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Changes in number of neurons and gene expression of NMDA
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ARTICLE INFO ABSTRACT

Received 25 August 2019 Walnut (Juglans regia) from the Juglandaceae family contains high levels of omega 3 fatty
Accepted 04 June 2020 acid, vitamin E and melatonin, hence its consumption is beneficial to would be mothers
Keywords: and their offspring. The current study was designed to determine the possible mechanism

rat, of walnut consumption by mothers during pregnancy and lactation and the positive

memory, effects on learning and memory processes in their offspring. Wistar adult female rats
IWaln_ut, were placed into three groups: control (fed with pellet, 20 g daily during pregnancy and
earning, L A

BDNE lactation), CASE 1 [fed with Walnut Kernel (WK) 6% of food intake during pregnancy and

NMDA-R, lactation] and CASE 2 (fed with WK, 9% of food intake during gestation and lactation).

offspring. In order to evaluate offspring learning and memory, the Morris Water Maze (MWM)
test was performed for their adult offspring at 80 days of age. Histological and molecular
studies were utilized in order to discover the protective mechanism and efficacy of WK
consumption. The results revealed that learning was significantly improved in the females
of CASE 2, in comparison to controls, while there was no difference in memory among the
different groups. In addition, the number of neurons significantly increased in the CASE
2 group compared to the control group. However, the molecular study demonstrated
that there was no significant difference among the study groups. The results herein show
that feeding mothers with WK may improve the learning competence of their pups and
increase the number of neurons in both sexes.

INTRODUCTION

Generally, the greatest effects on mothers and children
occurs in the “first 1000 days” from the beginning of preg-
nancy to the second year of birth [1]. Different studies have
shown that brain synapse growth rapidly occurs in the first
years of life. Nutrition from prenatal period to the end of the
second year of birth has, therefore, a critical role in brain
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formation and development [2]. Some studies have shown
that the quality and quantity of fatty acid consumption
during pregnancy considerably affect the pre and post-natal
period. Docosahexaenoic acid (DHA) is the most important
factor for fetal growth and development. It is responsible for
membrane fixation, neuroplasticity, signal transmitting and
neurotransmitter density regulation. Accumulation of DHA
in the brain occurs at high speed in the third trimester up to
five years of age. Moreover, the precursor of polyunsaturated
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fatty acid (PUFA) long chains such as Arachidonic Acid
(AA) and DHA is selectively transferred from the placenta
to the fetus during pregnancy [3,4].

Nuts contain several neuroprotective agents (among
others, vitamin E, folate, polyphenol and Omega-3 PUFA)
that are involved in brain activity and affect cognitive
processes [5]. Juglans regia is not merely an agriculture
product, but its fruit, leaves, seeds and flowers are used
for diverse medicine purposes worldwide [6]. It has been
reported that walnut consumption in old rats improves
memory and cognitive actions [6, 7]. In addition, walnut has
numerous anti-epileptic, neuroprotective and anti-oxidant
effects [8]. Asadi et al. (2013) showed, for example, that
walnut consumption during pregnancy and lactation affects
the learning and memory of offspring [9]. This is because the
lower part of the limbic system that is located in the middle
of the temporal lobe of the human brain (the hippocampus)
[10] consists of pyramidal neurons in the CA1 area with a
euchromatic nucleus that is critical for learning and memory
processes [11], and hippocampus growth commences from
the prenatal period [12].

Brain-derived neurotrophic factor (BDNF) is a gene
of the neurotrophins family with a critical role in brain
growth and development, learning and spatial memory [13].
N-Methyl-D-Aspartate Receptor (NMDA-R) in the brain
and spinal cord acts as a mediator for most of neurotrans-
mitters. Glutamate has different receptors, including iono-
tropic glutamate receptors, that are divided into three large
families, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid (AMPA), kainite and NMDA. Sub-units of NMDA are
involved in the synapse of the pyramidal cells of the CA1
region of the hippocampus to form and integrate synapse
[14]. In line with our previous study, we decided to investi-
gate the possible molecular mechanism of WK consumption
by mothers (during pregnancy and lactation) and its positive
effects on learning and memory processes in their offspring.

