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ABSTRACT The developmental origin of arsenate-induced renal agenesis 
was investigated. Pregnant Wistar rats were each injected once ip with 45 mgkg 
sodium arsenate a t  day 10 (sperm day = day 0). Pregnancy was terminated a t  
various times following injection and the embryos recovered and serially sec- 
tioned. Renal agenesis resulted when the mesonephric duct failed to give rise to a 
ureteric bud with subsequent failure of induction of the metanephric blastema. 
The underlying defect was retardation in growth of the mesonephric duct, first 
observed 48 hours after arsenate injection. A shortened mesonephric duct also re- 
sulted in a failure of the mesonephros to attain normal size and in the male re- 
sulted in absence of the ductus deferens, seminal vesicle and a variable portion of 
the epididymis. Due to the intimate association of the mesonephric and growing 
paramesonephric ducts, a shortened mesonephric duct resulted in a shortened 
paramesonephric duct with resultant lack of a uterine horn. 

In recent years there has been a growing in- 
terest in studying the effects on embryonic de- 
velopment of a number of metals and metal- 
like elements found in the environment (for 
review of the literature see Ferm, '72, '74). 
Several compounds of one such element, the 
metalloid arsenic, are teratogenic. Sodium 
cacodylate induced spina bifida in chick em- 
bryos (Ancel, '46). Sodium arsenate, a com- 
pound of inorganic arsenic in the pentavalent 
state, has been shown to be teratogenic in the 
hamster (Ferm and Carpenter, '68; Ferm et 
al., '71) and the rat  (Beaudoin, '741, while both 
sodium arsenate and the trivalent compound, 
sodium arsenite, are teratogenic in the mouse 
(Hood and Bishop, '72; Hood, '72). 

One malformation resulting from treat- 
ment with sodium arsenate in both the ham- 
ster and the rat  is renal agenesis, i.e., the ab- 
sence of one or both kidneys. Renal agenesis 
produced as a result of teratogen administra- 
tion has been reported only infrequently in 
the literature (Wilson, '54; Monie, '61). This 
study was undertaken to analyze the embryo- 
genesis of arsenic-induced renal agenesis. 

MATERIALS AND METHODS 

Virgin female Wistar rats (Royalhart, New 
Hampton, New York) were used. The animals 
were maintained on Teklad Mouse and Rat 
Diet (Teklad Mills, Winfield, Iowa) ad libitum 
with supplemental feedings of lettuce. The 
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day of finding sperm in the vaginal smear was 
designated day 0 of pregnancy. In order to es- 
tablish an optimum time and dosage for the 
production of renal agenesis intraperitoneal 
injections of an aqueous solution of dibasic 
sodium arsenate (J. T. Baker Co., Phillips- 
burg, New Jersey) were given a t  1O:OO A.M. on 
one of days 9, 10, or 11 of pregnancy. Dosages 
of 30, 40, or 50 mg/kg maternal body weight 
were used. Control animals received distilled 
water injections or no treatment. Rats were 
sacrificed a t  day 20 a t  which time resorptions 
were counted and fetuses were examined and 
weighed. One-third of the living fetuses were 
fixed in alcohol for subsequent staining with 
alizarin red S for skeletal examination, and 
the remaining two thirds were fixed in Bouins 
for razor blade sectioning. 

An intraperitoneal dose of 45 mglkg of 
sodium arsenate was estimated to be most ef- 
fective for the production of renal agenesis 
with a minimum of embryonic death. This 
dose was used to obtain specimens for the mi- 
croscopic study of the genesis of absent 
kidney. Rats were sacrificed on one of days 11 
through 16 of gestation, i.e., 24, 48, 72, etc., 

Received Mar. 3, '11. Accepted June 24, '11. 
' From a dissertation aubmitted by D. B. to the Horace H. Rackhsrn 

School of Graduate Studies of The University of Michigan in partial 
fulfillment of the requirements for the degree of Doetor of Philosophy. 

* Supported by NIH Grant8 GM 00312 and HD 00400. 
' Present address: Anatomy Department, University of Virginia, 

Charlotteaville. Virginia 22901. 

