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been measured in the plasma of starved or 
hypophysectomized rats with lowered oxygen 
requirement after stimulation by hypoxia, co- 
balt, or anemia. Also, polycythemic rats 
have been submitted to hypoxia or cobalt. A 
reduced erythropoietin response was observed 
in hypophysectomized and starved rats after 
stimulation by hypoxia. The diminished re- 
sponse was not so striking after stimulation 
by cobalt, probably because the concentration 
of the cobalt in the plasma was higher in 
these groups. Response to cobalt and hy- 
poxia was also reduced in polycythemic rats. 

1.  Jacobson, L. O., Goldwasser, E., Gurney, C. W.,  
Fried, iV., Plzak, L., .4nn. X. Y .  .-icad. Sci. ,  1959, 
v77, 5 5 1 .  

2. Crafts, R. C., Meineke, H. A , ,  ibid., 1959, v77, 
501. 

3 .  Morgulis, S., Fasting and Undernutrit ion, E. P. 
Iht ton and Co., S e w  York, 1923. 

4. Foster, G. L., Smith, P .  E., J .  A n l .  M d .  rlssn., 
1926, v87, 2151. 

5 .  Teague, R.  S., Endocrinology, 19.39, v25, 953. 
6. Goldwasser, E., Jacobson, L. O., Fried, if'., 

Plzak, I,. F., Blood,  1958, v13, 5 5 .  

7 .  DeGowin, R., Hofstra, D. ,  Gurney, C. W.,  PROC. 

8 .  Kleiber, M.. I 'n iv .  Cali f .  Piihl.  Phy.Tinl., 1940. 

0 .  ('rafts, R .  C.. Rndorrinology, 1941, v20, 596. 
10. ~ , Blood,  1952, v7, 863. 
1 1 .  Evans, E. S., Contopoulos, A.  N., Simpson, 

M. E., Endocrinology, 1957, v60, 403. 
1 2 .  Stewart, G .  E., Greep, R .  O., Meyer, 0. O. ,  

PRO(.. Sa.. EXP. B~or,. AND MED., 19.<5, v.3.3, 1 1 2 .  
13. Feigin, W. M., Gordon, .4. S., Endocrinology, 

1950, v47, 364. 
14. Krzymowski, T., Krzymowska, H., Blood,  

1962, v19, 38.  
15. Gallagher, S. I., Hagan, D. Q., McCarthy, 

J .  M., Lange, R.  D., PROC. Soc. EXP. BIOI,. AND MED., 
1961, v106, 1 2 7 .  

16. Crafts, R.  C., Meineke, H. A., ibid. ,  19.56, 
v92, 2 2 2 .  

1 7 .  Levy, H. ,  Levison, V., Schade, A. L., Arch.  
Riochmn., 1950, v27, 34. 

18. Fisher, J .  LV., Crook, J .  J., Blood, 1962, ~ 1 9 ,  
5 5 7 .  

19. McCarthy, J. M., Gallagher, S. I., Lange, 
R. D. ,  Metabolisnt,  1959, v6.5, 475. 

SOT. ESP. BIOL. ASD M E D . ,  1962, V 1 1 0 ,  48. 

\%. 207. 

Received October 15,  1062. P.S.E.R.M., 1963, v l l ? .  

Multiple Congenital Abnormalities in the 'Rat Resulting froiii Acute 
Maternal Niacin Deficiency During Pregnancy.* (28183) 

JACK G. CHAMBERLAIN AND MARJORIE JI.  NELSON^ 
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Deficiencies of riboflavin, pan tot henic acid, 
or pteroylglutamic acid, induced by antime- 
tabolites of these vitamins during pregnancy, 
result in multiple congenital malformations 
in the offspring(l,2). This study reports the 
effects of a purified niacin-deficient diet con- 
taining the niacinamide antimetabolite, 6- 
aminonicotinamide (6-AN),  on embryonic de- 
velopment. As niacinamide can be synthe- 
sized from dietary tryptophan( 3,4), deletion 
of the vitamin from the diet may not affect 
significantly embryonic development in rats 
and certain other species( 5,6,7). 

Methods and materials. Rats (Long- 
Evans) averaging 100 days of age and 2 2 5  g 

* Supported by N.I.H. grants. 
t Deceased November, 1962. 

in weight were bred with normal males. All 
rats were given a stock diet of natural food 
stuffs3 and distilled water for drinking; let- 
tuce was furnished twice weekly. Rats were 
weighed regularly and vaginal smears were ex- 
amined daily. The morning of finding sper- 
matozoa in the vaginal smear was considered 
day zero of pregnancy. Rats were transferred 
to individual cages and given a purified nia- 
cin-deficient diet containing 100 mg of 6-AN/ 
kg of diet on days 7-9, 8-10, 9-11 or 10-13 of 
pregnancy. The animals were then trans- 

