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Abstract

Brain docosahexaenoic acid (DHA, 22:6n-3) accumulates rapidly during brain development and is essential for normal neurological function. The aim of this
study was to evaluate whether brain development was the critical period in which DHA deficiency leads to dysregulation of the hypothalamic-pituitary-adrenal
(HPA) axis in response to stress later in life. Rats were exposed to an n-3 fatty acid-deficient diet or the same diet supplemented with fish oil as an n-3 fatty acid-
adequate diet either throughout the preweaning period from embryo to weaning at 3 weeks old or during the postweaning period from 3 to 10 weeks old.
Exposure to the n-3 fatty acid-deficient diet during the preweaning period resulted, at weaning, in a significant decrease in hypothalamic DHA levels and a
reduced male offspring body weight. DHA deficiency during the preweaning period significantly increased and prolonged restraint stress-induced changes in
colonic temperature and serum corticosterone levels, caused a significant increase in GABA, antagonist-induced heart rate changes and enhanced depressive-like
behavior in the forced swimming test and anxiety-like behavior in the plus-maze test in later life. These effects were not seen in male rats fed the n-3 fatty acid-
deficient diet during the postweaning period. These results suggest that brain development is the critical period in which DHA deficiency leads to excessive HPA
responses to stress and elevated behavioral indices of depression and anxiety in adulthood. We propose that these effects of hypothalamic DHA deficiency during

brain development may involve a GABA4 receptor-mediated mechanism.
© 2013 Elsevier Inc. All rights reserved.
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1. Introduction

Docosahexaenoic acid (DHA, 22:6n-3), which is specifically
enriched in the brain and is essential for normal neurological function
[1,2], accumulates rapidly during brain development from prenatal
day 7 to beyond postnatal day 16 in the whole rat brain [3] and from
the third trimester of gestation to 2 years after birth in the human
forebrain [4,5]. It has been proposed that exposure to maternal stress,
including nutritional insult, is associated with an increased risk of
chronic diseases, such as hypertension, coronary heart disease, type 2
diabetes and cancer, and of neuropsychiatric disorders in the adult
offspring in rats and humans [6-8]. In addition, in rats, sheep and
humans, maternal stress has a profound impact on stress-induced
hypothalamic-pituitary-adrenal (HPA) axis activity in later life in the
offspring [9-11].
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The magnitude of the HPA axis response to stress is limited by both
the gamma-aminobutyric acid (GABA) inhibitory circuit and the
glucocorticoid negative feedback system [10,12]. GABA, the inhibitory
neurotransmitter that acts at inhibitory synapses, is the dominant
neurotransmitter in the hypothalamus, especially in the paraventri-
cular nucleus, a site rich in corticotrophin-releasing factor-secreting
neurons, and thus provides the stimulus for secretion of adrenocor-
ticotrophic hormone (ACTH), which controls HPA axis activity [13-15].
Lack of GABA has long been known to be associated with depression and
anxiety, and positive modulators of GABA4 receptors have antidepres-
sion effects [12,16]. Administration of a GABA4 antagonist increases the
corticosterone response [17], heart rate and blood pressure [18], and
anxiety behavior [19,20], while administration of an agonist decreases
these responses [17-20]. GABA is produced from glutamate by
glutamate decarboxylase (GAD65 and GAD67), with GAD67 being the
main isoenzyme responsible for GABA production under acute stress-
inducing conditions [21].

This study was designed to evaluate whether brain development
was the critical period in which a maternal n-3 fatty acid-deficient
diet regulated the HPA axis response to stress in the male adult
offspring. We hypothesized that hypothalamic DHA deficiency during
brain development might modulate stress-induced GADG67
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expression and alter GABAergic regulation of the HPA axis activity,
leading to anxiety- and depressive-like behaviors later in life. To test
this, a high linoleic acid sunflower oil-based n-3 fatty acid-deficient
diet was used to induce DHA deficiency during either the preweaning
period (EO to 3 weeks old) or the postweaning period (from 3 to 10
weeks old) and to examine the effects on the HPA axis response to
stress and emotional behaviors in the male adult offspring.

2. Materials and methods
2.1. Animals and study design

Sprague-Dawley rats (7 weeks old) and pregnant rats at 2 days of gestation
(8 weeks old) obtained from Biolasco Taiwan, a technology licensee of Charles
River Laboratories in Taiwan, were housed in a humidity-controlled room at 24°C41°C
on a 12-h light-dark cycle with free access to tap water and diet. The protocols and
animal treatments used in this study were approved by the Animal Care and Use
Committee of the National Taiwan University College of Medicine.

The study design is shown in Fig. 1. Chow diet-fed 8-week-old female rats were
mated, and conception was confirmed by the presence of vaginal plugs.

To study the effect of exposure to an n-3 fatty acid-deficient diet during the
preweaning period, two groups, preweaning deficient (prew-Def) and preweaning
adequate (prew-Adq), were used (Fig. 1a). In group prew-Def, the dams were fed a
high linoleic acid sunflower oil-based n-3 fatty acid-deficient diet and were given
0.1 ml of water per day by oral gavage throughout pregnancy and lactation; then, after
weaning at 3 weeks old, the male offspring were fed chow diet (5001, LabDiet; Table 1)
until sacrifice at 10 weeks old. In group prew-Adq, the dams were fed the same n-3
fatty acid-deficient diet supplemented by daily oral gavage with 0.2 ml of fish oil during
pregnancy and 0.4 ml of fish oil during the 3 weeks of lactation. After weaning at 3
weeks old, the male offspring were fed chow diet until 10 weeks old.

