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ORNITHINE DECARBOXYLASE ACTIVITY IN THE NEONATAL RAT HEART 
FOLLOWING PRENATAL EXPOSURE TO ETHYLENE GLYCOL MONOMETHYL ETHER 

Mark Toraason, Barbara Stringer and Randall Smith 
Department of Health and Human Services 

Centers for Disease Control, U. S. Public Health Service 
National Institute for Occupational Safety and Health 

Division of Biomedical and Behavioral Science 
Robert A. Taft Laboratories 

4676 Columbia Parkway 
Cincinnati, Ohio 45226  

ABSTRACT 

In mammals, ornithine decarboxylase (ODC) activity is 
highest during periods of rapid cellular growth and development, 
and the normal pattern of ODC activity during this period is 
sensitive to chemical and drug exposure. The industrial solvent 
ethylene glycol monomethyl ether (EGME) is teratogenic to rats 
and mice, with the heart being particularly sensitive. Basal 
ODC activity and ODC activity following an isoproterenol 
challenge were used to assess heart function in 3-, 9-, 16-  and 
22- day-old offspring from dams treated with 25 mg/kg EGME by 
gavage on days 7-13 or 13-19 of gestation. Reproductive outcome 
was not affected by EGME and none of the offspring had gross 
physical abnormalities. Gestation length was prolonged by both 
EGME treatments, but the increase was statistically significant 
only in the group treated on days 7-13 gestation. ODC activity 
per mg protein was greatest in 3-day-old rats and dropped off 
sharply during the following 3 weeks. In 3-day-old rats exposed 
on days 7-13 of gestation, ODC activity was 54% of that found in 
controls. ODC activity was comparable to that in controls in 
3-day-old rats exposed on days 13-19 of gestation. Isoproterenol 
increased ODC activity in all groups, but additional functional 
abnormalities were not revealed by the isoproterenol challenge. 
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2 TORAASON, STRINGER, AND SMITH 

INTRODUCTION 

Ornithine decarboxylase (ODC) has a number of characteristics 

that make it useful in developmental studies. ODC is essential 

in mammalian cells for the conversion of ornithine to 

putrescine’, which is the rate limiting step in the metabolism 

of the polyamines spermadine and   per mine^'^. ODC activity is 

highest in rapidly growing tissues such as regenerating liver, 

tumors and embryos 4 s 5 ’ 6 .  Enhanced ODC activity can be induced 
by various drugs, hormones, cyclic nucleotides and calcium 1,7,8 

The importance of ODC to development has been made evident by the 

action of DL-a-difluoromethylornithine (DFNO), an irreversible 

inhibitor of ODC activity. Prenatal administration of DFMO 

arrests embryonic development in mice, rats and rabbits , 
while postnatal treatment with DFMO causes deficiencies in heart, 

brain and kidney growth in neonates 

9,lO 

11 . 
A number of studies have demonstrated that the characteristic 

pattern of ODC activity in brain and heart during fetal and 

neonatal development is sensitive to prenatal exposure to drugs 

and alcohol 12’13’14’15. 
index of heart tissue response to B-adrenergic 

stimulation 16’17918’19. 
developmental process, its sensitivity to prenatal exposures, and 

its responsiveness to physiological stimulation makes ODC a 

potentially useful marker for evaluating the effects of 

reproductive toxins on cellular function during developnent. 

ODC activity has also been used as an 

The importance of ODC activity to the 

Ethylene glycol monomethyl ether (EGME), also known as 

Z-methoxyethanol, is used as an anti-icing additive in various 

fluids and fuels, and as a solvent in many lacquers, enamels, 

varnishes, inks and dyes2’. EGME has repeatedly been shown to 

be a teratogen in rats and mice with the cardiovascular system 

being particularly sensitive 21s22923. 
treatment of dams with 25 or 50 mg/kg EGME on days 7-13 of 

WeZ4 have found that 
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gestation significantly increased the incidence of abnormal 

electrocardiograms (EKG's) in offspring. In addition to the 
aberrant FKG's, the 50 mg/kg treatment caused gross external 
malformations as well as visceral abnormalities (primarily 
cardiovascular). In contrast, the 25 mg/kg treatment produced 

aberrant EKG's in the absence of a significant increase in gross 

or visceral abnormalities. This led to the hypothesis that other 

functional deficiencies would be evident in the heart at an EGME 
exposure level that did not produce overt signs of toxicity. In 

the present study, basal (nonstimulated) heart ODC activity and 
ODC activity following an isoproterenol challenge were used to 

assess the effects of prenatal EGME exposure on heart function in 
neonatal rats. 

