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ABSTRACT  The widely used industrial solvent ethylene glycol monome-
thyl ether (EGME) is teratogenic to rats and mice, inducing a variety of heart
and major vessel abnormalities. In the present study, electrocardiography was
used to evaluate heart function in day 20 rat (Sprague-Dawley) fetuses from
mothers treated on gestation days 7-13 (sperm = day 1) with 0, 25, or 50 mg/
kg EGME by gavage in 10 ml/kg water. The increased incidence of fetuses
with cardiovascular malformations (primarily right ductus arteriosus and ven-
tricular septal defect) and abnormal electrocardiograms (EKG) was dose depen-
dent. The most prevalent EKG abnormality was a prolonged QRS wave. Mean
QRS intervals were not significantly increased by EGME exposure, but there
were significantly more litters in the 50-mg/kg EGME group that had one or
more fetuses with QRS complexes of 40 msec or longer. The enhanced duration
and the appearance of the aberrant QRS’s suggested the presence of an intra-
ventricular conduction delay in these fetuses. Heart rate and other EKG
characteristics such as the P wave or P-R and Q-T intervals were not signifi-
cantly affected by exposure to EGME. There did not appear to be an association

between abnormal EKG’s and fetal heart dysmorphology.

Ethylene glycol monomethyl ether
(EGME), also known as 2-methoxyethanol,
has a wide variety of industrial applications.
EGME is used as a solvent in lacquers, en-
amels, varnishes, inks, and dyes and as an
anti-icing additive in fuels and other fluids
(NIOSH, ’83). There is potential for exposure
to EGME not only for workers during manu-
facturing processes, but also for consumers
who use the many products that contain it.
EGME is readily absorbed through the skin
and acts primarily on the central nervous,
renal, and hematopoeitic systems (Hardin,
’83). High doses can cause respiratory arrest
and renal failure. The reproductive effects in
rats and mice treated with EGME include
dose-dependent embryo lethality and terato-
genesis (Hardin, ’83; Nelson et al., ’82; Na-
gano et al., ’81). In addition to a variety of
skeletal abnormalities, EGME causes heart
and great vessel malformations. The appar-
ent sensitivity of the developing cardiovas-
cular system to EGME prompted us to look
further at the effects on the heart of prenatal
EGME exposure.
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Several studies have used electrocardiog-
raphy to evaluate heart function following
prenatal insult. The most comprehensive
work has been done by Grabowski and Payne
(’80, ’82, ’83) with the insecticide Mirex. Ma-
ternal Mirex treatment induces a high inci-
dence of perinatal deaths in rats but few
visible malformations. Electrocardiograms
(EKQG) revealed a significant incidence of
cardiovascular problems in fetuses (Gra-
bowski and Payne, '80, ’82) and neonates (Gra-
bowski and Payne, ’83). The cardiovascular
problems were correlated with edema in fe-
tuses and some deaths in neonates. First-
and second-degree heart blocks were the most
persistent EKG aberrations observed (Gra-
bowski and Payne, ’80, ’82). In the chick, the
same dose of epinephrine that caused physi-
cal malformations caused atrioventricular
blocks and intraventricular conduction de-
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lays (Rajala, ’80; Rajala et al., '83, '84). The
EKG changes were evident within a few
hours of treatment, but the physical malfor-
mations were not apparent until several days
later. Trypan blue (Grabowski and Tunstall,
"77; Watkinson et al., ’83) and Nitrofen (Ro-
binson and Cameron, '84) have also been
shown to induce abnormal EKG’s in fetal
rats, although an association between func-
tional and morphological changes was not
apparent. These studies demonstrate that the
EKG can detect functional alterations in the
heart following prenatal exposure to terato-
gens. In the present study, electrocardiogra-
phy was used to evaluate heart function in
fetuses exposed to EGME.

