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Experimentally induced teratological conditions may be of 
considerable value for revealing relationships in developmen- 
tal physiology if one can discover which metabolic processes 
are disturbed by the treatments that cause the malformation 
and, if it is possible, to associate these with the abnormal mor- 
phology. Should aberrant physiological processes be detected 
one may explore them in order to determine causal relation- 
ships and thus arrive at some picture of the premorphological 
events which lead to the anomalous development. This type of 
approach may also reveal which factors are important in nor- 
mal morphogenesis since, in the absence of other evidence, 
one must assume that anomalies result from disturbances in 
the normal developmental processes. Students of experimental 
teratology have been impressed with the fact that similar 
syndromes may occur after a variety of treatments. Such ob- 
servations have been the hasis for hypotheses which claim 
that general or non-specific reactions (i.e., growth retardation 
or arrested development) are responsible f o r  the appearance 
of the anomalies. It is only through a study of their derange- 
ment of pre-morphological processes that one may actually 
deterniine whether different treatments which produce similar 
conditions do so as the result of non-specific reactions or by 
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specific effects which, at some point, have a common or similar 
action. 

It was with these considerations in mind that we undertook 
a study of the sulf anilamide-induced micromelia which was 
first reported by Ancel and Lallemand ('42). This chondro- 
dystrophy-like condition (frequently associated with parrot- 
beak and syndactyly) was produced when solutions of several 
sulfonamides (including sulfanilamide) were dropped on to 
the blastoderms of 48-hour chick embryos. The micromelia ob- 
tained by this treatment is quite similar, in gross aspects, to 
that produced by injections of insulin into the yolk-sacs of 
4-7-day-old chick embryos (Landauer, '47). It has been found 
(Landauer, '48) that the micromelic effects of insulin may be 
obliterated or  reversed by siinultaneous or subsequent injec- 
tions of nicotinamide and of a-ketoglutaric acid (the former 
being considerably more effective in this regard). In  addition 
the insulin produces, in the embryo, an hypoglycemia which 
may persist for as long as 8 days ; the incidence and degree of 
niicromelia is related to the extent and duration of the hypo- 
glycemia and factors which accentuate the low blood sugar also 
increase the production of micromelia and vice versa (Zwilling, 
'48, '49). Landauer ('45) demonstrated that when insulin is 
injected into the yolk-sac of early embryos (2 units adminis- 
tered from 0-6-2 hours of incubation) the chief effect is the 
production of rumplessness. Rficromelia resulted when older 
embryos were treated with two units of insulin. 

Some of the questions for which we sought answers in this 
work with sulfanilamide were : 

1. Can the sulfanilamide produce its effects after it is in- 
jected into the yolk-sac? 

2. Will it also produce rumplessness when injected into 
younger embryos ? 

3. Does the sulfanilaiiiide alter the blood sugar8 
4. Cali its micromelia-inducing effects be modified with 

3. Can the micronielia-inducing. effects of sulfanilamide be 
nicotinamide a 

modified by para-aminohenzoic acid ? 
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\Then our preliminary attempts to answer these questions 
revealed that sulfanilamide also caused a decrease in size of 
the embryos we gathered data which is of some significance 
for the problem of the role of growth retardation in the etiol- 
ogy of terata. 

MATERIAL AND METHODS 

Eggs from unselected White Leghorn chickens were used 
for all these experiments. They were incubated on their side 
iii a forced draft incubator. The sulfanilamide (Lederle's) 
and other substances were injected into the yolk-sac through 
the blunt end of the egg following the usual virological pro- 
cedure. Injections were made with syringes equipped with 20 
gauge I-inch long needles. The hole in the shell was sealed 
with a drop of nail polish, I n  most instances the concentra- 
tions of the substances used were adjusted so that the desired 
dose was contained in 1/5 em3 of solution. 

Blood sugar assays were performed by means of the tech- 
nique described by Zwilliiig ( '48). In  order to obtain some 
quantitative estimate of the growth effects of the various 
treatments all surviving embryos were removed from their 
shells at 14 days and weighed. They were then fixed in 10% 
formol. For data on the micromelic effects the embryos were 
classified, by inspection, into three categories : (1) normal or 
slight, ( 2 )  moderate and (3)  extreme micromelia. After they 
were fixed the left leg was dissected from each specimen, the 
muscles stripped from it, and the length of each of the three 
long bones nieasured with calipers. I n  many sulfanilamide- 
treated embryos the tibiotarsus is bent; in measuring these 
the part of the bone on each side of the bend was measured and 
the total length was recorded. 

Most of the data are presented along with the controls for 
the particular experiment. In  only a few instances are data 
from different experiments lumped together. This will account 
for sonie of the differences which may be observed after similar 
treatments. Apparently the susceptibility of eggs from the 
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same hens varies from time to  time. This sort of phenomenon 
has been demoiistrated before (Landauer, '43 has shown that 
seasonal differences in susceptibility may exist). 

Dose efec ts  

Preliminary experiments revealed that the sulfanilamide 
was effectivc when it was injected into the yolk-sac of 3-day 
embryos. Various doses (from .5 to 2 rng) were injected into 
embryos at this stage and their effects are shown in tables 1 
and 2. 

