
Maternal Folic Acid Supplementation During Pregnancy
Improves Neurobehavioral Development in Rat Offspring

Xinyan Wang1 & Wen Li1 & Shou Li1 & Jing Yan1
& John X. Wilson2

& Guowei Huang1

Received: 8 February 2017 /Accepted: 6 April 2017 /Published online: 18 April 2017
# Springer Science+Business Media New York 2017

Abstract Maternal folate status during pregnancy may influ-
ence central nervous system (CNS) development in offspring.
However, the recommended intakes of folic acid for women of
childbearing age differ among countries and there is still no
consensus about whether folic acid should be supplemented
continuously throughout pregnancy. We hypothesized that
folic acid supplementation may be more beneficial for off-
spring’s neurobehavioral development if prolonged through-
out pregnancy instead of being limited to the periconceptional
period. In this study, three groups of the female rats were fed
folate-normal, folate-deficient, or folate-supplemented diets
throughout pregnancy. In another group, the female rats were
fed folate-supplemented diet from mating for 10 consecutive
days and then fed folate-normal diet for remainder days of
pregnancy. The results showed that maternal folate deficiency
increased plasma homocysteine (Hcy) concentration in dams,
delayed early sensory-motor reflex development, impaired
spatial learning and memory ability, and caused ultrastructural
damages in the hippocampus of offspring. Maternal folic acid
supplementation would be more effective on improving early
sensory-motor reflex development and spatial learning and
memory ability in offspring if prolonged throughout pregnan-
cy instead of being limited to the periconceptional period. In
conclusion, prolonged maternal folic acid supplementation

throughout pregnancy would be more effective in neurobe-
havioral development of offspring in rats.
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Introduction

Folate is essential for nucleic acid synthesis, methylation re-
actions, and cell division [1–3]. Inadequate dietary folate in
pregnant women is a well-known risk factor for the occur-
rence of the neural tube defects (NTDs) spina bifida and an-
encephaly in their offspring. Besides, in rodent, maternal fo-
late deficiency may induce increased homocysteine (Hcy)
transfer to fetus [4], inhibit progenitor cells proliferation, in-
crease apoptosis in fetal forebrain [5], and persistently impair
memory ability in offspring [6]. Similar impaired memory and
increased apoptosis along with hyperhomocysteinemia
(HHcy) and disrupted choline metabolism were also found
in adult male mice with severe methylenetetrahydrofolate re-
ductase (MTHFR) deficiency [7]. Maternal supplementation
with folic acid decreases NTDs incidence [8] and has some
beneficial effects on cognitive developments in offspring [9].
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Substantial decreases in the incidences of spina bifida and
anencephaly have occurred in the USA and Canada since
those countries mandated folic acid fortification of grain prod-
ucts in 1998 [10, 11]. However, folic acid fortification is not
mandated in most countries, including China. Chinese women
of childbearing age generally have low levels of dietary folate
intake and plasma folate concentration [12], and the incidence
of NTDs is threefold to fivefold higher in Northern China than
in the USA [13].Many countries, whether or not theymandate
folic acid fortification of grain products, recommend folic acid
supplementation in women of childbearing age should begin
prior to conception. Some of those countries including China
recommend that maternal folic acid supplementation should
be maintained until the end of the first trimester, but it is
recommended in the USA and Canada that supplementation
should be continued until the end of pregnancy [14]. It is
evident that there is no universal recommendation for the du-
ration of maternal folic acid supplementation after conception.
Therefore, the present study mainly focused on discovering
the better duration period for maternal folate supplementation
that would be more beneficial for offspring’s neurobehavioral
development.

The present study investigated the effects of maternal ges-
tat ion fol ic acid supplementat ion on offspring ’s
neurodevelopment by surface righting reflex, negative geotax-
is, and Morris water maze (MWM) tests. Surface righting
reflex and negative geotaxis test are two tests that are most
widely used to assess the early sensory-motor function prior to
weaning [15]; MWM test is one of the most frequently labo-
ratory tests to access learning and memory ability for rats
order than postnatal day 30 (PND30) [16, 17]. Furthermore,
in order to indicate the effects of maternal folate status on
altering the offspring’s pathological changes in hippocampus,
ultrastructure changes were detected by transmission electron
microscopy.

