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PRESENTED
BY THE EBITOR of

PREFACE

This is the second monograph of the Wayne County
Medical Soeciety Beaumont Foundation Leetures, the
inaugural addresses having been delivered by William
(. MacCallum, Professor of Pathology, Johns Hopkins
University, in January, 1922, under the subject Inflam-
mation.

It is most appropriate that medical history in Detroit
should find two links of such paramount significance as
a Beaumont commemoration and the formal detailed
announcement of a suecessful cure for diabetes mellitus.
The labors of Beaumont were anatomically confined
quite elosely to the stomach and its physiology. The work
of Professors J. J. R. Macleod and F, GG. Banting has
been specifically direeted to the basie knowledge relating
to pancreatic physiology and the therapy of its defi-
ciency disease, diabetes mellitus.

There is added interest for the reader of this mono-
graph sinee one of the authors has reviewed the results
of the experimental investigations which have been made
with insulin justifying the recommendation for the use
of this remedy in the treatment of diabetes in man.
The reviewer, experimenter and discoverer, Professor
Banting, gives due credit to Moses Barron, a writer in
the journal of Surgery, Gynecology and Obstetrics of
November, 1920, for sugegesting the idea from which this
work developed. To Professor Macleod, Dr. Best, Dr.
Collip, and the splendid eorps of assoeiates at the Uni-
versity of Toronto, he has given eredit for aid in the
developmental research.



Admiration must be felt for the spirit of eooperation
exhibited by the group of workers who have been so
successfully led by Professors Macleod and Banting in
the accomplishment of one of the outstanding advances
in medical therapeuties since the days of Beaumont.

The authors have recorded the historical events in the
development of our knowledge of the pancreas, also the
funetion of this organ relating to carbohydrate diges-
tion and metabolism, and have told the story of the
discovery and isolation of insulin and its employment in
the treatment of diabetes mellitus in a most interesting
way.

Permanent and world-wide recognition of this splen-
did accomplishment in medicine has been made by the
1922 award of the Alfred Nobel prize to Professors Maec-
leod and Banting, thereby speeifying their work as the
most noteworthy for the vear, in the domain of medical
seience.

With the finest spirit of fairness and professional
generosity the reeipients divided the award with their
coworkers, Drs. C. H. Best and J. B. Collip.

It is most gratifying that we have this historical ree-
ord prepared in monographic form and issued in the
series of Beaumont lectures.

James K. Davis, AM., M.D.
For the Commattee,
January 29, 30, 1923.
Winniaym M. Donarnp, M.D., President,
W.C M. S.
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BEAUMONT LECTURE I.
BY PROFESSOR J. J. R. MACLEOD

January 29, 1923

The Pancreas in Its Relation to Digestion and Metab-
olism of Carbohydrates—Historical

The first inkling that the panereas is necessary for
the eomplete utilization of carbohydrates in the animal
body dates as far back as 1682. In this year Brunner
published a work entitled ‘*Experimenta Nova Cirea
Panereas’ in which he deseribes the general behavior
of dogs after removal of all of the pancreas save the
portion which we now call the tail or spleniec end. The
deseription of one of these observations is partieularly
interesting. Brunner had removed the spleen ; and after
the animal had recovered from the immediate effects of
this operation, he then removed the pancreas with the
result, to quote from the translation given m Sir
Michael Foster's ‘‘History of Physiology,”’ that ‘it
was especially to be seen that the animal made water
very frequently and that he was very thirsty, drinking
largely of water in proportion to the discharge of
urine.”” Brunner, therefore, discovered that the removal
of the panereas produces the cardinal symptoms of dia-
betes. In another experiment in which the panecreas
alone was removed, Brunner remarks, ““I had bought
the animal from a butcher and after the operation it
also was hungry. It was continually going to its old
master’s shop and stealing pieces of meat. Indeed, it
carried on this game to suech an extent that the buteher
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came to me and demanded that it should be killed. This,
however, I put off doing since I wanted to enjoy for
some time longer such a pleasant experience as the ani-
mal’s condition afforded me.”’

The general eonelusion which Brunner drew from his
observations on depanereatised animals, however, was
that they in no way suffered in health and he really did
the experiments for the purpose of proving that van Hel-
mont and Sylvius were wrong in aseribing to the pan-
creatic juice any important riole in the digestion of
foods. He, with his friend Peyer, who you remember
discovered lymph nodes in the intestinal mueous mem-
brane, thought that the pancreas was of no importanece,
but that intestinal digestion was carried out by Brun-
ner’s glands and Peyer’s patches. The effect of these
researches was that for more than a eentury and a half
no one thought it worth while to seek for any funetion
of the pancreas. In the standard work on Physiology
by Johannes Miiller, published about 1830, the funetion
of the panereas receives little attention—a few sentences
at most—although pages and pages are devoted to the
function of the stomach. The reason for this is par-
ticularly interesting to the audience that is gathered
here this evening because Miiller’s emphasis of gastrie
digestion depended on the faet that he had come to know
mm detail of Beaumont’s work on Alexis St. Martin. So
much impressed was he with the significance of this work
that he apparently regarded gastrie digestion as prae-
tically the only important part of the digestive process
although he also paid some attention to the digestive
funetion of the bile.

The true rile of the pancreatie juice in digestion was
first clearly deseribed in 1856 by the great master of
modern experimental physiology, Clande Bernard, and
let me remind yvou of the experiment which attracted
(‘lande Bernard to this field. At the time he was study-
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ing the comparative physiology of the digestion of herb-
ivorous and carnivorous animals, and he noted, on ex-
amination of the intestine and its mesentery after the
animal had been given a meal of fat, that there was a
striking difference between herbivorous animals, such
as the rabbit, and earnivorous animals, such as the dog.
In the former he noted that the lymphaties do not be-
come white from absorbed fat for some considerable
distanee below the pylorus, whereas in the latter the
whiteness starts much higher up. The significance of
this observation might have eseaped most minds. To
(‘laude Bernard it was a clue to further investigation
and he soon found that the cause for the difference de-
pends on the faet that the pancreatic duet in the rabbit
enters very low down compared with the position at
which it enters in the dog. That led him to investigate
the funection of the pancreatic juice in connection with
the digestion of fat and it was not long before he demon-
strated its emulsifying and saponifyving powers, and
then, with the assistance of his friend, Barreswil, the
chemist, he soon after discovered its effect on ecarbo-
hydrates and proteins. These researches of Claude
Bernard on the function of the panereatic juice were
very thorough and comparatively little has sinee been
added to what he discovered. Some details of the
method by which protein breaks down have indeed been
learned, but we know little more of the effects produeed
on fats and carbohydrates. Clande Bernard in this as
in most of his work cleared up the particular field in
which he was working very thoroughly so that he did
not apparently leave to others much that was funda-
mental to discover. But it is not my intention to dis-
cuss in these lectures the digestive funetions of the pan-
ereas but rather the funetions of that gland by which it
prevents diabetes,
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THE RELATIONSHIP OF THE PANCREAS TO DIABETES

In 1788, Cowley, an English physician, first suggested
the relationship of the panereas to diabetes, and it was
again referred to by Thomas Bright in 1833. In 1845,
the French physician Bouchardat, definitely described a
relationship between disease of the pancreas and dia-
betes, and from that time on confirmatory evidence
gradually aceumulated in support of this view, but no
one ventured to suggest the nature of the relationship.
Claude Bernard was naturally interested in this grow-
ing convietion that the pancreas is partly responsible
for diabetes, and he proceeded to study the effect of its
extirpation and of injection of its duets with paraffin
in order to see whether diabetie symptoms might thereby
be produced. His results were entirely negative, from
which we must conelude, in the light of more modern
work, that he did not succeed in entirely extirpating
the gland.

CLINICAL AND EXPERIMENTAL (OBSERVATIONS

It is interesting in this history to trace the relation-
ship between elinical observations on man and experi-
mental investigations on laboratory animals. The elini-
cian gave the clue, but it was impossible to prove, even
by the aid of careful pathological examination, whether
or not disease of the pancreas is causally related
to diabetes, Ome investigator would econtradiet the
other in his conclusions and absolute certainty was nof
fortheoming until it could be shown that experimental
extirpation of the gland causes the cardinal symptoms
of the disease. I would like to emphasize this because
one often fails to realize the exact relation between clin-
ical observation and experimental investigation. The
two must go hand in hand. One often thinks of the re-
search man as being inapproachable within the walls of
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his college, unwilling to open the locked doors of his lab-
oratory. But this is far from being the case, for the
modern laboratory man in the science of medicine must
keep his doors open and be ever ready to confer with
the eliniecal observer ahout his problems so that he may
develop his experiments towards the acquisition of knowl-
edge that will be useful at the bedside. I think the
history of diabetes shows more clearly than anything
else T know of the value of cooperation between experi-
mental and clinical workers.

Others besides Claude Bernard attempted to extirpate
the pancreas, but with no success until 1889 when at last,
as I suppose most of you are aware, Minkowski and von
Mehring succeeded in produeing marked diabetes in dogs
by complete extirpation of the gland.

About twenty years prior to von Mehring and Min-
kowski’s discovery, Langerhans, an anatomist, had
properly deseribed the peculiar collections of cells in
the panereas, now known as the Isles of Langerhans,
and Kiihne and Lea a few years later had shown that
these collections of cells have a very definite and abun-
dant blood supply. Stimulated by the suceess of Minkow-
ski’s work, further investigation of the broadly ana-
tomical features of the pancreas was undertaken, and
among the many who contributed to the work, Laguesse
and Diamare deserve special mention, for they showed,
not only that the islets are distinet and separate from
the seereting cells although, aceording to Laguesse, trans-
formations might occur between islet and acinar tissue.
They recommend that close search should be made for
lesions of the islet cells in diabetes.

Sir E. Sharpey Schiifer definitely suggested in 1895
that pathological changes in the islets might be responsi-
ble for diabetes. Supported by an ever accumulating
mass of evidence—anatomieal, experimental and eclinieal
—the hypothesis that there is an internal secretion of the
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pancreas which controls earbohydrate metabolism grew
quickly and was definitely formulated by Lepine, having,
however, also been suggested by Minkowski. The hy-
pothesis soon gained strength by the discoveries which
came to be made of the internal secretions of the thyroid
and suprarenal glands with which you are all familiar.
But strong though all this evidenee might be, it could
not be considered as final until it could be shown that
the symptoms of diabetes are removed in a depancreat-
ised animal, or in a diabetie patient, by administration of
an extract of the pancreas. This is the essential test up-
on which such an hypothesis must depend. Up to this
stage the evidence was open to question since one could
always argue that the reason the pancreas, or the Isles
of Langerhans, prevents diabetes is, not because it pro-
duces an internal secretion which passes into the blood
and acts on metabolism so as to prevent the accumula-
tion of sugar, but because the blood in ecireulating
through the panereas undergoes some change which re-
moves substances from it which would otherwise eause
disturbances of carbohvdrate metabolism,

The only test for the hypothesis of an internal seere-
tion of the panereas is to demonstrate its presence in an
extract of the gland by showing that the symptoms of
diabetes can be removed by administering the extract to
a diabetic animal. Partly to secure this evidence and
partly to produee a pancreatic extraet that would be
useful in the treatment of diabetes a vast amount of
work was done, but I will mention only a few of the
earlier workers such as Lepine and Hédon in France,
and Hale White, Rennie and Fraser in Great Britain.
Their researches did not meet with sufficient suceess to
justify the administration of their extracts in the treat-
ment of diabetes. The most successful of all these earlier
workers was undoubtedly Zuelzer, a German investi-
egator, who in 1908 sueceeded in preparing from the
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pressed out juice of adult ox pancreas, by means of
aleohol, an extract which, when injected subeutaneously
into animals, ecould remove the hyperglycemia and gly-
cosuria produced by administering epinephrin. Zuelzer
also administered this extraet to eight diabetic patients
and in five deecidedly favorable results were obtained.
The sugar nearly disappeared from the urine; acetone
bodies became much less; the patients improved in gen-
eral condition and it looked, in 1908, as if the antidia-
betic hormone had at last been discovered. Unfortu-
nately the extracts also produced toxie effects and in
the hands of others, particularly of Forshach, working
in Minkowski’s elinie, these toxie effects so overshadowed
any beneficial action of the extract that further treat-
ment by this means was abandoned. This must be
looked upon as an abandoned research, although there
can be no doubt that Zuelzer, in 1908, came very mnear
to isolating what we now eall insulin,

Another of the researches I wish to eall your atten-
tion to is that of my fellow townsmen, Rennie and
Fraser. Rennie, a zoologist in Aberdeen, in confirma-
tion of the work of Diamare, demonstrated that in cer-
tain of the bony fishes there are few if any Isles of
Langerhans in the pancreas but that cells like those of
the isles are collected in separate glands situated in the
mesentery at a considerable distance from the pancreas
and can be ecasily removed as intact glands. They are
known as the principal islets. Rennie with Fraser then
attempted to study the effect of extracts of the principal
islets in diabetes. The extracts were administered by
mouth, or the patients took raw glands, but without any
definite effect on the diabetic symptoms. In one case,
an extract was injeeted subeutaneously, but the toxie
reaction was so marked that further investigation was
abandoned. These investigators, like Zuelzer, very
nearly eaight the elusive hormone but they just missed
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doing so because they were frightened by toxic symp-
toms, the cause for which they did not understand. The
repeated failures to prepare panecreatic extracts that
could relieve the symptoms of diabetes and be safe for
repeated administration to man seemed to discourage
any further attempts in this direction and the search for
the panereatic hormone now came to be the problem ex-
clusively of the physiologist and biochemist. To this
group of experimental investigators, whose work I will
now deseribe, we owe a very great deal for adding a suf-
ficient amount of positive evidenee so that hope was not
abandoned, that at some time the pancreatic hormone
might be discovered.