247 



248 DOROTHY BURK AND 

hours after treatment. Whole embryos or pos- 
terior halves of older embryos were embedded 
in paraffin, serially sectioned a t  7p, and 
stained with stabilized iron chloride hema- 
toxylin and PAS (Lillie, '65). Treated embryos 
were compared with controls of the same age. 

RESULTS 

The embryotoxic effect of sodium arsenate 
is shown in table 1. In general, numbers of re- 
sorptions increased with increased concentra- 
tion of arsenate, whereas fetal weights de- 
clined under the same circumstances. Malfor- 
mations produced by arsenate are given in 
table 2. Soft tissue malformations were seen 
after day 9 and 10 administration but not 
after day 11. Day 9 malformations involved 
principally the head region (exencephaly, eye 
defects, facial clefts) whereas day 10 defects 
were confined to the urogenital system. Skele- 
tal abnormalities were common in offspring of 
animals treated with arsenate a t  days 9 and 
10, but only a few minor vertebral defects 
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were observed following day 11 administra- 
tion. 

Renal agenesis was produced in greatest 
numbers following maternal treatment a t  day 
10. The incidence among surviving fetuses 
ranged from 17.3% a t  30 mgkg to 84.6% a t  50 
mg/kg. The incidence of bilateral agenesis in- 
creased with increased concentration of sodi- 
um arsenate. Unilateral kidney absence was 
not a consistent feature of either the right or 
the left side, and the percentage of males and 
females with renal agenesis was not signifi- 
cantly different. 

Examination of day 20 fetuses with renal 
agenesis revealed a certain consistency in as- 
sociated defects. In all fetuses missing a 
kidney the corresponding ureter was also lack- 
ing. Adrenal glands and gonads were present 
as was the bladder (even when both kidneys 
and ureters were absent). Ovaries and testes, 
however, tended to be in a higher position 
than normal. The incidence of nondescent of 
the testis was 88.9% in male fetuses with renal 

TABLE 1 

Embryotoxicity following maternal intraperitoneal iw'ection of sodium arsenate 

Day of Dosage No. females Total implantation No. resorbed No. Survivors Fetal 
treatment (mglkg) injected sites or dead ( % I  malformed (%I ' weight (g) 

30 
9 40 

50 
30 

10 40 
50 
30 

11 40 
50 

Control 

4 
8 
4 
14 
17 
11 
4 
6 
5 
12 

50 
106 
54 
195 
232 
143 
49 
77 
67 
155 

6 (12.0) 
56 (52.8) 
48 (70.4) 
14 (7.2) 
26 (11.2) 
88 (61.5) 
3 (6.1) 
1 (1.3) 
13 (19.4) 
9 (5.8) 

6 (13.6) 
47 (94.0) 
16 (100.0) 
52 (29.8) 
122 (59.2) 
50 (90.9) 
0 (0.0) 
0 (0.0) 
5 (9.2)' 
0 (0.0) 

Mean 2 S.E. 
3.622 0.14 
2.85-C 0.14 
2.982 0.24 
3.662 0.06 
3.332 0.06 
2.96e 0.15 
4.002 0.12 
3.632 0.15 
3.562 0.06 
4.022 0.06 

' Includes both soft tissue and skeletal malformations. 
Percentage of resorption8 significantly greater than control, P < 0.05. 
Weight significantly less than control. P < 0.05. 
' Skeletal defects only. 

TABLE 2 

Soft tissue and skeletal malformations following arsenate treatment ' 
Soft tissues Skeleton 

Day of 
treatment Total No. Eye Kidney Total No. Absent or Vertebral 

malformed Exencephaly defects defects Other malformed fused ribs defects 

9 46 18 37 12 24 23 15 22 
10 133 - - 133 - 91 91 91 

5 11 0 - 5 - - - - 
' Includes all doses of arsenate. T w o  separate groups are recorded in this table, those examined only for soft-tiwue malformations and those 

examined only for skeletal defects. 
Renal agenesis and small kidney. 
' Agnathia, cleft lip, diaphragmatic hernia, encephalomenigocele, gastroschieis. hydmcephalue. 
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agenesis following 50 mg/kg of sodium arse- 
nate (fig. 1). 