MATERIALS AND METHODS
Maternal treatment

Female Sprague-Dawley rats, time-mated
by Charles River Breeding Labs (Wilming-
ton, MA), were housed individually in wire
mesh cages and provided with Purina rat
chow and tap water ad libitum. Dams were
maintained on a 12-hr light/12-hr dark pho-
toperiod at 23°C + 2°C and 55%, + 15%
relative humidity. Dams were weighed daily
and treated by gavage with 0, 25, 50, or 100
mg/kg EGME in 10 ml/kg of distilled water
on days 7-13 of gestation (sperm = day 1).
This interval covers the period of cardiovas-
cular vulnerability (Wilson, ’73). Treatment
levels were based on a pilot study that indi-
cated that between 50 and 200 mg/’kg EGME
was embryolethal. Eleven rats were assigned
to the control group and eight rats to each of
the three exposed groups. EGME (Cat. No.
E182) was purchased from and certified by
Fisher Scientific Company (Fair Lawn, NJ).

EKG recording system

EKG’s were obtained using a Grass model
79D EEG & Polygraph Data Recording Sys-
tem (Grass Instruments Co., Quincy, MA).
The basic unit included a Wide Band A.C.
EEG Preamplifier, model 7P5 with Lead Se-
lector, model 7L.SA. A Polygraph D.C. Driver
Amplifier, model 7TDAF, was used to drive
the pen oscillograph. Sensitivity of the
preamplifier was 50 uV/em. Low-frequency
response was 10 Hz, and high-frequency re-
sponse was 75 Hz. EKG’s were recorded at a
strip chart speed of 50 and 100 mm/sec for 5—
10 sec.

Fetal electrocardiograms

On day 20 of gestation, mothers were an-
esthetized with 40 mg/kg pentobarbital (i.p.),

and a laparotomy was performed. Fetuses
with placentas attached were removed one at
a time through a small slit in the uterus.
Each fetus was placed on its back on a bed of
absorbent paper. Fetuses were kept warm
with an infrared heat lamp. EKG’s were
taken by positioning a flexible arm holding
four platinum needle electrodes and electri-
cal cable directly above the fetus. The elec-
trodes were inserted 1-2 mm into the fetus
at the base of each limb. Electrodes in the
right forelimb, left forelimb, and left hind-
limb comprised the standard limb leads I, I,
and III. The right hindlimb served as the
location of the ground. Only the lead II re-
cording was evaluated in the present study
because it gave the most distinctive signal.
Time to obtain one EKG was about 1 min.

EKQG evaluation

Each EKG record was evaluated subjec-
tively (in blind) for rhythm variations and
abnormal or missing peaks. Objective analy-
sis involved measuring the duration of P, P-
R, QRS, QT and R-R (Fig. 1) using a Zeiss
videoplan microcomputer (Carl Zeiss Inc.,
NY) connected to a stylus and digitizing
board. The R-R interval was used to calculate
heart rate. Generally all intervals were mea-
sured for five sequential beats, but this was
not always the case. Nondiscernible waves
could not be not measured, and in several
fetuses less than five beats were measured.
One control and one 25-mg/kg fetus were not
included in EKG analysis because of the poor
quality of the recordings.

Fetal examination

After completion of the EKG measure-
ment, placentas were detached from fetuses,
and fetuses were weighed and examined for
external physical defects. Fetuses were then
preserved intact in Bouin’s solution and ex-
amined in blind for visceral abnormalities by
Dr. Phillip T. Goad, Intox Laboratories, Inc.
(Redfield, AR) using the Wilson technique
(Wilson, ’65).

