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THE HARVEY SOCIETY 
A SOCIETY FOR THE DIFFUSION OF KNOWLEDGE 

OF THE MEDICAL SCIENCES 

CONSTITUTION 

I 

This Society shall be named the Harvey Society. 

II 

The object of this Society shall be the diffusion of scientific 
knowledge in selected chapters in anatomy, physiology, pathol¬ 
ogy, bacteriology, pharmacology, and physiological and patholog¬ 
ical chemistry, through the medium of public lectures by men 
who are workers in the subjects presented. 

III 

The members of the Society shall constitute three classes: 
Active, Associate, and Honorary members. Active members shall 
be laboratory workers in the medical or biological sciences, resid¬ 
ing in the City of New York, who have personally contributed 
to the advancement of these sciences. Associate members shall 
be meritorious physicans who are in sympathy with the objects 
of the Society, residing in the City of New York. Members who 
leave New York to reside elsewhere may retain their membership. 
Honorary members shall be those who have delivered lectures 
before the Society and who are neither Active nor Associate mem¬ 
bers. Associate and Honorary members shall not be eligible to 
office, nor shall they be entitled to a vote. 

Members shall be elected by ballot. They shall be nominated 
to the Executive Committee and the names of the nominees shall 
accompany the notice of the meeting at which the vote for their 
election will be taken. 
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8 CONSTITUTION 

IV 

The management of the Society shall be vested in an Executive 

Committee to consist of a President, a Vice-President, a Secre¬ 

tary, a Treasurer, and three other members, these ofBcers to be 
elected by ballot at each annual meeting of the Society to serve 

one year. 

V 

The Annual Meeting of the Society shall be held at a stated 

date in January of each year at a time and place to be deter¬ 

mined by the Executive Committee. Special meetings may be 
held at such times and places as the Executive Committee may 
determine. At all meetings ten members shall constitute a 
quorum. 

VI 

Changes in the Constitution may be made at any meeting of 

the Society by a majority vote of those present after previous 
notification to the members in writing. 
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OFFICERS 
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Vincent du Vigneaud, President 
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Edgar G, Miller, Jr., Secretary 
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current year was changed to publishing the names of the officers selected for 
the ensuing year. 
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*Dr. William G. MacCallum resigned after election. On Doctor Lusk’s 
motion Doctor George B. WaUace was made President—no Vice-President 
was appointed. 
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* Doctor Lusk was made Honorary permanent CSounsellor. 
t These officers were elected at the Annual Meeting of May 21^ 1920, but 

were omitted in the publication of the 1919-1920 volume. 
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NO PROBLEM in medicine for which a partial solution was 
already available has received such intensive study as have 

the malarias during the past four years. Nor has any problem, 

in such a short time, attracted such a diversity of investigative 
skills not previously applied to its solution. It is not surprising, 
then, that advances have been made towards an understanding 

of the biology of the malarial parasites and the natural histories 
of the diseases they cause, and towards the development of more 
effective means with which to combat their hazards. 

The data to be discussed are derived from studies which have 
been conducted as a cooperative enterprise by the members of 
the Research Service and other groups as part of a program to 

improve antimalarial therapy sponsored by the Committee on 
Medical Research of the Office of Scientific Research and Devel¬ 
opment. Little of the information which has been acquired in 

this effort has as yet reached the scientific literature through 
ordinary channels. Consequently, it is well to emphasize, insofar 
as our own studies are concerned, that not only the experimental 

data collected, but also the reasoning which led to a progressive 
change in the orientation of the studies themselves, are in a true 

1 Lecture delivered October 25,1945. Based on work done under a contract, 
recommended by the Committee on Medical Besearch, between the Office of 
Scientific Research and Development and New York University. 

2 Now Director of the Squibb Institute for Medical Research, New Bruns- 
wick, N. J. 
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sense the contributions of the staff of the Research Service.® The 
work reported is that of one or another of the members of the 
Research Service, of the Research Service as a whole, or of other 

groups working under the general auspices of the Board for the 
Coordination of Malarial Studies. 

Only a portion of the investigations on vivax malaria will be 

taken as the primary source of data for discussion, the ends of 
which are an understanding of the evolution of the problem 
and of the philosophy which underlies some of the experimental 

approaches which have been, or may be, used in searching for a 
solution. 

The ultimate objective of the studies is a simple one, the im¬ 

provement of antimalarial therapy. Complete success in this 
endeavor involves, first, an improvement in suppressive therapy; 
second, an improvement in the treatment of the clinical attack; 

third, the development of agents which will cure falciparum and 
vivax malaria at a well-tolerated dosage, and, finally, but perhaps 
of lesser practical importance, the development of agents which 

will prevent the inception of these diseases. 
Each of these objectives presents a sizable problem in itself 

and one which would warrant intensive investigation over a con¬ 

siderable period of time. However, systematic studies were 
begun in the Research Service in 1942 on a rather modest scale 
and these were wholly exploratory in character. They were 

directed towards the development of reliable methods for the 
quantitative appraisal of antimalarial activity. This immediate 
objective required a consideration of the biology of the malarial 

infections and the factors which might be concerned with con¬ 

ditioning the therapeutic activity of antimalarial agents. 
The Biology of the Malarial Infection, It would have been 

s The group of investigators contributing to these studies has been large. 
In addition to the key personnel. Doctors D. P. Earle, Jr., B. B. Brodie, J. V. 
Taggart, B. W. Berliner, C. G. Zubrod, and W. J. Welch, the Service has been 
fortunate in having with it a number of additional physicians in the capacity 
of Besidents in the Besearch Service for periods in excess of a year. Among 
the latter are: Doctors E. Bauman, F. S. Bigelow, W. J. Blake, T. C. Chalmers, 
T. J. Kennedy, P. Knowlton, W. E. Knox, M. Bosenfeld, and B. Wise. 
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helpful had the exact diseaae mechanisms which underlie ma¬ 
larial infections been known. Information on the natural history 

of these diseases in the wholly susceptible individual was meagre 

in 1941 (1). However, it was adequate to formulate a reasonable 
working hypothesis (2, 3). This hypothesis had two advan¬ 
tages. It was amenable to experimental examination, and it 

could serve as a basis for the design of therapeutic tests which 
themselves would throw a light on the underlying disease mecha¬ 

nisms. 

Falcipapum Malaria 

Sporozoite 

Time- 

Fio. 1. An outline of a disease mechanism which seems adequate to ex¬ 
plain the sequence of events in falciparum malaria. 

The Mosquito-induced Infection. It seemed necessary to as¬ 
sume that the plasmodium, in each of the malaria infections, 
undergoes serial changes in the course of its residence in the 

human with the establishment of at least three discrete phases 
of development. 

The malarias are acquired naturally when forms of the parasite 

known as sporozoites are introduced into the body incidental to 
the bites of infected anophelene mosquitoes (figure 1). This 
may be taken as the first stage of the disease and the first form 

of the parasite concerned with the human infection. It was also 
known that, while malaria may be easily induced by the transfer 

Clinical 
attack 

/ 
Erythrocytic 

p^se 

'Ussue phase 
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of blood containing? parasites, the blood of a naturally infected 

individual is non-infectious for a period of some five to seven 
days followinj? the deposition of sporozoites by the mosquito 

(4, 5, 6, 7, 8). Durinp: this period, i.e., the primary tissue phase 
of the disease, it was assumed that the sporozoites or the forms 
of parasites derived from them, reside in the body in sites other 

than the peripheral circulation, and undergo a developmental 

cycle which produces a third form of the parasite which is capa¬ 
ble of invading the erythrocyte. The invasion of the erythro¬ 

cytes initiates the third or erythrocytic phase of the disease. 

The latter form of the parasite grows, segments, and sporulates 
in the erythrocyte with the production of new parasites with 

similar potentialities. This part of the life history of the para¬ 

site is commonly called the asexual cycle. The process of mul¬ 
tiplication of erythrocytic forms continues in the susceptible indi¬ 

vidual with a progressive increase in the number of parasites 

in the blood until a sufiBcient density is reached to precipitate 
the fever which is characteristic of the clinical attack. 

The subsequent course of the disease in an individual is con¬ 

ditioned by the species of the plasmodium involved, by the pres¬ 
ence or absence of natural and acquired immunity, and by 

whether an attempt is made to modify the course of the disease 

through the use of therapeutic agents (2). A discussion of the 
clinical characteristics of each of the malarias as affected by 

these variables is not germane to the present discussion. How¬ 

ever, ill the design of therapeutic tests, it was necessary to con¬ 
sider the mechanisms which might be responsible for the recur¬ 
rence of clinical activity following the use of therapeutic agents. 

Little was known of these mechanisms other than that recurrences 
of clinical activity occur in a systematic fashion in vivax malaria 
and, to a lesser extent, in falciparum and quartan malaria (1). 

Some believed these recurrences were due, in vivax malaria, 
to the simple persistence of resistant erythrocytic forms of the 
plasmodium. These investigators would postulate a disease 

mechanism for vivax malaria which now seems adequate for fal¬ 
ciparum malaria, as summarized in figure 1, but with one addi- 
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tion. It was necessary to assume that the persistent erythrocytic 
forms were in locations within the body where, perhaps, they 
were not accessible to therapeutic agents. Others believed that, 

since it is reasonable to assume there is a primary tissue form 

of the parasite, it is equally reasonable to assume that a tissue 
form persists (4, 9). The latter appeared to be the more attrac¬ 

tive hypothesis. In this view, providing therapy is adequate 

to interrupt the asexual cycle, the relapse is attributable to the 
potentialities of the persisting tissue forms to undergo periodic 

sporulation with the release of new lines of parasites capable of 

invading and growing in the erythrocytes and precipitating other 
bouts of clinical activity as discrete episodes in the course of the 

VivQX Malania 

Primary 
clinical 
attack 

/ 
Erythrocytic 

phase 

CJUnioal 
r^apj»e 

Erythrocytic 

5poro*oite—►Primary tissue phase—►Persisting tissue phase- 

Time^———■—--— - 

£ 

Climcal 

Fig. 2. An outline of a disease mechanism which seems adequate to ex¬ 
plain the sequence of events in vivax malaria. Also, see figures 7 and 8. 

disease. Such evidence as has accrued since the beginning of 

these studies favors the acceptance of the mechanisms underlying 

falciparum and vivax malaria which are illustrated by figures 
1 and 2 (10, 11,12). 

It was apparent then, as now, that naturally acquired vivax 

malaria has a rather complex disease mechanism involving at 
least three stages of development of the parasite, exclusive of the 
sexual forms which are derived from the asexual cycle. Conse¬ 

quently, exclusive of the sexual forms, these are potentially at 
least three types of antimalarial activity: one involving the 
sporozoite; another, the primary tissue forms; and a third, the 
erythrocytic forms of the plasmodium. Also, since a persisting 

tissue phase of the disease was considered a strong possibility, 
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there might be a fourth type of autimalarial activity which would 
become apparent in properly conducted studies* 

TKe BloadAnduced Infection. It seemed unwise to begin 

studies using an infection with a mechanism so complex that 

interpretable experimental results would not be assured. The 

more simple, blood-induced infection was used. This type of 
infection is established by the intravenous inoculation of blood 

containing parasites obtained from a patient with an active infec¬ 
tion. These parasites are capable of growth, segmentation, 
sporulation, and invasion of new erythrocytes as in the naturally 

acquired infection. However, the disease is limited to the single 
erythrocytic phase. Consequently, when the asexual cycle is 
interrupted by adequate therapy, it is not characterized by the 

spontaneous recurrence of clinical activity. Such a simple dis¬ 
ease mechanism has the advantage of offering the opportunity 
to study the characteristics of a single phase of the disease and 

a single type of antimalarial activity, i.e., suppressive type. 
Furthermore, since the mosquito-induced vivax infection can 
only manifest itself clinically by the establishment of an erythro¬ 

cytic phase, it seemed reasonable to require complete information 
on this asi>ect of the infection and its response to drugs before 
proceeding to the study of the more complex disease. 

Natural History of the Standard Blood-induced Vivax Infec¬ 
tion. Malaria is induced in the standard blood-induced infection 
by the intravenous inoculation of blood containing 500,000 para¬ 

sites into a wholly susceptible patient.* The infected blood is 
^ The subjects used for the malarial infections were patients varying in age 

from 15 to 60 who were referred to the Research Service for fever therapy 

because of Central Nervous System Syphilis. Medical suitability for malarial 

therapy was based on a general medical examination which included the veri¬ 

fication of the primary diagnosis and an evaluation of the neurological, 

cardiovascular, renal, and hepatic status of the patient, as well as a consider¬ 

ation of those intangibles which contribute to general physical fitness. 

Malaria was induced in those patients who were judged able to withstand a 

moderately severe infection without serious danger of a fatal termination. 

The amount of fever therapy administered in the ordinary case was approxi¬ 

mately 75 hours of fever in excess of 103® F. 

When the fever therapy was interrupted, as in a Class II or Class III 
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derived from a patient with an active infection on the fourth 

or fifth day following the first day of fever. For present pur¬ 

poses, only two manifestations of the disease need be given con¬ 
sideration. These are: the fever and the parasitemia which are 

characteristic of the clinical attack. 

The typical course of the blood-induced infection with the 
McCoy strain of P. vwax^ is illustrated in terms of these two 

variables in figure 3. Following the inoculation of parasites, 
there is an incubation period of some days, in the present illus¬ 
tration, six, unaccompanied by clinical manifestations of the 

developing disease. Thereafter, a progressively increasing and 
fairly well-sustained fever is observed. This lasts for at least 
five days before the febrile pattern becomes intermittent and is 

characterized by well-defined malarial paroxysms. These occur 
daily during the early days of the infection but later become 
tertikn in character. After a variable period of time, the febrile 

paroxysms diminish in severity, the temperature eventually 
stabilizing in the normal range. The clinical manifestations of 
the disease are then said to have terminated spontaneously. It 

is of particular importance to note that a spontaneous termina- 

therapeutic effect, it was continued to completion of the required amount by 

one or a combination of several procedures. These include the spontaneous 

or induced recurrence of clinical activity due to the same strain of plas- 

modium, reinfection with a different strain or species of plasmodium, or, the 

intravenous administration of triple typhoid vaccine in a manner which pro¬ 

duces a sustained febrile paroxysm. These general procedures are important 

in that they permit the performance of therapeutic tests early in the course 

of the malaria and yet do not withhold adequate fever therapy from the 

patient. 

s The McCoy strain of P. viv<ix was isolated in 1931 by Dr. Mark Boyd 

from a patient with a naturally occurring vivax infection presumably ac¬ 

quired in the vicinity of Tallahassee, Florida (13). It has since been carried 

by alternating anophelene human passages at the Tallahassee Malarial Sta¬ 

tion. The present offshoot of the strain was obtained by Dr. L. T. Cogges- 

hall from Dr. Boyd for use at the Manhattan State Hospital in 1936. It was 

later transferred to Bellevue Hospital and finally to this Service in March 

1941. Since 1936 the strain has been maintained by serial inoculation of 

infected blood from patient to patient. 
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tion of the disease due to the MeCoy strain of P. vvoax is not to 
be expected in any ■wholly susceptible individual until about 14 
days after the first day of fever.® 

' ■ » ■ ■ 1 » 1 ' I ■■ I 

® 5 10 15 20 25 30 3S 40 45 

Days 

Pig. 3. A schematic presentation of the course of the fever and para¬ 

sitemia in the standard blood-induced vivax infection (McCoy strain) when 

not influenced by the administration of an antimalarial. 

Parasites are usually demonstrable by thick film a day or two 
before the first day of fever. Thereafter, they increase progres¬ 
sively in number until about the seventh to tenth day of fever, 

« An analysis of the data available indicates that with a standard inoculum 

of 500,000 parasites the mean duration of the pre-patent period is slightly 

in excess of 6 days. The duration of fever prior to spontaneous termination 

is usuaUy in excess of 14 days (14). The latter finding is in rather sharp 

contrast to the previous results which have been reported for blood induced 

infections, using the McCoy strain of P. vivax. It has been stated that one 

may expect spontaneous terminations in as high as 35-40 per cent of indi¬ 

viduals so infected, within a ten-day period (15). However, the latter results 

are perhaps attributable to the fact that the patients used in the previous 

studies were derived from an endemic malarious area and may not be con¬ 

sidered to be wholly susceptible to the disease. It has been the experience 

of this service that previous exposure to any malarial infection usually short¬ 

ens the duration of clinical activity. This point is deserving of special 

emphasis since the interpretation of a therapeutic effect requires a decision 

as to whether the termination of clinical activity is due to the administration 

of the therapeutic agent alone, or whether immune factors are in part 
responsible. 
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when they usually reach a maximum. The maximum is not well 
sustained and there is a progressive decline in density, anticipat- 
ing somewhat, but roughly paralleling the decline in the intensity 

of the febrile paroxysms. However, with the complete loss of 
fever, i.e., with the spontaneous termination of the disease, a 
sizable density of the parasitemia is usually maintained for a 
considerable period of time. During this latter portion of the 
disease, the density of the parasitemia may fluctuate somewhat 
and mild febrile episodes are not uncommon. 

aUlNINC 

PLASMA ® ' 

aUlNINC 4 - 

CONCENT. ^ ■ 
mg/t. 

o - 
«-1-1, .. i...... , .■> ■■,,,■■1.,, I. ■ 

0 S 10 IS 20 2 S 30 3S 40 45 

DAYS 

Fig. 4. A schematic presentation of the course of the fever and para¬ 

sitemia in the standard blood-induced vivax infection (McCoy strain) in 

which the administration of quinine haa produced a Class I therapeutic effect. 

This description of the course of the disease is admittedly 
qualitative, but is quite adequate as a preliminary to the exami¬ 
nation of the course of the disease when altered by the adminis¬ 
tration of a therapeutic agent which possesses a suppressive type 
of antimalarial activity. Providing the agent is administered 
in a stylized fashion, these alterations are amenable to classiflca- 
tion into three categories through the application of rigid and 
objective criteria. 

Figure 4 describes a Class I effect. As is routine with all 
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therapeutic trials using McCoy vivax, administration of the anti- 

malarial begins after 4 or 5 days of fever, and is continued in a 
manner calculated to maintain a reasonably stable plasma drug 

concentration for a 4-day period. The slight deceleration in the 

increase of parasitemia, in figure 4, which coincides with the sus¬ 
tained plasma quinine concentration of 2 mg./L may be related 
to the antimalarial activity of quinine. However, such an effect 

PLASMA 

auiNiNt 

CONC. 
«^/L. 

L- . I i_I_I » 
O S K> IS 20 25 

DAYS 

30 
J-1_I 
35 40 45 

Fig. 5. A schematic presentation of the course of the fever and para¬ 

sitemia in the standard blood-induced vivax infection (McCoy strain) in 

which the administration of quinine has produced a Class II theraputic effect. 

is considered uncertain and placed in the category of Class I 

effects unless the parasitemia and fever are reduced by 50 per 

cent or more, and subsequently increase spontaneously. 
The category of Class II effects includes all therapeutic effects 

wherein it is certain that the natural course of the disease has 
been altered but the effect has been insufficient to terminate the 
disease. This includes a partial effect on the parasitemia and 

fever, i.e., more than a 50 per cent reduction, and the moiie 

dramatic effect which is illustrated in figure 5. Here, the main- 
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tenance of a plasma quinine concentration, in the order of 3.0-4.0 

mg. per liter, is accompanied by a rapid decline in the density 
of parasites and the intensity of fever, so that temperature is 

normal and parasites are no longer demonstrable by thick film 
on the day after the termination of therapy. However, the 
asexual cycle of the parasite has not been interrupted since there 

is a spontaneous recurrence of both parasitemia and fever nine 
days later. 

•-1-1-1-i-L--1 I-1_I 
O » 10 15 20 25 30 35 40 45 

DAYS 

Fig. 6. A schematic presentation of the course of the fever and para¬ 

sitemia in the standard blood-induced vivaz infection (McCoj strain) in 

which the administration of quinine has produced a Class 111 therapeutic 

effect. 

The category of Class III effects includes only those thera¬ 
peutic effects which may be interpreted to indicate that the anti- 
malarial administered has caused a complete interruption of the 

asexual cycle and, consequently, a termination of the infection. 
An illustration of such an effect is given in figure 6. Coinci¬ 
dental with a sustained plasma quinine concentration of some 
6 mg. per liter, there is, as in the previous illustration, a rather 
sharp decline in parasitemia and fever. However, the parasites 
are absent for a period in excess of 14 days following the termi- 
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nation of therapy. Such a therapeutic result can be obtained 

solely as the result of the antimalarial activity of quinine or can 
be due in part to natural or acquired immunity. Consequently, 

the role of immunity must be excluded as an important factor 

conditioning the result in each therapeutic test. This is accom¬ 
plished by two devices. First, the therapeutic agent is adminis¬ 

tered early in the course of the disease, beginning on the 4th or 

5th day of the febrile episode and before a significant amount of 
immunity has been developed.® Second, each patient who has 

shown a therapeutic result which is potentially a Class III eflfect, 
is examined for continued susceptibility by studying the response 
to the reinoculation of parasites. Should parasitemia and fever 

develop within the normal time following the reinoculation of 
parasites, then it is concluded the patient has a continuing sus¬ 
ceptibility. Such a positive result, as in this illustration, is taken 

as an indication that the termination of the initial clinical attack 

was due to the drug administered, and that the therapeutic test 
is not seriously complicated by immunity. 

Some additional comment is warranted concerning the sepa¬ 
ration of Class II and Class III effects. This relates to the time 
selected for the reinoculation procedure. It has been demon¬ 

strated, in all but the exceptional patient, that an observation 

period of 14 days following the last significant plasma drug con¬ 
centration is adequate in McCoy vivax for the spontaneous re¬ 

currence of parasites if such a recurrence is to be expected. 
However, with drugs such as quinacrine and the 4-arainoquino- 
lines which persist in the body for considerable periods of time, 
the interval between the termination of therapy and reinocula¬ 

tion must be longer. The beginning of the 14-day observation 
period must be delayed in each case until the plasma drug con¬ 
centration has reached a level which is either insignificant or 

is known to have no therapeutic effect. Note should also be taken 
of the fact that the duration of the observation period which is 
necessary to separate Class II from Class III effects varies from 
strain to strain in any species of plasmodium as well as from 

A See footnote 6 on page 50. 
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species to species. It must be determined experimentally. For 
example, it has been found in the Chesson strain of P. vivax (16) 
that a 21-day period of observation is necessary in blood-induced 

infections if essentially all of the spontaneous recurrences are to 

be included. 
These techniques were used to standardize the susceptibility of 

the blood-induced McCoy vivax malaria to antimalarial agents. 

Quinine was selected as the primary standard of reference be¬ 

cause it seemed logical to use the one drug about which a great 

deal was known, because the development of chemical methods 
for its estimation seemed a simple matter (17), and because early 
observations indicated that a therapeutically active concentration 

is maintained in the plasma not more than 12 hours after therapy 

is terminated (14). 
Data bearing on this standardization, collected from a series of 

TABLE 1 

The Relationship Between Dosage, the Mean Plasma Level of Quinine 
{4 Days) and Its Therapeutic Effect in the Standard Blood- 

induced Therapeutic Test with McCoy Vivax Malaria 

These observations were made in the spring and summer of 1942. 

Patient 

Drug dosage Mean 
plasma 

cone. 

Besult 

Initial Daily Class I Class II Class III 

9- 9- mg./l. 
DI 0.3 0.36 6.2 + 

PE 0.15 0.36 5.8 + 

ME 0.3 0.36 5.1 + 

FA 0.3 0.24 4.3 + 

BA 0.3 0.36 3.9 + 

LY 0.18 0.21 3.7 + 

I)E 0.06 0.3 3.0 + 

GO 0.09 0.12 2.5 + 

MA 0.09 0.12 2.3 + 
SI 0.18 0.12 2,2 + 

SIX 0.18 0.12 1.8 + 
CA 0.09 0.12 1.4 + 
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patients in the spring and summer of 1942, are summarized in 
table 1. It is apparent that the correlation between the mean 
plasma quinine concentration and the therapeutic effect is excel¬ 

lent ; concentrations below 2 mg. per liter yielding Class I effects; 
between 2 and 4 mg. per liter, Class II effects; and 5 mg. per liter 
or higher. Class III effects. The correlation between the oral 

dosage of quinine and the therapeutic effect is poor. It was ten¬ 
tatively concluded from these data that the antimalarial activity 
of quinine is a simple expression of its concurrent plasma concen¬ 

tration, and that this activity is amenable to simple evaluation. 

The simplicity of such an evaluation is to be emphasized since the 
ability to relate an antimalarial effect to a given concentration of 

active principle in the plasma permits a definitive assay of ac¬ 

tivity with a very small number of therapeutic trials.^ This is 
an essential for the serial examination of any large number of 

potential antimalarials. 
Before an experimental preparation, such as that described 

above, can be used in the study of the comparative antimalarial 

activity of other substances and the results accepted with finality, 
it is necessary to know the extent to which the therapeutic test 
object has a stable susceptibility to the antimalarial activity of 

quinine. Information bearing on this point was obtained in a 
second standardization performed during the summer and fall of 
1943, with a result essentially the same as that observed the pre¬ 

vious year (table 2). It may be concluded that the susceptibility 
of this infection to the antimalarial activity of quinine is a stable 

T It would have been possible to standardize the susceptibility of this 

infection in terms of the oral dosage of quinine required to produce a given 

therapeutic effect. However, such a standardization would have required a 

considerable increase in the number of therapeutic test runs before a defini¬ 

tive standardization was achieved. This is because of the poor correlation 

between oral dosage of quinine and plasma quinine concentration achieved 

and maintained (see figure 11). Such a procedure would have been even more 

difficult if not impossible with certain other drugs which have been examined 

since it is always necessary to know the duration of time an active concen¬ 

tration persists in the body subsequent to the termination of therapy before 

the drug-free observation period can be estimated. This is discussed in 

relation to the separation of Class II and Glass III effects (see pp. 52-53). 
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TABLE 2 

The Relationship Between Dosage, the Mean Plasma Level of Quinine 
{4 Days) and Its Therapeutic Effect in the Standard Blood’ 

induced Therapeutic Test with McCoy Vivax Malaria 

These observations were made in the summer and fall of 1943. 

Patient 

Drug dosage Mean 
plasma 

cone. 

Result 

Initial Daily Glass I Class II aassIII 

ff- 1 9- mg./l. 
IB 8.9 + 
GU 0.3 0.36 8.5 + 
KL 0.5 0.60 6.5 + 
GR 0.5 0.60 6.1 + 
8E 0.3 0.36 6.1 + 
BE 0.3 0.48 + 
PI 0.3 0.36 5.0 + 
KE 0.3 0.48 4.1 + 
MA 0.3 0.36 3.5 + 
TA 0.3 0.36 3.4 + 
HO 0.3 0.45 3.0 •f 
TE 0.12 0.12 2.9 + 
MO 0.12 0.12 2.9 + 
DO 0.3 0.36 2.9 + 
AN 0.3 0.54 2.9 + 
Cl 0.3 0.36 2.8 + 
HU 0.12 0.12 1.9 + 
JA 0.12 0.12 1.2 + 

characteristic of the strain, when the estimation is carried out 

in a highly stylized manner. As a corollary to this, it was also 

concluded that the assay of comparative antimalarial activity of 
any series of compounds is not only possible, but should be a 

rather simple matter. 

The Mosquito-induced Infection. It seemed necessary to in¬ 
quire, next, into the meaning of these experimental results in 

terms of naturally acquired vivax malaria. The many studies 

which had been reported in the literature suggested that the daily 
administration of 1.0 gram of one of the soluble salts of quinine 
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for a period of 7 days is usually sufficient to terminate a clinical 
attack of vivax malaria (18). The daily administration of 1.0 
gram of quinine sulfate in the ordinary sugar-coated pill pro¬ 

duces equilibrium plasma drug concentrations which range from 

below 5 to 9 mg. per liter (14). Consequently, it was possible to 
conclude that the McCoy strain, when properly used in a blood- 

induced infection, is not peculiarly susceptible to the suppressive 
type of antimalarial activity of this drug since a minimal plasma 
drug concentration of 5 mg. per liter must be maintained for 4 
days to interrupt the asexual cycle. This conclusion was impor¬ 

tant since it followed that an antimalarial judged to be promising 
on the basis of the blood-induced test would not be found to be 

without promise when tested under the more diverse conditions 
obtaining in the field. 

However, for other reasons, it was decided to extend the ex¬ 

periments with quinine to include an examination of its anti¬ 

malarial activity in the mosquito-induced infections due to the 
same strain of P. vivax. Therapeutic trials were run in essen¬ 

tially the same fashion as were those with a blood-induced infec¬ 
tion, except for the manner of inducing the infection and the 
duration of the follow-up period. The data in table 3 summarize 
the experimental results which were obtained in the initial clin¬ 

ical attacks of a series of these infections. 
These results can only mean that the erythrocytic phase of the 

disease is equally susceptible to quinine, whether derived from a 
mosquito-induced infection, or from the transfer of infected 
blood. Or, stated in more general terms, the erythrocytic forms 

of the parasite would appear to have the same chemotherapeutic 

characteristics in the two situations. Consequently, the relapse, 
which is a fairly consistent feature of the mosquito-induced infec¬ 

tion, but which does not occur in the blood-induced infection, 

cannot be reasonably attributed to the persistence of some portion 
of the erythrocytic phase of the disease. Rather, the relapse 
must be due to some other form of the parasite not present in the 

blood-induced infection. This is assumed to be a form of the 
parasite which persists in the tissue. 



STUDY OF ANTIMALARIALS 59 

TABLE 3 

The Relationship Between Dosage, the Mean Plasma Level of Quinine 
(4 Days) and Its Therapeutic Effect in Primary Attacks of 

Mosquito-induced McCoy Vivax Malaria 

The therapeutic tests were performed in the same manner as those summar* 
ized in tables 1 and 2 with the exception that they were induced by bites 
from infected mosquitoes. 

Patient 
Drug dosage Mean 

plasma 
cone. 

Besult 

Initial Daily Class I Class II aassIII 

g- 9- mg,/l. 
FA 1.0 1.8 13.1 + 
BL 1.0 1.8 10.7 + 
DA 1.0 1.8 9.8 + 
KA 1.0 1.8 9.3 + 
OB 1.0 1.8 8.6 
SC 0.25 0.45 7.5 + 
LO 0.18 0.36 6.7 
DO 0.25 0.45 6.4 + 
KO 0.18 0.36 to

 

+ 
SI 0.25 0.45 5.1 + 
SM 0.25 0.45 4.3 + 
HO 0.18 0.36 3.2 + 
PO 0.18 0.36 3.1 + 
KI 0.18 0.36 2.9 
BU 0.18 0.36 2.0 + 

rnformation concoriiiii^ the potentialities of these tissue forms 
to release new lines of parasites which are capable of invading 

and growing in the erythrocytes can be gained from a study of 

the subsequent course of the mosquito-induced infection. The 
course of the disease (McCoy vivax) was followed closely for a 

period of 12 or more months in 18 patients (table 4). Each clin¬ 

ical attack was treated with more than sufficient quinine to inter¬ 
rupt the asexual cycle. It is apparent from these data that the 

initial relapse rate is reasonably high, being in excess of 60 per 

cent within the first year and that, characteristically, the first re¬ 
lapse occurs during the 8th or 9th month following the initial 
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infection. These data indicate a rather definite pattern for the 

infection (cf. 4). 
The sequence of events in a typical infection due to the McCoy 

strain of P. vivax is illustrated in figure 7. This shows the 
initial clinical attack, interrupted by quinine, with the persis¬ 
tence of the underlying tissue phase of the disease, quiescent as 

far as overt clinical manifestations are concerned for a period 
of 6 months when a second erythrocytic phase of the disease is 
established. Clinical activity which is usually seen at this time 

TABLE 4 

The Occurrence of First Relapses in a Series of Eighteen Patients with 
Mosquito-induced McCoy Vivax Malaria Who Were Observed 

Closely for a Period of 12 Months or More 

Duration of follow-up months 

1-4 5-6 7-8 9-10 11 or more 

No. of patients 
observed 20 20 19 18 18 

Cumulative 
relapse .. 1 2 9 12 12 

is undoubtedly due to the maturation of persisting tissue forms 
of the parasite which require this time before they are capable 

of releasing new transitional forms of parasites which invade the 

blood stream. Should the disease process be altered again by the 
administration of quinine or another therapeutic agent, then fur¬ 
ther relapses may be expected in varying numbers and at varying 

periods of time. 

Very extensive data of this type have been collected by Coatney 

and his collaborators of the U.S.P.H.S. on another domestic strain 

of P. vivax, the St. Elizabeth’s strain, which support this view of 
the underlying mechanism of the disease and add an additional 

and important fact (19). These investigators have demonstrated 

by subinoculation procedures that during the period of quiescence 
or latency, as is to be expected, the blood is completely free of an 
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infectious agent. The belief that the persisting form of the para¬ 
site which is responsible for the relapse is in the tissues is con¬ 
siderably strengthened by these data, as is the initial premise con¬ 
cerning the overall disease mechanism which underlies the vivax 
infection. 

UeOOY VIVAX - MOSQUITO IMDUCED DISEASE 

TIKE IMUONTKS 

Fio. 7. A diagram of the underlying disease mechanism of mosquito- 
induced McCoy vivax malaria. Note particularly that the tissue phase of 
the disease persists during a period of some six months during which time 
there is no clinical evidence of the disease; also that the relapse occurs as a 
discrete episode in the course of the disease. 

Examination of the detailed data available on our experimental 
subjects, those studied by Coatney, and those reported in the lit¬ 
erature, indicates that quinine has an antimalarial activity in the 
established infection which, at well-tolerated doses, is suppressive 
in type and wholly limited to the erythrocytic forms of the para- 
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site. Consequentiy, quinine or a drug with similar character¬ 
istics, can be used to define the activity of the underlying tissue 
phase of the disease with some precision. 

This technique has been applied in a preliminary fashion to an 
exotic strain of P. vivdx isolated by Young about a year ago (16). 
The Chesson strain of P. vivax produces a clinical disease which 

is similar to the usual type of vivax infection acquired in the 
Southwest Pacific. The early portion of the disease is similar in 
all characteristics to McCoy vivax. However, there is no long 

latent period between the primary attack and the relapse, as in 

the McCoy or St. Elizabeth vivax but, rather, one observes re¬ 
peated clinical activity occurring in many individuals at rela¬ 

tively short intervals. These relapses may occur as early as seven 
days after the termination of quinine therapy, or a comparable 
period of time following the fall in plasma quinacrine concentra¬ 

tion to an ineffective level. It was believed that this type of 

vivax malaria would be invaluable in the examination of drugs 
for curative action in vivax malaria since the occurrence of re¬ 

lapses in a short time would permit a tentative answer to be 
reached without requiring the long term follow-up which is nec¬ 
essary when a domestic strain of P. vivax is used. 

Before the Chesson strain could be used with confidence in 

studies of this type, it was necessary to determine which of two 
possible mechanisms is responsible for the short-term renewals of 

clinical activity. Such recurrence could be due to the normal 
relapse mechanism as described above for the McCoy vivax. In 
this view the pattern of activity of the underlying tissue phase 

is such that it undergoes repeated short-term sporulations, each 
time releasing transitional forms of the parasite which are capable 
of invading the erythrocytes and precipitating a true relapse. It 

was also believed possible that the erythrocytic phase of the disease 
might be peculiarly resistant to the activity of antimalarials and 
the short-term renewals of clinical activity are the result of an 

inability of the drugs used to interrupt the asexual cycle. This 
question was studied by examining the susceptibility of the 
erythrocytic phase of the disease to quinine and quinacrine in 
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blood-induced Chesson malaria. Data bearing on this question 
are summarized in table 5. The critical plasma quinine level re¬ 
quired to produce a Class III effect is somewhat higher than for 

McCoy vivax and must be maintained for six, rather than four 
days. These data indicate that the erythrocytic phase of Chesson 

TABLE 5 

The Relationship Between Dosage^ the Mean Plasma Concentration of 
Quinine {Six Days) and Its Therapeutic Effect in Trials 

Uiili2ing Blood-induced Chesson Vivax Malaria 

These trials differ from those described for the McCoy strain of P. vivax 
in two respects. Quinine was administered in each test for six rather than 
for four days since with administration limited to four days, daily doses of 
1.8 grams quinine and concentration of plasma quinine as high as 12 mg. 
per liter do not produce Class III effects in a systematic manner. The period 
of observation following therapy and before reinoculation was extended 
to 21 days. 

Patient 
Drug dosage Mean 

plasma 
cone. 

Besult 

Initial Daily Class I Class II Class III 

ff- g- mg,/l. 
DE 0.6 1.8 14.6 + 
8E 1.0 1.8 12.8 + 
GE 1.5 2.4 12.6 + 
MC 1.5 1.8 11.8 
WE 0.3 11.5 + 
HU 0.6 1.8 8.6 + 
ME 1.5 2.4 + 
AN 0.18 0.36 6.6 + 
OA 1.0 2.4 6.0 + 
PE 1.0 2.4 3.6 + 

vivax is somewhat less susceptible to quinine than was previously 

found for McCoy vivax malaria. However, this greater resis¬ 

tance is not sufScient to prevent the interruption of the asexual 
cycle by quinine or quinacrine when administered in the usual 

manner. It may be concluded from these data that the short¬ 

term recurrence of activity which is the rule in mosquito in- 
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diiced Ghesson malaria is in fact due to a mechanism which is 

characteristic of the relapse in vivas malaria, as illustrated in 

figure 8. 
The examination for antimalarial activity. This background 

of information on the natural history of vivas malaria permitted 

CHESSON VIVAS - ICSqUITO imWCED DISEASE 

0 12 3 4 
TIKE IN NONTHS 

Fiq. 8. A diagram of the underlying disease mechanism of mosquito^ 
induced Chesson vivax malaria. Note particularly that, contrary to McCoy 
vivax malaria, relapses occur at relatively short intervals even though, as 
in McCoy vivax, each may be considered to be a discrete episode occurring 
in the course of the disease. The pattern of the relapses with respect to time 
in such a situation is determined in part by the character of the therapy. 

the design of therapeutic tests which make possible the esamina- 
tion of antimalarial agents for each of three types of activity, i.e., 
upon the primary tissue phase of the disease, upon the erythro¬ 

cytic phase of the disease, and upon the persisting tissue phase of 
the disease. As a convenience, these types of activity have been 
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designated as prophylactic, suppressive, and curative, respec¬ 

tively. 
Ideally, the study of the prophylactic action of a drug should 

be conducted in a manner whereby its therapeutic activity is 

limited to the first six or seven days of the infection. The per¬ 
sistence of a therapeutically active concentration beyond this time 

may be expected to alter the normal course of the infection 

through a suppressive effect upon the erythrocytic forms of the 
parasite. This may be reflected in the absence of the initial 

clinical attack with our domestic strains of P. vivax or in the 
delay in the initial clinical attack with a strain having the char¬ 
acteristics of Chesson vivax (11, 12, 19). When a prophylactic 

test is interfered with by the persistence of a suppressive drug, 
other techniques may be used to determine whether the suppres¬ 
sive has, in addition, a prophylactic action. Subinoculation pro¬ 

cedures are invaluable for this purpose. For example, Fairley 
(12) has demonstrated rather clearly that the currently recom¬ 
mended regimens of suppressive quinacrine therapy in no way 

delay the time of appearance of the erythrocytic forms of the 
parasite. Consequently, it may be concluded that quinacrine, in 
these doses, does not alter the initial phase of the disease, and has 

no prophylactic action. Also, techniques have been developed 

which permit the concentration of parasites contained in a 10-ml. 
sample of blood into as little as 10 cubic mm. of volume (20). It 

has been shown, using a modification of this technique, that 

quinine and SN-7618 (21), in full therapeutic doses, have no 
effect on the initial phases of the disease (22). 

Antimalarial activity of a suppressive nature being exerted 

against the erythrocytic forms of the parasite can be most simply 
evaluated through the use of a standard blood-induced infection, 

as previously described. Antimalarial activity of a curative na¬ 

ture can only be demonstrated providing therapeutic tests, which 
are performed in mosquito-induced infections, are conducted in a 
fashion which is known, on the basis of information derived from 

the blood-induced infection, to interrupt the asexual cycle of the 
parasite, and providing follow-up periods are sufficiently long to 
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include a final estimation of relapse rates with the test drug as 
compared with the standard of reference. 

General Principles of Chemotherapy of the Malarias. The dis¬ 

cussion, so far, has been devoted to a consideration of the natural 

history of the vivax malarias, and the disease mechanisms which 
underlie their clinical manifestations insofar as these condition 

the examination of substances for antimalarial activity. It is 

equally important to have an appreciation of certain funda¬ 
mental concepts which are applicable to any situation wherein a 

chemical agent is used to produce a given therapeutic effect (23). 

The activity of any chemotherapeutic agent must result from 
its ability to participate in or interfere with some phase of bio¬ 
logical activity. However, the specific, as well as the overall 
activity of the agent will be conditioned by those factors which 
determine its ability to reach the specific site of its action, the 

concentration it achieves at that site, and the length of time a 
biologically active concentration is maintained. It follows from 
this that the examination of the chemotherapeutic action of a 

compound will be facilitated by the use of experimental tech¬ 
niques which separate the factors which are directly related to 
the physiological disposition of the compound by the host, from 

those which are directly related to the action of the compound 

in any given biological system within the host. 
For practical purposes, it has been assumed that this effect 

can be achieved in the malarias providing it is possible, first, to 
define the relationship between the concentration of an active 
agent in the plasma and its concurrent antimalarial activity and, 

second, to describe the operation of those processes which together 

determine the relationship between drug administration and 
plasma concentrations of the active material which are attained. 

Emphasis has been given to this view in the studies of antima- 

larials. This is partly because plasma is the medium of exchange 
of all substances as they are absorbed, distributed and degraded in 

the body and which, together with other factors, determine their 

rates of renal excretion. Consequently, in any given situation, 
the concentration of an antimalarial in the plasma may be taken 
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as an integrated expression of the operation of these several 
processes. Furthermore, at least in the case of the erythro¬ 
cytic phase of the disease, the concentration of an active sub¬ 

stance in the plasma is that to which the parasitized erythro¬ 

cytes are continuously exposed.® The intelligent study of the 
potentialities of any antimalarial agent, therefore, requires the 

availability of chemical methods to assay its concentration in bio¬ 

logical tissues and fluids and at times, to follow its course of 
metabolism. 

Course of studies. The studies on the therapeutic activity of 

antimalarial drugs during the past four years have developed in 
three distinct phases (3). The first phase of work, extending 

from the spring of 1942 to the winter and spring of 1943, was 
concerned with an examination and the development of a better 
usage of antimalarial agents already available. This was an 

effort which was the primary concern of our own Service and 
involved little in the way of help from cooperating laboratories in 
the national program. The second and third phases of the in¬ 

vestigation were cooperative efforts on a national scale and dealt 
with the development and examination of new antimalarial 
agents. 

The earlier work was conditioned largely by the early loss to 

the United Nations of their normal sources of supply of quinine, 
by the lack of an adequate stockpile of quinine, and by prelimi¬ 

nary reports from the field which carried the suggestion that 

quinacrine was of little use in the routine suppression and treat¬ 
ment of malaria. Quinacrine was said to be unable to produce 

a prompt termination of the clinical attack, much less a cure in 

either falciparum or vivax malaria. In addition, it was reported 

s Admittedly this is an overamplification since most highly active anti> 
malarials which have been studied are extensively bound by the plasma 
proteins and many have apparent acid dissociation constants which are in 
the range where minor changes in the pH of plasma cause large shifts in the 
relationship between bound and free drug at any given total plasma con¬ 
centration. Equilibria across membrane or at surfaces must be conditioned 
by the concentrations of the molecular species of unbound drug rather than 
by total plasma concentration of drug. 
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to be highly toxic and relatively ineffective when used for sup¬ 

pressive purposes. The immediate solution of the problem posed 
by the essential lack of any well-tolerated antimalarial agent of 
known activity was the result of two lines of investigation. 

Cinchona alkaloids: It was first demonstrated that the early 
observers who studied the antimalarial activity of the various 
cinchona alkaloids (24) were essentially correct in their conclu¬ 

sions in that each of the four cinchona alkaloids has essentially 
the same overall antimalarial effect (14). This demonstration 
involved a series of studies on the antimalarial activity of the 

various cinchona alkaloids in the standard blood-induced infec- 

TABLE 6 

The Plasma Concentration of the Several Cinchona Alkaloids Which, 
When Maintained for Four Days, Are Accompanied by Class III 

Therapeutic Effects in the Standard Blood induced Thera^ 
peutic Test Using the McCoy Strain of P. vivax. 

See footnote 12 for further information on cinchonine. 

Quinine . . 5.0 mg. per liter 
Quinidine . 1.0 mg. per liter 
Cinchonidine. 3.0 mg. per liter 
Cinchonine . 0.1 mg. per liter 

tion. It was demonstrated with considerable probability that 
such activity, as with quinine, is a refiection of the concurrent 

plasma drug concentration of the alkaloid, and that the critical 

plasma concentration of each alkaloid which is required to pro¬ 
duce a class III effect in the standard blood-induced infection 

varies greatly when one is compared to another (table 6). How¬ 

ever, the oral dosage of each alkaloid required to produce such 
a critical concentration is of the same order of magnitude, be¬ 

ing least for quinidine, and most, for cinchonine. This infor¬ 

mation was important because it placed the use of the cinchona 
alkaloids other than quinine on a sound basis and made large 
supplies of cinchona bark from Central and South American 

countries available for general use. These barks were very low 
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TABLE 7 

The Belationship Between Total Dosage, the Mean JPlaama Concentration 
{for 4 Days) of Quinacrine and Its Therapeutic Effect in the 

Standard Blood-induced Therapeutic Trial with 

McCoy Vivax Malaria 

Total dosage is given rather than priming and daily dosage because of the 
characteristics of its physiological disposition. 

