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Neural tube defects (NTDs), a common birth defect in humans, result from the failure of the embryonic neural
tube (NT) to close properly. NT closure is a complex, poorly understood morphogenetic process influenced
by genes and environment. The most effective environmental influence in decreasing the risk for NTDs is
folic acid (FA) fortification and supplementation, and these findings led to the recommendation of pericon-
ceptual FA intake and mandatory fortification of the US grain supply in 1998. To explore the relationship
between genetics and responsiveness to FA supplementation, we used five mouse NTDs models—Zic2,
Shroom3, Frem2, Grhl2 (Grainyhead-like 2) and L3P (Line3P)—and a long-term generational FA supplemen-
tation scheme. Contrary to expectations, we find that three genetic mutants respond adversely to FA sup-
plementation with increased incidence of NTDs in homozygous mutants, occurrence of NTDs in
heterozygous embryos and embryonic lethality prior to NT closure. Because of these unexpected responses,
we examined NTD risk after short-term FA supplementation. Our results indicate that, for the same genetic
allele, NTD risk can depend on the length of FA exposure. Our data indicate that, depending on the gene
mutation, FA supplementation may adversely influence embryonic development and NT closure.

INTRODUCTION

The embryonic neural tube (NT) forms the brain and spinal
cord. Defects in NT closure cause an opening in the central

nervous system and can result in anencephaly and spina

bifida [NT defects (NTDs) in the cranial or caudal regions,

respectively]. Infants born with NTDs have increased risk of

mortality within the first year of life, and survivors face life-

long morbidities including neurologic, cognitive, urologic

and gastrointestinal complications. In humans, most genetic

causes of NTDs remain unknown. Environmental conditions

experienced in utero can also influence NTD risk (1,2). Peri-

conceptual folic acid (FA) fortification and supplementation

is well documented to reduce NTD incidence in humans,

ranging from 30–40% reduction in the general population to

70% for women given high levels of FA following a previous

NTD pregnancy (3,4). These data prompted the mandatory

fortification of grains in the USA to ensure that women of

childbearing age would consume a higher amount of FA to

prevent NTDs (3,5).

In mice, over 240 genes are known to be important in NT
closure, and mouse models of NTDs are beginning to
provide insight into the genetic causes and developmental
origins of NTDs in humans (6). Moreover, mouse NTD
models have the potential to aid in understanding the genetics
underlying FA responsiveness or non-responsiveness in NTD
prevention, as well as to identify alternative approaches to
prevent FA-resistant NTDs (7). However, this potential has
been minimally exploited as only 14 mouse NTD models
have been tested for FA responsiveness. Here, we substantially
increase this data set by testing FA responsiveness in five
unique mouse lines generated through a N-ethyl-N-nitrosourea
(ENU) mutagenesis screen for NTDs (8). Of the previously
tested models, FA supplementation reduced the incidence of
NTDs (six cases), was not beneficial (seven cases) or exacer-
bated NTDs (one case) (7,9). Previous mouse studies have
used short-term diet regimes (7), which are less representative
of the current long-term and generational trend in FA exposure
occurring in the US population. Therefore, we used long-term
and multi-generational exposure to dietary FA (Fig. 1) to more
closely approximate the trend in FA exposure occurring in the
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US population as periconceptual FA supplementation has been
recommended since the early 1990s and mandatory FA fortifi-
cation began in 1998.

Here, we find, contrary to expectations, that three mouse
lines respond detrimentally to long-term dietary FA. Compari-
son between two diets that differ only in FA concentration
shows that increased dietary FA can result in an increased fre-
quency of NTDs in homozygous mutant embryos; NTDs in
heterozygous embryos on high FA diet, whereas on control
FA diet NTDs were not observed; and embryonic lethality
prior to the time of NT closure. To determine whether the
response depended on the length of exposure to FA diet, we
used a short-term FA diet similar to previous mouse studies.
We find that, depending on the genetic allele, the response
can differ between short- and long-term diet. Overall, our
results suggest that the response to FA fortification and sup-
plementation may be more complex than previously suggested
and that the genetics of an individual may determine whether
FA provides a beneficial outcome.