$ Ground whole wheat 67.5%, casein IS%, skim 
milk powder 7.5741, sodium chloride 0.75%, calcium 
carbonate 1.50/0, hydrogenated vegetable oil 6.75%, 
1.0% fish oil (vit. A and D concentrate) and suffi- 
cient KI to furnish 0.9 pug iodine/g of diet. 
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TABLE I. Effects of R Purified Niacin-lkficient Diet, Contailling 6-Aniiiionicotinamide 
(100 mg/kg of Diet,) During Pregiiancy in the Rat." 

l iv ing  young day 21 of pregnancy 
Uays of pregnsiwy Rats b i - d ,  Ra t s  with l iv- Abnormal, 
fed  deficient diet No. ing young, % Total No. Avy wt, g No. (Yo)  

7-  9 I t  

8-10 I 

9-1 1 I 

10-13 I 

Controls $ 

I1 

11 

T I  

I1 

8 
4 

11 
7 
5 
7 

5 
12 

F 

100 
75 
27 
30 

100 
86 
86 

100 

100% 

39 
1 7  
20 

6 
37 
49 
54 
42 

120 

3.8 
3.5 
5.8 
4.0 
5.1 
5.4 
4.4 
3.9 
5.7 

* Casein 24%, sucrose 64%, hydrogenated cottonseed oil Syo, salts 4%, crystalline vita- 
niins/kg of diet: d-biotin 300 mg, 2 methyl-l, 4-naphthoquinone 5 mg, thiamine HC1 5 mg, 
pyridoxine HC1 5 mg, riboflavin 10 mg, p-aminobenzoic acid 10 mg, pteroylglutamic acid (PGA) 
5.5 mg, d-calcium pantothenate 50 mg, inositol 400 mg, choline chloride 1.0 g, and 6-amino- 
nicotinaniide 100 mg. All ra t s  received weekly a f a t  soluble vitamin mixture containing 800 
U S P  units of vitamin A, 115 chick units of vitamin D, 6 mg dl-a-tocopherol and 650 mg corn 
oil (Mazola) . 

t Rats which promptly consumed diet and gained weight the day following transfer to the 
complete diet are designated Group I. Group I1 indicates those animals which did not show a 
gain in body wt the day after transfer to the complete diet, perhaps prolonging the period of 
niacin deficiency an  additional day or two. 

$ Given complete diet days 7-21 of pregnancy. Composition similar to niacin-deficient diet 
except that  20 mg of niacinamide was added/kg of diet and 6-AX was omitted. 

ferred to a complete diet similar in composi- topsy all control rats had living young, aver- 
tion to the niacin-deficient diet except that aging 5.7 g (5.3-6.2) in weight. Of the 120 
20 mg of niacinamide was added/kg of diet living young examined, one had a midline 
and 6-AN was omitted. Control rats were patent thyroglossal duct. On the basis of to- 
maintained on this complete diet from day 7 tal implantation sites, less than 1 %  contained 
to 2 1  of gestation. Food intake was measured an abnormal or resorbed fetus (Table 11). 
daily during the deficiency period and the While on the niacin-deficient regimen rats lost 
amount of 6-AN ingested was calculated for an agerage of 19 (2-37) g in weight but 
each rat. Living young were removed, gained an average of 84 g (71-93) during 

TABLE 11. Effects of a Purified Niacin-Deficient 
Diet Containing 6-Aminonicotinamide (100 mg/kg 

counted and weighed on the 21st day of preg- 
nancy, one day before parturition. Implants- - -  
tion sites were counted and measured trans- 
versely. Fetuses were fixed in Bouin's fluid Implantation sites 
or in 95% ethanol and later examined for con- Days of preg- Ab- Re- Total 
genital ma1 for mat ions. nancy fed de- Total normal, sorbed, affected, 

gained weight the day following transfer to 7- 9 I t 83 11 53 64 

Of Die ty  on Embryonic Development.* 

Rats who promptly consumed the diet and fiCientdiet No* % % % 

the purified complete diet are designated 
Group I in the tables. Group I1 indicates 
those animals who did not show a gain in 
body weight the day after transfer to the com- 
plete diet, perhaps prolonging the period of 
niacin deficiency an additional day or two. 

Results. Control rats gained an average of 
1 15 g (range 91-164) during pregnancy, and 
consumed approximately 15-20 g of diet/day 
during the second week of gestation. At au- 

I1 

I1 

I1 

I1 
Controls 

8-10 I 

9-11 I 

10-13 I 

45 
103 
87 
49 
71 
73 
49 

120 

11 
1 
7 
4 

13 
11 
14 

<1% 

62 
81 
93 
25 
31 
26 
14 

0% 

73 
82 

100 
29 
44 
37 
28 

<1% 

* Bused 011 total iniplantation sites observed a t  

t See Table I for explanation of I and 11. 
n I1 topsy. 
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pregnancy. Regardless of the deficiency pe- 
riod each rat consumed approsimately 14 g 
(7-24)  of diet, containing 1.4 n7g (0.7-2.8) of 
&AX. 