Patient Total 
dosage 

Plasma 
quinacrine, 
4-day mean 

Therapeutic result 

Class I Class II Class III 

ff- mg./I. 
Tra 0.7 44 + 
Wal 0.7 39 + 
Bel 0.7 34 + 
Cra 0.7 32 + 
Cha 0.7 31 + 
Dar 0.85 27 + 
Woi 0.7 26 + 
Wor 0.7 26 1 + 
Qui 0.7 26 + 
Oas 0.65 25 + 
Dav 0.45 24 + 
Far 0.45 23 + 
Hau 0.6 22 + 
Mis 0.6 21 + 
She [ 0.45 21 + 
Eic 0.45 21 + 
Mar 0.35 19 + 
Chi 0.45 19 + 
Lor 0.70 19 + 
Kas 0.60 18 + 
Sch 0.70 18 + 
Ami 0.45 16 + 
Ash 0.75 16 + 
Ger 0.55 16 + 
Coo 0.35 16 + 
Bit 0.35 13 + 
Dem 0.35 13 + 
Sea 0.45 12 + 
Cuo 0.35 10 + 
McB 0.45 8 + 
Sau 0.25 7 + 
Cra 0.25 6 + 
Kel 0.25 3 + 
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in quinine and quinidine, but reasonably high in cinchonine and 

cinchonidine. By a relatively simple processing, the total alka¬ 

loids could be extracted from these barks and used in the con¬ 
struction of a standard product called Totaquine. This was ac¬ 

cepted by the U. S. Pharmacopoeia and made available for gen¬ 
eral use at a time when all quinine was removed from the local 

market (25, 26, 27, 28) and when the production of quinacrine 

was too low for any to be available for civilian use. 
Quinacrine: The second step which permitted the more effec¬ 

tive use of antimalarial agents already available was the result 

of the acquisition of new information on the physiological dis¬ 
position and antimalarial activity of quinacrine. It was tenta¬ 
tively assumed, and subsequently established, that, similar to the 

cinchona alkaloids, the antimalarial activity of quinacrine is a 
reflection of its concurrent plasma drug concentration (table 7). 
Consequently, rational usage of the drug required information 

on those factors which were concerned with the regulation of the 
plasma quinacrine concentration on any regimen of therapy. 
It was early demonstrated that, contrary to the cinchona alka¬ 

loids, effective plasma quinacrine concentrations are not rapidly 
achieved on any dosage regimen which administers the same size 
serially (flgure 9). This is because quinacrine is very exten¬ 

sively localized in many tissues of the body and is degraded at 
a low rate. Accordingly, when used as recommended in 1941, 
i.e., 0.1 gram three times daily, therapeutically active concentra¬ 

tions are not commonly obtained early in the course of treatment 
of the clinical attack. It was predictable from this fact that such 
therapy would not produce an abrupt termination of clinical 

activity and, in fact, this is what had been found in practice. 
However, when large priming doses of quinacrine are given dur¬ 
ing the first 12-16 hours of therapy, high plasma drug concentra¬ 

tions are quickly obtained and clinical activity is promptly ter¬ 
minated (2,29). 

Similarly, it was found that the pattern of weekly dosage has 

little influence on the plasma quinacrine concentration which is 
maintained during a course of suppressive therapy. It was also 
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Various QuinacDine Re9ime» 
and Resultant Plasma ConcentPatiorL 

0—0 Gnoup A 0.1 G. TID PC. 
• *' B 0.8* fiP2»t day, then O.IG.TIDPC 

^—* ** C 0.4 '* IM and 0.4 G. oj?Qlly l^t day. 
then 0.1 G. TID PC. 

Fio. 9. Plasma quinacrine concentrations achieved with various regi¬ 
mens of therapy. The data given are the means of the observations on some 
10 individuals on each regimen. Note the low plasma quinacrine concentra¬ 
tions which obtain during the early days of therapy when quinacrine is 
administered three times daily on 0.1 gram doses, the high initial plasma 
quinacrine levels when such a regimen is preceded by 0.8 gram administered 
during the first day. Not shown in this figure but of considerable importance 
is the fact that plasma quinacrine concentrations in excess of 150 micro¬ 
grams per liter are achieved within 15 minutes after the intramuscular ad¬ 
ministration of 0.4. gram quinacrine dihydrochloride. 
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found that when the same suppressive dosage is given to a num¬ 
ber of normal individuals, there is a very wide variation in the 
plasma drug concentrations which are achieved and maintained 
in the individuals of the group, and that when drug administra¬ 
tion is limited to 0.4 gram weekly, many individuals in the group 
attain levels below which one would expect a striking suppressive 
effect (29, cf. table 7 and figure 10). 

Fio. 10. Plasma quinacrine concentrations observed in a group of normal 
young adults receiving a total of 0.4 gram of quinacrine dihydrochloride 
weekly. Begimen of therapy consisted of 50 mg, daily for 6 days, and 100 
mg. on the seventh day of each week. More complete data are published 
elsewhere (29). 

It was possiWe, on the basis of these studies, to recommend a 
change in the pattern of dosage for quinacrine therapy when used 
as a suppressive and for the termination of a clinical attack. 
These recommendations were incorporated in a report to the 
Committee on Medical Research early in July of 1943 and were 
shortly adopted by the armed forces (30). One yearns experi¬ 
ence with what may be termed the rational use of quinacrine was 
sufiScient to demonstrate that the drug is superior to quinine for 
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the routine management of the malarias (31). Quinacrine will 

prevent the inception of clinical falciparum malaria when given 
as a suppressive, and effect a prompt and definitive cure when the 
infection is once established. However, quinacrine will not pre¬ 

vent the inception of vivax malaria although it is highly effective 
in suppressing its clinical manifestations and it will not effect a 
definitive cure when the infection is once established. It was not 

known in 1943 whether or not the latter two limitations were 
fundamental in character. However, the effectiveness of routine 
quinacrine therapy was such that in the summer of 1943 it seemed 

likely the program could focus more of its attention upon the 

development of curative agents for vivax malaria. This marked 
the end of the first period of studies and the beginning of the 

second. 
Search for New Drtigs, The major effort of the next phases of 

the malaria program was devoted to the development of curative 

agents in vivax malaria. This was a cooperative effort, in a true 
sense, and involved the participation of many synthetic chem¬ 
ists, pharmacologists and clinicians, whose activities were corre¬ 

lated by the Board for the Coordination of Malarial Studies. The 
results of these studies will undoubtedly be the subject of many 
presentations by contributing laboratories in the near future and 

need only be summarized in a brief manner here (cf. 32). 
It was believed that the development of an antimalarial with 

a high degree of curative action in vivax malaria could be ap¬ 

proached with reason by more than a single way. One approach 
could be based upon an hypothesis which held the fundamental 
metabolic organization of the persisting tissue forms of P. vivax 

to be essentially the same as that of the erythrocytic forms of the 

plasmodium and that suppressive and curative activities in vivax 
malaria could be the same. Due to a difference in its cellular 

environment, the tissue form was assumed to be less susceptible 
to the antimalarial effect of drugs such as quinacrine. Accord¬ 
ingly, a reasonable approach to the development of curative 

agents appeared to lie in the direction of obtaining more active 

drugs as evidenced by their ability to exert an action upon the 
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erythrocytic forms of the parasite, i.e., suppressive activity as 
manifested in the blood-induced infection. It was hoped that if 
the intensity of this type of antimalarial activity was sufficiently 
great in the case of any drug, then it would not only interrupt 

the erythrocytic phase of the vivax parasites, but would also exert 
a curative action and obliterate the persisting tissue phase of a 
naturally acquired infection and so cure the disease. 

Another approach could be based upon an hypothesis which 
held the fundamental metabolic organization of the persisting 
tissue forms of P. vivax to be different from that of the erythro¬ 

cytic forms of the plasmodium, at least insofar as the suscepti¬ 
bilities of their essential biological systems are concerned. Ac¬ 
cordingly, a chemotherapeutic agent might affect the tissue forms 
through an action which is qualitatively different from any which 
produces a dramatic effect upon the asexual forms in the erythro¬ 
cyte, i.e., the blood-induced infection has little value in the search 

for curative agents. In accordance with this hypothesis, it was 
quite possible to miss a curative agent unless a number of repre¬ 
sentatives of each group of chemicals studied were examined for 
curative action. Compounds could then be selected for this type 
of activity because of special activities other than suppressive in 
the avian infections, or, they could be screened for curative action 
in the human vivax infection without prior experimental trial. 

It was generally agreed, in the fall and winter of 1943, that 
sufficient evidence was not available for one to decide which of 

these two hypotheses was more reasonable. Consequently, there 
was considerable discussion as to whether blood-induced infec¬ 
tions could be of value in a program, the end of which was the 

development of curative agents for vivax malaria. However, this 
type of infection was continued in use on a rather extensive scale, 
its use being based on the tentative acceptance of the reasonable¬ 

ness of the first working hypothesis. As a logical consequence 
and as the major effort at that time, a systematic attempt was 
made to increase antimalarial activity in a number of the chem¬ 
ical series then under exploration and the best representative in 
each series was selected on the basis of information from blood- 
induced infections, and examined for curative action in mosquito- 
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induced vivax malaria. Actually, the overall procedure adopted 

represented a partial compromise between the two working 
hypotheses. Certain of the compounds studied for curative 
action had relatively little suppressive action, their selection be¬ 

ing based upon two considerations. They were representatives 
of chemical series as yet untried for curative action and although 
they might have had little suppressive activity, the compound 

tested was better in this respect than the other members of the 
series examined. In addition, any compound showing a special 
type of activity in the avian infections, such as curative or pro¬ 

phylactic, was also tried for curative action in vivax malaria. 
The advantages of this approach, at that stage of the program, 

were three. First, it was believed likely, with the leads then 
available, that suppressive antimalarial activity could be in¬ 
creased manyfold in several different types of compounds and, 
as the result of this effort, compounds would shortly become avail¬ 
able with which to test the correctness of the first working 
hypothesis. Second, it would permit the study of a number of 
chemical series, as yet unexamined, for their possession of cura¬ 
tive action and perhaps establish a correlation between special 
activities in avian infections and curative activity in vivax 
malaria. Third, it seemed reasonable to suppose that this ap¬ 
proach to the problem would result in the development of anti- 
malarials superior to quinacrine although they might have the 
same fundamental limitations. The third possibility was impor¬ 
tant. It was desirable to have available antimalarials other than 
quinacrine, should the long-term continuous administration of 
quinacrine to the human be accompanied by toxic manifestations 

which at the time could not be predicted. 
It was early demonstrated beyond doubt that the suppressive 

antimalarial activity of a compound, when measured in a single 
avian infection, may have little prediction value for the situation 

obtaining in the suppression of peripheral parasitemia in the 
human malarias.® It was later demonstrated that the sum total 

0 The data available on antimalarials at the beginning of the program and 
that from allied fields of chemotherapy led Dr. £. K. Marshall, Jr., Chairman 
of the Pharmacology Panel, to this conclusion. 
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of the information, when derived from the study of the activity 

of a compound or series of compounds in several avian infections 
using several avian hosts, does have fair prediction value in the 
selection of compounds for trial as suppressives in the human 

malarias. Lastly, it was demonstrated, within the compounds 
studied, that none had higher antimalarial activity of a suppres¬ 

sive nature in both human infections than had been observed in at 

least one of the avian infections.'® This information was accumu¬ 
lated incidental to the survey of a very large number of com¬ 
pounds (ca. 12,000) for activity in the avian infections, the sur¬ 

vey of a limited number of compounds (ca. 65) for suppressive 
activity in the human infections and a selected number of the 
latter group (ca. 20) for prophylactic and/or curative action in 

vivax malaria (32). 
Out of these extensive studies no compounds were developed 

with prospects of being useful as curative agents in vivax malaria 

although several have unquestioned advantages over quinacrine 
and quinine. For example, a plasma quinine concentration of 
5 mg. per liter maintained for 4 days terminates a blood-induced 

infection or a clinical attack of a mosquito-induced infection due 

to the McCoy strain of P. vivax. An equivalent effect will be 
produced by 30 micrograms per liter of quinacrine. However, 

plasma concentrations of quinine in excess of 12 mg. per liter 

and of quinacrine in excess of 150 micrograms per liter are not 
generally well tolerated. 

Of the newer compounds developed during the fall and winter 
of 1944-1945, there is one (SN-7618)" which is rather well 
tolerated at dosage schedules which produce plasma drug con¬ 

centrations some 30 times those required to terminate the clinical 
10 The substantiation of these general concepts was as the result of the 

combined efforts of all Scientific Besearch and Development contractors on 
both the pharmacological and clinical levels. The experimental facts them¬ 
selves will be contained in a monograph entitled,'' A Survey of Antimalarials, 
1941-1946,*’ edited by Dr. T. Wiselogle and prepared by the Office for the 
Survey of Antimalarial Drugs. This should be available by the fall of 
1946. 

117 •chloro-4~{4‘diethylamino-l-methyl'butylamino) quinoline. 
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attack (21). Others, whose activities have been placed less pre¬ 

cisely in terms of plasma drug concentrations, can be adminis¬ 
tered in daily doses many times those required to produce a 
demonstrable antimalarial effect. Nevertheless, these agents have 

nothing to offer as curative agents in vivax malaria. It may be 
concluded from these observations that the major working hy¬ 

pothesis selected for trial in 1943 in the attempt to develop cura¬ 

tive agents in vivax malaria is not correct. 
Before considering the third plase of the studies it will be of 

some interest to take note of the potentialities of certain of the 

agents which, at least to some extent, are by-products of an un¬ 
successful attempt to produce a curative agent for vivax malaria. 
Among the more promising compounds are some which may be 

expected to effect complete suppression when administered once 
weekly in a well-tolerated dose. They will also effect an abrupt 
termination of a clinical attack of vivax and a cure of falciparum 

malaria when administration is limited to one or, at most, two 
days. None of these highly effective agents has, as yet been fully 
exploited. However, information is at hand which permits the 

prediction that they will constitute a relatively simple means 
for the complete control of malaria in many areas due to the 
lessening of the administration problem of suppressive therapy as 

compared to quinacrine. They may also, in specific areas, con¬ 

tribute to the eradication of the malaria through their ability to 
curtail transmission of the disease. Exploration of the advan¬ 

tages to be derived from the use of some of these newer agents 
is now under way. 

Of importance to the attainment of one of the ultimate objec¬ 

tives of the program was the conclusion that a simple increase 
in antimalarial activity as evidenced by an effect against the 
erythrocytic forms of the parasite cannot, per se, be expected to 

lead to curative drugs for vivax malaria. The obtaining of this 
information marked the beginning of the present stage of the 
malaria studies. This has been characterized by the direct ap¬ 

proach to the problem of devising curative agents which are now 
assumed to require qualitatively different actions from suppres- 
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sive drugs whose activities are reflected in a reduction of periph¬ 
eral parasitemia in vivax and falciparum malaria. These studies 
are proceeding in several laboratories and with some prospect of 

success. 
A serious obstacle to success in this endeavor stems from the 

fact that, with our present knowledge, it is not possible to use the 

experimental avian malarias effectively to screen compounds 
prior to their selection for trial as curative agents in vivax 
malaria. Drugs have been developed which possess prophylactic 
and/or curative action in one or another of the avian infections 

but, generally speaking, these actions are not a reflection of a 
similar action in vivax malaria. Actually, there is, as yet, no 
general correlation between these special actions in the avian 

infections and comparable action in the human infections (32). 
The promise that curative drugs will eventually be found stems 
solely from the recent confirmation of the earlier studies on the 

curative action of pamaquine, in 8-aminoquinoline. 
It seems reasonably certain that the older investigations on the 

antimalarial activity of pamaquine led to conclusions which are 

essentially correct (33). That is, pamaquine, when administered 
at high dosage, has a curative action in vivax malaria when ad¬ 

ministered concurrently with quinine over a long period of time. 

This is a fact of importance. It demonstrates that the persisting 
tissue forms of the plasmodia which are held to be responsible 
for the relapse in vivax malaria are subject to the lethal action 

of a drug to which the type of host cell within which they reside 
is not also generally susceptible. Furthermore, the curative 
action of pamaquine makes available a specific lead toward the 

synthesis of better tolerated curative agents. 
This lead is now being explored extensively. It did not receive 

attention earlier in the program for three reasons. It was known 

that pamaquine analogs had received systematic study by the Ger¬ 
mans, French, and the Russians, both before and after the devel¬ 
opment of pamaquine, and no better drug had been announced. 

It was also known that pamaquine and many of its analogs possess 
seriously toxic effects when administered at a dosage well below 
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that which is generally curative. Finally, it was hoped that a 
curative agent might be found in other series of substances which 
were characterized by a lesser toxicity. It was not until the last 
possibility seemed unlikely, at least in the near future, that it 

was deemed advisable to embark upon an extensive study of 
8-aminoquinolines. 

It is now known that previous exploration of the 8-aminoquino- 

lines was inadequate to be certain that pamaquine is the best drug 
to be derived from this series. Furthermore, the careful study 
of the antimalarial activity and toxicity of pamaquine and a 

selected series of 8-aminoquinolines seems to indicate that such 
an exploration will be profitable. A consideration of what has 
been done with other chemical series, whereby one or another 

aspect of antimalarial activity has been greatly increased without 
a comparable increase in toxicity, makes the prospect of obtain¬ 
ing a useful agent from this group of substances rather bright. 

The Detailed Study of Cinchonine, The space remaining will 
be spent in a brief consideration of certain experimental data 
which relate to the antimalarial activity of the cinchona alkaloids 

and which are deemed to be essential before an attempt can be 
made at an examination of the discrete mechanisms involved in 
the production of their antimalarial effects. These studies may 

be taken as the prototypes of others which must be undertaken 
before the biological mechanisms which underlie any specific anti¬ 
malarial activity can be approached in a rational manner. 

Earlier speculations concerning the mechanism of the anti¬ 
malarial actions of the cinchona alkaloids included the possibility 
that these compounds have no direct action on the plasmodia. 

Similar suggestions have been made concerning the action of 
some of the antibacterials but these have been found to be without 
basis when subjected to direct experimental examination. It 

seemed probable that a similar situation would obtain with the 
cinchona alkaloids, and that their antimalarial activity is derived 
from an ability to interfere with some biological system within 

the parasitized erythrocyte which is essential for the growth and 
multiplication of the parasite. 
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An inquiry into the details of such an effect presupposes knowl¬ 

edge of the molecular species of at least one of the cinchona alka¬ 
loids which is capable of such an action. This need for informa¬ 
tion is highlighted by an appreciation of the marked difference 

between the antimalarial activities of the four alkaloids when 
based on the plasma drug concentrations as opposed to the oral 
dosages which are required to produce any given therapeutic 

effect in the standard blood-induced infection (table 8). It 

TABLE a 

Plasma Drug Levels of the Cinchona Alkaloids Necessary to Obtain 
Class III Effects in Standard Blood-induced Infection and 

the Plasma Drug Levels Achieved on Serial 
Oral Dosage of Each Alkaloid 

The data on quinidine plasma drug concentrations during the serial ad^ 
ministration of 1.0 gram of drug daily were obtained on only three patients. 
However, from other information the value determined would appear to bo 
in the proper order of magnitude. 

Mean plasma concentration of alkaloid (mg,/l.) 

Quinine Quinidine 1 Cinchonine Cinchonidine 

Class III effect . 5.0 1.0 0.1 3.0 
1.0 gram daily 5.6 (4.6) 0.2 2.4 

1.0 gram daily 
Class III effect 

1,1 (4.6) 2.0 0.8 

seemed quite possible, in view of this circumstance, that, incidental 
to the more or less complete metabolic change of each of these 
structurally similar compounds, an intermediate substance is 

formed from each of the alkaloids with common chemical char¬ 
acteristics and this substance is the active antimalarial. In such 
a situation, the amount of active material formed each 24 hours 

might be related more to the oral dosage of the alkaloid than to 
the plasma alkaloid concentrations attained. 

Opposed to the acceptance of this hypothesis was the reason¬ 

ably good correlation with each alkaloid between the pla.sma drug 
concentrations of each alkaloid and their antimalarial effects and, 
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in any given series of observations on a single alkaloid, the lack 

of a similarly good correlation between oral dosage and anti- 

malarial efiEects (figure 11). However, the estimated difference 
between the antimalarial activities of quinine and cinchonine, when 

3 

t 
2 

1 
'I' 

ORAL DOSAGE G/DAY 
Fio. 11. The relationship between the oral administration of quinine and 

the plasma quinine concentration observed in a series of therapeutic 
trials with both blood-induced and mosquito-induced McCoy vivax malaria. 
Each symbol represents the mean plasma quinine concentration obtaining 
during a four-day course of therapy. Quinine was administered as the 
hydrochloride in gelatine capsules at four- or six-hour intervals. The 
therapeutic effect in each test is indicated by the symbol used. Dots repre¬ 
sent therapeutic tests which resulted in Class III effects 3 circles^ Class II 
effects; crosses, Class I effects. 

based on the plasma alkaloid concentrations, is so great, that a 

search was made for more definitive evidence concerning the pos¬ 

sible role of degradation in conditioning the antimalarial activity 
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of these compounds. Generally speaking, a metabolic change 

may influence the therapeutic activity of an agent in one of three 

ways. It may produce an active agent from an inert substance, 
as contained in the above hypothesis covering the cinchona alka¬ 

loids and as appears to be the case in the ^'prontosil soluble’*— 
sulfanilamide system; it may limit the action of a substance 
through changes of chemical structure which minimize or remove 
the ability of a substance to exert an action; or, a substance may 

Degradation Cinchonine 

Fio. 12. Proposed scheme for the main route of metabolism of cinchonine 
in the human. 

exert an action insofar as it enters a biological system and exerts 
an effect incidental to the operation of the system which results 
in its metabolic change. 

Cinchonine was selected for initial study because its coefScient 
of metabolism is much higher than that of the other cinchona 

alkaloids and because, in contrast to quinine and quinidine, it 
has a simpler chemical structure. Dr. Joseph Koepfli, California 
Institute of Technology, and Dr. Lyman Craig of the Rockefeller 
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Institute for Medical Research have been most helpful in these 

studies through their identifications of the metabolic products 

which were isolated. 
The main route of degradation of cinchonine in the human ap¬ 

pears to involve two serial steps (figure 12): the first of these is 
an addition of oxygen to the quinoline nucleus with the formation 
of a carbostyril; the second, an addition of oxygen to the qui- 

nuclidine nucleus, perhaps at the ring carbon adjacent to the 

nitrogen. 
The chemical basis for these deductions need not be given. 

However, the evidence for accepting these two serial oxidations 

as the main channel of metabolism will be reviewed. This was 
obtained in experiments wherein the urinary excretion of iso- 

latable material was studied in the human during the administra¬ 
tion of cinchonine or its carbostyril. The data summarized in 

table 9 indicate that in excess of 80 per cent of orally administered 

cinchonine is recoverable in the urine as cinchonine or its first 
or second metabolic product. Similar experiments with the first 

metabolic product are also contained in table 9. It was only 

TABLE 9 

The Metabolic Fate of Cinchonine 

Recovery of cinchonine and its metabolic products from the urine of 3 sub- 
jccts given 3 different serial oral regimens of cinchonine. 

Mean % of daily dose recovered per 24 hours 

Cinchonine CDPj CDP, Total 

4 55 22 81 

Kecovery of CDP^ and CDP* following a single oral dose of 2.0 grams 
CDP, to a single individual. 

% of dose recovered in 48-hour urine 

Cinchonine CDPx CDP, Total 

0 30 14 44 
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possible in these experiments, performed upon different subjects, 

to account for some 40 per cent of the administered material as 

the first or second degradation product. However, these findings 

are in keeping with the view that the first reaction (figure 12) is 

more complete and proceeds at a somewhat more rapid rate than 
the second, and that small quantities of other metabolic deriva¬ 

tives are normally formed when cinchonine is administered. How¬ 

ever, the data indicates that these are derived largely, if not ex¬ 
clusively, from the first or second metabolic product rather than 
directly from cinchonine itself. The final quantitation of this 

system must await further studies of these general types per¬ 
formed serially upon individual subjects. 

The oxidation of cinchonine to a carbostyril is due to the opera¬ 
tion of an enzyme system (34) contained in liver and other tissue 
homogenates which have been shown by Kelsey to produce a 

carbostyril from quinine (35). The enzyme system has not been 
isolated from human tissues although the product of its action, 
i.e., the carbostyril, has been, as noted above, isolated and identi¬ 

fied in the urine of humans receiving cinchonine. The enzyme 
has been isolated for study from rabbit liver. Studies on the 
kinetics of its action in simple chemical systems oppose the view 
that any stable intermediate substance is formed between cincho¬ 

nine and its carbostyril except incidental to the combination of 
cinchonine and enzyme during the catalyzed oxidation (34). It 

seems likely, then, that the antimalarial activity of cinchonine is 

due to one or another of these three molecular species or to a 
combination of the activities of all three. With this thought in 
mind, cinchonine was administered to patients so as to permit the 
isolation and purification of the first and second metabolic prod¬ 
ucts, the former in sufficient quantity to study its antimalarial 
activity in blood-induced vivax malaria. 

Table 10 summarizes the data of experiments which examine 
the antimalarial activity of cinchonine in the standard blood-in¬ 

duced infection. These data can serve as a primary standard 
of reference for the examination of the antimalarial activity of 
the first metabolic product. Daily doses in the order of O.^l.O 



STUDY OP ANTIMALARIALS 85 

TABLE 10 

The Relationship Between Dosage, the Mean Plasma LeveP^ of Cinchonine 
(4 Days) and Its Therapeutic Effect in the Standard Blood- 

induced Therapeutic Test with McCoy Vivax Malaria 

Patient Daily Mean 
plasma 
cone. 

Result 

dosage Class I Class II Class III 

9- mg./l. 
SP 1.0 + 
ER 2.0 + 
KO 1.0 0.4 + 
CA 0.75 0.3 + 
JO 1.0 0.1 + 
MA 1.0 0.1 
DA 0.5 0.07 + 
TU 0.5 
AN 0.5 ■f 
CO 0.5 -1- 
RE 0.5 + 
NI 0,5 ■+ 

gram produce plasma cinchonine concentrations no greater than 
0.1 mg. per literand are accompanied by Class III effects. 

Table 11 summarizes the data obtained in a similar series of 

therapeutic trials performed with the first cinchonine metabolic 
product. Much higher concentrations of this product are found 

in the plasma during its oral administration, as compared with 
cinchonine, but these produce lesser antimalarial effects. A 
minimum of 3 grams daily is required to produce a Class III 

12 Truly pure cinchonine, i.e., homogeneous, is not available in sufficient 
quantities for experiments of this general type. Most ‘‘pure’* cinchonine 
appears to be contaminated to a variable extent by quinine and dihydro- 
cinchonine. Spectrophotometric and fiuorometric studies of the material 
analysed as cinchonine by the method used (36) indicate that something less 
than fifty per cent of the apparent plasma cinchonine concentrations at the 
lower plasma alkaloid concentrations is due to quinine. These large propor¬ 
tions are attributable to a minor contamination of the cinchonine used by 
quinine and a coefficient of metabolism for cinchonine which is some 50 to 
100 times greater than that of quinine. 
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TABLE 11 

The Belationship Between Dosage, the Mean Plasma Level {4 Days) of 
the First Metabolic Product of Cinchonine and Its Therapeutic 

Effect in the Standard Blood^induced Therapeutic 
Test with McCoy Vivax Malaria 

i 

Patient Daily 
dosage 

Mean 
plasma 
cone. 

Besult 

Class I Class II Class III 

■||||||[| ||||■|■||| 
ST + 
BB 
OB 
BU 
MU 0.75 0.7 + 

effect in the standard infection and this only when accompanied 

by plasma drug concentrations in the order of 3 or more mg. 
per liter. 

Information which permits an integration of these two sets 

of data was obtained in observations wherein cinchonine was 
administered to patients in different daily dosages (table 12). 
These data demonstrate that significant concentrations of the first 

degradation product are always present during the administra¬ 
tion of cinchonine. However, it may be estimated that, at the 
dosage of cinchonine required to produce a Class III effect, the 

TABLE 12 

Plasma Levels of Cinchonine and Cinchonine Degradation Product, 
Achieved on Serial Oral Dosage of Cinchonine (J Subjects) 

Daily dosage 

Mean Plasma drug levels 

Cinchonine ! C. degradation 
product 

ff- mg./l. mg./l. 
0.5 0.06 0.8 
1.0 1.1 
2.0 0.8 3.1 
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first metabolic product contributes at best a fourth of the total 

antimalarial activity. 
The further analysis of the system requires a consideration 

of the possible antimalarial activity of the third species in the 

cinchonine system, i.e., the second metabolic product. However, 
since the latter is formed from the further oxidation of the first 
product, the antimalarial activity observed durinj? the adminis¬ 
tration of the carbostyril is due to the combined effect of both 
products. It follows, then, from the examination of the activity 
of the first degradation product, that metabolic derivatives of 
this are relatively unimportant in conditioning the overall anti¬ 
malarial activity of cinchonine. 

It appears likely, then, that the antimalarial activity of cin¬ 
chonine and, by analogy, that of the other cinchona alkaloids, is 
derived predominately from the ability of each of the drugs, 
rather than an active intermediate, to participate in an essential 
biological system of the parasite or a shared biological system in 
the parasitized erythrocyte. This conclusion may serve as the 
basis for further speculations concerning their mechanism of 

action. It is possible that the operations of chance have produced 
a situation whereby a given therapeutic effect requires roughly 
equivalent oral doses of each but is produced by widely different 

plasma drug concentrations. It is also possible that the ability 
of each alkaloid to participate in the biological system within the 
host which results in its degradation is a simple reflection of the 
chemical characteristics of the alkaloid which condition its ability 
to participate in an analogous biological system within the para¬ 
site which results in the production of an antimalarial effect. The 

mechanisms underlying the antimalarial activity of cinchonine 
and the other cinchona alkaloids warrants further and more de¬ 
tailed study. This should be facilitated by the recent finding 

that the antimalarial activities of the conchona alkaloids and cer¬ 
tain other antimalarials can be studied in cultures of growing 
erythrocytic forms of the parasites (37, 38). The plasma concen¬ 
trations of several antimalarials required to exert an inhibitory 
action in these cultures are of the same order as those which are 
required to produce Class III effects in the human host (38). 
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It is to be emphasized that the importance of the observations 
that have been reported on the antimalarial activity of the cin¬ 
chona alkaloids no longer stems from considerations of their use 
in the suppression and treatment of malaria. Rather, they have 
importance in that they define the general type of background 
information which must be obtained before an approach may be 
made towards an examination of the discrete biological systems 
within the parasite or parasitized erythrocyte which are con¬ 
cerned with the antimalarial actions observed. 
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The fame of William Harvey is of the enduring type that 
increases with the passing of years. It was my privilege 

to be present in London in 1928 at the tercentennial celebration 

of the discovery of ‘‘the movements of the heart and blood.'' 
Undoubtedly others in this audience were equally fortunate and 
departed, as did I, with an even more profound respect for the 

great anatomist and physiologist of the seventeenth century. 

The objectives of the Harvey Society are not limited to the dif¬ 
fusion of scientific knowledge in selected subjects in anatomy 

and physiology but are extended to include pathology, bacteriol- 
ogy, pharmacology, and physiological and pathological chemistry 
—to the alterations which take place as the result of both struc¬ 

tural abnormalities and disease. In this Harvey Lecture it gives 
me a sense of gratification to discuss certain abnormalities of the 
circulation, the normal physiology of which was first established 

by Harvey himself, and to outline the recent advances which have 
been made in the surgical treatment of these conditions. 

Congenital cardiovascular defects are not rare in infancy, and 

it is only because of the high early mortality rate that the inci¬ 
dence after the age of 12 years is low. The complex nature of 
the defects, which adds to the difficulty of diagnosis, particularly 

in infants, and the lack of successful therapeutic methods re¬ 
sulted for years in a general neglect of this field. It is only in 
recent years that greater interest has been aroused as a result of 

1 Lecture delivered November 15, 1945. 
3 From the Department of Surgery of The Johns Hopkins University and 

HospitaL 
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the work of Maude Abbott, Taussig, Gross, Burwell and others. 

Their investigations have shown that it is no longer adequate 
simply to differentiate congenital from acquired heart disease. 
In a large percentage of cases one should be able to diagnose the 

particular defects which are present. Advances in surgical 
therapy for certain types make it all the more important that 
these types be recognized. That the advances are recent is 

shown by the statement in the 1937 edition of “Heart Disease’' 
by White (1) to the effect that “there is no curative treatment, 
surgical or medical, for congenital cardiac defects.” 

Maude Abbott (2) devised a clinical classification of congenital 
heart disease in which the patients are divided into three groups. 
The first group includes those without abnormal communications 

or shunts between the right and left sides of the heart. Cyanosis 
is not a part of the picture. This group includes patients with 
simple dextrocardia, anomalies of the pericardiuip, primary con¬ 

genital hypertrophy of the heart, pure subaortic or aortic stenosis, 
pure mitral stenosis, and coarctation of the aorta. The second 
group embraces patients with arteriovenous shunt in whom ar¬ 

terial blood enters the pulmonary circulation. Cyanosis is 
usually not observed. There is, however, possible terminal or 
transient reversal of flow with cyanosis due to the entrance of 

venous blood into the systemic circulation. Patients in this sec¬ 
ond group have defects of the interauricular septum, defects of 

the interventricular septum, localized defects of the aortic sep¬ 

tum, and patent ductus arteriosus. This is the potentially but 
rarely cyanotic group. The third group according to Abbott 
includes those patients in whom cyanosis associated with the 

entrance of venous blood in large quantities into the systemic cir¬ 

culation is a prominent feature. Included among the many 

causes are defects of the interventricular septum with dextroposi¬ 

tion of the aorta, tricuspid stenosis, tricuspid atresia with septal 
defects, transposition of arterial trunks with defects of the ven¬ 

tricular septum, persistent truncus arteriosus, and the tetralogy 

of Fallot. 
It happens that advances in surgical therapy have been made 
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in a representative of each of the three groups described by 

Abbott—coarctation of the aorta in the acyanotic group, patent 

ductus arteriosus in the usually acyanotic but occasionally cyano¬ 

tic group, and pulmonic stenosis (usually the tetralogy of Fal¬ 
lot) in the cyanotic group. This lecture will consist in the main 
of a consideration of patent ductus arteriosus, of coarctation of 

the aorta, and of the tetralogy of Fallot with particular emphasis 
on the latter condition. 

PATENT DUCTUS ARTERIOSUS 

Although a procedure for closure of patent ductus arteriosus 
had been described by Munro (3) in 1907 and although the 

operation had been attempted by Strieder (4), the first successful 

closure of an open ductus was performed by Gross (5) in 1938. 
According to Abbott, patent ductus arteriosus occurs together 

with other congenital heart lesions twice as often as it is observed 

as a single abnormality. The impression that there is usually 
an associated lesion probably accounts for the years that elapsed 

between the initial description of the operative procedure and the 

successful undertaking by Gross. As regards the incidence of 
associated lesions it is likely that Abbott’s statistics are mislead¬ 

ing in that the figures were derived from autopsy material and 

probably represented an undue number of the more complicated 
conditions. Studies in the past six years have shown that patent 

ductus arteriosus frequently exists as an isolated lesion. It is 
estimated by Keys and Shapiro (6) that there are approximately 
20,000 persons in this country with a patent ductus. Great 

credit is due Gross and Hubbard not only for the benefit accorded 
patients with patent ductus arteriosus but for the stimulus to 
further exploration of the problems of congenital heart disease. 

Gross originally considered bacterial endarteritis a contraindica¬ 
tion to operation, and it is due to the work of Touroff (7) that 
this view has been altered. 

The most extensive studies of the effects of patent ductus 
arteriosus on the circulation have been carried out by Eppinger, 
Burwell and Gross (8). These workers demonstrated that the 
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blood flowed from the aorta to the pulmonary artery and not in 

the reverse direction, that the volume of the leak in patients with 

large openings constituted 45 to 75 per cent of the blood expelled 

by the left ventricle, and that because this large volume of blood 

returned to the left ventricle without passing through the right, 
the output of the left ventricle was two to four times that of the 
right. Keys (9) found that the leak may constitute from 20 to 
70 per cent of the left ventricular output. Even though there 
are reasons for doubting the magnitude of the recorded altera¬ 
tions, it appears that the overworking of the left ventricle prob¬ 
ably explains the primary occurrence of left ventricular failure 
when failure occurs. 

The recorded studies on the circulation explain and support 

the clinical observation that patients with failure or diminished 
reserve are benefited by closure of an open ductus. They also 

indicate that closure of the ductus in the absence of signs of 

failure may protect the heart from an eventually disabling 
burden. It must be borne in mind, however, that many persons 
with a patent ductus never have any disability as a result of the 

abnormality. There is a difference of opinion whether operation 
is indicated for patients without symptoms. Advances in the 
chemotherapy of bacterial endarteritis make less urgent the 

necessity for ligating the ductus from a prophylactic viewpoint. 
It does appear, however, that closure of the ductus is indicated 

for a patient with an established infection whether it does or does 
not show a favorable response to the use of chemotherapeutic 
agents. 

I shall speak briefly regarding methods for effecting permanent 
closure of patent ductus arteriosus. The first method used by 
Gross was that of simple ligation of the ductus. It is known 

that the lumen of a large artery which is closed by ligation in 
continuity may become patent again as the ligature cuts through 
the wall. It is not surprising that Gross abandoned this method 

after re-establishment of the fistula occurred in several of his 
first 14 patients. The second method employed consisted of the 
use of cellophane in addition to the ligature. Despite the fact 
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that cellophane produces scarring, the ductus reopened in several 
of the patients. The third method used by Gross (10) consisted 
of complete division of the ductus and closure of the two ends. 

During the past three years my associates and I have operated 
upon 19 patients with patent ductus arteriosus, most of whom 
were referred by Dr. Helen Taussig. Various methods, includ¬ 

ing division and closure of the ductus, have been used. There 
has been only one patient in whom there was evidence that the 
lumen became re-established; in this case a simple ligature had 

been used. Although no unusual diflSculties have been encoun¬ 
tered, I think that division and closure of the ductus is an un¬ 
necessarily dangerous operation. The method which we employ 

at the present time consists of (1) the careful exposure of the 
entire length of the ductus, (2) the use of a purse string suture 
ligature of silk at the aortic and pulmonic ends of the ductus, 

(3) the use of two through and through mattress sutures of silk 
between the purse string ligatures, and (4) the placing of a liga¬ 
ture of umbilical tape over the mattress sutures. There has been 

no evidence of reopening of the ductus in the seven cases in 

which this method has been used. 
As I have stated previously, successful surgical treatment of 

patent ductus arteriosus has led to an increased interest in all 
types of congenital heart disease. My interest, however, in the 
next disorder to be discussed, namely coarctation of the aorta, 

was aroused as a result of experiments on another subject and 
a chance conversation with Dr. E. A. Park. In an attempt to 
produce pulmonary arteriosclerosis, Levy and I (11) in 1938 

performed operations on dogs in which the proximal end of the 
severed left subclavian artery was anastomosed to the distal 
divided end of the left pulmonary artery. In other words, the 

systemic and pulmonary circulations were connected by a suture 
anastomosis. Some of these animals were followed for as long 
as six years after operation. Much to our disappointment, ar¬ 

teriosclerosis did not develop. The blood pressure in the pul¬ 
monary artery only a short distance beyond the point of anasto¬ 
mosis was less than half that in the systemic arteries. Except 
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in instances in which partial thrombosis occurred at the anasto¬ 

motic site, microscopic examination showed no noteworthy altera¬ 
tions in either the left pulmonary artery or the lung. During a 

discussion of these results with Dr. Park, he suggested that the 

principle of altering the course and function of a vessel might 
be used in the treatment of coarctation of the aorta. 

COARCTATION OP THE AORTA 

Coarctation of the aorta is a narrowing of the lumen of the 

vessel of varying degrees in the vicinity of the insertion of the 

ductus arteriosus. It was found in 142 of Abbott’s series of 
1,000 cases of congenital cardiovascular defects. It was the pri¬ 
mary lesion in 79 of these and vras associated with other abnor¬ 

malities in 63 cases. The commonest form of aortic coarctation 
is the so-called adult type in which is a localized constriction of 

the aorta usually at or just below the insertion of the ductus 

arteriosus. Less frequent but more serious is the so-called in¬ 
fantile type in which there is narrowing of a greater length of the 

aorta. Patients with this type usually die in early infancy. 
The symptoms associated with coarctation of the adult type 

vary according to the degree of the stenosis and the extent of the 

collateral arterial pathways. There is usually no difficulty in 
diagnosis if one is acquainted with the difference between the 
arterial blood pressure in the arms and in the legs, the palpable 

pulsations in dilated collateral arteries, the notching of the ribs, 
and the systolic murmur transmitted down the upper spine. A 
considerable degree of coarctation usually results in cerebral 

hemorrhage, thrombosis, heart failure, rupture of the aorta, or 
bacterial endarteritis. It was because of the incapacity and the 
high mortality associated with stenosis of marked degree that 

the following experiments were performed. 
The experimental problem which was undertaken was that of 

severing the aorta at the level of the obliterated ductus arterio¬ 

sus, closing the two ends, and performing an anastomosis between 

the divided proximal end of the left subclavian artery and the 
side of the aorta distal to the point at which it had been divided. 
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It is known that dogs will not survive total occlusion of the 
thoracic aorta in one stage if one relies only upon the usual col¬ 
lateral channels. The mortality rate under such conditions is 
100 per cent. Hence, if survival should occur in our animals, it 
would mean that an appreciable quantity of blood was being 
conducted below the point of occlusion as a result of altering the 
course of the subclavian artery. 

A total of 43 experiments (12) were performed on dogs. Only 
ten of the animals survived the operation for several months or 
longer. There were six deaths in the first 24 postoperative hours. 
Fifteen of the animals lived for periods ranging from five to 
25 days. The predominating postoperative complication was 
paralysis of the posterior part of the body. Limiting our con¬ 
sideration to the ten animals which survived the procedure for 
long periods, we note that six of these showed no paralysis at 
any time. Two of the animals had a slight weakness of the pos¬ 
terior extremities which disappeared in a few days. The pres¬ 
sure in the carotid and femoral arteries was determined from 
time to time. In each instance the arterial pressure in the carotid 
was higher than that in the femoral but in no case was this dif¬ 
ference very great. It appears, therefore, that the flow of blood 
through the transposed subclavian artery and the dilated col¬ 
lateral vessels was sufficient to prevent death in some instances 
of total aortic occlusion. Furthermore, it was fopnd that hypo¬ 
tension of the posterior part of the body did not occur in the 
animals which survived. Further evidence that the transposed 
subclavian artery was an important pathway for conducting 
blood to the posterior part of the body was supplied by the one 
experiment in which the subclavian artery was divided nine 
months after the original operation. Paralysis of the posterior 
extremities developed and the animal died 24 hours after opera¬ 
tion. 

The mortality rate in these experiments and the high incidence 
of paralysis of the posterior extremities made us hesitate to 
recommend the use of this procedure in man. In discussing the 
results Dr. Park and I stated (12), . . it would appear that 
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the patient with a chronic partial occlusion of the aorta would 

tolerate a temporary complete occlusion better than the normal 
dog in which there has been no stimulus to the formation of 
collateral arterial pathways. In any case this procedure, or a 

modification of it, should be considered only in those cases of 
coarctation in which the outlook is very grave «ince many patients 
with coarctation of the aorta have a fairly long life expectancy.’’ 

After the completion of this work several patients with coarcta¬ 
tion of the aorta were studied, but the condition did not seem 
sufficiently grave to warrant the risk associated with operation. 

This circumstance was probably fortunate for it appears now 
that the procedure performed by Crafoord (13) in Sweden 
(October 19, 1944) and by Gross (14) in Boston (June 28, 1945) 

is a better one than that devised by Dr. Park and me. In this 
recent operation the stenotic area is excised and an end to end 
anastomosis of the two ends of the aorta is performed. Since the 

lumen of the aorta is considerably larger than that of the sub¬ 
clavian artery, the procedure employed by Crafoord and by 
Gross seems to be a better one than that which Dr. Park and I 
described. However, it may be necessary to use our method or 
a modification of it if the stenotic area is so long, as in the infan¬ 
tile type of coarctation, that the two ends of the aorta cannot 

be brought together if excision is performed. It is of interest 
that the method of Crafoord and of Gross when used on normal 
dogs frequently results in paralysis of the posterior extremities. 

This observation indicates again that the patient with coarctation 
is aided in withstanding temporary total occlusion of the aorta 
by the previous stimulus to the development of collateral path¬ 

ways. 

PULMONARY STENOSIS AND PULMONARY ATRESIA 

It was during a discussion of the experimental studies on coarc¬ 
tation of the aorta with Dr. Helen Taussig that she expressed 
the opinion that patients with pulmonic stenosis or atresia would 
be benefited if a means could be devised whereby a greater vol¬ 
ume of blood would reach the lungs. Thus we come to a con¬ 
sideration of the third and last group in Abbott’s classification, 
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the most prominent feature of which is cyanosis. This third 

group is a heterogeneous one embracing various types of abnor¬ 
malities. The most frequently encountered type is the tetralogy 

of Fallot, which is characterized by pulmonic stenosis or atresia, 
interventricular septal defect, dextroposition of the aorta, and 
right ventricular hypertrophy. 