RESULTS

We tested FA responsiveness in mice with mutations in five
different genes—Zic2, Frem2, Shroom3, Grhl2 (Grainyhead-
like 2) and L3P (Line3P)—that have not been previously
examined for FA responsiveness. Splotch (Sp2H), a mouse
line that carries a mutation in the Pax3 gene was used as a
positive control as it shows decreased NTD risk on short-term
FA exposure (10). Table 1 summarizes the gene functions,
which vary broadly in their control of NT development.
These genes have not been implicated in FA uptake, metab-
olism or utilization. The ENU lines, which were generated
in the Niswander laboratory, include a new allele of Zic2
(an A-to-T change in Exon 1 resulting in the missense
mutation E329V; Zic2m1Nisw); a new allele of Shroom3 (a
C-to-T change in Exon 9 resulting in the missense mutation
R1663C; Shroom3m1Nisw), an allele of Frem2, Frem2my-F11

(11), an allele of Grainyhead-like2, Grhl2m1Nisw (12) and
L3P for which the genetic component has been identified

and will be described elsewhere (in preparation). The Sp2H

mutation is a 32 base pair deletion in exon 5 of Pax3 (10).
The ENU-induced lines were originally screened for NTDs
on Tekland Rodent chow, which is not directly comparable
with the FA diets used in this study due to differences in ingre-
dients beyond the concentration of FA. On the Tekland diet,
none of the heterozygotes showed NTDs. Zic2 homozygous
mutants showed 100% penetrant spina bifida and �20% exen-
cephaly. Grhl2 (12) and Shroom3 homozygous embryos
exhibited 100% penetrant forebrain, midbrain and hindbrain
exencephaly. Thirty percent of Frem2 mutants display mid-
brain exencephaly (11), and 30% of L3P mutants exhibited
forebrain, midbrain and hindbrain exencephaly. Sp2H on the
congenic background used here showed 100% penetrant
spina bifida and 73% penetrant exencephaly.

The studies here utilized two diets differing only in FA
concentration: a 2 p.p.m. or 2 mg/kg of chow designated
as control FA diet and a 10 p.p.m. or 10 mg/kg of chow
designated as high FA diet (Fig. 1). The doses, routes and
timing of administration of FA used in previous mouse
studies vary greatly but the doses used here are in the range
of other mouse FA supplementation studies (reviewed in 7).
Total FA serum levels in all lines tested were 10.0 ng/ml
(s.d. ¼ 3.8) on control FA diet, increasing to 25.6 ng/ml
(s.d. ¼ 4.3) on high FA diet (Supplementary Material,
Fig. S1). This level of serum folate is similar to that in
humans, which ranges from 5.9 to 24.6 ng/ml, depending on
the extent of fortification and supplementation (13).

To establish whether long-term high FA diet can lead to
responsiveness and prevention of NTDs, we first evaluated
Sp2H mutants, which have previously shown a decreased inci-
dence of NTDs with short-term FA exposure by injection (10).
Repeating these short-term FA injection experiments, we
observed a partial rescue of NTDs (92% NTDs upon FA injec-
tion versus 100% with sham injection). Long-term high FA
diet showed a similar NTD incidence (97%, Fig. 2; Sup-
plementary Material, Fig. S2 documents the relative incidence
of exencephaly and spina bifida). The level of NTD rescue was
similar despite the large difference between serum folate
levels (27 ng/ml on high FA diet versus 65 ng/ml by FA injec-
tion; Supplementary Material, Fig. S1). These results indicate
that long-term multi-generational FA diet can be partially ben-
eficial in Sp2H mutants.

Next, we examined the effect of long-term FA diet on pre-
viously untested ENU alleles. Zic2 homozygous mutant
embryos on control FA diet showed 100% penetrant NTDs
(32/32; Fig. 2). On high FA diet, there was a slight beneficial
response (95% NTDs) in that two Zic2 genotypic mutants had

Figure 1. Long-term folic acid (FA) experimental design. The lines were bred
and maintained on two diets that only differ in the concentration of FA
(2 p.p.m. for the control FA diet or 10 p.p.m. for the high FA diet). Following
two generations on the control or high FA diet, heterozygous males and
females from the same diet were timed-mated and embryos recovered and
scored for phenotype and genotype.