MATERIALS AND METHODS

Animals

In this study, nine adult female Wistar rats weighing
200-250 g were used. The Ethics Committee at Kerman
University of Medical Sciences approved the procedures
for this study (EC/KNRC/93-66). Animals were housed in
standard conditions, including the temperature of 22+2°C
and 25% humidity, 12 h light-dark cycle, free access to food
and water ad libitum. Pairs of females were then placed in
the same cage with a single male rat in the late afternoon.
Vaginal smears were examined the following morning. The
day on which any sperm was found was designated as the
gestation day of 0 (GD 0). After this, pregnant rats were
randomly divided into three groups (n=3 in each group):
control (fed with pellet, 20 g daily), gestation and lactation
CASE 1 (fed with WK, 6% of food intake during preg-
nancy and lactation), and gestation and lactation CASE 2
(fed with WK, 9% of food intake during gestation and lac-
tation). The WK was freshly prepared from high-quality
walnuts and removed from the shell at the time of feeding.
The duration of pregnancy and lactation was three weeks
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each. The weight of the rats was recorded daily. After the
feeding period, behavioral tests were conducted for pups (at
least n=8), using the MWM test at the age of 80 days [9].

Plant Material

The WK was collected from Rabor area, Kerman
province, Iran in September 2010. A voucher specimen
was deposited at the herbarium of the Faculty of Pharmacy,
Kerman University of Medical University (No. 1401-1).

Learning and memory evaluation using Morris water
maze test

Learning and memory was evaluated at the age of 80 days
using the MWM test through which rats learned to escape
a water basin onto a hidden platform. The maze consisted
of a round steel tub (1.36 m in diameter and 60 cm high)
filled with water at the temperature of 22+1°C. Animals were
challenged to find a hidden platform (10 cm in diameter and
25 cm high) located 1.5 cm below water level (26.5 cm)
and in the same place during the entire trial. The platform
was always positioned 30 cm beyond the rim of the pool in
the center of one quadrant with respect to the distal visual
cues. Swimming patterns were analyzed, and the follow-
ing factors were computed: time spent in traveling in the
target quadrant, the distance traveled in the target quadrant
(centimeters), and the swimming speed (cm/s). The experi-
ment was performed over four consecutive days to test the
animals’ learning. In each trial, the rats were placed in the
water facing the rim and began the test from one of four
points in the pool, with the platform kept in the same place
and with a 1 min interval between each trial. The rats were
trained in the maze during 16 trials, four sessions on con-
secutive four days, except for the last day.

The animals had to swim to find the hidden platform in
90 s (maximum time), where they were allowed to stay for
30 s. If they failed to find the platform, they would be placed
on it for 10 s to associate its location with the spatial cues
of the room (pictures, cabinets, and light source). One day
after the last learning trial, the animals underwent a probe
trial to test their long-term spatial memory. On the fifth day,
the rats were released in a non-platform pool to check their
spatial memory. For this purpose, the percentage of time
spent in the target quadrant was recorded and analyzed. In
both stages, the movements of the rats in the water were
recorded by a camera positioned above the center of the
water maze and data were collected by a computer equipped
with water maze software [9].

Hippocampus Extraction

After performing the evaluation by MWM at the age of 80
days, in a stress-free situation, rat offspring (n=3 male and
n=3 female pups for each mother) were anaesthetized intra-
peritoneally by chloral hydrate (400 mg/kg). The animals
were then decapitated, the hippocampus was extracted, and
both whole hippocampi were rapidly dissected out on ice.
The right part of hippocampus was placed in formalin 10%
and the left one was dipped into a nitrogen tank and stored
at -80°C until homogenization.
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Tissue Processing and H&E Staining

For light microscopy studies, following routine proce-
dures, the brains (right hemisphere) were processed accord-
ing to standard histological methods. The paraffinized brains
were cut into 5 um sections on a rotary microtome and the
sections were measured by staining them with H&E using
the standard method [15]. Neuronal counting was performed
for each animal as the number of pyramidal neurons in three
distinct subfields of hippocampal CA1 in coronal sections.