To study the effect of exposure to an n-3 fatty acid-deficient diet during the
postweaning period, groups postweaning deficient (postw-Def) and postweaning
adequate (postw-Adq) were used (Fig. 1b). During pregnancy and lactation, the dams
were fed the same n-3 fatty acid-deficient diet supplemented by daily oral gavage with
fish oil as the dams in group prew-Adq; then, after weaning at 3 weeks old, the male
pups were fed the n-3 fatty acid-deficient diet supplemented by daily oral gavage with
either 0.1 ml of water (group postw-Def) or 0.1 ml of fish oil (group postw-Adq) until
10 weeks old.

In both studies, water was given by oral gavage to the control group to avoid bias
due to the additional interaction between the rats and the experimenter. Since HPA
axis responses may be gender specific [22-24] and to avoid the hormonal effect of the
estrus cycle on depressive-like and anxiety-like behaviors, only male offspring were
used. The male offspring used in each test was taken from four to five separate litters.

A pre-weaning
inutero  born 3-week-old 10
prew-Def | I
prew-Adq | |
B post-weaning

postw-Def —m—m—————— ]

postw-Adq

I chow diet
1 sunflower oil-based n-3 fatty acid-deficient diet
e~ supplemented with fish oil as n-3 fatty acid-adequate diet

Fig. 1. Study design for rats exposed to a high linoleic acid sunflower oil-based n-3 fatty
acid-deficient diet or the same diet supplemented with fish oil as an n-3 fatty acid-
adequate diet during either the preweaning (prew) period (a) or the postweaning
(postw) period (b). Group prew-Def: n-3 fatty acid-deficient diet for the dam during
pregnancy and lactation; male offspring fed chow diet after weaning. Group prew-Adq:
n-3 fatty acid-deficient diet supplemented with fish oil as an n-3 fatty acid-adequate
diet for the dam during pregnancy and lactation; male offspring fed chow diet. Group
postw-Def: n-3 fatty acid-deficient diet supplemented with fish oil as an n-3 fatty acid-
adequate diet for the dam during pregnancy and lactation; male offspring fed the n-3
fatty acid-deficient diet. Group postw-Adq: n-3 fatty acid-deficient diet supplemented
with fish oil as an n-3 fatty acid-adequate diet for the dam and male offspring.

Table 1
Composition of the n-3 fatty acid-deficient diet and chow diet
Ingredient (g/kg diet) n-3 Fatty acid-deficient diet Chow diet
Fat 50 (ether extract)
Sunflower oil 200 57 (acid hydrolysis)
Protein
Casein 238 239
Methionine 3.5
Carbohydrate
Corn starch 150 487
Sucrose 2943
Fiber
Alphacel 58.8 51
Vitamin mix
AIN 76 vitamin mix 11.8 2.5
Mineral mix
AIN 76 mineral mix 41.2 70
Choline chloride 24
Energy density, kcal/g 4.5 34
Fat, % of energy 40 13.5(ether extract)
Protein, % of energy 21 285
Carbohydrate, % of energy 39 58

The details of the number of dams and the assignment of the male offspring to each test
are given in Fig. 2.

2.2. Diet composition

The compositions of the n-3 fatty acid-deficient diet, a modification of the AIN 76
purified diet, and of the chow are presented in Table 1. The fatty acid compositions of
the n-3 fatty acid-deficient diet, chow diet and fish oil are presented in Table 2. The
high linoleic acid sunflower oil-based n-3 fatty acid-deficient diet contained 61% of the
total fatty acids as linoleic acid (18:2n-6) (Table 2). The n-3 fatty acid-adequate diets
consisted of the above n-3 fatty acid-deficient diet supplemented with different
amounts of fish oil [0.1 ml of fish oil contained 0.5 mg of a-linolenic acid (18:3n-3),
13.7 mg of eicosapentaenoic acid (EPA, 20:5n-3), 1.1 mg of docosapentaenoic acid
(22:5n-3) and 7.1 mg of DHA, and a total of 22.4 mg of n-3 fatty acids; Leiner Health
Products, LL.C,, CA, USA] in order to meet the 18:3n-3 dietary recommendation of
about 0.4% of the energy source [25] and to provide a source of preformed DHA since it
has been suggested by ourselves [2] and others [26] that preformed DHA is the best
source of DHA for maintaining brain DHA levels in the adult. Except for the methionine
and choline, which were from Sigma-Aldrich Inc. (MO, USA), and the sunflower oil,
corn starch and sucrose, which were purchased from a local supermarket, all diet
ingredients were obtained from MP Biomedicals, L.L.C. (OH, USA).

2.3. Anxiety-like behavior test

An elevated plus-maze test was used to assess anxiety-like behavior in the rats at
10 weeks old. The plus-maze, in a shape of a plus sign, consisted of two open arms
(50 cmx10 cm) and two closed arms with walls (50 cmx10 cmx30 cm) connected by
a central platform (10 cmx10 cm) and was painted black and mounted 50 cm above
the floor. A video camera was mounted above the center of the apparatus.

The rats were habituated to the dark room illuminated with dim red light used for
testing for at least 30 min before testing, which was performed during the period of
13:00-15:00 h. The rat was then placed on the central platform with its head facing an
open arm and allowed to explore the maze for 5 min while being videotaped. The time
spent in the open arms, the number of times the rat entered the open arms and the
total number of times the rat entered any of the arms were recorded.

