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our knowledge of the role and functions of the reticulo-endothelial
system is very imprecise and uncertain. However, there is considerable
interest in immunological processes, that is to say in the resistance of
host to infection, and our knowledge is increasing rapidly. That
certain types of cells are implicated in the production of immunity was
first suggested by Metchnikoffl It isto him that we owe the first compre-
hensive and plausible theory of the role played by what he named “phago-
cytosis” in protection of the host against pathogenic invaders. But the
existence of an integrated system of cells fulfilling a particular bodily
function was postulated by Aschoff and his school. In 1913, Aschoff
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Fig. 1. Aschoff’s classification of the R.E. cells.

and Kiyono2reported the histological and physiological autonomy of this
important system, to which they gave the name reticulo-endothelial
system (R.E.S.). Whether Aschoff’s hypothesis of the functional unity
of this system cf cells, based on their ability to ingest and accumulate
dyes, will stand the test of time is difficult to predict. His conception has
been seriously challenged by some distinguished contemporary histo-
physiologists with valid arguments3  However, for clarity, | shall accept
Aschoff’s conception of the R.E.S. which is represented in Figure 1

The histiocytes, which form the R.E.S., are widely but irregularly
scattered through almost all tissues and organs.  According to the classical
conception, they are divided in sessile and wandering cells.

*Based on a lecture delivered on 22nd o f January, 1959 at King's College, Strand, by
invitation o f the University of London
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Methods for studying the function of all the R.E. cells are not available
at present, and in this review, | shall restrict my subject to the study of
sessile histiocytes. | propose to ignore the wandering macrophages,
irregularly scattered in the connective tissues, which certainly play an
important part in the local and general defensive reactions, but which
have eluded all attempts at quantitative evaluation.

Sessile histiocytes are concentrated in some important strategic areas
of the vascular bed, where they are attached to the endothelia of the
sinuses of various organs; liver, spleen, bone marrow and some other
glands.

These cells, being in direct contact with the blood stream seem to be
particularly active in taking up both inert and living particles from the
circulating blood. To stress the importance and the role of this group
of phagocytes, Miles4 proposed to designate it the “systemic defences”.

If immunity is defined as the resistance of a body to the effects of
pathogenic invaders, the R.E. cells should be considered as one of the
most important sources of protection to the host. They act by a double
mechanism: (i) phagocytosis, followed by digestion and destruction of
bacteria and other foreign debris; (ii) a humoral process, as yet not well
understood but which is reflected in an increase of resistance to infections,
and which involves, among other factors the production of specific
antibodies.

Discussion of phagocytosis and immune reactions mediated by the
R.E.S. will form the two main parts of this review.

The Dynamics of the Phagocytic Function

The property of engulfing particles of inert or living material is present
even in the simplest animals. Metchnikoffi conceived that this process,
which in the amoeba, for example, serves primitive nutritional needs, had
become, in the course of evolution, an essential process of defence by which
pathogenic invaders are combatted.

The importance of phagocytosis is considerable and it is believed
by Boydsto be “the greatest single mechanism contributing to natural
resistance”. Moreover, phagocytosis is not restricted to protection
against bacterial infections. Modem physiology points out that the R.E.
cells play an important part, by their remarkable capacity of clearance and
of storage, in the metabolism of lipidsg lipoproteins?, cholesterol§
haemoglobing and iron10

These considerations emphasise the interest of the investigations made
on the patterns of the phagocytic function, not only against bacteria, but
also against inert particles. Also, the mechanism of phagocytosis of two
such different substrates shows some intriguing discrepancies.

The patterns of phagocytosis are studied, in principle, by measuring
clearance rates of the particles in the blood and their accumulation in the
R.E. cells at specific times after the intravenous injection of a standard
colloidal suspension of particles known to be phagocytosed by these cells.
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Certain very definite criteria should be strictly observed in the choice
of the particulate substances chosen to study the phagocytic activity of the
cellsio

(1) The particles should be phagocytosed by the cells of R.E.S. in
contact with the blood and should not be taken up by other cells.

(2) They should normally not cross the capillary barrier.

(3) They should be homogenous in size.

(4) The substance should be non-toxic for the R.E. cells and the host
organism.

(5) The substance should be stable in vitro and in vivo and should not
be changed in physical or chemical properties by contact with the blood or
after intravenous injection.

~(6) The substance should be accurately measurable in the blood and
tissues.

The General Patterns of Clearance of Inert Particles

The intravenous injection of a colloid meeting the desired criteria into
an animal or a man is followed by a more or less rapid decrease of the
particles from the blood stream and their concomitant accumulation in
the R.E. cells, mainly inthose of the liver and spleen. Figure 2 illustrates the
disappearance rates of a suspension of carbon injected at various doses
into albino rats. When presented in semilogarithmic co-ordinates by
plotting the clearance as the log of the blood concentrates with respect to
time, this phenomenon can be expressed by an exponential function (Fig.
3): C = Co-10-Kr
or by the equation: -I—Qg—%—_l;g——(—:z—- K
in which C = concentration of the foreign colloid in blood expressed in
mg./IOO ml., Q and C2the colloid concentration in the blood at times
T! and T2minutes respectively.

TABLE |
DISTRIBUTION OF COLLOIDS INJECTED INTRAVENOUSLY IN THE RAT

Per cent recovered

Dose .
Colloid mg./I00 g. Liver Spleen Lung Total K

Carbon .. 4 92 4 - 96 0062
8 90 47 - 94-7 0026

16 79 9 - 88 0-013

32 78 10 2 90 0006

48 70 17 1-6 88-6 0004

CAG. 2 89 trace — 89 0118
4 84 jig<) - 85-5 0-064

8 83 19 - 84-9 0031

12 75 3 trace 78 0022

The constant K of these equations, which defines the slope of the
clearance curve in semilogarithmic co-ordinates, is therefore a measure of
the clearance of particles and thereby of phagocytosis of the R.E. cells.
We have called K the phagocytic index.
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The data represented in Figures 2 and 3 show clearly that the main
characteristic of the phagocytosis by the R.E.S. of the particles circulating
in the blood is that the kinetics of phagocytic activity are affected by the
quantity of colloid injected. The mathematical analysis indicates that the
phagocytic index K varies inversely with the dose of colloid injected (D).
In general, the relationship K x D = CT s true for different colloidal
suspensions except when relatively small numbers of particles are
injected1l

The relationship K x D = CT has been verified in various animal
species and seems to be a general principle. By comparing the phagocytic

activity of the R.E.S. in various
animal species, it has been found
that the R.E.S. of the mouse is
the most active; then the rat,
guinea pig and the rabbit in order
of decreasing activity12

The colloidal particles dis-
appearing from the circulating
blood are removed by the cells
which line the sinuses of the
major organs containing fixed
R.E. cells. It may be of some
interest to analyse the distribution
of the colloidal matter between
these organs. The liver is the
most important organ, by far, in
this respect. As seen from the

Fig. 2. Blood clearance of various figures in Table l, the Kupffer

doses of carbon in the rat. cells phagocytise 70to 90per cent

of injected colloids. The role of
spleen is much less important but, in general, the percentage recovered
from the spleen increases with the dose. Thus for very small doses of
colloids, which are rapidly cleared, the Kupffer cells take up nearly all
the injected colloid; however, with higher doses which remain in circula-
tion for hours, the spleen contains more than twice as much per gram as
the liver. The reasons for these differences between the liver and spleen
may be due to the total quantity of the phagocytes or, even more plausibly,
to the circulatory patterns of the two organs.

In addition, species differences are rather important in this respect.
While in rats, mice and rabbits, the spleen uptake is rarely as high as 10
per cent, a spleen deposition of over 20 per cent is common in dogs, which
have a relatively large spleen compared with the other animals13

The role of the bone marrow in the uptake of colloids is similar to that
ofthe spleen. With the usual colloids at average doses, the quantity found
in the bone marrow is less than 10 per cent. But, when small particle
colloids which disappear slowly from the blood stream are used, the
deposition in the bone marrow may be much more considerable, increasing
to 50 per cent of the injected material according to Dobson13 It should
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be added that the high concentrations in the bone marrow have been
found only in rabbits.

There is controversy about the part played by the lungs as a clearing
organ. In our experiments, using various colloids, no significant deposi-
tion in the lungs has been observed, except when the material used was not
stable. For example the use of commercial Indian inks for measure-
ments of clearance, produces a gross error.  The shellac they contain has
potent thromboplastic properties and by the production of microthrombi,
causes an accumulation of the
carbon in the lungs. In this
instance, we are dealing with a
simple mechanical filtering
effect of the lung capillaries
and not with true and active
phagocytosisl4

This same mechanism may
explain the observations of
Wrighti5 concerning the reten-
tion of bacteria in the lungs of
strongly immunised animals.

The bacteria aggregated by
the specific antibodies are
simply trapped in the pulmon-
ary capillaries. It has been
shown that particles, whether
inert or living, once trapped
in a fibrin net work in lung
capillaries, are subsequently
phagocytised by the poly-
morphonuclear cells and

carried by them to the R.E. gig. 3, " Blogd C!eartahnce tt)f_ various
H P 0ses OT carobon In e rat In semi-

depots in the spleen and liver logarithmic  plot,

where they are phagocytised Dotted lines indicate the mean values.

by the R.E. sessile cells.
Studies with various colloids
in differentanimal species have
proved thatthe kinetics of phagocytosis of particulate substances introduced
into the blood stream obey the same general laws, and the differences ob-
served are quantitative only. However, several factors may influence the
patterns of the clearance rates, namely the nature of the colloid, the size
of the particles, the velocity of the blood flow and the functional conditions
of the cells1617.
I now propose to discuss the saturating effect of repeated injections of
colloids; discriminative phagocytosis and the importance of the stability
of the injected colloids in the circulating blood.

The Saturating Effect of Repeated Injections
When the same dose of colloid is repeatedly injected into the same
animal, after the particles of the preceding injection have been cleared,
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evidence of a saturating effect of the phagocytes is observed (see Fig. 4).
These results show clearly that the particles already phagocytised exert a
depressive effect on the clearance capacity of the phagocytes towards
the same substrate. This saturating effect of the phagocytised colloid is
directly related with the so called “blockade” of the R.E.S.

The “Discriminative Phenomenon” in Phagocytosis

When particles of different sizes are injected together, the presence of
some colloids in the circulation markedly modifies the rate of clearance of
others by the R.E.S. This effect may be, of course, conditioned by the
respective concentrations of the two colloids, but the experimental
findings suggest that the clearance rate is also influenced by the physico-
chemical nature of each colloid1819

Dose
Dose

Dose

Dose, carbon 8 mg./100 g.

Dose
Dose
Dose

Dose, carbon 8 mg./100g.

Fig. 4. Blood clearance of 4 subsequent doses of carbon injected
intravenously in the rat.

These observations introduce the concept of discriminative phagocy-
tosis, indicating that the avidity of the phagocytes for substances offered
simultaneously, may vary widely according to the nature of the colloid.
Figure 5 illustrates the phenomenon of discriminative phagocytosis where
two different colloids are injected. A carbon suspension (16 mg./100 g.)
is injected intravenously and the clearance rate established (K = 0-020).
About twenty minutes later, a colloidal heat denatured serum protein
suspension (C.A.G.) labelled with 13l is injected (1-5 mg./100 g.). The
clearance of carbon almost ceases, as the phagocytes take up the C.A.G.
particles rather than carbon.  As soon as clearance ofthe C.A.G. particles
is completed, the phagocytosis of carbon particles is resumed at about the
same rate as before the injection of the denatured proteins.

The phenomenon of discriminative phagocytosis appears to be a very
important and fundamental process. Probably, it governs the turn-over
of the lipids, lipoproteins, cholesterol, the clearance of the erythrocytes
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and of many other normal and pathological substrates. The experi-
mental example reported here, with a system of two colloids, gives some
idea of the complexity of this clearance process when several substrates
compete simultaneously. It also provides an explanation of certain
pathological processes, resulting from the appearance of a pathological
compound, or to the alteration of the clearance capacities of the phago-
cytes.

Importance o f the Stability ofthe Suspension in the Circulating Blood

In the phagocytosis of erythrocytes, heterologous or denatured homo-
logous erythrocytes are cleared from circulating blood by the R.E. cells,

Fig 5. Effect of the intravenous injection of two doses
of rabbit C.A.G. on the clearance of carbon particles
in mice for the dose of 16 mg. per 100 g. bodyweight.

mainly those localised in the liver and spleenZ) In Figure 6 is shown the
kinetics of clearance of pigeon erythrocytes labelled with 3P injected into
mice and rats, in doses of £, 1,2 and 5hillions of cells per 100 g. of body
weight. The logarithms of the numbers of erythrocytes per ml. of blood
are plotted as ordinates against time as abscissae.

In the mouse, the pigeon erthrocytes are cleared by the R.E. cells
according to the general principles already discussed. In rats, however,
the kinetics of the clearance are by no means the same. The cause of this
strikingly different behaviour of the two animal species, towards the same
substrate, is due to immunological factors. Rat serum contains natural
agglutinins against pigeon erythrocytes, while such antibody does not
exist in detectable amounts in the mouse. The evidence that this inter-
pretation is correct is provided by immunisation of mice against pigeon
erythrocytes and thereby creating an identical situation which occurs
spontaneously in rats (see Fig. 6).

These findings stress the precautions necessary in interpreting the
results of clearance rates for the assessment of the phagocytic dynamics
of the R.E.S. | " 1 '
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The Clearance Patterns ofBacterial Substrates

The question now arises whether the principles which govern the
clearance of inert particles may be applied without restriction to the
phagocytosis of bacterial substrates.

In the ingenious studies of Wrighti5 on experimental infections, suspen-
sions of various strains of pneumococci were injected intravenously into

Fig. 6. Blood clearance of pigeon
erythrocytes in mouse, rat and mouse
previously immunised against pigeon
erythrocytes. Figures on the curves
give the numbers of cells injected per
100 g. bodyweight.

rabbits and the numbers of the bacteria in the blood counted. In Figure 7,
where Wright’s results are summarised, logarithms of the number of
bacteria per ml. of blood are plotted as ordinate against time as abscissa.

