 15 3-66 17
3-89 8 3-11 5 3-54 37
3-79 4 2-99 3 3-46 35
3-69 4 2-77 10 3-37 37
3-56 38 2-61 4 3-31 36
3-49 16 2-59 5 3-08 5
3-33 10 2-50 5 3-02 5
3-04 11 2-42 3 2-91 22
2-38 6 2-39 3 2-81 4

2-27 2 2-73 3
2-24 4 2-66 4
2-19 2 2-57 14

2-51 7
2-45 6
2-40 3
2-33 10
2-18 5

Elucidation o f  structure
The structure 2,5-dimethoxy-4-methylamphetamine was deduced from the spectro- 

metric investigation of the base extracted from the stp  tablet and from the subse
quently supplied sample of d o m  hydrochloride.

Accurate measurement of the parent ion peak gave a mass of 209T415(C12H19NO2 
requires 209T416). The fragment peaks at m/e 166 (C10H14O2) and 44 (C2H6N) are 
both consistent with the parent molecule being a primary amine with a methyl group 
attached to the a-carbon atom. The presence of an isopropylamine side-chain was 
confirmed by the 100 MHz nmr spectrum (see Fig. 3). This showed a doublet 
centred at t 9-0 due to the CH3 group adjacent to the CH group in the propyl chain, 
and a series of eight bands centred at r 7-56 due to the inequivalent gem hydrogens 
adjacent to the asymmetric carbon atom (AB part of an ABX spin system), while the 
CH proton itself gave a complex broad signal at r  7-02 and the N H 2 protons a broad 
band at r 8-66.

The presence of two methoxy groups attached to the ring was indicated by the 
pair of singlets at r 6-32 and 6-34 in the nmr spectrum, the successive mass differences 
between the fragments at m/e 166, 135 (C9HuO) and 105 (C8H9), the strong infrared 
absorptions due to aryl ether groups at 1212 and 1045 cm-1 (with no evidence of any 
other oxygen functions) and the ultraviolet correlation with methoxamine. Similarly 
the aryl methyl group was indicated by the nmr singlet at r 7-90 and the mass difference 
between the fragments of m/e 166 and 151 (C9Hn0 2), the latter suggesting that a 
methyl group can be lost without destroying the stable tropylium structure. The two
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F ig . 3. The 100 M Hz nuclear magnetic resonance spectrum of dom base. F or convenience of 
illustration, the separation of the signals at t 6-32 and 6-34 has been exaggerated.

aromatic protons gave a single nmr absorption at r 3-54 with no resolvable fine 
structure (Martin & Alexander, 1968, reported a rather complex signal); the lack of 
coupling between these protons, and the absence of strong infrared absorption at 
800-830 cm““1, confirm that the two ring protons cannot be adjacent to each other. 
The p a r a  relationship of the two methoxy groups is demonstrated by reference to 
comparison spectra: thus, in the ultraviolet, the position of the 7r-7r* transition band 
centred at 288 nm is consistent with, for example, hydroquinone dimethyl ether 
(Amax 292, 288, 282, Amm 250) rather than the 1,3-dimethoxy derivatives of benzene 
and toluene (Amax 283, 279, 274, Amin 244) or the 1,2-dimethoxy system in veratrole 
(Amax 282, 277, 272, Amm 245). A similar inference may be drawn from the position 
of the C -0  stretching absorption in the infrared spectrum at 1212 cm-1 (cf. methox- 
amine 1220 cm-1); o rth o  substitution would give absorption near 1250 cm-1 and 
m e ta  substitution near 1150 cm-1. Moreover the fact that the two methoxy groups 
give a single absorption in the infrared and the very close signals r 6-32 and 6-34 in 
the nmr spectrum shows that their environments are very similar, leaving 2,5-di- 
methoxy-4-methylamphetamine as the only possible structure.

P sy c h o tr o p ic  fu n c tio n

By courtesy of their Director, the Chemical Defence Experimental Establishment 
undertook rodent behavioural tests with the stp  tablet and, subsequently, with the 
d o m  salt. Hall’s “Open Field” test with rats (Brimblecombe, 1964), and a “Head 
Twitch” count method (Corne & Pickering, 1967) for groups of 10 mice, were selected 
as convenient means of broadly distinguishing between amphetamine-like (analeptic) 
and mescaline-like (psychotomimetic) activity. In preliminary tests, residues of 
chloroformic and aqueous extracts of 10 mg st p  tablet, and 10 mg of tablet dissolved 
in dimethyl sulphoxide, were compared with mescaline hydrochloride and (± )-  
amphetamine sulphate; the solutions were administered by subcutaneous injection.
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It appeared that the chloroform extract and the original tablet both produced be
havioural changes very similar to those evoked by mescaline and quite distinct from 
the amphetamine effect on motor activity; the aqueous extract was devoid of activity. 
From this limited single dose experiment one may only cautiously infer a broadly 
equipotent response berween 10 mg of this tablet and 10 mg of pure mescaline hydro
chloride. Similar tests were subsequently undertaken with the d o m  salt and it was 
confirmed that 2,5-dimethoxy-4-methylamphetamine has a psychotomimetic activity 
qualitatively similar to mescaline and that a dosage of 0-2-0-4 mg/kg has a potency in 
mice comparable with 10 mg/kg mescaline, i.e. 25 to 50 times more potent.

Two independent studies of the effect of d o m  on human volunteers in the U.S.A. 
were reported by Snyder, Faillace & Hollister (1967); of 16 adults of either sex, those 
receiving more than 5 mg drug suffered “marked” hallucination. Assuming the 
minimum adult human hallucinogenic doses of mescaline and lysergide to be 300 
and 0*1 mg, it would appear that in man 2,5-dimethoxy-4-methylamphetamine is 
about 60 times more potent than mescaline but has only one fiftieth the activity of 
lysergide. It is also of interest to compare this result with Shulgin’s (1964) value of 
17 times the hallucinogenic potency of mescaline for 2,4,5-trimethoxyamphetamine.

Thus, on the basis of the clinical report of Snyder and his colleagues, and the 
limited rodent studies with d o m  and the stp  tablet undertaken by Brimblecombe 
for us, it appears that early press accounts of a psychotomimetic potency in excess 
of that of lysergide were unjustified. The clinical study also discounts reference to 
longer lasting (up to 72 h) effects and moreover no adverse reaction on concomitant 
administration of chlorpromazine was found. However, this—as was recognized— 
still leaves open the possibility that several drugs may have been circulating under the 
description s t p . Alternatively the alleged effects may have been due to variable 
impurities in illicit preparations, or more potent homologues, or even compound 
dosage forms. With the single tablet available to us it was not possible to investigate 
further the material of mass 281 (C15H23N 0 4) but its presence did not appear to 
enhance the potency relative to d o m . Nevertheless the presence of this substance 
may be of diagnostic value in comparing different illicit preparations of 2,5-dimethoxy-
4-methylamphetamine; it was certainly absent in the mass spectrum of d o m .

L e g a l  s ta tu s

Possession of both mescaline and amphetamine (a-methylphenethylamine) is 
controlled by regulations made under the Drugs (Prevention of Misuse) Act, 1964 
but the generic description in the Schedule to that Act, and in Schedule 4B to the 
1967 Poisons Rules, cannot be held to subsume aromatic ring substituted derivatives 
of “/Taminopropylbenzene” (see discussion in Phillips, 1967). Tims it was held that 
2,5-dimethoxy-4-methylamphetamine was not regulated in Great Britain in 1967; 
a similar situation prevailed in the U.S.A. until April 2, 1968. No steps have since 
been taken explicitly to control this substance under the 1964 Act but revision of the 
generic entries in the Poisons List and Poisons Rules made October 23, 1968 should 
ensure restriction of supply of a variety of aromatic ring substituted analogues of 
mescaline (phenethylamines) and amphetamine (a-methylphenethylamines).
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The paper describes a method for the estimation of azovan (Evans) 
blue in plasma proteins precipitated by trichloroacetic acid. The 
precipitate is dissolved in a strong solution of urea and an anionic 
detergent; the dye is absorbed on a cellulose column, from which it 
can be eluted by alkaline acetone-water. The method allows informa
tion to be obtained about drug uptake and plasma volume without 
the need for additional blood samples. It has been used with cat, 

rabbit, rat and guinea-pig plasma.

In the course of studies on the uptake of choline from the circulation of cats and rabbits, 
azovan (Evans) blue (T-1824) was added to the solutions of choline administered to act 
as unabsorbable tracer. Free choline in the plasma was estimated essentially by the 
method of Bligh (1952) and it was noticed during the precipitation of the proteins by 
trichloroacetic acid that the dye was retained by the precipitate. Since the problem of 
blood loss is always troublesome with small animals when repeated blood samples are 
taken, the possibility of extracting the dye from the precipitate was investigated. It 
was found that the proteins were soluble in strong urea solution and that the dye could 
be removed from the resulting solution by absorption onto cellulose. The method 
described below permits azovan blue and free choline to be estimated on the same 
sample of the plasma and thus halves the volume of blood required.

EXPERIM ENTAL
M a te r ia ls

Urea/Teepol solution: Solutions A. Equal volumes of water and Teepoi CH-53 
(Shell Malaysia Limited). Solution B. 16g urea dissolved in 20ml solutionA; solution 
may be hastened by warming. Solution C. 20 g urea dissolved in 25 ml water. 
Solution D. 19 ml solution C +  1 ml solution A +  1 ml 12% w/v trichloroacetic 
acid. Solution E. 24 ml water +  1 ml solution A.

E lu tin g  so lu tio n . 50 ml water +  50 ml acetone +  2ml of 2-amino-2 methyl propan-
l-ol (B.D.H. Ltd.).

C ellu lo se  a b so rb en t. Cellulose powder (10 g; Whatman, Stancard Ashless Grade 
or Whatman CF11) is suspended in 100 ml of 1% w/v disodium e d ta  and washed in 
the form of a column (approximately 2 cm diameter) with a further 200 ml 1 % disodium 
e d t a  followed by 200 ml water. The treated cellulose is washed by decantation several 
times with water to remove “fines” ; and stored under water. It is kept in a refrigera
tor at 0-4° to reduce bacterial and fungal growth; any unused after 2 weeks is discarded.

A b so rp tio n  co lu m n s. A column consists of a 50 mm length c f  5 mm bore glass 
tubing; the lower end constricted down to a 1 mm hole and a wide bore reservoir 
section fixed to the upper end. The tube was constricted by heating the extreme tip in 
a fierce flame, this produced a flat topped ledge. On this ledge rests a 5 mm disc of
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glass fibre filter paper (Whatman GF/A) which in turn supports the cellulose absorbent. 
Ordinary cellulose filter paper is not suitable since the resulting flow rate is too slow.

The columns are packed with a suspension of the treated cellulose in solution E. 
Care is taken to ensure a reasonable constancy of column height (27-28 mm.) The 
columns are allowed to drain and are then washed with 2 x  1 ml solution E. Shortly 
before the addition of the protein solutions they are washed with 1 ml solution B.

M e th o d

Blood (0-5 ml) is added to 0-05 ml heparin solution (100 u/ml 0-9% NaCl) and 
centrifuged to separate the plasma. Plasma (0-25 ml) is transferred to a narrow 3 ml 
polypropylene tube (type 59400 M.S.E. Ltd.). Water (0-5 ml) is added followed by 
12% trichloroacetic acid (0-5 ml) and the mixture shaken; after standing for 10 min the 
precipitate is separated by centrifuging at 1000 g  for 5 min. The supernatant is poured 
off and its choline content assayed; the precipitate is drained for a few minutes by 
inverting the tube on filter paper and then 1 ml of solution B is added. The precipi
tate is brought into solution with the aid of a glass pestle. This consists of a piece of 
4 mm glass tubing with a bulb blown at the end so that it fits the bottom and sides of 
the centrifuge tube closely. By gentle up and down strokes the precipitate is “homo
genized” and dissolves. Frothing is prevented by lightly smearing the pestle shank 
with silicone antifoam A (Hopkin & Williams Ltd.). When the precipitate has 
dissoved, the pestle is withdrawn while being washed with a further 0-2 ml solution B. 
At this stage the solution may be left for some hours at room temperature.

The protein solution is passed through the prepared column to remove the azovan 
blue. Unaided, the flow is slow and the rate is best increased by the cautious 
application of compressed air at a pressure of about 20 cm water. The column must

Extraction o f  azo van blue

Fig. 1. Recovery of azovan blue added to rabbit plasma. O Original dye solution, •  Eluted 
from column after absorption from undenatured plasma and solution E (1:1), A Eluted from 
column after absorption from precipitated and redissolved plasma proteins as described in method. 
Each point is the mean from duplicate samples. The lines shown are the calculated regression 
lines extended to the extinction axis.



20 J. E. GARDINER

be kept wet and too fast a flow will result in “break-through” of the dye. The 
centrifuge tube and column are washed free of protein with 2 x  1 ml solution D, 
each portion being allowed to pass through the column before the next is added. The 
column is washed with 2 x  1 ml solution E to remove most of the urea and the dye 
eluted by 3 X 1 ml of eluting solution. The dye solution is collected in 5 ml graduated 
stoppered test-tubes and made up to volume with eluting solution.

The extinction of the dye solution is read at 626 nm with eluting solution as blank. 
The relation between the extinction and the amount of dye in the plasma sample is 
linear from 0 to at least 30 jug of dye. The line for the recovered dye is almost parallel 
to that of the original dye solution but with a negative intercept or. the extinction axis 
suggesting that there is a constant loss of dye independan: of concentration (see Fig. 1). 
When 24 ¡ig of dye is added to the plasma sample before the trichloroacetic acid 
precipitation, the recovery is 85-90%, this compares with 90-95% for the more usual 
procedure using undenatured plasma.

S ta n d a rd iza tio n

At the start of an experiment four initial samples are taken before any dye is 
administered to the animal and known amounts of the injection solution added to the 
plasma just before the precipitation stage. Usually the amounts correspond to 6, 12, 
18, 24 jug azovan blue and the regression line of extinction against amount of azovan 
blue is calculated by the method of Aldridge, Berry & Davies (1949). The dye 
concentration in the la:er samples is calculated from their extinction readings.

DISCUSSION
The method is a variant of many previously described for the extraction of azovan 

blue from plasma by the use of anionic detergents and cellulose. The use of cellulose 
treated with edta as absorbent and the addition of an organic amine to the eluting 
solution were adopted since they had been found to give higher recovery of dye from 
undenatured plasma. The nature of the amino-alcohol is probably not critical, 
ethanolamine would probably be satisfactory but none was available in the laboratory. 
Similarly the kind of Teepol used is a mixture of ionic and ncn-ionic detergents; 
Teepol 514 has been used on an earlier occasion, but it too is not obtainable in 
Singapore. Detergents other than Teepol CH-53 may require modification of the 
solutions, especially the amount of trichloroacetic acid in Solution D.

The plasma proteins can be brought into solution with strong urea solutions 
containing less Teepol but the absorption and recovery of the dye is not satisfactory.

The method although developed for the bioassay of choline can obviously be used 
with any other determination involving the removal of the plasma proteins by trichloro
acetic acid. It has been used successfully with cat, rabbit, rat and guinea-pig plasma.
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Salicylate inhibits the activity of glutamate decarboxylase from 
E sch erich ia  c o li by a reversible mechanism, but high concentrations of 

the drug denature the enzyme protein

Salicylate inhibits the activity of glutamate decarboxylase prepared from E sch erich ia  
c o li and rat brain (Gould, Huggins & Smith, 1963; Gould & Smith, 1965). It was 
suggested that the mechanism of inhibition involved an irreversible combination of the 
drug with the enzyme protein. This mechanism has not been confirmed in the present 
work. High concentrations of salicylate denature, and lower concentrations cause a 
reversible inhibition of the bacterial enzyme.

EXPERIM ENTAL
M a te r ia ls

Type 1. Glutamate decarboxylase (L-glutamate-1 -carboxylyase, EC 4.1.1.15) from
E . c o li was obtained from the Sigma Chemical Co., St. Louis, and the [14C]salicylic acid 
from the Radiochemical Centre, Amersham, Bucks. Other chemicals were of 
analytical grade and deionized water was used throughout.

M e a s u re m e n t o f  g lu ta m a te  d e c a rb o x y la se  a c t iv i ty

The decarboxylase activity was determined at 37° by the Warburg technique, using a 
Gilson Respirometer. The final concentrations were 1 -25 mg/ml of glutamic acid and 
0-5 mg/ml of glutamic decarboxylase in all experiments. All solutions were prepared 
in 0T m  acetate buffer, pH 5-0. The reaction was started by the addition of glutamic 
acid from the side arm, except that in some experiments the addition of enzyme from 
the side arm was used to initiate the reaction. The activity was measured by the rate of 
evolution of carbon dioxide over a 5 or 10 min period and calculated as Qco2 (¡A of 
COa/mg of dry wt of protein/5 or 10 min).

D ia ly s is  e x p e r im e n ts

The enzyme preparation (5 mg) in 5 ml of either m  or 0T m  acetate buffer, pH 5-0, 
was dialysed against 50 ml of the same buffer at 0°; the dialysing medium was replaced 
ten times over a period of 48 h. Further samples of the enzyme suspensions were 
exposed for 15 h at 0° to either 10 p C i  (10 p  mole) of [14C]salicylate or to 0-25 m  
salicylate plus 10 p C i  of radioactive salicylate and dialysed as described above. The 
radioactivity in triplicate samples (0-5 ml) of the mixture, before and after dialysis, 
were counted in a Beckman LS 200B scintillation counter, using as phosphor 5 ml of 
0-4% 2,5-diphenyloxazole, 0-02% l,4-bis-2(4-methyl-5-phenyl-oxazole)benzene and 
60% naphthalene in 1,4-dioxan.
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RESULTS AND DISCUSSION

The results in Table 1 show that salicylate inhibits the activity of glutamate de
carboxylase from E . c o li and the degree of inhibition becomes greater as the salicylate 
concentration is increased. Table 2 shows the effects of exposing the enzyme prepara
tion to salicylate concentrations, ranging from 20 to 250 mM, for 1 h and then diluting 
with buffer before the reaction is started by the addition of the substrate. If the 
inhibitory effect of salicylate is irreversible, then the observed degree of inhibition 
should have been determined by the concentration of salicylate present at the pre
incubation stage, whereas if it is reversible, then the observed inhib tion should depend 
on the salicylate concentration present in the diluted reaction mixtures. The results 
show that the inhibition produced by preincubation with 20 mM salicylate is completely 
reversible but that an increasing degree of irreversible inhibition occurs as the 
salicylate concentration is raised from 50 to 250 mM. Salicylate therefore, inhibits 
glutamate decarboxylase in v itro  by two separate mechanisms, one reversible and one 
irreversible. The concentration of the drug present in the react on mixtures deter
mines which type of inhibition predominates when the enzyme preparation is 
exposed to the drug for 1 h.

Some precipitation of the enzyme preparation was observed in the presence of 
salicylate concentrations greater than 150 mM, suggesting that chemical denaturation 
of the enzyme protein may have occurred. Further evidence supporting this mecha
nism is provided by the results in Table 3, which show that the degree of inhibition

Table 1. E jfe c t o f  s a l ic y la te  on  E. coli g lu ta m a te  d e c a rb o x y la se  a c tiv ity . Each value 
represents the mean of six determinations. In the control experiment 
93 fj.1 of C 02 were evolved during 10 min.

Final concn of salicylate (d m )  in reaction
mixture .. .. .. . . 5  10 15 20 50 100 150 250

Inhibition (%) ±  s.e..................................  0 9 13 20 56 85 99 99
±2-6 ±3-0 ±3-4 ±2-1 ±1-8 ±0-5 ±0-4

Table 2. E ffe c t o f  p re in c u b a tin g  e n zy m e  w ith  s a lic y la te  f o r  1 /;. The enzyme 
preparation was preincubated at room temperature (20“) with salicylate for 
1 h, diluted 1 to 20 with 0-Im acetate buffer, pH 5-0 and there action started 
by tipping the glutamate from the side arm into an aliquot of the diluted 
mixture contained in the centre well of the Warburg flask. The evolution 
of COa was followed manometrically for 10 min and inhibitions were 
calculated from the Qco2/10 min (91 /xl), observed with an enzyme prepara
tion treated as above, except that it was preincubated in the absence of 
salicylate.

