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help to justify our faith, and also to tem- 
per our conceit, if we have any. Fertiliza-
tion is such a central problem which has 
interested mankind from the dawn of 
reasoning on account of its fundamental 
character, and is more or less interwoven 
with the thought of all ages. 

Aristotle and FIarvey.-It must be re-
membered in beginning our topic that the 
problem of fertilization was not clearly 
separated from the general problem of re- 
production until well into the nineteenth 
century. In  early human culture repro- 
duction received its only interpretation at  
the hands of priests and mystery men; its 
first philosophical and scientific treatment 
was one of the great distinctions of the 
Greeks, especially of that great philosopher 
and father of science, Aristotle, who com- 
bined observation and reflection in the in- 
terpretation of nature. Aristotle devoted 
a separate treatise, which has come down 
to us, to animal reproduction. Among 
other things he studied the development of 
the chick day by day with so much detail 
that Harvey felt impelled to say, 1,900 
years later : 

Aristotle among the ancients, and Hieronymus 
Fabricins of Aqnapendente, among the modernc;, 
have written with so muclr accuracy on the gcn-
eration and formation of tho chick from the egg 
that  little seems left  for  us to do. 

From the time of the Greeks to that of 
Narvey (1651) there was but little prog- 
ress in the knowledge of reproduction, and 
none in the theory, as will appear from the 
views of Aristotle, the current views of 
medical men of Harvey's time, and of 
Harvey himself. Aristotle says :* 

The rnale is the efficient agent, and by the mo- 
tion of his generative virtue (genitura), creates 
what is intended froin the matter contained in the 
female; for  the female always supplies the mat- 

2 ' 'De Gen. Anim.," lib. IT., cap. 4, quoted 
from ETarvey ' ' On the Gcncration of Anirnals, '' 
Ex. 29, 

ter, the male the power of creation, and this it is 
which constitutes one male, another female. 'I'lia 
body and the bulk, thereforc, are necessarily wp-
plied by the female; nothing of the kind is  re-
quired from the male; for i t  is not even requisite 
that  the instrmnent, nor the efficirnt agent itself, 
be present in the thing that  is produced. 'I'he 
body then proceeds from the female, tlie vital 
principle (anima) from the male; for the essenee 
of every body is its vit:il principle (anirna). 

With more common sense, if with less 
metaphysical ssllbtlety, the physicians of the 
Middle Ages held, according to Harvey, 
that conception is due to a ininglirrg of 
male and female seminal Auicls, 
the mixture having from both equally the faculty 
of action and the force of matter; and according 
to the predominance of this or that  geniture dous -

the progeny turn ont rnale or female (quoted from 
Harvey, Ex. 32). 

IIarvey7s observations contained much 
that was new and significant, but the facts 
that he knew were inconsistent both with 
Aristotle's ideas and those of the physi- 
cians. They were, however, inadequate for 
sound generalization. 

Wandering between two worlds, one dead 
The other powerless to be  born, 

he descended deeper into the sloug1.1 of 
metaphysics than Aristotle, and committed 
himself to the fantastic idea that concep- 
tion in the uterus is identical with, or a t  
least analogous to, conception in tile brain; 
and that the ovum is the product of such 
unconscious uterine desire or conception, 
and receives no material substratum from 
the male !3 The theory of reproduction 

3 "  Since there are no manifest signs of concep-
tion before the uterus begins to relax, and the 
white fluid or slender threads (hke the spider's 
neb) constituting the 'pr~mordium' of the future 
'conception' or ovum, shou7s itself; and since the 
substance of the uterus, when ready to conceive, is 
very like the strncture of the brain, why should we 
not suppose that the function of both is similar, 
and kh:~t thero is  excilcd by coitus within the 
uterus a something ident~cal with, or a t  least 
analogous to, an  'irrragination' (phantasma) or a 
'desire' (appetitus) In the brain, whence comes 
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was no whit more advanced in the middle 
of the seventeenth century than in the time 
of Aristotle. 

The Period of Leeuw1enhoek.-The use 
of the microscope in biological research 
began in the seventeenth century; it 
was the improvement of this new instru-
ment of investigation and its application 
to the study of the reproductive substances 
that furnished the first fundamental ad- 
vance in the theory of reproduction at  the 
hands of Leeuwenhoek, viz., the discovery 
of the spermatozoa4 in 1677. 

the generation or procreation of the ovum. For 
the functions of both are termed 'conceptions,' 
and both, although the primary sources of every 
action throughout the body, are immaterial, the 
one of natural or organic, the other of animal ac- 
tions; the one (viz., the uterus) the first cause ant1 
beginning of every action which conduces to the 
generation of the animal, the other (viz., the brain) 
of every action done for its preservation. And 
just as a 'desire' arises from a conception of the 
brain, and this conception springs from some eu- 
ternd obj'ect of desire, so also from the male, as 
being the more perfect animal, and; as i t  were, the 
most natural object of desire, does the natural 
(organic) conception arise in t h  uterus, even as 
the animal conception does in the brain. 

"From this desire or conception, it  results that 
the female produces an offspring like the father. 
For just as we, from the conception of the 'form' 
or 'idea' in the brain, fashion in our works a form 
resem%ling it, so, in  like manner, the 'idea' or 
'form' of the father existing in the uterus gen-
erates an offspring like himself with the aid of 
the formative faculty, impressing, however, on its 
work its own immaterial form' " (from William 
Harvey, ''On Conception," 1651). 

4 This &seavery is sometimes credited to Hamm, 
described as a student of Leeuwenhoek's. The 
latter himself describes the occurrence as follows 
(Phil. Tram., 1678, containing a letter from 1;. 
dated November, 1677) : A certain Professor 
Cranen, who had frequently visited Leeuwenhoek 
for microscopical demonstration, requested by let- 
ter that he should give Dominus Hamm, a relative 
of his, some demonstrations of his observations. 
On his second visit D. Hamm brought in a glass 
vial some seminal fluid and stated that he had ob- 
served living animals in i t ;  Leeuwenhoek confirmed 

This discovery aroused the greatest in- 
terest in scientific circles ; a number of in- 
vestigators repeated the observations and 
a spirit of speculation which led to wild 
flights of the imagination was aroused. 
Leeuwenhoek had soon to defend his pri- 
ority in the matter and to protest against 
certain very imaginative views. Thus in a 
letter dated June 9, 1699,"e defends his 
priority and combats the notion that the 
human form can be observed in the sper- 
matozoa. He inveighs especially against a 
certain Dr. Dalen Patius, who claimed to 
have seen the human form, 
the two naked thighs, the legs, the breast, both 
arms, etc., the slrin being pulled up somewhat 
higher did cover the head like a cap. 