A11 rats i n  Group I had living 
young on the 21st day of pregnancy but they 
averaged only 3.8 g (3.2-5.0) in weight. Kine 
fetuses (23%) were subsequently found to be 
abnormal. On the basis of total implanthion 
sites, abnormal embryonic development oc- 
curred in 11% and embryonic death with re- 
sorption in 537r. Thus, 64% of the im- 
plantation sites were affected by the transi- 
tory deficiency during this period. Congeni- 
tal abnormalities (Table 111) included renal 
aplasia, hydroureter, hydronephrosis, retinal 
detachment and folding, microph t halmia . 
missing ossification centers, agenesis of the 
tail, gastroschisis, exencephaly , and marked 
kyphosis. Animals in Group I1 had fewer liv- 
ing young at  autopsy. Abnormalities (e.g., bi- 
lateral anophthalmia) also were more severe 
than in the previous group. 

Days 8-10. Only 2 7 %  of the pregnant 
rats in Group I had living young a t  autopsy. 
Surviving fetuses averaged 5.8 g (3.0-6.0) in 
weight; one had hydrocephalus. Over SO? 
of the implantation sites showed embryonic 
mortality or contained an abnormal fetus a t  
term. Group 11. Virtually all implantation 
sites contained abnormal or dead embryos a t  
autopsy. All 6 surviving fetuses were abnor- 
mal. Missing ossification centers, hydro- 
nephrosis, and hydrocephalus were found. 
Anophthalmia, when observed, was confirmed 
histologically ; serial sectioning of the heads 
showed no evidence of lens or retina on either 
side. 

Days 9-11. All rats in Group I had living 
young a t  term, averaging 5.1 g (4.5-5.6) in 
weight. Two ( 5 % )  abnormal offspring were 
observed. One-fourth of the implantation 
sites examined contained resorbed or dead 
embryos and 4% contained an abnormal fe- 
tus. Therefore, 29% of the implantation 
sites were affected, a significant increase when 
compared to that of control rats. Persistent 
developmental pathways of the thyroid (4%) 
and thymus (4%)  were observed. Group 11. 
Incidence of abnormalities and embryonic 
mortality increased significantly when com- 

Days 7-9. 

* s  
rl c c - -  I 
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pared to results in Group I (Table 11). Of 
the 49 surviving young, 11% showed hydro- 
nephrosis or hydroureter and 11 % had a pat- 
ent thyroglossal duct. 

Days 10-13. Only 86% of the rats in 
Group I had living young, averaging 4.4 g 
(3.2-4.9) in weight. Of 54 surviving fetuses 
examined, 8 (1  5 % )  were abnormal. On the 
basis of total implantation sites, abnormal 
embryonic development occurred in 11 % and 
embryonic death with resorption in 26%. A 
total of 37% of the implantation sites, there- 
fore, were affected by the transitory defi- 
ciency. Abnormalities included hydrocepha- 
lus. cleft palate. patent thyroqlossal duct, 
lens vacuolation, hydroureter, and skeletal de- 
fects. Group TI. Incidence of abnormal de- 
velopment and embryonic mortality was simi- 
lar to that observed in Group I. 

Discussion. A niacin-deficient diet con- 
taining 100 mg of 6-AN,kg of diet given to 
rats during the second week of pregnancy for 
periods of 48 or 72 hours had deleterious ef- 
fects on embryonic development. Ingestion 
of 1-2 mz of the antimetabolite resulted in 
marked embryonic mortality, averaging 46% 
(25-8 1 %) , and a low incidence of abnormal 
young by day 21 of gestation. Regardless of 
when the transitory niacin deficiency was ini- 
tiated, 29% to 82% of the implantation sites 
examined showed either embryonic death with 
resorption or contained an abnormal fetus. In- 
cidence of embryonic mortality and abnormal- 
ities in 3 out of 4 experimental groups was in- 
creased further when rats did not eat upon 
being transferred to the complete diet. Days 
8-10 appeared to be the period when embryos 
were most sensitive, as only 27% of the rats 
had living young a t  autopsy, and 82% of the 
implantation sites were resorbed or contained 
an abnormal fetus. Congenital abnormalities 
in fetuses removed from mothers on day 21 
included defects of the skeleton, central ner- 
vous system, eye, urinary system, trunk, thy- 
roid and thymus. Pregnant rats ate less and 
lost weight while on the diet containing the 
antimetabolite. However, within 1-2 days 
after being transferred to the complete diet, 
all pregnant rats progressively gained weight 
until autopsy. Fasting animals during the 
second week of pregnancy to produce a com- 

parable loss of weight did not result in em- 
bryonic mortality or congenital malformations 
(unpublished data). Symptoms of niacin de- 
ficiency, induced by oral administration of 
6-AN, can be prevented by providing ade- 
quate amounts of dietary niacinamide (8) .  

