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ABSTRACT We previously reported the in vitro
differential stereoselective dysmorphogenic potential
of the R(1) and S(2) enantiomers of 2n-propyl-4-
pentynoic acid (4-yn-VPA) in mice. To determine whether
this stereoselectivity is species specific, we evaluated
the dysmorphogenic potential of these isomers as well
as valproic acid (VPA) to gestational day 9 rat embryos
using whole embryo culture (WEC). Aqueous solutions
of the sodium salts of R-4-yn-VPA, S-4-yn-VPA, 50%R/
50%S-4-yn-VPA or VPA were added to the culture
medium to give 0, 0.075, 0.15, 0.3, 0.6, or 1.2
mmol/L and embryos were evaluated 48 hr later. The
S-4-yn-VPA enantiomer gave clear concentration-depen-
dent dysmorphology as well as effects on developmen-
tal score, somite number, crown rump length, and head
length. Effects on rotation and defects of the neural
tube, somites and heart were observed. Embryolethal-
ity was observed only at 1.2 mmol/L concentration.
The R-4-yn-VPA enantiomer was neither embryo toxic
nor dysmorphogenic at any concentration. VPA signifi-
cantly reduced all parameters and was dysmorpho-
genic at the highest concentration but was not embryo
lethal. The 50/50 mixture of R- and S-isomers appeared
to elicit a degree of embryolethality and dysmorphology
similar to VPA. The potency order for the four chemicals
was S(2) . S(2)/R(1) 5 VPA ... R(1), comparable
to that observed in mice by either in vivo or in vitro
exposure. These data demonstrate that the stereoselec-
tive dysmorphology for these enantiomers can be
observed across species and is not related to maternal
metabolism. Teratology 55: 314–318, 1997.
r 1997 Wiley-Liss, Inc.†

Valproic acid (VPA) is a drug proved useful for the
treatment of absence seizures as well as partial and
generalized tonic–clonic seizures and is one of the
major antiepileptic drugs in clinical use (Loscher, ’93).
VPA is not recommended for women of childbearing age
as it has been shown to be teratogenic in humans
(Jager-Roman et al., ’86; Robert, ’88) with the most

striking effect being spina bifida. Hauck and Nau (’89,
’92) synthesized and studied the effects of 2-n-propyl-4-
pentynoic acid (4-yn-VPA), a structural analogue of
valproic acid (VPA). They observed no enantioselectiv-
ity of the anticonvulsant activity of these compounds
(Hauck and Nau, ’89; Nau et al., ’91), but a clear
stereoselective teratogenicity in mice in vivo. Hauck
and Nau (’92) found that, upon injecting the separate
isomers into pregnant mice on gestational day (GD) 8,
the S-isomer was highly teratogenic, whereas the R
isomer was not. Similar results have been observed
following in vitro exposure of mouse embryos to the
various isomers (Andrews et al., ’95). Whole embryo
culture (WEC) studies demonstrated that the
S-enantiomer induced dysmorphology directly in the
absence of maternal metabolism, and suggested that
there was no conversion of the inactive R-enantiomer to
the active S-enantiomer, nor did the R-enantiomer
compete with the S-enantiomer for potential binding
sites. The present study was conducted to determine
whether the observed stereoselective dysmorphogen-
esis was a species-specific phenomenon applicable only
to the mouse or if it could be extended across species to
the rat as well. We conducted WEC studies with
gestational day 9 (GD 9) rat embryos and exposed them
to equimolar concentrations of VPA, the R- or S-isomers

This article has been reviewed by theNationalHealth andEnvironmen-
tal Effects Research Laboratory, U.S. Environmental ProtectionAgency
and approved for publication. Approval does not signify that the
contents necessarily reflect the views and policies of the Agency nor
does mention of trade names or commercial products constitute
endorsement or recommendation for use.

Contract grant sponsors: Bgrr, ZEBET and European Commission
(BIOTECH Program).

Dr. Nau is now at the Department of Food Toxicology, Veterinary
University of Hannover, Bunteweg 15/115, D-30173 Hannover, Ger-
many.