Results

Characteristics of Dams and Offspring

All dams gained weight, had no detectable morbidity, and
survived until delivery. There were no between-group differ-
ences in prenatal body weight or conception rate, live birth
rate, stillbirth rate, absorbed embryo rate, or the sex distribu-
tion of offspring within groups (Table 1). Maternal folic acid
supplementation throughout pregnancy raised body weight,
but had no effect on brain weight or brain weight-to-body
weight ratio, in neonatal offspring (Table 1).

Folate Intake Affected Serum Folate and Plasma Hcy
Concentrations

Serum folate and plasma Hcy concentrations were determined
in dams at baseline (day -7), gestation (day 10) and delivery
(day 21–25 (PND0)). Serum folate concentration increased in
response to folic acid supplementation (repeated measures
analysis F = 45.960, P = 0.000), but it returned to baseline
when supplementation stopped in the folate-supplemented di-
et short-period (FD-S) group (Fig. 1a). Folic acid deficiency
raised plasma Hcy concentration, but no significant differ-
ences were found in plasma Hcy concentration among those
two folate-supplemented groups and folate-normal diet (ND)
group (repeated measures analysis F = 36.694, P = 0.000)
(Fig. 1b).

Maternal Folic Acid Supplementation Improved
Sensory-Motor Development in Offspring Prior
to Weaning

All four groups showed a progressive improvement from
PND4 to PND8 in the surface righting reflex and negative

Table 1 Characteristics of dams and offspring

Measure DD group ND group FD-S group FD-L group F/χ2 value P

Maternal (n) 12 12 12 12

Conception (n, %) 8 (66.7) 10 (83.6) 9 (75) 8 (66.7) 1.160 0.763

Prenatal body weight (g) 334.50 ± 27.69 336.90 ± 24.41 340.78 ± 27.87 327.38 ± 17.51 0.476 0.701

Offspring (n) 127 165 168 108

Live birth (n, %) 112 (88.2) 151 (91.5) 145 (86.3) 99 (91.7) 3.206 0.361

Stillbirth (n, %) 13 (10.2) 13 (7.9) 17 (10.1) 8 (7.4) 1.076 0.789

Absorbed embryo (n, %) 2 (1.6) 1 (0.6) 6 (3.6) 1 (0.9) 4.019 0.225

Male offspring (n, %) 52 (46.4) 64 (42.4) 70 (48.3) 43 (43.4) 1.327 0.723

Body weight of neonatal offspring (g) 6.61 ± 0.73 6.48 ± 0.80 6.27 ± 0.77 7.06 ± 0.79 6.380 0.000*

Brain weight of neonatal offspring (g) 0.239 ± 0.024 0.228 ± 0.031 0.229 ± 0.028 0.242 ± 0.013 2.650 0.051

Brain weight-to-body weight ratio (%) 3.66 ± 0.54 3.55 ± 0.51 3.71 ± 0.50 3.46 ± 0.40 1.866 0.138

Data are expressed as proportion or mean ± SD according to the data distribution

*P < 0.05 for differences within four groups
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geotaxis tests, but this improvement differed between genders
and diet groups.

For the surface righting reflex test, the repeated measures
analysis showed that males had shorter response time than
females (F = 14.644, P = 0.000). The folate-deficient diet
(DD) group had the longest response time for both genders,
and folic acid supplementation improved the righting response
significantly (male F = 23.915, P = 0.000 (Fig. 2a); female
F = 22.936, P = 0.000 (Fig. 2b)). Compared those two folate-
supplemented groups, folate-supplemented diet long-period
group (FD-L) group had shorter response time than FD-S
group in female (Fig. 2b), but no significant differences were
found in male offspring (Fig. 2a).

