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MECHANISMS OF ABNORMAL DEVELOPMENT 
1. Causes of Abnormal Development in the Embryo 

PETER GRUENWALD, M.D. 
NEW YORK 

N RECENT years investigation of abnormal development has gone I far beyond the stage in which it consisted mainly of accumulations 
of descriptions of malformations and speculations as to the probable 
developmental stages of the anomalies under consideration. I t  is true 
that experiments were made long ago with the aim of producing mal- 
formations by nieans of various chemical and physical factors, but the 
agents were chosen arbitrarily and little of general teratologic significance 
was gained by this work. Only recent advances in developmental 
physiology and in genetics, as well as combined work in both fields, have 
yielded substantial and systematic knowledge of the mechanisms of 
abnormal development. These will be briefly discussed, and the mor- 
phology of malformations will be referred to oniy as far as is necessary 
in the course of this discussion of developmental mechanisms. 

Many authors have in the past discussed the difficulties of defining 
malformations. Recent work has increased these difficulties, for it is 
now known that conditions which are. generally recognized as mal- 
formations may be produced by a variety of agents which also cause 
diseases in postnatal life. I t  is certain that malformations are the 
result of abnormal development. Since any change of form is develop- 
ment, all abnormal forms might be considered as malformations. There 
is, for instance, no essential difference between disturbances of early 
embryonic development caused by chemical agents and, for instance, 
a tumor forming in the adult after treatment with a carcinogenic 
chemical. I t  is importaht to realize that teratology is a part of pathology 
not essentially different from the rest. 

From the Department of Pathology, Long Island College of Medicine, 
Brooklyn. 

This work was begun while the author was Fellow in Pathology at the Mount 
Sinai Hospital, New York. 

The review of the literature was concluded in August 1946. However, many 
European journals of the past few years were not available at that time, on 
account of the interruption of communications during the war. 



Knonledge gained i i i  the study ot’ developn1ental pathology of early 
stages may offer fundamental points ot view for the study of tlie 
pathology of tlie adult, and vice versa. The age at which a dis- 
turbance takes place has often been considered as a criterion for 
nialturniation, and ljirtli is set as the borderline. This cannot be 
strictly subscrilJed to. fur  identical mnliormations of teeth, for instance, 
iiiay develop before antl after hirdi, and typical inflammatory diseases 
which nobody \vould regard as nialioriiintions have been found in the 
embryo. No strict delinition uf a borderline between malformation 
and disease will hc gi\.en here, not only 1)ecause this is impossible but also 
hecause it is inore !)rcifital)le to stress the similarities than the differences 
between tlie two. 

Several authors have discussed broad aspects of teratology in  con- 
nection with their own descriptive, experimental-embryologic and genetic 
studies.* ‘These reports are good examples of tlie scope and the suc- 
cess of niodern teratology. 

l l i e r e  are excellent recent accuiiiits of the sciences which form the 
Insis of clevelnpmental pathology. In tlie field of enihryology. par- 
ticularly in its physiologic aspects, the I)ooks of Spemann,* \\’eiss 
antl Needham ’ may he constilted. The last-mentioned author has 
gatiicred an impressive amount oi the most modern information, 
including. miong othcrs. such borderline fields as embryonic metabolism 

1. (0) Stockard, C. R . :  Am. J. Anat. 28:116, 1921: (0) Am. Naturalist 58:-74, 
19-74. fc )  von Szily, A.: Ztschr. f .  ritiat. u. Entwcklngsgesch. 74: l .  1924. (d )  hlohr, 
0. L.: Ztschr. f .  indukt. Ahstamm. u. Vererbgsl. 41:59, 1926; (e)  Heredity and 
Disease, S c w  York. \V. \V. Norton Rr Company. Inc.. 1934. ( f )  Ifangold, 0.: 
Ergehn. d. Hiol. 7:193. 1931. (.g) Il’right. S., in Cold Spring Harbor Symposia on 
Quantitativc Biology, Cold Spring Harbor, L. I., New York. The Biological 
Laboratory. 1934. vol. 2. p. 137: ( I t )  Physiol. Rev. 21:487, 1941. (i) hlann, I. C.: 
Devcloprnental Anomalics of the Eye. .I.ondon, Carnbridge University Press, 1937. 
( i )  Lantlaucr. LV. : Proc. Seventh Internat. Genet. Cong. Edinburgh, 1939; (k) 
Eulletin 1.16. Storrs Agricultural Experiment Station, 1941. ( I )  hlurphy, D. P. : 
Congcnital Malformations, Philadelphia, The Author, 1939. ( t i t )  Dunn, L. C., in 
Harvey Lectures, Ealtimore, IVilliams & Ii’ilkins Company, 1940, vol. 35, p. 135; 
{ t i )  Growth (supp.) 5:147, 1941. (0) Potter, E.  L., and Adair, F. L.: Fetal and 
Seonatal Death, Chicago, University of Chicago Press. 1940. ( p )  Snell, G. D.: 
Eioloep of the Laboratory Mouse, Philadelphia, The Blakiston Company, 1941. 
( ( 1 )  Hamlmrger, V.: Eiol. Symposia 6:311, 1942. fr) Griinehera, H. :  The Genetics 
of the Nouse. London. Cambridge University Press. 1943. (s) Gruenwald, P .  : 
Am. J. Anat. 74:217, 1944. 

7. Spcmann, H. : Embryonic Development and Induction, S e w  Haven, Yale 
Cniversity Press, 1938. 

3. Weiss. P. : Principles of Development, Netv York, Henry Holt & Company, 
Tne.. 1939. 

4. Scedham, J. : Biochemistry and Morphogenesis, London, Cambridge Uni- 
versity Press, 1942. 
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aiid tlie c;iiiccr 1)roljlem. In tlie field of genetics, there is, in addition 
to the standard texts, Griineberg's l r  Look 011 the genetics of the mouse, 
ivhicli cuntains ~nuch of the best fouiided teratologic information now 
at hand. 

'l'lie fuIIu\ying esample \vi11 be given to illustrate tlie clianges; that 
Iiave Lcen Inatle in  tlie approach to teratology during the past few 
tlccatles. CycIullia, w e  of the best studied single problems of this held, 
\vas lirst esaniined witli regard to its niorpholoyic aspects, and a 
serics u i  degrees of tlic defect \\'as established. I t  became apparent 
tliat the obvious ucular cliangcs arc but a part oi a more extensive 
aiid comples deiect, and it \vas logical to include lesser degrees of 
tlic nialforination, in \vhicli the eyes \rere not quite fused (synoph- 
tlialniia). 'Hie nest step \vas to trace back the defects of the eyes 
and tlic ljrain to the stage of the flat, open neural plate. Ey a process 
coinparable to showing n motion picturc backward, the tissues of various 
parts oi tlie eye and the brain were followed back to their position in 
tlic neural Itlate ( to a stage in which they are not yet differentiated), 
and in this map of prospective retina, optic nerve, chiasma and other 
structures the cyclopic defects were outlined. It was thus shown that 
the iiiissing structures are comprised in a wedge-shaped symmetric 
area." 'lhe conclusion was reached that a wedge-shaped defect of 
the early embryo comprising as its most important part portions of 
the neural plate but also some of the underlying tissue causes cyclopia. 
Nothing could he said of the nature of this defect heyond the assump- 
tion that i t  never is an open cleft, as if tissue had been cut out, but 
is ratlier an ahsence of parts such that the bordering eye-forming 
tissue of the two sides develops as one fused mass from the very 
1,egiiining. By this time experiments had been performed in which 
cyclopia was produced by treating embryos of various classes of verte- 
brates with The treatment was applied to the whole 
embryo at early stages, aiid the mechanism of action was not understood. 
Destruction of tissue in the aforementioned wedge-shaped area by 
mechanical means,' radiation * or electrocautery was shown to pro- 
duce cyclopia, hut it soon became clear that this was not the mechan- 
ism of spontaneous or of chemically produced cyclopia. A new con- 

5 .  Fischel, A.: Arch. f .  Entwcklngsmechn. d. Organ. 49:383, 1921. 
6. ( a )  Stockard, C. R.: J. Exper. 2001. 4:165, 1907; (6) Arch. f .  Entwcklng- 

smechn. d. Organ. 23:249, 1907; ( c )  Anat. Rec. 3: 167, 1909. ( d )  McClendon, J. F. : 
.4m. J. Physiol. 29:289, 1912. (e) Werber, E. F.: J. Exper. 2001. 21:485, 1916. 
(f) LePlat, G.: Arch. de biol. 30:231, 1919. 

7. Lewis, W. H.: Anat. Rec. 3:175, 1909. 
8. Wolff, E.: Arch. d'anat., d'histol. et d'embryol. (a) 18:145, 1934; ( b )  

18:229, 1934; ( c )  22:1, 1936. 



cept stenis from experiments made in aniphibians. It had long been 
known that in the early emhryo the mesoderm of the notochord and 
nearby areas acts 011 the co\.ering ectoderm arid induces it t o  form 
the neural plate. . ~ d e I i i i ~ ~ i i i ~  !' ant1 1Iaiigold I f  lvere the first to show 
that i!iedian defects producctl by escisioii in tlie mesoderm of the 
head caused, app;ireiitl\- also I)y ivay of induction, a cliange in the 
deterniinatioiis lvitliiii  tlie ncui-a1 plate u.liicli lint1 been present in nornial 
size and shape at the time of operation. 'lhis iieui-a1 plate, witliout 
IJein: directly af'fectcd by the es~)cr i t i~e~i t .  as d i < J \ V l l  by coiitrds, formed 
a cyclopic brain and eye. 'lhus, not tlie al)seiicc oi tissue but abnormal 
determinations of its prospective parts caused cyclopia. Since induc- 
tion and thus determination of one part by an adjacent tissue (in this 
case tlie mesoderm) are known to be mediated by cheinicals released 
by the latter, one can 'understand that artificially introduced chemicals 
may interfere with this process and thus cause cyclopia and in a similar 
manner other nialforniations. 

Several examples of hereditary median defects, including cyclopia, 
have been found." This is just one of many instances in which 
similar if not identical malformations result from hereditary and environ- 
mental influences. An inkling of the direction in which the solution 
of this parallelism is to Le souglit is given Iiy the increasing volume 
of evidence that genes act by determining the presence of enzymes 
and that mutations primarily affect the course of ~iietabolistii.~~ Thus 
the primitive idea of elimination of parts evidently missing in cyclopia 
has been supplanted by a physiologic concept ~vliich is far from com- 
plete, but stimulates progress. The formation oi cyclopia will be 
discussed in more detail i n  part I1 of this review. 

-4s was indicated by tlie introductory remarks and the preceding 
example, the present review will deal with the causes of abnornial devel- 
opment and with the niechanisms which ioilow the causes and In-oduce 
the abnormal conditions commonly seen. I t  has already been stressed 
that there is no natural borderline between malformation and morbid 
disturbance of structure. The arlitrary liniitation to eiiibryonic dis- 
turbances which many writers have iiiiposed on teratology is justified 
only so iar as tlie principal structural pattern of the organism is 
determined and produced in the embryo. I t  is ohvious that the most 
striking and far reaching structural a1)nornialities must develop in 

9. .4delrnann. H. R . :  J.  Espcr. Zool. 573223, 1930 
10. Footnote deleted by the autlior. 
11. Wright, S.. and Eaton, 0. N. :  J. Agric. Rescarch 26:lhI. 1923. Wright. S.: 

Genetics 19:471, 1934. Wright. S., and IVagner, K.: Am. J. Anat. 54:383, 1934. 
12. Beadle. J. W., in Harvey Lectures, Lancaster. Science Press, 1945. vol. 40, 

p. 179: Am.  Scientist 34:31. 1946. 
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these early stages. For this techaical reason (and it should be realized 
that there is no other) the greater part of this review will also deal 
with the embryo. Since the close relationship of fetal diseases, such 
as infection, with malformations is becoming increasingly evident, fetal 
diseases will also be discussed. In all instances attention will be 
directed toward representative examples rather than complete listings of 
references. 

The first will deal 
with the causes of abnormal development, the second with the develop- 
mental mechanisms of embryonic , malformations, and the third with 
examples of conditions in postnatal life lvliich have been adequately 
analyzed along similar lines, including a brief discussion of the develop- 
mental aspects of tumors. Since the causes of most spontaneous 
developmental aberrations are not known, the second and third parts 
will have to treat of many conditions which have as yet not been traced 
to any of the causes described in the first part. 

The  present review will appear in three parts. 

THE CAUSES OF ABNORMAL DEVELOPMENT 

If one were to be exact in defining the cause of any particular mal- 
formation, it would be necessary to trace the abnormality back to the 
point where an external force produced the first aberration of any kind 
from the normal condition. In the case of a hereditary abnormality 
this means going back through all generations carrying the abnormal 
gene, to find the external cause of the mutation. This is obviously 
impossible with the so-called spontaneous mutations, even though one 
niay assume that they, just as those induced in the laborhtory, have 
ekternal causes and are therefore not truly spontaneous in the last 
analysis. Even in the case of a nonhereditary malformation, in which 
the cause must have acted on the individual itself, investi, wtors  are 
usually unable to find that cause later on unless they have produced 
the malformation in the laboratory. This illustrates the value of the 
experimental production of developmental disturbances, as they are the 
only ones in which the mechanism can be discovered with any degree 
of dependability. They are models which show how similar nialforiua- 
tions of unknown causes may have developed. However, greatest cau- 
tion must be observed in applying experimental results to malformations 
found in nature. The previously quoted example of cyclopia shows 
that many different causes and even entirely different developmental 
mechanisms may produce very similar end results. Many more ex- 
amples of this will be quoted in the following pages. 

The causes of abnormal development to be discussed here may be 
classified as follows : 
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Genetic causes (including influences on the germ cells probably 
affecting the genotype) : 

Mutations with unknown causes (“spontaneous”) . -  
radiation 
chemical treatment Mutations induced by 

Hybridization 
Overripeness of the egg cell 
Somatic mutations 

Mechanical agents 
Radiations 

Agents affecting the phenotype without effect on the genotype : 

addition of substances 
deficiencies Chemical influences 

c 
Temperature changes 
Infections 

The spatial relation of the causative agent to the affected part has 
been discussed by Gruenwald.ls Three possibilities exist for the loca- 
tion of the agent: I t  may be ( a )  within the primarily affected part, 
( b )  within the organism but outside the primarily affected part or ( c )  
outside the organism. 

The first-mentioned relationship prevails in genetically determined 
malformations and includes also normal properties of the part in ques- 
tion, which make it more susceptible to extrinsic influences. The second 
possibility exists if abnormal, or rarely normal, conditions elsewhere 
in the body cause or favor maldevelopment. The third possibility in- 
cludes the chemical, physical and infectious agents to be discussed in 
later sections. I t  should be noted that this classification includes, in 
addition to frank teratogenic agents, conditions which are not harmful 
in themselves but which predispose a given part to abnormal develop- 
ment. No sharp distinction of these two types of agents or conditions 
is possible. In some cases each is ineffective without the other.lS 

GESETIC CAUSES OF MALDEVELOPMENT 

In the case of a typical hereditary malformation an abnormal gene 
appears by mutation with or without an apparent cause. This gene, 
i n  homozygous or heterozygous l3 condition, alone or in combination 
with other genes or with extrinsic agents. causes abnormal develop- 
ment. The long histor! of attempts to modify the genetic constitution 

13. In the homozygous condition the corresponding places in the two sets of 
chromosomes of each body cell a:e occupied by genes of the same quality; in the 
heterozygous state these two places are occupied by alleles which affect the same 
traits in different manners, and of n.hich either the normal or the abnormal one 
may dominate over the other. 

r 

I 0 0 1 1 1 6 8  7 
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will not be reviewed. The problem of the inheritance of acquired prop- 
erties is still unsolved, as is the related problem of the manner in which 
species are modified in nature and new species formed. There is, 
however, unquestionable evidence of the existence of agents by which 
mutations and consecutive hereditary malformations can be produced. 
I t  is generally acknowledged that the genes are located in the chromo- 
somes, which undergo regular and complicated changes during mitotic 
division of the cell. I t  is therefore not surprising that agents which 
are known to have a profound influence on mitosis, namely, certain 
radiati~ns, '~ are also most potent in the experimental production of 
mutations. Ultraviolet and roentgen rays have been used extensively 
in the study of mutations of such primitive organisms as bacteria and 
fungi,l5 and much of the recent fundamental knowledge of the manner 
in which genes act on metabolism is derived from this work. 

An interesting group of investigations made in amphibians will be 
mentioned here because the effect is transmitted to the embryo by one 
of the germ cells, even though it is not certain that the effect is of a 
genetic nature. Beginning many years ago, numerous workers le have 
irradiated male or female germ cells previous to fertilization and have 
reported early death of the embryo or, if suitable doses were used, 
various severe malformations. Among these are abnormalities of gas- 
trulation and defects of the brain and eyes. It was at first surprising 
that severe irradiation of spermia is followed by normal development. 
This happens because the chromatin of the spermia is so severely dam- 
aged that it does not take part in further development. However, the 
spermia are still motile and stimulate the egg cells to develop, in a 
parthenogenetic manner as far as the chromatin is concerned. Accord- 
ingly, the embryo has the haploid number of chromosomes, derived 
entirely from the egg cell.17 Henshaw l8 confirmed these results and 
found, in addition to deformities of organs, anaplastic papillomatous 
growth of the ectoderm, similar to that resulting from development of 
overripe eggs (see page 407) and other experimental procedures. 

The possibility of producing mutations ih mammals by the action of 
roentgen rays has been examined in great detail. Irradiated male mice 

14. Politzer, G., in Chambers, R., and others : Protoplasma-Monographien, 
Berlin, Verlagsbuchhandlung Gebruder Borntraeger, 1934, vol. 7. 

15. Gray, C.' H., gnd Tatum, E. L.: Proc. Kat. Acad. Sc. 30:404, 1944. 
Beadle.'Z 

16. (a )  McGregor, J. H.: Science 27:445, 1908. ( b )  Bardeen, C. R.: Am. J. 
Anat. 11:419, 1911. (c) Hertwig, 0.:  Arch. f .  rnikr. Anat. 77:1, 1911; ( d )  77:165, 
1911; ( e )  (supp.) Anat. Anz. 54:94, 1921. ( f )  Rugh, R.: Proc. Am. Philos. 
SOC. 81:447, 1939. 

17. Hertwig.18e Rugh.16f 
18. Henshaw, P. S.: J. Nat. Cancer Inst. 3:409, 1943. 
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had offspring with hereditary malformations of brain, eyes, face, ex- 
tremities and urogenital tract. These abnormalities have been followed 
through many generations.18 Their embryologic aspects will be de- 
scribed in part 11. The causal relationship between irradiation and 
the origin of this mutation has recently been questioned,lr but there are 
other instances, involving mostly malformations of the brain, in which 
the hypothesis that the mutation is caused by roentgen rays is more 
probably true.?O 

This work has raised the question whether or not therapeutic irra- 
diation of the ovaries or the testes of man can be the cause of abnormal 
offspring by producing mutations. This has been discussed extensively 
by geneticists as well as by clinicians. I t  is obvious that damage to the 
offspring by mutations induced in the parental germ cells must be 
clearly distinguished from noninherited damage due to the embryos 
having been irradiated in utero. The former may not be apparent until 
two or more generations hence. The latter, which is definitely known 
to produce malformations, will be referred to in a subsequent section. 

There is nQ direct proof that irradiation of the maternal ovaries 
preceding conception produces malformations in the off spring. A re- 
view of 265 cases" showed 5 per cent defective children, but it was 
pointed out that these small numbers of defects not conforming to any 
definite pattern of maldevelopment may well be due to other influences 
of the environment of the fetus, since the mothers had some pathologic 
conditions requiring roentgen therapy. Another writer ?? asserts with 
questionable logic that there is no danger for pregnancies following 
therapeutic irradiation, even though he has found an increased incidence 
of abortions as well as of retarded development of the children in later 
years. The possibility of roentgen ray damage of the internal genital 
organs of the mother with the result that the development of the ovum 
may be interfered with must also be taken into c~ns ide ra t ion .~~  Several 
authors have reviewed animal experiments, some of which were re- 
ferred to in foregoing paragraphs, and have concluded that damage 
of the genetic constitution of the immature egg cells of the ovary is 
improbable if not i m p o s ~ i b l e . ~ ~  Statistical evaluation of' the probability 
of mutations led to similar  conclusion^.^^ However, several authors 

19. Little, C .  C., and Bagg, H. J.: J. Exper. Zool. 41:45, 1924, Little, C. C.: 
Am. Naturalist 65:370, 1931. 

20. (u)  Snell, G. D.; Bodemann, E., and Hollander, W. : J. Exper. 2001. 67:93, 
1934. ( b )  Snell, G. D., and Picken, D. I.: J. Genet. 31:213, 1935. (c) Snell, G. D.: 
Radiology 36: 189, 1941, 

21. Murphy, D. P.: Surg., Gynec. & Obst. 48:766, 1929. 
22. Werner, P.: Miinchen. med. Wchnschr. 68:767, 1921. 
23. Borak, J.: Arch. f. Gynik. 147:304, 1931. 
24. Murphy, D. P. : Surg., Gynec. & Obst. 47:201, 1928. Borak.22 
25. Peller, S.: Arch. f. Gynak. 147:360, 1931. 
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recommend caution and protection of the gonads from unnecessary 
irradiation even though the probability of ill effects may be 
Schubert ?6d points out in this connection that in the production of mu- 
tations only the total dose counts, regardless of the size and intervals 
of the single doses, whereas Muller 2eb gives a maximum daily dose 
which he considers safe. No objection to diagnostic doses as used for 
roentgenograms has so far been raised. Snell *OC holds that while gene 
mutations (affecting single genes) are not to be expected, chromosome 
mutations, such as translocation of larger portions of a chromosome, 
are far more probable. He  agrees with other writers that the only 
proved instance of damage of the offspring due to irradiation of the 
germ cells is that of damage caused by treatment of mature sperm cells. 
I t  thus appears to be the opinion of most authors that while maldevelop- 
ment has been proved to occur only when mature sperm cells have 
been irradiated shortly before fertilization, greatest caution should be 
exerted and the gonads of persons in the reproductive age protected 
from roentgen rays. In  the male the typical irradiation effect consists 
of a transient period of sterility, which does not immediately follow 
the treatment. Only fertilization occurring during the period between 
treatment and this temporary sterility is definitely known to produce 
defective off spring.27 

Little conclusive work has been reported on hereditary changes 
produced by methods other than irradiation. There are a few reports 
on the offspring of animals treated with chemical agents. They are 
important from the medical point of view because they concern sub- 
stances to which human beings may be exposed. Stockard and his CO- 

workers 28 describe in the descendants O€ alcoholized guinea-pigs a 
hereditary inferiority resulting in a reduced number of offspring and 
early death of many young. Pearl2s exposed chickens to vapors of 
ethyl alcohol, methyl alcohol or ether and found a reduction in the 
number of fertile eggs but a lower prenatal and postnatal mortality of 
the chickens derived from fertile eggs as compared with his controls. 
There was also a higher mean adult body weight, and no increase in 
the incidence of malformations. In  order to explain the discrepancy 
of his own results and those of Stockard and others not mentioned 

26. (a)  Murphy, D. P., and Goldstein, L.: Am. J. Roentgenol. !22:207, 1929. 
( b )  Muller, J. H.: Monatschr. f .  Geburtsh. u. Gynak. 109:105, 1939. ( c )  Muller, 
H. J.: Rontgenpqxis 13:l. 
1941. 

Nature, London 147:718, 1941. ( d )  Schubert, G.: 

27. Borak.23 Snell.2oc 
28. Stockard, C. R., and Craig, D. M.: Arch. f. Entwcklngsmechn. d. Organ. 

35:569, 1912. Stockard, C. R., and Papanicolaou, G. H.: Am. Naturalist 50:144. 
1916. 

' 29. Pearl, R . :  J. Exper. 2001. 22:241, 1917. 
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Iiere. Pearl propose.; tlie fuilo\\-iiig IiJ-potliesis : The germ cells of a 
given species differ in their capacity to produce normal, sturdy offspring 
and also in their resistance to damage caused by alcohol or other means. 
These two properties are coupled so tlint in some species and under 
certain conditions alcohol will kill tliose cells nhicli would othernise 
produce weak offspring and leave tlie others unharmed, and in other 
species alcohol will also daniage the remaining cells. The forn-icr would 
explain Pearl's o n x  results tvith chickens. and the latter, Stockard's 
findings in guinea pigs. 111 tliis manner the seeiningly conflicting 
results may be explained. In  a more recent review of tlie suhject, P. 
Hertwig 3" cites many articles accepting or denying an effect of alcohol 
on the progeny, and concludes that the final answer has yet to be found. 

Landauer 31 publishetl a preliminary report on the offspring of cocks 
treated tvith thallium. There was a high mortality during a narrowly 
limited period of time within the first tivo weeks after hatching, which 
varied slightly with the intensity of the fathers' treatment. These 
experiments have not been continued 011 a satisfactory scale, and Land- 
auer himself 3 2  considers his results as significant but not conclusive. 

The offspring of guinea pigs affected by lead poisoning have been 
They showed a reduced birth weight, an increased death 

rate during the first postnatal week and general retardation of develop- 
ment. When the lead treatment ends, the gonads recover, and the 
new progeny is normal. There is no mention of offspring of the 
retarded young. 

Somewhat doubtful is the interpretation of hereditary malforma- 
tions of the eye, of the progeny of rabbits treated with the serum of 
fowls immunized to lens The malformations in later genera- 
tions include not only opacity of the lens but also microphthalmia with 
defects of other parts of the eyes. In  the progeny of chickens treated 
with naphthalene or alcohol, cataract and coloboma have been de~cribed.~;  

The  effect of overripeness of the egg cell on development should 
be mentioned at this point, even though there is no conclusive evi- 
dence that it is due to changes in the genetic structure. However, the 
effect is transmitted to the embryo by one of the germ cells, just 
as were the radiation effects in some of the aforementioned experiments 
on germ cells. Overripeness of the egg at the time of fertilization has been 
studied in several classes of vertebrates and found to be associated 

30. Hertwig, P.: Jahresk. f. arztl. Fortbild. 26:50, 1935. 
31. Landauer, W.: Arch. f. Ge\verbepath. u. Gewerbehyg. 1:791, 1931. 
32. Landauer, W. : Personal communication to the author. 
33. Weller, C. V.: J. b1. Research 28:271, 1915. 
34. Guyer. 51. F., and Smith, E. A. : J. Exper. Zool. 31: 171, 1920. Davis, 

35. Kusagawa, S.: Arch. f. Ophth. 118:401, 1927. 
F. A. : Tr. Ophth. SOC. U. Kingdom (pt. 2) 45:555, 1925. 
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with a reduction in the number of offspring and a variety of develop- 
mental disturbances. In the trout various malformations, including 
double monsters, were found, as weli as a change of the sex ratio in 
favor of males.3G The latter has been explained by transformation of 
some genetic females, due to a somatic cause. Similar sex changes in 
frogs developing from overripe eggs were studied in detail by \Vit~chi .~ '  
Various malformations, including duplicitas, were also found in them.3s 
i\s a severe form of this disturbance, entirely unorganized growth 
was observed which, when transplanted to normal tadpoles, grew in 
the manner of a cancer.39 Other investigators do not assume a true 
cancerous nature, pointing out that only in weak hosts aggressive 
growth occurs.4o In  the guinea pig and the rat a reduced number of 
embryos, frequent death in utero, and malformations follow delayed 
in~eminat ion .~~ No normal development occurs in the guinea pig if 
fertilization is delayed more than twenty hours after ovulation, and 
no development at all if the interval is longer than thirty-two hours. 
In the rat the limit for norma1 development of at least part of the 
embryos is fertilization ten hours after ovulation. In most mammals 
overripeness of the egg is normally prevented, as the female admits 
the male only during estrus, i. e., at the optimal time. Nothing is known 
to suggest the occurrence of malformations due to overripeness in man, 
in whom no such protective mechanism exists. 

Another probable instance of genetically controlled malformations 
has been reported but not sufficiently worked out. Loeb42 and New- 
man43 found that eggs of the fish Fundulus when fertilized with 
spermia of other fish species yield large numbers of various malforma- 
tions. These malformations resemble those Werber obtained by 
chemical treatment of normally fertilized eggs (page 417) and include, 
among others, double monsters, cyclopia and various other defects of 
large parts of the body, leaving in some instances only isolated eyes 
or hearts. Loeb is inclined to assume that in these cases the eggs 
develop parthenogenetically as far as their sets of chromosomes are 
concerned-in other words, that the chromosomes of the spermia are 

36. MrSiC., W.: Arch. f. mikr. Anat. u. Entwcklngsmechn. 98:129, 1923. 
37. Witschi, E. : Arch. f. Entwcklngsmechn. d. Organ. 102: 168, 1924 
38. Witschi, E.: Proc. SOC. Exper. Biol. & Med. 31:419, 1934. Zimmerman, L., 

39. Witschi, E.: Proc. SOC. Exper. Biol. Sr Med. 27:475, 1930. 
40. Briggs, R. W. : Anat. Rec. 81: 121, 1941. Briggs, R. W., and Berrill, N. J.: 

Growth 5:273, 1941. 
41. Blandau, R., and Young, W.: Am. J. Anat. 64:303, 1939. Blandau, 

R. J., and Jordan, E. S. : ibid. 68:275, 1941. 
42. Loeb, J.: J. Morphol. !23:1, 1912; Biol. Bull. 2950 ,  1915. 
43. Newman, H. H.:  Eiol. Bull. 32:306, 1917. 

and Rugh, R.:  J. Morphol. 68:329, 1941. 



10 

lost. In  support oi this lie sliows that similar malformations can be 
obtained from normally fertilized cggs by various external influences. 
However, it \vas nieiitioned in a preceding paragraph that if spermia 
damaged by various agents I G  or derived from a different species" 
merely induce parthenogenesis, the incidence of nialforniations is not 
unusually high. Furthcr investigation of this problem should be of great 
interest. 

Numerous hereditary nialformations of unknown cause have been 
found and extensively studied in the breeding of laboratory and domestic 
animals. Several of these have been investigated eml)ryologically, with 
highly gratifying results, as will be reported in part 11. 

The details of the gcnetic inechanisms involved will not be dis- 
cussed here, as such an excursion would lead far into the field of genetics. 
Several reviews of varioiis aspects of the subject are a~ai lable .~ '  Many 
of the well studied hereditary malformations are transmitted by single 
factors, the abnormal trait being either doininant or recessive, or hav- 
ing a difTerent expression in homozygous and heterozygous form. 
A large number of hereditary traits are known which in the homozygous 
cbndition interfere with life beyond embryonic or early postnatal 
periods, and the genes producing these severe malformations in 
honiozygous individuals are called lethal factors. The embryos carry- 
ing this condition and destined to die before reaching maturity should, 
according to Cairns,'G be called prothanic rather than lethal. The  best 
studied esainple is the Creeper chick which will be discussed later in 
more detail. 

The  expression of single genetic factors may be modified by other 
genetic 4 7  or by environmental 48 factors. Some of these modifications 
increase the severity of the defect. There is, for examples a cumulation 
of severity of nialformations if Creeper chick embryos develop under 
the influence of Selenium in tox i~a t ion .~~  Other instances are known 
in which the embryo may benefit from the action of additional influ- 
ences. Remarkable amoiig these are : changed uterine environment 
in an early lethal malforniation of the n i o i ~ s e , ~ ~  temporary lowering of 

44. Rugh, R., and Exner, F.: Proc. Am. Philos. Soc. 83:607, 1940. 
45. (a) Mohr.l* ( 0 )  Snyder, L. H.: Medical Genetics, Durham, N. C., Duke 

University Press, 1941 ; (c) Am. Naturalist 76:129, 1942. (d )  Baur, E.; Fischer, 
E., and Lenz. F. : Human Heredity, New York, The Macmillan Company, 1931. 

46. Cairns, J. M.: J. Exper. 2001. 88:481, 1941. 
47. (a) Reed, S. C., and Snell, G. D. : Anat. Rec. 51:43, 1931. ( b )  Reed, S. C. : 

Genetics 21:361, 1936. (c) Dunn.*n ( d )  Griineberg.1' ( e )  Dunn, L. C., and 
Gluecksohn-Scho-enheimer, S. : Proc. Nat. Acad. Sc. 31:82, 1945. 

48. Dunn, L. C. ;  Gluecksohn-Schoenheimer, S.; Curtis, M. R., and Dunhing. 
W. F.: J. Hered. 33:65, 1942. Dunn.ln Griineberg.1r 

49. Landauer, W.: J. Exper. Zool. 83:431, 1940. 
50. Robertson, G. G. : Genetics 27: 166. 1942. 
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the incubation temperature J1 and possibly also increased oxygen 
supply48 in the case of the homozygous Creeper chick. SimiIarly, the 
development of hereditary polydactyly in chickens may be suppressed 
by lowering the temperature at i n c u b a t i ~ n . ~ ~  However, no influence 
of lowered temperature was found in several other hereditary malforma- 
tions of the chick.53 

Another noteworthy fact is that identical or very similar abnor- 
malities are produced by mutations occurring at  different points of 
the pattern of geneseS4 Finally one should mention the peculiar effect 
which results if an abnormal genetic factor is located in the sex 
chromosome. The possibilities for the expression of this factor will 
then differ according to sex, and this has been termed sex-linked inheri- 
tance. Many examples have been described in human and animal 
pathology-for example, hemophilia and certain forms of color blindness. 
For the details of this hereditary mechanism textbooks of genetics should 
he consulted. 

The mechanism of gene action as observed during the development 
of an individual and throughout life is not well understood. In  some 
instances it appears that the presence of enzymes is governed by genes, 
and genetically controlled enzyme deficiencies are followed by accumu- 
lation or excretion of intermediary products which cannot be metabolized. 
This has been studied in detail in fungi, and similar conditions seem 
to be present in human alkaptonuria and phenylketonuria,12 lipid 
storage diseases and glycogen storage disease.s8 Structural abnor- 

Only in the 
case of gargoylism (lipochondrodystrophy) it has been suggested that 
the disturbances in skeletal development are caused by accumulations 
of an as yet unidentified substance in. the cartilage cells.sT In many 
malformations the gene action is supposed to affect the rate of metabol- 
ism and of growth at  a definite stage of development,’ interfering 
primarily with those parts which grow most actively at that moment.l* 
The problem of multiple (“pleiotropic”) gene action will be discussed 
in part I1 of this review. 

In  the preceding pages only those malformations have been con- 
sidered which are caused by the action of abnormal genes. There 

’ malities are not readily explained by this mechanism. 

51. Landauer, W.: Science 100:553, 1944. 
52. Sturkie, P. D.: Genetics 27:172, 1942; J. Exper. 2001. 93:325, 1943. 
53. Sturkie, P. D.: Am. Naturalist 79:286, 1945. 
54. Dunn, L. C., and Gluecksohn-Schoenheimer, S.: Proc. Nat. Acad. Sc. 

55. Sobotka, H.; Glick, D. ; Reiner, M., and Tuchman, L. : Biochbm. J. 27:203, 

56. Bridge, E. M., and Holt, L. E.: J. Pediat. 27:299, 1945. 
57. Schmidt, M. B.: 

30: 173, 1944. 