The first research of this group was that of Knowlton
and Starling, who in 1912 published results which at-
tracted a great deal of attention. They stated that the
rate at whieh the isolated heart of the diabetic dog con-
sumes sugar is much less than that of a normal animal.
Their experiment consisted in rendering a dog diabetic
by extirpation of the pancreas then perfusing the heart
and lungs with Locke’s solution containing dextrose.
By estimating the amount of dextrose in the perfusion
fluid from time to time they ealeulated the rate at which
dextrose is used by the heart, and they concluded that
this rate was much less for the diabetie heart than for
the normal heart. This would show that the fault in
diabetes depends on the faet that the tissues have lost
the power to oxidize carbohydrate. They also stated
that when a panecreatic extract, made with weak aecid,
was added to the fluid perfused through the diabetie
heart, sugar came to be used up at the same rate as in
the normal heart. Other observers in repeating Knowl-
ton and Starling’s experiment did not obtain the same
results. Starling and various collaborators afterwards
pointed out that a considerable disappearance of sugar
ocenrs in the lungs in sueh a heart-lung preparation as
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was used in these experiments and that the results were
therefore ineonclusive. The subsequent investigations
of Starling and Evans, on the respiratory exchange in
heart-lung preparation, are, however, of great im-
portanee in showing that oxidation of sugar is interfered
with in the diabetie heart.

The next investigator I will mention is E. L. Scott
who in 1912 prepared aleoholic extracts of the panereas
and showed that they could sometimes relieve certain
of the symptoms of diabetes in animals. Toxie symp-
toms, however, developed and the investigations were
not carried further. Another worker is Murlin who
prepared alkaline extraets of the pancreas, and also of
the duodenum, and demonstrated that thev reduced the
degree of glyeosuria in diabetie dogs. Finding, how-
ever, that the latter effect could also be obtained by the
administration of alkalies alone, the investigation was
abandoned, except for some observations on the respira-
tory quotient, until after the first publication of the
initial experiments of Banting and Best in Toronto.
Murlin made the mistake, in my judgment, of using the
wrong medium with which to extract the pancreas. Al-
though insulin is stable to a eertain extent in alkali, it
is less so than in other reactions, and Murlin’s failure
to demonstrate the presence of the pancreatic hormone is
partly due to the fact that he used alkali in the method
of extraction. Moreover, he fell into the same error as
others in that he usually confined his attention to the
study of one symptom at a time and did not demand
evidence obtained by the observation of several symp-
toms. I think there 18 no more eommon mistake in
modern medieal seience than to base conclusions on re-
sults obtained by observing one symptom, or one change
in a physiological funetion. Before any final conelusion
is permissible regarding the action of an extraet, T be-
lieve, one should always insist npon observing the effect
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on two symptoms at least and these two symptoms
should, so far as possible, pertain to distinet and sepa-
rate funections.

Kleiner showed that weak saline extracts of fresh
panereas when administered slowly to diabetic animals
usually ecaused a decided reduetion in the percentage
of blood sugar and this was shown not to be dependent
upon dilution of the blood with water. Mention should
also  be made of the work of Paulesco published in
France in 1921 in which it is claimed that extraects of
the pancreas—the exact method of preparation of which
he does not give in detail—lowered the percentage of
blood sugar and urea in the blood and diminished the
sungar exereted in the urine of diabetie animals.

The suggestive evidence of the existence of the pan-
ereatic hormone afforded by such experiments as these
led A. H. Clarke, working in the laboratory of W. G.
MacCallum, in Baltimore, to attempt the demonstration
of the pancreatic hormone by an entirely different prin-
eiple. Clarke perfused the excised pancreas of an ani-
mal immediately after death with Locke’s solution and
then he perfused this fluid through the heart and found
that the rate of consumption of sugar by the heart was
much greater than it was when fresh Locke’s solution
was perfused. This result seemed to demonstrate
that the panereas yields up something to the fluid eir-
culating through it which enables the heart to consume
sugar more readily, and I have considered Clarke’s ex-
periments as absolute evidence that there is an internal
secretion of the panereas and that its isolation was only
a matter of diligent and persistent investigation. It
should alse be pointed out that although Clarke did not
find that the reducing power of the Locke’s solution was
changed by perfusion through the panereas alone, he
did find that a remarkable alteration ocecurred in the
polarizing power of the sugar. In light of the recent
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work of Hewitt, Pryde and de Souza and of Winter and
Smith it would appear that the « and 8 glucose present
in the Locke’s solution before perfusion became changed
into y glueose which is much more readily utilized by
the tissues. Either the internal secretion of the pan-
creas caused this ehange or it was produced in the pan-
creatie cells.

TeeE MorE RECENT EXPERIMENTAL WORK UPON THE
PANCREAS

Now we have arrived at the stage of our brief survey
of the subject at which the more recent work in the
outline of these leetures may be said to start. The ini-
tial step in this work was the observation made by Ban-
ting and Best that simple extracts of the residue of the
panecreas that remains some weeks after ligation of the
duet of the gland in a dog is capable, when injected sub-
cutaneously or intravenously into diabetiec animals, of
alleviating the two principal symptoms of diabetes,
hyperglyeemia and glyeosuria. They also found that
the general well-being of the animal was improved and
that it lived longer. The animal after depanereatectomy
usually lasts only a few weeks, but Banting and Best
were able to show that under the influence of their pan-
ereatie extracts it could be made to survive many weeks
longer. Further details of the subsequent investiga-
tions on diabetie animals T propose to defer until tomor-
row’s leeture.

THE SIGNIFICANCE OF BANTING AND BEsST’S EXPERIMENT

To appreciate the significance of Banting and Best’s
experiment in eonnection with the problem as a whole,
I propose in this lecture to deseribe briefly the strue-
tural relationship and characteristies of the islet tissue
and then to review the experimental evidence which sug-
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gested the possibility that the duet-ligated pancreas
might prove a satisfactory source of material from which
to prepare extracts eontaining the antidiabetie hormone.
Embryologieally, the islet tissue, like the acinar, is de-
rived from outgrowths of the primitive alimentary tube
(pancreatie anlage) and as development proceeds, the
differential characteristics between the two kinds of
cells come to be: first, the development of granules,
characteristic for each kind of ecell, and seecond, the
separation of the islets from the aeini.

In attempting a deseription of the strueture of these
tissues it is important at the outset to have elearly in
our minds how we are to differentiate between the islet
tissue and the acinar tissue. In the investigations of
the earlier anatomists the isles were really distinguished
by their negative characteristies, that is to say, by the
fact that they did not eontain the zymogen granules
which, as you know, are a conspicuous feature of acinar
cells. As R. R. Bensley, Professor of Anatomy in Chi-
cago, has pointed out, the islets were distingnished by
what they did not possess and not by any positive char-
acteristics. In this way, as he points out, the investi-
gators have exposed themselves to the risk of ineluding
in the category of islets many acinar cells from which,
by overseeretion or other means, the stores of zymogen
eranules have become exhausted. Obviously, there is
danger of error in differentiating anything by its nega-
tive characteristics. This loose definition of islet cells is
now replaced by one of a positive nature elaborated to
ereat perfection through the ecareful histological work
of R. R. Bensley and his school, and which depends,
partly, on the demonstration in the islet cells of intra-
cellular granules staining differently from those of the
acini, and partly on differential, infravitam, staining of
the islets as a whole. For the differentiation of the
eranules the panereas is removed immediately after
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death and small portions placed either in a watery or an
aleoholie solution of ehromie acid sublimate. The see-
tions are stained with neutral gentian violet, and it is
found in those fixed in the watery solution that granules
are deeply stained in most of the cells of the islets, and
that the zymogen granules in the acini are also stained,
but of a different tint. In aleohol preserved material,
on the other hand, most of the zymogen granules have
dissolved and in the islets only a few cells show stained
eranules which are also of a different tint from the
eranules stained in the tissue fixed in the presence of
water. Lane, who elaborated the technique, has called
the cells of the islets whose granules are soluble in wa-
ter, the a-cells (i. e., they are stained in aleohol-pre-
served material) and those soluble in aleohol the B-cells
(stained in water-preserved material). Other varieties
of islet eells have been deseribed, but there are only two
of these which are apparently of importance. Recently
Lane’s and Bensley’s technique has been considerably
simplified, especially by Martin, so that both these vari-
eties of cells ean be differentially stained in tissue pre-
pared in the same fixative,

The a-cells are only seen here and there in the islet,
often at the periphery, on which aceount they have been
held by some to be transition forms between the islet
and acinar cells. There is no evidence of this as I will
show later. There is no evidence for the claim that the
islet eell is derived from the acinar cell; the two are dis-
tinet and separate. They have no relation whatever
except that they come from the same embryological
souree,

You can easily see how the pathologists’ interest
would be aroused to ascertain the exact variety of islet
cell that undergoes histological changes in diabetes. As
vou know, various investigators, including Allen, Ho-
mans, ete., in this country have pretty eonelusively
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shown that in diabetes the lesion is in the B-cells and
it is altogether likely therefore that these cells are the
source of insulin. This we might infer from the facts
that they are soluble in aleohol and that no other agent
1s more useful for dissolving out insulin from the pan-
ereas than weak aleohol.

Now, I will show you slides of preparations which will
illustrate some of the facts T have been trying to de-
seribe. In Figs. 1 and 2 are shown sections prepared by
Dr. Slater Jackson from the pancreas of the skate,
which is representative of the so-called cartilaginous
fishes (Elasmobranchi), and you will observe that the
Isles of Langerhans are imbedded in the panereas as is
the case in the higher vertebrates. The islets, however,
are particularly interesting in the skate because they
show a very close relationship to the duets, some of which
are shown in cross section, others in longitudinal seetion.
Only occasionally do you find islets that are not visibly
associated with duets.

In the more highly magnified portion of the same seec-
fion, you can see very clearly how the islet, as it were,
grows from the duet. In the duet there are always two
layers of cells and from the outer layer of these the islet
juts out, but it seldom juts out very far in the panecreas
of this animal; it always remains more or less related
to the duet. It is often encapsulated. The islet ecells
are mainly of the g variety. The secreting acini are
seen to be very darkly stained, the cells being packed full
of zymogen granules,

A more highly magnified portion of the skate pancreas
demonstrates the close association between the islet and
duet tissue still more plainly, and the islet which is
shown is seen to be ecomposed almost entirely of B-cells
with three a-cells at the upper portion.

Besides the general difference between the granules

20



Fig. 1.—Section of pancreas of skate X T0. Iron h@&matoxylin
and congo red. Note the cloge relationship of the islet tissue to the
ducts. (From Slater Jackson, Jour., Metabolic Research, 1022, ii.)