TABLE 1 

Effect of zncreaszng dose of sttlfanalamide on :i-tla?l e inh~yon  

5 0 .  O F  SURt IT'ORS 70 S U R t T V 4 L  
DOSE AT 14 D 4 P S  AT 14 % MICROXIEL14 ~~~~~~~~ 

,irg 

.5 
1.0 
1.5 
1.6 
1.8 
2.0 

T'ntrcated 
controls 

</P 

13 G5 
13 63 
21 91 
19 63 
35 58 
29 63 

68 94 

'/a 
0 

46.1 
80.9 
68.4 
83.7 
89.6 

0 

4 
0 
7.6 

35.0 
1,s.: 
4'7.8 
41.3 

0 

So t  all of these experiments were performed a t  the same 
time, but each group had its own controls and these are all 
included in the tables. The embryos which received 1.5 mg of 
sulfanilamide were injected a t  the same time as those which 
were trcated with .5 and 1.0 mg. The increased survival in this 
group may represent a sampling variation since it is out of 
line with the rest. IIowever, it serves to  emphasize one of the 
observatioiis which can bc made from these data, namely that 
the teratogenic effect of the sulfanilamide is independent of 
its toxic effect. Evidently the latter is not related to dosc in the 
range employed by us while the production of niicromelia 
definitely is. Such a separation of teratogenic action and 
toxicity has been demonstrated by Ancel for a number of s u b  
.stances arid by Landauer for insulin. 
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In table 2 the data fo r  embryo weight and length of left leg 
are presented for these different doses. These figures repre- 
sent all treated embryos, including those with relatively slight 
effects. Retardation in body size and reduction in leg length 
were both exaggerated as the dose was increased. With 4 of the 
6 doses leg length mas affected slightly more than body weight 
while with 1.6 mg and 2.0 mg the reverse was true. 

TABLE 2 

Ef fec t s  o f  iiicrea.sm,q dose o f  szclfanzlaiiiide on riiibnio ? ~ r i q l ~ t  a n d  lrq l c n q t h  

DOSE AV. WT. 
(IN G R A X S )  

R.4NGF: 
(la G R A M S )  

m g  
.5 

1.0 
1.5 
1.6 
1.8 
2.0 

Uiitreated 
eoiitrols 

(It 
8.94 6.64-10.17 95.6 3.5(i 
7.94 4.59-9.66 84.9 3.14 
7.70 6.40-9.41 82.3 2.87 
6.92 5.52-8 83 74.0 2.91 
7.31 5.19-9.07 78.2 2.89 
5.75 3.71-7.43 61.4 2.55 

9.35 6.88-1 1.79 3.80 

<? 
".6')-3.84 03.4 
2.53-3.86 82.6 
2.44-3.41 - -  15.5 - 
2.01-3.74 76.5 
2.38-3.63 i 6 . 0  
1.68-3.5.5 6 i . l  

2.94--4.19 

These clxtx are for all embryos, iiirluding iioii-reactors. 
Coiiibined lengtlis of femur, tibiotarsus ancl tarsometatarsiis. 

Inpucncc of stcige trecntcd 

In the following experiments a uniform dose of sulfanila- 
mide (1.6 mg) was injected into embryos of different ages. 
The younger embryos were treated in an attempt to  see 
whether injected sulfanilamide resulted in an increase in 
rumplessness. Diagnosis for ruinplessness was made in the 
survivors of the 4th day of developnierit in the case of embryos 
which had been injected at 30 and 48 hours after incuhation 
had begun. A total of 111 embryos were injected at 30 hours 
and 83 at  -18 hours. There were 45 controls. Among the 92 sur- 
vivors of the 4th day in the 30-hour group 7 (7.6%) mere 
rumpless. Three (4.0%) of the 75 survivors of the 4th day in 
the 48-hour group were rumpless. None of the untreated con- 
trols had this abnormality. In 113 untreated controls from 
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other experiments (examined at  the 14th day) two were 1-unip- 
less (1.7%). The 7.6% incidence after treatment of 30-hour 
embryos is obviously significant. Moseley ('47) found that 
5.4% of her controls (56 embryos) were rumpless. The 1.7% 
which we encountered in the controls corresponds better with 
the incidence which Landauer and Baumann ( '43) reported. 
F h e n  embryos treated at  48 hours are compared with our con- 
trols it is seen that the sulfaiiilamide does enhance the occur- 
rence of rumplessness somewhat. 

TABLE 3 

SfzcTomrlic and survival effects of znjectLon of 1.6 nig of sitlfanilanz~cle on 
embryos of different agcs 

% % 92 
52.0 30 hours 48 43 11.0 

48 hours 35 4'7 94.3 60.0 
5 days 19 6 3 G8.4 15. i  
7 days 13 92 0.0 0.0 
9 daFs 1 2  92 0.0 0.0 

c.011trols G 3 91 0 0 0.0 

-- 

Untreated 

From the data presented in tables 3 and 4 it can be seen that 
the total incidence of micronielia, and especially that of the 
extreme type, was increased when the younger stag oes were 
treated. The mortality was somewhat greater at  these stages 
than later on. It is interesting to  note that there was no niicro- 
melia when 7- and 9-day embryos were injected with 1.6 mg of 
sulfanilamide. This is more evident in table 4, where it can be 
seen that the leg length of these embryos was relatively uii- 
affected. Note, though, that the sulfanilamide still exerted an 
effect on body size in these older embryos; when injected at 7 
days the embryos attained only 86.6% of the control weight 
while those injected at 9 days weighed 90.4% as much as the 
controls. In  these embryos the legs were relatively larger 
than those of the controls. On the other hand, in embryos in- 
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jected at 30 and 48 hours, the legs were affected relativelj- 
more than the body size. This difference also holds between 
these embryos and the ones treated at  5 days and reflects the 
greater preponderance of extreme micromelia. 

