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Abstract
The brain is rich in long-chain PUFA, which play an essential role in its development and functions. Here, we examined the impact of maternal
n-3 PUFA intake deficiency during gestation and lactation on the development of glial cells in the pup’s developing cerebral cortex. In addition,
using myelination as indicator and the anti-myelin basic protein as measurement to establish the relationship between the number of glial fibril-
lary acidic protein (GFAP)-positive cells and the development of oligodendrocytes, we determined the myelination state of the somatosensory
cortex at postnatal day 14. Rat dams were fed either a control (Cont) or an n-3 PUFA-deficient (Def) diet for 60 d (acclimatisation: 14 d; gestation:
21 d; and lactation: 21 d). Pups lactated from dams throughout the experiment. The distribution pattern of astrocytes in pups on postnatal day 7
was immunohistochemically analysed usingGFAP and brain lipid binding protein (BLBP) asmarkers formature astrocytes and astrocyte-specific
radial glial cells, respectively. It was observed that, when compared with Cont pups, GFAP-positive cells decreased, BLBP-positive cells
increased and myelinated structures were sparser in the somatosensory cortices of Def pups. In the open field test on postnatal day 21, behav-
ioural parameters did not differ between groups. Our results indicated that inhibited maturation of astrocytes caused by maternal n-3 PUFA
deficiency hindered the development of brain glial cells of neonatal rats; hence, maternal n-3 PUFA intake during the gestation and lactation
periods may have been crucial for the brain cell composition of pups.
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Cell membranes, in particular brain cells, are rich in PUFAs,
which are the structural components of phospholipids that are
mostly located in the sn-2 position(1,2). An intake of a diet defi-
cient in these fatty acids may lead to a decrease of DHA (22:6
(n-3)) and an increase in docosapentaenoic acid (22:5 (n-
6))(3,4) in the brain, resulting in impaired visual functions and
behaviour and learning changes in mature humans and
rodents(5,6). Previous studies showed that a maternal n-3 PUFA
deficiency during pregnancy affects neuronalmigration and lam-
inar formation in the hippocampus and the cerebral cortex(7,8).
Those studies also showed that fatty acid binding protein 7 (also
known as brain lipid binding protein, BLBP) assisted in the
uptake of n-3 PUFA into cells and was abundant in neuronal epi-
thelial cells at the early stage of brain development and essential
for the maintenance of neuroepithelial cells. Those studies sug-
gested that n-3 PUFA were key molecules in brain develop-
ment(9). Nonetheless, past work mostly focused on the
relationship between n-3 PUFA and neuronal migration and

differentiation, upon intake of n-3 PUFA. Therefore, to the best
of our knowledge, little work has been conducted to elucidate
the status of the development of glial cells when diets are defi-
cient in n-3 PUFA.

Glial cells are 10-fold more abundantly distributed in the
brain than neurons. Barres (2008) reported that glial cells aided
in themigration, survival andmaintenance of neurons, by adjust-
ing neurotransmission and nourishing neurons(10). Furthermore,
glial cells have been reported to be capable of modulating the
electrical activity of neurons and to perhaps directly participate
in the information processing in the central nervous system(11). In
the mammalian central nervous system, whilst neurons are gen-
erated primarily during the embryonic period, glia are mostly
formed after birth(12,13). In addition, studies using mice showed
that whilst in early development neural stem cells differentiated
mainly to neurons, in late development, they did to astrocytes
(a type of glia cell), which peaked in numbers immediately after
birth(13). Sakayori et al. showed that in mice fed a high n-6/n-3

* Corresponding author: Tatsuro Yamamoto, email tyama@nayoro.ac.jp

† These authors contributed equally to this work.

Abbreviations: BLBP, brain lipid binding protein; GFAP, glial fibrillary acidic protein; MBP, myelin basic protein.

British Journal of Nutrition (2022), 128, 1509–1517 doi:10.1017/S0007114521004359
© The Author(s), 2021. Published by Cambridge University Press on behalf of The Nutrition Society

https://doi.org/10.1017/S0007114521004359  Published online by Cam
bridge U

niversity Press

mailto:tyama@nayoro.ac.jp
https://doi.org/10.1017/S0007114521004359
http://crossmark.crossref.org/dialog?doi=https://doi.org/10.1017/S0007114521004359&domain=pdf
https://doi.org/10.1017/S0007114521004359


ratio diet, the timing of astrocyte and neuron productionwas dis-
rupted, and the number of astrocytes produced during embry-
onic stages increased(14). These findings seem to indicate that
n-3 PUFA are important factors for the regulation of astrocyte
production.