1933. Sobotka, H.: J. Mt. Sinai Hosp. 9:793, 1942. 

Centralbl. f. allg. Path. u. path. Anat. 79:113, 1942. 



are, however, a few conditions in which abnormalities develop through 
unfavorable constellations of genes which are normal in themselves. 
This is the case in certain instances of genetic inter~exuality.~’ While 
the intersexuality which occurs in some breeds can be accounted for 
hy gene  mutation^,^^ that in others has been produced by abnormal 
combinations of normal genes, There are not only polyploid individuals 
(in lower species of animals) in which abnoriiial numbers and pro- 
portions of normal male and female determining factors can produce 
abnormal sex development by their interaction, but also diploid indi- 
viduals in whicli intersexuality has been found to be due to a faulty 
quantitative relationship of sex determining factors.G0 This has been 
studied extensively by Goldschmidt O1 in crosses of various local races 
of the gypsy moth, Lyrnantria dispar. I t  was found that some of 
these races differ in the quantitative effect of their male and female 
determining factors. Within each race the strengths of these factors 
are so matched that a sufficient preponderance of one sex is present 
to assure normal sex development. In  crosses, however, this pre- 
ponderance may be insufficient if male and female factors come from 
races with factors of different strength. Thus, in an individual which, 
according to the number of its sex chromosomes, should be female, the 
male factors may be relatively too strong, or vice versa, and intersexu- 
ality will result. The two opposing views on the manner in which 
intersexual traits develop in these individuals during embryonic life 
will be discussed in part 11. I t  must be emphasized that in most species 
the strengths of the sex factors do not vary among races and, conse- m 
quently, the overwhelming majority of interracial crosses will not result 
in intersexuality. There are few examples of intersexuality appearing 
in interracial crosses in vertebrates, and these have not been fully 
analyzed from the genetic angle. If this ‘analysis could be undertaken, 
these instances might well turn out to be due to mutations rather than 
to an abnormal combination of normal factors as >vas just discussed. 

In another instance of developmental disturbances caused by normal 
genes the mechanism is entirely different. I t  is not an interaction of 
ill matched genes during the development of the traits which they 

58. The term “intersexuality” was used by Goldschmidt 61 to indicate those 
abnormal sexual conditions which result from sex reversal during development (sec 
part 11 of this review). This theory is not generally accepted. The term is now 
frequently used to indicate sexual intergrades of various kinds. 

59. (a) Bonnevie, K.: Arch. f .  Entwcklngsmechn. d. Organ. 106:611. lo??. 
( b )  Riddle, 0.; Dunham, H. H., and Schooley, J. P.:  Genetics 27:165. 19.12. ( t . )  

Eaton, 0. N.: ibid. 30:51, 1945. 
60. Bridges, C. B., in Allen, Danforth and Doisy.6’ p. 15. 
61. Goldschmidt, R. : Die sexuellen Zwischenstufen, Berlin, Julius Spriixer. 

1931. 
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determine, but an effect of incompatibility of these traits themselves 
after they have developed. This is the case when an embryo of an 
Rh-positive blood group sensitizes the mother 62 whose blood does 
not contain Rh factor. As a rule, the embryo develops undisturbed 
unless the mother has previously been sensitized by Rh-positive sub- 
stance, usually in the course of an earlier pregnancy, and has developed 
antibodies. These, transmitted to the embryo through the placenta, 
produce deleterious effects, the best known of which is the so-called 
erythroblastosis fetalis. Details of the ill effects of this constellation 
on the embryo will be described later. Other blood group incompati- 
bilities between mother and fetus account for a small percentage of 
cases of erythroblastosis. 

There is a controversial and possibly highly important genetic cause 
of localized developmental abnormalities, namely, somatic mutation. 
This means that during the development of the embryo a mutation 
arises in one cell and is transmitted only to the descendants of that 
cell, which are thus genetically different from all other cells of the body. 
Most striking are those cases in which this appears to have happened 
at the first division of the fertilized egg cell, and one half of the body 
differs from the other in some genetically determined character. 
Examples are gynandrorn~rphism,~~ unilateral gigantism 6s and uni- 
lateral pigmentary anomalies.6e In arthropods genetic mosaics of 
various kinds are well known.67 Another field in which somatic muta- 
tions have been taken into consideration is that of cancer.6s This will 
be referred to in part I11 of this review. 

ENVIRONMENTAL CAUSES O F  MALDEVELOPMENT 

I t  is obvious that abnormal development can be induced by any 
number of physical or chemical agents which will damage but not kill 

62. Levine, P.; Burnham, E.; Katzin, E. M., and Vogel, P.: Am. J. Obst. & 
Gynec. 42:925, 1941. Levine, P. : J. .Pediat. 23:656, 1943. Davidsohn, I. : J. A. 
M. A. 127:633, 1945. 

63. Polayes, S. H.: Am. J. Dis. Child. 69:99, 1945. 
61. Allen, E.; Danforth, C. H., and Doisy, E. A.: Sex and Internal Secre- 

tions, Baltimore, Williams & Wilkins Company, 1939. 
65. ( a )  Mohr.le ( b )  Hollander, W. F.: Quart. Rev. Biol. 19:285, 1944. 

( c )  Warren, D. C. : J. Hered. 36:227, 1945. ( d )  Wartenberg, R.: Arch. Neurol. 
& Psychiat. 54:75, 1545. ( e )  Zondek, L. H.: Arch. Dis. Childhood 20:35, 1945. 
( f )  Rugel, S. J. : Am. J. Dis. Child. 71:530, 1946. 

66. Zlotnokoff, hi.: J. Hered. 36:163, 1945. Glass, B.: ibid. 36:192, 1945. 
67. Goldschmidt.61 Jlohr.le 
68. (a )  Furth, J . ;  Boon, M. C., and Kaliss, N. :  Cancer Research 4:1, 1944. 

( b )  Furth, J., in Luck, J. M.: Annual Review of Physiology, Stanford University, 
Calif., Annual Reviews, Inc., 1944, vol. 6, p. 25. (c) Strong, L. C.: Arch. Path. 
39:232. 1945; Yale J. Biol. & Med. 18:359, 1946. 



the embryo. No attempt will be made here to review the large amount 
of older work in which various agents were applied to embryos at 
random and without regard to the mechanism of action. Great caution 
must be exerted in the evaluation of such work, because unknown 
accidental factors may be more potent ,than those intended to act. 
An example of this is the extensive work of Ferret,6s who found that 
opening the shell of the hen's egg or manipulating the albumin of 
the egg has a profound influence on the embryo. Innumerable reports 
of experimental work with chick embryos have appeared since, and 
the necessary manipulations of the shell, of the albumin or even of 
the embryo itself have not produced the severe changes described by 
Ferret. On the other hand, workers in this field are often faced with 
the occurrence of numerous severe malformations in their material 
without an apparent cause. Shaking the eggs while they are being 
shipped to the laboratory has often been indicated and is certainly not 
without effect if it reaches a certain intensity. A few other causative 
agents have tentatively been identified-for example, fumes of a labora- 
tory 7 0  or jarring.71 

Mechanical Agents.-Displacement or destruction of parts of the 
embryo may be produced mechanically in accidental injuries or in sur- 
gical experiments. Comparable destructions are produced when parts 
of embryos are destroyed by chemical action or radiation, in contrast 
to true chemical or actinic action on development in which the affected 
tissue survives and shows the effect of the agent. Thus, electrolysis 
and roentgen rays have been used extensively in experimental embry- 
ology and teratology in order to eliminate certain tissues. The proce- 
dure is less hazardous than mechanical excision, and its effect on further 
development is essentially the same. Many of the common severe 
malformations, such as cyclopia or  that .of the sirenomelus, have been 
reproduced in chick embryos by localized roentgen ray 

There are other kinds of mechanisms interfering with development 
in which the action is not so obvious. Numerous reports on inverte- 
brates and lower vertebrates centrifuged early in their development will 
not be reviewed. A recent analysis of the literature and original work IZ 
relating to frogs revealed that at the early blastopore stage certrifuga- 
tion is most effective in the production of malformations, and the opti- 
mum speed is about 2,500 revolutions per minute. Higher speeds 
cause early death. The malformations are varied and include, among 

69. Ferret, P. E. : Arch. d'anat. micr. 7:1, 1904. 
70. Stockard, C. R.: Anat. Rec. 8:33, 1914. 
71. Stiles, K. A., and Watterson, R. L.:  Anat. Rec. 70:7, 1937. 
72. Torrey, T. W. ,  and Breneman, W. R. :  Proc. Indiana Acad. Sc. 50:213, 

-- 

1941. 
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others, cyclopia and other defects of the head region, duplication of 
the caudal portion of the body and persistent open blastopore. The 
authors believe that dislocation of a portion of the organization center 
causes the defects of the head and the duplication of caudal parts. 

An investigation of the effect of jarring on chick embryos was 
precipitated by an unexplained increase in the Occurrence of certain 
severe malformations in a laboratory in which other activities were 
also carried out. These malformations, including platyneuria (a pecu- 
liar form of nonclosure of the neural plate) and absence of yolk sac 
circulation, causing death, were reproduced by making a weight strike 
the table with the incubator many times in rapid succession during the 
early hours of incubation. In  another series of experiments mechanical 
shaking of hen’s eggs prior to incubation increased the incidence of 
all types of malformations, notably of “accidental” rumples~ness .~~ In 
this case a combination of the mechanical factor and a genetic one was 
revealed, as  the incidence of rumplessness was increased particularly 
in the Gffspring of those hens which were known to produce occasional 
rumpless chickens even without shaking. 

In  man and other mammals intrauterine development reduces the 
occurrence of mechanically caused malformations to a minimum, In 
the early phases of teratology, mechanical explanations were favored 
for almost all malformations and a narrow amnion or amniotic bands 
and adhesions were commonly indicated as the cause. Today investi- 
gators are more critical, and the incidence of these factors is found 
to be low when one relies on positive criteria, such as the demonstrable 
presence of amniotic bands and not just uncharacteristic furrows and 
irregular defects.74 Moreover, some of the intrauterine “amputations” 
are known to be inherited in almost identical form,’5 which disproves 
an amniotic band causation. However, the occasional occurrence of 
malformations due to narrowing of the amniotic cavity (oligohydram- 
nios) or to constriction of amniotic bands has been demonstrated beyond 
d o ~ b t . ~ ’  That amniotic adhesions may be not accidental but sequel= 
of defective conditions of the embryonic tissues, has been suggested 
by Streeter 76 and Seitz.‘‘ The histologic changes in the stumps of 
seemingly amputated legs of an infant have been described in detail 
by Taylor Gorostiaga and Lede.78 The effect of constriction of em- 

~ 

73. Landauer, W., and Baumann, L.: J. Exper. 2001. 93:51, 1943. 
74. Gruber, G. B., in Schwalbe, E., and Gruber, G. B . :  Die Morphologie des 

Missbildungen des Menschen und der Tiere, Jena, Gustav Fischer, 1937, vol. 1, 

75. Koehler, 0. : Ztschr. f .  menschl. Vererb.- u. Konstitutionslehre 19:670, 1936. 
76. Streeter, G. L. : Contrib. Embryol. 22: 1, 1930. 
77. Seitz, L.: Monatschr. f .  Geburtsh. u. Gynik. @4:236, 1933. 
78. Taylor Gorostiaga, D., and Lede, R. E.:  Prensa mkd. argent. 11:363, 1944. 
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bryonic extremities, with subsequent rapid autolysis, has been investi- 
gated experimentally in marnmal~.'~ 

Gross mechanical injury rarely leads to malformations in man and 
other mammals. If the injurious force penetrates the protecting enve- 
lopes, abortion or, in some mammals, resorption is the most probable 
outcome. In  the recorded cases in which human embryo obviously 
survived an injury, the brain as the most vulnerable part is the most 
commonly affected. Pertinent examples are (1) apparently hemor- 
rhagic destruction of both hemispheres following an accident during. 
pregnancy and (2) atypical presence of encephaloceles not in the 
embryonic line of closure of the primordium of the brain, with embolism 
and growth of brain tissue in the lungs.81 

Mechanical conditions unfavorable for normal development may 
prevail in twins. Omphalocephaly 82 and ourentery 83 (anomalies in 
which the cranial and the caudal end of the body, respectively, grow 
into the yolk sac) of twins are probably caused by pressure of one 
twin on the other, in contrast to similar malformations of single embrycjs, 
which are probably not caused by external p~essure.~ '  The development 
of an acardiac twin may have a hydromechanic cause if one of twins, 
by virtue of his stronger circulation, takes over the function of pro- 
pelling blood through the common placenta and the other twin. The 
latter will then suffer complete degeneration of large parts of his body. 
This course of events is hypothetic, and it is quite probable that a t  
least in part of the cases the acardius is primarily maldeveloped or has 
abnormal vascular relations to his co-twin and the placenta which 
secondarily lead to the changes of circulation just described.83 

Radiations.-An embryo may be deformed by radiation in two ways. 
One, in which a defect is caused by destruction of the irradiated tissue, 
has been mentioned in the preceding section. The other possibility is the 
survival of damaged tissue. While complete elimination of some tissue 
can usually not be ruled out, the following reports deal, in all probability, 
mainly with effects of the latter type. Hinrichs and Gentner 85 pro- 
duced twins and double monsters in fish eggs with ultraviolet radiation, 
and determined as the most effective period the time just before the 
onset of cleavage. Many other malformations were also found, and 
various organs appeared to be affected to different degrees. The 

79. Hellner, H.: Monatschr. f .  Geburtsh. u. Gynak. 95:70, 1933. 
80. Seitz, L.: Arch. f. Gynak. 85:701, 1907. 
81. Gruenwald, P. : Am. J. Path. 1'7:879, 1941. Potter, E. L., and Young, R. L. : 

82. Gmenwald, P.: Ztschr. f. Anat. u. Entwcklngsgesch. 107:782, i937. * 
83. Gruenwald, P. : Anat. Rec. 83:267, 1942. 
84. Gruenwald, P.: J. Morphol. 69:83, 1941. 
85. Hjnrichs, M. A., and Gentner, I. T.: Physiol. 2061. 4:461, 1931. 

Arch. Path. 34:1009, 1942. 
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circulatory and the central nervous system are more severely affected 
than other parts. Solberg88 has reported on fish embryos that were 
exposed to roentgen rays. H e  distinguishes the following stages of the 
effect : (1 ) a latent period ; (2) retardation through interference with 
mitosis ; (3)  disintegration of some tissues ; (4) reorganization ; ( 5 )  
subsequent differentiation, depending on the changes previously pro- 
duced. Uniform malformations can be obtained by properly controlled 
irradiation. Several wQrkers have done similar work with amphibians.*‘ 

Von Hippel 88 produced cataracts in rabbit embryos by roentgen 
irradiation of the pregnant mother, Pagenstecher obtained rosette 
formation in the retina by a similar procedure. Comparable effects 
have been observed in human Experimentation with preg- 
nant rats has yielded the following observations 91 : Hydrocephalus 
resulted most frequently from irradiation on the ninth day; ocular 
abnormalities, from that on the tenth day, and malformations on the 
jaws, from that on the eleventh.day. In  mice, irradiation on the seventh 
day resulted in resorption of embryos; that on the eighth day in 
meningocele; that on the ninth to fourteenth day, in kinked or short 
tail; that on the twelfth to fourteenth day, in hydrocephalus; that 
on the fourteenth to seventeenth day, in sterility, and that on the 
eighteenth and nineteenth day, in cataract.s2 This differential action 
may well be due to an effect of radiation proportionate to the growth 
rate a t  a given time and place,Os although many other factors are 
probably involved as well. That roentgen rays have their predominant 
effect on cells in mitosis is well established.” .A combination of 
irradiation and administration of ether ** or increase of temperature lEb 

has been reported to increase the effect in experimental animals. 
Much has been reported on human embryos that received therapeutic 

doses of roentgen rays. In  contrast to irradiation of the germ cells, 
which has not been proved to affect the offspring, irradiation of the 
embryo is responsible for a large number of cases of maldevelopment, 
which have been thoroughly investigated, notably microcephaly with 

86. Solberg, A. N.: J. Exper. 2001. 78:441, 1938. 
87. Bardeen.lBb Hytwig.lw Baldwin, W. M. : Anat. Rec. 17: 135, 1919; Am. 

J. Physiol. 52:296, 1920; Anat. Rec. 22:305, 1921. Curtis, W. C.; Cameron, J. A., 
and Mills, K. 0.: Science 83:354, 1936. 

88. von Hippel, E. : Verhandl. d. deutsch. path. Gesellsch. 9 : 174, 1905. 
89. Pagenstecher, H. E.: Ber. u. d. Versamml d. ophth. Gesellsch., 1916, p. 447. 
90. (a )  Lindenfeld, B.: Klin. Monatsbl. f. Augenh. 51:443, 1913. ( b )  Goldstein, 

91. Job,. T. T.; Leibold, G. L., Jr., and Fitzmaurice, H. A.: Am. J. Anat. 
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mental deficiency and less frequently hydrocephalus, microphthalmia, 
malformations of the extremities and other parts." Retinal rosette 
formations coinparable to those experimentally produced in the rabbit so 

have been studied in detail iii embryos irradiated in order to terminate 
pregnancy.9o I t  has been found that well over 50 per cent of irradiated 
embryos (not counting those irradiated for intentional termination of 
pregnancy) suffer severe damage."jb, In view of this fact it has 
been suggested that pregnancy Ix interrupted if through unfortunate 
circumstances the embryo has received therapeutic doses of roentgen 

Diagnostic curettage of the uterus hefore irradiation of the 
organ during the generative period has also been adv~ca ted .~~ '  While 
in most of the reported cases the damage of the embryo was due to 
early irradiation, ill effects have lieen observed to follow treatment given 
during the latter half of intrauterine life.$" According to Bagg9; and 
Goldstein and Murphy,Ds the effect of radium resembles that of roentgen 
rays. It need not be elaborated in detail that these malformations are 
not hereditary, in contrast to those caused by mutation after irradiation 
of germ cells (see page 304). 

Chemical IitfEurrtcrs.-Countless investigations have dealt with chemi- 
cal alterations of the embryo. Only a few will be mentioned for their 
biologic or iiiedical significance. Much of the early work was clone 
on the fish Fundulus heteroclitus, and striking modifications of develop- 
ment were obtained. \Verber OD produced double monsters by means of 
acetoile. In  addition, he loo obtained, by administration of acetone or 
butyric acid. cyclopia and various malformatioip of the eyes, ears, 
olfactory pits, mouth, central nervous syst'eni, heart and vessels, fins, 
tail and body form. There are also most interesting cases in which 
isolated eyes or lenses were found on the blastoderm far from the 
embryo itself."" This led Werber IOzb to develop the concept of blasto- 
lysis. which means an action of chemicals resulting in destruction or in 

95. (a) Murphy, D. P.; Shirlock, M. E., and Doll, E A , :  Am. J. Roentgenol. 
48:356, 1942. ( b )  Zappert, J.:  W e n .  klin. Wchnschr. 38:669, 1925; Arch. f. 
Kinderh. 80:34, 1926. (c) Murphy, D. P.: Am. J. Obst. S: Gynec. 18:179, 1929; 
( d )  footnote 21. (e) Feldweg, P.: Strahlentherapie 26:799, 19'27. (f) Goldstein, L., 
and Murphy, D. P.: Surg., Gynec. & Obst. 50:79, 1930. (y) Flaskamp, W., in 
Yeyer, H. : Sonderbiinde zur Strahlentherapie, Berlin, Urban 8- Schwarzenberg, 
1930, vol. 12, p. 1. ( h )  Sternberg, H. : Chir. d. org. di movimento 24:231, 1939. 
(i) Maxfield, F. N.: Am. J. Ment. Deficiency 45:358, 1941. ( j )  Glass, S. J.: 
J. Clin. Eqdocrinol. 4:47, 1944. 
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splitting and dispersion of the germ. As this work was based on experi- 
mental use of acetone and butyric acid, which may be present in the 
human circulation under abnormal conditions, it was suggested lo' that 
human malformations may have the same cause. While this deduction 
cannot be subscribed to, for many obvious reasons, and the mechanism 
of Werber's blastolysis is not understood, the interesting facts remain 
and have been powerful stimuli for further work. Stockard used 
inorganic salts in experiments on the same species and found that 
magnesium salts produced a remarkable incidence of cyclopia. The 
most constant effect on various embryonic structures was obtained with 
lithium salts. These produced a retardation of development, malforma- 
tions of the eyes, colorless (sic) blood and a slow heart rate.lo3 
McClendon examined the power of many inorganic and organic com- 
pounds to produce cyclopia, and along with the chemical properties of 
these agents he considered also their surface tension. 

In  regard to amphibians the work done with lithium salts over- 
shadows all other experiments with chemicals in extent and importance. 
Lehmann lo4 found the notochord absent and the myotomes (somites) 
fused across the midline in locations depending on the times at which the 
subjects were exposed to the salts. Similar results were obtained by 
Cohen,lo5 and the original articles should be consulted for the somewhat 
different explanations given by the two workers. In  the head region, 
not only faulty differentiation or arrangement of the primordia occurs, 
but severe defects up to cyclopia or complete anophthalmia with 
associated lesions of the brain. All these malformations are not specific 
for the action of lithium; 'they occur, though less regularly, after the 
use of other chemicals lo6 and after an increase of temperature.'O' The 
action of trichlorbutyl-alcohol on lens formation in amphibians has also 
been investigated in great detail and with particular attention to the 
effect of various concentrations.lo8 

An interesting and severe malformation in amphibians, which 
occasionally occurs spontaneously, has been produced with increased 
frequency by raising embryos in 0.35 per cent sodium chloride solu- 
tion.lo9 I t  is exogastrulation, an abnormality of the process of gastru- 
lation in which the mesoderm, instead of moving into the interior at 
the blastopore, moves outward to form a separate mass. In extreme 

102. Werber, E. I.: Anat. Rec. 9:133, 1915; Bull. Johns Hopkins Hosp. 26:226, 
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cases it may constrict itself off from the ectoderm, and the elnbryo is 
then divided into two separate pieces. Just what the action of the salt 
is in provoking this process is not understood. Exogastrulation has also 
appeared occasionally after other experimental procedures. 

In frog embryos 2,klinitrophenol produces a general retardation of 
development and any of the following malformations : persistent yolk 
plug, absence of external gills, papillary outgrowths of the epidermis 
and abnormalities of the eyes and the neural tube.’1° 

There are many reports on the action of chemicals on the chick 
embryo. Various Hubstances acting chemically or as foreign bodies were 
administered by Bauer 111 and G n a t  and Opie.lL2 The former reports 
hypoplasia of the mesenchyme and inhibition of the outgrowth of 
peripheral nerves, supposedly consecutive to the disturbance of the 
mesenchyme. Ectodermal and entodermal structures are normal or 
retarded, or show foci of necrosis. Canat and Opie examined the local 
inflammatory reaction to the injection of india ink or turpentine. In  
embryos of 3 to 5 days the most prominent reaction is cell proliferation. 
Phagocytosis also occurs early. Granulocytes begin to appear at  the end 
of the first week. Shortly before birth, inflammation assumes the well 
known postnatal forms. That scarlet red induces epithelial proliferations 
and irregularities of the neural tube has been claimed,l13 but not con- 
firmed in a later investigation.”* I t  is not known whether or not this 
discrepancy was due to differences in the chemical nature of the dye 
or to its impurities. Alcohol in suitable concentrations produces tachy- 
cardia in 48 hour embryos, but no malformations beyond disturbances 
of the curvature of the body.’15 Colchicine produces not only the well 
known abnormalities of mitosis (“colchicine figures”) but also nialfor- 
mations of the neural tube or, according to other authors,”’ stropho- 
somus (an extreme dorsal flexion of the spine). When colchicine is 
applied to certain circumscribed parts of the embryo, dwarfed limbs 
may be obtained, as well as reduced numbers of digits.11s Landauer 119 

observed in chick embryos, after injecting Ringer solution into the eggs, 
an increased prenatal and a decreased postnatal mortality. This is 

110: Dawson, A. B.: J. Exper. Zool. 78:101, 1938. 
111. Bauer, K.: Virchows Arch. f .  path. Anat. 294:477, 1935. 
112. Canat, E. H., and Opie, E. L.: Am. J. Path. 19:371, 1943. 
113. Waelsch, L.: Arch. f. Entwcklngsmechn. d. Organ. 38:509, 1914. I had 

an opportunity to see serial sections of Waelsch’s specimens and to confirm the 
presence of the malformations described in this article. 
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apparently an instance in which mostly the weaker ones, which would 
succumb to other influences after birth, are killed as embryos. As was 
mentioned in a foregoing paragraph, a similar explanation has been 
given for the action of alcohol on the germ cells.“. Landauer 11’ also 
found that lithium salts and, to a less extent, magnesium salts cause a 
great increase of mortality shortly before hatching, but no malforma- 
tions mere seen. In another series of experiments, rumplessness was 
produced by insulin and several other organic compounds.120 Catizone 
and Gray have reported three types of distortion of the head follow- 
ing administration of lead compounds. The published views of whole 
embryos suggest that the malformations are all platyneuria, which 
occurs frequently in the laboratory without intentional interference. 
Other workers 122 found general retardation of growth and relatively 
greater retardation of somite formation. The development of head and 
eyes is inhibited. In both investigations the embryos were not sectioned. 
Gray and WorthinglZ3 injected tetanus toxin and observed a profound 
influence on the central nervous system and the head of the early 
embryo. These malformations, too, are of those types which frequently 
occur without apparent cause. 

Of great economic. importance is a series of investigations originally 
designed to discover the cause of so-called alkali disease of farm animals 
in  the Middle West.124 It was found that the disease is a poisoning 
due to consumption of selenium-containing plants. In connection with 
the present subject, only the findings in chick embryos are of interest. 
Mature chickens are not much affected by selenium in their diet, but 
embryos of selenium-poisoned hens show severe disturbances.12j A high 
percentage of them fail to hatch and exhibit, among others, malfor- 
mations of the brain, the eyes (including cyclopia), the beak and the 
extremities or an “edeinic” (sic) condition. Similar malformations have 
been produced by injecting selenium compounds into eggs.’?6 In the 
course of the same investigation arsenic, fluorine and lead compounds 
were also tested and failed to cause comparable disturbances. These 
substances caused a high embryonic death rate, also ectopia of the 
viscera.126 Landauer 49 found that selenium-induced malformations 
share with‘ certain others a predilection for one side of the body (eyes 
and wings of the left side; legs of the right side). 

120. Landaucr. IV. :  J. Exper. 2001. 98:65. 1945. Landaucr. W., and Lang, 
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Few investigations have been undertaken to exaniine in ~iiaiiiiiials 

the influence on the embryo oi substances injected into pregnant 
females. In recent years drugs have been tested in order to determine 
whether, if used during pregnancy, they might endanger the embryo. 
Sulfanilamide was tested in rats?*7 The concentration was equal in the 
maternal and the fetal blood and higher than that used in therapy. 
Prolonged administration increased the mortality before and after birth. 
The birth weight was diminished and postnatal growth retarded. Peni- 
cillin, on the other hand, had no detrimental effect on the embryo 
under the conditions of an independent investigation.12s Thiourea was 
similarly examined.12g The thyroid gland of the embryo showed the 
histologic changes characteristic of thiourea treatment. S o  malfotma- 
tions were recorded. Strontium compounds administered to pregnant 
rabbits replace calcium in fetal bones and produce a condition of 
“ p s e ~ d o r i c k e t s ” . ~ ~ ~  In rat embryos whose mothers receive a diet con- 
taining 25 per cent galactose cataracts develop. The changes resemble 
postnatal galactose cataract.13’ Alloxan has no direct effect on the rat 
embryo.1s2 Hansmann and Perry Is3 in a series of unselected cases i n  
which there was no exposure to  industrial hazards found lead in 62.5 
per cent of human fetuses examined. In  25 per cent the amounts were 
considered dangerous. However, it is stated that the fetus is protected 
Iiy the growing skeleton which binds the lead. The authors emphasize 
the possibility of abortion due to lead. No malformations were observed. 
Only one report has been found concerning the possilAty that the fetus 
might be damaged by arsenicals used in antisyphilitic treatment during 
pregnancy.1s4 

In the preceding pages the effects of foreign substaiices 011 embryonic 
development are reviewed. It  is to be expected that striking effects 
would be produced in the embryo by those organic substances which 
even in the more stabile mature organism control structural changes, 
namely, hormones. I t  is unfortunate that Gley’s subdivision of these 
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active substances into hormones proper and harmozones, proposed in the 
early days of endocrinology, has not been generally accepted. According 
to Gley's definition, substances of the former group control functional 
activity, whereas harmozones control morphogenetic processes. Distur- 
bances in the balance of harmozones should affect the embryo pro- 
foundly. The relationship of these agents to embryonic organizers has 
been discussed by Needham.' 

The older literature on the endocrine glands of the fetus and their 
interrelation with one another, with other parts of the embryo and 
with agents in its environment has been reviewed by Thomas.lSB One 
important concept dating from that early period is that of synkaino- 
genesi~,'~' a term which designates all endocrine interactions between 
mother and embryo. Well known examples of this are the stimulation 
of the mammary glands of the newborn by maternal lactogenic hormone 
and the hyperplasia of the interstitial cells of the testes of the embryo, 
which is well marked in man and reaches tremendous proportions, 
also those of the ovaries, in horse Endocrine abnormalities 
of the mother may influence the embryo. Peculiarities of the children 
of diabetic mothers have recently been studied in great detail. They 
include increased birth weight, enlargement of the heart, extramedullary 
erythropoiesis, hyperplasia of the pancreatic islands and changes in other 
endocrine Organs.l4O It was thought that the metabolic disturbance and 
the insulin deficiency of the mother were directly responsible for these 
changes. However, it has now been found that infants of mothers in whom 
diabetes develops only some time after termination of pregnancy have 
similar changes.l'l This has not been explained as yet. The fetal and - 
neonatal mortality is increased during a five year period preceding the 
onset of maternal diabetes.142 

Hereditary dwarfism of mice, apparent at birth, is probably mediated 
by an abnormality of the pituitary gland.145 Mongoloid deficiency has 
been tentatively correlated with maternal and fetal pituitary dysfunc- 
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tion.'4* On the other hand, human subjects with pituitary dwarfism 
usually produce normal offspring.14j Fetal thyroid or iodine deficiency 
produces congenital The mental development of persons 
with congenital hypothyroidism, particularly that of endemic cretins, 
often fails to respoh adequately to administration of thyroid. I t  has 
therefore been suggested that damage of the brain may not be merely a 
consequence of thyroid deficiency but an associated lesion.14T 

.A possible correlatioii of abnormalities of endocrine organs of the 
embryo is the repeatedly investigated severe atrophy of the adrenal 
cortex of the anencephalic monster.148 I t  has not been definitely estab- 
lished whether or not this condition is caused by an abnormality of 
the hypophysis in the anencephalic monster, as was claiined by K ~ h n . ' . ' ~ ~  
I have seen a similar atrophy of the adrenal cortex in a stillborn 
infant with hydrocephalus and abnormalities at  the base of the brain. 
SO pituitary gland could be fcand (case unpublished). 

By far tlie largest amount of work in embryonic endocrinology has 
been done with estrogenic and androgenic substances. It is of great 
interest because many of the experiments have resulted in abnormalities 
related to intersexuality. Work done up to 1939 has been reviewed 
by a group of outstanding expertsG4 Since then, experimental work 
has been done with the oposs~ im,~*~  tlie niouse,ljo the rat and the 
n i~nkey . '~?  In all classes of vertebrates the genital organs hnd othe; 
sexually different characteristics may be transformed into forms more 
or less resembling those of the opposite sex by proper application of 
estrogen or androgen to embryos. A strong tendency of the genetic sex 
to assert itself and condition the effect of estrogen or androgen was note(1 
in some of these experiments but until recently hormones were generally 
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believed to play a dominating part in the morphogenesis of the genital 
organs (except the gonads themselves) under normal as well as  under 
abnormal conditions. From experiments carried out during the last 
few years it has been concluded by some leading authorities that the 
gonads of the embryo do not produce hormones u n h  after the genital 
tract is well established in male or female form. E ~ e n  the gonado- 
tropic hormone of the pituitary gland fails to stimulate the gonads in 
these stages to secrete hormones.*53 This is in accord with pathologic 
findings in human cases of congenital absence or severest hypoplasia 
of the gonads 154 in which the genital tract is definitely differentiated in 
the direction of one sex. In  later periods sexual differentiation will. 
of course, suffer in gonadless individuals. The power of the genetic 
sex to assert itself, even in postnatal periods, is well illustrated in 
experiments in which male chick embryos were completely feminized 
by administration of estrogen. They had histologically normal ovaries, 
and yet were reconverted, to the male sex after birth if estrogen treat- 
ment was not Thus the leading role of the genetic sex in 
determining not only the sexual form of the gonads but also that of the 
entire organism has come to be increasingly appreciated. 

It is of great medical importance to realize the tenacity ot‘ the 
gpe t ic  sex. I t  explains the fundamental difference between genetic 
and hormonal intersexuality. In the former the sexual development is 
abnormal by the standards of the usual male or female organization 
but normal for the individual itself in that it conforms with that indi- 
vidual’s genetic pattern. Hormonal intersexes, on the other hand, have 
a sex which is genetically normal by the usual standards but which is 
secondarily changed by hormones. These individuals will by themselves 
tend to revert to their genetic sex if the hormonal imbalance is elimi- 
nated. In  addition, there is probably a condition of genetically 
determined hormonal intersexuality which may, if not properly ana- 
lyzed, be confused with genetic intersexuality. I t  is produced by the 
action of genetically determined hormonal imbalance in individuals 
with a normal genetic sex. This occurs in genetically caused or 
conditioned growths with heterosexual hormonal activity. Familial 
intersexuality associated with hyperplasia or tumor of the adrenal 
cortex 156 probably belongs to this group. 
___- 
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\Vhile the domain of the sex hormones proper may. not be as 
great in normal embryonic development as was formerly believed, it 
is quite possil)le that chemical correlations, perhaps more of the organ- 
izer type, are active in (he early development of the genital organs. 
Here must he mentioned Witschi's l'' hypothetic substances which 
govern female development of the gerin cells in the cortex, and male 
development in the medulla, of the gonad. Of undetermined normal 
si-gnificance is a hormone-like substance which produces a highly 6 

perplexing type of intersexuality in certain mammals : The freeinartins 
among cattle are individuals with abnormal sex development, which 
are always twins of normal males. It was discovered simultaneously 
and independently by Keller and Tandler and Lillie that the 
abnormal twin is a genetic female modified by a substance transmitted 
from the male twin through anastomoses in their chorionic circulations. 
A considerable nuniber of detailed investigations have since substan- 
tiated this theory and elucidated the development of the freemartin. 
Siniilar intersexual twins also occur among pigs a i d  goats but not 
aniong heterosesual twins with vascular anastomoses iii the cat, the 
peludo and the marmoset (see Witschi's review loo) .  Moore 153 points 
out that conditions strictly comparable with those observed in the 
freemartin have not as yet been produced in experiments, and he con- 
cludes that the problem of the freemartin is just as mysterious now 
as ever. Marsman 161 compared freemartins with genetic intersexes 
and geldings as to morphologic aspects and escr&ion of hormones. 
His conclusion is that the freemartin is an individual deprived early 
of its sources of sex hormones and inure thoroughly than the gelding. 