Leeuwenhoek states that he can find 
nothing of the sort, but he adds : 

I put this down a s  a certain truth, that the 
shape of the human body is included in an animal 
of the masculine wed; but that a man's reason 
shall dive or penetrate into this mystery so far, 
that in anatomizing one of these animals of the 
masculine seed we should be able to discover the 
entire shape of the human body, I can not com-
prehend. 

I n  a letter dated two weeks later he dis- 
tinguishes two sorts of these animalcules, 
and concludes that the one sort is male and 
the other female. 

this observation and repeated i t  many times. In  
this letter he gives a fair description of the sper- 
matozoa, their form, size and movements and 
stated that he had observed them three or fonr 
years previously and mistaken them for globules. 
He did not a t  this time speculate as to the meaning 
of the spermatozoa, but in true scientific spirit be-
gan to make comparative observations, and in 
1678 he described and figured spermatozoa of the 
rabbit and frog among others. 

The credit of this discovery seems to me to be- 
long rightly to the investigator whose wide experi- 
ence in the field of microscopic~al anatomy an& 
whose scientific acumen enabled him to grasp the 
possible significance of the discovery; not to the 
chance observer who called Leeuwenhoek's atten-
tion anew to the subject. 

5 Phil. T~ans.,Vo1. 21. 
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I n  France in  the year of 1694, Nicholas 
Hartsoeker claimed to have been the first 
to have discovered the spermatozoa more 
than twenty years previously, although he 
did not publish until 1678, a year later than 
Leeuwenhoek's publication. Hartsoeker's 
ideas are characterized by a high degree of 
precision. He believes that each sperma- 
tozoon conceals beneath its "tender and 
delicate skin" a complete male or female 
anirnal, "which would perhaps appear if 
it could be seen like the following figure."0 
The egg is merely a source of nourishment 
for the real germ contained in the sperma- 
tozoon. I n  birds the spermatozoon enters 
an  egg to be nourished; there is but a 
single opening in the egg, situated over the 
so-called germ, and this opening closes 
after a single spermatozoon is admitted; 
but if two spermatozoa enter they unite 
and form a double monster. In  mammals 
the tail of the spermatozoon is the umbil- 
ical cord; this unites with the ovum, i. e., 
the placenta, and the latter with the uterus. 
Each one of male animals (spermatozoa) 
encloses an infinity of other animals both 
male and female, which are correspond-
ingly small, and those male animals en-
close yet other males and females of the 
same species, and so forth in a series which 
includes all the members of the species 
which are to be produced up to the end of 
time. No difficulty was found in this con- 
ception, for the atomic theory of matter 
was not yet placed on a scientific basis. 

Thus was founded and flourished for its 
brief day the school of the spermatists. 
Unhampered by any scientific conception 
of matter, living or non-living, there was 
no obstacle to thc eye of faith and no im- 
pediment to the age-old longing to make 
an intelligible llnivcrse out of the scraps 
of experience. 

0 The figure in question is reproduced in Kelli 
cott 's General IiCrnbryology, p. 22. 

The Period of Spal1anxani.-In the en-
tire eighteenth century, although specula- 
tion continued rife, there was only one 
notable contribution to our subject. This 
was the work of the Abbi: Spallanzani, 
11Exp6riences pour servir 2 17histoire de 
la g6ni:ration des Animaux et des 
Plantes," published in Geneva in 1785. 
IXis working llypotheses were naturally in 
the spirit of the times. Theories of repro- 
duction, he says, may be reduced to two. 

The one explains the development of organisms 
mechanically, tho other supposes them to preexist, 
and waiting ouly for fertilization to  develop them. 
The second system has given birth to two differenc 
parties, one believing that, the organism is pre-
formed in the ovum, t h ~  otlrer that i t  is preformed 
in the spermatozoon. 

Spallanzani believed that his observations 
destroyed the epigenetic theory as pro-
pounded by Buffon and others, because 
they demonstrated the existence of the 
fetuses (ova) in the females of toads, frogs 
and salamanders, prior to the act of fertili- 
zation, which according to the epigenesists 
animates or creates the germ. For the 
same reason the spermatists must also be 
wrong. Spallanzani thus combated epigen- 
esis as understood in the rightecllth cen-
tury, and also the ideas of the spermatists, 
and he was led to deny that spermatozoa 
are necessary for fertilization, and to hold 
that the fertilizing power of the seminal 
fluid resides not in the spermatozoa, but in 
the fluid medium that accompanies them; 
and this i11 spite of the fact that his final 
experiments really proved the reverse. 

His work contains a great wealth of ob- 
servation and experiment, so that it will be 
possible merely to indicate some of his chief 
results. I n  the first place he demonstrated 
that in frogs and toads fertilization takes 
place outside of the body, and for the first 
time he successfully carried out artificial 
insemination, thus laying the fonndation 
for the artificial propagation of many ani- 
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mals. I n  making these experiments he 
thought he found cases in which seminal 
fluid devoid of spermatozoa would fertilize 
and thus fell into the error, which he was 
so ready to accept from his opposition to 
the spermatists, that the fluid medium of 
the seminal fluid was the fertilizing sub- 
stance. He also investigated the condi-
tions of successful insemination, with ref- 
erence to the duration of fertilizing power, 
exposure to various chemicals, to heat, etc. 
The amount of dilution of which the semi- 
nal fluid was capable was also carefully in- 
vestigated. By experiment he excluded the 
idea that fertilization might be an effect of 
an emanation, or vapor arising from the 
sperm. 