2.4. Depressive-like behavior test

A forced swim test was used to assess depressive-like behavior in the rats at 10
weeks old. The rats were placed in a cylinder (25 cm widex46 cm high) filled to a
depth of 30 cm with water at room temperature for 15 min on day 1 and again for a
5-min test session on day 2, and the time spent climbing, swimming or immobile was
measured during the test session. Climbing was defined as upward struggling
movements of the forepaws at the side of the cylinder, swimming as movement
around the cylinder, and immobility as no additional activity other than that required
keeping the head above water. A video camera was mounted above the center of the
apparatus. The behavior test was performed between 13:00 and 15:00 h.

2.5. Restraint stress and sacrifice

Restraint stress was applied in an acrylic cylindrical rat restrainer (Model STM-6,
Shineteh Instruments Co., Ltd.) for 60 min between 13:00 and 16:00 h at 10 weeks old.
The rat was able to move its limbs and head, but not its trunk. The colonic core body
temperature was measured before restraint and every 15 min during restraint using a
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diet during either the preweaning period (a) or the postweaning period (b) to each test.

digital thermometer. Rats were sacrificed without having been subjected to restraint

immunosorbent assay kit (Cayman Chemical, MI, USA) according to the

stress (rest condition) or at 0, 30 or 90 min after the 60 min of restraint stress. The
rats were anesthetized with CO,, blood was collected by cardiac puncture, serum was
immediately separated by centrifugation, the hypothalamus was rapidly removed,
and then all samples were frozen in liquid nitrogen and stored at a —80°C freezer
until analysis.

2.6. Corticosterone

Corticosterone levels were measured in the serum samples taken without
restraint and at 0, 30 or 90 min after the above restraint using an enzyme-linked

manufacturer's instructions.
2.7. Hypothalamic GAD67 protein expression

The hypothalamus was homogenized at 4°C in lysis buffer [20 mM HEPES, pH 7.5,
250 mM sucrose, 10 mM KCl, 1.5 mM MgCI2, 1 mM EDTA, 0.5% sodium deoxycholate,
0.1% sodium dodecyl sulfate (SDS), 1% Triton X-100, 1 mM phenylmethylsulfonyl
fluoride, and protease inhibitor cocktail mix (Sigma, MO, USA)], the homogenate was
centrifuged at 15,000g for 20 min at 4°C, and the supernatant was collected. The
protein concentration was determined using a Bio-Rad Bradford protein assay kit
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Table 2
Fatty acid compositions of the n-3 fatty acid-deficient diet, chow diet and fish oil'?
n-3-Deficient diet Chow diet Fish oil
% of total fatty acids
14:0 0.240.0 24402 15.7+£0.5
16:0 8.0+0.1 24.834+0.8 248404
18:0 3.54+0.0 7.5+0.3 3.340.1
20:0 0.14+0.0 - 0.1+£0.0
16:1n-9 0.34+0.0 3.040.1 14.7+£0.2
18:1n-9 26.540.6 27.74+0.6 9.34+0.2
18:1n-7 0.740.2 2.04+0.2 34402
20:1n-9 0.14+0.0 0.14+0.0 0.540.1
18:2n-6 61.0+0.6 30.54+0.8 1.6+0.3
20:2n-6 - - 0.340.1
20:3n-6 - 0.3+0.0 0.54+0.1
20:4n-6 - - 0.340.1
22:4n-6 - - 0.14+0.0
22:5n-6 - - 0.14+0.1
18:3n-3 - 1.6+0.1 0.640.1
20:5n-3 - 0.840.1 15.2+04
22:5n-3 - - 1.24+0.0
22:6n-3 - 0.6+0.1 7.9+0.1

! The data are presented as the mean+S.EM. (n=6).
2 Fatty acids accounting for less than 0.05% of the total fatty acids are not shown.

(Bio-Rad, CA, USA), samples containing 20 pg of protein were denatured at 95°C for
5min and separated on a 10% SDS polyacrylamide gel by electrophoresis, and the
proteins were transferred to a polyvinylidene fluoride membrane (Bio-Rad). The
membrane was blocked at room temperature for 1h in blocking buffer [5% nonfat
milk in Tris-HCl-buffered saline containing 0.1% Tween 20 (TBS-T)], washed several
times with TBS-T and incubated overnight at 4°C with a 1:5000 dilution in blocking
buffer mouse monoclonal anti-GAD67 antibody (MAB5406, Millipore, MA, USA) or
mouse monoclonal anti-GAPDH antibody (Cell Signaling, MA, USA) used as the

Table 3

loading control. After washing with TBS-T, the blots were incubated at room
temperature for 1 h with a horseradish peroxidase-conjugated secondary antibody
(Santa Cruz, CA, USA) diluted in blocking buffer, and bound antibodies were
visualized using enhanced chemiluminescence (Amersham Biosciences, Buckingham-
shire, England), with the optical density measured using a Dolphin-Chemi mini
Image System (WEALTEC, NV, USA).

2.8. GABA4 antagonist microinjection

The rat was anesthetized with urethane (800 mg/kg intraperitoneally, supple-
mented as needed) (Sigma, St. Louis, MO, USA), and the right common carotid artery
was cannulated with PE-50 polyethylene tubing. The arterial line was connected to
an NL108T2 disposable pressure transducer to record the arterial blood pressure and
heart rate on a CP122 AC/DC strain gage amplifier (Grass Instruments, West
Warwick, RI, USA). The rat was then placed prone, and the head was mounted in a
stereotaxic apparatus so that the bregma and lambda were positioned on the same
horizontal plane. A thermistor probe was inserted into the rectum to measure core
body temperature.