Salicylate concentration
(m M ) Theoretical inhibition
77*------------ ;— y (%)Preincubated with 

enzyme
In diluted 
mixture

A(
Irreversible

1
Reversible

Observed 
Inhibition (%)

20 1 20 0 0
50 2-5 56 0 16

100 5-0 85 0 70
150 7-5 99 5 85
250 12-5 99 12 99
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T a b le  3. Effects o f  preincubating enzyme with salicylate with time. E x p e rim e n ta l 
de ta ils  were as described in  T a b le  2. T h e  resu lts  are g iven  as percentage 
in h ib it io n s  ca lcu la ted  fro m  c o rre sp o nd in g  c o n tro l experim ents  in  w h ic h  the  
enzym e p re p a ra tio n  was incuba ted  in  the  absence o f  the  d rug . * 90

Salicylate concn 
(mM) used for
preincubation Time of preincubation (h)

1 6 24 48
20 0 0 7 13
50 16 24 42 50

100 70 76 82 86

increased as the  p e rio d  o f  p re in c u b a tio n  o f  the  enzym e p re p a ra tio n  w ith  the  d ru g  was 
extended. D e n a tu ra tio n  c o u ld  e x p la in  the  com p le te  loss o f  a c tiv ity  w h ic h  o ccu rred  
w hen g lu ta m a te  decarboxylase was exposed fo r  15 h  to  250 mM sa licy la te  b u t n o t the  
re p o rte d  b in d in g  o f  ra d io a c tiv e  sa licy la te  to  the  enzym e p ro te in  (G o u ld , H u g g in s  &  
S m ith , 1963). T he  g lu ta m a te  decarboxylase p re p a ra tio n  was th e re fo re  exposed to  
e ith e r 250 mM sa licy la te  p lus  10 /xm ole o f  [14C ]sa licy la te  o r  to  10 ¡i m o le  o f  the  ra d io 
active  sa licy la te  fo r  15 h  a t 0° and  d ia lysed  as described  in  the  E xp e rim e n ta l section. 
T he  average c o u n ts /m in  w ere 63,000 ±  1500 pe r m l in  the  d ia lys is  sac a t the  b e g in n in g  
o f  the  experim ents . W ith  and w ith o u t c a rr ie r  sa licy la te  the  c o rre sp o nd in g  fig u re  a t the  
end o f  d ia lys is  was 100 ±  15 c o u n ts /m in  w h ile  ou ts ide  the  d ia lys is  sac the re  were
90 ±  10 c o u n ts /m in  m l-1 . These resu lts  show  th a t n e g lig ib le  b in d in g  occu rred  e ith e r 
w ith  the  dena tu red  enzym e p ro te in  p re in cu b a te d  w ith  250 mM sa licy la te  o r  w hen  the  
enzym e p ro te in  was exposed to  o n ly  a tra c e r a m o u n t o f  ra d io a c tiv e  sa licy la te  (10 ju. 
m o le ). W e  are unab le  to  e xp la in  the  d iscrepancy betw een the  e xp e rim e n ta l resu lts  o f  
the  e a rlie r w o rk  and  o f  the  present in ve s tig a tio n . N e ith e r  s u b s titu t io n  o f  3 M acetate 
b u ffe r, p H  5-0, w h ic h  was used in  the  p re v io u s  experim ents , n o r  co n tin u o u s  s t ir r in g  o f  
the  con ten ts  o f  the  d ia lys is  sac d u r in g  the  d ia lys is , a ffected th e  re m o va l o f  the  ra d io 
a c tiv ity  fro m  the  enzym e p re p a ra tio n .

I t  m u s t be conc luded  th a t sa licy la te  does n o t ir re v e rs ib ly  co m b ine  w ith  g lu ta m a te  
decarboxylase b u t th a t the  d ru g  ch e m ica lly  denatures th e  enzym e p ro te in , the  e x te n t o f  
d e n a tu ra tio n  depend ing  o n  the  sa licy la te  co n c e n tra tio n  and  on  the  tim e  o f  exposure. 
V e ry  h ig h  co n ce n tra tio n s  o f  the  d ru g  (250 mM) caused p ra c t ic a lly  com p le te  d e n a tu ra 
t io n  w ith in  an  h o u r  (T a b le  2) whereas the  e ffect d id  n o t becom e ev id e n t w ith  20 mM 
sa licy la te  u n t i l  the  p re in c u b a tio n  p e r io d  was extended to  24 h. T h e  presen t resu lts  
a lso show  (T ab le  2) th a t p a r t  o f  the  in h ib ito ry  e ffect o f  sa licy la te  is due to  a reve rs ib le  
m echan ism  and  i t  is  k n o w n  fro m  p re v io u s  w o rk  (G o u ld  &  o thers, 1963) th a t th is  does 
n o t in v o lv e  c o m p e tit io n  w ith  the  substra te.
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B io lo g ic a l h a lf- liv e s  fo r  14C  fr o m  labe lled  tes tosterone in  m uscle and 
w h o le  b o d y  o f  ra ts  have been m easured a fte r in tra m u s c u la r in je c t io n  o f  
[4 -14C ]testoste rone  and  its  lo w e r esters (fo rm a te  to  va le ra te ). A  
re la tio n  has been observed betw een e th y l o le a te -w a te r d is tr ib u tio n  
coeffic ien ts, b io lo g ic a l h a lf- live s  in  the  ra t  and  “ tim es o f  m a x im u m  

e ffect”  in  the  ra t  and  fo w l.

A f te r  in tra m u s c u la r in je c tio n , tes tosterone has a sh o rte r d u ra t io n  o f  b io lo g ic a l a c tio n , 
th a n  its  esters. A  possib le  reason is  th a t the  ra te  d e te rm in in g  process is the  tra n s fe r 
o f  the  h o rm o n e  fro m  the  g lobu les o f  s o lu tio n , a t its  site o f  in je c t io n  in  the  m uscle , to  
th e  s u rro u n d in g  tissues. T hus , testosterone, w h ic h  w o u ld  be expected to  have an  o i l  
to  w a te r d is tr ib u t io n  coe ffic ien t m o re  h e a v ily  in  fa v o u r  o f  w a te r th a n  the  coe ffic ien ts  o f  
th e  esters, w o u ld  be tra n s fe rre d  the  m o re  ra p id ly . S im ila r ly , the  d ifferences in  d u ra 
t io n  o f  b io lo g ic a l a c tio n  betw een esters w o u ld  be re la ted  to  th e ir  d is tr ib u t io n  coe ffi
c ien ts. T h is  th e o ry  is tested b e lo w  b y  c o m p a rin g  th e  d is tr ib u tio n  coe ffic ien ts 
betw een w a te r and  e th y l o leate, o f  tes tosterone and  its  esters, w ith  re te n tio n  tim es 
in  the  ra t and  in  the  m uscle in to  w h ic h  in jec ted.

E X P E R IM E N T A L

Solubility determinations
S atu ra ted  so lu tio ns  o f  the  esters in  e th y l o lea te  w ere p repa red  b y  p e rc o la tio n  

(James &  R obe rts , 1968) and  assayed b y  m easuring  the  absorbance o f  the  c a rb 
o n y l s tre tch in g  peak  a t 1680 c m r 1, w h ic h  had  been fo u n d  to  be l in e a r ly  re la te d  to  
s te ro id  c o n c e n tra tio n . G ra v im e tr ic  ana lysis and  u ltra v io le t sp e c tro p h o to m e try  
were p rec luded  b y  the  io w  v o la t i l i ty  and  ir re le v a n t a b s o rp tio n  o f  the  so lven t.

Preparation o f  radioactive doses
[4 -14C ]Testosterone and testosterone[A-1:1C]propionate were o b ta in e d  fr o m  the  

R a d io ch e m ica l C en tre , A m ersham . F o r  each p re p a ra tio n , 50 m g o f  in a c tiv e  s te ro id  
was added to  50 pC\ c f  the  ra d io a c tiv e  s o lu tio n , w h ic h  was c a re fu lly  evapora ted  to  
dryness.

Testosterone[4-uC]formate was p repa red  b y  h ea ting  labe lled  testosterone o f  a c tiv ity  
50 ,xC i (50 m g), w ith  85% fo rm ic  ac id  (0-6 m l)  a t 60° fo r  2  h . T he  crysta ls , w h ic h  
separated w hen  the  h o t s o lu tio n  was p o u re d  in to  c o ld  w a te r, w ere rec rys ta llize d  fro m  
n-hexane.

Testosterone[4-u C\acstate, -butyrate and-valerate were p repa red  b y  h ea ting  la b e lled  
tes toste rone  o f  a c tiv ity  50 /xC i (50 m g) w ith  p y r id in e  (1-5 m l)  and  the  a p p ro p ria te  a c id  
a n h y d rid e  (0-3 m l). T he  esters separated on  p o u r in g  the  h o t m ix tu re  in to  c o ld  w a te r,



and were rec rys ta llize d  fro m  95%  e thano l. A l l  m e ltin g  p o in ts  agreed w ith  those 
qu o te d  in  the  lite ra tu re .

S o lu tio n s  fo r  in je c t io n  w ere p repa red  b y  d isso lv in g  a b o u t 50 m g o f  the  ester in  5 m l 
o f  e th y l o leate. E xa c t co n ce n tra tio n s  were de te rm in ed  b y  w e igh ing .

D eterm in a tio n  o f  elim ina tion  ra tes
A lb in o  m a le  ra ts , 250 g, w ere used. 0-1 m l o f  in je c tio n , c o n ta in in g  1 /xC i o f  a c tiv ity  

and  1 m g  o f  s te ro id , was in tro d u c e d  in to  the  le ft g lu teus m uscle o f  each ra t. T he  
syringe was w eighed be fo re  and  a fte r in je c t io n  to  de te rm ine  the  precise q u a n tity  o f  
m a te ria ls  used. F o r  w h o le  b o d y  e lim in a tio n , u r in e  and  faeces were co llec ted  a t 24 h  
in te rva ls , and  the  a c tiv ity  re m a in in g  in  the  b o d y  ca lcu la ted  b y  d iffe rence. F o r  m uscle 
e lim in a tio n , an im a ls  were k ille d  a fte r the  re q u ire d  p e rio d  o f  tim e  and  the  w ho le  
leg rem oved. E x p ire d  a ir  was n o t exam ined  because th is  has been show n  b y  A sh m o re , 
E l l io t  &  o the rs  (1953) to  be in a c tive  a fte r a d m in is tra t io n  o f  [4-14C ]testoste rone .

P repara tion  o f  e x tra c ts  f o r  counting
F aeces  were ex trac ted  as described b y  M a r t in  (1966). The  s o lu tio n  fo r  c o u n tin g  

was p repa red  b y  d isso lv in g  the  residue in  benzene and  a d ju s tin g  to  10 m l.
Urine was added d ire c tly  to  the  s c in tilla to r.
M u scle . T he  w ho le  u p p e r leg was digested in  50 m l o f  2n  m e th a n o lic  po tass ium  

h y d ro x id e  a t 60° fo r  4 h. T he  s o lu tio n  was cen tr ifu g e d , a fte r re m o v in g  the  bone, and  
samples ta k e n  fro m  the  m e th a n o lic  laye r. T he  fa t la ye r gave n e g lig ib le  counts.

D eterm ina tion  o f  C arbon-14
H a ll  and  C o c k in g ’ s s c in t i lla to r  (1965) (P P O -P O P O P -to lu e n e -2 -e th o x y e th a n o l) was 

used fo r  faeces extracts , and  P P O -P O P O P -n a p h th a le n e -d io x a n  (G ra h a m  &  N ic h o lls ,
1959) fo r  m uscle digests and  u rin e . 0-1 m l o f  sam ple was added to  7-5 m l o f  s c in t i lla to r , 
and  co u n te d  in  an I .D .L .  T r i t iu m  S c in t il la t io n  C o u n te r N o . 6012. In te rn a l s tandards 
were p repa red  b y  d isso lv in g  the  o r ig in a l in je c tio n s  in  benzene and  d io x a n  respective ly .

RESULTS AND DISCUSSION

T he  p lo ts  o f  the  lo g a rith m s  o f  ra d io a c tiv ity  re m a in in g  aga inst t im e , were lin e a r fo r  
e lim in a tio n  fr o m  b o th  w h o le  b o d y  and  m uscle. F irs t  o rd e r constan ts were o b ta in e d  
b y  least squares analysis. B io lo g ic a l h a lf- live s , the  tim es a t w h ic h  o n ly  h a l f  the  in i t ia l  
a c t iv ity  is re ta ined , were ca lcu la ted  fro m  the  ra te  constan ts , and  are g iven in  T a b le  1. 
T he  v a r ia t io n  in  b io lo g ic a l h a lf- life , as the  h o m o lo g o u s  series is ascended, is show n in  
F ig . 1a  and  b .

M iesche r, W e tts te in  &  T schopp  (1936) m easured the  b io lo g ic a l responses in  ra t and  
fo w l a fte r one in je c t io n  o f  tes tosterone o r  its  esters, and  th e ir  resu lts, w h ic h  were show n 
g ra p h ic a lly , have been in te rp re te d  b y  D o r fm a n  &  S h ip ley  (1956) as “ tim es o f  m a x im u m  
e ffect” , the  tim es a t w h ic h  M ie sch e r’ s g raphs reached a m a x im u m . T he  change in  
D o r fm a n ’s figu res, as the  h o m o lo g o u s  series is ascended, is show n  in  F ig . 2a .

S o lu b ilit ie s  in  e th y l o leate (%  w /v )  a re : testosterone, 0-69 ; fo rm a te , 5-27 ; acetate 
3 T 4 ; p ro p io n a te , 5 T 6 ; b u ty ra te , 5 T 0 ; va le ra te  3-98. T he  lo g a rith m s  o f  the  d is tr ib u 
t io n  coe ffic ien ts , ca lcu la ted  as th e  ra t io  o f  these s o lu b ilit ie s  to  those in  w a te r (James 
&  R o b e rts , 1968), are p lo tte d  aga ins t the  p o s it io n  o f  the  ester in  th e  h o m o lo g o u s  
series in  F ig . 2 b .

F igs 1a , 2 a and b suggest th a t re te n tio n  o f  the  ca rbon -14  in  ra t is re la ted  to  tim e  o f  
m a x im u m  effect in  ra t  and  fo w l, as d e te rm ined  b y  M iesche r &  o the rs  (1936), and  a ll
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F ig . 1. Biological half-lives in a, ra t and b, muscle; F, form ate; A, acetate; P, propionate; 
B, butyrate; V, valerate. tia

are in  tu rn  re la ted  to  the  d is tr ib u tio n  coe ffic ien t. T h is  was estab lished m ore  c r it ic a lly  
b y  p lo t t in g  the  lo g a rith m s  o f  the  above b io lo g ic a l resu lts  aga ins t lo g  d is tr ib u t io n  
coe ffic ien t. T h ree  a p p ro x im a te ly  p a ra lle l s tra ig h t lines were ob ta in e d , a ll h a v in g  
c o rre la t io n  coe ffic ien ts  grea te r th a n  0-95. H o w e ve r, the  p o in ts  fo r  lo g  b io lo g ic a l h a lf  
l ife  in  m uscle were scattered (c o rre la t io n  coe ffic ien t =  0-71), and gave a regression 
lin e  steeper th a n  the  o th e r th ree lines. T h is  is c o n firm e d  b y  F ig . 1b , in  w h ic h  the  
p ro f ile  fo r  h a lf- l ife  in  m uscle is d iffe re n t fro m  the  p ro file s  in  F igs 1a , 2 a  and  b . I t  
appears th e re fo re  th a t the  ra te  o f  e lim in a tio n  fr o m  m uscle has l i t t le  c o n n e c tio n  w ith  
d is tr ib u tio n  coe ffic ien t, and th e re fo re  is n o t dependent on  the  ra te  o f  tra n s fe r fro m  the 
g lobu les o f  in je c tio n  to  the  s u rro u n d in g  tissues. I t  is fu r th e r  ev id e n t th a t the  ra te  
d e te rm in in g  step in  the  d u ra t io n  o f  a c t iv ity  o f  tes tosterone and  its  esters is n o t cen tred  
in  the  m uscle tissue w here  the  in je c t io n  was g iven . T h is  co n c lu s io n  also fo llo w s  fro m  
the  h a lf- live s  in  m uscle, w h ic h  are less th a n  those in  the  w h o le  ra t  (T ab le  1).

Samuels (1966) has p o in te d  o u t th a t a d is tr ib u t io n  coe ffic ien t fa v o u r in g  lip id s  leads to  
c o n c e n tra tio n  in  fa t ty  tissue, because the  d is tr ib u tio n  coe ffic ien t is p ro p o r t io n a l to  the  
ra te  o f  e n try  in to  fa t and  inve rse ly  p ro p o r t io n a l to  the  ra te  o f  release. P lo tz  &  
D av ies  (1957) have detected s ig n if ic a n t levels o f  p rogesterone in  b o d y  fa t, a fte r

T a b le  1. Biological half lives o f  carbon-14 in rat after intramuscular injection o f  
[4-uC\testosterone and its esters

Testosterone
Form ate
Acetate
Propionate
Butyrate
Valerate

H alf life (days)

Muscle Whole body

0-029 (10) 1-99 (3)*
0- 155 (10) 2-82 (2)
1- 74 (10) 2-94 (2)
1- 63 (10) 3-75 (4)
2- 54 (10) 4-94 (3)
2-97 (15) 7-43 (4)

* N o of animals
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A B

F A P B V
F  A  P B V

Fig. 2. a. Times of maximum effect, b. Distribution coefficients. F, formate; A, acetate; P, 
propionate; B, butyrate; V, valerate, O, ra t; fowl.

in tra m u s c u la r in je c tio n , and  in fe r  th a t a b s o rp tio n  fr o m  an o ily  m u scu la r d e p o t m u s t 
be fas t, and  th a t p rogeste rone  a n d /o r  its  m e ta b o lite s  d iffuse  p ro m p tly  fr o m  b lo o d  to  fa t. 
T he  resu lts  o b ta in e d  in  th is  in v e s tig a tio n  fa v o u r  a s im ila r  m echan ism  fo r  tes tosterone 
and  its  esters, and  suggest th a t d ifferences in  tim es o f  m a x im u m  e ffect are a conse
quence o f  the  d ifferences betw een th e ir  d is tr ib u t io n  coe ffic ien ts, w h ic h  a ffec t the  re la 
tiv e  ra tes o f  release fro m  b o d y  fa t.

I t  is  p ro b a b le  th a t the  ra tes o f  e lim in a tio n  fr o m  m uscle d o  n o t co rre la te  w ith  
d is tr ib u t io n  coe ffic ien ts  because e th y l o lea te  is absorbed  a t a ra te  s im ila r  to  th a t fo r  the  
stero ids. S u p p o rt fo r  th is  suggestion is p ro v id e d  b y  D eanes ly  &  Parkes (1933) w h o  
show ed th a t app rec iab le  q u a n titie s  o f  o liv e  and  sesame o ils  are absorbed  fro m  sub
cu taneous tissue w ith in  2 days o f  in je c tio n  in  ra t.
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The dissolution of commercial aspirin
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T w o  samples o f  co m m e rc ia l a s p ir in  show ing  a d iffe rence  in  in tr in s ic  
d is s o lu t io n  ra te  have been s tud ied . C ry s ta llo g ra p h ic  e x a m in a tio n  and  
s o lu b il ity  d e te rm in a tio n s  fa ile d  to  revea l any d iffe rence betw een them .
T he effects o f  a g ita tio n  and  te m pe ra tu re  o n  in tr in s ic  d is s o lu tio n  
ra tes showed th a t the  samples had  d iffe re n t th e rm o d y n a m ic  a c tiv itie s  
and , depend ing  on  the  co n d itio n s , the  m etastab le  fo rm  was capable o f  

ra p id  reve rs ion  to  a m o re  stab le  fo rm .