For the negative geotaxis test, the repeated measures anal-
ysis also showed that the DD group had the longest response
time, and folic acid supplementation improved performance
significantly (male F = 15.350, P = 0.000 (Fig. 2c); female

F = 7.994, P = 0.000 (Fig. 2d)). Compared those two folate-
supplemented groups, FD-L group had shorter response time
than FD-S group in both gender (Fig. 2c, d).

Taken together these results indicate that maternal supple-
mentation, especially if continued throughout pregnancy,
could improve the early development of sensory-motor func-
tion in offspring.

Folic Acid Improved Learning and Memory Ability
in Adolescent and Adult Offspring

TheMWM test was performed to evaluate learning andmemory
ability in adolescent (PND45) and adult (PND90) offspring. This
test was performed on half male and half female, and there is no
gender difference (P > 0.05), so the data was not separated by
gender. The adolescent pups in all four diet groups progressively
decreased the escape latency as the days of trial increased
(F = 1154.652, P = 0.000). Repeated measures analysis showed
that theDDgroup took the longest time to find the platform; folic
acid supplementation decreased escape latency significantly
(F = 172.03, P = 0.000) (Fig. 3a). Comparing those two folate-
supplemented groups, FD-L group took shorter time to find the
platform compared to FD-S group (Fig. 3a). In spatial probe
phase of the MWM test, the DD group spent the shortest time
in the targeted quadrant (Fig. 3b) and had the least number of
crossings (Fig. 3c), and folic acid supplementation improved
those performances significantly (F = 45.548, P = 0.000 for the
first day; F = 8.779, P = 0.000 for the second day (Fig. 3b))
(H = 46.081, P = 0.000 for the first day; H = 53.759,
P = 0.000 for the second day (Fig. 3c)). Compared those two
folate-supplemented groups, FD-L group spent longer time in the
targeted quadrant in the first day (Fig. 3b) and had larger number
of crossings (Fig. 3c) for both days. There was some evidence
that folic acid supplementation throughout pregnancy was more
effective than supplementation limited to the periconceptional
period (Fig. 3a–c).

At PND90, the repeated measures analysis showed that DD
group took the longest time to find the platform, folic acid sup-
plementation decreased escape latency, and FD-L group took
shorter time to find the platform compared to FD-S group
(F = 239.945, P = 0.000) (Fig. 3d). Also, the DD group spent
the shortest time in the targeted quadrant (Fig. 3e) and had the
least number of crossings (Fig. 3f), and they were significantly
improved by folic acid supplementation (F = 137.945, P = 0.000
for the first day; F = 28.102, P = 0.000 for the second day
(Fig. 3e)) (H = 73.241, P = 0.000 for the first day; H = 42.407,
P = 0.000 for the second day (Fig. 3f)). Compared those two
folate-supplemented groups, FD-L group spent longer time in the
targeted quadrant in the second day (Fig. 3e) and had larger
number of crossings in the first day (Fig. 3f). There was some
evidence that folic acid supplementation throughout pregnancy
was more effective than supplementation limited to the
periconceptional period (Fig. 3d–f).

A

B

Fig. 1 Maternal folic acid supplementation raised serum folate and
maternal folic acid deficiency increased plasma homocysteine (Hcy).
Dams were randomly assigned (n = 12 rats/group) to a folate-normal
diet (ND) group, a folate-deficient diet (DD) group, a folate-
supplemented diet short-period (FD-S) group, and a folate-
supplemented diet long-period (FD-L) group. a Maternal serum folate
concentration. b Maternal plasma Hcy concentration. Data are
expressed as mean ± SD (n = 7 rats/group). Comparing with four
groups at α = 0.05/(comparison times) (asterisk)
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Fig. 3 Folic acid improved learning and memory ability in adolescent
and adult offspring. Diets and pups were the same as in Fig. 2. a Escape
latency during spatial acquisition phase of Morris water maze (MWM)
test on PND45. b Time in the targeted quadrant during spatial probe phase
of MWM test on PND45. c Number of crossings during spatial probe
phase on PND45. d Escape latency during spatial acquisition phase of
MWM test on PND90. e Time in the targeted quadrant during spatial
probe phase of MWM test on PND90. f Number of crossings during

spatial probe phase on PND90. Comparisons between different groups
were performed by repeated measures ANOVA for escape latency (data
are expressed as mean ± SD), one-way ANOVA for time in the targeted
quadrant (data are expressed as mean ± SD), and Mann-Whitney test for
number of crossings (data are expressed as median (P25, P75)) (n = 30/
group). Comparing with four groups at α = 0.05/(comparisons times)
(asterisk). §P < 0.05 compared with DD group. #P < 0.05 compared
with ND group. &P < 0.05 compared with FD-S group