The overlying skin and connective tissue were removed from the skull, and a small
hole was drilled to allow access to the brain. After surgery was complete, the core body
temperature and cardiovascular parameters were monitored for at least 30 min to
assure a stable baseline. Using a fine glass micropipette with a tip diameter of 20—
30 pm, bicuculline methiodide (10 pmol/50 nl, Sigma) was microinjected unilaterally
into the hypothalamic paraventricular nucleus (stereotaxic coordinates: 1.8 mm
caudal to the bregma, 0.4 mm lateral to the midline and 7.8 mm ventral to the dura),
and the same parameters were continuously monitored for 60 min.

2.9. Fatty acid analyses

Total lipids were extracted according to the method of Bligh and Dyer [27], dried
down under nitrogen gas and converted to their methyl esters, which were analyzed
on a Hewlett-Packard 5890 gas chromatograph using flame ionization detection [28].
The fatty acid peaks were identified from external standard runs by comparison of the
retention times with those of an authentic standard mixture of 68A (Nu-Chek Prep,
Elysian, MN USA), 37 FAME, PUFA2 and PUFA3 (all from SUPELCO, Bellefonte, PA, USA).

Fatty acid composition of the hypothalamus at weaning or at 10 weeks old in male rats exposed to an n-3 fatty acid-deficient diet or the same diet supplemented with fish oil as an n-3

fatty acid-adequate diet during either the preweaning or postweaning period'~

3 Weeks old (at weaning)

10 Weeks old 10 Weeks old

Fatty acid prew-Adq prew-Def prew-Adq prew-Def postw-Adq postw-Def
% Of total fatty acids

14:0 0.240.1 0.340.1 - 0.1+0.0 02402 0.140.0
16:0 26.4+1.0 282410 22.0+0.6 223408 211413 211417
18:0 226417 23.0+2.6 219412 221416 21.74£2.0 24.8+1.8
20:0 0.440.1 0.440.1 0.340.1 0.54+0.1 0.540.1 0.640.1
22:0 0.240.1 0.140.0 0.340.1 0.3+0.1 0.340.1 0.440.1
24:0 0.440.1 0.240.1 0.440.1 0.3+0.2 0.640.1 0.640.1
Total saturated 50.1£1.9 52.1+£33 45.04+1.0 45.64+1.1 445414 474431
14:1n-5 0.140.0 0.340.2 02402 0.4+0.2 0.8 +038 0.140.1
16:1n-7 0.440.0 0.340.1 0.1£0.0 0.1+0.0 0.240.1 0.1£0.0
16:1n-9 0.440.0 0.440.0 0.440.0 0.44+0.0 0.440.0 0.3+0.0
18:1n-9 141405 131411 202+0.7 19.740.5 18.34£0.2 17.7+1.1
18:1n-7 32402 29403 4.0+03 42401 41+0.1 4.0+0.2
20:1n-9 0.640.1 0.740.2 1.3£0.1 1.3+0.1 1.1+0.1 1.1+0.1
20:3n-9 0.1£0.0 0.140.1 0.1£0.0 - 0.1£0.0 0.1+0.0
22:1n-9 0.14+0.0 0.14+0.0 0.14+0.0 0.1+0.0 0.14+0.0 0.140.0
24:1n-9 0.240.1 0.1£0.0 0.540.1 0.6+0.1 0.640.1 0.540.1
Total monounsaturated 19.1+£0.8 179+1.4 26.840.8 26.840.8 257411 240415
18:2n-6 1.440.1 1.5+0.1 0.740.1 0.740.1 14404 1.0+0.1
18:3n-6 0.14+0.1 0.1+0.0 - - - -
20:2n-6 0.240.1 0.34+0.1 0.240.0 0.24+0.0 0.34£0.0 0.240.1
20:3n-6 0.740.1 0.540.1 0.340.1 0.340.1 0.340.1 0.240.1
20:4n-6 109405 11.34+0.7 92402 92403 9.6+0.2 9.6+0.6
22:4n-6 42402 46403 42402 41402 44401 46403
22:5n-6 1.14+0.1 43+0.2""* 0.4+0.0 0.8+0.1 0.6+0.1 3.0+ 02"
Total n-6 PUFA 18.6+0.8 225+13% 14.840.4 15.240.4 16.6+0.4 18.5+1.2
18:3n-3 0.240.1 0.14+0.1 0.340.1 0.4+0.0 0.340.0 0.340.0
18:4n-3 0.240.0 0.1£0.0 0.1£0.0 0.0£0.0 02402 0.1+0.0
20:5n-3 - - 0.140.1 0.4+0.1 - 0.240.1
22:5n-3 0.240.1 0.14+0.1 0.1£0.0 0.1+0.0 0.240.0 0.14£0.0
22:6n-3 11.7 £05 7.1+08"* 12.84+0.5 11.5+0.7 12.6+04 9.5+ 0.6
Total n-3 PUFA 123405 7.540.7""* 134406 12.540.7 133403 10.1+0.6™*

Bold text indicates the 2 groups with significant difference between groups.

! The data are presented as the mean=+S.E.M. (n=4 litters, 1-2 male rats/litter for a total of n=6 per group). *P<.05; ** P<.01; *** P<.001 in a two-tailed Student's t test.