It is evident from these data that the patterns of phagocytosis of living
bacteria, while they are grossly similar to the clearance of inert particles,
also show significant differences. With living bacteria, clearance is a
resultant of phagocytic activity, but also of the virulence of the germs, of
their multiplication power, and probably of some other unknown bio-
logical factors. To avoid some of these complications, we investigated
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the clearance rates of dead bacteria, which being deprived of their virulence
and of their capacity of multiplication, can be legitimately likened to
inert particles. We used heat killed Salmonella enteritidis labelled with
BICr.  The results are in Figure 8, which shows that their clearance
follows a rather complex

pattern. The curve is likely to

be a resultant of at least two

different kinetics. Our feeling

is that, with both dead or alive

bacteria, the lung interferes by

liberating some thromboplastic

agents. The reason why this is

suggested is the peculiar effect

of heparin on the clearance

rates of bacteria. Pretreatment

of animals with heparin, which

does not alter the kinetics of

clearance of inert colloids, con-

sistently affects :he clearance of

bacteria. At the present time,

these investigations are in hand

and the explanation of the

particular clearance patterns

of dead bacter.a can only be

an hypothesis.

Fis. 1. Blood clearance of living pneumo-

The Clearance Patterns of En-  cocci according to their virulence in the
dotoxins rabbit. After Wright1g

e —e« Auvirulent, Slightly virulent,
It has been shown by Bennett  x —x HY&%‘.;"VirmgnT,O t 6?ed,y viruien

and Beeson2 that endotoxins

administered intravenously are rapidly removed from the blood and accu-
mulated in the liver and spleen. More recently, Howard2proved that they
are phagocytised by the R.E. cells of these organs.

Figure 9 illustrates the clearance rates of intravenously injected endo-
toxins extracted from Gram-negative bacteria and labelled with radio-
active phosphorus.  The results indicate that although lipopolysaccharides
are rapidly removed from the blood, the clearance does not follow the
usual exponential function.

Various investigations suggest that this phenomenon is likely to be
conditioned by several factors: (i) the toxicity of the substrate to the
phagocytes. After the injection of endotoxin, the R.E. cells are likely
to be damaged and impaired, (ii) ThomasZ has shown that the injection
of endotoxins produces a modification of the physical state of the circulat-
ing fibrinogen. This is evidenced by the appearance in the plasma,
about one hour after the injection of endotoxin, of a large amount of
protein which is precipitated in the cold by heparin. This heparin-
precipitable protein, is not present in normal rabbit plasma and Benacer-
raf2 has recently shown that this denatured fibrinogen is phagocytised by
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the R.E. cells. The slowing down of the clearance of endotoxins is
perhaps related to the appearance in the blood of the fibrinogen aggregates
which are phagocytised preferentially to endotoxins, (iii) The third
factor is the heterogenous composition of the lipopolysaccharides. Endo-
toxin contains several constituentswhich differ from others in their molecu-
lar size. The larger molecular constituents are removed quite rapidly
while about 30 per cent of the injected lipopolysaccharides were found to
remain in the blood and to be only gradually eliminated in the course of 24
hours.

Factors which Stimulate the Activity of the R.E. Cells

The R.E.S. seems to be autonomous. In general, the activity of the
R.E.S. escapes the control of the central and vegetative nervous systems.
In fact, it has been shown by perfusion of isolated liver that the phago-

cytic activity of the R.E. cells
obeys grossly the same princi-
ples as in vivo. Owing to their
anatomical situation, the cells
are dependent upon the blood
supply which is one of the main
factors affecting phagocytosis.
It has been claimed in the litera-
ture that other substances, like
histamine or antihistamine
drugs® exert more or less
specific effects on the phagocy-
tosis of the R.E. cells. In our
investigations, we have been un-
able to ascertain such an effect
¢, 8 Blood clearance of radiolabelled ~ €XCept when, by gross vascular

Salmonella enteritidis in normal and hepari-  changes, the blood supply to

nlsed26mce. Dose injected 1+1090rganisms  the phagocytic organs has been

per <0 ¢ impaired. On the other hand,
the removal of the various endocrine glands has never produced any
consistent action. Cortisone at high doses, depresses the recuperation
phase of the R.E.S. after injection of a blocking dose of colloid, very likely
due to its antiproliferative effects, so does nitrogen mustardZ. Among
the numerous substances and hormones investigated, certain steroids
belonging to the oestrogen group were found to have an unequivocal
stimulant effect on the R.E.S.28‘3Q Surprisingly enough the enhancing
properties of oestradiol and diethylstilboestrol on the R.E. cell activity
could be only ascertained in a simple animal species, the mouse. Al the
attempts to prove a similar effect in other laboratory animal species failed.
The reason of this species specificity remains unknown.

At this point, | would like to mention one of the very curious properties
of the R.E. cells which is related to the process of stimulation.

I discussed previously the injection of a high dose of a substrate phago-
cytised by R.E. cells, which is followed, for a short while, by a reduction
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of the phagocytic activity. If the colloid does not contain an ingredient
toxic to the cells, the animal recovers the normal phagocytic function in
2-3 days. Generally, the phagocytic activity of R.E.S. remains over-
stimulated during that period. This recovery and overstimulation are
always associated with a hypertrophy of the main phagocytic organs
namely the liver and spleen. A subsequent injection of the colloidal
substrate produces a new and stronger stimulation of the R.E. cells and,
by repeating the injections of the colloid, this phenomenon can be remark-
ably amplified (Fig. 10). This characteristic action on the R.E.S. is even
more striking with certain bacteriological constituents especially endo-
toxins extracted from Gram-negative bacteria.

As shown by Howard and his colleagues2, a dose as low as 10 fig. of
purified lipid produces a typical effect. As with other colloids, a bi-
phasic action is observed with endotoxins, especially when they are
administered intravenous-
ly. During the first 8
hours, a definite decrease
of activity is noticed,
followed by a return to
normal values. Subse-
guent injection of endo-
toxin will enhance the
functional activity of the
RES. We found re-
cently that more powerful
and durable stimulation
can be obtained with
certain bacilli belonging
to the family of myco-
bacteria3l The data in
Figure 11 illustrate the

action of 1mg. of B.C.G. 9. Blood clearance of radiolabelled (3P)
i i i io. 9 i

In_mice. The maximal FE coli polysaccharide endotoxin in the mouse.
effect is observed about 2 Doge 4(5) fig. per 20 g.

to 3weeks after the injec-
tion and enhanced rates of clearance are still evident 30 to 40 days later.
There are two main points which should be emphasised. The modifica-
tions of the phagocytic activity are paralleled with the changes of the
metabolic activity of the R.E. cells. The metabolic activity of the Kupffer
cells has been measured by a new technique which has been recently
devised in my laboratory and which consists in the determination of the
rate of breakdown of a labelled denatured colloidal protein phagocytised
by these cells33 We are therefore entitled to infer that changes of the
phagocytic func:ion reflects changes in the metabolic (enzymatic) activity
of the cell. The second point is the hypertrophy of the liver and spleen
always associated with the increased activity of the R.E.S. The gain in
weight is not a simple vascular effect but an increase in the protoplasmic
mass of the organ. It is very unlikely that the increase in weight which
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attains sometimes 50 to 100 per cent or even more is attributable to the
multiplication of the R.E. cells only. We are dealing apparently with a
special type of regulation of histogenicity which ensures an equilibrium
between the number of the R.E. cells and the cellular mass of the organ.
The nature and mechanism of this regulation remains unknown.

The discovery of substances capable of stimulating the metabolic and
phagocytic activity of the R.E. cells will make it possible to correlate the
enhancement of these functions and the other immunological features in
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Fig. 10. Effect of several injections of rig. 11 Effect of infection with living
rabbit C.A.G. onthe weightof liverand spleen B.C.G. on the weight of liver and spleen
I(_g;./l(ng.#and on the phagocytic activity of the .IZOgE.) on the p a%oc¥t|c_ activity of

.E.S. 0f the rat measured by the index K the REE.S. measured by the index

for the dose of 8 mg. of carbon per 100 g.

in the days following the treatment. in mice.

which the R.E.S. is supposed to be involved. This brings me to the
discussion of the second point of my subject, the immunological implica-
tions of the R.E.S.

The Reticulo-endothelial System and Immunity
The sessile R.E. cells may play an important part in the resistance
against bacterial infections either by systemic phagocytosis, or through
other immunological processes.

Phagocytosis and Immunity

As long as we regard bacteria merely as inert particles, the principles
discussed previously concerning the clearance of colloids need only little
modification. But, living bacteria are capable of multiplication and it is
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the balance between their capacity to multiply and the capacity of tissues
to clear them that determines the fate of the host.

It seems that the avirulent bacteria are digested and killed by intracellu-
lar enzymes but there is a great deal of evidence that virulent bacteria,
when phagocytised continue to multiply vigorously in the cells and it is
the cell which dies, liberating living virulent bacteria in the blood stream.
In such situation, the sessile phagocytes constitute the ultimate elements
available for the defence of the organism.

Furthermore the decisive role of the sessile phagocytes has been estab-
lished by evidence showing that their efficiency in protection of the
organism against infection is greater than that of other tissues, as shown
by Dutton3 recently. He measured the infectivity for mice of graded
doses of bacteria introduced by various routes of injection. At critical
infecting levels, the dose required to kill the animal by intravenous
injection was, in most
instances, larger than the
subcutaneous Killing 0-20
doses. With Pneumococci
and Salmonella typhimu- 45
rium, for example, the 9%
difference was over 100

fold. The superior defen- 0-10
sive power of the sessile
phagocytes is probably a 005

matter of number. But
whatever the relative de-

fensive value, cell for cell, 10

for a given germ, the de- g% 50 /

fence afforded by the feo

system of the ‘sessile ° 0 20 D 40 %0
phagocytes is much more Days

effective thanthatoflocal . | 12 Effect of an infection with S. typhi-
tissue lodgement. | fully ~ murium (10s organisms intraperitoneally) in
agree with Miles when control rats and rats treated with horse C.X.G.
g . on the mortality and on the phagocytic index K
he states4 that systemic  for the dose of 8 mg. of carbon per 100 g.

phagocytosisis an integral CAG =5 |n+ect|0n_s (50 mg.) in three days
intravenously. The animals are infected 24 hours

part of the defence from  after the lat injection.

the earliest stage of infec- . ContJmL X— x Treated.

tion onwardsand notonly N

a mechanism which comes into play when local defences have definitely

failed.

The Functional State of the R.E.S. and the Resistance to Infections

I shall attempt to provide evidence that experimentally induced modi-
fications of the functional condition of the R.E. cells is related to a
change in the resistance of animals to severe infections. Furthermore,
the changes of the activity of R.E.S. are reflected in a change in the
susceptibility of the animal to certain endotoxins.
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As mentioned before, the injection of some colloidal substrates produces
an enhancement of the phagocytic and metabolic activity of the R.E. cells.
Experiments have been carried out to investigate whether animals whose
R.E.S. has been so stimulated, show differences in resistance to severe
experimental infections.

Stimulation of the R.E.S. has been accomplished with different sub-
stances.

(i) C.AG. Inthe first group of experiments the R.E.S. was stimulated
with a colloidal protein, obtained by heating serum proteins at 60°. This

Days

Fig. 13. The effect of B.C.G. infection on the survival time of mice infected
with Salmonella enteritidis.

colloid is selectively phagocytised by the R.E. cells and repetition of
injections causes a significant stimulation of the R.E.S.3 The results are
shown in Figure 12

A group of treated and control rats were infected with the same dose
of a suspension of Salmonella typhimurium, injected intraperitoneally,
and the sequences of the infections studied. It is evident from Figure 12
that animals whose R.E.S. has been stimulated previously were able to
resist infection much better than the controls, as on the 17th day nearly all
control animals died, while 95 per cent of the treated animals were alive.
On the other hand, in the treated group, the phagocytic activity of the
R.E.S. was greatly stimulated during the course of infection and this
hyperactivity lasted until recovery was achieved, while in the control
group, a vigorous stimulation of the R.E.S. was observed in the first days,
but Wasdshortly followed by a decrease in the phagocytic index until death
occurred.

(i)  Stimulation with B.C.G. The infection of mice with living B.C.G.
leads to a more intense and lasting stimulation of the phagocytic and
metabolic activity of the R.E. cells3L To assess the development of a
mortal infection in treated animals in comparison with the control group,
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Salmonella ententidis (var. Danysz) was used. The infecting dose was
administered intravenously and was the LD100 for the control group3
From Figure 13 it can be seen that although there were no survivors
amongst either control or treated animals due to the severity of the
infection, the mean survival time was greatly increased in the later group.
By what mechanism does the over-stimulation of the R.E.S. increase
the resistance cf the animals to infections?

The remarkable studies of Wright put beyond doubt that the increase in
phagocytic intensity is at least partly responsible for the increased im-
munity.

It is also likely that the increase in survival time of animals pretreated
with B.C.G. is due to the fact that the multiplication of the phagocytized
germ is either prevented or significantly retarded, as B.C.G. enhances
not only phagocytosis but also the metabolic rate of R.E. cells2
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Fig. 14. Phagocytic function of the R.E.S. Fig. 15. Change in phagocytic index
in *mice infegte IWithJ BI.C.G. Antibod Kg(,)f the R.E.Sggn reglstgnceytto endo-
production in X—X, control mice, in A —. toxin LD50 of killed Salmonella typhi
mice treated with B.C.G. and in e —e per 20 g. and resistance to infection
mice splenectomised and treated with B.C.G. with Salmonella enteridis (mean survival
The arrows indicated the injections of antigen. time after 1000 _organisms intra-

intravenously) at different times after

infection with B.C.G. in mice.

standard deviation of control mice is

indicated.

But enhancement of resistance in animals to severe infection may imply
the presence of another mechanism: the production of antibody. Experi-
ments in mice, treated with B.C.G., show clearly that the rate of antibody
production is also significantly increased3
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In the experiments summarized in Figure 14, the rates of production of
two different types of antibodies—agglutinins and hemolysins—have been
studied in normal animals and in animals treated with B.C.G. It is
obvious from the data represented that a remarkable increase in antibody
titres is observed in the B.C.G.-treated animals, compared with the
controls. The antibody response to the two different antigens is en-
hanced and this observation suggests that this reaction is a general feature.

The role of the R.E.S. in the production of the antibody is evidenced
by removal of a part of the R.E.S. by splenectomy. It is obvious from
data presented in Figure 15 that the titre of agglutinins and hemolysins is
considerably reduced in splenectomized animals, even in those which have
been treated with B.C.G.