I t  remains to mention the efiect of certain tumors of the cortex 
of the adrenal gland on the genital tract. In  a small proportion of cases 
of corticoadrenal tumors for' which no specific histologic characteristics 
have yet been found, as well as in sonie instances of hyperplasia of 
the adrenal cortex, the female subjects may be masculinized at  any 
period of prenatal or postnatal life (interrenalisin le?). This effect 
disappears promptly on removal of the excessive adrenal tissue unless 
sex transformation in early embryonic life has produced irreversible 
c-lianges.'Gy:: . A mucli smaller iiuml)er of cases in which men were 
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feminized by similar growths have been rep~rted."~.  Familial occur- 
rence has already been mentioned.158 Various theories have been 
proposed concerning the androgenic activity (neglecting the few cases 
in which feminization occurred) of one or another of the normal 
constituents of the adrenal cortex and he relationship of the just 
mentioned tumors to these. None of the theories is supported by 
convincing evidence, and they will therefore not be reviewed. Some- 
what less problematic is the influence on sex of various tumors of 
organs which normally produce sex hormones, as the testis, the ovary 
and the placenta. This subject is adequately treated in many texts 
of pathology or of gynecology. A case of masculinization of a female 
fetus by an ovarian tumor of the mother, probably an arrhenoblastoma, 
is on record.1'j3 

Defici~ncics.-If any of essential substances is lacking during embry- 
onic life, this may produce severe developmental disturbances. Some 
of these disturbances have been investigated in chick embryos, partly 
liecause their occurrence in commercial hatching is of considerable 
economic importance. Micromelia was observed in chick embryos, 
caused by a deficient diet of the hen, by Byerly and co-workers,1a8 
and its morphologic aspects were studied by Landauer.'67 Lyons 
and Insko and Caskey and Norris lG9 have described . the same 
manifestations in manganese deficiency and they, and later Land- 
auer,"O have assumed that the first-mentioned deficiency was also one 
of manganese. Gallup and Norris lil found that manganese deficiency 
produces increased mortality of chick embryos. The  embryos are 
fully developed but unable to hatch. The authors call this congenital 
debility in analogy to findings in the rat (see page 428). The influence 
of vitamin deficiencies has been examined in chick embryos. LOW 
vitamin A content of the egg results in poor hat~habi1ity.l'~ Riboflavin 
deficiency causes degeneration of the mesonephros, edema, anemia 
and abnormal d 0 ~ n . l ' ~  Another report mentions lethal changes in 
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the extraembryonic vessels ( "lethal ring") and chondrodystrophy 
and other defects in those embryos which survive.*74 A third group lia 

claims that the first changes to appear are those in the nervous system, 
including degeneration of myelin sheaths. These can be prevented 
hy injecting rihoflavin into the eggs. XTitamin D deficiency seems to 
occur in chick embryos as indicated by the high mortality in eggs of 
hens kept in closed rooms, which can be reduced by giving the hens 
cod liver Vitamin E deficiency causes retardation of develop- 
ment, and death through degeneration of vessels, rupture of the atrium 
of the heart or of large vessels, and impairment of growth of the 
allantois, which is essential for respiration."' However, the pertinence 
of these 01)servations has been because it is not certain 
that they are the effect of vitamin E deficiency alone. Lack of biotin 
is followed by increased embryonic niortality at certain stages, chondro- 
dystrophy and syndactyly.179 

Considerable experimental work has been reported on the effect 
oi vitainin deficiencies on mammalian embryos. Many references have 
1)eeli gathered by ,\Iason.'mo The same author has reported in detail 
on the results of vitamin A deficiency in  pregnant rats la l :  Early 
death of many embryos, followed hy resorption, results from inflam- 
matory changes of the placenta. The surviving embryos are retarded 
i n  growth, gestation is often unduly prolonged, and many newborn 
young die soon. In  the pig severe defects of the hindlegs follow 
niaternal deficiency of a fat-soluble factor,l*? whicb Needham states 
is vitamin A. In another investigation definite lack of this vitamin 
caused microphthalmia in every young one throughout several experi- 
ments, but no malformations of the legs.'83 In the rat, ocular malfor- 
mations of a different kind are observed in association with maternal 
vitamin A defi~iency. '~~ A series of reports describes the development of 
cleft palate and malformations of the extremities of the embryos of rats 
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inaintaiiied on a certain deficient diet.1s5 These disturbances can be 
prevented with dried pig liver, The same malformations result from 
riboflavin deficiency.ls8 Similar, but not identical, defects were pro- 
duced by feeding the inother a rachitogenic diet.lST Avitaminosis C 
(deficiency of ascorbic acid) has been produced in guinea pig 

Research on the effect of vitamin E deficiency started 
with the work of Evans, Burr and Althausen189 and Urner.lgo Early 
almormal development of the mesenchyme and general retardation 
were observed, as well as reduction of the entodermal villi of the pla- 
centa and impairment of the blood islands. The result was death of 
the fetus. Mason lgl described in hypovitaminotic embryos which sur- 
vived to the sixteenth day a hemorrhagic state, with much blood 
accumulated in the vessels of the skin, and cerebral hemorrhages. 
H e  attributes the lack of cells in the blood-forming tissws to this 
escape of blood to the periphery. 

Manganese deficiency produces in rats a state of “congenital debil- 
ity” which renders them unable to live through the period of birth, 
even though they appear normal in utero shortly before term.lg2 

Vitainin deficiencies of humaii embryos and newborn infants have 
repeatedly been r e ~ 0 r t e d . l ~ ~  In most cases neither the’type of deficiency 
nor that of the structural changes has been clearly defined. The 
conditions found were called fetal rickets or osteomalacia, but no typical 
entities have as yet been demonstrated. The possible significance of 
vitamin deficieiicies is indicated by the suggestion of Balfour and Tal- 
padelg* that the high infant mortality of India may be caused by a 
deficiency, possibly of the vitamin B complex. Lack of iron .in tuber- 
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culous mothers and their fetuses has been suggested as the cause of 
anemia and decreased resistance of the newborn.lQ5 Iodine deficiency 
produces in mammals congenital goiter and hairlessness lD8 and in 
man goiter and deaf-mutism.1s7 Stott loa attributes similar findings to  
an excess of calcium in the water rather. than to iodine deficiency, or 
to a disproportion of calcium and iodine. Closely related conditions 
were mentioned in a foregoing section under thyroid deficiency. 

Detrimental effects of an unspecified nutritional deficiency of the 
mother on the fetus are suggested by Burke, Beal, Kirkwood and 
Stuart,loQ who state that in 216 cases studied, “every stillborn infant, 
every infant who died within a few days of birth, with the exception 
of one, the majority of infants with marked congenital defects, all 
premature and all ‘functionally immature’ infants were born to mothers 
whose diet during pregnancy was very inadequate.” In view of the 
large number of other known causes of the conditions in question, 
one may not agree with this statement to its full extent; yet, it is 
perhaps not quite true that the fetus always obtains the best possible 
“diet” even at the expense of the mother, as has often been stated. 

Changes in Conceittration of Oxygen and Carbon Dioxide.-If the  
concentrations of oxygen and carbon dioxide in the environment of 
incubating chicken eggs are decreased or increased, respectively, 
beyond certain levels this interferes with normal development of the 
embryo. According to Romanoff ,*O0 concentrations of carbon dioxide 
up to 0.4 per cent are compatible with normal development and may 
even stimulate growth. According to the same investigator, concen- 
trations of carbon dioxide higher than 1 per cent with a corresponding 
reduction of oxygen produce slow growth, various malformations and 
early death. If the exposure to air of abnormal composition is tem- 
porary, concentrations up to 22 per cent carbon dioxide with 16 per 
cent oxygen are compatible with continued growth. Another author ?O1 
obtained a high percentage of embryos with platyneuria ( a  peculiar 
form of nonclosure of the neural tube) by preventing the exchange of 
gas through the egg shell with a coat of wax. In  other experiments 
embryos exposed to an atmosphere cbntaining 22 to 37 per cent 
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carl)on dioxide presented platyneuria in all instances. The critical 
stage was found to last irom the appearance of the primitive streak 
until the beginning formation of the notochord and neural plate. 
Byerly described in somewhat older embryos as suffocation effect 
large blood vessels dilated into sinuses of excessive dimensions and 
death of the tissues in the deeper layers of the gerni. I have seen 
the same abnormalities as “spontaneous” malformations in eggs which 
had not intentionally or knowingly been subjected to anoxia, which 
suggests anoxia as a natural cause of malformations. Anoxia due to 
failure of extraembryonic blood circulation to develop properly is 
thought to be responsible for some of the malformations and their 
peculiar lateral distribution in prothanic homozygous Creeper chick 

The left eye, which is commonly more affected than the 
right, is turned away from the surface of the blastoderm by the normal 
rotation of the head and thus receives less oxygen by diffusion while 
the development of circulation lags. Transplantation experiments have 
shown that the primordia of the right and left eyes of these embryos 
are potentially equal.2o3 Experimental obstruction of the extraeni- 
bryonic circulation in genetically normal embryos leads to simi:ar 
nialformations with severer manifestations on the left side of the head, 
whereas an increase of the oxygen tension attenuates the defects of 
the left eye in prothanic Creeper embryos.40 A subsequent examination 
of normal chick embryos incubated under favorable conditions showed 
that the left eye lags temporarily in the majority of them.ls This 
asymmetry is present only during a short period beginning when the 
head turns to the side, and ending when an effective circulation is 
esta1)lished. This is well in accord with the assumption of transitory 
anoxia of the left eye. A great preponderance of malformations of the 
left eye exists not only in Creeper’embryos but also among sporadic ‘04 

and selenium-induced  malformation^.^^ It may be assumed that tern- 
porary anoxia is a contributing factor which decreases the resistance 
of the left eye to other teratogenic agents.Is 

I t  is obvious that anoxia cannot be of great importance as a terato- 
genic factor in nianiiiials. One can imagine that disturbances of 
oxygen supply occur before nidation in the uterus, or before the 
beginning of embryonic circulation, but this has not been observed. 
In later stages certain poisons may interfere with the metabolism of 
oxygen. A pertinent case of carbon monoxide poisoning of a pregnant 
woman has been described,?Oj in which the mother recovered, while 
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the child. which was I)orii thirteen days after the poisoning and lived 
nine days. showed severest softening of the thalami and the corpora 
striata. I n  guinea pigs, anoxia preceding delivery produces severe 
cereliral daniage.'Ob In man, temporary anoxia of the older fetus 
stimulates respiratory movements, and may endanger the fetus by 
causing aspiration of amniotic fluid containing sebaceous material, 
cornified cells or meconiuiii.207 Damage of the brain similar to that 
observed in the aforeme~itioiied animal experiments may cause mental 
deficieiicy.2r's 

Abnorllurl Te)izpEratzrrc.-Tliis environmental factor has no known 
teratologic importance in man and other mammals. Several authors 
have examined the influence of an abnormal incubation temperature 
in chick embryos and found various structural defects.?Oe I n  the same 
species the expression of some hereditary nialformations has been 
modified by a lowered temperature, as was mentioned.?'O 

Petersen has reported studies of the influence of various climatic 
factors on the incidence of malformations in man. 

Zlzfcction and Inflarnnzntion.-The question whether maldevelop- 
ment may be caused by infection and subsequent inflammation leads 
to the frontiers of what is commonly considered to be maldevelopment 
as opposed to disease. That no strict borderline exists between these 
two divisions of the field of pathology, has been emphasized in the 
introduction. 

The possible role of inflammation as a cause of abnormal develop- 
ment has been much discussed with respect to malformations of the 
heart. In the past it was believed that many of these malformations 
were due to embryonic endocarditis, but this explanation is no longer 
accepted for the great majority of'cases. goes so far as to Gross 
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conclude from his own case nncl a review of the literature that there 
is no proved instance of fetal endocarditis, and others agree with 
On the other hand, several authors have described cases of acute 
eiidocarditis ot' undoubtedly prenatal origin. I have seen severe endo- 
carditis of the tricuspid vahe in an infant less than 1 day old."j These 
cases do not I m r  directly 011 the question of the inflammatory origin 
of cardiac ~iialiorniations, as they concern late stages of intrauterine 
life. However, it '  oiic considers the relatively extremely small number 
of early embryos which are adequately esaiiiined (i.e. iii serial sections), 
one must realize that iailure to find acute eiidocarditis allows no 
conclusions. Fetal myocarditis has l m i i  fouiltl repeatedly.21G Farber 
and Hubbard point out that of t\vo groups into which congenital 
abiiormalities oi  the heart may conveniently he tli\.itled, the one coin- 
prising gross departures from the normal developniental plan is not 
likely to be due to endocarditis. The other group iiicludes hearts with 
iiorinal septums and the typical relations of the large vessels and shows 
stenosis or atresia of valves, and these abnormalities are thought to 
be tlie effects of inflamrnatioii. I have found indications of a past 
inflammation, similar to those described by Farber and Hubbard, in 
the heart of a stillborn infant with atresia of the pulnioiiary ostium and 
in a newborn infant with stenosis of the mitral and aortic valves (cases 
unpublished). 

The investigation of nialformations oi the heart and other organs 
occurring frequently in the infants of mothers who contracted rubella 
during the early months of pregnancy ?Ii may well contribute impor- 
tant information as sooii as embryonic stages are examined. If the 
disease occurs during the first or second month of pregnancy, the inci- 
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dence of malformations is nearly 100 per cent. Most commonly aft'ected 
are the eyes (cataract, microphthalmia), the brain (mental retardation, 
microcephaly) and the heart. Only a few cases have as yet been studied 
at autopsy.218 In contrast to most other authors, Fox and Bortiii 
conclude from their investigation of epidemics of rubella in Milwaukee 
that iiiany pregnancies are unaffected. Conte. McCammon and 
Christie n20 sent 120 questionnaires to the mothers of infants with 
malformations of those types which may be caused by rubella. Of 61 
mothers who anstyered, 5 gave a history of having had rubella during 
pregnancy. In view of the large number of other possible causes of 
the malformations in question, this is a significantly high incidence. 

The developmental changqs in fetal syphilis are too well known 
to be discussed here. Numerous reports deal with less commoii agents 
infecting the embryc-with virus,221 bacteria *?? and protozoa.223 Par- 
ticularly tubercle bacilli have received a great deal of attention.?" 
Localization of infectious organisms in the placenta is important in 
the mechanism of spreading of some of the diseases due to them, par- 
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ticularly tuberculosis. As far as tlie ini.estigators kno\v, developmental 
disorders are but rarely caused hy these infections. Hoivever. tlie 
example of rubella shotvs Iioiv unsuspected correlations hetween emllry- 
onic infection and malformation may beconie apparent and their medical 
importance appreciated once they are brought to attention. Cellular 
inflam,matory reaction to infection in emI)ryonic tissues has been 
esaniiiied in  experimental antl clinical iiiaterial."~ 

CO1I1IENI 

The knowledge of the causes of malfnrmations reyieivetl i n  the 
preceding pages is hased largely on experinleiits. Part ot' i t ,  heing 
based 011 experiments with lower vertehrates, does not apply directly 
to nian and other mammals with their excellent protection of the 
em1)ryo. It has been reviewed not only in order to illustrate general 
principles of teratolugy but also 1)ecause the resulting iiialfvriuations 
are often comparable i n  more or less detail ivitli mammalian ones. 
The development of the malformation in an esperiinental animal sliows 
how a similar condition in inan may have arisen. This comparison 
cannot offer more than a suggestion, since it is known that different 
mechanisms may lead to similar final results. Incidental findings of a 
few early stages in man may then support or refute the comparison. 
Moreover, the time of action may be more important than the exact 
nature of a teratogenic agent, as will presently be discussed. Thus 
the action of agents which in themselves do not occur in inan and 
other mammals may be duplicated by others which exert the same 
influence (e.g., inhibition of development) at a comparable time and 
place in the embryo. 

It has repeatedly been postulated that the action of detrimental 
agents on development depends to a considerable degree on intrinsic 
circumstances in the embryo. As an example. the previously men- 
tioned temporary anoxia of the left side of the head of the chick embryo 
may be recalled. It not only produces a transitory lag in the normal 
development of the left eye but is presumably the cause of the marked 
preponderance of sporadic malformations of the left eye of the chick 
ernbryos.lS More often a rapid rate of growth and development has 
been regarded as a predisposing factor,'= and it is on this basis that 
investigators have explained how nonspecific detrimental factors acting 
on the entire embryo during limited periods may produce well defined 
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maliormations only in certain organs. Child 2 2 B  and his followers have 
developed the concept of gradients of vital activities in developing 
organisms and have shown how these gradients influence normal and 
abnormal development. Thus Hyman 2 2 7  has discussed the influence 
of high rates of growth at given points on the effects of injurious 
agents. The defect produced is more severe in a part whose rate of 
gro1vth is higher than those-of others exposed to the same agent. Up to 
a certain limit, this may be compensated by a great ability of the rap- 
idly growing part to make restitution of itself. Beyond that limit, the 
permanent damage will be greater in a part with a high growth rate 
than elsewhere., Thus a pattern of sensitivity exists in the developing 
organism at a given stage which may be responsible for identical reac- 
tions to widely differing teratogenic agents, genetic and environmental. 
Not only can different abnqrmal genes produce the same m a l f o r m a t i ~ n , ~ ~  
but exact phenocopies of hereditary abnormalities may be produced 
by agents affecting the tissues of the individual itself and not its genetic 
constitution.22s The concept has evolved that at least part of the 
teratogenic genes affect the embryo in a nonspecific manner at a con- 
stant stage of embryonic development. This agrees well with recent 
work suggesting that much if not all of gene action affects metabolic 
processes.12 I t  has been pointed out that phenocopies have been pro- 
duced only of those hereditary traits which.are assumed to be caused 
by a change in the relative rates of developmental processes (which 
are of greater importance in the production of malformations). On 
the other hand, no phenocopies are on record of traits which interfere 
with definite steps of chemical ~ y n t h e s i s . ' ~ ~  Perhaps this is so because 
the former act but once, whereas the latter act throughout life and 
cannot very well be imitated by extrinsic agents. The assumption of 
an action of genes on metabolism is supported by several previously 
mentioned observations. Lowering the incubation temperature and 
thus the rate of growth of the embryo at a given time can reduce its 
reaction to gene action and diminish the expression oi certain hereditary 
traits in the chick.?1° The cumulative effect of the hereditary Creeper 
factor and selenium poisoning in the chick embryo has been explained 
by the assumption that both interfere in a similar manner with metabolic 
activity.4s 

226. Child, C. bl . :  .4m. Naturalist 58:237, 192.4; Patterns and Problems of 

227. Hyman, L. H.: Biol. Bull. 40:32, 1921. 
"8. -4 phenocopy is an abnormality closely resembling a certain hereditary 

trait, but produced by an influence on the individual itself, and not hereditary. 
229. (u) Cajrns.46 ( 6 )  Kaven, A. : Ztschr. f. menschl. Vererb.- u. Ronstitutions- 

lehre 22:217. 1938; footnote 92. 
230. Goldschmidt, R. B.: J. Exper. Zool. 100:193, 1915. 
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It  is apparent that malformations are the effect of a ~ a r i e t y  of 
intrinsic and extrinsic, synergistic or antagonistic agents. Many of 
these act in a nonspecific nianner and may be replaced hy others with 
similar action without changing the final result. 

I n  the preceding pages one may find several instances of discrep- 
ancies in the results obtained by different Lvorkers with the same agent 
This may be due to differences in the technic o€  the experiment or in 
the genetic constitution of the animals used. I t  is obvious from uhat 
has jyst been said that slight variations of the strength of the agent 
and particularly oi the timing of its action may change the results 
iundamentally. The interaction of genetic and environiiiental factors 
in the production of malformations has been referred to on several 
occasions, and this may explain variations in the results of experiments 
\\ it11 different strains of animals. 

There is a method of approach to malforn~ations and their causative 
agents which has not yet been mentioned in this review, namely. statis- 
tics. It is quite possible that in the future many questions of the action 
of hereditary or environmental influences on the developing organisni 
will be answered by statistical evaluation of large groups of cases. 
Particularly concerning human nialdevelopnient, results might be 
obtained which would otherwise not be available, as esperimeiital meth- 
ods cannot he used. .A detailed study of a large number of human 
cases correlated with information 011 various aspects of environment 
and other factors has been made by YIurphy.” The only consistent 
result so far obtained in several independent statistical investigations is 
a striking difference I)etween white persons and Negroes in the over-all 
Incidence of malfoixiations ; the incidence is liigher in white persons.2J‘ 

231. Murphq..’l Potter, E. L.: J. -4. >I, .A. 115:996, 1910. Gruenwald, P.: 
Illinois M. J. 79:55, 1941. 



MECHANISMS OF ABNORMAL DEVELOPMENT 
I I .  Embryonic Development of Malformations 

PETER GRUENWALD, M.D. 
NEW YORK 

OST treatises on abnornial development classify their subject either M according to morphologic aspects or according to hypothetic 
modes of origin deduced from the final structure as, for example, inhibi- 
tion or excess of development and fusion or fission of primordia. Cyclo- 
pia, for instance, would be found in the category of malformations by 
fusion of normally separate bilateral primordia. The brief discussion 
of cyclopia given in the introduction to the first part of this review shows 
that this or any other classification of it under the system just mentioned 
must be incorrect and misleading. Many other malformations develop 
in a manner which cannot possibly be detected by the study of the final 
condition alone as, for instance, the defects of the extremities in a 
hereditary syndrome of malformations in mice (“myelencephalic blebs,” 
see page 556). It thus appears that a system based on hypothetic 
mechanisms of development of malformations is of no value either for 
classification or as  a guide for future investigations. Its inadequacy has 
been pointed out by W e i ~ s . ~  The causes of malformations, on the other 
hand, do not constitute a suitable basis for classification for two reasons. 
One is that in cases of malformation not produced in the laboratory the 
cause is often unknown, a d  the other reason is that many different 
causes may produce similar effects, or the same cause different effects 
under but slightly differing conditions. This leaves, in the present 
state of knowledge, only a classification from the standpoint of mor- 
phology, and that will not be discussed here as this presentation is not 
concerned with purely morphologic aspects of the subject. 

In  the following pages some of the better studied mechanisms will 
be described by which a malformation develops into its final form after 
an initial lesion has been produced by a known or an unknown cause. 

From the Department of Pathology, Long Island College of Medicine, 
Brooklyn. 

This work was begun while the author was Fellow in Pathology at  the 
Mount Sinai Hospital, New York. 

The review of the literature wa4 concluded in August 1946. However, many 
European journals of the past few years were not available at  that time, on account 
of the interruption of communications during the war. 
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Griineberg lr classifies the mechanisms by which mutations manifest 
themselves as structural abnormalities, as follows : 

(a) A norpal developmental process is suppressed or remains 
incomplete. 

( b )  A normal developmental process is exaggerated. 
(c) A normal developmental process is deflected in the wrong 

( d )  The changes are regressive (degenerations). 
Griineberg admits that there are no clearcut borderlines between 

these mechanisms and that some abnormalities could conceivably be 
classified under different headings. He also suggests that it may be 
necessary to reclassify a malformation if new information is obtained 
regarding its development. Many of the nonhereditary malformations 
can also be classified in this manner. 

A more detailed classification, which also includes mechanisms occur- 
ring in malformations due to extrinsic factors, will now be given: 

(a) Inhibition or excess of a developmental process. 
( b )  Abnormal developmental pattern (absence, excessive number, 

( c )  Qualitatively abnormal development. 
( d )  Degeneration oi previously normal-appearing parts. 
( e )  Interference by nonspecific reaction to injury. 
( f )  Elimination of parts. 

The basic abnormal process is usually limited to a short period of 
development, leaving a part of the body in an abnormal condition. The 
affected part will thereafter develop by normal mechanisms but will 
show the effect of the interference because these normal mechanisms 
occur in an abnornial substrate. In some cases the abnormality may be 
more or less eliminated by regenerative processes. 

Syndromes of malformations occur when the primary abnormality 
affects more than one part, or when the primarily affected part influences 
other parts so that they, too, become abnormal. The correlations which 
link the various manifestations of teratologic syndromes may be of the 
following kinds : 

direction. 

division, fusion or abnormal location of primordia). 

( a )  Genetic mechanisms. 
( b )  Equal susceptibility of parts. 
( c )  Developmental patterns governing several parts. 
( d )  Functional dependence. 
( e )  Mechanical correlations. 

These mechanisms are by no means mutually exclusive. In fact, few 
instances will be found in which only one of them is in effect. They 



can therefore not be used for a classification of iully developed syndromes 
but are used rather as guides for the study of the development of the 
syndromes. I t  must be remembered that some of these mechanisms 
normally safeguard the development ot' proper morphologic relations 
of parts, but they may greatly increase the extent of a maliorniation if 
they are shifted to wrong tracks, as it were, by an abnormality some- 
where along the line of developmental steps. These chains of events 
explain the occurrence of syndromes of malformations and the often 
puzzling repetition of complex developmental aberrations in many per- 
sons. The following examples ot' mechanisms of developmental correla- 
tion are given to illustrate the .aforementioned types. 

Genetic Correlatio,is.--\Nheii several malformations which are inde- 
pendent of each other in their dei.elopment are caused by one gene they 
may be said to be genetically correlated. Griineberg 232 holds that this 
so-called pleiotropic gene effect does not exist and that an adequate 
understanding of the developmental mechanism would in all instances 
reveal a single primary developmental disturbance responsible for all 
manifestations. I t  is true that in several instances complex hereditary 
syndromes oi malformations have been traced back to n single initial 
disturbance. Gluecksohn-Schoenheimer 236 has recently criticized Griine- 
berg's view and holds that final judgment should be reserved until inore 
is known about gene action. On purely speculative grounds one may say 
that since it is assumed that each gene is uniform, its primary action is 
likely to be uniform as well. ivhether or not one accepts the concept 
of pleiotropic gene action on development depends on the arbitrary 
decision whether or not the primary action is considered a developmental 
process. Examples of apparently pleiotropic gene effect are instances 
of hereditary intersexuality in various mammals associated Ivith a pecu- 
liar color of coat 58n or with skeletal malforniation~.'~~ 

Another possibility of genetic correlation is linkage of genes which 
are located at nearby points in the same chromosome so that it is improb- 
able that they will be separated during the maturation of germ cells. The 
results of numerous linkage tests in the mouse have been reviewed by 
Snell l p  and ,Griineberg,Ir and recently in the form of a chromosome 
map.235 If a gene is located in the sex chroniosome, its transmission 
is modified by the peculiarities of that chromosome : ses-linked inheri- 
tance. In the present discussion of the embryogenesis of malformations, 
genetic correlations will not be considered, since their action is not on 

232. ( a )  Griineberg, H.: J. Genetics 45:1, 1943; ( h )  footnote l r .  
233. Gluecksohn-Schoenheimer, S.  : Genetics 30:29, 1945. 
234. Surrarrer, T. C.: J.  Hered. 34: 175, 1913. 
235.  Staff of the Roscoe B. Jackson Memorial Laboratory: J. Hered. 36:2-71, 

1945. 



a developmental basis, but precedes dcvelnpinent. O n l y  their results 
will occasionally be referred to. 

E p d  Susceptibility of Parts.-It must be recognized that equal 
susceptibility of primordia to the actiou of teratogenic factors of any 
kind is an important mechanism by which seeniingly unrelated develop- 
mental processes may be affected by one agent. I t  was reported in part I 
that many workers i n  the field of teratology consider the majority of 
teratogenic stimuli as nonspecific retardations of metabolism and tlevel- 
opinetit. rvhich have a seemingly specific effect on certain parts only 
because these parts are highly susceptible at tlie time oi their action. 
This susceptibility is thought to be greatest while a given part is grow- 
ing or differentiating rapidly, and if this is true, it is obvious that several 
parts niay be i n  a highly susceptible phase at the same time. This has 
been emphasized in the esplanation of multiple nialformations in various 
parts of the body caused by the Ps mutation in guinea pigs.'36 

Developvieritnl Patterns Governing Several PartJ.-Correlations 
determined by the developmental pattern exist when an abnormal pattern 
of a larger portion of the body determines the dcvelopment of maliorma- 
tiotis in several parts, niuch in the same manner in which tlie nornial 
pattern would determine nornial development of the same area. In 
cyclopia, for instance, a change in the developmental pattern of the neural 
plate is responsible for malformations of brain and eyes. 

Correlation by Independent Dez,c.[oprirfIif.-Tliis occurs in abnormal 
development just as in normal ontogenesis. If one part depends on 
another for its normal development. it will be almormal i f  that other part 
is absent or abnormal. Thus absence of a wolffian duct in the embryo 
will result not only in absence of the ductus deferens, which arises from 
it, but in absence of the epididymis and the kidney because these organs 
depend in their development on stimulation l)y the wolffian duct and its 
branch, the ureteric bud, respectively. 

Functional Dependence.-Correlation by functional dependence may 
occur in various forms. Defects of the respiratory organs of the embryo 
may produce nialformations of various organs by anoxia before, or with- 
out, kiliing the embryo. This occurs in the honiozygous Creeper chick 
enibryo when the circulation of its yolk sac fails (see page 534). .%bnor- 
mal function of endocrine organs niay have profound effects on devel- 
opment as, for instance, excessive hormone production by adenomas of 
the adrenal cortex, which promotes se s  reversal in the embryo as well 
as after birth. Correlations between the nervous system and the organs 
supplied by it are conspicuous in postnatal life and not entirely absent 
in the embryo. 

236. Scott, J. P.: (a) J. Exper. Zool. 77:123, 1937; ( b )  J. Morphol. 62:299, 
1938. 



Mechnnical  Corrclutiolls.-Ii an abriormal condition of one part makes 
it nieciianically impossible ior anotlifr part to pursue its normal course 
of development, even though its primordium is present arid normal, there 
is oljwr-\:ed a mechanical cnrrelation affecting development. The just 
iiientioiietl absence oi a ~volffian duct. ior instance, has a mechanical 
effect in addition to the one already noted. The duct serves normally 
as R iiieclianical guide ai  the miillerian duct, which grows caudad within 
the wolftian duct's basal membrane. In the absence of this guide the 
niuller~an duct fails to grow, and as a result the tube and one horn of 
the uterus are absent i f  the individual is of female sex. Another example 
is the absence of a choroid fissure in maldeveloped eyes, as it.occurs in 
ccrtain cases oi microplitlialiiiia or cyclopia (see page 518). I t  deprives 
tlic optic nerve fibers of their passageway to the brain, and results in 
absence of the optic nerve eve11 tliotrgh the optic stalk and the nerve 
fibers are all originally present. 

The foregoing niay not be n complete listing of all the methods by 
which abnornial traits, once appearing at one point, may express them- 
selves througliout the oi-ganisni. Imt it  comprises the essential mechan- 
isms found in the maliormations to be described. It is obvious that 
these correlations may appear in various combinations, as may be 
gathered from the fact that several of the few syndromes of malforma- 
tions given as examples appear under more than one heading. 

Malformations appear in nature and in the laboratory with varying 
degrees of regularity, and this has been used to classify them as typical 
or atypi~al.?~'  Maliormations of the former type are found repeatedly 
either as identical forms or as various degrees of the same type of aber- 
ration. They appear to follow a plan almost or wholly as definite as 
that oi normal development. Atypical malformations, on the other hand, 
are irregular and unpredictable. The typical malformations are sup- 
posedly due to genetic causes, the atypical ones to environmental 
influences which may attack the embryo a t  any time and place. The  lat- 
ter statement is not correct, as is illustrated by the regular production 
of malformations by influencing the embryo itself (see the first part of 
this review) and particularly by the existence of phenocopies in which 
a genetically caused malformation is copied by interference with onto- 
genesis alone. However, it is obvious that some .of the aforementioned 
types of correlation of abnormal developments will tend to yield typical, 
and others atypical, defects. Genetic correlations of abnormal traits are 
as regular as those governing normal development, and they yield con- 
sistent results unless other, modifying genes or extrinsic agents interfere. 
Syndromes caused by abnormal developmental patterns or dependent 

237. von Szily.1c Politzer, G., and Sternberg, H. :  Frankfurt. Ztschr. f .  
Path. 37:174. 1929. 



development will be among the most regular ones. On the other hand, 
the most irregulir and atypical abnorlilalities may be found among 
simple malformations produced by extrinsic agents. 

Another factor which may influence the final appearance of a struc- 
tural abnormality is restitution of defective parts. In embryonic mal- 
formations the normal mechanisms of regulation of development will 
often provide some restitution of a defective pattern before it is struc- 
turally differentiated, and this will then not be apparent as regeneration. 
There are extensive studies of regeneration of extremities in larvae of 
amphibia ; their results have contributed materially to the under- 
standing of malformations of these parts. An interesting example of 
the complicated mechanisms of regeneration is that of replacement of 
an extirpated lens in amphibia, the so-called wolffian lens regeneration. 
The new lens is formed not from the superficial ectoderm (cornea) as 
was the normal lens but from the upper portion of the iris, which is 
normally not concerned with lens f o r n i a t i ~ n . ' ~ ~  In malformations of 
the eyes, abortive or even well organized lenses may develop in the 
same manner.1u SchottP 240  has presented a concise review of the gen- 
eral problems involved in regeneration. 

In  the following pages some of thosc malionnations on the embryonic 
development of which information is available will be discussed. Then 
the widespread manifestations of two extensively studied hereditary 
syndromes of malformations ( Creeper, myelencephalic blebs) will be 
summarized. as well as the effects of heterospecific pregnancy. 

T W I N S  AND DOUBLE MONSTERS 

Of the two principal types of twins and multiple births, the dizygotic 
or fraternal twins' are of little interest in the present discussion since 
they are not essentially different froin brothers and sisters born at dif- 
ferent times except that they may, on rare occasions, interfere with 
each other's development. This occurs particularly if close relations 
develop between the chorions of the siblings, leading to fusion of the 
membranes and often to anastomoses of their circulatory systems. This 
fusion is known to occur in man 241 as well as in other mammals.""p 
In certain species of mammals, anastomoses between the circulations of 
heterosexual dizygotic twins result in abnormal sexual development of 
the female, apparently caused by some substance transmitted froin the 
male partner. In other species, including man, no such influence is ever 
exerted in the presence of vascular anastomoses (see part I ) .  

238. Mangold, 0.: Ergebn. d. Biol. 5:290, 1929. Weiss.3 Needham." 
239. Mangold.*f Weiss.3 
240. Schctt6, 0. E.: Growth (supp.) 3:59, 1939. 
241. Arey, L. B.: Anat. Rec. 25:253, 1922. 
242. Witschi.160 Wislocki, G. E.: Am. J. Anat. 84:445, 1939. 
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Monozygotic or identical twins, arising from a single, normally fer- 
tilized egg cell, are of great interest from the point of view of teratology. 
While each partner of the pair may be perfectly normal, monozygotic 
twinning in man is too rare to be considered as a normal occurrence. 
In  certain animals, on the other hand, it occurs invariably and must be 
regarded as  normal. The close relationship of twins to double monsters 
will be discussed subsequently. In  the laboratory, twins and double 
monsters have been produced by a variety of methods. A thoroughly 
investigated procedure is that of constricting amphibian eggs to a varying 
extent, which results in separate twins or  monsters with varying degrees 
of duplication depending on the intensity of constriction.2 Many other 
methods have yielded twins and double monsters by mechanisms which 
are not so well understood, such as hybridization, delayed fertili~ation,'~ 
irradiation with roentgen lea and ultraviolet rays,8s splitting,24a centri- 
fuging l 2  or chemicals.244 A hereditary influence in human twinning 
is assumed by numerous authors 245  and denied by others.248 An example 
of definite hereditary twinning is the development of multiple embryos 
in germs homozygous for the lethal gene "kinky" which in heterozygous 
condition produces abnormalities of the vertebrae, the tail and the laby- 
rinth. These germs die early.247 Danforth 248 described hereditary dupli- 
cation of the caudal part of the body in mice. 