*Correspondence to: James E. Andrews, Reproductive Toxicology
Division, NHEERL, U.S. EPA, Research Triangle Park, NC 27711.

Received 1April 1997; accepted 12 May 1997

TERATOLOGY 55:314–318 (1997)

r 1997 WILEY-LISS, INC. †This article is a US govern-
ment work and, as such, is in the public domain in the
United States of America.



of 4-yn-VPA, or a racemic mixture of the two isomers
and examined the embryos for development and growth
48 hr later.

METHODS

Animals

Virgin Sprague-Dawley rats obtained from Charles
River Laboratories (Raleigh, NC) weremated overnight
at our facilities. Pregnancy was confirmed in the rats
the following morning by the presence of sperm in a
vaginal smear. The presence of a copulation plug or a
sperm positive smear was considered day 0 of gestation.
Rats were anesthetized with ether and embryos were
explanted on the afternoon of day 9 of gestation.
Reichert’s membrane was removed as described previ-
ously (Andrews et al., ’93) and embryos having intact
visceral yolk sac, ectoplacental cone, and amnion were
pooled in culture medium (CM) and randomly assigned
to culture bottles. The culture conditions (stage at
explantation, type and volume of CM, and gassing)
were chosen to provide optimal growth of embryos as
described below. The CM pH was measured at the end
of the culture period (48 hr).

Whole embryo culture

Late head-fold rat embryos were explanted on day 9
(0 somites) using a modification of the technique de-
scribed by New (’78). Embryos were cultured for 48 hr
at 37°C in sealed 30-ml serum bottles rotating at 40
rpm. Each bottle contained 2 embryos in 5 ml of
immediately centrifuged, filter sterilized, heat inacti-
vated (56°C for 30 min) male Sprague-Dawley rat
serum with 50 units penicillin G/ml and 50 µg strepto-
mycin/ml. Test agent concentrations were 0, 0.075,
0.15, 0.3, 0.6 or 1.2 mmol VPA, S-4-yn-VPA, R-4-yn-
VPA, or a 50/50 mixture of the R- and S-enantiomers.
The CM in the bottles was gassed initially for 3 min
with 5% O2, 5% CO2, and 90% N2. After 24 hr, embryos
were gassed for 2 min with 10% O2, 5% CO2, and 85%
N2. A subsequent 2-min gassing with 20% O2, 5% CO2,
and 74% N2 occurred at 42 hr. At the end of the 48-hr
culture period, the embryos were removed from culture
and evaluated for growth, development and dysmorpho-
genesis and the pH of the CM was recorded. The
developmental scoring system used has been described
by Brown and Fabro (’81). If a conceptus was devoid of
yolk sac circulation or heartbeat, it was considered
dead.

Chemicals

The R and S-4-yn-VPAwere synthesized as described
previously (Andrews et al., ’95). The isomers were
.98% pure.

Statistical methods

All values presented are expressed as means 6 SEM.
Continuous outcome variables were analyzed with
mixed effects linear models using SAS Proc Mixed

(SAS, ’92). Each outcome was analyzed separately for
each compound with a model which included block as a
random effect and dose as a fixed effect. Differences
between each dose group and the control group were
tested as pairwise comparisons in analyses of variance,
while tests of significant trends were performed by
regression analysis. For the dichotomous variables,
Fisher’s exact test was used to test the difference of
each treatment group from the control using SAS
PROC FREQ (SAS, ’91), while trend tests were per-
formed in logistic regression analyses using SAS PROC
CATMOD (SAS, ’91). Block was included in the logistic
regression models as a fixed effect.
To examine the differences in effect among treatment

compounds, all treatments were included in linear
regression models (SAS, ’92) for the continuous vari-
ables and logistic regression models (SAS, ’91) for the
dichotomous variables. Block nested within treatment
was included as a random effect in the linear regres-
sions and a fixed effect in the logistic regressions. A
separate intercept and slope was allowed for each
compound. Differences in dose response among com-
pounds were then tested as differences among their
respective slopes.
To compare the effects on the rat with those on the

mouse, a linear or logistic regression model was repa-
rameterized to estimate the dose, which caused a 10%
(relative) decrease in the developmental measures or a
10% (absolute) increase in abnormalities from the
baseline. The linear models contained a separate inter-
cept for each block. The reparameterized models were
fitted and the ED10 values estimated by SAS PROC
NLIN. t-tests were then used to determine whether the
estimates for the rat were significantly different from
those of the mouse.