Fig. 2 Maternal folic acid supplementation improved sensory-motor de-
velopment in infant offspring. Dams were fed as described in Fig. 1.
Fifteen female and 15 male pups were selected randomly from each diet
group (3–4 offspring from each dam) at PND4 and used for 5 consecutive
days of surface righting reflex and negative geotaxis testing. a Surface

righting reflex test for male offspring. b Surface righting reflex test for
female offspring. c Negative geotaxis test for male offspring. d Negative
geotaxis test for female offspring. Data are expressed as mean ± SD
(n = 15 offspring for each gender/group). Comparing with four groups
at α = 0.05/(comparison times) (asterisk)
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Taken together, these results indicate that maternal supple-
mentation, especially if continued throughout pregnancy,
could be more effective on improving the learning and mem-
ory ability in adolescent and adult offspring.

Folic Acid ProtectedHippocampal Ultrastructure in Adult
Offspring

The DD group showed obvious pathological changes in hip-
pocampal neurons’ cell bodies, such as condensation and mar-
gination of nuclear chromatin and blurring of the membranes

of the nuclear envelope. Organelles were few and swollen in
this group: mitochondria were swollen and had disordered
cristae, rough endoplasmic reticulum was expanded severely,
and Golgi body was not evident. However, these pathological
changes were prevented in the FD-L group (Fig. 4a).

Ultrastructural changes were also observed in myelinated
axons, synapses, and capillaries. Myelinated axons with com-
pact layer of myelin lamellae were observed in the FD-L
group, while many myelin sheaths surrounding axons were
loosened with slighted disrupted layers of myelin lamellae
widespread and vacuoles formed indicating decompacted

Fig. 4 Folic acid prevented
pathological changes in the
ultrastructure of the hippocampus
in adult offspring. Dams were fed
as described in Fig. 1, and
hippocampal samples of 4-
month-old male offspring rats
from DD group and FD-L group
(n = 2/ group) were collected for
transmission electron microscope
examination. a Ultrastructure of
neurons in hippocampus. Scale
bars are 5.0 μm for the top
images and 1.0 μm for the bottom
images. b Ultrastructural changes
of myelin and axons in
hippocampus (15 visual fields/
rat). Arrow shows impaired
myelinated axon with
decompacted myelin. c G-ratio
data are expressed as mean ± SD.
d Distribution of g-ratios. Data
are expressed as percentage. e
Electron microscopic images of
synapses. Scale bar = 1.0 μm. f
Quantity of synapses (6000×).
Data is expressed as median with
minimum to maximum (15 visual
fields/rat). g Width of synaptic
clefts. Data are expressed as
mean ± SD (15 synapses/rat). h
Ultrastructural changes in
capillaries in hippocampus.
Arrow shows abnormal capillary
with obvious edema. Scale
bar = 1.0 μm. *P < 0.05
compared with DD group
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myelin in the DD group (Fig. 4b). The g-ratio (axon diameter
divided by total fiber diameter including the myelin sheath)
was calculated to indicate alteration in myelin thickness. A g-
ratio higher than 0.77 may slow conduction velocity [18].
Compared to the FD-L group, the DD group had a higher g-
ratio (t = 4.44, P = 0.043) (Fig. 4c), and tended to have a
greater percentage of g-ratios above 0.77 (χ2=3.849,
P = 0.05) (Fig. 4d). Synapses were fewer in the DD group
compared with the FD-L group (Z = −3.419, P = 0.000)
(Fig. 4e, f). However, no significant difference was found in
synaptic cleft width (t = 1.922,P = 0.183) (Fig. 4g). Unlike the
FD-L group, the DD group showed edema around capillaries,
indicating a pathological change in the capillary wall structure
for the DD group (Fig. 4h).