There has been much speculation concerning the cause of polyembry- 
ony (monozygotic multiple birth) as it occurs regularly in the arma- 
dillo, partly with a view to explaining human twinning. Newman24g 
and Stockardla hold that a temporary slowing of development, which 
is known to occur in these species, is responsible for a dispersion of the 
organization center into several independent centers ; these authors also 
suggest that cooling of birds' eggs before gastruIation (which normally 
occurs before laying) is responsible for twinning. Sturkie 250 found that 
if hens are chilled about the time of ovulation and cleavage, the incidence 
of double embryos rises to 8.2 per cent. Kewrnan set up a hypothesis for 
polyembryony of the armadillo, which includes the following steps : 

243. Morita, S.: Anat. Anz. 82:81, 1936; 84:81, 1937. Twiesselmann, F.: 
Arch. de biol., Paris 49:285, 1938. 
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slow formation oi the corpus luteum ; no response of the uterine mucosa 
to the early embryo; late placentation; cessation of development for 
three weeks ; deaxiation oi the embryo ; isolation of four growing regions. 
Hamlett 251 opposes this view and assumes that only genetic control, and 
not differences in temperature or in metabolic rate, can account for a 
multiplicity of organization centers that occurs as regularly as that 
seen in the armadillo. In  support of this he 252 quotes the familial occur- 
rence of twinning i n  man and the fact that many mammals regularly 
show a standstill of early embryonic development without twins ever 
developing. These arguments do not completely disprove the first men- 
tioned hypothesis, as hereditary factors in man may be thought to produce 
twinning by reducing the metabolic rate at a given point, and the slow- 
ing of development in species without twinning may not occur just at 
the time when the organization center is established (of which time 
investigators have no knowledge). It is known that minute differences 
in the timing of teratogenic action may completely change the result 
(see part I). The assumption of cooling as the cause of twinning in 
birds is opposed by Riddle 253 on experimental grounds. Needham ' 
tends to agree with Haknlett's view. Arey 254 finds an increased incidence 
of monozygotic human twins in ectopic pregnancies and is therefore 
iiiclined to assume the existence of extrinsic factors. Here, as in many 
other teratologic arguments, it is often forgotten that many, different 
agents, hereditary and environmental, may produce the same result and 
that the occurrence of one agent in some cases does not disprove the 
presence of others in other cases. 

The mutual relations of monozygotic twins and their membranes 
depend on the stage a t  which twinning occurs. According to G r e u l i ~ h , ~ ~ '  
all three theoretically possible forms may occur: a fertilized egg cell 
may divide and the daughter cells separate themselves from one another 
and develop into twins with completely separated membranes and pla- 
centas. If twinning manifests itself later in development, a single blasto- 
cyst may develop but may contain two embryoblasts resulting in a com- 
mon chorion and separate amnions. Finally, from a single embryoblast 
in a single blastocyst two embryos may develop in one embryonic disk, 
resulting in twins with a common amnion and chorion, as well as a 
common yolk sac.z54 If all these possibilities should concur, mono- 
zygotic twins could have all possible relations of their membranes, 
including separate chorions, which are often assumed to be proof of 
dizygotic origin. This, together with the fact that the chorions of dizy- 
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gotic twins may fuse secondarily into one, shows that the membranes 
cannot be relied on in the determination of the type of twinning in a 
given case. ’ More and more emphasis is therefore being placed on 
various hereditary somatic characters in the twins which should be 
significantly more similar in monozygotic than in dizygotic twins. How- 
ever, work with these somatic traits revealed intermediate conditions, 
which led Danforth 245a to postulate a third type of twinning. In this 
type only one gamete, which can only be the egg cell, is common to both 
twins, whereas their paternal component is derived from two different 
spermatozoons. No definite explanation of the mechanism is given, 
but the following possibility is suggested on the basis of work on lower 
animals. Immediately after an egg cell has been penetrated by a sperma- 
tozoon it divides in such a manner that only one of the daughter cells 
copulates with the entire chromatin of the spermatozoon. The other 
daughter cell is subsequently fertilized by another spermatozoon. This 
hypothesis has been taken over by Greulich 248 in a somewhat distorted 
form, according to which each of the daughter cells would finally be 
triploid, with chromosomes from two spermatozoons. This is an unten- 
able as the old idea that twins derive from an egg cell fertilized by two 
spermatozoons. Boveri 255 showed long ago that fertilization of an egg 
cell by two spermatozoons leads not to twins but to early death, owing 
to unequal distribution of the chromatin of three gametes among the 
poles of a tetrapolar mitosis during the first cleavage. 

The close topographic relations of monozygotic twins may lead to 
interference with the normal development of one or both partners. If 
extensive vascular anastomoses exist between the twins, particularly in 
a common placenta, one twin may become an acardius if its circulation 
is inferior to that of the other sibling and is finally taken over by the 
stronger one. The heart of the weaker twin will stop functioning, and 
the heart of the stronger one will drive the blood through the common 
placenta and the other twin. The acardius is invariably and severely 
iiialdeveloped in the late stage in which it is usually examined; large 
parts of the body are entirely absent. Two opposing views of the pos- 
sible development have been advanced,256 one holding that both twins 
are normal at first and differ only in vigor, and the other one assuming 
that the acardius is primarily maldeveloped, and its circulation taken 
over by the other twin as a consequence of this. Examination of a 
pertinent case of twins in a very early stage has recently 83 produced a 
third suggestion, namely, that the future acardius may in itself be 
norma1,but have abnormal vascular conections with the other twin and 
the placenta. In the case in question, as well as in one briefly described 
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by Heaney and B a r t e l m e ~ , ~ ~ ‘  one of the twins has no direct vascular 
conections with the placenta. I t  is possible that any one of these three 
mechanisms may occur, depending on the conditions in each case. 

Mechanical interference of twins with each other is occasionally 
observed. The history of the fetus papyraceus is not well understood. 
In early stages, pressure by a twin may cause invagination of the cranial 
end of the body into the yolk sac (omphalocephaly) ; this has been found 
in several birds.8z Invagination of the caudal end into the yolk sac 
(ourentery), probably caused by the other twin, has been seen in a 
human ovum.83 

Double monsters are structurally closely related to monozygotic 
twins. All transitions exist from low degrees of duplicity, which may 
be almost unnoticeable externally, through the commonly illustrated 
types of double monsters (conjoined twins) to identical twins which 
have separated bodies but which have in common one of their most 
important fetal organs, the placenta. The fact that the last-named twins 
are really also conjoined has been emphasized by designating them as  
choriopagi because of their common chorion, in analogy with the term 
“thoracopagi” for twins fused at their chests. Hamlett 245d claims 
that monozygotic twins and double monsters are unrelated, basing his 
contention on the observation that double monsters do not occur in 
families with a hereditary tendency toward twining and are not related 
to inherited tendencies at all. Against this stand not only morphologic 
considerations but also the findings of Danforth 248 of hereditary poste- 
rior duplication in mice. It is doubtful whether statistically significant 
genetic results can be obtained concerning human double monsters in 
view of the rarity of the condition and the possibility of inheritance by 
iiiore than one gene, perhaps in interaction with genetic or environmental 
modifiers. In Spemann’s constriction experiments (see page Sol) a 
variation in the intensity of the same agent produced all transitions from 
double monsters to twins. 

The question has often been raised whether double monsters 
originate by splitting of one embryonic anlage or by fusion of two.2s8 
To me this appears immaterial, since it is obvious that a t  some early 
stage, probably before the beginning of visible differentiation, a division 
of the germ into two parts with their own organization centers must 
have occurred. Whether or not they fuse later on depends largely on 
topographic relations which, in turn, are partly determined by the time 
at  which the duplicity is determined. 

A considerable proportion of double monsters are asymmetric ; that 
is, one of the partners is defective, depends for support on the other and 

257. Heaney, N. S., and Bartelmez, G. W. :  Anat. Rec. (supp.) 48:47, 1931. 
258. Newman, H .  H.: J. Hered. 31:371, 1940. Waddington,, C. H. :  ibid. 

82:268, 1941. 
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is referred to as a parasite. i-\ comparable condition in separate twins 
is the acardius (see page 503). -411 grades of intermediate conditions 
have been described, leading from the relatively well formed parasitic 
twin to inclusions consisting of irregular mixtures of tissues or organs, 
namely, teratomas. Various theories of teratomas and their relationship 
to neoplasms will be briefly discussed later in this review. The occur- 
rence of twins and teratomas in the same families has been 
and interpreted as indicating a related pathogenesis. 

XEDIAN DEFECTS 

An indication of the importance of median defects and related prob- 
lems in the study of teratology was given in the brief review of cyclopia 
in the introduction to part I of this review. In addition to symmetric 
median defects of the head, including cyclopia, otocephaly and essentially 
similar malformations of minor degrees, defects of the caudal portion of 
the body have been investigated in great detail. Best known among 
these are sirens with fused legs, but there are many other varieties, 
mostly of less extent. Some of these are of medical importance, since 
they are viable or may be so with the help of plastic surgery. Finally, 
there is a small and not so well investigated group of similar defects of 
the trunk which do not affect either end of the body and will here be 
referred to as interstitial defects. 

The median, symmetric defects of the head are often referred to 
under the common name of cyclopia (in the wider sense), and this will 
also be done here unless otherwise indicated. In  t’he strict sense, 
“cyclopia” means a malformation in which the eyes are fused into one 
median organ. Several other defects are known to be regularly or 
frequently associated with this condition, such as a single median nasal 
cavity in a trunklike nose (proboscis) above the eye, defects of the oral 
cavity and of the derivatives of the branchial arches, and brain defects. 
Median defects of greater extent may lead to complete absence of the 
eyes. There may be ventral approximation or fusion of the ears, 
otocephaly. On the other hand, less degrees of median defects may 
leave the ears in their normal locations and the eyes approximated but 
separate (synophthalmia), or afTect only the brain (arhinencephaly ) . 

It is superfluous to describe in detail the development of knowledge 
of cyclopia as briefly outlined in the introduction, since all work up to 
1936 has been reviewed by Adelmann.2E0 His view is briefly as follows: 
In the normal embryo the pattern for the prospective eyes and nearby 
parts of the brain is determined in the neural plate stage in a labile 
manner. In the production and maintenance of this pattern the under- 
lying tissue of the roof of the archenteron (the so-called substratuth), 

259. Edmonds, H. W., and Hawkins, J. W.: Cancer Research 1:8%, 1941. 
260. Adelmann, H. B. : Quart. Rev. Biol. 11:161 and 284, 1936. 
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and particularly the prechordal mesoderm. plays a leading role. The 
regular association of the malformation of the eyes and brain with defects 
i f  mesodermal parts in spontaneous and experimental cases indicates 
'hat an abnormality of the substratum (which develops into the defects 
If mesodermal parts) determines an abnormal pattern in the neural 
)late which in itself may have been normally formed. This was con- 
firmed when cyclopic changes were induced i n  normal neural plates of 
amphibian embryos by experimental defects of the substratum alone.261 
It is not believed to be the rule that the primary defect comprises parts 
of mesoderm and ectoderni alike, although experimental defects of this 
kind have led to cyclopia.'G' Only minor contributions to the problem 
of cyclopia have been made since :Idelniann's review. Lehmann 263 

lssumes that among the parts of the substratum the entoderm is more 
important for the determination of ocular development than the 
mesoderm. Marburg and hIettler 2e '  add to older studies of the 
norphologic aspects of cyclopia a detailed investigation of the nuclei of 
he cranial nerves. Gruenwald 265 gives an explanation of the frequent 

absence of the optic nerve in cyclopia. which puzzled previous workers 
because it could not readily be accounted for by changes in the pattern 
of the developing eye on the assumption of a primary absence of the 
optic stalk. In conforniity with observations of microphthalmia of chick 
embryos it is assumed that an optic stalk is present in early stages but 
degenerates when nerve fibers fail to grow into it because of absence 
of a choroid fissure. A very recent interpretation of cyclopia discards 
all previous hypotheses, however well founded, and proposes, on the 
basis of speculation, a different mechanism. The first aortic arches are 
assumed to fuse with one another and thus mechanically alter the direc- 
tion in which the primordia of the eye grow out from the brain, causing 
them to fuse. Apart from all other difficulties of this explanation, it is 
obvious that cyclopia cannot develop by fusion of two eyes which are 
pushed toward each other. I t  must be determined in the pattern of 
the formation of eyes previous to the actual outgrowth, and fused 
aortic arches can have no part in this. It may be of interest to compile 
the various causes of cyclopia and related defects as observed in the 
laboratory (see also part I)  : elimination of tissue by excision or 
radiation,' centrifuging of fertilized eggs,? chemical treatment,267 
mutations or hybridi~ation.'~ 

, 

261. Adelmann.9 Mangold." Sperling, F. : Anat. Rec. 85:413, 1943. 
262. Lewis.7 Wolff.* 
263. Lehmann, F. E.: Rev. Suisse de 2001. 45:413, 1938. 
264. Marburg, O., and Mettler, F. A.:  J. Neuropath. & Exper. Neurol. 2:54, 
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267. ( a )  Stockard.eb ( b )  McClendon.6d (c) Werber.100 ( d )  Adelmann, H. B.: 
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J. Exper, 2001. 67:217, 1934. ( e )  Franke and Tully.**J 



The median symmetric defects oi the caudal part of the body have 
not been investigated as thoroughly as those of the head. This is due 
largely to the peculiarities of the normal development oi that region. 
There are not, as in the head, several distinct embryonic structures . 
which, in order. to develop properly, interact with each other in many 
ways. There is, on the contrary, a morphologically homogeneous mass 
of mesenchyme, the trunk-tail node. From this the respective parts of 
those organ systems arise which develop from distinct germ layers in 
the head region. This is a formidable obstacle to the esperiniental 
investigation of normal and abnormal correlations during early develop- 
ment. 

The best known and most conspicuous representatives of caudal 
defects are sirens which have their legs fused into one median extremity. 
The skeleton shows parts of both extremities more or less incomplete 
or fused as, for instance, two femurs, two tibias and one median fibula. 
The normally lateral (fibular) sides of the extremities are turned 
medially, owing to changes in the pelvis, and are therefore the first to 
fuse. The knee points backward. For a review of the morphologic 
aspects of sirens, see Gruber.268 Sirenoid malformations, as all caudal 
median defects have been called, also include minor degrees, such as 
sacral 369 and lumbosacral defects, anchypodia (approximation and 
rotation of lower extremities without fusion) and other forms to be 
mentioned in the following pages. Examination of nonviable early 
embryos, homozygous for lethal genes, has revealed an instance of 
median defect severer than siren. In homozygous T mice the entire 
caudal portion of the body is absent.271 These embryos die early. The 
reason why these forms are not usually seen is probably that they lack 
the allantois and its vessels, which are indispensable for the nutrition 
and the respiration of the embryo, and therefore die before they can 
be detected, 

first devised a method by which all sirenoid 
malformations can be uniformly and systematically interpreted and 
classified. It is basically similar to that of Fischel in that it outlines the 
malformations in hypothetic early stages as wedge-shaped defects varying 
in length, width and position. This concept has been widely accepted, 
and Feller and Sternberg 273 extended it to certain defects of pelvic organs 

Feller and Sternberg 

268. Gruber, G. B., in Schwalbe,256 1937, pt. 3, p. 557. 
-769. Berman, W.: 
270. Zeligs, I. >I. : Arch. Surg. 41:1220, 1940. Sinclair, J. G.; Duren, N., 
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without abnormalities of the extremities, such as some forms of atresia 
ani and absence of the external genitalia. Klaften and Politzer 274 applied 
similar considerations to certain malformations with a persistent cloaca 
( a  common terminal portion of the digestive and urogenital tracts). I t  
is understood in all these considerations that, as in the corresponding 
concept of cyclopia, the defect is never present as a gap resulting from 
elimination of tissue but rather is present as a change which causes these . 
median portions to be absent and mare lateral ones to develop in contact 
with each other. While this concept can be used to classify sirenoid 
malformations, its validity as  an explanation of the development of the 
malformations is open to the same criticism as the corresponding theory 
of cyclopia. I t  is implicitly based on the assumption of mosaic develop- 
ment, that is, development without correlation of the various parts con- 
cerned. That this cannot be takeh for granted has been amply demon- 
strated in cyclopia. The possibility of a primary defect in only one organ 
in a key position, extending secondarily to other parts by developmental 
correlations, exists in sirenoid defects ‘as well. Furthermore, the stage 
used by Feller and Sternberg in which to outline the defects, namely, a 
6 mm. human embryo, is too old to use in pointing out the primary lesion, 
particularly since these authors themselves justly state that in a siren 
the malformation is determined in the earliest known stages of human 
development, since the allantois and its vessels are affected. 

Very early stages of spontaneous sirens are not known. The youngest 
human siren on record 275 was a 19 mm. embryo, and its malformation 
is probably not a typical representative of the group. There is, however, 
ample information on the genetics, the structure and the embryonic 
development of reIated hereditary conditions, namely, taillessness and 
allied defects in mice 276 and rurnplessness in In  all these cases 
the caudal end of the body is normal until, at a stage characteristic’of 
each form, degeneration sets in and previously normal-appearing parts 
disintegrate and disappear. In  some cases there are associated mal- 
formations of the cloaca and the urogenital organs, even though no 

274. Klaften, E., and Politzer, G.: Beitr. z. path. Anat. U. z. allg. Path. 99:70, 
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L C.; Gluecksohn-Schoenheimer, S., and Bryson, V.: J. Hered. 31:343, 1940. ( d )  
Dunn, Gluecksohn-Schoenheimer, Curtis and Dunning.4s ( e )  Gluecksohn-Schoen- 
heimer, S. : Genetics 28: 341, 1943. (f) Dunn and Gluecksohn-Sch0enheirner.5~ 
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J. Hered. 16:153, 1925. Landauer, W.: 
ibid. 19:453, 1928. Dunn, L. C., and Landauer, W.: J. Genetics 29:217, 1935; 
33:401, 1936. Zwilling, E.: Genetics 27:641, 1942. Landauer, W.: ibid. 30:403, 
1945. Zwilling, E. : J. Exper. 2001. 99: 79, 1945. 

277. Landauer, W., and Dunn, L. C.: 

0 0 1  18 t 5 
5% 



degeneration has been found in these parts. This illustrates once more 
the inadequacy of an over-all explanation based solely on the extent of 
the defect in its final form. In  chick embryos another mechanism occurs 
which leads to defects of the caudal median portions and sometimes to 
approximation of the lower extremities. This is a ventral displacement 
of all axial organs (ourentery) or of the notochord alone (chordentery) 
with subsequent partial or complete disappearance of the displaced 

Severe degrees are probably not viable, and mild degrees may 
well be the hitherto missing early stages of sporadic rumplessness. In 
these embryos the deviation of axial organs creates conditions equivalent 
to absence of their caudal parts. The youngest known buman siren 275 

shows conditions closely resembling these ourenteric chick embryos. 
Similar defects have been produced experimentally by destroying certain 
parts of the primitive streak by means of roentgen rays at definite 
stages.8e According to the current concept of the action of teratogenic 
factors (see part I) it is easy to understand why the primitive streak 
with its great morphogenetic activity should be particularly susceptible 
to  damaging influences, such as temporary retardations of metabolism. 

In  reviewing the subject of sirenoid malfQrmations, Gruenwald 
comes to the conclusion that some, among them perhaps most of the 
human sirens, may well develop by a defect of just one leading part with 
subsequent abnormalities in other. parts due to developmental correla- 
tions with the primary defect. This is assumed in analogy with cyclopia. 
However, in contrast to cyclopia, degeneration of previously normal 
parts, due to a hereditary deficiency, or dislocation of median organs 
plays an important role in many other instances. 

The common term “interstitial defects” will be used here for a11 
those in which nondefective (though perhaps not entirely normal) 
regions bound cranially and caudally on a defect of the median organs. 
Human malformations with defects of the vertebral column and the 
spinal cord in the lumbar region but not in the sacral portion have been 
described by Liicke 2rg and by Feller and Sternberg.2‘S The latter authors 
also give references to similar reports in the veterinary literature. 
According to roentgenograms published by Dobrovolskaia-Zawadskaia 
and Kobozieff,280 similar malformations occasionally occur in mice of 
short-tailed stocks ; this indicates a close relationship of interstitial and 
sirenoid defects. Wolff se used localized roentgen irradiation to produce 
in chick embryos interstitial defects with sympte’rie, a median fusion of 
the upper extremities resembling sirenoid limbs, the more caudal regions 
not being affected. Treatment of amphibian embryos with lithium salts 
may, under properly controlled conditions, result in interstitial defects of 

278. Gruenwald, P. : J. Morphol. 81 :97, 1947. 
279. Liicke, H. H.: FrapMurt. Ztschr. f. Path. 50:492, 1937. 
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the notochord. However, these are not followed by defects of the 
vertebral column and the spinal cord even though these organs may be 
retarded or otherwise abnormal. 

Complete median defects of the entire length of the body have, to the 
best of my knowledge, not been reported and probably do not occur. One 
malformation of a chick embryo closely approaches this condition.278 I t  
shows cyclopia and, throughout the body, a defect of the notochord 
resembling that seen in cases of chordentery of caudal regions. The 
spinal Gord is reduced in width throughout, the spinal ganglions are 
partly median and ventral to the spinal cord, the upper and the lower 
extremities are abnormally near the midline dorsally, the tail is reduced 
and the mesonephrons as well as the permanent kidneys are fused in the 
midline. 

SKIN 

Much work has been reported on the gross and minute morphologic 
aspects of prenatally developing abnormalities of the skin and its 
appendages. This has been reviewed by Landauer,281 David,'" 
S t e i n e ~ , ? ~ ~  Lynch,221b C ~ c k a y n e , ? ~ ~  Griineberg lr and others. However, 
very IittIe is known about the developmental stages of these conditions. 
Many of the hereditary malformations of the skin, such as hairlessness 
in certain instances, develop only after birth. 

The following conditions have been well studied, though not with 
regard to their developmental mechanisms : ectodermal dysplasia, affect- 
ing in various combinations skin, hair, sweat glands, teeth, eyes and 
brain 283 ; epidermolysis bullosa of hereditary 286 or infectious origin 
(syphilis, pemphigus,286* variola and vaccinia 221b) ; hairlessness (heredi- 
tary or  resulting from maternal dietary deficiency lg5) ; the Frizzle 
character of plumage of fowl 2 8 7 ;  congenital tumors of the skin, often 
multiple 288 ; hereditary reduction in the number of mammary glands in 
guinea pigs 2S6b and mice.288 Several studies are on record o f  the postnatal 

281. Landauer, W. : Ztschr. f. indukt. Abstammungs.- u. Vererbungsl. 42:113, 
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influence of defective heat regulation on the entire organism in Frizzle 
f o ~ l . ~ ~ ~  Snyder and Doan published an interesting observation on a 
family with telangiectasia. The paternal grandmother, the maternal 
grandfather and both parents of a child had the usual mild type, and the 
child itself died with a severe, generalized form. The authors suggest 
that the gene for telangiectasia may be lethal, being incompatible with 
life in homozygous form. 

Of considerable importance are fetal defects of skin and the ensuing 
scars, because of their clinical significance as well as their relationship 
to alleged amniotic adhesions (see the section on extremities). From 
case reports, the majority of which do not include histologic observations, 
it is impossible to judge whether necroses and ulcers have the same 
nature and cause in all cases. Liegner 292 describes necrotic lesions of 
both forearms and indicates that oligohydramnios has caused the parts 
to press on each other at the sites of these lesions. Terruhn 293 favors 
the old amniogenic theory in his discussion of cutaneous defects and 
scars. Pantschenko 2g4, in a report of a case with necroses of both fore- 
arms, mentions as possible causes defective hereditary constitution, 
trophoneurosis and LutschfEecken (sucking spots). OmbrPdanne and 
Lacassie 295 give an excellent discussion of what they call irzulodie 
ulckreitse intrauthine, with the conclusion that if there are amniotic 
adhesions they are the result rather than the cause of ulcers. These ulcers 
may be sufficiently deep to cause defects of skeletal parts. Greig"' 
describes median defects of the scalp, in which the normal layers are 
replaced by a thin membrane. H e  considers this membrane as a develop- 
mental substitute for the scalp, due to arrested development, rather than 
a scar. The median location and the familial occurrence speak against 
amniotic origin. Another report of a thin membrane at the vertex, com- 
bined with a cutaneous defect of the left leg, has recently appeared.2g7 
Ingalls 298 finds bleb formation under the epithelium in the development 
of these scalp lesions and assumes an inherent abnormality of the struc- 
tures concerhed. All these reports are concerned with human anomalies. 
Hadley describes hereditary defects of the skin of the legs of calves, 

290. Benedict, F. G.; Landauer, W., and Fox, E. L.:  BuIletin 117, Storrs 
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occurring in certain herds in the ratio of 1 diseased to 3 healthy calves. 
This clearcut case of a hereditary defect occurring in definite and sym- 
metric locations speaks strongly against amniotic adhesions as the cause. 
In  connection with these considerations Streeter's '' arguments against 
amniotic causation of limb defects (the so-called amniotic amputations) 
should be remembered,'as well as the familial and identical forms of 
these defects in. man.75 

CENTRAL NERVOUS SYSTEM 

The commonest gross malformations of the central nervous system 
are dysraphia (clefts dorsally in the midline : encephaloschisis and 
myeloschisis) and hydrocephalus. It has been commonly assumed that 
defects of the former type are due to failure of the neural groove to close. 
This is doubtless true for the majority of cases. However, Bonnevie 
showed that in two different hereditary malformations of mice the pre- 
viously closed brain breaks open again, thus producing a condition which 
may later on be indistinguishable from primary failure to close. In  one 
of these instances (the "shakershort" mouse) abnormal brain develop- 
ment causes abnornalities of the inner ear although the otic vesicles are 
normal in early stages. Kaven observed changes essentially like those 
described by Bonnevie, in mouse embryos irradiated with roentgen rays 
in utero. Perhaps a comparable mechanism of secondary rupture can 
explain the observation of Paff n6 that chick embryos may show dys- 
raphia when treated with colchicine at  the age of 48 hours, that is, after 
the neural tube should have closed completely. Another instance in 
which the simple explanation-failure of a normal neural plate to close- 
may not be applicable is spina bifida of the caudal portions of the body. 
There is in the embryo a region in which the neural tube forms not by 
closure of a groove but by hollowing out of a solid cord; this occurs in 
the trunk-tail node. Just how large the caudal part of the body is which 
develops in this manner is not known. A region where development 
almost certainly occurs from the trunk-tail node is the base of the tail, 
where typical myeloschisis has been observed in a sheep embryo.*O1 The 
appearance of the abnormality is too regular to make one assume a 
secondary dehiscence, and the most probable explanation is that a neural 
plate was formed where it would not normally develop. This considera- 
tion may very well hold for the sacral region of the human embryo, 
where dysraphia is relatively common. This will not be definitely known 
until the exact extent of body formation from the trunk-tail node in man 
is determined. The clinical aspects of dysraphia have been discussed 
by several  author^.^^* 
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A peculiar and teratologically interesting form of encephaloschisis 
and myeloschisis occurs frequently in chick embryos but has, to the 
best of my knowledge, not been seen in man and mammals. This 
is platyneuria, characterized by a flat, abnormally thick neural plate. 
If there is any attempt to form a neural groove, it is not by rising of the 
borders as this occurs in early stages of normal development or remains 
permanently in some cases of the usual dysraphia but by a narrow, steep 
infolding of the median portion alone while the lateral parts' remain 
flat.84 The differentiation in later stages is severely disturbed in all 
cases, a phenomenon which is not observed in the usual dysraphia. In 
the brain the usual divisions cannot be recognized, and the eyes are either 
absent or so severely deformed that one may not recognize them until 
in late stages by their pigmentation. Histogenesis is also abnormal, and 
numerous rosettes may be found in the brain Thus platy- 
neuria is not only an inhibition of the normal folding and closure of the 
neural plate but a thorough disturbance of many phases of its organiza- 
tion as well. In  many laboratories platyneuria occurs frequently, per- 
haps owing to unfavorable conditions of incubation, such as inadequate 
ventilation. Experimentally, platyneuria has been produced by a great 
increase of the concentration of the carbon d i o d e  in the air."I In this 
connection a recent report of Patten 304 is of great interest. It indicates 
that in human dysraphia there is also an abnormal growth tendency, 
producing an abnormally large neural plate. This is considered as a 
possible cause of the failure to close. I have confirmed this in part of 
the cases at  my disposition. The thickening of the neural plate is not 
accompanied by the other severe disturbances found in platyneuria of 
the chick. 

It seems that there are rare cases in which mechanical injury causes 
the brain of the human embryo to rupture at  points distant from the 
normal line of closure. These cases have added interest because there 
may be nodes of nervous tissue growing within the lungs, owing probably 
to embolism at the time of the injury.81 

Hydrocephalus is usually the result of obstruction of the route which 
the cerebrospinal fluid takes from the ventricles to the subarachnoid 
space. At least three different kinds of hereditary hydrocephalus of 
mice are known, and these have been studied in some detail. In  one of 
them the aqueduct was In  another one an abnormal con- 
figuration of the roof of the fourth ventricle is caused by a disturbance 
of the growth of the cartilaginous base of the sk~11.~~** The third muta- 

303. (a)  Podmaniczky, T. : Frankfurt. Ztschr. f. Path. 5:235, 1910. ( b )  Gruen- 

304. Patten, B. M.: Anat. Rec. @4:487, 1946. 
305. Clark, F. H. : Anat. Rec. 58:225, 1934. 

wald, P.: Anat. Rec. @4:518, 1946. 



ti011,~O~ as well as hydrocephalus produced in embryos by roentgen 
rays,3oT has not been investigated embryologically. 

Lichtenstein 308 has given a plausible explanation of those relatively 
numerous cases in which hydrocephalus of man is associated with spina 
bifida of the lower portion of the spinal cord. He found that. relative 
shortening of the spinal cord, which normally results in a cranial niove- 
ment of the lower segments, produces a caudad movement of the upper 
segments if the lower portion is held in place. This draws parts of the 
brain stmi and cerebelluiu through the forainen niagnuin into the spinal 
canal (Arnold Chiari malformation) and thus interferes with the drain- 
age of fluid from the ventricles. Ingraham and Scott 30s studied 20 cases 
of this malformation in detail and observed, in addition to other phe- 
nomena, that all had microgyria. I have made the same observation in a 
smaller series of cases. Certain forms of hydrocephalus have been 
treated 

Porencephaly is thought to be due either to degeneration of pre- 
viously normal brain tissue-for esample, by occlusion of blood vessels- 
or to rupture of the brain in hydrocephal~is.~" Yakovlev and \Vads- 
worth 312 have shown that there are, in addition to porencephaly due to 
secondary changes, rare conditions in which a developmental anomaly 
must be assumed (schizencephaly) . These defects are strictly symmetric 
and in typical locations. 

An accid$ntal discovery in mice of normal behavior was a hereditary 
defect of the corpus callosum.813 

Several abnormalities of the minute structure of the central nervous 
system, often associated with gross malformations, are on record. 
Rosette formation has been suggested as a possible link between mal- 
formations and neoplasms of the nervous tissue, as it is observed in both 
conditions.303 When they appear as a inalformation, rosettes consist of 
minute cavities with lining cells in a radial arrangement, resembling 
ependyma. Numerous rosettes are often found in the brains of platy- 
neuric chick Occasionally rosettes occur associated with 
other malformations. Their development has not been adequately fol- 
lowed as yet. Their form and location, as well as their similarity to 
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rosettes of the retina, which are known to develop independent of the 
ventricle,314 suggest that they also develop in loco and are at no time 
continuous with the ventricles. Occasioiially rosettes are found in the 
brains of embryos with hereditary microphthalmia and rosettes of the 
retina.3L’ Groups of rosettes occur nornially in the human brain-for 
example, in the medulla oblongata near the insertion of the tela choroidea. 

Other kinds of cavities and rarefactions in the brain tissue occur 
normally in embryos of birds and mammals, including man, and dis- 
appear without leaving a trace.31L” Thc  only indication oi a teratologic 
significance of these formations is the observation that they also occur 
in association witk gross malformations of the nervuiis system (brain, 
spinal cord, cranial and spinal ganglioiis) in regions where they are not 
norinally I o u t ~ d . ~ ’ j  

There are several syndromes of iiiultiple abnormal growths of the 
central nervous system and ,other organs, and perhaps the best studied 
of these is tubcrous sclerosis. T h p e  is fair agreement that the condition 
is congenital, even though in the reported cases the patients were not 
very young persons. There are multiple tissue malformations involviiig 
the brain, the eyes, the heart, the kidneys and the skin; they show a 
tendency to form noiicanceroiis and, less frequently, cancerous tumors. 
Feriz 311; suggests that the abnormal foci develop as overgronth of 
atypical, functionally inferior tissue, at the points of defects due to inhi- 
bition of the genesis of the normal tissue; this explains the coexistence 
of defective and excessive formations. Yakovlev and Guthrie 317 classify 
tuberous sclerosis as one of several types of congenital ectodermoses. 
and they emphasize the existence of abortive forms which on superficial 
examination may pass for idiopathic epilepsy. JIoolten 318 describes 
tuberous sclerosis as an example oi “disseminated hamartiosis” and 
explains it in vague t e r m  as due to “a defective mechanism of induction 
by embryonic organizers.” It was shown in foregoing paragraphs that 
there are inany niechanisins of development of simple and - conibinetl 
malformations \vliicli Noolten does not consider and rule out. Obvi- 
ously, all theories based on the final structure of the malformation alone 
are a t  best working hypotheses until they are confirmed either by exam- 
ination of early stages or by experimental reproduction of the condition. 

Nonhereditary feeblemindedness is due in a large proportion of the 
cases to causes operating during embryonic development or a t  birth. 
Research has shown or suggested several possible causes during the 

314. Gruenwald, P . :  Anat. Rec. 88:67, 1941. 
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past few years. Besides those causes which have been known for a long 
time, one 11;s to consider : syphilis, rubella *17 or toxoplasma infec- 
tion 310 ; maternal endocrine deficiency 14* or abnormal conditions of the 
endometrium 320  in the case of mongolism ; maternal dietary iodine defi- 
ciency 3 2 1 ;  injury caused by mechanical trauma or anoxia at birth * 0 8 ;  

heterospecific pregnancy (Rh blood group and less frequently others) 322 ; 
roentgen irradiation of the fetus (see part I). Now that these causes 
of feeblemindedness begin to be appreciated, a wide field is opening 
up for preventive In addition, some of the just mentioned 
causes also confine persons to institutions by producing deafmutism or 
blindness. In the cases of syphilis, toxoplasmosis, roentgen irradiation 
and birth injury the morphologic basis of the disturcance is established 
with relative ease ; in the cases of anomaly associated with rubella occur- 
ring during pregnancy and of inongolism the mechanism is unknown. 
For the damage that occurs in heterospecific pregnancy several mechan- 
isms have been suggested. Damage of the brain may result from 
damage of the liver 322d or from a dikturbance of development due to 
anemia and Recently IViener and Brody 324 observed thrombi 
in cerebral vessels. The well known condition of kernicterus (encephalo- 
myopathy with icterus) indicates damage of the brain as it is not 
explaincd by jaundice However, it is not yet established 
whether in all infants with kernicterus disturbances develop if they 
survive, nor do investigators know whether mental deficiency is limited 
to patients who had kernicterus, since the presence of the latter cannot 
be determined in the living patient. A more comprehensive discussion of 
the effects of heterospecific pregnancy will be given in a later section 
(page 557). 