T aw ash i (1968), has re p o rte d  the  existence o f  tw o  p o ly m o rp h ic  fo rm s  o f  a s p ir in , one 
o f  w h ic h  dissolves 50% faste r th a n  the  o the r. D iffe rences in  d is s o lu tio n  ra te  have been 
observed betw een samples o f  com m erc ia l a s p ir in  (M itc h e ll &  S aville , 1967). T he  tw o  
samples show ing  the  greatest d iffe rence  in  d is s o lu tio n  ra te  have been exam ined  fu r th e r . 
These are designated fo rm  A |  and  fo rm  B i.

F ac to rs  a ffec ting  the  d is s o lu tio n  o f  so lids have been rev iew ed by  B ircu m sh a w  &  
R id d ifo rd  (1952) and  m o re  re ce n tly  b y  W u rs te r &  T a y lo r  (1965a) w h o  p a id  p a r t ic u la r  
a tte n tio n  to  the  p h a rm a ceu tica l lite ra tu re . H ig u c h i (1967) has discussed the  use o f  
p hys ica l m ode ls to  describe d is s o lu t io n  ra te  m echanism s.

EXPERIM ENTAL

Measurement o f  dissolution rate. D is s o lu tio n  ra tes in  0 T  N h y d ro c h lo r ic  ac id  were 
m easured us ing  th e  beake r m e th o d  o f  L e v y  &  P ro c k n a l (1964) and  the  ro ta t in g  d isc 
m e th o d  o f  W o o d , S ya rto  &  L e tte rm a n  (1965). Sam ples were rem oved a t su itab le  tim e  
in te rva ls  and  assayed fo r  a s p ir in  and  sa licy lic  ac id  as described b y  M itc h e ll &  S aville  
(1967). A t  least tw o  re p lica te  d e te rm in a tio n s  were m ade and the  resu lts  averaged. 
R e p ro d u c ib ility  va rie d  w ith  the  m e th o d , the  fo rm  o f  a s p ir in  and  the  e xp e rim e n ta l 
c o n d itio n s  o f  a g ita tio n  and  te m pe ra tu re  b u t was n o rm a lly  w ith in  ±  4% . U s in g  the  
c o n d itio n s  o f  W o o d  &  o thers, the  in tr in s ic  d is s o lu tio n  rates o f  fo rm  A  and  fo rm  B  
w ere 0-995 and  1-75 m g /c m 2m in -1 respective ly .

Determination o f  solubility. Excess a s p ir in  was e q u ilib ra te d  w ith  0-1 N h y d ro 
c h lo r ic  ac id  b y  ra p id  s t ir r in g  in  a w a te r- ja cke ted  beaker m a in ta in e d  a t the  a p p ro p ria te  
tem pe ra tu re . Sam ples were rem oved  u s in g  a p ip e tte  f it te d  w ith  a f ilte r-s tic k , d ilu te d  
im m e d ia te ly  w ith  0-1 N h y d ro c h lo r ic  ac id  and  assayed fo r  a s p ir in  and  s a licy lic  acid .

RESULTS AND DISCUSSION

R epresen ta tive  d is s o lu tio n  curves are show n in  F ig . 1a  and b . F o rm  B  behaves as 
expected b u t w ith  fo rm  A  the  lin e a r d is s o lu tio n  cu rve  is preceded b y  a steeper n o n 
lin e a r p o r t io n  w h ic h  occurs a t a ll ro ta t io n  ra tes and  tem pera tu res us ing  b o th  the  
beake r and ro ta t in g  d isc  m ethods. In tr in s ic  d is s o lu tio n  ra tes p e r u n i t  area w ere 
ca lcu la ted  fro m  the  slopes o f  the  s tra ig h t lines fo r  fo rm  B  and  the  lin e a r p a r t o f  the  
cu rve  fo r  fo rm  A .

t  Asagran 4D J Aspirin No. 3 special; both from Monsanto Chemicals, Australia
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F ig . 1a . Dissolution curves of form A  aspirin. Beaker method using compressed discs (diameter 
1-3 cm) at various stirring rates (rev/min) in 0-1n HC1 at 37°.

b. Dissolution curves of form B aspirin. Rotating disc method at various temperatures in 
O'I n  HCI at 150 rev/min.

E x a m in a tio n  o f  the  discs o f  a s p ir in  a fte r  a d is s o lu t io n  e xpe rim en t show ed th a t m u ch  
p it t in g  had  occu rred  in  discs o f  fo rm  A  b u t n o t in  discs o f  fo rm  B.

Crystallographic examination. P o la rize d  l ig h t  m ic ro sco p y  showed th a t b o th  fo rm s  
A  and  B  be longed  to  the  m o n o c lin ic  system . In  v ie w  o f  the  d ifferences in  d is s o lu tio n  
ra te  the  sam ples were exam ined  fo r  p o ly m o rp h is m  b y  X -ra y  d if fra c tio n  p o w d e r 
pa tte rns , in fra re d  spectra  (N u jo l m u ll)  and  a tten u a te d  to ta l re flectance o f  in fra re d . 
These m e thods  fa ile d  to  revea l any d iffe rence  betw een fo rm s  A  and B. I t  is possib le  
how ever, th a t one o r  b o th  fo rm s  m a y  be a m ix tu re  o f  p o ly m o rp h s  and th a t the  i n itia l 
ra p id  d is s o lu t io n  and  p it t in g  o f  fo rm  A  is due to  the  presence o f  a sm a ll a m o u n t o f  a 
m o re  ra p id ly  d isso lv in g  fo rm  such as B.

Effect o f  agitation on dissolution rate. A n  increase in  a g ita tio n  in te n s ity  (ra te  o f  
s t ir r in g  o r  v e lo c ity  o f  the  d is s o lu t io n  m e d iu m  across the  surface o f  the  d isso lv in g  
substance) w i l l  increase the  d is s o lu t io n  ra te  o f  a system  in  w h ic h  the  tra n s p o rt o f  so lu te  
m o lecu les fro m  the  s o lid -s o lu tio n  in te rfa ce  is w h o lly  o r  p a r t ia l ly  the  ra te -d e te rm in in g  
step. I f  the  ra te -d e te rm in in g  step is the  ra te  o f  the  in te rfa c ia l re a c tio n , the  o v e ra ll 
d is s o lu t io n  ra te  w il l  be independen t o f  a g ita tio n .

T h e  in fluence  o f  a g ita tio n  o n  the  tra n s p o rt process is a re su lt o f  its  e ffect on  the  
th ickness o f  the  d iffu s io n  laye r. L e v ic h  (1942) ca lcu la ted  th a t fo r  a d isc ro ta t in g  in  a 
vo lu m e  w here  w a ll effects are m in im a l, the  th ickness o f  the  d iffu s io n  laye r, “h ” , shou ld  
be re la ted  to  the  a n g u la r v e lo c ity  o f  the  d isc, “ w ” , b y  the  expression

h  =  1-612 D V w - * .............................................  (1 )

w here  D  is the  so lu te  m o lecu le  d iffu s io n  c oe ffic ien t and  v  the  v iscos ity . T h e re fo re , fo r  
la m in a r  f lo w

k t a  w * ............................................................ (2)

w here  k t, the  ra te  c o n s ta n t fo r  the  tra n s p o rt process, =  D /h . F o r  o th e r types o f  
s t ir r in g

k t  oc w °  . .  . .  . .  . .  . .  (3)

w here  the  va lue  o f  a, w h ic h  lies betw een 0  and  1, depends o n  the  typ e  o f  a g ita tio n  
( la m in a r o r  tu rb u le n t) , the  geom etries o f  the  s tir re r  and  vessel and  the  p o s it io n  o f  the  
s tir re r  w ith  respect to  the  d isso lv in g  substance (B ircu m sh a w  &  R id d ifo rd  1952).
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Levy & Procknal (1964) have expressed the relation between the dissolution rate, 
DR, and the rotation rate RR, according to the general equation

DR =  K(RR)a' ........................................ (4)
where K is a constant and a depends on the nature of the dissolution control as well 
as the experimental conditions. For transport controlled dissolution using the beaker 
or rotating disc methods under conditions of laminar flow, a =  a . When plotted as 
log DR against log RR a straight line of slope approximately 0-5 has been taken as 
evidence that dissolution is transport controlled. Dissolution under total interfacial 
control is independent of agitation and the expected slope is zero. If both transport 
and interfacial processes are of the same order of magnitude however, the overall rate 
will be a function of both processes and the observed rate constant, k0bs, is related to kt 
and the rate constant fcr the interfacial reaction, ki, by

k0bs =  ki kt (Wurster & Taylor, 1965b) . .  . .  (5)
ki+kt

Using equation 5 it can be shown that an increase in interfacial control with rotation rate 
will produce a non-linear plot of log k0bs (or log DR) against log RR with a maximum 
slope of 0-5 (ki kt) decreasing to zero when dissolution is under total interfacial 
control (ki <  kt). Dissolution can be under 15% interfacial control (85% transport 
control) however, before the slope of the log DR against log RR curve changes 
significantly from 0-5, i.e. to <  0-45. Moreover the change in slope is very gradual 
and in studies which cover a limited range of rotation rates the slope will appear to be 
linear.

The effect of agitation on the dissolution rate of aspirin has been reported previously 
(Mitchell & Saville, 1967). For convenience, results using the beaker method plotted 
as log DR against log RR are given in Fig. 2a. The results for form A fall on a straight 
line of slope 0-45. Form A also shows a slope of approximately 0 45 at two different 
temperatures using the rotating disc method, Fig. 2b. As discussed above such a plot 
may indicate that the dissolution process is under partial interfacial control.

The log DR against log RR profile for form B, Fig. 2a, is unusual. A change in the 
relative dissolution rates of polymorphs with variation in agitation has been reported

b . Variation of intrinsic dissolution rate with rotation rate. Rotating disc method in 0-1n 
HC1. Form A, A i form B, $
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previously for methylprednisolone (Hamlin, Nelson & others, 1962; Levy & Procknal, 
1964) and in this case the dissolution rate of the metastable form approaches that of the 
stable form with increase in agitation intensity. From Fig. 2a, however, it can be seen 
that at an estimated rotation rate of about 20 rev/min the dissolution rates of forms A 
and B are the same but with increase in rotation rate up to about 300 rev/min the 
dissolution rate of form B increases relatively faster than A. The slope of the curve is 
0-65 whereas under the experimental conditions used, the maximum slope for transport 
or mixed transport-interfacially controlled dissolution should be about 0-5. Above 
300 rev/min the slope of the curve changes to 0-45 and the relative dissolution rate of 
form B is about 75% faster than form A. At rotation rates less than about 300 rev/ 
min it is evident that some process additional to the normal interfacial and transport 
processes is involved.

Solubility o f  aspirin. On the basis of the dissolution behaviour it seems reasonable 
to suggest that the two forms have different thermodynamic activities. The solubilities 
of form A and form B are the same at each temperature studied, however, and at no 
time during solubility determinations on either form did the concentration of aspirin in 
solution rise above the equilibrium solubility as reported, for example, with metastable 
crystalline forms of prednisone (Wurster & Taylor, 1965b). Hence if the differences in. 
dissolution rate are due to a difference in thermodynamic activity, it follows that one 
form must be reverting rapidly to the other during the solubility determination. 
Solubility data reported by Edwards (1951) for aspirin are shown in the van’t Hoff type 
plot, Fig. 3, together with additional data obtained in this work. As expected from 
thermodynamic considerations the curve is linear only at lower temperatures (Moelwyn- 
Hughes, 1961).

Dissolution o f  commercial aspirin

Fig. 3. Solubility of aspirin as a function of temperature. Edwards (1951) in OTn H2S04j O ; 
this work in 0-1n HC1, # .

Effect o f  temperature on dissolution rate. An increase in temperature will increase 
the rates of both the interfacial reaction and transport processes (Bircumshaw & 
Riddiford, 1952). For a transport controlled dissolution process the dependence of 
kt on temperature can be expressed by the Arrhenius equation

kt =  Zte-Et/RT (6)
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where kt is given by the ratio of the dissolution rate, DR, and solubility, Cs, provided 
the experimental conditions are such that the concentration of dissolved solute is 
negligible compared with Cs. Hence for a transport controlled process a plot of log 
DR/CS against 1/T should be linear where the slope of the line is related to the 
activation energy of the transport process, Et. Et changes only slightly with agitation 
intensity so that plots of log DR/CS against 1/T at different rotation rates should have 
approximately the same slope.

F i g . 4 a . Dependence of log DR/CS, form A, on temperature. A  150 rev/min; A 430 rev/min in 
0 - I n  HC1, rotating disc method.

b . Dependence of log DR/C,, form B, on temperature. 0  150 rev/min; O 430 rev/min in 
O' I n  HC1, rotating disc method.

Log DR/CS against 1/T curves for aspirin forms A and B are plotted in Fig. 4a, b 
respectively. The activation energy of form A calculated from the slope of the line is
2-4 kcal/mole which is slightly below the range of 2-8-6-5 kcal/mole expected for a 
transport controlled process (Bircumshaw & Riddiford, 1952). The curves for form B 
are unusual and show a maxima at 50°. A change in slope indicates a shift in dissolu
tion control but a change in sign is thereoretically impossible. It :s concluded there
fore that the true solubility of form B is greater than the equilibrium solubility, C8, 
used in plotting Fig. 4b, and that forms A and B are thermodynamically different 
species of aspirin.

Dissolution rate and crystal reversion. Higuchi, Bernardo & Mehta (1967) have 
developed a model for the dissolution of a mixture of two polymcrphs. The theory 
also provides a qualitative explanation of the “anomalous” effect of agitation intensity 
on the dissolution of the metastable polymorph of méthylprednisolone first reported 
by Hamlin & others (1962). During the dissolution of the me:astable form it is 
suggested that a layer of the stable form crystallizes at the solid-solution interface. 
After a time-lag the effect on the dissolution curve is the same as dissolution from a 
mixture of the two forms. With increase in agitation intensity the thickness of the 
diffusion layer, h, decreases and the dissolution rate quickly approaches that of 
the pure stable form. The theory requires the assumption that the reversion rate of 
the metastable form is neither very rapid nor very slow.

The dissolution of aspirin differs from the model proposed for méthylprednisolone 
in several respects. The effects of agitation and temperature on the dissolution of



form B indicate that it is a metastable form, but no time-lag is apparent in the dissolu
tion curves (Fig. 2 and Fig. 1 of Mitchell & Saville, 1967). The results for form A 
suggest that it is a stable form which contains a small amount of a less stable form. 
The intercepts of the steady-state dissolution curves on the ordinate (Fig. 1a) are not 
related to the agitation intensities (and therefore to the diffusion layer thickness, h), 
however, as required by the model of Higuchi. Finally the dissolution rates of forms 
A and B appear to be the same at low agitation intensities using the beaker method, 
but diverge with increase in stirring rate (Fig. 2a) whereas with methylprednisolone 
polymorphs the dissolution rates differ at low agitation intensities and approach each 
other as the agitation rate is increased (Levy & Procknal, 1964).

At low stirring rates and in the presence of excess solid, as in the solubility deter
minations, it is apparent that form B undergoes rapid reversion to a more stable form. 
The effect of the increase in rotation rate on the dissolution rate of form B suggests an 
inverse relation between rate of reversion and agitation intensity. Thus the dissolu
tion rate approaches that expected of a more soluble form and gives rise to the un
usually high value of 0-55 for the slope of the log DR against log RR curve (Fig. 2a). 
The change in slope from 0-65 to approximately 0-45 at stirring rates greater than 
about 300 rev/min indicates that the rate of reversion has reached a minimum limiting 
value and that dissolution is taking place as if from the more soluble form. The slope 
of log DR against log RR for form B using the rotating disc method shows no change 
with rotation rate and is approximately the same as form A (Fig. 2b). From the 
values of dissolution rate it is apparent, for a given rotation rate, that agitation intensi
ties using the rotating disc method are much greater than for the beaker method, e.g. 
150 rev/min rotating disc method =  400 rev/min beaker method. It is likely therefore 
that minimal reversion occurs with the rotating disc method under the given experi
mental conditions.

According to the Noyes-Whitney law the ratio of dissolution rates should correspond 
to the solubility ratio (Hamlin, Northam & Wagner, 1965). Hence, using the 
difference in dissolution rates found at high rotation rates, it can be postulated that the 
true solubility of form E at 37° is approximately 75% greater than form A and therefore 
the interfacial concentration, Ci, is greater than the equilibrium solubility, Cs. 
During the dissolution of form B the diffusion layer will be supersaturated with respect 
to a more stable form and polymorphic reversion may occur simultaneously with 
dissolution. From a consideration of the factors controlling crystal growth it is 
possible to offer a qualitative explanation for the dependence of reversion rate on 
agitation intensity. Crystal growth rates are highly dependent on the degree of 
supersaturation (Taylor & Wurster, 1965). The degree of supersaturation at the solid- 
solution interface of a metastable crystal undergoing dissolution is given by Q /C s 
where Ci >  Cs. For a mixed transport-interfacial dissolution process the results of 
Wurster & Taylor (1965b) show that Ci decreases with increase in agitation intensity. 
It is suggested therefore that the corresponding reduction in the degree of super
saturation is responsible for the decrease in reversion rate.

A comparison of our results with those of Tawashi (1968) reveals another problem. 
The more stable of the t w o  forms of aspirin recrystallized by Tawashi was very similar 
to commercial aspirin U.S.P. We have found that most commercial samples are 
similar to form B which by comparison with form A must be metastable. It is 
possible that both forms of aspirin recrystallized by Tawashi are metastable poly
morphs and that another more stable form exists.

Dissolution o f  commercial aspirin 3 3
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An important conclusion from a practical viewpoint is that a study of intrinsic rates 
may be more useful in selecting a suitable drug sample than techniques such as infrared 
and X-ray diffraction since these will probably fail to distinguish between samples 
containing different mixtures of polymorphs.
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Effects of nicotine on motor co-ordination 
and spontaneous activity in mice

CATHLEEN F. MORRISON

Tobacco Research Council Laboratories, Otley Road, Harrogate, Yorkshire, England

Doses of nicotine (0-2 and 0 4  mg/kg subcutaneously) which depress 
spontaneous activity, improve the ability of mice to remain on a 
rotating rod, indicating that the reduction in activity is not due to 

non-specific disruption of motor ability.

The performance of rats trained to press a bar for water rewards is stimulated by 
small subcutaneous doses (0-05, 0T mg/kg) of nicotine; larger doses (0-2, 0 4  mg/kg) 
briefly reduce the rate of bar-pressing before increasing it (Morrison, 1967). The 
larger doses also depress spontaneous motor activity in mice (Morrison & Armitage, 
1967). In the present experiments a rotating rod (Dunham & Miya, 1957) was used 
to test whether the depresssion of spontaneous activity caused by nicotine is a result 
of motor incapacity.

E X P E R IM E N T A L

Methods
Rotarod. Batches of 100 young male T.O. mice were trained to remain on a 

wooden rod 2 inches in diameter, rotating at a speed of 11 rev/min. Approximately 
40% of the mice did not learn to stay on the rod at this speed and were rejected. 
The effects of nicotine were tested on the remaining mice with the rod rotating at 
14 or 20 rev/min. At :he slower speed most control mice could stay on the rod for 
5 min or more but at 20 rev/min most fell off within 5 min. An improvement or 
impairment of performance could therefore be detected. The mice were tested 3 at a 
time; two of the animals were injected subcutaneously with nicotine while the third 
control mouse received physiological saline. After a delay of either 2 or 5 min the 
mice were placed on the rotarod and the time for which each mouse remained on the 
rod was recorded. After 5 min any mice remaining on the rod were removed.