Table 1. Genes tested for responsiveness to FA diets

Gene Function in NT closure

Zic2 Regulation of BMP antagonists dorsally and dorsolateral hinge
point formation (16)

Frem2 NT fusion, expressed in roof plate of diencephalon (11)
Shroom3 Actin regulator (17)
Grhl2 NT fusion, expressed in the non-neural ectoderm (12)
L3P Neural patterning
Pax3 Regulation of neural progenitor survival and differentiation (18,19)
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completely closed NTs, whereas the remaining 35 mutants
had NTDs of similar severity and position as control FA
diet (Fig. 2, Supplementary Material, Fig. S2). Moreover, on
high FA, the expected 1:2:1 Mendelian ratio of embryos was
observed but, on control FA diet, there was significant
embryo loss as reflected by 25 and 43% fewer than expected
heterozygous and homozygous mutant embryos observed
after NT closure (P ¼ 0.005, P ¼ 0.003, respectively;
Table 2). Thus, for the Zic2 mutation, long-term FA sup-
plementation appears beneficial, protecting against both het-
erozygous and homozygous mutant embryo loss and
providing a modest trend toward the rescue of NTDs.

Long-term FA supplementation did not prevent NTDs in
Frem2 or Shroom3 and had a surprising detrimental effect
on L3P and Grhl2 genetic mutants. Frem2 had no differential
response to control or high FA diets, showing similar midbrain
exencephaly incidence (29 and 39%, P ¼ 0.554) and expected
ratios of mutant and heterozygous embryos on both diets
(Fig. 2, Table 2). Shroom3 displayed 100% NTDs on both
control and high FA diets (Fig. 2). In contrast, L3P and
Grhl2 were adversely affected by FA supplementation in
terms of NTD risk. First, L3P homozygous mutants showed
an increased frequency of exencephaly with FA supplemen-
tation [18% NTDs (3/17) on control FA diet versus 58%
(14/24) on high FA diet (P ¼ 0.012; Fig. 2)]. Second, we
observed NTDs in heterozygous Grhl2 embryos [16% NTDs
(6/37) on high FA compared with 0% (0/55) on control FA
diet (P ¼ 0.009; Fig. 2)]. Thus, FA supplementation can
have a significant detrimental effect on NT closure when com-
bined with specific genetic factors, in this case, mutations in
L3P and Grhl2.

Long-term high FA diet resulted in significant loss of
Shroom3 and L3P homozygous mutant embryos (Table 2).
For Shroom3, 67% (P ¼ 0.004) of expected homozygous

mutant embryos were not observed and the number of resorp-
tion sites (a reflection of failed embryonic development after
implantation) corresponded to this increase in embryo loss
(Table 2). For L3P, high FA diet resulted in 43% loss of homo-
zygous mutants (P ¼ 0.011; Table 2) but in those homozy-
gotes that did survive, there was an increased frequency of
NTDs (from 18 to 58%, Fig. 2). Grhl2 showed loss of homo-
zygous mutant embryos that was similar on control and high
FA diets (Table 2, 50 and 54%, respectively).

Previous testing of FA responsiveness in mouse lines gener-
ally involved a short exposure to FA, whereas our study
involves a longer, multi-generational exposure. Thus, to
address the question of whether the developmental outcome
depends on the length of exposure to FA, we tested lines
that showed a detrimental response on long-term high FA
diet. Grhl2, Shroom3 and L3P heterozygous females were
given a short exposure to control or high FA diet from fertili-
zation until the time of dissection. Total serum FA levels
increased from 13.0 ng/ml (s.d. ¼ 4.1) on the control FA
diet to 25.0 ng/ml (s.d. ¼ 2.8) on the high FA diet, similar to
long-term FA diets (Supplementary Material, Fig. S1). Grhl2
heterozygous embryos on short-term high FA diet showed
a detrimental response (18% NTDs, 4/23, P ¼ 0.046)
similar to long-term high FA diet (16%), versus 0% NTDs
on short-term (0/16) or long-term control FA diet (Fig. 3
compared with Fig. 2). Thus, for Grhl2, the length of FA
exposure does not alter NTD risk. However, for Shroom3
and L3P, the length of FA exposure did influence NTD risk
and embryo loss. For Shroom3, short-term high FA diet
prevented embryo loss (29 expected, 22 observed homozygous
mutant embryos, P ¼ 0.37, Table 2) that was seen with long-
term high FA (67% loss). Moreover, short-term high FA
exposure prevented NTDs of Shroom3 homozygous embryos,
reducing the NTD incidence to 72% (16/22 mutant embryos,

