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Abstract

Alzheimer’s disease (AD) is not normally diagnosed until later in life, although evidence suggests that the disease starts at a
much earlier age. Risk factors for AD, such as diabetes, hypertension and obesity, are known to have their affects during
mid-life, though events very early in life, including maternal over-nutrition, can predispose offspring to develop these
conditions. This study tested whether over-nutrition during pregnancy and lactation affected the development of AD in
offspring, using a transgenic AD mouse model. Female triple-transgenic AD dam mice (3xTgAD) were exposed to a high-fat
(60% energy from fat) or control diet during pregnancy and lactation. After weaning (at 3 weeks of age), female offspring
were placed on a control diet and monitored up until 12 months of age during which time behavioural tests were
performed. A transient increase in body weight was observed in 4-week-old offspring 3xTgAD mice from dams fed a high-
fat diet. However, by 5 weeks of age the body weight of 3xTgAD mice from the maternal high-fat fed group was no different
when compared to control-fed mice. A maternal high-fat diet led to a significant impairment in memory in 2- and 12-
month-old 3xTgAD offspring mice when compared to offspring from control fed dams. These effects of a maternal high-fat
diet on memory were accompanied by a significant increase (50%) in the number of tau positive neurones in the
hippocampus. These data demonstrate that a high-fat diet during pregnancy and lactation increases memory impairments
in female 3xTgAD mice and suggest that early life events during development might influence the onset and progression of

AD later in life.
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Introduction

Alzheimer’s disease (AD) is a chronic progressive neurodegen-
erative disorder characterised by the accumulation of extracellular
amyloid-beta (AP) plaques and neurofibrillary tangles composed of
hyperphosphorylated tau [1]. AD patients present with complex
cognitive impairment, with memory loss being one of the earliest
clinical symptoms. Historically AD was thought to be a disease
that developed in later life, but there is increasing evidence that the
disease likely begins many years before clinical presentation.
However, exactly when AD begins, and why some people get it
and others do not, is not understood fully. Many environmental
risk factors for AD (e.g. diet, hormones, metal exposure) are
thought to have their major effects long before disease diagnosis
[2,3]. Obesity and consumption of a Western-style high-fat diet,
especially in mid-life, are associated with an increased risk of
dementia and AD in humans later in life [4-11]. The prevalence
of AD is greater in countries where the intake of high-fat/high
calorie diets is high, but lower in those that consume diets low in
fat [12,13]. Experimental animal studies also show that disease
neuropathology (e.g. AP production) and/or behavioural deficits
are enhanced in transgenic AD mice that are maintained on a
high-fat diet [14-20].
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As well as risk factors that occur in mid-life, evidence is now
emerging to suggest that events as early as during fetal
development may impact on the subsequent appearance of AD
in late life [2,3,21-25]. The idea that the intra-uterine environ-
ment may influence the development of late-life chronic diseases
was proposed over two decades ago. The Barker’s “fetal origins of
adult disease hypothesis” states that environmental factors,
especially nutrition, act in early life to program the risks for the
onset of cardiovascular and metabolic disease in adult life [26,27].
For example, high-fat diet-induced maternal obesity can impact
on fetal growth, and subsequently increase the risk of offspring
developing obesity in adulthood [28-30]. However, it has yet to be
shown directly whether a change in environment, in-utero and early
in development, can alter the onset and/or disease severity in
transgenic AD models, although short-term exercise during
pregnancy can decrease pathology in offspring of an AD mouse
model [31].

Recent data from epidemiological studies show that maternal
obesity is associated with an increased risk of childhood
behavioural and cognitive disturbances [32,33]. Furthermore,
animals that are exposed to maternal obesity and high-fat diets
during early development also exhibit altered behaviour including
increased anxiety/stress, changes in locomotion, aggression,
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Figure 1. A high-fat diet during pregnancy and lactation increases bodyweight in 3xTgAD dams and offspring mice. Bodyweight (g)
of female dams during pregnancy and lactation (A) and, offspring mice (of mixed sex) after birth and during lactation (B). Data are mean = SEM for
n=4/group for dams and n=23-30/group for pups. ¥*P<<0.05, ***P<<0.001 versus control fed groups.

doi:10.1371/journal.pone.0099226.g001

altered reward based behaviours and impaired cognitive function
[34-42]. Thus, as obesity is a risk factor for AD and excess calories
in adulthood worsen AD in animal models, it is possible that over-
nutrition during pregnancy and lactation may affect the develop-
ment of AD in offspring. In the present study we therefore tested
the hypothesis that maternal over-nutrition due to high-fat
consumption during pregnancy and lactation in an animal model
of AD worsens and/or accelerates AD disease pathology and
behaviour in offspring.