Fig. 2.—Same slide as that of Fig. 1, X 3200, Note the continuity
of izlet tizsue with the outer layver of cells of the duet. (From
Slater Jackson, Jour. Metabolic Besearch, 1322, ii.)






of the secreting cells and those of the two varieties of
islet cells, there are also other eytological characteristies
which are elearly revealed in preparations stained with
fuchsin. The point I want to emphasize is with regard
to the mitochondria. These are present in all cells, but
in those of the ducts and islets they exist as rod-shaped
bodies which can be seen scattered throughout the
protoplasm, whereas in the acinous cells, they are ar-
ranged as filaments, which give to the clear protoplasm
of the cell a striated appearance. In the islet and duet
cells, also, there is no ehromidial substanee which, along
with zymogen granules, is a marked feature of the acinar
cells. The latter also possess a large oxyphil nuecleolus
which is absent in the islet eells. Using these positive
characteristies, Bensley and his collaborators have def-
initely shown that there is mo structural relationship
between the cells of the acini and islets. Occasionally
an islet cell may occur, isolated among the cells of the
acini, but apart from this, the two groups of cells oc-
cupy different positions. As I pointed out earlier in
the leeture, the chief evidence upon which rests the
claim that the islet tissue may originate from the acinar
is that the latter is markedly inereased under certain
conditions, such as starvation, or the repeated injection
of seeretin. When the positive charaecteristics for each
kind of eell are used to differentiate the ecells, however,
the islets are seen to be independent structures, although
they are derived from the duet epithelium, as are also,
of course, the acinar cells,

BeENsLEY’s MeETHOD 0oF COUNTING THE ISLETS

We may now pass on to an entirely different method
for the identification of islet tissue, which is also to be
credited to R. R. Bensley, and which has proved of
ereat value in experimental work, namely, that of ecount-

21



ing the islets after staining them by intravitam meth-
ods. That does not mean that the dye has to be injected
while the animal is still living, but it must be done before
too much coagulation has taken place in the blood to
prevent a reasonably free circulation. If such a dye as
janus green or neutral red be injected into the aorta of
a small animal, or in a suitable artery of the pancreas
of a larger one, it will at first stain all the structures of
the pancreas. Janus green, for example, will stain the
whole gland “at first a deep blue but by covering with a
cover slip the dye will become reduced to a red color in
the acini more quickly than in the Isles of Langerhans.
These come to stand out as bluish particles and by tak-
ing portions of the gland and pressing them out beneath
cover slips, one can count the number of islets and in
this way definitely state whether or not these have be-
come inereased or decreased in number. Bensley has
actually eounted the islets in the entire pancreas of small
animals. For instance, in a guinea pig, in which
the pancreas weighs a few grams, there may be
about 25,000 islets—a very large number—and one can
imagine how many islets there must be in the pancreas
of man. It represents a lot of tissue. Looking at the
section of panecreas stained by ordinary methods one
may form the impression that the islet tissue is so scat-
tered that it eannot be of mueh importance. When ex-
amined by the intravitam method, however, it is seen
to be relatively abundant. It is of interest that, by this
method, Bensley has been unable to show that there is
any constant difference in the number of islets in the
different parts of the pancreas. Usually somewhat more
were found in the splenie than in the duodenal end, but
there were not the striking differences that histologists,
working with older methods were inelined to think there
were,



RerATioNsHIP OF ISLETS TO THE DUCT SYSTEM

Still one other detail of structure requires attention,
and this is the relationship of the islets to the duet sys-
tem of the panecreas. The details of this relationship
we again owe to Bensley who demonstrated the duets by
vital staining with pyronin or with methylene blue and
demonstrated ‘‘a system of epithelial tubules of great
complexity which form a web of anastomosing duetules
around the main duet and its branches.”” From the
tubules, acini and islets are each separately developed
and the islets ean be seen in all stages of development.
This is a faet of evident importance in connection with
diabetes, for it suggests that it may be possible in adults
to have regeneration of islet tissue after a great part of
this has become destroyed by disease, as in diabetes. In
this disease there is no doubt but that much of the islet
tissue is destroyed and that destruction of the remainder
is being acecelerated by the overstrain it is put to in
order to produce enough of the hormone, insulin. Is it
possible, if this strain be taken off, either by diminishing
the demands of the organism for the hormone by dieting
or by supplying it as insulin from without, that new
islet tissue will have a chanee to become regenerated?
The fact that islets may develop from the duetule epi-
thelium suggests a favorable answer to these queries.
The arrangement of the ductules shows branching into
an anastomosing system, and the islets hang like
oprapes on this system of branches. The lumen of the
ductule is always separated from the islet eells by duet
cells, although into the larger islets the lumen may pene-
trate for a short distance. These facts explain why
relatively few islets are to be seen toward the surface
of the lobules, and at the same time they explain why
the islets may sometimes be seen very closely related to
the aeini.



Tae Broop SUPPLY OF THE [SLETS

Finally with regard to the blood supply of the islets:
This has been demonstrated by injeeting the vessels with
carmine gelatine, If the methods of differential stain-
ing for islets be also employed, it can be shown that the
larger islets have one or more large arterial branches
running to them, the capillaries being unusually large.
and arranged in a glomerule-like fashion so that they
come in close association with the cells. It is an interest-
ing fact that in the prineipal islets of bony fishes the blood
supply is also extraordinarily riech. I is a significant
fact that the glands of internal secretion like the thy-
rowd, the suprarenal, and the Isles of Langerhans, have
this extremely rieh blood supply.

THE COMPARATIVE ANATOMY OF THE PANCREAS

I have taken you perhaps more into details than you
bargained for in this field of anatomieal strueture, but
I hope that here and there I may have shown some prae-
tical application of the things that have been found.
Now I am going to venture to take you even a little
further, namely, into a field of comparative anatomy.
The work in this field originated with the observations
of Diamare and Rennie, who as I have already told you,
studied the anatomical relationship of the *‘prineipal
islets’’ in various of the bony fishes. Rennie found these
structures constantly present in certain groups, particu-
larly in two fishes that are very abundant, namely, the
angler fish and the sculpin. The angler fish (Lophius
piseatorius) is one of the ugliest monsters of the sea.
weighs about 35 pounds, and is shaped somewhat like
a huge tadpole with an enormous head tapering into a
long narrow tail. It lies at the bottom of the sea and
is called the angler fish because there projects upward
from the head a little mast provided at its free end with
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a tuft of barbels which float in the water, and other
fish, thinking this to be bait, come down ; the huge mouth
opens and the fish is gone. Lophius is often caught in
deep trawls all over the world, but mostly in temperate
zones and it is a great nuisance to fisherman execept, it
is said, by some who when they bring them aboard do
not throw them back until they have opened them to
‘eet the fish out of the stomach, to be sold as fresh fish.
In Lophius the pancreas does not exist as a separate
oland, but is spread out as narrow bands of pancreatie
tissue along the branches of the portal vein. The Isles
of Langerhans on the other hand are mainly, if not
entirely, collected in definite and encapsulated nodules,
““prineipal islets,”” located in the mesentery always in
the same position and with a very rich blood supply.

The position of the largest of these islets is elose to
the anterior pole of the spleen near to the conspicuously
long cystie duet. There is another prineipal islet nearer
the pylorus and many other smaller ones scattered in
the mesentery near to it. In all varieties of fish exam-
ined the largest of the principal islets was always found
to lie near the spleen. You ecan find it readily if you
find the spleen. In certain fish such as the trout, salmon,
haddock, ete., the pylorie eaeea are very numerous and
the islets that exist are very small, usually microscopie
struetures embedded in the fat which lies between the
caeca. Sometimes these islets are quite free of acinar
cells but frequently both exist together, although quite
distinet and separate.

Little ean be said as yet regarding the cytological
characteristies of the cells composing the prineipal islets.
The seetions from which the available drawings were pre-
pared were all eopied from Rennie’s work whieh was
done some fifteen vears ago, before modern methods of
staining were used and you cannot see anything of the
cells—they are broken down. Dr. Slater Jackson of
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MeGill, who worked with me at St. Andrews during last
summer, has collected a lot of this material for histolog-
ical study, but I have none of these slides to show at
present.

THE STRUCTURAL CHANGES IN THE PANCREAS AFTER
LicaTioN oF Its Ducts

This brings me to the end of the anatomical details
and leads to a diseussion of the experiments from which
the work that I am going to tell you of tomorrow origi-
nates. The anatomical eonsiderations which I have just
diseussed indicate a more or less independent function
for the acini and islet tissue, but they do not definitely
show us what that function may be. This suggested to
many investigators that it would be interesting and im-
portant to study the structural changes in the panereas
following ligation of its duets. One would expect, after
ligating the duets, that the acinar cells, which presum-
ably produce the external secretion, would atrophy mueh
more quickly than the islet cells which are not so closely
related to the duets. Such has proved to be the case,
in a general way. After ligation of the duets the acini
degenerate much more rapidly than the islets, but it
takes a long time before all the acinar tissue has dis-
appeared because of the extremely interesting train of
events that follow, namely an initial degeneration, then
regeneration, followed again by degeneration. For ex-
ample, after ligating the duets in a rabbit, in which the
experiment is ecomparatively easy, because there is only
one large duet, the following results, of work by Clark,
are described by Bensley in his Harvey leeture. In the
guinea pig seven days after ligation of the duets most,
but not all, of the acinar cells have degenerated and in
those which remain, and also in the duct ecells, there is
the start of regenerative changes. Toward the end of
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the first month (in the rabbit) the regenerative change
is prominent, ‘‘resulting in the formation of new aeini
and new islets of Langerhans from the remains of the
duet system.”” The smaller islets are involved in the
initial degenerative process and by the end of the first
month so also are the larger ones, and conneetive tissue
invades the islets so that the cells show some atrophie
changes. ‘‘Thus, both primary tissues are present in
the pancreas for a eertain period and throughout this
period acini are being constantly formed, pass through
a series of developmental states and to some extent un-
dergo atrophy or become again de-differentiated. At the
same time the islet tissue is being progressively increased
by the addition of new islets developed from the duet
system with which they remain in continuity and the
original islets for the most part atrophy as a result of
the invasion of connective tissue. In five and one-half
months all of the original islets have disappeared and
the new tissue exists as branching masses, giving all the
microchemical tests for islet tissue.”” KEven at this late
date there are also aeini, the cells of which econtain
zymogen granules. After this date the acinous tissue
cets less and in 533 days after the ligation, in one rabbit,
the residue of pancreas consisted entirely of regenerated
islet tissue. The significant facts brought out by this
work are that it takes such a long time for acinous tissue
finally to disappear and that islet tissue also degenerates
and then regenerates.

These researches of anatomists on the effect of ligation
of the duet immediately suggested to experimentalists
the interest of finding whether an animal in which the
duet had been tied would develop the symptoms of dia-
betes, and as you know, most interesting work in
this eonnection has been done by W. G. MaeCallum.
Omne of MaeCallum’s best experiments was to isolate a
portion of the panereas from the main gland by ligating
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it, and then, in seven months, to remove the main gland,
leaving the isolated portion. The animal still retained
the power to metabolize considerable quantities of ear-
bohydrate after this seeond operation, but it lost this
power after a third operation in which the remnant was
removed. The remnant was found on histological in-
vestigation to contain only islet and duect tissue. This
work shows that complete isolation of portions of the
panereas in the dog does undoubtedly cause complete dis-
appearance of acinar cells with retention of those of the
islets some months after, and that the animals retain
the power to metabolize carbohvdrate, from which the
conclusion may be drawn that it is the islet eells which
furnish the internal seeretion.

It is on the basis of these observations that Banting
and Best’s original experiments depended. Assuming
that the failure of previous investigators to seeure pan-
creatic extracts that would with certainty contain the
antidiabetic hormone depended upon the destruetion of
this by the proteolytic ferments necessarily also present
in the extracts, Banting suggested making extracts from
the duet-ligated gland, and with Best’s collaboration
succeeded in showing that these markedly lowered the
blood sugar and reduced the urinary sugar in diabetie
(depancreatised) dogs. Dr. Banting is to give you the
details of this work tomorrow evening, and all T wish
to say at this time is that the definite nature of the re-
sults afforded conclusive evidence to me that the elusive
antidiabetic hormone had at last been discovered and a
vast new field of exploration in metabolism thereby
opened up. Those of us who have been fortunate enough
to be associated with these two explorers when they
blazed the trail into this new territory have done our
best to build a solid pathway and some of the things
that have been found by following if, regarding the in-
fluence of the newly-discovered hormone on earbohy-
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drate and on fat metabolism, will form the subject mat-
ter of tomorrow’s lecture.

It may be the ease that all of the acinar tissue was not
degenerated in the tissue from which Banting and DBest
made their extracts. But what of it? For evidently
enough was destroyed to reduce the auntolytie enzymes
to such a degree that the hormone was sufficiently pre-
served to permit of its presence being identified with cer-
tainty.