Figure 2. Long-term FA supplementation and the incidence of NTDs. Long-term FA supplementation did not reduce the incidence of NTDs in homozygous
mutant embryos for Frem2 (39% NTD penetrance, 7/18 mutant embryos on the long-term high FA diet), Grhl2 (100%, 13/13) or Shroom3 (100%, 7/7) but
did slightly decrease the incidence of NTDs in mutant embryos for Sp2H (97%, 29/30) and Zic2 (95%, 35/37 of which one lived postnatally). FA supplementation
increased the rate of NTDs in L3P mutant embryos (58%, 14/24) and Grhl2 heterozygous embryos (16%, 6/37; listed as Grhl2het). ∗P ¼ 0.012; ∗∗P ¼ 0.009.
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P ¼ 0.02; Fig. 3), a striking result as NTD penetrance was
100% on long-term FA diet. Thus, for Shroom3, short-term
FA was beneficial but long-term FA was detrimental. For
L3P, short-term high FA diet prevented embryo loss seen on
short-term control FA (61% loss, P ¼ 0.002; Table 2). This
outcome is the opposite of that seen with long-term FA diets
for L3P. Additionally, for L3P, short-term FA exposure resulted
in no statistically significant change in NTD rates between
control (27%, 3/11 mutant embryos) and high FA (31%, 5/16
mutant embryos; Fig. 3) diets. This is in contrast to the
increased NTD risk observed on long-term high FA diet, indi-
cating that chronic and perhaps generational exposure to FA
is necessary to increase the NTD rate in L3P. These results indi-
cate that the length of FA exposure can alter risks for NTDs and
embryo loss in mouse genetic models of NTDs.

DISCUSSION

FA fortification and supplementation in humans has been
clearly shown to decrease the incidence of NTDs. However,
our findings in a panel of mouse NTD lines indicate a more
diverse range of responses to FA supplementation in the
diet, from partially positive outcomes to profoundly negative

gene–environment interactions. First, we observed beneficial
or detrimental changes in NTD risk, depending on the gene
mutation. Surprisingly, we also found that FA supplemen-
tation resulted in NTDs in heterozygous Grhl2 mice,
whereas heterozygotes on lower FA complete NT closure.
Second, viability of homozygous mutant embryos was differ-
entially affected by FA diet dependent on the gene mutation.
Long-term high FA prevented Zic2 embryo loss but induced
embryo loss for L3P and Shroom3. One implication of
induced embryo loss with FA supplementation is that if the
genotype is unknown, fewer embryos with NTDs could be
interpreted as NTD prevention. This would have been the
case for Shroom3 if genotyping data were not available, as
only seven mutants survived to the time of NT closure due
to the high frequency of earlier lethality. Conversely, although
almost half of L3P homozygotes were lost due to earlier leth-
ality, those that survived showed an increased risk for NTDs
relative to control FA diet. If these results are relevant to
humans, depending on the genetic background, both biological
responses (prolonged survival of phenotypic embryos or
exacerbation of the developmental defects resulting in earlier
embryonic loss) could be occurring in addition to true NTD
prevention. Finally, the observation that the length of FA
exposure could cause a genetic mutant to show different

Table 2. Long-term FA supplementation can be either beneficial or detrimental in preserving observed embryo ratios

Line/diet Observed embryo ratio Resorptions Litter size (number
of litters)