2 Fatty acids accounting for less than 0.05% of the total fatty acids are not shown.
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Table 4

Body weight at weaning and at 10 weeks old of the male offspring of rats exposed to an
n-3 fatty acid-deficient diet or the same diet supplemented with fish oil as an n-3 fatty
acid-adequate diet during either the preweaning or the postweaning period

prew-Adq prew-Def postw-Adq postw-Def

Body weight (g)
3 Weeks old (weaning) 52.3+1.7 435+29% 53.2+1.6 50.3+£1.7
10 Weeks old 341.4+7.7 344,0+8.1 338.1+6.4 317.0£9.9

The data are presented as the mean+S.E.M. (n=4 litters, 4-5 male rats/litter for a total
of n=18 per group for groups prew-Adq and prew-Def or n=>5 litters, 3-5/litter for a
total of n=20 per group for groups postw-Adq and postw-Def), *P value<.05 in a two-
tailed Student's ¢ test.

The fatty acid composition of each lipid was expressed as the weight of that lipid as a
percentage of the total weight of the carbon 14 to carbon 22 fatty acids (wt %).

2.10. Statistical analysis

The data are presented as the mean+S.E.M. A two-tailed Student's ¢ test was used
to compare differences between two groups. Two-way analysis of variance (ANOVA)
and two-way repeated-measures ANOVA followed by a Bonferroni post hoc analysis
were used to determine group and time effects. Statistics GraphPad Prism 5.0 (Graph
Pad Software, Inc., San Diego, CA, USA) was used to perform graphical and statistical
analysis. A P value<.05 was considered statistically significant.

3. Results
3.1. DHA levels in the hypothalamus

In the experiment in which the rats were exposed preweaning to
the n-3 fatty acid-deficient diet, hypothalamic DHA levels in the male

pups at weaning (3 weeks old) were significantly reduced in group
prew-Def compared to group prew-Adq, and this reduction in DHA

levels was compensated by a significant increase in n-6 decosapen-
taenoic acid (22:5n-6) levels in group prew-Def compared to group
prew-Adq (Table 3). After weaning, the pups were fed a chow diet
until 10 weeks old, when hypothalamic DHA levels were found to be
restored, with no difference between the prew-Def and prew-Adq
groups, although 22:5n-6 levels were still statistically higher in group
prew-Def (Table 3). In contrast, in the experiment in which the rats
were postweaning exposed to the n-3 fatty acid-deficient diet,
hypothalamic DHA levels in 10-week-old male offspring were
significantly decreased in group postw-Def compared to group
postw-Adq, and 22:5n-6 levels increased (Table 3).

3.2. Offspring body weight

Male offspring body weight at weaning was significantly
decreased in group prew-Def compared to group prew-Adq
(Table 4), while there was no significant difference in body weight
at 10 weeks old between any of the groups.

3.3. Anxiety-like behavior in the elevated plus-maze test

In the rats exposed preweaning to the n-3 fatty acid-deficient diet,
the time spent in the open arms was significantly decreased in group
prew-Def compared to group prew-Adq (Fig. 3a). The number of
times the rat entered the open arms was reduced in group prew-Def
compared to group prew-Adq, but the difference was not significant
(Fig. 3b, P=.08). The total number of times the rats entered any of the
arms was not significantly different between the two groups (Fig. 3c).

In the rats exposed postweaning to the n-3 fatty acid-deficient
diet, the time spent in the open arms (Fig. 3 d), the number of times
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Fig. 3. Effect of exposure to an n-3 fatty acid-deficient diet or the same diet supplemented with fish oil as an n-3 fatty acid-adequate diet during either the preweaning period (a-c) or
the postweaning period (d-f) on anxiety-like behavior in the elevated plus-maze test in male offspring at 10 weeks old. The time spent in the open arms (a, d), the number of times the
rat entered the open arms (b, e) and the total number of times the rat entered any of the arms (c, f) are shown as the mean+S.E.M. (4 litters and 2-4 male rats/litter, making a total of

n=12 per group). *P value<.05 in a two-tailed Student's t test.
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Fig. 4. Effect of exposure to an n-3 fatty acid-deficient diet or the same diet supplemented with fish oil as an n-3 fatty acid-adequate diet during either the preweaning period (a-c) or
the postweaning period (d-f) on depressive-like behavior in the forced swim test in male offspring at 10 weeks old. The time spent in climbing (a, d), immobile (b, e) or swimming (c,
f) is shown as the mean+S.E.M. (4 litters and 2-4 male rats/litter, making a total of 15 per group for groups prew-Adq and prew-Def; 4 litters and 2-3 male rats/litter, making a total of
11 per group for groups postw-Adq and postw-Def). *P<.05; **P<.01 in a two-tailed Student's ¢ test.

the rat entered the open arms (Fig. 3e) and the total number of times
the rat entered any of the arms (Fig. 3f) were not significantly
different between groups postw-Adq and postw-Def.

3.4. Depressive-like behavior in the forced swim test

In the rats exposed preweaning to the n-3 fatty acid-deficient diet,
group prew-Def exhibited a significantly shorter climbing time
(Fig. 4a) and significantly longer immobility time (Fig. 4b) than
group prew-Adq, with no significant difference in swimming time
between the two groups (Fig. 4c). In contrast, in the rats exposed
postweaning to the n-3 fatty acid-deficient diet, there were no
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Group xTime F(4,40)=3.739, P<.05

significant differences between groups postw-Adq and postw-Def in
climbing, immobility or swimming time.

3.5. Changes in colonic temperature during restraint stress

Colonic temperature changes during the 60 min of restraint stress
are shown in Fig. 5.