Motor activity. This was recorded in boxes measuring 24 X  36 cm fitted with 3 
photoelectric cells (Rossum, 1962). The mice were placed singly in the boxes for 1 h 
and their activity allowed to subside. They were then removed and injected sub
cutaneously with saline or nicotine, returned to the boxes and their activity recorded 
for a further 30 min.

R ES U LTS

Table 1 shows the effect of nicotine on rotarod performance in five experiments. 
The control mice varied greatly in their ability to stay on the rod, some falling off 
almost immediately and others remaining for the full 5 min of the test period. The 
majority fell off between 10 and 40 s. The variability in performance was not related 
to body weight or to time of day. Because of scores within each group of mice were 
not normally distributed, means and standard errors have not been presented. Instead, 
the time at which half the mice in a group had fallen off was calculated and the
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results have been analysed statistically using the non-parametric Mann-Whitney 
U test. In four groups of mice (Experiments 1,2 and 4) nicotine significantly increased 
the time the mice remained on the rod. In only one group did the mice injected with 
nicotine show a slightly poorer performance than the corresponding control group 
(Experiment 3). In the earlier experiments the mice were tested 2 min after injection, 
but when it became apparent that the depression of spontaneous activity caused by 
nicotine was at its greatest between 5 and 10 min after injection (see below) the delay 
between injection and testing was increased to 5 min. In one experiment (no. 4) 
mice were tested either 2 or 5 min after receiving 0-4 mg/kg of nicotine. Both experi
mental groups showed a significant improvement over the controls but this was 
greater after the shorter delay.

Table 1. Effects o f  nicotine (Me) on the ability o f  mice to remain on a rod
rotating at 20 rev/min

Treatment
Time between 

injection No. of
Time for half the 

mice to fall off
Expt (dose in mg/kg) and test mice (s)

1 Saline 2  min 2 0 16
Nie 0-2 55 2 0 55-5**

2 Saline 2  min 19 25
Nie 0-1 19 75
Nie 0-2 5? 18 186*

3 Saline 2  min 18 40
Nie 0-2 18 61-5
Nie 0-4 55 18 30

4 Saline 2  min 2 0 2 1

Nie 0-4 2  min 2 0 6 6 ***
Nie 0-4 5 min 2 0 28-5*

5 Saline 5 min 2 0 23-5
Nie 0-2 2 0 28
Nie 0-4 ” 2 0 47-5

* P <0-05, ** P <0-01, *** P <0-001 Statistical significance of difference between nicotine 
injected and corresponding control group. Mann-Whitney U test.

In order to test the effects of very high doses of nicotine, a group of mice were 
trained and tested at 14 rev/min. At this speed most of the control mice remained on 
the rod for the whole of the 5 min period. Doses of nicotine up to 3-2 mg/kg did not 
affect their ability to stay on the rod. At a dose of 6-4 mg/kg of nicotine the average

Table 2. Mean activity scores o f groups o f mice tested singly in activity boxes 
after nicotine administration

Activity counts
(frequency of breaking light beam)

No. of 0-5 5-10 10-15 15-30
Treatment mice min min min min

Saline 2 2 8 8 64 48 156
Nicotine 0-2 mg/kg 2 2 62 35 35 131
Nicotine 0-4 mg/kg 2 2 64* 22*** 24*** -7 3 ***

Mann-Whitney U test * P <0 05, *** P <0-001 Statistical significance of difference between 
nicotine and saline injected groups.
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time on the rod of 16 mice was reduced to 3 min. Eight of these mice had convulsions 
and 4 of them died; the remainder showed severe tremors.

Table 2 shows the effects on motor activity of 0-2 and 0-4 mg nicotine/kg. Nicotine 
reduced activity and this effect was most pronounced between 5 and 10 min after the 
injection. For the 0-4 mg/kg dose the reduction was highly significant (P <0-001).

D IS C U S S IO N

Motor activity, when measured by the boxes used here, is depressed by nicotine in 
rats as well as mice (unpublished observations) and no consistent evidence for a 
stimulant action of nicotine has been found in these studies. Nicotine, however, has 
a biphasic action on bar-pressing behaviour, a period of increased response following 
the initial phase of depression (Wanner & Battig, 1966; Morrison & Armitage, 1967; 
Morrison, 1967). In contrast to its effect on motor activity as measured by the activity 
boxes, nicotine did not depress activity in the rotarod test, its only detectable effect 
being improvement of performance.

The reduction in activity caused by nicotine in the activity boxes is unlike the effect 
of amphetamine in the same test, but there are similarities in the actions of these 
two drugs on bar-pressing behaviour. Nicotine also resembles amphetamine in its 
effect on rotarod performance since it has been shown that amphetamine also improves 
performance in these tests (Plotnikoff, Reinke & Fitzloff, 1962). Nicotine, therefore, 
can either decrease or increase performance, and the nature of the effect depends on the 
test used. The reduction in spontaneous motor activity caused by nicotine does not 
appear to be the result of a non-specific depression since amounts of nicotine which 
depress activity actually improve performance on the rotarod.
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The mechanism of action of 
2-halogenoethylamines at the adrenergic 

a-receptor and a further investigation 
of the “spare receptor” hypothesis*
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The evidence for “spare-receptors” has been examined in the 
adrenergic a-receptor system of the rat vas deferens using N-(2- 
bromoethyl)-A-ethyl-l-naphthylmethylamine (SY.28) and NN- 
dimethyl-2-phenylethylamine hydrobromides as the antagonist species.
It is clearly demonstrated that “spare-receptors” are not present in 
this tissue and that the observed parallel shift of the dose-response 
curve of noradrenaline produced by SY.28 is due to a competitive 
reversible phase of action of the corresponding ethyleneimine species 
rather than to the presence of “spare-receptors”. Additionally, these 
experiments have revealed the existence of a significant non-competi
tive reversible phase of action of SY.28. From radiochemical studies 
and the observed first order recovery of tissue response following 
blockade by jVfV-dimethyl-2-bromo-2-phenylethylamine, it is con
cluded that the a-receptors in the rat vas deferens are indistinguishable 
from the a-receptors in the rabbit aorta in their behaviour towards this 
agent. From these results and those of others, it may be concluded 
that there is no existing evidence for “spare receptors” in adrenergic 

a-receptor systems.

In his original treatment of drug-receptor interactions Clark (1933, 1937) assumed that 
tissue response is proportional to the concentration of drug-receptor complex and that 
maximum response occurs with complete occupation of the receptors. During the 
last decade these assumptions have been subjected to extensive challenge and it now 
appears to be widely accepted that maximum tissue response does not necessitate 
100% occupation of the receptors and that a substantial receptor “reserve” (“spare- 
receptors”) may exist (Furchgott, 1954; Nickerson, 1956; Stephenson, 1956; Ariens, 
Rossum & Koopman, 1960; Patón, 1961; Rossum & Ariens, 1962; Burgen, 1966; 
Mackay, 1966a, b ; Rossum, 1966). Estimates of the percentage of receptors occupied 
at maximum response have ranged from 1% to 0-0001% (Nickerson, 1956; Patón & 
Rang, 1966; Schild, 1962).

The concept of “spare-receptors” appears to be supported principally by experi
ments involving the use of 2-halogenoethylamines which interact irreversibly at 
adrenergic, cholinergic and histaminergic receptor sites. In many instances it is 
observed that treatment of the tissue with such agents produces a shift of the dose- 
response curve of the agonist to the right and that this shift precedes any decrease in the

* Previous paper May, Moran & others (1967).
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maximum response obtainable. Such shifts would normally be regarded as represen
tative of competitive reversible antagonism but for the one fact that 2-halogenoethyl
amines are known to be alkylating agents which can bind covalently to various tissue 
sites. It has, therefore, been assumed quite generally (Nickerson, 1956; Arièns, 
and others, 1960; Rossum, 1966; Furchgott, 1967) that such shifts of the agonist 
dose-response curve without depression in the maximum response indicate the 
presence of a receptor “reserve” which must be irreversibly inactivated before a 
reduction in the tissue response can be obtained. However, from theoretical con
siderations of the mechanism of action of 2-halogenoethylamines we have proposed 
(Triggle, 1965a) that the portion of the dose-response curves considered to depict 
receptor “reserve” is in fact best attributed to a competitive reversible binding of the 
ethyleniminium ion at the receptor.

Recent work from our laboratory (Moran, May & others, 1967 ; May, Moran & 
others, 1967) concerned with the adrenergic oc-receptor system of the rabbit aorta and 
utilizing a different experimental approach to that outlined above, has provided 
strong evidence that “spare-receptors” do not exist in this system. In view of these 
results and because cf the importance of the “spare-receptor” concept both to 
quantitative pharmacology and to problems of receptor isolation, we have initiated a 
program to re-examine the experimental evidence upon which the “spare-receptor” 
hypothesis is founded and to provide a mechanistic explanation for the observed 
shifts in dose-response curves.

Mechanism o f action o f  2-halogenoethylamines

M E T H O D S

Pharmacology. Pairs of rat vas deferens were suspended in water-jacketed baths 
containing 20 ml of modified Krebs-bicarbonate solution (Hukovic, 1961) maintained 
at 37° and bubbled with 5% carbon dioxide in oxygen. Cumulative dose-response 
curves were constructed from recording of isotonic contractions obtained by means of 
an ink-writing lever on a kymograph. Two control dose-response curves for nora
drenaline were always determined on each tissue before treatment of one tissue with 
blocking agent : the paired tissue was not treated with blocking agent and served as a 
control.

Solutions of the 2-bromoethylamines were made up in neutral saline and allowed to 
stand at room temperature for 30 min before placing on ice. This insured that forma
tion of the derived ethyleniminium ions was essentially complete.

Tissues were blocked with iV/V-dimethyl-2-bromo-2-phenylethylamine and cumula
tive dose-response curves of noradrenaline were obtained during the recovery of 
the response at the stated time intervals. Repetition of dose-response curves at 
intervals of less than 30 min occasionally resulted in erratic responses so that in general 
only two curves, determined at 30 min intervals, were obtained from the same tissue ; 
the paired tissue being used as a control. The first-order rates of recovery of tissue 
response were determined as previously described (May & others, 1967).

Other tissues were blocked to varying degrees with SY.28, [/V-(2-bromoethyl)-A- 
ethyl-l-naphthylmethylamine hydrobromide], followed by determination of the dose- 
response curves in a cumulative manner. In some cases, this was followed by 
treatment with 10-3 m  sodium thiosulphate containing an ED50 (determined from 
control curve) of noradrenaline for 4 min followed by a 15 min washout period after 
which the dose-response curve was redetermined.
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Radioactivity measurements. The rate of tritium loss from tissue blocked with 
[3H]AW-dimethyl-2-brcnio-2-phenylethylaminc was determined by taking aliquots of 
the bath fluid at 5 min intervals. Disintegration rates were determined by liquid 
scintillation counting using internal standards for quench correction (Rogers & Moran,
1966). In all cases a minimum of 10,000 counts was collected. The first order rate of 
tritium loss was obtained by plotting this data according to Rose (1964) as previously 
described (May & others, 1967).

Partition experiments. [3H]iV7V-Dimethyl-2-hydroxy-2-phenylethylamine (May & 
others, 1967) was added to a mixture of 5 ml CHC13 and 5 ml HaO and allowed to 
equilibrate with shaking for 24 h. Aliquots from the two phases were counted and 
the ratio of the disintegration rates determined.

R E S U LTS

Fig. 1 shows the dose-response curves of noradrenaline determined on the rat vas 
deferens before and after exposure to SY.28 at a concentration nf 2-5 x  10~7m for 
1 min followed by washout of excess SY.28. It is apparent that, after this treatment 
with SY.28, the dose-response curve of noradrenaline is shifted to the right with no 
decrease in maximum response, a finding which accords with previously published data 
of other workers (Ariens & others, 1960; Ariens, Simonis & Rossum, 1964) and which 
is normally interpreted as evidence for a receptor “reserve” despile the fact that this 
phenomenon is typical of competitive antagonism. After the blockade by SY. 28, 
sodium thiosulphate (10- 3 m) and noradrenaline (3 x  10~6 m, ED50) were added for 
15 min, washed out, and the dose-response curve to noradrenaline redetermined. It 
can be seen (Fig. 1) that the dose-response curve is shifted back to the left and is 
essentially super-imposable upon the control curve at response levels of greater than 
60%. The inset in Fig. 1 shows that sodium thiosulphate alone has no significant 
effect.

Some tissues were blocked with SY. 28 to a degree sufficient to cause a decrease in 
maximum response and were then treated with sodium thiosulphate in the presence of

F ig . 1. Effect of sodium thiosulphate on blockade mediated by SY. 28. Rat vas deferens was 
blocked with SY. 28 (2-5 X 10- 7  m )  for 1 min and the dose-response curve for noradrenaline 
determined after washout (©). Tissues were then treated with 10~ 3 thiosulphate for 15 min and 
the dose-response curve redetermined (CO- Controls were treated with saline (®). Inset shows 
the effect of 1(F3 m  sodium thiosulphate alone (O) as compared to controls (@). Dose-response 
curves are the average of 9 experiments.
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F ig . 2. Effect of sodium thiosulphate on the response of vas deferens blocked to varying degrees 
with SY. 28. Dose-response curves for noradrenaline were determined on control tissues (©) 
and compared to the curves obtained from tissues blocked with SY. 28 (2-5 x 10~7) for the 
designated times before (----- ) and after (..........) treatment with 10-3 m  sodium thiosulphate.

an ED50 of noradrenaline (3 X  10-6 m). From Fig. 2 it can be observed that thio
sulphate relieves a portion of the inhibition as measured by the maximum response, 
e.g. 70% response after SY.28 block increases to 95% response after treatment with 
sodium thiosulphate. Furthermore, there is an apparent shift of the dose-response 
curves from tissues treated with thiosulphate back towards the control curve similar 
to that observed in Fig, 1. This shift is more pronounced in those tissues treated for 
shorter periods of time with SY.28. Tissues which were blocked to the extent of 
100% with SY.28 showed no reversal of inhibition when treated with noradrenaline 
and thiosulphate under identical conditions; this result would be expected if all 
receptors were alkylated.

It was not possible to make similar experiments with sodium thiosulphate using 
A7V-dimethyl-2-bromo-2-phenylethylamine as the a-blocking agent since it was im
possible to obtain a shift to the right of the dose-response curve of noradrenaline

F ig . 3. Dose-response curves of noradrenaline following exposure of vas deferens to  NN- 
dimethyl-2-bromo-2-phenylethylamine. Tissues were treated with AW-dimethyl-2-bromo-2- 
phenylethylamine (1 -3  x 10~6 m )  for the times indicated followed by washout and determination of 
the dose-response relation. Dose-response curves represent the average of 3 experiments.

0'
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without a simultaneous decrease in the maximum response (Fig. 3). This is probably 
due to the greater reactivity of the AW-dimethyl-2-phenylethyleniminium ion (Triggle, 
1964, 1965a). The situation is further complicated by the fact that AW-dimethyl-2- 
bromo-2-phenylethylamine produces an irreversible blockade of rather short duration 
(Triggle, 1964, 1965a; Kimelberg & Triggle, 1965; May & others, 1967) and significant 
recovery occurs via intramolecular hydrolysis during washout and determination of 
one dose-response relation.

Fig. 4. Recovery of response of vas deferens blocked with AW-dimethyl-2-bromo-2-phenyIethyl- 
amine. After complete blockade of the noradrenaline response of rat vas deferens by NN- 
dimethyl-2-bromo-2-pheny ethylamine (1-3 x 10~5 m for 5 min) tissue response was determined 
at the times indicated.

However, it was possible to determine dose-response curves for noradrenaline 
during the period when the response of the vas deferens was recovering from expo
sure to AW-dimethyl-2-bromo-2-phenylethylamine. Dose-response curves were 
determined every 15 or 30 min following complete blockade by AhV-dimethyl-2-bromo-
2-phenylethylamine (1-2 x  10-5 m for 5 min). Normally, only 2 curves were deter
mined on each tissue at 30 min intervals; the paired tissue served as a control. The 
results of these experiments are shown in Fig. 4 from which it is apparent that the 
maximum response is always obtained at essentially the same concentration of nor
adrenaline. Furthermore, it is important to note that there is no dose-response curve 
showing full recovery of maximum response with a simultaneous shift to the right 
relative to the control curve.

The results from Fig. 4 have been plotted as previously described in order to 
determine the tj for recovery of tissue response to noradrenaline after blockade by 
2V7V-dimethyl-2-bromo-2-phenylethylamine. From Fig. 5, the t, was found to be 
22 min. In duplicate experiments, using [3H]AW-dimethyl-2-bromo-2-phenylethyl- 
amine, the rate of radioactivity appearing in the bath fluid during the recovery process 
was determined and found to have a tj of 24 min.

In the partition experiments it was found that AW-dimethyl-2-hydroxy-2-phenyl- 
ethylamine partitions between CHC13-H 20  in a ratio of 51:49 as compared to a ratio 
of 96:4 for iV-ethyl-7V-(2-hydroxyethyl)-l-naphthylmethylamine (Moran & others,
1967).
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F i g . 5 . Plot of first order rate of recovery of response of vas deferens to noradrenaline following 
blockade by AW-dimethyl-2-bromo-2-phenylethylamine. Data from Fig. 4 were plotted as 
previously described (Moran & others, 1967) to determine first order rate constants.

D IS C U S S IO N

Sodium thiosulphate is known to react rapidly with ethyleniminium ions to form 
Bunte salts (Bunte, 1874; Fruton, Stein & Bergmann, 1946) and to prevent, but not 
reverse, the irreversible blockade of adrenergic oc-receptors produced by 2-halogeno- 
ethylamines (Graham, 1962). However, sodium thiosulphate should reverse any 
blockade of oc-receptors caused by reversible binding of ethyleniminium ions. This 
effect will be most readily demonstrable in the presence of an agonist which, through 
competition with the ethyleniminium ions, should make the latter more accessible for 
reaction with sodium thiosulphate. This effect is shown clearly in Fig. 1. Brief 
treatment of the vas deferens with SY.28 produces a shift to the right of the nora
drenaline dose-response curve, unaccompanied by any decrease in the maximum height 
of response. This shift is completely reversed by subsequent treatment with sodium 
thiosulphate and can, therefore, be attributed to a reversible antagonism produced by 
SY.28, rather than to the presence of “spare-receptors”. However, the shift in the 
dose-response curve of noradrenaline shown in Fig. 1 is not very large, a finding in 
accord with the work of Ariens & others (1960, 1964) who have reported only a small 
“reserve” or absence of “spare-receptors” in rat vas deferens.

It appears to be generally accepted that the progressive decline in the response to an 
agonist of a tissue which has been treated with SY.28 or other related 2-halogeno- 
ethylamines is due to an irreversible inactivation of an increasing proportion of the 
receptor sites. The data presented in Fig. 2 show that the decline in the response to 
noradrenaline of rat vas deferens pretreated with SY.28 can be partially, but not 
completely, reversed by treatment of the tissue with sodium thiosulphate. It is highly 
improbable that the partial reversal of blockade can be attributed to any reaction of 
sodium thiosulphate with the alkylated receptor, a conclusion which is strengthened by 
the finding that complete blockade of the oc-receptors by SY.28 is unaffected by sodium 
thiosulphate. It is, therefore, probable that the progressive depression by SY.28 of 
the maximum height of the response to noradrenaline shown in Fig. 2 may be attributed
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to a dual mode of action of SY.28—an irreversible phase unaffected by sodium 
thiosulphate and a reversible non-competitive phase which is abolished by incubation 
of the tissue with sodium thiosulphate*. The presence of the latter component of 
action of 2-halogenoethylamines active at the adrenergic a-receptor does not appear to 
have been explicitly recognized hitherto, but its existence is in good agreement with our 
previous studies involving the use of [*H]SY.28 which indicated clearly the lack of 
specificity of this agent (Moran & others, 1967).