There are several types of hereditary defects associated with mental 
deficiency, which are only recently being identified and segregated from 
one another and from those without a genetic 
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Correlations between various parts of the body and the region of 
the central nervous system which supplies them have been observed 
in malformations. Tsang and Baumann and Landauer 327 found 
increased numbers of cells in the ventral horns of the spinal cord cor- 
responding to polydactylous limbs in mice and chicks, respectively. In 
experimental chick embryos the differentiation of the spinal cord is 
influenced by extirpation or transplantation of the primordia of 
limbs.328 Chase 329 describes in detail the defective development of 
certain cranial nerves and brain centers in mice with hereditary microph- 
thalmia. Conversely, defective innervation may affect the development 
‘of various organs. The differentiation of the skeleton in nerveless trans- 
pianted limbs of chick embryos has been examined by Hamburger and 
W a t ~ g h . ” ~  The occurrence of clubfeet in newborn infants with lumbo- 
sacral spina bifida is well known. 

EYES 

Very large numbers of ocular malformations, hereditary as well as 
sporadic, are on record. Mann’s book and Howe’s 331 enumeration of 
hereditary malformations of the eye show the number and the variety 
of types. StockardlB has expressed what is probably the generally 
accepted explanation of this great tendency of the eyes to abnormal 
development. H e  assumes that the rapid rate of growth and development 
in early stages accounts for the high susceptibility to various injurious 
agents which act by retarding development at a given moment. There 
is no known type of teratogenic agent which will not under certain con- 
ditions produce ocular malformations (see part I ) .  

The present discussion will be limited to a few instructive examples 
of ocular malformations which have been thoroughly investigated as to 
their embryonic development. 

Many malformations of the eye have been described as microphthal- 
inia because they are associated with a reduction in the size of the eye. 
Often microphthalmia has erroneously been called anophthalmia if the 
small eye was not externally visible. True anophthalmia is very rare, 
and when it occurs it may be due to regression rather than to complete 
primary absence of the primordium of the eye.ss2 Best studied are 
several hereditary forms of microphthalmia. While in each of these 

326. Tsang, Y. C. : J. Comp. Neurol. 70:1, 1939. 
327. Baurnann, L., and Landauer, W.: J. Comp. Neurol. 79:153, 1943. 
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330. Hamburger, V., and Waugh, M.: Physiol. 2001. 13:367, 1940. 
331. Howe, L.: A Bibliography of Hereditary Eye Defects, Eugenics Record 

Office Bulletin 21, Cold Spring Harbor, Carnegie Institution of Washington, 1928. 
332. Chase, H. B., and Chase, E. B.: J. Morphol. 68:279, 1941. 
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the changes in embryos are fairly uniform and follow a definite pattern, 
no uniformity of structure or development is seen when the malforma- 
tions caused by different mutations are compared. In the following dis- 
cussion microphthalmia will be divided into two types comprising, 
respectively, severe general underdevelopment 'of all derivatives of the 
optic cup, and abnormalities restricted primarily to one part-for exam- 
ple, the choroid fissure or the retina. 

Representative of hereditary microphthalmia with severe general 
inhibition of development are the mutations described by Chase and 
Chase352 and by Browman and R a m ~ e y . ~ ~ ~  The foi-mer authors exam- 
ined the genetics and the embryologic aspects of a mutation causing 
anophthalmia or microphthalmia in the mouse. The optic vesicles, and 
often the cups, form as in normal embryos. However, the choroid fissure 
never closes, remaining as a coloboma. Then retardation sets in, and 
in severe cases degeneration seems to occur, so that at  birth all remnants 
of the eye may have disappeared or  may be too inconspicuous to be 
found. A lens vesicle forms only if the optic vesicle comes close to the 
epidermis. 

Browman and Ramsey examined the embryonic development of 
microphthalmia in a strain of rats and found that an optic cup always 
exists in the embryo. In  later stages it fails to grow and differentiate 
normally, and at birth the small rudiment of an eye may be degenerating. 
Lenses are formed in these eyes. The authors attiibute much importance 
to failure of the hyaloid artery to develop, so that vessels of the rim of 
the optic cup are the only ones to supply the interior. Developmem 
goes on normally only as long as the tissues do not depend on the blood 
supply of the hyaloid artery. The microphthalmic eyes as well as many 
otherwise normal eyes in animals of this strain are devoid of an optic 
nerve. In  both of the mutations which have thus far been described, 
not only growth but also histogenesis of the eye is severely impaiied. 

Sporadic microphthalmia is relatively common and often reaches 
degrees comparable with the just described hereditary forms. Here 
the embryologic aspects cannot be investigated systematically, and it 
is necessary to examine whatever forms and stages happen to present 
themselves, often without knowing what the earlier or later phases 
of the same malformation may be. This has been done in a fairly 
large number of chick embryos," and the following conclusions resulted 
from the interpretation of the findings. Malformations grossly visible 
as microphthalmia are often not limited to the reduced eye. The adja- 
cent parts of the forebrain, as well as the normal-sized other eye may 
be affected as well. The ocular malformations do not conform to any 
one type. Any part except t k  pigmented epithelium may be com- 

333. Browman, L. G., and Ramsey, F.: Arch. Ophth. 30:338, 1943. 
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pletely absent. The only manner in which these varied defects can 
be accounted for is that of an abnormal determination of the parts in 
the early primordium of the eye. An  indication of the stage in \vhich 
this determination can still be altered is given by the predominance 
of this kind of microphthalmia on the left .side. This is most probably 
due to a temporary handicap of the left eye at the time when the head 
turns to the side, in embryos of about 2 days. The left eye is then 
far from the egg shell and does not receive as much oxygen by diffusion 
as the right eye, which is just under the shell. Circulatory oxygen 
supply sets in somewhat later, and during this interval a high percentage 
of normal embryos show a temporary lag in the development of the 
left eye. This is the only known factor which may selectively damage 
the left eye and thus increase its susceptibility to other injurious agents. 
At that time the optic vesicle begins to transform itself into the cup, 
and at this late stage the determination of the various parts of the eye 
is apparently not sbfficiently rigid to prevent changes. 

The interpretation of these malformations suggested that teratogenic 
agents of the following three kinds are all active: An agent within the 
eye itself is its high susceptihility due to rapid development (see opening 
paragraph of this section). An agent extrinsic to the eye but within 
the embryo is the rotation of the head which favors malformations of 
the left eye. That these two agents in themselves are not sufficient is 
obvious, since they are present in the normal embryo. However, they 
influence the intensity and the localization of the reaction to the third 
kind of factor, apparently extrinsic to the embryo. A hint of the 
possible nature of the latter is given by Stockard,'O who found an 
increased incidence of sporadic microphthalmia in eggs incubated 
in an atmosphere contaminated by laboratory fumes. This may well 
hold for the cases used in the investigation just quoted. Landauer lj 
emphasizes that a higher percentage of maldeveloped chicks are found 
in eggs incubated under unfavorable conditions. A higher incidence of 
microphthalmia of the left side of the chick embryo was also found 
elsewhere in sporadic as well as in selenium-induced condi- 
tions 40 and in homozygous Creeper The last-mentioned 
observation led Cairns to refer for the first time to the unequal oxygen 
supply of the eye when the head rotates; in that particular case the 
condition is aggravated by an inadequate circulation in later stages. 

Detailed information is available on a type of microphthalmia of 
mice which is genetic so far as the causative agent develops on the 
basis of a hereditary abnormality; the immediate action on the eye 
is mechanical if that agent, a bleb of cerebrospinal fluid moving 
under the epidermis, happens to reach the region of the eye.334 The 
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hereditary condition is usually referred to as “myelencephalic blebs” ; 
it will be described in a later section (page 556) in its various 
manifestations. 

A number of mutations are known which produce milder forms 
of‘ microphthalmia with little impairment of histogenesis and no sec- 
ondary degeneration of the eyes, but with formation of a coloboma. 
All colobomas to be considered here are clefts of the eyeball produced 
by abnormalities of the choroid fissure. Diagrams of the form and 
the development of the three fundamental types of coloboma are given 
by hvIannli and Gayer.203 One type is the embryonic coloboma in 
which the fissure remains open. The boundary of the retina and the 
pigmented epithelium is at the lips of the fissure. The second type, 
embryonic coloboma with orbital cysts, also has an open fissure, but 
the retina extends beyond the lips and forms both layers of the cup 
in an area adjacent to the fissure. The  outer layer is inverted, with 
the inner limiting membrane facing outward. These inverted portions 
of retina in the outer layer of the cup near the fissure tend to bulge 
outward in later stages, forming orbital cysts. The third type is the 
ectatic coloboma. This has in common with the second type the pres- 
ence of inverted retina in the outer layer near the fissure, but the 
fissure closes later on. As in all areas where the outer layer consists 
of retina instead of pigmented epithelium, the connective tissue coats 
of the eyeball are deficient, and both layers of the cup bulge outward 
together. 

Von Hippel 335 was the first to examine systematically the enibry- 
onic stages of hereditary coloboma in rabbits. Other authors a38 have 
since carried out similar investigations in apparently unrelated strains 
of rabbits with the same malformation. All agree that the choroid 
fissure remains open and that an increased amount of mesenchyme 
is found between its lips and in the interior of the cup. Hippel 
assumes that this mesenchyme causes coloboma by preventing closure 
of the fissure, whereas von Szily maintains that the fissure, that is, the 
ectodermal tissue, is primarily abnormal and that the mesenchyme enters 
because of this abnormality. All authors found inverted retina in the 
outer layer of the optic cup adjacent to the fissure, and all three of 
the aforementioned types of coloboma may result. Von Szily has 
published illustrations of numerous plastic reconstructions of these eyes. 
Warkany and Schraff enberger lS4 have observed the development of 
coloboma in the embryos of rats with vitamin ,4 deficiency. 

llucli experimental work has been done with chick embryos homo- 
zygous. for the Creeper factor, in which coloboma develops if they 
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reach sufficiently late stages. If incubated without experimental inter- 
ference, the majority of the homozygous Creeper embryos die on the 
fourth day, apparently because of a defective circulation of blood in 
the wall of the yolk sac.*6 Those which survive have phokomelia and colo- 
boma and die shortly after hatching time. The various manifestations of 
the Creeper mutation will be summarized later In this review (page 554). 
Gayer ?03 found that in eyes of homozygous Creeper embryos trans- 
planted to the flanks of normal embryos colobomas develop similar 
to those of phohmelic embryos. However, eyes of normal control 
embryos transplanted in the same manner show colobomas of the same 
type. Thus  the altered environment produces a phenocopy of the 
Creeper coloboma in genetically normal eyes. Orthotopic transplanta- 
tion of a homozygous Creeper eye to the ocular region of a normal 
embryo produces an eye without c01oboma.~~' The reverse experiment. 
namely, transplantation of a normal eye to the corresponding site in a 
homozygous Creeper host, was successful only in 1 case, owing to 
the high mortality of the Creeper hosts. The transplanted eye had a 
coloboma. All these experiments demonstrate the importance of an 
influence of the environment on the optic cup in the formation of 
coloboma. Gayer and Hamburger 837 conclude that in the homozygous 
Creeper embryo the optic cup is primarily normal and that only its 
environment is abnormal. Landauer 338 points out that this is only 
one of several possible interpretations of the experiments and that the 
normal properties of the cup are not proved, even though the influence 
of the environment on the cup is beyond doubt. 

In addition to cases of microphthalmia with a fairly good differentia- 
tion of most parts and with coloboma, there are other small eyes in 
which the principal parts are also differentiated but the retina shows 
histologic abnormalities. Rosettes and folds of the retina. have been 
found under various conditions. They occur in a strain of chickens with 
hereditary bilateral microphthalmia caused by a simple recessive gene.SSB 
The embryologic aspects of this condition have been and it 
has been shown that the rosettes arise in previously normal eyes without 
any folding and that their cayities are at all times separated from the 
cleft between the two layers of the cup. Later on folds develop in such 
a manner that the rosettes are on their crests, or else they are independent 
of rosettes. As soon as these abnormal differentiations appear, the eyes 
lag in growth. 

Similar rosettes have repeatedly been found in the eyes of mam- 
malian,se including human,so embryos exposed in utero to roentgen 
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raj s. They also occur, though rarely, without apparent cause.34a Gold- 
stein and Wexler hold that rosettes may be formed from retinal folds 
as well as from dislocated cells, the latter apparently because the normal 
cells in the same layer do not normally multiply as do those of the 
rosettes. While it is true that the cells of the rosettes resemble those 
bordering on the cleft between the two walls of the optic cup, there is 
little to be gained Ijy referring to them as dislocated, since all cells of 
the retina are derived from that one layer. In  the rosettes the cells 
have apparently retained the ability to multiply, which is normally lost 
when cells move away irom the outer border, and have at the same time 
failed to differentiate like the surrounding cells. 

An entirely different abnornlality of the retina, occurring in eyes 
of normal size, has been found as a mutation in mice. The formation 
of rod cells is partly or completely inhibited, depending on the presence of 
modifying genes.a41 

The optic nerve may be absent in cyclopic, in microphthalmic or in 
otherwise normal eyes. Fischel assumes that cyclopic eyes are devoid 
oi the nerve because the cyclopic defect eliminates the optic stalk, the 
eye subsequently constricting itself off from the brain. Adelmann 26if1 

describes this process in lithium-induced cyclopia. However, in part of 
the cases of cyclopia and in cases of sporadic microphthalmia of chickens 
absence of the optic nerve has a different c a ~ i s e . ? ~ ~  All these malformed 
eyes have optic stalks in early stages. If no nerve fibers grow into the 
stalk either because there is no retina or because the usual pathway is 
obstructed by absence of the choroid fissure, the stalk degenerates at the 
end of the first week of incubation and soon disappears completely. In 
several cyclopic eyes without optic nerves indications of a primary 
absence of the choroid fissure were found.26S In  a strain of microph- 
thalmic rats described by Bowman and Ramsey 333 (see page 518) 
the optic nerve is frequently absent. The authors consider absence of 
the hyaloid artery as the cause, without explaining the mechanism. 
Atrophy of the previously normal optic nerve has been found in cattle 
as a sequel of abnormal narrowness of the bony canal. !This, as well 
as paralyses, appeared .in the off spring of cows with a nutritional defi- 
ciency of an unidentified factor, perhaps vitamin -k3" 

The lens may be affected during embryonic development by a variety 
of factors. The action of chlorobutanol on the early phases of its forma- 
tion in amphibians has been examined by Lehmann.lo8 This comImund 
produces undersized but otherwise normal lenses. In later stages of the 
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development of the eye, cataract may develop on a hereditary basis 343 or 
through the action of chemicals (gaIactose,l:l naphthalene ,') or roentgen 
rays.344 

Numerous reports have recently described cataract in children of 
mothers who contracted rubella during the early months of pregnancy.34z 
The mechanism is not known. 

The development of accessory structures of the eye, such as extrinsic 
muscles, cornea, lids, conjunctiva and lacrimal glands, is apparently 
independent of the eyeball to a coiisiderahle degree, and, as a result, 
these structures are often better developed than the eye itself in cases 
of ~nicrophtha lmia .~~~ ' 

DIGESTIVE A 4 D  RESPIRATORY TRACTS 

Abnormalities of the teeth will be treated in part 111 of this review, 
since most of the experimental work has been done with continuously 
growing teeth of adult animals. 

Major malformations of the digestive tract have gained clinical 
importance during the past few years since technics have been perfected 
for the surgical treatment of the most common Accounts of 
the development of malformations, such as atresia, are based largely on 
observations of the final conditions and on conjectures concerning the 
early stages. I t  has, for instance, been claiined that atresia of the 
duodenum is favored by the epithelial occlusion of the lumen which 
normally occurs in the embryo, the lumen in abnormal cases not being 
properly canalized but penetrated by connective tissue. This, however, 
does not explain the very similar atresia occurring elsewhere in the 
intestine, where there is no temporary epithelial occlusion. In  some of 
these cases an intestinal loop may have been cut off when it failed to 
retract properly from the normal umbilical hernia.24s Atresia of the 
esophagus combined with tracheoesophageal fistula in its most common 
form, in which the lower segment of the esophagus opens into the 
trachea, has received much consideration. The hypothesis that it is due 
to delay of the process whereby the respiratory anlage is separated from 
the digestive tube and to a consecutive process whereby part of the 
esophagus is incorporated into the posterior wall of the trachea is sup- 
ported by the fact that esophageal tissue has been seen in the posterior 
wall of the trachea in newborn infants and, in an early stage, in a chick 
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346. Gruenwald.18 Chase and Chase.332 
347. Swenson, 0.. and Ladd, W. E.: New England J. Med. 233:660, 1945. 
348. hlisgeld, G. C.: Virchoivs Arch. f. path. .Anat. 310:697, 1943. 
349. Gruenwald, P.: Anat. Rec. 78:?93. 1940: 85 (supp:) :23, 1943. 



Malformations of the liver and the pancreas consist largely of 
occlusion of their ducts at various points and of cysts of the ducts. Poly- 
cystic n~alformations of the liver, the pancreas and the kidneys or of two 
of these organs are relatively frequently combined in one person.3so This 
is intriguing since the developinent of the pancreatic and hepatic ducts 
differs considerably from that of the renal tubules. 

Cysts, atresia and stenosis of bile ducts are multiple in a high propor- 
tion of cases.351 No direct observations of developmental stages of these 
malformations exists. Numerous speculations concerning this subject 
will not be reviewed. Moolten 350d has recently favored the hypothesis 
that polycystic disease of the liver and the kidneys is a type of hamar- 
tiosis, that is, a multiple tissue malformation, and that it is due to 
deficient organizer action. Atresia of ducts, on the other hand, is 
thought to be aplasia due to a deficiency of the tissue itself. However, 
it is obvious that atresia of the extrahepatic bile ducts, as in Moolten’s 
own case, cannot be aplasia. The duct must have been present at one 
time, or no liver could have been formed. If atresia is due to a defect of 
tissue, this defect cannot be in the form of aplasia but must occur only 
as a secondary change. 

Cystic fibrosis of the pancreas is of considerable clinical importance 
because its signs must be differentiated from those of other diseases 
not caused by malformations. At  birth the changes in the pancreas 
are in their early phases. There is moderate distention of small ducts 
with inspissated secretion, as well as  slight fibrosis. These changes 
progress to severe fibrosis with destruction of many acini and cystic 
dilatation of ducts. The deficiency of pancreatic secretion in the intes- 
tine causes either meconium ileus in the fetus or a severe nutritional 
deficiency and disturbance of intestinal function in the infant. Meco- 
nium ileus is due to inadequate digestion and subsequent hardening of 
the meconium.9sz This meconium can easily be digested by pancreatic 
enzymes in the test tube, but attempts to dissolve it by the same agents 
in vivo have not yet been S U C C ~ S S ~ U ~ . ~ ~ ~  

Four explanations have been offered for the cause and development 
of cystic fibrosis of the pancreas. In evaluating these, one must remem- 
ber that any obstruction of the flow of secretion may produce cystic 
figrosis and that it is not necessarily due in all cases to the same cause. 

350. (a )  Moschcowitz, E, :  Am. J. M. Sc. 131:674, 1906. ( b )  von Meyenburg, 
H.: Beitr. z. path. Anat. u. z. allg. Path. 64:477, 1918. (c) Rumler, E.: Virchows 
Arch. f. path. Anat. 292:151, 1934. ( d )  Moolten, S. E.: New York State J. Med. 
43:727, 1943. 

351. Feyrter, F.: Virchows Arch. f. path. Anat. 271:20, 1929. 
3.52. Kornblith, B. A., and Otani, S.: Am. J. Path. 5:249, 1929. Hurwitt, E. S., 

353. Farber, S.: J. Pediat. 24:387, 1944. 
and Arnheim, E. E.: Am. J. Dis. Child. 64:443, 1942. 
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Several workers 354 have proved by an examination of serial sections 
of the pancreas that congenital stenosis or atresia of the main duct 
was present in their cases. I n  other instances of pancreatic fibrosis 
no anatomic malformation of this kind was found in serial 

Andersen358 found in a considerable perce'ntage of cases of pan- 
creatic fibrosis squamous metaplasia of the ducts, and she suggested 
that this may be the cause of stenosis and of retention of secretion. 
The interpretation of this metaplasia is difficult because it may also 
be the sequel of vitamin A deficiency secondary to pancreatic achylia. 
This is demonstrated by a case examined by Oppenheime~,~~'" in which 
there was squamob metaplasia of the bronchi and salivary ducts, while 
atresia of the pancreatic duct accounted for pancreatic fibrosis and 
vitamin A deficiency. 

Brody found in cases of pancreatic fibrosis inclusion bodies 
suggesting a fetal infection. However, occlusion bodies occur not 
rarely in infants without pancreatic disease and, on the other hand, 
are absent in the majority with that disease. That they are related to 
the cause of pancreatic fibrosis is therefore doubtful. 

Farber s57 assumes that an abnormal secretion is produced which 
is so viscid that it occludes the ducts ("mucoviscidosis"). This is 
thought to be caused by abnormal stimulation originating from the 
autonomic nervous system. Farber 358 produced in kittens with pilo- 
carpine a condition similar in all important respects to pancreatic 
fibrosis of human infants. 
have also referred to an abnormally thick secretion, and Andersen 
and co-workersSB1 have voiced an opinion similar to that of Farber. 
The associated pulmonary changes (bronchiectasis, emphysema) are 
explained by Farber 357 on the basis of viscid bronchial secretion, 
whereas Andersen and co-workers 363 assume a secondary vitamin A 
deficiency with squamous metaplasia of the bronchial epithelium. 

The familial occurrence of pancreatic fibrosis has long been known. 
It has recently been discussed by Andersen and H o d g e ~ . ~ ~ ' ~  

The subject of pancreatic fibrosis has recently been reviewed by 
W i g l e s w ~ r t h . ~ ~ ~  

More recently Glanzmann 359 and Riniker 

354. (a) Oppenheimer, E. H. : Arch Path. 29:790, 1940. ( b )  Footnote 352. , 
355. Baggenstoss, A. H., and Kennedy, R. L., Jr.: Am. J. Clin. Path. 15:64, 

356. Andersen, D. H.: Am. J. Dis. Child. 56:343, 1938; J. Pediat. 15:763, 1939. 
357. Farber, S.: Arch. Path. 87:238, 1944; J, Michigan M. SOC. 44~587, 1945. 
358. Farber, S.: Am. J. Dis. Child. 64:953, 1942. 
359. Glanzmann, E.: Ann. pzdiat. 166:289, 1946. 
360. Riniker, P.: Ann. podiat. 166:314, 1946. 
361. (a) Di Sant'Agnese, P. E., and Andersen, D. H. : Am. J. Dis. Child. 72:17, 

1946. ( b )  Andersen, D. H., and Hodges, R. G.: ibid. 72:62, 1946. 
362. Footnotes 356 and 361. 
363. Wiglesworth, F. W. : Am. J. hf. Sc. 212:351, 1946. 
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Large numbers of newborn infants die with poorly aerated lungs. 
In some cases this is doubtless due to extrapulmonary factors, such as 
disturbances of the respiratory center or mechanical obstruction of the 
air passages. In  many others, however, the cause is probably in the 
lungs themselves.3E* This problem is closely linked with that of fetal 
respiratory movements. I t  has been claimed that the contents of the 
amniotic sac may be aspirated in utero and that this may cause an 
inflammatory reaction of the lung tissue which .later on prevents 
expansidn of the Some authors hold that respiratory move- 
ments, by which amniotic fluid is necessarily aspirated, regularly occur 
in the fetus and are even instrumental in the normal development of 
the The latter contention has been disproved by Potter and 
Bohlender$60 who showed in a case of complete atresia of the larynx 
and in one of accessory lung that lung tissue which could not 
have expanded during respiratory movement nevertheless developed 
normally. The assumption that normal fetal lungs are partially 
expanded is based on inconclusive evidence. A slight experimental 
interference, such as anesthesia and laparotomy, even without opening 
the uterus, may cause anoxia of the fetus, particularly near term. If 
one sees respiratory movements under these conditions, this does not 
necessarily represent the normal condition. 

I t  is true that almost all stillborn infants have expanded alveoli 
filled with amniotic fluid,3G7 but this is not the normal state. Windle 
has shown that if the trachea of the animal fetus is clamped before 
it is in anoxia, the lungs are atelectatic. If a little more time elapses 
during the experiment, the fetus begins to gasp in utero and then shows 
histologically the same condition which prevails in the stillborn infant. 
It is common experience that large parts of the lungs of the young 
infant with poor respiration have collapsed alveoli. Therefore several 
authors 368 assume that there are normally no intrauterine respiratory 
movements. If such movements occur during temporary anoxia of the 

364. Farber, S., and Wilson, J. L. : Am. J. Dis. Child. 46:572, 1933. Wilson, 
J. L., and Farber, S.: ibid. 46:590, 1933. 

365. Snyder, F. F., and Rosenfeld, bf.: Proc. Soc. Exper. Bioi. & Med. 36:45, 
1937; J. A. M. A. 108:1946, 1937. Bonaf, B. E.; Blumenfeld, C. M., and Fenning, 
C. : Am. J. Dis. Child. 55:1, 1938. Patterson, J. C., and Farr, J. T. : Canad. 
M .  A. J. 41:31, 1939. Snyder, F. F.: Am. J. Obst. & Gynec. 41:224, 1941. 
Davis, M. E., and Potter, E. L.: J. A. M. A. 131:1194, 1946. 

366. Potter, E. L., and Bohlender, G. P.: Am. J. Obst. & Gynec. 42:14, 1941. 
367. (a )  Windle.?O6 Potter, E. L., in discussion on Zettelrnan.363d (0) Gruen- 

wald, P. : Am. J. Obst. & Gynec. 53:996, 1947. 
368. (a )  Farber and Sweet.'O?a (6) Windle, W. F. ; Becker, R. F.  ; Barth, E. E., 

and Shulz, M. D. :  Surg., Gynec. & Obst. 69:705, 1939. (c) Whitehead, W. H.; 
LVindle, W. F., and Becker, R. F.: Anat. Rec. 83:255, 1942. ( d )  Zettelman, H. J.: 
.4m. J. Obst. & Gynec. 51:741, 1946. ( e )  Gruenwald.36'b 
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fetus and lead to aspiration of contents of the amniotic sac, future 
respiration may be impaired in one or both of two developments: 
One is mechanical, solid or fatty material filling or lining the air 
spaces the other is a fetal pneumonia which is caused in rare cases 
by the aspirated material. The manner in which the lung tissue reacts 
to these foreign substances v a r i e ~ . g r e a t l y . ~ ~ ~ ~  In addition to the irrita- 
tion caused by sterile materia1 there may be a congenital bacterial 
pneumonia which also occurs only after aspiration of contents of the 
amniotic sac.37o During periods of anoxia the fetus may discharge 
meconium. which will stain the vernix caseosa yellow.3r1 Even the 
aspiration of meconium or of yellow vernix often fails to cause an 
inflammatory reaction of the alveoli. 

SKELETON AND EXTREMITIES 

Several reviews of the tremendous variety of skeletal malformations 
are available.372 The developmental mechanism has been investigated 
in a relatively small number of these, and only this will be discussed 
here. 

Duplication of entire extremities or large parts has repeatedly been 
produced in embryologic transplantation experiments in forms com- 
parable with those occurring in man and other mammals, and the 
mechanisms of both kinds may well be similar in some respects. A 
single embryonic limb bud produces a double limb when transplanted 
in certain abnormal positions, and it has been concluded that the 
normal limb bud has an inherent tendency toward duplication which 
is normally 

Excessive or reduced size of extremities may develop in several 
ways. I t  may be due to a somatic mutation, as has been assumed 
particularly when it is part of a general difference in size between 
the two sides of the body. A good example has recently been observed 
in a More references to similar lateral differences and 
other mosaics believed to be caused by somatic mutation may be found 

369. Farber and Sweet.2078 Nelson, W. E., and Smith, L. W. : J. Pediat. 26:35, 
1945. 

370. Johnson, W. C., and Meyer, J. R. :  Am. J. Obst. & Gynec. 9:151, 1925. 
Hook, H., and Katz, K.:  Virchows Arch. f. path. Anat. 267:571, 1928. Kaldor, J.: 
Am. J. Obst. & Gynec. 25:113, 1933. Bufe, W.: Ztschr. f. Geburtsh. u. Gynik. 
113:265, 1936. Benner, M. C.: Arch. Path. 29:455, 1940. 

371. Clifford, S. H.: Am. J. Dis. Child. 69:327, 1945. 
372. (a )  Aschner, B., and Engelmann, G. : Konstitutionspathologie in der 

Orthopadie, Berlin, Julius Springer, 1928. ( b )  Brandt, W. : Die Entstehung- 
sursachen der Gliedmassenmissbildungen und ihre Bedeutung fur  das Verer- 
bungsproblem beim Menschen, Leipzig, Johann Ambrosius Barth, 1937. Gruber.'* 

373. Brandt, W.: Arch. f. Entwcklngsmechn. d. Organ. 106:193, 19-35. Swett, 
F. H.: J. Exper. Zool. 44:419, 1926. 
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in textbooks of genetics and in Hollander's review.B6b Another cause 
of abnormal size of extremities or of parts of them, with normal pro- 
portions within the part concerned, has been discussed by Po1itzer.B'' 
I t  is recalled that the embryonic limb buds develop as harmonious 
equipotential systems ; that is, their cells have equal potencies, and 
the whole primordium develops into a harmonious limb, to a high 
degree independent of the amount of tissue present. Increased or 
decreased size of the whole will thus produce a limb of abnormal size 
but normal proportions. As a limb develops and its various parts 
are determined in its tissue, new harmonious equipotential systems 
develop for smaller parts, such as the forearm, the hand, the joints 
and the digits. At any of these stages an abnormal amount of tissue 
will produce parts that are of normal proportions within themselves 
but out of proportion with the rest of the body. In  addition to obvious 
abnormalities of size, another malformation has been explained on 
this basis, which at the first glance does not seem to have anything 
in common with these, namely, congenital dislocation of the hip joint. 
Braus 376 made experiments in amphibians which indicate that at 
certain periods there exist independent harmonious equipotential 
systems for the two components of the joint. H e  showed that in con- 
genital dislocation the fossa is in itself well proportioned in its struc- 
ture but is too small for the head of the femur and that a reduction of 
the amount of tissue available for the fossa brings about a condition 
comparable with the human malformation. It is well known that in 
man dislocation of the hip joint is familial, and Faber described a 
lesser degree occurring in affected families, which he called dysplasia. 
I t  produces no dislocation but can be detected by roentgenogram. 

Many defects of the extremities, of varying extent and appearance, 
have long been regarded as the results of intrauterine amputation by 
amniotic bands and adhesions. Many authors still adhere to this 
concept even though strong arguments have been brought forward in 
favor of a different origin of all or most of these defects. StreeterTB 
emphasizes the histologic abnormalities of the tissues at and near the 
site of the defect. H e  assumes that primary and intrinsic abnormalities 
of the tissues, and not mechanical action of amniotic adhesions, are 
responsible, and that adhesions are sequelae of the fundamental abnor- 
malities. In  the same year OmbrCdanne and Lacassie29J arrived at  
similar conclusions when studying clinical cases. They point to various 
associated lesions, such as syndactyly, scars of the skin and the tongue, 
skeletal defects of the nonamputated parts, pseudarthroses and the 

374. Politzer, G.: Beitr. z. path. Anat. u. z. allg. Path. 100:273, 1938. 
375. Braus, H.: Arch. f. Entwcklngsmechn. d. Organ. 30:459, 1910; Miinchen. 

376. Faber, A. : Ztschr. f. Orthop. 66:140, 1937. 
med. Wchnschr. 57: 1742, 1910. 



frequent symmetric locations of lesions. These cannot be satisfactorily 
referred to amniotic adhesions. On  the other hand, the authors 
emphasize the occurrence of ulcers, which may be superficial or deep. 
One case is presented in which at birth an ulcer involved a large part 
of the forearm, healing with a considerable defect. This is considered 
as an unusually late occurrence of the disease which is called intra- 
uterine ulcerative disease (maladie ztlclreuse intrautdrine) . Amniotic 
ban& are assumed to be adhesions developing in the course of the 
disease. Other reports of intrauterine defects of the skin have been 
reviewed in an earlier section of this paper. Seitz i' also assumes a 
primary abnormality affecting the fetal tissues to account for the devel- 
opment of amniotic bands. The abnormality may be either intrinsic 
or environmental. Gruber '* has reviewed much of the older literature 
concerning amniotic amputations. - H e  accepts amniotic bands as the 
cause of the defect in some cases. In  support of the amputation 
theory, Hellner iB put ligatures around fetal extremities in animal 
experiments. The defects resembled those observed in nature, and 
the amputated parts rapidly disappeared hy autolysis. hIovers 377 

states that not only defects of the extremities but also severe distortions 
of large parts of the body are not satisfactorily explained by amniotic 
adhesions. Taylor Gorostiaga and Lede i8 recently supported Streeter's 
view with histologic observations made in a pertinent case. In con- 
nection with fetal ulcers and amputations, intrauterine fractures of long 
bones occur.3i8 One may wonder whether these are not pathologic 
fractures of diseased bones. 

In  favor of an intrinsic cause of the defects in question is the 
occasional familial occurrence. A good example is a family in which 
several children had so-called amputations of forearms and legs of 
identical form, bilateral and symmetric. Koehler 7 5  has reviewed several 
conflicting accounts of this family. According to the version which he 
considers most reliable, the mother of 6 defective and 6 normal children 
was the father's niece or sister. In  spite of this obvious familial back- 
ground, one of the authors reporting on this family considers the 
malformations as amniotic band arnputa t ion~.~ '~  

The morphologic aspects and the development of a condition possibly 
related to those just reviewed were described by Greene and Saston.'ao 
Brachydactyly and other defects occur in rabbits as simple recessive 
mutations. In the embryos, dilatation of blood vessels, hemorrhage 
and eventually necrosis and sloughing are observed. Somewhat similar 
is a group of malformations which have been investigated in great 

377 Movers, F.: Arch. f. Gynik. 168:22, 1939. 
378. Granzow, J:: Zentralbl. f. Gyn5k. 55:3458, 1931. 
379. Joesting, H.: Therap. Beitr. 10:51, 1933. 
380. Greene, H. S. N., and Saxton, J. A,, Jr. : J.  Exper. Med. 69:301, 1939. 



detail, namely, hereditary defects of limbs and other parts of the body 
in a strain of mice. Early investigations revealed blisters and hemor- 
rhages in the regions where malformations The complete 
sequence of events has been described by Plagens 382 and B o n r ~ e v i e . ~ ~ ~  
The authors agree in the essential points, and in the following presen- 
tation the description of Boiinevie will he followed. As has been 
mentioned in the description of ocular malformations occurring in the 
same strain, an excess of cerebrospinal fluid escapes from the brain 
and moves under tlie epidermis in tlie forin of blisters ("myelencephalic 
Idebs") until it reaches points Lvhere it can apparently go no farther. 
1 his happens frequently i n  tlie Iiml~ buds, and nialforinations ranging 
from clubfeet and syndactyly to defects resembling the so-called anini- 
otic amputations result from the mechanical interference of these hlis- 
ters which later become hemorrhagic. 