In the rats exposed preweaning to the n-3 fatty acid-deficient
diet, two-way ANOVA for repeated measures revealed a significant
main effect of group and a groupxtime interaction between groups
prew-Adq and prew-Def, but no time effect (Fig. 5a). The change
in colonic temperature during the stress was significantly greater
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Fig. 5. Effect of exposure of rats to an n-3 fatty acid-deficient diet or the same diet supplemented with fish oil as an n-3 fatty acid-adequate diet during either the preweaning period (a)
or the postweaning period (b) on changes in colonic temperature during 60-min restraint-induced stress in the 10-week-old male offspring. Colonic temperature was recorded before
restraint (0 min) and at 15, 30, 45 or 60 min during restraint. The data are presented as the mean4S.E.M., (n=>5 litters, 1-2 male rats/litter, making a total of 6 per group). Two-way
ANOVA for repeated measures followed by a Bonferroni posttest was used to compare group and time effects. * or # indicates a significant difference (P<.05) between the two groups

or between the indicated time and 0 min, respectively.
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Fig. 6. Effect of exposure of rats to an n-3 fatty acid-deficient diet or the same diet supplemented with fish oil as an n-3 fatty acid-adequate diet during either the preweaning period (a)
or the postweaning period (b) on serum corticosterone levels at different times after the end of 60-min restraint-induced stress in the 10-week-old male offspring. Serum
corticosterone was measured without restraint (rest) and at 0, 30 and 90 min after the end of restraint. The data are presented as the mean+S.E.M,, (5 litters and 1-2 male rats/litter,
making a total of 6 per group for groups prew-Adq and prew-Def; 5 litters and 1 male rats/litter, making a total of 5 per group for groups postw-Adq and postw-Def for each time
point). Two-way ANOVA followed by a Bonferroni posttest was used to compare group and time effects. a, b or c indicates a significant difference between two groups or compared to
the rest condition or to 0 min postrestraint, respectively.

in group prew-Def than group prew-Adq. Post hoc analysis In the rats exposed postweaning to the n-3 fatty acid-deficient

revealed that colonic temperature in group prew-Def increased diet, two-way ANOVA for repeated measures revealed a significant

significantly from 15 to 45 min of restraint compared to baseline main effect of time between groups postw-Adq and postw-Def, but no

(0 min), while no significant change in temperature was seen in group effect or groupxtime interaction (Fig. 5b). There was no

group prew-Adq. significant difference in the change in colonic temperature between
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Fig. 7. Effect of exposure of rats to an n-3 fatty acid-deficient diet or the same diet supplemented with fish oil as an n-3 fatty acid-adequate diet during either the preweaning period (a)
or the postweaning period (b) on hypothalamic GAD67 protein expression at different times after the end of 60-min restraint-induced stress in the 10-week-old male offspring. GAD67
protein expression without restraint (rest) and at 0, 30 and 90 min after the end of restraint was analyzed by Western blotting, with GAPDH as the loading control. The levels are
expressed as a percentage of the respective basal level and are presented as the mean4+S.E.M,, (5 litters and 1-2 male rats/litter, making a total of 6 per group for groups prew-Adq and
prew-Def; 5 litters and 1 male rat/litter, making a total of 5 per group for groups postw-Adq and postw-Def for each time point). Two-way ANOVA followed by a Bonferroni post hoc
test was used to determine group and time effects. a or b indicates a significant difference compared to the rest condition or to 0 min postrestraint, respectively.
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groups postw-Def and postw-Adq. Post hoc analysis revealed that
colonic temperature changes in group postw-Def increased signif-
icantly from 15 to 45 min of restraint, while those in group postw-
Adq were only significantly increased at 15 min compared to
before restraint.

There were no differences in colonic temperature before
restraint between any groups (group prew-Adq, 36.8°C+0.2°C;
group prew-Def, 36.5°C£0.3°C; group postw-Adq, 37.5°C40.2°C;
group postw-Def, 37.2°C+0.2°C).

3.6. Changes in serum corticosterone levels after restraint stress

Serum corticosterone levels after the 60 min of restraint stress are
shown in Fig. 6.

In the rats exposed preweaning to the n-3 fatty acid-deficient diet,
two-way ANOVA revealed a significant main effect of group and time
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between prew-Adq and prew-Def groups and a groupxtime interac-
tion (Fig. 6a). The changes in serum corticosterone levels after stress
were significantly greater in group prew-Def than in group prew-Adq.
Post hoc analysis revealed that there was no difference between
groups prew-Adq and prew-Def in basal corticosterone levels without
restraint (rest). Immediately after the 60 min of restraint (0 min),
corticosterone levels were significantly increased in both groups, but
were significantly higher in group prew-Def. At 30 min postrestraint,
levels in group prew-Adq were indistinguishable from basal levels,
but were significantly higher in group prew-Def. At 90 min post-
restraint, levels in both groups were at basal levels.

In the rats exposed postweaning to the n-3 fatty acid-deficient
diet, two-way ANOVA revealed a significant main effect of time
between groups postw-Adq and postw-Def, but no group effect or
groupxtime interaction (Fig. 6b). Post hoc analysis revealed that
corticosterone levels were significantly increased in both groups after
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Fig. 8. Effect of exposure of rats to an n-3 fatty acid-deficient diet or the same diet supplemented with fish oil as an n-3 fatty acid-adequate diet during either the preweaning period (a)
or the postweaning period (b) on GABA, receptor antagonist-stimulated stress-like cardiovascular responses. Heart rate (top panel), blood pressure (center panel) and core body
temperature (bottom panel) were continuously recorded after microinjection of bicuculline methiodide (0 min, arrow) into the hypothalamic paraventricular nucleus of the 10-
week-old male offspring. The data are presented as the mean+S.E.M., (4 litters and 1-2 male rats/litter, making a total of 6 per group for groups prew-Adq and prew-Def; 4 litters and
1-2 male rats/litter, making a total of 5 per group for groups postw-Adq and postw-Def). Two-way ANOVA for repeated measures followed by a Bonferroni post hoc test was used to
determine group and time effects. # indicates a significant difference compared to before microinjection.
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Fig. 8. continued.

the 60 min of restraint (0 min postrestraint) and returned to basal
levels at 30 min postrestraint. There were no differences in serum
corticosterone levels without restraint between any of the groups.