He concluded that the seminal fluid acted 
by accelerating the vital processes; it en-
ters the body through pores, and stimu- 
lates the action of the heart. This idea 
offered no difficulty to one who believed 
that the organism was preformed in the 
ovum, and it was supported by the observa- 
tion that the beating of the heart was the 
first observable movement of the embryo. 
Bonnet suggested to him the problem, if 
the spermatic fluid might stimulate the 
heart of the embryo in the process of fer- 
tilization, why might not other fluids pro- 
duce the same effect? He was thus led to 
attempt the first experiments on artificial 
parthenogenesis; he tried to start the devel- 
opment of eggs by electricity, by the action 
of extracts of all the various organs, by 
vinegar, dilute alcohol, lemon juice, and 
other substances, all without effect. 

It is interesting to see how his experi- 
ments led to hypotheses and these, even 
though wrong, to further experiments, some 
of which, like his experiments on artificial 
parthenogenesis, were not taken up again 
in a fruitful way for over a century. 

His final experiments are those so often 
quoted as furnishing the proof that fertiliz- 

ing power resides in the spermatozoon. He 
showed that, if diluted sperm be filtered 
through a sufficient number of layers of 
filter paper, the filtrate has no fer'tilizing 
power, whereas the residue washed off the 
filter paper will fertilize. But he did not 
himself draw the correct conclusion; he 
says the experiment proves "that filtration 
removes from spermatized water its fertil- 
izing power, inasmuch as the seminal fluid 
which was contained in it remains on the 
filter papers, from which one can extract 
it by pressing them. " It is perfectly clear 
that Spallanzani himself never held that 
the spermatozoa themselves were the fertil- 
izing agents, but, on the contrary, he con- 
tests this idea strongly as leading to sper- 
matist delusions. 

1800-1870.-After Xpallmzani there was 
no real advance in the theory of fertiliza- 
tion until the publication of Prevost et 
Dumas' "New Theory of Reproduction" in 
1824. They observed that young animals 
incapable of breeding, old animals beyond 
the breeding stage, the infertile mule, and 
birds outside of the breeding season possess 
no spermatozoa, and they conclude that 
these facts ('sufficiently prove the impor- 
tance of the animalcules, and show that 
there exists an intimate relationship be- 
'tween their presence in the reproductive 
organs and the fertilizing power of the 
animal." I n  a long series of experiments 
they investigated the conditions of ferti-
lization in frogs : all conditions that destroy 
the animalcules destroy also the fertilizing 
power of sperm suspensions; the filtrate of 
a sperm suspension devoid of spermatozoa 
will not fertilize; the redissolved residue of 
a suspension evaporated to dryness will not 
fertilize, etc. ; the number of eggs fertilized 
is always less than the number of animal- 
cules employed. So that they came to the 
conclusion that ( 'the prolific principle 
resides in the spermatic animalcules." 
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In their subsequent publications they 
concluded that i t  is 
infinitely probable that the number of animalcules 
employed in fertilization corresponds to that  of 
the embryos developed . . . so tha t  the action of 
these animalcules which we regard as the male 
reproductive elements is individual, not collective. 

They concluded that a spemlatozoon pen- 
etrates each egg and becomes "the rudi-
ment of the nervous system, and that the 
mer~lbrane (germ disc of the egg) in which 
i t  is implanted, furnishes, by the diverse 
modifications which it undergoes, all the 
other organs of the embryo." 

These studies gave a new impetus to the 
study of fertilization; some were convinced 
that Prevost et Dumas were essentially cor- 
rect, while others still adhered to the idea 
that the fluid part of the seminal fluid xvlas 
the fertilizing medium. Thus the cele-
brated embryologist Bischoff in 1842 does 
not hesitate to declare outright for the lat- 
ter view "that only the dissolved part of 
the semen penetrates into 'the egg and thus 
completes fertilization. " 'IIe considered 
that 
V,alentin7s hypothesis united all the facts; the 
seminal fluid is so unstahle chemically a s  to break 
down as  soon as the particles come to  rest; it is 
similar to  the blood in this respect, but i t  is not in 
regular circulation an$ the funotion of mdnta ia-  
ing its chemical composition is relegated to  the 
movements of the spermatozoa. 

However, Bischoff subsequently became 
convinced that the speriiiatozoa were them- 
selves the essential agents, though he still 
refused to believe in the penetration of the 
egg. Kijlliker had put forward a contact 
theory of fertilization, which Bischoff re-
garded merely as a statement of facts re- 
quiring further development. He there-
fore adopted the idea of catdyzers, a t  that 
tirne a new idea in chemistry, and held tliat 
the spermatozoon was essentially a catalytic 
agent, i. e., as he defined it, "a form of mat- 
ter characterized by definite transformation 

and internal ~novcmcnt" which i t  transmits 
by contact to the egg, which is in a condi- 
tion of maximum tension or inclination to 
assume the same form of transformation 
and movement. Fertilization is thus nol 
a process of union and fusion as in ordinary 
chemical combination, but a catalytic proc- 
ess, as defined above, 

This point of view deserves to be empha- 
sized as one 01the first attempts a t  a phys- 
ico-chemical explanation of fertilization. 

For some time naturalists were divided 
between the two points of view, viz., that 
of Prevost et Dumas, that the sperm peue- 
trated into the egg, and tliat of Kolliker and 
Bischoff that i t  acted by contact. lialle-
mand (1841) well expresses the view of 
those who believed in the union of the ovum 
and spermatozoon : 

Each of the sexes furnishes material already 
organized and living. . . . A fluid obviously can 
not transmit form and life which it does not nos-- L 

sess. . . . Fertilization is the union of two l i v -
ing parts which mutually complete each other and 
develop in common. . . . When one embraces in a 
single point of view the reproduction of all living 
beings, one arrives a t  the following more general 
formula: Reproduction is the separation of a liv-
ing par t  which may either develop separately or 
acquire from another living part  the supplem~il-
tary  elements necessary for  tho ulterior develop 
nlent of a being similar to  the type. . . . 'l'he 
preservation of the type is  due to the extension of 
the same act which has prodneed the development 
of each individual being. 

This is the most complete statement of 
the principle of genetic continuity that I 
have found in the literature of this period. 

These observations and conclusions were 
f0un.d on the eve and early morrow of the 
greatest biological generalization, the cell- 
theory. Though Schwann interpreted the 
ovum as a cell (1838), this view did not a t  
once becorne 'dominant, and was generally 
accepted only after over twenty years of 
discussion. The view that spermatozoa 
were parasitic organisms was more or less 



current until Kolliker in 1841 showed by 
their development that they were modified 
cells. Nevertheless, there was, strictly speak- 
ing, no immediate application of these re- 
sults to the problems of fertilization. 