Also associated with kidney absence were 
defects of the tubular reproductive structures 
of both sexes. Day 20 male fetuses lacked the 
ductus deferens and seminal vesicle, as well as 
a varying extent of the epididymis on the af- 
fected side. Female fetuses typically had a 
short blind-ending oviduct close to the ovary, 
but in all instances the uterus was absent (fig. 
2). Furthermore, when both horris of a uterus 
were missing, i.e., in conjunction with bilater- 
al agenesis, the length of the vagina was 
reduced. 

Two other urinary system defects, hypopla- 
stic kidney and hydroureter, were seen occa- 
sionally in fetuses from rats treated a t  day 10. 
Hypoplastic kidneys were less than half the 
size of the control kidney, but appeared to be 
histologically normal. A representative fe- 
male fetus with hydroureter was sectioned 

and it was found that the dilated ureter emp- 
tied ectopically into the vagina. 

Thirty-two of fifty embryos, obtained a t  
various times following maternal day 10 
treatment with sodium arsenate, were abnor- 
mal and were used for the study of the embryo- 
genesis of arsenate-induced urogenital mal- 
formations. The following description em- 
phasizes specific effects of the teratogen on 
these embryos. Urogenital system develop- 
ment in control embryos was similar to that 
described by Torrey ('43) and Wilson and 
Warkany ('48). 

24 hours postinjection 

Six treated embryos examined a t  day 11 (17 
to 19 somites) were not morphologically dif- 
ferent from controls of the same age. In both 
the excretory system consisted of a condensa- 
tion of intermediate mesoderm which ex- 
tended from approximately somite 10 to the 

Fig. 1 Day 20 male fetus with right kidney agenesis and associated incomplete descent of the testis. The left side of the 
fetus is normal. k, kidney; a, adrenal gland; t. testis; b. bladder. 

Fig. 2 Day 20 female fetus with right kidney ageneais and associated absence of a uterine horn. Note the high position 
of the ovary which is usually located behind the caudal pole of the kidney. The left side of the fetus is normal. k, kidney; a, 
adrenal gland; 0, ovary; ut, uterus; b, bladder. 
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last somite. A solid cord of cells which had 
split from the dorsal part of this condensation 
was the anlage of the excretory (mesonephric) 
duct. 

48 hours postinjection 
The first abnormal embryos were seen a t  

day 12. In controls at this stage (33 to 35 
somites) the mesonephric duct extended from 
approximately the level of the twelfth somite 
to the cloaca, although fusion with the cloaca 
had not always occurred. The ureteric bud was 
recognizable in some embryos. In four of the 
six treated embryos there were indications of 
retarded growth of the mesonephric duct. In 
one specimen both mesonephric ducts termi- 
nated cranial to the twenty-sixth somite, 
which is the level of ureteric bud formation. In 
another embryo the right mesonephric duct 
made contact with the cloaca but the left one 
ended prematurely. In the two other speci- 
mens the right sides were comparable with 
controls, but the left mesonephric ducts ended 
in a dilation just short of the cloaca. 

72 hours postinjection 
Ten treated embryos were examined a t  day 

13; nine of these were abnormal. In day 13 
controls the mesonephros wqs typically well- 
developed with the mesonephric duct opening 
into the cloaca. The metanephric kidney rudi- 
ment, consisting of the ureteric bud and 
metanephric blastema, was present and begin- 
ning to differentiate. In five of the defective 
embryos at least one mesonephric duct termi- 
nated cranial to the level of the twenty-sixth 
somite and thus no ureteric bud was present. 
However, even in the absence of a ureteric 
bud, a definite metanephric blastemal conden- 
sation was always observed (fig. 3). Com- 
parison between a blastema surrounding a 
ureteric bud and one without a bud revealed 
that an unassociated blastema was smaller 
and its mesenchymal cells lacked the sem- 
blance of organization observed in a blastema 
that had been induced by a ureteric bud. 
Mitotic figures were rare in an uninduced 
blastema and in some cases pyknotic nuclei 
were apparent at the periphery of the conden- 
sation. In four treated embryos one or both 
mesonephric ducts had grown to the level of 
ureteric bud formation but did not continue 
from this point caudalward to contact the 
cloaca (fig. 4). In other words, the mesoneph- 
ric duct terminated as i t  gave rise to the 
ureteric bud. No differences in cell morpholo- 
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gy, cell orientation or incidence of mitotic 
figures were noted between a blastema sur- 
rounding a bud derived from a mesonephric 
duct with cloacal contact and a blastema asso- 
ciated with a bud that lacked cloacal contact. 