The previous discussion indicates that the existence of a significant reversible phase of 
action of an (ultimately) irreversibly acting agent is sufficient to produce dose-response 
curves which have been interpreted as evidence for the existence of “spare-receptors” . 
This interpretation is rendered invalid, at least for the a-receptors of the rat vas 
deferens, by the finding that sodium thiosulphate can reverse the parallel shift of the 
dose-response curves produced by SY.28. A valuable further test of the “spare- 
receptor” hypothesis would be provided by the use of an irreversibly acting agent that 
has no significant phase of reversible interaction at the receptor. The dose-response 
curves for noradrenaline from vas deferens treated with AhV-dimethyl-2-bromo-2- 
phenylethylamine (Fig 4) do not show parallel shifts unless accompanied by a 
decline in maximum response (compare Fig. 1), suggesting the absence of a reversible 
phase of action. However, the use of this agent in progressively inactivating the 
a-receptor system is complicated by its short duration of action (fi for recovery, 
22 min), so that during washout procedures a significant recovery of response occurs 
via intramolecular hydrolysis (Triggle, 1965a, b; Kimelberg & Triggle, 1965). This 
difficulty was avoided by a procedure in which the tissue was completely blocked to 
noradrenaline by AAr-dimethyl-2-bromo-2-phenylethylamine and washed thoroughly 
under conditions demonstrated to remove completely [3H]AW-dimethyl-2-hydroxy-2- 
phenylethylamine from the tissue (May & others, 1967). The dose-response curves 
of noradrenaline obtained during the recovery of tissue response we believe to be 
uncomplicated by the presence of reversibly bound antagonist. The curves shown in 
Fig. 4 demonstrate that the maximum response to noradrenaline at any level of 
recovery of tissue response occurs at the same concentration of noradrenaline and, 
furthermore, when full recovery of response is obtained there is no dose-response curve 
showing a maximum response with a simultaneous shift to the right relative to the 
control curve.

We have previously demonstrated the absence of “spare-receptors” in the rabbit aorta 
a-receptor system (May & others, 1967). Since this conclusion was based on a 
different experimental approach to those described here and because Rossum (1965; 
Rossum & Mujic, 1965) has suggested that the a-receptors in different tissues may have 
different properties, it was desirable to determine whether the characteristics of 
irreversible a-receptor blockade were the same in both the rabbit aorta and the rat vas 
deferens. From Fig. 4 ;t is possible to obtain a first-order plot (Fig. 5) for recovery of 
tissue response with a of 22 min essentially identical with our previously determined

* The terms, competitive and non-competitive, are used with regard to the site of action of the 
2-halogenoethylamines whereas the terms, reversible and irreversible, refer to the chemical 
mechanism of action (Kimelberg, Moran & Triggle, 1965). Experimentally, it is difficult to 
distinguish competitive irreversible inhibition from non-competitive reve-sible or irreversible 
inhibition. In the present situation, thiosulphate will distinguish between reversible and irrever
sible inhibition produced by SY.28 but a priori it cannot be said that the decrease in maximum 
response observed after treatment with SY. 28 and sodium thiosulphate is cue to competitive or 
non-competitive irreversible blockade. In agreement with Wand (1962), we have shown that 
agonists can protect non-specific sites as well as the receptor sites (Moran & others, 1967; May & 
others, 1967).
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value of 23 ±  6 min for the rabbit aortic strip system. Furthermore, in experiments 
using [3H]AW-dimethyl-2-bromo-2-phenylethylamine it was found that the L for the 
process of tritium loss from the recovering tissue was 24 min, in good agreement with 
the above figures and with our previously determined value (20-7 +  4-1 min) for the 
rabbit aortic strip system (May & others, 1967). The conclusion is thus permissible 
that the a-receptors in the rat vas deferens and rabbit aorta exhibit an identical 
behaviour towards AW-dimethyl-2-bromo-2-phenylethyIamine.

The ability of an ethyleniminium ion to produce reversible, rather than irreversible, 
blockade probably depends upon a combination of factors determined by the reactivity 
and lipophilic character of the ion. Clearly a low reactivity towards nucleophiles will 
result in a slow rate of reaction with the receptor grouping providing a long-lasting 
reversible phase of action. This represents the behaviour exhibited by the iV-ethyl- 
N-1 -naph thylmethyIethylenimini urn ion (from SY.28) which is of lower reactivity and 
greater lipophilic character* than the AW-dimethylphenylethyleniminium ion with 
which it has not proved possible to obtain dose-response curves indicating any 
significant reversible phase of action (Fig. 3). Furthermore, it might be expected that 
the binding of antagonists having a high lipophilic character, such as SY.28, to non
receptor lipophilic sites could produce the non-competitive blockade observed in the 
present study (Fig. 2).

Previous studies (Moran & others, 1967) have demonstrated that it is not possible 
to effectively wash tissues free of the alcohol corresponding to SY.28. Thus, despite 
washout times of 10-20 min, sufficient ethyleniminium ion corresponding to SY.28 is 
probably left in the tissues to cause both reversible competitive and non-competitive 
blockade.

The data reported in this paper provide clear evidence that “spare-receptor” do 
not exist in the rat vas deferens a-receptor system thus substantiating the conclusion 
drawn earlier from unrelated studies on the rabbit aortic strip «-receptor system 
(May & others, 1967). This is in agreement with the data of Lewis & Miller (1966) on 
the rat seminal vesicle preparation. It is noteworthy that early experiments of other 
workers (Chen & Russell, 1950; Graham & Lewis, 1953), demonstrated that, with low 
doses of 2-halogenoethylamines, the inhibition was competitive (reversible), whereas 
with larger doses, the inhibition became non-competitive (irreversible or non
competitive reversible).f It seems probable that, at least for the adrenergic «-receptor 
system, “spare-receptors” are of little or no significance. The work reported in the 
present paper also demonstrates that the use of irreversibly acting antagonists in 
quantitative pharmacology may yield results which are subject to misinterpretation 
unless the mechanisms of action of the antagonist are carefully examined. It is 
appropriate to note that SY.28 and several related 2-halogenoethylamines are also 
irreversible antagonists at the cholinergic receptor and similar shifts are noted which 
have been interpreted as indicative of a receptor reserve. However, relatively high 
concentrations and prolonged incubation times are necessary to produce irreversible 
blockade. Apparently, the reactivities of the derived ethyleniminium ions towards the

* See footnote to p. 44.
t Since it is not possible to obtain partition data for the ethyleniminium ions we have taken the 

partition ratios between CHC13 and H20  of yV-ethyl-iV-(2-hydroxyethyl)-l-naphthylmethylamine 
and AW-dimethyl-2-hydroxy-2-phenylethylamine as giving a measure of the relative lipophilicities 
of the corresponding ethyleniminium ions. Evidence was presented in a previous paper in this 
series for the pronounced ability of !V-ethyl-lV-(2-hydroxyethyl)-l-naphthylmethylamine to bind to 
tissue fractions.

Mechanism o f action o f  2-halogenoethylamines
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a lk y la ta b le  site a t the  ch o lin e rg ic  re ce p to r are re la tiv e ly  lo w  and  consequen tly  a 
p ro n o u n ce d  phase o f  revers ib le  a n tagon ism  m ig h t be expected. A  s im ila r  phenom enon  
a t the active  site o f  ace ty lcho linesterase is discussed b y  B e lleau  &  T a n i (1966). W e 
have, the re fo re , re -exam ined  the  m echanism s o f  a c tio n  o f  such com pounds  in  c h o lin e r
g ic  systems. T h e  co m p le x  resu lts  o f  th is  in v e s tig a tio n  w i l l  be pub lished  in  a separate 
paper.
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LETTERS TO THE EDITOR

An improved cannula suitable for chronic implantation into 
a lateral cerebral ventricle of the rat

A  cannu la  su itab le  fo r  c h ro n ic  im p la n ta tio n  in to  a la te ra l ce reb ra l v e n tr ic le  o f  the  ra t 
shou ld  be s im p le  and  inexpensive . I t  sh o u ld  also be easy to  accu ra te ly  m a n ip u la te  
in to  the  ve n tr ic le , r ig id ly  a ttached  to  the  s k u ll and  subsequently  fa c ilita te  the  passage 
o f  an  in je c t io n  needle. Several cannu lae  have been described fo r  th is  pu rpose  
(W a g n e r &  de G ro o t, 1963; D e c im a  &  G eorge, 1964; F e ld b e rg  &  L o t t i ,  1967; 
K h a v a r i,  F e id e r &  o thers, 1967; M y e rs , C asaday &  H o lm a n , 1967), b u t  o n ly  th a t o f  
H ayden , Johnson  &  M a ic k e l (1966) appeared to  m eet a ll these c r ite r ia . E xperience  
w ith  th is  cannu la , how ever, revealed d isadvantages in  its  design and  several m o d ific a 
tio n s  have n o w  been evo lved  w h ic h  g re a tly  im p ro v e  its  im p la n ta tio n , pa tency  and  
e ffic iency d u r in g  the  in je c tio n  o f  drugs. T h e  m o d ifie d  ca nnu la  is i llu s tra te d  in  F ig . 1.

T he  tro c h a r  ho le  in  the  o r ig in a l ca nnu la  was superfluous, as im p la n ta tio n  in to  a 
la te ra l ce reb ra l v e n tr ic le  is re a d ily  ca rr ie d  o u t v is u a lly  us ing  fixe d  co -o rd in a te s  
(1-4 m m  cauda l to  the  b regm a and  1-3 m m  la te ra l to  the  m id -lin e ). M o re o v e r, as the  
Perspex base was b u lk y  and  o f  an a w k w a rd  shape fo r  the  im p la n ta tio n  p rocedu re , a 
ledge was cu t in to  its  tw o  sides, and  the  ce n tra l tu r re t  so fo rm e d  was ro u n d e d  o ff. 
A  n o tc h  was c u t in to  the  p o s te r io r  w in g  o f  the  c a n n u la  to  accom m odate  a bone screw 
in  the  re g io n  o f  th ic k  bone  ju s t  ro s tra l to  lam da . T h is  screw to g e th e r w ith  tw o  
o th e r bone  screws, s ited  ju s t  la te ra l and  ro s tra l to  th e  can n u la  respective ly , w ere 
used as a n c h o rin g  p o in ts  fo r  S u rg ica l S im p lex  C  w h ic h  f irm ly  secured the  can n u la  
to  the  s k u ll. T he  m o d ifie d  c a n n u la  has the  advantage th a t the  w ings  are easily 
covered w ith  S u rg ica l S im p lex  C  and the  s k in  can be n e a tly  su tu red  a ro u n d  the  tu r re t. 
A  d u m m y  needle was also in c o rp o ra te d  in to  the  assem bly as the  gu ide  needle o f  the  
o r ig in a l can n u la  tended to  becom e b lo c k e d  b y  tissue pa rtic le s  and  debris.

T h e  m o d ifie d  c a n n u la  m a y  be adap ted  fo r  in je c tin g  sm a ll q u a n titie s  o f  d rugs in to  
o th e r d iscre te  areas o f  the  b ra in  b y  v a ry in g  the  le n g th  o f  the  gu ide  needle.

A B

F io . 1. Side (A ) and top (B) view o f a modified cannula suitable fo r im plantation in to  a lateral 
cerebral ventricle o f the rat.
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T h a n k s  are due to  S. W . S m ith  fo r  te ch n ica l assistance and  to  R . B . M u rd o c h  
w h o  acted as a pe rsona l ass is tant w h ile  o n  a sandw ich  course fro m  B a th  U n iv e rs ity  
o f  T e ch n o lo g y .

D ep a rtm en t o f  P harm aco logy , S. I .  Ankier
A llen  & H a n b u rys  L td .,
W are,
H er ts , E ngland.

O cto b e r 24, 1968

Silastoseal B is obtainable from  M idland Silicones Ltd ., Barry, Glamorgan.
Bone screws— nickel silver cheese head 16 BA  x  1/8 inch obtainable from  Laubscher Brothers, 

London, E .C .l.
Surgical Simplex C is an autopolymerizing acrylic resin obtainable from  N o rth  H ill Plastics L td ., 

London, N.16.
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Effect of chelating agents on copper content and tyramine 
response of the rat heart

O f  the  th ree  enzymes in v o lv e d  in  the  conve rs ion  o f  ty ro s in e  to  n o ra d ren a lin e , tw o  
have been show n  to  be m e ta llo p ro te in s . T y ro s in e  hyd roxy lase , w h ic h  converts  
ty ro s in e  to  d opa  in  w h a t is genera lly  considered  to  be the  ra te - lim it in g  step, con ta ins  
iro n  (U d e n fr ie n d , 1966) and  d o p a m in e -3 -h yd ro xy la se , w h ic h  conve rts  d o p a m in e  to  
n o ra d ren a lin e , con ta ins  co p p e r (F rie d m a n  &  K a u fm a n , 1965). P h a rm a co lo g ica l 
in h ib it io n  o f  e ith e r o f  these tw o  enzym es o r  o f  d o p a  decarboxylase, w h ic h  conve rts  
d o p a  to  d opam ine , has been show n to  lo w e r ca techo lam ine  levels in  gu in ea -p ig  
h e a rt to  v a ry in g  degrees (S pecto r, 1966). A m o n g  the  substances w h ic h  have been 
show n to  in h ib i t  d o p a m in e -^ -h y d ro x y la s e  in vitro  are v a rio u s  ch e la ting  agents (G o ld 
ste in , L a u b e r &  M c K e re g h a n , 1964). In  vivo, the  acute a d m in is tra t io n  o f  ch e la ting  
agents has led  to  decreased levels o f  n o ra d ren a lin e  in  the  ra : h e a rt (C o llin s , 1965; 
C arlsson , L in q v is t  &  e thers , 1966).

W h ile  s tu d y in g  the  e ffect o f  c h ro n ic  a d m in is tra t io n  o f  th ree  ch e la ting  agents on 
th e  coppe r levels o f  va rio u s  tissues in  ra ts , the  response to  ty ra m in e  o f  a tr ia  iso la ted  
fr o m  these ra ts  was de te rm ined . A n  a p pa ren t re la tio n  betw een the  coppe r levels o f  
the  h e a rt tissue and  the  c h ro n o tro p ic  response o f  the  a tr ia  to  ty ra m in e  was observed. 
T he  th ree  c h e la ting  agents w e re : y - th u ja p lic in  (5 - is o p ro p y ltro p o lo n e ) (B ry a n t &  
F e rn e liu s  1954), p lic a t ic  ac id  (B o ck , L . H .,  pe rsona l c o m m u n ic a t io n ; G a rd n e r, Swan 
&  o thers, 1966) and  p e n ic illa m in e  (W alshe , 1960). T he  dosages o f  d rugs in  T a b le  1 
are show n  as e q u im o la r q u a n titie s  ca lcu la ted  as the  so d iu m  sa lt o f  y - th u ja p lic in  (G T ) , 
the  po tass ium  sa lt o f  p lic a t ic  ac id  (P ) and  free  p e n ic illa m in e  (P A ).
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T a b le  1. C opper con ten t o f  w hole h eart a n d  chronotropic response to tyra m in e  o f  

iso la ted  a tr ia  a fte r  p ro lo n g ed  adm in istra tion  o f  three chela ting  agen ts  to  
ra ts  on n o rm a l a n d  copper-supp lem en ted  d r in k in g  w ater
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Isolated atria

Treatment N

Untreated control 4

G T 2 m g /d a y  4
P 5 mg/day 4
PA 1 -6 mg/day 4

G T  2 mg/day 4
P 5 mg/day 4
P A  1-6 mg/day 4

Heart copper 
¡¿g/g

dry weight 
±  s.e. P*

24-89 ±0-98

21-00±0-61 -002 
21-79 ± 1 -2 4  <0-2
20-18 ± 1 -8 4  <0-1

25-82±0-93  
23-09 ±1-26  
22-01 ±0-78

Basal rate 
beats/min 

N  ±  s.e.

Normal diet

12 2 1 2 ± 5

5 208 ± 5
3 2 1 6 ± 1 1
7 2 1 7 ± 6

Excess dietary copper

p*

Response 
to tyramine 

beats/min 
±  s.e.

3 7 9 ± 1 0

< 0-6 3 0 4 ± 1 3
< 0-8 3 3 7 ± 1 5
< 0-6 334 ± 1 4

Increase in 
rate as 

% o f  control 
P* response

100
<0-001 58
<0-05 73
<0 -0 2  70

<0-005 84
< 0 -5  89
< 0-6 81

< 0-6 5 1 9 7 ± 5 =  0-05 338 ± 7
< 0 -4 3 204 ±8 < 0-8 353 ± 2 0
< 0-1 4 251 ± 7 < 0-001 3 8 7 ± 1 0

* Statistical significance o f  the difference between treated and control groups.

G T  =  v-thujaplicin 
P =  potassium salt o f  plicatic acid 
PA =  free penicillamine

R ats (W is ta r s t r a in ; m a le , 130 g average w e ig h t) were d iv id e d  in to  a c o n tro l g ro u p  
a n d  one g ro u p  fo r  each c h e la tin g  agent. A  n o rm a l d ie t o f  P u rin a  L a b  C h o w  and 
ta p  w a te r was sup p lie d  a d  lib itum  to  the  c o n tro l g ro u p  and  to  h a l f  o f  each d ru g - 
trea ted  g ro u p . T h e  re m a in in g  h a l f  o f  each d ru g -tre a te d  g ro u p  received the  same 
fo o d  b u t had , in  p lace o f  ta p  w a te r, d is tille d  w a te r c o n ta in in g  su ffic ie n t C u C l2, 2 H 20  
to  g ive a f in a l coppe r c o n c e n tra tio n  o f  100 /xg /m l. A  p re lim in a ry  estim ate  had  
in d ic a te d  th is  w o u ld  re s u lt in  an a p p ro x im a te  seven-fo ld  increase in  d a ily  coppe r 
in ta ke . D ru g s  w ere g iven  d a ily  b y  the  in tra p e r ito n e a l ro u te  on  six days each w eek 
fo r  a to ta l o f  12-13 weeks. T he  dose o f  each d ru g  was s to ic h io m e tr ic a lly  in  excess 
o f  the  a m o u n t o f  coppe r estim ated  to  be absorbed.

A t  the  end o f  the  tre a tm e n t p e rio d , hearts  w ere rem oved fro m  some ra ts  o f  each 
g ro u p  fo r  analysis o f  copper. T h e  hearts  were rinsed  in  d is tille d  w a te r to  rem ove 
excess b lo o d , b lo tte d  d ry  and  tr im m e d  o f  a ll vessels and  fa t, le av ing  o n ly  a tr ia  and  
ven tric les . T w o  hearts  w ere p o o le d  in to  one sam ple and  a fte r d ry  ash ing in  a m u ffle  
fu rnace  and  ac id  e x tra c tio n  o f  the  ash, th e  copper c o n te n t was de te rm ined  c o lo r im e tr ic -  
a lly  b y  the  m e th o d  o f  E den  &  G reen  (1940).