I have stated previously that cyanosis is usually present in 
patients with this and similar abnormalities. It is due to the 
presence of reduced hemoglobin in the circulating blood and is 

the visible manifestation of the underlying anoxemia and com¬ 

pensatory polycythemia. Lundsgaard and Van Slyke (15) 
stated that there are four important factors in the production of 

cyanosis, namely, (1) the total hemoglobin content, (2) the 
degree of oxygen unsaturation of the arterial blood coming from 
the aerated lung areas, (3) the proportion of blood passing from 

right heart to left through unaerated channels, and (4) the oxy¬ 
gen consumption in the capillaries. It has been found that the 
cyanosis of most patients, including many of those with con¬ 

genital cardiovascular defects, can be definitely lessened by the 
prolonged inhalation of high concentrations of oxygen. The 
assumption that all of the blood which passed through the lungs 

was not fully oxygenated led some observers to believe that 
further increase in the circulation of blood to the lungs would 
result in no benefit. On the contrary, there are a number of 

reasons, which will not be repeated here, why patients with pul¬ 

monary stenosis or atresia might be benefited if the pulmonary 
blood flow were increased. Perhaps the most important evidence 

is supplied by the observation that the condition of children with 

pulmonary stenosis or atresia and with patent ductus arteriosus 
becomes worse if the ductus closes, thereby reducing further the 

flow of blood to the lungs. It is generally recognized by cardi¬ 

ologists that one of the dangers connected with the operative 
closure of a patent ductus lies in the possibility of an associated 

pulmonary stenosis, and it is for this reason that the effect of 

temporary occlusion is tested before the closure is made perma¬ 
nent. 
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Following the original suggestion of Dr. Taussig some two 

years ago that a means be found for increasing the flow of blood 
to the lungs, I undertook studies on experimental animals. It 

was evident that there were two major problems, namely, (1) 

the devising of a technique by which the blood flow to the lungs 
could be increased, and (2) the testing of the method in animals 
with a high degree of unsaturation of the arterial blood. 

Technical methods by which the blood flow to the lungs might 
be increased will be considered first. There have been reported 
in the literature only 12 cases of chronic valvular disease in man 

in which attempts have been made by operative means to lessen 
the degree of stenosis. One of the patients had pulmonic stenosis, 
one had aortic stenosis, and the remaining ten had mitral stenosis. 

The methods which were used consisted of (1) incision of the 
stenotic area with a small tenotome knife, (2) dilatation of the 
stenotic area with a finger, and (3) excision of a segment of the 

valve with a cardiovalvulotome. Seven of the ten operations for 
mitral stenosis were reported by Cutler and Beck (16). In the 

first of these patients the stenotic area was incised with a tenotome 

knife. This patient survived for four and a half years and was 
believed to have been somewhat improved by the operative pro¬ 

cedure. The other six patients reported by Cutler and his asso¬ 

ciates died shortly after operation. The same was true of the 
patients with mitral stenosis operated upon by Allen and Graham 

(17) and by Pribam (18). Souttar (19) reported the survival of 

a patient in whom he dilated the mitral valve with his finger. The 
patient of Tuffier (20) in whom dilatation with the finger was 

used in the treatment of aortic stenosis was said to be improved. 

Doyen (21) in 1913 reported his experience in the treatment of a 
patient 20 years of age with congenital pulmonic stenosis. A 
small tenotome knife was introduced into the right ventricle and 

an attempt was made to divide what was thought to be a stenotic 
valve. The patient died several hours later, and examination 
showed narrowing of the conus rather than stenosis of the valve. 

Thus it is to be noted that only three of the 12 patients survived 
the operative procedure, two having had finger dilatation of the 
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mitral or the aortic valve respectively, and one having been 
treated by incision of a stenotic mitral valve. 

It appears to be unlikely that an operation on the stenotic 

area itself would be successful in the treatment of congenital 

pulmonic stenosis. The defect is usually in the conus rather 
than in the valve. Even if one were able to increase the size of 

the opening by some safe means as yet undiscovered, the chances 

are that the stenosis would return gradually to the original con¬ 
dition. It was an appreciation of this fact and the previous 

experience in the anastomosis of the systemic and pulmonic ves¬ 

sels which led to the creation of an artificial ductus arteriosus in 
the experimental attempt to supply a greater volume of blood to 

the lungs. 
The question arose as to the type of anastomosis which should 

be performed. A suture anastomosis between the aorta and the 

main pulmonary artery was excluded as a possibility because 
it would be necessary to interrupt the circulation for a longer 
time than is compatible with life. The branches of the aorta 

which are in such position that they might be anastomosed to one 
of the pulmonary arteries are the subclavian arteries, the carotid 
arteries, and the innominate artery. Either the right or the left 

pulmonary artery might be used. A further question was 
whether the end of the systemic artery and the side of one of the 
pulmonary arteries should be anastomosed or whether the end of 

the systemic artery should be joined to the divided distal end of 
one of the pulmonary arteries. The former method appeared 
to be the one of choice since it would allow the blood to flow to 

both lungs. It is, of course, the type of union which is present 
in patent ductus arteriosus. 

Following these studies on technical means for increasing the 

flow of blood to the lungs, attention was devoted to attempts to 
produce in experimental animals the type of general disturbance 
which is present in the patient with pulmonic stenosis. Means 

are not available for reproducing in its entirety the tetralogy of 
Fallot. After unsuccessful attempts to cause cyanosis and 
anoxemia by several different methods, a high degree of oxygen 
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uDsaturation was produced by the removal of lobes of one or both 
lungs and the creation of pulmonary arteriovenous fistulas by 

the anastomosis of the proximal ends of the pulmonary artery 

and vein of the resected lobe or lobes. This operation caused 
some of the venous blood to return to the left side of the heart 
without passing through the pulmonary capillaries and resulted 

in varying degrees of oxygen unsaturation of arterial blood. 
The creation of an artificial ductus arteriosus under these condi¬ 
tions by the anastomosis of the proximal end of the subclavian 

or innominate artery to the side of one of the pulmonary arteries 
usually resulted in an increase in the oxygen saturation of the 
arterial blood. The presence of the artificial ductus allowed 

some of the arterial blood which was only partially saturated 
with oxygen to pass through the lungs instead of continuing 
through the systemic circulation. While it was realized that 

the experimentally produced condition was a poor reproduction 
of that seen in the patient with pulmonic stenosis, the experi¬ 
ments at least supported the hypothesis that improvement would 

result if an artificial ductus was created. 
Even after Dr. Taussig and I decided to attempt the operation 

on patients, there were three unknown elements which caused 

hesitation for some time before the initial operation was under¬ 
taken. The most troublesome questions were; Would an in¬ 

tensely cyanotic child tolerate a long operative procedure in 

which general anesthesia and the opening of one of the pleural 
cavities were necessary t Granting that the answer to the first 
question was in the aflBrmative, would the patient tolerate tem¬ 
porary occlusion of either the right or the left pulmonary artery 
for the time that would be required for making an anastomosis 

by suture t Would ligation and division of the subclavian artery 

result in serious impairment of the circulation to the armf It 
was apparent that the answers could be supplied only by making 

the clinical tests. The situation was discussed frankly with the 
parents of the children who were chosen for operation. A num¬ 
ber of distressing complications have been encountered, but ex¬ 

perience has shown that the original fears were largely without 
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foundation. By this is meant that thus far all of the children 
upon whom an operation has been performed have withstood 

anesthetization, the opening of the pleural cavity, and the tem¬ 
porary occlusion of one of the pulmonary arteries, and have not 
died during the operative procedure itself. Some subsequent 
events not so encouraging will be commented upon later. Fur¬ 
thermore, there has been no instance in which the subclavian 
artery has been used when there has been the slightest anxiety 

about the competency of the collateral circulation to the arm. 
Unfortunately the same statement cannot be made in regard to 
the cerebral circulation in all of the patients in whom the in¬ 

nominate artery has been divided and used for the anastomosis. 
This subject will be considered later in greater detail. 

The selection of patients who are suitable candidates for the 

operation has been performed by Dr. Taussig and her associates. 
I should like here to acknowledge the important part which Dr. 
Taussig has had in all of this work. She is Director of the 

Cardiac Clinic in The Harriett Lane Home for Children in The 
Johns Hopkins Hospital and is an outstanding authority on con¬ 
genital heart disease. Many points, particularly those dealing 

with diagnosis, which are mentioned only briefly in this lecture, 
will be considered in detail by Dr. Taussig in her forthcoming 
book. The two outstanding diagnostic features, both of which 

should be present if the operation is to be performed, are (1) 
roentgenographic evidence that the pulmonary artery is small in 
size, and (2) clinical and roentgenographic evidence of absence 

of congestion in the lung fields. The important finding in the 
roentgenogram is the absence of fullness of the normal pulmonary 
conus. The shadow at the base of the heart to the left of the 

sternum is concave and not convex; the pulmonary window ap¬ 
pears abnormally clear in the left anterior oblique position. 

The studies on patients have included determinations of the 

oxygen content and capacity and percentage saturation of the 

arterial blood, the red blood cell count, the hemoglobin content, 
and the hematocrit reading. Patients with inadequate blood flow 

to the lungs do not necessarily have polycythemia but this was 
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usually observed. The oxygen content of the arterial blood of 
most of the patients was lower than normal, the oxygen capacity 
was increased, and hence the arterial saturation was greatly re¬ 

duced. Although some of the patients were cooperative and 
quiet at the time of the arterial puncture, most of them were 
crying and some were struggling. Some of the values for oxygen 

content would undoubtedly have been higher had the children 
been under basal conditions. If the arterial saturation was high 
in a patient with a history of poor tolerance to exertion, the effect 

of exercise on the saturation was determined in an effort to assess 
the need for operation. The findings in one such patient were as 

follows. 

This patient was an intelligent and cooperative boy eight years of age. 
The control figures showed a red blood cell count of 4.7 million, a hematocrit 
reading of 40.5, an oxygen content of arterial blood of 18.1 volumes per 
cent, a capacity of 20.5 volumes per cent, and saturation of 88.2 per cent. 
Because of the history of intolerance of exercise it was decided to repeat 
the studies after the patient had climbed a few steps. After walking up 
only six steps, the patient refused to do more and tried to assume the usual 
squatting position. A sample of arterial blood taken at this time showed 
an oxygen content of 7.9 volumes per cent and an oxygen saturation of only 
36.8 per cent. Operation was decided upon and performed, the innominate 
artery being anastomosed to the pulmonary artery. Slightly less than three 
weeks after operation the studies w'ere repeated. The arterial saturation 
had risen only slightly; that is, from 88.2 per cent preoperatively to 89.7 
per cent postoperatively. On the other hand, approximately twice as much 
exercise as the patient took before operation caused no apparent dyspnea 
or cyanosis and practically no change in the oxygen saturation, the post¬ 
operative figure being 88.2 per cent saturation, w-hereas the preoperative one 
was 36.8 per cent. This patient returned for observational purposes on 
November 2, 1945, three months after the operation. The resting oxygen 
saturation of arterial blood at this time was 89.2 per cent. The patient 
then climbed 40 steps without evidence of shortness of breath or cyanosis. 
A sample of arterial blood taken immediately after the exercise showed an 
oxygen saturation of 88.6 per cent. 

The effect of exercise on the oxygen saturation varies greatly 

from patient to patient. It is particularly important to study 

the effect of exercise in patients who are quiet at the time of the 
control determinations and who have a relatively high resting 
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saturation because the figures may influence not only the decision 
as to the necessity for operation but also may be the deciding fac¬ 

tor in the choice of the artery which is used for the anastomosis. 

Another factor which enters into the decision as to operation 
is the age of the patient. It is more difficult to be certain of the 

correct diagnosis in infants, and furthermore it is believed that 

they withstand the operative procedure less well than do children 
of the group from two to ten years of age. The youngest patient 

upon whom the operation has been performed was eight months 

and the oldest 21 years of age. Both of these patients survived 
the operation and are improved. At the present time it appears 

that children under 18 months of age should not be operated 
upon unless it is thought that the chances of survival to an older 
age are poor. A possible operative procedure that may be per¬ 

fected for use in small infants will be mentioned later. 

If the studies show that an operation is indicated, the patient 
is given penicillin for one or more days preoperatively. Neither 

dicumarol nor heparin is given before operation. Cyclopropane 

with a high concentration of oxygen was used as the anesthetic 
agent in most cases. In a few of the operations ether with a 

high concentration of oxygen was used and in others a combina¬ 

tion of cyclopropane and ether.® After the patient was anesthe¬ 
tized and before the operation was begun, usually a sample of 

arterial blood was withdrawn. A comparison of the results of 

the analyses with the control preoperalive figures shows that 
there was an elevation in the oxygen saturation of the arterial 

blood in all except a few of the patients. This rise ranged from 

a minimal one to an increase of five times the saturation in the 
control period. Since many of the children were crying and 

struggling at the time of the control studies, it is not known, 

whether the elevation in oxygen saturation during anesthesia was 
due to the fact that the patients were anesthetized and hence 
quiet or to the inhalation of a high concentration of oxygen. It 

s The aneathetic agent was chosen and administered by Dr. Lament or 

Dr. Harmel of the Anesthesia Department. It is a proof of their skill that 

there have been no deaths during the operation on the 55 patients. 
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is probably a combination of the two factors. Most of the 

patients who were quiet at the time of the control studies did 
show an elevation of oxygen saturation when given the anesthetic 

agent and oxygen. 
The major details of the operative procedure are contained in 

the previous report by Blalock and Taussig (22). Adequate ex¬ 

posure is afforded by an anterior incision through the third inter¬ 
space. There has been some alteration in our conception of the 
side of the chest on which the operation should be performed. 

Providing the position of the aorta is normal, it was our earlier 
idea that the approach should be made on the left if one wishes 
to use an artery the size of the subclavian artery and that the 

incision should be on the right if the use of a larger vessel such 
as the innominate artery is indicated. No doubt you will recall 
that normally the innominate artery is the jSrst major vessel 

arising from the arch of the aorta and that it divides into the 
right common carotid and the right subclavian arteries. The 
left common carotid artery and the left subclavian artery nor¬ 

mally arise separately from the aorta. When the right sub¬ 
clavian artery is used for the anastomosis, experience has shown 
that the angle of the transposed vessel at its point of origin is 

less acute than that seen when the left subclavian artery is em¬ 

ployed. In other words, the lumen of the vessel appears to be 
less constricted by the transposed position when the right sub¬ 

clavian is used. For this reason it is advisable usually to make 
the approach on the right side. This generally allows one to 
choose either the innominate artery or the right subclavian artery. 

The preoper#»tive studies will have given a good indication as to 
the size of the artery that is required. Sometimes, however, the 
size of the subclavian artery may be smaller or larger than was 

anticipated and the choice of artery may have to be altered. 
Furthermore, the innominate artery or the subclavian artery may 
be shorter than usual and it may be necessary to use the longer 

vessel regardless of the preoperative choice. The fact remains 
that the incision on the right side usually allows one to choose 
either the subclavian or the innominate artery according to the 



106 THE HARVEY LECTURES 

incapacity and the degree of arterial oxygen unsaturalion of the 

patient. It is obvious that the greater the incapacity, the larger 

the vessel which is needed since the object of the procedure is to 

shunt blood to the lungs. In infants and small children in whom 
an operation is urgently needed it is generally advisable to use 

the innominate artery. 
There is another point about the choice of artery which should 

be mentioned. The occurrence of a right rather than the normal 
left aortic arch is not rare in patients with congenital cardio¬ 

vascular malformations which cause cyanosis. Bedford and 
Parkinson (23) have demonstrated that the determination of the 

course of the aorta is not difiScult if its relationship to the esopha¬ 
gus is delineated under the fluoroscope as a barium mixture is 
swallowed. The importance of this observation rests on the fact 
that when the aorta descends on the right, the innominate artery 

is directed to the left and has to be approached through the left 
side of the chest. There have been 16 such patients in this series 
and in all the condition has been diagnosed correctly by Dr. 

Taussig before operation. 
There are many other types of variations in the arteries which 

arise from the arch of the aorta. For example, both carotids 

and both subclavians may arise as four separate vessels, no in¬ 
nominate artery being present. In another variation the innomi¬ 
nate artery gives rise to both common carotid arteries as well as 

to the right subclavian artery. Despite the many variations, it 
has been possible in every case thus far to find a systemic artery 

which was suitable for anastomosis to a pulmonary artery. 

There have been two patients, however, in whom a satisfactory 
anastomosis was not performed because of a variation in the 
right pulmonary artery. In the first of these the right pulmon¬ 

ary artery divided shortly after its origin and the small branch 
to the right upper lobe was mistaken for the main artery. This 

branch was too small for a satisfactory anastomosis. The proxi¬ 
mal end of the subclavian artery was anastomosed to the distal 
end of the branch to the upper lobe, but the size of the subclavian 

was several times that of the pulmonary vessel. This patient 
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died, and examination of the specimen indicated that the usual 
end to side anastomosis could not have been performed. Prob¬ 
ably the procedure should have consisted of division of the main 

right pulmonary artery and the anastomosis of its distal end to 
the end of the innominate artery. In the second patient the 
right pulmonary artery was not found at the time of operation 

and it was only after considerable difiBculty that it was located 
at autopsy. The artery was small and was lying inferior and 
posterior to the superior pulmonary vein. 

The pressure in the right or left pulmonary artery w^as deter¬ 
mined at the time of operation in a number of patients by punc¬ 
turing the artery with a needle which was connected with a water 

manometer. The pressure in most of the patients was approxi¬ 
mately 175 mm. of water. That this procedure should probably 
be a routine one is suggested by the following experience. 

In one of the patients the pressure was 310 mm. of water. In this patient 

the heart was rotated towards the right, the azygos vein was several times 

the normal size, and the pulsations of the pulmonary artery were much more 

vigorous than normal. Despite the unusually high pressure in the pulmonary 

artery, the end of the innominate artery was anastomosed to the side of the 

right pulmonary artery. Following operation the cyanosis did not disap¬ 

pear, the liver became enlarged, fluid accumulated in the pleural and perito¬ 

neal cavities, and death occurred on the 24th postoperative day. At autopsy 

a single ventricle was found from which arose both the aorta and the pul¬ 

monary artery, and there was little if any pulmonary stenosis. The preopera¬ 

tive oxygen saturation of 59 per cent and the red cell count of 10 million 

were apparently due to the complete absence of a ventricular septum. It is 

obvious that the anastomosis should not have been performed, and the high 

pressure in the pulmonary artery should probably have furnished the clue as 

to the true nature of the condition. 

I shall continue with a description of the operative procedure. 
After the systemic vessel has been chosen and prepared and the 

pulmonary artery has been freed from the surrounding struc¬ 
tures, usually the end to side anastomosis is performed. The 
right or left pulmonary artery is occluded proximally with a 

mechanical device. Distal occlusion of the vessel is produced by 
making slight traction on braided silk which is placed around the 
individual branches of the pulmonary artery. This plan as con- 
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trasted with the use of a bull dog clamp leaves a greater length 
of the artery free for the anastomosis. A transverse opening is 

then made in the pulmonary artery midway between the proximal 
and distal points of occlusion. By the use of 00000 Deknatel 
sutures on curved atraumatic needles an anastomosis is performed 

between the end of the systemic artery and the side of the pul¬ 
monary artery. The continuous everting (out, in and over) 
suture is interrupted at least four times in order not to constrict 

the lumen too greatly. The procedure is not particularly diffi¬ 
cult if the arteries are of normal length and if the respiratory 
movements are not vigorous. The operation has been described 

in greater detail in a previous publication (22). 
The cyanosis usually increases during the period while one of 

the pulmonary arteries is being occluded. Following the com¬ 

pletion of the anastomosis and the removal of the constricting 
devices, the color of the patient improves immediately. Usually 
a distinct thrill can be felt in the pulmonary artery and even in 
the lung tissue itself. The thrill may be minimal or absent in 
infants. 

Before I leave the subject of technical procedures there are 

several additional points which might be mentioned. As indi¬ 
cated previously, it is our impression that the union of the end 
of the systemic artery to the side of one of the pulmonary arteries 

is the procedure of choice since this type of anastomosis allows the 
blood to pass to both lungs. There are certain circumstances, 
however, in which it may be advisable to divide one of the pulmo¬ 

nary arteries and to anastomose the end of this vessel to the end 
of the systemic artery. This means, of course, that all of the 
shunted blood passes to one lung and that the blood which passes 

through the stenosed pulmonary artery goes to the opposite lung. 
This type of anastomosis can be performed more quickly and 
easily and with less traction on the mediastinal structures than 

the one usually employed. It is possible that this method should 
be used more often, particularly in children. It was used in the 
following case as well as in three additional ones. The four 

patients survived the operation and are improved. 
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A child of slightly less than two years of age had an oxygen content of 

arterial blood of 3.5 volumes per cent, a capacity of 15.0 volumes per cent, 

an arterial saturation of 23.3 per cent, and a normal red blood cell count and 

hematocrit readrng. The condition was considered critical and operation 

was advised. After anesthesia was induced by the use of cyclopropane, the 

arterial blood pressure fell to 50/30 mm. Hg. An incision was made on the 

right side of the chest and the azygos vein was doubly ligated and divided. 

At this time the pulsations of the heart were very weak and barely visible. 

One half cubic centimeter of coramine was injected into the superior vena 

cava, and the pulsations of the heart became strong again. The right pul¬ 

monary artery was being freed of the surrounding tissues when it was noted 

again that the action of the heart was poor. Coramine was injected, the 

pulsations of the heart improved, and it vras decided that the operation 

should be terminated. The child’s condition was unchanged after this 

exploration and a second operation was performed 12 days later. The previ¬ 

ous incision was reopened. The innominate artery was shorter than usual, 

the subclavian artery was larger than usual, and it was decided to use this 

latter vessel for the anastomosis. When traction was made on the right 

pulmonary artery, the pulsations of the heart practically ceased. Coramine 

was injected and the condition improved. In order to avoid unnecessary 

traction and in order to reduce the operating time, the right pulmonary 

artery was ligated and divided and its distal end was anastomosed to the 

end of the subclavian artery. The action of the heart became very weak on 

two occasions while this was being done, but it responded favorably when 

coramine was injected. It is doubtful whether the procedure could have been 

completed successfully if an end to side anastomosis had been performed. 

The child showed a dramatic improvement. Twelve days following the sec¬ 

ond operation the arterial oxygon content was 10.1 volumes per cent, the 

arterial capacity was 16.3 volumes per cent, and the arterial saturation was 

62 per cent as compared with the preoperative figure of 23 per cent. 

Another point in operative technique which deserves brief men¬ 
tion is the possibility of connecting the lumen of the aorta with 

that of the main pulmonary artery without the use of sutures. 
The first portions of the medial walls of the aorta and the pulmo¬ 
nary artery are intimately adherent to each other largely because 

they are enclosed in a tube of serous pericardium common to the 
two arteries. In the dog it is possible to connect the two vessels 
by a stab incision. There are, however, several points in tech¬ 

nique which have not been mastered. There is danger of piercing 
the opposite wall of the aorta, there is no accurate gauge as to the 
size of the opening, and the fistula, even though moderate in size, 
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may close spontaneously. This problem is still in the experimen¬ 
tal stage. It is to be hoped that some such method can be per- 
fected because it may be necessary to use the major blood vessels 

and to work with considerable speed if newborn infants with 
pulmonary stenosis or atresia are to be operated upon success¬ 
fully. 

Treatment both during and after the operation will be con¬ 
sidered briefly. As a routine procedure a needle is placed in a 
vein of the ankle before the operation is begun and a very slow 
infusion of normal saline solution is given. If an abnormally 
large quantity of blood is lost, plasma is administered. If the 
patient has pronounced polycythemia and if the loss of blood dur¬ 
ing the operation is minimal, whole blood equal to approximately 
one per cent of the body weight is removed at the conclusion of 
the operation. As soon as the patient is returned to his room he 

is placed in an oxygen tent. The administration of penicillin 
which had been begun preoperatively is continued for about two 
weeks. It is of interest that none of the patients had a post¬ 
operative infection. Until recently the administration of dicuma- 
rol was begun 24 hours after operation in most cases and was 
continued for about two weeks. Its use was discontinued when 
a patient died because of intrapulmonary bleeding. Heparin is 
not given unless evidence of cerebral thrombosis appears. 

The postoperative course of the patients was variable. Those 
patients who were benefited by the operation showed an early 
improvement. As soon as the operation was completed, the 
mucous membranes showed much less cyanosis. It required, how¬ 
ever, a longer time for the disappearance of cyanosis of the fingers 
and toes. The fact that the color of the mucous membranes 
changes almost immediately following the operation is further 

evidence of the importance of the volume of the pulmonary blood 
flow in these patients in the production of cyanosis. In this early 
postoperative period there has been little alteration in the red 
blood cell count, the hemoglobin content, and the hematocrit read¬ 
ing even though moderate blood loss has occurred. The one im¬ 
portant factor which has been altered is the volume of blood 
which reaches the lungs for aeration. 
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I stated previously that there has been no concern about the 
circulation of the arm, the subclavian artery of which was divided 
and used for the anastomosis. Sympathetic nerve block was not 

used in any of these cases. The arm of the operated side was 

slightly cooler than the opposite one for varying periods of time. 
Motion and sensation were little if at all affected. The radial 

pulse has reappeared in some of the patients. Either the right 
or the left subclavian artery was divided and used for the anasto¬ 
mosis in 26 cases. In 23 additional cases the innominate artery 

was used and it is apparent that it was necessary to ligate the first 
portion of the subclavian artery in each of these. Thus, the first 
portion of either the right or the left subclavian artery was 

ligated in 49 cases; there was no evidence in any case of danger¬ 
ous interference with the circulation of the arm. These 49 cases 
include a duplication in one patient in whom the left subclavian 

artery was used at the first operation and the innominate artery 

at the second. 
There follows a brief account of the experiences of other sur¬ 

geons with ligation of the first portion of one or the other of the 

subclavian arteries. Halsted in 1921 found that the first portion 
of the left subclavian artery had been ligated in 21 cases. A 

recent search of the literature provided the records of 13 addi¬ 

tional cases in which the first portion of the left subclavian artery 
was ligated. Of the total of 34 cases, 14 were performed in the 

treatment of aneurysms, 19 for trauma, and one for a tumor. 

There were nine deaths in this series. There have been found 
in the literature references to 57 cases in which the first portion 

of the right subclavian artery was ligated. The operation was 

performed because of an aneurysm in 36 cases and because of 
trauma in 21 cases. There were 24 deaths in this series. It was 

not necessary to perform an amputation of the arm in any of 

the patients who survived ligation of the right or left subclavian 
arteries. 

I have stated previously that the innominate artery was used 

for the anastomosis in 23 of our patients. This fact implies, of 
course, that one of the common carotid arteries and a subclavian 
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artery were ligated in each of these patients. There were seven 
deaths in this series. In two of the seven cases the preoperative 

diagnosis was in error. In two of the remaining five cases death 

was attributed to cerebral ischemia or thrombosis. Unfortunately 
an autopsy was not obtained in these two cases. In several addi¬ 

tional patients transient weakness of part or all of the opposite 

side of the body occurred after operation. 
A review of the literature from the time of Valentine Mott's 

operation in 1818 to the present lists 86 cases in which the innomi¬ 

nate artery has been ligated. There were 48 postoperative deaths, 
a mortality rate of 55.8 per cent. There were six cases of com¬ 
plete hemiplegia with four deaths and five cases of partial hemi¬ 

plegia with two deaths. Eighty of the 86 ligations of the innomi¬ 
nate artery have been performed in the treatment of aneurysms. 

There were 43 postoperative deaths, a mortality of 53.7 per cent. 

The remaining six ligations were performed in the treatment of 
trauma. There were five deaths, a mortality rate of 83 per cent. 
Prior to the initiation of the present work the innominate artery 

had not been ligated for conditions other than aneurysm and 
trauma. 

In five of our cases in addition to the 23 in which the innominate 

artery was used for the anastomosis, the common carotid artery 
was ligated and divided and connected to one of the pulmonary 
arteries. This artery was used because of an abnormality in the 

position of the vessels which arose from the aortic arch. There 
was no sustained evidence of disturbance of the cerebral circu¬ 
lation in these five patients. 

Before summarizing the results of the operations performed 
thus far, I shall relate some of the details of two cases. In the 
second case of the series the saturation of arterial blood rose from 

36 per cent before operation to 83 per cent three weeks later. 
Five months after operation the saturation was 87 per cent. The 
red blood cell count dropped from 7.7 to 5 million. The hemo¬ 

globin declined from 24 to 17.5 grams, and subsequently to 15.5 
grams. In the third case of our series the oxygen saturation rose 
in nine days from 35.5 to 80 per cent and subsequently to 83.7 
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per cent. In three and a half months the red blood cell count 
declined from 10.1 to 5.6 million, the hemoglobin fell from 26 to 
13.8 grams and the hematocrit reading changed from 81 to 38. 

Both of these children were incapacitated before the operation. 
Now they are able to walk and play and go to school. These two 
cases are mentioned because the follow-up period has been longer 

than in others who show equally striking improvement. 
I shall attempt now to give the results thus far in The Johns 

Hopkins Hospital of the creation of an artificial ductus in the 

treatment of pulmonary stenosis. Up to November 1, 1945, there 
were 57 operations on 55 patients. All of the operations except 
one were performed in the nine months’ period from February 

third to November first. An anastomosis between a systemic 
artery and one of the two pulmonary arteries was not performed 
in three cases. In two of these there was an anatomical abnor¬ 

mality of the pulmonary artery and in the third there was thought 
to be an error in diagnosis. The first two patients have died since 
the operation. The condition of the third patient is unchanged. 

In the remaining 52 patients, 40 are improved, two have shown 

little change, and 10 have died. 
The deaths will be considered first. The preoperative diagnosis 

of the tetralogy of Fallot was proved by autopsy to be in error in 
two of the ten eases. One of these patients had a transposition 
of the great vessels and the other had a single ventricle without 

pulmonary stenosis. Theoretically these patients would not have 
been helped by operation even if they had survived. An autopsy 
was performed on six of the remaining eight patients and the 

preoperative diagnosis of the tetralogy of Fallot was confirmed. 

One could not be certain of the cause of death in most of these 
patients. Except for the cardiovascular defects the pathological 

alterations were minimal. None of the patients had an empyema 

or mediastinitis. As far as could be ascertained, bleeding from 
the arterial anastomosis did not occur in any of the patients. 

Two of the deaths were probably due to cerebral ischemia or 

thrombosis but a postmortem examination of this region was not 
allowed. One of the patients who had been doing very satis- 



114 THE HARVEY LECTURES 

factorily succumbed suddenly on the fifth postoperative day from 
pulmonary hemorrhage. The anastomosis was intact, and it is 
believed that the bleeding was due to the dicumarol that had been 
given. In one case bilateral pneumothorax developed following 
the first operation and unilateral tension pneumothorax following 
the second operation. A congenital abnormality of the lungs was 
suspected but an examination was not allowed. If the two cases 
are excluded in which it was shown at autopsy that the diagnosis 
was incorrect, there were eight deaths in the remaining 50 
patients in whom the anastomosis was performed, a mortality of 

16 per cent. 
It has been stated that two of the patients who survived showed 

little if any improvement. In one of these, a boy of 15, the 
intima of the subclavian artery was injured by too vigorous 
application of the instrument which was used in occluding it. A 
thrill could not be felt at the end of the operation and a murmur 
could not be heard later. A second operation on the right side 
is to be advised in the future. In the second patient a large right 
pulmonary artery was found at operation and the pulsations were 
vigorous. The anastomosis was performed even though it was 
thought at the time that the diagnosis was in error. It has now 
been seven months since the operation was performed. The 
parents state that the child is moderately improved. It is our 
impression that the improvement, if any, as a result of the opera¬ 
tion is minimal. 

The improvement in the remaining 40 patients is definite. The 
condition of most of the children has been altered from almost 
total invalidism to apparent if not real normality. Most of them 

show no cyanosis, even with moderate effort, and the clubbing of 
the fingers and toes has disappeared or is diminishing. Some 
children who had never walked before operation are now able to 
walk. The average oxygen saturation of arterial blood prior to 
operation of these patients was 49 per cent and the average satu¬ 
ration when determined two to three weeks after operation was 
76 per cent, an average increase of 53 per cent of the control level. 
It was stated previously "that many of the children were not under 
basal conditions at the time of the arterial punctures and that 
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otherwise probably both the preoperative and postoperative fig¬ 
ures would be higher. Although the oxygen saturation of the 
arterial blood rises greatly, it does not reach the normal value 
of 95 to 98 per cent saturation. This finding is to be anticipated 
because in every instance of the tetralogy of Fallot there is an 
interventricular septal defect and varying degrees of dextroposi¬ 
tion of the aorta with overriding of the septum, and hence the 
aorta always receives some poorly oxygenated blood from the 
right ventricle. It has been possible, however, in most of these 
patients to cause an elevation of the arterial oxygen saturation to 
the point where the stimulus for the development of polycythemia 
has largely disappeared or has been abolished. The decline in 
the oxygen capacity has been greater in most patients than has 
the elevation in the arterial oxygen content. The objective in the 
performance of the operation is the establishment of a channel 
by which an adequate quantity of blood can reach the lungs. 
This pulmonary fiow should be adequate to permit growth and 
the performance of exercise, and to cause the disappearance of 

polycythemia and cyanosis. It should not be excessive because 
this will place an undue strain on the heart. There has been only 
one patient thus far in whom cardiac enlargement since opera¬ 
tion has been great enough to cause concern. Dr. Taussig has 
found that a number of the patients have shown a slight increase 
in the size of the heart in the early postoperative period, but this 
enlargement has not been progressive. Streptococcus viridans 
infection has not developed in any of the patients. 

It is important to emphasize the point that the operation is not 
of value to all patients with persistent cyanosis (22). It is indi¬ 
cated only in malformations in which the primary diflSculty is 
lack of adequate circulation to the lungs. More specifically, the 
types of abnormalities which should be benefited by the operation 
are the tetralogy of Fallot, pulmonary atresia with or without 
dextroposition of the aorta and with or without defective develop¬ 
ment of the right ventricle, truncus arteriosus with bronchial 
arteries, and a single ventricle with a rudimentary outlet cham¬ 
ber in which the pulmonary artery is diminutive in size. The 
operation is not indicated in cases of complete transposition of 
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the great vessels or in the so-called ‘^tetralogy of Fallot of the 
Eisenmenger type” and probably not in aortic atresia. 

The purpose of this lecture has been to discuss certain congeni¬ 
tal cardiovascular defects in which treatment by surgical means 

is proving effective. The incompleteness of knowledge is excusa¬ 
ble in view of the only recent application of these methods. It is 
hoped that the advances recorded thus far will serve as an added 
stimulus to further studies on cardiorespiratory physiology, in¬ 
cluding the problem of chronic anoxia, and to the development 
of additional and improved methods for the treatment of cardio¬ 
vascular defects. 

BIBLIOGRAPHY 

1. White, P. D., Heart Disease, New York, The Macmillan Company, 2nd 

ed., 1937. 

2. Abbott, M. E., Atlas of Congenital Cardiac Disease, American Heart 

Association, 1936. 

3. Munro, J. C., Ann, Surg., 1907, 46, 335. 

4. Graybiel, A., Strieder, J. W., and Boyer, N. H., Arn, Heart J,, 1938, 16, 

621. 

5. Gross, R. E., and Hubbard, J. P., J,AM,A,, 1939, 112, 729. 

6. Keys, A., and Shapiro, M. J., Am. Heart J., 1943, 25, 158. 

7. Touroff, A. S. W., and Vesell, Harry, J.A.M.A., 1940, 115, 1270. 

8. Eppinger, E. C., Burwell, C. S., and Gross, R. E., J. Clin. Investigation, 
1941, 20, 127. 

9. Keys, A., Am. J. Physiol., 1941, 134, 268. 

10. Gross, R. E., Surg,, Gyn. and Obst., 1944, 78, 36. 

11. Levy, S. E., and Blalock, A., J. Thoracic Surg., 1939, 8, 525. 

12. Blalock, A., and Park, E. A., Ann. Surg., 1944, 119, 445. 

13. Crafoord, C., and Nylin, G., J. Thoracic Surg,, 1945, 14, 347. 

14. Gross, R. E., and Hufnagel, C. A., New England J. Med., 1945, 233, 287. 

15. Lundsgaard, C., and Van Slyke, D. D., Cyanosis, Medical Monographs, 

vol. 2, Baltimore, Williams and Wilkins Company, 1923. 

16. Cutler, E. C., and Beck, C. S., Arch. Surg., 1929, 18, 403. 

17. Allen, D. 8., and Graham, E. A., J.A.M.A., 1922, 79, 1028. 

18. Pribam, B. O., Arch. f. Jclin. Chir., 1926, 142, 458. 

19. Souttar, H. S., Brit. M. J., 1925, 2, 603. 

20. Tuffier, T., Tr. Internat. Cong. Med., 1913, London, 1914, Sect. 7, Sur- 

gery, pt. 2, p. 249; discussion, p. 326, 1914. 

21. Doyen, E., 26th Cong, de 1’assoc, franc, de chir., Freese m^d., 1913, 21, 
860. 

22. Blalock, A., and Taussig, H. B., J.A.M.A., 1945, 128, 189. 

23. Bedford, D. E., and Parkinson, J., Brit. J. Badiol., 1936, 9, 776. 



THE CHEMICAL EVOLUTION OF VISION' 

GEOBGE WALD 
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I. ARGUMENT 

The theory of evolution is founded primarily upon morpho¬ 
logical data. In its approach to such data it is guided 

always by the fundamental distinction between analogous organs, 
which, whatever their basic composition, serve similar functions; 
and homologous organs, which, whatever their functions, share 
deep-seated correspondences in structure, origin, and position in 
the organism. Only homologies are accepted as a proper indi¬ 
cation of biological relationship. 

As the biologist penetrates to smaller and smaller elements of 
the organism, he reaches finally, and as we now know with no 
essential discontinuity, the molecular level. Here physiology 
fuses with physical chemistry; and morphology becomes one with 
chemical structure. On this level again one can readily dis¬ 
tinguish analogies and homologies (cf. 52). The physical chem¬ 
istry of biological systems, taken by itself, leads only to analogies. 
Their chemical structure and origins provide the stuff of homolo¬ 
gies. As such they open the possibility of pursuing biological 
relationship in the realm of molecular dimensions. In this sense 
one can speak of chemical evolution. 

Throughout the past half-century the realization has grown 
that the processes which govern stimulation by light in all types 
of organisms—animal and plant—have many characteristics in 
common; and tnat underlying these is a common plan of physico¬ 
chemical organization. In all cases one has to deal with a 
pseudo-reversible system, in which a photosensitive pigment is 
acted upon by light, and is reconstituted by ordinary “dark’^— 
that is, thermal—reactions. The light reaction results in ex¬ 
citation ; the reverse processes permit continued response in the 
light and recovery in darkness. 

1 Lecture delivered December 20, 1945. 
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This concept of the photoreceptor process was discussed with 

relation to animal vision by the physical chemist Luther and his 
colleagues (43, 44), who were led to it by their investigations of 
pseudo-reversible photochemical systems iti vitro. It was soon 

afterward applied by Blaauw (3) in a closely reasoned analysis 
of parallelisms between human vision and phototropic bending in 
a unicellular mold and in the oat shoot. Hecht (27) retraced 
the history of these ideas before the Harvey Society a few years 
ago, and it is he who has principally developed them and im¬ 
pressed them upon our generation. The beautiful experiments 
of Hartline (24), also lately reviewed for the Harvey Society, 
show that these viewpoints are as applicable to the responses of 
single elements of invertebrate and vertebrate retinas as to the 

whole organs. 
This is clearly an argument on the level of molecular analogy. 

It tells us that photoreceptors wherever found and however com¬ 
posed satisfy certain basic physicochemical requirements, just as 
an effective wing, whether in insects or birds, must conform with 
certain aerodynamical principles. 

The anatomical examination of photoreceptors also leads only 
to analogies. No morphological correspondences can be traced 
among the photoreceptors of lower and higher plants, the inte¬ 
gumentary photoreceptors of lower invertebrates, and the various 
types of invertebrate and vertebrate eyes. 

It has lately become evident, however, that throughout this en¬ 
tire range of organisms photoreceptor systems are bound together 
in a profound chemical homology. From the systems which in¬ 
itiate bending in fungi and higher plants to the eyes of mammals 
they depend regularly, perhaps universally, upon one distinctive 
and compact group of substances, the carotenoids. 

They are related also in a further sense for which there exists 
no morphological counterpart. Though one speaks of morpho¬ 
logical inheritance, there is of course no actual transmission of 
anatomical structures from one organism to another. There is 
very commonly, however, a passing on of molecules which organ¬ 
isms require yet cannot themselves synthesize, and which they 
must therefore obtain from other organisms in the diet. 
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Photoreceptor systems display this type of connection also. 

At some point in the evolution of animal photoreception the ca¬ 
pacity to synthesize carotenoids is lost. So far as we know, all 
animals with eyes must obtain the carotenoids which they employ 

in vision from other organisms, ultimately from plants. In this 
process the very molecules which take part in plant phototropism 
pass into animals to be incorporated into the structures of their 

visual systems. It is this relationship which brings vitamins into 
the chemistry of vision. The term is arbitrarily reserved, how¬ 
ever, not for the unchanged plant carotenoids, which animals use 

in vision only as accessory substances, but for degraded deriva¬ 
tives of the plant carotenoids, the vitamins A. 

The most instructive homologies indicate not only correspon¬ 

dences, but distinctions. Fortunately this is the case with the 
chemical homology which we are discussing. Within the over-all 
pattern of carotenoid utilization, plants, which make their own 

carotenoids, are divided off from animals which have lost this 
capacity. With the appearance of animal organisms one begins 
to find also specific modifications of plant carotenoids, the so-called 

zoocarotenoids, whose full status in photoreception one cannot yet 
evaluate. In animals with eye? such modifications of ingested 
plant carotenoids have produced the vitamins A. Finally, within 

the vertebrates, a cleavage appears between the stocks which use 

vitamin Ai and those which use vitamin Ag in vision. 
It is the purpose of this essay to trace the pattern of these re¬ 

lationships. They came to be appreciated only as a by-product 
of the chemistry of visual systems. They have never been pur¬ 
sued for their own ends as systematically as they deserve. This 

fact will, I hope, explain in part obvious gaps and inadequacies in 

portions of the argument. 

II. PLANT PHOTOTROPISM 

The bending of plants toward light is stimulated primarily by 
the blue region of the spectrum. It is very different in this re¬ 

gard from photosynthesis. Thus Sachs (54), in 1864, showed 
that sunlight, after passing through saturated dic^romate solu- 
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tion, is highly active in photosynthesis, but has no phototropic 

effect whatever on a variety of etiolated seedlings. Sunlight 
which has passed through a blue cupric ammonium filter pro¬ 
duces only very feeble photosynthesis, yet is highly active in 

stimulating bending. 
It is a direct consequence of the Law of Conservation of Energy 

that light, to produce a chemical or physical effect, must first be 

absorbed; in acting upon a material system it must be trans¬ 
formed to some other form of energy, and hence must cease to 
exist as light. The blue-sensitivity of phototropic plants must 

therefore be associated with their possession of blue-absorbing— 
that is, yellow—receptor substances. 

This inference appears not to have been drawn explicitly for 

a long period. In 1930, however, Bachmann and Bergann (1) 

suggested that the phototropic sensitivity of oat seedlings in the 
spectrum resembles the absorption of light by a “ chromolipoid, 

i.e., a carotenoid. This view has since been developed by Voerkel 
(60), Castle (12), Biinning (8, 9, 10) and others.* 

The carotenoids form a group of fat-soluble, highly unsatu¬ 

rated, yellow to red pigments, very widely distributed in animals 
and plants. They consist primarily of long hydrocarbon chains 
in which single and double bonds alternate to form what is known 

as a conjugated system. It is to this arrangement that the 
carotenoids owe their color. Carotenoids which contain only 
carbon and hydrogen are called carotenes, from their most famil¬ 

iar member, the principal pigment of the carrot. Carotenoid 

alcohols, which contain various numbers of hydroxyl groups, 
are known as xanthophylls. The predominant carotenoids found 

in green plants and animal tissues are p-carotene, C4oHBe, and 

lutein or leaf xanthophyll, C4oH54(OH)2. Their structural 
formulae follow on page 121. 

The lavishness with which carotenoids are synthesized in 
plants, their wide distribution, and their close association with 
the chlorophylls in all types of photosynthetic cells have 

2 A more extended discussion of the position of carotenoids in plants wiU 

be found in reference (72), 
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prompted the suspicion that they must play some critical role 
in plant metabolism. With almost negligible exceptions, no such 
place can yet be assigned to them (72). It has at various times 
been proposed that carotenoids participate in oxidoreduction 
systems, that they protect other structures in the tissues from oxi¬ 
dation or destruction by light, or that they contribute signifi¬ 
cantly to the synthesis of chlorophyll. None of these functions 
has been satisfactorily established. Nor is the light absorbed by 
the carotenoids effective in‘photosynthesis in the higher green 
plants, green algae or photosynthetic bacteria which have been 
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examined. There exists as yet only an indirect indication that 
carotenoids may participate with very low eflSciency in the photo¬ 
synthesis of the blue-green alga, Chroococcus (17); and one in¬ 
stance, involving the diatom Nitzschia, in which light absorbed by 
carotenoids appears to be used in photosynthesis with an effi¬ 
ciency approaching that of chlorophyll (15). 

The only function in plants in which carotenoids seem to play 
a general and primary part is that of photoreception in systems 
concerned with orientation to light—phototropic bending, di¬ 
rected movements of free-swimming forms, light-growth re- 
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sponses, and chloroplast migrations. The belief that carotenoids 

act in this way rests upon the following considerations. 
Carotenoids have been found in all phototropic structures in 

which they have been sought. They are present in large amounts 

in all green plants, including etiolated plants which contain no 
chlorophylls. The etiolated coleoptile of the oat seedling 
{Avena)^ a classic object in the study of phototropism, contains 

both carotenes and xanthophylls, principally the latter (75, 9). 
No other pigments appear in this tissue. Biinning (9) has re¬ 
ported, furthermore, that in the oat coleoptile carotenoids are 

wholly restricted to the photosensitive zone. The unicellular 
sporebearers of the molds Phycomyces and Pilobolus, the photo¬ 
tropic reactions of which have also been studied intensively, con¬ 

tain carotenes alone (55, 12, 9); and here also Biinning finds 
them concentrated in the light-sensitive zone. 