96 hours postinjection 

The control mesonephros a t  day 14 had 
begun tubular degeneration and the ureteric 
bud had four branches within the blastema 
(figs. 7, 11). The paramesonephric duct first 
appeared as an infolding of coelomic mesothe- 
lium just lateral to the cephalic pole of the 
mesonephros. Of the 14 experimental embryos 
examined a t  day 14, eight were malformed. 
Seven embryos had shortened mesonephric 
ducts, failing to reach the level of kidney for- 
mation. As previously noted a t  day 13, a meso- 
nephros associated with a shortened meso- 
nephric duct was correspondingly decreased 
in size, i.e., no well-developed mesonephric 
tubules existed caudal to the termination 
of a mesonephric duct. In embryos lacking 
ureteric buds, metanephric blastemal con- 
densations were still present, but their cells 
had pyknotic nuclei (figs. 9, 13). At day 
14 there were two examples of embryos in 
which a mesonephric duct terminated as it 
gave rise to a ureteric bud. In one embryo the 
size of the associated blastemal condensation 
was normal but branching of the ureteric bud 
was reduced (figs. 8, 12). In the other embryo 
the ureteric bud gave rise to two very short 
branches that extended for less than half the 
distance of those in a control kidney, and a 
portion of the blastema of this potential hypo- 
plastic kidney was necrotic (fig. 5, 10, 14, 15). 

120 hours postiw'ection 

Nine treated embryos were examined at day 
15 and six of these were malformed. In three 
cases with an absent kidney the associated 
mesonephric duct was quite short and dif- 
ficult to distinguish. These short mesonephric 
ducts were themselves associated with a 
correspondingly shortened paramesonephric 
duct (fig. 6). In controls at this age the 
paramesonephric ducts normally extended 
from the abdominal ostium to the vicinity of 
the urogenital sinus. The cranial portion had a 
lumen and was separate from the mesonephric 
duct, but the growing tip was closely applied 
to the mesonephric duct and the two shared a 
common basement membrane. In addition, in 
day 15 controls the ureter and mesonephric 
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ducts had separate openings into the urogen- 
ital sinus, but in four of the treated embryos 
the ureter and mesonephric duct were united 
close to the wall of the sinus but did not pen- 
etrate into it. The histology of the associated 
kidneys appeared normal. 

144 hours postinjection 
The day 16 control mesonephros was in the 

final stages of degeneration with only a few 
tubules remaining. The male and female go- 
nads were easily distinguishable. The parame- 
sonephric duct had made contact with the uro- 
genital sinus. All five treated embryos studied 
had renal agenesis. One embryo was missing 
both kidneys and the other four were lacking 
one each. On the side missing a kidney it was 
difficult to distinguish the mesonephric duct 
from the few remaining cranially located 
mesonephric tubules, and only the ostial por- 
tion of the paramesonephric duct was ob- 
served. 

DISCUSSION 

In the present study the embryotoxic and 
teratogenic effects of sodium arsenate were 
similar to those reported previously for the rat  
(Beaudoin, '74), except that in this study num- 
bers of resorptions were generally lower and 
gonadal agenesis was not observed. Sodium 
arsenate induced a high incidence of malfor- 
mations which were dose dependent and 
related to the time of treatment. These mal- 
formations involved principally the head, uro- 
genital system and axial skeleton. The inci- 
dence of renal agenesis was high enough to 
make the rat  a suitable model for the study of 
the embryonic origin of this defect. 