Previous studies reported the relationship between psychiat-
ric disorders in infancy and nutritional factors(15,16). Thus, inves-
tigating the role of n-3 PUFA in the brain may lead to further
understanding of the mechanisms of psychiatric disorders in
order to develop new nutritional treatments. The present study
was designed to investigatewhether postnatal glial development
in rat pups was influenced by maternal dietary n-3 PUFA defi-
ciency. To achieve this, we conducted a comparative histological
analysis using anti-glial fibrillary acidic protein (GFAP),
anti-myelin basic protein (MBP) and anti-BLBP antibodies on
postnatal day 7 and 14. Anti-GFAP and anti-MBP were used to
identify mature astrocytes and myelin sheaths, respectively. In
addition, BLBP was used as a marker for cells that exhibited
astrocyte-like properties in radial glial cells(17–19). Furthermore,
since it has been shown that the decrease in DHA in the brain
and the disturbance of fatty acid balance caused by the intake
of n-3 PUFA-deficient diet induce anxiety behaviour(14), behav-
ioural changes in n-3 PUFA-deficient rat pups were monitored
using an open field test. These studies revealed the importance
ofmother’s intake ofn-3 fatty acid, especially α-linolenic acid, for
the brain development of pups.

This study is to clarify whether n-3 fatty acid, especially
α-linolenic acid, consumed by mother rats is important for the
brain development of their offspring, because DHA is abun-
dantly synthesised from α-linolenic acid in the liver of
mother rats.

Materials and methods

The present study was carried out with the approval of the
Committee for Animal Care and Welfare of Nayoro City
University. Animals were kept and cared for as per the
Guidelines for the Care and Use of Laboratory Animals issued
by Nayoro City University.

Animals and diets

Twelve female and twelve male 8-week-old Sprague-Dawley
rats were purchased from Japan SLC. The animals (approval
number: 09–11) were housed in individual cages with screen
bottoms made of stainless steel and kept in a room maintained
at 23 ± 2°C, with 50–70 % relative humidity, and in a 12 h/12 h
light–dark cycle (light period, 07.00–19.00). The animals had free
access to food and water. Two different dietary formulations
were prepared by altering the fatty acid composition of AIN-
93 diet: adequate n-3 PUFA content (control, Cont) and deficient
n-3 PUFA content (deficient, Def) diets (Tables 1 and 2). Female
rats were equally divided (n 6) and fed these diets 2 weeks prior
to mating and afterwards, throughout gestation. In contrast, all
male rats were fed only Cont for 14 d. On day 14, one female
rat from each group was mated overnight with one male and
became pregnant. Pregnancy was determined by the presence
of a vaginal plug. After mating, the male was removed from

the cage, and the day was considered as embryological day
0·5. Some of the pups were used to analyse fatty acid composi-
tion and morphological changes in the brain, while the remain-
ing pups were used for behavioural study.

Tissue preparation

On postnatal day 7 and 14, two pups were randomly selected
from each of the litters of the pregnant rats, anesthetised with
Na pentobarbital (100 mg/kg body weight; intraperitoneal injec-
tion) and killed by transcardial perfusion with 4 % paraformalde-
hyde in 0·1 M phosphate buffer (pH 7·4). After perfusion, the
brains of the pups were immediately removed from the skulls
and each divided in half along the longitudinal fissure of the cer-
ebrum. The left and right cerebral hemispheres were used for
lipid analysis and the evaluation of the distribution pattern of
glial cells in the cerebral cortex, respectively. The cerebral hemi-
spheres chosen for lipid analysis were immediately frozen in
liquid N2 and stored at −80°C until further analysis. The other
hemispheres chosen for immunohistochemical analysis were
postfixed in 4 % paraformaldehyde in 0·1 M phosphate buffer
(pH 7·4) for 1 h at 4°C. Afterwards, the brain samples were dehy-
drated in a series of alcohol solutions ranging from 70 to 100 %

Table 1. Nutrient composition of control (Cont) and n-3 PUFA-deficient
(Def) diets of rat dams

Cont Def

g/kg

Casein 200 200
Maize starch 529·486 529·486
Sucrose 100 100
Cellulose 50 50
Mineral mix* 35 35
Vitamin mix† 10 10
L-cystine 3 3
Choline bitartrate 2·58 2·58
t-BHQ 0·014 0·014
Hydrogenated coconut oil 20 25
Soyabean oil 50 –
Sunflower oil – 45

Cont, n-3 PUFA-adequate control; Def, n-3 PUFA-deficient; t-BHQ, tertiary
butylhydroquinone.
* AIN-93G mineral mix.
† AIN-93 vitamin mix.