I am aware that the spleen contains besides R.E. elements many other
cells, to which an important role has been conferred in the production
ofantibody. Buta glance at the modern literature shows that the morpho-
logists are far from being in agreement on the genealogical relationships
between the R.E. cells and the other types of cells, such as immature
plasmocytes, to which a main role in production of antibody has been
attributed, and | do not propose to involve myself in such a discussion.

Correlation Between Stimulation of the R.E.S. and Resistance to Endotoxins

Endotoxins, as we have seen, are removed from the circulation by the
R.E. cells. They have, per se, a potent stimulating action on the R.E.S.
and resistance to endotoxins23 has been considered by several authors to
develop as a result of this action. Endotoxins, on the other hand,
increase the resistance of animals to infections, as proved recently by
Rowley and his colleagues3’.

Whether and to what extent resistance to infections, that has been
enhanced by administration of B.C.G. to animals, has some parallel
increase in resistance to endotoxins has not yet been clarified. The
results obtained show that such a correlation does not always existR

As shown in Figure 15, B.C.G.-treated animals, which have an en-
hanced phagocytic activity, and also an increased resistance to infections,
become highly sensitive to endotoxins. The lethal dose of endotoxin in
B.C.G.-treated animals is about 100 times lower than in normal controls.
These findings are apparently in conflict with current opinion about the
relation between the functional state of the R.E.S. and sensitivity to
endotoxins. But the opposition is more apparent than real.

Our recent investigations suggest that the increased susceptibility of
B.C.G.-treated animals to endotoxin, results from a particular state of
immunity caused by the tubercle bacillus. The phenomenon of enhanced
susceptibility to endotoxins is related to the increased vulnerability
of the blood vessels observed in animals infected with tubercle bacilli and
is similar to a generalised Shwartzman phenomenon.

As a matter of fact this susceptibility to endotoxins is only observed
when stimulation of the R.E.S. is induced with the tubercle bacillus,
but not when oestrogens or other colloids are used.
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Thus from the work discussed in this article it is apparent that the
R.E. cells form the keystone of immunity. By their powerful and
practically unlimited phagocytic capacity, the sessile phagocytes form the
fundamental system for clearing bacterial endotoxins from the circulating
blood. In turn, the phagocytised substrates stimulate the activity of the
cells, inducing a kind of self-stimulating process, the possibilities of which
are limited only by the toxic effects of the ingested material on the phago-
cytes and their proliferative capacity.

Stimulation of the phagocytes may be associated with an increase
of the metabolic enzymatic activity of the R.E. cells. It may be deduced
that intracellular antibacterial mechanisms, still largely unknown, may
be affected in similar manner. This may provide the explanation of the
increased resistance to infections found in animals whose R.E.S. has
been over-stimulated.

If phagocytosis is beyond doubt one of the means by which the R.E.
cells are involved in the enhancement of immunity, our recent investiga-
tions show pertinently that animals whose R.E.S. has been stimulated
are able to respond by an increased antibody production. Our results
indicate that, in the laboratory animals, when antigens are administered
intravenously, the spleen is the main organ involved in antibody produc-
tion, while the Kupffer cells form essentially the clearance system.

For many of the experimental observations reported here | am as yet
unable to offer a firm or definite explanation. These are completely new
problems and no doubt some of our present hypotheses may be questioned
by to-morrow’s findings.

However, it is my conviction that the R.E.S. is of considerable im-
portance and | believe that the now widely conducted and intensive
investigations will underline this.
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Salicylic acid and its derivative, acetylsalicylic acid, induced thymic
atrophy not only in intact immature rats buf also in adrenalectomised
immature animals when administered by mouth in the diet, or by
subcutaneous injection. A straight line with a negative slope wes
obtained by plotting the log doSe of salicylate against the relative
thymus weight.  This linear relation was used to compare guantita-
tively the thymolytic activities of acetylsalicylic acid, ethyl salicylate,
and “salicylamide” with those of salicylic acid. The redults of this
investigation suggested that salicyl _compounds_act directly on the
thymus dgland and not by stimulating the pituitary-adrenal _s¥ﬁem.
NO evidence was found "to indicate that salicylafes potentiate the
thymolytic action of adrenal corticosteroids.

Salicylates have been used for the treatment of rheumatic diseases since
18761 When corticotrophin and the cortisone-like steroids were found
to possess antirheumatic properties, it was assumed that salicylates acted
by stimulating the pituitary-adrenal system. Support for this theory
regarding the mode of action of the salicylates was obtained by the
observation that salicylates induced depletion of adrenal ascorbic acid in
the intact rat2-7, but not in hypophysectomised animals813 However,
the finding that therapeutic doses of salicylate failed to increase the level
of 17-hydroxycorticosteroids in both urinel4 and plasmal5-18 cast some
doubt on the validity of this hypothesis. A study of the action of
salicylates on carbohydrate metabolism led Smithi and later Feeney and
others19 to the conclusion that the effect of salicylate on rheumatic
diseases was not mediated through the pituitary-adrenal system, but
through some other unknown mechanism.

Salicylates may have a direct adrenal corticoid-like action on some
peripheral tissues and exert their therapeutic effect in this manner.  Since
it is well known that involution of the thymus gland is a manifestation
of glucocorticoic-like activity2023 a study was made of the action of
salicylate and other salicyl derivatives on this target organ. Salicylates
were found to cause thymus involution in both adrenalectomised and
intact immature rats. The results of this investigation have suggested
that (a) salicyl compounds act directly on the thymus gland of the
immature rat, (b) do not specifically influence the pituitary-adrenal
system, and (c) do not potentiate the effect of endogenous adrenal corti-
coids. The linear relation which exists between the log dose of the
salicyl derivative and the relative thymus weight was used to compare the
relative thymolytic activity of several of these compounds.

339



N. R. STEPHENSON

Experimental Methods

The test animals were 23 to 28 day-old albino rats derived from the
Wistar strain.  The compounds under investigation were administered
either orally or by subcutaneous injection. In the oral test, the salicyl
derivatives were mixed thoroughly in the standard laboratory diet*, and
when a free acid was studied, sufficient sodium bicarbonate was added
to neutralise the acid and thus prevent any change in the acid-base
balance of the test animals. In the studies involving subcutaneous
administration, the compounds were dissolved in isotonic saline adjusted

TABLE |

Thymolytic activity of various salicyl compounds
ADMINISTERED ORALLY TO IMMATURE RATS

Concentration of salicyl

compound in the dief Thymus weight
Compound per cent per cent
Control 0 1000
Sodium salicylate 0-29 89-5*
0-58 69-4*
Salicylic acid 0-25 88-4*
0-50 660*
Acetylsalicylic acid 0-25 92-5
0-50 81-7*
Ethyl salicylate 0-35 92-9
Y Ed 100 70-5*
Salicyl alcohol 025 96-4
0-50 9a*3
Salicylamide 0-25 1070
0-50 1010
100 1050
400 87-2*
Sodium p-aminosalicylate 0-25 1005

200 102-1
* Significant decrease in relative thymus weight (P = 0-95)

to approximately pH 7. A total of 8 to 10 rats was assigned at random
to each dose group, with the restriction that the average body weight
was the same for all dose groups in any one experiment. The rats were
caged in pairs and the quantity of food offered per day was adjusted so
that the caloric intake of each pair of animals was approximately the
same at all dose levels of the salicyl derivative. The actual amount of
food consumed daily by each pair of rats over the 2 to 3 day test period
was recorded to provide an estimate of the average dose of the com-
pound under investigation. The animals were allowed access to the
food up to the time of death. On the other hand, in the tests in which
the salicylates were injected subcutaneously in divided doses over a 2
to 3 day period, the thymus glands were removed and weighed approxi-
mately 20 hours after the last injection.

When adrenalectomies were done, the glands were removed by the
lumbar route under ether anesthesia. These animals were given 1 per

* Master Fox Starter Meal—Toronto Elevators Ltd.
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cent saline to drink and the stock laboratory diet ad libitum as well as
a daily subcutaneous injection of 01 mg. of desoxycorticosterone acetate
in aqueous suspension for a period of 1week before the test. By follow-
ing this regimen the adrenalectomised rats appeared to be in good physical

TABLE Il

Effect of salicylate on the thymus gland of the immature rat

Salicylate in the diet* Average total intake  Relative thymus wt.  Reduction per cent
per cent per rat. mg. mg./100 g.

g./100 g. of rat in thymus wt.
4265 + 160 0
00625 14 407-6 + 66 44
0125 27 401-3 + 97 59
5 47 352-3 + 9-2f 174
0-50 67 286-4 + 13-8f 328

* Salicylic acid mixed with an equal quantity of sodium bicarbonate in the diet,
t Significant at 1 per cent level.

condition and maintained their body weight. The rats were checked
for adrenal remnants when the thymus glands were removed at the end
of the experiment. Previous work has shown that this dose of desoxy-
corticosterone acetate had no effect on the thymus gland of the immature
ratz3

Results

The data in Table | show the effect of salicylate and other salicyl
derivatives on the weight of the thymus gland of the immature intact
rat, when administered in the diet for several days. Salicylamide did
not induce thymic atrophy when fed at a concentration of 1 per cent
of the diet but caused significant involution when the amount reached
4 per cent of the daily food. In contrast, salicylate and acetylsalicylate

TABLE Il

Relation between the log dose of salicylic acid and the
RELATIVE THYMUS WEIGHT IN THE IMMATURE RAT

Let Y = the relative thymus weight, and X = the log dose of salicylic acid.
Equation of the regression line = Y = 825-7 —290-8 X

Analysis of variance table

Source of variation df. SS. ms. “F* P
Between dose groups:
1) linear _rggres?ion . ]: 63850 63850 51-868 001
2). deviation from regression 2637 2637 2-142 0-05
ithin dose groups (error) .. 27 33226 1231
Total 29 99713

decreased the thymus weight significantly when given at a concentration
of less than G5 per cent of the diet. Although salicyl alcohol only
showed a tendency to lower the thymus weight when the diet contained
05 per cent of this compound, it is probable that thymus involution
would have occurred if a larger quantity had been administered. On
the other hand, sodium p-aminosalicylate did not reveal any thymolytic
activity even at the 2 per cent concentration.
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The results in Table 11 demonstrate that the decrease in thymus weight
induced by the oral administration of salicylate for 3 days, is proportional
to the dose. By using the values for 0T25 per cent, 0-25 per cent and
0-5 per cent shown in Table II, it was possible to calculate a regression
line relating the log dose of salicylic acid and the weight of the thymus
gland. The analysis of variance, with regression, given in Table Il

TABLE IV

Relative potency of salicylates in the immature rat

Thymus involution assay*

Weight basis Equimolar basis
Fiducial Fiducial
Compound Potency limitst Potency limitst
Salicylate 10 10
Acecylsaljcylate 70-4 63-78 91-8 82-101
Ethyl salicylate 49-8 4%3% 600 49-
Salicylamide..........couruinne 77 78

* Oral administration for 5 days ; thymectomy in the sixth day. tP = 09%.

illustrates that this relation is linear and that the slope of the regression
line is highly significant. A modification of the thymus involution assay
for adrenal corticoids was employed to determine the potency of several
salicyl derivatives relative to salicylate using intact rats and administering
the compounds orally in the diet at two dose levels. Each of the values
shown in Table IV represents the weighted mean of at least two valid

TABLE V

Thymolytic action of acetylsalicylic acid (asa) in the immature rat

Normal rats Ad enalectomised ratst

Average total . i Average total i .
ASA per intake of ~ Relative thymus Reduction intake of ~ Relative thymus Reduction
centin the ASA perrat  wt. mg./100 g. Per centin  ASA perrat wt mg./l g r cent in
mg. hymus wt. mg. of rat

diet* of rat hymus wt.

0 0 419-6 4 131 ]8 0 550-0 + 195 0
0-25 71-4 3682 + 92 -2 72-2 457-7 = 123 168
0-50 1370 302-6 + 11"3 27 1253 404-4 + 124 265

* Acetylsalicc}llic acid mixed with an equal quantity of sodium bicarbonate in the diet,
t Maintained for 7 days on 1 Rer cent saline_as drinking water and 0-1 mg. desoxycorticosterone
acetate daily before feeding the acetylsalicylic acid.

assays by the thymus involution method. On an equimolar basis,
acetylsalicylate was about 90 per cent and ethyl salicylate approximately
60 per cent as active as salicylate. In contrast, salicylamide was less
than 10 per cent as potent.

The next step in this study was an investigation of the mode of action
of salicylate in causing thymic involution in the intact rat. The effect of
acetylsalicylate administered orally for 5 days to intact and adrenalecto-
mised rats was investigated and the data in Table V show clearly that
this compound had approximately the same action in both groups. This
experiment was repeated by administering the acetylsalicylate sub-
cutaneously over a 2-day period. Again it was possible to demonstrate
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in both groups atrophic changes in the thymus gland. The data in
Table VI indicate that the per cent reduction in thymus weight was
somewhat greater in the intact group than it was in the adrenalectomised
rats at the higher dose levels of acetylsalicylate. A significant involution
was obtained at both the 10 and 20 mg. dose levels in the intact rat, but
only at the 20 mg. level in the adrenalectomised animal. This slight

TABLE VI

Thymolytic action of acetylsalicylic acid after subcutaneous injection in

THE IMMATURE RAT

Normal rats Adrenalectomisec 1rats
Relative thymus Reduction Relative thymus Reduction
Total dose of No.of wt. mg./100 g. per cent in No. of wt. mg./100 g. per cent in
ASA* mg. rats of rat thymus wt. rats of rat thymus wt.
0 25 392-2 £ 5-5 0 15 433-5 + 85 0
5 5 378-2 £ 9-8 3-6 5 417-4 £ 19-2 3-7
10 15 368-7 = 7-8f 6-0 10 415-8 + 20-9 4-1
20 45 346 0 = 4-7f 118 20 401-1 + 6-5f 7-5

* Acetylsalicylic acid (ASA) was neutralised with sodium bicarbonate and administered in five sub-
cutaneous injections over a 2-day period,

t Significant reduction in thymus weight.
difference in the effect was not observed when the acetylsalicylate was
given orally. Previous experience with the thymus involution assay of
adrenal corticosteroids has shown that the small amount of stress which
occurs as a result of local irritation at the site of injection can have an
effect on the thymus weight. Hence this slight stimulation of the
pituitary-adrenal system in the intact rat can reasonably account for this
difference in response between the two groups.