Among all the pigments which occur in phototropic structures, 

only the carotenoids possess absorption properties consistent with 
the observed spectral sensitivities. The latter indicate a maxi¬ 
mum absorption in the blue, falling off in the violet, and declining 

very steeply at longer wavelengths to negligible values in the 
green, yellow and red. This type of absorption is not found in 
chlorophyll a or h, bacteriochlorophyll, protochlorophyll, phyco- 
erythrin or phycocyanin (72). 

A few instances in which the phototropic sensitivity has been 
measured in some detail throughout the spectrum reveal a re¬ 

markable degree of correspondence with the absorption spectra 
of the associated carotenoids. This relationship is illustrated in 
figure 1. The lower portion of the figure shows the spectral 

sensitivities for phototropic bending in the mold PUoholus (8) 
and in the oat shoot (29). In both instances two maxima appear. 
In the upper part of the figure are shown the absorption spectra 

of the total carotenoids of the oat coleoptile and of Phycomyces;^ 
the spectrum of an extract of Pilobolus was not available, but 

« Absorption spectra are presented in terms of the percentage of light 
absorbed, or of the extinction or optical density, log lo/I, in which I, is the 
incident and I the transmitted intensity of radiation. 
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Fig. 1. Spectral sensitivity for phototropic bending of plants, and absorp- 
tion spectra of the associated carotenoids. Above: Absorption spectra of 
the total carotenoids of the etiolated oat coleoptile (Avena), and of spore- 
bearer cells of the mold Phycomyces (72). Below: Spectral sensitivity 
of the oat shoot (29), and of spore-bearers of Piloholus (8). It is known 
that the carotenoids of Piloholus and Phycomyces are virtually identical (9). 
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Biinning has shown that both molds possess apparently identical 

carotenoids. 
The marked similarities in form and position of the carotenoid 

absorptions and the phototropic sensitivities strongly support the 
view that the latter depend upon the former. Particularly im¬ 
pressive are the parallel displacements of both pairs of functions. 
The difference in the absorption spectra reflects the fact that the 
principal pigment of Phycomyces or Pilobolus is (J-carotene, 
while that of the oat coleoptile is leaf xanthophyll. The parallel 
shift of the phototropic spectra is convincing evidence that they 

depend upon the carotenoid absorptions. 
Phototropic bending is not the only type of light reaction in 

plants which appears to be mediated by carotenoids. Bottelier 
(6) has measured the spectral sensitivity for inhibition of proto¬ 
plasmic streaming in the epidermal cells of the oat coleoptile; 
it agrees in general form and position with the phototropic spec¬ 

trum, and hence with carotenoid absorption. Voerkel (60) has 
measured in broad spectral regions the energies required to in¬ 
duce a constant state of chloroplast orientation in the moss Fun- 

aria; again the sensitivity follows a course consistent with the 
absorption of light by carotenoids. The photic orientation of 
free-swimming green organisms also is of this general nature, but 

for reasons about to be explained these are discussed separately.^ 
In a relatively small number but wide variety of plant struc¬ 

tures, therefore, the sensitivity of oriented reactions to light is 

greatest in the blue region of the spectrum, less in the violet, and 

^Engelmann (18) has described a type of response to light radically 
different in nature from those discussed above. This is found in certain 
motile aerobic cells which either depend for their motility upon oxygen or 
are chemotactic to it. In situations in which the oxygen is supplied pri¬ 
marily by photosynthesis, whether of the cells themselves or of associated 
plants, the spectral sensitivity for motion or orientation corresponds with 
that for photosynthesis. Engelmann carefully distinguished such responses, 
which are really chemotropisms, from the genuine “ Lichtempfladungen,' ’ 
of the type discussed above. There is nothing to prevent a given organism 
from exhibiting both types of reaction—chemotropism to oxygen with a 
spectral sensitivity based upon chlorophyll, and genuine phototropism, based 
upon the carotenoids. 
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negligible in the yellow to red. Carotenoids are the only pig¬ 

ments in these structures whose absorption of light is consistent 

with this distribution of sensitivity. In certain instances the 
spectral sensitivity mimics in some detail the absorption spectra 

of the extracted carotenoids {Averia, Pilabalus). In some struc¬ 
tures also (Avena, PUoholus, Phycomyces) the carotenoids are 

concentrated in or restricted to the photosensitive zones. In all 

these cases it is reasonable to conclude that the primary process 
of photoreception is mediated through carotenoid pigments. This 

is as yet the only general statement that can be made of the func¬ 

tion of carotenoids in plants. 

III. GREEN FLAGELLATES 

These unicellular and colonial organisms are included among 
algae by botanists, who are principally struck by their possession 
of chloroplasts, and among protozoa by zoologists who are im¬ 

pressed by their frequent lack of other plant characteristics. Be¬ 
cause of this equivocal status and their special arrangements for 
responding to light I shall discuss these organisms separately. 

Ordinarily they contain a structure which seems to be con¬ 
cerned specifically with photoreception, the stigma or eye-spot. 
This view was questioned by Engelmann (18), who, from the be¬ 

havior of Euglena viridis at the edges of sharp shadows, con¬ 
cluded that the light-sensitive zone is localized in the colorless 
region just anterior to the stigma. It is doubtful that shadows 

to be obtained in the field of a microscope are sufficiently sharp- 
edged to permit such fine discrimination. Later workers who 
have re-examined this matter have tended to agree with the 

original investigators that the stigma is in fact the photoreceptor 
organ (46, 42). 

The most direct evidence that this is so comes from measure¬ 

ments of the spectral sensitivity for phototropic orientation of 

these organisms. Mast (45) has provided a careful and detailed 
series of such measurements. White light projected at a right 

angle to narrow spectral bands from a monochromator was ad¬ 
justed in intensity so as to induce a fixed angle of orientation in 
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the organisms. The results were afterward corrected for the 
energy distribution of the source. A number of Euglena species 
which were so examined (viridis, tripteris, gracilis, granulata and 

Fig. 2. Spectral sensitivity for photo-orientation of green flagellates and 
absorption spectra of astaxanthin. Above: Spectra of astaxanthin dissolved 
in hexane (left) and in castor oil (right) (72). Below: Spectral sensitivi¬ 
ties of Euglena viridis, Chlamydomonas globulosa, Spondylomorum quater- 
narium and Pandorina morum, from Mast (45). 

minima) all proved to be maximally sensitive in the blue, at 473- 
483 mp. The same was true of Phacus triqueter, Trachelomonas 

euchlora and Qonium. The sensitivity maximum of Chlamy¬ 
domonas lay in the blue-green, at 504 mp; while those of Pan- 
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dorina, Eudorina and Spondylomorum were in the green, at 
about 534 mp. In all cases the sensitivity falls more or less sym¬ 
metrically to both sides of the maximum. A representative group 
of these data is shown in figure 2. They are in good general 
agreement with other work on these and similar organisms (45, 
38, 42). 

All these measurements agree in two general characteristics; 
the photo-orientation spectra all possess single maxima, and are 

displaced toward considerably longer wavelengths than are asso¬ 
ciated with phototropic bending.® A pigment possessing the 
absorption characteristics indicated by these spectral sensitivities 
should be orange, red or purplish-red in color. It is an im¬ 
portant justification of the belief that the stigma is the photo¬ 
receptor organ that it does in fact have colors in this range. 
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The principal carotenoid of green flagellates has enjoyed a long 
history under a variety of names; the ‘ ‘ haematochrome ’ ’ of Cohn, 
‘‘carotinin” of Zopf, and '‘euglenarhodon’’ of Tischer (58, 59). 

It is apparently concentrated in the stigma and may also be dis¬ 
persed throughout the other chromoplasts. It has recently been 
identified as astaxanthin (35). 

This substance possesses the structure of a dihydroxy-diketo- 
(3-carotene. Spectra of astaxanthin published by Kuhn and 
Sorenson (34), which display three maxima, are in error. Re¬ 

peated measurements in our laboratory have shown the spectra of 

® The only exception to this statement of which I know involves Blaaiiw's 
measurements on Phycomyces nitens, not since confirmed, showing a maxi¬ 
mum phototropic sensitivity at about 495 mp, (3). Beccnt measurements on 
Phycomyces hlakesleeanus all agree in showing a sensitivity maximum in the 
neighborhood of 440 mp, (11, 7,10). 
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astaxanthin and its esters to consist of a single broad band which 

lies at considerably longer wavelengths than those of the common 
carotenes and xanthophylls. It conforms therefore in general 
character with the spectral sensitivities observed in green flagel¬ 
lates (figure 2). 

How widespread the possession of astaxanthin is among these 
organisms is not yet known. It has been identified in Hema- 

tococcus and Euglena, in company with smaller amounts of the 
common plant carotenoids (58, 59, 35). Possibly more extended 

examination of the green flagellates will reveal the presence of 
other special pigments. 

Meanwhile it may be noted that the range of phototropic sen¬ 
sitivities exhibited by these organisms is not beyond the capacities 

of astaxanthin itself. In simple solution the maximum absorp¬ 
tion of this pigment and its esters varies between about 470 mp 

in hexane to about 492 mp in pyridine. In ordinary cell oils the 

maximum lies at about the same wavelength as does the photo¬ 
tropic sensitivity of the Euglenas (figure 2). In still denser 

media, in suspension, or in the solid state the spectrum is further 

displaced toward the red. Astaxanthin also readily forms com¬ 
plexes with protein, which range in color from its native red to 
green, as in the ovoverdin of lobster eggs (34, 57), and blue, as in 

lobster shells (35). A comparable array of conditions would per¬ 

mit astaxanthin to meet the most extreme requirements of photo¬ 
tropic sensitivity in the green flagellates. 

Quite apart from its possible role in photoreception the very 

appearance of astaxanthin in these organisms provides a curious 

chemical commentary upon their biological status. For astaxan¬ 

thin is an animal carotenoid. It has not otherwise been found in 

any but animal tissues, where, so far as known, it is produced by 

modification of ingested plant carotenoids. The equivocal posi¬ 

tion of the green flagellates among animals and plants therefore 

extends to the molecular level. They possess at once the exclu¬ 
sively plant pigment, chlorophyll, and the exclusively animal 
carotenoid, astaxanthin. 
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IV. EYELESS INVERTEBRATES 

To the extent that green flagellates are admitted within this 
category we have already considered the most substantial body of 

information which it contains. Orientations to light abound 
among the lower invertebrates, but few accurate measurements 
have been made of the associated spectral sensitivities, and noth¬ 
ing is known of the associated pigmentation. 

Loeb was concerned over a period of years to establish the 
essential identity of plant and animal phototropism. In plants, 

phototropic bending is accomplished by differential growth. 
Stimulated by Sachs’s analysis of this process, Loeb (40) ex¬ 
amined the mechanism of bending in a number of attached in¬ 
vertebrates. He found that the polyps of certain hydroids, Ser- 
tularia and Eudendrium, bend toward light as do plants, not by 
contraction, but by differential growth. Years later, Loeb and 

Wasteneys (41) repeated Blaauw’s Avena experiments on newly 
formed polyps of Eudendrium ramosum. Lines of these organ¬ 
isms were exposed for various periods to the carbon arc spectrum, 
and were then replaced in darkness and the proportions which 
responded by bending observed. In the spectrum, uncorrected 
for energy distribution, the effect was sharply maximal in the 

blue at about 474 mp, decreased in the violet, and was negligible 
in the orange and red. This result is almost identical with 
Blaauw’s uncorrected observations on the oat shoot and implies 

a corresponding dependence of photoreception upon carotenoids. 
Unfortunately we lack as yet the crucial demonstration that 
Eudendrium contains these pigments. 

In general the photic responses of lower invertebrates are 
pitched at longer wavelengths than those associated with photo¬ 
tropic bending, either of plants or of Eudendrium. They are in 
fact included roughly within the range of action spectra observed 

within the green flagellates. Mast (45) found the phototactic 
sensitivies of the earthworm and of larvae of the marine worm 
Arenicola to be maximal at about 483 m^j, resembling in form and 
position those of the Euglenas. Hecht (25, 26) measured the 
relative energy in broad regions of the spectrum required to 
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elicit the photic responses of the clams Mya and Pholas within a 
constant reaction time. The sensitivity of Mya is maximal in 
the blue-green, at about 490 mp, falling steeply to both sides; that 

of Pholas in the green, at about 555 mp, with possibly an added 
maximum in the ultra-violet. 

None of this information contributes materially to the problem 

under discussion. Before it can do so some systematic study 

must be made of the pigments of photosensitive structures in 
this great range of organisms. Such an exploration offers the 

opportunity to bridge what is now an enormous gap in the 

knowledge of photoreceptor systems. 
It promises in addition an insight into the genesis of the vita¬ 

mins A. As the thread of the present argument is lost among 

lower invertebrates, these substances have not yet appeared. 
When it is resumed in the eyes of arthropods and molluscs, ani¬ 
mals have come to depend on plants for their carotenoids, and 

have developed the capacity to degrade plant carotenoids to yield 
the vitamins A. The latter substances hereafter dominate the 
photoreceptor process. It should be important to locate the 

origins of this critical development. 

V. VERTEBRATE RODS: THE RHODOPSIN SYSTEM 

The first image-forming eyes are found in arthropods and 
molluscs. Within these phyla they differ radically in construc¬ 
tion. The principal eyes of arthropods are of the compound or 

mosaic type, composed of a large number of independent units, 
isolated from one another by screening pigments, and each pos¬ 
sessing its own optical system. The only molluscan eye discussed 

below—that of the squid—contains a large lens and a retina com¬ 
posed of a single layer of cells, their photosensitive segments 
turned toward the light. Vertebrates also have a lens eye; but 

with a multi-layered retina in which the receptor cells face away 
from the light, and are of two kinds: rods, concerned with vision 
in dim light, and cones, the organs of vision in bright light and 

color vision. 

In spite of such wide anatomical differences, the photoreceptor 
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processes in all these eyes operate with a very limited group of 
chemical substances and a very restricted pattern of reactions. 
For this reason it is advantageous to consider at once the visual 

systems which have been most thoroughly explored, those of the 

vertebrate rods. 
Franz Boll discovered in 1876 the first photosensitive pigment 

of the retina in the rods of frogs (5). It was the rose-colored 

substance named rhodopsin shortly afterward by Willy Euhne. 
In one extraordinary year Kuhne learned almost everything that 

was known until very recently of the chemistry of this sub¬ 

stance (36). 
In the living animal rhodopsin bleaches in the light and is 

resynthesized in the dark, and so fulfills the elementary physico¬ 

chemical requirements of a photoreceptor pigment. In aqueous 
solution the absorption spectrum of rhodopsin consists of a single 

broad band, maximal at about 500 mp (figure 5). It agrees very 

well in shape and position with the spectral sensitivity of human 
rod vision (66). 

Rhodopsin is a conjugated protein, which owes its color and 

most distinctive properties to a carotenoid prosthetic group (61). 
It bleaches in the light in a complex succession of photic and or¬ 
dinary thermal reactions to orange or yellow products (66). At 

some point in this process carotenoid is split from protein, and 
the original prosthetic group of rhodopsin is transformed to the 
stable yellow carotenoid, retinenei. 

This substance has never been found in other tissues than the 
retina. In solution in chloroform its spectrum consists of a 

broad band, maximal at about 387 mp (figure 5). Carotenoids in 

general form violet to blue-green products when treated with 
antimony chloride. Retinene, in this reaction yields a deep blue 

color, due to a specific absorption band at 664 mp (figure 3, b).® 

In the intact retina the mixture of retinenCi and colorless pro¬ 
tein which results from bleaching reverts in part to rhodopsin; 
most of the retinenei, however, is converted irreversibly to vita- 

0 It has recently been suggested that retinene, is the aldehyde of vitamin 
A,, but the evidence for this is very indecisive (28, 50). 
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Fig. 3. The rhodopsin system. Spectra of the antimony chloride reaction 
with extracts of retinas of the smooth dogfish, (a) Dark adapted retinas 
contain a small amount of the 618 mfi-chromogen, vitamin A^. (b) Immedi¬ 
ately following irradiation these same tissues yield a large quantity of the 
664 m|A>chromogen retinenei, liberated in the bleaching of rhodopsin. (c) In 
irradiated retinas allowed to remain for about an hour before extraction the 
retinenei has been converted to vitamin Ai (68). 
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min Ai. This substance has the structure of half a ^-carotene 

molecule to which the elements of water have been added: 

H H H H H 
C=C-^-C=C-(j;=C-CHpH 

CH, CW, 

"t 

vitaminAf, Oio^aOH 

It possesses an absorption maximum in chloroform at about 328 
mp (figure 5), and yields with antimony chloride a blue color due 

to an absorption band at 615-620 mp (crude tissue extracts; 

figure 3, a, c). 
In the isolated retina, continued exposure to light leads to the 

irreversible formation of a mixture of vitamin Ai and protein. 

But in the intact animal this mixture in turn is resynthesized to 
rhodopsin. The result is a closed cycle of the skeletal form 

(61, 62) : 
Rhodopsin 

Vitamin Ai + protein <-<-Retinenci + protein 
i i 

(328 mp in CHCI3) (387 mp in CHCls) 
(SbCla 615-620 mp) (SbCU 664 mp) 

The operation of this retinal cycle can be demonstrated in a 
simple procedure which has become standard in our laboratory. 

Data from such an experiment are shown in figure 3.^ Right and 
left retinas of dark adapted animals are prepared separately in 

7 The spectra shown in figures 3, 4, 10, 11 and 12 are recordings drawn 
automatically with Hardy’s photoelectric spectrophotometer at the Massa¬ 
chusetts Institute of Technology. They have merely been mounted for 
publication. Figures 6, 7 and 8 show tracings from such recordings. 
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dim red light. One set of retinas is shaken thoroughly in the 
dark with petroleum ether, an operation that does not disturb 
rhodopsin. The colorless extract, tested with antimony chloride, 
yields a low absorption band at about 618 mp, showing that the 
dark adapted retina contains a small amount of free vitamin Ai 
(figure 3, a). This same tissue is now exposed to bright light, 
which instantly bleaches the rhodopsin to an orange color, and is 
immediately re-extracted exactly as before with petroleum ether. 
The extract is now yellow, and yields when mixed with antimony 
chloride a high absorption band at 664 mp, showing that the 
bleaching of rhodopsin has liberated a large quantity of retinenei 
(figure 3, b). Meanwhile the symmetrical set of retinas has also 
been exposed to light, but is allowed to remain at room tempera¬ 
ture for about an hour before extraction. During this period 
the retinas fade to colorlessness. Extracted with petroleum ether 

exactly as before, they yield a colorless solution, which in the anti¬ 

mony chloride test displays a high absorption band at 618 mp (fig¬ 
ure 3, c). In the process of fading, retinenei has been completely 

removed, and has been replaced by an equivalent quantity of 
newly formed vitamin Ai. 

In figure 3 this experiment has been performed with retinas 
from the smooth dogfish. Identical results have been obtained 
from several genera of bony fishes, from frogs, chickens, rats, 
rabbits, and cattle. A recent examination of light adapted hu¬ 
man retinas revealed the presence of vitamin Ai here also (74). 

The constitution of the rhodopsin cycle principally accounts for 
the now familiar association of night-blindness with human vita¬ 
min A-deficiency. 

VI. INVEBTEBRATE EYES 

Until recently vitamin A had not been identified in a single 

invertebrate tissue, and there was some ground for the suspicion 
that invertebrates lack this factor. Gross hauls of marine zoo¬ 
plankton, composed almost entirely of small invertebrates, were 

found to contain little or no vitamin A, and so little of its known 
carotenoid precursors as to make it problematical how fishes 
which feed on zooplankton can accumulate their large stores of 
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this vitamin (14, 20). It had been reported also that the cock¬ 

roach and clothes moth do not require vitamin A in their diets 
(47,13). 

It is now known, however, that in a number of invertebrates 
high concentrations of vitamin Ai and retinenei appear in the 
eye (69, 72). In the vertebrate body most of the vitamin A is 
concentrated in the liver; that such small amounts are found in 

invertebrates is probably associated primarily with the lack of 
such a storage tissue. But beyond this, there is as yet no evi¬ 
dence that in invertebrates vitamins A have other functions than 

in vision. 
Among molluscs only the retina of the squid, Loligo pedlii, 

has been examined (69, 71a). It contains about 1-2 ^Jgm. of vita¬ 
min Ai per eye, and about three times this quantity of retinenei 
(measured as relative extinction in the antimony chloride test). 
Most of the retinene is bound in a photostable complex which 
probably represents a retinal reserve. No trace of these or other 
carotenoids was found in other squid tissues or in extracts of 
whole bodies less the retinas. The visual significance of the caro¬ 

tenoids appears with peculiar force in these animals. 
The concentration of retinal vitamin Ai remains constant in 

all conditions of light and darkness. No evidence was found 

that it participates at all in the visual process. 
The exposure of dark adapted retinas to light, however, always 

liberates a considerable amount of retinenei. The squid appears 
to possess a reduced retinal cycle of the form: photopigment 
light 

retinenei -]-. Attempts to extract the photo¬ 
pigment into aqueous solution have not yet succeeded. Judging 
from measurements of the spectral sensitivity of the squid retina, 
however, the photopigment possesses absorption properties re¬ 
sembling those of rhodopsin (Hartline, personal communication; 
cf. also (4)). The deep purple color of squid retinas, sometimes 
erroneously ascribed to “visual purple” is due to a light-stable, 
alkali-soluble, probably melanoid pigment (19). Other than 
screening the retinal cells this probably has no function in vision. 

In the squid, therefore, retinenei appears to pre-empt com- 
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pletely the vitamin A function. It alone appears to be active in 

vision; and it is also stored in high concentration in the retina. 

It is in fact the vitamin A of the squid. 
No arthropod systems have yet been examined as completely as 

this. For the most part experiments have been confined to the 
fractionation and identification of the carotenoids of the eye. 
In a number of marine Crustacea—the green and fiddler crabs 

and the lobster—the eyes contain very high concentrations of 
vitamin At in addition to astaxanthin and other carotenoids 
found throughout the integument. No trace of retinenei has as 

yet been found in these eyes. In a freshwater crustacean, the 
crayfish Cambarus virilis, the eyes contain both vitamin Ai and 

retinenei in addition to astaxanthin (69, 72). 

The eyes of all the invertebrates examined therefore contain 
vitamin Ai, and certain of them also retinenei, in relatively high 
concentration. These substances reappear in the vertebrate re¬ 

tina as components of the rhodopsin system. In addition, astax¬ 
anthin and smaller amounts of other carotenoids occur in the 
eyes of Crustacea; but unlike the vitamins A they are widely dis¬ 

tributed also throughout the integument of these animals, and 
apart from screening the retinal cells they appear to play no 
active role in vision. 

VII. THE PORPHYROPSIN SYSTEM 

In the course of his classic investigations, Kiihne made a 

practice of looking at the dark adapted retinas of every kind of 
animal he could lay hands on. It was an impressive collection, 
ranging from the lamprey to man. He noticed that while the 

retinas of mammals, owls, frogs and so on were rose-colored, due 

to their content of rhodopsin, those of fishes appeared distinctly 
purple in color (36, 37). Years later Kottgen and Abelsdorff 

(32) showed that solutions of retinal photopigment from eight 
species of fish had different spectral properties from those of all 
other vertebrates examined. 

In a first attempt to pursue this matter further several years 
ago, I examined the retinas of a number of marine fishes and was 
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surprised to find that they possess typical rhodopsin systems 

(63). It developed that the German workers had invariably 
used freshwater fishes in their experiments. On turning to these 
I had no difSculty in confirming their observations. The photo- 

WQve/engtfj 
Pio. 4. The porphyropsin system. Spectra of the antimony chloride reac¬ 

tion with extracts of retinas of the freshwater calico bass, (a) Dark adapted 
retinas yield a trace of the 696 m^-chromogen, vitamin A,, (b) Immediately 
following irradiation the same tissues yield a large quantity of the 705 m|i- 
chromogen retineneg. (c) In irradiated retinas allowed to remain for about 
one hour before extraction the retinenei has been converted to vitamin A, 
(68). 

pigment of the freshwater fish retina is purple in color. In 

aqueous solution its spectrum consists of a single broad band, 
maximal at about 622 mp (Fig. 5). I have suggested that it be 
called porphyropsin. 
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Like rhodopsin, porphyropsin is a conjugated protein. Its 
behavior in the retina or in solution is in every detail parallel 
with that of rhodopsin. It is involved in a retinal cycle of 

precisely the same form. Yet all components of the porphyrop¬ 
sin cycle have absorption spectra displaced toward the red from 
their analogues in the rhodopsin system. 

The relation between the two cycles was revealed by repeating 

the experiment shown in figure 3 with retinas of a freshwater fish 
(figure 4). The extract of dark adapted retinas yields when 
mixed with antimony chloride, instead of a low vitamin Ai band 

at 618 mp, a similar low band at 696 mp (curve a). Re-extraction 
of these retinas following irradiation yields, not the retinenei 
band at 664 mp, but a similar high band at about 705 mp (curve 

b). Retinas bleached and allowed to fade for an hour before 
extraction yield, instead of newly formed vitamin Ai, a large 

amount of the 696 mpi-chromogen. It is clear that in the por¬ 

phyropsin system a 705 mp-chromogen replaces retinenei, and a 
696 mp-chromogen replaces vitamin Ai (64, 68). 

On the basis of these retinal observations it was suggested 

that the 696 m|i-chromogen be called vitamin Az (39, 16). One 
may similarly refer to the 705 mp-chromogen as retinenez. The 
porphyropsin cycle then takes the form (64, 68). 

Porphyropsin 

Vitamin Az + protein <-<-Retinenez + protein 
i i 

(355 mp in CHCl,) (405 mp in CHClj) 
(SbCl,->696mM) (SbCl3-»705mM) 

The direct spectra of known components of the porphyropsin 
system are shown in figure 5. Vitamin Aj in chloroform solution 

possesses a maximum at about 355 mp, retinenej at about 405 mp. 
A roughly constant separation of 20-30 m|j therefore divides the 
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spectra of all these substances from their analogues in the rho- 
dopsin cycle. The significance of this difference is reasonably 
clear. In homologous series of carotenoids or synthetic polyenes 
the addition of one conjugated double bond is known to shift the 
spectrum 20-30 mp toward the red (33, 31). All the known re¬ 
lations between the rhodopsin and porphyropsin systems are 

300 400 . 500 600 
Wavclcnqth-nv^ 

Fig. 5. The rhodopsin and porphyropsin systems. Direct spectra of crude 
preparations from retinas of the marine scup (broken lines) and the fresh¬ 
water calico bass (solid lines). Rhodopsin and porphyropsin are dissolved 
in 1 per cent aqueous digitonin solution, the retinenes and vitamins A in 
chloroform. All maxima have been brought to the same height to facilitate 
comparison (68). 

satisfactorily explained if the latter possesses such an added 
double bond in its carotenoid residue.® 

This clarification of chemical relationships between the rho¬ 
dopsin and porphyropsin systems left their biological status still 
very obscure. A division between marine and freshwater fishes 
on this basis receives no support from taxonomy; for freshwater 

fishes commonly have closer relatives in the sea than in their home 
8 The structure of vitamin A, is still very uncertain. The original view 

that it is the next higher homologue of vitamin A^ (Gillam, Heilbron, et al. 
(20a)) has been abandoned. Karrer and Bretschcr (30) have lately proposed 
for it on open-chain structure, which would give it much the same relation to 
lycopene, the pigment of the tomato, that vitamin A^ bears to ^-carotene. 
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streams and ponds. Is this then a direct response to the environ¬ 
ment f And how precisely is this division maintained! 

To answer the latter question I undertook a survey of the vis¬ 
ual systems of marine and freshwater fishes. The results can 
be expressed most simply in terms of the antimony chloride tests 
with completely bleached retinas, which contain the vitamins A 
alone. The presence of the appropriate vitamin A has proved to 

Wavelength 

Fig. 6. Betinas of marine fishes. Spectra of the antimony chloride reac¬ 
tion with extracts of bleached retinas from (a) the sea bass, (b) scup, (c) 
sand flounder, and (d) sea robin. These tissues contain vitamin Ai alone 
(67). 

be a reliable indication of the operation of the entire rhodopsin 
or porphyropsin system; and in almost all instances the complete 
cycles were examined (63, 68). 

The retinas of a wide variety of marine cartilaginous and bony 
fishes were found to contain vitamin Ai alone (figure 6). The 
forms examined include by now the smooth and spiny dogfishes, 
the torpedo, swordfish, sea robin, sea bass, scup, sand flounder, 
herring, haddock and whiting. The only exceptions were found 
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in the family of wrasse-fishes (Lahridae)—^the cunner and tautog 
—^the retinas of which contain a great predominance of vita¬ 
min A2. 

Conversely, the retinas of a variety of freshwater bony fishes 
contain only vitamin A2 (figure 7).® The catfish, yellow perch, 

Wavelength 

Fio. 7. Betinas of freshwater fishes. Spectra of the antimony chloride 
reaction with extracts of bleached retinas from (a) the pickerel, (b) calico 
bass, (c) white perch, and (d) carp. Ordinates for curves (a) to (c) are 
extinction, for (d) percentage absorption. These tissues contain only vita¬ 
min A. (67). 

pickerel, carp, calico bass, goldfish, and blue-gill were examined. 
So far no exception has been found among these forms. 

For the very reason that this division is so sharp, it lends a 
critical interest to those fishes which are neither freshwater nor 
marine, but migrate freely as adults between the two environ¬ 
ments. Furthermore, only these fishes, since they partake of both 

^ The white perch was included in this figure before its special status as an 
anadromous fish was appreciated (see below). 
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environments, can decide the crucial problem whether the vita¬ 
min A pattern is determined by the environment or genetically. 

VIII. THE EXTBYHAUNE FISHES 

To understand what follows it will be necessary to consider 
first the biological position of these forms. The fishes which 

were discussed above are known as stenohaline—^i.e., sharply 
restricted to a narrow range of salt concentration, whether fresh¬ 

water or marine. 

The euryhaline fishes, on the other hand, tolerate a wide range 
of salinities. What has been emphasized in the past has been 
their habit of migrating between fresh water and the sea. They 

are divided on this basis into two groups: anadromous (literally, 
upstream) fishes, like the salmons, which make spawning migra¬ 
tions from the sea to fresh water; and catadromous (i.e., down¬ 

stream) fishes, like the “freshwater” eel, which migrate in the 

reverse direction. 
The emphasis on migration in these forms, however, misses the 

fundamental distinction between them. For none of these fishes 
has to migrate; migration is for them merely a potentiality which 
the various stocks realize in varying degree. Thus among the 

“anadromous” salmonids, the Atlantic and chinook salmons 
regularly go to sea, the rainbow trout does so only rarely, while 
the common brook trout is intermediate in this regard, becoming 

in migration a sea trout. Similarly many habitual migrators, 

like the Atlantic salmon or the alewife, are found land-locked in 
freshwater lakes, where they have spent many generations in the 

one environment. 

The basic distinction in the life histories of euryhaline fishes 
is that they are rigidly restricted in the environment in which 

they spawn and develop embryonically. For all of them the 

spawning environment can be the permanent habitat. The 
salmon is really a freshwater fish able as an adult to migrate to 

sea, the eel a marine fish which can come as an adult into fresh 

water. It would do no violence to the situation to regard both 
types as transitional between the permanently marine and fresh- 
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water fishes. I shall therefore give the terms applied to eury- 
haline fishes this more basic if less literal meaning: anadromous 
fishes are those which spawn in fresh water, catadromous fishes 
are those which spawn in the sea. 

Data from the retinas of three genera of salmonids and from 
the freshwater eel are shown in figure 8. All these fishes possess 

700 600 

Wavelength 

Fio. 8. Retinas of euryhaline fishes. Antimony chloride reaction with 
extracts of bleached retinas from (1) the chinook salmon, (2) rainbow trout, 
(3) brook trout, and (4) the ‘ ‘ freshwater' ’ eel, Anguilla. All these tissues 
contain mixtures of vitamins A^ and A^, the anadromous salmonids predomi* 
nantly the latter, the catadromous eel predominantly the former (67). 

mixtures of vitamins Ai and A2, of the rhodopsin and porphyrop- 

sin systems. The anadromous salmonids possess a predominance 
of the porphyropsin system, the catadromous eel predominantly 
rhodopsin. Not all euryhaline fishes yield this kind of result. 
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Some anadromous forms—the alewife and white perch—^possess 
exclusively porphyropsin (cf. figure 7, c, figure 9). All the 
euryhaline fishes so far examined, however, follow this simple 
rule: they possess predominantly or exclusively the vitamin A 
and visual system ordinarily associated with their spawning 

environment (67, 70). 
A remarkable parallelism exists, therefore, between a graded 

series of salinity relations and the distribution of visual systems. 
This is illustrated in terms of retinal photopigments in figure 9. 

Fio. 9. Spectra of photosensitive pigments from the retinas of fishes, 
illustrating the transition from an exclusively rhodopsin to an exclusively 
porphyropsin system. The permanently marine dogfish possesses only rho* 
dopsin, the catadromous eel and killifish predominantly rhodopsin, the 
anadromous brook trout predominantly porphyropsin, and the anadromous 
white perch only porphyropsin (70). 

Beginning with a typical rhodopsin spectrum from the perman¬ 
ently marine spiny dogfish, the spectrum shifts regularly toward 
longer wavelengths in the eel, a marine fish which migrates into 
fresh water; the killfish, which usually compromises by passing its 
whole life in brackish water; the brook trout, a freshwater fish 
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which can enter the sea; and the white perch, an anadromous fish 
which has completed the transition to porphyropsin. 

These patterns are genetic, and to a first approximation inde¬ 

pendent of the environment. The salmonids which yielded the 
data of figure 8 were obtained from a fish hatchery and had never 
been exposed to salt water, yet they all possess large amounts of 

the marine rhodopsin system. The eel retains a great predomin¬ 
ance of vitamin Ai after years in fresh water, the alewife exclu¬ 
sively vitamin A2 after years in the sea. Eels and permanently 

freshwater fishes taken from the same pond possess almost dia¬ 
metrically opposed vitamin A configurations in their retinas. 
Finally, the Labrid fishes, exceptional in uniting permanent 

marine existence with a predominance of A2 in the retina, furnish 

final proof that racial type and not environment determines 
this distribution. 

These distinctions divide a number of species which are very 

closely related taxonomically. The herring and alewife are both 
Clupeids; the herring is permanently marine, the alewife spawns 
in fresh water and ordinarily spends all but a few months of its 

existence in the sea. Yet alewives just in from the ocean possess 
only vitamin A2 in their eye tissues, while the herring eye con¬ 

tains vitamin Ai alone; the liver oils display parallel differences. 

Similarly the marine black sea bass and the anadromous white 
perch are both Serranidae; the eye tissues of the former contain 
only vitamin Ai and rhodopsin, those of the latter only vitamin 
A2 and porphyropsin. 

Since this correlation is genetic, its meaning must be sought 
in the phylogeny rather than the physiology of the fishes. There 

exists considerable anatomical and paleontological evidence for 
the belief that fishes originated in fresh water (56, 53). Such 

forms as produced the modern lungfishes probably have remained 
continuously in this environment. Most other stocks appear to 
have ramified widely into the oceans during the late Paleozoic 

and early Mesozoic, some of them to return later to fresh water. 

How often such interchanges between the two environments have 
since occurred, there is no way of knowing. It is in any case 
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very likely that modern freshwater teleosts have all passed 
through some period of marine existence. 

It is with such evolutionary migrations between fresh water 
and the sea that the vitamin A pattern seems to be correlated. 
The permanently freshwater fishes use vitamin A2 in vision, the 
permanently marine forms—^with the known exception of the 
Labrids—^vitamin Ai. The euryhaline fishes occupy an inter¬ 
mediate position both in adult habitat and in vitamin A pattern; 
and both characteristics are correlated predominantly with the 
spawning environment. 

IX. ORIGINS OP VERTEBRATE VISION—THE LAMPREY AND 

LUNGPISH 

The foregoing discussion seems to leave the freshwater fishes in 
a peculiarly isolated position. They are, so to speak, bracketed 
between the invertebrates with eyes and all the other groups of 
vertebrates, all of which use components of the rhodopsin system 
in vision. Their own choice of the porphyropsin system has the 
appearance of a curious evolutionary aberration. 

Yet the freshwater fishes have a major place in vertebrate 
evolution. As already noted, it is believed that the vertebrate 
stock originated in fresh water; and freshwater fishes almost 
surely also furnished the ancestors of the amphibia. Here are 
two directions in which one might look for some further extension 
of the porphyropsin system. 

Among the lowest living chordates, below the vertebrates them¬ 
selves, one finds such animals as Balanoglossus, the tunieates, and 
Amphiaxus, none of which, for want of well organized eyes, can 
contribute to our problem. But among the Cyclostomes, the most 
primitive of living vertebrates, are found the lampreys, animals 
with very considerable eyes. They offer the closest available ap¬ 
proach to the origins of vertebrate vision. 

All the lampreys—^like the presumed ancestral vertebrates— 
spawn in fresh water. The form which I examined, however, the 
sea lamprey {Petromyzon marinus) is particularly interesting 
from the present viewpoint, for it is anadromous. After a larval 
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period of several years in fresh water, it metamorphoses and mi¬ 
grates seaward, returning to fresh water some two years later to 

spawn. I have examined the retinas of sexually mature animals 

taken from a tidal estuary in the early stages of the spawning 
run. If their long sojourn in the ocean had had any effect, it 
might have inclined them to the rhodopsin system. 

The sea lamprey, however, possesses a great preponderance of 
the porphyropsin system, like an anadromous fish. The force of 
this comparison was strengthened by a curious circumstance. 

Our lampreys were accompanied in their spawning run by ale- 
wives, anadromous fish coming upstream from the sea for the 
same function. Though these animals are widely separated 

phylogenetically, their vitamin A patterns are almost indistin¬ 

guishable (71). 
The retinal use of vitamin A2 therefore appears to extend as 

far backward toward vertebrate origins as it is possible to pene¬ 

trate. It probably is as ancient as the vertebrate stock itself. 
There is as yet no evidence that it extends below the vertebrates. 

It will be recalled that the only freshwater invertebrate examined, 
the crayfish, possesses retinenci and vitamin Ai, as do marine in¬ 
vertebrates. It is possible that vitamin A2 and the porphyropsin 

system are vertebrate innovations. 
If so, they join at the point of origin of the vertebrates an¬ 

other, now famous, example of chemical evolution, discovered by 

Meyerhof and his colleagues (49). This is the transition from 
the use of arginine-phosphoric acid to creatine-phosphoric acid 
as a source of energy for muscular work. Almost all invertebrate 

muscles possess the arginine compound alone; while all vertebrates 

investigated and the protocliordate Amphioxus have only the 
creatine compound. It has since been reported that only echino- 

derms among the invertebrates, and the primitive chordate Boi- 

anoglossus, contain mixtures of arginine and creatine phosphoric 
acids (51, 2). These are precisely the types which are most com¬ 

monly believed on morphological grounds to mark the path of 

chordate origin. 
I have been able also to examine the retinas of the African 
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lungfish, Protopterns, This animal is believed to have descended 
from a line of continuous freshwater ancestry, widely separated 
from that of the modern freshwater teleosts, and close to that of 
the amphibia. The available data indicate that this animal also 
uses vitamin A2 in vision (71a). 

The association of the porphyropsin system with existence in 
fresh water and particularly with freshwater spawning therefore 
appears to be very deeply embedded in vertebrate history. It is 
a short step from finding this system in the lungfish to looking 

for it in the amphibia; but this consideration raises a number of 
new problems. 

X. AMPHIBIA: THE NEWT AND FROG 

If the habit of spawning in fresh water is basically associated 
in vertebrates with the retinal utilization of vitamin A2, one 

should expect to find the porphyropsin system within the am¬ 
phibia. Most of these animals spawn in fresh water just as do 
freshwater and anadromous fishes. Yet rhodopsin was dis¬ 
covered originally in the rods of frogs, and all the fundamental 
chemistry of the rhodopsin system has since been worked out in 
this animal. 

I have come to regard the amphibia as strikingly parallel in 
biological position with the euryhaline fishes. Both groups are 
characterized by migrations between fresh water and another en¬ 
vironment, which in fishes is the sea, in amphibia the land. Both 
groups display fixed spawning environments, for the most part 
fresh water (‘‘anadromous”), though exceptional “catadromous” 

animals lay their eggs in the sea (freshwater eels) or on land 
(certain frogs and salamanders). The metamorphoses which are 
so prominent an accompaniment of migration in some of the am¬ 
phibia are by no means lacking in the euryhaline fishes. All 
the salmonids show great changes in body color on going from 
fresh water into the sea, and salmons in the spawning migration 

undergo profound changes in anatomy, skeletal and otherwise. 
The eel goes through such a striking metamorphosis before enter¬ 
ing fresh water that for a long period the larval eel or lepto- 

cephalus was thought to belong to a distinct genus. 
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The parallels between amphibia and euryhaline fishes are 
therefore rather impressive. It is difficult to avoid the inference 
that such an ‘‘anadromous’' amphibian as the frog should have 

primarily the porphyropsin system. That it entirely lacks this 

system poses something of a dilemma. 
The tail-less amphibia—frogs and toads—are among the most 

highly specialized and aberrant members of the class. It seemed 
worthwhile, therefore, to examine one of the relatively general¬ 
ized urodeles. We turned to the common newt, Titurus viri- 

descens, which has an anadromous life history. Sexually mature 
adults in the ‘‘water phase’’ were examined. The retina was 
found to contain vitamin A2 alone, like many anadromous fishes 

(71a). The liver also appears to contain only vitamin A2. This 
marked the first appearance of A2 above the fishes, and in con¬ 
tinuing association with the habit of freshwater spawning. By 

the same token it aggravated the position of the similarly anadro¬ 

mous frog. 
The beginning of the War interrupted this line of experiment, 

and we should have come no further with it but for a fortunate 

accident. On an excursion in New Hampshire in 1942 we found 
a pond along the shore of which large numbers of bullfrogs {Bana 

catesbiana) were metamorphosing. In the shallow water were 

the large tadpoles in all stages of metamorphosis, while along the 
bank were numbers of the newly emerged frogs. We collected 

groups of these animals and brought them back to the laboratory. 

A first experiment was done with tadpoles approaching meta¬ 
morphosis, and with just-emerged frogs. The tadpoles all had 

small hind legs, about ^ to 1 cm. long; no front legs had yet 

appeared. The antimony chloride tests with extracts of the com¬ 
pletely bleached retinas of both groups of animals are shown in 

figure 10. The tadpole retinas contain a large amount of vita¬ 

min A2, with only a trace of Ai. The frog retinas present just 
the reverse pattern. 

The dark adapted retinas of these tadpoles also appeared 

distinctly purple in color, while those of the small frogs were 
bright rose. Extracts of the photosensitive pigments of the re- 
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Pio. 10. Transfer from the porphjropsin to the rhodopsin system during 
metamorphosis of the bullfrog. Antimony chloride tests with extracts of 
bleached retinas from tadpoles approaching metamorphosis, and from newly 
emerged frogs. The tadpole retina contains a high concentration of vitamin 
Aj with only a trace of A,, the frog retina just the reverse pattern (74). 
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tinas of these animals were prepared. The frog pigment had the 

familiar absorption maximum at 500 mp characteristic of rho- 
dopsin. The tadpole pigment was purple in color, and its ab¬ 
sorption spectrum was maximal at about 516 mp, as though por- 
phyropsin mixed with a little rhodopsin were present. 

I had also seven animals which were all in about the same 
advanced stage of metamorphosis. All had both front and hind 
legs well developed, but all still had long tails, and two still had 
the tadpole suckers, while in the others the mouth had begun to 
widen. Antimony chloride tests with extracts of bleached retinas 
and pigmented layers (pigment epithelium and choroid) of these 
animals are shown in figure 11. The retinas contain almost equal 
amounts of vitamins Ai and A2; the pigmented layers are fur¬ 
ther along in the transition to Ai. 

The bullfrog therefore possesses as a tadpole the porphyropsin 
system, and precisely at metamorphosis changes over completely 
to the rhodopsin system which characterizes the adult. In inter¬ 
mediate stages of metamorphosis it possesses mixtures of both 
systems, such as we have encountered previously only among the 
euryhaline fishes. 

It is difficult to view this phenomenon otherwise than as a 
recapitulation. Indeed the morphological changes in metamor¬ 
phosis can be—and commonly are—^so regarded. They appear 
to retrace, though surely in abridged and corrupt form, the 
changes which accompanied the evolutionary passage of verte¬ 
brates from fresh water to the land. Associated with this migra¬ 
tion—as with the passage seaward—^vertebrates returned to the 
use of vitamin Ai in vision. This is the evolutionary transforma¬ 
tion which the metamorphosing bullfrog retraces.'® 

10 Porphyropsin is not the only molecule to show such changes in the bull¬ 

frog. McCutcheon (48) has measured in this animal the oxygen dissociation 

curve of hemoglobin during and after metamorphosis. In the tadpole the 

curve is hyperboUc and the oxygen-affinity is high. During metamorphosis 

the curve takes on an inflected S-shape and the oxygen-affinity faUs greatly. 

These changes continue for several months after metamorphosis has been 

completed. There is no clear argument for regarding them as a chemical 

recapitulation. Yet it is curious that changes in the same direction are 

found in the hemoglobins of the developing chick (23) and the mammalian 

fetus (22). 
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Fio. 11. Vitamins A in the eye tissues of the partly metamorphosed bull¬ 
frog. Antimony chloride teste with extracts of bleached retinas and of the 
combined pigment epithelium and choroid layer of animals which had fore- 
and hind'legS; long tails, and in most of which the mouth had begun to 
widen. The retinas contain almost equal amounts of vitamins A^ and A^, 
the pigmented layers a predominance of Ai (74). 
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This also completes what is known of the evolution of rod 
vision. We have as yet no information on the rod vision of rep¬ 
tiles ; but all the rods of birds and mammals so far investigated 

possess only the rhodopsin system. Yet with this, the history 
of vertebrate vision is not quite ended, for nothing has yet been 
said of the cones. 