THE SOURCE 0oF INSULIN

Finally let me say a few words concerning the source
of insulin. Although the experiments and anatomieal
faets which I have related in this leeture furnish strong
cireumstantial evidence that the islet cells are the source
of the pancreatic hormone, there has until recently been
no evidence of a direct nature. The absence of glyco-
suria in animals from which all acinar cells have been
caused to disappear by duet ligation does not neeessarily
show that the remaining islet cells produce an internal
seeretion, since, as already explained at the beginning
of the leeture, the effect might be the result of a loeal
action of the blood while this is eirculating through the
remnant of the gland. Neither do the experiments of
Banting and Best afford this evidence, since there were
probably acinar cells in the tissue from which their
extracts were made. Satisfactory evidence can alone be
secured by making extraets from islet tissue that is
entirely free of acinar cells and comparing its effect
with that of other extracts prepared from tissue con-
taining no islets but only acini. These conditions are
probably fulfilled in the bony fishes already referred
to. Althoueh the histological work of Professor Jack-
son is not as vet sufficiently far advanced to determine
the extent to which the principal islets are devoid of
acinar cells, or the panereas itself of islets, there is rea-
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son to believe that the former arve overwhelmingly eom-
posed of islet cells and the latter of acinar, thus making
it of interest to search for the presence of insulin in
extracts separately prepared from the two sources.
This was done during last summer at the Biological Sta-
tion of the Biological Board of Canada at St. Andrew’s,
N. B. and it was found that insulin is abundantly pres-
ent in extracts of the principal islets but entirely absent
from those of the pancreas itself. Indeed the extracts
from the latter source gave evidence of containing some
substance which aects like epinephrine in ecausing an
excess of sugar to appear in the blood. To give the evi-
dence for this statement, I must anticipate the first part
of tomorrow’s lecture by stating here that the labora-
tory test for insulin is to observe the behavior of the
blood sugar in a rabbit following the subecutaneous in-
jection of an extraet supposed to contain it. The fol-
lowing results show the effect produced on the blood
sugar by injeeting the extraet that was made from the
principal islets of the seulpin. The normal of blood
sugar to begin with was 0.102 per eent. At 11:30 in-
jeetion was made. At 12:10 the blood sugar was 0.070
per eent, at 1:30 it was 0.058 and at 3:50, 0.063 per
cent. In the second experiment the extract was made,
not from the islet, but from the pancreatie tissue. At
10:45 a. M. the blood sugar was 0.110, at 2:45 p. M.,
0.156. These two experiments are representative of
many others in which it was definitely shown that the
insulin comes from the prineipal islets which are homol-
ogous with the Isles of Langerhans of higher animals
and not from pancreatic seereting cells; the latter, on
the contrary, appear to contain a substance which raises
the percentage of the blood sugar.
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BEAUMONT LECTURE II.
BY PROFESSOR J. J. R. MACLEOD

Januvary 350, 1923

Experimental Results from Insulin

I propose to review the results of the experimental
mvestigations which have bheen made with insulin and
which, in our judgment, justified our recommending
the use of this material in the treatment of diabetes in
man. Some of the experimental results which I am to
detail were obtained side by side with others obtained in
the elinie, but let me assure vou that the clinical appli-
cation of this work could never have been undertaken
had the experimental investigations not preceded it.
The lowering of the sugar coneentration in the blood
and urine would not alone have justified clinical trials
with insulin, sinece several observers, such as Zuelzer,
had already shown that panereatic extracts of a similar
nature to insulin could do this. It was necessary to
carry the investigations far enough in the laboratory
to demonstrate the exaet nature of the other physiolog-
ical changes brought about by insulin and to show how
toxie effects could be avoided or counteracted.

In diseussing the effects produced by extraets of the
prineipal islets of the pancreas in certain bony fishes, 1
explained that the most useful test for the presence of
insulin consists in observing the effect which follows
when this substanee is injeeted subeutaneously or intra-
venously in normal rabbits, Collip found that very
shortly after the injection the pereentage of blood sugar
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falls often to a very low level and then in an hour or
so that it gradually recovers. We observed that when
the sugar fell in a rabbit to about 45 milligrams per
100 e.c. of blood, certain very alarming symptoms de-
veloped. These, in typical eases, consist of convulsions
in which the animals throw themselves about violently,
turning over sideways with the head usunally retracted,
each eonvulsive seizure lasting for perhaps one to three
minutes. Then the animal lies in a collapsed condition
—unconscious, breathing rapidly (often periodically)—
until after a few minutes, a seecond convulsive seizure
comes on, The econvulsive seizures alternating with
periods of coma may last for several hours, the convul-
sions gradually becoming weaker and weaker until at
last the animal dies of respiratory failure. These are
among the most alarming symptoms I have ever seen in
pharmacologiecal or physiological investigations—definite,
clear-cut, and usually associated with a percentage of
sugar of about 0.045. Sometimes, it is true, the symp-
toms may appear before the blood sugar has reached
this level, or more frequently they may remain absent
until it has become much lower. On account of this fre-
quent incidence of symptoms at about 0.045 per cent
blood sugar, we have tentatively defined as a unit of in-
sulin the amount which is eapable of lowering the per-
centage of blood sugar to this level in a rabbit weighing
2 kg. within three hours. There has been a little eon-
fusion as to the exact definition of this unit on account
of the fact that eertain people have chosen lighter rabbits
than those with which the test was originally made.
When a very light animal is used, the number of units
per cubic centimeter comes out distinetly higher, and this
has caused not a little eonfusion, for the firm which was
the first to manufacture insulin in this eountry unfortu-
nately chose those lighter rabbits for their assays so that
the unit of the commercial produet is at present of lower
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value than the unit orviginally established. Partly to
prevent econfusion, and partly on aecount of the fact
that it does appear that in certain cases of diabetes the
smaller unit is sufficient for the treatment of certain
cases of diabetes oceurring in children, we have agreed
to aceept this smaller unitage. It is one-third the value
of the unit as defined above.

I have deseribed the typical acute symptoms; there
are certain premonitory symptoms as the blood sugar
descends toward the 45 milligram level. One can see
that the amimal becomes highly execitable and it evi-
dently becomes very hungry and will sometimes attempt
to eat the woodwork of its eage, or anything that ap-
pears to it to be capable of relieving the hunger pains
from which it seems to suffer. 1t is very interesting
that these premonitory symptoms, objective though they
be, are perfectly definite and are analogous with those
which have been observed in man. When an overdose
of insulin has been given to man, the first symptom as
a rule is a feeling on his part of alarm, of fear that
something is to happen, of nervousness and then, a little
later, he is very likely to experience symptoms of cardio-
vascular disturbance—flushing, perspiration, a sensation
of hunger—and then, if the eondition be not treated, a
stage is reached in which tremors are felt in the museles.
You may not see the tremors—they may be merely sub-
jective sensations—and later the patient may become
highly excitable and may lose his mind temporarily,
hecome uneonsecious, with symptoms that are similar
to those observed in animals, probably not to the extent of
producing convulsions, but very like those of coma. The
earliest of these symptoms may oceur when the blood
sugar is only reduced to about 0.070 per cent. The
assoeiation of these symptoms with a level of 45 milli-
grams per cent of blood-sugar would suggest that the
symptoms may be due to the disappearance of the sugar
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from the body fluids. It is remarkable that the symp-
toms appear at this level sinece Mann and Magath of the
Mayo Clinie have also observed that when the blood-
sugar deecreases to about the same level in dogs from
which the liver has been removed, the animals develop
symptoms that ave closely similar to those observed in
the rabbits injected with insulin. This correspondence
would not, however, justify the conclusion that the
symptoms are direetly related to the reduection of blood
sugar; one must determine the effect produeed on the
symptoms when sugar is injected into the animal, before
any such conclusion could be drawn. When glucose
solution is injected subeutaneously (2 gm. per kg.) the
animal recovers within a minute or two; even though
the symptoms may be extremely severe, the animal is
practically back to a normal state in a remarkably brief
period of time.

At a demonstration which I made recently before the
Academy of Medicine of Toronto I was particularly
anxious to be eertain that the animals would show really
acute symptoms and Mr. E. C. Noble, who has been more
particularly associated with this work, injected a very
large dose of insulin into two animals at a time preced-
ing the meeting which we thought would be suitable to
have them in good condition for demonstration; but un-
fortunately the animals went into convulsions much
earlier than we had intended and by the time the Aca-
demy met one died immediately after it was brought
into the room, and the other was in deep coma and evi-
dently in a moribund condition. I thought it hopeless
to attempt an injection of glucose into this animal but
nevertheless did so, and it was very interesting that
although recovery was slow, it was sufficient to convinee
everyone by the end of the meeting that the symptoms
had been satisfactorily antidoted. The animal sat up,
although still very drowsy, and next morning it was
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apparently normal. During its recovery the coma gave
way to alternating periods of convulsions, which gradu-
ally disappeared. Glucose is the only sugar which has
this striking effect. Some sugars closely related to glu-
cose, namely levulose and galactose, have a slight tran-
sient effect in relieving the symptoms but apparently
they ecannot save the animal. Of the ordinary
sugars, neither cane sugar nor lactose has any effeet
whatsoever. Nor have such possible precursors of glu-
cose as lactie acid or glyeerol any antidotal action. The
only sugar that can definitely relieve the symptoms is
olucose. There can be no doubt, then, that the symptoms
are dependent upon the lowering of the percentage of
elucose in the blood. This does not mean to say that
these violent symptoms arve direetly due to the disap-
pearance of glueose as such from the blood; that would
be rather an unscientifie conelusion to draw. One must
imagine that the immediate caunse of the symptoms is
the development of some toxic condition in the nerve
cells, the prevention of which in a normal animal is de-
pendent upon a certain percentage of glueose in the
tissue juices. What this toxiec agent may be, we eannot
say. Ome thinks immediately that it may be something
which causes a disturbance in the acid-base equilibrium
in the nerve cells, With this possibility in mind we
have studied the effeet of acids and alkalies in affected
animals but no evidence of a beneficial effeet has been
obtained. It is very interesting, as was pointed out by
Professor Barany, when he saw a demonstration of these
experiments in Toronto, that similar symptoms are tem-
porarily produced in a mormal rabbit by spinning it.
By taking a normal rabbit, for example, and holding it
against the body and then spinning around with it five
or six times, the animal when laid on the floor develops
exactly the same symptoms as oecur when the blood
sugar percentage has been lowered to 0.045. The symp-
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toms i this experiment do not last long, but they are
so very nearly the same as those produeed by insulin as
strongly to suggest that the lesion responsible for the
latter must be one that acts on the vestibular apparatus.
For the present therefore we are working on the hy-
pothesis that the toxie substance, whatever it may be,
develops in the nerve cells, including those connected
with the vestibular apparatus. In the acecompanying
table the figures in the first ecolumn give the percentage
of sugar in the blood of mormal rabbits before insulin
was given and in the second eolumn the percentage after

TAELE
BLOOD SUGAR 1‘;:;: | AssAY
BEFORE | AFTER | ,yrount | N- SYMPTOMS ( RABBIT
IN- IN- DGSES]
SULIN | SULIN guLIN
c.c, hours _
0.148 | 0.038 + 4 Violent eonvulsions| 1 plus
0.12 0.040 4 4 Violent  convulsions| 1 plus
0.13 0.062 2 2 None 14 plus
0.122 | 0.040 314 | 21 |Convulsions 1 plus
0.125 | 0.040 3 215 |Convulsions |1 plus
0.146 | 0.054 215 2 None 1
0.115 | 0.065 215 2 None 14
0.155 | 0.062 3 2 None 14
0.120 | 0.066 2 2 None 15
0.130 | 0.055 2 21; |None 15
0.130 | 0.060 2 214 |Convulsions later 14
0.180 | 0.040 2 135 |Convulsions 1 plus
0.140 | 0.060 2 2 None 14
0.120 | 0.060 2 2 Convulsions later 14
0.120 | 0.065 2 | 2 {Convulgions later 14
0.130 | 0.065 1 115 |None | 1
0.105 | 0.04 2 2 Convulsions .1 plus
0.135 | 0.056 2 | 11 |[Nomne 15
0.135 | 0.045 215 214 | Convulsions 1 |
0.120 | 0.045 114 23; | Convulsions oz &
0.140 | 0.045 3 215 | Conwulsions 1
0.11 0.045 1 2 Convulsions 1
011 | 0062 | 3 115 |None | 16
0.165 | 0.045 10 2 Convulsions e
0.116 | 0.062 214 1 None |14
0.138 | 0.056 5 ) None 14
0.041 | 0.042 | 1% | 4 Violent convulsions| 1 plus
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imsulin, The amount of extract injected is indicated
in the third column, the time the blood samples were
taken in the fourth and in the fifth eolumn whether or
not symptoms developed. If you sean the table you will
find that the symptoms oceur pretty definitely when the
blood is about 45 milligrams per eent. If vou average
the blood sugar values at which eonvulsions oceurred,
yvou will find that it works out very close to the above
value, Sometimes, as in several of the eases shown
in the table, convulsions were observed when the nearest
blood sugar was about 60 milligrams, but in these cases
there was a considerable interval between taking the
blood sugar and the development of convulsions. It is
very difficult, as you can well understand, always to
manage to get the sample of blood just exaetly at the
minute the symptoms appear.