Blood sugar effects 

Assays for blood sugar mere performed on embryos which 
had been injected with 1.6mg of sulfanilamide at  5 days. 
Blood was obtained from 9 6-day, 10 %day, 5 10-day, 5 12-day 

TABLE 4 

W e i g h t  and leg-length effects of inject ion of 1.6 mg szilfnnilamide on 
embryos of different ages 

AGE O F  EMBRYO AY. %T. RANGE RANGE: % o*- OF AV. L E N G T H  

WHEN TREATED (IX G R 4 3 I S )  (IN G R A X S )  CONTROLS TFoyF ( I N  C a r )  CONTROLS 

[k V C  

30 hours 6.88 4.25-10.49 i1.i 2.63 1.00-4.23 67.9 

48 hours 6.57 3.96-8.ii 68.5 2.49 1.89-3.1i 64.3 

5 days 6.92 5.52-8.83 72.1 2.91 2.01-3.74 75.2 

7 days 8.31 6.88-9.85 86.6 3.77 3.36-4.15 97.4 

9 days 8.67 5.i7-9.96 90.4 3.81 2.99-4.28 99.2 

controls 9.75 6.67-11.79 3.89 3.09-4.22 
Untreated 

These da ta  are for all embryos, including non-reactors. 

and 5 1Fday embryos. TTe also iiicluded, a t  6 and 8 days, 
some embryos (6 and 5) which had received 2.5 mg of para- 
aminobenzoic acid in addition to the sulfa. None of the blood 
sugar values from these determinations were abnormal. Most 
of the embryos survived to 14 days and could be diagnosed f o r  
micromelic effects of the sulfa. Eight of them were estreiiicb 
micromelics and several were classed as near-extreme. This 
evidence was considered sufficient to indicate that sulfanila- 
mide does not affect the blood sugar of the embryos and fur- 
ther assays were not attempted. 



E f f e c t s  of para-nqizi.tzobclzxoic acid 

One of the current hypotheses about the inhibition of bac- 
terial growth by sulfanilamide is that it is an antagonist of 
para-aminobenzoic acid. It has been demonstrated that addi- 
tion of excess PABA may, in most cases, couiiter the action of 
the sulfa drug. We were curious to know whether the growth 
and micromelic effects of the sulfanilamide could be likewise 
altered by PABA. The PABA mas converted to its sodium 
salt, which is more soluble than the acid, by addition of NaOH 

TABLE 5 

Effect of PABA on siilfa-inrlured niicromrlin 

XO. O F  bUR- '% SURVIVAL % BXTREME 
VIVORS AT 14 I ) * P R  AT 14 DAYS '' XICRoME'JA MICROMBLIA TKB YTXBST 

1.8 iiig sulfa 

1.8 iiig sulfa + 
i . 5 m g  PABA 

i..5 mg PBEA 

7.5 ing PARA + 
3 nig nicoti~inniide 

Uiitrenteil controls 

3 ing  PSEA at 48 hours 

TJiitrcxted coiltrots 

'h 
27 60 

10 14.; 

24 96 

2 1  42 

44 83 

c/o 
62.9 

62.4 

0 

% 
33.3 

37.5 

0 

to  the solution. This enabled US to increase the dose without 
increasing the volume excessively. After preliminary trials a 
dose of 7.5 mg PABA in l /5  ems was employed. 

As outlined in tables 5 and 6 eiiibryos of 5 days were sub- 
jected to the following treatments : 

(1) Sulfanilamide alone, (2 )  sulfanilamide + PABA, (3 )  
PABA alone, (4)  PABA + nicotiiiamidc (which, as  we shall 
clemonstrate, has an effect on the niicroiiielia-iiiducinff action 
of sulfanilamide). Group 5 consisted of untreated controls. 
At  a later time a group of &hour embryos was injected with 
5 mg of PABA. These had their own controls. 
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Para-aminobenzoic acid did not alleviate any of the effects 
of sulfanilamide in the chick embryos. In  fact it accentuated 
them. This is evident froni the increase in mortality and the 
exaggeration of growth retardation. The incidence of micro- 
inelia was not augmented, but the average leg length was de- 
ci-cased, probably a reflection of the decrease in body size. 