Iso la te d  a tr ia l p re p a ra tio n s  w ere o b ta in e d  fro m  the  re m a in in g  ra ts . T h e  a tr ia  
were suspended in  K re b s  s o lu tio n  c o n ta in in g  d o u b le  g lucose and  gassed w ith  a 
m ix tu re  o f  5% C 0 2 in  oxygen. A c t iv ity  was reco rded  o n  a G rass M o d e l 5D  P o ly 
g ra p h  us ing  an F T  0-03 fo rce  d isp lacem en t transduce r. A f te r  a llo w in g  2 h  fo r  
e q u ilib ra t io n , a c o n tro l c o n tra c tio n  ra te  was d e te rm ined  fo llo w e d  b y  m easurem ent 
o f  the  c h ro n o tro p ic  response to  a s ing le  exposure  to  1«  g /m l o f  ty ra m in e , an  a m o u n t 
in  the  m id d le  range o f  the  dose-response curve. I t  is w id e ly  accepted th a t ty ra m in e  
acts th ro u g h  l ib e ra t io n  o f  endogenous catecho lam ines (B u rn  &  R and , 1958; D avey  
&  F a rm e r, 1963; M u s c h o ll, 1966). T he  response o f  iso la ted  ra t a tr ia  is reduced o r  
abo lished  u p o n  d e p le tio n  o f  n o ra d re n a lin e  (K u s c h in s k y , L in d m a r  &  o thers, 1960). 
Lee, Y o o  &  K a n g  (1964) fo u n d  th a t the re  was a s ig n if ic a n t c o rre la t io n  betw een the  
ca techo lam ine  co n te n t and  ra te  o f  c o n tra c tio n  o f  iso la te d  ra b b it  a tr ia . In  the  presen t 
w o rk  the re fo re , a re d u c tio n  in  the  c h ro n o tro p ic  response to  ty ra m in e  was assumed 
to  in d ica te  a re d u c tio n  in  n o ra d re n a lin e  co n te n t o f  the  m yo c a rd iu m .
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T he  resu lts  (T a b le  1' show  th a t in  ra ts  o n  a n o rm a l d ie t a ll th ree  c h e la tin g  agents 
lo w e re d  the coppe r c o n te n t o f  h e a rt tissue, th o u g h  o n ly  s ig n if ic a n tly  so in  y - th u ja p lic in -  
trea ted  ra ts. A t  the  same tim e  responses to  ty ra m in e  o f  a tr ia  ta ke n  fro m  ra ts  trea ted  
s im ila r ly  w ith  the  ch e la ting  agents were reduced. T a b le  1 shows fu r th e r  th a t a d d itio n  
o f  coppe r to  the  d ie t tended to  o ffse t b o th  o f  these effects o f  the  c h e la ting  agents. 
E x tra  d ie ta ry  copper was m o s t e ffective  in  o ffse ttin g  the effects o f  y - th u ja p lic in  and  
least e ffective  aga ins t the  effects o f  p e n ic illa m in e . T h is  p ro b a b ly  re flects the  m u ch  
grea te r effectiveness o f  p e n ic illa m in e  in  p ro m o tin g  coppe r excre tion . In  o u r la b o ra 
to ry  we have fo u n d  th a t p e n ic illa m in e  is m u ch  m ore  e ffective  th a n  p lic a ta te  w h ic h  in  
tu rn  is o n ly  s lig h tly  m o re  e ffective  th a n  y - th u ja p lic in  in  p ro m o tin g  u r in a ry  e xc re tio n  o f  
copper. T he  reason fo r  the  h ig h  basal rates o f  a tr ia  fro m  ra ts  w h ic h  had  received 
b o th  coppe r and  p e n ic illa m in e  is n o t k n o w n .

In  general, the  changes in  co p p e r co n te n t o f  the  h e a rt p a ra lle le d  the  changes in  
responses to  ty ra m in e . T h is  re la tio n  was clearest in  ra ts  trea ted  w ith  y - th u ja p lic in , a 
p o w e rfu l coppe r ch e la to r b e lo ng in g  to  a class o f  com pounds , the  tro p o lo n e s , show n 
to  be p o te n t in h ib ito rs  o f  d o p am ine  hyd ro xy la se  in vitro  (G o ld s te in , L a u b e r &  
M c K e re g h a n , 1964). These d a ta  are cons is ten t w ith  the  hypo thes is  th a t ch e la ting  
agents lo w e r tissue ca techo lam ines due to  ch e la tion  o f  heavy rr  eta ls necessary fo r  
the  a c tiv ity  o f  enzym es in v o lv e d  in  ca techo lam ine  b iosynthesis .

T h is  w o rk  was supp o rte d  b y  the  g ra n t fro m  M e d ic a l Research C o u n c il o f  C anada 
and  a W a rn e r-L a m b e rt Research F e llo w s h ip . W e th a n k  D r .  L .  H . B o ck  o f  R a y o n ie r 
C anada (B .C .) L td . fo r  sam ples o f  po tass ium  p lica ta te  and  y - th u ja p lic in  and  M e rc k  
S harp  and  D o h m e  o f  C anada L td . fo r  p e n ic illa m in e .

F a cu lty  o f  P harm acy ,
U niversity  o f  B ritish  C olum bia ,
V ancouver  8 , B .C .,
Canada.

N o v e m b e r 1, 1968

*Present address: Department o f Pharmacology and Therapeutics, M cG ill University, 
Montreal.

D . G . W yse*
J. E . H a l l id a y
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Bradykinin antagonism by dimethothiazine
D im e th o th ia z in e  [ 10 -(2 -d im e th y la m in o p ro p y l)-2 -d im e th y ls u lp h a m o y lp h e n o th ia z in e ] 
is n o w  in  c lin ic a l use as an a n tih is ta m in e -a n ti-5 -h y d ro x y try p ta m in e  agent. J o u lo u , 
D u c ro t &  o thers  (1966) re p o rte d  th a t i t  had  fifte e n  tim es the  a c tiv ity  o f  a s p ir in  aga inst 
p a in  in duced  b y  in tra p e r ito n e a l in je c t io n  o f  b ra d y k in in  in  m ice b u t the re  appear to  
be no  o th e r studies o f  th is  effect. W e have com pared  the  b ra d y k in in  a n tagon ism  o f  
d im e th o th ia z in e  w ith  th a t o f  c y p ro h e p ta d in e  (G a rc ia  Lem m e &  R o ch a  e S ilva , 1965) 
in  several p re p a ra tio n s .

T he  ce n tra l ve in  o f  the  ra b b it  ear perfused  b y  the  m e th o d  o f  de la  Lan d e  &  R a n d
(1965) is e x ce p tio n a lly  sensitive to  k in in s  b u t responds to  fe w  o th e r substances 
(M a s h fo rd  &  H o ro w itz , 1968). O n  th is  p re p a ra tio n  b o th  d im e th o th ia z in e  and  c y p ro 
hep tad ine  show ed m ode ra te  a n tagon ism  to  the  effects o f  b ra d y k in in  (F ig . 1). The  
co n c e n tra tio n  o f  d im e th o th ia z in e  necessary to  p ro d u ce  a d e fin ite  e ffect was u s u a lly  
1 0 /xg /m l (F ig . la ) .  T he  n o n -c o m p e tit iv e  n a tu re  o f  th is  a n tagon ism  becam e ev id e n t 
a t h ig h e r co n ce n tra tio n s  w here  the re  was a d is tin c t re d u c tio n  o f  the  slope o f  the  dose- 
response p lo t. A  s im ila r  s itu a tio n  p e rta ined  w ith  cyp ro h e p ta d in e  (F ig . lb ) .  S ince 
the ra b b it ear ve in  responds to  fe w  agon ists  o th e r th a n  k in in s , the  sp ec ific ity  o f  the  
an tagon ism  c o u ld  n o t be tested, b u t b ra d y k in in  an tagon ism  was also dem onstra ted

B ra d y k in in  d o se  (n g )

F i g . 1. Dose-response curves o f rabbit isolated ear vein to bradykinin. a. Effect o f dimetho
thiazine. b. Effect o f cyproheptadine. © ------ © con tro l. O -------O 10/ig/m l o f drug. ■ ------- H
50 fig/m l o f drug in^a and 100 ftg/ml o f drug in  b.

F i g . 2. Responses o f superfused duodenum to bradykinin (BK) and carbachol (Carb). Add ition  
o f 1-0 /ng/ml dimethothiazine to the superfusion flu id  caused a relaxation and impaired subsequent 
response to bradykinin. Carbachol responses were unaltered.



52 letters to the editor, J. Pharm. Pharmac., 1969, 21, 52

Table 1. Antagonism o f various agonists by dimethothiazine and cyproheptadine in
some in vitro preparations

Degree o f antagonism
Dimethothiazine Cyproheptadine

Preparation Agonist pg/ml B-g/mlA
1 10 100 ' 1 10 100

Rabbit ear vein Bradykinin 0 + +  +  +  +  ± + +  +
Rat uterus Bradykinin 0 +  + + + +  0 +  + +  +  d

Angiotensin 0 0 0 0 0 +  +
Rat colon Bradykinin +  +  + + +  +  + —  + —

Angiotensin 0 0 ±  0 0 —
Rat vas deferens Bradykinin + +  +  —  

(50 /ig/m l) —
—• —

Acety Icholine 0 0 — — —
Rat duodenum Bradykinin _L -1- -L + + +  + —  0 _L +

Carbachol 0 0 ---  --- — —
Noradrenaline 0 — —  0 0 0

—  =  effect not tested.
0 =  no antagonism.
+  =  definite slight antagonism.

+  -r =  approximate halving o f  response. 
+  +  +  =  marked antagonism.

+  +  +  +  =  response abolished.

Mean blood 200
pressure 100
mm/Hg 0

Mean femoral 80
bLood flow 60
ml/min 40

Dimetti.
0-5mg

F ig . 3. Mean aortic blood pressure and mean femoral blood flow measured w ith an electro
magnetic flowmeter in an anaesthetized dog. Injections o f bradykinin (B) and eledoisin (E) 
into the femoral artery caused marked increase in femoral flow. Dimethothiazine 0-5 mg also 
increased flow but subsequent responses to bradykinin were much reducec; eledoisin responses 
were less effected.

w ith  several o th e r p re p a ra tio n s . These were the  ra t u te rus, duo d e n u m , vas deferens 
and co lo n . B o th  the  c o n tra c tile  effects as seen in  the  u te rus , c o lc n  and vas deferens 
and the  re la x a tio n  caused b y  b ra d y k in in  in  the  d u o d e n u m  were an tagon ized  b y  b o th  
agents. A lth o u g h  th e y  are also p o te n t an tagon is ts  to  h is tam ine  and 5-h t  the re  is 
some spec ific ity  since the  responses o f  the  va rio u s  p re p a ra tio n s  to  o th e r agon ists , 
such as ang io tens in , ca roacho l, and  ace ty lcho line , were n o t d im in ish e d  b y  the  presence 
o f  e ith e r c o m p o u n d  in  co n ce n tra tio n s  causing m a rke d  b lockade  o f  b ra d y k in in  
responses (T a b le  1). D im e th o th ia z in e  appears to  be a p a r t ia l k in in - l ik e  a gon is t in  
the  ra t  c o lo n  and  d u o d e n u m  as i t  caused c o n tra c tio n  and re la xa tio n  (F ig . 2) respect
iv e ly  on  its  f irs t  a p p lic a tio n . D im e th o th ia z in e  also had  a s im ila r  p a tte rn  re la tive  to  
b ra d y k in in  in  the  dog  fe m o ra l vascu la r bed, its  in je c tio n  causing a tra n s ie n t d ila ta t io n  
fo llo w e d  b y  a depression o f  responses to  b ra d y k in in  (F ig . 3).

D im e th o th ia z in e  thus  appears to  act as a p a r t ia l k in in - l ik e  a g o r is t in  a n u m b e r o f  
p re p a ra tio n s  and  to  p ro d u ce  a degree o f  n o n -c o m p e tit iv e  b lockade  in  a ll tissues 
exam ined. A t  doses u p  to  1 0 ^ ig /m l, the  b ra d y k in in  an tagon ism  was n o t due to  
non -spec ific  depression o f the  p re p a ra tio n s  since response to  ang io tens in  o f  u te ru s  and 
c o lo n , to  ca rb a ch o l o f  the  duo d e n u m , and to  a ce ty lcho line  in  the  vas deferens w ere
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u n im p a ire d . Inc reas ing  the  dose to  100 /xg /m l o fte n  depressed responses to  a ll 
agon ists . T he  b ra d y k  n in -in d u ce d  v a s o d ila tio n  in  the  dog  fe m o ra l vascu la r bed and 
the  re la x a tio n  o f  the  ra t d u o d e n u m  were a ffected b y  d im e th o th ia z in e  to  the  same 
ex ten t as the  c o n tra c tio n  responses o f  the  o th e r va rie ties  o f  sm o o th  m uscle s tud ied . 
I f  the  b ra d y k in in  b lo cka de  can be in te rp re te d  as some s o rt o f  in te ra c tio n  w ith  k in in  
recep to rs, these obse rva tions  p ro v id e  no  evidence o f  the  s o rt o f  he te rogene ity  revealed 
b y  an tagon is ts  in  the  case o f  ca techo lam ines.

D ep a rtm en t o f  H u m a n  P h ysio lo g y  a n d  P harm aco logy , J. D . H orowitz
U niversity  o f  A dela ide , M. L. Mashford
A dela ide, S o u th  A ustra lia .

O cto b e r 17, 1968
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5-Hydroxyindole compounds in the perfusates from frog head
A  series o f  in ve s tig a tio n s  o n  the  s ign ificance  and  ro le  o f  5 -h y d ro x y try p ta m in e  (5-ht) 
have been m ade in  vitro , in  w h ic h  the  c o n te n t o f  5-ht and  its  m e tabo lites  in  the  b ra in  o f  
dead a n im a ls  was m easured. W e have n o w  m ade experim ents  w ith  the  perfused  fro g  
head, w ith  th e  o b je c t o f  de tec ting  w h e th e r there  are in  the  perfusa te  an y  substances 
w ith  p ro p e rtie s  o f  5 -h yd ro xy in d o le s  (5 -O H  in d o le s ) and  a lso  w h e th e r th e ir  co n te n t 
changes a fte r a d m in is tra t io n  o f  substances w h ic h  in te rfe re  w ith  b iosyn thesis , lib e ra 
t io n  o r  m e ta b o lism  o f  5-ht.

M a le  frogs  (R a n a  escu len ta , L . )  were perfused  as described  b y  T re n d e len b u rg  (1938) 
w ith  s lig h t m o d ific a tio n s  : the  p e rfu s io n  f lu id  was a d m in is te red  th ro u g h  th e  tru n c u s  
a rte riosus  and  the  c o lle c tio n  o f  the  p e rfu s io n  f lu id  was v ia  a po lye th y le n e  tu b e  inse rted  
in  the  sinus venosus. A f te r  a 1 h  w ash ing  p e rio d , the  specimens o f  perfusa te  were 
co llec ted  d u r in g  the  n e x t 2  h . In  these samples 5 -O H  in do les  were estim ated  
f lu o r im e tr ic a lly  (A s h c ro ft &  S harm an, 1962). T he  fo l lo w in g  substances w ere  used :
5 -h y d ro x y try p to p h a n  (D L -5 -h y d ro x y try p to p h a n , A ld r ic h  C h em ica l C o .), reserp ine 
(Serpasil, C ib a ), a -m e th v ld o p a  (A ld o m e t, M e rc k ), c h lo rp ro m a z in e  (L a rg a c til, Specia) 
and  ip ro n ia z id  (M a rs il id ,  R oche). T he  doses o f  c h lo rp ro m a z in e  and  ip ro n ia z id  are 
expressed as the  free base, and  the  substances were a d m in is te red  subcu taneously.

I n  the  perfusates o f  un tre a te d  a n im a ls  we fo u n d  substances w ith  fluo rescen t 
p ro p e rties  o f  5 -O H  indo les , the  co n te n t o f  w h ic h  was a lte red  b y  a d m in is tra t io n  o f  the  
above m e n tio n e d  d rugs. T h e  resu lts are sum m arized  in  T a b le  1. 5 -H y d ro x y try p -  
to p h a n  in d u ced  a re m a rka b le  increase o f  the  co n c e n tra tio n  o f  the  to ta l 5 -O H  indo les. 
A f te r  reserp ine the re  was a lso a s ig n if ic a n t rise  o f  5 -O H  in d o le  com pounds in  the  
p e rfu s io n  f lu id . a -M e th y ld o p a  low e red  the  co n te n t o f  to ta l 5 -O H  indo les. P e rfu s io n  
f lu id  fr o m  fro g s  p re trea ted  w ith  c h lo rp ro m a z in e  show ed an  increased a m o u n t o f  5 -O H  
indo les . Samples fr o m  frogs  trea ted  w ith  ip ro n ia z id  showed n o  m easurable  flu o re s 
cence.

O u r resu lts  w ith  experim ents  in vivo  o b ta in e d  a fte r a d m in is tra t io n  o f  5 -h y d ro x y 
try p to p h a n , reserp ine and  a -m e th y ld o p a  are in  g o o d  agreem ent w ith  the  resu lts  o f  
re la ted  experim ents  in vitro  (U d e n fr ie n d , W eissbach &  B ogdansk i, 1957 ; P le tscher,
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T a b le  1. C oncen tra tion  o f  to ta l 5-O H  indoles in the p e r fu sa te s  o f  m a le  fr o g  head  
(co n c e n tra tio n  expressed as p g  5 -h yd ro xy in d o le a ce tic  a c id /m l pe rfusa te )

Dose Administered before P
Drug (mg/kg) perfusion 5-OH ir.doles (i-test)

Control Isotonic saline 2 h 0-110 ±  0-007* (8) t
5-Hydroxytryptophan 100 2 h 1-970 ±  0-290 (8) < 0-001
Control Isotonic saline 2 h 0-071 ±  0-008 (11)
Reserpine 20 2 h 0-180 ±  0-010 ( 10) < 0-001
Control Isotonic saline 1 h 0-071 ±  0-004 (6)
a-Methyldopa 75 1 h 0-026 ±  0-001 (6) < 0-001
Control Isotonic saline 1 h 15 m in 0-084 ±  0 004 (7)
Chlorpromazine 25 1 h 15 min 0-106 ±  0-003 (8) < 0-001
Control Isotonic saline 12 h 0-079 ±  0-005 (6)
Iproniazid 100 12 h no measurable 

fluorescence

* Values represent the means ±  standard error o f the mean, 
t  The figures in parentheses are numbers o f experiments.

Shore &  B ro d ie , 1955; G ia rm a n  &  Schanberg, 1961). O p in io n s  d if fe r  a b o u t the  a c tio n  
o f  c h lo rp ro m a z in e  o n  b ra in  5-ht (B a rt le t, 1960; P le tscher &  G ey, 1960). O u r 
fin d in gs  m a y  be re la ted  to  the  a c tio n  o f  ch lo rp ro m a z in e  in  decreasing the  p e rm e a b ility  
o f  the  storage site fo r  5-ht and th is  m ay be the  reason w h y  we o b ta ined  an increase o f  
5 -O H  indo les  in  the  perfusates. O u r resu lts  w ith  ip ro n ia z id  are u n usua l in  th a t we 
fa ile d  to  f in d  an y  de tectab le  fluorescence in  the  perfusates. O n  the  o th e r han d  
G e rtn e r, Paasonen &  G ia rm a n  (1957) observed an increased a m o u n t o f  5-ht in  the  
p e rfu s io n  f lu id  o f  the  iso la te d  ce rv ica l gan g lio n .

T w o  questions arise. F irs t ly ,  w h ic h  o f  the  5 -O H  indo les  are present in  perfusates, 
and  second ly, is the  b ra in  the  o n ly  source o f  these com pounds.

T h is  in v e s tig a tio n  was supp o rte d , in  p a rt, b y  the  F edera l F u n d  fo r  S c ien tific  
Research, G ra n t N o . 1819/2.