3.7. Changes in hypothalamic GAD67 protein expression after restraint stress

Changes in hypothalamic GAD67 protein expression after the
60 min of restraint stress are shown in Fig. 7.

In the rats exposed preweaning to the n-3 fatty acid-deficient diet,
two-way ANOVA revealed a significant main effect of group and time
between groups prew-Adq and prew-Def, with no groupxtime
interaction (Fig. 7a). GAD67 expression was significantly higher in
group prew-Adq than group prew-Def after the stress. Post hoc
analysis revealed that GADG7 expression was significantly increased
at 90 min postrestraint in group prew-Adq, whereas no increased
expression was observed in group prew-Def at any time poststress.

In the rats exposed postweaning to the n-3 fatty acid-deficient
diet, two-way ANOVA revealed a significant main effect of time
between groups postw-Adq and postw-Def, but no group effect or

groupxtime interaction (Fig. 7b). There was no difference in GAD67
expression between groups postw-Adq and postw-Def after the
stress. Post hoc analysis revealed that GAD67 expression was
significantly increased at 90 min postrestraint in both groups.

There were no differences in GAD67 expression between any of
the groups without stress (data not shown).

3.8. GABA, antagonist stimulation of stress-like cardiovascular responses

Microinjection into the paraventricular nucleus of bicuculline
methiodide, a GABA, antagonist, elicited increases in heart rate, blood
pressure and core body temperature, as shown in Fig. 8. There were
no significant differences in any parameter prior to microinjection
between any groups, the values for groups prew-Adq, prew-Def,
postw-Adq and postw-Def for heart rate being 326+5.1, 332+0.0,
314421.9 and 364+21.8 beats/min, those for blood pressure being
83.4+2.6, 85.1+3.1, 82.947.7 and 82.2+2.3 mmHg and those for
core body temperature being 33.7°C+0.1°C, 34.3°C£0.3°C, 33.7°C40.4°C
and 34.6°C£0.1°C.
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In the rats exposed preweaning to the n-3 fatty acid-deficient diet,
two-way ANOVA for repeated measures revealed a significant main
effect of time in these three parameters between groups prew-Def
and prew-Adq, but no group effect or groupxtime interaction
(Fig. 8a). Multiple marginal regression models for repeated measures
using the generalized estimating equations method showed that
heart rate was significantly increased in group prew-Def at 7-39 min
after bicuculline methiodide injection compared to group prew-Adq.
In group prew-Def, heart rate (top panel) was maximal (58.6+23.2
beats/min) from 3 to 24 min and returned to baseline levels at 49 min,
whereas in group prew-Adgq, it only showed a modest increase, which
was maximal (26.14-1.3 beats/min) at 15 min. In group prew-Def,
blood pressure (center panel) was maximal (10.34+4.8 mmHg) at
5-18 min and returned to baseline levels at 34 min, whereas in
group prew-Adq, it was slightly increased at 22-32 min (maximal
increase 7.243.1 mmHg at 30 min). The increase in core body
temperature (bottom panel) developed gradually over 17-60 min in
group prew-Def (maximal increase 0.51°C+0.16°C) or over 24-60 min
in group prew-Adq (maximal increase 0.40°C+0.16°C).

In the rats exposed postweaning to the n-3 fatty acid-deficient
diet, two-way ANOVA for repeated measures revealed a significant
main effect of time in these three parameters between groups postw-
Def and postw-Adq, but no group effect or groupxtime interaction
(Fig. 8b). Heart rate, blood pressure and core body temperature were
slightly increased in group postw-Def compared to group postw-Adq.

4. Discussion

This study demonstrated that DHA deficiency during the pre-
weaning period enhances the stress-induced HPA axis responses,
leading to anxiety-like and depressive-like behaviors in the male
offspring adulthood. Male rats exposed to a maternal n-3 fatty acid-
deficient diet during the preweaning period showed increased and
prolonged stress-induced increases in colonic temperature, serum
corticosterone levels and heart rate changes in adulthood, effects
not seen in male rats fed the same n-3 fatty acid-deficient diet
after weaning.

The maternal n-3 fatty acid-deficient diet caused a 39% reduction
in pup hypothalamus DHA levels at weaning. Although hypothalamic
DHA levels were restored by subsequent feeding of chow diet
containing adequate n-3 fatty acid levels for 7 weeks after weaning,
exposure to an n-3 fatty acid-deficient diet preweaning still resulted
in increased and prolonged changes in colonic temperature and
serum corticosterone levels in response to restraint-induced stress
and in enhanced anxiety-like behavior in the elevated plus-maze test
and depressive-like behavior in the forced swimming task during
adulthood. These effects were not seen in adult male rats fed an n-3
fatty acid-deficient diet after weaning, in which hypothalamic DHA
levels were normal at weaning but showed a significant 25% decrease
in the adult. These results suggest that deficiency of hypothalamic
DHA during the preweaning period may facilitate hyperactivity of the
HPA axis resulting in anxiety and depression behaviors in the adult.