TABLE 6 

Effect of PABA on wezght and lr,q-lcngih of sz~Zfanila?iiide-treatrd embryos ' 

AV. WT. R A N G E  R A N G E  70 O F  
( I N  G R A l r S )  ( I N  G R A M S )  COKTROLS "(",:,"\:: ( I N  CM) CONTROLS 

qo OF AV. L E N G T H  

1.8 m g  sulfa 

1.8 mg sulfa + 
7.5 mg PABA 

7.5 mg PABA 

7.5 iiig PABA 

iiicotinarnide 
+ 5mg 

Untreated 
controls 

5 mg PABA at 
48 hours 

Untreated 
controls at 
48 hours 

% % 
7.66 6.04-10.90 83.8 3.05 2.13-4.01 81.3 

5.88 4.41-6.88 64.3 2.55 2.25-3.35 68.0 

7.12 * 4.00-10.32 77.8 3 .1S3  2.40-3.60 84.8 

7.28 4.40-11.09 i9.G 

9.14 6.75-11.07 3.7.5 2.94-4.07 

8.42 6.18-10.25 93.3 

9.02 7.43-10.31 

These data are for all eiiibryos, iiiclucling non-reactors. 
' N = 2 2 .  
3 N  = 7. 

Quite unexpectedly is was found that PABA alone caused a 
growth retardation but was not effective in producing micro- 
inelia. In  the dose employed in the experiment with 5-day 
embryos the PABA reduced body weight quite as effectively 
as did sulfanilamide. Although the legs were small (but rela- 
tively less reduced than the body) they were normally propor- 
tioned. The simultaneous admini stration of nicotinamide with 
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PABA did not alter its weight-reducing effects. It can be seen 
that PABA alone mas very toxic and that in combination with 
either sulfanilamide or nicotinamide its lethal effects were in- 
creased considerably. 

In  order to find whether the absence of micromelia follow- 
ing injections with PABA might be dependent on the time when 
it was administered another group of eggs was injected at  48 
hours. The amount of PABA was decreased to 5mg in an 
attempt to iiicrease survival. Again we found that there was 
no micromelia even though the mortality was high and there 
was a decrease in weight of the embryos, though not quite so 
marked as when older embryos were treated. 

Ef fec ts  of micotinanaide 
In  this next set of experiments we attempted to discover 

whether nicotinamide had the same anti-micromelic action 
with sulfanilamide as it does with insulin. To this end nico- 
tinamide was injected into 5-day embryos immediately after 
they had been treated with sulfanilamide. Various doses wei-e 
tried and finally a dose of 5 mg was selected. Higher doses were 
exceedingly toxic in combination with the sulfa-drug. From 
the few survivors obtained with the greater doses it could be 
seen that the results were essentially the same as those ob- 
tained with 5 mg. 

Alice1 ('45) has advanced the idea that the sulfanilamide 
was exerting its effect on the pre-cartilaginous mesenchyme 
during the two days after its application (i.e., from day 2 to 
day 4). According to him, therefore, the micromelia is an es- 
pression of the drug's action on the undifferentiated tissue. 
In view of the fact that embryos may become micromelic when 
treated as late as 5 days this did not seem a likely interpreta- 
tion. When it was found that nicotinamide did eliminate the 
sulfa-induced micromelia we planned an experiment in which 
sulfanilamide was injected at one time and nicotinamide sev- 
eral days later. 

Tables 7 and 8 contain the data f o r  experiments with nico- 
tinaniide. The results are completely unequivocal. No embryos 
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which received nicotinamide in addition to sulfanilamide de- 
veloped micromelia. This mas equally true in our preliminary 
work with different doses. However, it is quite interesting to 
note that the nicotinamide acted selectively in preventing 01- 

alleviating the micromelia but did not affect the growth re- 
tarding action of sulfanilamide appreciably when both sub- 
stances were injected into 5-day embryos. When the nicotina- 
mide was injected along with sulfanilamide at 45 houi-s or at  

TAELE 7 

The effect of nzcotinanairle on sulfa-inducrd mzeromelin 

TREATMEKT 
NO. O F  SUR- 
VIVORS AT 

14 ~41.1 
7 0  EXTREME 
DIICROXEIJ.4 

Expt. 1 
1.8 mg sulfa 
1.8 nig sulfa + 
5 nig nicotinamide 

Untreated controls 

Expt.  2 
1.6 mg sulfa a t  

1 . G  nig 5ulf:t + 
48 hour8 

5 nig nicotinamide 
at 48 hours 

48 hours + 5 nig 
nicotinaniide a t  
5 days 

1.6 mg sulfa a t  

Untreated controls 

Expt.  3 
1.8mg sulfa 
a t  5 days 

1.8nig sulfa at 
5 days + 6 mg 
nicotinamide a t  
6 days 

1.8 mg  sulfa a t  
5 days + 5 rl lg  

nicotinaniide a t  
7 days 

Untreaterl controls 

540 

i 0  

% 

83.7 

% 

42.8 31 

53 

100 

0.0 

0.0 
0.0 
0.0 

15 50 93.3 60.0 

10 24 0.0 0.0 

9 
1; 

05 

93 

0.0 

0.0 

0.0 
0.0 

30 70 36.6 l D . G  

24 5 6 0.0 0.0 

2G 

10 
GO 
83 

0.0 
0.0 

0.0 

0 0  
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5 days, after the sulfanilamide had been injected at 48 hours, 
there mas some increase in body size. However, the leg length 
was increased proportionately more. When the sulfanilamide 
was injected at 5 days and the nicotinamide at  6 and 7 days 