Discussion

In the present study, as compared to the maternal folate-
normal group, the folate-deficient group showed increases of
plasma Hcy concentration in dams and inhibition of neurobe-
havioral development in offspring. The effects of maternal
folate deficiency on offspring were expressed as delayed
sensory-motor reflex development in infancy, impaired spatial
learning and memory ability in adolescence and adulthood,
and pathological changes in the ultrastructure of hippocampus
in adulthood.

Previous studies found that maternal micronutrients status
[19], especially folate and related B vitamins, may play im-
portant roles in neurobehavioral development of offspring [3,
4, 9]. In particular, maternal folate deficiency may impair
learning and memory ability in offspring [6]. There are mul-
tiple mechanisms that may explain the effects of maternal
folate deficiency observed in the present study. Folate pro-
motes methylation of Hcy to methionine through one carbon
metabolism [20]. By this mechanism, folate deficiency may
be the cause of HHcy [21], which may increase oxidative
stress and apoptosis leading to brain damage [7, 22, 23].
Increased maternal plasma Hcy may increase Hcy concentra-
tion in the fetus to levels that persistently alter neurobehavioral
development [4]. HHcy, along with oxidative stress, may im-
pair central nervous system (CNS) functions by damaging
blood-brain barrier [24, 25] and inhibiting axon myelination
[18], which may induce neurobehavioral defects [26, 27].
Besides, maternal folate deficiency may inhibit synaptic for-
mation to reduce spatial learning and memory ability [28] in
this study.

Compared to the folate-normal group, folic acid supple-
mentation increased serum folate concentration in dams and
then improved sensory-motor function in infant offspring as
well as learning and memory ability in adolescent and adult
offspring. The folate-normal diet (AIN-93G) contains 2.1 mg
folic acid/kg, and it is considered to meet the general nutrition

requirements of rats [29]. The folate-supplemented diet
contained 3.5 mg folic acid/kg diet and therefore added
1.4 mg folic acid/kg diet compared to the folate-normal diet.
This supplementation in rats is equivalent to consumption of a
400-μg folic acid tablet daily in people consuming a healthy
diet.

Although folate plays important roles in preventing NTDs,
recommendations about folic acid intake for women of child-
bearing age differ among countries, and whether folic acid
supplementation should be continued throughout pregnancy
is controversial [14]. In the present study, as compared to FD-
S group, FD-L group increased serum folate concentration to a
higher stable level in dams, and improved offspring’s neuro-
behavioral development to some extent. The neurobehavioral
performances in offspring improved by prolong maternal folic
acid supplementation throughout pregnancy were expressed
as partly improved sensory-motor reflex development in in-
fancy, and partly improved spatial learning and memory abil-
ity in adolescence and adulthood.

The present study provides evidence that folic acid supple-
mentation throughout pregnancy is more beneficial for the
neurobehavioral development of offspring than supplementa-
tion limited to the periconceptional period. There may be sev-
eral mechanisms accounting for the apparent superiority of
continuing supplementation throughout pregnancy. The first
potential mechanism is that folic acid may have persistent
beneficial effect on brain development long after neural tube
closure since the CNS begins to form neuroepithelium around
gestational day 11 in rats, and then the caudal portion of neural
tube gives rise to medulla, pons, spinal cord [30], and brain
regions such as hippocampus, striatum, auditory, and visual
cortices through rapid morphogenesis and synaptogenesis in
the late fetal and early postnatal period [9]. The second poten-
tial mechanism is that folic acid supplementation during the
periconceptional period may induce persistent change in phe-
notype and thereby need a sustained high levels of folate
which might lead to brain injury if the need is not met by
continued folic acid supplementation [31, 32]. For example,
in the present study, the maternal serum folate concentration in
the FD-S group dropped once the supplementation stopped,
which may have created a relative deficiency of folate supply
for fetuses that had become accustomed to very high folate
levels. Although further investigation still needed, DNA
methylation may partly explain the improved neurobehavioral
development benefited by maternal folic acid supplementa-
tion. DNA methylation patterns, which may be altered by
maternal folic acid intake through one-carbon metabolism,
are established during embryonic development [33] and con-
sidered to be one of the epigenetic mechanisms that could
underline fetal programming and brain development [9].
Transient inhibition of DNAmethylation during infancy could
induce long-lasting synaptic plasticity deficits, and impair
learning and memory ability in adulthood of mice [34].