Table 2. Fatty acid composition of diets of rat dams

Cont Def

%

16:0 (palmitic acid) 0·63 0·28
18:0 (stearic acid) 0·18 0·12
18:1 (oleic acid) 0·81 1·35
18:2 (linoleic acid) 2·76 2·71
18:3 (α-linolenic acid) 0·64 0·01
20:4 (arachidonic acid) 0 0·01
n-6/n-3 4 272
18:2 n-6/18:3 n-3 4 271

Cont, n-3 PUFA-adequate control; Def, n-3 PUFA-deficient.
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ethanol, cleared in xylene and embedded in paraffin. The brain
hemispheres were then coronally sectioned with a thickness of
4 μm, using a sliding microtome (Leica, SM-2000R). The sections
were mounted on MAS-coated slide glasses (Matsunami).

Lipid analysis

Lipids were extracted from the cerebral hemispheric samples
(n 6, each group) on postnatal day 7 and 14 as per the method
of Folch et al. (1957)(20). Next, fatty acids were converted to
methyl ester derivatives and quantified by GC. The experiment
was conducted following previously reported procedures(2,21). A
GC system (GC-17A, Shimadzu) equipped with a CP-Sil 88 col-
umn (0·25 mm × 50 m, film thickness 0·2 μm, Agilent
Technologies) and a flame ionisation detector was used for
the fatty acid methyl ester analysis. The composition of the fatty
acids was calculated based on their gas chromatographic areas.

Evaluation of distribution pattern of glial cells in the
cerebral cortices of suckling pups

To examine the distribution pattern of glial cells in the cerebral
cortices of suckling pups, we carried out an immunohistochem-
ical analysis on the glial cells of their cerebral cortices on post-
natal day 7 and 14. Cerebral cortical sections were incubated
with the following primary antibodies: mouse anti-GFAP
(1:1000; Frontier Science, Inc.), rabbit anti-BLBP (1:1000;
Sigma-Aldrich, Inc.) and anti-MBP (1:1; Nichirei Biosciences,
Inc.). Prepared sections were deparaffinised in xylene, rehy-
drated in 100 % alcohol for 10min three times and then in alcohol
with the following descending grades: 95, 90, 80 and 70 %, for 5
min each. Next, the sections were incubated in 0·01 M citric acid
buffer (pH 6) for 40 min at 98°C, to activate the antigens, and
incubated overnight at 4°C with the primary antibodies. For
the detection of the GFAP, the sections were incubated at 4°C
for 2 h, using biotin-conjugated mouse or rabbit IgG (Vector
Laboratories) as a secondary antibody, and reacted with diami-
nobenzidine. Similarly, for the detection of BLBP and MBP, the
sections were incubated at 4°C for 2 h using Alexa Fluor 488-
conjugated rabbit IgG (Invitrogen). Diaminobenzidine and
fluorescent signals were detected using an upright fluorescence
microscope (Axio imager, Zeiss). Three microscopic fields of
view were measured per individual, and the same process
was performed on the brain tissue of six animals in each group.
The positive cells per field were evaluated by two external
blinded assessors.

Open field test. To evaluate the spontaneous locomotor activ-
ity and anxiety-like behaviour, we carried out an open field test
on postnatal day 21. Open field test was performed in the morn-
ing (09.00–12.00). Two male rats randomly selected from the
same litter were used for the open field test, with a total of twelve
rats in each group. Female rats were not used in the test due to
expected sex effects(22). The rats were transported to the behav-
iour testing room 30 min before the test to habituate to the con-
ditions of the room. The open field arena (90 cm × 90 cm × 30
cm) made of the iron plate (Yui sheet metal industry, Inc.)
was used. The field area was divided equally into thirty-six sec-
tions by drawing lines. A rat was placed gently in a corner region

of the field. Its behaviour was recorded by a video camera from
above. After a 5-min trial, the rat was returned to its home cage.
Then, the open field arena was cleaned with alcohol and wiped
with a Kimtowel (Nippon Paper Crecia Co.) to dry the field. The
total number of moving compartments and time spent in the
centre region were measured while observing the recorded
images. Locomotor activity and anxiety-like behaviour were
assessed by the total number of moving compartments and
the time spent in the centre region of the open field, respectively.