The half century from 1824 to 1874 
yielded relatively little advance in fertiliza- 
tion theory; the opinion that the spermato- 
zoon actually penetrated into the ovum 
gradually gained ground largely from the 
very logic of the situation, but partly from 
various observations. Bischoff 's contact 
theory, which was the only alternative, was 
criticized because if the sperrn does not 
penetrate, but remains outside of the mem- 
brane, there is absence of that direct con- 
tact between sperm and egg substance pos- 
tulated by the theory. Wagner's criticism 
was also very effective; a ferment does not 
determine the character of a reaction, but 
the spermatozoon does, for i t  transmits pa- 
ternal characteristics. In  the way of ob- 
servations Barry in 1840, N e w p ~ r t , ~  1854-
1855, Meissner, 1855, and others maintained 
observations of penetration of the ovum by 
the spermatozoon; Keber (1854) laid espe- 
cial emphasis on the micropyle as adapted 
for entrance of a spermatozoon. These ob- 
servations were on the whole inconclusive, 
for actual penetration was not observed, 
but inferred from the presence of spermato- 
zoa inside the egg membrane. Moreover, 
the spermatozoon could not be discovered 
within the egg. 

The Modern Period.-The preceding pe- 
riod (1824-1874) was coincident, as we 
have seen, with the early history of the cell 
theory, but the demonstration of the uni- 
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tozoon had little effect upon the problems of 
fertilization. The cell theory was still in- 
complete; the free formation of the nuclei 
was still held by competent naturalists, and 
nothing was known of the phenomena of 
karyokinesis. The cytological investiga- 
tions of the next ten years (1874-1884) 
were destined to lay the foundations of the 
modern nuclear theory in its broad outlines. 
The fertilization studies of this period were 
mainly morphological, and while it is cor- 
rect to say that they were largely dominated 
by the growing nuclear theory, i t  is also 
strictly true that they contributed in no 
srnall measure to its upbuilding. Though 
the penetration of the sperrnatozoon into 
the egg had long been suspected, i t  was first 
clearly demonstrated in this time; the or- 
igin of the egg nucleus by two successive 
divisions of the germinal vesicle was dis- 
covered; the origin of the sperm nucleus 
from the head of the spermatozoon, the 
sperm aster, the union of the egg nucleus 
and the sperm nucleus, the relation of 
these to the first cleavage spindle, the or-
igin of the fertilization membrane, the ill 
effects of polyspermy and the theory of its 
prevention; and finally the doctrine of the 
equivalence of the egg and sperm nuclei, 
and the biparental character of the nuclei 
of sexually produced organisms, as first 
laid down by Van Beneden, were products 
of the period also. No period of cytological 
research seems to me of greater significance 
than this. 

There was almost a complete cessation of 
investigation from 1855-1873, when the 

cellular character of the ovum and sperrna- 	 dawn of the modern period broke suddenly. 
In  1873 Biitschli observed in the egg of a 

7Newport's observations rose to a higher p la i~c  
than those of the others, for  he actually observed nematode the approach and contact of the 
in  the frog's egg (1) that the first plane of cleav- two structures, which we now know to be 
age i s  in line with the point on the egg artificially the germ-nuclei, immediately preceding the 
impregnated, ( 2 )  that it marks the plane of gym- first cleavage of the ovum. But  no inter- 
metry of the embryo, ( 3 )  that the head of the 
young f rog is turned towards the same point. pretation was presented. I n  1874 Auer- 
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bach8 described the appearance of two nu- 
clei a t  opposite ends of the elongated egg 
of Bhabdites; these increase in size, mi- 
grate towards the center of the egg, meet, 
rotate through 90" and fuse together. A 
dicentric figure appears and cleavage fol- 
lows. What is the origin of these two nu- 
clei and the significance of their union? 
The fusion of two nuclei was at  the time 
entirely without analogy. Auerbach states : 

J t  is natural to assume that, a s  for  the reproduc- 
tion of organisrris the copulation of two individ-
uals, or a t  least of two cells i n  some form or other 
is so frequently necessary, so here a similar condi- 
tion is  found for  nuclear reproduction. 

Auerbach supposes the two nuclei which 
appear at opposite ends of the elongated 
egg to have arisen freely; one of these comes 
from the end where the spermatozoa had 
penetrated, the other from the opposite end 
where the germinal vesicle had disappeared. 
The difl'erence of the origin influences the 
quality of the nuclear materials arising de 
novo; fusion of the nuclei counteracts the 
differences thus arising; but all this would 
be undone if the division of the fusion nu- 
cleus followed along the plane of the union; 
hence the rotation through 90". 

Jn the next year Riitschli again observed 
fusion of nuclei in neinatode eggs before 
the Brst cleavage. However, he did not ac- 
cept Auerbach's interpretation, but he 
tended to regard it as a general law of nu- 
clear formation, that first two or several 
small nuclei arise and subsequently fuse; 
this he finds to occur even in the blast- 
ojneres of the four- and eight-cell stages. 

About the same time (1875) Van Bene- 
den also observed similar phenomeiia in the 
rabbit's egg. He did not see spermatozoa 
enter the egg, but he found them with their 
heads closely applied to the surface in every 
unsegmented egg, and came to the conclu- 
sion that fertilization consisted essentially 

8 ' Organologische Studion. ' ) 

in firsion of the spermatic substance wit11 
the superficial layer of the vitellus. At  a 
little later stage he found a srnall nucleus 
in the cortical lnycr of the egg; this he 
called the peripheral pronuclens; a central 
pronucleus appeared simultaneously. They 
grow, approach one another and meet in 
the center. Later there is only one nucleus, 
probably formed by the union of the two. 

As I have shown that  the spermatozoa attach to 
the surface of the vitellus and mix with its super- 
ficial layer, it appears probable to me that the 
superficial pronuclcus is formed, par t id ly  a t  least, 
a t  the expense of the spermatic snbstance. I f ,  as 
J think, the central pronucleus is constituted of 
elements furnished by tho egg, the first nuclcns o f  
the embryo would he the rcsull of union of male 
and female elements. I put fort11 tlLis latter idea 
simply as a hypothesis, an interpretation which 
may or may not be  accepted. 