RT-PCR (Reverse Transcriptase-PCR)

After the extraction of RNA and creation of cDNA, an
optimal annealing temperature was selected. Following
PCR reaction, proper amounts were placed on gel and elec-
trophoresis was performed. It was then photographed via
gel documentary. Subsequently, total cellular RNAs were
isolated by applying the chloroform-isopropanol-ethanol
procedure, using RNX+ reagent (Cinaclone, Tehran, Iran).
After this, the isolated RNA was solved in 20 ml of RNase-
free water. Briefly, to produce a PCR template, single-strand
cDNA was synthesized from 6.5 pl of purified total RNA
using M-Mulv reverse transcriptase and oligo-dT primer
(Fermentas, Vilnius, Lithuania). PCR was performed in a
final volume of 50 pl containing 3 pl of tissue cDNA, 1 pl of
each BDNF, NMDA-R, B-actin sense and antisense primers,
2 ul of ANTP mixture, 1.5 ul of MgClL,, 5 ul of 10 x PCR
buffer, 0.3 pl of Taqg DNA polymerase, and 36.2 pl of dis-
tilled water. Three separate PCR reactions were conducted to
study gene expression in the samples obtained from each rat.
Each PCR reaction was performed using selective forward
and reverse primers for BDNF, NMDA-R, and B-actin genes
(as an internal standard). The sequences of the primers of
gene expression were:
NMDA-R-Forward5’TTACCTTTGAGTCGCCCCTG’ , NMDA-
R-Reverse
5’CTGAGCAACGTCTGAGGGTC3’,BDNF-Forward
5’GACGACGACGTCCCTGGCTGA3’,BDNF-Reverse
5’ACGACTGGGTAGTTCGGCACTGG3’,B-actin-Forward
5’CCCAGAGCAAGAGAGGCATC3’,B-actin-Reverse
5S’CTCAGGAGGAGCAATGATCT3’.

All sequences of primers were synthesized by Metabion
International AG (Martinsried, Germany). Taq DNA poly-
merase (Roche, Germany) was utilized for DNA amplifica-
tion, and reactions were set up according to the manufactur-
er’s protocol. PCR amplification (32 cycles) was performed
in the following way: initial denaturation for 5 min at 95°C,
denaturation for 45 s at 95°C, annealing for 45 s at 55.5°C
for B-actin, 56.5°C for NMDA-R, 60°C for BDNF, extension
for 45 s at 72°C, and final extension for 5 min at 72°C. The
PCR products were subsequently analyzed on 1% agarose
LMMP (Roche, Germany) gel and the resulting bands were
quantified by densitometry (Image J laboratory work ana-
lyzing software).

Statistical analysis

Data analysis was performed in the Statistical Package for
Social Sciences (SPSS) version 16 as Mean + SEM, using
one-way ANOVA followed by Tukey’s post-hoc test. Here,
p<0.05 was considered statistically significant.
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RESULTS

Weight

There was no significant difference between rat offspring
weight across groups.

Effect of maternal feeding with WK on learning
parameters in adult pups

There was a significant difference between females of
CASE 2 and control in the learning phase (p<0.05). The
distance traveled to find the underlying platform and the
time to reach the hidden platform in this test also showed
a significant difference in the females of CASE 2 group in
comparison to the other groups.

In the overall comparison, females of CASE 2 demon-
strated better learning than those in CASE 1 and control
groups (p<0.05). These results indicate that the use of WK
in pregnancy and lactation improves the learning of the
children in the MWM test. However, animal velocity in
finding a hidden platform did not show any significant dif-
ference across groups (Table 1).