Study of embryos a t  successive stages of de- 
velopment revealed that the principal defect 
induced by maternal arsenate treatment was 
a retardation in growth of the mesonephric 
duct. All of the urogenital system abnormal- 
ities induced by sodium arsenate, with the 
possible exception of undescended testis, could 
be related to this condition. Renal agenesis re- 
sulted from a failure of the duct to attain the 
level of ureteric bud formation. When this 
happened no bud was formed and, consequent- 
ly, no kidney was induced to develop. Never- 
theless, in all arsenate-treated embryos exam- 
ined a t  day 13 a metanephric blastema was 
present regardless of the condition of the 
mesonephric duct and ureteric bud. When a 
blastema was not associated with a ureteric 
bud, it resembled the short-lived Zwischen- 

blastem, a region of nephrogenic tissue which 
forms neither mesonephric nor metanephric 
tubules (Gruenwald, '39). An uninduced blas- 
tema exhibited pyknotic nuclei a t  day 14 and 
had usually vanished entirely by day 15. 

A failure of growth of the mesonephric duct 
has also been reported with chlorambucil- 
induced kidney absence (Monie, '61). Chlo- 
rambucil-induced kidney absence, however, 
was most often attributed to degeneration of a 
developing kidney whose ureter opened into a 
blindly-ending mesonephric duct. A similar 
abnormal termination of the ureter was ob- 
served in several arsenate-treated embryos, 
but up through gestational day 16, a t  least, 
the associated kidneys appeared histologically 
normal. Following onset of kidney function, 
however, such a situation would no doubt re- 
sult in hydroureter and hydronephrosis. 

I t  has been suggested that kidney hypopla- 
sia results from a failure of induction of the 
entire metanephric blastema by the ureteric 
bud (Crocker et al., '71). In our study one 
treated embryo examined a t  day 14 appeared 
to exhibit a stage in the development of a hy- 
poplastic kidney. In this embryo the portion of 
the metanephric blastema most distal to the 
ureteric bud was necrotic and resembled an 
uninduced blastema, a finding which suggests 
that the inductive effect of the bud was not 
manifested in this area. Brown ('31), in her 
study of a mouse mutant with kidneys of 
various sizes, proposed that abnormal pene- 
tration of the blastema by the ureteric bud 
may occur when the bud is shortened or 
delayed in reaching the blastema. In light of 
the inductive interdependence known to exist 
between the two elements which make up the 
developing kidney (Grobstein, '551, a shor- 
tened or delayed ureteric bud could result in 
an incomplete induction of the blastema 
which would, in turn, result in the induction 
of fewer branches of the ureteric bud and, con- 
sequently, the appearance of fewer meta- 
nephric tubules. 

Another consequence of retarded mesoneph- 
ric duct growth was a reduction in the number 
of mesonephric tubules. I t  has been demon- 
strated in amphibian (Cambar, '48) and chick 
(Calame, '59) embryos that when a growing 
mesonephric duct is surgically obstructed, a 
correspondingly reduced mesonephros will re- 
sult. This has been interpreted as evidence 
that the mesonephric duct induces mesoneph- 
ric tubule formation in the same way that the 
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ureteric bud induces metanephric tubule for- 
mation. Since the cranial end of the meso- 
nephros is induced first by the growing meso- 
nephric duct, the efferent ductules of the 
testis, which are derived from these most cra- 
nial mesonephric tubules, and a shortened 
portion of the duct of the epididymis were nor- 
mally present in day 20 males with renal 
agenesis. However, the ductus deferens and 
the seminal vesicle, which arises as a bud from 
the ductus, were consistently absent. 