% +/mut
embryo loss

% mut/mut
embryo loss

Effect of FA
supplementation

Sp2H +/+ +/mut mut/mut
Long-term Control 28 59 35 9 9.38 (13) None None

NoneLong-term High 31 59 30 10 7.50 (16) None None
Zic2 +/+ +/mut mut/mut

Long-term Control 56 84 32 14 6.14 (28) 25a 43b

BeneficialLong-term High 38 98 36 23 5.73 (30) None None
Frem2 +/+ +/mut mut/mut

Long-term Control 33 64 38 16 5.86 (23) None None
NoneLong-term High 21 50 18 9 6.36 (14) None None

Shroom3 +/+ +/mut mut/mut
Long-term Control 20 39 17 6 5.42 (14) None None

DetrimentaldLong-term High 21 47 7 26 5.70 (13) None 67c

L3P +/+ +/mut mut/mut
Long-term Control 17 45 17 18 7.18 (11) None None

DetrimentalfLong-term High 42 98 24 13 6.07 (27) None 43e

Grhl2 +/+ +/mut mut/mut
Long-term Control 26 66 13 46 5.25 (20) None 50

NoneLong-term High 28 40 13 19 4.76 (17) None 54
Grhl2 +/+ +/mut mut/mut

Short-term Control 20 25 9 6 5.4 (10) 38 55
NoneShort-term High 16 23 4 7 6.14 (7) 28 75

L3P +/+ +/mut mut/mut
Short-term Control 28 40 11 15 7.18 (13) None 61g

BeneficialhShort-term High 14 28 16 13 4.2 (10) None None
Shroom3 +/+ +/mut mut/mut

Short-term Control 15 21 16 11 6.25 (8) None None
NoneiShort-term High 29 56 22 5 7.62 (14) None None

The mutation for all lines is inherited according to Mendelian genetics such that �25% of the embryos in a litter will be wild-type (+/+), 50% heterozygous for
the mutation (+/mut) and 25% will have both mutant alleles (mut/mut). The expected ratio was determined using the number of +/+ embryos, as diet is not
expected to influence the number of wild-type embryos observed. Zic2 on long-term control FA diet shows a statistically significant reduction in number of
heterozygous and mutant embryos (a112 expected, 84 observed, P ¼ 0.005; b56 expected, 32 observed, P ¼ 0.003, respectively), whereas embryo viability is
rescued with high FA, indicating that FA supplementation is beneficial. Conversely, long-term FA supplementation is detrimentald,f for both Shroom3 and L3P,
resulting in loss of mutant embryos (c21 expected, 7 observed, P ¼ 0.004; e42 expected, 24 observed, P ¼ 0.011; respectively). However, short-term high FA does
not cause loss of mutant Shroom3 embryos seen with long-term high FAi,d. Short-term control FA causes loss of L3P mutant embryos (g28 expected, 11 observed,
P ¼ 0.002) which are rescued by short-term high FA and this beneficial effect of hshort high FA is directly opposite of the detrimental effect on flong-term high FA.
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phenotypic responses highlights the need for further study of
the potentially differing effects of short-term and long-term
FA exposure.

It should be noted that the genes studied here have no appar-
ent roles in FA metabolism or other processes related to this
pathway. FA metabolism plays an extremely important role
in the cell by providing the building blocks for RNA and
DNA biosynthesis (purines and thymidylate), as well as the
methyl donors utilized in methylation reactions. Thus, FA
can potentially enhance cell proliferation as seen in wild-type
embryos (9). Additionally, FA can also conceivably affect the
epigenetic regulation of gene expression through histone and
DNA methylation. FA-induced epigenetic changes may
occur during development, thus altering gene expression.
Moreover, these epigenetic changes may be inherited, as
recently suggested by increased epigenetic variability follow-
ing long-term FA diet in wild-type mice (14). Therefore, FA
likely acts through diverse mechanisms to influence NT
closure and this appears to be reflected in the diverse responses
we observed, indicating that FA does not act through a single
common pathway. In the future, it will be of interest to deter-
mine the mechanistic basis of the specific gene–environment
interactions that together influence NT closure.