XI. CONE VISION 

Though rod photopigments have been known for about 70 

years, until recently there was no direct evidence of analogous 
substances in the cones. It was clear that such pigments must 
exist, and since none were visible, that they must occur in very 

low concentrations. For this reason I chose for a first attempt 
to extract cone photopigments the retina of the chicken, which 
contains many more cones than rods. 

In extracts of this tissue the presence of two photosensitive 
pigments could be demonstrated. One was ordinary rhodopsin. 
The other was a new substance which, like the cones themselves, 

was sensitive to deep red light, to which the rods and rhodopsin 
scarcely respond. This substance also had absorption properties 
in the spectrum similar to the spectral sensitivity of cone vision 

in chickens (27a). It was clearly the photopigment of the cones. 
Its spectral characteristics showed it to be violet in color. I 
have therefore called it iodopsin (65). 

Nothing is yet known directly of the chemical structure of 
this substance. Recent demonstrations that in human vitamin A 
deficiency the thresholds of cones as well as rods are increased 

suggest that human cone photopigments may be derived from 

vitamin Ai (21, 76). The great similarity in spectral behavior 
of iodopsin, rhodopsin and porphyropsin implies a close chemical 

relationship. Indeed the spectra of these three pigments form 
a progressive series which suggests that the same type of modi¬ 
fication in the carotenoid prosthetic group which differentiates 
rhodopsin and porphyropsin may be extended further to produce 

iodopsin. In any case it is probable that iodopsin, like its rod 
counterparts, is a carotenoid-protein. 
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With the cone photopigment one encounters the problem of 
color vision. In man, whose color vision is based upon three pri¬ 
maries, it is commonly assumed that the cones contain three 
photopigments which differ in absorption spectra. In the retina 
of the chicken, however, as in a number of other birds and cer¬ 
tain turtles, an independent basis for color differentiation exists in 
a tripartite system of colored oil globules. These are situated 

>vo V e 
Fig. 12. FUter pigments of the chicken cones. Spectra of crystalline 

carotenoids from the chicken retina, dissolved in hexane: (a) astacene, the 

autoxidation product of astaxanthin; (b) xanthophyll, probably a mixture 

of lutein and zeaxanthin such as occurs in chicken egg yolk; and (c) an 

unidentified carotene (77). 

in the inner limbs of the cones at the junction with the outer 
limbs, so that light must pass through them before entering the 
photosensitive segments. They form three distinct groups, red, 
golden and greenish yellow in color; and it was long ago sug¬ 
gested that they might form an arrangement for color vision com¬ 
parable to three-filter systems used in color photography. 

We have extracted and fractionated the filter pigments of the 
chicken retina (77). They are all carotenoids: the red asta- 
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xanthin, a golden mixture of the plant xanthophylls lutein and 
zeaxanthin, and a greenish-yellow, unidentified carotene (figure 
12). It could be shown that the astaxanthin is synthesized by the 
chicken itself, for it is absent from the egg yolk, yet it appears in 
the retina of the embryo during incubation. We were unable to 
find a trace of astaxanthin in chicken liver, serum, or other tis¬ 
sues, or in the whole bodies of newly hatched chicks less the 
eyes (77, 74). 

One has as yet no insight into the chemistry of human color 

vision. Certainly it does not depend upon such arrangements of 

Fig. 13. The carotenoid pigment of the human macula. The open circles 

show averages of estimates obtained by visual measurements on 12 observers. 

The broken line is the absorption spectrum of a crude preparation of xantho- 

phyll extracted from human maculas. The solid line is the spectrum of 

crystalline lutein or leaf xanthophyll in chloroform solution (73, 74). 

retinal color filters as are found in birds and turtles. Yet in the 
human retina also one finds a filter pigment, diffusely distributed 
throughout the region of highest cone concentration. 

At the center of fixation in the human retina is a small, shallow 
pit, the fovea, the floor of which contains only cones. This is the 
area of most acute vision. For a small distance about it, cones 
greatly predominate over rods. This entire region is colored 
yellow, and is therefore called the yellow patch, or macula lutea. 
Such a pigmented central area is a rare phenomenon, found, so 
far as known, only in primates. Its function, as Max Schultze 
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suggested in 1866, is probably to sharpen the retinal image by 

excluding the blue and violet regions of the spectrum, for which 

the eye possesses a large chromatic aberration. 
The presence of this yellow filter greatly decreases the sen¬ 

sitivity of the central retina for blue and violet light. By com¬ 
paring the spectral sensitivity of human cone vision in the macula 
and in an unpigmented peripheral area, I was able to estimate 
roughly the absorption spectrum of the macular pigment in vivo. 
Values so obtained are shown as open circles in figure 13. The 
shape and position of this spectrum suggested that the macular 
pigment may be a carotenoid. On extracting a small number of 
human maculas I found that the pigment is in fact a xanthophyll, 
in all probability lutein or leaf xanthophyll itself (figure 13) 
(73). 

What little is known of the chemistry of cone vision, therefore, 
seems to show that it depends upon carotenoids not only for the 
photoreceptor function, but for its accessory pigments. The 
latter have an oddly reminiscent character. They bring our 
argument back to the substances with which it began, the caro¬ 
tenoids concerned with photoreception in molds and green organ¬ 
isms. In part this is a natural result of the dependence of ani¬ 
mals on plants for their carotenoids. The appearance of leaf 
xanthophylls in sauropsidan cones and in human maculas can be 
so explained. In part it involves curiously recurrent syntheses 
of the zoocarotenoid astaxanthin. This is first encountered in 
the green fiagellates as the principal pigment of the eye-spot; and 
it is probably only these organisms that can synthesize it de novo. 
It is found again in the eyes, and generally distributed about the 
integument, of the Crustacea. Finally it appears in the cones of 
birds and turtles as a filter pigment, concerned perhaps with 
color differentiation; and in the chicken, where it is confined to 
the retina, it seems to have been elaborated specifically for the 
cones. 

SUMMARY 

I have tried to bring together here the evidence that in plants 
as in animals carotenoids play a major part in the photoreceptor 
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process; and that this connection provides a molecular homology 

by means of which one can trace the chemical evolution of vision. 

The evidence is reasonably clear that in certain molds and 

higher plants the light which stimulates bending and other orien¬ 
tation reactions is absorbed by carotenes and xanthophylls. In 
certain green flagellates, and apparently concentrated in their 
eye-spots, these pigments reappear in company with a new and 
predominant carotenoid, astaxanthin, found otherwise only in 

Marine Ashes (Ai) Land vertebrates 
\ y 

Catadromous fishes (Ai > A2) X 
\ Amphibia (A2 and Ai) 

Anadromous fishes (A2 > Ai) / 
\ y 

Freshwater vertebrates 
(vitamin A2) 

Arthropod and mollusc vision 
(vitamin Ai, retinenci) 

Invertebrate phototropism 
(pigments unknown) 

(Ax) 

Qreen flagellate orientation 
(astaxanthin, other carotenoids) 

Plant phototropism 
(carotenes, xanthophylls) 

animal tissues. The chemical basis of photoreception in lower in¬ 

vertebrates is still unexplored. By the time image-forming eyes 
have appeared in arthropods and molluscs, animals have lost the 
capacity to synthesize carotenoids de novo, and the active role in 

photoreception has passed to vitamin Ax and retinenei. 
The emergence of freshwater vertebrates introduces the por- 

phyropsin system of the rods, based upon retinenea and vitamin 
As. This thereafter remains genetically associated with fresh¬ 
water existence, and particularly with the habit of spawning in 
fresh water. Vertebrate evolution has followed two pathways out 
of frei^ water, one into the sea, the other to land. Both develop- 
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ments have led it back to the use of vitamin Ai, and to the rho- 

dopsin system. 
Interpolated between freshwater and marine fishes are eury- 

haline forms which as adults can tolerate both environments. 
They possess both the rhodopsin and porphyropsin systems, fre¬ 
quently in mixtures, and always predominantly the system appro¬ 
priate to the environment in which the fish spawns. Similarly 
interpolated between freshwater fishes and land vertebrates are 
the amphibia, in which again both systems appear. The bull¬ 

frog during metamorphosis transfers from the porphyropsin to 
the rhodopsin system, and so seems to recapitulate the evolu¬ 
tionary change which marked the emergence of land vertebrates. 

These relations are summarized in the diagram on page 157. 
In vertebrate cones a new photosensitve pigment, iodopsion, is 

found. Its composition is not known, but indirect evidence in¬ 

dicates that it is a carotenoid-protein, closely related to the rod 
photopigments. In the cones of birds and turtles colored glob¬ 
ules appear which may serve the function of color differenti¬ 

ation ; from these the carotenoids astaxanthin, plant xanthophylls, 
and a carotene have been isolated. The area in which cones are 
most concentrated in the human retina is colored yellow, and this 

pigment also has been identified as a xanthophyll, probably lutein 
or leaf xanthophyll itself. Cone vision, therefore, like that of the 
rods, seems to depend upon vitamin A-like substances in photo¬ 

reception ; and tends to meet its accessory needs with such intact 
carotenoids as principally mediate photoreception in plants and 
green flagellates. 
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EXPERIMENTS WITH BACTERIAL 
VIRUSES (BACTERIOPHAGES)* 

M. DELBBt^CK 
Physics Department, Vanderbilt University, Nashville, Tennessee 

The history of research on bacterial viruses or bacteriophages, 
now 30 years old, is fraught with controversy. The puzzling 

nature of these agents, living or inanimate, enzyme or virus, and 
the alluring possibilities of their useful application in medical 
practice have in times past attracted great scientists who spent 
their best efforts and keen imagination on devising ever new 
avenues of approach. This heroic age seems now a matter of the 
past, the passions have subsided and minor men with different 
interests are beginning to settle on these grounds. These minor 

men of our present age come from such far outlying fields as 
physics, genetics, biochemistry. They have a feeling that today 
many lines of biological research are converging on a central 
problem, the organization of the cell, a feeling similar to that 
which inspired the physicists of 50 years ago, when the structure 
of matter and the constitution of the atoms became the focus on 
which all efforts converged. They feel that the field of bacterial 
viruses is a fine playground for serious children who ask ambi¬ 
tious questions. You might wonder how such naive outsiders get 
to know about the existence of bacterial viruses. Quite by acci¬ 
dent, I assure you. Let me illustrate by reference to an imagi¬ 
nary theoretical physicist, who knew little about biology in gen¬ 
eral, and nothing about bacterial viruses in particular, and who 
accidentally was brought into contact with this field. Let us 
assume that this imaginary physicist was a student of Niels Bohr, 

a teacher deeply familiar with the fundamental problems of biol¬ 
ogy, through tradition, as it were, he being the son of a distin¬ 
guished physiologist, Christian Bohr. 

Suppose now that our imaginary physicist, the student of Niels 
Bohr, is shown an experiment in which a virus particle enters a 

1 Lecture delivered on January 17, 1946. 
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bacterial cell and 20 minutes later the bacterial cell is lysed and 
100 virus particles are liberated. He will say; “How come, one 

particle has become 100 particles of the same kind in 20 minutest 
That is very interesting. Let us find out how it happens! How 
does the particle get in to the bacteriumt How does it multiply! 
Does it multiply like a bacterium, growing and dividing, or does 

it multiply by an entirely different mechanism t Does it have to 
be inside the bacterium to do this multiplying, or can we squash 

the bacterium and have the multiplication go on as before! Is 

this multiplying a trick of organic chemistry which the organic 
chemists have not yet discovered! Let us find out. This is so 
simple a phenomenon that the answers cannot be hard to find. 

In a few months we will know. All we have to do is to study how 
conditions will influence the multiplication. We will do a few 
experiments at different temperatures, in different media, with 

different viruses, and we will know. Perhaps we may have to 
break into the bacteria at intermediate stages between infection 
and lysis. Anyhow, the experiments only take a few hours each, 

so the whole problem can not take long to solve.” 
Perhaps you would like to see this childish young man after 

eight years, and ask him, just offhand, whether he has solved the 

riddle of life yet! This will embarrass him, as he has not got 
anywhere in solving the problem he set out to solve. But being 
quick to rationalize his failure, this is what he may answer, if he 

is pressed for an answer: “Well, I made a slight mistake. I could 
not do it in a few months. Perhaps it will take a few decades, 
and perhaps it will take the help of a few dozen other people. 

But listen to what I have found, perhaps you will be interested 
to join me.” 

Remember that what we are out to study is the multiplication 

process proper, we want to get to the bottom of what goes on when 
more virus particles are produced upon the introduction of one 
virus particle into a bacterial cell. All our work has circled 

around this central problem. Of course if anybody wants to be 
disagreeable at this point he can quarrel with the very statement 
of the problem. He might question whether really more virus 
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partii'les are produced, perhaps the apparently produced ones 
were already in the cell and make their appearance because they 
become released. Or he mi«:ht (piestion whether one really 
‘‘introdue(‘s’^ a virus particle into the bacterial cell, perhaps the 
virus ]>article sticks to the outside, and stimulates a process 
within the cell, or on the surface of the cell. We will overlook 
these doubts for the time bein^; perhaps th(*y will disappear after 
we have looked at a few experiments. 

T3 T7 
• • 

T 1 
B 

f f ? 
T2 T4- T6 

Fi<t. 1. UfliitiNf sizes of the K. eoli strain 7? (the bacterial host) and the 

.st*\en virus stmins used in these studies. The viruses of like shape are also 

sei(ilo^i«'all\ 1 elated. 

It follows from the nature of our ap])roach that we plan to be 
impartial, takinjr sides neither with the viruses nor with the bac¬ 
teria. We are not primarily interested in the destruction of the 
Ixtefn iiL intent on a|)plyin‘^ what we find to the therapy of infec¬ 
tious diseases caused by hacfvria. Nor are we interested, pri¬ 
marily, in devisinjr means to frustrate the growth of the viruses, 

intent on ap])lyin*r such knowledfre to the therapy of infectious 
diseases in plants, animals and men caused by viruses. Such 
motives, noble thouj^h they are, are ulterior to our cause. 
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First of all 1 would like to iutroduee you to the material with 

which most of our work has been concerned." It consists of one 

strain of Escherichia coli, called strain B, and of seven strains of 

bacterial viruses, called Th T2, . . . and T7. The sizes and shapes 

of tliese viruses are approximately known from electron micro¬ 

graphs. They are represented in figure 1 in the ])roper size rela¬ 

tionship with their host bacterium K. You will note that the even 

numbered viruses T2, T4, and T6 look alike. All three have a 

peculiar head structure and a straight tail. These three virus 

.strains are also serologically related. T^l and T7 an* the smallest 

members of the family. They show no tails and no head struc¬ 

ture. Specific antisera to these two viruses show ci*oss reactions, 

but oidy at high concentration of the sera. lioth T1 and To stand 

serologically and morphologically by themselves. 

This family of viruses has (b'veloped l)y a<‘crction. As woi'k 

progres.sed gradually more viruses were included in our studies. 

It would be easy to eidarge this family still further but our ten¬ 

dency has been to keej) the family small, so that every im^mber 

can get a maximum of attention. 

Since we wish to analyze the multiplication of a virus within 

the cell of its bacterial host it should be our first aim to develop 

a method of determining the number of virus jiarticles which an* 

present within a bacterial cell at any one moment. Here I, and 

tho.se w'ho have been associated with me in this work, have to make* 

the first admission of failure. Neither we nor anybody else has 

yet succeeded in devising a method that would allow* us to count 

the number of virus particles within a cell before lysis. Some 

attempts have been made to break o|)en inflected cells at inter¬ 

mediate stage.s, or to apply indirect methods for the determina¬ 

tion of the number of intracellular virus [larticle.s. The results 

of such attempts were either completely negative or the interj)re- 

tation of the results was ambiguou.s. It is (piite lik(‘ly that future 

attempts will be more .successful. 

Since we could not count the number of intrai*ellular virus 

particles, what then can we count? Essentially two things. 

2 A more detniled dc.scri]»tioii (»f this mnterinl ninv he found in (I i. 
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First, w(‘ ran (‘oiint tlie luiniber of extracellular, or “free” virus 

j)cirtieles, second we can count tlie nuinher of infected bacteria. 

Roth of these numbers are determined by plaque counts. In a 

•zrowinjr mixture of bacteria and virus, containiiijr both free virus 

and infected bact(M*ia a i)la<]ue count will determine the sum of 

these two <juantities. One can eliminate either the free virus or 

the infected bacteria and determine the phupie count for the other 

alone. The free virus can be eliminated by specific antiserum, 

which does not inactivate infected bact(‘ria (2). On the other 

Fi(}. ‘J. Platiiijjs of a jfrowiiijr mixture of /> and T7. Left: Total in- 

freted ]i and free T7. ('rnttr: Infected li (free T7 eliminated with anti¬ 

serum). ; Free T7 (inft'eted eeiitiifuged out). 

hand, the infected bacteria can be eliminated by eentrifu^intr 

them down. The assay of the sui>ernatant will then be an assay 

of the free virus alone. 

Fijrure 2 illustrates these points. It shows three plates, on 

which ecpial samples of the same jrrowinjr mixture of bacteria and 

virus were plated. The first plate is a plating of the untreated 

mixture. A placpie on this plate may be due either to a free virus 

l)article or to an infected bacterium. The second plate is a plat- 

in<? from the saim* mixture after the bacteria were centrifuired 
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out. The plaques on tliis ]>late are due to free virus particles 

exclusively. The third ])late is a platiiijr from the same mixture 

after specific antivirus serum had been added and permitted to 

act for four minutes. The plaipies on this plate are due to in¬ 

fected bacteria exclusively. It will be seen that the plaque counts 

on the second and third plate add up, within the limits of sam- 

plintr errors, to the count on the first plate. 

I wish to point out in i)assin<r that these ])lates were prepared . 

by the ajrar-layer method, first described by Cratia (3), which has 

AGAR, MELTED (45*C) AGAR 

t BACTERIA (SOLID) 

+ VIRUS 

LAYER PLATING 

Fig. 3. trfliiiiteu* for 

recently come into wider use. In this teehniiiue (fijrure 3) a few 

milliliters of melted ajrar of low' concentration, containinji’ th(‘ 

bacteria, are mixed wdth the sample to be plated. This mixture 

is poured on the .surface of an ordinary nutrient a<iar |)late. The 

mixture distributes itself uniformly in a very thin layer over the 

plate and solidifies immediately. This method combines the vir¬ 

tues of tw^o methods previously employed, viz., the deep a^ar 

method and the surface spreadiufr method. 

With this understanding^ about the meanin^^ and the limitations 
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of pla(iue count assays, how can we use pla(iue counts for the 

study of virus multiplication ? The plaipie count obtainable from 

a jrrowiiifT mixture of bacteria and viruses will change either 

when the number of free virus particles chancres or when the 

number of infected bacteria chaufres. The number of free virus 

]>articles will decrease when a virus particle becomes attached to 

a bacterium. This process will not change the total placpie count 

since the free virus particle is replaced by an infected bacterium. 

Fid. 4. Artion shot of a tmctcriiiiii 1a sod l»y vims T;» The spofiinon was 

dried 17 minutes after mixiiijj virus and haeteiia. 

An exception occurs when the bacterium to which the virus parti¬ 

cle attaches itself was already infected. In that case the number 

of infected bacteria is not increased by the second infection and 

we have a net loss of one i)la(pie former. This coiitinj^ency arises 

when an excess of virus particles is mixed with bacteria. Each 

bacterium will be “multiply infected" and a net loss of plaque 

formers occurs. 

The number of free virus particles increases when an infected 

bacterium releases its virus content. This release occurs with 
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out The plaques on this plate are due to free virus particles 

exclusively. The third plate is a platinp: from the same mixture 

after specific antivirus serum had been added and permitted to 

act for four minutes. The plaques on this plate are due to in¬ 

fected bacteria exclusively. It will be seen that the plaque counts 

on the second and third plate add up, within the limits of sam¬ 

pling errors, to the count on the first plate. 

I wish to point out in pa.ssiiifr that these plates were prepared 

by the agar-layer method, first described by Gratia (3), which lias 

AGAR.MELTED (45^C) AGAR 

t BACTERIA (SOLID) 

+ VIRUS 

LAYER PLATING 

FlO. 3. A|^iir-I;iyc*r tfi'liiiiquo for plntinj;'. 

recently come into wider use. In this technique (figure 3) a feNv 

milliliters of melted agar of low^ concentration, containing the 

bacteria, are mixed wdth the sample to be plated. This mixture 

is poured on the surface of an ordinary nutrient agar plate. The 

mixture distributes itself uniformly in a very thin layer over the 

plate and solidifies immediately. This method combines the vir¬ 

tues of two methods previously employe<l, viz., the deep agar 

method and the surface spreading method. 

With this understanding about the meaning and the limitations 



TiACTERIAL VIRUSES. 167 

of plaiiue count assays, how can we use plaque counts for the 

study of virus multiplication ? The plaque count obtainable from 

a ^rowiiip: mixture of bacteria and viruses will change either 

when the number of free virus particles (*hanges or when the 

number of infected bacteria changes. The number of free virus 

particles will decrease when a virus particle becomes attached to 

a bacterinin. This process will not change the total plaque count 

since the free virus particle is replaced by an infected bacterium. 

Pig. 4. Aeticni sliot of a ]>aetfriuiii lysed )>y virus T.*l. The speeiiiieii was 

dried 17 luiiiutes after mixing virus and haeteria. ' 

An exception occurs when the bacterium to which the virus parti¬ 

cle attaches itself was already infected. In that case the number 

of infected bacteria is not increased by the second infection and 

we have a net loss of one plaque former. This contingency arises 

when an excess of virus particles is mixed with bacteria. Each 

bacterium will be ‘‘multiply infected” and a net loss of plaque 

formers occurs. 

The number of free virus particles increases when an infected 

bacterium releases its virus content. This release occurs vntli 
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dramatic sucldeiiness when the bacterium is lysed. I should like 

to insert at this point an electron microscope picture’^ which 

represents the nearest approach to action shots of this process 

(figure 4). Time does not permit to discuss other features re¬ 

vealed by electron microscope pictures (4, 4a). I only wish to 

draw attention to the evidence given by this picture for the fact 

that virus release occurs at the moment of lysis. 

The release of, say, one hundred virus particles ]i]mn lysis of 

the bacterium means a corresponding increase in the placpie count 

of free virus particles, and a ilecrease, but only by one, of the 

plaque count of infected bacteria. The net (effect, therefore, is a 

large increase in the i>la<iue count. 

Figure 5 represents an experiment in which virus T1 ^^as 

added to a growing culture of bacteria of strain B at time zero 

(5). The bacteria were in excess so that not all bacteria were 

infected and those that were infected received in most instances 

only one virus particle. Samples were taken from this mixture 

every few minutes, and were i)lated for placpie count after suita¬ 

ble dilution. The pla<|ue count stays constant for 1:1 minutes. 

This constancy of the pla<|ue count means that up to minutes 

no virus particles were released. 

After 13 minutes the ])laque count begins to rise sharply and 

in a few minutes attains a level about HO times the original level. 

This increase is due to the release of newly formed virus particl(*s 

from lysing bacteria. 

After the initially infected bacteria have all been lysed the 

plaque count levels off. After tlie lapse of another l:l minutes 

another rise of the plaque count might he expecUeel from bacteria 

that were infected with virus particles released in the first step. 

In experiments of this kind we obviate this re-infection by dilut¬ 

ing the growing mixture a few minutes after it lias been set uj). 

The dilution effectively stops adsorption. In this way the events 

connected with the first step are brought out more (dearly. In 

particular, the minimum latent period, in this case 13 minutes, 

3 This picture was taken by the author in collaimratioii witli Dr. K. (i. 

Pickels, of the New York laboratories of the International Health Division 

of The Ro(*.kefeller Foiindatioii. 
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and tli(» averajye yield of virus per baeterium ean be measured 
Avitli fair accuracy. The minimum latent period is read from 
sncli a jrraph as here shown. The averajre yield of virus per 
bacterium is obtained from the size of the step in this curve. The 
upi^er level represents the total yield of virus particles liberated 
from the infected bacteria. To obtain the average yield per in¬ 

fected bacterium we must divide the number of infected bacteria 
into this total yield. The number of intected bacteria is deter¬ 
mined. for instance, by a plaque count, before the onset of lysis, 
of a sample of the culture in which the free virus has been elimi¬ 
nated by specific antiserum. 

An experiment of this type is called a one-step jiTowth experi¬ 
ment (6). Before ])roceedin{jr with the discussion of similar 
exjieriments I would like to fill in a jrap. We have assumed, fol- 
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lowing cUHerelle, that virus liberation occurs when, and only 
when, the corresponding host bacterium is lysed. This assump¬ 
tion is supported by direct electron microscope evidence. It is 
also supported by the fact that lysis of the bacteria, as seen under 
the ordinary microscope, occurs approximately at the right time, 
i.e., at the time corresponding to the rise of j>laque count in the 
one-step growth curve. This agreement between the time of onset 

Fig. 6. Turbidity changes in a culture of Ji, multiply infected Avith 

virus Tl. 

of lysis and of onset of plaque count increase can be verified more 
accurately by measuring the turbidity of cultures to which an 
excess of virus is added at time zero. 

Figure 6 shows an experiment in which the turbidity was mea¬ 
sured with a photoelectric nephelometer constructed by Dr. N. 
Underw’ood of the Physics Dept, of Vanderbilt University. It 
will be seen that the turbidity begins to drop exactly 13 minutes 
after virus was added. You will recall from the preceding slide 
that in the one-step growth experiment the plaque count began 
to rise also exactly 13 minutes after virus was added. 
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The conditions in these two experiments differed in one respect. 
In the one-step growth experiment the number of virus particles 
added to the culture Avas smaller than the number of bacteria, 
while in the turbidity experiment the number of virus particles 

added at time zero was about five times j^reater than the number 
of bacteria. Each bacterium then picks up several virus particles. 

One mif?ht expect that this would shorten the minimum latent 
period for virus liberation. Suri)risino:ly enough experiments 
show that this is not so. The figure* shows two one-step growth 

experiments with single and multiple infection, respectively, of 

B by the virus T2. The minimum latent period is in both eases 
21 minutes. This eciuality of the minimum latent period for 

single and multiple infection has been found true for all viruses 

studied. The minimum latent period differs greatly from one 
virus strain to another, but for any given virus strain the mini¬ 

mum latent period is independent of the multiplicity of infection. 

For the seven viruses which have been used in these studies the 
minimum latent period is shortest (13 minutes) for T1 and T7, 
and longest (40 minutes) for T5. 

These minimum latent periods were obtained in experiments 
run at a temperature of 37° C. At other temperatures the mini¬ 
mum latent periods differ from these values roughly in propor¬ 

tion to the degree to which these other temperatures affect the 
rate of growth of the bacteria (6). 

The parallelism between the minimum latent period and the 
growth rate of the bacteria breaks down when different types of 
nutrient media are used. Thu.s, the minimum latent periods of 
Tl. T2, and T7 are the same in synthetic media iis in broth, 

although the bacteria grow much more slowly in the synthetic 
media than in broth (1). One infers that the chain of processes 
which leads to the lysis of the bacteria is tied to some branch of 

the bacterial metabolism whose rate is not altered in the synthetic 
media. What branch of the bacterial metabolism this may be is 
at present unknown. Attempts to identify this branch (by the 

study of the effects of a variety o-f substrates and of metabolic 
* See Fig. 3 of reference (5). 
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inhibitors on one-step jyrowth experiments) have not so far 
yielded sijrnificant results. There ean be no doubt, however, that 
further studies alonjr these lines eonstitute one of the most 

promisinjr lines of attack. 
At this point I would like to mention an extension of the tech¬ 

nique of one-step jrrowth experiments wliich enables one to study 

SINGLE PARTICLE EXPERIMENT 

v7: 

0 MIN. 

^ n 

Fig. 7. Procedure for recordiiij? the yields froui individual bacteria. 

the yields from individual bacteria. This method was invented 

lonp: ago by Burnet (7). In order to separate the yields from 

individual bacteria one has to segregate the bacteria before they 
lyse. In Burnet’s method this is done simj)ly by a suitable dilu¬ 
tion procedure, illustrated in figure 7. At time zero bacteria and 

virus particles are mixed. After five minutes tlie majority of the 
virus particles have become attached to bacteria and have begun 
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to multiply Within the* bacteria. The mixture is then rapidly 
diluted in several steps (three steps in the illustration) so that in 
the last of these dilution tubes there is an averaj?e only of one-half 
infected bacterium per drop. Droi)s from this tube are then 
placed into numerous small tubes, one drop into each tube. This 
operation must be completed before the onset of lysis. We have 
then in the majority of these tubes neither virus particles nor 
bacteria. In some there will be an infected bacterium, in some 
a free virus particle, and in some an uninfected bacterium. If 

100 200 300 400 500 600 700 000 900 >IOOO 

NUMBER Of PARTICLES IN ONE BURST 

Fi«. S. Distribution of burst sizos (lo^^or half) and of iiactcrial sizes 

(ujiper half). Virus Tl, single iiifeetion. 

these tubes are incubated until after l\sis time, and then plated 
for pla<|ue count, the tubes without virus particles will <rive no 
j)lH(|ue, while those with an infected bacterium will ^ive numerous 
platpies, one for eaidi of the virus ])articles released from this 
particular bacterium. In this manner the yields from individual 
bacteria can be measured. There are certain obvious limitations 
of a statistical nature in this method into which I will not ^o here. 

The application of this method to a variety of bacterial viruses 
lias f?iven an unexpected result (8), It turns out that the yield 
of a f?iven virus from iinlividiial bacteria shows very wide vari- 
ation.s (See fifrure 8). Of course a variation in yield by a factor 
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two is to be expected since the bacteria in these eiiperiments are 
growing and dividing, and, therefore, must vary in size at least 
in a range of a factor two. Microscopic examination showed that 
the bacterial sizes vary by just about this amount. The wide 

variation in the yield of virus can therefore not be accounted for 
by variation in bacterial size alone. The interpretation of this 

wide variation at present could only be speculative and will there¬ 

fore not be attempted. 
This method for studying the yields from iiulivjidual bacteria 

has also been used in the study of bacteria mixedly infected with 

particles belonging to two different strains of virus. 
When Dr. Luria and I in 1941 (5) began doing experiments 

on mixed infection our hope was that the bacteria would be lysed 

after a time interval corresponding to the shorter of the latent 
periods of the two viruses, and that the yield of the other virus 
would reflect an intermediate stage in the multiplication of this 

virus. In other words, we were hoping that.the two viruses would 
multiply Avithin the bacterium independently of each other, in 

such a manner that the multiplication of one virus was not inter¬ 
fering Avith the multiplication of the other virus. It turueil out, 
hoAA'ever, that, on the contrary, the two viruses interfere strongly 

Avitli each other’s multiplication. Our findings may have a bear¬ 

ing on interference phenomena observed aa ith animal and plant 
A'iruses. At the present moment, hoAvever, neither our studies 

nor the studies on interference in animal (9--14) and plant (lo) 

viruses are sufficiently advanced to Avarrant a comparison of the 
details of these phenomena. 

I AA’ill first indicate briefly the techniques used in interference 

experiments. Of primary importance is the possibility to assay 
for each of the viruses separately in mixtures of both strains. 

This can be done either by the use of indicator liosts or by the 

use of specific anti.sera. 
Figure 9 shows the application of indicator strains. A mixture 

of the two viruses T5 and T7 is plated on three plates. In the 
center plate the strain B, Avhich is sensitive to both viruses, is 

used as host. The plate shoAvs tAvo types of plaques, large ones. 
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due to T7, and small ones, due to T5. On the left plate the same 
mixture was plated on B/7, that is, on a variant strain of B which 
is resistant to T7. It shows only the plaques due to T5, and the 
number of plaques due to T5 is equal to the number of T5 plaques 

formed on B. On the rijrht plate afraiii the same mixture was 
plated, on R/5, a mutant resistant to T5 but fully sensitive to T7. 
as’can be seen from the fact that there are no T5 plaques and that 

the number of T7 plaques formed on this plate is the same as on 
the center plate. 

Fig. 9. Tlio use of indicator strains for oldaining separate plaque counts 

for each of two viruses when plating a mixture of the two viruses. Left: 

T5 on B/7, Center: T5 and T7 on B, Bight: T7 on B/f), 

Figure 10 shows the application of specific antisera. The center 
plate is the same as in the ])receding figure. The plate on the left 
was obtained by plating the same mixture of viruses, on the same 

host, after exposure of the mixture for three minutes to a 1:50 
dilution of sjieeifie anti-T7 serum. Similarly the plate on the 
right was plated after application of anti-TS serum. The results 
are similar to those obtained with indicator strains. 

The platings shown in the last two figures, it must be under¬ 
stood, were made with free virus particles. If, instead of assay- 
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iiig a mixture of free virus particles we had assayed a mixture 
of bacteria of strain B, some infected with T5 and some with T7, 
the two methods would have <riven cpiite dilferent results. The 

method of specific antisera would not work at all, because the 
anti-serum does not inactivate virus after it has become attached 
to its host (2). On the other hand, the method of indicator 

sti’ains will jrive the same clear-cut sejrre^ation for infected bac¬ 
teria as it does for free virus particles. For this reason the 

Fig. 10. The use of sjiecifio antivirus .sera for obtaining separate plaque 

counts for each of two viriLses when plating a mixture of the two viruses. 

Center: Untreated T5 and T7. Left: To (3 minutes treatment with anti- 

T7 ). Rif/lit: T7 (3 minuti^s treatment with anti-T5). 

method of indicator strains is of more importance in the study 

of interference of bacterial viruses than is the use of specific anti¬ 
sera. Specific antisera are of use only when it is desired to 

quickly eliminate free virus. 

Indicator strains can also be used for a very special stunt (16). 
They can be used to detect whether one and the same bacterium 

has liberated, upon lysis, both types of virus. This is done by 

plating: mixedly infected bacteria on a mixture of the two corre¬ 
sponding: indicator strains. Any plaque that contains only one 
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kind of virus veil] be turbid since it will be overjrrown by the 

indicator strain which is resistant to this virus. Where plaques 
of different type overlap, a clear area is formed. Figure 11 shows 
such accidental overlaps, on one side between two large plaque 

formers, T1 and T7, on the other side between a large plaque 
former, T3, and a small plaque former, T5. You will realize that 
the area of overlap would be strictly con(*entric if the two viruses 

were liberated from the same bacterium. A mixture of two indi- 

Fif}. 11. Platinjj of mixtures of two viruses with a mixture of two eorre- 

spoiuliu^ indicator strains. Only tlie areas of overlap of plaques of two 

different types are clear. 

cator strains can therefore be looked upon as an indicator for the 
sinudtaneoifs presence of two virus strains in one plaque. 

Let us look now at the results of experiments in which the bac¬ 

teria were simultaneously infected with two different viruses. 
The results may be classified under tw-o headings, namely, 
"^mutual exclusion,'^ and ^U/ield effects/^ 

Mutual exclusion means that any one mixedly infected bac¬ 
terium w’ill liberate upon lysis only particles of one of the infect¬ 

ing types. In tlie case first studied, viruses T1 and T2 w'ere used 

(6). Here T2 wdns out in every case, except when infection with 
virus T1 prece<les infection by virus T2 by more than 4 minutes. 
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Lysis of tlie bac*toria occurs aftt»r 21 niiiiutcs, a time iiit<*rval 

characteristic for the virus which is lib(‘ratetl. The supnunacy 

of virus T2 over virus Tl persists evtui if virus T2 is inactivated 

by tlie action of ultraviolet li^ht (17). The inactivated virus is 

unable to rei)roduce itself but it is still able to exclude virus Tl 

from reproduction. One has to imagine that the inactive virus 

makes an abortive attem[)t at reproduction in the bacterium. 

This abortive attenii)t leads to tlie death of tht» baiderium and 

makes the bacterium unfit to sei-vc as host for the reproduction 

of Tl. 

The next pair of viruses studied was th(‘ pair Tl, T7 (lb). Tlu‘ 

memb(M*s of this pair, as the members of the preceding pair, are 

serolojrically and morpholojrically unrelati'd ll(‘n* mutual ex¬ 

clusion is still perfect, although neither of the* two vii‘US(‘s is 

iloiiiinant over the other. Every mixedly inf(*ctc(l baidt'riuiu in 

lysed and th(‘r(* is a cl(*an split betwMMui tlios(‘ bact(M’ia whicli 

liberate Tl and those* that Jib(*rate T7 

About a (lo;^en other jiaii's of viruses lia\c smcc ]>ecn te‘st<*d for 

the validity of this mutual exclusion ]>i*in(*iple. In na^st of tlit'st* 

(‘ases the prin(*i[)le appe'ars to hold perf(*ctly. In one* oi‘ two e*as(*s 

tin* evideiu'c is not (piite com*lusivt*, but in these* cases thtM*e are 

other coinjilications, to be referred to pres(*ntly. Final jmb-iment 

on these cases must, therefore, be def(*rre*d. 

There are jfifld ())(rfs of several kimls 'fhe first kind lib) 

may be called flu* “d(*pre^s<)r elfect/' and max la* illustrat(*(l In 

tlie case Tl, T7. Here, as pointed out above, tlie mutual exclusion 

mechanism works perfectly. Each bacterium libt*rates eith<*r Tl 

or T7. However, the bacteria which lib(*ra1e 'I’l liberate on the 

avera^»‘e mu(*h less Tl than they would have libei-at(*d if tlnw had 

been infect(‘d with this virus alone. It is clear that virus T7, 

w^hile itself unable to multiply in this bact(*riiim, is y(‘t able to 

interfere with tin* multiplication of \irus 'Id and to “depress’* 

the yiehl of this virus. The same is true. \ ic(* \crsa, for ba<'t(*ri{i 

liberatin*^ T7. Here too the yield of T7 jx*!* bacterium is much 

smaller due to some* interference from Tl. 

Similar <lepressoi* (*ff<*('ts have been found lor other pairs of 
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viruses. It appears that the excluded virus can exert its depres¬ 

sing influence even when it is added rather late, when the first 
virus is well along its course of multiplication. 

Another kind of yield effect has been observed in a very special 

case. I must preface the description of this phenomenon by men¬ 
tioning a discovery of Dr. A. D. Hershey. Dr. Hershey (personal 

communication) discovered that the virus strains T2, T4, and T6 

can each occur in two modifications, each of which appears to be, 
under most conditions, hereditarily stable. The two modifica¬ 
tions of T2, for instance, may be looked upon as arising one from 

the other by mutation. The two modifications give plaques of 
different appearance and differ also in certain other respects. 
The two modifications are called T2r^ and T2r. 

The yield effect found by us (unpublished) is of the following 
kind. Suppose a bacterium is infected simultaneously with T2r+ 
and T4r. There will be mutual exclusion at least to a large ex¬ 

tent, that is, there will be bacteria liberating T2 and bacteria 
liberating T4, and few if any bacteria which liberate both. There 
will also be a depressor effect in that those bacteria which liberate 

T4 liberate a reduced number of T4 particles, due to interference 
from T2. These are effects of the type described just previously. 
However, there appears to be here a third kind of interference 

effect. The bacteria which liberate T4 liberate a mixture of T4r^ 
and T4r although they had been infected with pure T4r. It ap¬ 
pears that T2r^, while unable to multiply, can induce in T4r, in 

the mixedly infected bacteria, the mutation from T4r to T4r*. 
The study of this phenomenon is still incomplete. 

The mutual exclusion effect is of so novel a type that its expla¬ 

nation calls for a bold hypothesis. We assume (4, 16) that the 
first virus which penetrates the cell wall makes the cell wall 
impermeable to other virus particles, just as the fertilization of 

an egg by one spermatozoon makes the egg membrane imperme¬ 
able to other spermatozoa. I am mentioning this analogy merely 
as an aid for the visualization of our hypothesis, without in any 

way wishing to imply a biological significance. 
If such a membrane change is accepted as the explanation of 
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the mutual exclusion effect, the various yield effects have to be 
ascribed to an ability of the excluded virus to interfere with the 
multiplying virus even though it is separated by the membrane. 
At first sight this may be difficult to believe. However, the 
assumption that the excluded virus is located on the outside of the 
cell membrane is supported by another observation (16): the 
“depressing” action of the excluded virus can be blocked by 
specific antiserum, and we know that antiserum does not act on 
intracellular virus. 

Time does not permit to argue the merits of this “penetration 

THE PENETRATION HYPOTHESIS 

SPECIFIC 

Fio. 12. Schematic representation of the penetration hypothesis. One 

yirus particle has penetrated the cell wall. As a result of this penetration 

the cell wall has become impermeable to other virus particles. Another virus 

particle has become adsorbed on the outside of the bacterium. In this posi* 

tion it can interfere with the multiplication of the virus which penetrated 

into the interior. This interfering action of the second virus can be blocked 

by the action of specific antivirus serum. 

hypothesis,” and still less to give reasons for the rejection of 
alternative hypotheses. I will confine myself to summarizing the 
penetration hypothesis in figure 12. 

I would like to turn now to a side issue of the research on bac¬ 
terial viruses, a side issue which is threatening to displace the 
main issue, by virtue of its explosive content of possibilities for 
studying bacterial genetics. 

We have previously mentioned the use of indicator strains in 
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experiments with mixed infections. These indicator strains are 
obtained as derivatives of the original ‘‘wild-typebacterial 
strain B with which all our experiments have been conducted. 

They are obtained as secondary growth, i.e., as growth in cultures 
in which the wild-type has been lysed away by the action of one 
or the other of the viruses. 

It could be shown (18) that the virus which is added to elimi¬ 
nate the wild-type acts merely as eliminator. It does not induce 

the change from sensitivity to resistance in those bacteria which 

survive and proliferate. 
If it is not the added virus which is the agent inducing the 

change from sensitivity to resistance what is the agent ? Appar¬ 

ently these changes are similar to the spontaneous mutations of 
higher organisms. The occurrence of the mutations is random, 
but with fixed probabilities if the cultural conditions are held 

constant. You may think, if you wish, of such a mutation as a 
molecular change in a gene, requiring for its initiation a rather 
high activation energy, or you may think of any other kind of 

miscarriage of a normal process, reflecting a limitation in the 

devices employed by the cell to safeguard its normal reproduction. 
Mutations from sensitivity to resistance delight the heart of the 

experimenter because of the marvellous ease with which the 
mutants can be isolated from cultures in which they occur as 
rarely as one in one hundred million of the bacteria. A standard 

procedure is to spread the bacteria together with an excess of 
virus on nutrient agar. After incubation, the sensitive bacteria 
are lysed and the resistant bacteria have formed colonies from 
which the mutants can be isolated. Try to imagine what the 

chromosome map of the fruitfly would be like if Morgan, Bridges, 
and Sturtevant had had a means of examining one hundred mil¬ 

lion flies at a time! 

The wild type bacterium may be capable of different mutations 
all of them involving resistance to one particular virus. If the 

rates of these different mutations are not too different they may 
be picked up in the same plating. We will discuss two examples 
of this type of diversity in the mutation pattern (figure 13). 
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When resistance to virus T1 was first studied (18) it was noted 
that the resistant colonies seemed to be classifiable into '‘large 
colony formers^’ and "small colony formers.This, of course, 

is a poor method of classification as the colony size depends on the 
time of incubation, medium, etc., but at the time of this first study 
Dr. Luria and I were unable to find other distinguishing charac¬ 

teristics for these two types. Since that time four such character¬ 

istics have been found. First, Demerec and Pano (19) found 
that the "large colony former^’ is always resistant not only to 

FlO. 13. One-step and two-step mutations of B, For explanations see 

text. 

T1 but also to T5, w^hile the "small colony former’^ is not. Fol¬ 
lowing Demerec's and Pano’s notation, the two mutations can 
therefore be designated as 5/1,5 (the large colony former) (from 

(1) to (2), figure 13) 5/1 (the small colony former) (from 

(1) to (3), figure 13). Second, Luria (20) found that 5/1 is at¬ 
tacked by a mutant of the virus Tl, called Tl', and that 5/1,5 is 
not sensitive to this mutant of the virus. Third, E. H. Anderson 

(21a) found that the mutant 5/1 requires a growth factor, trypto¬ 
phane, which the other mutant, 5/1,5, does not require. Fourth, 
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E. H. Anderson also found (21a), that B/1, in contrast to B/1,5 
cannot utilize NH4“ as a nitrogen source in the absence of donors 
of amino nitrogen. 

The two mutations, from B to B/1 and from B to J5/l,5, repre¬ 
sent, therefore, two entirely distinct alterations in the hereditary 
make-up of the cell. These two alterations are, furthermore, inde¬ 
pendent of each other, i.e., a bacterium in which one of these 
mutations has occurred is still capable of the other mutation, 
and, in fact, the second mutation will occur with the same rate, 
irrespective of whether the first mutation has occurred or not 
(19, 20). Thus, if we plate a large number of bacteria of the 
mutant strain B/1 with the virus T5 we can isolate from the 
secondary colonies a strain which has a superposition of the 
characteristics of the two mutations. This two-step mutant will 
be resistant to T1 and T5, and to Tl', and will be deficient for 
the growth factor tryptophane (from (3) to (6), figure 13). 

We will note in passing that the two viruses T1 and T5 here 
referred to are quite unrelated viruses. The electron-microscope 
shows that they differ by about a factor two in their diameters. 
Specific antisera to these two viruses give no cross reactions what¬ 
soever. At first sight it might appear strange that the bacterium 
should be capable of a mutation which causes it to become resis¬ 
tant simultaneously to two unrelated viruses. Many a man, in 
fact, might want to infer from the occurrence of such a mutation 
that there does exist a recondite relationship between the two 
viruses which for some reason is not apparent from the electron- 
microscope pictures or from the serological tests. I believe that 
such an inference would be unsound, because there is nothing to 
support it. I believe we should rather look upon the resistances 
to T1 and T5, respectively, as different characters affected by the 
same genetic change (21). It is a commonplace in genetics that 
every genetic change affects many characters even though only 
one or a few of these changes may be so gross as to force itself on 
our attention. As an example we may cite tlie mutant r p of Dro¬ 
sophila melanogaster. In animals carrying this mutation the 
genitalia of the male are rotated counterclockwise through 180® 
and the eyes are roughish. We may infer from this that there 
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are interrelationships in the processes which lead to the determi¬ 
nation of the genitalia and of the eyes, respectively. Similarly, 
we infer from the occurrence of the mutation from B to jB/1,5 
that there are interrelations in the processes which determine sen¬ 
sitivity of the bacterium to T1 and T5, respectively. However, we 
have no basis for inferring a similarity between the two viruses 
T1 and T5 themselves. 