D ep a rtm en t o f  P harm aco logy , * *
M e d ic a l F acu lty , U niversity  o f  Z a g reb ,
Z a g reb , Yugoslavia

N o v e m b e r 4, 1968

* The Cleveland C linic Educational Foundation Research Fellow. Present Address: Research 
Division, Cleveland Clinic, Cleveland, Ohio 44106, U.S.A.
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The transport and life-span o f amine storage granules 
in bulbospinal noradrenaline neurons of the rat

I n  p re v io u s  studies o n  p e rip h e ra l sym p a th e tic  ad rene rg ic  nerves, accu m u la tio n s  o f  
n o ra d re n a lin e  in  d is to rte d  axons were seen p ro x im a l to  a l ig a t io n  w ith  the  use o f  
fluorescence h is to c h e m is try  (D a h ls tro m  &  Fuxe , 1964a; D a h ls tro m , 1965; K a p e lle r  
&  M a y o r , 1967). C o n v in c in g  evidence appears to  ex is t s u p p o rt in g  the  v ie w  th a t 
these a ccu m u la tio n s  are signs o f  a ra p id  and  steady p ro x im o -d is ta l tra n s p o rt o f  am ine  
storage g ranu les d o w n  the  axons (D a h ls tro m  &  H aggenda l, 1966 a ;  1967). T he  ra te  
o f  th is  tra n s p o rt was fo u n d  to  v a ry  in  d iffe re n t m am m a ls , ra n g in g  between 2 - 1 0  
m m /h . T h e  storage granu les are m a n u fa c tu re d  in  the  nerve ce ll bod ies and  tra n s 
p o rte d  v ia  the  axons to  the  nerve te rm in a ls , w here  th e y  fu n c t io n  as fac to ries  and 
stores fo r  the  tra n s m itte r . T h e ir  life -span  in  the  va rico s itie s  o f  the  nerve te rm in a ls  
has been ca lcu la ted  as a b o u t 5 weeks ( ra t)  to  10 weeks (ca t) (D a h ls tro m  &  H aggenda l, 
1966a).

In  the  ce n tra l nervous system (cn s) w idespread  systems o f  no ra d ren a lin e -, d o p a m in e - 
and  5 -h y d ro x y try p ta m :n e  (5 -H T )-con ta in ing  neurons have been described (D a h ls tro m  
&  Fuxe , 1964b). T he  sp ina l c o rd  has been show n  to  c o n ta in  n o ra d re n a lin e  and  
5 -H T -con ta in ing  nerve te rm in a ls  and  axons, the  ce ll bod ies o f  the  neurons be ing  
s itua ted  in  the  m e d u lla  o b lo n g a ta  (D a h ls tro m  &  Fuxe , 1965). A f te r  a tra n se c tio n  
o f  the  sp ina l c o rd , the  m onoam ines  b e lo w  the  section  d isappeared w ith in  a few  days 
(A n d é n , H aggenda l &  o thers, 1964). A b o v e  the  tra n se c tio n , increases in  n o ra d re n a lin e  
c o n te n t were observed b io c h e m ic a lly  (H aggenda l &  M agnusson , u n p u b lish e d  observa
t io n )  and , in  the  same year, fluorescence h is to ch e m ica l studies revealed a ccu m u la tio n s  
o f  n o ra d ren a lin e  and  5-ht w ith in  b u lg y , en larged axons p ro x im a l to  the  c u t (D a h l
s tro m  &  Fuxe , 1964c) T he  same phenom enon  also occu rred  in  o th e r m o n o a m in e  
neu rons  in  the  c n s  a fte r lesions (see e.g. A n d é n , D a h ls tro m  &  o thers, 1966).

T hus , in  the  c n s  also, a p ro x im o -d is ta l tra n s p o rt o f  granu les in  a ll p ro b a b ili ty  
occurs. W e  have n o w  a tte m p te d  to  estim ate  the  ra te  o f  th is  tra n s p o rt o f  n o ra d re n a 
lin e  storage granu les in  the  sp ina l co rd , and  to  ca lcu la te  th e ir  life -span .

In  n o rm a l ra ts  m o s t n o ra d ren a lin e  in  the  sp ina l co rd  is loca ted  in  the  nerve te rm in a ls  
and  o n ly  a sm a ll a m o u n t is fo u n d  in  the  axons (D a h ls tro m  &  F uxe , 1965). A c c u m u la 
tio n s  o f  n o ra d re n a lin e  above a section  w o u ld  th e re fo re  p ro b a b ly  be d if f ic u lt  to  
dem onstra te , since the  ne t increase w o u ld  p ro b a b ly  be c o m p a ra tiv e ly  sm a ll. F ro m  
several stud ies i t  is k n o w n  th a t tw o  days a fte r the  a d m in is tra t io n  o f  one la rge  dose o f  
reserp ine (g iv in g  a lo n g -la s tin g  o r  even irre ve rs ib le  b lo c k  o f  g ra n u la r storage m echan
ism s, D a h ls tro m  &  H aggenda l, 1966b) the  nerve te rm in a ls  are s t i l l  dep leted  o f  
n o ra d ren a lin e , w h ile  the  ce ll bod ies and  axons have a lready  recovered (D a h ls tro m , 
F u xe  &  H il la rp ,  1965 , D a h ls tro m  &  F uxe , 1965). In  the  p e rip h e ra l ne rvous system 
i t  was observed th a t the  am oun ts  o f  n o ra d re n a lin e  accum u la ted  above a 6  h r  l ig a t io n  
o f  the  sc ia tic  nerve had  re tu rn e d  to  a b o u t n o rm a l levels o n  the  second to  th ir d  day 
a fte r the  reserp ine tre a tm e n t. T h e re fo re , a ll ra ts  used in  the  presen t experim ents  
w ere  g iven  reserp ine (10 m g /k g  i.p .)  4 days b e fo re  death.

T he  sp in a l c o rd  o f  one g ro u p  o f  ra ts  was sectioned a t the  leve l o f  T h  6 -7  u n d e r 
e the r anaesthesia 12 o r  24 h  be fo re  death . A f te r  dea th  one cm  o f  the  sp ina l co rd  
ju s t  above the  tra n se c tio n  was dissected and  assayed (2 o r  4  to g e th e r) fo r  n o ra d re n a lin e  
c o n te n t (H aggenda l, 1963). A n o th e r  g ro u p  o f  an im a ls  in  w h ic h  the  sp ina l c o rd  was 
n o t sectioned, had  one cm  pa rts  o f  the  th o ra c ic  c o rd  dissected, p o o le d  (5 -1 0  to g e th e r), 
and ana lysed fo r  no ra d ren a lin e .

T he  n o ra d re n a lin e  c o n te n t in  the  one cm  p a r t rose s tead ily  fro m  3-5 ±  0-55 ng  in  
u n o p e ra ted  ra ts , to  4-4 ±  0 T 5  ng  12 h  a fte r section  and  to  6-0 ±  0-30 ng  in  ra ts
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transected  24 h  e a rlie r (m ean va lues ±  s ta n d a rd  e rro rs , n  =  4). T h e  g ra d u a l 
increase o f  n o ra d re n a lin e  (F ig . 1) fo llo w e d  a cu rve  s im ila r  to  the  one observed fo r  
sc ia tic  nerve (D a h ls tro m  &  H aggenda l, 1966a). H ow eve r, the  in c lin a tio n  o f  the  cu rve  
was less fo r  the  sp ina l c o rd  th a n  fo r  the  sc ia tic  nerve, in d ic a tin g  a s low er ra te  o f  
tra n s p o rt o f  the  am ine  granu les. F o r  the  sp ina l c o rd  th is  ra te  o f  tra n s p o rt was 
ca lcu la ted  to  be 0-7 m m /h . T hus , i t  seems th a t the  tra n s p o rt o f  n o ra d re n a lin e  
granu les in  the  ce n tra l n o ra d ren a lin e  neu rons is m u ch  s low er th a n  in  the  p e rip h e ra l 
sym p a th e tic  n e u ro n  (5 m m /h  in  the  ra t).

A s  seen fro m  the  da ta , a b o u t 2-5 ng  o f  n o ra d ren a lin e , p ro b a b ly  s to red  w ith in  
g ranu les, was tra n s p o rte d  d o w n  the  sp in a l c o rd  each 24 h. T o  get in fo rm a tio n  on  
the  a p p ro x im a te  n u m b e r o f  nerve te rm in a ls  these transected axons w o u ld  have  to  
s u p p ly  w ith  granu les, toe  sp in a l c o rd  b e lo w  the  leve l o f  T h  6 was assayed in  n o rm a l, 
un tre a te d  ra ts . T h e  n o ra d ren a lin e  co n te n t in  th is  p a r t  o f  the  sp ina l c o rd  was fo u n d  
to  be 78 i t  6-8  ng  (m ean ±  s.e. n  =  7). A c c o rd in g  to  the  ca lcu la tio n s  m ade in  
experim ents  w ith  the  sym p a th e tic  n e u ro n  system  o f  the  sc ia tic  nerve (see D a h ls tro m  
&  H aggenda l, 1966a) the  life -span  o f  am ine  storage granu les in  the  sp ina l c o rd  was 
fo u n d  to  be a b o u t 31 days (com pare  35 days in  th e  p e r ip h e ra l nervous system ).

R eserp ine, used as a to o l in  th is  s tudy , m ay, how ever, to  some ex ten t in flu e nce  the  
tra n s p o rt o f  the  granules. D u r in g  the  a c c u m u la tio n  p e rio d , th a t is, the  fo u r th  da y  
a fte r resperp ine a d m in is tra t io n , the re  m a y  be a s lig h tly  increased ra te  o f  a c c u m u la tio n , 
as seems to  be the  case above a c o n s tr ic t io n  o f  p e rip h e ra l ad renerg ic  nerves (D a h l
s tro m  &  H aggenda l, to  be p u b lish e d ). T h e  increase appears, how ever, to  be a b o u t 
140% o f  n o rm a l.
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T im e  a f te r  tra n s e c t io n  (h )

F ig . 1 The accumulation o f noradrenaline in  the 1 cm part o f thoracic spinal cord just above 
a transection at the level o f Th 6-7. A ll the animals were k illed on the fourth day after a single 
dose o f reserpine (10 mg/kg, i.p.). The values are given in  means + ,  indicated by vertical bars. 
Four estimations were made in all cases.

I t  was e a rlie r fo u n d  th a t a fte r one la rge  dose o f  reserp ine, the  recove ry  o f  n o r 
a d rena line  to  100% o f  n o rm a l levels was com p le ted  a fte r a b o u t 5 weeks in  the  ra t  
and  a fte r a b o u t 7 weeks in  the  ra b b it,  b o th  in  p e rip h e ra l tissues and  in  the  cns  
(D a h ls tro m  &  H aggenda l, 1966b). S ince the  recove ry  fo llo w e d  an a p p ro x im a te ly  
s tra ig h t lin e  w ith  tim e , and  since the  tim e  needed fo r  fu l l  recove ry  co inc ided  w ith  the  
ca lcu la ted  life -span  o f  granu les in  the  p e rip h e ra l ad renerg ic  neu rons in  b o th  species, 
i t  was suggested th a t a la rge  dose o f  reserp ine b lo cke d  the  storage m echan ism  o f  the  
granu les ir re v e rs ib ly  a n c  th a t the  d o w n  tra n s p o rt o f  n e w ly  synthesized granules ( f ro m  
the  ce ll b o d y  to  the  te rm in a ls ) was essential fo r  recove ry  o f  n o ra d ren a lin e  levels in  the
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te rm in a ls . S ince the  recove ry  tim e  a fte r reserp ine was th e  same in  the  cns as in  the  
p e r ip h e ra l ad rene rg ic  neu rons , i t  was suggested th a t in  the  cns also the  g ra n u la r 
life -span  was a b o u t 5 weeks. T h u s , the  resu lts  o b ta in e d  in  the  presen t experim ents  
are in  agreem ent w ith  e a rlie r find ings .

I t  m a y  be m e n tio n e d  th a t p re lim in a ry  experim ents  w ith  the  a c c u m u la tio n  o f  5-ht 
in the  sp in a l c o rd  have revealed a h ig h e r ra te  o f  tra n s p o rt o f  p re su m a b ly  5-ht- 
s to r in g  granu les th a n  o f  n o ra d re n a lin e  granu les in  rese rp in ized  ra ts .

T he  presen t experim ents , to g e th e r w ith  p re v io u s  ones in d ic a te  th a t the  life -sp a n  o f  
the  am ine  storage granu les to g e th e r w ith  the  size o f  the  nerve te rm in a l ne t o f  the  
neurons co n s titu te  im p o r ta n t fa c to rs  in  re g u la tin g  the  ra te  o f  fo rm a tio n  and  the  ra te  
o f  p ro x im o -d is ta l tra n s p o rt o f  am ine  storage granu les in  b o th  ce n tra l and  p e rip h e ra l 
ad rene rg ic  neurons.

T h is  s tu d y  was su p p o rte d  b y  the  Swedish State M e d ic a l R esearch C o u n c il (B 6 8 - 
14x-166-04 and  B68-14x-2207-02), and  b y  g ran ts  fr o m  the  F a c u lty  o f  M e d ic in e , 
U n iv e rs ity  o f  G ö te b o rg . F o r  s k i lfu l te ch n ica l assistance we are in d e b te d  to  M iss  
B irg it ta  P a rkn e r.

D ep a r tm e n t o f  P harm aco logy , C . Jan H äggendal
D ep a rtm en t o f  H is to lo g y , Annica B. D ahlström
U niversity  o f  G öteborg,
G öteborg, Sw eden .
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Effect o f gastrin I and caerulein on gastric acid 
secretion in rats

A nastas i, E rspam er &  E ndean (1967) iso la ted  a p o ly p e p tid e  fro m  the  s k in  o f  an 
A u s tra lia n  a m p h ib ia n  H y la  caerulea, w h ic h  they  ca lled  “ cae ru le in ” . C a e ru le in  
[P y r .G ln .A s p .T y r (S 0 3H ) .fh r .G ly .T rp .M e t .A s p .P h e - N H 2] is a dekapep tide  am ide  
( M  1352), whose C -te rm in a l te tra p e p tid e  am ide  is the  same as th a t o f  gas trin .

C ae ru le in  has a p o w e rfu l s tim u la tin g  effect o n  several exocrine  organs o f  the  
g a s tro in te s tin a l t ra c t and  has been re p o rte d  to  be m ore  active  on  gas tric  ac id  secre tion  
in  ra ts  and  dogs th a n  g a s tr in  (E rspam er, B e rta cc in i &  o thers, 1967). A c c o rd in g  to  
M an tegazza , N a im z a d a  &  R iv a  (1968), w ith  cae ru le in  “ a c lear dose-response re la t io n 
sh ip  was n o t o b ta in e d  due to  the  in d iv id u a l v a r ia t io n  in  se n s itiv ity  to  the  p e p tid e ” .

In  the  perfused  ra t  s tom ach  p re p a ra tio n  (L a i, 1964) we estab lished a dose-response 
re la tio n  fo r  syn th e tic  hu m a n  g a s tr in  I  and  caeru le in . T he  in fu s io n  tim e  was 15 m in  
fo r  each dose (F ig . 1), T he  th re s h o ld  doses w ere < 2  X  10-12 m o le /k g  m in -1  fo r  
cae ru le in  and  < 1  X 10-10 m o le /k g  m i n 1 fo r  g a s tr in  I .  F ro m  the  dose-response 
curves i t  can be ca lcu la ted  th a t cae ru le in  is o n  a m o la r basis a b o u t 45 tim es, a n d  on  
a w e ig h t basis a b o u t 70 tim es, m o re  active  th a n  g a s tr in  I .

X I0 ~ 12 m o le /k g  m in - i

Fig . 1. Dose-response curves fo r synthetic human gastrin I  □ -------□  and caerulein O -------O in
rats. Each point on the curves represents the mean value o f 6 experiments in different animals. 
Vertical bars: s.e.

M o r le y , T ra c y  &  G re g o ry  (1965) assayed m a n y  syn the tic  pep tides resem b ling  
g a s tr in  I .  T h e y  w ere unab le  to  de tect one w h ic h  was m ore  ac tive  th a n  g a s tr in  I .  
S ten ing  &  G rossm an  (1968) c o u ld  n o t  estim ate  re la tive  potencies fo r  g a s tr in  I  and  
cae ru le in  in  gas tric  f is tu la  dogs since the  dose-response curves w ere n o t p a ra lle l o ve r 
a dose range o f  1 -4  /xg /kg  fo r  g a s tr in  and  o f  0 -03-0-75 /xg /kg  fo r  caeru le in . 0-75 /xg /kg  
cae ru le in  was less ac tive  th a n  1 /xg /kg  g a s tr in  I .

O u r resu lts  dem onstra te  a c lea r dose-response re la tio n  fo r  b o th  g a s tr in  I  and  
cae ru le in  fo r  gas tric  ac id  secre tion  in  ra ts . F ro m  the  da ta  g iven  b y  S ten ing  &



G rossm an  (1968) i t  can be ca lcu la ted  th a t in  dogs ca e ru le in  is less active  th a n  g a s tr in  I  
o r  I I  on  a m o la r  basis.

G a s tr in  I  was pu rchased  fro m  the  A m e ric a n  G a s tro e n te ro lo g ic a l A sso c ia tio n , 
cae ru le in  was k in d ly  dona ted  b y  P ro fessor B e rta cc in i (P a rm a , I ta ly )  and  supp lied  
as a m e th a n o lic  e x tra c t fro m  the  s k in  o f  H y la  caerulea  c o n ta in in g  55 jug /m l caeru le in . 

T he  techn ica l assistance o f  M r .  W . Beer is g ra te fu lly  acknow ledged .

D ep a rtm en t o f  P harm aco logy , K . - F r . Sewing
U niversity  o f  Tubingen , Margitta Albinus
7400 Tiibingen,
W ilhe lm stra sse  56,
G erm any.

O cto b e r 9, 1968
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On the mechanism o f lipomobilizing effect o f chlordiazepoxide
P re v io u s ly , A r r ig o n i M a r te l l i  &  T o th  (1968) have show n th a t ch lo rd ia ze p o x id e  p ro 
vokes hype rg lycaem ia  p o ss ib ly  th ro u g h  an a c tiv a tio n  o f  ad rene rg ic  m echanism s. 
T he  p o te n t ia t io n  o f  hype rg lycaem ia  observed in  ra ts  trea ted  w ith  c h lo rd ia ze p o x id e  
and  th e o p h y llin e  o r  w ith  ch lo rd ia ze p o x id e  and  c yc lic  3',5'-amp led us to  suppose th a t 
c h lo rd ia ze p o x id e , l ik e  th e o p h y llin e  (B u tch e r &  S u the rland , 1962), in te rfe res  in  som e o f  
the  b io ch e m ica l steps connec ting  the  release o f  n o ra d re n a lin e  w ith  phosphory lase  
a c tiv a tio n . S ince th e o p h y llin e , th ro u g h  a b lo cka de  o f  phosphod iesterase, enhances 
lip o ly s is  (H y n ie , K r is h n a  &  B ro d ie , 1966), we decided to  exam ine  the  effects o f  c h lo r
d iazepox ide  o n  free  fa t ty  ac id  m o b iliz a tio n .

Fem ale  a lb in o  ra ts , W is ta r  s tra in , w e ig h in g  a b o u t 250 g were used. P lasm a free 
fa t ty  acids (ffa) w ere d e te rm ined  acco rd in g  to  D o le  (1966). T he  e xp e rim en ta l design 
and  the  resu lts  o b ta in e d  are re p o rte d  in  T a b le  1. C h lo rd ia z e p o x id e  (40 m g /k g , i.p .)  
p roduced  a susta ined e le va tion  o f  the  p lasm a ffa le v e ls ; a s im ila r  e ffect was e lic ite d  
b y  th e o p h y llin e  (2 0  m g /k g , i.p .) .