TABLE VII

Effect of salicylate on the thymolytic action of hydrocortisone in the

IMMATURE RAT

Average per cent reduction in relative
thymus wt.*

Adrenalectomised

Total dose Intact rats rats
Treatment mg. per cent per cent
Control .. 0 0 0
Sodium salicylate .. 40 24-3 £ 3-If 16 0 + 11-3T
Hydrocortisone 0-3 32-3 + 75 31-3 = 2-5
Sodium salicylate + hydrocortisone .. 40 44-0 = 1-7 42-8 + 30
+ 0-3
* Average of three replicate experiments. t Standard deviation of individual replicates.

A series of three experiments was carried out in both intact and
adrenalectomised rats to investigate the possibility that salicylates exert
their effect on the thymus gland of the immature rat by potentiating the
action of adrenal corticoids. The compounds employed in this study
were dissolved in a neutral agueous medium containing 10 per cent of
ethanol and 0-9 per cent of sodium chloride. The total doses described
in Table VII were administered in a series of five divided subcutaneous
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injections over a 2-day period. Table VII shows the average percentage
reduction in the relative thymus weight in the intact and adrenalecto-
mised rats. The standard deviations given in Table VII provide only
an estimate of the variation observed between the replicate tests and do
not represent the variation in the individual reponses of the rats. These
data give no support to the hypothesis that the thymolytic action of
sodium salicylate depends on the presence of adrenal corticoids like
hydrocortisone because the percentage reduction in the relative thymus
weight obtained when the compounds were given together was less than
the sum of the individual effects.

D iscussion

According to Hart24 salicylamide is considerably less toxic than acetyl-
salicylic acid in the rat when repeated doses are given at daily intervals.
Evidence to support this observation was obtained by Seeberg, Hansen
and WhitneyBwho reported that while salicylamide was readily absorbed
from the gastrointestinal tract of the rat, the serum concentration was
lower than that of other salicyl derivatives when the compounds were
administered at equal dose levels. In addition salicylamide was found
to be less irritant than acetylsalicylic acid to the gastric mucosa of the
rat.

Our results on the thymolytic activity of salicylamide relative to
salicylate tend to confirm these findings. It is possible that the con-
centration of salicylamide in the blood at doses comparable to those o:
salicylate may have been too low to cause involution of the thymus
gland. It was also noted that the rats would not tolerate levels of
salicylate in the diet much beyond 0-5 per cent, whereas salicylamide
could be fed at a concentration of 4 per cent of the diet without any
significant impairment of the daily food intake.

However, the supposedly low serum concentration of salicylamide and
its less irritant properties may not be entirely responsible for the relatively
low thymolytic activity.  The results shown in Tables | and IV suggest
that compounds with a free carboxyl group such as salicylic acid and its
derivatives, with the exception of sodium p-aminosalicylate, were the most
active in causing thymic atrophy. Neither salicylamide nor salicyl alcohol
are true salicylates because they lack a carboxyl group in the position
ortho to the hydroxyl group. While the formation of the sodium salt
had no effect on the thymolytic activity, esterification of salicylic acid
with ethanol reduced the potency by approximately 40 per cent.

The data presented in Tables V, VI and VII suggest that salicylate
acted directly on the thymus gland of the immature rat. Salicylate did
not appear to primarily induce thymus involution by stimulating the
pituitary-adrenal system, although it is reasonable to assume that handling
and irritation at the site of injection caused some endogenous production
of adrenal corticosteroids. The results given in Table VII show that the
percentage reduction in the relative thymus weight obtained when sodium
salicylate and hydrocortisone were injected together was less than the
sum of the individual effects. Therefore it can be concluded that
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salicylate did not act by potentiating the thymolytic action of hydro-
cortisone. The results presented in Table VII suggest that a slight
antagonism may even exist between the two compounds., This could be
interpreted as evidence of a possible competition between hydrocortisone
and salicylate for certain receptor sites on the cells of the thymus gland.
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The solubilisation of triolein, cholesterol and monostearin in water by
lysolecithin has been investigated by the optical density method.
These substances solubilised to a considerable extent, increasing in the
order—triolein, cholesterol and monostearin. An increase in tem-
perature of 15° had little effect on solubilisation of any of the three
substances. The change in optical density with concentration of the
solubilised component showed a similar pattern for the three substances,
but the mixed sols formed had different stabilities. Lysolecithin-
triolein sols contained only small proportions of triolein and were
fluid and stable for no longer than 12 hours whilst lysolecithin-
monostearin sols containing high proportions of monostearin formed
gels and were stable for at least a month. Lysolecithin-cholesterol
sols were unstable showing an initial rise and then a steady decrease in
optical density over a period of 72 hours for given concentrations as
slow separation of cholesterol was taking place. Factors operative
in the solubilisation of each of these three substances by lysolecithin
have been suggested.

The clearing action of lysolecithin on aqueous homogenates of whole
rat brain and other biological substances has recently been reportedl
The property of lysolecithin to solubilise in heterogeneous systems might
be very different from its action on the pure components in these systems.
We thought it desirable, therefore, to investigate more closely the solubili-
sation of certain pure biological substances by lysolecithin in an agueous
medium and some factors operative in bringing about this solubilising
action. The following substances were examined—cholesterol, chemically
reactive and insoluble in water; triolein, representative of a typical fat,
chemically inactive (except at ethenoid linkages) and also insoluble in
water; monostearin, chemically reactive and dispersible in water.

Experimental

Methods of preparation of the sols are described elsewhere2 All
mixed sols contained a constant amount of 0-5 per cent wiv of lysolecithin.
The sols were centrifuged before each optical density reading.

The optical densities of the sols were measured in a Spekker Absorptio-
meter (Hilger 506) incorporating H508 neutral density filters and a filament
lamp. The sols and pure solvent were contained in matched cells of
5 cm. path length. The absorption spectrum of an agueous 4 per cent
wiv pure lysolecithin sol and the absorption spectra of 4 per cent wiv
cholesterol, triolein and 0-4 per cent w/v monostearin solutions, using
chloroform as solvent, were measured at room temperature with a Hilger
Uvispek.
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Results

The variation of optical density of lysolecithin-triolein sols with con-
centration of triolein is shown in Figure 1 The variation of optical
density of lysolecithin-cholesterol sols with concentration and time is
ShOV\(ljn in Figures 2 and 3, and for lysolecithin-monostearin sols in Figures
4 and 5.

Pure 0-5 per cent w/v lysolecithin sols (approximately 10-2 molar)
themselves showed an optical density of less than 0-001 in the 5 cm. cell.

Fig. 1. Lysolecithin-triolein sols, x, 25°: Fig. 2. Lysolecithin-cholesterol sols.
0,40°. X, 25°: O, 40°.

Spectrophometric readings for a 4 per cent w/v aqueous pure lysole-
cithin sol contained in a 4 cm. cell are shown in Table I. Readings for
4 per cent wiv cholesterol and triolein and 0-4 per cent w/v monostearin
solutions using chloroform as a solvent are also given. The absorption
spectrum within the visible region of the lysolecithin sol showed that light
was not predominantly absorbed at any particular wavelength ; the spectra
of cholesterol, triolein and monostearin showed a similar behaviour.

Discussion

Solution of the three substances examined must be mainly attributed to
the solubilising property of lysolecithin since they do not themselves
dissolve appreciably in water. The systems showed an increasing
tendency to solubilisation by lysolecithin in the order triolein, cholesterol
and monostearin. The ageing of the sols varied and did not follow a
pattern; these effects and possible mechanisms of solubilisation are
discussed below.
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Lysolecithin-Triolein.  Triolein showed the least tendency to solubilisa-
tion by lysolecithin, requiring, for example, a seven-fold ratio of lysole-
cithin to obtain an arbitrary optical density value of 0-2. The optical

TABLE |

Extinction coefficients (e) for different wavelengths within the visible
REGIONS FOR EACH COMPONENT.  TEMP. 20°

Aqueous Cholesterol Triolein Monostearin

lysolecithin in chloroform* inchloroform* inchloroformf

1.(A) sol*

4200 0-242 0097 0-382 0-024
4400 0-212 0-088 0-274 0-022
4600 0-192 0079 0-206 0-020
4800 0-172 0-074 0-152 0-018
5000 0-155 0-069 0-117 0-017
5200 0-140 0-066 0092 0-016
5400 0-128 0-059 0-074 0-015
5600 0117 0-056 0-059 0-014
5800 0-108 0-053 0-049 0-013
6000 0 097 0-050 0-038 0-012

* Concentration 4 per cent t Concentration 0-4 per cent

density thereupon increased rapidly for increasing concentrations
of triolein (Fig. 1). The solubilising power of lysolecithin in this system
was influenced very little by an increase in temperature of 15°, and attempts
to solubilise more triolein by shaking the sols for periods of up to 18 hours

Fig. 3. Lysolecithin-cholesterol sols. Temp. 25°.
% —0 025 per cent w/v cholesterol

®—°"05 ” ” ”
O—oio

A—0-125 " ” ”
x—015 » ” "

0—0-20 » » »
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at 40° were unsuccessful. ~ All sols were stable for 12 hours but a film of
emulsified triolein formed on the surface of sols containing more than
0-1 per cent wiv triolein after 24 hours, although there was no marked
change in optical density during this period and the following 48
hours.

It is probable that steric factors mainly prevent ready solubilisation of
triolein in the m celles of lysolecithin. Double bonds in each fatty acid
chain of the molecule will inhibit formation of a close-packed micelle and
weaken hydrcphobic
association with the
hydrocarbon chain of 0-5
lysolecithin.  Tie un-
saturated linkages situa-
ted midway along the
hydrocarbon chains of 0-4
the triolein molecule are
probably not suitably
placed to undergo di- g o3
pole-dipole or dipole-ion  ~
interaction with thehead ~
group of lysclecithin o 02
within the micelle.

Although both sub-
stances were intimately
mixed after evaporation °'
of the mutual solvent it
is probable that some
particles of the triolein
were many times bigger
than a lysolecithin
micelle and formed an Fig 4
emulsified phase which,
on shaking and allowing to stand, produced the film observed after 24 hours.

Lysolecithin-Cholesterol. Cholesterol required only four times its
molar quantity of lysolecithin to give the optical density value of 0-2
quoted for triolein. Again the optical density rose sharply for increasing
quantities of cholesterol, an increase of 15° Iin temperature having small
effect (Fig. 2). The ageing of lysolecithin-cholesterol sols was different,
showing an initial rise in optical density within the first 5 hours followed
by a gradual decline indicating slow separation which continued for another
67 hours (Fig. 5).

Strong dipole forces between the hydrophilic groups of each substance
probably helped the lath-shaped cholesterol molecule to orient itself
parallel to a lysolecithin molecule with its free hydroxyl group outwards,
but its bulkiness (7-5 x 4-5 x 20 A3 would prevent close packing within
a spherical micelle. In this mixed sol it is not possible to distinguish
clearly between the lysolecithin as a solubilising substance and as a
protective colloid.

Lysolecithin-monostearin sols, x,25°: 0 ,40“
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The interfacial tensions between triolein and water and cholesterol and
water are high and it is to be expected that a large excess of lysolecithin
would be required to lower the interfacial tensions sufficiently to solubilise
these substances completely. The latent heat of fusion involved in the
transition of cholesterol from the solid into the liquid state when solu-
bilised in the aqueous sol will also oppose its solubilisation.

Fig. 5. Lysolecithin-monostearin sols. Temp. 25°.
1 per cent w/v monostearin
0—0-2 ” ”

0 —03
04
0—05 ”
X— 0-6 ve
0—08

A—10 ” ”
O —denotes separation of monostearin.

Lysolecithin-Monostearin.  Monostearin was solubilised in a mol ratio
of 1-34to 1 of lysolecithin at the optical density value of 0-2, the optical
density subsequently increasing rapidly to a maximum for a mol ratio of
2:1. In this region the amount solubilised was slightly decreased by
a 15° rise in temperature (Fig. 4). Sols containing small fractions (below
0-5 per cent) of monostearin were unstable after 48 hours when the
monostearin separated quite rapidly (Fig. 5), but sols of higher proportions
of monostearin formed gels which increased their stability and no separa-
tion was observed after a month.
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Monostearin possesses a hydrophilic head group and a lipophilic region
which gives the substance some degree of amphipathic character. In
lysolecithin, which has a similar lipophilic region, this property is con-
siderably increased by the presence of the phosphate-choline group giving
the molecule complete water solubility and high surface activity due to the
balance between the lipophilic and hydrophilic regions. The similarity
in structure of these substances enables the monostearin molecules to
orient themselves within the micelle, parallel and adjacent to the lysole-
cithin molecules, with maximum hydrocarbon chain adhesion by van der
Waal’s forces and dipole-dipole and dipole-ion interaction of the head
groups exerting attractive Coulombic forces.
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A liquid-liquid extraction procedure is described for the separation
of certain antibacterial substances (hexylresorcinol, chloroxylenol,
oxine and chloramphenicol) from their solutions after contact with
bacteria, before spectrophotometric analysis. The choice of a suitable
organic solvent for a particular drug-bacteria system is discussed. The
use of the proposed extraction method permitted concurrent deter-
mination of the drug and cell exudate (A max approximately 260 m/x)
in a single solution. The accuracy and validity of the method is
demonstrated.

U 1tra-violet Spectrophotometric methods of assay of low concentrations
of antibacterial substances in solutions obtained after drug-bacteria contact
are usually accurate and quick provided the drug has significant light-
absorbing properties beyond the 300 m/x region. Problems arise if the
drug absorbs only between 220-300 m¥x because the contact of the drug
with bacteria causes the release of a complex mixture of water-soluble
constituents with light absorbing properties in this region.

In certain studies of drug-bacteria interaction, it was necessary to deter-
mine low concentrations of antibacterial substances, having absorption
maxima at wavelengths between 220-300 nvx, in solutions obtained after
simple drug-bacteria contact and after growth experiments. The materials
released from the bacteria under these conditions are not necessarily
identical and the following designations will be made. “Cell exudate”
will be used to describe the substances released from bacteria by heat
or chemicals, and which absorb light in the ultra-violet region (A max
about 260 m/X) due to the presence of purines, pyrimidines and nucleo-
tidesl-4. The term “cell exudate” is preferred to “bacterial lysis” since
the latter has also been used to describe the optical clearing of bacterial
suspensions3  Substances released simultaneously which do not absorb
ultra-violet light will not be considered in the present paper. The
permeability and osmotic properties associated with the cytoplasmic
membrane6 will control the release of cell exudate; the cell walls would
not constitute a barrier to the escape of substances having relatively low
molecular weights (see Mitchell and Moyle7). The term “growth exudate”
is used to describe the ultra-violet absorbing substances released from
bacteria during growth.