The adult male rats exposed to a sunflower oil-based n-3 fatty
acid-deficient diet during the preweaning period, which had a
reduced body weight at weaning, showed an increased and prolonged
serum corticosterone response to restraint-induced stress in adult-
hood, as well as depressive-like in the forced swim test and anxiety-
like behavior but no motor activity deficit in the elevated plus-maze
test. In a previous study, pup body weight at weaning was not affected
by a maternal low n-3 fatty acid diet prepared from a mixture of
safflower and soybean oils containing 0.38 g/kg diet of 18:3n-3,a DHA
precursor, which may have supplied DHA to the offspring [29]. In
studies in humans, birth weight has been positively associated with
maternal intake of fish or seafood during pregnancy [30,31]. Adult
men who were born with a lower birth weight have higher plasma

cortisol levels and show increased total urinary cortisol metabolite
excretion in response to ACTH challenge [32], and young humans
born with a lower birth weight show greater right frontal electroen-
cephalogram activity at rest and more severe internalizing problems,
including depression and anxiety [33,34]. These results indicate that a
low body weight in early life may facilitate stress-induced HPA
responses in the adult male. In addition, depression and anxiety
disorders are associated with excessive stress responses and HPA axis
hyperactivity in adult rats, monkeys and humans [35], and a low birth
weight is positively correlated with HPA axis hyperactivity and
depression in humans [8,36].

The developing brain is more vulnerable to DHA deficiency
because of rapid neurologic processing, including synapse formation,
neurite outgrowth, myelination, neurotransmitter secretion and
neurological function [2,37-39]. Although low brain DHA levels
during development can be restored to normal by subsequent n-3
fatty acid supplementation, physiological functions are still affected.
In rats exposed to an n-3 fatty acid-deficient diet from the embryo to
postnatal day 21 and then switched to an n-3 fatty acid-adequate diet
for 6 weeks, prefrontal cortex and hippocampal DHA levels were
restored to normal, but dopaminergic neurotransmission and sero-
tonin release were not [40,41]. In rats exposed to an n-3 fatty acid-
deficient diet from the embryo to 2 months old and then
supplemented with n-3 fatty acid-enriched fish oil for about
3 months, hippocampal DHA levels were restored, and water-maze
learning memory performance improved but was not fully restored
[28]. Rats exposed to an n-3 fatty acid-deficient diet during early life
from the embryo to postnatal day 64 are more vulnerable to
hypertension in later life than those exposed to the same diet during
adulthood [42]. In rats exposed to an n-3 fatty acid-deficient diet from
the embryo to postnatal 7 weeks old and then supplemented with n-3
fatty acid-enriched egg yolk or pig brain phospholipids for 2 months,
brain DHA levels were restored, but anxiety-like behavior in the plus-
maze test was still significantly increased [43]. In the present study, in
rats exposed to an n-3 fatty acid-deficient diet from the embryo to 3
weeks old and then switched to an n-3 fatty acid-adequate chow diet
for 7 weeks, hypothalamic DHA levels were restored, but anxiety-like
behavior in the plus-maze test and depressive-like behavior in the
forced swimming task were still significantly increased. These studies
suggest that DHA deficiency during brain development may lead to
irreversible damage to certain brain functions. In contrast, DHA-
deficient mice or rats fed an n-3 fatty acid-deficient diet from the
embryo throughout their entire life, as opposed to only in early life, as
in this study, showed either no difference in or lower anxiety-like
behavior in the plus-maze test and depressive-like behavior in the
forced swimming task compared to animals fed an n-3 fatty acid-
adequate diet [44-48]. This may be partly due to the different
experimental design regarding the period of DHA deficiency. Further
studies are needed on the effect of n-3 fatty acids on anxiety and
depression.

Lack of GABA has long been associated with depression and
anxiety, and positive modulators of GABA, receptors can have
antidepression effects [12]. In the present study, the GABA,
antagonist bicuculline induced an increase in heart rate that was
significantly higher in adult rats exposed to an n-3 fatty acid-deficient
diet during the preweaning period than in rats with the same
deficient diet supplemented with fish oil as an adequate n-3 fatty acid
diet during the same period. Moreover, hypothalamic GADG67
expression after restraint stress was not changed in adult rats
exposed to an n-3 fatty acid-deficient diet during the preweaning
period, in contrast to the other groups fed an n-3 fatty acid-deficient
diet postweaning or the same deficient diet supplemented with fish
oil as an n-3-adequate diet throughout life, in which it was increased
at 90 min after stress. This suggests that DHA deficiency during the
preweaning period may have an impact on GABAergic regulation later
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in life. In addition, DHA supplementation attenuates GABA4 receptor
antagonist-enhanced conditioned fear-induced freezing behavior in
DHA-deficient rats [49]. Moreover, DHA and EPA supplementation or
GABA agonist administration decreases the frequency, duration and
severity of seizures in patients with epilepsy, who show impaired
GABAergic regulation and exhibit anxiety disorders [19,20,50]. These
studies suggest that n-3 fatty acid may have antistress effects
involving GABAergic modulation.

In conclusion, this study shows that DHA deficiency during the
preweaning period can lead to excessive HPA axis responses to stress
and enhanced anxiety- and depressive-like behaviors in the male
offspring in adulthood. We propose that the effect of brain DHA
deficiency during brain development on HPA activity may involve a
GABA, receptor-mediated mechanism.
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