Statistical analysis

To determine the adequate sample size to identify significant
differences in the concentrations of DHA in the brains of the
pups, a Student’s t test power analysis was carried out using
the G × Power statistical package version 3.1.9.6. The sample
sizewas then calculated considering an α probability of 0·05with
a power of 0·80. The effect size was estimated using the results
from a preliminary study conducted at these premises (unpub-
lished results). From the power analysis, it was determined that
the required sample size per group was six dams. Values
obtained from the body weight, the food consumption data
and the fatty acid profiles in the brains were expressed as means
± SEM. Data were analysed by the Student’s t test using SAS JMP
software (version 10.0, SAS Institute). The total area of cells and
fibres which expressed GFAP and MBP per unit of area, and the
number of BLBP-positive cells in the primary somatosensory cor-
tices were quantified using ImageJ software (version 1.52, NIH).
Eighteen different slices from each diet group were counted and
observed. Mean values were significant if P< 0·05.

Results

DHA concentrations in the brains of n-3 PUFA-deficient pups

No differences were observed in food intake (Fig. 1(a)) or body
weight gain between non-pregnant and pregnant females within
the two dietary groups (Fig. 1(b)). Similarly, no differences were
detected on postnatal day 0, 7 and 14 between the body weight
gain of pups from the Cont and the Def groups (Fig. 1(c)).

To investigate whether the n-3 PUFA intake deficiency in
dams affected the brain fatty acid profiles, the fatty acid compo-
sition of the brain hemispheres of pups was analysed on posta-
natal day 7 and 14. As observed on postnatal day 7, maternal n-3
PUFA intake deficiency did not exert a significant effect on the
levels of palmitic acid (16:0) and stearic acid (18:0), which are
SFA, or oleic acid (18:1, n-9) and arachidonic acid (20:4, n-6),
which are unsaturated fatty acids (Fig. 2(a)). However, on the
same day, the concentrations of DHA (22:6, n-3) in the brains
were significantly lower in pups from dams fed the Def diet than
in those of pups whose dams were fed the Cont diet (Fig. 2(a)).
On postnatal day 14, similar differences were also observed in
the brains (Fig. 2(b)).

Effect of n-3 PUFA deficiency on the postnatal
development of astrocytes

To compare the postnatal development of astrocytes on post-
natal day 7 in pups, an immunohistochemical analysis using
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an anti-GFAP antibody was conducted. It was observed that
GFAP-positive cells and their projections were distributed from
the superficial to the deep layers of the somatosensory cortices in
all pups, and these cells were especially abundant in the super-
ficial glial limitans and the deep layers (Fig. 3(a)–(d)). The den-
sity of GFAP-positive areas in the deep layers of the
somatosensory cortices was significantly lower in pups from
the Def group when compared with pups from the Cont group
(Fig. 3(e)). These reductions in GFAP-expressing cells and pro-
jections were also observed in the primary somatosensory cor-
tices of pups from the Def group on postnatal day 14 (online
Supplemental Fig. 1).

Brain lipid binding protein-expressing cells in n-3 PUFA-
deficient pups

On postnatal day 7 and 14, GFAP-positive areas were signifi-
cantly lower in the Def pups than in the Cont pups.We theorised
that these results were probably associated with the thickness of
the astrocyte projections as well as the number of astrocyte cells.
Therefore, the number of positive cells of radial glial cells, which
are the progenitor cells of astrocytes, in the two groupswas com-
pared, using BLBP as an astrocyte-specific radial glial cell
marker(17–19). On postnatal day 7, BLBP-expressing cells were
observed in all layers of the primary somatosensory cortices of
both groups (Fig. 4(a) and (b)). Nonetheless, the number of
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Fig. 1. Food intake and body weight gains 2 weeks pre-pregnancy and 3 weeks post-pregnancy of dams, and body weights of pups on postnatal day 0, 7 and 14 in the
Cont and the Def groups. (a) Food intake of dams. (b) Body weight gains of dams. (c) Body weights of pups on postnatal day 0, 7 and 14. In the graph, closed circles
indicate Cont individuals and open circles indicate Def individuals. As the data between the two groups are equally distributed, the bars in the graph show the mean
values. Cont, n-3 PUFA-adequate control; Def, n-3 PUFA-deficient.
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BLBP-expressing cells per unit of areawas significantly greater in
Def pups than in Cont pups (Fig. 4C).