There are various forms of micromelia, or disproportionate dwarfism 
(as against proportionate divarfism), i n  which the parts of the skeleton 
of the extremities are present but deformed. These abnormalities have 
been studied most estensitely i n  fowl."" Various types of micromelia 
result in fowl from a deficiency of manganese 383 or riboflavin or 
from selenium poisoning ll'; during einbtyonic life. Typical chondro- 
dystrophy occurs sporadically 384 or as a hereditary trait.3M5 Several 
mutations produce similar but quantitatively different forms of chon- 
drodystrophy in heterozygous embryos and more severe changes. 
namely, early death or phoconielia, in homozygous embryos. Of these 
mutations, the Creeper fowl has been studied by several groups of 
norkers. The results arc of particular interest, hecause it has been 
shown that the chondrodystrophy or the phoconielia of these specimens 
closely resciiibles the huniaii iiialforiiiation."8"C In mati and fowl, 
cliondrodystrophy is characterized by short, thick, curved bones of 
tlie extremities, while the verteliral colunin usually shows minor 
changes, if any, and tlie skull is normal or has a shortened base. The 
details of the malformation of the long bones vary considerably, and 

381. Eagg, H. J., and Littlc, C. C.: Am. J. Anat. 33:119, 1924. Eagg, H. J.: 

382. Plagens, J. h.1. : J. Xforphol. 55: 151, 1933. 
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384. (a) Landauer, W., and Dunn, L. C.: Proc. SOC. Exper. Bid.  & Ned.  

23562, 1926. ( b )  Landauer, W.:  Arch. f .  Ent\vcklngsmeclin. d. Organ. 110: 195, 
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385. (a)  Landaucr, W.k and Dunn, L. C.: J. Genetics 23:397, 1930. ( b )  Lan- 
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various subtypes have i een  described. A good summary of findings 
in human chondrodystrophy and the theories concerning it has been 
given by Gruber.'+ The morphologic aspects and the development of 
hereditary chondrodystrophy of cattle have been described by Crew 386 
and Mohr.Id Only the embryogenesis of the hereditary chondrodys- 
trophy of fowl has been described.38' In  early stages the cartilaginous 
parts of the skeleton are of normal size and proportions. Later on, 
growtli is retarded. The various processes involved in the growth 
of cartilage and its replacement by bone are not properly coordinated. 
Enchondral ossification starts at the usual time but soon lags severely 
behind tlle normal process in extent. Perichondral ossification at 
times exceeds the normal rate, and this probably causes the large size 
of the filmla in inan and fowl, by preventing partial involution of the 
structure. Connective tissue is frequently observed to extend from 
the periosteum into the epiphysis (Prrio.rfst~rifc~t) in man and, in 
sporadic cases, i n  fowl, and occasionally in Creeper chicks. Land- 
auer 3uib fomnd that tliis formation does not cause curvatures of long 
1)ones hy uiiilateral inhilition of epiphysial gl-o\\tli as had been supposed, 
Imt is preceded by them. 

Jlany old theories lioldi.ng that chondrodystrophy is caused by 
extrinsic agents during embryonic life (Gruller ;') have been discarded. 
In part o€ the cases it is caused by genetic factors; the cause of sporadic 
cliondrodystrophy is unknown. Landauer,"u in accordance with pre- 
vious investigators, concluded that there are no ahnorinalities of endo- 
crine organs of the embryo which could account for the malformation. 
Phocotnelia of homozygous Creeper embryos and chondrodystrophy 
of heterozygous birds are degrees of the same basic type of disturb- 
a ~ i c e . ~ ~ ~ ~  However, it is acknowledged that this does not necessarily 
hold for all cases of phocomelia. 

Ihbryologic experiments with Creeper fowl have shown that in 
li i i i l ,  buds of homozj.gous or heterozygous Creeper embryos transplanted 
to genetically norinal hosts previous to the development of their skele- 
tc~iis, abnormalities tle!.elop according to their own genotype and inde- 
pendent of the host."" This shows that the iiialformation is not caused 
by other parts of the embryo acting on the primordia of the limbs. 
Several lines of evidence, in addition to the general principles discussed 
in part I, suggest that the Creeper factor acts hy reducing develop- 
mental activity during a critical stage. The action of this genetic factor 
and that of seleiiium poisoning are cuniulative. and the latter is prohahl!, 

386. Cre\v. F. A. E.: Proc. Roy. SOC., London, 5.B 95:228, 1923. 
387. Landauer (footnotes 384 b and 385 b and c). 
388. Landauer. W. : Virchows Arch. f .  path. Anat. 271:534, 1929. 
389 (0) Hamburger, IT.: Physiol. 2061. 14:355, 1941. ( h )  Rudnick, D.: 

I .  Exper. Zool. 100:1, 1945. 
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represented by a retardation of m e t a b o l i ~ m . ~ ~  When genetically normal 
limb buds develop in vitro in a growth-restricting medium they yield 
deformities resembling those of Creeper A disturbance of 
the metabolism of older chondrodystrophic chick embryos has been 
reported by P a t t ~ n , ~ ~ ~  who found that the tissues of these embryos 
contain in later stages significantly less aminoacetic acid than do those 
of normal embryos. 

In embryonic manganese deficiency of fowl the long bones show, 
in addition to a reduction of length, histologic abnormalities of the 
cartilage and a matrix containing fragments of degenerated cartilage 
cells in place of periosteal bone. If the involved chickens receive an 
adequate diet, the abnormal tissue is replaced by normal bone.'"? 

A mutation of fowl causing a short upper beak and short long 
bones is on record.s8* In all these forms, including chondrodystrophy, 
the legs are more severely deformed than the wings, and the distal 
bones more than the proximal ones.382 

A nutritional deficiency, perhaps of riboflavin, during gestation 
produces various skeletal and other malformations in rat embryos.ass 
The abnormal condition is determined in the cartilaginous stage of 
skeletal development, and addition of the missing substance to the 
mother's diet prevents malformations only if it is made before the 
fourteenth day of g e ~ t a t i 0 n . l ~ ~  

Micromelia not conforming to any established type and affecting 
the limbs of one individual to different degrees may result from roentgen 
irradiation of though perhaps less frequently than malfor- 
mations of the brain or the eyes. 

Brandt found i t  difficult to produce phocomelia experimentally 
in amphibians, because, after the excision of tissue, either the limb is 
absent or it regenerates and develops normally. Only by long-lasting 
interference such as occurs through implantation of other tissue into 
the limb bud could the desired effect be obtained. Gabriel 11* produced 
dwarf limbs in chick embryos by local application of colchicine. 

In  some of the so-called amniotic amputations the condition is 
really one of irregular micromelia rather than a terminal defect, as 
traces of digits are p r e ~ e n t . ~ ~ e  

390. Fell, H. B., and Landauer, W.: Proc. Roy. SOC., London, s.B 118:133, 
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Hereditary deformities of the legs of mice, produced by defects 
of the tibias, have been thoroughly examined by Hovelacque and 
NdeLag7 In the embryo the condensations of mesenchyme which 
initiate the formation of skeletal parts are present for the tibias as 
usual. However, instead of differentiating into cartilage, the greater 
part of the tibial condensation forms a fibrous ligament. Later on, the 
fibula is severely curved. However, it was observed that even in 
externally normal mice of the same strain, which had been considered 
as normal overlaps, the tibias might be defective, though the fibulas 
were without deformity. Defects of the tibias have also been found 
in polydactylous guinea pigs carrying the lethal gene Px.asa 

Hereditary polydactyly was the subject of one of the earliest sys- 
tematic investigations of the embryonic development of a malformation. 
In  1908 Kaufmann-Wolf 388 and Braus 808 examined polydactylous 
chick embryos and observed that an enlargement of the foot represented 
a partial reduplication. The toes developing in such excessive tissue 
form part of a mirror image of the normal foot at its tibial border. 
Gabriel,118 also, believes that polydactyly is an expression of redupli- 
cation of the limb. By treatment with colchicine he reduced the number 
of digits in normal and polydactylous chick embryos. Cole investi- 
gated a lethal trait producing severe polydactyly of all extremities, 
ectopia viscerum and malformations of the face in fowl. At one hun- 
dred and ten hours of incubation the limb buds are deformed, and 
homozygous embryos die at six to eight days of incubation. 

Wright ‘01 examined in guinea pigs the inheritance of a type of 
polydactyly which produces in heterozygous embryos five digits instead 
of the usual four on the forefeet and three an the hindfeet. Homozygous 
embryos have excessive polydactyly, with ten and more digits on a 
foot, and multiple other malformations, which cause death usually 
on the twenty-seventh day in utero or, rarely, immediately after birth. 
Scott 238b found in newborn homozygotes, aside from approximately 
twice the normal number of digits, clubfoot, absence of the tibia, 
microphthalmia, malformation of the brain and, in part of the cases, 
harelip or absence of nipples. From the study of the embryogeny of 
these malformations it was concluded that the gene P x  causes 
in homozygous form excessive growth and retarded morphogenesis 
about the age of 17% days in utero, affecting rapidly growing parts 
more than others. The resulting abnormal correlation of developmental 

397. Hovelacque, A.: Bull. biol., 190, supp. 3, p. 1. Hovelacque, A., and Noel, 
R. :  ibid. 57:133, 1923. 

398. Kaufmann-Wolf, M. : Morphol. Jahrb. 38:471, 1908. 
399. Braus, H.: Miinchen. med. Wchnschr. 55:386, 1908. 
400. Cole, R. K.: Poultry Sc. 18:403, 1939. 
401. Wright, S.: Genetics 20:84, 1935. 
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processes, further augmented by a normal onset of histogenesis in the 
morphogenetically retarded parts, accounts for most of the disturbances. 
The development of polydactyly in this mutation may well be related 
in its mechanism to that found in various other mammals, including 
~ n a n . ~ ~ ~ b  

I t  remains to mention several abnormalities concerning mainly the 
histogenesis of the skeleton. It was just mentioned that faulty differ- 
entiation in an early phase, namely. formation of connective tissue 
instead of cartilage, accounts for hereditary absence of the tibia in mice. 
Griineberg lr points out that a disturbance in a comparable stage, though 
in the opposite sense, produces flexed tails and similar malformations 
of vertebrae in the trunk region in a mutation of mice: The interverte- 
bral disks are partly transformed into cartilage instead of fibrous 
connective tissue. 

The ossification of the cartilaginous parts of the skeleton is subject 
to a variety of abnormalities. These are too complex to be described 
here in detail. One example is chondrodystrophy, which has already 
been discussed. A hereditary failure of bone resorption in mice (the 
gray-lethal mutation) leads to deformities of bones and prevents erup- 
tion of teeth.40’ Transplantation experiments showed that in normal 
hosts gray-lethal bones develop nearly normally ; in gray-lethal hosts 
they retain their abnormal features. Bones of normal mice trans- 
planted to gray-lethal hosts sometimes show deformities resembling 
the gray-lethal condition ; transplanted to normal hosts, they remain 
normal. This suggests an abnormal action of the tissue fluids of the 
gray-lethal host.’03 Administration of parathyroid extract to gray- 
lethal mice causes much resorption of bone. These mice tolerate 
larger quantities of parathyroid extract than would normal mice. 
However, in spite of the improvement of the condition of their bones, 
the mice are not cured by the treatment. Since they show no other 
evidence of deficiency of the parathyroid glands, it has been concluded 
that either their osteoclasts require an abnormally high concentration 
of the hormone or the horinone is excreted too rapidly, or both.‘0’ 

With regard to chickens, a lethal factor “sticky” has been briefly 
described,4a5 which was so named because the amniotic and allantoid 
fluids are viscid. The embryos have edema and soft bones, and do 
not hatch. The bone changes are described as similar to those associ- 
ated with experimental vitamin D def ic ien~y, ‘~~ but more study ‘is 
necessary to elucidate the relationship of the two disturbances. 

402. Gruneberg, H.: Proc. Roy. SOC., Londofl, s.B 118:321, 1935. 
403. Barnicot, N. A.: Am. J. Anat. 68:197, 1941. 
404. Barnicot, N. A.: J. h a t .  79:83, 1945. 
405. Byerly, T. C., and lul l ,  M. A . :  J. Exper. 2001. 62:489. 1932. 
406. Byerly, T. C.: Poultry Sc. 10:404, 1931. 
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A great deal of confusion exists in the literature concerning experi- 
niental and human vitamin deficiencies of the embryo and their effects 
on the skeleton. Only a few reports will be mentioned here, and in 
all cases the nomenclature of the respective author will be used. 
Ingier lSsn published a study of Barlow’s disease (scurvy) produced 
in guinea pig embryos by feeding the xmther a diet of oats and water. 
In the report, scurvy, rickets, osteomalacia and osteogenesis imperfecta 
are mentioned, and no clearcut identification of the changes is made. 
Reyher, Walkhoff and Walkhoff lesb describe vitamin C deficiency of 
guinea pigs, resulting in scurvy of the mothers and the embryos. The 
changes are compared with those noted in a newborn baby of their 
own observation. Maxwell, H u  and Turnbull lgab observed a mother 
with osteomalacia and her baby with fetal rickets, and in their reports, 
stress the close relationship of the two diseases. Warkany lal studied 
the effect of a maternal rachitogenic diet on the skeletons of rat 
embryos and observed changes similar to, but not identical with, rickets. 
H e  calls attention to the fact that the “diet” of the fetus is not the 
same as  that of the mother. 

Strontium treatment of pregnant rabbits produces in the fetal skele- 
ton “pseudorickets” with increased apposition and decreased resorption 
of bone.130 

The skeletal manifestations of fetal syphilis are too well known to 
be reviewed; they are described in textbooks of pathology. Postnatal 
developmental disturbances of the skeleton will be briefly referred to 
in part I11 of this review. 

UROGENITAL TRACT 

The explanation of malformations of the urogenital tract is facili- 
tated by knowledge of several phases of its developmental physiology. 
This holds particularly for the kidney. Long before experimental 
evidence was at hand, Fischel 40i suggested that nephrons differentiate 
in the metanephric blastema only after their differentiation has been 
properly induced by the ureteric bud which, by its own differentiation, 
forms the collecting tubules, the renal pelvis and the ureter. This was 
assumed because neither of these two components of the kidney was 
ever found alone, or separated from the other (except perhaps small 
rudiments of ureters without a pelvis). Experimental elimination of 
the ureteric bud of the chick embryo has since furnished ample con- 
firmation of Fischel’s hypothesis.*08 These investigations, as well 3s 

407. Fischel, A. : Die Bedeutung der entwicklungsmechanischen Forschung fiir 
die Embryologie und Pathologie des Menschen, in Vortrage und AufsHtze iiber 
Entwicklungsmechanik der Organismen, Leipzig, W. Engelmann, 1912, no. 16. 

408. Boyden, E. A.: J. Exper. Zool. 40:437, 1924. Proc. Soc. Exper. Biol. & 
Med. 24:572, 1927. Gruenwald, P.: Arch. i. Entwcklngsmechn. d. Organ. 136:786, 
1937. 
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esaiiiinations of serial sections of suitable embryonic human speci- 
m e n ~ , ~ ' ~  have made it clear that in man as well as in the chick aplasia 
of the ureteric bud results in absence of the entire organ, including 
also the derivatives of the metanephric blastema. The latter is present 
as usual but fails to differentiate in the absence of the inductor. 

In  mice, the gene which produces malformations of extremities, 
jaws and eyes, due to migrating blebs of fluid (see other sections of 
this review); is also responsible for renal malformations.*10 In the 
embryo the ureteric bud may be reduced or absent. If it is present, it 
does not branch and thus fails to induce differentiation of kidney tissue 
in the metanephric blastema.411 
it was found that complete absence of the ureteric bud or its failure to  
Lranch properly is followed by a complete lack of differentiation gf 
nephrons even though the blastema is pre~ent.2'~ 

Various theories of the development of polycystic kidneys have been 
reviewed by G r ~ b e r . ~ ~ '  According to one theory, the condition is 
caused by an abnormality of the union of the two components of the 
kidney, resulting in lack of drainage and subsequent distention of some 
nephrons. Actually it has been demonstrated that the interruption of 
the lumen does not usually occur a t  the point at which the nephron 
fuses with the collecting tubule. Roos's 413 own specimen, which its 
investigator thought to be proof of the nonunion theory, shows atresia 
a t  the junction of Bowman's capsule and proximal convoluted tubule. 
far from the point of union in the embryo. Moolten350d speaks of the 
nephron as migrating to join with the collecting tubule and suggests 
that this process may have failed in cystic kidneys; no such migration 
actually occurs. Berner's4l4 detailed study of a large number of cystic 
kidneys demonstrated long ago that the interruption of the tubule may 
occur at any point. This indicates either that there are several mech- 
anisms of origin affecting different parts of the tubules or that one 
mechanism may affect various points, the particular one depending 
perhaps on the timing of its action. 

Occlusion of the lumen is not generally accepted as the principaf 
lesion of polycystic kidneys. Some authors assume that active over- 
growth rather than distention accounts for cyst f~rmat ion .~"  Mool- 
ten 350d advocates the interpretation of cystic liver and kidneys as a 

In  another mutation of the mouse 
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type of hamartiosis. or tissue malformation “based on a disturbaiice 
in organizer action” which manifests itself as cystlike gigantism of 
M e  ducts or renal tubules. Actually there is no proof of this. Occlu- 
sion, as well as overgrowth of tubules, may be determined by inter- 
action of adjacent tissues, but this is no more likely than an inherent 
deficiency of the tissue, perhaps determined by direct gene action. An’ 
old theory having in view obstruction of renal tubules on an inflamma- 
tory basis 41” has not been substantiated by histologic examination in 
the great majority of cases and has generally been abandoned. 

Kampmeier 413 found that some of the earliest formed nephrons, 
located in the innermost portion of the embryonic renal cortex, degen- 
erate before birth, and believes that their remnants may form cysts. 
This may explain cysts of the inner portions of the cortex, but it cannot 
account for the polycystic kidney in which the peripheral nephrons are 
also, or sometimes predominantly, affected, even with the assumption 
that the cysts of the inner portion of the cortes compress other tubules 
and that this leads to the formation of additional 

To 
understand their development it is necessary to know that the kidneys 
are at first located in the sacral region and that they move upward 
by a complicated process.417 If this movement fails to occur, a pelvic 
kidney results. On the other hand, a slight medial deviation of the 
renal primordia is sufficient to bring them in contact with each other, 
producing a horseshoe kidney, particularly since the kidneys a re  
normally close to each other at one point of their upward route.‘” 
Other displacements of the kidneys are less frequent, and their expla- 
nation is unknown. Among these is the rare one, in which the right 
kidney is displaced upward into the thorax, which occurs in combina- 
tion with diaphragmatic hernia.419 The arteries supplying dystopic 
kidneys arise from the aorta or its major branches at abnormal points. 
corresponding to the locations of the kidneys. I t  was believed that 
the abnormal blood supply might be the cause of the dystopia of the 
kidneys, but investigators now know that this was erroneous, since 
the permanent renal vessels develop only after the kidneys have reached 
their final locations. The abnormal origin of the vessels is a conse- 
quence rather than the cause of dystopic kidneys. 

Just as the permanent kidney depends in its development on the 
ureteric bud as an inductor of the metanephric blastema, the mesoneph- 

‘ 

Dystopic kidneys are most commonly pelvic or fused kidneys. 
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ros depends on the wolffian duct as an inductor of its differentiation.*"' 
In addition, the wolffian duct acts as a guide for the growing mullerian 
t l t ~ - t . ~ ' ~  HoFvever, the gonads and the adrenal cortex do not depend 
011 any of the nearby organs for proper d i f f e r e n t i a t i ~ n . ~ ~ ~  The devel- 
qmirnt of the urogenital tract of the chick embryo after experimental 
eliinination of a wolffian duct shows a combination of defects, owing 
to the leading role of that duct. The combination is an exact duplica- 
tion of the most common combination of malformations observed in 
mai! a i d  other mammals of either sex.421 In experimental embryos 
mesonephrons and miillerian ducts are absent when there is no wolffian 
duct. In addition, the ureteric bud is missing, since it is normally 
formed from the caudal part of the wolffian duct, and with it the entire 
kidney. In  the male the result is absence of one kidney and part or 
all of the epididymis, as well as of the ductus deferens and the seminal 
vesicle on the same side. In  the female the same disturbance results 
in absence of a kidney and the corresponding half of the uterus (in 
iiian: uterus unicornis of the other side) with part or all of the tube. 
Gonads and adrenal glands are not affected. This is an instructive 
example of the action of various types of correlation which normally 
insure proper development ; a minute lesion at one point (the growing 
end of the wolffian duct) is followed by a syndrome of defects. 

. 

INTERSEXUALITY AND HERMAPHRODITISM 

The investigation of sexual intergrades has in the past yielded innu- 
merable suggestions for their explanation and nomenclature. However, 
i t  was not until modern genetic and endocrinologic animal experiments 
had produced much information that a satisfactory concept could b.e 
evolved. One of the most extensively used systems of classification 
distinguished among individuals with partly male i n d  partly female 
structural characters true hermaphrodites and pseudohermaphrodites. 
The former have both testicular and ovarian tissue, either as ovotestes 
or as one testis and one ovary. Pseudohermaphrodites have uniform 
gonads, but. part of the other sex organs are differentiated according 
to the opposite sex. All pseudohermaphrodites and the hermaphrodites 
with ovotestes are now often referred to as intersexes. Lateral her- 
maphrodites, and particularly those in which all genital organs show 
a striking lateral difference, are most probably due to a somatic muta- 
tion which results in a different genetic constitution of the two sides. 

The existence of two kinds of intersexuality, genetic and hormonal, 
and the chromosomal mechanism of the former were discussed in 
part I. I t  remains to review briefly the theories of their development. 

420. Gruenwald, P.: Anat. Rec. 81: 1, 1911. 
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A11 persons have in their genes male and female determining t’actors, 
with one kind outweighing the other. I t  is generally believed that 
genetic intersexes are those in which there is a low degree of prepon- 
derance of one sex, insufficient to assure normal development. There 
are two theories concerning the manner in which structural inter- 
sexuality develops in this instance. Goldschmidt concludes iroin his 
genetic work with arthropods, and assumes for vertebrates, that inter- 
sexes begin their development in a normal fashion in the direction of 
the predominant sex but that they reach a turning point if the pre- 
dominance of one sex is below a certain value. If the predominance 
is but slightly below the limit of normal, the turning point is at a late 
stage; the smaller (and the farther from normal) the predominance, 
the earlier is the turning point. After that point development proceeds 
entirely in the direction of the opposite sex. The result depends on the 
amount of irrevocable differentiation which has occurred prior to the 
turning. What has definitely developed in the direction of one sex 
at  this time mixes with the remaining traits which subsequently differ- 
entiate according to the other sex. Goldschmidt presents severa! not 
quite convincing arguments to show that male intersexes ( ie . ,  those 
beginning with a male phase before the turning point) do not exist 
in man and other mammals. One of the principal arguments is the 
inability of the testis to form an ovarian cortex in the event ot’ trans- 
formation; this has since been shown to be Severinghaus 
found in a human intersex chromosomes characteristic of a male 
(X and Y ) ,  and WitschiI6O concludes from statistical data that the 
intersexes in his material develop at  the expense of the males. Moszko- 
W ~ C Z , ’ ~ ~  who is otherwise an ardent follower of Goldschmidt, a~sumes 
on morphologic grounds that male intersexes exist. 

Apart from the question of male intersexes, the theory of Gold- 
Schmidt has been severely criticized by Bridges,6o who developed the 
theory of genic balance. This is also based on the assumption of an 
abnormal quantitative relation of male and female sex factors, leaving 
the margin of either male or female factors insufficient to determine 
normal development. However, it is assumed that the individual is 
intersexual *and develops as such at all times, since the genic consti- 
tution does not change. I t  is pointed out that Goldschmidt’s results 
in arthropods can also be interpreted according to this concept. 

Goldschmidt’s theory was a potent stimulus for the examination 
and interpretation of the structure of human and mammalian inter- 
seses, as is evident from the review of M o s z k o w i c ~ . ~ ~ ~  However, it 
has not been a successful working hypothesis. If it were correct, all 

422. Gruenwald, P.: Am. J. Anat. 703359, 1942. 
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€orms should fall into one linear succession of degrees according to the 
times ol turning from female to male development. According to 
Moszkowicz, two such series of forms should exist, including also those 
resulting from transformation of primarily male individuals. However, 
the observed forms cannot be readily classified in this manner. More- 
over, in many attempts to determine the turning point by examination 
of the final condition, the same mistake has been made which occurred 
in many attempts of older teratologists to determine in a similar manner 
the latest time at which a given malformation could have started (tera- 
to/lcnrtisrlre Teriniiiatioizsperiodc). The morphologic differentiation 
of an organ at various stages of its normal developnient \vas taken 
as a criterion of its ability to deviate from the normal course and 
produce the malformation in question. Experimental embryology has 
definitely established the fact that in some cases a given step of 
differentiation may be determined before it is visible and that in others 
a fully developed differentiation may change under certain conditions. 
4s illustrations from the field of sex differentiation which show that 
it is impossible to determine a turning point with the aid of descriptive 
embryology, the following examples may be given: In rats ovarian 
follicles have been transformed into structures resembling seminiferous 
tubules long after birth by administration of testosterone pr0pionate.4~' 
Genetically male chick embryos which had been completely feminized 
by estrogenic treatment in early embryonic stages changed completely 
back to their genetic sex after hatching, their gonads, which were 
ovaries at hatching, becoming testes with s per ma to genes is.'^^ These 
considerations invalidate all attempts to support Goldschmidt's theory 
by reconstructing the turning point in human cases of intersexuality. 

Hormonal intersexuality occurs occasionally through the action of 
hormone-secreting tumors, and it has been produced repeatedly in the 
lahoratory by the administration of androgenic or estrogenic substances 
to embryos. In  both types the result depends, as is to be expected, 
on the kind, the concentration and the time of action of the substance 
adiiiinistered. Another factor of great importance is the genetic back- 
ground. Not only do corresponding embryonic primordia of genetic 
males and females react differently to hormonal stimulation, but various 
traits are fixed and resistant to changes to different degrees in different 
species. 

A coudition related to hormonal intersexuality, in which most of 
these factors are of importance, is that of the freemartin ; in this instance 
one of heterozygous twins is obviously influenced by substances trans- 
mitted through anastomoses of the circulatory system from the other 
twin. This has been discussed in part I, where it was mentioned that 
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the nature of the active substance and its relationship to sex hormones 
is not known. 

When an androgenic or an estrogenic substance is introduced into 
an individual, it acts by inhibiting some traits which would normally 
develop and by stimulating others which would otherwise regress or 
fail to develop. Burns 4?5 has emphasized that sex characters fall into 
two grdups, one in which there are two different structures, one of 
which develops in the male and the other in the female (“alternative 
characters”), and another in which the same primordium follows a 
course of progressive development in the male which is different from 
that followed in the female (“nonalternative characters”). I t  is obvious 
that if a primordium of the former group has disappeared in accord- 
ance with sexual differentiation (e.g., the wolffian duct in the female), 
it cannot be brought back into existende by hormonal reversal of sex. 
In regard to other primordia of organs which develop in both sexes but 
in different ways, it is extremely difficult to predict the extent to which 
transformation is possible at a given stage. Morphology alone cannot 
answer this question, as was discussed in a foregoing paragraph. 

Witschi 160 assumes, on the basis of experiments with amphibians, 
that the transformation of sex organs by action of hormones occurs 
by inhibition of structures of the sex opposite to that to which the 
newly introduced hormone pertains and subsequent compensatory 
growth of those of the other sex. The latter is not caused by direct 
stimulation by the substance administered. In agreement with this 
is the experience that if the left ovary of the chicken is removed, the 
right gonad (which never has an ovarian cortex) hypertrophies and 
develops into a testis, with concomitant ma~cul in iza t ion .~~~ Witschi 
extends his view to all vertebrates. It remains to he seen whether all 
findings in mammals are in accord with this. 

Embryologic experiments have not confirmed the expected division 
of sex hormones into strictly male and female ones. Stimulation of 
structures oi the opposite sex has repeatedly been found. However, 
Burns l.lQb holds that this occurs only when excessive doses are used. 
The extent of stimulation of the same organ (e. g., the prostate) differs 
in genetic males and females, apparently under the influence of the 
genetic con~ti tut ion.’~~ The morphologic residts of the administration 
of androgenic and estrogenic substances to embryos have repeatedly 
been ~ex-iewed.~” They are too complex to be described here. 

425. Burns, R. K.. Jr . :  Am. Naturalist 72:207, 1938. 
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Information on the interaction of genetic and hormonal factors has 
changed modern views on sex development. I t  was assumed until a 
few years ago that the genetic mechanism determines the sex of the 
gonad and with it the type of hormone to be secreted. The other, 
so-called secondary sex characters were believed to be determined by 
those hormones, and not by the genes directly. This concept evolved 
from the examination of relatively late, namely, postnatal, changes in 
which the influence of the genetic structure is overshadowed by con- 
spjcuous hormone actions. Experiments with embryos, as well as 
continued work with older stages, have demonstrated the fundamental 
importance of the genotype in the development, the maintenance and 
the reaction of sexually differentiated traits, including also the so-called 
secondary characters. This has been summarized by Moore,lJ3 who 
comes to the conclusion that in the embryo there is a long period of 
active sexual differentiation during which the gonads do not produce 
hormones and are not able to do so even when stimulated by the 
administration of gonadotropic substances. During this period the 
principal features of the sex organs differentiate apparently by direct 
gene action. However, during this same period the organs are susceptible 
to  the action of artificially introduced estrogen or androgen. Even later 
on the action of hormones of the opposite sex is counteracted to some 
extent by the genotype. This is illustrated by the development of 
genetically male chick embryos which are feminized by estrogen injected 
into the egg to the extent that they have normal ovaries and feiiiale 
genitalia. In  spite of this morphologically complete transformation. they 
revert to their genetic sex after hatching if treatment is discontinued, 
and are found later on to have functional 

Danforth 428 has shown in an instructive table the varying extent 
to which genes and hormonal influences affect the plumage of several 
species and breeds of birds. 

With these factors of genetic and hormonal determination of sex 
development in mind, one may attempt to interpret intersexuality as it  
is found in man and to formulate a basis for its management. It is clear 
from what has been said that a genetic intersex has no normal male or 
female sex. What some authors call the genetic sex of the individual, 
namely, the sex indicated by the number of sex chromosomes (either 
XX or XY), is of little value in these considerations, as it does not 
indicate the actual relation of male and female factors in the set of 
chromosomes. Imbalance of sex factors may go so far as to produce 
an individual of normal sex development and instincts opposite to the 
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sex indicated by the mere number of sex chromosomes. This is an 
extreme which may not occur in man, but all intergrades between it and 
the normal may be expected. 

The apparent combination of male and female bodily traits in the 
intersex had led many to assume an antagonism between male and 
female tendencies. In reality the only antagonism is that of the male 
and female genic sex factors, and this exists in normal individuals as 
well. In physical development a genetic intersex is as true to its own 
genotype as  is any normal individual. I t  is futile and misleading to seek 
the “real” male or female sex in intersexes. Since one knows that the 
genic control which guides embryonic sex development also exists later 
on and that hormone action is but superimposed on it, it is unreasonable 
to attempt to produce a normal sex by giving hormones or by removing 
them (gonadectomy). Each intersex produces its appropriate hormones, 
no matter whether its gonads are testes or ovaries. To remove testes 
because they seem to be in opposition to a predominantly female external 
development means to castrate the person, and shows a fundamental lack 
of understanding.lE4 It is also clear that attempts to determine the sex 
(in terms of male or female) of an intersexual child is futile, since no 
correlation has as yet been found which would permit one to determine 
the future psychic sex from somatic traits. For the same reason biopsy 
of the gonads is of no avail. It is therefore dangerous to do a plastic 
surgical operation on the genitalia of the infant with genetic inter- 
sexuality, since one cannot know at  that time what the psychic sex 
will be.429 It is necessary to declare an intersex as a male or a female, 
but this is arbitrary and has to be changed at  puberty in many cases. 
The relationship between intersexuality and homosexuality is not clear. 

Hormonal intersexuality offers to the physician an entirely different 
problem. When it develops in the embryo, it is usually due to hyper- 
plasia or adenoma of the adrenal which apparently produces 
an unidentified hormone. In  the majority of cases females are affected, 
as is also true of postnatal “interrenalism.” Elimination of the source 
of abnormal hormonal activity will allow the normal genetic sex to 
assert itself, and the structural changes will follow as far as is physically 
possible. 

I n  the medical literature the principles outlined in the foregoing 
paragraphs have been increasingiy appreciated during recent years. 
Novak 430 emphasizes the important role of genes‘ in the early phases 
of development of the genital organs. M o ~ z k o w i c z , ~ ~ ~  Schiller 16* and 
Greenhill and Schmitz 429 discuss the nature of the sex determination of 
genetic intersexes and warn against corrective procedures until the 

129. Greenhill, J. P., and Schrnitz, H. E.: West. J. Surg. 48:36, 1940. 
130 Sovak, E.: J. A. M. A. 105:413, 1935. 
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psychic sex manifests itself. Schiller stresses the grave coiisequeiices oi 
gonadectomy, even in cases in wliicli the sex of the gonads is seniingly 
opposite to that of the individual intersex. McCahey’s 43L position is 
not so well founded on biologic principles. H e  divides intersexes into 
genetic males and females. This leads him to the statement that ‘erec- 
tions of the phallus in genetic females are pathological” and that these 
must be prevented by excision of all testicular structures. It should be 
clear that erections of the phallus are nornial in any individual, and if 
an intersex with female feelings resents them, it is because of the 
excessive size of the organ. That might be dealt with surgically after 
puberty, when there can be no doubt of the psychic sex, but under no 
circumstances by gonadectomy. McCahey uses as a criterion of genetic 
femaleness the presence of derivatives of the miillerian ducts. a criterion 
which is entirely unfounded. 

The only genetic sex abnormality in which there can conceivably be 
antagonism between male and female parts is true lateral hermaphro- 
ditism. According to the only satisfactory explanation, this is a genetic 
mosaic, apparently due to a somatic mutation (see part I)  which leaves 
the two halves of the body with different genotypes. The assuinption 
that the entire body and not just the genital tract is affected is borne 
out by a corresponding lateral difference of the plumage of birds with a 
similar The fact that the halves of the body develop 
independent of each other points to the leading role of the genotype of 
the tissues, since the hormonal environment is the same. Gynandro- 
morphism has been reviewed by M o s ~ k o w i c z , ~ ~ ~  Witschi and others. 
A recent report of a human case is that of T-attimer, Engle and  yea^.^^' 

CARDIOVASCULAR SYSTEM A N D  BLOOD 

In spite of the large number and the intriguing features oi cardiac 
malformations, no direct information concerning their developmental 
mechanisms is available. Several theories of the abnormalities of septa- 
tion and of the relations of the large vessels tu each other and the heart 
are on The subject is too complex to be reviewed in brief, 
and the original articles should be consulted by those interested in this 
field. A s  a cause of cardiac malformations. maternal rubella occurring 
in the early months of pregnancy has been recognized,217 hut here, too. 
the mechanism is unknown. Fetal endocarditis as a possible cause has 
been suggested by some and rejected by others.42* Farher and Huh- 

431. McCahey J. F.: Surg.. Gynec. & Obst. 67:646, 1938. 
432. Lattimer, J. K.: Engle. E. T., and Yeaw, R. C.: J. Urol. 50:481, 1945. 
433. Spitzer, A.: Virchows Arch. f. path. Anat. 243:81, 1923; 271:226, 1929. 

Pernkopf, E., and Wirtinger, W. : Ztschr. f. Anat. u. Entwcklngsgesch. 100:563, 
1933. Lev, M.. and Saphir, 0.: J. Tech. Methods 17:126, 1937. 