INSULIN AND HYPERGLYCEMIA

I may pass on to consider work for which E. C. Noble
1s mainly responsible, the effect of insulin on nondiabetic
hyperglycemia. You are aware that hyperglycemia, that
is, an inerease in the pereentage of sugar in the blood,
may readily be brought about in the laboratory by vari-
ous experimental conditions. One of the most interest-
ing of these is puncture of the floor of the fourth ven-
tricle of the medulla (piqure). Claude Bernard dis-
covered about 1846 that this operation was followed
within half an hour in a normal rabbit by a very marked
elyeosuria which was later shown to be associated with
a marked hyperglycemia. It is one of the most certain
methods of producing experimental diabetes in animals.
The only time it fails is when a starved animal is taken,
and it fails here because of the low content of glycogen
in the liver. The hyperglycemia and glyeosuria last in
a well-fed animal until all the store of glycogen in the
liver has been exhausted. The effect of insulin on this
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form of experimental hyperglycemia is very marked. In
the eurves given in Fig. 3, one set shows the behavior of
the blood sugar following piqtire in normal rabbits, and
here it is observed that the hyperglycemia is very strik-
ing indeed—the blood sugar in some of these experiments
risine to 450 milligrams per cent. The other set of
curves shows the results when piqire was performed
on rabbits injected with insulin; here the effect on blood
sugar is seen to be greatly suppressed, sometimes entirely
inhibited. In an animal under the influence of insulin,
pigiire never raises the hlood sugar sufficiently to cause
glycosuria.

Another form of experimental hyperglyeemia of great
interest is that produeed by the subeutaneous injeetion
of epinephrin. In a well-fed rabbit the hyperglycemia
1s just as striking as that produeced by pigiire. When
the epinephrin is given to rabbits after insulin, however,
the effeect on blood sugar may be very slight indeed, the
exact result depending, obviously, upon the relative
amounts of epinephrin and insulin that you use (Fig. 4).
Since we can accurately tell the dosage of epinephrin,
Dr. Eadie is trying to assay insulin by finding how
much would have to be given to prevent any rise in
blood sugar following injeetion of a definite amount of
epinephrin, This method may possibly prove to be a
very accurate one for the assay of insulin. There is a
physiologieal interest in these results since they demon-
strate an antagonistic aetion on blood sugar of two
important hormones. It is on this aceount that some in-
vestigators have suggested that the hyperglyeemia fol-
lowing pancreatectomy may really depend on an unap-
posed action of epinephrin but there is no direet
evidence in support of such a view.

Asphyxia also causes hyperglyeemia. The asphyxia
may be produced in a variety of ways, either mechan-
ically by blocking the air passages, or by the action of
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drugs, such as carbon monoxide (coal gas) or by the
administration of anestheties such as ether. It can be
observed that when mechanical asphyxia is performed
on ‘‘insulined animals,”” the effect on the blood sugar
is very slight, never enough to bring about a condition
of hyperglycemia. '

For the experiments on carbon monoxide, the animals
were placed in an air-tight ehamber into which coal gas
was delivered until the percentage of earbon monoxide
was raised to a level known to produee marked hyper-
elveemia. The observations were then repeated on in-
sulined rabbits, when only a slight elevation in blood
sugar occurred.

With regard to ether, the results are equally pro-
nounced. This result, obviously, has an application in
clinical practice because it shows us that insulin will be
useful to combat one of the dangers of ether, namely, its
tendency to raise the percentage of sugar in the blood.
This makes it likely that the surgical risk of operations
on diabetic patients will be greatly lessened. Besides
this elinieal application, the result is of importance from
an experimental standpoint, because it provides us with
a method by which the blood sugar is prevented from
rising as an effeet of the administration of anestheties.
One of the great drawbacks to experimental work on
diabetes in the laboratory has been the faet that every
Enown anesthetic inevitably produces hyperglycemia,
and this obviously masks the effects of other conditions
on the blood sugar level. Insulin also greatly diminishes
the rise in blood sugar which results from the ingestion
or subeutaneous injeetion of glucose.

TaE ErrEcTt 0F INSULIN oN DiaBETIC DoGSs

We see, then, that insulin reduces the percentage of
blood sugar in diabetic (depanecreatised) dogs, in normal
rabbits, and also in rabbits that have heen rendered hy-
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perglyeemic by various experimental means. It will
now be convenient to deseribe the further effects of in-
sulin on diabetic dogs. As I explained last night, dia-
betes of this type is produced by the total extirpation
of the panereas. If the gland be not all removed, the
animal may become only partially diabetie, and, as you
are aware, this partial form of diabetes has been a use-
ful form to investigate experimentally, since it brings
the animal into a condition not unlike that frequently
seen in diabetes in man; that is, not complete diabetes,
but a form that is amenable to dieteti¢ treatment with-
out whieh, however, it is almost certain gradually to
develop into the fatal form. Within three or four weeks
after complete pancreatectomy the animal dies of acute
starvation, no matter how much food it may have taken
in the meanwhile. During this period of three or four
weeks the animal exhibits in an intensive form all the
symptoms of the disease—marked hyperglyveemia and
elycosuria, acetone bodies in the urine, great hunger and
thirst, serious skin lesions, abscess formation, ete. The
only thing that is different in this form of diabetes ob-
served in the laboratory and the diabetes observed in
the elinie is that the acetone bodies are not nearly so
abundant in the urine, and death is almost always due
to marasmus, or acute starvation, instead of coma. Ob-
viously such diabetie animals are very suitable for the
investigation of the effects of insulin and were used,
as I explained last night, by Dr. Banting and Mr. Best
in their initial experiments on the effects of extracts of
degenerated and fetal panereas on the blood and urmary
sugar. I also mentioned that these investigators ob-
served that one animal lasted for a very much longer
time than has been observed in the case of animals not
treated by this method.

Let me now detail the effeets of insulin on the other
svmptoms of depancreatised dogs. These T shall group
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in three categories: first, the effect of insulin on the
respiratory quotient, which is the ratio expressing the
relationship between the amounts of carbon dioxide ex-
pired and of oxygen retained by the body in a given
time. It 1s a ratio, not a quantity. It tells the kind of
combustion going on in the body-—mot the amount.
Lbet us imagine, for example, what would happen
were the combustion in the body entirely of earbon.
Then it is evident that the amount of oxygen which
was used to oxidize the ecarbon would be exactly
equal in volume to the amount of earbon dioxide
which was produced, C+0,=C0,. This follows from
the gas law which states that equimolecular quantities
of all gases oceupy the same volume. Let us con-
sider next what the ratio would be when carbohy-
drates are being oxidized in the body. Carbohydrate is
nothing more than carbon plus the elements of water,
H,0. Therefore, the oxidation of earbohydrate, chemi-
cally eonsidered, amounts to the same thing as the burn-
ing of so much earbon, so that the quotient wounld be 1.0.
In the case of proteins and fats it is different. In these
foodstuffs there is not a sufficient amount of oxygen to
oxidize all the hydrogen in the molecule and the formula
in general might be said to be earbon plus hydrogen
plus water. These substances require oxygen to combine
with both the earbon and hydrogen, but the oxygen that
combines with the hydrogen forms water which is ex-
ereted by other pathwavs than the lungs, so that the
carbon dioxide which is exereted by the lungs must obvi-
ously be less in volume than the inspired oxygen. The
respiratory quotient of fat and protein is therefore
about 0.7 to 0.8, instead of 1.0. You ean see quite read-
ily from these considerations that a respiratory quotient
of one in an animal would indicate that combustion of
carbohydrate was taking place exelusively; that the
only substance burning was earbohydrate. It is a re-
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markable achievement, due very largely to the work of
Rubner, in Germany, of Benediet, in Boston, and of
Graham Lusk, in New York, that it should now be pos-
sible, by determining the respiratory quotient, to tell
just exaetly what proportion of ecarbohydrate, fat and
protein a person is burning at a given time in his body.

Now let us consider the behavior of the respiratory
quotient in diabetes. In general terms this disease may
be said to be a condition in whieh the body has lost the
power to oxidize carbohydrate. In the severe forms of
the disease the respiratory quotient is always about 0.7
and it does not inerease however much carbohydrate
may be given to the patient or the animal. In milder
cases a moderate inerease may oceur, so that the quotient
furnishes a useful test for the intensity of the diabetic
econdition. Now, if is extremely interesting that when in-
sulin is given along with sugar to ¢ diabetic animal,
the quotient comes lo behave immedialely as il does in
a normal animal ; it immediately rises toward unity. Let
me quote some experimental results in support of this
statement. Before the panereas was removed in a dog,
thirty grams of eane sugar by mouth caused the quotient
to rise nearly to 1 in thirty-five minutes. The animal
was then depancreatised and in seventy-four hours after
the pancreatectomy it was again given twenty grams of
cane sugar with the effect that the respiratory quotient
only rose from 0.7 to 0.77. There was a distinet but
very slight effeet. A little later it was given the same
amount of cane sugar, plus insulin, with the result that
the respiratory quotient rose in fifty minutes to 0.91,
and in one hour and thirty-seven minutes to 0.93. This
is an absolutely convineing result and one that has been
obtained repeatedly, not only in diabetie dogs, but also
in diabetie patients. There can be no doubt, then, but
that insulin restores to the diabelic organism the lost
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power to oxidize carbohydrates. It makes if possible
for the carbohydrate molecules to be utlilized.

Let us now consider the effect of insulin on a proeess
oceurring at the other end, as it were, of the chain of
carbohydrate metabolism. 1 refer to the deposition of
alycogen. As you know, in a normal animal when ear-
bohydrate is taken, large quantities of glycogen hecome
deposited, particularly in the liver, and to a lesser de-
oree in the muscles, In a diabetic animal, on the other
hand, even though you feed it with large quantities of
sugar, very little if any glveogen appears in the liver.
The liver remains practically glycogen-free. I have
never seen more than 1 per cent of glycogen n the liver
of a diabetic animal, however much sugar it may have
been fed, whercas in a norimal antmal under these con-
ditions 7 or 8, or cven 20 per eent would be present. On
the other hand, in the diabetic animal the heart comes
to contain a relatively higher precentage of glyeogen
than normal. Why this should oecur we cannot tell.
But it is an invariable fact and one, I think, of some
significance. Now, if you give the diabetic animal not
only sugar but sugar along with insulin, glycogen be-
comes abundantly deposited in the liver and apparently
diminished in the heart. I have never seen so much
elycogen in the liver of any animal as I have seen in
that of a dog that was given large quantities of sugar
along with insulin. In one case, Dr. Collip, who made
the first analysis in this work, reported that he had
obtained over 20 per cent of glyeogen in the liver of one
of these animals. It is almost unbelievable, but there
is no doubt that the observation is correct. It is, as far
as I know, the largest amount of glycogen ever reported
to oceur in the liver and quite often in other diabetie
dogs treated with insulin we have observed from 8 to 12
per cent. Now, as you know, glyeogen is the first step
in the metabolism of carbohydrates, and the absence of

43



this material in the liver in a diabetie condition is ob-
viously a thing of great significance—of a significance
that becomes all the more striking when we note that the
first effect of insulin is to cause glycogen to reappear.
It would seem to indicate that glyveogen is more than
storage material, that ifts formation is a fundamental
step in the proper metabolism of carbohydrate.

Tar ErrecT oF INSULIN oN FAT METABOLISM

Insulin also influences the metabolism of fat and there
are two steps In this process that are involved. The
first 1s the migration of fat. You are aware that n
diabetes the migration of fat becomes abnormal. The
liver, empty as we have seen of glycogen, becomes filled
with fat, and the blood is very often loaded with this
material so that it may become creamy in aspect; lipe-
mia it is ealled. These symptoms—{fatty liver and lipe-
mia—are also observed in completely diabetic dogs, not
so striking perhaps as in man, particularly the lipemia,
but nevertheless quite evident, and easily detected.
Under ansulin, however, the fat disappears from the
liver just as glycogen takes its place and the lipemia
very quickly clears up. Therefore, the insulin has a
very marked effect on the migration of fat. This mat-
ter requires further investigation. We have not had
time to explore further this interesting part of our work,
and we do not know exactly what it may lead to, but
it is certainly signifiecant that within a day or so of
administration of insulin to a completely depancreatized
dog, the whole plan of migration of fat should turn
from an abnormal condition back to the normal.