A suitable method for the quantitative separation of the drug from
the bacterial exudates is described; its application to a study of the
interaction of Staphylococcus aureus with oxine has been published
previously8
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Experimental Methods

Materials

Organic solvents. Reagent grade solvents were used. (Not all com-
mercial samples of chloroform proved satisfactory in this work.) Diethyl
ether (1 1)) was washed with successive portions (600, 300, 300 ml.) of
distilled water and redistilled before use. It remained free from peroxides
(B.P., 1953, test) for about ten days and gave satisfactory “blank”
determinations up to a week after preparation.

Hexylresorcinol. Commercial p-n-hexylresorcinol was recrystallised
from light petroleum (b.p. 40-60°) as colourless needles, m.p. 69° (un-
corr.), (Cox9 gave 68-70°) and log e 3-42 at Amax 280 mp in distilled
water.

Chloroxylenol. Commercial material was recrystallised from light
petroleum (b.p. 100-120°) as colourless needles, m.p. 115° (uncorr.),
(Vogelio gave 114-116°) and log e 3-11 at Amax 279 mp in distilled water.

Oxine. The physical constants of the material used have been described
previously8.

Chloramphenicol. Commercial material was recrystallised from water
as pale cream needles, m.p. 150° (uncorr.) and log e 3-99 at Amax 278 mp
in distilled water [Rebstock and othersit gave m.p. 150T °and E(l per cent,
lcm.) 298 at 278 mp].

Bacteria. Aerobacter aerogenes and Staph, aureus as described pre-
viously128 and Escherichia coli, originally N.C.T.C. 5933, were employed.

Culture conditions. A. aerogenes was grown in a simple glucose-in-
organic salts medium at 40° for 16 hours with positive pressure aeration.
Staph, aureus and E. coli were cultured on nutrient agar slopes for
24 hours at 37°.

Absorption measurements. These were made using matched 1 cm.
cuvettes and a Hilger H 700 spectrophotometer.

General Extraction Procedure

After drug-bacteria contact, the bacteria were removed by centrifuging
and 25 ml. of the supernatant solution was shaken with portions, usually
25 ml. and 4 X 15 ml., of a water-immiscible solvent. The organic
layers were combined, washed with water and evaporated to dryness
under reduced pressure. The residue was dissolved in water, using heat
if necessary, the solution diluted to 50-0 ml. and examined spectrophoto-
metrically; the drug constituted the only ultra-violet absorbing species
in this solution (cf. the results for hexylresorcinol presented in Table |
and those for chloramphenicol presented in Fig. 1). The combined
aqueous layers containing the cell or growth exudate obtained after
extraction were boiled to remove the organic solvent, cooled and diluted
to 50-0 ml. and examined spectrophotometrically.

Check on the Non-extraction of Exudates by Organic Solvents

25 ml. volumes of cell and growth exudates derived from bacterial
suspensions, corresponding to tube 3 of Brown’s opacity tubes, were
extracted as described above.
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Growth exudate was obtained from a 16-hour culture of A. aerogenes
by centrifuging at 18,000 g for 10 minutes to remove the bacteria. Cell
exudate from E. coli and Staph, aureus. A bacterial suspension was
obtained by harvesting the bacteria in 0 02 M phosphate buffer at pH 7-0.
The bacteria were washed twice and resuspended in the same medium

Fig. 1 Ultra-violet absorption curves of solutions obtained before and
after extraction of chloramphenicol from a solution containing A. aerogenes
growth exudate.

1. Solution before extraction.

2. Aqueous solution of the chloramphenicol extracted.

3. Agueous solution remaining after extraction of the original solution.
4

Calculaéed curve for the initial solution obtained by addition of curves
2and 3.

5. Calculated curve for chloramphenicol obtained by subtraction of curve 3
from curve 1

6. Typical curve for an aqueous solution of chloramphenicol.

before keeping the suspension at 70° for 30 minutes, or alternatively at
100° for 10 minutes. The cell exudate was obtained after removing the
bacteria by centrifuging.

Blank Check of Organic Solvents

Water was substituted for the drug solution in the general extraction
procedure described above. Both the aqueous layer, after removal of
the organic solvent by heating, and the aqueous solution obtained from
evaporation of the solvent and extraction of the residue were examined
spectrophotometrically.

Solvents were rejected if the optical density of the appropriate blank
solution exceeded 10 per cent of the optical density of the absorbing
species at the absorption peak of the latter.
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Colorimetric Determination of Hexylresorcinol

The method originally described by Gibbs!3and later modified by Singer
and Sterni4 was found to be satisfactory. Reagents: 0-32 per cent
wiv 2 :6-dibromo-/#benzoquinone-4-chloroimine in acetone-free ethanol.
Buffer solution, pH 8-3, containing 12-369 g. boric acid, 14-911 g. potas-
sium chloride and 1-60 g. of sodium hydroxide in 1 litre of distilled water.
1-0 and 5-0 per cent w/v sodium hydroxide solutions. Method: 4-0 ml.
of hexylresorcinol solution in distilled water, containing up to 2000 xg,
was transferred to a volumetric flask and 1-0ml. of 50 percent solution
of sodium hydroxide and 100 ml. of buffer solution added. The reagent
solution, in the proportion of 1-0 ml. per 500 jxg. of hexylresorcinol, was
added and the solution set aside for 15 minutes to allow colour develop-
ment. 3-0 ml. of 1-0 per cent solution of sodium hydroxide was added
and the volume adjusted to 100 ml. with distilled water. The absorption
maxima of the solutions obtained were at 510 mx.  Calibration curves
were prepared for solutions containing hexylresorcinol, 2-20 fxg./ml..
alone and with added cell exudate; the latter made little difference to
the results.

Results
Non-extraction of Exudates by Organic Solvents

Extraction of the cell or growth exudates as described under the genera,
extraction procedure left the concentration of the ultra-violet absorbing
constituents in the aqueous phase virtually unchanged. For example,
see Table | and Figure 1 The identical shape of the ultra-violet absorp-
tion curve of chloramphenicol (curve 6) and curve 2 indicates that the
ultra-violet absorbing constituents in the exudate have not been trans-
ferred to the solvent layer, since distortion of curve 2 relative to curve 6
would otherwise occur, especially in the region 220-250 m’x.  Even using
eight extractions instead of four as described in the general procedure, the
concentration of ultra-violet absorbing components in the exudate was
left unchanged.

As examples of the applications of the extraction procedure, the results
obtained using four drug-bacteria systems will now be presented.

Hexylresorcinol—E. coli System

Portions of known mixtures of cell exudate and hexylresorcinol were
extracted with chloroform ; spectrophotometric measurements were made
of the aqueous layer, after removal of the solvent, and of the solution of
extracted hexylresorcinol inwater.  Reference solutions of hexylresorcinol,
cell exudate and the mixture were also examined at comparable dilutions.
In Table I, the results obtained for three determinations on a single
mixture of the phenol and cell exudate illustrate the accuracy of the
method even under unfavourable conditions in which the blank densities
constitute 10 per cent of the observed readings. The absorption curves
of aqueous solutions of the extracted material were identical with those
derived by subtracting the spectrophotometric readings of the aqueous
solutions after extraction from those for the solution from hexylresorcinol
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—E. coli contact; all were identical with the absorption curves for pure
hexylresorcinol in water.

The validity of the extraction method was further established by colori-
metric determination of hexylresorcinol; this reaction was unaffected by
the presence of cell exudate. Results for the determination of hexyl-
resorcinol by both procedures are shown in Table 1I. An investigation
of the interaction of hexylresorcinol with E. coli will be presented in
subsequent papers.

TABLE I

Comparison of results obtained for solutions of hexylresorcinol by the

EXTRACTION AND COLORIMETRIC PROCEDURES

i Hexylresorcinol concentration in jxg/ml.
Experiment

number Extraction procedure Colorimetric procedure
1 2400 243
2 2390 2440
3 2390 2440
4 2390 2375

Chloroxylenol — E. coli System

The curves obtained by subtracting the spectrophotometric measure-
ments of the aqueous layers after chloroform extraction from those of
known mixtures of the phenol and exudate before extraction were identical
with those of chloroxylenol in water. Experiments with solutions after
drug-bacteria contact gave similar results. The colorimetric procedure,
as described above for hexylresorcinol, and the subtraction method gave
identical figures of chloroxylenol content in solutions obtained after
drug-bacteria contact.

Evaporation of the chloroform extract of chloroxylenol led to losses
due to the slight volatility of the latter under these conditions. Attempts
to prevent losses of the phenol by evaporation of the organic solvent in
the presence of sodium hydroxide solution failed to give optically clear
solutions.

Methylene chloride also quantitatively extracted chloroxylenol and
other phenols from aqueous solutions; the resultant agueous solutions
of cell exudate were unsatisfactory because of high blank readings.

Oxine—Staph, aureus System

Losses of oxine also occurred on evaporation of a chloroform solution,
although complete separation from cell exudate could be readily effected.
For example, the standard deviation of the optical density of the cell
exudate at 260 m/i for eight determinations of a single known mixture
mixture with oxine was 0-00378 and the coefficient of variation 1-05 per
cent. The mean of these results was 0-359, whereas, the corresponding
optical density of the original cell exudate was 0-362. Comparison of
the appropriate absorption curves, as in the previous examples, again
confirmed the identity of the extracted material.
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Chloramphenicol—A. aerogenes System

The extraction of chloramphenicol from growth exudate was required
in certain investigations. Diethyl ether and ethyl acetate effected quanti-
tative separations of the drug from aqueous solutions; chloroform,,
methylene chloride and hexane were unsatisfactory. Ethyl acetate
partially extracted ultra-violet absorbing constituents from the growth
exudate. Ether effected a satisfactory separation of chloramphenicol
from a mixture containing growth exudate; it was necessary to wash the
solvent thoroughly and re-distil before use.

Figure 1shows the results obtained using ether as solvent. The curves
for the separated components could be superimposed upon those obtained
initially for the chloramphenicol and growth exudate, again establishing,
the identity of the extracted material and the accuracy of the method.

Discussion

It seemed improbable that a simple liquid-liquid extraction could effect
the desired separation, nevertheless the partition coefficients of many
drugs relative to those of the ultra-violet absorbing constituents of the
exudates permit such separations. The possible irrelevant absorption
due to solvents, which may occur in the same region as the absorption
due to the drug, and the danger of light scattering from slightly turbid
solutions can be readily overcome.

Before the adoption of a simple liquid-liquid extraction procedure,
chromatographic and ion exchange separations were investigated but
found to be unsuitable because of incomplete recovery of the drug and
cell exudate. Conventional spectrophotometric techniques, including the
use of the Morton-Stubbs correction, cannot, for obvious reasons, be
applied to the analysis of solutions derived from drug-bacteria contact.

The development of the extraction procedure involved not only the
choice of solvents suitable for the quantitative separation of the drug from
the cell exudate, but also the selection of those suitable for the subsequent
preparations of the drug and exudate for spectrophotometric analysis.
Solvents satisfactory for the former requirements were frequently unsatis-
factory for the latter, e.g. the agueous layer, after shaking with the organic
solvent and heating to remove the dissolved solvent, may remain turbid
even after centrifuging at 18,000 g.

Water-insoluble trace residues were also obtained in certain of the
organic extracts despite all precautions to exclude grease, for example,.
Teflon sleeves were used at all ground glass joints and no lubricant was-
applied to the taps of separating funnels.  This problem of turbid aqueous
solutions, derived subsequent to evaporation of the organic solvent,
may be avoided by spectroscopic measurements on the extracted drug in
the separated organic solvent after centrifuging to remove suspended
water. Aqueous solutions of the extracted drug, or metabolic product,
were generally required in the present work. Despite the difficulties
associated with this type of assay, we have found that reliable and
consistent results can be obtained.
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In conclusion, a re-appraisal of the well-known effects of drug concen-

tration and temperature on the bactericidal action of phenolic compounds
in relation to the amount of drug bound under these conditions now
becomes feasible.

=
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Various quantitative aspects of the interaction of hexylresorcinol with
E. coli suspensions are described. The amounts of hexylresorcinol
bound by the bacteria from solutions of varying concentrations were
determined and the speed of this reaction and the influence of tempera-
ture on the extent of binding examined.  The release of cellular consti-
tuents from the bacteria and the changes in the light-scattering
properties of E. coli suspensions on addition of hexylresorcinol were also
Investigated. These results are discussed in relation to the site of
antibacterial action of hexylresorcinol.

The influence of various factors on the antibacterial activity of phenolic
compounds is a well documented subject, whereas, little data are available
concerning the actual interaction of such drugs with bacteria. Some
attempts have been made to relate antibacterial activity to some chemical
or physico-chemical change on addition of phenol to bacteria but no
real success has yet been reported. Various quantitative aspects of the
interaction of hexylresorcinol with Escherichia coli will be described in
this paper including drug binding to, and release of cellular constituents
from, the organism and the consequent effects on the light scattering
properties of the bacteria. Later publications will be concerned with
the influence of other substances, including sodium chloride, butanol
and a non-ionic surface-active agent on the interaction of hexylresorcinol
with E. coli and evaluation of the antibacterial activity of the phenol
under conditions similar to those used for drug-binding experiments.
Preliminary observations have already been published1-2

Experimental

Hexylresorcinol.—Commercial p-n-hexylresorcinol was recrystallised
from light petroleum (b.p. 40-60°) as colourless needles, m.p. 69° (un-
corrected), (Cox3 gave 68-70°) and log e 3-42 at Amax 280 mAin distilled
water.  Spectrophotometer.—A Hilger H 700 spectrophotometer was used
in conjunction with matched, fused silica cuvettes (1 cm. unless otherwise
stated). Organism.—Escherichia coli (originally N.C.T.C. 5933) was
maintained on nutrient agar slopes. Cultures were incubated for 18-24
hours at 37°.

Preparation of bacterial suspensions. The bacteria were harvested,
washed once by centrifuging at 8000 g for 10 minutes with distilled
water and finally resuspended in 0-13 M phosphate buffer (pH 7-3).
The final volume of the suspension was adjusted so that on dilution 1in
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10 (on addition to drug solutions, etc.) the suspension would contain the
required number of organisms. Routine standardisation was carried out
nephelometrically.