434. Gross.?*? Weintraub and Himmelfarb.213 Footnote 214. 
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bard 'IGb point out that malionnations of the heart may IK tli\-ided iiito 
two groups, of which one, comprising severe disturbances of tlie structure, 
is caused by primarily abnormal development, whereas the other, con- 
sisting df stenoses or atresias of ostiums in otherwise normal hearts. 
may he due to endomyocarditis of the embryo. In some cases of the 
latter group, microscopic study reveals indications of a previous inflani- 
mation, such as myocardial fibrosis or areas of calcification. Cardiac 
~nalformations occur in more than 20 per cent of all cases of nion- 
golisni.l+'b Their relationship to the suggested causes of this tleficiency 
is unknown. 

Kemarkable success has recently been reportetl with tlie surgical 
treatment of certain rnaliormations o l  the heart atid large vessels.435 
This emphasizes the need for understanding and exact diagnosis of these 
conditions. Several workers have given directions for iliaking the 
d i agno~ i s . ' ~~  

-4bnornialities oi the blood vessels are also relatively frequent and 
. poorly understood. The inferior vena cava and other retroperitoneal 
veins are subject to much variation, as is to be espectetl in view of the 
complex pattern of the embryonic veins irom which they arise.437 
Hereditary anomalies of these veins are on record.'"s The relationship 
of vascular abnormalities to malforniations of the organs supplied has' 
led to much speculation, particularly in the case of dystopic kidneys and 
the anomalous origin of their vessels. The old theory that a1)normal 
renal vessels cause dystopia of the kidney is now generally al)aiid~iied. '~~ 
I t  is known that the permanent renal vessels develop onll- after the 
kidneys have reached their final location aiitl in accordance with that 
location. 

In early chick embryos almornialities of the extraeuibryoiiic vessels 
inay be essential parts oi coiiiplex syndromes of disturbances. Cairns 4(i 

has described in detail tlie inadequate development of tlie yolk sac 
vessels in homozygous Creeper embryos and the deleterious effect on 
the embryo. .\riother almormality. the so-called lethal ring, occurs in 
the wall of the yolk sac i n  riboflavin deficien~y.'~' Excessive dilatatioii 
of intraeiiibryonic vessels is found as  a seqtiel of anoxia in the chick.20' 

435. Blalock. A , :  Rull. Ne\\- York .\cad. l ied.  22:57, 1916. 
436. &man. IC. I..:  Grishrnan, A, and Steinberg, M. F. : .\m. J .  U s .  Cllild. 

65:923. 1943. Wliitc. 1'. D. : Heart Disease, Kc\\- Y-ork. Tlic llacinillati Cnm- 
pany, 1943. 

437. VcClure. C. 1:. W.. and Huntington, C,. S.: lfainnialian \.etia Cava 
Posterior. -4merican .'\natoniical Ncmoir 15. Philadelphia, \Vistar Iiistitute of 
Anatomy and Biology, 19-79. p. I .  Gruenwaltl. P.: Reitr. z .  path. rlriat. 11. z. a lk .  
Path. 101:439, 1938. 

438. Mch'utt, C. IV., and Satvin. P. B. : .kin. J. . h a t .  72:2595. 1913. 
439. GrubeF.+12 Gruennald. P. : Virchows .4rch. f .  path. Anat. 30Si47. 1938. 
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:\LJnormalities of the blood and the blood-forming tissues may be 
primary, on a genetic basis, or secondary to other defects. Well studied 
examples of the former kind are described by Gruneberg.lr The latter 
type consists of anemia, more or less compensated by persistent extra- 
niedullary blood formation. It occurs if there is insufficient space for 
marrow in the skeleton, as in ch~ndrodystropliy,~'~ or if fetal blood is 
destroyed by specific antibodies of the mother in so-called erythroblastosis 
fetalis, which will be described in more detail in a later section. 

CLEFTS OF T H E  FACE 

In older accounts the development of clefts of the face is usually 
attributed to the persistence of an early embryonic condition in which 
parts of the future face (medial and lateral nasal processes and maxillary 
processes) are separated from one another by fissures. Several investi- 
gators have recognized the fallacy of this explanation ; particularly, 
Fleischmann 441 has emphasized that the so-called clefts occurring in the 
iace of the normal early embryo are mostly grooves with a solid bottom. 
which disappear later on, not by fusion of adjacent parts but by filling 
in oi mesenchyme under the intact epidermis. In  the case of the groove 
Ixtween the medial nasal and the maxillary process the so-called cleft is 
filled from the heginning with epithelium of the thickened lower portion 
of the nasal plate, which is then partly replaced by me~enchynie.'~' 

Politzer 4*3  shows in a critical survey that various types of abnormal 
cleft of the face develop in entirely different manners. Harelip, with or 
without corresponding clefts of deep structures, develops at  the site of 
the aforementioned epithelial mass separating the medial nasal from the 
maxillary process, when mesenchyme fails to penetrate it. Early human 
stages of this malformation are k n o ~ n . " ~  An oblique cleft running from 
a lateral part of the mouth to the eye was formerly explained as a 
persistent separation of the lateral nasal from the maxillary process. 
Politzer4*S points out that this type of cleft represents an irregular 
laceration of the face by mechanical force (e. g., thaf of an amniotic 
band) connecting two weak points, namely, mouth and eye. This is 
supported by the relation of such clefts to various structures, particularly 
the nasolacrimal duct, a relation which could not occur in a persistent 
einhryonic condition. A third group, the median defects of the upper 
jaw, is considered by Politzer to consist of low grade cyclopic defects. 

In  rats cleft palate has been produced by a nutritional deficiency of 
the pregnant mother, which also causes a variety of other skeletal 

440. Landauer, W., and Thigpen, L. W.: Folia haemat. 38:1, 1929. 
441. Fleischmann, A,: Sitzungsb. d. phys.-med. Soz. zu Erlangen 69:315, 1937. 
442. Veau, V., and Politzer, G.: Ann. d'anat. path. 13:275, 1936. 
443. Politzer, G.: hlonatschr. f .  Ohrenh. 71:63, 1937. 
444. Veau, V. : Ztschr. f. Anat. u. Entwcklngsgesch. 108:459, 1938. 
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malforiiiation~.~'~ Hereditary cleit palate of laboratory animals has been 
studied in several instances?*6 One instance is that in which modifying 
genetic factors influence the expression of the defect and may completely 
inhibit its ap~earance.~T* Reed 47b assumes that the inheritance observed 
in his strain of mice may well be similar to that in man. The genetics of 
human harelip and cleft palate has been discussed by Mather and 
Philip.447 

TISSUE .\IALFORMATIONS 

In  this section abnormal differentiations or locatioiis o i  tissues 
Kill be discussed as far as they are not part of gross anatomic malfor- 
mations, and exclusive of the problem of tumor growth, which will be 
referred to in part I11 of this review. -4bnormal histologic differ- 
entiation is often discussed in connection with tumor growth, partly 
because abnormal growth seems to produce changes in differentiation 
and partly because abnormal tissues often reiiiairi unrecognized unless 
they give rise to tumors. The older literature contains several large 
review of tissue r n a l f o r m a t i o n ~ . ~ ~ ~  

There is no essential difference betn-een the embryo and the adiilt 
in the developmental mechanisms of tissue nialforniations, and in 
many cases in which these have IJeen found iii adults, the time of 
development is unknown. For these reasons embryonic and postnatal 
conditions will now be treated, and no attempt will be made t o  fintl 
essential differences between the two kinds. 

The histologic identification of abnormal tissues must be discussed 
here. I t  is often difficult and in many cases is carried out inadequately. 
Identifications which should be not more than suggestions are often 
taken for well established ones. In most cases one can demonstrale 
little or no evidence of a specific cellular function which might aid in 
the identification, and often a tissue is classified only by its appearance 
in histologic sections stained routinely with Iiematoxylin and eosin cr 
by a similar method. Size and texture of nucleus and cytoplasm as 
seen in these sections are compared with those seen in normal cells. 
I t  should he clear to every one that these are but superficial ant1 

445. Warkany, J . ;  Kelson, R. C., and Schraffenberger, E. :  Am. J. Dis. Child. 

446. Reed and Snell.Jia Reed, S. C.: Genetics 21:339, 1936; footnote 47 b. 

447. Mather, K., and Philip, U.: Ann. Eugenics 10:403, 1940. 
448. Meyer, R.:  Ergebn. d. alIg. Path. u. path. Anat. (pt. 2) 9:518, 1905; 15:430. 

1911 ; Ztschr. f. Geburtsh. u. Gynik. ?I:Zl, 1912, Herxheimer, G., in Schtvalbe,25G 
1913, pt. 3. Fischer-WaseIs, W., in Bethe, A.; von Bergmann, G.;  Embden, G., 
and Ellinger, A. : Handbuch der normalen und pathologischen Physiologie. Berlin, 
Julius Springer, 1927, vol. 14, pt. 2, p. 1211. 
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iiiireli:tlik criteria. '1.1.) give an example, tissues have been identified 
i n  iiiany different instances as adrenal cortex on little more hasis 
than the presence of vacuolated cytoplasm. This is justified i f  one finds 
in addition the characteristic structure of a glomerular and a fascicular 
zone as one sometimes does i n  the epididymis, or if the tissue in 
qrie.stioii is located where one would expect adrenal cortex to develop, 
as i t i  clcise proximity of the main organ. O n  tlie other hand, a striking 
instaiicc in which the diagn0si.s of adrenal cortex appears unwarranted 
t o  iiic i.s that  of a node of large, foamy cells found in the orbit.*+" I n  
tlie report of that case, neither the structure of adrenal cortex was 
clescribed, iior nere  any special methods used which, by the demon- 
.stration of certain , chemical compounds, would suggest (though not 
establish) the diagnosis. I t  is so improbable on embryologic grounds 
tliat adrenal cortex would be present in this particular location that 
the vacuolated appearance of the cytoplasm is insufficient for the sug- 
gested diagnosis. Similar difficulties are encountered in many other 
instances, particularly often in cases in which structures of the urogeni- 
tal tract are involved, eg., tumors of the gonads and tlie kidneys. This 
is probably due to the unusually wide variety of developmental poten- 
cies which the tissues of the urogenital tract possess.45o Another field 
in which the identification of cells has aroused much argument is that 
of hemopoietic and lyinphoid tissues; here, too, the cells have a great 
variety of potencies, at least in the early Ihases of their differentiation. 

1 he range of developmental potencies plays an important role in 
many tissue malformations. In  many instances there is no experimental 
proof of the multiplicity of potencies in later stages of development. 
However, descriptive histology and eiiihryology have brought forward 
niany instances in which several cell ,types develop from a common 
ancestor in late embryonic or postnatal stages. Since the possessioii 
of multiple potencies is not a peculiarity of embryonic cells, one is lint 
justified in designating cells of the mature organism as einbryonic 
hecause they appear to have latent potencies.'S' The visible differen- 
tiation of a cell type cannot serve as an indication of its range of latent 
potencies, and there is no reason. to postulate "undifferentiated" cells 
\vheh evidence of latent potencies is discovered, or to deny the possibility 
of activation of latent potencies because the tissue in question shows 
some differentiation. If one gives due consideration to the possibility 
of activation of normal latent potencies, the assumption of persistence 
of embryonic germs becomes superfluous for the explanation of most 
dystopic There is little direct evidence of the existence of 
such germs. 

I ,  

449. Hughes, L. W., and Arnbrose, A,: J. A. 11. A. 126:231, 1941. 
450. Gruenwald, P.: J. Morphol. 70:353, 1942. 
451. Gruenwald, P.: Arch. Path. 36:190, 1943. 
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Gruenwald i52 recognizes two principal types of development of 
dystopic tissues and describes examples in human embryos. One is 
true aberration of tissue germs; that is, they depart from the normal 
point of origin into abnormal locations. Examples are aberrant bile 
clitcts and accessory adrenal medulla. The other type arises by abnor- 
mal differentiation of cells in loco; these cells do not migrate and are 
not displaced from the region where the tissue which they form is 
normally found. Examples are ectopic renal tubules, accessory adrend 
cortex or bone developing in abnormal locations. These formations 
develop by activation of potencies which the cells in loco normally 
have. Induction may have a part in this activation ; thus, ectopic renal 
tubules may under certain conditions be induced by nerve tissue 4J3 and 
hone by mucosa of urinary passages.454 

To these mechanisms which produce tissues where they would not 
normally occur at any time, one might add inhibition of development.' 
occurring either as a failure to differentiate fully or as a persistence 
of tissues which normally disappear. Finally, there may be devious 
differentiation not corresponding to any normal tissue at any stage. 
'The occurrence of pure failure of differentiation (the undifferentiated 
tissue being present) is doubtful unless one wishes to regard as such 
the absence of a kidney in a case in which the nephrogenic tissue is 
present in its mesenchymal state but fails to differentiate into nephrons. 
However, incomplete differentiation occurs as part of a' complex dis- 
turbance, such as inhibited myelination of nerve fibers in mongoloid 
defi~iency."'~ Failure of a tissue to disappear is responsible, for 
example, for ectopic thyroid tissue and epithelial ducts at the site of 
the embryonic thyroglossal duct or for persistence of mesenchyme in 
the vitreous body of the eye.485 Devious differentiation offers great 
difficulties to interpretation, as the customary comparison with normal 
tissue fails. It occurs to sottie extent in many tumors, particularly if 
the mother tissue has an intricate structural pattern which the tumor 
cannot duplicate. A good example of devious differentiation is that 
of the grotesque cells found in the brain in tuberous sclerosis. 

Of great theoretic interest are the multiple hamartioses 318 affecting, 
for instance, in the case of the tuberous sclerosis complex the brain, 
the eyes, the heart, the kidneys and the skin. Sothing is known of 
their cause except that they may be familial. To explain them all 
simply by defective organizer action, as Moolten 31R does, is not justi- 

452. Gruenwald, P.: J. Urol. 48:224, 1942. 
453. Gruenwald, P.: Anat. Rec. 86:321, 1943. 
454. Huggins, C. B.: Arch. Surg. 22:377, 1931. Huggins, C. B.; McCarroll, 

H. R., and Blocksorn, B. H.: ibid. 32:915, 1936. 
455. Reese. -4. B., and Payne, F.: Am. J. Ophth. 29:1, 1946. 
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fied until many other possibilities are excluded and the organizers 
involved are better known. 

The problem of dystopic adrenal cortex and related tuinors has 
been studied extensively. They will be discussed here as examples 
of tissue malformation. Many writers have believed that accessory 
corticoadrenal nodules developed by aberration of some of the buds 
which grow into the retroperitoneal tissue from the mesothelium in 
the early phases of adrenal development. More recently Uotila 4 5 G  and 
Gruenwald failed to find the ingrowth of distinct cell cords during 
normal development. The adrenal cortex is nonepithelial for a consid- 
erable period after its origin; it develops from mesenchymal cells of 
the celomic wall by differentiation in I O C O . ~ ~ ~  A similar mode of origin 
is postulated for accessory cortical tissue in any location. All definitely 
identified accessory nodules appear where the mesenchyma may reason- 
ably be assumed to possess the necessary developmental potency, namely, 
in the retroperitoneal tissues and their derivatives. Investigators do 
not know what determines the activation of this potency in some cells 
and not in others of these tissues. Only in an isolated instance has a 
condition been observed in which cortical cells regularly developed 
outside the adrenal gland : After complete adrenalectomy adrenal cor- 
tes  tissue differentiates in the ovaries of ground squirrels and mice 
and maintains life indefinitel~. '~~ This differentiation is apparently 
mediated by the hypophysis, as it does not occur in hypophysectoinized 
animals.*57a 

I t  is not easy to determine the extent to which accessory cortical 
nodules should be considered as normal. They have been described 
as regular components of the epididymis and the epoophoron of the 
rabbit.458 In the hedgehog and the cat the testis and the ovary com- 
monly contain them.459 In man, accessory nodules can be found in 
and near the adrenal capsule on careful search in almost every adrenal 
gland examined, particularly in those of young persons. They are 
encountered in the epididymis much more commonly than the occasional 
case reports 460 would make one believe. A genetic influence on the 
amount of accessory adrenal cortex that develops was found in rats 
when it became apparent that certain strains are unsuitable for experi- 

456. Uotila, U. U.: Anat. Rec. 76:183, 1940. 
457. Groat, R. A.:  (a) Endocrinology 32:488, 1943; ( b )  Anat. Rec. 89:33, 1944. 

458. Lacassagne, A., and Nyka, W. : Compt. rend. SOC. de biol. 118: 1406, 1935 ; 

459. Watzka, M.: Ztschr. f. mikr.-anat. Forsch. 43:235, 1938. 
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mental adrenalectomy because of the frequent occurrence of accessory 

The origin of the so-called hypernephroma (in the widest sense) 
has been controversial because this renal tumor presents structural 
traits resembling those of adrenal cortex. .The followers of the theory 
of adrenal origin of the hypernephroma have referred to the frequency 
with which adrenal nodules occur in the kidney, sometimes combined 
with h y p e r n e p h r ~ m a . ~ ~ ~  Cases in which adrenal gland and kidney are 
enclased in a common capsule have also been cited in this connection.'8n 
Furthermore, in the tumors in question the distribution of vitamin A 
resembles that in the adrenal Actually, the adrenal tissue 
occurring in the kidney is of significance not so much to account for 
the point of origin of the tumor as to indicate that the tissue in which 
these cell groups have developed has adrenal cortical potencies. The 
presence of these potencies would make it possible for renal tissue to 
form an adrenal tumor or a growth of hybrid differentiation combining 
traits of kidney and adrenal The fact that tubules are present 
in some of these tumors does not exclude a relationship to adrenal 
cortex, since lumens occur in corticoadrenal cell cords in mammals,'s6 
as well as in humap embryos and  infant^.'^' 

Dystopic endometrium can probably develop in several manners. 
When it occurs in the myometrium as adenomyosis, it has obviously 
appeared there by growing in from its normal location. On the other 
hand, endometriosis outside the uterus must be explained either by 
implantation of endometrial germs or by activation of latent potencies. 
It has been demonstrated that all known locations of endometriosis 
are such that the presence of the necessary potency is a reasonable 
a s s ~ m p t i o n . ' ~ ~  

The cutaneous nevus has received much attention during recent 
years and most observers now agree that it contains nervous elements 

461. Gaunt, R.: Am. J. Physiol. 103:494, 1933. Gaunt, R.: Gaunt, J. H., and 
Tobin, C. E.: Proc. SOC. Exper. Biol. & Med. 32:888, 1935. Cleghorn, R. A.; 
Cleghorn, S. M. M.; Forster, NT. G., and McVicar, G. A.:  J. Physiol. 86:299, 
1936. Ingle, D. J., in The Rat in Laboratory Investigation, Philadelphia, J. B. 
Lippincott Company, 1942, p. 291. 
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and distorted tactile corpuscles.469 This conclusion has distracted atten- 
tion from the old argument as to whether the nevus tissue originates from 
the epidermis or the connective tissue. Recent workers have not dis- 
cussed the problem of the origin of the nevus cell. It seems to me that 
the relation to nerve tissue, the pigmentation and the presence in the 
skin and (as melanoma) in the meninges are satisfactorily accounted 
for by assuming an origin from neural crest cells. These cells are 
known to migrate in the vicinity of the central nervous system and also 
along the skin of the embryo. They form either nerve cells and their 
supporting cells (connective tissues) li0 or the pigment cells of the 
 kin.^" Foot 472 does .not mention this obvious possibility in a chart 
of the normal tissues and tumors derived from the neural crest. 

A special problem apart from others in this field is that of teratomas. 
I t  is obvious that teratomas containing a variety of tissues must origi- 
nate from pluripotent, if not omnipotent, cells, which thus resemble 
either germ cells or blastomeres or the cells in a few areas of the 
embryo where germ layers are not distinct and one cell group gives 
rise to a great variety of tissues (eg. ,  the prechordal region or the 
primitive streak), All of these possibilities have been suggested as 
the germs of teratoma. The problem has been reviewed by S c h ~ a l b e . ~ ~ ~  
More recently Holmdahl 4i3 has accepted all of hie aforementioned 
possible sources but favors the origin from areas where no distinct 
germ layers differentiate. Schlumberger 474 assumes that teratomas 
of the gonads originate from primordial germ cells and that teratomas 
arising in other places are due to "dislocation of tissues during embryo- 
kenesis," particularly in his cases of teratoma of the anterior medi- 
astinum. In support of the theory of origin from germ celis, reference 
has been made to the parthenogenesis-like development of egg cells 
observed in the ovaries of various. n~amtnals .~ '~ Michalowsky and 
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others 4ia have produced teratomas in the testes of fowl by injecting 
zinc salts. I t  has recently been suggested that many of the common 
types of testicular tumors of man are teratomas or resemble teratomas 
in that they are “neoplastic expressions of the unlimited potencies of 
embryonic cells.” 4i7 Many of these tumors contain trophoblastic 
tissue. 

Budde lis compares the origin of teratomas with that of double 
monsters. If the malformation originates early in the development of 
an embryo, it results in a double monster, and if a comparable distur- 
bance occurs later, it produces a teratoma. This matches well with the 
observation of Edmonds and Hawkins 259  that twins and teratomas 
occur in the same families. The problem of the homology of teratoma 
with an embryo (i.e., a parasitic twin) has been discussed by many 
writers. Willis 480 and Needham * deny any homology 
of the two. One of their principal arguments is based on the lack of 
organization of the whole structure as indicated by the absence of 
segmentation. However, Schauffler .L81 reports a teratoma with a seg- 
mented vertebral column. Other cases of a fetiform inclusion with 
extremities and other fairly well organized parts of a body have 
recently been reviewed, and a new case added by P l a ~ t . ~ ~ ~  H e  con- 
siders the (so far not observed) development of the highly organized 
malformation, with skull, vertebrae, extremities and other parts, as a 
distorted replica of the development of an embryo. I t  is true, as 
Needham states, that many times “innominate” structures in teratomas 
have unjustifiedly been compared to complex organs ; yet there are 
well authenticated instances of high differentiation (eg. ,  of liver and 
kidney or cerebellum 4 8 3  in addition to the aforementioned fetiform 
inclusions. 

In  recent years interest has shifted from the mother tissue of tera- 
toma to the mechanism of development. In this connection organizer 
phenomena have been widely mentioned as responsible for the structure 
of the teratoma. Krafka4s4 assumes in his organizer theory the pro- 

476. Michalowsky, I.: Centralb!. f. allg. Path. u. path. Anat. 38:585, 1926. 
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duction oi secondary embryonic axes by “interference with the normal 
effect of the organizer,” in analogy with the secondary body axes 
induced in amphibians by implantation of additional organizers. In  
essence, this theory comes close to that of Budde ‘X (see the foregoing 
paragraph) and to the theory of blastolysis of Werber l0lb (see part I). 
The presence of organizer action within organ primordia in teratomas, 
e.g., kidneys, is obvious. 

Needham * distinguishes two phases of organizer action : evocation 
and individuation. Evocation stimulates differentiation but does not 
determine its exact pattern, whereas individuation includes the ‘deter- 
inination of complex and harmonious developmental patterns. In  the 
ectoderm of experimental embr\-os the induction of nervous tissue 
produces under certain conditions irregular tubes or cell masses by 
evocation, and under other conditions a neural tube with brain vesicles 
at one end, which is individuation. If a piece of tissue which would 
have the latter effect when transplanted in the living state is boiled 
before implantation, it will still act as evocator but will no longer 
produce individuation. Needham therefore compares teratomas with 
their irregular arrangement of highly differentiated tissues to the effects 
of dead organizers (without implying that there was actually induction 
on the part of dead tissue). Since, however, some teratomas show a 
considerable measure of individuation (see a foregoing paragraph), it 
might be better to assume that there is loss of individuation in the 
development of teratomas to a varying, though usually high, degree. 
Needham further points out that evocators occur commonly in the 
organism, and it may therefore be more important to give consideration 
to the presence of cells which will react to these evocators by producing 
the variety of structures found in teratomas. This leads back to the 
older embryologic speculations about tissues which may be expected 
to have a sufficient range of developmental potencies (blastomeres, germ 
cells and others). 

EXAMPLES O F  SYNDROMES OF MALFORMATIONS 

A few well studied syndromes will be described, which affect sev- 
eral parts of the body. Each of these has been referred to in the 
foregoing pages, and it remains to summarize and correlate the various 
abnormalities. 

The Creeper FmZ.-The Creeper gene (Cp) is dominant over 
its normal allelomorph, or allele (cp), and produces in the heterozygous 
condition chondrodystrophy. The  gkne is lethal, and most CpCp 
embryos die on the fourth to sixth day of incubation. A Ew survive 
but fail to hatch ; these have phocomelia and ocular malformations. 
In early stages Cpcp embryos show no abnormalities and cannot be 
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distinguished from normal (cpcp) ones. Among the CpCp embryos 
there is considerable variation of structure, and only recently satis- 
factory criteria have been es tab l i~hed . '~~  All of these embryos have 
a defective yolk sac circulation. If this is severe and the vitelline 
vessels do not develop as continuous channels at all, the embryos show 
severe general retardation, intraembryonic anastomoses between large 
arteries and veins, and asymmetry of the eyes and the  otocyst^.'^ This 
asymmetry exceeds the extent found in normal embryos and is 
explained by the fact that the oxygenation afforded the organs by the 
blood stream is deficient; the part near the egg shell (in fiormally 
rotated embryos, the right side of the head) gets a better supply of 
oxygen by diffusion than do the parts on the opposite side.4B In those 
CpCp embryos in which a better vitelline circulation develops, the 
effects on the embryo are a t  first minimal or absent (these embryos 
have not been examined in serial sections). The vascular network 
of the yolk sac is abnormal in these as well; there is no terminal vein, 
and part of the vessels contain stagnant blood. Eventually all circula- 
tion in the vitelline vessels stops, while the heart keeps pulsating, and 
the embryo dies shortly thereafter.485 Just what the early characteristics 
of those CpCp embryos are which live longer and become phocomelic 
is not known. Landauer 5r recently reported that a higher proportion 
of CpCp embryos survive to late periods of incubation if the tempera- 
ture during the first day of incubation is kept lower than usual, at % F. 

The developmental potencies of CpCp and Cpcp limb buds have 
been studied by In  the limb bud stage the phocomelic 
and chondrodystrophic abnormality appears to be determined, since 
transplanted limbs develop as they would in the embryo from which 
they came (apart from changes which the altered conditions would 
produce in any limb). When the effect of the disturbed circulation 
in CpCp embryos was recognized, regions containing the limb material 
were transplanted from embryos prior to the development of blood 
vessels. These also developed into phocomelic or chondrodystrophic 
structures, depending on the genotype. Apparently abnormal circula- 
tion has no part in the determination of phoc0melia,3~~~ 

Experimental transplantation of the eyes of CpCp embryds has 
been reviewed in a foregoing section. The experiments show that the 
coloboma of the phocomelic embryo is also independent of the abnormal 
circulation. In contrast to the skeletal changes, however, it is not 
inherent in the primordium-of the eye at the time of transplantation. 
I t  seems that an influence of some adjacent part determines this 
r n a l i o r m a t i ~ n . ~ ~ ~  In a review of the manifestations of the homozygous 
Creeper condition which incorporates part of the work just quoted, 

485. Cairns, J. hl., and Gayer, K.: J. Exper. 2001. 92:229, 1943. 
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Hamburger Iq finds four abnornial mechanisins which are not correlated 
by any developmental links known to investigators. ( 1) In the majority 
of CpCp embryos a deficiency of the vitelline circulation leads to various 
severe malformations and early death ; a mild degree of this may exist in 
those embryos which survive to become phocomelic. and may exert a 
hitherto unknown influence. ( 2 )  A disturbance of chondrogenesis coin- 
hined with ( 3 )  a reduction of growth of the linihs produces phocomelia. 
There is an insufficient ainount of bone marrow iii this condition, antl 
this leads to anemia antl enlargeinent of the heart and the spleen. 
(4)  --\ti abnormality of the head inesenchyme apparently induces ocular 
malformation in phocomelic emylxj.os. (The asymmetric iiialforrnation~ 
of the eyes of early prothanic CpCp eiiil)ryos are due to the first- 
mentioned mechanism.) 

As to the chondrodystrophy of Cpcp chicks, it will be remembered 
that Landauer 3Jzc holds that it differs from phocomelia only in degree. 
Ocular malformations do not occur in these chicks. 

"Myelencephalic Blebs" in Mice.-Much of the interest in this 
hereditary trait has been directed toward the production of the mutation. 
which is supposed to have been caused by roentgen irradiation of 
an animal from which this stock was derived. Some investigators 
believe now that there was no causal relationship hetween the irradia- 
tion and the origin of the mutation (see part I) .  The genetics of this 
trait has been extensively studied." 

The malformations are partial defects of the jaws, the eyes, the 
extremities and possibly the kidneys.s81 There is considerable varia- 
bility of expression, and only part of the defects are present in a single 
animal. Bonnevie 334 found that the initial ahnormality consists in the 
discharging of an excessive ainount of cerebrospinal fluid from the 
fourth ventricle through the normal foramen anterius into the over- 
lying tissue. This fluid forms blebs between the epidermis and the 
cutis. Owing appareiitly to peculiarities oi the shape of the body, these 
blebs move in the same layer until they are either resorbed or reach 
points from which they cannot escape, such as the tips of the jaws or 
the extremities or the eyes. The temporary presence of blebs causes 
no permanent changes. However, when they come to rest, hemorrhage 
occurs into their cavities, and eventually they produce a local disturbance 
of development in the regions mentioned. 

When this trait was crossed out to different stocks of inice, the 
effects varied somewhat, so that the existence of genic modifiers had 
to be assumed. BonnevieZ3' suggests that these modifiers act by 
changing the curvatures of the embryonic body which, in turn. influ- 
ences the direction in which the blebs move. 

described in detail the development ot the renal malfor- 
mations of the same strain of mice. The); consist in failure of the 

Brown 
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ureteric bud to grow out to its full length or to branch properly and 
in associated failure oi the metanephric blastema to differentiate into 
nephrons. These events are obviously not determined by the presence 
of blehs of cerebrospinal fluid. Bonnevie 334 failed to find any malfor- 
mations of the kidneys in her mice and concluded that these abnormal- 
ities are probably not effects of the same gene which is responsible for 
the blebs. Another possible explanation for this discrepancy is the 
action of modifiers. 

Bonnevie's account of the origin of the malformations of this strain 
has furnished what is perhaps the best known example of a mechanical 
correlation of multiple defects of various parts of the body. Unfortu- 
nately, this has stimulated unwarranted speculation and has led several 
writers to extend a theory of myelencephalic blebs to totally unrelated 
conditions. Ullrich48g quotes as evidence of the validity of this theory 
in human teratology a description of a 4 month fetus with cystic 
dilatation of lymph spaces in the neck.487 Both the stage of development 
and the nature and the location of the cysts in that case are entirely 
incompatible with myelencephalic blebs. Engel 488 explains by this 
bleb theory a dozen unrelated syndromes of malformations, among them 
mongoloid deficiency and gargoylism (lipochondrodystrophy). For- 
tunately, these theories have not received undue consideration by 
other authors. 

Efec t s  of Heterospecific Pregnancy.-Certain differences of blood 
groups between mother and fetus cause various, often fatal disturbances 
in the latter if antibodies against the group-specific substance of the 
fetus develop in the mother?* The best studisd effect is the so-called 
erythroblastosis fetalis, caused by destruction of fetal erythrocytes by 
maternal antibodies. In about 90 per cent of the cases this is found in 
Rh-positive babies of Rh-negative mothers (i.e., the baby's erythrocytes 
are shown by test to contain an Rh factor, while the mother's are shown 
not to contain i t )  ; in, the remaining instances there are other group 
differences, namely, of the A or B groups.e3 The complex genetics 
of the Rh-types has been studied by Wiener, Sonn and P~livka. '~' 
Newborn babies with this disease have enlargment of the liver and 
the spleen and often also of the adrenal glands, the heart and the 
pancreatic islet~.~*Ob Similar enlargements occur in children of dia- 
betic mothers.14ob and also occasionally without any known cause. The 

486. Ullrich, 0. : Klin. 1Vchnschr. 17: 185, 1938. 
487. Gruenwald, P., and Kornfeld, IV.: Beitr. z. path. Anat. u. z. allg. Path. 
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mechanism of these changes is unknown. Histologically, extensive 
extramedullary blood formation is found in various organs in fetal 
erythroblastosis. However, this does not fully account for the gross 
changes just mentioned. Macklin suggests that erythroblastosis 
be diagnosed only if iron deposits due to hemolysis are demonstrable 
in the liver by histochemical means. 

Changes other than anemia and its immediate sequelae have been 
produced by heterospecific pregnancy. They are of great importance 
and perhaps not fully recognized a t  the present time. Universal hydrops 
of the fetus is a well known manife~tation.~?? I t  occurs occasionally 
withodt apparent relation to heterospecific pregnancy.4g1 A reaction 
between antigen and antibody occurring in the body cells has been 
suggested as the cause of the damage of the liver, since the jaundice 
in some cases is out of proportion to the hemoly~ i s . ' ~~  The damage of 
the brain may be due to the damage of the liver,322d to the anemia3'" 
or to agglutination thrombi lodged in cerebral blood vessels.493 If it 
occurs in jaundiced patients, it is often quite conspicuous as the 
so-called kernicterus (encephalomyopathy with icterus). The presum- 
able sequelae of this condition have been reviewed by D ~ c t e r . ~ * ? ~  In a 
small number of cases kernicterus is not associated with erythroblas- 
t o ~ i s . ~ ~ *  There are indications that damage of the brain due to hetero- 
specific pregnancy may occur without other manifestations, remain 
unnoticed in the young infant and account for a considerable percentage 
oi cases of undifferentiated f eeb lemindednes~ .~~~  Levine 493 suggests 
that fetal or neonatal death without characteristic anatomic findings 
of hydrops or erythroblastosis may also be due to the same cause. 
Haldane 40e estimates that the effects of Rh-group differences between 
mother and fetus account for more human deaths than any other genic 
difference. 

Wiener 4QT has recently stated that a difference of action between 
two kinds of antibodies which the mother may form accounts for two 
different syndromes within the group of erythroblastosis (in the wider 
sense). .Agglutinins are believed to cause fetal erythroblastosis (in the 
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strict sense), jaundice of the newborn (icterus gravis neonatorum) 
and encephaloniyopathy with icterus (kernicterus). The agglutination 
thrombosis of blood vessels of various organs \vhich Wiener holds 
responsible for damage of tissues, has not been found by other workers 
up to this time. If, on the other hand, blocking antibodies pass from 
the mother to the fetus, severe sequelae will include death of the fetus, 
which in many instances shows hydrops; in less severe involvement 
there will be congenital hemolytic anemia. The ability of the mother 
to produce one or the other kind of antibody against the fetal Rh 
antigen depends on a hereditary factor. 

The knowledge of heterospecific pregnancy has already led to the 
establishment of diagnostic methods and to rational directives for 
transfusion therapy of the hemolytic aneniia. However, improved 
postnatal treatment will prevent death from anemia only. Other, per- 
haps more serious damage, which occurred before birth, cannot be 
undone. Investigators have not as yet established the full range of 
ahnormal conditions caused by heterospecific pregnancy, particularly 
those in the field of neuropsychiatry. It may turn out that many of 
the infants who are saved by better postnatal care have severe defects 
unless, as Wiener 497 has suggested, those infants who can be saved 
are not the ones with dainage of the brain. 