Statistical analysis

Means of EKG intervals were calculated
for each fetus and then for each litter. The
Kruskal-Wallis test (Hollander and Wolfe,
*73) was used to assess group differences for
P, P-R, QRS, and Q-T intervals. This test was
also used to compare the number of implants
per litter, fetuses per litter (alive and dead),
fetuses as a percent of implants, and the
mean fetal weight. The incidence of EKG
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Fig. 1.A: Normal lead Il EKG from a fetal rat. Chart speed was 100 mm/sec. P, P-R, QRS,
QT, and T intervals are shown. The R-R interval was used to calculate heart rate. B, C, D: Fetal
rat EKG’s with an inverted P wave, missing P wave, and undefined P wave, respectively.

abnormalities in litters exposed to EGME
was compared to the control group using one-
sided Fisher’s exact test (Siegel, '56) and a
Bonferroni correction (Milliken and Johnson,
’84) for multiple comparisons to a common
control. Visceral defects in fetuses were too
rare to make statistical analysis meaningful.

RESULTS
Reproductive outcome

Treatment of pregnant dams with 100 mg/
kg EGME caused all fetuses to be resorbed
early in gestation. Since this investigation
was concerned with -electrocardiographic
study of live fetuses, no further consideration
is given to this exposure group. The reduced
number of litters in the 50 mg/kg group was
due to the fact that two dams thought to be
pregnant at the time of treatment were found
not to be when sacrificed (Table 1).

Treatment of pregnant dams with 25 or 50
mg/kg EGME did not affect their physical
appearance or general behavior. There was a
small dose-dependent decrease in maternal
body weight on day 20 in the 25- and 50-mg/
kg EGME groups (Table 1). The reduced
weight was due largely to the reduced num-

ber of fetuses per litter, although there was
also a small but nonsignificant decrease in
fetal body weight in the two exposed groups.
The greatest number of resorptions was
found in the 50 mg/kg EGME group, but the
groups were not statistically significantly
different (Table 1).

Physical malformations

Five of the eleven control litters were ex-
amined for visceral malformations. None of
the control fetuses had cardiovascular mal-
formations, but there was a dose-dependent
increase in cardiovascular defects in fetuses
treated with EGME (Table 2). The most com-
mon defect was ventricular septal defect fol-
lowed by right ductus arteriosus, both of
which were found only in the 50-mg/kg group.
Cardiovascular malformations are rare in
rats (Kameyama, L.C. et al., 1980; Palmer,
1972), but defects similar to those seen in
these EGME-exposed fetuses are also associ-
ated with ethylene glycol monoethyl ether
(EGEE) exposure (Andrew et al., 1984; Har-
din et al., 1982, 1984). One dam in the 50 mg/
kg group had only two live fetuses; both had
gastroschisis. These were the only grossly
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TABLE 1. Reproductive outcome in dams treated with EGME on days 7-13 of

gestation
Dose EGME (mg/kg)

0 25 50
Dams treated 11 8 8
Litters 11 8 6
Maternal body wt (gm) 322 + 24 306 + 33 289 + 39
Implants 135 80 56
Resorptions 9 6 18
Live fetuses 123 74 37
Dead fetuses? 3 0 1
Fetal body wt (gm) 2.8 + 6 25+ 4 23+ .5

1Body weights are mean + S.D. All other values are total number of observations.
?Dead fetuses appeared normal, but a heartbeat was not evident.

TABLE 2. Physical malformations in fetuses exposed to
EGME on days 7-13 of gestation®

Dose EGME
__ (mgkg
0 25 50

5/55 8/74 6/38

Litters/fetuses examined
Cardiovascular (CV) malformations

Double aortic arch 0 1/1 0
Right aortic arch 0 0 2/4
Right ductus arteriosus 0 0 3/4%
Right azygos vein 0 0 n
Abnormal aorta 0 0 1712
Abnormal subclavian 0 0 112
Ventricular septal defect 0 0 2/55°
Total CV malformations 0 n 32
Hydronephrosis 171 47 8/3%
Folded retina 0 0 1/1
Gross malformations® 0 0 21

1Data are number of litters/fetuses exhibiting the malformation.
2Includes one grossly malformed fetus.
o fetuses from one litter had gastroschisis.

malformed fetuses in the study. One of these
fetuses had multiple malformations of the
heart and major vessels, while the other had
a normal heart (Table 2).