If we select mutants of B which are resistant to the virus T3, 
we obtain mutants which are not only resistant to T3 but also to 
T4. Here again viruses T3 and T4 are morphologically distinct 
and serologically unrelated. In most cases these mutants will 
also be resistant to T7. These mutants, which should be desig¬ 
nated as R/3,4,7, are of two types. One type, which requires no 
growth factor (from (1) to (5), figure 13) and another ty^^e 
which requires proline (McCormick and Doermann, unpublished) 
(from (1) to (4), figure 13). 

Prom either of these two mutants, those requiring no growth 
factor and those requiring proline, we can obtain a variety of 
two-step mutants by selection in the presence of Tl. Prom the 
one requiring no growth factor, for instance, we obtain a two-step 
mutant resistant to T3, T4, T7, and Tl which requires trypto¬ 
phane ((5) to (9), figure 13), and from the one requiring proline, 
we can obtain one having the same resistance pattern and requir¬ 
ing proline and tryptophane ((4) to (8), figure 13) (E. H. 
Anderson, unpublished), and also another one, resistant to T3, 
T4, T7, Tl, and T5, and requiring proline only ((4) to (7). 
figure 13). 

' These examples may suffice to explain the principle of super¬ 
position for obtaining two-step and multi-step mutants.® It will 

5 In a very interesting series of publications, which has only recently 

become available in this country, LwofF and Audureau (23-25) describe a 

similar principle of superposition for a series of mutations of the organism 

Moraxella Ltoofjfi. The mutations studied by these authors endow the organ¬ 

ism with an extension of the range of carbon comx>ounds at the expense of 

which the organism can multiply. In a preliminary note (26) the authors 

refer to experimental evidence which tends to show that at least one of these 

mutations does not involve the acquisition of a new enzyme by the organism, 

but merely an alteration in the stability of an enzyme also possessed by the 

wild-type organism. 
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be clear that the variety of mutants obtainable is very large. 

Besides the four primary mutants here mentioned there are sev¬ 
eral others, obtainable by isolations in the presence of other 
viruses. These have not yet been studied in sufi5cient detail to 

ascertain whether they can be segregated further into several 
classes according to their growth factor requirements. 

Demerec and Fano (19), who have studied the resistance pat¬ 
terns in detail, have also recorded the occurrence of mutations 
which apparently combine two of the primary steps in one step. 

Thus, there are mutations which make the organism in one step 
resistant to the viruses Tl, T5, T3, T4, and T7, thus apparently 
combining in one step the two steps leading from B to B/1,5 and 
from B to B/3,4,7. These ‘Hwo-in-one’’ step mutations occur 

more rarely than either of the two one-step mutations referred 
to, but are not so rare by far that one could explain them as 
random coincidence of the two mutations in one organism. It re¬ 

mains to be seen whether the two-in-one mutations are genuine 
genetic superpositions of the two individual mutational steps, or 
whether the superposition is only a phenotypic one, which may 

be caused by an independent genetic change. 
Progress in this field will require careful characterization of 

the mutants with respect to their resistance patterns and with 

respect to their growth factor requirements. I will give two ex¬ 
amples to illustrate the necessity of detailed characterization. 

If one tries to isolate mutants resistant to T2, i.e., mutants of 

the type B/2, one finds that these mutants very quickly lose their 
resistance to T2. Sometimes the strain is found to be sensitive 
after one or two successive streaks which have to be made to free 

the strain from the virus in whose presence it was isolated. 
Apparently, therefore, the mutants B/2 mutate in reverse, back 

to B, Closer study of the resistance pattern shows however that 

the apparently backmutated strain is resistant to T6 (E. H. 
Anderson, unpublished). The sequence is probably this: from B 
to B/2,6. This mutant is itself unstable, i.e., it has a high muta¬ 

tion rate. It does not, however, revert to B, but to another form, 

resistant to T6 only. 
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Of the physiological tests which may serve to differentiate 

mutants we have only mentioned growth factor requirements. 
Growth factor requirements are indeed convenient and striking 
differentiators, and their occurrence is by no means rare. A care¬ 

ful search for other physiological differentiators by Miss Ann 
Martin (22) has been unrewarding with one exception.® Miss 
Martin has tested 13 of Dr. B. H. Anderson's mutants by a large 
number of the customary fermentation tests employed in the 
identification of E. coli. Although she has found some minor, 
mostly quantitative, differences between some of the strains in 

these tests, there was on the whole a remarkable uniformity of 
reaction. 

The study of changes in virus resistance and in physiological 

characters should lead on to interesting population and evolution 
studies of bacteria. At present, however, the main task is still 
the closer study of the mutations. 

I hope I have made it clear in this presentation of some experi¬ 
ments with bacterial viruses that the field is wide open for further 
studies. The biochemical study of virus growth, although obvi¬ 

ously within the reach of present techniques, has hardly begun. 
The study of interference has led to startling discoveries, whose 
interpretation is yet uncertain. Here the techniques of study are 

farthest developed. In bacterial genetics the ground has been 
broken by the proof that changes from virus sensitivity to virus 
resistance are due to spontaneous mutations, and by showing that 
the mutants exhibit correlated physiological changes. The task 
of exploiting this spade work is still ahead, and seems full of 

^ The differences in the cultures grown in milk provide a definite basis for 

a division of the strains which Miss Martin studied into three groups: (1) 

Those that react as did the parent strain, with a maximal production of acid, 

gas, and hard curd, (2) those which formed a soft curd, less acid, and no 

gas (except in one instance), and (3) those which produced neither curd 

nor gas. It was found that all the mutants in the second group are resis¬ 

tant to T7, although not all mutants resistant to T7 follow this pattern. 

Farther, all the organisms in the third group are resistant to Tl, and that 

this group includes all the strains in which the second locus of figure 13 (the 

locus whose mutation causes resistance to Tl and the tryptophane growth 

factor requirement) had mutated. 
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promise. A strong feeling of adventure is animating those who 

are working on bacterial viruses, a feeling that they have a small 
part in the great drive towards a fundamental problem in biology. 
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RADIOACTIVITY AND NAGASAKI' 

STAFFORD L. WARREN 

Colonel, U. 8, Army; Professor of Radiology, 

University of fiochester 

COLONEL WARREN, because of his army duties and obliga¬ 

tions as medical oflScer of the Manhattan Project, was 
unable to prepare a manuscript for presentation and publication. 

He showed the army’s official motion picture records of the 

results of the atomic bomb at Nagasaki, with a running comment, 
and photographs of some of the material damage and human 
victims. These pictures were extraordinarily interesting and 

informative, but are not available for reproduction in our record. 
The photographs gave clear indication of pigmentation from 
infra-red radiation, epilation from gamma radiation, and pe- 

techiae. Many of the cases showed marked cytopenia and ex¬ 
tensive destruction of bone marrow. 

Colonel Warren discussed briefly the medical services given 

to the communities at Oak Ridge, Hanford and Los Alamos, the 
protection of personnel against the plant hazards in the produc¬ 
tion of the atomic bomb, the teamwork required for research in 

the biologic effects of the radiations, and the effectiveness of 
the protective methods used. He gave a vivid description of his 

experiences in the Alamogordo Desert when the first bomb was 
exploded. After the Japanese surrender Col. Warren went to 
Hiroshima and Nagasaki with his colleagues, landing ahead of 

the troops, to inspect the damage from the bombs and assay the 

hazards for the troops. 
He closed his lecture with a stirring plea that we ‘‘make the 

United Nations Organization work,” in order that it may never 

again be necessary to use the atomic bomb in warfare. 

1 Lecture delivered February 21, 1946. 
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BIOLOGICAL ANTAGONISMS BETWEEN 
METABOLICALLY IMPORTANT COM¬ 
POUNDS AND THEIR STRUCTURAL 

ANALOGS' 

D. W. WOOLLEY 

Associate, Rockefeller Institute for Medical Research 

During the past few years compounds which are very similar 

in structure to vitamins, hormones, and other metabolically 
important substances, have been synthesized or found to exist in 

nature. These structural analogs have the property of calling 

forth in various living organisms some or all of the signs asso¬ 
ciated with deficiency of the metaboliLe to which they are related. 

Tonight I wish to discuss with you some of the facts in this re¬ 

gard which we have chanced upon, and to trace very briefly the 

origins of the concepts. I would also like to explore with you 

some of the theoretical and practical aspects in biology arising 

from this work. 

My own interest in the antagonism between structurally related 

compounds goes back to the winter of 1937 and 1938. At that 

time, following our identification of nicotinamide as the pellagra- 

preventative factor (1), a number of chemicals related to nico¬ 

tinic acid were assayed for vitamin-potency in order to gain some 

basis for an opinion of the relationship of structure to vitamin- 

activity (2). Surprisingly enough, it was found that 3-acetyl- 

pyridine was quite poisonous to nicotinic acid-deficient dogs, but 

was harmless to normal animals. At that time no explanation of 

these results could be made. At the present time, as we shall see 

in that which follows, 3-acetylpyridine is believed to cause nico¬ 

tinic acid deficiency by interfering with the action of the vitamin. 

In looking back over the literature one can see that other investi¬ 

gators likewise had made a few scattered notes on the antagonism 

which certain structurally similar compounds exerted against 

1 Lecture delivered March 21, 1946. 
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certain biologically important substances. Some of these find- 

ings seemed to run so counter to modes of thought then in vogue 
that doubts were cast on the validity of the observations. Such 
was the case as late as 1940 with regard to Kuhn’s claim that the 

sex-determining factor in certain algae was not a single agent 
but rather the ratio between cis and trans dimethyl crocetin (3). 
Today, the dependence of a specific biological response on the 

ratio between two closely allied compounds does not seem so 
heretical. 

In 1937 Clark (4) very clearly set forth his idea that antagon¬ 

ism which could be demonstrated between certain structurally 
similar pharmacological agents was due to competition between 
them for a specific part of the cell. Clark’s views did not become 

widely known until very recently. 
Attention was centered on the competition between structural 

analogs by Woods’ discovery that the bacteriostatic action of the 

sulfonamides could be negated by additions of p-aminobenzoic 
acid (5). This latter compound was quickly shown to be a nor¬ 
mal constituent of cells, and an essential growth-factor for many 

microorganisms. It was postulated that sulfanilamide owed its 
bacteriostatic action to the production of a crippling deficiency 
of the essential metabolite, p-aminobenzoic acid. This action was 

possible because of the analogous chemical structures of the two 
substances. 

It was the involvement of a dramatic new therapeutic agent 
namely, sulfanilamide, in the slowly forming concepts of com¬ 
petition between metabolites and compounds related to them 
structurally, that focused attention on this biological phe¬ 

nomenon. Without this impetus, progress would have been 
much slower. 

Following Woods’ discovery, Pildes (6) showed that alteration 

of the tryptophane-molecule to give indole acrylic acid would 
yield an antibacterial agent. Mcllwain demonstrated that the 
same structural change involved in passing from the metabolite, 

p-aminobenzoic acid to sulfanilamide would, when applied to 
nicotinic acid, give rise to a bacteriostatic agent, pyridine-3-sul- 
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fonic acid, the action of which was antagonized competitively by 

nicotinic acid (7). Snell observed the same situation with panto¬ 

thenic acid and thiopanic acid (8). The structural relation¬ 

ships involved in these examples may be seen in the first slide 
(figure 1). 

CHjOH 

CHj—C-CH3 

CHOH 
I 
c*o 
I 
N-H 

I 
CHz 

CHz 

SO3H 

V 
SOgNHz 

Thiopanic acid Pypidme 3 sulfonic acid SulfanilQimde 

CHiOH 
CHs-C-CHa 

Rintothenic acid Nicotinic acid p-aminobenzoic acid 

Fio. 1. Structural formulae of some metabolites and related analogs. 

We also had been concerned with thiopanic acid in relation to 

pantothenic acid (9), and had done experiments on the possible 

usefulness of this agent in the treatment of virus diseases. There¬ 
fore, it was natural to look for some more compounds that would 

compete with vitamins or other metabolites. Let us now examine 

some of the things that were found. 
A series of compounds was soon discovered which would call 

forth in animals the signs characteristically associated with spe¬ 
cific vitamin deficiencies. Let us discuss in some detail one of 
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the first of these, for many of the features of antagonism between 

structurally related compounds will thus be illustrated. 
When the sulfur atom of thiamine is replaced with a vinyl 

group, the pyridine analog of the vitamin, pyrithiamine (10), 
is obtained. The relationship in structure between these two 
substances is shown in the next slide (figure 2). Following a 
suggestive experiment of Robbins with a fungus (11), we pre¬ 

pared this compound and fed it to mice. A few days after the 
administration was begun, the animals became unable to stand 

upright on their hind legs, and would topple over backward when 

they attempted to do so. They soon became hyperirritable, their 
appetites dwindled, and presently they w'ould be thrown into 

convulsions either spontaneously, or especially when picked up' 

CH«0H N—CH 

CH, A II H yO-C-CH|CHtpH 
C—C—lil I 

Pyrithiamine Thiamine 

Fio. 2. Structures of pyrithiamine and thiamine. 

by the tail. Opisthotonos, familiarly seen in thiamine deficiency, 

became evident and eventually extensive prostration ensued. In 
the terminal stages of the disease, the mice assumed a character¬ 
istic position in which their legs were stretched out on either side 

at right angles to the body, and only the head was responsive to 

stimuli. Death soon followed. These signs have been seen fre¬ 
quently in various species as the characteristic manifestations of 

thiamine deficiency. When increased amounts of this vitamin 
were added to the basal diet, the disease called forth by pyrithi¬ 

amine administration was averted. Likewise, thiamine was effec¬ 

tive in curing animals, and would even resuscitate them dramati¬ 
cally from the terminal stages. Data to illustrate the competi¬ 
tion between pyrithiamine and thiamine in mice are shown in the 

next slide (table 1). 

Pyrithiamine also proved to be a rather active agent for the 
suppression of growth of many microorganisms. Here too its 
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action was prevented by increasing the thiamine-content of the 
medium (12). 

Prom a quantitative standpoint, the relationship between this 

pair of compounds is interesting, for it can be seen that the action 
of pyrithiamine did not depend on the absolute amount present, 
but, for any given species, it was decided by the ratio of pyrithi¬ 

amine to thiamine. In other words, pyrithiamine competed with 
thiamine for the attention of the organism. Such a competitive 

TABLE 1 

Response of Mice to Various Doses of Thiamine and Pyrithiamine 

Pyrithiamine 

gamma per day 

0 

600 

300 

100 
100 

50 

600 

2000 

Thiamine 

gamma per day 

1.6 

1.6 

1.6 

1.6 

2.0 

2.0 

61.6 

60.0 

Animals showing 
deficiency signs 

per cent 

0 

100 

100 

100 

75 

0 

0 

0 

Average change 
in weight 

gm. per wic. 

+ 3.0 

-0.2 

+ 1.9 

+ 2.5 

+ 2.4 

+ 3.5 

+ 3.1 

+ 3,6 

situation is almost universal between metabolites and their in¬ 

hibitory structural analogs. 
Although it may seem irrelevant, I cannot refrain from a few 

words about the importance to these studies of a knowledge of 

nutrition, and more especially, the development of highly puri¬ 
fied adequate diets for animals, and chemically defined media for 
microorganisms. Most, if not all of the phenomena we are to 

discuss tonight would not have been found had it not been for 
the tedious and difficult work which has been done to ferret out, 
to isolate, and to characterize the essential nutritive requirements 
of animals and microorganisms. It was necessary to know and 
to manipulate the thiamine-content of the ration in order to carry 
out the experiments with pyrithiamine. In like manner, syn- 
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thetic diets and media have been essential to the elucidation of 

the other facts to be discussed tonight. 
After the demonstrations with pyrithiamine, analogs of other 

vitamins were produced which were found to cause manifesta¬ 
tions of disease similar to those seen in deficiency of the related 
vitamin. These diseases were believed actually to be deficiencies 

not only because of the similarities in pathology, but also because 
they were prevented or cured by adequate amounts of the vita¬ 
mins concerned. Hand in hand with these experiments on ani- 

I—^ I C-OH 

I C-OH 

>-C-H 

H-C-OH 

H-C-OH 

CHgOH 

HO-C-H 

CH2OH 

Glucoascorbic acid Ascorbic acid 

Fio. 3. Structures of glucoascorbic acid and ascorbic acid. 

mals a number of studies were made with microorganisms as the 

biological means of detecting and exploring the phenomenon of 
antagonism. Let us briefly mention some of these cases. 

Glucoascorbic acid, the structure and relationship of which to 

ascorbic acid are shown in the next slide (figure 3), was found 
to cause a condition in mice with many of the signs of scurvy as 
seen in animals susceptible to that disease (13). Now, the mouse, 

like most other animals, does not need ascorbic acid in the diet. 
Therefore, a scorbutic mouse has never been recognized, but the 
individual shown in the next slide (figure 4) had most of the 
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types ot lesions seen in s(‘orbntie ‘ruinea [)i^s or priinat(*s. (luinea 

pijis \ver(‘ also snseeptihh^ to the aetion ol' ‘zlncoaseorbie acid, and 

in this s|>(‘eies as(‘orbic aeid eonnteraeted its effect (14). 

Shortly thereaftin- benzimidazole was inv(stijjated ])ecause tlie 

pharniaeoloj*ieal a(*tion of it on animals had just been reported by 

(loodman and his a.ssociates (15). This dru^’ caused extensive 

Fig. 4. Moum* treated \Nitli gliieoaseorbic aeid compared to control. 

loss of museular tone, suffiident to immobilize tlie animal. It 

was therefore of interest to find that the benziinida/ole was an 

inhibitor of mic'robial irrowth. and tliat adenine or guanine 

antagonized this aetion (Ki). Data to illustrate tlie.se ])oints 

are shown in the next slide (table 2). The struetural relation¬ 

ship of the drug to admiine may be seen in the n«‘xt sliile (figure 

5). The reason I referred to this easi‘ as interesting will appear 

when it is reealled that adt*nine in tlie foini ot adenosine tri- 
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TABLK 2 

Inhibitory Kfftcts of Gituhd Amounts of Brnzinndiiz’olc on Giowth of 

Saccharoinycis ci rcvisuw and Tin tr Brvrrsal by .Idcninr 

IkHiziniidHZole | AdiHiiiu* sulfate | Turl»idinu*tt*r ii‘adiujj^ 

Y per c( 

0 
100 
200 

300 

500 

600 

1000 

600 

600 

600 

1000 

* Tvirhidinu'ter readmes were e\[>iesM‘d us pel "eiit of the nieideut lij^ht 

tinnsiiiitted 1».n tlu* <Milturc'S, and lienet* were iii\eisrl\ jnopoitiouiil to tlie 

amount of growth. 

phosphate aiul adeiiylie acid plays a proniiticnt role in muscular 

contraction, and muscular contraction is inhibited iiy benzimi¬ 

dazole. Nevertheless, adenine will not ovei'coim* tin* action ol* 

benzimidazole in animals, but will do so only in mieroorjranisms. 

To continue with exam[)les of antaji-onism. sijiiis of riboflavin- 

deficiency were produced in mice as well as in various ba(*teria 

Benzimidazole Adenine 
Fio. 5. Structures of beii/.iiiiidazolo and adenine. 

Y per cc. 

0 60 

0 60 

u 66 

0 St 

u 06 

0 00 

0 U)0 

1000 60 

600 83 

300 03 

2000 SO 
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by t"ie administration of the phenazine analog of the vitamin 
shown in the next slide (figure 6) (17). This compound was 
prepared and tested because of the previous results with ben¬ 

zimidazole. Since the exchange of a pyrimidine ring in adenine 
for a benzene ring to form benzimidazole had produced a success¬ 
ful antagonist, the same type of structural alteration was applied 

to riboflavin, and the result was the same. It was the pyrimidine 
ring contained in the right hand side of the riboflavin structure 

2,4 - diomino - 7^ 8-dimethyl- Ribo'flavin 

10 - Pi hi tyl - 5,10- dihydro - 

phenazine 
FiO. 6. Structures of riboflavin and its phenazine analog. 

that was replaced by the benzene ring in order to form the 
phenazine. 

During all this time the experiments with acetylpyridine in 

nicotinic acid-deficient dogs had not been forgotten. These were 
the ones outlined at the beginning of this lecture. The matter 
was taken up again, and it was soon demonstrated that this com¬ 

pound did act in competition with the vitamin (18). Since mice 
do not require dietary nicotinic acid, no one knows how the defi¬ 
ciency should manifest itself in this species Nevertheless, the 

feeding of 3-acetylpyridine called forth such signs in mice as fiery 

red tongues, diarrhea, dermatitis, loss of weight and death. Such 
findings are characteristic of pellagra and black tongue. These 
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manifestations were prevented by the inclusion of more nicotinic 

acid in the ration. The next slide (figure 7) will show the struc¬ 

tural similarity of the two substances. 
Now, if one applied to pantothenic acid the same type of struc¬ 

tural change as was involved in passing from nicotinic acid to 
3-acetylpyridine, the formation of an inhibitory structural analog 

of pantothenic acid might be expected. This is particularly so 
when it is known that Auhagen (19) observed that this alteration 
converted p-aminobenzoic acid into p-aminoacetophenone, an 

antagonist of that metabolite. However, when the desired analog 

of pantothenic acid was synthesized, it did not behave as an in- 

V 
3-acetyl pyridine 

Fig. 7. Structures of S-acetylpyridine and nicotinic acid. 

hibitor. More careful examination of the cases of 3-acetylpyri¬ 
dine and of p-aminoacetophenone indicated that while these were 

aromatic type ketones and hence somewhat more acidic than ali¬ 
phatic ketones, the pantothenic acid analog was a purely aliphatic 
substance. Therefore, an aromatic type of analog was formed 

by synthesizing phenyl pantothenone, and this proved to be a 
valuable competitor to pantothenic acid (20). Its value will 
api)ear later in the discussion. The structure of phenyl pan¬ 

tothenone and its relationship to that of pantothenic acid are 
shown in the next slide (figure 8). 

I have bedecked this slide purposefully with many formulae, 

not only to show you the three separate ways in which the analog 
was prepared, but also to call attention to a phase of the work 
which is not being discussed tonight. A few of the compounds 

0 ■COOH 

nicotinic acid 
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which one would wish to test as metabolite antagonists can be 

purchased from supply houses. A few more can be synthesized 

according to directions in the chemical literature. By far the 

majority, however, have never been described, and it is there- 

c-o 
6h, 
CHt 
NHg 

CHg—1 
CH3-C-CH3 ' 

6hoh 

CH2 
NH2 

CHgOH CHjOAc CHgOAc 

CHj-i-CHa CH3-C-CH3 CH3-C-CH3 

CHOH CHOAc 6hoac 

C*0 C*0 9=0 

^H — m -► NH 

CHj CHg CHo 

CH* CHa CH2 

COOH COOH c=o 

Cl 

CH2OH 
CH3-C-CH3 

CHOH 

i.0 ^ 
NH — 
CH2 
CH2 
C=0 

CH20H 
CH3-C-CH3 

CHOH 
C»0 

CH2 

C=N-HH-CeH4H02 

Fio. 8. Structure and modes of synthesis of phenyl pantothenone. 

fore necessary to conduct investigations in pure organic chem¬ 

istry before the biological work is even attempted. For this 
reason, a major part of the effort involved has been in synthetic 
organic chemistry. Since the title of my paper tonight begins 

with “biological,’’ little can be said of the purely chemical 

aspects. 
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As a final example of an antagonist to a vitamin let us con¬ 
sider the case of 2,3-diehloro-naphthoquinone. During the war, 

the U. S. Rubber Company introduced this compound as an anti¬ 

fungal agent (21). It was developed empirically just as were 
the sulfonamide drugs. When we heard of this new and useful 
fungicide, the similarity of its structure to that of vitamin K 

seemed so striking that experiments were begun to determine 
whether its action could be antagonized by the vitamin. The 
next slide (figure 9) will show the structures of the two sub¬ 
stances. The dichloro-naphthoquinone was the most powerful 

Vitamin K 2,3-dichlono- 
naphttioc^uinone 

Fig. 9. Structures of 2,3-dicbloro-naphthoquiiione and vitamin K. 

chemical ever examined for inhibition of the growth of yeasts 
(22). As expected its growth-inhibiting action on yeast was 
reversed competitively by vitamin K. These points are illus¬ 

trated by the data in the next slide (table 3). 
Let us turn now from a brief scanning of examples of antagon¬ 

ism between metabolites and their analogs to a consideration of 

some general features of this biological phenomenon. I shall 
attempt to state briefly some of the general principles that have 
appeared from a mass of data which has been collected by various 

workers over the past few years. Few of these generalizations 
will be found free of exceptions. Indeed, our knowledge of this 
field is so fragmentary that in a few years the picture may look 
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quite different from the one before us tonight. Therefore, I shall 

endeavor to reduce hypotheses to a minimum. The task of out¬ 

lining the general principles of antagonism between structurally 

related compounds is similar to that of the biochemist who at¬ 
tempts to summarize the salient points concerning enzyme-action. 
In both instances there is no single criterion which can be set up 

TABLE 3 

Effect of 2fS'dichloro-naphthoquinone and of g-methyl-naphthoquinone singly 

and together on the growth of Saccharomyces cerevisiae 

2,3-dichloro-naphtho- 
quinone 

2-methyl‘naphtho* 
quinone 

Turbidity* of culture 

IKg, per cc. ^g. per cc. 

0.0 0.0 39 

0.002 0.0 78 

0.005 0.0 93 

0.01 0.0 99 

0.005 0.04 60 

0.005 0.02 68 

0.005 0.01 77 

0.005 0.005 85 

0.002 0.02 48 

0.002 0.01 66 

0.0 0.05 46 

0.0 0.20 65 

* Turbidity is expressed as per cent of the incident light transmitted by 

the culture when the uninoculated basal medium is considered to have 100 

per cent transmission. 

to define the phenomena, because exceptions to almost every rule 
can be found. About all which can be said is that there are a 

number of features usually associated with biological antagonism 

between structural analogs, just as there are with enzyme action; 
and that a majority of these characteristics apply to any given 

specific case. 
In the first place, antagonism between a metabolite (such as a 

vitamin or hormone) and its structural analog is usually com- 
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petitive. This is best stated by saying that the biological action 
of the agent is dependent, not on the absolute amount present, 
but rather on the ratio of the quantity of the analog to that of 

the metabolite. This ratio is constant, at least over a limited 
range of concentration, and when this is so the antagonism is 
said to be competitive. The ratio between the concentration of 

analog necessary to cause a biological response and that of the 
metabolite needed to reverse or negate it exactly is called the 
inhibition index. It follows that for a series of inhibitory ana¬ 

logs of a given metabolite, the smaller the inhibition index, the 

more active is the inhibitor. The index is a function of the par¬ 
ticular biological system, and may vary widely from species to 

species for a given inhibitor-metabolite pair. With but few ex¬ 

ceptions the index is greater than 1. In other words, much more 
of an inhibitory analog must be added to an organism than there 

is of metabolite present. Failure to appreciate this point has led 

to several faulty conclusions. For example, it would be hazard¬ 
ous to state that an analog of, let us say, vitamin K was not an 
inhibitory agent, if only 10 or 100 moles of the analog had been 

supplied for every mole of vitamin in the organism since inhibi¬ 
tion indices greater than 10,000 are not uncommon. 

From a consideration of these facts one can see that the potency 
of any given inhibitor depends on two things: first, the inhibition 
index, and second, the potency of the metabolite concerned. If 

the metabolite is very active, such as is biotin, and thus only a 

minute amount suflSces to the organism, the chances of producing 
a very active inhibitory structural analog are greater than if the 

metabolite is a relatively inactive one such as ascorbic acid. 

One reason why the sulfonamides are so effective is because of 
the high potency and consequent low cellular concentration of 

p-aminobenzoic acid. 

Competition between structural analogs cannot be taken as 
the sole criterion of the phenomenon we are discussing (i.e., of 

antagonisms). If the action of an agent is reversed by its struc¬ 

turally related metabolite, there is no question; but if reversal 
is not possible one cannot conclude that the effect of the analog 
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is divorced from that of the metabolite. For example, analogs 
such as phenyl pentothenone and glucoascorbic acid behave com¬ 
petitively with the related vitamins in some species but not in 

others. Even in the classical case of sulfonamides and p-amino- 
benzoic acid there are bacteria known for which reversal of the 
action of the drugs cannot be effected (23). What shall we con¬ 

clude when we have tested an analog of some metabolite and 
have found that it is indeed inhibitory to bacterial growth or 
otherwise pharmacologically active, but is not counteracted by 

the related metabolite ? If all that we can observe is an inhibi¬ 

tion of microbial growth, it does not seem to me that we can con¬ 
clude with certainty anything about the mode of action. How¬ 

ever, if the analog calls forth in animals more or less specific 

manifestations which have been associated with a deficiency of 
the related vitamin or hormone, there is some reason to view the 

agent as interfering with the metabolite even though no reversal 

can be demonstrated. 
A second general feature of antagonism between metabolites 

and their analogs is the fact that in many instances the only 
organisms which are affected by the analog are those for which 
the metabolite is a nutritive essential. If the animal or bac¬ 

terium can synthesize the metabolite, the structurally similar 

agent is ineffectual. This dependence of action on nutritive re¬ 
quirement may be seen in the case of pyrithiamine acting on a 

variety of microorganisms shown in the next slide (table 4) (12). 
Here it can be seen that the forms which require the vitamin are 
very susceptible to the growth-inhibition by the analog. Those 

which are a little less exacting nutritionally, and can get along 
nicely on the pyrimidine portion of the vitamin-molecule are 
about ten times more resistant to the action of pyrithiamine. 

Those which need only the thiazole moiety of thiamine, or the 

pyrimidine and thiazole parts are even more resistant to the 
agent. Finally the species which have no requirement nutri¬ 

tionally for the vitamin are unaffected by the analog, and many 

of these can grow in concentrations of the drug several million 
times the inhibitory dose for the exacting organisms. 
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There are several exceptions to this generalization. Inhibitory 
analogs such as the sulfonamides, benzimidazole, and 2,3-dichloro- 
naphthoquinone do not depend for their action on the nutritional 

requirements of the organisms. A middle course between these 

TABLE 4 

Inhibitory Power of Pyrithiamine for Various Microbial Species 

Organism 
Inhibition index 

Pyrithiamine 

Thiamine 

Thiamine 
requirement 

Ceratostomella fimbriata 7 Intact thiamine 
CeratostomeUa from London 

plane tree. 19 tt it 

Ceratostomella pennicillata 10 it it 

Phytophthora cinnamomi 12 ti a 

Chaloropsis thielavoides 11 it a 

Sndomyces vemalis .. . 130 Pyrimidine 

Mucor ramannianus 800 Thiazole 

Saccharomyces cerevisiae 800 Pyrimidine and 

thiazole 

Staphylococcus aureus 2000 ti it 

Salmonella gallinarum 1000 it it 

Neurospora crassa . Greater than 400,000 None 

Escherichia ooli . ‘‘ “ 2,000,000 (( 

Clostridium butylicum 2,000,000 i t 

Lactob<icillus arabinosus ‘‘ “ 40,000 i ( 

Lactobacillus casei “ ‘‘ 5,000,000 i i 

Lactobacillus delbruclcii ‘‘ 5,000,000 4 ( 

iMctobacillus mesenteroides “ “ 5,000,000 < ( 

Lactobacillus pentoaceticus 5,000,000 ( ( 

Streptococcus lactis B ‘‘ ‘‘ 5,000,000 < I 

Propionibacterium pento- 
saceum . “ ‘‘ 5,000,000 ( < 

Hemolytic streptococcus H69D ‘‘ ‘‘ 4,000,000 ti 

two extremes seems to be followed by analogs such as phenyl 
pantothenone and glucoascorbic acid, for these act upon all spe> 

cies tested regardless of nutritional needs, but are reversed or 
competed with by the related vitamin only in the case of those 
species which require the growth factor. An elucidation of the 
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underlying mechanisms of these phenomena would be valuable to 

biochemical understanding. 
In order to avoid having this lecture drift off into generalities, 

I shall discuss only one more common feature of biological 

antagonism between analogous compounds. Now, although much 
has been said about the competition between metabolites and com¬ 

pounds similar to them in structure, many of these same analogs 

are antagonized by naturally occurring compounds totally un¬ 
related to them. The finding of Harris and Kohn (24) that 
methionine would reverse the microbiostasis caused by the SUI¬ 

TABLE 5 

Responses of Mice to Added Tryptophane and S-Acetylpyridine 

<11-Tryptophane 
added 

3-Acetylpyridine Survivals 
Average change 

in weight 

per cent of ration mg, per day per cent gm, per wlc. 

0.0 0 100 + 4.0 

0.0 4 8 
2.0 4 100 + 5.2 

0.3 4 91 + 6.1 

0.1 4 83 + 4.6 

fonamides was the first example of this. We have observed that 
the pharmacological effects of glucoascorbic acid can be counter¬ 
acted by a nitrogenous substance found in certain fresh plant 

tissues (13) and that the pellagragenic action of 3-acetylpyridine 
is as readily negated by tryptophane as it is by nicotinic acid 
(25). Data to illustrate this are shown in the next slide (table 

5). Furthermore, the antimicrobial action of phenyl pantothe- 
none may be reversed by the amino acids histidine, glutamic acid, 
or proline as well as by pantothenic acid. There may be some 

significance in the fact that these structurally unrelated antagon¬ 
ists are so frequently specific amino acids. Furthermore, it is 
noteworthy that these dissimilar antagonists are effective in the 

cases where the related metabolite fails to counteract the agent. 
For example, histidine, or glutamic acid, or proline will relieve 



206 THE HARVEY LECTURES 

the inhibition of growth caused by phenyl pantothenone in either 

Saccharomyces cerevisiae or LactobacUliis casei, although, as was 

discussed above, pantothenic acid is only effective for the latter 

(or pantothenic acid-requiring) species (26). In like manner, 

methionine will reverse those bacteriostases by sulfonamides 
which are not antagonized by p-aminobenzoic acid. 

We all wonder about the mechanism of antagonism between 

structurally related compounds. How does it workt Probably 
all of you know of the hypothesis advanced by Quastel and Wool¬ 

dridge (27) and by Clark (4), and made popular by Woods (5) 

and Pildes (28), which states that the analog competes with the 
metabolite for a specific site in an enzyme. Either compound can 
occupy this site at the expense of the other since both, because of 

structural features in common, can react with the groups in¬ 
volved. When the metabolite combines, it passes normally 
through the metabolic reactions for which the system is adapted, 

but when the antagonist unites, it cannot do this. Like the fabled 
dog in the manger the analog denies the biological system the use 
of the metabolite. Whether the metabolite or the analog com¬ 

bines with the enzyme depends on relative concentrations in ac¬ 
cordance with the law of mass action. 

It is not my intention to defend this hypothesis. A few ex¬ 

perimental observations have been made which are very difficult 
to explain in terms of it. Furthermore, in nearly every instance, 

the postulated enzymes are not known, and so the hypothesis is 

difficult to examine experimentally. A few models have been 
set up to demonstrate that the structural analog can actually 
displace the metabolite from combination with specific proteins. 

The competition between oxygen and carbon monoxide for hemo¬ 
globin, and the recent observation of Dittmer and du Vigneaud 
(29) that the antagonist biotin sulfone displaces biotin from its 

combination with antibiotin, may be cited. If these findings can 
be extended they will add greatly to the prestige of the hypothe¬ 
sis. Since the postulate has been most stimulating to research, 

I feel that we should adopt it as a working hypothesis until a 
better one is forthcoming. 
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Let us turn now to a consideration of the uses to which the 

knowledge of antagonism between metabolites and their analogs 
may be put in the understanding of natural processes and in the 

treatment of disease. Here, although hope exceeds realization, 

some typical examples of what has already been done will serve 
to indicate current trends and point the way ahead. 

Because the phenomenon of antagonism was popularized by 

the discovery that the sulfonamides acted in competition with 
p-aminobenzoic acid, the belief has arisen (28) that other chemo¬ 

therapeutic agents may be developed against infectious diseases 

by producing analogs of metabolites. We have already noted 
that another useful antimicrobial agent, namely 2,3-dichloronaph- 

thoquinone, was found to act in competition with vitamin K, but 

this discovery came only after the drug had been developed quite 
empirically. Mcllwain and Hawking (30) showed that very 

large doses of thiopanic acid, an analog of pantothenic acid, were 

effective in protecting rats against induced streptococcal infec¬ 
tion. While this demonstration indicated that there was a pos¬ 

sibility of finding a therapeutic agent among metabolite-analogs, 

thiopanic acid was much too weakly active to be of practical 
importance. 

Now, we had been conducting experiments along this line for 

several years, and in particular were attempting to develop an 
inhibitory analog which would be useful in the prevention of 

infection by obligate, intracellular parasites. F6r such parasites, 

in contrast to the situation with pathogenic bacteria, there are, 
in the main, no therapeutic means of control. For streptococcal 
or pneumococcal infections the sulfonamides or penicillin seem 

to be doing a good job; but for poliomyelitis or influenza there 
are no effective chemotherapeutic agents. I cannot tell you to¬ 
night of a drug which is eflScacious in these infectious diseases, 

but there is one which works against an obligate intracellular 
parasite. 

In collaboration with the Survey of Antimalarial Drugs it has 

been found that phenyl pantothenone, which you will recall is 
an inhibitory structural analog of pantothenic acid, is about as 
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active as quinine in the treatment of malaria either avian or 

human. Some derivatives of phenyl pantothenone have been 
produced which are more active than quinine. Time and op¬ 

portunity will not permit the telling of this story, except to say 

that the trial of phenyl pantothenone was prompted by obser¬ 
vations on the functioning of pantothenic acid in the metabolism 

of the parasite. It is only with the conclusion of the war that 

these matters may be mentioned. 
Chemotherapeutic agents are not limited to drugs which are 

effective against infectious diseases. Indeed, these anti-infection 
agents form only a small part of the chemotherapeutic arsenal. 
The application of our knowledge about deficiency diseases, and 

about their production by inhibitory structural analogs of me¬ 

tabolites, can lead to the formation of new series of pharmaco¬ 
logical agents. For example, the specific manifestations which 

result from a giyen deficiency of a hormone or vitamin are be¬ 

coming well known. Some of these signs may have therapeutic 
desirability. If this is so, it might be possible to produce an 
antagonistic analog which, as we have seen would bring about the 

desired sign of deficiency. 
But you may ask why the production of signs of deficiency can 

ever be desirable. Isn’t everyone, with vitamin pills and hormone 

injections, trying to prevent signs of deficiency f To answer this, 
let us look backward at the case of 3,3'-methylenebis- (4-hydroxy- 

coumarin), the so-called dicoumarol. This agent was observed 

to produce the specific signs seen in vitamin K deficiency (31). 
Only after this was established, and it was shown that vitamin K 

would antagonize the hemorrhagic action of the drug, was it real¬ 

ized that dicoumarol was an analog of vitamin K. The clinical 
application of dicoumarol is based on the fact that it produces 
in animals the signs of vitamin K deficiency. With this back¬ 

ward glance to fortify us, let us look ahead to discover whether 
new series of pharmacological agents may be found among in¬ 
hibitory structural analogs of metabolites. The history of phar¬ 

macology shows that the finding of new types of drugs depends 
primarily on chance, and that once the first member of the series 
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is thus uncovered, other and possibly more useful derivatives may 
be synthesized. Perhaps we have a means of coming to the first 
member of a series without waiting for chance. 

As you will recognize, this is nothing but a bright hope. Never¬ 

theless, we do have some experimental models to indicate that it 
may not be too far-fetched. In setting up these models we at¬ 

tempted to produce a selective pharmacological agent which would 
elicit a type of response that could be predicted before the com¬ 
pound was synthesized and which had never before been called 

forth by a drug. 
Tocopherol recommended itself as a metabolite for such a 

<t-tocophePol c^uinone 

Fio. 10. Structures of a-tocopherol quinone and vitamins £ and K. 

model, because in female mice a deficiency of this vitamin is 

apparent only in the pregnant individual, and is characterized 

by the resorptive interruption of pregnancy during the latter 
part of gestation. The deficiency is not fatal to the mother, and 

furthermore, does not produce readily demonstrable signs of 

disease in non-pregnant mice. A successful antagonistic struc¬ 
tural analog of tocopherol should therefore produce resorptive 

interruption of pregnancy in mice, and should be without effect 

on non-pregnant individuals, a-tocopherol quinone proved to be 
just such an agent (32). Its structural resemblance to toco¬ 
pherol and also to vitamin K is shown in the next slide (figure 

10). It is at the same time an analog of both vitamins. The 
data in the next slide (table 6) will show that daily oral ad- 
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ministration, or a single parenteral dose caused the desired phar¬ 
macological effect. Curiously enough, its action was not reversed 

by tocopherol, but was by vitamin K. The size of the dose re¬ 

quired of a-tocopherol quinone was so large that there is little 
possibility of it being of practical importance. Nevertheless, as 
an experimental model it may point the way to new and useful 

avenues of attack. 
Now let us examine a piece of work which is just in progress 

at the present time, and which tends to show that inhibitory 

structural analogs of metabolites occur naturally in foods, and 

TABLE 6 

Effect of dl-a‘Tocopherol Quinone on Pregnant Mice 

Oral dose 
Intraperitoneal 

dose 
Incidence of 

litters 
Ave. size of 

litters 

mg, per day mg,* per cent 
0 0 100 6 

10 0 100 4 

50 0 50 6 
100 0 14 3 

0 200 67 5 

0 400 0 

* This was the total amount of material used per gestation. 

contribute to the production of disease. In order to do this I 

would like to talk very briefly about the etiology of pellagra. 
Our discovery in 1937 (1) that nicotinamide was the pellagra- 

preventative vitamin seemed to clear up the mystery of the cause 

of this disease, for the syndrome could be viewed as resulting 
from a lack of nicotinic acid in the diet. Indeed, it was shown 

that pellagragenic diets were low in this vitamin. Now, the eat¬ 
ing of corn has been recognized for a long time as being inti¬ 
mately associated with the occurrence of pellagra. This has re¬ 

cently been forcefully pointed out by Aykroyd and Swaminathan 
(33), who showed that human diets containing corn and supply¬ 
ing 15 mg. of nicotinic acid per day were pellagragenic, while 
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corn-free rations yielding only 5 mg. of the vitamin never pro¬ 
duced pellagra. Krehl, Tepley and Elvehjem (34) then clearly 
demonstrated that corn would reduce the rate of growth of rats, 

and that this action was overcome by nicotinic acid. They ex¬ 
plained these observations largely on the basis of interference 
with the intestinal flora. However, some of the experiments 

which we had done with 3-acetylpyridine as a peilagragenic 
agent in mice led us to postulate that corn contains a structural 
analog of nicotinic acid which acts as a positive etiological factor 

in pellagra (25, 18). A substance has now been demonstrated 
in corn which causes pellagra-like manifestations in mice, and 
which is counteracted by nicotinic acid. This peilagragenic agent 

has been concentrated about 100,000 times, and appears to be a 

pyridine compound. The inference from this work therefore is 
that pellagra is a deficiency disease which results partly from a 

lack of suflScient nicotinic acid, but more especially from the 
action of an antagonistic agent in corn which competes with nico¬ 
tinic acid, and thereby intensifies the deficiency. 

Now that we have examined briefly some of the things which 

may be done with antagonistic analogs, we may wish to know 
what types of structural change applied to a metabolite will con¬ 

vert it into such an agent. I believe that certain generalizations 
can be made about the kinds of alteration which will do this (35). 
Most of the compounds described at the outset of this lecture as 

well as many others were predicted from these generalizations, 
and when they were finally synthesized, were found to have the 
forecasted biological action. Therefore, it may be justifiable to 

consider these generalizations briefly. 
The first general type of structural change which will convert 

metabolites into inhibitors is the replacement of a carboxyl by 

some other more or less acidic grouping. This latter may be 
sulfonamide or sulfonic acid as in the case of the sulfonamide 
drugs and of thiopanic acid. On the other hand, it may be an 

aromatic ketone group as in the case of 3-acetylpyridine or phenyl 
pantothenone. These relationships are summarized in the next 
slide (figure 11). 
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The second general method of converting metabolites into in¬ 
hibitors involves the exchange of one or more atoms in a ring 
system for some other atom. Examples of this type are shown 

in the next slide (figure 12). Here one can see that a sulfur atom 
may be replaced by two carbons as in the case of pyrithiamine; 
or carbons may be traded for nitrogens as in benzimidazole; or 

oxygens for carbons as in dicoumarol. A particularly effective 
method is to replace an atom in a ring wdth nothing at all, and 

Fio. 11. Classification of analogs. Compounds of General Type I. 

thus arrive at an open chain-compound. Good examples of this 
may be seen in the desthiobiotin-derivatives with which du Vig- 

neaud and his collaborators (36) have worked, or in a-tocopherol 
quinone viewed as an analog of vitamin K as we have discussed 
earlier. Numerous other examples of this class are known from 
the works of many investigators but time has permitted the men¬ 
tion of only a few. 

A third general method of realizing inhibitory structural ana¬ 

logs from metabolites is to replace alkyl side chains attached to 
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aromatic nuclei with halogen-atoms. This is the type of alter¬ 
ation involved in the formation of 2,3-dichloro-naphthoquinone, 
an antagonist of vitamin K. Kuhn, Weygand and Holier (37) 

have produced competitors to riboflavin in this fashion, and there 
are other examples as well. 