RESULTS

We observed stereoselective dysmorphogenicity of
the VPA enantiomers in rat embryos in WEC. Embryos
exposed to the S-4-yn-VPA demonstrated a concentra-
tion-dependent decrease in crown-rump length (CRL),
head length (HL), somite number (SOM), and develop-
mental score (DEVSC) when evaluated using trend
analysis (Table 1). A marked concentration-dependent
increase in the incidence of abnormal embryos was also
observed. There was a significant increase in the inci-
dence of embryolethality at 1.2 mmol, yet very little
lethality at 0.6 mmol, suggesting a steep concentration
response. Yolk sac diameter was significantly reduced
at the highest concentration of toxicant exposure but
yolk sac vascular development appeared normal. The
incidence of abnormal embryos was significantly in-
creased at concentrations $0.15 mmol/L (Fig. 1). The
anomalies primarily observed were failure of closure of
the anterior and posterior neuropores, erratic neural
seams, and reduced telencephalic spheres.At the end of
culture, the pH of the CM displayed a significant trend
toward higher pH with increased concentration of the
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enantiomer. No blistering was observed on the rat
embryos as was previously reported for the mouse.
Exposure to VPA adversely affected embryonic CRL,

SOM, DEVSC, HL, and percentage abnormal embryos
in a dose-dependent manner (Table 2) similar to that
observed following exposure to the S-enantiomer above.
We observed no significant embryolethality at these
concentrations of VPA. The anomalies observed were
primarily open anterior and posterior neuropores simi-
lar to those observed with the S-enantiomer. Again, the
pH of the CM displayed a significant trend toward
increasing pH with increasing VPA concentration.
Embryos exposed to concentrations of the R-enanti-

omer equivalent to those of VPA or the S-enantiomer
displayed no embryo or yolk sac toxicity (Table 3).
Further, the pH of the CM in the treatment groups did
not vary significantly from the control values.
The embryos exposed to the 1:1 racemic mixture

displayed effects similar to those observed following
exposure to the S-enantiomer a lone (Table 4), but the

mixture was only approximately one-half as potent as
similar concentrations of the S-enantiomer (Table 4,
Fig. 1). The CM pH of the toxicant-containing groups
was not significantly changed from that observed for
the controls.
Estimates of concentrations of VPA, S-4-yn-VPA or

mixtures of S- and R-4-yn-VPA, which would give a 10%
decrease in HL, DEVSC, CRL, or SOM or a 10%
increase in percentageABN in rat (this study) or mouse
(Andrews et al., ’95) are compared in Table 5. There
were significant species differences in sensitivity to the
test compounds in the concentrations of the R 1 S
mixtures required to produce a 10% increase in abnor-
mal embryos (P # 0.01) and in the concentration of the
R 1 S mixture to decrease CRL by 10%, the concentra-
tion of VPA required to increase percentage ABN by
10% or the concentration of the S-enantiomer to in-
crease percentage ABN or decrease HL by 10%
(P # 0.05). In all cases, the mouse was the more sensi-
tive species.