T he  l ip o m o b iliz in g  effect o f  n o ra d ren a lin e  was p o te n tia te d  b y  p re tre a tm e n t o f  ra ts  
w ith  ch lo rd ia ze p o x id e  o r  w ith  th e o p h y llin e . C y c lic  3',5'-amp (10 m g /k g , i.p .)  had  
n o  e ffect o n  p lasm a ffa levels. W h e n  the  same dose was g iven  to  ra ts  p re trea ted  
w ith  ch lo rd ia ze p o x id e  the  ffa levels rose a b o u t 3 -fo ld . L ike w ise , in  ra ts  p re trea ted  w ith  
th e o p h y llin e , c y c lic  3 ', 5'-amp p ro d u ce d  a s ig n if ic a n t e le va tion  o f  p lasm a ffa. T he



T a b le  1. E ffe c t o f  ch lo rd ia zep oxide  a n d  theophylline  on p la sm a  ffa
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FFAfi-equiv/ml ±  s.e.*
Time Time r A

1st treatment nterval 2nd treatment interval Plasma A  due to
mg/kg min mg/kg min level treatment

None None None None 0-29 ±0-05
Chlordiazepoxide, 40, i.p. 33 , , 60 0-68+0-07 0-39+0-06

33 33 55 33 33 90 0-53+0-06 0-24+0-04
„ 33 33 33 33 120 0-47+0-05 0-18 +  0-06

Theophylline, 20, i.p. 33 „ 60 0-69+0-06 0-40+0-05
»5 3 3 3 3 >3 33 90 0-57 +  0-04 0-28 +  0-09
55 3 3 3 3 33 33 120 0-50+0-05 0-21+0-06

Noradrenaline, 0-05, s.c. 33 S3 60 0-76+0-08 0-47+0-06
Chlordiazepoxide, 40, i.p. 30 Noradrenaline, 0-05, S.C. 60 1-23+0-12 0-94+0-11
Theophylline, 20, i.p. 30 Noradrenaline, 0-05, s.c. 60 1-31+0-06 1-02+0-05
Cyclic 3 ',5 '-AM P 10, i.p. — — 60 0-30+0-04 0-01 ±0-003
Chlordiazepoxide, 40, i.p. 60 Cyclic 3 ',5 '-AM P, 10, i.p. 60 0-85+0-09 0-56+0-07
Theophylline, 20, i.p. 60 Cyclic 3',5 '-A M P  10, i.p. 60 0-86 +  0-09 0-57+0-08
Theophylline, 20, i.p. 30 Chlordiazepoxide, 40, i.p. 60 1-03+0-10 0-74+0-09
Chlordiazepoxide, 40, i.p. 30 Theophylline, 20, i.p. 60 0-97+0-08 0-68+0-07

* Mean from  12 rats.

l ip o m o b iliz in g  e ffect o f  ch lo rd ia ze p o x id e  was a lm o s t d o u b le  in  ra ts p re trea ted  w ith  
th e o p h y llin e , and  vice  versa.

N o ra d re n a lin e  raises the  cyc lic  3',5'-amp and  hence lipase a c t iv ity :  th e o p h y llin e , b y  
b lo c k in g  phosphod iesterase, preven ts the  in a c tiv a tio n  o f  cyc lic  3',5'-amp and hence 
o f  ad ipose tissue lipase (H y n ie  &  o thers , 1966). T he  su rp ris in g  s im ila r ity  o f  the  
effects o f  ch lo rd ia ze p o x id e  and  th e o p h y llin e  on  p lasm a ffa levels, l ik e  th a t observed 
on  b lo o d  glucose levels (A r r ig o n i M a r te l l i  &  T ó th , 1968), suggests th a t these tw o  
d rugs act th ro u g h  a s im ila r  m echanism .

D ep a rtm en t o f  P harm aco logy , E . Arrigoni Martelli
I s titu to  B io log ico  C hem io terap ico  “A B C ” , N. Corsico
Turin , I ta ly .
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Noradrenaline turnover in renal hypertensive rats
V a rio u s  types o f  e xp e rim e n ta l h y p e rte n s io n  are th o u g h t to  be associated w ith  a lte ra 
tio n s  in  the  m e ta b o lis m  o f  ca techo lam ines. T hus , the  levels o f  endogenous n o ra d re n 
a line  were reduced and  the  fa l l  in  specific  a c t iv ity  a fte r in je c t io n  o f  [3H ]n o ra d re n a lin e  
was grea te r and  m ore  p ro lo n g e d  in  the  hearts  o f  ra ts  m ade hype rtens ive  w ith  desoxy- 
co rtico s te ro n e  and  a h ig h  sa lt d ie t th a n  in  n o rm a l ra ts  (C h a m p la in , K r a k o f f  &  A x e lro d  
1966; K ra k o f f ,  C h a m p la in  &  A x e lro d  1967a, b ). S im ila r  resu lts  w ere o b ta in e d  w hen 
h yp e rte n s io n  was in duced  b y  k id n e y  ca p su la tio n  fo llo w e d  b y  c o n tra la te ra l n e p h re c to m y  
in  ra ts  (V o lic e r, Scheer &  o the rs  1968) o r  b y  s in o a o rtic  de n e rva tio n  in  ra b b its  (D e - 
Q u a ttro , M a ro n d e  &  o the rs  1968).

In  the  course o f  studies on the  an tih yp e rte n s ive  e ffect o f  a -m e th y ld o p a , I  observed 
n o rm a l levels o f  endogenous m onoam ines  in  re n a l hype rtens ive  ra ts  (H e n n in g  1967). 
O b v io u s ly , th is  f in d in g  does n o t exclude an a lte ra t io n  in  the  tu rn o v e r o f  these am ines. 
S tudies o f  th is  k in d  m a y  c o n ve n ie n tly  be m ade b y  m eans o f  in h ib ito rs  o f  m o n o a m in e  
synthesis (A n d é n , C o rro d i &  F uxe  1968). I t  has been fo u n d  th a t the  re d u c tio n  o f  
n o ra d ren a lin e  in  va rio u s  tissues a fte r in h ib it io n  o f  ty ro s in e  hyd ro xy la se  b y  a -m e th y l-p - 
ty ro s in e  m e th y l ester (H 4 4 /6 8 ) is la rg e ly  dependent on  the  nerve im p u lse  f lo w  (C o rro d i 
&  M a lm fo rs  1966; A n d é n , C o r ro d i &  o thers  1966). T h is  m e th o d  has been used in  the  
presen t in v e s tig a tio n  to  com pare  the  tu rn o v e r o f  n o ra d re n a lin e  in  va rio u s  organs o f  
n o rm a l and  re n a l hype rtens ive  ra ts.

T he  hype rtens ive  ra ts  used in  th is  s tu d y  w ere ra n d o m ly  selected fro m  a p o p u la t io n  o f  
m a le  S p rague -D aw ley  an im a ls  w h ic h  had  been m ade hypertens ive  b y  p a r t ia l in fa rc t
io n  o f  one k id n e y  in  c o m b in a tio n  w ith  c o n tra la te ra l n e p h re c to m y (S okabe &  G ro llm a n  
1963; H e n n in g  1967). B lo o d  pressure was checked in  some o f  the  ra ts  b y  d ire c t 
re c o rd in g  in  the  conscious state fr o m  a ca the te r p re v io u s ly  im p la n te d  in  the  th o ra c ic  
a o rta  (H e n n in g  1967). N in e  o u t o f  the  22 hype rtens ive  ra ts  used had  a m ean a rte r ia l

T a b le  1. Tissue noradrenaline levels in norm o tensive  an d  rena l h ypertensive  ra ts  
n o rm a lly  a n d  a fte r  tre a tm en t w ith  u -m e th y l-p -ty ro s in e  m e th y l es ter  (H 4 4 /6 8 ) 
as indicated . T he  values are m eans in  ¡ig /g  tissue and  the  sm a ll figures 
in d ica te  n u m b e r o f  experim ents . P values were ca lcu la ted  w ith  ana lysis o f  
v a r ia n c e ; n.s. =  n o t s ig n if ic a n t

Brain
Spinal
cord Heart

Femoral
muscle

Salivary
gland

A. Norm al rats, no treatment 0-502
(5)

0-315
(5)

1-158
(5)

0-090
(5)

1-651
(5)

B. Norm al rats, 4 h after H44/68, 
250 mg/kg, i.p.

0-245
(6)

0-188
(6)

1-041
(6)

0-095
(5)

1-075
(6)

C. Hypertensive rats, no treatment 0-549
(5)

0-309
(5)

1-123
(5)

0-107
(5)

1-728
(5)

D . Hypertensive rats, 4 h after 
H44/68, 250 mg/kg, i.p.

0-316
(6)

0-207
(6)

0-730
(6)

0-074
(6)

1-598
(6)

Variance w ith in  groups A -D  : 0-0012 0-0013 0-0212 0-0002 0-0441
P value, % ; A -B  : < 0-1 < 0-1 n.s. n.s. < 0-1

A -C : n.s. n.s. n.s. n.s. n.s.
A -D : < 0-1 < 0-1 < 0-1 n.s. n.s.

B -C : < 0-1 < 0-1 n.s. n.s. < 0-1

B -D : <0-5 n.s. <0-5 <2-5 < 0-1

C -D : < 0-1 < 0-1 < 0-1 <0-5 n.s.
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b lo o d  pressure o f  160 m m  H g  (s.e. =  5-5). N o rm a l and  hypertens ive  ra ts  180-250 g 
were in jec ted  in tra p e rk o n e a lly  w ith  H 44 /68 , 250 m g /k g , d isso lved in  saline. A f te r  
4 h , the an im a ls  were k i lle d  b y  e xsa n g u in a tio n  u n d e r l ig h t c h lo ro fo rm  anaesthesia. 
B ra in , sp ina l co rd , h ea rt, le f t  s u b m a x illa ry  g land  and  fe m o ra l m uscle were dissected 
and  analysed fo r  n o ra d ren a lin e  (B e rtle r , C a rlsson  &  Rosengren 1958). T h e  o rgans 
fro m  tw o  an im a ls  w ere p o o led . A n a lys is  o f  va riance  (D av ies 1949), w ith  P values 
equa l to  o r  less th a n  0-025 were regarded  as s ign ifican t.

T he  n o ra d ren a lin e  co n te n t o f  the  b ra in  and  the  sp ina l c o rd  was the  same in  n o rm a l 
and  hypertens ive  ra ts  and  was low e red  to  a b o u t the  same e x ten t b y  tre a tm e n t w ith  
H 44 /68  (T ab le  1). H e a rt and  fe m o ra l m uscle n o ra d re n a lin e  levels were a lso the  same 
in  u n tre a te d  an im a ls  fr o m  the  tw o  groups. H ow eve r, in  b o th  h ea rt and  m uscle , 
H 44 /68  low ered  n o ra d ren a lin e  s ig n if ic a n tly  m o re  in  hypertens ive  ra ts  th a n  in  n o rm a l 
an im a ls . S a liva ry  g lands were dep leted s ig n if ic a n tly  in  n o rm a l ra ts  b u t n o t in  
hypertens ive  a n im a ls ; :he  d iffe rence  betw een the  tw o  g roups was s ta t is t ic a lly  s ig n i
fica n t.

I f  the  lo w e rin g  o f  n o ra d ren a lin e  a fte r ty ro s in e  h yd roxy lase  in h ib it io n  m a in ly  
depends on nerve im p u lse  f lo w  (C o rro d i &  M a lm fo rs  1966; A n d é n  &  o thers  1966; 
A n d é n , C o rro d i &  F uxe  1968), the  present resu lts  in d ica te  th a t re n a l h yp e rtens ion  in  
ra ts  is associated w ith  an  increased im pu lse  f lo w  in  the  sym pa the tic  nerves to  the  h e a rt 
and  fe m o ra l m uscle, w hen  com pared  to  n o rm a l an im a ls . B y the  same reason ing , a 
decreased sym pa the tic  a c tiv ity  m ay ex is t in  the  case o f  the  sa liva ry  g lands. In  o u r 
experim ents , the  basal levels o f  endogenous n o ra d ren a lin e  were the same in  n o rm a l 
and  hypertens ive  an im a ls . T h is  is in  co n tra s t to  the  obse rva tions b y  C h a m p la in  &  
o thers  (1966) and  K r a k o f f  &  o thers  (1967a, b ) b u t in  agreem ent w ith  those o f  V o lic e r  &  
o the rs  (1968) w ho  used ra ts  w ith  a typ e  o f  h yp e rte n s io n  s im ila r  to  th a t induced  in  the  
present experim ents . T he  changes in  the  storage and  release o f  n o ra d ren a lin e  fo u n d  
b y  the  above -m en tioned  in ve s tig a to rs  m a y  be in te rp re te d  in  te rm s o f  an  increased 
im pu lse  f lo w  in  the  sym pa the tic  nerves. O n  the  o th e r hand , the  resu lts  o f  the  present 
s tu d y  d o  n o t exclude an  a lte ra tio n  in  the  tra n sm iss io n  m echanism s in  these nerves, as 
suggested b y  these au tho rs . F u rth e r, the re  m a y  be d ifferences betw een va rio u s  types 
o f  e xp e rim en ta l hype rtens ion .

I  am  g re a tly  in deb ted  to  M is s  In g e r Pettersson fo r  s k i lfu l techn ica l assistance. The  
w o rk  was supp o rte d  b y  g ran ts  fro m  the Swedish State M e d ic a l Research C o u n c il 
(N o  B 68  1 4 X -1 5 5 -0 4 B ), the  Swedish N a tio n a l A s s o c ia tio n  aga inst H e a rt and C hest 
Diseases, T he  F a c u lty  o f  M e d ic in e , U n iv e rs ity  o f  G ö te b o rg  and “ Läkem ede ls in - 
in d u s tr ifö re n in g e n ” , S to ckh o lm . H 44 /68  was k in d ly  supp lied  b y  D r  H . C o rro d i, 
Hässle L td . ,  G ö te b o rg .

D ep a rtm en t o f  P harm aco logy , M a t ts  H e n n in g
U niversity o f  G öteborg,
F ach , 400 33 G öteborg  33,
Sw eden.

N o ve m b e r 12, 1968
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Enhancement o f the convulsant action of 
thiosemicarbazide in mice

R ese rp ine -like  agents enhance seizure s u c e p ta b ility  to  le p ta zo l (C hen, E n s o r &  
B oh n e r, 1954) and reduce the  effectiveness o f  m ost, i f  n o t a ll, a n tico n vu lsa n ts  in  
m ice (C hen  &  o thers, 1954; G ra y , R a u h  &  o thers, 1958, 1963; M e n n e a r &  R u d z ik ,
1966). I  have n o w  m ade experim ents  o n  the  effects o f  tw o  ca techo lam ine -dep le ting  
agents on  the  co n vu lsan t a c tiv ity  o f  th iosem ica rbaz ide .

M a le  a lb in o  m ice  (H a r la n  In d u s trie s ), 18 -22  g, were housed in  g roups  o f  25 be fo re  
e xp e rim e n ta tio n  and  then  in d iv id u a lly  a fte r in tra p e r ito n e a l in je c t io n  o f  100  m g /k g  
o f  th iosem ica rbaz ide . T en  m ice  w ere used in  each e xp e rim e n ta l g ro u p .

a -M e th y lty ro s in e , suspended in  c o rn  o il,  was a d m in is te re d  in tra p e r ito n e a lly  in  
th ree  d a ily  doses o f  150 m g /k g . N in e ty  m in  a fte r the  a d m in is tra t io n  o f  the  th ir d  
dose the  m ice  rece ived an in tra p e r ito n e a l in je c tio n  o f  th iosem ica rbaz ide . T he  
second ca techo lam ine  d e p le to r, R o4-1284 (2 -e th y l-1,2,3,4,6,7 -h e xa h yd ro -2 -h yd ro xy -3 - 
is o b u ty l-9 ,1 0 -d im e th o x y - l lb i/ -b e n z o q u in o liz in e ) , was a d m in is te red  in  an in t ra 
p e rito n e a l dose o f  2 0  m g /k g  s im u lta n e o u s ly  w ith  the  dose o f  th iosem ica rbaz ide . 
T h ree  end p o in ts  were m e a su re d ; the  onset tim e  fo r  c lo n ic  se izu res; the  onset tim e  
fo r  to n ic  seizures and  the  tim e  o f  death.

T h e  resu lts  sum m arized  in  T a b le  1 show  the  p o te n t ia t in g  effect o f  R o4-1284 o n  the  
co n vu lsa n t a c tio n  o f  th iosem ica rbaz ide . In  c o n tro l m ice  the  m ean la tency  tim e  fo r  
the  onset o f  the  in i t ia l  c lo n ic  seizure was 41 ±  4 m in  and  to n ic  seizures deve loped

T a b le  1. E ffe c t o f  R o 4 -1 2 8 4 * a n d  o .-m e th y lty ro s in e î ( y - M T )  on th e  convu lsan t 
action  o f  th io sem icarbazide f

Ro4-1284* a-■Methyltyrosine
A

End point

(

Treatment

M in  to 
end point 
±  s.e. P Treatment

M in  to 
end point 

±  s.e. P
Clonic seizure Control

Ro4-1284
41 ± 4  
30 ±  2

<0-05 Control
a-M T

31 ±  2 
36 ±  4

n.s.

Tonic seizure Control
Ro4-1284

46 ±  4 
30 ±  2

< 0 0 1 Control
a-M T

36 ±  2 
36 ±  4

n.s.

Death Control
Ro4-1284

54 ±  2 
30 ±  2

< 0-001 Control
a-M T

49 ±  3 
37 ±  4

<0-05

* 20 mg/kg i.p. f  100 mg/kg i.p. Î  150 mg/kg/day fo r 3 days.



64
a fte r a fu r th e r  la tency  o f  a p p ro x im a te ly  5 m in . In  these an im a ls  the  in i t ia l  to n ic  
seizure was se ldom  te rm in a l and  th e  m ean s u rv iv a l tim e  a fte r the  onset o f  seizure 
a c tiv ity  was 13 m in . In  m ice p re trea ted  w ith  R o4-1284 the  effects o f  th io se m i- 
ca rbaz ide  w ere p ro d u ce d  s ig n if ic a n tly  sooner th a n  a fte r the  a d m in is tra t io n  o f  the 
co n vu lsan t a lone. T h e  in i t ia l  c lo n ic  seizure appeared a fte r o n ly  30 ±  2  m in  and  
proceeded im m e d ia te ly  in to  the  to n ic  phase. S im ila r ly , a ll an im a ls  w h ic h  h a d  received 
b o th  R o4-1284 and  th iosem ica rbaz ide  d ied  d u r in g  th is  in it ia l  co nvu ls ive  episode.

U n lik e  R o4-1284, a -m e th y lty ro s in e  d id  n o t s ig n if ic a n tly  a lte r  the  onset t im e  o f  
the  in i t ia l  c lo n ic  seizure induced  b y  th iosem ica rbaz ide  (T a b le  1). A  s tr ik in g  
s im ila r ity  betw een the  effects o f  a -m e th y lty ro s in e  and  R o4-1284 was h o w e ver n o ted . 
T h e  in i t ia l  c lo n ic  seizure in  the  a -m e th y lty ro s in e -tre a te d  an im a ls  u n ifo rm ly  p roceeded 
d ire c tly  in to  the  to n ic  phase o f  the  seizure p a tte rn . A ls o , a ll b u t one o f  the  a -m e th y l
ty ro s in e -tre a te d  an im a ls  d ied  d u r in g  the  f irs t  seizure. T h e  a n im a l w h ic h  d id  n o t  d ie  
d u r in g  the  in it ia l  seizure su rv ive d  o n ly  3 m in  a fte r the  onset o f  convu ls ive  a c tiv ity . 
T h e  m ean s u rv iv a l tim e  a fte r onset o f  co n vu ls io n s  in  c o n tro l m ice was 18 m in .

T he  resu lts  o f  these experim ents  c le a rly  dem onstra te  th a t b o th  R o4-1284 and 
a -m e th y lty ro s in e  m a rk e d ly  enhance the  c o n vu lsa n t a c tiv ity  o f  th iosem ica rbaz ide . 
T he  m echan ism  o f  p o te n t ia t io n  o f  th iosem ica rbaz ide  and  o th e r se izu re -induc ing  
trea tm en ts  b y  these agents rem a ins obscure. Because b o th  R o4-1284 and  a -m e th y l
ty ro s in e  are k n o w n  to  in fluence  the  d is p o s it io n  o f  b ra in  ca techo lam ines, i t  is te m p tin g  
to  a ttr ib u te  these resu lts  to  a lo w e rin g  o f  b ra in  am ines.

S up p o rte d  in  p a r t  b y  G M  15005, N . I .H .

D ep a rtm en t o f  P harm aco logy  & T o x ico lo g y , J o h n  H . M e n n e a r
P urdue U niversity ,
L a fa y e tte ,  Ind iana  47907,
U .S .A .

S eptem ber 20, 1968
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