The other step in eonnection with fat metabolism
which insulin affects is its oxidation. Ordinarily, when
fat is metabolized, the long c¢hain of earbon atoms of
which its molecule is composed, breaks down alwayvs at



the second carbon atom from the end of the chain, the
B earbon atom, as it is called. From the long chamn
of the fatty acid molecule smaller groups containing 2
(C atoms each are broken off until a molecule of only
four carbon atoms is left (butyrie acid) and then oxida-
tion starts on this residue in the B8 position and under
normal eonditions it further breaks down into water
and carbon dioxide. This last step is the most eritical
one of the whole process, the part likely to go wrong,
for in diabetes oxidation sticks here, B-oxybutyrie and
aceto-acetic acids are formed and aceumulate in the
body along with acetone (acetone hodies) and ecause
toxiec symptoms. These are probably due in part to
the acid gualities of these substances, ereating a condi-
tion of acidosis, and also pessibly in part to the faet
that they have a specifie toxic influence,

These faets would indicate that for the proper oxida-
tion of fat, particularly during its final stages, earbo-
hydrate must also be undergoing metabolism. The two
must oxidize together or, as it has been aptly put, ‘‘fat
burns in the fires of carbohydrate.”” If there be no
carbohydrate fires, the fat smokes, and the smoke is rep-
resented by the acelone bodies, which have a toxie
influence. Now, in diabetes we cannot restore the oxid-
izing power of fat until we have stirred up the fires of
carbohydrate combustion and this we may do by injeet-
ing insulin. Thus, in an experiment of January 6th,
1922, the exeretion of acetone bodies by a diabetic dog
was found by Collip to be 100 mg.—and on the Tth, 187
mg., the blood sugar at this stage being 0.035 per cent.
Insulin was then given, with the result that the acetone
bodies disappeared absolutely from the urine and re-
mained absent for three days. On the fourth day they
returned, 34 milligrams on this day, 55 the day after,
and 114 the day after that. Insulin was again given
and on the day following there were no acetone hodies.
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The result is sufficiently conclusive since it shows not
only that insulin caused a disappearance of the acetone
hodies, but also that these returned some time after in-
sulin treatment was discontinued.

MecaaxisMm or AcTioN oF INSULIN

Having described the effeet of insulin on normal and
hyperglyeemie rabbits and on diabetie dogs, let me pass
on now to what is perhaps the most diffieult aspeet of
the work, namely, the cause of the action of insulin.
How does it work? What is the mechanism of its ae-
tion? The first step in such an investigation is to find
out exactly what happens in the blood of a normal rab-
bit when insulin is given. This has been done by obsery-
ing the blood sugar at frequent intervals in a large
group of rabbits injected with varyving quantities of
insulin, the animals all being in exactly the same nutri-
tive condition. That is to say, all the animals had been
starved for twenty-four hours before the insulin was
given, intravenously and in varying doses. It is seen
that for the first half hour after giving insulin, the blood
sugar comes down very rapidly so that it is at its lowest
level in about half an hour after the injection has been
made. That is extremely interesting, but still more so
is the fact that within very wide limits of dosage the
blood sugar ecomes down in different animals at exaectly
the same rate, the minimum being usually reached in
thirty minutes. This parallelism in the rate of fall
within the first half hour would seem to indiecate that
the action must be an intravaseular one, oceurring, that
is to say, in the blood itself. This eannot, however, be
the case because if you remove the blood during this
stage vou will find, on incubating, that sugar disap-
pears from it at exactly the same rate as it does from
normal blood under similar eonditions; or, to put the
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thing in technical language, the glycolysis curve of
normal blood i1s exactly the same as that of blood re-
moved from an animal recently injected with insulin.
Similarly insulin does not alter the rate of glyeolysis
when added to blood outside the body. Another pos-
sibility is that the glucose might be condensed into less
strongly reducing suears, or into glyeogen. This, how-
ever, cannot be the case because if you remove some
blood when the sugar is at its lowest, and hydrolize it,
(that is to say, heat it with weak acid solution,) the re-
dueing power is not increased any more than is that of
normal blood similarly treated. The action of insulin
cannot, therefore, be intravaseular, and we must con-
clude that the insulin passes from the blood through
the capillaries into the tissue cells, in which it ereates,
as it were, a vacuum for sugar. Sugar, therefore, passes
from the blood to fill the vacuum and it does so at such
a rate that it is taken out of the blood more quickly
than it can be replaced therein from the stores of gly-
cogen in the liver., Hypoglyeemia becomes developed
because of the vacuum for sugar which has been ereated
in the tissue eells.

What can be the cause for this development of a vae-
uum for sugar in the tissue cells? There are three possi-
bilities: one, that it is due to an increased combustion of
sugar; another, that it is due to eondensation of sugar
into glyeogen ; and the third, that it is due to a redue-
tion of sugar into some other substance, possibly related
to fatty acid. ILet us see whether there is any evidence
as to which of these is actually oceurring. First, with
regard to inereased combustion; we have seen that the
administration of insulin does restore the power of oxid-
izing earbohydrate in diabetie animals; is it not alto-
gether likely, then, that the same thing will oceur in
the normal animal? It would, however, be dangerous
to eonelude that it does without further investigation,
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because what oceurs in a diabetic organism need not
necessarily also oeeur in a normal organism, for in the
latter case there may at all times be as much insulin
available as is necessary for complete combustion of
glucose. By observing the respiratory quotient, Dixon
and Pember have obtained the very interesting result
that in about half an hour to an hour after insulin is
given to a normal dog or rabbit, the respiratory quo-
tient definitely rises, and the oxygen consumption
becomes greatly inereased. The rise in the respiratory
quotient would indicate that earbohvdrate eombustion
is going on more energetically and the rise in the oxygen
would indicate that there is a much egreater energy ex-
change going on. One unexpected outcome of these
experiments has been to show that frequently the res-
piratory quotient remains for a considerable time above
unity during the action of insulin. This result must
mean ecither that earbohydrate is being converted into
fat, or that there is a blowing off of CO, due to the
sudden development of an acidosis eondition. In the
latter, the respiratory quotient may temporarily rise
above unity, beeause the acid breaks up the earbonates
of the blood and produces a temporary excess of free
carbon dioxide which is immediately got rid of by ex-
citing hyperpnea so that it is blown oft through the lungs.
In several experiments the very high respiratory quo-
tient has lasted for a much longer period than could be
the ease did it oeenr in this way, so that the rise in the
quotient must indicate that besides the inereased com-
bustion of carbohydrates, a conversion of earbohydrate
into fat is also going on. A similar inerease of R. Q.
to over unity, is also seen in hibernating animals in the
fall months. During this time the animal is eating
large quantities of nuts and other ecarbohydrate-rich
foods, and it is storing away the carbohydrate in its
tissues as fat so that the respiratory quotient rises con-
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siderably over unmity. This is the only condition in
which such quotients have been observed in mnormal
animals, and it is, therefore, extremely interesting from
a physiological standpoint that a similar increase of the
R. Q. oceurs in normal animals that have been injected
with insulin.

The third possibility, namely, that sugar is being de-
posited as glyeogen, is supported by the observations to
which we have already alluded, that insulin endows the
diabetie animal with the power of depositing glycogen.
If it does this in a diabetiec animal, is it not probable
that it will also do so in normal animals? That, it
might appear, should be a very easy thing to prove, but
let me assure you, this is by no means the case. Ob-
servations on the problem are being made by Miss
O’'Brien and Mr. MeCormick, but the results do not
warrant the conclusion that glycogen is being formed.

Summing up, the vacuum of sugar in the tissues
would seem to be due to inereased oxidation of glueose,
relatively to that of protein and fat, and to its trans-
formation by a reduction proeess into fat or fat-like
substances. Both processes may possibly go on at
the same time. If this be the case it suggests that the
effect of insulin is, fundamentally, to convert glueose in-
to some substanece that is intermediate in metabolism be-
tween the three great groups of proximate principles.
Evidence has quite recently been obtained by Winter
and Smith in the biochemiecal laboratory in Cambridge,
England, and by Hewitt and Pryde in London, which
ooes to show that glucose must first of all become con-
verted into a highly reactive variety of glucose called
v glucose before it can be utilized by the tissue ecells.
This conversion of ordinary (a #) glucose into v glueose
may be the main funetion of insulin, possibly, as Winter
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and Smith’s experiments would seem to show, by its
activating an enzyme which has this effect.

After the insulin effeet has begun to wear off, perhaps
because of its destruetion or because of its exeretion,
the blood sugar begins to recover and the rate of re-
covery is in general largely in proportion to the amount
of available glycogen in the liver. When there is little
elycogen in the liver, as in starved animals, the recovery
18 relatively slow, whereas in animals that have been
liberally fed with earbohydrate up to the time insulin
was given, recovery is much more rapid. That recovery
depends largely upon the glycogen stored in the body,
has a practical application in the administration of in-
sulin to man. It is obviously far safer to give insulin
to patients who have already a good store of glycogen
in the body, than to those that are glycogen-free. It is
no doubt on this account that a dose of insulin that is
quite safe for a well-fed rabbit will eause hypoglycemia
in a depancreatised dog of many times the body-weight
of the rabbit. In practice, therefore, you will have to
be most careful to see that symploms do not develop in
patients who are given insulin for the first time; later
on, when the glycogen stores have become fairly ade-
quate, the dangers are likely to be less.

These important relationships of insulin to the glyeo-
cen stores of the animals have been shown in a slightly
different way, namely, by observing the blood sugar of
animals investigated in pairs, one animal in each case
having a large store of glycogen in the body, and the
other a very small one. When both animals of each pair
were given exactly the same amounts of insulin, there
was a striking difference in the results. In the case of the
starved animal in the first pair, convulsions developed
in less than two hours, while in the fed animal it took
three hours for them to develop. The blood sugar eame
down to practically the same level in both cases, but
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after attaining its lowest ficure, it began to recover in
the fed animal, whereas it disappeared almost entirely
in the one that was starved. There was no tendency to
recover, since there was no glycogen to draw on. In
another experiment a somewhat smaller dose of the same
insulin was given fo another pair of animals, one fed,
one starved, and in the ease of the fed animal the hypo-
glycemia was only moderate in degree and there were
no convulsions, whereas in the starved animal it
was intense and convulsions developed in two hours.
A still weaker dose had praetically no effect on the
well-fed animal, but a marked one on the starved one.

Tar Errects or INSULIN ON THE HEART

The effects which follow the injeetion of insulin into
a normal animal and from which we have drawn the
conclusion, that sugar is removed from the blood to fill
a vacuum for sugar in the tissues, would naturally lead
us to enquire as to the effect of insulin on the rate of
sugar consumption by the exeised heart. Iixperiments
hearing on this problem were undertaken by J. Hepburn
and H. K. Latehford. The excised heart of the rabbit
was perfused with oxygenated Locke’s solution, eon-
taining glucose and the sugar determined in samples
removed at regular intervals, the perfusion rate, the
elycogen content of the heart, and the H-ion concentra-
tion being also observed. It was found that the rate
of sugar consumption, without insulin, was on an average
0.8 mgm. per gram heart per hour, whereas it rose some-
times to 4.0 mgms. per heart gram per hour when this
was added to the perfusion fluid. There is no doubt
that insulin increases the rate of sugar eonsumption in
the exeised heart by three or four times. Why it does
this, we do not know. The experiment really gives us
little more information than that obtained by observing
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the action of insulin on intact rabbits. 1t shows that
the sugar has disappeared, that it has gone into the
tissues, but it does not tell us whether it has become con-
densed into glycogen, or reduced to fat, or oxidized. It
will take more work to be certain as to which of these
processes, or perhaps all of them, may be responsible for
the ehange. The importance of Hepburn and Lateh-
ford’s experiment rests on the faet that it showed that
the tissues absorbed more glucose when insulin was
present.