Table 1. Effects of WK consumption by mothers during pregnancy
and lactation on their offspring’s learning in the MWM test in
three groups: as Control: (fed with 20 g of pellet), CASE 1: (fed
with WK, 6% of food intake during pregnancy and lactation),
CASE 2: (fed with WK, 9% of food intake during pregnancy and
lactation)

Distance (cm) Time (sec) Velocity (cm/s)

Mean (std) Female Male Female Male Female Male
Control 61.2 64.98 64.21 68.12 21.44 20.49
(£1.7) | (£0.9) | (£1.2) | (£2.0) | (*1.4) | (*1.5)

Case 1 55.35 59.65 59.45 61.93 22.69 21.25
(£0.9) | (£0.5) | (£2.5) | (*£1.7) (£1.9) | (£1.9)

Case 2 28.54 52.35 29.96 55.87 23.17 23.51
(£1.0)* | (£0.7) | (£0.9)* | (£1.0) | (£1.1) | (£1.0)

The table represents the mean distance (cm), time (seconds) and velocity
(cm/s) of four consecutive days to find the location of the hidden platform
between the control group and the cases. The comparison of the groups was
performed by one-way ANOVA followed by Tukey " s test. The data are average
+ SD. Females in CASE 2 that consumed more WK (9% of daily intake) than
the other groups took less distance and less time to find the hidden platform,
which is associated with a significant difference (p<0.05)

Effect of maternal feeding with WK on memory
parameters in adult pups
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The figure represents a comparison of the percentage of average distance
and time spent in the target quadrant on the 5th day (Probe). The comparison
of the groups was done by one-way ANOVA, followed by Tukey's test. The
data are average + SD. The females of CASE 2 that consumed more WK than
the other groups showed a higher percentage, but this difference did not
reach to statistical significance

Figure 1. Effects of WK consumption by mothers during pregnancy
and lactation on their offspring’s memory (Probe trial test) in the
MW M testin three groups: Control: (20 gof pellet), CASE 1: (fed with
WK, 6% of food intake during pregnancy and lactation), CASE 2:
(fed with WK, 9% of food intake during pregnancy and lactation)
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On the 5" day (Probe) in which the memory test was
performed, there was no significant difference between the
control group and the cases (Figure 1). Since animal velocity
in finding the platform did not show a significant difference
at different days, it indicates that the animals activity is not
affected by the intake of the WK.

Histological sections of hippocampal samples

Histological study of the pyramidal cells in the hippo-
campal CA1 region of female and male pups in the control,
CASE 1, and CASE 2 groups demonstrated an increase in
the number of cells in the animals of the CASE 2 group
compared to the others (p<0.05) (Figure 2).

In Figure 3, the photomicrographs of the CA1l region
of the hippocampus in female rats are depicted in control,
CASE 1, and CASE 2 groups, respectively. The normal mor-
phology of pyramidal neurons, including light cytoplasm
and large nucleus with prominent nucleolus, was visible
in the cells.

wFemale -
120 O Male

Cell count

CASE 1

CONTROL CASE 2

The CASE 2 group that consumed more WK (9% daily intake) than the other
groups showed more cell content, which is associated with a significant
difference (p<0.05). The comparison of the groups was performed by one-way
ANOVA, followed by Tukey s test. The data are average + SD

Figure 2. Effects of WK consumption by mothers during pregnancy
and lactation on the number of pyramidal cells in the CA1 region of
the hippocampus of their pups (as stained by the H&E method), in
three groups of male and female: as Control: (20 g of pellet), CASE 1:
(fed with WK, 6% of food intake during pregnancy and lactation),
CASE 2: (fed with WK, 9% of food intake during pregnancy and
lactation)

Pyramidal cell

A: Control, B: CASE 1, C: CASE 2 group) and male rats (D: Control, E: CASE 1,
F: CASE 2 group), where the pyramidal neurons have a euchoromatic nucleus
and large nucleolus stained via the H & E method; Scale bar: 10 pm