DISCUSSION

These experiments demonstrate that direct exposure
of rat embryos to S-4-yn-VPA results in dysmorphology
similar to that observed following in vitro exposure of
mouse embryos (Andrews et al., ’95) and that maternal
activation of this isomer is not necessary in the rat for
its teratogenic effect. We further found that the
S-enantiomer was more dysmorphogenic and embryo
toxic than VPA in the rat, which is similar to our
findings in the mouse. There was a noteworthy absence
of the blistering in the rat embryos which was seen in
fairly high incidence in the mouse. The R-enantiomer
was neither significantly dysmorphogenic nor develop-
mentally toxic in either species in vitro. Together with
the previous studies in the mouse, we have now pre-
sented evidence that the stereoselective effects of S-4-yn-
VPA on neural tube development transcend species.
The primary anomaly observed, failure of neural tube
closure, is similar to that reported in mice after in vivo
or in vitro exposure. These data support our earlier
hypothesis that certain biological mechanisms associ-
ated with closure of the neural tube are stereoselective

TABLE 1. Effects of S-4-yn-VPAon rat embryonic development in whole embryo culture1

Cocn
(mmol/L)

Yolk sac
Diameter (mm)

Crown-rump
length (mm)

Head length
(mm)

Somite
no.

Dev.
score

Dead
(%)

Abnormal
(%)

Ending
pH

0 4.4 6 0.2 4.1 6 0.1 2.2 6 0.1 28 6 0.6 50 6 2 0 4.3 7.24 6 0.04
0.075 4.4 6 0.2 4.0 6 0.1 2.0 6 0.1* 27 6 0.6 46 6 2 0 17.4 7.25 6 0.04
0.15 4.3 6 0.2 3.8 6 0.1* 2.0 6 0.1*** 27 6 0.6 45 6 2* 0 37.5* 7.23 6 0.04
0.3 4.6 6 0.2 4.0 6 0.1 2.0 6 0.1* 27 6 0.6 43 6 2** 0 36.4* 7.30 6 0.04*
0.6 4.4 6 0.2 3.8 6 0.1* 1.8 6 0.1*** 26 6 0.7** 40 6 2*** 10 66.7** 7.29 6 0.04*
1.2 4.1 6 0.2* 3.2 6 0.1*** 1.6 6 0.1*** 20 6 0.8*** 28 6 3*** 63*** 100** 7.34 6 0.04**
Trend — *** *** *** *** *** *** ***
1For individual treatment groups, significance levels refer to a comparison with controls; for trend, significance refers to
significance of slope in a regression model.
*P: # 0.05.
**P # 0.01.
***P # 0.001.

Fig. 1. A: Percentage abnormal embryos observed in GD 11 rat
embryos following exposure to 0.6mMS-(2)-4-yn-VPA, VPA, R-(1)-yn-
VPA, or a racemic mixture of 4-yn-VPA in whole embryo culture. B:
The incidence of neural tube defects observed in GD 11 rat embryos
following exposure to 0.6 mM S-(2)-4-yn-VPA, VPA, R-(1)-yn-VPA, or
a racemic mixture of 4-yn-VPA in whole embryo culture. There were
16–29 embryos evaluated at each data point.
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and that S-4-yn-VPA has a greater dysmorphogenic
potency than the parent compound VPA.
Following exposure to the S-4-yn-VPA, concentra-

tions affecting YSD, CRL, SOM, percentage dead, and
DEVSCwere similar in the rat andmouse embryos, but
the mouse embryo responded at lower concentrations of
this enantiomer for the parameters of HL and percent-
age ABN embryos. Following exposure to VPA, the two
species responded similarly for all parameters except
the incidence of abnormal embryos. Again, the mouse
responded at lower concentrations of VPA for this
parameter.
The present in vitro studies suggest that, qualita-

tively, rat and mouse embryos respond similarly to VPA
and the two enantiomers tested but that themousemay

be more sensitive than the rat to VPA and the S-4-yn-
VPAenantiomer of 4-yn-VPA. In vivo teratology studies
have shown that following VPAexposure inmice, a high
incidence of exencephaly is detected at term (Nau, ’86;
Ehlers et al., ’92), while in rats less than 1% incidence of
exencephaly is observed (Vorhees, ’87; Binkerd et al.,
’88). Klug et al. (’90) also found that rat embryos
exposed in vitro to VPA and evaluated on GD 11.5 as in
our study, had dysmorphology similar to that reported
here. They also exposed pregnant dams to VPA on GD
9.5 and evaluated the embryos on 11.5 and found effects
similar to those observed following in vitro exposure
(primarily neural tube defects). Decreased litter size at
term in the rat following VPA exposure has been
reported (Vorhees, ’87; Binkerd et al., ’88) suggesting

TABLE 2. Effects of valproic acid (VPA) on rat embryonic development in whole embryo culture1

Concn
(mmol/L)

Yolk sac
diameter (mm)

Crown-rump
length (mm)

Head length
(mm)

Somite
no.