MATERIALS AND METHODS 

Sprague Dawley rats were obtained from Charles River Breeding 
Labs, Wilmington, MA, and maintained on a 12 hr light--12 hr dark 

photoperiod at 23 5 2' C and 55 5 15% relative humidity. 
chow (Ralston Yurina Co., St. Louis, MO) and tap water were 
provided ad libitum. Two virgin females were cohabited with each 

male. The following day, sperm positive females were randomly 
divided into three groups (13 per group), and housed individually 
in wire mesh cages. The control group received 10 ml distilled 

water per kg body weight by gavage on days 7-19 of gestation 
(sperm = day 1). 

10 ml/kg water on days 7-13 or 13-19 of gestation. 
purchased from and certified by Fisher Scientific Company, Fair 
Lawn, New Jersey. On day 19 of gestation, females were moved to 
plastic cages with nonpyrogenic sawdust bedding. 

Rat 

The exposure groups received 25 mg/kg EGME in 
EGME was 

Starting on day 20, pregnant dams were checked for delivery 
before noon and again at 6 PM. One half day was added to the 
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d e l i v e r y  t i m e  of females t h a t  d i d  no t  f i n i s h  d e l i v e r i n g  by noon. 

When a l l  pups were d e l i v e r e d  and c leaned  by t h e  mother they  were 

counted and weighed. De l ive ry  day was cons idered  day 1. On day 

2 ,  a l l  l i t t e r s  were randomly c u l l e d  t o  10  pups, which was t h e  

s i z e  of t h e  smallest  l i t t e r .  Pups were s a c r i f i c e d  on days 3 ,  9 ,  

16 or 22. 

On t h e  day of s a c r i f i c e  [ f o r  h e a r t  ODC d e t e r m i n a t i o n ] ,  2 pups 

were chosen randomly from each  l i t t e r .  One pup was admin i s t e red  

10 mg/kg i s o p r o t e r e n o l  (Sigma, S t .  Louis ,  NO) i n  10 ml/kg 

d i s t i l l e d  water by i . p .  i n j e c t i o n ,  wh i l e  i t s  littermate rece ived  

only  water .  Pups were k i l l e d  4 h r s  l a t e r  by d e c a p i t a t i o n .  

Hearts were removed, trimmed of a t r i a ,  r i n s e d  i n  i c e  co ld  1 0  d l  

T r i s  b u f f e r  (Tham, F i s h e r  S c i e n t i f i c ) ,  b l o t t e d  on abso rben t  paper 

and weighed t o  t h e  n e a r e s t  mg. Hearts from 3-, 9-, 16- and 

22-day-old pups were homogenized ( P o l y t r o n )  r e s p e c t i v e l y  i n  2 ,  3,  

4 and 5 m l  of i c e  co ld  10 mM T r i s  (pH 7 .2) .  The homogenate was 

spun a t  13,COU x& € o r  30 n i n .  Two 0 .5  m l  a l i q u o t s  of supe rna tan t  

from each h e a r t  were f r o z e n  i n  1 5  m l  po lys ty rene  c e n t r i f u g e  tubes  

a t  -70' C . 25 

Three t o  4 weeks l a te r  t h e  Supe rna tan t  was thawed a t  room 

tempera ture  and assayed  f o r  ODC a c t i v i t y  by g e n e r a t i n g  14C02 

from DL(1- C j o r n i t h i n e  by a r n ~ d i f i c a t i o n ' ~  of t h e  method of 