It is known from the work of Gruenwald 
('37, '41) that, except for the abdominal 
ostium, the paramesonephric duct is depen- 
dent on the mesonephric duct for normal de- 
velopment. The growing tip of the parameso- 
nephric duct is found within the basement 
membrane of the mesonephric duct and, for 
this reason, is unable to continue its growth in 
the absence of the duct. Consequently, in arse- 
nate-treated embryos the paramesonephric 
duct was affected to the same extent as the 
mesonephric duct, and, therefore, kidney and 
uterine horn were both absent on the affected 
side. The short segment of oviduct seen in day 
20 female fetuses with renal agenesis corre- 
sponds to the ostial portion of the parameso- 
nephric duct which forms independently of 
the mesonephric duct. The intimate relation- 
ship between mesonephric and paramesoneph- 
ric ducts also provides a possible explanation 
of how a ureter could open ectopically into the 
vagina (which is derived in part from the 
paramesonephric ducts). This condition was 
observed in one serially-sectioned fetus with 
hydroureter. Normally, by the time a para- 
mesonephric duct has reached the urogeni- 
tal sinus the ureter and the mesonephric 
duct already have separate openings into the 
sinus. However, in the commonly observed 
situation where the mesonephric duct gives 
rise to a ureteric bud but fails to contact the 
urogenital sinus, the close contact between 
the mesonephric and the paramesonephric 
ducts could result in a ureter emptying into 
the vagina by way of a short extent of meso- 
nephric duct. In the fetus studied a change in 
epithelium from transitional to simple colum- 
nar indicated the transition from ureter to 
mesonephric duct. 

An anatomical explanation for the in- 
complete descent of the testes, often associ- 
ated with renal agenesis, was not evident from 
microscopic observation of developing em- 
bryos. Normally, the rat testes descend be- 
tween days 16 and 19 and by day 20 are 

located in the inguinal region (Wilson and 
Warkany, '48). Since differential growth is 
the critical factor in testis descent, a general 
growth retardation in the caudal region of the 
fetus may interfere with the normal descent 
process. Reduced numbers of somites observed 
in arsenate-treated embryos and low fetal 
weights suggest that a general growth retar- 
dation occurred. 

Sodium arsenate-induced renal agenesis in 
the rat  does not duplicate exactly the condi- 
tion seen in humans with congenital kidney 
absence. I t  is estimated that in humans uni- 
lateral kidney absence occurs once in every 
1,000 births with the defect more common in 
males and the left kidney missing more often 
(Vaughan and Middleton, '75). In contrast, 
after arsenate treatment there was no signifi- 
cant difference between the incidence of renal 
agenesis in male and female offspring and 
neither side was consistently affected. In 
humans bilateral kidney agenesis is associ- 
ated with a syndrome of defects (Potter, "72). 
These defects, including pulmonary hypopla- 
sia, bowed legs and a typical facies, have been 
attributed to a characteristic scarcity of 
amniotic fluid associated with this condition 
(Fantel and Shepard, '75). Amniotic fluid 
volume in hamsters with arsenate-induced bi- 
lateral agenesis was not significantly dif- 
ferent from controls (Ferm and Saxon, '71) 
and, likewise, in the present study there was 
no apparent reduction in volume of amniotic 
fluid observed a t  the time of recovery of 
fetuses. 

Several human embryos which depict stages 
in the development of renal agenesis similar 
to those seen in the rat  after arsenate admin- 
istration have been described (Boyden, '32; 
Gruenwald, '39; Auer, '47). In all three em- 
bryos defective mesonephric duct or ureteric 
bud development was observed. In addition, 
renal agenesis accompanied by other urogeni- 
tal abnormalities, including absence of a 
ureter, uterine horn and ductus deferens oc- 
curs spontaneously in one rat  strain (Fuji- 
kura, '70; Cramer and Gill, '75). 

The teratogenic mechanism of action of 
arsenic is not known. In general, the actions of 
all arsenicals have been attributed to the tri- 
valent forms which are thought to exert their 
effects by reacting with sulfhydryl groups in 
cells (Harvey, '75). The pentavalent arsenate 
and the trivalent arsenite are interconverted 
in vivo. Arsenite inhibits the oxidation of 
pyruvate to acetyl Co A, a reaction which is an 
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obligatory step for entry of carbohydrates into 
the Krebs cycle (Webb, '66). Interference with 
this cycle could result in a reduction of energy 
available to the embryo. I t  is of interest that  
sodium arsenite administered to day 10 preg- 
nant rats, although highly toxic, did induce a 
low incidence of renal agenesis in surviving 
fetuses (Burk, unpublished). 