Figure 3. Photomicrograph of the hippocampal CA1 region of
female and male offspring
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Expression of BDNF and NMDA-R genes in different
groups

BDNF and NMDA-R mRNA expression were evalu-
ated by applying the RT-PCR technique. Here, BDNF and
NMDA-R mRNA production were compared with the
B-actin housekeeping gene (Figure 4 and Figure 5). Despite
the lack of significant results from statistical analyses in
molecular studies, the trend of increase in the expression of
BDNF and NMDA-R genes in groups that consumed more
WK is evident (Figure 6).
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Control: fed with 20 g of pellet, CASE 1: fed with WK, 6% of food intake
during pregnancy and lactation, CASE 2: fed with WK, 9% of food intake
during pregnancy and lactation). After the extraction of RNA and fabrication of
cDNA, PCR reaction and annealing at optimum temperature were performed.
Electrophoresis was then done on the gel and the images were analyzed using
Image J software

Figure 4. The results of RT-PCR for mRNA of the BDNF gene in
male and female rats. RT-PCR results of the effect of WK used by
pregnant mothers was related to the expression of BDNF gene in

the hippocampus of male and female offspring
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Control: fed with 20 g of pellet, CASE 1: fed with WK, 6% of food intake
during pregnancy and lactation, CASE 2: fed with WK, 9% of food intake
during pregnancy and lactation) after extraction of RNA and fabrication of
cDNA, PCR reaction and annealing at optimum temperature were performed.
Electrophoresis was then done on the gel and the images were analyzed using
Image J software

Figure 5. The results of RT-PCR for mRNA of the NMDA-R
gene in male and female rats. RT-PCR results of the effect of WK
used by pregnant mothers was related to the expression of the
NMDA-R gene in the hippocampus of male and female offspring

DISCUSSION

In the current study, the expression of NMDA-R and
BDNF genes, learning and memory, and number of neurons
of the hippocampal CA1 region were evaluated in adult pups
of rats receiving WK or the control diet throughout gestation
and lactation. The data showed that animals with higher
WK (9% of the daily food) in their diet had female pups
with improved spatial learning performance on the MWM.
Moreover, the number of pyramidal neurons in the hippo-
campal CA1 region of male and female pups was increased.
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Control: fed with 20 g of pellet, CASE 1: fed with WK, 6% of food intake during
pregnancy and lactation, CASE 2: fed with WK, 9% of food intake during
pregnancy and lactation). Here, the BDNF and NMDA-R genes were compared
with the B-actin housewife gene. Data is an average * standard deviation,
expressed as percentages

Figure 6. Gene expression effects of WK used by pregnant mothers
was assessed by the expression mRNA of the BDNF and the
NMDA-R genes in the hippocampus of male and female offspring

Studies have indicated that WK contains neuroprotec-
tive compounds such as vitamin E, folate, melatonin and
many polyphenols. It can be stated that this content posi-
tively affects learning in rats [9]. Walnut is considered to
be a rich source of omega 3 and a-Linolenic acid (ALA)
[16]. Omega-3 in the central nervous system is responsible
for membrane stability, neuroplasticity, signal transduction
regulation, serotonin concentration and dopamine regula-
tion [6]. Different studies have shown a positive effect of
PUFA on rodent behavior [17]. Furthermore, ALA and LA
supplementation have been shown to impact upon learning
in rodents, resulting in improved performance of diverse
learning tests [18].

Maternal FAs nutrition during pregnancy and lactation
determines the transfer of LA and ALA through the placenta
and milk [19]. Although lipid transfer through the placenta
is very limited, changes in dietary FAs have implications
in fetal central nervous system (CNS) development [20]. In
fact, the essential FAs provide the precursors for eicosanoids
(arachidonic acid, AA) and are important constituents of cell
membranes, especially those in the brain tissue. The type and
amount of FAs in the diet may modify the brain membrane
lipid composition involved in cognitive behavior [21], and
a large body of literature states that dietary antioxidants can
ameliorate cognitive performance [22].