Myelination in n-3-deficient pups on postnatal day 14

As astrocyte maturation has been reported to be a factor promot-
ing myelination by oligodendrocytes, the development of myeli-
nation in the somatosensory cortices was immunohistochemically
compared on postnatal day 14 using an anti-MBP antibody. Neat
myelin sheaths were observed in the white matter and cortical
regions of the primary somatosensory cortices of Cont pups,
whereas these myelin sheaths were found more sparsely in the
same regions inDef pups (Fig. 5(a)–(d)). The density ofMBP-pos-
itive areas in the white matter of the somatosensory cortices was
significantly lower in pups from the Def group compared with
pups from the Cont group (Fig. 5(e)).

Open field test in n-3-deficient pups on postnatal day 21

To evaluate behavioural changes in n-3 PUFA-deficient pups
resulted from decreased astrocyte distribution and myelination
in the brain, we performed the open field test on postnatal

day 21 in both groups. The total number of moving compart-
ments (Fig. 6(a)), assessing locomotor activity, and the time
spent in the centre region (Fig. 6(b)), assessing anxiety-like
behaviour, did not differ significantly between the two groups.

Discussion

In the present study, we examined whether maternal n-3 PUFA
intake deficiency affected the development of astrocytes and

Fig. 2. Fatty acid composition of the cerebral hemisphere of Cont (closed
circles) and Def pups (open circles). (a) Postnatal day 7 (P7). (b) Postnatal
day 14 (P14). Asterisks indicate significant differences (P< 0·01). In the graph,
closed circles indicateCont individuals and open circles indicateDef individuals.
The OA and ARA data in B are unequally distributed, and therefore the bars
show the median. For the other data, the bars in A and B show the mean values
because they are equally distributed. Cont, n-3 PUFA-adequate control; Def, n-3
PUFA-deficient, PA, palmitic acid; SA, stearic acid; OA, oleic acid; ARA, arach-
idonic acid; DHA, docosahexaenoic acid.
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Fig. 3. Distribution of glial fibrillary acidic protein (GFAP)-positive astrocytes in
the somatosensory cortices of Cont and Def pups on postnatal day 7. I-VI, cort-
ical layers I-VI. GFAP-positive cells and their projections were distributed from
the superficial to the deep layers of the somatosensory cortices of Cont (a) and
(c) and Def pups (b) and (d). The arrowheads in (a) and (b) indicate the glial lim-
itans on the surface of the pia matter. (c) and (d) are enlarged images of the
areas in the squares in a and b, respectively. The GFAP-positive areas in the
deep layers of the somatosensory cortices were measured using ImageJ soft-
ware (e). In the graph, closed circles indicate Cont individuals and open circles
indicate Def individuals. As the data between the two groups are unequally dis-
tributed, the bars in the graph show the median. Asterisk indicates different from
the Cont group (*P< 0·05). Scale bars = 50 μm in a and b and 25 μm in c and d,
respectively. Cont, n-3 PUFA-adequate control; Def, n-3 PUFA-deficient, WM,
white matter.
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oligodendrocytes in the cerebral cortices of rat pups. The body
weights of dams during pregnancy were not different regardless
of whether n-3 PUFA were adequately supplied or not (Fig. 1(a)
and (b)), as reported by other investigators(7). The present study
also demonstrated that body weights of pups during lactation
(e.g. postnatal days 0, 7 and 14) were similar between Cont
and Def pups (Fig. 1(c)). Although in general, the presence or
absence of maternal dietary nutrients affects the growth of
embryos and neonates, in the case of n-3 PUFA intake defi-
ciency, there was not apparent effect on growth. Our results
were consistent with those from previous reports(7,23).