The specificity of arsenic for the developing 
kidney also demands further investigation. 
Renal agenesis and related malformations ob- 
served after sodium arsenate treatment re- 
sulted from a defective mesonephric duct 
which was unable to grow to the level of 
ureteric bud formation. A general energy re- 
duction which results in decreased cell prolif- 
eration could be postulated to explain this 
defect, but the characteristic site-specificity 
of arsenate teratogenicity seems to suggest 
the involvement of a more specific mecha- 
nism. 

Furthermore, preliminary information de- 
rived from the use of a radioisotope of arsenic 
(74As) indicates that the rat placenta is per- 
meable to arsenic, but only a very small quan- 
tity is present in the embryo a t  the time when 
renal agenesis is induced (Burk, unpublished). 
Whether this quantity of arsenic is sufficient 
to be responsible for the malformation has not 
yet been determined, and i t  is still possible 
that the effect of arsenic on the embryo may 
be due to an interference with maternal me- 
tabolism or placental function. 

LITERATURE CITED 

Ancel, P. 1946 Recherche expiximentale sur le spina 
bifida. Arch. Anat. Micr. Morph. Exp., 36: 45-63. 

Auer, J. 1947 Bilateral renal agenesia. Anat. Rec., 97: 
283-291. 

Beaudoin, A. R. 1974 Teratogenicity of sodium amenate 
in rats. Teratology, 10: 153- 157. 

Boyden, E. A. 1932 Congenital absence of the kidney. An 
interpretation based on a 10 mm human embryo exhibit- 
ing unilateral renal agenesis. Anat. Rec., 52: 325-349. 

Brown, A. L. 1931 An analysis of the developing 
metanephros in mouse embryos with abnormal kidneys. 
Am. J. Anat., 47: 117- 172. 

1959 Sur lee relations entre le canal de Wolff 
e t  le developpement du mesonephros e t  de la gonade chez 
l'embryon d'oiseau. Comptea Rendus de 1' Academie des 
Sciences, Paris. 248: 3033-3035. 

Cambar, R. 1948 Recherche8 exp(.rimentale sur les fac- 

Calame, S. 

teurs de la morphogenese du mesonephros chez les amphi- 
biens anoures. Bull. Biol. Fr. Belg., 82: 214-285. 

Cramer, D. V., and T. J. Gill 1975 Genetics of urogenital ab- 
normalities in ACI inbred rats. Teratology, 12: 27-32. 

Crocker, J. F. S., D. M. Brown and R. L. Vernier 1971 De- 
velopmental defects of the kidney: A review of renal de- 
velopment and experimental studies of maldevelopment. 
Pediat. Clin. N. Amer.. 18: 355-376. 

Fantel, A. G., and R. H. Shepard 1975 Potter syndrome: 
Nonrenal features induced by oligoamnios. Am. J. Dis. 
Child., 129: 1346- 1347. 

Ferm, V. H. 1972 The teratogenic effects of metals on 
mammalian embryos. Adv. Terat., 5: 51-75. 

1974 Effects of metal pollutants upon embry- 
onic development. Rev. Environ. Health, I: 238-259. 

Ferm, V. H., and S. J. Carpenter 1968 Malformations 
induced by sodium arsenate. J. Reprod. Fert., 17: 199- 201. 

Ferm, V. H., A. Saxon and B. W. Smith 1971 The terato- 
genic profile of sodium arsenate in the golden hamster. 
Arch. Environ. Health, 22: 577- 560. 

Fujikura, T. 1970 Kidney malformations in fetuses of A 
x C line 9935 rats. Teratology, 3: 245- 250. 

Grobstein, C. 1955 Inductive interactions in the de- 
velopment of the mouse metanephros. J. Exp. Zool., 130: 
319-340. 

Gruenwald, P.  1937 Zur Entwicklungsmechanik des 
Urogenital systems beim Huhn. Wilhelm Roux Arch. Ent. 
Mech. Org., 136: 768-813. 

The mechanism of kidney development in 
human embryos as revealed by an early stage in the 
agenesis of the ureteric buds. Anat. Rec., 75: 237-247. 

1941 The relation of the growing Mullerian duct 
to the Wolffian duct and its importance for the genesis of 
malformations. Anat. Rec., 81: 1- 19. 