Embryonic abnormalities here reported to 
follow ingestion of 6-AN during the second 
week of pregnancy, the so-called “critical pe- 
riod” of development in the rat, were also ob- 
served after a single maternal injection of the 
niacin antimetabolite on any day during the 
third week of pregnancy(9). No typical pat- 
tern of abnormalities was seen as practically 
all systems were affected to some extent. The 
close resemblance between many of the ano- 
malies resulting from a transitory niacin de- 
ficiency and those following other transitory 
vitamin deficiencies ( 1 ) lends support to the 
hypothesis that the timing of a teratogenic 
procedure is of more critical importance than 
the nature of a metabolic insult. 

Antimetabolite 6-AN was teratogenic when 
iniected into 24- or 96-hour chick embryos 
( 10). I t  also produced embryonic abnormali- 
ties in the rat ( l1)  and mouse(12,13) when 
given by single injection to mothers between 
the 10th and 12th day of pregnancy. The 
congenital abnormalities previously reported 
following injection of 6-AN include various 
skeletal defects, cleft palate and cleft lip, ex- 
omphalos and open eye. In all cases the ma- 
ternal signs of niacin deficiency and fetal 
anomalies produced by 6-AN were prevented 
by simultaneous or prior administration of 
niacinamide or its precursors. 

Summary. Pregnant rats were given a 
purified niacin-deficient diet containing the 
niacinamide antimetabolite, 6-aminonicotina- 
mide (100 mg/kg of diet), on days 7-9, 8-10, 
9-1 1 or 10-13 of pregnancy. Days 8-10 ap- 
peared to be the period of greatest sensitivity 
as 80% embryonic mortality or abnormality 
was observed a t  autopsy on day 21 of preg- 
nancy. A high incidence of embryonic mor- 
tality with resorption and a low incidence of 
abnormal young were observed, regardless of 
when the diet was first instituted. Malforma- 
tions in 21-day fetuses from mothers consum- 
ing 1-2 mg of 6-AN included defects of the 
skeleton, central nervous system and eye, 
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Erythropoietic Effect of Red Blood Cell Components and Heme-Related 
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Several investigators ( 1-3) have suggested 
that products of hemolyzed blood are a stimu- 
lus to red blood cell production. Other in- 
vestigators, Verzar ( 4 ) ,  Zih ( 5  ), and Bomford 
( 6 ) ,  established the erythropoietic action of 
bilirubin using increased red blood cell counts 
as a quantitative indicator. Further studies 
have not been done with the more quantita- 
tive techniques now available. The present 
work was undertaken to determine the pos- 
sible involvement of red blood cell moieties 
in a feedback mechanism. This report pre- 
sents data on the erythropoietic activity of 
lysed red blood cells from various species and 
on compounds that are either metabolically or 
structurally related to the heme moiety( 7 ) .  

Materials and methods. Albino female rats 
of the Sprague-Dawley (Holtzrnan) strain 
weighing 1 5 0 - 2 5 0  g were used. For bioassay 
of erythropoietic activity, fasting “dehy- 
drated” rats were generally used. Rats on a 
complete nutritional diet were used for com- 
parison. Subcutaneous injections of the test 
material or control solution were given daily, 
for 3 days, to rats which had been deprived of 

Argentina. 
* Research Fellow of the Nat. Research Council of 

food and water for 48 hours prior to the first 
injection. Water was provided ad libitum for 
2 4  hours between the second and third sub- 
cutaneous injections. Food was withheld dur- 
ing the bioassay. There was no apparent lo- 
cal inflammatory response to injection of 
lysed red blood cells, hemin, or related com- 
pounds. Immediately after the animals had 
received the third subcutaneous injection, 
they were anesthetized lightly with ether and 
injected intravenously (v ia  the tail vein) with 
0 . 5  pc of Fe”-citrate in 0.25 ml of physiologi- 
cal saline solution. The specific activity of 
the Fe59 iron ranged from 23.6 to 30.8 pc/ 
pg. The maximum amount of iron adminis- 
tered to an animal was 1.6 X 

Twenty-four hours after Fe”g injection, the 
tip of the tail was cut and blood was taken 
by capillary tube for micro-hematocrit and 
reticulocyte determinations. There was a dis- 
tinct advantage in obtaining blood from the 
tail for these procedures since large numbers 
of animals were sacrificed. The animals were 
next anesthetized, the abdomen opened, and 
blood drawn from the abdominal aorta with 
an oxalate-rinsed syringe. Two ml were then 
measured into a plastic counting tube for 
counting in a well scintillation counter to per- 

pg. 