Methods

Ethics Statement
All experimental procedures using animals were conducted in
accordance with the United Kingdom Animals (Scientific Proce-

dures) Act, 1986 and approved by the Home Office and the local
Animal Ethical Review Group, University of Manchester.

Animals and Diets

Triple-transgenic AD (3xTgAD) mice (human APPg., PS1y1146
and taupsoyr) on a C57BL6/129sv background were supplied
originally by Frank LaFerla and Salvadore Oddo (University of
California-Irvine, CA, USA) and in-house colonies were estab-
lished [43]. Mice were housed in standard housing conditions
(temperature 20%=2°C, humidity 55%5%, 12-hour light/dark
cycle with lights on at 07.00am), and given ad-libitum access to
standard rodent chow and water unless stated otherwise.

3xTgAD (8-week-old) females were mated with 3xTgAD males
and once copulation was confirmed (by presence of vaginal plug),
females were housed individually and randomly allocated to either
a high-fat (60% fat by energy, 58G9, Test Diets, supplied by IPS
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Figure 2. A high-fat diet during pregnancy and lactation transiently increases bodyweight in female 3xTgAD offspring. In separate
groups of mice bodyweight was measured weekly after weaning between 4-10 weeks of age (approximately 2 months of age) (A) and 1-12 months
(B) in female 3xTgAD offspring mice from either control or high-fat fed dams. Dashed line indicates the age at which behaviour was assessed (data
are presented in Figures 3 and 4). Data are mean = SEM for n=5 per group. ***P<0.001 versus control fed mice.
doi:10.1371/journal.pone.0099226.g002
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Product Supplies Ltd, UK; n=4) or a control diet (12% fat by
energy; 58G7, Test Diets, supplied by IPS Product Supplies Ltd;
n=4), which were protein and micronutrient matched. All
pregnant female mice (dams) were maintained on their respective
diets throughout gestation and lactation and their body weight
recorded. Once born, all offspring remained with their mothers
during lactation until weaning at 21 days of age (3 weeks of age)
when female mice were then placed on a standard chow diet
(BKOO1, Special Diets Services, UK). There was no significant
difference in litter size or ratio of male/female pups from control
versus high-fat fed dams. Female offspring mice were maintained
until 10 weeks (referred to as 2 months of age; control diet, n=5;
high-fat diet, »=15) or 12 months of age (control diet, = 5; high-
fat diet, n=5) when bechavioural assessment was performed.
Behavioural tests were also completed at 6 months of age in the
mice maintained until 12 months of age. In all groups body weight
and food intake were recorded weekly.

Behavioural Tests

To evaluate memory and cognition, mice were subjected to the
Y-maze spontaneous alternation test, and then either the novel
object recognition or Morris water maze (MWM) test. To allow for
habituation, home cages were placed in the testing room 30 min
prior to testing. All behavioural observations were made between
10.00 am and 16.00 pm. The order of observation during this
period was randomised across animals. No more than one
behavioural test was completed during any single day. All
equipment was cleaned with 70% ethanol between animals.

Y-maze Spontaneous Alternation Test

Short-term working memory was assessed in the Y-maze
spontaneous alternation test using a black opaque Perspex Y-
maze with three arms (A, B and C), each containing a different
visual cue. Each animal was placed in arm A of the Y-maze and
allowed to explore for 8 min and arm entries made by each animal
recorded. Arm entry was defined as having all 4 paws in the arm.
Spontaneous alternation was defined as a successive entry into
three different arms, on overlapping triplet sets in which three
different arms are entered [44,45]. The percentage of alternations
was calculated as the number of alternations divided by the total
arm entries minus two.
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Table 1. Body and organ weights of 3xTgAD offspring female mice from dams fed a control or high-fat diet.
Weight (g) Control High-fat

2-month-old

Body 21.5*+0.6 21.2+0.9

Fat 0.36%0.05 0.25%+0.03

Liver 0.82+0.02 0.91+0.04

Spleen 0.12*0.01 0.1120.01

12-month-old

Body 28.3*0.4 27.6*0.7

Fat 0.45+0.02 0.40£0.04

Liver 0.96+0.03 1.09+0.08

Spleen 0.14+0.01 0.160.03

Body, fat (gonadal), liver and spleen weight were measured in separate groups of 2- or 12-month-old female 3xTgAD offspring mice from dams fed either a control or
high-fat diet throughout gestation and lactation. Data are mean * SEM, n=5/group. Student’s t test.