TABLE 8 

T h e  e f fec t  of nicotinaiiiide on weight and leg leiagtla of 
aiilfnnilamide-tl.eated em byyon ’ 

TRXATMEST 

Ezp t .  1 
1.8 nig sulfa 

1.8 mg sulfa + 
5 mg nieotinamide 

Untreated controls 

Ezpt.  3 
1.6 nig sulfa at 
48 hours 
1.6 n1g sulfn + 
5 mg nicotiiiamide 
at 48 hours 

48 hours + 5 ing 
nieotinaniide at 
5 days 

l .6nig sulfa a t  

Untreated controls 

Expt.  3 
1.8mg sulfa 

1.81ng sulfa a t  
5 days + 5 nig 
nicotinamide a t  
6 days 

1.8 ing sulfa a t  
5 days + 5 ing 
nicotinaniide a t  
7 days 

at 5 days 

1:n trea ted coiit rols 

.4V. WT. RAXGE 
( I N  QRAXS) (IK GRAMS) 

i.14 

i.69 
10.00 

6.66 

7.85 

8.26 
10.43 

8.28 

8 . i i  

8.59 
10.69 

5.19-9.00 

6.30-9.80 
8.68-11.31 

3.96-8.i i  

6.42-8.98 

6.33-10.31 
7.36-1 1. i 8 

5.46-9.93 

6.20-10.60 

6.35-10.34 
9.06-1 2.1 i 

~ 

‘/o 

7 1.4 

76.9 

63.8 

r -  
I J.2 

79.2 

77.4 

82.0 

80.3 

~ 

2.88 

3.61 
3.93 

2.68 

3.F1 

X i 4  

3.93 

R A X U E  
(IN C X )  

2.29-3.63 

3.25-3.88 
3 .  i 8-4.19 

1.9.5-3.1i 

3.18-3.90 

3.24-4.1 1 
3.10-4.25 

% O F  
CON- 

P R O I S  

~ 

70 

73.2 

91.8 

67.8 

91.4 

94.6 

. .  . .  

These data are for all enibryos, inclnding non-re:ic~tors. 
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there was no micromelia (the leg length measurements for 
these embryos were not recorded) and the weight of the cni- 
hryos was not improved to  any great extent. 

Efec t  of rzicotiizamide on the beak 

When embryos mere treated with sulfanilamide alone o r  to- 
gether with PARA, many of the more extreme micromelics 
also had parrot-beaks. Whcii iiicotiiiamide was administered 
either immediately following, or some time after, the injection 
of sulfanilamide the parrot-peak condition was no longer 
found. Instead 1~7e encountered a considerable incidence of 
shortening of the upper beak. This was true even when the 
nicotinamide was injected on days 6 and 7 arid sulfanilamide 
on day 5. From a total of 97 embryos treated with both sulfa- 
nilamide and nicotinamide 48 (49.4% ) had shortened upper 
beaks. This condition was seen in only two of 140 untreated 
control embryos (1.4%) utilized in these experiments and in 
5 of 424 embryos (1.17%) treated with only sulfanilamide or 
PABA or both. The degree of shortening of the upper beak in 
controls and in sulfa- and PABA-treated embryos was, for the 
most part, considerably less marked than in embryos treated 
with nicotinamide. 

Laiidauer ( '48) found, when insulin and nicotinamide were 
administered either simultaneously o r  at  intervals of 3 hours 
at  between 24 and 30 hours of incubation, that the incidence of 
rumplessness was considerably reduced but that shortening of 
the upper beak occurred in 5-1276 of the embryos. This treat- 
ment did not produce short upper beaks in 96- or 120-hour 
embryos. In  the present material the incidence of short upper 
beak was high even when the nicotinamide was injected at  7 
days (34%) (sulfanilamide at  5 days). Landauer has also 
found (unpublished) that nicotinamide eliminated the parrot- 
beak condition which followed injections of eserine sulphate, 
and that shortening of the upper beak was frequently encoun- 
tered. We did not  inject embryos with iiicotinamide alone 
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since Landauer had performed these control experinients and 
me had repeated them in connection with other work. Nico- 
tinamide alone did not produce any abnormalities,3 

Structural a m 1  ogs of nicot inawide 
;\ckermann and Taylor ( ’48) have reported the results of 

injections of 3-acetylpyridine into chick embryos. They nieas- 
ured the toxic effects of sub-lethal doses (400-550 y) by deter- 
niining the fraction of treated embryos which were dead after 
24 hours. In addition they stated that “Some of the symptoms 
associated with the toxicity were undersized deformed legs, 
and a general edematous-like condition . . .,’ These effects 
were reversed by addition of proper amounts of nicotinamide. 
They did not state whether their embryos were examined at 
later stages. Since the “undersized deformed legs ” sounded 
like niicromelia we were, in light of our results with nicotina- 
mide, quite interested in studying the effect of 3-acetylpyridine 
on blood sugar, etc. 