EKG observations

Figure 1A shows a normal lead II EKG for
a 20-day rat fetus. A distinctive characteris-
tic of the lead II fetal rat EKG is the sym-
metrical, diphasic P and T waves. The
diphasic P wave is absent in the adult rat
(Detweiler, ’81). Diphasic P wave in humans
is an indication of atrial hypertrophy (Dubin,
"74), and the relative size of the positive or
negative deflection is an indication that the
hypertrophy resides in the right or left
atrium. In the rat fetus, the diphasic P wave
could be due in part to the closeness of the
limb leads to the heart. There is little prece-
dent for evaluating fetal rat EKG’s based on
variations in the P wave other than the ap-

pearance of multiple or misplaced P’s in an
arrhythmia. Nevertheless, P waves were sco-
red abnormal if they were inverted (Fig. 1B),
that is, having a negative deflection followed
by a positive deflection rather than the nor-
mal positive-negative sequence; if they were
not clearly detectable or missing (Fig. 1C); or
if they had an undefined appearance (Fig.
1D). Using these criteria, all three groups
had individuals with abnormal P waves, and
there were no significant differences among
them.

The normal lead II QRS complex in the
fetal rat is diphasic, the Q wave is absent, R
and S waves are of approximately equal but
opposite amplitude, and there is usually a
notch on the downsweep of the R wave (Fig.
1A). In the present study, there was a con-
sistent type of variation in the QRS complex
in fetuses exposed to EGME. The notch in
the downsweep of the R wave occurred below
the isoelectric point in the downsweep of the
S wave, and the R peak was shortened or
absent (Fig. 2A). In several fetuses, the S
wave notch resembled a double peak (Fig.
2B), and was usually followed by an over-
shoot of the S wave above the isoelectric line.
In some of these fetuses, the aberrant QRS
complexes appeared irregularly; that is, three
or four normal QRS’s occurred between ab-
normal ones. There were significantly more
litters in the 25-mg/kg and 50-mg/kg groups
with fetuses having aberrant QRS’s than in
the control group (Table 3).

The ST interval is absent in the normal
fetal rat (Fig. 1A). The T wave is also di-
phasic. Although the T wave varied in ampli-
tude considerably from fetus to fetus, there
was no apparent consistent variation that
could be easily defined and therefore consid-
ered abnormal.
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Fig. 2.A B: Fetal rat EKG’s with abnormal QRS complexes apparently owing to intraventri-
cular conduction delay. C: Fetal rat with atrial flutter. D: Fetal rat with an SA block. Chart
speed was set at 50 mm/sec to emphasize the arrhythmia.

Two fetuses (one control, one 25 mg/kg) had
atrial flutter (several P waves occurring in
rapid succession) (Fig. 2C). One fetus in the
50-mg/kg group had an arrhythmia that
would be best described as an SA block (stop-
ping or slowing of the atrial pacemaker) (Fig.
2D).

P,P-R, QRS, and Q-T intervals and heart
rate are shown in Table 3. There were no
significant differences among the groups.
Though the mean QRS values were not sig-
nificantly different, there were significantly
more litters in the 50-mg/kg group that had
fetuses with prolonged QRS intervals. Seven
fetuses in this group had QRS durations of
40 msec or longer, and the QRS’s of these
fetuses were abnormal in appearance. In the
25-mg/kg group, three of the seven aberrant
QRS’s were longer than 39 msec. Only one
control had a QRS longer than 39 msec. The
prolonged control QRS was normal in ap-
pearance, but the fetus had severe bradycar-
dia with a heart rate of 30 beats per minute.

DISCUSSION

Electrocardiography revealed a specific
functional defect that occurred more fre-
quently than any physical malformation.