Finally, there are a number of miscellaneous types of struc¬ 

tural alteration which have been found to result in the formation 

Fig. 12. Classification of analogs. Compounds of General Types II and III. 

of antagonistic compounds when applied to metabolites. As work 
progresses, some of these may be found to be generally applicable. 

An example of these miscellaneous cases is the addition of an 

extra carbon to the chain of ascorbic acid with the resulting 
formation of glucoascorbic acid. 

In viewing these relationships of chemical constitution to bio¬ 
logical activity, I want to emphasize that there is apparently no 
unique manner in which the structure of a metabolite must be 
altered in order to achieve an antagonist (35). Several inhibi- 
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tory analogs of a single vitamin have been made by altering the 
metabolite in different ways. Interestingly enough, these vary¬ 

ing antagonists of the same vitamin have certain qualitative dif¬ 

ferences in biological action. 
For example, dicoumarol, 2,3-dichloro-naphthoquinone and 

a-tocopherol quinone are all analogs of vitamin K produced by 
divergent types of structural change. While all three can be 
shovm to compete with the vitamin and thus to have certain bio¬ 
logical effects in common, they have some very decided pharma¬ 

cological differences. The fact that they do have certain bio¬ 
logical properties in common may help us to understand a very 

old puzzle, namely, that substances of quite diverse structural 
changes may have similar action. 

Despite the fact that diverse structural changes may be 

applied successfully to a given metabolite in order to produce 

an inhibitory analog, merely to alter the structure in any non¬ 
specific fashion is not sufficient. Much testing of derivatives of 
the several vitamins has shown that many of these have no detect¬ 

able antagonistic action. 
In conclusion, it seems to me that we are only at the beginning. 

We have reconnoitered this new and virgin territory and have 

seen enough to make it seem worth while to explore it further. 
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INTER-RELATIONSHIPS BETWEEN 
GONADOTROPHIC AND 

SEX HORMONES* 

ERNST LAQUEUB 

Professor of Pharmacology at the University of Amsterdam, Holland; 

Director of the Pharmaco-Thernpeutic Laboratory 

of the University 

IT is a great pleasure indeed to pay another visit, my fourth one, 
to your country, and particularly to be privileged to address 

this group, an honor which I now share with the most outstanding 

scientists. 
I wonder whether you free men living in a free country can 

fully appreciate how much it means to me to talk to you after 

having been shut off, like many others in my unfortunate country, 

from all free scientific life for a number of years. What little 

contact I have been able to maintain with a few scientific and per¬ 

sonal friends not only exposed me but also them to grave danger. 

You will, therefore, understand my reluctance and hesitation 

to present here observations and results obtained during these last 

years in the Netherlands in the field of sex endocrinology. 
On former occasions I have pointed out that only a small part 

of the work discussed can be considered my own and that most of 
the results are the fruits of the efforts of my co-workers. This is 
even more true with regard to the work done during the last six 

years. 
My report will deal mainly with investigations conducted at 

the Institute of Pharmacology of the University of Leyden, par¬ 

ticularly by my friend, the head of the department, Professor S. 

E. de Jongh, and his assistant, Dr. Gaarenstroom (1), both of 
whom I was fortunate to have for many years on the staff of my 

pharmacologic laboratory at Amsterdam. For the past ten years 

these investigators have been working entirely independently but 
the relations between them and the co-workers. Dr. J. Freud and 

1 Lecture delivered April 18, 1946. 
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Dr. Elizabeth Dingemanse, of the Amsterdam Institute have been 
very active and friendly. (It was a great satisfaction to me to 

see the honorary degree of Doctor of Medicine conferred upon 

Dr. Dingemanse in Amsterdam in January of this year in recog¬ 
nition of her chemical work which has contributed greatly to 
medical progress.) 

When talking about us I want you to remember that I do not 
use this as a “pluralis majestatis” but that I want to give credit 
thereby to those of my co-workers whose share in these contribu¬ 

tions so greatly overshadows mine. 
One of the basic and most important discoveries in the field of 

sex hormonology was made independently and simultaneously by 

P. E. Smith (2) and by Aschheim and Zondek (3); they demon¬ 
strated the gonadotrophic activity of the anterior lobe of the 
pituitary and a similar property of human pregnancy urine. 

It is likely that you over here are more familiar with the vast 
literature than we in Europe are but you will agree that it can be 

considered as established that the active principles from these two 

sources are not identical, and neither are the substances found 
later in the urine of castrates and climacteric women (4) and in 
pregnant mare serum (5). I hope you will not consider it im¬ 

modest for me to say that I was probably the first to point out 
(during the Spring of 1930) that the similarity of effects obtained 
with pituitary extracts and with pregnancy urine does not prove 

anything about the chemical similarity, let alone about the iden¬ 
tity of their active substances. 

At the gynecologic congress in Frankfort the subject of ‘‘the 

anterior pituitary hormone in pregnancy urine’’ was ventilated 
by numerous speakers who, it seemed, hardly left a stone un¬ 
turned, a fate which now has befallen the very building in which 

that meeting was held, due to the saturation bombing by the 
Allies. After at least twenty papers had been read on that sub¬ 
ject, I asked during the discussion period the simple question, 

“Why are these substances referred to as pituitary substances?” 
This remark caused considerable excitement, particularly on the 
part of the principal lecturer, Zondek. 
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I went on to point out the possibility that the urinary sub¬ 
stances might be quite different in nature, that they might not 

be derived from the pituitary and perhaps might not even act 

directly upon the gonads but only through the intermediary of 
the pituitary. It is intriguing that such ideas have recurred 

recently, in 1945, and, according to Guyenot (6) have some 

foundation. 
Since P. E. Smith taught us the technic of performing hypoph- 

ysectomy in rats two decades ago, which alone made a further 

analysis possible, there can be no doubt that urinary chorionic 
gonadotrophin can essentially act directly without the intermedi¬ 
ary of the pituitary. It is now firmly established that the gonado¬ 

trophins from the four different sources are different not only 
quantitatively but also qualitatively. Moreover, it has been 

shown in our laboratory and in many others that gonadotrophins 
prepared from the pituitary of different species are not even iden¬ 
tical (7), The pituitary extracts from horses differ in their 

properties from those obtained from sheep, the effect of the 
former for instance not being apgmented by the simultaneous 
administration of chorionic gonadotrophin.* 

I am pointing this out in the beginning in order to avoid the 

conclusion that observations made with the use of certain pitui¬ 
tary or chorionic gonadotrophins can be applied to all other 

gonadotrophins. It must also be remembered that the results I 

am going to report hold only for the species used, i.e,, rats or 
mice, and that any conclusion by analogy as to another species 
requires experimental confirmation, which fails us only too often. 

But let us now come to our main subject: the interrelationships 

between gonadotrophic and steroid sex hormones—in other words 

their synergistic and antagonistic actions. 

3 During the last meeting of the Committee on standardization of the late 

League of Nations held at Geneva in 1938, I tried in vain to defend the 

term ‘^gonadotropin.'' However, in view of the current preference given 

the term “gonadotrophin,” and especially after seeing Comer’s discussion 

on this point (Endocr., 33: 405, 1943) I shaU not only use it henceforth, but 

try to have it generally accepted in the Netherlands, since 1 think that 

unanimity is more important than etymological reasoning. 
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The subject which has been chosen is perhaps too narrow in 
scope and it may be necessary to include the action of these sub¬ 
stances on the reciprocal sites of production as I have already 

done to a certain extent. 
In 1926 (8) we demonstrated what we call the antimasculine 

effect. We showed that the development of the genitals of young 

male rats was stunted and that the size of the genitals regressed 
after the injection of estrogens. C. Hamburger (8a) in Copen¬ 

hagen recently made the same observation in monkeys. Our 

views having been clouded by aprioristic ideas we assumed the 

existence of a direct antagonism of estrogens and the male gonads 

and thereby indirectly of the accessories. C. R. Moore (9) in 

Chicago demonstrated, however, that the effect is mediated by 

the pituitary and this has been confirmed by Lahr (10) in the 

Netherlands. 

There can be no doubt about the inhibiting effect of estrogens 

on the gonadotrophic action of the pituitary as evidenced by the 

lack of development or maintenance of the testicles and the de¬ 

pendent organs; there can also be no question that such an inhibi¬ 
tion of the gonadotrophic action is caused by androgens,® particu¬ 

larly by testosterone. This inhibition by the steroids is recognized 

in the morphologic picture of the ovary and of the testicle respec¬ 
tively and also by their functional state which is characterized 

by the small effect their own hormones exert upon the tubes, the 

uterus and the vagina on the one hand or the seminal vesicle, the 
prostate, etc., on the other. Of course, the inhibition of the 
accessories is observed only when androgens are administered to 

female or estrogens to male animals. 
In both cases we are definitely dealing with an effect upon the 

sites of production of the gonadotrophins and not with an effect 

upon these substances themselves. This can be proved by the 
following observations. 

3 The term * * androgen * * too is hardly justifiable and I fail to see why 
androgenic substance” is preferred above ”male substance.” However, 

for the sake of international unanimity I shall follow the practice of the 
majority. 
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First, if one administers gonadotrophins and sex hormones 
simultaneously to hypophysectomized animals, the action of the 

gonadotrophins is unaffected. 
Second, the gonadotrophic activity of pituitaries pretreated 

with steroids (estrone, for example) is considerably weaker upon 

transplantation than that of untreated or oil-injected pituitary 
tissue. 

TABLE 1 

Pretreatment of Male Bats with Testosterone Propionate (T. Pr.) Prevents 

Gonadotrophic Effect of Their Pituitaries When Implanted 

in Young Male Mice 

Number of 
mice im¬ 

planted with 
two pitui¬ 

taries 

Seminal 
vesicle 
weight 

Testes 
weight 

Pretreatment 
of donor rat 

daily 

mg. mg. 

5 3 12 0.5 mg. T. Pr. ) i. ^ j * 
® 5- castrated rats 

5 15 31 Oil J 

5 3 13 0.5 mg. T. Pr. ) , , 
® t normal rats 

5 13 33 Oil j 

5 2 13 No implant 

Mice receiving pituitary implants from control rats show growth of testes 

and of seminal vesicles (regardless of whether the donor rats have been 

castrated or not). However, when pituitary implants are taken from rats 

pretreated with testosterone, the rate of growth of the gonads of the re¬ 

cipients is the same as though no implantation had been performed. 

The cause of the decreased activity may lie in a diminished 
content, an impaired release, or a diminished production of hor¬ 

mone by such implanted tissue. What is new to us and probably 
also to you is the possibility of proving biologically the existence 

of two gonadotrophic substances, at least in the pituitary, the 

chemical demonstration of which under the designation of FSH 
and LH does not appear to us to have been absolutely successful 

up to this time. 
We in Holland cannot entirely agree with these names because 
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oii the one hand they say too much and on the other hand they 
say too little. When separated entirely these substances prob¬ 

ably can bring about neither complete follicular maturation nor 
luteinization. On the other hand each of them can produce more 
than mere maturation or luteinization. 

Pituitary fractions with widely varying activities have been 
used and neither we, nor, I think, the majority of other investi¬ 
gators have been successful in obtaining with one such fraction 

luteinization without maturation and with the other maturation 
without luteinization. The fact that luteinization has been 
achieved by the combined action of PSH with quantities of LH 

so small as to be inactive by themselves proves that these names 
are misleading. 

In order not to be misunderstood I want to emphasize that I 
do not doubt the existence of extracts of widely differing activi¬ 
ties, particularly in view of the many American investigations, 
but I contest the description of such actions as ‘‘maturation^' or 
“luteinization" and express doubts in the justification for the 
names allotted to such extracts. It would appear that the chemi¬ 
cal separation has been successful (11-17), but at writing this I 

have seen only an abstract since the original literature was not 
yet accessible to us. 

For this reason de Jongh proposed that the factor which acts 

particularly upon the interstitial cells and, therefore, brings 
about luteinization more easily after a certain degree of matura¬ 
tion has taken place be designated as GI* (i.e., gonadotrophin 
affecting the interstitium). He also suggested that the other fac¬ 
tor which acts perhaps upon the ovocyte and definitely upon the 
“ovariocytes" which are in epithelial arrangement (t) be desig¬ 
nated as GE (i.e., gonadotrophin affecting the epithelium).® 

4 The term LH has been replaced in the scientific language during the past 

years by ICSH on the same grounds which made de Jongh coin GI. This 

latter term will hardly be acceptable in America because it has become a 

very widely known abbreviation in two entirely different contexts. 

® Freud applies the term ovariocytes, in a way which I consider very 

appropriate, that is, to all cells of the ovary with the exception of the egg 

cells, connective tiasue cells, cells of the blood vessels, the nerve-ganglia and 

nerve sheaths. 
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I will give you another example (18, 19) to show why these 
names are superior to, and why they presume less than, the older 

designations. 
The administration of castrate urine brings about follicular 

maturation and if an amount 10 to 20 times that needed for fol¬ 

licle maturation is injected luteinization results. A small amount 
of pregnancy urine alone has almost no effect. However, one 
obtains an extraordinarily strong follicular maturation and lute¬ 

inization if a small amount of castrate urine together with the 
formerly almost inactive quantity of pregnancy urine is used. 
We are, therefore, dealing here with something very different 

from a simple additive effect and the same holds true for the 
chemically separated pituitary fractions as for the naturally 
occurring fractions in these urines. 

Creep (20) observed that highly purified FSH, while it causes 
enlargement of the follicle, does not induce production of estrone, 
an effect formerly attributed to this fraction and previously con¬ 

sidered a function closely connected with the morphological 
changes of maturation. 

In view of the uncertainties concerning the limit of action of 

the different factors and the fact that the incomplete chemical 
separation has permitted doubt as to the existence of two differ¬ 
ent entities it is certainly of interest to have presented proof of 

the qualitative difference in action of these two substances in 
vivo, which is not neees.sarily the case even if the substances differ 
chemically. 

BIOLOGICAL PROOF OF THE DUALITY 

My colleagues de Jongh and Gaarenstroom (21) in Leyden 
have also succeeded in presenting such a biological proof. 

It is well known that hypophysectomy is followed by a definite 
and progressive atrophy of the testicles. This can be overcome 
by the implantation of pituitaries. That is, atrophic testes can 

be brought back to a normal state and even to the point at which 
growth occurs. 

Such growth cannot be induced by chorionic gonadotrophin 

which in its other effects resembles most those of the GI (ICSH). 
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Chorionic gonadotrophin, which will be discussed later on in 
more detail, can only prevent the progress of atrophy; thus, it 

preserves the existing state or at the most induces under certain 

TABLE 2 

Testes of Hypophyseotomized Bats after Implantation 

of Pituitaries from Pretreated Bats 

Number 
of 

animals 

Implanted 
with 

Treated daily 
for 1 week 

with 

Testis weight Ave. % dif¬ 
ference 

with 
standard 
deviation 

Before 
implan¬ 
tation 

After 
implan¬ 
tation 

mg. mg. 

8 161 68 - 60 ± 1 

6 2 half normal 

pituitaries 188 188 - 2± 7 

9 2 half ‘‘es- 

trone-pitui- 

taries * * 190 111 -42± 3 

7 5 I.U. of chori- 

onic gonado¬ 

trophin (GI) 106 119 + 16± 9 

6 2 half normal 5 I.U. of chori¬ 

pituitaries onic gonado¬ 

trophin (GI) 98 166 4-80 ±17 

8 2 half *‘es- 5 I.U. of chori¬ 

trone-pitui- onic gonado¬ 
1 

taries * ’ trophin (GI) 100 171 -h 86 ± 16 

11 1 1 half normal 5 I.U. of chori¬ 

pituitary onic gonado¬ 

trophin 120 165 -l-42± 7 

8 1 half '‘es¬ 5 I.U. of chori¬ 

trone-pitui¬ onic gonado¬ 

tary'' trophin 120 158 40 ± 10 

conditions a very small degree of growth. However, the effect of 
pituitary implants is materially increased if chorionic gonado¬ 
trophin is administered simultaneously. 

The gonadotrophic effect is distinctly decreased if hypophy- 
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aectomized rats are implanted with pituitaries obtained from 

estrone-treated rather than from normal animals. The estrone- 

treatmentconsists of injections of 0.2 to 0.5 milligrams of estrone 
daily for a period of two weeks before the pituitaries are trans¬ 

planted. At the time of the implantation of the pituitaries one 

testicle of the rat is removed for comparison with the other one, 
extirpated one week later. 

Hypophysectomy causes a 60% loss of weight of the testes 

within one week (line 1). The implantation of one or two half 
normal pituitaries* prevents atrophy (line 2). There is no loss 

of weight but one or two half “estrone-pituitaries” are unable to 

prevent such a loss and still permit a drop of weight of approxi¬ 
mately 40% (line 3). 

The injection of an ample dose of chorionic gonadotrophin’ 

into a hypophysectomized rat not only abolishes the atrophy but 

induces a small growth (line 4). If one whole or two half* “nor¬ 

mal” pituitaries are implanted the resulting growth amounts to 

80% (line 5), and if one half a pituitary only is used, the testi¬ 

cular weight increase amounts to approximately 40% (line 7). 

The “normal” pituitaries used for implantation are taken from 

rats injected with oil instead of with estrone benzoate in oil. 
Implants of “estrone-pituitaries” instead of normal pituitaries 

are, however, no less effective if chorionic gonadotrophin is in¬ 

jected simultaneously (line 6). Therefore, it is the lack of gona¬ 
dotrophic activity caused by the treatment with estrone which is 

made up by the chorionic gonadotrophin. 

It is of decisive importance, however, that even large doses of 

chorionic gonadotrophin cannot replace half a pituitary. The 

effect obtained by implantation of only one-half of a pituitary in 

spite of a large dose of chorionic gonadotrophin lags behind that 
obtained with two half pituitaries (compare lines 7 and 8 with 

lines 5 and 6). 
• Two half pituitaries were used in these exxieriments to avoid the critieism 

that half a pituitary with an exposed cut surface might contain less gonado¬ 
trophins than half a pituitary in the uncut gland. 

^ Pregnyl ^Organon.’ 
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Tile following equations are i)robably the shortest condensation 
of the above: 

estrone pitiiitiiry ^ ’ < nornnil pituitary 

\ pituitary < 1 pituitary 

^ ‘ estroiK* pjtuitary ” f (•! - normal pituitary 

\ pituitary + (JI < 1 pituitary 

Conclusion: Much GI overcomes the ihimage caused by estro¬ 

gens but not by loss of i pituitary. Therefore, that half pituitary 
must contain something other than Gl (perhaps GE). 

PRAcmCAL Al*I*LI(’ATION OF THF ANTIGONADOTROPIIIC 

KFFFCTS OP THK STEROIDS 

Th(* antagonistic*, etfects have so far been consi(hn*ed only, so to 

speak, in reverse direc'tion: from the gonads upon the pituitary. 
I wish here to touch onlv upon the facd that these effects can have 
practical theraiieutical importance. For instance, the treatment 

of Cusliing’s syndrome \\hi<‘h we (22) undertook successfully for 
the first time 12 yc'ars ago in Holland and which has been repeated 
by others with similar results. 

A girl of approximately 20 years of age came to my office with 

a fully developed Cushing\s syndrome (figure 2). She exhibited 
the typical full-moon face, striae, amenorrhea, high blood-sugar 
levels, raised arterial blood pressure, and increased hemoglobin, 

and the erythrocyte count was above 6.3 million per mm^ There 
was no hirsutism. The first picture (figure 1) shows the patient 

approximately two years before J saw her for the first time. She 
received comparatively large doses of estradiol benzoate^ (30,000- 
100,000 l.B.U. per day) for two periods of 14 days each, sepa¬ 

rated by weeks without any treatment. After tlie third day 
of therapy the number of erythrocytes, the hemoglobin and the 
fasting blood sugar decreased. Menstruation was re-established 

after six weeks and continued at regular intervals for five addi¬ 
tional periods. The facial expression improved (figures 3 and 4) 
and the striae diminished The blood pressure was not affected. 
The last i)icluro (figure 3) sliows the patient 1^ years after the 

8 Dimonformon Hcnzoati- ‘Organon.’ 
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beg:inninj; of treatment. By that time slie liad married and has 

since become the mother of, I believe, three children. 

Recently \ve have seen another case in Amsterdam wliich was 

Ct:SIIINO’^ SWDKOMK (M KKD RY High K?>TKO(iKN 'rUK\TMKNT 

Fig. 1. ApproxinuOrly t^No w-ars prior to first visit. 

Fig. 2. At first visit in 1934. 

Fig. 3. One month later. 

Fig. 4. Another two raontlis later. 

Fig. 5. Approximately H years after begiimiuj^ of therapy. 

distinctly favorably influenced by estrone administration so that 

we could avoid irradiation therapy and certainly surg:ery. 

I would like to mention the recent successful replacement of 

estrone by testosterone for the inhibition of the pituitary (23). 



GONADOTROPHIC AND SEX HORMONES 227 

QONADOTROPHms AND STEROIDS WITHIN THE GONADS 

A. In the Testes 

I would like to discuss particularly the interaction of .the 
gonadotrophins with the steroids unthin the gonads themselves. 

I repeat that these investigations are not mine but those of de 
Jongh and his co-workers^particularly Gaarenstroom (1). The 
direct influence of the steroids, i.e., of estrone, progesterone and 
testosterone, upon their own sites of production, the ovaries and 
the testicles, was opposed by the justified prejudices that these 
steroids can in general exert only an inhibitive influence. 

For instance, the function of the Islands of Langerhans also 
was supposed to be depressed by insulin and the function of the 
thyroid by thyroxine, etc. In a similar way the female substances 
such as the estrogens were supposed to exert only a suppressive 
influence, if any. 

a. Androgens {testosterone). Similar relationships as those 

which obtain for the effect of thyroxin upon the th3rroid or estro¬ 
gens upon the ovary ought to prevail between testosterone and the 
testis. In the last analysis this is actually the case. Testosterone 

does not have a stimulating action on the tissues which produce it 
but upon those which surround it and which are situated in the 
‘'same organ only according to our morphological classification.” 

Nature, however, does not care about the lines we draw roughly 
and arbitrarily. What we call an ‘ ‘ organ ’ ’ because it can be easily 
differentiated anatomically from other structures can consist of 

parts with very different functions (for example, the pituitary 
and the adrenals) and on the other hand tissues lying far apart 
from each other (such as scattered islands of chromafSn tissue) 

can function as one organ. However, the close proximity of 
functionally and morphologically different structures is of par¬ 
ticularly great importance—^for example, the position of the pitui¬ 

tary as a brain adnexa, and probably also the juxtaposition of the 
pituitary lobes and that of the adrenal cortex and medulla. This 
is reminiscent of Zoroaster’s words (24): “There is more sense 

in your body than in your supreme wisdom.” Gigon and Buchs 
(24a) recently pointed out interesting relations between proxi- 
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mate glands and speak about a “Koordinationsregel von Driisen- 
paaren.’^ 

Maintenance, We have confirmed in Holland the observation 
previously made by others that not only chorionic gonadotrophin 

but also testosterone will maintain spermatogenesis which ceases 
regularly (25-28) following hypophysectomy. The size of the 
testicle remains unchanged and growth occurs only if the admin¬ 

istration of testosterone is started within the first few days after 
hypophysectomy because remnants of the pituitary hormone are 
still in circulation at that time. Half a milligram of testosterone 

per day has a maintaining effect upon the tubules of rats both 
morphologically and functionally. Moreover testosterone aug¬ 
ments the restoring effect of pituitary gonadotrophins** upon 

spermatogenesis in cases of testicular atrophy caused by hypoph¬ 

ysectomy. In this connection it is interesting that Leathern 
and Brent (28a) have been able to maintain spermatogenesis in 

hypophysectomized rats with pregnenolone. 

The following, however, is interesting. A dose adequate to 
maintain a testis weighing one gram can also only maintain a 10 

times smaller testis of only 100 milligram weight but cannot in¬ 

duce it to grow. This ^‘maintenance’’ differs from growth. Ac¬ 

table 3 

Maintenance of Testis of Hypophysectomized Rats hy Testosterone 

Propionate (T. Pr.) for Two and Three-week Periods 

(3 Groups of Different Ages) 

Number 
of rats 

Weight before 
operation 

Testis weight 
Daily treatment 

Beginning At autopsy 

gm. mg. mg. 

3 46 132 119 0.5 mg. T. Pr. 

6 46 139 60 OU 

4 69 164 141 0.6 mg. T. Pr. 

7 162 1104 887 0.6 mg. T. Pr. 

10 170 1060 175 OU 

9 Ambinon * Organon. ’ 
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cording); to Gaarenstroom and de Jongh (29) it is an effect ‘‘sui 
generis.'' The essential facts can be seen from table 3 which is 
a condensation of many experiments. 

Testosterone can not only prevent the progress of the atrophy 
which occurs after hypophysectomy but, as I have said before, it 
can overcome the inhibition of growth within the testes which is 

TABLE 4 

Testosterone Propionate (T. Pr.) Prevents Testis Atrophy 

Caused by Estrone in Eats 

Number 
of rats 

Treat¬ 
ment 

Weight 
Testes 
weight 

Daily treatment 

Beginning At autopsy Estrone Oil T. Pr. 

days gm. gm. mg. Y mg. 
10 14 32 66 550 -»• 
10 14 32 56 580 + 0.5 

10 14 32 59 145 50 + 

5 14 32 61 270 50 + 0.1 
10 14 32 60 550 50 ; + 0.5 

3 14 85 147 1700 

3 14 83 141 1475 •f 0.5 

3 14 82 138 480 20 ■f 
4 14 82 138 1960 20 -1- 0.5 

4 24 55 121 1270 + 

4 24 57 129 1290 + 0.5 
4 24 54 110 220 20 -1- 

4 24 57 116 1270 20 + 0.5 

5 28 174 1740 

10 28 176 1880 I + 0.5 

caused by estrone. In young animals this compound can thereby 
even cause a certain degree of growth. 

This effect of testosterone which thus far has been unknown is 

not caused by the pituitary which one might suspect to be stimu¬ 
lated by testosterone but the contrary is true, testosterone inhibits 
the pituitary. (The pituitaries of rats treated with testosterone 

show a decreased gonadotrophic activity when used as trans¬ 
plants.) (See table 1, page 220.) Furthermore, testosterone 
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does not prevent the action of estrone upon the pituitary, since 

the pituitaries of animals treated simultaneously with estrone 

and testosterone show the usual decreased g:onadotrophic activity 
as again evidenced by transplantation experiments.^® 

This decreased weight of the seminal vesicles is actually caused 
by a diminution in the production of gonadotrophins. This drop 
might be explained, in the light of the investigations by Westman 
and Jacobsohn (30), by an abnormally high output of the secre- 

TABLE 5 

Testosterone Propionate (T. Pr.) Does Not Prevent the Inhibiting Effect 

of Estrone on the Pituitary as Ascertained by Implan¬ 

tation in Young Male Mice 

Num¬ 
ber of 
mice 

Pretreatment of rats 
for 16 days with 

Weight 

At implantation At autopsy 

Estrone on T. Pr. Bat 
Rat 

pitui¬ 
tary 

Mouse Mouse 
Seminal 
vesicle 

Y mg. gm. mg. gm. gm. mg. 

3 + 99 1 5 5.5 8.0 12.0 

5 20 + 106 7 6.0 8.0 3.5 

5 + 0.5 117 4 5.5 7.5 3.0 

3 20 + 0.5 110 5 5.5 7.0 3.0 

tion before transplantation, since these investigators found sepa¬ 

rate innervations for the production and for the release of the 
pituitary hormones. On the other hand, experiments with para¬ 
biosis (31, 32) leave no doubt that testosterone actually inhibits 

the production of the gonadotrophin. 

In spite of the fact that the pituitary was inhibited, animals 
treated with both testosterone and estrone have testes and acces¬ 

sory organs of normal size or even slightly larger than the size 
before the injection of the above steroids (33). 

10 According to Gaarenstroom there exists, however, a certain antagonistic 

influence through a direct effect on the pituitaries since an increase in the 

size of these glands, even to the extent of tumor production, caused by estrone 

can be prevented by testosterone. 
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These facts must be explained on the basis of a direct, stimu¬ 
lating effect of testosterone upon the testes. .This action seems 
to consist of a maintaining effect upon the tubules (which con¬ 
tribute most to the size of the organ). Besides, the quantities of 
GE (FSH) produced (even in the pituitary inhibited by estrone 
and testosterone) suffice for the stimulation of the size, since 
we have seen above that the inhibition of the pituitary does not 
interfere at all with the production of GE. 

The same results as those observed with testosterone can also 
be obtained through administration of the chorionic gonado¬ 
trophin. The lacking GI can therefore be substituted by testo¬ 
sterone. Histologic pictures of testes help to strengthen this 
concepit. The testes of rats treated with estrone alone are small, 
and show atrophic tubules and only very small groups of inter¬ 
stitial tissue. Testes of rats treated with large doses of testo¬ 
sterone only are of normal size and contain well-developed 

tubules, but almost no interstitium. A similar size of testes with 
a similar histologic appearance is obtained in the rat when both 
these steroids are used together. Such testes differ from normal 
ones only in that their interstitial spaces are empty. 

I have emphasized in the foregoing that the doses of testo¬ 
sterone used in the rats must be large because smaller doses pro¬ 

duce effects indicating pituitary inhibition and are inadequate for 
maintaining the size of the testes. 

I should like to mention here the experiments of Nelson (34) 
who succeeded in producing growth of the testes in hypophysec- 
tomized animals by injecting cortical extracts and on the other 
hand results obtained by Gaarenstroom and de Jongh (35) who 

failed either to maintain the ovarian size and structure of the 
ovary or to prevent its atrophy after hypophysectomy by injec¬ 
tions of testosterone. 

The main fact is that the damage which is done to the gonado¬ 
trophic function of the pituitary by the injection of estrone and 
which is responsible for the so-called antimasculine effect of this 

hormone cannot be observed after large doses of testosterone. It 
would appear that testosterone exerts a maintaining effect upon 
the testicular tubules. 
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Is it then too farfetched to explain the similar effect of the 

chorionic gonadotrophin upon the testes by its ability to stimulate 
the production of testosterone which, in turn, exerts a local effect? 

The effect on the cells of the testicular interstitium has long 

been considered one of the most important, if not the most impor¬ 
tant, actions of the chorionic gonadotrophin. The interstitium 
thus becomes the site of newly produced male hormone. As a 

matter of fact, treatment of animals with GI (chorionic gonado- 

TABLE 6 

Hypophysectomised Bats Treated for 2 Weeks Starting 

Immediately After Operation 

Num¬ 
ber of 

animals 

Ave. weight 
Ave. testis 

weight % 
differ¬ 
ence 

Daily treatment 
Begin¬ 
ning 

At 
autopsy 

Begin¬ 
ning 

At 
autopsy 

gm. gm. mg. mg. 

3 46 55 139 60 -57 0.1 cc. oil 

6 46 56 132 119 -10 i mg. T. Pr. 

6 48 54 153 137 -11 J R.U. pituitary 

gonadotrophin* 

6 47 54 131 232 -t-77 i mg. T. Pr. + i R.U. 

pituitary gonado¬ 

trophin* 

* Ambinon ‘ Organon.' 

trophin) preserves not only the tubules but also the interstitium 
in a good condition. It is therefore possible to differentiate at a 

glance between treatment with testosterone on the one hand and 
with chorionic gonadotrophin on the other by examining the tis¬ 
sue microscopically. The rats which received chorionic gonado¬ 

trophin show well-maintained tubules and interstitium while in 
those treated with testosterone only the tubules are normal. 

The general conclusion has therefore been drawn that testo¬ 

sterone exerts no stimulating effect locally on the site of its 

production. 
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I will mention only the main results of the experiments which 

led to the conclusion that GI exerts its stimulating effects exclu¬ 
sively through the production of testosterone. It is well known 
that the effect of pituitary extracts upon the testes of hypophy- 

sectomized rats is increased considerably by the addition of GI 
(chorionic gonadotrophin) (36, 37, 38, 39). Both GI alone and 
testosterone alone can maintain the structure of the testis in 

exactly the condition it was in at the time of hypophysectomy. 
Testosterone can also bring about the augmenting effect, for 

which GI is known, when added to pituitary extracts. 

At the time of hypophysectomy one testis is removed, the other 
being removed at the end of the experiment two weeks later. 
Daily injections of oil, pituitary extract,^' testosterone propionate, 

or a combination of the last two were given starting immediately 
after hypophysectomy. The results are listed in table 6. They 
show that the testicular atrophy in young hypophysectomized rats 

was not so great when small doses of pituitary extract or testo¬ 
sterone were given as when no hormones were injected, and that 
a combination of these two hormones resulted in a definite growth 

of the testis. This proves that testosterone has the same aug¬ 
menting properties previously demonstrated by others for GI. 

On the other hand, GI (chorionic gonadotrophin^*) has hardly 

any more effect than testosterone. 

Table 7 shows (lines 2 and 3, 7 and 8) that adding chorionic 
gonadotrophin to a combination of pituitary gonadotrophin and 

testosterone has little effect. This does not mean that the maxi¬ 
mum effect has already been reached; on the contrary an increase 
of the dose of testosterone yields an increase in weight. 

During normal growth, too, the development of the tubules is 
initiated and stimulated by GE while GI causes the production 
of testosterone in the interstitium. The testosterone maintains 

the developed tubules. In the light of this, the tubules are to be 
classified with the accessory glands and sex organs which are 
dependent on the hormone produced in the primary organ of the 

II Ambinon * Organon. * 

i2Pregnyl ‘Organon.' 
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gonad. The close vicinity of the site of production of testosterone 
ensures the effect upon the tubules. 

Nevertheless, I wish to point out that it is necessary to exercise 
caution in making such conclusions. Obviously analytical ex¬ 

periments cannot teach us more than the possibility that develop¬ 
ment, produced with certain substances under arranged experi¬ 
mental conditions, may take place, we cannot prove yet that it 
does take place under normal conditions. 

It is even more likely that the contrary is the case, which would 
mean in this connection that 61, too, may be able to exert a direct 

influence on the tubules. Experiments in sparrows lend support 
to this contention since we cannot speak about any interstitium 
in these birds and the tubules of animals during the winter sea¬ 

son have been noticed to develop remarkably after injections of 
chorionic gonadotrophin'^ (de Premery (39a)). 

It must be stated furthermore that facts which have been 

proved conclusively in rats do not necessarily hold for other 
species. The same results have so far been obtained in mice (40) 
but not in guinea pigs (41) nor, at least in the early experiments, 
in monkeys, which is of greater interest to us. Yet the possibility 
cannot be excluded that the doses used in the latter experiments 
may have been too small. The most recent experiments by P. B. 
Smith (42), in which he showed the great importance of the local 
activity of some substances, lend support to this conclusion. He 
obtained excellent, though localized, spermatogenesis in the region 
in which pellets of testosterone propionate had been implanted 
into the testicle (42a). The importance which the dose of testo¬ 
sterone has locally upon spermatogenesis had previously been 
demonstrated by Dvoskin (43) in interesting experiments. On 
the other hand the most recent experiments of Masson (43a) show 
that many substances other than testosterone and the above-men¬ 
tioned pregnenolone, some of which are steroids of very low andro¬ 
genic activities, can exert a definite maintenance effect after 
hypophysectomy. I regret that time does not permit me to tell 
you about de Jongh’s interesting explanation of the mechanism 
of this effect. 

13 Pregnyl ‘Organon.’ 
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b. Estrogens, In the past the estrogenic substances were never 

observed to exert any direct effect upon the testis. In view of 
the aprioristic ideas we had 20 years ago we were naturally highly 

surprised in those days to find estrogen in the rat’s most mascu¬ 

line organ, the testis (44, 44a). Since that time large quantities 
of estrogens have been found in the testes of stallions (which to 
date are the richest source of all biological estrone-containing 

materials). Only a few weeks ago Professor Ruzicka told me 
that he had succeeded in isolating estrone from pig testes. 
Whether or not the presence of estrone in testes is of physiologic 

importance we do not know yet. I only want to remind you of 
the so-called ‘^pacemaker*' effect (Freud (44b)) which consists in 
an augmentation of the growth of the seminal vesicles induced by 

testosterone and particularly by androsterone when small amounts 
of estrone are administered simultaneously. 

B. In the Ovary 

We now come to the direct effect of steroid substances upon the 
ovary. There can be no doubt about the existence of this effect. 

As a matter of fact we have to consider not only the effect of 
female hormones but also that of testosterone. There are even 
good reasons to presume that such effects both of estrogens and 

male substances occur normally. So far it has not been possible 

to identify the chemical nature of such substances. Due to the 
limitation of time at my disposal I cannot present the proof in 

detail and I can give you only a sketch of our views, i.e., particu¬ 

larly those of the laboratory in Leyden. 

CONSIDERATION OF DIFFERENCES IN EXPERIMENTAL TECHNIQUES 

Some progress has been derived and more will come forth. By 
differentiating sharply between results obtained on the one hand 

in normal, and on the other hand, in hypophysectomized animals 
in which latter case one has to consider carefully the time which 
has elapsed since hypophysectomy because one has to take into 

account the presence of endogenous pituitary substances during 
the first days, particularly during the first 24 hours, following 
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operation. For such reasons we must also distinguish clearly 

between adult and non-adult animals and among the latter ones, 
furthermore, between completely immature and so-called infantile 
animals. 

It may enable you to judge future publications better if I 
emphasize that every extrapolation, that is, transfer of experiences 

obtained in one species of a certain age made under specific con¬ 

ditions, can cause dangerous errors if applied to a different spe¬ 
cies and even to the same when the experimental conditions are 
slightly changed. 

a. What is the effect of estrogenic substances? W'e know the 
so-called Collip (45) and Hohlweg (46) effect and its explanation. 
According to these authors large doses of estrone have a strong 

gonadotrophic effect (47) in young normal rats of 20-30 grams. 
Upon closer analysis the following effects can be differentiated : 

1. Increase of the weight of the ovaries. 

2. Increase in follicles without a cavity in very young animals 
and of follicles with some cavities in slightly older animals. 

3. Development of corpora lutea though not regularly in such 

slightly older animals. 
4. By extending the treatment to three weeks David, Freud 

and Uyldert (48) in our laboratories obtained a prolongation of 

the lifetime of corpora lutea and their change in the direction of 
corpora lutea of pregnancy and even complete transformation 
into such. 

EXPLANATION CONTRARY TO HOHLWEQ 

Let US call Number 5 the Collip effect proper which consists in 
the increase in size of the ovary, its maturation, and the forma¬ 
tion of corpora lutea if treatment with chorionic gonadotrophins 
is preceded by estrone administration (45). The situation aris¬ 
ing after the injection of estrogens into normal animals having 

pituitaries is actually quite complicated and the results became 
the more conflicting the more such experiments were performed. 
These investigations more than anything else have shown the 
great importance in every respect of the quantity factor: the de¬ 
pendence of the results upon the dosage, the type of estrogen used. 
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the distribution of the doses over different intervals and different 

periods of time. 
Most surprising were the effects mentioned first which were 

published more than 12 years ago by Hohlweg (46). A single 

injection of 500 R.U. (about 0.3 milligram) of estrone into the 
rat caused first, the formation of corpora lutea and only secondly, 
an increase in the size of the pituitary. 

I do not want to elaborate on the extensive literature on this 
subject since the five principal points concerning the ovary have 
already been mentioned. I only want to point out that Hohlweg 

and others consider the changes in the ovary as dependent on the 
increase in size of the pituitary and they presume that this reflects 
an increased function or rather a larger release of the secretion 

of this gland (49). While it is not impossible that such a rela¬ 
tion exists, it has been overlooked—and this is important for our 
consideration—that there may also exist a direct effect of the 

estrogens upon the gonad aside from the indirect influence of the 
pituitary. Today we can state that it has been proved that such 
a direct influence exists. 

Our colleagues in Leyden (50) have obtained such changes in 
the ovaries of hypophysectomized rats after a single injection of 
1 milligram of estradiol benzoate. Such ovaries were almost 

twice the size and weight of those of untreated four-week-old 
control rats. The diflBcult and cumbersome counts of Paesi 

proved the point. He found that the increase in size of the 

ovary is mainly the result of an increase in medium-sized follicles 
without cavities and therefore is not caused by a prolongation of 
the life period of already existing follicles. Of course the exis¬ 

tence of such a life-prolonging effect upon follicles cannot be 
ruled out and it is possible that estrone may have a mainte¬ 
nance effect on the follicles analogous to that of testosterone on 

the tubules. The large number of mitoses in the granulosa shows, 
furthermore, that estrone has also a growth-stimulating effect. 

It is also of importance that it was observed in the above ex¬ 

periments that the ovum continues to exist, that no atretic follicles 

are formed and that no luteinization occurs in these young ani- 
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mals. Such changes would have to be preceded by a hypertrophy 
of the theca which was absent in these experiments. This effect 
of estrone becomes particularly evident when subthreshold doses 
of gonadotrophins (for instance, pituitary extract) which are too 

small to have an effect are given or gonadotrophins which give 
only an incomplete reaction (chorionic gonadotrophin). In both 
cases the Leyden investigators succeeded in demonstrating the 

strong effect of estrone on the ovary. When stilbestrol was given 
to normal animals receiving large doses of chorionic gonado¬ 
trophin (which lacks QE) they obtained the expected increase 

in activity of this synthetic estrogen. Thereupon they treated 
hypophysectomized animals with chorionic gonadotrophin plus 
estradiol benzoate and they obtained follicles with definite cavi¬ 
ties and hypertrophy of the theca. The theca never responds to 
either estrone alone or chorionic gonadotrophin alone but does 
give a good response to the simultaneous administration of both 
these hormones. I shall tell you how de Jongh interprets the 
mechanism of this effect. 

SYNERGISM OF ESTROGENS AND GONADOTROPHINS 

The above-mentioned transformation into corpora lutea of 
pregnancy by prolonged administration (3 weeks) of estrogens 
(among which also the rather poorly active equilinine (51)) can 
be considered as proof of a synergistic action of the estrogens with 
pituitary gonadotrophins (52)'^ since the pituitary has certainly 

been damaged following prolonged treatment and, therefore, re¬ 
leases diminished amounts of gonadotrophins. Prom their ob¬ 
servations that the reproductive organs (uterus, vagina) undergo 
progestational transformation and that the mammary gland de¬ 
velops, Uyldert et al, (55) concluded that the morphological 
changes in the corpus luteum are paralleled by a functional 

change (production of progesterone) in the corpus luteum 

(Uyldert 56)). 
I should like to insert here a remark concerning the difference 

in responses of animals at different ages. 
A number of papers (63-54a) of which only abstracts have been accessi¬ 

ble to ns point in the direction of such a synergism. 
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DIFFERENCES IN THE SENSITIVITY OP THE OVARY 

It is of general importance and often overlooked that a stronger 
reaction must not necessarily be caused by an increased release 

of another substance (the above case of more gonadotrophins) 

but that the reactivity and sensitivity of the responding organ is 
a different one. 

We believe that the sensitivity of the growing animal is in¬ 

creased as compared to that of very young ones and it is possible 
that the gradual increase in estrone plays a role. This is probable 

in view of experiments in which one-week-old rats showed no 

effect whatsoever following the injection of chorionic gonado¬ 
trophin. The gonadotrophic activity of the pituitary as mea¬ 

sured by their effect following transplantation does not increase 

according to Clark (57) in older animals as compared to those of 
younger ones. Thus it is not the pituitary but the ovary which 

changes during the course of the development of the animal. 

b. Do we also know the effects of male hormone within the 
ovary f 

TESTOSTERONE AS A LUTEINIZING FACTOR 

Such an effect has been clearly demonstrated by de Jongh 
and Gaarenstroom. The ovaries from the infantile animal were 

brought into a very far advanced stage of maturation by pre¬ 

treatment with a combination of pituitary and chorionic gonado¬ 
trophins. Such ovaries weighed approximately 65 mg. instead 

of 7-11 mg. and showed large follicles and corpora lutea. 

The pretreated rats were hypophysectomized and one ovary 
was removed. Ten days later the other ovary was removed and 

showed a far-advanced atrophy in untreated animals. Such 

ovaries weigh only 30 mg. which represents a loss of weight of 

approximately 55%. When either the pituitary gonadotrophin 

or chorionic gonadotrophin are administered separately the loss 
of weight is smaller amounting to approximately 43%. Follow¬ 
ing the simultaneous administration of both the chorionic and 

pituitary gonadotrophin practically no loss of weight (4%) is 

obtained. A combination of the pituitary extract with estrone 



TABLE 8 

Female Fate Pretreated with Pituitary* and Chorionic\ Gonadotrophin, 

Mypophyeectomised and Unilaterally Castrated, 

Injected for Ten Days 

Num¬ 
ber 
of Daily treatment 

Ovarian 
weight 

%de- 

Number of 
large corpora 
lutea (relative 

value) %de- 

ani¬ 
mals 

Before 
treat¬ 
ment 

After 
treat¬ 
ment 

Before 
treat¬ 
ment 

After 
treat¬ 
ment 

mg. mg. 
9 None 68 30 56 109 57 48 

9 60 Y estrone 70 31 56 97 50 48 

13 5 R.U. pituitary 
gonadotrophin* 

62 35 44 93 45 52 

5 5 I.U. chorionic 
gonadotrophin t 

73 42 42 97 51 48 

8 5 R.U. pituitary 

gonadotrophin* 

5 I.U. chorionic 
gonadotrophin t 

59 48 19 107 55 
1 

49 

7 5 R.U. pituitary 

gonadotrophin* 

+ 50 Y estrone 

59 41 30 96 46 52 

4 5 R.U. pituitary 

gonadotrophin* 

+100 Y estrone 

54 41 24 81 32 60 

7 5 R.U. pituitary 

gonadotrophin* 

+ 500 Y testosterone 
propionate 

60 43 28 101 55 46 

5 5 R.U. pituitary 

gonadotrophin* 

4-1 mg. testosterone 

propionate 

55 63 4 94 38 56 

6 6 R.U. pituitary 

gonadotrophin* 

+ 50 Y estrone + 500 y 
testosterone propi¬ 

onate +1 mg. pro¬ 

gesterone 

67 56 16 97 51 48 

* Ambinon ^ Organon. ’ 

t Pregnyl * Organon. ’ 
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also has a favorable effect, 100 y of estrone having more of an 

effect than 50 y, but the effect of testosterone cannot be obtained. 
Careful examination discloses that the diminished weight loss is 
caused by the formation of new corpora lutea, since those corpora 

present originally are all decreased in size. 