Harvey, S. C. 1975 Heavy metals. In: The Pharmacologi- 
cal Basis of Therapeutics. L. S. Goodman and A. Gilman, 
eds. Macmillan. New York, pp. 924-928. 

Hood, R. D. 1972 Effects of sodium arsenite on fetal de- 
velopment. Bull Environ. Contam. Toxicol., 7: 216-222. 

Hood, R. D., and S. L. Bishop 1972 Teratogenic effects of 
sodium arsenate in mice. Arch. Environ. Health, 24: 
62-65. 

Lillie, R. D. 1965 Histopathologic Technic and Practical 
Histochemistry. McGraw-Hill, New York. 

Monie, I. W. 1961 Chlorambucil-induced abnormalities 
of the urogenital system of rat fetuses. Anat. Rec., 139: 
145- 153. 

Potter, E. L. 1972 Normal and Abnormal Development 
of the Kidney. Year Book, Chicago, pp. 86- 102. 

Torrey, T. W. 1943 The development of the urogenltal 
system of the albino rat. I. The kidney and its ducts. Am. 
J. Anat., 72: 113-144. 

Vaughan, E. D., and G. W. Middleton 1975 Pertinent 
genitourinary embryology. Review for practicing urol- 
ogist. Urology, 6: 139- 149. 

Webb, J. L. 1966 Enzyme and Metabolic Inhibitors. Vol. 
3. Academic Press, New York, pp. 595- 793. 

Wilson, J. G. 1954 Differentiation and the reaction of 
rat embryos to radiation. J. Cell. Comp. Physiol.,43 (Suppl 
1): 11-37. 

Wilson, J. G., and J. Warkany 1948 Malformations in the 
genito-urinary tract induced by maternal vitamin A defi. 
ciency in the rat. Am. J. Anat., 83: 357-407. 

1939 



PLATE 1 

EXPLANATION OF FIGURES 

Figs. 3-6 Schematic diagrams of some defects observed in embryos a t  various times 
following maternal treatment with sodium arsenate a t  day 10. In each figure the left side 
depicts the control urogenital system a t  the day indicated. The mesonephric ducts and 
ureteric buds are white, the metanephric blastemata are stippled, the mesonephric 
tubules (mesonephros) are striped, the urogenital sinus is labeled 8,  and the 
paramesonephric ducts are black. 

3 Failure of the mesonephric duct to attain the level of ureteric bud formation. There is 
no ureteric bud, but the metanephric blastema is still present. The length of the meso- 
nephroa reflects the premature termination of the mesonephric duct. 

4 The mesonephric duct attains the level of ureteric bud formation but fails to make 
cloaca1 contact. The kidney appears to begin a normal development. The length of the 
mesonephros is not affected. 

5 This potential hypoplastic kidney is only half the size of a control kidney. In the em- 
bryo on which this diagram is based the mesonephric duct failed to make contact with 
the urogenital sinus. 

6 The mesonephric duct is quite short and no metanephric blastemal cells remain. The 
paramesonephric duct reflects the defect in the mesonephric duct. Only the ostial por- 
tion is present. 
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PLATE 3 

EXPLANATION OF FIGURES 

11 Higher magnification of 14-day control kidney seen in figure 7. Note mitotic figures 
along the lumens of ureteric bud branches and in the surrounding condensed mesen- 
chyme. X 200. 

Developing kidney (day 14) from the arsenate-treated embryo seen in figure 8. 
Although the kidney is less complex than the control (fig. 111, the cells appear 
healthy. X 200. 

13 Higher magnification of the degenerating metanephric blastema (day 14) seen in 
figure 9. Note numerous pyknotic nuclei visible in the condensed mesenchyme of the 
blastema. X 200. 

14 Higher magnification of the potential hypoplastic kidney (day 14) seen in figure 10. 
At this point the kidney, although quite small, appears healthy. (Compare to figure 
15). X 200. 

Section from the same kidney seen in figure 14. This portion, which is farther distal 
to the ureteric bud, exhibits numerous pyknotic nuclei and resembles the degenerat- 
ing rnetanephric blastema seen in figure 13. X 200 
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