Mol Neurobiol (2018) 55:2676–2684 2681



Barua’s study indicated that maternal folic acid status could
modulate the expression of several genes involved in neuronal
pathways through DNA methylation to impact behavior out-
comes in mice offspring [35].

In conclusion, the present study shows that maternal folate
deficiency impairs neurobehavioral development in offspring,
and those impairments can be prevented bymaternal folic acid
supplementation. Moreover, compared with supplementation
limited to the periconceptional period, prolonged maternal
folic acid supplementation throughout pregnancy maintains
serum folate concentration at a higher stable level in dams,
and would be more beneficial for offspring’s neurobehavioral
development to some extent, expressed as improved sensory-
motor reflex development in infancy and improved spatial
learning and memory ability in adolescence and adulthood.
This supports the recommendation that women of childbear-
ing age supplement their diet with folic acid from pre-
conception until the end of pregnancy, not only for preventing
NTDs but also for providing further beneficial effects on the
neurobehavioral development of offspring.

Materials and Methods

Rats and Diets

The Tianjin Medical University Animal Ethics Committee
approved the experimental protocols of this study
(TMUaEC2015001). Three-month-old female Sprague-
Dawley rats (Charles River Laboratories, Beijing, China) were
assigned randomly into four groups (12 rats/ group): (1)
folate-normal diet (ND) group fed the folate-normal diet
throughout pregnancy; (2) folate-deficient diet (DD) group
fed the folate-deficient diet throughout pregnancy; (3) folate-
supplemented diet short-period (FD-S) group fed the folate-
supplemented diet from mating for 10 consecutive days and
then fed the folate-normal diet for remainder days of pregnan-
cy; and (4) folate-supplemented diet long-period (FD-L)
group fed the folate-supplemented diet throughout pregnancy

(Fig. 5). The dams were mated with male rats with a female-
to-male ratio 4:1. After delivery of their pups, all dams were
fed the folate-normal diet. Some of the offspring were fed the
folate-normal diet until 4 months old. All rats were housed in a
specific pathogen-free facility at 24 ± 2 °C with 12-h light/
dark cycle and allowed ad libitum access to food and water.

Diets were purchased from TestDiet (St. Louis, MO, USA).
The folate-normal diet (AIN-93 diet) contained 2.1 mg folic
acid/kg of food. The folate-deficient and folate-supplemented
diets were based on the AIN-93 diet but contained, respective-
ly, 0.1 and 3.5 mg folic acid/kg. The folate-supplemented diet
added 1.4 mg folic acid/kg diet compared to the folate-normal
diet, which in rats is equivalent to consumption of a 400-μg
folic acid supplement daily on consuming a healthy diet in
human [14].

Angular venous blood was collected from dams in coagu-
lant tubes or potassium-EDTA tubes, respectively, centrifuged
at 3000×g for 10 min to obtain serum and plasma, and then
stored at −80 °C. Some of the offspring were sacrificed at
PND0; the brain tissue was rapidly collected with liquid ni-
trogen flash-freezing and stored at −80 °C for future assay.
The other offspring were used for neurobehavioral or ultra-
structural examinations. For the latter, 4-month-old offspring
were euthanized with sodium pentobarbital (100 mg/kg, i.p.),
left brain tissue was flash-frozen with liquid nitrogen and
stored at −80 °C, and right brain tissue was fixed with 2.5%
glutaraldehyde for transmission electron microscopy analysis.