doi:10.1371/journal.pone.0099226.t001

Morris Water Maze

Spatial reference memory was assessed in the MWM using a
1.2 m diameter circular white opaque plastic tank containing
water maintained at a temperature of 21-22°C and made opaque
using water-soluble non-toxic white paint (Universe of Imagina-
tion, Geoffrey Inc., U.K.). Mice were initially given 2 d of visual
platform training followed by 5 d of hidden platform training and
a | d probe trial based on protocol by Vorhees and Williams [46].
Briefly, for the acquisition of the visual platform training, mice
were placed into the maze without spatial cues, and allowed to
locate a visual flagged platform. If the platform was not found
within 2 min, the mouse was gently guided to it. Mice were given
four trials each day for 2 d with a different start position and
flagged platform location each trial. For the acquisition of the
hidden platform task, four trials per day were conducted for 5 d.
The sequence of start positions was different on each training day
and visual spatial cues were located outside the tank. The latency
to find the platform was recorded with a maximum of 2 min
allowed. To test memory retention of the platform location, mice
underwent a probe trial 24 h after the final hidden platform
training trial. During the probe trial, the platform was removed
and the mouse was placed in the pool and allowed to swim for
30 s. Time spent in each quadrant was recorded. Each trial was
monitored and analysed using a CCTV tracking camera (Vista
protos IV, UK) and 2020 PLUS tracking software (HVS Image,
Buckingham, UK). The escape latency (sec) and swim speed (m/
sec) during the hidden platform training, and the percentage time
in the target quadrant and the average time spent in all other
quadrants during the probe trial were calculated.

Novel Object Recognition Test

Short-term non-associative memory based on the natural
exploration of novelty in mice was assessed in the novel object
recognition test. All mice were habituated to the circular arena for
5 min over 2 d. On the day of testing, mice were placed in the
arena and allowed to explore two identical unfamiliar wooden
objects (Universe of Imagination, Geoffrey, Inc., U.K.) for 10 min
(phase 1). The objects were placed in the centre of the arena, 5 cm
from the edge and 8 cm away from each other. Mice were then
removed and one of the objects was replaced with a novel object
that varied in shape and colour. The novel object was placed
randomly in either the left or right position. After a delay of 1 h,
mice were placed back into the arena and allowed to explore for a
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Figure 3. A high-fat diet during pregnancy and lactation
impairs memory in female 3xTgAD offspring mice at 2 months
of age. Memory was assessed in female 3xTgAD offspring mice using
the Y-maze spontaneous alternation test (A) and the Morris water maze
(MWM) test (B-C). For the MWM mice were given four trials a day for
5 d of submerged platform training (B). Twenty-four hours after the
final trial mice were given a probe test with no platform (C). Data are
mean = SEM for n=5 per group. *P<<0.05 versus the target quadrant
for control fed group.

doi:10.1371/journal.pone.0099226.9g003

further 4 min (phase 2). All behaviour was recorded with a camera
(Sanyo Xacti VPC-C4, SANYO Fisher, CA) and MP4 video-clips
were converted to an AVI format using Pazera MP4 to AVI
converter 1.3 (Pazera-Software, PL). The duration (sec) spent
exploring the objects was then measured using Observer 5.0
software (Noldus, Wageningen, The Netherlands) with the
investigator being blinded to the sex and treatment of the mice.
Exploration was defined as the amount of time the animals spent
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with their nose pointing within 2 cm of the objects. The
percentage time spent exploring the objects was calculated for
phases 1 and 2.