Preparation ofsuspensions o fisolated cell walls.  Suspensions of isolated
cell walls of E. coli were prepared following the method of Salton and
Horne4

General Technique for Drug-Bacteria Contact

A suitable volume (usually 45 ml.) of an aqueous solution of hexyl-
resorcinol was introduced into a glass centrifuge tube contained in a
water bath maintained at 25° (+ 1-0°. A known volume (usually
5ml.) of the bacterial suspension in 0-13 M phosphate buffer was added
to the drug solution and the product mixed thoroughly. The final
concentration of phosphate buffer was always 0-013 M.  After a timed
interval of 10 minutes unless otherwise stated, the bacteria were removed
by centrifuging at 8000g for 10 minutes and the supernatant solution
further clarified by re-centrifuging before examination for the hexyl-
resorcinol content.

Turbidity changes in suspensions of E. coli after the addition of hexyl-
resorcinol were determined at 500 mx. The drug-bacteria suspension
was transferred immediately after mixing to a cuvette maintained at 25°
in the spectrophotometer. The reference cuvette contained a similar
suspension without hexylresorcinol. The optical density of the test
suspension was measured at timed intervals after addition of the drug.

Analysis of Solutions derivedfrom Drug-Bacteria Contact

The hexylresorcinol was separated from the cell exudate by extraction
with an organic solvent: 50 ml. of drug-containing solution was extracted
with chloroform (reagent grade*, 4 x 50 ml portions) and a total of 20 ml.
of water was used for washing.  The combined solvent extracts, containing
the hexylresorcinol, were evaporated to dryness under reduced pressure
and the residue dissolved in water and diluted to 50-0ml. The hexyl-
resorcinol content of this solution was determined spectrophotometrically.
The combined aqueous layers, after extraction, were boiled to remove
dissolved chloroform, cooled and diluted to 50-0ml. before spectro-
photometric examination for the presence of cell exudate. All results
were corrected for the slight background absorption derived from
chloroformi

Results

The Rate of Interaction of Hexylresorcinol with E. coli

Figure 1 shews the results obtained for the uptake of hexylresorcinol
by and the release of cell exudate from E. coli with increasing time of
contact. The test suspension contained 350 /xg./ml. hexylresorcinol and
3 x 109organisms/ml. The contact times ranged from 2 to 60 minutes.

*Not all commercial samples are suitable.
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The Uptake of Hexylresorcinol by E. coli

Duplicate results obtained for the uptake of hexylresorcinol by E. coli
(109 organisms/ml.) from solutions initially containing 20-440/xg./ml.
of the drug are shown in Table | (see also curve 1 of Fig. 3). The
liberation of cell exudate accompanying hexylresorcinol binding is shown
in Figure 3, curve 2, as a function of the drug concentration remaining
in the supernatant solution.

0-4 %)

b fc

04

Fig. 1. Uptake of hexylresorcinol by E. coli %3 x 10¢
organisms/ml.) and the release of cell exudate from the
organisms with increasing time of contact at 25°.
1 The amount of hexylresorcinol bound (initial con-
centration 350 /ig./ml.). 2. The amount of cell exudate
released (optical density at 260 m”).

Only about 6 per cent of the drug bound by suspensions of intact
bacteria was bound by isolated cell wall preparations of the same
organism (initial hexylresorcinol concentration 300 jtig/ml. and bacteria
or isolated cell walls equivalent to 3-3 x 109 organisms/ml.). This
figure is of necessity only approximate owing to circumstances previously

discussed6.
TABLE |

The relation between the uptake of hexylresorcinol
by E. coli (10 organisms/ml) and the initial
CONCENTRATION OF HEXYLRESORCINOL

The results were obtained using a single bacterial suspension

Initial concentration

of hexylresorcinol Mean uptake
Hg./ml. [Ag/ml.

233 28
46-5 51
69-4 -1
91-4 10-7
8-6 16-3
174-8 24-0
209-2 34-0
254-4 42-8
289-0 508
3630 74-6
407-4 87-8
436-1 %-3
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Influence of Temperature on the Uptake of Hexylresorcinol by E. coli

The uptake of hexylresorcinol by E. coli (109 organisms/ml.) from
solutions initially containing 100 jug/ml. was determined at 25, 30 and
40°: the results are presented in Table Il. The amount of cell exudate
released under these conditions is also shown in this Table.

Turbidity Changes in Suspensions ofE. coli on Addition of Hexylresorcinol

The changes in the optical density of suspensions of E. coli (final
concentration 5 x 108 organisms/ml.) after addition of varying con-
centrations of hexylresorcinol are shown in Figure 2. The results shown
indicate the changes at timed
intervals after mixing. Stop-
pered cuvettes, 1 cm,
thermostatically maintained
at 25°, were used for these
measurements. Microscopic
examination of these sus-
pensions showed that no
clumping of the bacteria
had occurred.

Discussion

Analytical Methods

The ultra-violet absorp-
tion curves of the solutions
obtained after contact of
E. coli with hexylresorcinol

showed maxima near 280 Fig. 2. Change of the turbidity of suspensions
mp; the actual position of  of°t “coli’s x 10 organisms/ml.) at 25° after
the peak varied slightly with  the addition of hexylresorcinol. 1. 20 /;g./ml.

the initial Concentration, pre_ 2. 100 ;cg;m; 3. 200 /c,g/ml 4. 400 ug/ml
sumably due to the relative > °% /@M

concentrations of unchanged hexylresorcinol (Amax 280 mp) and the cell
exudate (A max 260 mp). Satisfactory analytical resolution of these
mixtures was attained using the extraction procedure described previously6.

The Rate of Interaction of E. coli with Hexylresorcinol

The uptake of hexylresorcinol by E. coli was rapid and almost complete
after 5 minutes contact time (see Fig. 1); the release of cell exudate
during contact showed a similar course. Ten minute contact times were,
therefore, considered suitable for all subsequent work with this system.

The Uptake of Hexylresorcinol by E. coli

Curve 1 of Figure 3 shows that the amount of hexylresorcinol bound
by E. coli is dependent upon the initial concentration of the phenol in
solution. There was no difference between the amount of hexylresorcinol
bound from aqueous solutions in the presence and absence of phosphate
buffer (0013 M and pH 7-3). The point of no further increase in the
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uptake of hexylresorcinol by the bacteria on increasing the phenol con-
centration in the medium was not attained even with the most concentrated
initial solutions (almost saturated). Although the number of bacteria in
contact with the hexylresorcinol solutions could have been reduced to

TABLE Il
The effect of temperature on the uptake of hexylresorcinol by £. coli
(109 organisms/ml.)
The initial concentration of hexylresorcinol in contact with the bacteria was
100 fig./ml.  Mean results for duplicate determinations

L Optical density of ~ Optical density of
. Concentration in  Amount of hexyl- cell exudate reléased cell exudate released
Tempgl&e:lture in the supernatant resorcinol rt])1ound in the presence of  in the absence of

solution p.g./ml. the drug the drug
25 87-4 126 0133 0-029
30 86-8 132 0152 0-034
40 86-7 133 0-272 0-056

achieve saturation, the precision of the analytical results would have
been adversely affected.

The shape of the uptake curve (Fig. 3, curve 1) indicates that the
attractive forces exerted by the initially bound molecules facilitate binding
of a further quantity of hexylresorcinol. This is also suggested by the
changes in the electrophoretic mobilities of bacteria upon progressive
addition of phenolic compounds?. Alternatively, the molecules bound

feg./ml. of hexylresorcinol remaining
in solution

Fig. 3. Uptake of hexylresorcinol by E. coli and the release
of cell exudate from the organisms (10® organisms/ml.).
1 The amount of hexylresorcinol bound from solutions
containing 0013 M phosphate buffer, pH 7-3 at 25°.
2. Release of cell exudate (optical density at 260 mu) upon
increasing the hexylresorcinol concentration.

initially to the cytoplasmic membrane could cause partial disorganisation
of the osmotic barrier with resultant penetration by some phenolic
molecules.

The amount of cell exudate liberated from E. coli suspensions in 10
minutes, as indicated by the optical density at 260 mju, was influenced
by the initial hexylresorcinol concentration (and also by the amount cf

364



INTERACTION OF PHENOLIC COMPOUNDS WITH BACTERIA. PART I

hexylresorcinol bound) up to 220 /xg./ml. (for 109organisms/ml.). Above
this concentration, a constant and limiting value was reached shown
in curve 2 of Figure 3. Initially, localised damage to the cytoplasmic
membrane of the bacteria is envisaged with consequent release of a
limited amount of cell exudate; the components of the cell exudate may
possibly be present in the “free” state or may be formed by breakdown
of the cytoplasmic constituents. Progressive addition of hexylresorcinol
would cause more extensive damage and the release of more cellular
constituents until the drug molecules exerted their maximum effect upon
the cytoplasmic membrane. Similar interdependence of the concentra-
tion of an antibacterial substance (cetyltrimethylammonium bromide,
polymyxin and circulin) and the amount of cellular constituents released
from bacteria has been demonstrated by other workers8-11; however, the
amount of cell exudate liberated from the same organisms by different
substances will not necessarily be the same.

The relatively small proportion (6 per cent) of hexylresorcinol bound
by isolated cell walls of E. coli compared with the amount bound by
intact cells under identical conditions provides further evidence that the
cytoplasmic membrane and possibly the cytoplasm is involved in the
latter. The cytoplasmic membrane has also been implicated as the site
of interaction of various antibacterial substances, for example phenol1214
polymixin and other peptidic antibioticsi5 and some ionic surface-active
agents (for a discussion see Salton18, with bacteria.

The uptake of hexylresorcinol by bacteria is not a reversible reaction.
Therefore, although changes in the contact temperature had little effect on
the amount of hexylresorcinol bound (see Table Il) it does not follow that
values for the heat of reaction are small and only weak binding forces are
involved. Either increased breakdown of cytoplasmic constituents or
changes in the permeability of the bacteria could effect the considerable
increase in the amount of cell exudate liberated on raising the temperature.
These results are of particular interest in relation to the temperature
coefficients of bactericidal reactions associated with phenolic compounds.
Nevertheless, the number of molecules exerting the biological effect may
constitute only a very small fraction of those bound by the bacteria and,
therefore, any correlation of the changes observed on drug binding and
antibacterial activity may ultimately prove impossible.

Turbidity Changes in Suspensions of E. coli on Interaction with Hexyl-
resorcinol

Some profound alteration in the light scattering properties of sus-
pensions of E. coli (see Fig. 2) occurs after the addition of hexylresorcinol,
the effect being dependent on the concentration of the drug and the time
of contact. The authors have observed similar turbidity changes occur
in bacterial suspensions containing many phenolic substances (for
example phenol and chlorocresol) but not all (for example chloroxylenol
and thymol). The optical density of bacterial suspensions between
300-600 mu. is attributed solely to the scattering of light by the
organismsZ.  An increase in the optical density of a bacterial suspension
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may be caused by an increase in the effective reflecting surface area of
the cell or to a change in the refractive index of the cell membranes or
cytoplasm or to a combination of these effects. The turbidity changes
reported in the present paper will be discussed in conjunction with the

A. H. BECKETT, S. J. PATKI AND ANN E. ROBINSON

biological results in Part 11P8
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The uptake of hexylresorcinol by suspensions of E. coli and the
associated release of cellular constituents were examined using, heat-
killed and butanol-treated organisms. The effect of the addition of
cetomacrogol to the systemwas evaluated in terms of the reduction in
the extent of drug binding and the prevention of the hexylresorcinol-
dePendent light-Scattering changes of E. coli suspensions. Sodium
chloride poteéntiation of the lafter effect and of the release of cell
exudate from the bacteria on treatment with hexylresorcinol wes also
investigated.

In this paper, the effects of sodium chloride and butanol on the interaction
of hexylresorcinol and Escherichia coli are examined because of their
effects upon the osmotic pressure of the drug-bacteria system. Ceto-
macrogol was also included since nonionic surface-active agents are
employed as emulsifying and solubilising agents in pharmaceutical
and cosmetic preparations. Preservation of these products is difficult
since the conventional phenolic compounds (among many others) have
been shown to be ineffective in the presence of nonionic substances,
although the cause of this inactivation has not been established un-
equivocallyl2

The effects of sodium chloride and cetomacrogol on the antibacterial
activity of solutions of hexylresorcinol against E. coli under analogous
conditions to those herein described will be presented and discussed in
Part 11P.

Experimental

The experimental techniques were described in Part 14

Cetomacrogol (polyethylene glycol 1000 monocetyl ether). This
material was obtained from Glovers (Chemicals) Ltd., may be repre-
sented by the formula:

CH3(CH2NOCH2(CH20CH2),,CH2OH

where m may be 15 or 17 and n may be 19to 23. The molecular weight
is approximately 1300 and the critical micelle concentration in aqueous
solution is about 10~6to 10-7 M5

Preparation of suspensions of heat-killed bacteria. Washed suspensions
of E. coli (about 1010 organisms/ml.) in phosphate buffer were maintained
at 100° for 10 minutes. The bacteria were centrifuged, washed once and
resuspended in the same medium (2 x 1010 organisms/ml.).

Preparation of suspensions of butanol-treated bacteria. «-Butanol was
added to suspensions of E. coli (about 1010 organisms/ml.) in phosphate
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buffer to yield a final concentration of 5-0 per cent wiv (0-67 M).  After
25 minutes at 20°, the bacteria were centrifuged, washed twice and re-
suspended in phosphate buffer (2 x 1010 organisms/ml.).

Colorimetric determination of hexylresorcinol. The method was as
described previously6 Calibration curves were prepared for solutions
containing hexylresorcinol (2-20 jug./ml.) alone and in combination with
0-001 per cent wiv cetomacrogol.

Turbidity changes in bacterial suspensions. The effect of sodium
chloride on the turbidity changes of suspensions of E. coli treated with

TABLE |

The uptake of hexylresorcinol and the release of cell exudate by heat-killed

AND BUTANOL-TREATED SUSPENSIONS OF E. Coli (2 X 109 ORGANISMS/ML.)
The initial concentration of hexylresorcinol in contact with the bacteria was

260 ftg./ml.
Preliminary treatmerit
none (control) heat-killing butanol
Amount of hexylresorcinol bound in p.g/ml. .. 760 114 700
Optical density at 260 np. of the cell exudate
released during preliminary treatment 0033 0-791 0133
Optical density at 260 mp. of the cell exudate
released during hexylresorcinol treatment .. 0199 0049 0-670

hexylresorcinol were determined by the method described in Part 14
i.e., the reference cuvette contained an equivalent bacterial suspension
without added drug.