Our first step was to inject some 3-acetylpyridine to see 
whether micromelia was actually produced. Doses ranging 
from 400y to 8OOy were injected into 4- and 5-day embryos, 
which were then examined at  14 days. In  no case was micro- 
melia found. The embryos were reduced in size and many 
mere edematous. However, the eff’ect on the limbs was quite 
unlike that seen after injection with other substances. The 
wings were articulated in such a manner that they lay extended 
along the back of the embryo. The hind-limbs were normal in 
length for embryos of this size but mere thinner than normal. 
Most of the other bones (ribs, etc.) were also thinner than 
normal. We have not made a detailed study of these effects. 

The effect of 3-acetylpyridine on the weight of the embryos 
caiinot be measured accurately because of the high incidence 
of edema ; one cannot drain off the fluid. Some rough idea may 
be obtained from the following: the average weight at 14 days 

Siiicc this was 1s ritteii Laadauer (unpublislied), in  another series of experi- 
iiicnts, found that 5 ing of iiicotiiianiide alone produced short  uppcr beaks in 7 7 ~  
of rnlhrj-os treated at 24 hours and in .09% of eiiibrgos injected a t  96 hours. 
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of 75 embryos treated with from 400 y to 800 y (27 with 400 y, 
35 with 500 y, 6 with 600 y and 7 with 800 y) and weighed with 
edematous fluid was 7.08 gm. That for 21 untreated controls 
(none edematous) was 8.75 gm. The weight reduction was 
about the same whether the injection was made at 4 days or at 
5 days. The averages for the weights for doses 400, 500, and 
600 y were about the same (7.03,7.20 and 7.05 gm, respectively) 
while that for 800 y was 6.77 gm. 

Curiously enough 3-acetylpyridine caused an increase in the 
incidence of shortened upper beaks. Sixteen per cent of all 
embryos treated with this substance had such a condition. 
Only one (4.7%) of the 21 control embryos had a short uppei- 
beak. 

One other antagonist of nicotinic acid which we tried was 
pyridine-3-sulfonic acid (which was used in its acid form). 
Doses of from 200 y to  80 mg mere injected into small groups 
of embryos. Aside from an evident toxicity with doses in ex- 
cess of 30mg there was no appreciable effect on the embryos 
after they were treated with pyridine-3-sulfonic acid. 

Size of long boizes in micromelic embryos 

In order to compare the shortening of the long bones of the 
hind limbs in our experimental material with the data which 
Landauer ( '39) has presented for Creeper embryos, 20 ex- 
treme and 20 moderate cases of sulfanilamide-induced micro- 
nielics as well as 20 controls were selected at  random from our 
material. Two types of calculations were made: from the 
averages of their lengths the proportion of the individual 
bones to the total length of all three elements was obtained and 
the reduction of each bone relative to thc total reduction was 
calculated 

) 
Control bone-treated bone X 100 

Combined length of control bones - combined length of treated bones * ( 
From table 9 it may be seen that the relative proportions of 

the bones was not altered very greatly in moderate micro- 
nielics. I n  the extremes the femur was relatively longer and 
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the other two bones shorter than in the controls. The latter is 
essentially what Landauer found for homozygous Creeper em- 
bryos. However, our moderates shelved less change in pro- 
portion than did the heterozygous Creepers. Our controls, too, 
differed from Landauer 's normal embryos from the Creeper 
matings; the femur is relatively larger and the other two 

TAELE 9 '  

'encth bone x 100 
comhined !engtli 

Proport ion of totril lengtlh f o r  each leg bone ( 
TOTAL 

LEKOTH FRJIITR 

Controls 
cm 

3.78 31.14 39.8.3 28.88 

Modorate 
microiiielics 2.85 31.73 37.20 28.99 

Extreme 
iriicroinelirs 2.33 36.14 36.79 26.86 

A11 embryos 14 days old. 

TABLE 101 

Kedt-tctaon in length o f  leg bones d a t i v e  to total reduction (see t ex t )  

TIRIOTARSUS 
TARSUS 

FEMUR TOTAL 
REDUCTIOh- 

Moderate 
micromelia 

CI IL  

.93 23.6 48.4 27.9 

Extzenie 
niicronielia 1.46 23.4 44.8 31.7 

A11 eiiibryos 14 days old. 

bones somewhat smaller in our embryos. The tibiotarsus and 
tarsoinetatarsus in the extreme micronielics (table 10)  e ere 
shortened relatively more than the femur, with the tibiotarsus 
showing the greatest shortening. The same was seen in the 
moderates, although in this case the tibiotarsus was even more 
shortened relative to the others and the tarsometatarsus rela- 
tively Iess than in the extremes. Again this is essentially the 
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same as in Creeper embryos of the same age. The extreme 
micromelics show the same proportionate reduction as do the 
homozygous Creepers. In  our moderates the femur is rela- 
tively more shortened and the tarsometatarsus relatively less 
shortened than they were in the heterozygous Creepers, while 
the tibiotarsi in the two were similar in this respect. 

The same calculations were performed for 18 embryos 
treated with sulfanilamide and nicotinamide at  5 days. The 
comparison was made with 11 controls incubated at the same 
time. The total average reduction for all three bones of the 
limb in the treated embryos was .29 em. The proportions were 
very close to  those for the controls: (in the following figures 
control proportions are given first) femur, 30.7-31.6 ; tibio- 
tarsus, 39.S38.6 ; tarsometatarsus, 29.8-29.5. 