Dev.
score

Dead
(%)

Abnormal
(%)

Ending
pH

0 4.5 6 0.2 4.1 6 0.1 2.1 6 0.1 28 6 0.7 48 6 1.9 0 15 7.03 6 0.12
0.075 4.4 6 0.2 4.0 6 0.1 2.1 6 0.1 26 6 0.7* 45 6 1.9 0 37 7.05 6 0.12
0.15 4.6 6 0.2 4.2 6 0.1 2.2 6 0.1 28 6 0.7 49 6 1.9 0 16 7.08 6 0.12
0.3 4.5 6 0.2 4.1 6 0.1 2.0 6 0.1* 27 6 0.7 46 6 19 0 40 7.06 6 0.012
0.6 4.5 6 0.2 3.9 6 0.1 1.9 6 0.1** 26 6 0.7* 43 6 1.9* 0 40 7.09 6 0.12*
1.2 4.3 6 02 3./8 6 0.1* 1.8 6 0.1*** 24 6 0.8*** 37 6 2.0*** 18 93*** 7.12 6 0.12*
Trend — ** *** *** *** — *** ***
1For individual treatment groups, significance levels refer to a comparison with controls; for trend, significance refers to
significance of slope in a regression model.
*P # 0.05.
**P # 0.01.
***P # 0.001.

TABLE 3. Effects of R-4-yn-VPAon rat embryonic development in whole embryo culture1

Concn
(mmol/L)

Yolk sac
diameter (mm)

Crown-rump
length (mm)

Head length
(mm)

Somite
no.

Dev.
score

Dead
(%)

Abnormal
(%)

Ending
pH

0 4.4 6 0.1 4.0 6 0.1 2.1 6 0.1 28 6 0.6 47 6 0.9 0 17 7.19 6 0.04
0.075 4.8 6 0.1 4.1 6 0.1 2.1 6 0.1 28 6 0.6 46 6 0.9 0 30 7.21 6 0.04
0.15 4.7 6 0.1 4.1 6 0.1 2.1 6 0.1 27 6 0.6 47 6 0.9 0 27 7.18 6 0.04
0.3 4.7 6 0.1 4.2 6 0.1 2.1 6 0.1 28 6 0.6 47 6 1.0 18* 22 7.24 6 0.04
0.6 4.5 6 0.2 4.1 6 0.2 2.1 6 0.1 28 6 0.7 47 6 1.1 0 6 7.22 6 0.04
1.2 4.7 6 0.1 4.2 6 0.1 2.2 6 0.1 28 6 0.6 48 6 0.9 4 13 7.22 6 0.04
Trend — — — — — — — —
1For individual treatment groups, significance levels refer to a comparison with controls: for trend, significance refers to
significance of slope in a regression model.
*P # 0.05.

TABLE 4. Effects of A racemic mixture of R- and S-Isomers of 4-yn-VPAon rat embryonic development
in whole embryo culture1

Concn
(mmol/L)

Yolk sac
diameter (mm)

Crown-rump
length (mm)

Head length
(mm)

Somite
no.