Observations on suspensions of E. coli after the addition of either
hexylresorcinol or cetomacrogol, or both, were made using water in the
reference cuvette (0-2 cm. cuvettes).

Analysis of solutions derived from drug-bacteria content. In the
absence of the surface-active agent, the extraction procedure (cf. Part 14
was used, see discussion). The colorimetric precedure was applied
only to those solutions which contained cetomacrogol.

Results

Influence of Various Factors on the Interaction of Hexylresorcinol with
E. coli
Heat-killed and butanol-treated organisms. The results obtained using
heat-killed and butanol-treated suspensions of E. coli (2 X 109 organisms/
ml.) and an initial drug concentration of 260 jug./ml. are shown in Table I.
Sodium chloride. The effect of spdium chloride in various concentra-
tions upon the uptake of hexylresorcinol by, and the release or cell
exudate from, E. coli (109organisms/ml.) for a solution initially containing
230/zg./ml. of the drug is indicated by the results presented in Figure 3.
Cetomacrogol. Figure 1, curve 1, shows the results obtained for the
uptake of hexylresorcinol by E. coli (3 x 109 organisms/ml.) from a
solution initially containing 350 jug./ml. of hexylresorcinol and 990 jug./
ml. of cetomacrogol (the solution also contained phosphate buffer,

368



INTERACTION OF PHENOLIC COMPOUNDS WITH BACTERIA. PART n

pH 7-3, final concentration 0-013 M). The contact times ranged from
2 to 60 minutes and the molar ratio of cetomacrogol to hexylresorcinol
was about 4 to L Curve 2 of the same Figure shows the results of a
comparable experiment in which cetomacrogol was omitted (cf. Part 14).

The results shown in Figure 2 demonstrate the effect of increasing
concentrations of cetomacrogol on the binding of hexylresorcinol by

Molar ratio cetomacrogol :

_ 1 The rate of uptake of hexylresorcinol hexylresorcinol

y E. coli 3 x 109organism/ml.) at 25° in the i, 2. Uptake of hexylresorcinol by E.
presence and absence of cetomacrogol. The  cofi (3 x 1090rganisms/ml.) at 25° in the
initial concentration of hexylresorcinol was i i

350 fig./ml. or 1-8 x 10-3 M. "1 In the absence presence of varying proportions of ceto.

fig./ml or 7-7 x 10~3 M cetomacrogol.

of cetomacrogol. 2. In the presence of 1000 %%céggggtiogh\?vaslql_galx 2‘8’%/ Ii\%orcmol

suspensions of E. coli (3 X 109 organisms/ml. The molar ratios of
cetomacrogol to hexylresorcinol ranged from 05-5-0 to 1

For a solution initially containing 500 /xg./ml. of hexylresorcinol and
cetomacrogol (molar ratio of cetomacrogol to hexylresorcinol of 0-5:1),
the amount of the phenol bound was 24 /xg./5 X 108 organisms/ml.

TABLE Il

The turbidity of suspensions of E. COli (10® organisms/m1.) 10 minutes after
THE ADDITION OF HEXYLRESORCINOL SOLUTIONS CONTAINING VARIOUS CONCENTRATIONS
OF SODIUM CHLORIDE. (0 5 CM. CUVETTES)

Concentration of Opt cal density at 500 mp. in presence of FaCl
hexylresorcinol
pg./ml. ooM 0-056 M 01M 0-2M
0477 0-495 0-503 0511
0-490 0-514 0-512 0-531
0-554 0591 0-603 0-642
300 0-725 0-767 0-79
350 0-834 0-944 0-968
400 0-974 i—ﬁ 1-068 -
500 1131 B 1234 1-232

Influence of Various Substances on the Turbidity of Suspensions of E. coli

Sodium chloride. Table Il shows the effect of the presence of sodium
chloride on the turbidity changes of suspensions of E. coli observed on
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addition of hexylresorcinol. The maximum percentage change in optical
density was that observed for suspensions containing 350 /xg./ml. of the
phenol and 0-2M sodium chloride. At each concentration of the
electrolyte studied, the maximum increase in optical density of the bacterial
suspensions also occurred at this concentration of the drug; higher and
lower hexylresorcinol concentrations caused a smaller increase. These
results were obtained for
the simultaneous addition
of the phenol and the salt;
a greater increase inturbidity
was observed when the
bacterial suspension  was
pre-treated with  sodium
chloride for 10 minutes be-
fore addition of hexylresor-

cinol.
_ ) Cetomacrogol. The effect
Molar concentration of sodium of cetomacrogol on the

hlorid t o
enont eprese.n . turbidity changes of sus-
Fig. 3. The effect of sodium chloride on the

interaction E. coli (109 organisms/ml.) with pensions Qf E. coli caused by
hexylresorcinol (230 fig./ml.) at 25°. 1 The the addition of hexylresor-
amount gfthe?ylaeso{canol .boungl- - Rt;.l)ease of cinol is demonstrated by the
cell exudate (optical density a mfi) upon : :
increasing the sodium chloﬁlde concentration. results presented in Fig-
ure 4. The results were

obtained using solutions containing cetomacrogol in addition to the
phenol and a final bacterial concentration of 109 organisms/ml. The
optical densities of the contact suspensions at 500 mx (in 0-2cm.
cuvettes) were measured 60 minutes after mixing. Irrespective of the
hexylresorcinol concentrations, increases in the concentration of ceto-
macrogol above 3-85 X 10-3 M caused a slight decrease in the optical den-
sity of the contact suspensions, i.e., less than 0-03 optical density units
under the above conditions.

D iscussion

Analytical Methods

The extraction procedure described in a previous paper® was used to
separate unchanged hexylresorcinol from the solutions derived from
drug-bacteria suspensions wherever possible. However, this separation
was not suitable for solutions containing cetomacrogol and it was
necessary to determine the phenol colorimetrically. It was impracticable
to determine both the cell exudate and the unchanged hexylresorcinol in
solutions containing the nonionic because of foaming.

The straight line calibration curve, obtained on plotting the optical
density at 510 mj. against the hexylresorcinol concentration (up to 20 /xg./
ml. or OT X 103 M) in the final solution after colour development, was
virtually unaffected by the presence of cell exudate and cetomacrogol
(final concentration 0-001 per cent wiv or 0-77 x 10-3 M).
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Solutions Containing Hexylresorcinol and Cetomacrogol

The molar ratio of cetomacrogol to hexylresorcinol in the solutions
used during the present work ranged from 0-5-5-0to 1L At lower molar
ratios, a water insoluble complex separated from the solution. Observa-
tions on the probable molecular species present in solutions of hexyl-
resorcinol and cetomacrogol and on the nature of the water insoluble
complex have recently been publishedl

Since the critical micelle concentration of agueous solutions of ceto-
macrogol is about 10-6 to 10-7 M, it has not been possible to examine
non-micellar solutions of this material. However, the effects of other
nonionic surface-active agents of known chain lengths at non-micellar
concentrations, on the interaction of various phenols with bacteria will
be reported at a later date.

PART n

Influence of Various Factors on the Uptake of Hexylresorcinol by E. coli

Heat-killed bacteria. The amount of cell exudate liberated during
heat treatment of a suspension of E. coli is greater than during subse-
quent treatment with hexylresorcinol or during the interaction of a
control suspension with the phenol (Table Il). This increase is presum-
ably caused by the destruction of the osmotic barrier of the bacteria, and
the escape of fragments of
the cytoplasmic components
(cell exudate) formed by an
“uncoupling reaction” of
heat on the cytoplasm, since
heat fixation of the cytoplas-
mic7 and “protoplast” *78
membranes of bacteria has
been demonstrated. The
term “uncoupling reaction”
is used here to imply the
breakdown of proteins, poly-
peptides and nucleic acids

into their simpler compo-
nents, e.g., peptides, amino
acids, sugars. Thus, once
the permeability of the
osmotic barrier or the cyto-
plasmic membrane, or both,
has been destroyed, the
amount of cell exudate re-
leased should reflect the un-
coupling efficiency of the

added agent on the remaining cytoplasmic components.

Hexylresorcinol concentration
x 10-3M

Fig. 4. The effect of cetomacrogol on the
turbidity changes of suspensions of E. coli
(10® organisms/ml.) exposed to hexylresorcinol
at 25°. ~ The readings were taken at 500 in
0-2 cm. cuvettes, 60 minutes after mixing and
using water in the reference cuvette. 1 In the
absence of cetomacrogol. 2. With cetomacrogol
(0-77 x 10-3 M) added to the bacterial suspen-
sion at the same time as the hexylresorcinol.

The small

amount of cell exudate liberated during the reaction of hexylresorcinol

*Doubt has been expressed whether the bodies formed by growing E. coli. in the
presence of penicillin in a hypertonic medium are protoplasts in the strict sense of

the definition of that term9.
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with heat-killed organisms indicates that the limit of cytoplasmic un-
coupling has been reached in the heat treatment.

Butanol-treated bacteria. The concentration of butanol used in these
experiments (0-67 M) is in excess of that required to attain a surface
pressure of 34 dynes/cm. (0-4 M). Leakage of low molecular weight
constituents from bacteria, as well as haemolysis, has been shown to
occur above this critical concentration of butanol; it seems reasonable
to attribute the former to irreversible denaturation of the cytoplasmic
membrane of the bacteriald The amount of cell exudate liberated from
E. coli by butanol alone may arise either from destruction of the osmotic
barrier of the cells and the subsequent escape of naturally “free” cellular
constituents, or alternatively, from destruction of the osmotic barrier
and a limited uncoupling effect on the cytoplasm. Subsequent addition
of hexylresorcinol may cause extensive intracellular uncoupling and
release of cytoplasmic components through the previously disrupted
osmotic barrier. The relatively small amount of cell exudate obtained
on hexylresorcinol treatment of control suspensions of E. coli is explicable
if the phenol is considered to penetrate the bacterial cell without grossly
affecting the permeability of the osmotic barrier.

The data presented in Table Il show that the amount of cell exudate
released from bacteria depends on the treatment used and that not all
of the “potential cell exudate” is necessarily released under one particular
set of conditions (see alsoll'’D).

Sodium chloride.  Sodium chloride, per se (at concentration levels up
to 0-2 M), has a negligible effect on the amount of cell exudate released
from E. coli suspensions or on their turbidity. The increase in the amount
of cell exudate obtained on adding hexylresorcinol solutions containing
sodium chloride to suspensions of E. coli may be attributed to the
enhanced efficiency of the phenol in the uncoupling effect on cellular
constituents and liberation of these substances as cell exudate. The
increased turbidity produced by hexylresorcinol in the presence of sodium
chloride also indicates the enhanced activity of the phenol, since the
presence of the salt has little effect on the amount of the phenol which is
bound (Fig. 3). An even greater increase in optical density at 500 mp
of the bacterial suspensions on addition of hexylresorcinol observed
when the organisms were pretreated with sodium chloride (0-2 M for 10
minutes) probably has significance in relation to the potentiating effect
of the electrolyte on the antibacterial activity of this phenol (see Part I1P).

The above results seem to indicate that the cell exudate liberated by
low concentrations of the phenol alone is derived from a limited “un-
coupling reaction” on the cytoplasm, rather than an alteration of the
permeability of the osmotic barrier. This explanation accounts for the
negligible turbidity changes at these concentrations of hexylresorcinol
alone.

Cetomacrogol. The speed of uptake of hexylresorcinol was hardly
affected by the presence of the nonionic substance (Fig. 1) whereas, the
amount of hexylresorcinol bound was reduced in proportion to the
relative molar concentration of cetomacrogol (Fig. 2). The light

372



INTERACTION OF PHENOLIC COMPOUNDS WITH BACTERIA. PART H

scattering changes of the bacterial suspensions associated with addition
of hexylresorcinol were abolished in the presence of cetomacrogol (Fig.
4) even when a sufficient concentration of the phenol was taken up to
cause such changes in the absence of the nonionic substance.

Complex formation occurs in solutions containing hexylresorcinol and
cetomacrogol ; steric factors could, therefore, account for the observed
reduction in uptake of the phenol by E. coli suspensions. The complexing
probably prevents cell wall penetration by the phenol, since changes in
the light scattering properties of bacterial suspensions upon contact with
hexylresorcinol are abolished in the presence of cetomacrogol. Alterna-
tively, it may be postulated that light scattering changes are normally
caused by hexylresorcinol molecules penetrating the bacterial surface at
specific sites; cetomacrogol could then block hexylresorcinol binding at
these sites without interfering with binding over the remainder of the
bacterial surface.

Figure 2 shows that the presence of one molecule of cetomacrogol to
every two of hexylresorcinol reduces the amount of the phenol bound by
approximately 56 per cent. The presence of cetomacrogol in excess of
a 2:1 ratio of cetomacrogol to hexylresorcinol has little additional effect
on the amount of hexylresorcinol bound by the bacteria : the amount of
hexylresorcinol bound per organism under the latter conditions is less
than that which would be theoretically required to form a close-packed
monomolecular layer round the organism in the absence of the nonionic
substance (cf. Part 1113.
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AN-DIMETHYLMELAMINE
By E. P. Taylor

From the Research Division, Allen & Hanburys Ltd., Ware, Herts.

Received February 12, 1959

The previously unidentified product of the reaction between 2-chloro-
4 :6-diamino-j-triazine and AWATW'-tetraethyldecamethylene diamine
in dimethylformamide solution has been shown to be AW-dimethyl-
melamine.

In a previous communicationl it was recorded that prolonged boiling
under reflux of a solution of 2-chloro-4: 6-diamino-x-triazine and NNN'N'-
tetraethyldecamethylene diamine in dimethylformamide vyielded an
unidentified crystalline product containing no halogen.

The analytical figures for this material corresponded reasonably well
with those required for AW-diethyl-AW'-bis (4:6-diamino-j-triazin-2-yl)
hydrazine (I) [Found: C, 39-2; H, 6-4; N, 545 CIHIANIL requires
C, 39-2; H, 59; N, 549 per cent] and this structure appeared to be
confirmed when the same product was obtained by the prolonged boiling
under reflux of a mixture of 2-chloro-4: 6-diamino-s-triazine, AW'-diethyl-
hydrazine2 potassium carbonate and dimethylformamide. Since, how-
ever, the reaction was so unexpected, and moreover the hydrogen analysis
was invariably found to be somewnhat high, a further explanation was
sought.