The present study demonstrated that the DHA levels in the
cerebral hemispheres of Def pups significantly decreased when
compared with those of Cont pups. The results may have been
more pronounced when diets with a higher n-6/n-3 ratio were
used, which would have promoted n-3 deficiency. DHA uptake
by brain cells is pivotal during both fetal and neonatal periods,
when brain development and formation are promoted. Also,
during these periods, the rate of DHA accumulation in the brain
is faster than after adulthood is reached(24–26). Therefore, it is nec-
essary to adequately supply DHA to fetuses and neonates via the
maternal placenta and milk because of their low ability to syn-
thesise DHA on their own(27,28). In the present study, dams in
the Def group were fed a diet containing extremely low levels
ofn-3 PUFA, especially α-linolenic acid, which is used in the liver
as a substrate for DHA synthesis(29). Lactating mothers with low
intakes of n-3 PUFA produce milk with remarkably high n-6/n-3
ratios(30). Thus, although in the present work the fatty acid pro-
files of milk from dams were not measured, it can be reasonably
assumed that for the Def pups to be n-3-deficient as it was
observed on postnatal day 7 and 14, milk from the dams must
have been consistently deficient in n-3 PUFA throughout the
experiment. Whilst the enzymes for DHA biosynthesis have a
high affinity for n-3 PUFA, when there is an n-3 PUFA deficiency,
they can also promote the elongation and unsaturation of n-6

PUFA. Thus, it is not surprising that the content of n-6 PUFA such
as docosapentaenoic acid (22:5, n-6) proportionately increases
in the brain of n-3 PUFA-deficient rats as the concentration of
DHA decreases(31). In the present study, similar changes were
also observed. Our results seemed to suggest that a deficiency
of n-3 PUFA inmaternal milk had a crucial effect on the fatty acid
composition of cells in the central nervous system of pups, espe-
cially on the proportion of DHA. Such changes in the fatty acid
profiles of brain would necessarily affect brain functions at later
stages because they change the fluidity of cell membranes.

In the present study, on postnatal day 7 and 14, a decrease in
GFAP-positive areaswas observed in the somatosensory cortices
of Def pups (Fig. 3 and online Supplemental Fig. 1). One of the
possible reasons for this may be that n-3 PUFA are essential mol-
ecules for astrocyte maturation. In addition, the astrocyte

Fig. 4. Changes in the number of BLBP-expressing cells in the somatosensory
cortices of Cont and Def pups on postnatal day 7. (a) and (b) Distribution of
BLBP-expressing cells. (c) The number of expressing cells. In the graph, closed
circles indicate Cont individuals and open circles indicate Def individuals. As the
data between the two groups are equally distributed, the bars in the graph show
the mean values. All scale bars= 100 μm in (a) and (b). Cont, n-3 PUFA-
adequate control; Def, n-3 PUFA-deficient.

Fig. 5. Changes in the distribution of MBP-positive fibres in the somatosensory
cortices in Cont andDef pups on postnatal day 14. (a) and (b), Cont pups. (c) and
(d), Def pups. I-VI, cortical layers I-VI. Images in (b) and (d) are the areas in the
rectangles in (a) and (c), respectively. The MBP-positive areas in the white mat-
ter of the somatosensory cortices were measured using ImageJ software (e). In
the graph, closed circles indicate Cont individuals and open circles indicate Def
individuals. As the data between the two groups are equally distributed, the bars
in the graph show themean values. Scale bars = 100 μm in (a) and (c) and 50 μm
in (b) and (d). Cont, n-3 PUFA-adequate control; Def, n-3 PUFA-deficient; WM,
white matter.
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projections were thinner in brain samples from Def pups than in
those from Cont pups (Fig. 3(c) and 3(d)). Moreover, astrocytes
in Def pups seemed to be more immature when compared with
those of Cont pups. We believed that the DHA level necessary
for the proper maturation of astrocytes was insufficient for the
Def group. In this regard, in a recent study that generated
induced pluripotent stem cell-derived neural stem cell lines from
patients withmajor depressive disorder, Yu et al. reported thatn-
3 PUFA promoted the differentiation of neural stem cells into
astrocytes(32).

The fact that areas of GFAP-positive cells decreased in Def
pups seemed to be unrelated to the decreased number of astro-
cytes in cerebral cortices. For example, Sakayori et al. demon-
strated an increase in astrocyte production during the
embryonic stage of mice consuming a high-n-6/n-3-deficient
diet(14). Furthermore, astrocyte production peaks immediately
after birth in normal development(13). Therefore, in the present
work, it is believed that the number of astrocytes did not change
by postnatal day 7. However, it is important to consider that the
timing of astrocyte production in the cerebral cortex differed
between Cont and Def pups, which may have been indicated
by the decrease in GFAP-positive cells in Def pups.
Furthermore, we found that the number of cells expressing
BLBP, which represents the cellular lineage of postnatal astro-
cytes(17–19), was higher in the Def group than in the Cont group
(Fig. 4), suggesting that n-3 PUFA intake deficiency, probably
that of DHA, had an inhibitory effect on the differentiation of
radial glial cells into astrocytes during postnatal brain develop-
ment. Due to the lack of brain samples in this study, we were
unable to quantify the expression levels of the proteins, which
will be clarified in the future.