The way was now clear for the definitive 
solution of the old riddle of the relation of 
the egg and spermatozoon, which was 
quickly furnished by 0. Hertwig and fIer- 
mann Fol. The observations of these au- 
thors appear to have been made independ- 
ently and nearly simaltaneously. In 1875 
Hertwig observed and described correctly 
the principal phenomena of fertilization in 
the sea-urchin egg. I le  did not actually 
see the penetration of the spermatozoon, 
but he observed the sperm nucleus and its 
aster so soon after that he had no doubt of 
the correct interpretation ; he also observed 
the approach of' the sperm-nucleus and the 
egg-nucleus to the center of the egg and 
their apparent fusion. 

Fertilization has been previously interpreted as  
a fusion of two cells, hut  we have now seen tha t  
the most important process involved is the fusion 
of the two nudei. The union of the egg-nucleua 
n i th  the sperm-nucleus is necessary to produce :L 

nucleus endowed with living forces adequate effee- 
tively to  stimulate the later developmental proc- 
esses in the yolk, and to control them in many re- 
spects. 

Fol's observations, made partly independ- 
ently of Hertwig's and partly after the 
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publication of I-Iertwig's first paper, sup- 
plemented Hertwig's in several important 
respects: (1) He observed the details of 
penetration of the spermatozoon with a 
clearness that has never been surpassed for 
these forms. (2) He gave the first correct 
account of the maturation divisions and 
origin of the egg-nucleus (Hertwig re-
garded the latter as being the persistent nu- 
cleus of the germinal vesicle). (3 )  He paid 
special attention to the origin of the fertili- 
zation membrane and founded the classic 
theory that it was an adaptation to prevent 
polyspermy. (4) He was the first one ade- 
quately to present the harmful effects of 
polyspermy. 

The period initiated by these two men 
was characterized mainly by the repeated 
demonstration of penetration of the sperma- 
tozoon, the formation of a nucleus from the 
sperm head, and the fusion of this nucleus 
with the egg-nucleus. It was also grad- 
ually demonstrated that the egg-nucleus is 
genetically derived from the germinal ves- 
icle by karyokinetic divisions. Thus the 
genetic continuity of the germ nuclei with 
nuclei of preceding cell generations was 
established. As yet the character of the 
fusion of egg and sperm nuclei had hardly 
been raised, for the chromosome problems: 
and hypotheses were in a very nascent state. 
Flaming 's  discoveries concerning chromo- 
somes and their reproduction in karyoki- 
nesis by splitting date only from 1876-
1878. 

All the problems of cell morphology were 
in a fine state of fermentation during this 
time, the really classic period of cell-mor- 
phology; the foundations of our present 
knowledge of cell-division were being laid; 
before the decade 1870-1880 it had been 
firmly established 'that cells arise only by 
division from preexisting cells; but two 
views of the origin of nuclei were still held, 
one that of free formation, according to 

which the nuclei of daughter cells had no 
genetic connection with the nucleus of the 
mother cell, and the other that nuclei arise 
by division from a preceding nucleus. 
Little by little as a result of numerous in- 
vestigations by many investigators, both 
zoologists and botanists, the matter cleared 
up. In  1878 Flemming was able to outline 
the whole scheme of karyokinesis substan- 
tially as we now understand it. 

The fundamental biological principle of 
genetic continuity was foreshadowed by 
the founders of the cell doctrine, and was 
more or less distinctly foreseen by some of 
their contemporaries, as in the case of Lal- 
lemland. It was yet more clearly expressed 
in Virchow's famous aphorism, omnis cell-
ula e cellula (1856) ; but it could not bc-
come 'an established guiding principle in 
genetic research until the entire cell-cycle 
of the individual life history was worked 
out in broad outline, until the process of 
cell division was accurately ascertained 
and applied to the genealogy of the gerrn- 
cells, until the respective parts of ovum and 
spermatozoon in the origin of the new gen- 
eration were understood, nor until the hoary 
doctrine of spontaneous generation was 
banished bodily from the field of biology. 
These were all accomplishments of that 
great decade in biological research, 1870- 
1880, for which the studies of the preceding 
thirty years had furnished ample prepara- 
tion. The entire superstructure of modern 
genetic research rests upon the foundations 
then laid. 

Professor Mark's paper on Limax (1881) 
is a point of departure between the fertili- 
zation studies of the seventies and those 
that were to follow. Professor Mark ob- 
served that the pronuclei come together, but 
do not fuse to form a first cleavage nucleus, 
as had been described for other animals. 

The first cleavage nucleus does not have a mor- 
phological existence. 
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The pronuclei persist after the appear- 
ance of the cleavage centers, their mem-
branes then gradually disappear. 

I n  1883 van Rencdcn published his now 
classic paper on Ascaris:  The pronuclei do 
not unite, both are included in a single 
amphiaster; each produces two chrorno-
somcls; these divide and their halves form 
the daughter nuclei. I n  the nuclei of the 
first two cells there are thus equal num- 
bers of rllale a i ~ d  fcliiale elements, and theye 
are reasons to believe that even in these two 
nuclei they do not fusr ; i t  is probable that 
they remain distinct in all derivative cells, 
inchding the iairnature eggs and sperma- 
togonia. In the egg the chronratio is corn- 
posed of' two distinct parts, and 

it i s  legitimate to suppose that each is the eql~iva- conception a dorrlinating 
lent of a ~ n s l e  and a female chrornocome, and that  influence on the series of fertilization stud- 
in  the formation of the polar globules cach t l ~ r o ~ ~ ~ s  ies which followed; the qnestions as to the 

these papers Boveri is convinced 01the 
necessity of making "the sharpest distine- 
tion between fertilization and heredity, i.e., 
between the question how egg and sperma- 
tozoon prodllce a cell capable of division, 
and the question Eiow these cells come to 
be capable of reproducing the qualities of 
the parents in the offspring" ; this distinc- 
tion has since been generally recognized. 
Roveri's solution of the fertilization proh- 
lem was in ternrs of the centrosome hypoth 
esis : the egg is devoid of the organ of 
cell-tlivision, the centrosome; capacity for 
division, hence the initialion of the develop- 
mental processes, is restored through the 
introduction of a centrosorrle into the egg 
by the spermatozoon. 

This exerted 

out the niale chromatin which i t  contains. 