The benefits of FA in terms of global decrease in NTD risk
are clear. However, although no detrimental effects of FA at
current intakes have been proven, the biologic plausibility
for a negative impact on individuals has been raised (15).
FA fortification was implemented with the specific intent to
reduce NTD risk or, at the very least, do no harm. Our unex-
pected findings highlight the need to understand how FA may
influence NT closure and the mechanisms and genetics under-
lying the response to FA to expand the scientific discussion of
best health policy practices.

MATERIALS AND METHODS

The ENU-induced mutations were generated on a C57/Bl6
background and then outcrossed to 129S1/SvlmJ for more
than 10 generations. The Sp2H mutation is on C3H/HeN back-
ground. As schematized in Figure 1, males and females main-
tained on Tekland Rodent Diet (2018S) were timed-mated and
upon discovery of a mating plug indicating fertilization, the
female was placed on either 2 p.p.m. (called control) or
10 p.p.m. (called high) FA diet; all other diet components
are the same (Research Diets, Inc.: 2 p.p.m. is D05072702;
10 p.p.m. is D05072701; p.p.m. is equivalent to mg/kg of
chow and is not based on body weight). Based on the
amount of food consumed daily by our mice (2.78 g, s.d. ¼
0.56), the daily dose of FA on the control diet ranges
between 4 and 6 mg, and the dose of FA on the high diet is
between 22 and 33 mg. Males and females were maintained
on diet for two generations (indicated as Rounds 1 and 2 on
Fig. 1). Embryos from these timed-pregnant females were
obtained between embryonic day (E) 10.5 and E12.5 for
Grhl2m1Nisw and Shroom3m1Nisw; E12.5 for L3P, Zic2m1Nisw

and Frem2my-F11; E10.5 for Sp2H. Embryos were scored for
NTD phenotypes characteristic of the line. For short-term
FA exposure, heterozygous males and females were main-
tained on Tekland Rodent Diet, timed-mated and, upon dis-
covery of the mating plug, the females were placed on
control or high FA diet until dissection as indicated above.
FA injection (10 mg/kg of mouse body weight/day by IP injec-
tion over days E7.5, 8.5, 9.5) was performed on Sp2H hetero-
zygous females as described (10). The FA dose administered
daily between E7.5 and 9.5, based on the average weight of
the heterozygous females (�25 g), was �250 mg. All
embryos were genotyped utilizing appropriate primers

Figure 3. Short-term FA supplementation and incidence of NTDs. Short-term high FA did not affect the incidence of NTDs in homozygous mutant embryos for
Grhl2 (100% NTD penetrance, 4/4 mutant embryos) or L3P (31%, 5/16). Short-term high FA decreased the NTD rate in Shroom3 mutant embryos (72%, 16/22),
but increased the NTD rate in Grhl2 heterozygous embryos (18%, 4/23; listed as Grhl2het, similar to long-term high FA). The beneficial (Shroom3) or no effect
(L3P) of short-term high FA differed from no effect (Shroom3) or detrimental (L3P) response upon long-term high FA (highlighted by dagger). ∗P ¼ 0.046;
∗∗P ¼ 0.02.
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(sequences available upon request). In addition, all embryos
for Zic2m1Nisw, Shroom3m1Nisw, Grhl2m1Nisw and Frem2my-F11

that were genotyped as homozygous, as well as any phenoty-
pic embryos that were discordant with the expected genotype,
were sequenced to score for the single nucleotide change
representative of the mutant line (primer sequences available
upon request).

Serum FA levels were measured following the protocol out-
lined for the Vitamin B9 (Folic Acid) Microbiological Test Kit
(ALPCO Immunoassays). Pregnant heterozygote females were
removed from food sources 2 h prior to blood collection via
retro-orbital bleeds and then the embryos were removed for
analysis. Total FA serum levels in the tested lines are shown
in Supplementary Material, Figure S1.

Fisher’s exact test was used to evaluate differences in the
rate of NTDs observed in mutant or heterozygous embryos.
Chi square goodness-of-fit test was used to assess significance
between expected and observed embryonic Mendelian ratios
and heterozygous/mutant embryo loss.
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