In the present study, on postnatal day 14, myelination of oli-
godendrocytes in Def pups was sparser than in Cont pups (Fig.
5). Yu et al. reported that n-3 PUFA promoted the production of
neurotrophic factors from astrocytes(32). One of themajor trophic

factors produced by astrocytes is a brain-derived neurotrophic
factor, which stimulates the production of oligodendrocytes
and the synthesis of myelin proteins, when the brain is exposed
to a demyelination-causing injury(33,34). Those studies, along
with the results from the present study, suggest that the sparse
myelination observed in Def pups may have been due to a lack
of neurotrophic factors (e.g. brain-derived neurotrophic factor),
resulting from astrocyte immaturity. It is recommended that fur-
ther investigation on the extent to which myelination progresses
long term in n-3 PUFA-deficient brains be conducted to deter-
mine whether sparse myelination is associated or not with a
delayed maturation of oligodendrocytes.

Previous animal studies have shown that decreasedn-3 PUFA
in the brain increases several anxiety-related behaviours(35,36).
To evaluate the potential behavioural effects of inhibited matu-
ration of astrocytes and the development of glial cells in n-3
PUFA-deficient pups on postnatal day 7 and 14, we carried
out an open field test on postnatal day 21. Because it is difficult
to conduct behavioural tests on pre-weaned pups (at postnatal
day 7 and 14), we conducted the test on pups immediately after
weaning (at postnatal day 21), but no significant difference was
observed in behavioural parameters between the two groups
(Fig. 6). This may be because the development of the brain struc-
ture of n-3 PUFA-deficient pups caught up with that of n-3-
adequate pups at postnatal day 21. Unfortunately, we were
not able to examine the brain structure of these rats in this study.
Further investigation of not only the arrangement of glial cells at
postnatal day 21 but also the layered structure of the cerebral cor-
tex and the distribution of interneurons would provide further
important insight into the effects of n-3 PUFA deficiency from
fetus to infancy. n-3 PUFA deficiency has been also reported
to be related to learning(37,38) and fear memory(39), and thus, it
is necessary to examine the effects using a brightness discrimi-
nation learning test and a passive avoidance test in our model
in the future.

In summary, our results showed that maternal n-3 PUFA
intake deficiency, which inhibited maturation of astrocytes, hin-
dered the development of brain glial cells of neonatal rats. Since
previous reports showed that nutritional factors were related to
the onset of some psychiatric disorders and neuropathy during
the neonatal period(15,16), our findings may represent an impor-
tant advance in our understanding of the initial mechanisms of
these psychiatric diseases and could help lead to the develop-
ment of nutritional treatments to be given during the perinatal
period. Finally, although we conducted immunohistochemical
analysis of astrocytes and the myelin sheaths of oligodendro-
cytes to elucidate the effect of n-3 PUFA deficiency on the brain
structure, the underlying mechanisms by which maternal n-3
PUFA intake deficiency impaired the development of the brain
structure in pups remained unclear. Further investigation is rec-
ommended to establish the association between the impaired
development of the brain structure and abnormal behaviours
due to maternal n-3 PUFA intake deficiency. Finally, although
we showed that maternal n-3 deficiency could affect the devel-
opment of glial cells in the rat pup brain in this study, the n-3-
deficient diet used in this study is very extreme, with an n-6/
n-3 ratio of 270. It should be emphasised that the ratio in the
human diet is between 4 and 20(40–42), and the changes in brain

Fig. 6. Open field test for Cont and Def pups on postnatal day 21. The total num-
ber of moving compartments (a), assessing locomotor activity, and the time
spent in the centre region (b), assessing anxiety-like behaviour. In the graph,
closed circles indicateCont individuals and open circles indicateDef individuals.
As the data between the two groups are equally distributed, the bars in the graph
show the mean values.
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structure observed in this study in rat pups born and suckled
from n-3-deficient dams do not directly apply to humans.
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