R u s s e l l  and Snyder . One h a l f  m l  of f r e s h l y  prepared  

incuba t ion  medium w a s  added t o  each  0.5 m l  of supe rna tan t .  The 

incuba t ion  medium c o n s i s t e d  of 0 . 1  mM T r i s ,  0 .01  mM EDTA, 0.5 mM 

d i t h i o t h r e i t o l ,  0.5 mM pyr idoxa l  5 '-phosphate , 0.2 mM unlabe led  

o r n i t h i n e  and 0.5 p C i / m l  DL(1- 

55.7 mCi/mmole, Amersham, Ar l ing ton  I l e igh t s ,  I L ) .  

immediately capped wi th  rubber  s t o p p e r s  w i th  a t t a c h e d  c e n t e r  

w e l l s  (Kontes, Vine land ,  NJ) c o n t a i n i n g  0.2 m l  hyamine hydroxide  

(Sigma, S t .  Louis ,  MO). Tubes were incubated  f o r  30 min a t  

37' C i n  a shaking  water ba th .  The r e a c t i o n  w a s  stopped by 

i n j e c t i n g  1 m l  of 2 M c i t r i c  a c i d  through t h e  rubber s t o p p e r  i n t o  

14  

4 

14 C ) o r n i t h i n e  ( s p e c i f i c  a c t i v i t y ,  

The t u b e s  were 
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the incubation medium. Tubes were removed from the incubator and 

allowed to sit at room temperature for 60 min. Rubber stoppers 
were removed and the center wells containing hyamine hydroxide 

and trapped I4C0 

scintillation vials containing 10 ml of Permafluor (Packard, 

Downers Grove, IL). Samples were counted on a Beckman 

scintillation spectrometer (Palo Alto, CA). ODC activity is 

presented as pmoles CO /30 min/mg protein. 

the supernatant was determined by the method of Bradford . 
Variables were examined for treatment effects using the 

Kruskal-Wallis test. Where effects were found (p < 0 . 0 5 ) ,  each 

EGME treatment was compared to the control using Dunn’s method of 

multiple comparisons. Because of the conservative nature of the 

Dunn’ s method”, individual treatments were considered 

significantly different than control if p <0.1. 

were snipped from the caps and placed in 2 

Protein content of 
26 2 

RESULTS 

Exposure to EGME did not affect maternal body weight, litter 

weight or number of viable offspring (Table 1). EGME prolonged 

gestation in both treatment groups, but the increase was 

statistically significant only in the group treated on days 7-13 

of gestation (Table 1). Body (Fig. 1) and heart (Fig. 2) weight 
of neonates during the first 22 days of life were not affected by 

the in utero exposures to EGME. 

Basal heart ODC activity during the first 22 days is shown in 

Figure 3. ODC activity was greatest in 3-day-old rats, and 

dropped off markedly as rats aged. This pattern was evident in 

the controls as well as the two exposed groups. In rats exposed 

on days 13-19 of gestation, ODC activity was comparable to 
control values at the times examined. In rats exposed to EGME on 

gestation days 7-13 (Fig. 3B), ODC activity was significantly 
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TABLE 1 
REPRODUCTIVE OUTCOME 

EGME 0 mg/kg, 25 m g l k ,  25 mg/kg, 
Treatment Days 7-19 Days 7-13 Days 13-19 

A Control 
m EGWE Gestation Days 7-13 
0 EGWE Gestation Oavs 13-19 

0 5 10 15 20 

Dams Exposed 
Litters Delivered 
Maternal Wt, g 

Gestation Day 13 
Gestation Day 20 
Post Delivery 

Litter Size 
Litter Wt, g 
Gestation Length, days 

13 13 
12 13 

244 + 4 247 + 5 
311 7 5 316 7 7 
237 7 4 238 6 
12.2 7 0.3 13.5 + 0.5 
22.0 7 0 . 2  *22.7 + - 0.3 
75.1 7 2.5 81.5 2.4 

- 

13 
12 

256 + 3 
319 T 4 
249 5 
12.8 5 0.4 

22.3 0.1 
79.8 + 2.4 

- 
Values are mean 5 SE. * Significantly greater than control. See 
text for statistical tests and level of significance used. 

5 

Figure 1. Body weights of neonatal rats from dams exposed to 25 
mg/kg EGME on gestation days indicated. 
n = 12-13. 