Van Beneden by a veritable stroke of 
genius thus anticipates the entire chrolno- 
some doctrine of the present time, even 
though certain aspects of his interpretation 
were not entirely fortunate : his conception 
of the diploid cells as hermaphrodite, for 
instance, and freeing of egg ancl sperm from 
the male or female elements in maturation. 

With the establishment of the nuclear 
theory, destinecl soon to be elevated into 
the doctrine of chromosome individuality, 
a certain duality of cell-life was recognized 
in  which nucleus and cytoplasm, however 
interdependent, were regarded as playing 
spcciGc rBles. But there was no logical 
reason for slopping a t  daality, and the 
centrosome soon came to be recognized 
under van Beneden and Boveri's leadership 
as a third organ of cell-life reproducing it- 
self by division. The development of this 
idea was due not only lo studies of kary- 
okinesis, but also to Ihe series of fertiliza- 
tion studies whicli began with Boveri's 
classic papers on Ascaris (1887-1888). I n  

origin of the sprrt.il astcr wit11 ils contained 
centrosome in the eQg, and as to the genetic 
continuity of the spcrrll centrosome with 
the cenlrosomes of the cleavage arnphiaster 
were energetically investigated by a series 
of students for the next fifl(1en years or 
more, and sirnilar s t ~ ~ d i m  have continued 
with less energy down to the present time. 
Collectively these pmblicaiions constiLute 
a fairly exl~austive record of tlrc morphol- 
ogy of the fertilization process in animals, 
a large part of which was furnished by 
American students. 

The morphological analysis of fertiliza- 
tion seeins now to he fairly complete; there 
may still be disturbances such as recent at- 
tempts to trace mitochondria back to the 
sperm, which seems dcsiined to share the 
adverse fate of the similar attempt to trace 
the centrosornc.~ to the sperm; but there is 
not likely to be any great inodilication of 
the existing data, which seen] to me to dem- 
onstrate, effectively if not absolutely, that 
the sperm head contains all the substances 
necessary for fertilization. We have thus 
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attained a more or less definitive solution 
of the morphological relations of egg and 
spermatozoon in the fertilization process. 

The cytologist working with chromosomes 
and the geneticist with Mendelian factors 
have traced maternal and paternal elements 
through the life history in a manner very 
satisfactory to certain classes of biologists, 
however repugnant to others, so that we 
are beginning to see how certain strands of 
the web of life cross the gap of successive 
generations. It remains for the biology of 
the future to elucidate the chemical foun- 
dations of chromosome behavior and to 
identify the Mendelian factors in these 
chemical foundations. 

The problems of the immediate reaction 
of the reproductive elements and the phys- 
iology of fertilization are not touched by 
this morphological analysis, though they 
had been present in the minds of investiga- 
tors from the beginning. The experimen- 
tal investigation of these problems dates 
from Spallanzani, as we have seen, but they 
did not become dominant until the morpho- 
logical problems of fertilization were in an 
advanced stage of solution. They consti- 
tute, however, the more immediate prob- 
lems of fertilization, considered in a re-
stricted sense. 

We have had two lines of attack since 
the studies of 0. and R. Hertwig pub- 
lished in 1887 really initiated the modern 
period in the physiology of fertiliza-
tion. The one is a direct experimental 
analysis of the fertilization process itself; 
the other is the attempt to imitate the 
action of the spermatozoon by chemical and 
physical agencies, in short the studies on 
artificial parthenogenesis. I shall not at- 
tempt to deal with the latter, which con-
stitute one of the most interesting and sug- 
gestive chapters in modern biology, beyond 
attempting to define their relation to the 
problems of fertilization proper. 

I t  was soon found in the course of studies 
on artificial parthenogenesis that no single 
physical or chemical agency suffices to ini- 
tiate development in all eggs, and that 
when the various agencies effective in all 
the successful experiments are assembled 
they constitute a fairly complete list of 
agencies to which protoplasm in general is 
irritable. The idea then arose that the 
common factor must be the effective one, 
but no common factor has been found, or 
can be found, in the 'agents themselves; the 
only common factors are in the reprodue- 
tive cells. This leaves the method of par- 
thenogenesis in the same position as the 
method of analysis, that is in the position 
of ,determining what are the changes in the 
egg itself that initiate development, and 
what is the nature of their dependency 
upon the external agent or spermatozoon? 
The answer to these questions can not pro- 
ceed exclusively from parthenogenetic stud- 
ies, though to the extent that the same ques- 
tions are involved parthenogenesis and fer- 
tilization studies must furnish the same 
answer. But there are obviously funda- 
mental problems of fertilization that can 
not be touched by methods of artificial 
parthenogenesis. 

The conditions to be fulfilled in fertiliza- 
tion involve not only penetration of the 
spermatozoon, or some part of it, into the 
egg, but also reaction between the two, 
which is evidenced by the behavior of both 
partners; for it is possible for a spermato- 
zoon to penetrate an egg and no reaction to 
be evidenced in the behavior of either the 
egg or sperm; as when immature eggs are 
penetrated by mature spermatozoa. We 
may therefore speak of a ferti1ixatio.n re-
action when the behavior of both partners 
indicates that the process is proceeding nor- 
mally. Fertilization has its quantitative 
aspect, and the reaction may be complete 
or exhibit varying degrees of incomplete- 
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ness. For a normal fertilization reaction 
certain internal conditions of the partners 
and certain external conditions of the me- 
dium must be realized. The study of the 
external conditions throws light upon the 
reaction, because the nature of the internal 
conditions may be inferred from the neces- 
sary, from the inhibiting, and from the fa- 
voring conditions of the medium. 

External Factors.--The fertilization re-
action like 'all biological reactions requires 
certain conditions of the environment, such 
as definite range of temperature and chem- 
ical composition of the medium. I n  the 
first place, if these are exceeded in either 
direction so far  as to injure the cells the 
fertilization reaction either does not take 
place, or i t  is rendered ahnormal. The 
cause of the failure, or the abnorn~ality, in 
such cases lies in some change of the inter- 
nal composition of one or the other of the 
germ-cells. The classic experiments of this 
kind are those of Oskar and Richard Nert- 
wig published in 1887. These investigators 
studied the effects of high temperature, 
various injurious chemical reagents and of 
mechanical shock on the germ-cells sepa- 
rately before fertilization, and on the 
process of fertilization itself at  various 
stages. Many exceedingly interesting ob- 
servations were made, and problems were 
raised that were not then ripe for solution. 
Other experiments of a similar kind have 
since been made, but their consideration 
properly belongs to the problems of the 
internal factors, for the phenomena ob-
served depend upon internal changes of 
the germ-cells. 