Immunohistochemistry

After all behavioural studies at approximately 2 months and 12
months of age, mice were weighed, anaesthetised using isoflurane
(1.5-2.5% in Oy) and intracardially-perfused with 0.9% saline.
The liver, spleen and a gonadal fat pad were dissected and weights
recorded. The brain was removed and immerse fixed overnight in
4% paraformaldehyde (Sigma-Aldrich, UK; in 0.1 M phosphate
buffer (PB)), before cryoprotection in 30% sucrose (Fischer
Scientific, UK) in 0.1 M PB at 4°C for 24 h. Coronal 30 um
brain sections were then cut on a freezing sliding microtome (from
0.38 to —3.88 mm relative to bregma according to the atlas of
Paxinos and Franklin [47]. Immunohistochemistry for either AP
or phosphorylated tau was then performed on free-floating
sections. Briefly, endogenous peroxidase was removed before
treatment in blocking solution (10% normal horse serum in PB/
0.3% triton). Sections were then incubated at 4°C overnight with
either a mouse monoclonal anti-human amyloid 6E10 (1:3000,
Covance-Signet Laboratories UK) for AB, or mouse monoclonal
anti-human PHF-tau (AT8; 1:1000, Autogen Bioclear, UK) for
hyperphosphorylated tau. After washes in PB/0.3% triton,
sections were treated for 2 h in a biotinylated horse anti-mouse
IgG antibody (1:500; Vector Laboratories Ltd., Peterborough,
UK). Following washes (in 0.1 M PB), sections were immersed in
avidin-biotin-peroxidase complex (ABC, Vector Laboratories Ltd)
for 30 min, rinsed in 0.1 M PB and colour-developed using a
0.05% diaminobenzidine solution (in 0.01% HyO,). Sections were
mounted onto gelatine-coated slides, dried, and coverslips were
applied before viewing under a light microscope. The number of
immunopositive cells in the hippocampus expressing tau was
counted unilaterally, using a light microscope, and the average
number of cells per section calculated. The AP plaque burden was
determined throughout in the hippocampus. The plaque area was
measured in each section and the plaque burden calculated as
percentage plaque area (immunopositive area/total area used x
100). The investigator was blinded to genotype and treatment. As
no AP plaques are present in the cortex or amygdala, and very few
neurofibrillary tangles in the amygdala (with none in the cortex) in
12-month-old 3xTgAD mice, AD-like pathology was analysed in
the hippocampus only.

Statistical Analyses

Data are represented as mean * standard error of the mean
(SEM) and were analysed with SigmaStat. Body weight was
assessed using a 2-way repeated measures ANOVA  with
Bonferroni’s post-hoc test. Evaluation of memory in the Y-maze
spontaneous alternation test, novel object test, the probe test of the
MWM, organ weights and pathology were examined using
Student’s #tests. MWM training was assessed between cohorts
on individual training days and compared within cohorts between
the first day of training and successive days of training to assess
improvement over time via 2-way repeated measures ANOVA
with Bonferroni’s post-hoc test. Statistical significance was taken at
P<0.05.

Results

Effect of Maternal High-fat Diet on Bodyweight in
3xTgAD Dams and Pups

After confirmation of mating, 3xTgAD dams that were
maintained on a high-fat diet weighed more than control fed
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Figure 4. A high-fat diet during pregnancy and lactation impairs memory in female 3xTgAD offspring mice at 12 months of age.
Memory was assessed in female 3xTgAD offspring mice using the Y-maze spontaneous alternation test (A) and the Morris water maze (MWM) test (B-
C) at 6 months of age, and the Y-maze spontaneous alternation test (D) and novel object recognition test (E) at 12 months of age. For the MWM mice
were given four trials a day for 5 d of submerged platform training (B). Twenty-four after the final trial mice were given a probe test with no platform
(C). Data are mean = SEM for n=5 per group. **p<<0.01 versus control fed group; ***P<<0.001 versus familiar object in control fed group.
doi:10.1371/journal.pone.0099226.9g004

mice at day 14 of gestation. Most dams gave birth at 18-19 days of At birth (day 0) and day 21 there was a significance increase in
gestation. After birth 3xTgAD dams fed a high-fat diet were bodyweight of 3xTgAD offspring (unsexed) from dams fed a high-
significantly heavier than control fed dams at days 0 and 21 of fat diet compared to control diet (Figure 1B).

lactation (Figure 1A).
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Figure 5. A high-fat diet during pregnancy and lactation increases tau pathology in the hippocampus of female 3xTgAD offspring
mice at 12 months of age. The AP extracelluar plague burden (A) and the number of hyperphosphorylated tau-positive neurones/section (B) were
assessed in the hippocampus of female offspring mice from dams fed a control or high-fat diet during pregnancy and lactation. Data are mean *=
SEM for n=5 per group. *P<0.05. C-F are representative photomicrographs in the hippocampus of Af plagues (C-D) and hyperphosphorylated tau
(E-F) detected by immunohistochemistry using 6E10 and AT8 antibodies, respectively. Scale bars: 100 um.

doi:10.1371/journal.pone.0099226.g005

Effect of Maternal High-fat Diet on Bodyweight in
3xTgAD Offspring at 2 and 12 Months of Age

In both cohorts of mice, at 4 weeks/Imonths of age, after
weaning and sexing, female 3xTgAD offspring mice from high-fat
fed dams weighed significantly more (31-33%) than control fed
mice (Figures 2A and B). However after this time and up to 10
weeks of age (2 months, Figure 2A) and 12 months of age
(Figure 2B) there was no difference in bodyweight between the two
groups.