TESTOSTERONE CAUSES FORMATION OP CAVITIES AND IS 

ANTAGONISTIC TO THE GRANULOSA 

I mentioned a short while ago that the treatment of young rats 
with estrone only for 5 days increases the number of follicles, 

which are without cavities in the very young animals, and that 
the effect is similar in hypophysectomized animals. When chori¬ 
onic gonadotrophin is administered simultaneously the follicles 

are not much larger but they contain cavities and these are very 
irregular, so-called ‘‘necrotic disintegration forms’’ (1). The 
cavities have a cystic character, the granulosa is loosened and 

partly destroyed and often forms only a thin layer instead of a 

many-layered cushion. We also noticed the atrophy of the theca 
which is otherwise absent. 

Papanicolaou et ah (58), Selye and Collip (59), Greene, Burrill 
and Ivy (60), Bradbury et al, (61), Guyenot and Naville-Trolliet 
(62, 63) observed in guinea pigs that chorionic gonadotrophin 

makes the clitoris grow and that male substances must therefore 
have been produced. Paesi and Gaarenstroom (64) repeated 
the experiment in hypophysectomized rats with chorionic gonado¬ 

trophin and observed the same: the clitoris grew and its weight 

increased from 3-5 mg. to 9-10 mg. This is not a direct effect of 
the chorionic gonadotrophin upon the clitoris since this effect is 

absent in castrated rats. 

De Jongh et al. make it very probable that abnormal formation 

of cavities and the disturbance in the granulosa are caused by 

male substances since they were able to bring about exactly the 
same condition by the combined administration of estrogens and 
testosterone. Changes both with chorionic gonadotrophin and 

with testosterone are still much clearer when the estrogens are 
first administered separately. Thus the cooperation of the two 



GONADOTROPHIC AND SEX HORMONES 243 

hormones, the female and the male, is of great formative impor¬ 
tance for the structural development of the ovaries. They proba¬ 
bly play a decisive part in the normal formation of the cavities of 
the graafian follicles and also in the development of a hypertrophy 

of the theca and this holds true especially for the androgens. 

TABLE 9 

Froduciion of Testosterone in the Ovaries of Eypophysectomized 

Young Bats 

Number 
of rats 

Status 
Weight 

of 
animals 

Treatment for 
10 days 

Clitoris 
weight 

3 Hypophysectomized 

gm. 

52-66 10 I.U. chorionic 

mg, 

9.5-10 

2 Hypophysectomized 64-66 

gonadotrophin* 

NaCl 0.9% 6.5- 7 

4 Hypophysectomized 57-€3 5 I.U. chorionic 8.5-10.5 

5 Hypophysectomized 57-65 

gonadotrophin* 

NaCl 0.9% 4 - 4.5 

2 Hypophysectomized 71-90 10 I.U. chorionic 4 - 4.5 

2 

and castrated 

Hypophysectomized 69-77 

gonadotrophin* 

NaCl 0.9% 4.5- 5 

4 

and castrated 

Castrated 45-51 5 I.U. chorionic 3-5 

4 Castrated 46-49 

gonadotrophin* 

NaCl 0.9% 4.5- 4.5 

2 Normal 52-58 1 mg. progesterone 4-5 

2 Normal 58-60 Oil 4 - 4.5 

* Pregny 1 ‘ * Organon. * ’ 

The estrogens probably protect the ovum against the influence 

of the androgens and are of importance during the extrusion of 

the flrst polar body (Moricard (65)). 
Does testosterone have an effect other than the formation of 

cavities t 

Yes it does. The most interesting is the production of a com¬ 
plete ovulation. De Jongh et al,, on the basis of their concepts, 



244 THE HARVEY LECTURES 

administered 1 mg. of testosterone propionate daily for five con¬ 

secutive days to 4 young mice weighing 6 grams. All animals 
exhibited enlargement of the ovaries caused by the presence of 

mature follicles with cavities. In one of the mice the egg could 
still be found in the neighborhood of the ruptured follicle. In 
three other mice treated in the same way only an enlargement of 
the ovary by ripening follicles was observed as was the case in 

this ovulating mouse. 

TESTOSTERONE AS INSTIGATOR OP OVULATION 

Does ovulation actually have anything to do with testosterone? 
Certainly it does. In immature animals weighing 6 grams no 
ovulation ever occurs. Prior to this observation Shapiro and 
Zwarenstein (66) produced ovulation in toads by testosterone. 
This, however, did not prove a direct effect, and one could not 
speak of exclusive testosterone action since this occurred in the 

presence of the pituitary. 
In order to understand this effect of testosterone let us consider 

an interesting observation (67). Testosterone causes single vas¬ 

cular buds of rat ovaries to grow into the follicles long before 
luteinization occurs, whereupon the bud widens and forms a dead 

end. The penetration occurs in a spot which is exactly opposite 

to that from which vessels grow into the tissue during luteiniza¬ 
tion ; that is, the side opposite the egg, whereas in this case the 

vascular bud is located next to the egg. The vascular wall is very 

thin, and de Jongh et al. (67) believe that these effects are of 
decisive significance for normal ovulation. As long as 37 years 

ago, long before the age of hormones, von Winiwarter and 

Sainmont (68) observed a similar picture in a young 3-month- 
old cat. Twenty-eight years earlier, in 1881, Schulin (69) ob¬ 

served vascular buds penetrating the granulosa in the neighbor¬ 

hood of the egg cells in human ovaries. (Of course, it cannot be 
proven that the male substance formed in the ovaries causes this 
effect but the results described are indicative.) 

The “hemorrhagic pointsobserved many thousands of times 
in the undamaged follicle in the Aschheim and Zondek reaction 
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which remains unexplained so far becomes understandable. One 

also understands from where the blood comes during ovulation 
since a vascular thin follicular wall which ruptures did not offer 

any explanation. Furthermore one can understand the increase 

of the intrafollicular pressure which leads to rupture when termi¬ 
nal vessels grow into a closed cavity. 

Let us briefly touch the question of the formation of the steroids 

in the ovary as well as at what site, at what time, and under what 
influences. 

SITE AND TIME OF PRODUCTION OF THE STEROIDS 

Because of lack of time I have to restrict myself to a very 
sketchy summary of our, in part, still hypothetical concept, which 
was mainly developed by de Jongh et aL and also by Freud, con¬ 
cerning the interaction of the different sex hormones in the ovary. 
Regarding the rationale of this concept I shall have to refer you 
to the papers in the Nederlandsche Akademie van Wetenschappen 
and to the monograph appearing shortly in English (1). I shall 

therefore mention only very briefly when, where and under the 
influence of which gonadotrophins we believe the steroid hor¬ 
mones are produced and what their immediate effects are. 

I must emphasize again that we do not know the chemical 
nature of the substances involved when we speak of ‘‘androgens,’* 
“estrogens” or “progestogens.” This latter expression coined 

by Brent several years ago seems to me to be very suitable for 

general use. 
During the first postnatal days, when the status of the rat can 

probably still be compared with the fetal condition of primates, 

hormones presumably play no role. The egg cells exert a direct¬ 
ing influence on the ovariocytes, which are almost the only other 

cells present. Freud applies the term ovariocytes to all cells 

other than the egg cell and connective tissue cells, blood vessel 
cells, nerve-sheath cells and the external endothelial cells of the 
stratum germinativum. These ovariocytes can adopt during their 

lifetime very different functional stages, probably partly depend¬ 
ing in which morphological context they occur. 
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They are influenced, other than by the egg cell, by the gonado¬ 
trophic hormones and also by the steroids produced locally under 
the stimulating effect of the gonadotrophins. One and the same 

ovariocyte can form part of the first single layer surrounding the 
egg, it can later be included in the granulosa, or also in the theca 
participating in its formation. It can furthermore take part in 

the formation of the corpus luteum, and later on atrophy and die. 
It can also revive and follow a course like that of any other ovario¬ 
cyte derived from the so-called interstitium. 

The cells pass thus through very different stages, described very 
appropriately in a monograph by Freud which I hope will soon 
appear in print as micro- (or normo-), macro- and hypertrophic. 
He calls the general tendency of trophic development eutrophy. 
Only the so-called eutrophic stages are normally capable of 
mitosis. 

As mentioned before, the egg cells exert a directing influence 
and thus it is likely that the primordial egg organizes the mono- 
layer membrane around itself. This mechanism is non-hormonai, 
as was demonstrated recently by Paesi of the laboratory at 

Leyden. Young rats show a decrease in number of all follicles 
8 to 15 days after hypophysectomy with the exception of those 

of a diameter of about 23 to 33 pi, which are definitely increased. 

The membrane consists of a single layer of cuboid cells. These 
results have been obtained by counting and measuring 10 u-thick 
slices of ovaries sectioned in series, counting either consecutive 

slices or slices at intervals, never more than 10 apart. Whether 
the egg cell, so to speak, stops short at giving the command: 

Surround me!’’ or whether it also orders divisions, in other 

words, whether it influences mitoses in its environment, we do not 

know. 
PRODUCTION OF ANDROGENS 

During the first five days of life of the rat, androgens are pro¬ 
duced either spontaneously or under the stimulation of GI in the 

extremely numerous ovarioeytes located outside the sphere of 

influence of the egg cell. Within the first 5 days by far the larg¬ 
est number of the approximately 20,000 egg cells present at birth 
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have degenerated and only about 3,000 are still surrounded by 
their satellites. We deduce the production of androgens after the 
administration of chorionic gonadotrophin from the growth of the 

clitoris (58-64). Estrogens are not yet formed at this time of 
life, since the uterus and vagina remain entirely unchanged. This 
proves a certain insensibility of the ovariocytes of these very 

young animals. 

FORMATION OP ESTROGENS 

However, estrogens are produced probably not much later and 

at least before the maturation of follicles has progressed very far. 
Before the production of estrogens and independent of hormonal 
influences, the egg cells continue to grow and produce an increase 

in thickness of the spherical layer. This occurs under the influ¬ 
ence of QE, which promotes particularly the growth of the ovario¬ 
cytes in epithelial arrangement. Thus the more syncytial struc¬ 

ture of the granulosa is formed, probably preventing, together 
with the influence of the living egg, any deep penetration of blood 
vessels. Such a penetration into the theca, the formation of which 

has meanwhile started and which is more remote from the egg, 
is possible, because vessels have made their appearance in the 
meantime, penetrating the ovary from the hilus. Estrogens are 

probably formed before this in the “primordial form^’ in which 

granulosa and theca are still not separated; for 10-day-old ani¬ 
mals, in which estrogens can be demonstrated show estrus effects 

after the administration of GI, which is impossible during the 
very first days, as mentioned before. These estrogens play a part 
in the process of maturation. It is only during the third week 

that a division of the “primordial form,'* just mentioned, takes 
place between an external layer containing oval nuclei and an 
internal layer having round nuclei. Thereupon the androgens 
penetrate the follicle, which grows under the influence of QE and 
of estrogens. The site of the continuous production of the andro¬ 
gens is unknown. They cause the formation of cavities in the 
follicles, which continue to be of regular shape. Sufficient GB 
maintains the growth of the granulosa, which, in the absence of 
GE, would perish together with the follicles forming so-called 
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‘‘necrotic distintegration forms.’' They accumulate probably in 
the cavity, flooding the egg or rather the corona radiata and are 
supposed to induce the first division of maturation according to 

Moricard, as mentioned before. The androgens enhance the de¬ 
velopment or the hypertrophy of the theca and furthermore the 
penetration of single vascular buds, which lead to ovulation and 
hemorrhage. After this has happened and when the influence of 
the egg has ceased because it has been expelled or died (through 
the influence of androgens which are produced too fast or in too 
large amounts under the stimulation of the artificially adminis¬ 
tered gonadotrophins) the syncytial structure of the granulosa 
and the border between it and the theca interna disappear. Ves¬ 

sels penetrate from the latter thereby converting the ovariocytes 
into lutein cells. Undoubtedly GI and estrogens cooperate in this 
process. The cooperation of androgens formed in increasing 

amounts under the influence of 01 can, of course, not be excluded. 

PRODUCTION OP PROGESTERONE 

Progesterone is produced in the luteinized cells after they have 
attained a certain size. In order to function it is most likely that 
prolactin is required—which represents, so to speak, a third group 

of gonadotrophins. 
I need not explain to you at great length that these schematic 

concepts do not entirely describe what is actually happening. 
I hope that the new facts which I have presented have been of 
interest to you in connection with the facts with which you are 
already familiar. 

I consider the following as relatively new and important: Cer¬ 
tain steroids which, in their capacity as hormones, normally have 
an effect upon remote sites, undoubtedly have a direct and stimu¬ 
lating effect upon the gonads, in other words, those organs which 
mainly produce them. Up to now, very definite effects of testo¬ 
sterone upon the testes and of both this androgen and estrogens 
upon the ovary have been demonstrated. It is, therefore, ex¬ 
tremely likely that these same steroids or related ones exert an 
influence during and after their production upon the reactive 
tissues. This action can be a pai’ticularly strong one since these 
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substances are present in high concentration because of the prox¬ 
imity of the site of production and action. 

I repeat that the facts known to date will continue to be of 
importance even if their theoretical interpretation should cease 
to be satisfactory. At this time it is advantageous to use this 
theory in order to recognize the entire context in the presence 
of so many details, and above all, to enable us to plan new experi¬ 
ments since, as I need hardly mention, so much is left unexplained. 
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graph (1). 
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\ /ORE than 18 years have elapsed since the writer had the 
privilege of presenting before the Harvey Society his analy¬ 

sis of the factors involved in carbohydrate metabolism. The large 
amount of new information that has come to light in the inter¬ 
vening years cannot be reviewed here. In general progress has 

been registered along two separate lines of investigation, those 
carried out on (more or less) intact animals and those carried out 
with isolated enzyme systems. In the former category, to men¬ 

tion only some of the more recent work, we find such important 
results as the recognition that the anterior pituitary (Houssay) 
and the adrenal cortex (Long) participate in the regulation of 

the blood sugar level, while work falling under the latter category 
has given us detailed knowledge of the intermediary reactions of 
carbohydrate metabolism. It will be the purpose of this presen¬ 

tation to examine how far these two lines of investigation can be 

integrated. 
EXPERIMENTS ON INTACT ANIMALS 

Carbohydrate metabolism in the intact animal may be repre¬ 
sented by a number of over-all reactions; the most important of 

these are: 

(1) The reversible reaction, glycogen lactic acid. 
(2) The reversible reaction, glycogen glucose. 

(3) Oxidation of carbohydrate to CO2 and H2O. 

I I 
(4) HCOH CH2; interconversions, e.g., of carbohydrate car- 

I I 
bon to fat carbon or of protein carbon to carbohydrate 

1 Lecture delivered May 16, 1946, 
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carbon. These are explored most successfully by means 

of isotopic carbon. 

Simultaneous determination of all these factors on the same 

animal has led to a type of experiment which is referred to as 
carbohydrate balance. It may be of interest to examine briefly 
what information concerning carbohydrate metabolism can be 

obtained from such balances. 
Table 1 summarizes some of these experiments. The animals 

were first fasted for 24 hours, providing the basal values for 

groups A and B, while the basal values for group C were those 

obtained on group B after 4 hours of glucose absorption. 

TABLE 1 

Changes in the Distribution of Glycogen %n Rats 

Values are expressed in mg. per 100 gm. rat 

Experimental 
conditions 

Glycogen 
in liver 

Glycogen 
in rest 
of body 

Carbo¬ 
hydrate 
oxidized 

Blood 
sugar 
(per 
100 
cc.) 

Number 
of 

animals 

A. Fasted for 24 hours 

Basal values . 7 1S6 92 16 

Fasted 48 hrs. + 3 -25 - 8 21 

Insulin (3 hrs.) - 2 -34 56 -12 4 

Epinephrine (3 hrs.) -f36 -57 + 18 6 

Hypophysectomized ( 3 h rs.) -36 60 -10 6 

B. After 4 hours of glucose absorption 

Basal values 7 136 92 16 

Controls -1-192 + 263 465 + 58 10 

Insulin + 75 + 393 550 -28 7 

Epinephrine + 212 + 136 357 + 98 8 

C. 3-hour post-absorptive period 

Basal values SBO 432 158 13 

Controls - 49 -167 220 -45 4 

Insulin -141 -188 434 -89 4 

Epinephrine + 26 -298 263 + 16 5 
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Prom the changes in glycogen distribution observed after injec¬ 
tion of epinephrine, in conjunction with other experimental evi¬ 

dence, it was deduced that muscle glycogen is converted to liver 

glycogen by way of blood lactic acid. This interpretation is 
supported by recent experiments of Stetten and Klein (1) on the 
uptake of deuterium into liver glycogen from deuterium oxide 

administered to the animals. They found that the newly formed 
liver glycogen after glucose feeding contained 38, after lactate 
feeding 57 and after epinephrine injection 56 per cent of the 

deuterium content of the body fluids, as compared to a theoretical 
maximum of 66 per cent. Glycogen synthesis from 3-carbon frag¬ 
ments would be expected to result in much more exchange of 
stably bound hydrogen than synthesis from glucose directly. The 
fact that the liver glycogen after epinephrine injection had the 
same isotope content as after lactate feeding supports the idea of 

the lactic acid cycle. 
Other deductions which may be made from the experiments in 

table 1 are the following. Beginning with group A, it may be 
seen that fasting is characterized by a rigid economy of the carbo¬ 
hydrate reserves; there is hardly any change in the glycogen 
content of rats between 24 and 48 hours of fasting. After hy- 

pophysectomy the animals are losing their carbohydrate reserves 
much more rapidly than the normal animals; in fact, they lose 

more carbohydrate during 3 hours of fasting than do normal 
animals in 24 hours of fasting. The hypophysectomized animals 
resemble in this respect normal fasting animals injected with 
insulin. The indications are that the anterior pituitary exerts 

a restraining influence on carbohydrate metabolism and that this 
as well as a diminished secretion of insulin, represent regulatory 

mechanisms which come into play during fasting. 
Indications of such a regulatory mechanism can be seen when 

one compares the amount of carbohydrate oxidized during glu¬ 
cose absorption in group B and in the post-absorptive period in 

group C. As the fast continues, carbohydrate oxidation is re¬ 
stricted more and more until it reaches a minimum which does 
not exceed appreciably the new formation of carbohydrate from 
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other sources and this allows the glycogen content of the tissues 
to remain constant. 

Injection of insulin during glucose absorption causes an in¬ 

creased utilization of sugar in the peripheral tissues. Here 
insulin is merely superimposed upon the animals’ own, presuma¬ 

bly optimal insulin secretion. During the post-absorptive period, 

injection of insulin causes a marked disturbance of the normal 
regulatory mechanism. Liver glycogen disappears 3 times as 

rapidly as in the control animals, while muscle glycogen is not 

much affected. At the same time the restrictive influences on 
carbohydrate oxidation which are characteristic for the post- 

absorptive period are removed and the animals are now oxidizing 

sugar at the same rate as during glucose absorption. The inter¬ 
pretation given to these experiments is that insulin is favoring a 
reaction concerned with the utilization of blood sugar in the 

tissues and that the liver is breaking down glycogen more rapidly 
in order to meet the increased demand for blood sugar. 

What reaction might be favored by insulin was not revealed by 

these experiments and after some consideration it was concluded 
that another approach was necessary in order to shed some light 
on this problem. Work on the whole animal was given up in 

favor of a study of individual enzymatic reactions. This involved 
the extraction of enzymes from the tissues and their separation 
from each other. In the course of this work several enzymes were 

crystallized, in particular phosphorylase (2), the enzyme which 
catalyzes the breakdown and synthesis of glycogen in the tissues. 

EXPERIMENTS WITH ISOLATED ENZYME SYSTEMS 

It was shown that the over-all reaction, glucose-> glycogen, 

which is characteristic for the whole animal may be resolved into 

the following enzymatic steps (3). 
The first reaction, catalyzed by hexokinase, an enzyme origi¬ 

nally discovered by Meyerhof in yeast, and now known to occur 

in all animal tissues, is largely irreversible. In this reaction ATP 

(adenosinetriphosphate) is expended and this raises the problem 
of the regeneration of ATP. 
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The equilibria for the second and third reaction at pH 7, as 
determined for each enzyme acting separately, are shown above. 
Although the position of the equilibrium of the second reaction 

appears to be unfavorable, the overall reaction will nevertheless 
proceed in the direction of glycogen synthesis as long as inorganic 
phosphate is being removed as fast as it is formed in the phos- 

phorylase reaction. In the test tube this can be accomplished 
by the addition of barium ions which decrease the solubility of 
phosphate; in the intact animal the removal of inorganic phos¬ 

phate is accomplished by oxidation of carbohydrate which is 

Glucose + ATP 

i 
Qlucose-6-phosphate 

A 

5% 95% - 
▼ 

Glucose-1-phosphate 
A 

n% 23% - 

Glycogen + PO4 

coupled with the regeneration of ATP and thus permits ATP to 
be used again in the hexokinase reaction. 

The over-all reaction, glycogen ^ lactic acid, has also been 
resolved into individual enzj^matic steps, and these are embodied 
in the well-known Embden-Meyerhof scheme. Wood and collabo¬ 

rators (4) have found that glucose isolated from liver glycogen 
was labelled with heavy carbon in positions 3 and 4, when they 
administered glucose and NaHC^^Os to fasting rats; labelling of 

these positions would be predicted from a reversal of the reactions 
of the Embden-Meyerhof scheme, following the incorporation of 
labelled carbon in the reaction, pyruvate + CO2 oxaloacetate. 

One of the important results emerging from this work is the 
realization that carbohydrate oxidation is an olfspring of the 
chain of reactions which lead from glycogen or from glucose to 

Hexokinase (1) 

Phosphoglucomutase (2) 

Phosphorylase (3) 
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lactic acid. It is now generally agreed that carbohydrate oxida¬ 
tion at the pyruvate level is initiated by a condensation reaction 
between a Ci and C4 carbon compound; one oxidative cycle, 

(C24-C4).-> 2CO2 ^ 2H2O f C4, regenerates the C4 compound 

(oxaloacetate) which can then again react with the C2 fragment 

derived from pyruvic acid. Here again experiments with carbon 

isotopes have given strong support to the general validity of a 
scheme of carbohydrate oxidation proposed by Krebs, although 
minor modifications of the original scheme appear necessary. The 
primary condensation product between C2 and C4 has not been 
identified, but assuming it to be a member ot* the tricarboxylic 
acid group, all further oxidative steps are known. 

A greatly simplified scheme of carbohydrate metabolism, leav¬ 
ing out many of the intermediate steps, may now be presented 
(figure 1). The main feature of this scheme, as far as this discus- 

gljcogen + PO4 

jf 
gluco6e<-glucose*6*P <-glucose 

jf T 
lactate— ■ ■ "7 pyruvate ADP 

i X / 
ketonee— — -=7 C, + (C* + PO,)-> oxidation 

i if 
fatty amino 
acids acids 

Fio. 1. Simplified scheme of carbohydrate motabolkm. 

sion is concerned, is that glucose in order to be metabolized must 
first react with ATP. Once glucose is converted to glucose-6- 

phosphate by the hexokinase reaction, several metabolic pathways 
are open. Glucose may become glycogen, it may be converted to 
fat, or it may be oxidized, and the magnitude of each transfor¬ 
mation will depend on enzymatic equilibria determined by the 
metabolic state of the animal. In a previously fa.sted rat about 
50 per cent of the absorbed glucose is deposited as glycogen in 
liver and muscle, while the rest is oxidized (table 1), but once the 
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glycogen stores are replenished, a large part of the absorbed glu¬ 
cose may be deposited as fat 

Blood sugar formation in the liver is due to the action of a 

specific phosphatase which converts glucose-6-phosphate to glu¬ 
cose and inorganic phosphate. In muscle such a phosphatase is 
absent and owing to this fact muscle contributes lactate instead 
of glucose to the blood stream. In both liver and muscle the con¬ 
centration of inorganic phosphate within the cells should have a 
decisive influence on whether the reactions will proceed in the 
direction of glycogen synthesis or glycogen breakdown. 

Similar effects of the concentration of other reacting substances 
exist. For example, the fate of the reactive 2-earbon fragments 
formed from fatty acids in the liver depends on the availability 
of C* dicarboxylic acid (Lehninger (5)); in their absence the 
fragments condense with each other to form acetoacetate, in their 

presence the C2 intermediate is oxidized.^ This oxidation, as 
shown in the scheme, is coupled with the uptake of inorganic 
phosphate and the regeneration of ATP (6). 

It seemed likely that the regulation of the blood sugar level 
depends on special tissue structures sensitive to changes in the 
blood sugar concentration and on the release of hormones which 

would act on one or more of the enzymatic reactions discussed 
above. One example may be cited here, namely, the secretion of 
insulin by the islet tissue of the pancreas which is known to 
respond to the blood sugar level. The action of insulin in the 
intact animal has been investigated extensively, and since most 
of the intermediary reactions of carbohydrate metabolism are 

known, one would think that the mechanism of action of insulin 
would be amenable to investigation. 

Krebs and Eggleston (7) have shown that the addition of 

insulin to minced pigeon breast muscle could under certain con¬ 
ditions prolong the oxygen consumption of these preparations. 

2 Since the liver is the main site of formation of ketone bodies, it should 

be pointed out that the antiketogenic mechanism in the liver depends upon 

three reactions which lead to the formation of dicarboxylic acid, namely, 

pyruvate + CO, ^ oxaloacetate, tnuisamination between pyruvate and either 

glutamate or aspartate, and direct deamination of these two amino acids. 
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Their results have been confirmed by several investigators, in 

an over-all reaction of this type, composed of a large number of 

enzymatic steps which cannot be separated from each other, there 

would be considerable diflSculty in finding out at what point in the 
chain of reactions insulin was exerting its effect. At least, this 
was the conclusion reached with respect to some observations 
made by Colowick and Sutherland in our laboratory in 1942 on 

Cat Liver Homogenote in Wa Phosphate 
On# cc. homog«not9 ♦ gkicott 4> Mg ions * troc« 

K) 20 30 40 50 60 
MINUTES 

FiO. 2. 

cat liver dispersions. In contrast to the system investigated by 
Krebs, the rate of oxygen consumption was increased from the 
start when insulin was added. One of several rather striking 
experiments is shown in figure 2. The dialyzed homogenates were 
deficient with respect to adenine nucleotides, as shown by the 
effect of addition of adenylic acid. Without and with added 
adenylic acid insulin produced a very marked effect on the O2 

consumption. The experiments have not been published so far, 
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because in spite of much effort it has not been possible to control 
the system sufficiently to make the insulin effect regularly repro¬ 
ducible on different liver preparations, in itself an indication that 
the mechanism of action of insulin in this system is not under¬ 
stood. 

Prom time to time, when individual enzymatic reactions were 
being investigated, the effect of addition of insulin was tried, 
but a clear-cut effect on an isolated enzyme system in vitro could 
not be demonstrated. Although this led to the suggestion that 

the action of insulin and other hormones may depend on a more 
or less intact cell structure, the search for an in vitro effect of 
insulin was continued. 

YEAST AND ANIMAL HEXOKINASE 

A number of circumstances permitted us to investigate the 

hexokinase reaction. Colowick and Kalckar (8) had shown with 
hexokinase prepared from baker’s yeast that this enzyme cata¬ 
lyzed a one-step reaction; only one of the two labile phosphate 

groups of ATP (adenosinetriphosphate) was transferred to glu¬ 
cose. ADP (adenosinediphosphate) could not act as phosphate 
donor. They also showed that glucose was phosphorylated on 

carbon atom 6, giving rise to the formation of glucose-6-phos- 
pbate. Both points have recently been shown to apply also to 
brain hexokinase. The hexokinase reaction may therefore be 

written : 

glucose + ATP —> glucose-6-phosphate 4 ADP. 

Colowick and Kalckar also developed a manometric method for 

the determination of hexokinase activity which is based on the 
fact that one acid equivalent is formed for each phosphate group 
transferred from ATP to glucose. Enzyme activity can also be 

followed chemically by determining the disappearance of glucose 
or of ATP. In most experiments to be discussed later the reac¬ 
tion was followed manometrically and a terminal glucose analysis 

was made on the contents of the Warburg vessels. 
Yeast hexokinase has been prepared in crystalline form. This 

enzyme needs Mg^^ for its activity as does the corresponding 
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animal enzyme, but no other co-factor is needed. The animal 

hexokinase has so far been purified only partially. Hexokinase 
activity has been demonstrated in our laboratory in extracts of 

liver, kidney, brain, skin, intestine, anterior pituitary, heart and 

skeletal muscle. In the case of muscle and other tissues the 
hexokinase activity found was of suflBcient magnitude to account 

for the rate of metabolism of glucose observed in these tissues in 

the intact animal. 
Colowick and Price (9) have carried out a detailed study of 

rat muscle hexokinase. They found that previous difficulties in 
getting an active hexokinase preparation from muscle was due 
to the acid reaction of water extracts, pH about 6.2. At this pH 

rapid inactivation of hexokinase occurred, but in investigating 
this phenomenon they found that enzyme activity could be re¬ 
stored by addition of dihydrocozyniase. When the extracts were 

aged at pH 6 and dialyzed, the necessity for yet another co-factor 
was discovered, namely, guanine. In such extracts either com¬ 
ponent alone was without effect, but when both guanine and 

dihydrocozymase were added hexokinase activity was restored. 

EFFECT OF PITUITARY AND ADRENAL CORTEX EXTRACTS AND 

INSULIN OF THE HEXOKINASE REACTION^ 

Referring again to the simplified scheme of carbohydrate 
metabolism in figure 1, it may be seen that hexokinase initiates 

the utilization of glucose in the tissues and that if the activity of 
this enzyme were enhanced by insulin, most of the known effects 
of insulin in the intact animal could be explained. In spite of 

many trials an accelerating effect of insulin on the hexokinase 
reaction could not be demonstrated. 

It then seemed pos.sible that the clue to the situation might be 

in the reverse argument, namely, that if hexokinase were inhibited 
in the intact animal, hyperglycemia and glycosuria would result. 
With this in mind, experiments were carried out with muscle 

hexokinase preparations from rats made diabetic with alloxan. 
« The experimental work reported in this section was carried out by 8. P. 

Colowick, G. T. Cori, W. H. Price and M. W. Slein to whom should go the 

credit for these observations (10, 11). 
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It was observed that in some cases the manometric measurements 
indicated a lag period of about 10 minutes duration before 
hexokinase activity set in and that addition of insulin abolished 

the lag period. Such an experiment is reproduced in figure 3. 
Remembering the experiments of Houssay which demonstrated 

an amelioration of diabetes following the removal of the pituitary, 

we made the guess that the lag period may be due to an inhibitory 
pituitary factor present in the tissue extracts of alloxan diabetic 
rats. If this were so, the effect of insulin would consist in the 

Effect ©r IrtSutin o»» oT DUbc4ic Muscle Extract. 

Fio. 3. 

removal of this inhibition. That a pituitary factor could cause 
the inhibition was suggested by the observation that curves for 
hexokinase activity similar to those shown in figure 3 were ob¬ 
tained in muscle extracts of normal rats previously injected with 
pituitary or in muscle extracts to which an isoelectric protein 
fraction of the pituitary was added in vitro (figure 4). Here 
again insulin counteracted the pituitary inhibition. 

The short duration of the inhibition in figures 3 and 4 was 
attributed to the rapid destruction or inactivation of the pituitary 
factor in crude tissue extracts. In order to eliminate some of the 
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destructive factors, the hexokinase in muscle extract was purified 
by fractionation with acetone. A much more prolonged inhibi¬ 
tion could be produced by addition of pituitary to such purified 

extracts (figure 5). Similar results were obtained when hexoki¬ 
nase prepared from an acetone powder of calf brain was used as 

the test system. 

In view of the experiments reported by Long on the ameliora¬ 
tion of diabetes after removal of the adrenals, it was of interest 

Elfftci of An^orior Piiuitory (AP.E) ahJ Insuito •n HojiokinaM 

Activity of Nornal Rot hutcio Eotracts. 

^ 5 A^X. XfiJ«ct«dl oito Rat 2 Haurs Provlo«sly, 

»■' 400 y AP.E. AJdUd to Huocio Cxtroct IW Vitro. 

AP£. 4 lof oU 

APX. t- Inoulb. 

ARE. 
APE. 

to study the effect of adrenal cortex extract. Figure 5 shows that 

a commercial extract (Upjohn), by itself without effect, increased 
the inhibitory action of anterior pituitary on a purified hexoki¬ 
nase preparation. This effect of adrenal cortex extract is also 

seen in crude muscle extracts in which the action of pituitary 
alone is of short duration (figure 6). 

The effect of adrenal cortex preparations has been made use of 

in an analysis of the hexokinase activity in crude muscle extracts 
of alloxan diabetic rats. It may be assumed that tissue extracts 
of normal animals contain insulin, and hence the hexokinase is 
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free to act even if some pituitary factor is present; only if an 
excess of pituitary is added can an inhibition be demonstrated. 
In extracts of diabetic rats there should be a preponderance of 
the pituitary factor over insulin, because of the destruction of the 
islet tissue by alloxan. It would follow that if the extracts of 
diabetic rats contain the pituitary factor and no insulin, addition 

of adrenal cortex extract alone should produce inhibition. This 

is shown in figure 7. Without addition of adrenal cortex extract 

there is a short lag period, with cortex extract added a marked 
inhibition occurs which in tins ease amounts to about 70 per cent 
for the 30-minute period, when compared with the sample to 

which insulin was added. 
It should be emphasized that among 34 diabetic extracts investi¬ 

gated only 50 per cent showed a strong inhibition on addition of 
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destructive factors, the hexokinase in muscle extract was purified 

by fractionation with acetone. A much more prolonged inhibi¬ 
tion could be produced by addition of pituitary to such purified 

extracts (figure 5). Similar results were obtained when hexoki¬ 

nase prepared from an acetone powder of calf brain was used as 

the test system. 
In view of the experiments reported by Long on the ameliora¬ 

tion of diabetes after removal of the adrenals, it was of interest 

Cfftci of Aii^«rior Piiuittry (APE.) •»»€! xnsutid HcjiokinaM 

Activity of Noroat Rat hutdo Eatracts. 

—oc 5 AP.E. XnJactod oito Rat Z Hauro Previously. 

• ' ' ^ 400 y AP.E. Added to Moocie Extract in Vitro. 

Fio. 4. 

to study the effect of adrenal cortex extract. Figure 5 shows that 
a commercial extract (Upjohn), by itself without effect, increased 

the inhibitory action of anterior pituitary on a purified hexoki¬ 
nase preparation. This effect of adrenal cortex extract is also 

seen in crude muscle extracts in which the action of pituitary 

alone is of short duration (figure 6). 
The effect of adrenal cortex preparations has been made use of 

in an analysis of the hexokinase activity in crude muscle extracts 

of alloxan diabetic rats. It may be assumed that tissue extracts 
of normal animals contain insulin, and hence the hexokinase is 
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free to act even if some pituitary factor is present; only if an 

excess of pituitary is added can an inhibition be demonstrated. 
In extracts of diabetic rats there should be a preponderance of 
the pituitary factor over insulin, because of the destruction of the 
islet tissue by alloxan. It would follow that if the extracts of 
diabetic rats contain the pituitary factor and no insulin, addition 
of adrenal cortex extract alone should produce inhibition. This 

Efftci of Afit«r‘»ol* PilUfUry (APE.) onj A^fortol Corion Exiract (A.C£.) 

is shown in figure 7. Without addition of adrenal cortex extract 
there is a short lag period, with cortex extract added a marked 

inhibition occurs 'which in this case amounts to about 70 per cent 
for the 30-minute period, when compared with the sample to 

which insulin was added. 
It should be emphasized that among 34 diabetic extracts investi¬ 

gated only 50 per cent showed a strong inhibition on addition of 
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adrenal cortex extract alone and some gave completely negative 

results. This is probably due to several factors. Not all rats 
injected with alloxan get equally diabetic. If some islet tissue 
remained intact, the tissue extracts would contain insulin. Simi¬ 

larly, the lack of effect of adrenal cortex preparations alone on 
extracts from normal rats may be due either to less pituitary 
factor being present, or what seems more likely, to the presence 

of enough insulin to overcome the inhibition. Another factor is 
•f A*»t*ri#r Paui;kary (AP£.), A^ranal Carets Entraci (A.CC.)y 

amA Xaawkii •>» Noriaal R«^ flatcU Eniri^ct. 

FlO. 6. 

the instability of the inhibitory substance. When extracts from 
diabetic rats were kept for 1 to 2 hours at 0®, addition of cortex 
extract no longer produced inhibition, although the same extracts 

had given a positive result when tested immediately after prepa¬ 
ration.* Finally, the optimal conditions for the extraction of the 
inhibitor from the tissues have not been worked out. The diffi¬ 

culty here is that both the inhibitor and the hexokinase must be 
extracted at the same time. 

4 This recalls the interesting obserrations of Shorr (12), who found that 

muscle strips prepared from depancreatized animals showed initially an in¬ 

hibition of glucose oxidation but that this inhibition disappeared when the 

tissues were kept for some hours in vitro under aerobic conditions. 
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Further experiments with muscle extracts from diabetic rats 
are shown in figure 8. Addition of 10 micrograms of insulin had 
a suboptimal effect, while 50 micrograms completely released the 
inhibition caused by 0.1 cc. of adrenal cortex extract added to 
2.5 cc. of reaction mixture. Next it was determined that addition 

Effof A«lronal Cor^ox Extroe^ {A.C.E.) xna 

on Hoxoklnaao Activity of Diabetic Rat Muccic Extract. 

Fio. 7. 

of 0.05 cc. of cortex extract had as much inhibitory effect as 0.1 
cc., while 0.01 cc. was suboptimal. The inhibitory action of fte 
Upjohn extract could be reproduced with an amorphous fraction 
of the adrenal cortex, kindly supplied to us by Dr. Kendall and 
Dr. Kuizenga, but not with the crystalline compounds A, B and 
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E of Kendall. The nature of the adrenal substance which causes 
this inhibition has not been determined. 

The instability of the pituitary factor has so far prevented 

progress in its purification. Pituitaries from various species 
(beef, sheep, pig, horse) have yielded active extracts. It is essen¬ 
tial that the glands be obtained as soon as possible after the death 

of the animals and that they be frozen immediately. The glands 

of InsuMo onJ Vorioug Adrongt Corioit Extracts (A.CE.} on 

HcKokmasa Activity of Diabatic Rat huscia Extracts. 

AilJitiant per 2.5 'cc. Rcactian Mxtura 

No 

OJ cc. A.CE. (Upjahn) 

OJ cc. A.C E. 110 r Xnflulin 

OJccACE. ** tSOr »» 

0.1 cc. ACE. *• -tIOOr 

OJO CC.AC.E. (Upjoho) 

0.05 ec. ACE. « 

00*cc.AC.E. •* 

0.04 cc. AnorpKoys A.C.E. (Kendal) 
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may be extracted for 30 minutes with dilute barium hydroxide, 
pH 10, followed by removal of barium with dilute sulfuric acid 

and separation of the isoelectric precipitate formed between pH 

6.3 and 5.8. This precipitate, containing about 10 to 15 per cent 
of the extracted proteins, does not show any hexokinase activity 
of its own and inhibits brain hexokinase in the presence of 
adrenal cortex extract. The glands may also be extracted with 
dilute sulfuric acid at pH 5.7, followed by adjustment to pH 

Per Ceni Aciivi^y 

25 50 75 

m ' 
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5.3 and dilution. The precipitate formed on dilution contains 
most of the activity. Adsorption on aluminum hydroxide has 
effected further purification. Lyophilized glands have occa¬ 

sionally yielded active material. 

All the preparations so far obtained are unstable in solution 
and generally lose their activity when kept for 1 to 2 hours in 

an ice-bath. They could not be lyophilized or frozen in solution 

without loss of activity. It has not been possible so far to deter¬ 
mine the nature of the destructive factors. Acetone fractionation 

could not be used because it caused inactivation of the pituitary 
factor. 

A method of preparation which is successful in the majority of 

cases will be reported in detail. At the present stage of purifica¬ 
tion it did not seem profitable to try to identify the pituitary in¬ 
hibitor of hexokinase with other factors known to be present in 

anterior pituitary extracts. A number of these factors have been 

tested on the hexokinase system with negative results. This would 
rule out unspecific inhibitory effects, as would the effect of insulin 

in counteracting an existing inhibition. It may be mentioned here 

that this insulin effect is perfectly reproducible and that when 
insulin is reduced by cysteine or inactivated by treatment with 
alkali, it is no longer capable of counteracting the pituitary 

inhibition. Assuming that one is dealing with an interaction of 
proteins, a final analysis of the system would require that all three 
proteins, the enzyme, the inhibitor and the releasing agent, be 

available in relatively pure form. 

DISCUSSION 

The over-all reaction, glycogen lactic acid, is not inhibited 
by the anterior pituitary fractions which inhibit the hexokinase 
reaction. There is also no inhibition of the reaction, glucose-6- 
phosphate —^ glucose f phosphate, which occurs in the liver. Ref¬ 

erence to figure 1 will show that the hexokinase reaction is not 
involved in either case. This would explain why lactate, py¬ 

ruvate, alanine and other amino acids are convertible to glucose 
in the liver of depancreatized dogs and why injection of epine- 
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phrine in such dogs causes an excretion of extra sugar in the 
urine. In the latter case blood lactic acid derived from muscle 
glycogen would be converted to glucose in the liver. 

Lukens (13) investigated the resynthesis of glycogen in previ¬ 

ously stimulated muscles of normal and depancreatized cats. The 
amount of glycogen lost on stimulation was essentially the same 

in both types of animals and the initial resynthesis of glycogen, 
presumably from hexosemonophosphate and lactate (which ac¬ 
cumulate in muscle during stimulation) occurred at the same 

rate. However, the final restitution of the glycogen level which 

depends on the uptake of blood sugar by the muscles was delayed 
considerably in the depancreatized animals. The results of 

Lukens could therefore be explained by an inhibition of the hex- 
okinase reaction in the diabetic animals. 

Another observation which fits into this scheme is that of 

Bueding and coworkers (14). They showed that the rise in blood 
pyruvate which is seen in normal animals following the injection 
of glucose is absent in depancreatized dogs and that injection of 

insulin is necessary to bring back the increase in blood pyruvate 
in diabetic dogs. The normal animal responds with an increase 
in blood pyruvate, because the reactions leading to its formation 

occur somewhat faster than the reactions causing a removal of 
pyruvate. The removal of injected pyruvate from the blood 
occurs at the same rate in normal and diabetic dogs. It is also 

known that the muscles of diabetic dogs can convert their gly¬ 
cogen to pyruvate and lactate as rapidly as those of normal ani¬ 
mals. As shown in figure 1, the lack of response of blood py¬ 

ruvate to glucose injection could therefore be due to an inhibition 

of the hexokinase reaction and the effect of insulin to a release 
of this inhibition. 

The idea that removal or destruction of the islet tissue of the 
pancreas results in under-utilization of blood sugar has recently 
received strong support in the experiments of Stetten and Klein 

(1) with deuterium. They found that in alloxan diabetic rats 

about 75 per cent of the urinary glucose was of dietary origin 
and that only 25 per cent represented gluconeogenesis. That 
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certain amino acids, because they are convertible to glucose, are 
the source of gluconeogenesis, has long been accepted, and since 
there is an increased nitrogen excretion in the urine of depan- 

creatized dogs, such animals convert more protein to sugar than 
do normal animals. In this sense there exists an overproduction 
of sugar in the diabetic animal, but this is of minor importance 

in comparison to the primary disturbance in carbohydrate metabo¬ 

lism which is in the utilization of blood sugar. Houssay’s and 
Long's experiments have shown that this impairment of blood 

sugar utilization is due to a preponderance of anterior pituitary 

and adrenal cortex hormones over insulin. The present experi¬ 
ments would explain these phenomena by the action of anterior 
pituitary, adrenal cortex and insulin on hexokinase, an enzyme 

directly concerned with blood sugar utilization. 
One more point deserves discussion here. The scheme in fig¬ 

ure 1 indicates that a C2 intermediate is formed from both carbo¬ 

hydrate and fat which is then oxidized over a common pathway, 
a fact which is in itself of great importance. Such oxidation can¬ 

not result in a gain of carbohydrate. A net gain would result, 

however, if a C2 fragment derived from fatty acids could be con¬ 
verted to pyruvate (by reductive carboxylation) or if two such 

fragments could condense to form a dicarboxylic acid, since the 

latter, as shown in the scheme, is convertible to carbohydrate. So 
far these reactions have not been observed in the animal body. 

The isotope studies with tracer carbon show interconversions 

between all three foodstuffs, carbohydrate, fat and protein, be¬ 
cause the carbon fragments pass through a common metabolic 
pool, but they have given no indication that fatty acids are a 

source of gluconeogenesis (15). 
A good deal of additional w’ork will be required before a com¬ 

plete integration between experiments on the whole animal and 

on isolated enzyme systems can be achieved. It is possible that 
other points of action of anterior pituitary and insulin exist. 

The oxidation of glucose can be inhibited in the intact animal by 

the injection of a pituitary factor prepared by Greaves (16), and 
the oxidation can be accelerated by insulin in vitro, as shown in 
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the experiment in figure 2. Finally, insulin may also have a 

direct stimulatory effect on some enzymatic reaction, as indicated 

by the fact that it produces hypoglycemia in hypophysectomized, 

adrenalectomized animals. 

These possibilities are mentioned here in order to indicate the 

point of view that the writer has adopted, namely, that so far only 

a beginning has been made in the understanding of the mecha¬ 

nism of action by which hormones regulate the rate of enzymatic 

reactions in the body. 
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