I n  the second place there may be mod- 
ifications of the medium which do not di- 
rectly injure the gel-m-cells, but which in- 
hibit or favor the fertilization reaction. 
Examples of inhibiting phenomena are 
found in Professor Loeb's studies of the 
relations of ions to the fertilization re-

action, or my own on the inhibiting action 
of blood or tissue secretions of the sarne 
species on fertilization. The most striking 
examplc of conditions favoring fertilization 
is the action of alkalis in enabling inter- 
class hybridization, discovered by Jacques 
Loeb. Such experiments furnish important 
data for the analysis of the reaction, but i t  
is obvious that their interpretation must 
depend upon internal conditions of the 
fertilization reaction. 

I n  the third place the membranes of the 
egg and of the sperinatozoon must influence 
the occurrence, rate and extent of the fev- 
tilization reaction according to the degree 
of their permeability to the subslances con- 
cerned; the egg-membrane is of course more 
especially concerned; its r81e in the occur- 
rence of parthenogenesis has been studied 
especially by R. S. Lillie ;and I have found 
in  the case of the starfish egg that a resist- 
ant egg-membrane may entirely block the 
fertilization reaction, though the block 
may be removed by agents that render the 
membrane more permeable. 

The internal co~zditions of the fertiliza- 
tion reaction may be grouped under two 
heads: (1)Maturity of tlie germ-cells; (2) 
specificity of the reaction. 

1.Matzc~ity.-Concerning conditions of 
maturity of the spermatozoon but little def- 
inite is known, except that i t  will not ferti- 
lize before its differentiation is complete. 
Whether the cause of this lies entirely in  
deficient motility, or partly also in incom- 
plete chemical differentiation, we do not 
know; though there are some reasons for 
thinking that the latter factor may be in-
volved. I n  the case of the ovum our knowl- 
edge is in a much more advanced stage. We 
know that the fertilizable condition, which 
represents the final rnaturity of the ovum, 
arises rather suddenly, usually lasts but a 
short time, and is lost as an immediate con- 
sequence of the fertilization reaction. (a) 
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That the fertilizable condition arises sud- 
denly has been shown especially by the 
work of DBlage on the starfish egg and of 
Wilson on the egg of Cerebratulus. Their 
experiments on merogony showed that parts 
of the full-grown ovum taken prior to the 
rupture of the germinal vesicle are incapa- 
ble of fertilization; but, soon after the rup- 
ture of the germinal vesicle, parts, whether 
nucleated or not, readily fertilize. Hert-
wig's observations (1877) also showed a 
complete failure of the fertilization reac-
tion in  primary ovocytes of the sea-urchin 
before rupture of the germinal vesicle, even 
when spermatozoa penetrated. I have ob- 
served the same thing in Ckmtopterus. 

('b) Eggs of Platyrzereis lose their capac- 
ity for fertilization almost immediately 
after coming into sea water, even though 
spermatozoa may penetrate (Just) ; eggs of 
the frog become unfertilizable after half 
an hour in water (Spallanzani) ; eggs of 
the wall-eyed pike completely lose their fer- 
tilizability after ten minutes in water 
(Reighard). Usually fertilization capacity 
begins to fall off in  one or two hours after 
eggs are laid in most marine animals, 
though i n  some, as in  the sea-urchin, it may 
persist much longer. 

(c) Once fertilized eggs do not fertilize 
again, nor do parts of such eggs freed of 
the fertilization membrane. It should there- 
fore be impossible to superimpose parthe- 
nogenesis and fertilization; and the stud- 
ies of Mr. C. R. Moore, one of my students 
(not yet published), show this to be the 
case. Apparent superposition appears in  
all cases to be due to incomplete reactions, 
which cease and may be subsequently re* 
suined. The fertilization reaction appears 
to be irreversible; and the appeavance of 
reversal in parthenogenesis may be re-
ferred, like superposition of fertilization on 
parthenogenesis, to incompleteness of the 
initial reaction. 

Specificity is an  outstanding feature of 
the fertilization reaction, the significance 
of which is not weakened by any hybridiza- 
tion experiments. We need not stop to de- 
fine the limits nor the consequences of hy- 
bridization in  order to justify the assertion 
that no theory of fertilization which fails 
to include the factor of specificity as one 
of the prime elements can be true. 

The fundamental character of specificity 
is illuminated by the phenomena of self- 
sterility; in species where this occurs the 
eggs and sperm of the same individual are 
sterile inter se, though fertile with those 
of all other individuals. This has led some 
botanists to the conception of individual 
stuffs;but Correns 's experimental analysis 
led him to the conclusion that the specific 
factor is not an individual stuff, but a def- 
inite combination of stuffs for each indi- 
vidual. The combination arises always 
with the individual, and 'disappears wit,h it. 
An extension of the principle of self-steril- 
i ty is found in that mutant of fruit  Aiesdis- 
covered by Morgan in which the males and 
females are fertile with other mutants, but 
sterile irzter se. The only biological par- 
allel of such phenomena is found in the in- 
dividual blood composition revealed by ser- 
ological studies. That there is a common 
factor in species and individual specificity 
studies no one who has studied both sets 
of phenomena can doubt. 

A consistent theory of fertilization must 
take account of all these phenomena, not 
only the internal factors of maturity of 
germ-cells and the specificity of their reac- 
tions, but also the external factors that 
favor or inhibit the reaction. I have at- 
tempted to show in a series of papers that 
the fertilizable condition of the egg de-
pends upon the presence of a specific sub- 
stance which is produced a t  the time of 
rupture of the germinal vesicle and which 
disappears completely after fertilization. 
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I'f this substance be present in the egg in 
adequate amount, the egg can be fertilized, 
otherwise not. It may be obtained in solu- 
tion in the sea-water and recognized by its 
capacity for agglutinating sperm suspen- 
sions of the same species, in some cases at  
least. If i t  is thus possible to associate the 
fertilizable condition of the ovum with a 
definite substance, we have a base from 
which an analysis of fertilization can be 
made. 