Our histological evaluation demonstrated that the number
of pyramidal neurons in the pups significantly increased in
the WK diet (9% of the daily food) group compared to the
control. Hence, we may conclude that the use of WK by the
mother had influenced upon the neurogenesis of the neurons
in the region of the hippocampus (especially in the female),
and this finding is of foremost importance and needs more
careful consideration.

High amounts of DHA are stored in brain membrane
phospholipids during fetal and neonatal development, par-
alleling membrane expansion in neurogenesis, and synapto-
genesis [19]. As mammalian cells do not have the enzymes
to form FAs, all of the DHA in the brain must originated
from fatty acids in the diet. Before birth, all of the DHA
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stored in the fetal brain therefore, originates from FAs in
the maternal diet via placental transfer, and is either trans-
ferred or synthesized in the fetal compartment from ALA
derived from the mother. Indeed, various studies have indi-
cated that deprivation of FAs during development results in
decreased DHA in brain membrane phospholipids, reduced
performance in learning tasks, and altered metabolism of
numerous neurotransmitters, including dopamine [23].
Regarding the developing brain, a doubling of membrane
phospholipids is required in the S phase of mitosis for the
creation of daughter cells [24].

Synaptic ductility is in fact the same structural and func-
tional changes in the pre-synaptic and post-synaptic com-
ponents, ranging from short to long term. In most forms of
synaptic plasticity, glutamate receptors are involved. Glu-
tamate receptors are activated by adhering glutamate to the
protein structure. Unlike glutamate ionotropic receptors,
kinetic metabotropic receptors have a very slow activation
and effect. As a result, in synaptic base transfer processes,
synaptic amplification or weakening, the ionotropic recep-
tors plays a central role, and the metabotropic receptors act
as regulators and influencers [25]. In this way, interventions
in this process and facilitation of this connection can be
applied to the creation of learning and memory.

There are numerous studies on the effects of bio-nutri-
tional compounds on the brain, the results of which have
noted highly beneficial effects on both brain and cognitive
performance [6,22]. For example, Miller ef al. (2014) saw
positive effects of WK consumption on the cognitive func-
tions of the brain, such as memory, motor ability, speed, and
cognition [26]. Moreover, Asadi et al. (2013) showed that
administration of WK to mothers can improve the learning
process in their pups [9], although the results of the present
study were not fully consistent with their research, and the
difference may be due to the type of WK.

In another part of the study, there were possible changes
in the pups in the level of expression of the genes involved in
memory and learning. The BDNF gene was one of the can-
didates for molecular study in this research whose expres-
sion increased (not significantly) in the case groups. It is
involved in the expansion and furcating of dendrites and
axons, the maturity of stimulation and inhibition of synapses,
and defects causing learning disruption and spatial memory.

The next candidate in the molecular study in the present
study was the NMDA-R gene. This gene is an important and
abundant nerve mediator receptor of amino acid glutamate
in the brain, and acts within the synapses of the pyramidal
cells of the CA1 region of the hippocampus to form and
integrate synapse. The expression of this gene contributes to
the preservation of plasticity and memory. Indeed, in a study
by Paoletti et al. (2013), NMDA-R gene disruption caused
the destruction of synaptic plasticity and memory impair-
ment in individuals [14]. The results of the PCR molecular
test in this study revealed a relative increasing in the gene
(not significantly) in the WK consumer groups, probably
due to the effect of the bioactive compounds in the WK as
transcription factors in the expression of the NMDA-R gene.
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CONCLUSION

This study has revealed that maternal feeding with WK
has useful effects on learning in female pups and in neuro-
genesis in male and female pups. These effects were more
obvious when higher doses of WK were supplemented to
mothers. Despite the valuable effects of WK supplementa-
tion in the present study, its precise mechanism of action
is not known and requires complementary studies for
elucidation.
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