MECHANISMS OF ABNORMAL DEVELOPMENT 
111. Postnatal Developmental Abnormalities 

PETER GRUENWALD, M.D. 
NEW YORK 

N the introduction to this review the fact was emphasized that no I strict separation exists between developmental abnormalities of early 
life, on the one hand, and many of the pathologic conditions of the 
mature organism, on the other. One might contend that some measure 
of development is involved in all pathologic changes of the structure of 
the body, and thus bring morphologic pathology almost entirely into 
the scope of developmental pathology. However, the present part of 
this review will be confined to some of the more obvious deviations of 
postnatal development. It will not include those subjects which are 
customarily treated in a systematic manner in textbooks-for example, 
the structural changes resulting from inflammation or from the action 
of hormones. An attempt will be made to cite examples which are 
comparable to embryonic abnormalities mentioned in the preceding 
parts, in order to establish a link between the developmental pathology 
of the embryo and that of the adult, which is much better known. 
Usually they are considered from different points of view. 

All those causes of structural changes which were discussed in part I 
with particular reference to the embryo are also effective during post- 
natal life. However, their relative importance is different in the two 
periods of life. After birth the action of intrinsic (genetic) causes, while 
still demonstrable in many instances, is overshadowed by that of 
extrinsic agents, such as mechanical forces, chemical substances, actinic 
rays or infectious organisms. Similarly. the mechanisms of correlation 
by whiih multiple effects are produced after one initial lesion of the 
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embryo (see part 11) are all still in existence after birth, though not 
with the same relative significance. 

During normal development there is a gradual shift in the extent 
to  which various correlations are active; this is reflected in a similar 
shift of the mechanisms of abnormal development. After birth, the 
basic developmental pattern of the organism is no longer subject to 
changes, and developmental correlations-for example, induction-are 
active only in the limited spheres of tissue differentiations. Genetic 
control of structure exists at any time, but it is not so obvious after 
birth. On the other hand, correlations based on organic functions, 
particularly those o i  the nervous systems and the endocrine glands, 
gain greatly in significance. The space allotted to the effects of various 
agents and correlations in the following pages will not reflect their rela- 
tive significance, as  those changes will be discussed in detail which 
are less known and which resemble the ones that are more prominent 
in the embryo. 

HEREDITARY ABNORMALITIES 

Many of the abnormal hereditary traits appear after birth, and with 
all methods at one’s command it is impossible to detect in the newborn 
an abnormality which might have developed before birth. Examples 
to illustrate this will be cited here with the reservation that there may 
have been failures to discover prenatal changes. This consideration and 
the fact that the abnormal genotype is present in the organism at all 
times, no matter when it manifests itself structurally, show that there 
is no essential difference between hereditary changes appearing during 
various periods of life. 

The purely descriptive literature on many of the hereditary conditions 
in man will not be reviewed. It  may be found through references in 
texts of human  genetic^.'^ 

Reference has been made previously in this review to the fact that 
even in the well protected embryo the manifestation of hereditary traits 
may be influenced by the environment. This holds, of course, to a much 
greater extent for postnatal life. The modifying effects of various 
extrinsic factors may be so great that the hereditary background is con- 
sidered as  merely a “disposition” toward a certain change-for example, 
diabetes mellitus. 

Many hereditary abnormalities manifest themselves by degenerative 
changes which appear at a characteristic time, sometimes late in life. 
These have been termed heredodegenerative diseases. They are closely 
related to obvious malformations. I t  is known that such congenital 
defects as taillessness in mice develop in the early phase of the embryo 
by a very similar process of degeneration of tissues which were oreviously 
normal in appearance. 
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Skin.-The morphologic expression and the morphogenesis of heredi- 
tary hairlessness of man and other mammals have been examined and 
the literature reviewed by David.282 The condition may appear before 
or after birth, depending on the genotype. Among mice with one form 
of dominant hairlessness, homozygous animals can be recognized at 
birth, whereas heterozygous animals do not appear abnormal at birth, 
their abnormality developing later on. According to the histologic 
changes, David distinguishes three forms of hypotrichosis, namely, 
Izypokcratotica, cystica and hypoplastica follicularis. For details the 
original article should be consulted. Whether human baldness is com- 
parable with these findings in animals is questionable. There seems to 
be a hereditary disposition, and, in addition, an influence of androgenic 

Among the hereditary postnatal cutaneous diseases which 
show more or less clearly the character of developmental abnormalities 
are xeroderma pigmentosum, neurofibromatosis and psoriasis. 

Nervous System and Sense Organs.-In the case of some abnormal- 
ities of the brain it is particularly difficult to determine the onset of 
abnormal changes in relation to birth, because many of the functions 
of that organ canno! be tested in the newborn. 

Retardation or arrest of development occurs after birth in mon- 
g o l i ~ m . ‘ ~ ~  However, other manifestations of this condition date back 
to prenatal life. 

Qualitatively abnormal development, producing a tissue structure 
different from any normal stage, occurs in tuberous sclerosis,6oo amauro- 
tic familial idiocy The exact time of onset is 
not known. 

-Numerous examples of heredodegenerative conditions of the nervous 
system are on record. Among these are paralysis agitans,s02 hereditary 
sclerosis, spinal form (hereditary ataxia, Friedreich’s ataxia), hereditary 
chronic progressive chorea (Huntington’s chorea), hepatolenticular 
degeneration (Wilson’s di~ease),’~ loss of coordination in rabbits ’03 and 
many others which may be clinically more important but which have 
not been thoroughly studied from the pathologic and the genetic point 
of view. 

and other diseases. 
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Several forms of hereditary metabolic deficiency affect the nervous 
system-for example, amaurotic familial idiocy and phenylketonuria. In 
the former the nerve cells accumulate the abnormal metabolic product ; 
in the latter the mechanism by which the brain is affected is not 
understood. 

The sense organs present excellent examples of hereditary postnatal 
maldevelopment. In  the eyes of mice examined by Keeler 341 the differ- 
entiation of the retina was arrested shortly after birth, and this led to 
complete or partial absence of rod cells. A somewhat similar end result 
has been found in a strain of rats after degeneration of the previously 
well differentiated retina.6o4 The latter strain, as well as a mutant of 
mice described by Gruneberg,“ shows a high incidence of cataract 
developing after birth. 

In man, retinitis pigmentosa develops as  a degeneration of the 
retina at a varying age, depending on the mode of inheritance in the 
particular family.6o6 Certain forms of atrophy of the optic nerves, 
cataract and glaucoma are also hereditary.15 

Postnatal degenerative changes of the labyrinth account for deafness 
and other abnormalities of labyrinthine function in certain strains of 
mice. In  shaker-1 mice the stria vascularis is abnGrma1, and as soon 
as the vas spirale atrophies in the usual manner, Corti’s organ degen- 
erates because it is not adequately supplied with endolymph from the 
stria v a s c u I a r i ~ . ~ ~ ~  In  another mutant, the “waltzing” mouse, the inner 
ear is normal at birth. There is disagreement as to whether in this 
form there is also primary degeneration of the stria vascularis with 
consecutive damage of the labyrinth or  primary degeneration of the 
ganglion spirale cochleae or  of the acoustic tracts of the brain.5o8 

In man a hereditary change which involves abnormal development 
is otosclerosis. The morphogenesis and the genetics of this condition 
have been reviewed in detail by Bauer and Stein.509 Abnormal bone is 
formed and replaces normal bone; it forms in excessive amounts and 
causes fixation of the stapes. In  addition there are degenerative changes 
in the labyrinth and its nerves. The relation of these changes to the 
abnormal growth of bone is controversial. Bauer and Stein conclude 
from investigations of the familial occurrence of diseases of the inner 
ear that there is a hereditary inferiority of the organ (Organmindema- 

504. Bourne, M. C., and Griineberg, H.:  J. Hered. 30: 130, 1939. 
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A generalized malformation of cartilage which appears after birth 
is hereditary in the  at.^'^ There is excessive growth of cartilage, and 
the resulting changes in the trachea and the ribs lead to eniphysenia and 
fatal pulmonary complications. Experiinental transplantations have 
shown that the property is inherent in the tissue: grafts of cartilage 
from abnormal rats develop abnormally in norinal hosts, and vice versa. 

Postnatal hereditary abnormalities of the human skeleton have been 
reviewed by Aschner and E n g e l ~ i i a n n . ~ ; ~ ~  Examples are : Legg-CalvC- 
Perthes disease (osteochondrosis of the head of the femur) and oste- 
opsathyrosis (fragilitas ossium). In the muscle system there are such 
heredodegenerative changes as progressive muscular atrophy and pero- 
neal atrophy (progressive neuropathic muscular atrophy). Concerning 
tendons, Dupuytren's contracture of the palmar fascia might be 
mentioned. 

Other Orga,u.-Iiiiperforate vagina occurs as a hereditary trait in 
nice." The abnormality manifests itself at puberty, when the normal 
vagina acquires a lumen. This process fails in the abnormal mice, and 
it cannot be initiated by estrogenic treatment. If the vagina is opened 
surgically, the female is fertile. However, the vagina retains a tendency 
to close, in contrast to the normal vagina, which tends to open again 
i f  it is closed surgically, 

.\nother strain of mice shows, beginning at the age of 3 to 4 
months, severe adenomatous thickening of the mucosa of the pyloric por- 
tion of the This observation leads into-a field which should 
be of considerable medical importance, namely, hereditary differences in 
the old age chahges of various organs. The following examples are dis- 
cussed more in detail in Gruneberg's book on genetics of the mouse." 
Gorer 515 found in each of three strains of mice which he examined a spe- 
cific change in the kidneys in advanced age. One strain showed metaplasia 
of the parietal layer of Bowman's capsule more frequently than did other 
mice. In another strain necrotic lesions of the papi!iae appeared, with 
consecutive dilatation of tubules. The third strain showed hyaline 
degeneration of the connective tissue framework. It is highly significant 
that these changes were not the result of diseases caused by extrillsic 
agents but were rather the expression of the genetic constitution, either 
alone or, as a predisposing factor, in combination with extrinsic influences 
which would otherwise not have this effect. The changes just mentioned 
are obviously related to the so-called heredodegenerative diseases which 
have just been referred to and to prenatal malformations which develop 
by degeneiation of previously normal-appearing parts. 

513. Griineberg, H.: Proc. Roy. Soc.. London, s .B 125:173, 1938. Engel, s.. 

514. Andervont, H. B., and Stewart, H. L.: Science 86:566, 1937. Stewart, 

515. Gorer, P. A . :  J. Path. Sr Bact. 50:25, 1940. 

and Griineberg, H. : J. Genet. 39: 343, 1940. 

H. L.: J. Nat. Cancer Inst. 1:489, 1941. 
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There are int'erstrain differences in the occurreii(:c of the so-called 
brown degeneration of the adrenal glands and in tlic structure of the 
fo1liclc.s of the thyroid gland and the incidence of goiter. i\lso in Inice 
there are genetically determined differences in the timc of appearance of 
old age changes of bones and joints."" 

Progressive facial hemiatrophy of 1 1 1 ~ 1  1~1s  been ~111aicIered by War- 
teii1)et-g as a heredodegeneratioii, possil)lv iiicdi:ttcd tjy unilateral 
changes in the iiervous system. 

MIECIIANICAL AGENTS 

IbIechanical injury in the widest sense :Lcc:ouirts f o r  I l l ; inj  structural 
changes. In most cases the abnormality is j tlst the rwili. rjf an elimina- 
tion or a disfiguration of parts plus the usual processw i,f wound healing ; 
these cases offer nothing to be discussed here. 'llicr(! are, liowever, 
instances i n  which more complex developmental proccsscs are modified 
by iiicchanical injury. Among these is the growth of tissue displaced by 
trauma. 

Few noncancerous tissues of the mature organism grow for a long 
period when transplanted to abnormal locations, unlcss special precau- 
tions are taken as in surgical grafting. Several cases are record in 
whic1i multiple nodules of splenic tissue grew on thc pcrjtoneum after 
the spleen had suffered traumatic rupture:" Anothcr example, namely, 
endometriosis, is controversial. Some authors assume that viable endo- 
metrial tissue is displaced either by being regurgitated through the tubal 
ostiunis or in the course of surgical PrOCedUrCS6'* as suggested by the 
appearance of endometriosis in surgical scars. On the other hand, there 
are sites of endometriosis which are not explained try either of these 
theories. It has been demonstrated that all known If,c::itions of endo- 
metriosis can be accounted for embryologically without recourse to 
mechanical displacement (see part 11). This, of cwir,c. cloes not dis- 
prove the claim that nieclianical transportation of tiwi(: !,as occurred in 
soiiie cases. 

It may appear strange at the first glallce that IJoiic, o t ~ e  of the tissues 
of the body which nieclianically are most rigid, sliould r t z t  nlost actively 
to iiiechanical influciices by developn1ental Changes. 'l r:t it is this very 
rigidit! which makcs developmental changes. of the strw.tiirf: necessary in 
cases in wliich other tissues, such as muscles, tendon:, f,r Iix:iments, could 
adapt themselves by means of their flexibility. The :ir::lngement of the 
traIxcuIae and tiif ha\-crsian s)ste111s of bonc is ~~1:i~,*~:~I 1.0 mecllanical 

516. Silberberg, &I., and Silherherg, R.: 
517. Buchbinder, J. H., and Lipkoff, c. J . :  SurRcry 6:'/L7, 1'139. 

and Anderson, D. H.: Am. J. Path. 15:527, 1939. 
518. Sampson, J. A . :  

hgndler, M.: Monatschr. f. Geburtsh. u. Gynik. 111:169, 1940. 

Am. J. Anat. 68:<9, 1941, 
Jarcho, s., 

Arch. Surg. 3:245, 1921. wcsri. If. Fi., and Kletz- 
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strain, and any change occurring in the mechanical conditions of the 
environment is immediately followed by resorption and rebuilding of parts 
of the bone. This is well demonstrated by the minute structure of bones 
with abnormal curvatures.s1e Pressure causes resorption of bone not by 
crushing or destroying the tissue but by the action of osteoclasts. This 
explains, for example, why the bodies of vertebrae are less resistant to 
the pressure exerted by an aortic aneurysm than are the intervertebral 
disks. Mechanical pull, on the other hand, causes overgrowth of bone, 
as seen at  the points of insertion of tendons. 

Muller IZo has presented in book form the developmental physiology 
and pathology of bone, with particular reference to the differentiation 
of inherent and extrinsic factors of development. Iselin s21 has pointed 
out how the principles of developmental mechanics should be used as a 
basis for rational therapy in orthopedics. 

Displaced tissues of the mature organism may in a few instances 
act on their new surroundings as inductors. The best studied example 
is that of bone formation inducted by transplants of mucosa of urinary 
passages.4s* It has been found that the connective tissue reacts by for- 
mation of bone only in certain locations (e. g., the abdominal wall). In  
other locations (e.g., the liver, the spleen, or the wall of the stomach) 
a connective tissue capsule develops around transplants of bladder 
mucosa, but no bone. This has been compared with similar observations 
in embryologic experiments demonstrating that only part of a morpho- 
logically uniform tissue is able to  react to certain inductions.622 The' 
fact that alkaline phosphatase is present in the transplanted epithelium 
has led to the suggestion that phosphatase diffusing into the connective 
tissue might be the cause of ossification. This has been ruled out not only 
by the negative findings in certain areas, even though connective tissue 
wy present and the epithelium contained phosphatase, but also by the 
negative results observed in all locations of other transplanted phos- 
phatase-containing epitheliums. The  phosphatase which is present in areas 
of ossification induced by bladder mucosa is produced by fibroblasts as 
the first known response to the induction, before routine staining methods 
show any change in these 

T H E  INFLUENCE O F  CHEMICAL AGENTS 

Certain substances which may or may not be essential for normal 
development and function in certain amounts are poisonous when present 
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in excessive amounts. In many instances tlicir action, tlioug11 morpho- 
logically specific to some degree, is of little interest froin the standpoint 
of this review. Among those substanccs which have a definite influence 
on development are carcinogens, which will Ix mentioned in a later 
section dealing with cancerous growth, 35 well as others which affect 
normal developmental processes. In addition, deficiencies of Some inor- 
ganic compounds may disturb developmcnt. 

Other groups of substances are si~ccifically rclated to developmental 
processes. Vitamins are essential for nortiin1 dcvclopment ; their lack or, 
in rare cases, their excess causes disturlmrcs. F lorinones are elaborated 
in the body, and one of their principal l r l l I ( : t i (J l ls  is the control of certain 
phases of morphogenesis (See also parts 1 ;ind I [ ) .  It is obvious that 
excess or lack of these “messengers” W i l l  ~)ro~ot tn ( l ly  influence develop- 
tnent and maintenance of structure. Most o i  h e  wcll studied morphologic 
sequelae of abnormal levels of hormoncs and vitaillins have h e n  treated 
systematically in many monograp11s r?ml tcxthooks and will therefore 
not be dealt with here. Only a few exaniplcs will he given. 

The continuously growing teeth of ro(lc:nts arc a good object for the 
study of the effect of all of the aforemelithied types of chemically caused 
disturbances. The formation or the maturation ( ~ f  the cnamel, the fortna- 
tion of dentin, the eruption of the tooth and the structure of the socket 
may be affected singly or in various ConilJinations. 

Deficiency of magnesium in the diet of’rats  reduces tllc rate of erup- 
tion. Dentin formation is also reduced, and ceases completely. in foca1 
areas.“?3 An excess of fluorine compounds reduces the rate of eruption 
and causes defective calcification of dentin and enamel. If large doses are 
given, enamel formation suffers by. a shortening of the appositional life 
span of the ameloblasts. Changes observed in human fluorosis are in 
some respects similar to these experimental results.5z’ Strontium and 
manganese compounds cause hypoplasia of enamel hut in somewhat 
different manners, as has been shown by CVessingcr and Weininann 525 

in histologic studies and illustrative diagrams. 
The effects of vitamin deficiencies on postnatal developniental pro- 

cesses in man and in experimental animals has heen summarized by 
Wolbach and Bessey in a review in which much information and a 
comprehensive list of references may be found. 12 smaller volume of data 
on hypervitaminoses is also contained in that review. At an earlier 
date, Wolbach ’” pointed out that s:udies of vitamin deficiencies ‘‘nlay be 

523. Gagnon, J.; Schour, I., and Patras, V.  C.:  Prrx.  Soc. Exper. Biol. Rr 
Med. 49:662, 1942. 

524. Schour, I., and Smith, M. c.: Publication 13, American Association for 
the Advancement of Science, 1942, p. 32. 

525. Wessinger, G. D., and Weinmann, J. P.: Am. J. Physiol. 139:233, 1913. 
526. Wolbach, S. B., and Bessey, 0. A.: Physiol. Rev. 22:233, 1942. 
527. Wolbach, S. B.: Science 86:569, 1937. 
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of value as premises in problems, liitherto approached otlly by the 
methods of experimental embryology . . , ". Wolbach arid Bessey classify 
the morphologic manifestations oi vitamin deficiencies as follows : 
( 1) diffirse consequences expressive of inanition ; (2)  effects common 
to several deficiencies, especially degenerations o'f the nervous system 
and, with qualifications regardiiig fine details, lesions of the skin ; 
(3) degenerative changes characteristic in kind and distribution, best 
illustrated by the cerebral lesions of thiamine deficiency and the degen- 
eration of skeletal muscles and enibryonal tissues observed in vitamin E 
deficiencies ; (4) initial specific effects exhibited by striking changes of 
structural patterns, outstanding in relation to vitamins A, C (ascorbic 
acid) and D. .As was iounci earlier in the present review, postnatal 
maldevelopment is particularly obvious in the skeleton and the teeth, and 
much of present information on vitainin deficiencies concerns these 
structures. 

One of the most important efiects oi vitamin A deficiency is seen 
in the keratinizing stratified epithelium formed in many mucous niem- 
branes which normally have a different lining. In  the continuously grow- 
ing teeth of rodents there are atrophy and keratinizing metaplasia of the 
eiiaiiiel epithelium with consecutive irregularity, and finally cessation 
of dentin formation. If the vitamin deficiency is not complete, irregular 
remnants form tumor-like aggregates of dental t i s ~ u e s . ~ ? ~  

.According to vitamin A deficiency produces in the eyes 
of rats degeneration of the retina and rosette iorination. This is of par- 
ticular interest because, as has been revietved in part 11, rosettes develop 
in the embryo as abnormalities during the differentiation of the retina. 
The!. can apparently also arise secondarily after normal diff erentiatioii 
has been completed. The iiieclianism is probably one of rearrangement 
of the remaining cells after extensive degeneration. 

Skeletal growth and development are inhibited in avitaminotic young 
animals, and the ensuing limitation of space in the cranial cavity and 
the spinal canal causes herniations and other disturbances of the nervous 
system. .An excess of vitamin A produces osteoporosis and decakifica- 
tion of bone, leading to multiple fractures. Osteoporosis is most marked 
in areas in which bone is normally being reinodeled at the time of the 
disease.s2g 

Deficiencies of vitamins of the B complex are not followed by such 
characteristic and generalized changes as is exemplified by the epithelial 
metaplasia of vitamin A deficiency. Most of the pathologic aspects are 
those of degeneration, with which one is not concerned here. Examples 
of abnormal development that probably is a consequence of such degen- 

5%. Burn, C. G.;  Orton, A. U., and Smith, A. H.: Yale J. Biol. & Med. 

5-39. Johnson, 11. L.: J. Exper. Zool. 81:67, 1939. 
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erative changes are imperfect growth of hair, the hyalinization and 
vascularization of the tunica propria of the cornea seen in riboflavin 
deficiency and the cirrhosis following fatty changes of the liver in choline 
deficiency. E26 

Vitamin C produces a characteristic generalized change in the SUP- 

porting tissues by a "failure of formati& and maintenance of intercel- 
lular All the changes found in human scurvy and in 
deficiency experimentally produced in the guinea pig are explained on 
this basis. The viability of the cells of the affected tissues is not dimin- 
ished. The formation of bone and dentin is abnormal and finally ceases. 
Osteoblasts and odontoblasts become indistinguishable from fibroblasts. 
Wound healing is poor. Wassermann E30 shows that in the teeth of guinea 
pigs enamel formation ceases in areas exactly corresponding to those 
of absence of dentin, and he explains this by stating that the ameloblasts 
depend on the presence of dentin for their normal function. 

According to Wolbach and Bessey, vitamin D deficiency acts not 
directly on the bony structures which show the striking effects but on 
the absorption of calcium and phosphate, which becomes inadequate for 
the proper calcification of tissues. This affects the cartilage of the 
epiphyses of growing bones and thus prevents the normal changes pre- 
ceding the destruction and bony replacement of that tissue. Conse- 
quently the cartilage accumulates in the epiphyses. Another feature of 
rickets is the deposition of much uncalcified osteoid tissue instead of 
bone and the resorption of some of the preexisting bone. Osteoid tissue 
is highly resistant to osteoclastic resorption. In  older individuals, in 
whom epiphysial growth no longer occurs, bone tissue is gradually 
replaced by solid masses of soft osteoid tissue (osteomalacia). The 
changes in teeth have repeatedly been examined. Weinmann and 
Schour 631 report on rachitic changes of the continuously growing teeth 
and the alveolar bone of rats and on their modification by various agents. 
They found, in contrast to some earlier investigators, that the formation 
and the maturation of enamel were unaffected. The formation and the 
calcification of dentin were retarded. In  addition there were qualitative 
abnormalities in the dentin. The alveolar bone showed the well known 
lack of calcification of newly formed bone tissue and failure of this 
osteoid tissue to be resorbed. This produced a distorted pattern of 
growth. The increased resistance of osteoid tissue to resorption remained 
in evidence after treatment with parathyroid extract. As in other 
instances, the rachitic changes were reversed by starvation or by 
the administration of sodium phosphate solution or viosterol. 
- 
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One of the principal fields of hormone action is the regulation of 
morphogenesis and structure. The amount of work done in this field 
is so large, and it has so often been reviewed, that it will not be treated 
here. Texts of physiology or pathology, as well as specialized accounts 
of endocrinology, are available for reference. Endocrine influences on 
tooth development which are not described in detail in many of these 
works have been reviewed by Schour and bIassler "'; references to 
original reports may be found there. 

A field in which development under hormonal control is particu- 
larly active after birth is that of the sex organs and sexually differen- 
tiated traits. This is also of great interest, hecause it demonstrates 
the interaction of genetic and hormonal controls of developinent. Cer- 
tain abnormalities, such as those induced by horniones released by 
adrenal cortex tumors, are essentially similar before and after birth. 
Some fundamental aspects of these probleiiis have been discussed in 
parts I and 11. 

Inductors are substances of eminent importance in structural devel- 
opment. They differ from hormones in the manner in which they reach 
their destination in the body: They are directly transmitted from one 
tissue to an adjacent one and are not distributed to the entire body 
by way of the blood stream. Abnormal induction will therefore occur 
\\-hen tissues are in contact with one another in a manner in which they 
n-ould not be in the normal body. This may be brought about by 
mechanical dislocation of the inductor or of its substrate, as has been 
illustrated in a previous section with reference to bone induced by 
transplants of bladder mucosa. 

, 

THE EFFECTS OF INFECTION 

I shall not discuss here the effects of protracted infectious diseases 
on general growth and development. The impairment of these processes 
is not so much a specific effect of the infectious agent as the result of 
nonspecific unfavorable circumstances, such as  malnutrition or fever. 

If infection provokes the growth of a tissue which would not 
usually be present, this is usually in the form of a granulation tissue. 
A discussion of inflammation and the formation of granulation tissue 
is not within the scope of this review, even though certain develop- 
mental mechanisms are involved in the differentiation of cells in this 
process and in the determination of the pattern of the lesion. However, 
brief mention should be made of what has sometimes been ca!led specific 
granulation tissue. Granulomas of a definite and complex structure 
are in many cases so characteristic of a causative agent that their pres- 
ence is considered sufficient evidence for diagnosis in routine practice 

f 532. Schour, I., and Massler, I T . :  J. .4m. Dent. -4. 30:595, 763 and 913, 1943. 
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ot' pathology, without the need for demonstrating the causative agent 
itself. The question thus arises whether these granulomas should 'be 
considered as specific developmental responses to the presence of certain 
micro-organisms. If one analyzes these granulomas, one finds that 
they are composed of a few elements of nonspecific reaction-for exam- 
ple, to ioreigii bodies. Various combinations of these elements and the 
peculiar distrilnitions and biologic properties of the micro-organisms 
involved account for the characteristic appearances which granulomas 
may have. This has been analyzed in great detail in the case of tuber- 
culosis, where various fractions of the substance of the bacilli have 
been isolated and the reactions of mammalian tissues to their presence 
observed. This work, as well as a large volume of information con- 
ceriiiiig tissue reactions to various injurious agents, has been reviewed 
by F o r b u ~ . " ~  

In a few instances iiifection provokes structural alterations which 
do not fall into the group of inflammatory reactions. One example is 
the contagious pulmonary adenomatosis of sheep (jagziekte) ; the exact 
nature of the infectious agent has not been d e t e r i t ~ i n e d . ~ ~ ~  The lungs 
show an adenomatous nodular growth of columnar epithelium lining 
the spaces. 

111 some persons the teeth show evidence of aplasia of the enamel 
during a limited period of development, and it has been suggested many 
times that various diseases, among them infections, may be the cause. 
Sarnat and Schour 535 found no definite evidence of infectious diseases 
as the cause oi chronologic aplasia of enamel in a series of 60 cases, but 
they admit that this relationship may occasionally exist. The effect on 
the teeth is a nonspecific one and does not indicate that the dental 
tissues were actually infected. The same probably holds for the obser- 
vations of K r e s h o ~ e r , ~ ~ ~  who reported that in experimental tuberculosis 
of laboratory animals changes occur similar to the aforementioned 
chronologic aplasia in man. 

DEVELOPMENTAL ASPECTS OF CANCER 

The most striking peculiarity of cancer is a developmental abnor- 
mality concerning its structural differentiation as well as its rate of 
growth and its relation to adjacent structures. Many data relating 
to these and other aspects of the problem of cancer have recently been 
reviewed by Furth,6Eb and many original reports, as well as previous 
and more specialized reviews, are listed there. 
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Investigators kno\v that all t? pes ot' causes of abnorinal developiiient 
which have been discussed \vith regard to embryonic malforiuations 
in part I of this revieiv may also produce cancer under proper condi- 
tions. They incliide Iiereclitai-j. iactors and influences of tlie environ- 
ment of a mechanical, chemical, radiant, thermic or infectious nature. 
As is often the case in embryonic ~naldevelopme~it, several of these 
factors (e.g., hereditary and environiiiental ones) may combine their 
effects also in carcinogenesis. 

In m e  of these. c'<tiicer 

develops in individuals carrying a certain gene or conibination of genes 
either by virtue of these genes alone or ivheii ail environnienLa1 agent 
is added. In the latter event the genetic constitutioii determines what 
is often called the susceptibility to the environiiiental agent. The second 
u-ay in which genes are concerned with cancer relates iiiore directly 
to the cancerous tissue itself; this is somatic mutation. 'Ihe iact that 
the essential abnormality is apparently passed on iron1 one cancer cell 
to its descendants without the necessity of the continue(1 presence oi a 
carcinogenic agent has led many workers s3i to tlie concliision that 
cancer cells are genetically different from tlie cells of their host, aliich 
constitutes a somatic mutation. In support of this hypothesis it has 
been pointed out that agents which are knotvn to increase the niutation 
rate (e.g., roentgen rays) are also carcinogenic. Strong 6sc reports 
that one of the most commonly used cheinical carcinogens, 20-methy1- 
cholanthrene, also increases the rate of germinal mutations. 

-Among environmental agents, virus infection has been held by 
Oberling 538 to be responsible for all cancers. Actually, it has been 
found in regard to certain cancers of the mammary glands of mice, 
which were previously believed to be purely hereditary, that one of 
tlie causative agents is a substance transmitted to the young by the 
mother's milk.s33" The properties of this substance resemble those of 
a virus as far as they are known. However, Oberling's theory has 
not been accepted to its full extent. 

The nature of the basic abnormality of cancerous growth has been 
defined in various manners, each depending largely on the line of 
approach of the investigator. Pathologists, biochemists, immunologists, 
geneticists and others have iound differences between cancerous and 
noncancerous tissue. Within the scope of the present review are only 

Hereditary factors may appear in t u o  \i ays. 
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those facts and theories which relate to cancer as a phenomenon of 
abnormal development. All those 540 who have discussed in recent 
years the problem of cancer from the point of view of developmental 
mechanics have justly emphasized the obvious fact that cancer cells 
are not subject to those regulatory mechanisms wliich normally control 
growth and differentiation and assure that each part keeps within the 
limits of the structural pattern of the entire organism. There are indi- 
cations that in some cases cancerous growth is initiated when a tissue 
is removed from the regulatory influences of its surroundings. This 
interpretation might be used in the cases in which carcinoma originates 
in repeatedly transplanted mammary glands 541 or in those in which 
explanted and reimplanted cells show malignant growth.Sq2 Lack of 
proper regulation may also be claimed for cancer developing in regen- 
erating tissue-for example, in cirrhotic livers, or after subtota1 orchiec- 
tomy in birds.543 

In the great majority of instances, however, there is no evidence 
that a lack of organic control is the cause of cancer. It is quite possible, 
if not probable, that the lack of response to existing control mechanisms 
is a fundamental property of cancer cells rather than the cause of their 
cancerous behavior. The possibility that this change within the cells 
may be determined by genes, has already been mentioned. 

Not in all cases of cancer is there a complete lack of response to 
normal controls. A well studied example of the effectiveness of such 
control and its therapeutic application is the carcinoma of the prostate. 
In  many cases the tumor shares with its parent tissue the susceptibility 
to hormonal influences and regresses when the level of testicular hor- 
mone is lowered-for example, by ~ r ~ h i e ~ t o m y . ~ ' '  

The function of cancer cells is well preserved in many cases. These 
cells may elaborate secretions (e.g., mucus, bile) or hormones, or 
undergo cornification, or  produce a characteristic ground substance 
(e.g., bone). The function may be much better developed than the 
structural differentiation would make one believe ; this has been 
observed in hormone-producing cancers. 

The resemblance of cancerous and embryonic cells is superficial. 
It consists in rapid multiplication and a low degree of structural differ- 
entiation. On the other hand, one of the fundamental properties, 
namely, the lack of organization, distinguishes cancer very definitely 
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from embryonic tissue, which shows the effect of organizing influences 
to a high degree. In  cancer, both the rapid growth and the poor 
differentiation are related to the lack of control. The poorly differen- 
tiated cancer cell is too abnormal to differentiate properly ; the embry- 
onic cell, on the other hand, is normal and may have several possible 
ways of differentiation depending on its environment. The cancer 
cell therefore differs more from the embryonic cell with its multiple 
potencies for differentiation than from the adult cell which may have 
undergone a reduction of these potencies and is less accessible to 
organizing influences. Therefore, a poorly differentiated cancer cell 
should’ be called anaplastic and not 

The just mentioned resemblance of embryonic and cancerous cells 
accounts for the great interest which many workers have taken in the 
rare cases of cancer of the fetus. The rarity alone is significant, and 
it illustrates the statement that actually embryonic and cancerous cells 
are not closely related. After careful scrutiny, Wells 546 reviews and 
discusses a limited number of unquestionable cases of prenatal cancer. 
Among these are no typical cases of carsinoma. A more recent report 
of bilateral ovarian carcinoma occurring in a premature infant 647 must 
be discarded; it deals with normal ovaries in which some of the sex 
cords are not yet divided into follicles. These cords and their transi- 
tions into follicles were described as carcinoma cords arising from 
follicles. I have seen many similar ovaries in newborn infants. 

In  conclusion, the meager information concerning the fundamental 
developmental aspects of cancerous growth can be summarized as 
follows : Developmental abnormalities, particularly the lack of integra- 
tion into the pattern of the organism and the poor structural differen- 
tiation, are properties rather than causes of cancer. As Berrill “lb 
points out, the incompleteness of present knowledge of the fundamental 
mechanisms “is due to the standards of reference also being problems 
as challenging as malignancy itself.” Among the possible causes of 
cancer which include all types of agents that may produce malforma- 
tions, two are now being investigated as more universally active than 
others : somatic mutation and virus infection. 

There is one fundamental difference between cancer and most of 
the other developmental abnormalities which have been discussed in 
this review. In  the latter, the teratogenic factors act during a short 
period of development and produce certain changes. Subsequently, 
development proceeds by normal mechanisms, and the result is abnormal 
only because the substrate of these mechanisms is abnormal, owing to 
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earlier changes. In  cancer, on the other hand, the abnormal nieclianisnl 
is perpetnalb active; it has been mentioned that this is one of the facts 
suggesting a genetic change in the cancer cells by somatic mutation. 

CLOSING COMMENT 
The present review is based on excerpts iroun a huge volunie of 

pertinent inforination scattered throughout the literature of all divisions 
of medicine, as u-ell as zoology, genetics, veterinary medicine, agricul- 
tural research and other fields. In  the past, research in developmental 
pathology has been conducted from many different points of view, and 
few workers in the field have had a knowledge of previous work in 
other parts of this discipline, and of some of the basic problems involved. 
Developmental pathology deserves to be recognized as a portion of 
biology and pathology in which much has already been accomplished. 
If further work is to be successful, and if it is to be done in a rational 
manner, it is necessary to take stock now and endeavor to correlate 
whatever information is at hand. The present review is an attempt 
in this direction. 

It is obvious that all those disciplines which have- contributed to 
developinental pathology will in turn benefit from the progress made 
in this field. This holds particularly for practical medicine. Only a 
few years ago the knowledge of abnormal development had little of 
practical value to offer to the physician. This changed when within 
a few years great advances were made in such subjects as erythro- 
blastosis fetalis, cystic fibrosis of the pancreas, malformations caused 
by rubella during pregnancy and the surgical treatment of several pre- 
viously hopeless malformations. A stage has been reached in which 
developmental pathology is bound to make valuable contributions ta  
practical medicine, 
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