If the existence of such a substance be 
admitted, i t  must operate either by activa- 
ting some substance in the spermatozoon, 
which is to be regarded as the effective 
agent in subsequent changes, or we must 
regard i t  as the effective agent which is 
transformed from an inactive to an active 
state by some substance in the spermato- 
zoon. If we take the first alternative, we 
have no explanation of parthenogenesis, 
whereas if we regard the egg substance as 
the active agent, the explanation of parthen- 
ogenesis proceeds along the same lines as 
that of fertilization. Moreover, I have been 
able to show by an analysis of the phenom- 
enon of blood inhibition of fertilization, 
that the first point of view is untenable. 

This substance may therefore be called 
the fertilizing substance, or fertilizin. By 
its reaction i t  is shown to be a colloidal sub- 
stance, not giving the usual protein tests, 
and exhibiting some of the properties of a 
ferment as shown by JLichards and Wood- 
ward. Fertilization would thus be a three-
body reaction between the sperm-receptors, 
fertilizin and egg-receptors linked in line; 
and it is possible to show that inhibiting 
agencies may operate a t  the various link- 
ages of such a reaction. I n  its reaction 
with the sperm the fertilizin of different 
species exhibits a certain degree of speci- 
ficity, which should be more fully studied, 
but which has been partly explored by 
Jacques Loeb and myself. 

This form of hypothesis takes into ac-
count the internal factors both of maturity 
of the germ-cells and their specificity; i t  
is also adapted to explain the environmen- 
tal conditions of fertilization extremely 
well; and i t  is consistent with the results 
of parthenogenesis, and the known relations 
of parthenogenesis and fertilization to the 
permeable or impermeable conditions of the 
egg-membrane. 

I believe that 1 speak for all naturalists 
when I express my admiration for the ad- 
vances in the conception of the cell dtle to 
the labors of many physiologists. But those 
of us who deal with the more complex 
phenomena of cell-life as shown in fertiliza- 
tion, in the behavior of chromosomes, and 
in the phenomena of heredity, feel that no 
advance in our comprehension of the cell- 
membrane, of the relation of cell-activity to 
electrolytes, nor of the chemical analysis 
of triturated cells, will lead to a fundamen- 
tal comprehension of these phenomc~~u. 
There is a great gap in our knowledge of 
cellular physiology, the significance of 
which is not generally appreciated. We 
know nothing except what our microscopes 
show us, of the reactions of the colloidal 
substances of the living cells; and all hope 
of a physico-chernical analysis of cell ac-
tivities is premature until the gap is filled 
in. 

The main physiological problems of fer- 
tilization are still before us; all the work 
up to the present has merely prepared the 
way for their solution. Fertilization is the 
knot in the webs of successive generations 
which must be untied before me can trace 
the strands from generation to generation. 
The task bespeaks all that we know, or may 
hope to know, of cellular physiology. As 
in d l  times of the history of the subject 
our vision is limited by our general biolo- 
gical conceptions, and the problem will 
move forward as our general knowledge of 
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cell-life progresses; and it will aid in its 
turn in the general advance. 

We have followed the history of the prob- 
lem of fertilization from the metaphysical 
stage through the morphological stage into 
the physiological stage, and within sight of 
the physico-chemical stage. Possibly the 
results seem slight as a record of 265 years 
of continuous study of a single biological 
problem. But we read the history of 
science very superficially indeed if we fail 
to realize the constant interdependence of 
all scientific thought. There has probably 
been no time in the history of our partic- 
ular subject when a greater amount of 
work on its problems would have caused 
a much more rapid advance. Scientific dis- 
covery is a truly epigenetic process in which 
the germs of thought develop in the total 
environment of knowledge. Investigation 
of particular problems can not be accele- 
rated beyond well-defined limits; progress 
in each depends on the movement of the 
whole of science. 

FRANKR. LILLIE 
UNIVERSITY CIIICAGOOF 

T H E  WORK AND OPPORTUNITIES O F  

A DElPARTMENT O F  RESEARCH 


MEDICINE I N  T H E  

UNIVERSITY 1 


IFwe analyze the discussions of present- 
day problems of medical education we find 
that an important if not the ultimate object 
of any particular plan is greater oppor- 
tunity for research. This we find in the 
argument of those who support the plan of 
the full-time teacher, the plan that the uni- 
versity should own its hospital or control 
one by close affiliation, and also it is evi- 
dent in all plans for greater endowment. 

1 Address of the vice-president and chairman of 
Section of Physiology and Experimental Medicine 
of the American Association for the Advancement 
of Science, Columbus, January 1, 1916. 

Increased facilities for rgsearch and a n  
augmentation of the number of men en-
gaged in research, or combining research 
with teaching, would ensure, i t  is con-
tended, not only important progress in the 
science of medicine, but also a higher 
development of both medical teaching and 
medical practise. To what extent this: in- 
creased interest in research is due to the 
popularization of medicine through the 
practical application of discoveries in the 
fields of bacteriology and protozoology and 
to what extent to a dissatisfaction wiLh 
time-honored methods in medical education, 
i t  is difficult to say. Both undoubtedly 
have had some influence but they alone can 
not explain the rapidly increasing number 
of experiments in medical education 
which have for their avowed object the 
stimulation of medical research in school 
and hospital. As the most important of 
such experiments I need only remind you 
of the so-called "full time" scheme a t  
Johns I-Iopkins Medical School fostered by 
the General Education Board, the affiliation 
between Columbia University and the 
Presbyterian IIosipital of New York City, 
the development in Chicago of the Otho S. 
A. Sprague Institute which, without build- 
ings of its own, utilizes for purposes of re- 
search in medicine the already existing 
laboratories and hospitals of that city, and 
more recently in San Francisco in connec- 
tion with the University of California, the 
establishment of a well-endowed depart-
rnent for general research in medicine. On 
a smaller scale we find the establishment, 
definitely within the university, of separate 
departments for the investigation of trop- 
ical diseases, of cancer, of tuberculosis, of 
chronic diseases, or of departments devoted 
less specifically to experimental medicine, 
comparative pathology, comparative phys- 
iology and the like. As all such founda- 
tions must be considered for a time at  