Dev.
score

Dead
(%)

Abnormal
(%)

Ending
pH

0 4.4 6 0.1 4.0 6 0.1 2.1 6 0.1 27 6 1 48 6 1.1 0 13 7.25 6 0.03
0.075 4.6 6 0.1 4.1 6 0.1 2.1 6 0.1 28 6 1 47 6 1.1 3 19 7.25 6 0.03
0.15 4.7 6 0.1 4.1 6 0.1 2.1 6 0.1 28 6 1 48 6 1.1 3 7 7.27 6 0.03
0.3 4.6 6 0.1 4.0 6 0.1 2.1 6 0.1 27 6 1 45 6 1.1* 0 27 7.27 6 0.03
0.6 ]4.4 6 0.1 3.9 6 0.1 1.9 6 0.1*** 27 6 1 42 6 1.1*** 0 38* 7.29 6 0.03
1.2 4.4 6 0.1 3.7 6 0.1*** 1.7 6 0.1*** 25 6 1*** 37 6 1.1*** 7 79*** 7.29 6 0.03
Trend — *** *** *** *** — *** *
1For individual treatment groups, significance levels refer to a comparison with controls: for trend, significance refers to
significance of slope in a regression model.
*P # 0.05.
***P # 0.001.
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that affected rat embryos may die before they reach full
term.
In the present in vitro study, maternal factors that

could influence racemate activity, such as preferential
absorption, metabolism, or biliary excretion, have been
removed. Thus, we have been able to establish not only
which enantiomer is dysmorphogenic to the developing
rat embryo but also, by using pure R- and S-isomers,
have been able to monitor potential inversion of the
inactive enantiomer to the biologically active enanti-
omer. The experiment using the mixture of the R- and
S-enantiomers also allowed us to investigate and deter-
mine whether the inactive enantiomer was competing
with the active enantiomer for the unidentified binding
site. These studies suggest that for toxicants that exist
as stereoisomers, it is important to understand the
relative biological potency of the individual stereoiso-
mers. In these studies, we observed that the potencies
of the different isomers can vary manyfold from nondy-
smorphogenic to highly dysmorphogenic.
In conclusion, these in vitro experiments with rat

embryos support the work performed previously with
mice both in vitro and in vivo, indicating the dysmorpho-
genic/teratogenic stereoselectivity of the enantiomers
of 4-yn-VPA. The S-enantiomer was previously shown
to be dysmorphogenic, embryo lethal and retard embry-
onic development in mice whereas exposure to the
R-enantiomer resulted in none of these effects (An-
drews et al., ’95). Our current studies show that similar
results are obtained when they are performed across
species, proving that these observations of stereoselec-
tive dysmorphology are not a species-specific phenom-
enon. Work is under way using these compounds to
investigate the molecular mechanisms involved in the

stereoselective teratogenic action on neural tube clo-
sure.
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TABLE 5. Comparison of effects in mouse and rat
embryos following exposure to S-4-yn-VPA, VPA, or a

mixture of S- and R-4-yn-VPA1

Compound Parameter Rat Mouse t-Value

S-4-yn-VPA %ABN 0.15 6 0.02 0.09 6 0.02* 2.17
CRL 0.64 6 0.1 0.58 6 0.10 0.44
DEVSC 0.29 6 0.03 0.30 6 0.03 20.28
HL 0.45 6 .04 0.33 6 0.03* 2.34
SOM 0.52 6 0.06 0.54 6 0.12 20.13

VPA %ABN 0.22 6 0.04 0.12 6 0.02* 2.14
CRL 1.56 6 0.53 0.93 6 0.32 1.02
HL 0.68 6 0.10 0.46 6 0.07 1.78
SOM 0.99 6 0.22 0.91 6 0.25 0.23

S-4-yn-VPA 1 %ABN 0.28 6 0.03 0.11 6 0.02** 4.74
R-4-yn-VPA CRL 1.37 6 0.23 0.69 6 0.12* 2.54

DEVSC 0.49 6 0.05 0.43 6 0.06 0.75
HL 0.59 6 0.05 0.46 6 0.07 1.57
SOM 1.37 6 0.2 0.75 6 0.15* 2.46

1Values are estimates of concentrations of the various com-
pounds which would give a 10% change in the listed param-
eters.
*Significantly different from rat P , 0.05.
**Significantly different from rat P , 0.01.
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