These data demonstrate that the growth changes in the 
limbs of sulf anilamide-induced micromelia are very similar to 
those observed in Creeper embryos. The tibiotarsus is most 
reduced and the femur shows the least reduction. 

DISCUSSION 

The interpretation of developmental studies of the type de- 
scribed in this paper depends, to a great extent, on information 
obtained from experiments performed on adult organisms. 
There is no complete analysis of the function of such sub- 
stances as nicotinamide in the embryo. Levy and Young ( '48) 
have demonstrated that all of the nicotinic acid (or amide) in 
chick embryos is in the form of the diphosphopyridine nucleo- 
tide. It has been known for some time that DPN (or coenzyme 
I) is of extreme importance in both carbohydrate and amino 
acid metabolism (Ball, '39 ; Krehl, '49). Lennerstrand ( '41) 
had shown, in vitro, a relationship between the degeneration 
and regeneration of DPN and glucose. Under proper condi- 
tions (presence of apoenzyme) phosphated glucose enhances 
the synthesis of the DPN, while, conversely, its absence in- 
hibits it. These, then, are the salient facts upon which we 
must base an interpretation of our results with nicotinamide. 
(Wald 1,491 has shown another function of DPN, in the syn- 
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thesis of A vitamins from retinenes, but too little is known of 
any general application to steroid synthesis to warrant con- 
sidering it here.) 

Sulfanilamide’s inhibition of bacterial growth has been in- 
terpreted to be the result of a competition for PABA. Since 
PABA does not alleviate any of the effects of sulfanilamide in 
chick embryos it is evident that the action of the sulfa is not 
a result of PABA antagonism. I n  fact, PABA itself acts as an 
inhibitor of growth in chick embryos. It has been known f o r  
some time that certain ill effects of sulfanilamide therapy may 
be alleviated by treating patients with nicotinamide. This 
points to a dual effect of sulfanilamide, since its inhibition of 
bacterial growth does not seem to be appreciably altered when 
the nicotinamide is administered. Our results with chick em- 
bryos also indicate a dual effect of sulfanilamide: one on 
general embryonic growth and one on the development of the 
long bones of the limbs. Only the latter is affected by nico- 
tinamide therapy. It seems possible that the growth inhibition 
of both PABA and sulfanilamide may be the result of these 
similar molecules interfering with the same substance or 
process, while the micromelic effects are due to some specific 
action of the sulfanilamide. 

Several possible explanations of the sulfanilamide’s micro- 
melia-inducing effects and their antagonism by nicotinamide 
present themselves : the sulfanilamide may inhibit DPN syn- 
thesis directly, it may interfere with amino acid metabolism 
or it may interfere with carbohydrate metabolism. I n  any of 
these possibilities the addition of nicotinamide could be helpful 
in overcoming the effects. Apparently DPN-mediated metabo- 
lism is more important in chondrogenesis of long bones than 
in other growth or differentiation processes since the nicotin- 
amide did not alleviate the general growth inhibition. 

Sulf anilamide, unlike insulin, does not affect the embryonic 
blood sugar although it does cause a similar morphological 
effect. Aside from the production of micromelia the only 
physiological similarity between the two substances is the 
fact that their effects are reversed by nicotinamide. Recently 
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Landauer (unpublished) has found that the micromelia which 
is induced by injections of eserine sulfate is also eliminated 
by nicotinamide. It is not clear, at this point, whether the 
insulin-induced hypoglycemia is a direct cause of the micro- 
melia. This seems unlikely in view of the action of nicotina- 
mide. It is more likely that the decreased hexose content of the 
blood (and, one assumes, the tissues) causes an increased re- 
quirement for DPN either through a more rapid destruction 
o r  an inhibition of its synthesis under these conditions (see 
Lennerstrand's work above). There is another possibility : 
the insulin may alter the amino acid metabolism directly. 
Harris and Harris ('47) have shown that amino acids in the 
blood of humans may be altered by insulin. At the present 
stage of these investigations one can but hypothecate that 
these substances, whether by direct antagonism or by indirect 
action on carbohydrate or amino acid metabolism, achieve a 
common result, namely that of interfering with a process 
which is either dependent on a nicotinamide containing com- 
pound or for which such a compound may provide an alternate 
source of energy. 

We had hoped that a direct antagonism of nicotinamide by 
some of its antimetabolites might be very revealing for our 
problem. The fact that 3-acetylpyridine and pyridine-3-sul- 
fonic acid did not produce niicromelia does not necessarily 
eliminate this approach. It is well known that antimetabolites 
do not have the same effects in all animals or under different 
dietary conditions. In a system such as one finds in a normal 
chick embryo, where all nutrients are present in a relatively 
closed system, the action of antimetabolites may conceivably 
be altered. 