Values are mean 5 SE, 
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0 5 1-0 1'5 20 1 

N e o n a t a l  Age (days)  

A Control 
m EGWE Gestation Oays 7-13 
0 EGHE Gestation Days 13-19 

Figure 2 .  Heart weights of neona ta l  rats from dams exposed t o  
mg/kg on g e s t a t i o n  days ind ica t ed .  
n = 12-13. 

Values a r e  mean 2 SE, 

80 
UJ A Control 
.u - H &HE 7-13 Gestation Days 7-13 

EGHE 13-19Gestation Davs 13-19 
0 
L a 

c 
E 
.d 

0 
m 

u- " b i 0  i 5  i0 

0 0 N e o n a t a l  Age (days) 

I 

25 

Figure 3. Basal ODC a c t i v i t y  in neona ta l  r a t s  from dams exposed 
t o  25 mg/kg EGME at  times shown. 
n = 12-13. *S ign i f i can t ly  d i f f e r e n t  from con t ro l .  See text f o r  
s t a t i s t i c a l  tests and l e v e l  of s i g n i f i c a n c e  used. 

Values are mean 5 SE, 
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A Control 
EGHE Gestation Days 7-13 

0 EGHE Gestation Days 13-19 

I I I I 

5 10 15 20 2' 

N e o n a t a l  Age (days) 

Figure 4 .  
administration of isoproterenol. Values are the difference 
between basal ODC activity shown in Fig. 3 and the ODC activity 
of littermates administered 10 mg/kg isoproterenol by I.P. 
injection (data not shown). Values are mean 2 SE, 
n = 12-13. 

Net increase in heart ODC activity 4 hrs after 

below the control value when rats were 3 days old. This was the 

case for both the water treated (basal activity) and 

isoproterenol treated neonates (data not shown). 

times and treatments, ODC activity was comparable to ODC activity 

in controls. 

At all other 

Isoproterenol increased ODC activity in all groups at all time 

periods examined. Figure 4 illustrates the mean net response to 

isoproterenol administration. 

remained relatively constant during the first 21 days of life. 

Exposure to EGME either early or late in gestation did not 

significantly affect the the heart's ODC response to 

isoproterenol. 

The response to isoproterenol 
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DISCUSSION 

In a recent behavioral teratology study, Nelson and 

Brightwel128 exposed dams to 2 5  ppm EGME on days 7-13 or 14-20 

of gestation. The only effects found were behavioral 

modifications and altered levels of neurotransmitters in brain 

tissue of the offspring. 

their findings support the proposal that functional assessment is 

a nore sensitive indicator of prenatal insult than conventional 

indices of developmental toxicity. Similarly, 25 mglkg EGME 

administered by gavage in the present study did not affect 

maternal body weight or reproductive outcome. None of the 

exposed pups had gross physical defects, and heart and body 

growth were normal during the first 22 days of life. These 

findings indicate that these treatments were not overtly toxic to 

the dams or their offspring. However, EGME exposure did prolong 

gestation in the dams and did alter the normal pattern of ODC in 
the neonatal heart. 

EGHE22 and the structurally related glycol ether, ethylene 

Nelson and Brightwel128 noted that 

g l y c o l  monoethyl ether (EGEE) 29’30s31 have been shown to 

increase gestation length. 

prolonged gestation following exposure to the glycol ethers could 

be due to impaired uterine smooth muscle contractility, since 

several g l y c o l  ethers have been found to depress smooth muscle 

activity32. 

study was due solely to inhibition of uterine contractility then 

the late gestation exposure to EGME would have been more 

effective. Why the earlier exposure was more effective is not 

clear, but it may stem from an effect of EGME on the fetuses. 

HardinZ2 suggested that the 

However, if prolonged gestation in the present 

Offspring from mothers treated on days 7-13 of gestation with 

EGME had normal body weights despite being born late. 

suggests that toward the end of gestation, fetuses exposed early 
in gestation to EGME were undersized. This is consistent with 

This 
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previous observat ions where EGME exposure e a r l y  i n  g e s t a t i o n  

reduced body weight i n  20-day-old f e t u s e s  (Toraason, 

unpublished). 

a possible  r e t a rded  growth of t h e  f e t u s  i s  n o t  apparent .  

during embryogenesis and then sharply d e c l i n e s  435,17. 