THE ASSAY OF INSULIN

The last part of the work, which I will bring to your
notice, is that concerning the assay of insulin. As with
every biological produet, there is always great difficulty
at the start in getting a method of assay. The original
method suggested was that one unit of insulin is the
amount required to lower the percentage of blood sugar
in a normal rabbit of about 2 kg. weight to 0.045 within
three or four hours,

Partly beecause of the confusion of using rabbits of
different weights and partly because equal amounts of
insulin may have varying effeets on different rabbits, it
is very diffieult to devise a precise method of assay.
There is a very little difference between a moderate dose
and a large dose in the rate of fall in blood sugar dur-
ing the first half hour, and even in the succeeding
periods, the height of the blood sugar is largely depend-
ent upon the glyeogen stores in the animal’s body. But,
even if you standardize this condition, and make the
clycogen stores uniform by starvation, the eurves after
the initial fall do not recover at the same rate. At mo
period, therefore, after giving insulin, ean you be cer-
tain that the perecentage of blood sugar is proportional
to the dose of insulin. It is extremely difficult to arrive
at an accurate method of assay.
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Dr. G. S. Eadie and 1 have attempted to develop a
method of assay by measuring the extent to which insu-
lin can prevent the inerease in blood sugar due either
to the injection of fixed amounts of sugar or of epineph-
rin, The effect produced on normal rabbits by injeet-
ing 2 grams of glucose subeutaneously has been plotted
in curves, and Dr. Eadie has shown by mathematieal
methods, the degree of variability to be expeected in the
curve. When insulin is given along with the sugar the
rise in blood sugar is much less, and it lasts for a much
shorter period of time. When the sugar is given 14
hour or 114 hours or 114 hours after the insulin, the
effeet is more striking and it is most developed in about
114 to 115 hours. After this the effect of insulin begins
to pass off and 2 grams of glucose comes again to de-
velop nearly the normal effect. These observations offer
a method of assay which would consist in injeeting 2
erams per kilo of glueose in 14 to 1145 hours after in-
sulin, and then determining the extent of the rise in
blood sugar.

In the method just deseribed the insulin is matehed
against glueose introduced from without—exogenous
olucose we might call it—but another method suggests
itself, namely, whether the insulin could be matched
against glucose derived from within—endogenous
glucose. The best way to set free endogenous glueose
is by epinephrin. If you inject epinephrin subeutan-
eously, you eause the glycogen to break down into glu-
cose, and the possibility, therefore, exists that it might
be possible to assay insulin in terms of epinephrin.
This work has been done largely by Dr. Eadie who has
found, by constructing a curve which shows the relation-
ship between varying doses of insulin and inerease in
blood sugar following the injeetion of fixed amounts of
epinephrin, that a fairly smooth eurve is obtained, show-
ing therefore, a mathematical relationship between the
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two. Dr. Eadie has found a formula for this curve, the
details of whieh I will not inflict upon you. Suffice it to
say that the method is fairly accurate, except for the
occasional aberrant results. Every effort of precise as-
say of insulin is diffieult, because of these inexplicable
aberrant results. It is like many other biological prob-
lems of similar nature; the aberrant result is a diffieunlt
one to deal with. We have, for example, observed in
the laboratory, in one case, particularly, a rabbit that
could stand four or five times the ordinary lethal dose
of insulin with practically no effect, except the slight
lowering of blood sugar. To this animal daily doses of
insulin, sufficient to have killed several ordinary animals,
were given for nearly two wecks, and at last when a
lethal dose was given nothing could be found to explain
the high resistanee. It is possible that more accurate
assays could be worked out by observing the blood sugar
in completely depancreatised dogs. Partial panereatec-
tomy will, however, not furnish a useful animal for the
purpose, sinee the endogenous production of insulin will
necessarily be variable. For this reason it does not seem
likely that patients will be useful for aceurate assay
sinee few if any cases are completely diabetie, that
is, have no funetional panecreatic tissue remaining.

CONTROL OF INSULIN SECRETION

In coneclusion, let me say that there yet remains an
entirely different part of our problem about which 1
have said nothing, namely, the control of the secretion
of insulin from the Isles of Langerhans. What stimu-
lates the production of insulin, and what damps it down
aceording to the requirements of the body for this hor-
mone? What is the mechanism of control? There are
two possible mechanisms. Either it is controlled through
other hormones, which may he the blood sugar, or
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BEAUMONT LECTURE II1.
BY PROFESSOR F. G. BANTING
January 30, 1923

The Experimental Work upon Insulin. Its Use in
Diabetes

I feel very inadequate in meeting the responsibility
that falls upon me tonight in reporting the researches
conducted by the various workers in the University of
Toronto. Professor Macleod asked me to review the
early experimental work ecarried out by Mr. Best and
myself, and then to present the clinical aspeets of the
use of insulin in diabetes.

The idea from which this work orviginated presented
itself from reading an article written by Moses Barron
in Surgery, Gynecology and Obsietrics, in the Novem-
ber issue of 1920. In this artiele, which deals with the
pathologieal changes of the panereas following blockage
of the panereatie duet with gallstones, Barron points
out the analogy between such degeneration and that
which occurs following the experimental ligation of the
panereatic duets in animals. Sinee ligation of the pan-
ereatic ducts in animals causes degeneration of the acin-
ous cells, but not of the islet cells, it seemed reasonable
that by this procedure an extract containing the internal
seeretion might be obtained, which would be free from
the deteriorating or toxie effects of the produects of the
acinous cells. The feasibility of this hypothesis being
recognized by Professor Macleod, work was commeneed
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in the physiological laboratories of the University of
Toronto, in association with Mr. C. H. Best.

E. L. Seott had attempted a similar procedure in
1912, but unfortunately he was unable to obtain de-
oeneration of the acinous tissue. This is possibly due
to the faet that when a ligature is tied very tightly
there is mecrosis of the tissue underlying the constrie-
tion, and by the time the ligature has neerosed through,
there is sufficient fibrinous exudate deposited on the sur-
face to reestablish the wall and lumen, thus failing to
produce obstruction permanently., This may oeceur in
ligation of the fallopian tubes. It is necessary then to
ligate the pancreatic duets just sufficiently tight to
block the lumen, but not sufficiently tight to cause ne-
erosis.

Work was eommenced by ligating the panereatie duet
in a number of dogs. An interval of from seven to ten
weeks was allowed for degeneration of the acinous tissue
to oceur. The dogs were then chloroformed and the de-
generated remnant removed. IHistological sections of
this material showed replacement of the acinous cells by
fibrous tissue. The degenerated remnant was cut into
small pieces placed in ice-cold Ringer’s solution, frozen,
macerated and filtered. The filirate thus obtained was
tested by observing the effect of intravenous injection
in a depancreatized dog. Depanecreatized dogs, within
twenty-four hours after the operation, develop a high
blood sugar, possibly in the neighborhood of .250 per
cent. On the second or third day the blood sugar is
usually elevated to .300 per cent, and has frequently
heen observed as high as 450 per eent at the end of five
or six days. The dogs’ wounds, as a usual thing, fail
to heal and the dogs seldom live longer than six or eight
days, although they have been observed to live eighteen
or twenty days. The urine contains persistently large
amounts of sugar. Acetone bodies are present in but
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slight amounts and are derived from the animal’s own
body fat, since in the absence of the pancreas, fats are
not absorbed. For this reason, depancreated dogs are
not suitable animals for the experimental work on acid-
osis and ketosis. As the fat is absorbed the animals be-
come emaciated.

On July 31, 1921, the first degenerated gland extract
was injected into a diabetiec dog. This injection was fol-
lowed by a reduction in blood sugar from .20 to .11 in
one hour. The animal beecame sugar-free and was found
to retain a larger amount of injected glucose than on a
previous day when glucose alone had been given.

Only small quantities of extract were available for
experimental purposes, owing to the difficulty in pro-
curing dogs, and also to the length of time required for
degeneration to oceur. The next type of extraet used
was obtained from exhausted pancreas. This was done
by the long continued injection of seeretin into a mor-
mal dog, followed by the rapid removal of the pancreas
before trypsinogen granules could be reformed. Active
extracts were obtained by this means, but were unsatis-
factory because it was not always possible to secure com-
plete exhaustion of pancreatie juice, and the injection
of these extracts was usually followed by toxie effeets.

Lageusse found that a eomparatively larger number
of islet cells were present in the pancreas of the fetus
and the newborn than in adult animals. It was first
decided to extract the panereas of newborn animals, but
then it was thought that a more active extraet might he
obtained from the premature or aborted fetus. Finally
the idea presented itself that since other glands of in-
ternal secretion contained their active prineiple as soon
as they became differentiated in their embryological de-
velopment, insulin would be present in the Islets of
Langerhans. Furthermore, since pancreatic juice is
not required by the fetus until delivery necessitates di-
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gestion, pancreatic juices might not be present. It was .
later found that effort to demonstrate the presence of
trypsin in the pancreas of the fetus of under four
months® development had failed. An extract of fetal
calf panereas was made and injected subeutaneously in-
to a diabetic dog. The injection was followed by a rapid
fall in the percentage of sugar in the blood, unaccom-
panied by local or general reaction. The elinical con-
dition of the diabetie dog was markedly improved, as
evidenced by a more kindly healing of his wounds and
the restoration of his normal friendly behavior. These
effects of extraets of fetal calf pancreas thus indieated
that the antidiabetic prineiple was in all probability
universal in the animal kingdom. With the insulin
thus obtained from the panereas of fetal calves, an im-
portant step in the advanee of the investigation was
made, in that material was obtainable in more abundant
quantities, and research could be pursued more rapidly.

Diabetic dogs ravely live longer than two weeks fol-
lowing total removal of the panereas. In the endeavor
to prove that extracts of the fetal panereas contained
the internal seeretion, we tried to prolong the life of a
depancreatized dog by artificial administration of the
missing substance. Our first attempt at longevity re-
sulted in keeping the depancreatized dog alive for nine-
teen days. This dog died from lack of extract. Our
second attempt resulted in the dog’s living twenty-one
days. At this time we had prepared a new extraet from
fetal calf pancreas. About two hours after the injeetion
of a 5 ce. dose, the dog developed a peculiar anaphy-
lactic-like reaction, which was characterized by stupor,
drowsiness and coma, and finally periods of convulsive
twitching and death. This reaction was not recognized
at this time as due to hypoglyeemia from an overdose.
Our third attempt at longevity resulted in keeping a
totally depancreatized dog alive for seventy days. At
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the end of this time, although extremely weak and
emaciated, she was able to run about the floor, seratch
fleas on the back of her neck, and was in fairly good con-
dition. The dog was chloroformed, and an autopsy im-
mediately performed by Dr. Robinson, pathologist to the
Toronto General Hospital. A careful search was made
for any remnant of panereatic tissue, but none was
found, exeept a small plaque 2 mm. in diameter and 1
mm. in thickness, between the mueous and the museular
layers of the duodenum. On serial sectioning of this
plagque no islet tissue eould be demonstrated.

The main object of the investigation at this time,
(November, 1921) was to obtain a means of chemical
extraction of the active prineiple which would destroy,
precipitate, or leave undissolved the deteriorating or
toxie elements of the acinous cells, With this objeet in
view, various percentages of ethyl-aleohol were used.
[t was found that the active principle was soluble in all
pereentages up to 70, but insoluble in 95 per cent.

The procedure of making aleohol extraet was as fol-
lows: Equal volumes of 95 per cent aleohol slightly
acidified by the addition of hydrochlorie acid, (0.2 per
cent), and macerated fetal pancreas were mixed. The
mixture was filtered and clear straw colored filtrate was
obtained, This was evaporated to almost dryness in a
warm current of air. The resin-like residue was redis-
solved in distilled water and its antidiabetie prineiple
tested on depanereatized dogs. By applying this pro-
cedure to whole adult beef panereas, an active extraet
was obtained. A purer and meore potent product re-
sulted from distillation of the aleohol in vacuum at low
temperature. This form of extract was tested on three
patients. In the first patient to whom it was given there
was a 30 per eent reduetion in blood sugar and a marked
reduection in the amount of sugar exereted in the urine.

When absolute aleohol was added to 70 per eent ex-
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traet, a fine whitish precipitate of the active prineiple,
to whieh the name insulin was given, was formed. This
precipitate disappeared on adding water. About this
time, January, 1922, Dr. Collip became associated in the
work, and was able to fractionally precipitate the active
prineiple, and by this procedure was able to obtain a
more refined extraet of whole gland.

CLINICAL INVESTIGATIONS WITH INSULIN

At this time the elinieal investigation was taken up
by Doetors Campbell and Fleteher of the medieal staft
of the University of Toronto, under the directorship of
Professor Duncan Graham. The large scale produetion
of insulin was made possible by facilities provided by
the Connaught Laboratories, under the direction of Doc-
tors Defries and Fitzgerald, and the physiologieal prob-
lems were allotted by Prof. Macleod to pairs of workers.
The results of these were reported by Professor Macleod
in the foregoing lectures. In the first elinical cases it
was found that the percentage of sugar in the blood
eould be reduced to normal, the urine could be rendered
sugar-free, that acetone hodies disappeared, and that
patients gave evidences of marked elinical improvement,
These results substantiated the findings obfained in ex-
perimental animals. Unfortunately, diffieulties were
encountered in changing from the small to the large
seale produetion, and we were foreced to abandon the
clinical investigation for the course of about three
months. For the establishment of large seale production
we are indebted prineipally to Mr. Best.