For years teratologists have been concerned with the role 
of developmental retardation as a cause of malformations. It 
has become customary to consider the time when a substance 
acts to be more important than any specificity in its action. 
In  recent years evidence has been brought forth (largely by 
Ancel and his group) which indicates that the specific action of 
the teratological agent may be equally effective in determining 
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the nature of an abnormality and that one must consider both 
factors. The data which we have presented in this paper 
clearly indicates that the micromelic effects of sulfanilamide 
are separate from its growth retarding effects. Two facts sup- 
port this strongly : nicotinamide selectively reverses only the 
effects on the limbs; and PABA produces a growth inhibition 
without any accompanying micromelia. It is unlikely that dif- 
ferences in solubility or in transport of sulfanilamide and 
PABA to the embryo may be responsible for any variations in 
their effects since PABA had no micromelia-inducing effect 
when injected at  either 48 hours or 5 days. This point is 
strengthened by our findings that sulfanilamide is effective in 
producing micromelia over a wide period of time: from 30 
hours to 5 days. We can conclude, in the case of sulfanilamide- 
induced micromelia, that the growth retardation is not in- 
volved in the production of the abnormality but that some 
specific action of the drug is the causal factor. 

It is of some interest to note that insulin and sulfanilamide 
differ both in regard to the time of treatment which produces 
a maximum incidence of micromelia and the span of time over 
which they are effective in producing the condition. With in- 
sulin the greatest incidence of micromelia was encountered at 
120 hours; with sulfanilamide it was 48 hours. After injec- 
tions of two units of insulin micromelia was produced from 96 
hours to 168 hours. (There is some evidence [unpublished] 
that 5 units of insulin, administered as early as 30 hours, may 
produce some micromelia; this is associated with an hypo- 
glycemia which persisted as lat,e as the 10-day stage after 
such treatment.) With sulfanilamide this condition did not 
appear when embryos older than 5 days were treated. 

Ancel interpreted his results with sulfanilamide to indicate 
that this substance acts on pre-cartilage tissue prior to the 
elaboration of the limb. The abnormal chondrogenesis, etc., 
was, according to him, the expression of the earlier influences. 
This seems unlikely for several reasons. Sulfanilamide may 
produce micromelia when it is injected into 5-day embryos and 
the effects of prior injections may be eliminated as late as 7 
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days, when chondrogenesis has been under way f o r  some time. 
Insulin may induce micrornelia even when it is injected at 7 
days (Landauer, ’47). Ancel dropped a solution containing 
1.25 mg of sulfanilamide on to the blastoderm of 48-hour em- 
bryos. Probably most of the solution rolled off of the blasto- 
derm, dissolved in the albumen and possibly was distributed 
to other parts of the embryo. According to V. Group6 and A. 
P. Richardson (unpublished data) when sulfadiazine was in- 
jected into the yolk-sac of 7-day embryos it was quickly dis- 
tributed so that within 24 hours it was found in the allantoic 
fluid, yolk, chorioallantoic membrane, amniotic fluid, embry- 
onic tissue and yolk sac (in order of decreasing concentration). 
Over a period of 11 days the amount in each region varied, but 
the sulfadiazine was present in all tissues and fluids assayed. 
It is possible that sulfanilamide may be distributed in a similar 
manner. Quite likely the sulfanilamide in Ancel’s experiments 
was available to the embryo over a considerable time and 
exerted its influence f o r  a period which included the stage 
when cartilage formation had begun. 

SUMMARY 

1. Sulfanilamide may produce micromclia, parrot-beak and 
growth retardation in chick embryos when it is injected into 
the yolk-sac. The teratogenic effects of sulfanilamide increased 
as the dose was increased, but the toxic action did not increase 
accordingly. 

2. Micromelia resulted after injections of sulfanilamide a t  
30 hours and at  5 days. Rumplessness occurred in 7.6% of 
embryos treated at  30 hours, and 4.0% of those treated at  48 
hours. Both the incidence of extreme micromelia and the de- 
gree of growth inhibition were greater when earlier stages 
(48 hours) were treated. 

3. Sulfanilamide did not alter the blood sugar when it was 
injected into 5-day chick embryos. 

4. Para-aminobenzoic acid did not interfere with the sulfa- 
nilamide effects ; it exaggerated the growth inhibition. When 
PABA was administered by itself, growth of the embryo was 
retarded. 
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5 .  When nicotinamide was injected along with or from 2-3 
days after sulfanilamide, the micromelic effects of sulfanila- 
mide were completely eliminated. However, in most instances, 
the growth retardation was not appreciably affected by this 
t rea tmcnt. 

6. When nicotinamide was injected in conjunction with 
sulfanilamide regardless of the interval between injections, 
cases of parrot-beak were eliminated but there was an in- 
creased incidence of shortening of the upper beak; 49.4% of 
all embryos treated with both substances had this anomaly. 

7. Two structural analogs of nicotinamide, 3-acetylpyridine 
and pyridine-3-sulfonic acid, did not produce micromelia. The 
former caused a general growth retardation and thinning of 
the bones. 

8. The proportional reduction of the bones of the leg in 
sulfanilamide-induced micromelic embryos was similar to  that 
of Creeper embryos of the same age. 

9. The possible mechanisms responsible for the micromelic 
condition are discussed. It is emphasized that this study 
clearly eliminates growth retardation as a causal factor in the 
production of sulf anilamide-induced micromelia ; in this in- 
stance it results from some specific effect of the drug. 
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