Re-examination of the analysis figures showed them to correspond
even more closely with those required for AW-dimethylmelamine (11)

NHa nh?2 nh?2

NA N NA N NA N
H,1A A Q—’T A nh, hZW/ArAl\H\"VE,

(® d

[Calc, for CHIING: C, 39-0; H, 6-55; N, 54-55 per cent]. An authentic
specimen of this material was therefore prepared by treatment of 2-chloro-
4 :6-diamino-j-triazine with dimethylamine in the presence of aqueous
alkali (cf general method of Kaiser and others3 and was found to be
identical with the original product.

Prolonged refluxing of a simple solution of 2-chloro-4:6-diamino-y-
triazine in dimethylformamide also yielded the same material, although
in only approximately 5 per cent yield, whereas the best yield in the
original experiments was approximately 30 per cent. It appears probable
therefore that the original formation of AW-dimethylmelamine was due to
decomposition of the solvent, dimethylformamide, particularly in the
presence of bases, and reaction of the liberated dimethylamine with 2-
chloro-4: 6-diamino-s-triazine.
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AW-Dimethylmelamine resists quaternisation; thus, when a methanolic
solution was left with methyl iodide at room temperature for four months,
the bulk of the starting material was recovered unchanged. When a
1 per cent methanolic solution of the base was heated with either methyl
iodide or decamethylene di-iodide at 110-120° under pressure for 60 hours,
the only product isolated was the hydriodide of the base.

Experimental

'N'N-Dimethylmelamine: TO a slurry of 2-chloro-4: 6-diamino-j-triazine
(1-455 g., 1 mol.) in water (10 ml.) was added dimethylamine (2-7 g.
33 per cent wiw in ethanol, i.e. 100 per cent excess) together with one drop
of phenolphthalein solution. The temperature was slowly raised until
the mixture refluxed, and maintained here for 3 hours. Meanwhile the
reaction mixture was kept just alkaline by adding 5 per cent sodium
carbonate solution as required. After cooling, the reaction product was
filtered, washed thoroughly with water, dried and recrystallised from
ethanol. Rapid crystallisation gave colourless octahedral crystals, whilst
slow crystallisation gave branched, fan-like needle aggregates of octahedra.
The product (1-15 g., 75 per cent) had m.p. 306-307° (lit4d. 307-308°),
unaltered by admixture with the material originally describedl The
hydriodide Separated from ethanol as colourless glistening plates, m.p.
274-5° (decomp.) [Found: C, 21-5; H, 3-8; N, 29-9; I, 44-7. C5HUNS
requires C, 21-3; H, 3-9; N, 29-8; I, 45-0 per cent].
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A STUDY OF BACTERIOLOGICAL MEDIA:
THE EXAMINATION OF PEPTIDES IN BACTO-CASITONE*

By A. F. S. A. Habeebl

From the Sterlir'l? Chemistry Laboratory Yale University,
ew Haven, Conn., U.S.A

Received December 8, 1958

Three batches of Bacto-Casitone have been fractionated by the com-
bined use of paPer electrophoresis at pH 5-8and paperc romtog?]raphy
in butanol-acetic acid-water system. Batches A

61, 73 and 73 subfractions respectively. Some of the subfractions have
been found to be a mixture of few peptldes while others consist of a
single peptide by A-terminal amino acid analysis.

In a previous paper! it was found that the dinitrophenyl (DNP) peptides
in Bacto-Casitone aggregated in four spots which were difficult to frac-
tionate. This paper describes the fractionation of the peptides in three
batches of casitone by the combined use of paper electrophoresis and
paper chromatography. The homogeneity of each subfraction was tested
by determining the JV-terminal amino add as DNP-derivative.

Experimental

The apparatus for paper electrophoresis was similar to that used by
Kunkell and Tiselius2 with some modifications. The buffer vessels
1%in. x 3in. x 4\ in. were made of lucite, the electrodes were platinum
foil 2 in. x 1in. The electrode vessels were connected to the buffer
vessels by buffer bridges so as to prevent alterations in the electrolyte
composition at the electrodes from reaching the filter paper. The paper
was placed between two glass plates 19f in. x 18 in. of 1-1 cm. thickness
which were covered lightly with Dow Corning silicone grease. To get
rid of heat produced during electrophoresis the lower glass plate rested
on a metal box 15y in. x 19in. x 1in. which was cooled by allowing
water to flow through a coil in it. A sheet of Whatman 3 MM paper
9in. x 22%in. was used, a line was drawn 104 in. from the anode side,
then 0-3 ml. of 20 per cent solution of casitone batch A was applied as
a streak on this line, the paper was sprayed with buffer pH 5-8 (pyridine:
acetic acid: water, 8:2:90 v/v/v) leaving about \\ in. from either side
of the sample unsprayed. Then the buffer was allowed to flow from
both sides so that the sample is concentrated in a thin band. Excess of
buffer was blotted and the paper was placed between the glass plates for
electrophoresis. The paper was left for half an hour for equilibration
then 1000 V. was applied (current 50-70 mA.) for 4 hours. The paper

*This is communication number 1516 from the Sterling Chemistry Laboratory,
Yale UnIVEI‘SIt% New Haven, Conn., U.S.A. This work was supported by research

rants RG 3207 (C3, C3S1, C4 C5% from the Division of Research Grants, National
nstitutes of Health Public Health Service.

t Present address: Division of Applied Biology, National Research Council,
Ottawa, Ontario, Canada.

376



STUDY OF BACTERIOLOGICAL MEDIA

was then dried, a horizontal strip was cut from each end of the paper
and the presence of the different fractions was revealed by the ninhydrin
colour reaction. Using the two strips as guides vertical strips were cut
from the remnant of the paper and each fraction was eluted with water.
Two sheets were treated for each batch and eluates from similar fractions
were pooled together. Each eluate was evaporated to dryness at room
temperature in a vacuum desiccator. The residue was dissolved in
015 ml. of 10 per cent riopropanol.

Batch A gave 13 fractions, fractions F1-F6 are acidic in character,
their mobilities decreases in that order, F7 is neutral, F8-F12 are basic
with mobilities increasing in that order. Batches B and C gave similar
results. Each fraction was subjected to electrophoresis at pH 58 to
separate it from traces of neighbouring fractions. It was found that
all fractions in addition to the main spot gave a second fraction in the
neutral position designated Fx.

Each fraction was applied on Whatman No. 1 paper as 0 003 ml. spots
2 cm. apart. The papers were developed with the butanol-acetic acid-
water system, then after drying two strips were cut from either end of the

TABLE |

Analysis of casitone

Number of subfractions
Acidic fraction Neutral Basic fraction

Batch F3 F4 F5 F6 F7 Fx F8 F8l F9 F10 FIl Total

A 7 6 6 7 9 4 5 1 5 6 _,?1 6L
B 6 8 7 10 10 2 3 7 9 73
c 5 7 8 10 13 2 3 — 9 8 8 73

paper and the presence of the subfractions revealed by the ninhydrin colour
reaction. Using the 2 strips as guides horizontal strips each representing
a subfraction were cut and eluted with water. The eluate was evaporated
to dryness in vacuum then dissolved in 01 ml. 10 per cent /sopropanol.
005 ml. was completely hydrolysed with hydrochloric acid for 24 hours
and after removal of hydrochloric acid, the residue was taken up in few
drops of 10 per cent /jopropanol and an aliquot was subjected to two
dimensional chromatography for amino acids3

Determination ofH-terminal amino acid. To 005 ml. of the subfraction
was added 005 ml. of 2 per cent trimethylamine solution and 0-2 ml.
of 5 per cent fluorodinitrobenzene (FDNB) in ethanol and the solution
was shaken at room temperature for 2 hours. A few drops of trimethyl-
amine solution and a few drops of water were then added and the excess
of FDNB was extracted with ether. The aqueous layer was evaporated
to dryness in a vacuum desiccator. The residue was taken up in a few
drops of 6 N hydrochloric acid and hydrolysed for 8 hours at 105°.  After
removal of the hydrochloric acid it was subjected to two dimensional
chromatography using the ethyl benzene system4 followed by 15 M
phosphate buffer.
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The hydrolysates of acidic subfractions*
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STUDY OF BACTERIOLOGICAL MEDIA

Results

Fractions FI and F2 contain free aspartic and glutamic acids respec-
tively. FI12and FI13 showed free lysine, arginine, histidine and arginine,
lysine, ornithine, respectively.

Table | gives the numbers of subfractions obtained from each fraction
of the three batches of casitone. F8l was a slow moving spot obtained
when fraction F9 was subjected to electrophoresis.

Tables 11-1V show the amino acid contents in the subfractions obtained
from the acidic, neutral and basic fractions respectively for batch A
Arbitrary figures ranging from 1-10 indicate the relative amounts of
the amino acid judged from the size and intensity of the colour. The
terminal amino acid ofthe peptide or peptides in each subfraction is also
given as the DNP-derivative.

Batches B and C were similarly analysed for the TV-terminal and the
constituent amino acids of peptides in the subfractions. Some of the
subfractions showed more than one TV-terminal amino acid while others
proved to be formed of only one peptide. An unidentified spot (Ph)
appeared on the chromatogram of DNP-amino acids in the TV-terminal
position which occupied a position slightly below and to the right of
phenylalanine. It may be an artifact.

Discussion

The electrophoretic patterns obtained with the three batches of casitone
were similar, and demonstrated the fractionation of casitone into 11 frac-
tions which were subjected to further separation by paper chromatography.
Batches A, B and C gave 61, 73 and 73 subfractions respectively as seen
in Table I.

The acidic subfractions showed a preponderance of aspartic and
glutamic acid in their hydrolysates. The peptides examined had aspartic,
glutamic acids, lysine, arginine and some of the neutral amino acids in
the TV-terminal position. The peptides in the basic subfractions were
rich in lysine and arginine and some of them showed lysine, arginine and
neutral amino acids as the TV-terminal residue. Phosphopeptides have
been separated from an enzymic hydrolysate of casein by Agren and
Glomseta  Here phosphoserine peptides will show serine in the TV
terminal position because DNP-phosphoserine gives DNP-serine on
hydrolysis with 6N hydrochloric acid. A spot in the position of Ph
has been reported previously as an artifacté. Some of the subfractions
separated from casitone proved to be a mixture of peptides of similar
mobility and Rr value as appears from the TV-terminal amino acid residue,
while others are formed of one peptide.

This analysis shows the complexity of the peptide mixture of casitone
as noticed from Tables II-1V.

Acknowledgements. | gratefully acknowledge the invaluable sugges-
tions and advice given throughout the work by Professor Harold G.
Cassidy.
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BOOK REVIEW

PHARMACOLOGY. By J. H. Gaddum. Fifth Edition. Pp. xvi + 587
(including Index). Oxford University Press, London, 1959, 42s.

It is 6 years since the fourth edition of this Iﬁ)opular textbook was published.
Although an enormous number of new drugs have been introduced since 1953,
the text has increased by only 5 per cent. Textbooks of this kind, as soon as
they become too bulky, pass rapidly into the realm of reference books, so
Professor Gaddum is to be congratulated on his pruning of the material.

All the important drugs of the British Pharmacopoeia 1958 are described, and
now for the first rime the official doses have been included. The largest new
sections deal with the actions and uses of some radioactive isotopes and with
the methods used in the study of the effects of drugs on the brain. At the
present time, these aspects of the subject form part of the basic training of
pharmacologists and it is certain that their scope will widen in future years.
The subject matter has had to be concentrated but, as in previous editions,
ready access to it has been secured by an efficientindex. The idea of presenting
so many tables illustrating the chemical relationship of closely allied substances
is excellent for students and teachers alike, and this is particularly useful for the
corticoids, the barbiturates, the analgesics, the local anaesthetics, the antihista-
mines, the phenothiazines, the acridines and the sulphonamides. It is a good
plan, too, to include tables of weights and measures and a key to chemical
names, for conversion factors and formulae are not always fully appreciated by
biological workers.

In the first edition, which appeared in 1940, Professor Gaddum suggested that
all workers connected with drugs should know something of the kind of evidence
that justifies the clinical trial of new substances. In the fifth edition, it is good
to find that so many of the experimental methods used before the introduction
of new therapeutic measures have been retained. This also makes the book
more eng)gyable to read. One mistake in the text occurs on page 236 (“Most”
should be “Mast”). As it is a moderately-sized book covering the general

rinciples of pharmacology and surveying the commoner drugs, there is no

esitation in recommending it to all who are interested in medical s%ence.
G. b. West.
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LETTER TO THE EDITOR

The Chromatographic Behaviour of Aloin

sir,—In a study involving the ability of bacteria to utilise sugars from several
glucosides it became necessary to test for the presence of free sugars. Because
of the low solubility of aloin in water and the highly coloured solutions produced
it was necessary to use paper chromatographic procedures for this test. The
liquid phase consisted of equal parts of pyridine, butanol, ethyl acetate and
water. Under these conditions a deposit of aloin became reddish-violet in
colour on contact with the liquid phase. Continuous irrigation of the deposit
with this liquid system for 3 to 4 hours at 25° resolved the original spot into twc,
one yellow, the other red-violet. The yellow component had the greater mobility
and advanced in a fairly solid front while the red-violet tailed. Hydrolysis
of the glycoside had no effect on the chromatogram. It is assumed, therefore,
that the colour is due to the anthraquinone nucleus.

Svendsen and Jensenl showed that a red-violet material is produced when
aloin is warmed in the air; the test for sugar was positive but that for anthranol
or anthraquinone was negative. Jaminet2 uses paper chromatographic proce-
dures to classify aloe resins according to botanical and geographical origin.
All the details are not available to us but the investigator indicates that after
exposure of aloin to ammonia, spots are formed at RF 0-69 (bright yellow)
and 0-56 (intense sky blue). Paris and Durand3 use a photometric deter-
mination for aloin which is based on an electrophoretic separation. It is known
that aloin will form colours under certain conditions but the conditions and
colours reported are not those which we have found.

Leonard R. Worthen.

Emmett Bennett.

R. B. CZARNECKI.
University of Massachusetts,

Amherst,
Massachusetts, U.S.A.

May 1, 1959.
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