In May, 1922, with Dr. Gilehrist, the elinical investi-
gation was commenced at the Christic Street Hospital
for Returned Soldiers. In August a diabetie elinie was
established at the Toronto General Iospital by Prof.
(traham, and later the work extended to the ITospital
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for Sick Children, in association with Doetor Gladys
Boyd. The contributions from these sources will be dis-
cussed as a whole,

A patient, on admission to the hospital, usually re-
mains on the same diet as previous to admission, for
about twenty-four hours, in order that the physician
may gain some idea of the severity of the case. He is
then placed upon a basal requirement diet, which is
estimated by the use of DuBois chart and Aub-DuBois
table, the food values of which are caleulated from the
Wilder, Woodyatt, (or slightly modified) ratio. The
patient remains on this diet at least a week, unless severe
acidosis supervenes. It is necessary before commencing
insulin treatment to ascertain the patient’s tolerance for
glucose. This is done by subtracting the average daily
exeretion from the daily intake. During this trial
period, blood sugars are taken before breakfast, and
three hours after, in order to determine the effect of
fasting and of food on the blood sugar level. Daily
estimations are made of the amount of sugar and acetone
exereted in the urine. After a eareful history has been
taken, the patient is given a complete physical examina-
tion. Special attention is direeted to possible foei of
infection ; the teeth, tonsils, accessory sinuses, chest and
digestive system are examined elinically. If any source
of septic absorption is located, it is appropriately
treated.

If the patient becomes sugar-free on this basal re-
quirement diet, the diet is raised, and if it is found that
he is able to metabolize six or seven hundred calories
over and above his basal calorie requirements, his case is
not considered sufficiently severe for insulin treatment at
the present time. It will be found that on this balanced
diet which contains sufficient protein to maintain nitro-
genous equilibrium, and in which the ratio between
carbohydrate and fat is such as to prevent ketosis, that
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the daily exeretion of sugar becomes fairly constant.
Patients who constantly exerete sugar on a diet of less
than five hundred calories over and above their basal
requirement are placed upon insulin treatment. Insulin
treatment eonsists in the artificial administration of the
internal secretion of the pancreas in sufficient amounts
to compensate for the deficiency in production of the
patient’s own pancreas.

DosAGE or INSULIN

The dose of insulin is caleulated not only from the
amount of sugar exereted in the urine, but also from
the extent of hyperglycemia. A wunit of tnsulin is the
amount of active principle required to reduce the blood
sugar of a normal one kilogram rabbit, which has been
starved eighteen houwrs, from ils normal level of approzx-
imately 123 per cent to 045 per cent. Although there
is at present a slight variation in the strength of the
unit, it is equivalent in a moderately severe diabetic to
about 2.5 grams of glucose, or in other words, one unit
of insulin causes about 2.5 grams of glucose to be
burned. In milder cases the utilization per unit is more
than this amount, while in cases complicated by infee-
tion with an elevation of temperature, the utilization
per unit is less, There is also a variation in the indi-
vidual response on the part of the patients. For ex-
ample, two patients in the same ward were each given
twenty units of insulin. Their blood sugars were .300
per eent and .320 per cent, respectively, They were
on the same diet and excreted fifteen to twenty grams
of glucose per day, and thirty to forty grams of glucose
per day, respectively. The patient with the high blood
sugar and who was excreting the larger amount of
sugar was thrown into a severe hypoglyeemie reaction,
about two hours after the dose, while the other patient
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did not become sugar-free. It is therefore advisable in
commencing insulin treatment to give small initial doses
and gradually increase until the blood sugar is reduced
to the normal level and the patient is rendered sugar-
free.

ADMINISTRATION OF INSULIN

Insulin is administered from twenty minutes to a half
hour before meals. In severe cases it is sometimes neces-
sary to give three doses per day, but in the usual case
two doses per day, one before breakfast and the second
before the evening meal, prove sufficient. Milder cases
may be adequately controlled on one dose per day, given
before breakfast. The hypoglycemic property of insulin
counteracts the hyperglycemia, otherwise produced by
the meal, in such a way that the patient’s blood sugar
remains below the kidney threshold, and the patient re-
mains sugar-free. It is possible to maintain even the
most severe diabetic sugar-free by balancing the arti-
ficial administration of internal seeretion of the panecreas
against the diet which is not accounted for by the pa-
tient’s own secretion. When this balance is reached,
or in other words when the patient is sugar-free, the diet
is raised three hundred calories every second or third
day, until he is receiving about twice his basal require-
ment. This applies only to the emaciated diabetie, as
the overweight diabeties are best treated by dietetic
treatment.

It seems desirable that diabeties be maintained sugar-
free, in order that their islet eells may have a chance to
recover. This is particularly desirable in young pa-
tients. In diabeties who have had a persistently high
blood sugar, and have daily excreted large amounts in
the urine, a definite inerease in tolerance is observed
after they have been maintained sugar-free. These re-
sults are similar to those previously obtained hy dietetic
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treatment. There is no doubt that the presence of an
inereased percentage of sugar in the blood stimulates
the islet cells to produce insulin, consequently it seems
reasonable to believe that the long continued rvelief of
over-strain on the islet cells may permit of improvement
in their funetion, and result in permanent benefit. This
is further substantiated by the faet that patients re-
quire progressively smaller dosage fo maintain them

sugar-free on a constant diet,

OVERDOSAGE AND SYMPTOMS

When an overdose of insulin is given, the blood sugar
is lowered below the normal level, and this results in a
symptom complex, which we eall hypoglycemic reaction,
This is characterized by a feeling of uneasiness, per-
spiration, flushing or pallor, increased pulse rate, tremu-
lousness, although there is no visible tremor, a feeling
of impending danger, incoordination of speech and
movements, stupor, and coma, and finally convulsive
seizures. The level at which these symptoms are noted
is usually about .060 per cent, but if the blood sugar
has been rapidly reduced from a high level, of for ex-
ample, 400 per cent, the reaction may commence as high
as .150 per cent. The lowest percentage of sugar in the
blood observed during hypoglyeemie reaction is .032
per eent. The subjective sensations are pathognomonie,
and once experienced by a patient are recognized very
carly, consequently we endeavor to produce mild hypo-
elveemia in all patients while under observation in the
hospital, so that they will be the better prepared, should
such an aceident occur after their discharge. Fortu-
nately the treatment of hypoglyeemia is easily earried
out. The object is to inerease the pereentage of sugar
in the blood. This is done by the oral administration
of glucose, in the form of glucose candy, orange juice
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or sugar. If the patient is in coma, due to the hypo-
glyeemia, fen to fifteen minums of epinephrin subeu-
tancously will eause enough glycogen to be released from
the liver to raise the patient’s blood sugar sufficient for
him to regain consciousness. (Glucose should then be
administm;'-:rd to prevent further reaction,

Aciposis anp Coma

A diabetie who may still have a good tolerance for
carbohydrate, at some time may develop acidosis by the
over-indulgence in food, or by toxemia or infeetion. As
long as the exeretion of ketone bodies keeps pace with
the produetion, simple acidosis prevails, but when the
production of ketone bodies exceeds the exeretion, they
accumulate in the system, producing air hunger, drowsi-
ness, and finally ecoma. Insulin is specifie in the treat-
ment of diabetic coma. Of twelve patients treated,
elght have recovered. The first case died because we
were unable to obtain insulin; the second case died of
pneumonia ; the third died from cardiac failure, and the
fourth died of septic gangrene. This patient would not
cooperate, in that she refused to allow surgical interfer-
ence. The three later cases were rendered sugar- and
actone-free previous to death. One case may be re-
ported in more detail, that of a child twelve vears of
age, in whom glyeosuria was first noted in April, 1922,
following an attack of follicular tonmsillitis. She was
placed on a diet, which was liberal because her tolerance
was high. However, the child did not adhere to it, and
by August she was again showing sugar in the urine
and was losing weight rapidly. Inecreased thirst and
appetite again beeame prominent symptoms. On the
eleventh of September the child ate a large quantity
of grapes and a number of olives. Following this she
suffered from stomach ache, hausea and vomiting, then
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developed drowsiness and finally coma. She was ad-
mitted to the Hospital for Sick Children on September
13th, at three r. M. On admission the blood sugar was
500 per eent, the urine eontained 7 per cent sugar and
cgave a four plus Rothera test for acetone. IForty units
of insulin were administered subcutaneously at three-
thirty p. . At five o’eloek the blood sugar was found
to be .200 per cent. By seven o’clock it was further
reduced to . 100 per eent. The child was recovering from
coma. At seven-thirty, 17.5 grams of glucose were ad-
ministered intravenously, but despite this glueose, the
hlood suegar had fallen to .080 per eent at nine o’elock.
On the morning of the fourteenth, the whole eclinical
picture was changed. The acetone in the urine had
dropped from four plus Rothera test to a faint trace.
The blood sugar which on admission was 500 per eent
was now .08 per eent, and the urine was sugar-free. The
child became very restless, tossing about her bhed, and
while previously she had been unable to articulate, she
was now talking in a wild delivium. The temperature
rose in the eourse of a few hours from 101° F. to 1056°
F. The pulse became very rapid. Although the chest
was repeatedly examined, no signs of pneumonia could
be found. The elinical picture was clearly one of a
severe toxemia. The temperature continued to rise and
reached 106.2 deegrees, the pulse became more rapid,
(140). On the previous day an enema had been given
but with slight result. At noon, September fourteenth,
a series of enemata, every three hours, were commeneced,
soda bicarbonate was administered per rectum, and each
specimen of urine was tested to deteet alkalosis. Insulin
and glucose were repeatedly administered. At six
o’cloek, the morning of September 15th, the child passed
a very large amount of putrefying foul-smelling feeal
matter. The temperature and pulse soon fell to normal
and the elinieal condition of the child rapidly improved.
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Six days after admission the child was placed on a
weighed and ealculated diet and rendered sugar-free
with insulin. The diet was gradually raised from 420
calories to 1400 calories during the next three weeks.
Decreasing doses of insulin were required. On Oetober
13th, insulin treatment was disecontinued and the diet
reduced to 420 calories. This diet was then gradually
raised to 1470 ealories, when the child was discharged
from hospital, November 13th. No sugar appeared in
her urine after the sixth day in the hospital. This case
is an example of coma preeipitated by toxemia,

Insvnin 1x CoMPLICATIONS OF DIABETES MELLITUS

Insulin favorably influences many of the ecomplica-
tions of diabetes mellitus. Boils and carbuneles are a
frequent oceurrence, and are a serious menace to the
oeneral health of the patient. It would appear that the
severity of these is due in part to hyperglyeemia, he-
cause when the blood sugar is rendered normal, and
clucose is burned by the body, infeetions and infeeted
wounds tend to heal rapidly. Tubereulosis in diabetics
usually progresses rapidly and ends fatally, and here-
tofore was particularly difficult to treat because it was
impossible to feed the patient an adequate amount on
account of the diabetic condition. Two cases of pul-
monary tuberculosis with low earbohyvdrate tolerance
have been treated and are progressing favorably on the
inereased diet, obtainable by insulin treatment. Patients
with elevated temperature and infection sueh as influ-
enza or tonsillitis, require inereased doses of insulin to
maintain them sugar-free on a constant diet. Diabetic
gangrene is primarily due to damaged capillary cireula-
tion with the resultant improper nourishment of the tis-
sues. Insulin does not improve the cireulation, but may
favorably influence the superimposed infeetion. The
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egreat value of insulin in this type of case is that if
permits operative interference because the patient may
be rendered acetone-free and sugar-free by its use,

Svmptoms of diabetes are produced, primarily by the
failure on the ]h‘i}'t of the body to burn adequate amounts
of carbohvdrate. This causes glucose to accumulate
the blood, giving rise to thirst, and sinee large amounts
of fluid are taken into the body, large amounts are ex-
creted.  In ehildren, owing to the large exeretion of
water, the frequent emptying of the bladder at night is
a pronounced symptom. Sinee glucose is not metab-
olized, the tissue eells are not properly nourished, giving
rise to constant hunger, and despite the ingestion of
large amounts of food there is progressive loss in weight.
The unfavorable prognosis and the limited.diet, in the
presenee of constant hunger frequently produee a men-
tal condition characterized by pessimism, irritability and
even melancholia.  Insulin enables the body to burn
carhohydrate, therefore all of these symptoms are re-
lieved.

I wish to express my sinecere thanks to all those as-
sociated i the work, and to express my appreciation of
the many kindnesses and much helpful encouragement
from friends and patients.

