Nineteen fetuses exposed to EGME had aber-
rant QRS waves. The duration of the QRS
complex in 11 of these fetuses was prolonged.
In humans, a QRS duration greater than 120
msec indicates a conduction delay and is re-
ferred to as a bundle branch block (Dubin,

TABLE 3. EKG observations on fetuses exposed to
EGME on days 7-13 of gestation

Dose EGME (mg/kg)
0 25 50
EKG intervals (msecl)
P 37+2 36+1 37+2
PR 64 +5 62+4 64+4
QRS 34+1 34+1 36+2
QT 143 + 12 152+ 8 149+ 9
Heart rate (beats/min) 154 + 11 152 + 10 163 + 17
EKG abnormalities?
Number evaluated 11/122 8/73 6/37
Aberrant QRS 11 5/7* 4/12*
QRS > 40 msec 1/1 2/3 4/7*
Aberrant P 10/19 7/26 4/12
Atrial flutter 11 11 0
SA block 0 0 1/1

1EKG intervals and heart rate are presented as mean + S.D.
Means were computed for each fetus, then for each litter, and
then across litters.

2EKG Abnormalities presented as number of litters/fetuses.
*Significantly different than control (p < 0.05).



38 M. TORAASON ET AL.

"74). Fetal rats with a QRS duration greater
than 39 msec were arbitrarily classified as
having an intraventricular conduction delay.
Thirty-nine milliseconds is considered a con-
servative cut-off point since it is five stand-
ard deviations longer than the mean QRS
interval of the control group. Nonetheless,
19% of the fetuses in the 50-mgkg EGME
group had apparent conduction delays. This
contrasts with the control group where only
one fetus (< 1%) had a prolonged QRS com-
plex (41 msec), which was probably due to
the severe bradycardia rather than a conduc-
tion delay.

There did not appear to be an association
between the abnormal QRS’s and any spe-
cific morphological defect. Only four of the
fetuses with conduction delays had heart
malformations, which were multiple and in-
cluded major vessel abnormalities. Further-
more, four fetuses with heart defects had
normal EKG’s. Two of these fetuses had a
single major vessel abnormality and two had
only ventricular septal defect. Robinson and
Cameron ('84) were also unable to detect
EKG changes following Nitrofen exposure in
rat fetuses that had ventricular septal defect.
Perhaps ventricular septal defect in the fetal
rat is not readily identified with the lead II
EKG.

The ventricular conduction block was eas-
ily identified by the doubled-peaked S wave
and the increased duration of the QRS com-
plex in fetuses exposed to EGME. This effect
is markedly different than the numerous ar-
rhythmias produced by Mirex treatment
(Grabowski and Payne, ’80). However, we
have seen similar conduction delays in fe-
tuses exposed to trypan blue (unpublished
observation). Rajala et al. ('83, ’84) reported
that epinephrine caused ventricular conduc-
tion blocks in chicks, and Abe and Kawai
(’83) observed that hornet venom produced
conduction delays in adult rats almost iden-
tical with those shown in Figure 2A,B. In the
latter study, the conduction blocks were tran-
sient. Whether they represent a potentially
lethal effect in fetal rats is uncertain, but we
found that mice did not live beyond 40 days
of age when their mothers were treated with
250 mg/kg EGME on days 7-16 of gestation
(unpublished observation). Robinson and
Cameron ('84) found that neonatal rats with
multiple EKG changes induced by prenatal
Nitrofen exposure did not survive to 70 days
of age. Likewise, Grabowski and Payne (’83)
reported that neonates with second- and

third-degree heart blocks died within an hour
of birth. Based on EKG observations alone,
it is not unreasonable to predict that postna-
tal survival would be reduced in the EGME-
exposed fetal rats.

The EKG proved to be a sensitive tool for
identifying maternal treatments of EGME
that affect heart function in offspring. QRS
changes were evident not only from subjec-
tive analysis of EKG’s but from quantitative
measure of QRS duration. A considerable
number of P waves that appeared abnormal
were found in control and exposed fetuses
and were apparently not due to EGME expo-
sure. Grabowski and Payne (80, ’82, '83),
who have examined a large number of fetal-
rat EKG’s, have not made note of such P
wave variations. Arrhythmias occurred too
infrequently to be of any significance in the
present study.
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