Folate and Hcy Assays

Folate concentration was determined by competitive protein-
binding assay with automated chemiluminescence system
(Immulite 2000 Xpi; Siemens, Berlin, Germany), according
to the manufacturer’s instructions, in serum samples diluted
fivefold with 0.9% saline. The automated chemiluminescence
system detected all types of folate with detection limits of 1–
24 ng/ml [36]. Hcy was measured in undiluted plasma sam-
ples by enzymatic cycling assay using the Auto-Chemistry
Analyzer (DIRUI; Changchun, China), according to

Fig. 5 Flowchart for the
intervention with maternal diet
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manufacturer’s instructions [37], with detection limits of 3–
50 μmol/l. The homocysteine reagent used was supplied by
MedicalSystem (Ningbo, China).

Neurobehavioral Testing

Thirty pups (equal number of female and male) were random-
ly selected from each group (3–4 offspring from each dam) at
PND4 for five consecutive days of surface righting reflex and
negative geotaxis testing. The surface righting reflex was ex-
amined daily from PND4 to PND8 to study sensory-motor
function in offspring prior to weaning [38]. The pups were
placed supine on a flat surface, and the time for them to turn
over and restore normal prone position was recorded.

The negative geotaxis test was also performed daily from
PND4 to PND8 to assess sensory-motor function as the orienting
response andmovement expressed in opposition to clues of grav-
itational vector [15]. The pups were placed facing downward
with their hindlimbs in the middle of an apparatus, which was
a rough flat timber surface inclined at 30° angle. The time taken
to turn 180° and begin to climb upward was recorded.

TheMWM test was conducted on adolescent (PND45) and
adult (PND90) offspring in a tank measuring 1.5 m in diam-
eter and 50 cm in height. The tank contained 30 cm of water
and was divided into four equal quadrants. The test had a
spatial acquisition phase and a subsequent spatial probe phase.
In the spatial acquisition phase, an escape platform (10 cm in
diameter) was located in the north-east quadrant (targeted
quadrant) of the tank and submerged 1.5 cm below the water
surface. The rats were trained for 2 days as the tank was filled
with water and the platform was visible. From the third to fifth
day, black ink was poured into the water to make the platform
invisible. Each rat was given 90 s to reach the platform, time
was recorded as escape latency, and the rat remained 15 s at
the platform for memory strengthening. If the rat could not
find the platform within 90 s, then it was gently placed on
platform for 15 s, and escape latency was recorded as 90 s.
In this phase of the MWM, the rats were released at the center
of the pool wall in each quadrants and escape latency was
analyzed by the average of four quadrants as a standard per-
formance measurement. In the spatial probe phase of the
MWM, the platform was removed from the tank and the rats
were released from the southwest quadrant only. The time
spent in the targeted quadrant and the number of crossings
of the place where platform previously had been located were
recorded [17].

Transmission Electron Microscopy

Samples of hippocampal tissue were collected from 4-month-
old male offspring of the DD and FD-L groups (n = 2/group)
for ultrastructural examination. The samples were cut into 2-
mm pieces and fixed with 2.5% glutaraldehyde at 4 °C

overnight and osmium tetraoxide for 2 h, dehydrated in graded
acetone series, and embedded in araldite and dodecenyl
succinic anhydride mixture for 48 h at 65 °C. Ultrathin sec-
tions (50–70 nm) were cut with an ultramicrotome, stained
with uranyl acetate and lead citrate, and imaged with a trans-
mission electron microscope (HT7700; Hitachi, Tokyo,
Japan).

Statistical Analysis

The data were expressed as proportion, mean ± SD or P50
(P25, P75) according to the data distribution. Comparisons
between different groups were performed by one-way
ANOVA or two-tailed Student’s t test (for normally distribut-
ed data), Mann-Whitney test (for skewed distribution), and
Pearson chi-square or Fisher’s exact test (for frequencies anal-
ysis). Repeated measures data were compared using the re-
peated measures ANOVA. The statistical software package
SPSS 19.0 was used to evaluate differences within groups,
which were considered statistically significant at P < 0.05.
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