ODC a c t i v i t y  measured i n  t h e  p re sen t  s tudy  i l l u s t r a t e s  t h e  end of 

t h i s  dec l ine .  The decreased h e a r t  ODC a c t i v i t y  found i n  

3-day-old r a t s  does not  appear t o  be t h e  r e s u l t  of d i r e c t  a c t i o n  

of EGME on t h e  enzyme s i n c e  ODC a c t i v i t y  was unaffected i n  r a t s  

t r e a t e d  on days 13-19 of g e s t a t i o n .  It i s  poss ib l e  t h a t  t h e  

e a r l y  exposure i n d i r e c t l y  i n h i b i t e d  t h e  normal inc rease  during 

organogenesis. As a r e s u l t ,  maximum ODC a c t i v i t y  may not  have 

been achieved during embryogenesis and t h e  e f f e c t  was s t i l l  

evident 3 days a f t e r  b i r t h .  The prolonged g e s t a t i o n  and t h e  

decreased h e a r t  ODC a c t i v i t y  were appa ren t ly  not d i r e c t l y  r e l a t e d  

s i n c e  g e s t a t i o n  l eng th  and ODC a c t i v i t y  were not  c o r r e l a t e d  a s  

determined by least  squares  r eg res s ion  ( r  = 0.06). 

To what e x t e n t  t h e  prolonged g e s t a t i o n  w a s  due t o  

ODC a c t i v i t y  begins t o  i n c r e a s e  during organogenesis,  peaks 

Heart 

Buelke-Sam e t  d5 reported t h a t  p r e n a t a l  r e s e r p i n e  

exposure reduced h e a r t  ODC a c t i v i t y  i n  neonatal  r a t s .  A s  i n  t he  

present  s tudy,  they found t h a t  ODC a c t i v i t y  was reduced i n  

1-day-old neonates exposed t o  r e s e r p i n e  when con t ro l  ODC a c t i v i t y  

was high, but t h e r e  was no d i f f e r e n c e  between c o n t r o l s  and 

exposed rats when r a t s  were 20 days o l d  and ODC a c t i v i t y  had 

dropped o f f .  They suggested t h a t  chal lenging t h e  hea r t  t o  

determine i f  normal func t iona l  responses were i n t a c t  would 

provide more information on t h e  p o s t n a t a l  t o x i c i t y  of a p r e n a t a l  

exposure. 

a c t i o n  of t he  h e a r t ,  they a l s o  s t i m u l a t e  ODC a c t i v i t y ” ,  and a 

t i s s u e  response can be demonstrated a s  e a r l y  as day 13 of 

g e s t a t i o n  i n  t h e  f e t a l  mouse1*. 

f e t a l  ODC a c t i v i t y  has been used a s  an index of ca rd iac  

Catecholamines not  only a f f e c t  t h e  chronotropic  and i n o t r o p i c  

A s  a r e s u l t ,  s t imu la t ion  of 
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17 responsiveness to adrenergic stimulation during development . 
In the present study, an isoproterenol challenge was used to 

stimulate ODC activity above basal levels. Despite the 
significant reduction in ODC activity in 3-day-old rats exposed 
to EGME on days 7-13 of gestation, the stimulation of ODC by an 

isoproterenol challenge was not impaired. The isoproterenol 

response in 3-day-old rats was also similar to controls. This 
indicates that the heart's autonomic nervous system response was 

not affected by the EGME exposure. It also suggests that the 

decreased ODC activity in the 3-day-old rats is only a 

developmental alteration rather than permanent functional 
impairment. 

In summary, an EGME exposure that is not overtly toxic or 

teratogenic can disrupt the normal pattern of heart ODC 
activity. 
any additional functional effects, and the reduced ODC activity 

d i d  not appear to be associated with the prolonged gestation. 

These effects of EGME exposure are apparently of little 
consequence since viability, body weight and heart weight were 

normal during the first 22 days of life. 

be used in risk assessment it will be necessary to use dose 
levels that provide a range of toxicity to determine if 
alterations in ODC activity occur in the presence and absence of 
more overt toxicity. 

The stimulation of ODC by isoproterenol did not unn;ask 

If ODC activity is to 
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