Between both 4-10 weeks and 1-12 months of age there was no
significant difference in the average weekly food intake for female
3xTgAD offspring mice from high-fat compared to control fed
dams (4-10 weeks: control, 20.7%0.9 g versus high-fat,
21.8%£2.8 g, p>0.05; 1-12 months: control, 21.3+0.5 g versus
high-fat, 21.2%£0.4 g; P>0.05).

After the behavioural tests were performed in both cohorts (at
approximately 2 or 12.5 months of age) there was a no significant
difference in bodyweight and weight of the gonadal fat, liver and
spleen between female 3xTgAD mice from dams fed a high-fat or
control diet (Table 1).

Effect of Maternal High-fat Diet on Memory in 3xTgAD
Offspring at 2 Months of Age

At 2 months of age cognition was assessed in 3xTgAD female
offspring mice from dams fed either a control or high-fat diet using
the Y-maze and MWM tests. In the Y-maze, there was no
significant difference in the % alternation between control and

PLOS ONE | www.plosone.org

high-fat fed 3xTgAD offspring mice (Figure 3A). In the acquisition
phase of the MWM, control- and high-fat fed groups of female
3xTgAD mice were unable to learn the location of the platform as
no significant difference in latency was observed between days 1
and 5 of training (Figure 3B). No significant difference in swim
speed was observed between control and high-fat fed 3xTgAD
offspring mice (data not shown). In the probe test (of the MWM)
female 3xTgAD mice from dams fed a control diet spent
significantly more time in the target quadrant demonstrating
memory formation, however a high-fat diet impaired memory as
female 3xTgAD mice from high-fat fed dams spent the same
amount of time in the target quadrant versus other quadrants
(Figure 3C). Male 3xTgAD mice were also assessed but appeared
to be cognitively less able than female mice. As early as 2 months
of age all male mice had memory deficits in the acquisition and
probe phase of the MWM test regardless of maternal diet (data not
shown). No conclusion could therefore be made about the effect of
maternal high-fat diet in male mice, since the mice already showed
significant cognitive impairment.

Effect of Maternal High-fat Diet on Memory in 3xTgAD
Offspring at 6 and 12 Months of Age

Cognition was assessed at both 6 and 12 months of age in the
same groups of female 3xTgAD mice from dams fed either a
control or high-fat diet. In the Y-maze at 6 months of age there
was no difference in the % alternations between 3xTgAD mice
from the control or high-fat fed groups (Figure 4A). In the MWM,

June 2014 | Volume 9 | Issue 6 | €99226



female 3xTgAD mice from dams fed a control or high-fat diet did
not learn as there was no significant difference in latency in the
acquisition phase test between days 1-5 (Figure 4B) or the % time
spent in the target quadrant versus other quadrants in the probe
task (Figure 4C). There was also no significant difference in swim
speed in the acquisition phase of the MWM between control and
high-fat 3xTgAD female offspring mice (data not shown).

At 12 months of age the female 3xTgAD offspring from dams
fed a high-fat diet were cognitively less able than control mice as
significantly fewer % alternations were performed in the Y-maze
in the female high-fat group compared to controls (P<<0.01;
Figure 4D). As all mice were not able to learn in the MWM test at
6 months of age (Figures 4B and C) this assessment was not
repeated in 12-month-old mice but the novel object recognition
test was performed. For 12-month-old female 3xTgAD mice from
dams fed either a control or high-fat diet, there was no difference
in exploration of identical objects during phase 1 of the novel
object recognition test (data not shown). In phase 2 of the novel
object recognition test, 12-month-old 3xTgAD female mice from
control-fed dams exhibited intact memory as more time was spent
exploring the novel versus the familiar object (P<0.001), whereas a
maternal high-fat diet impaired memory as 3xTgAD mice from
dams fed a high-fat diet spent a similar amount of time exploring
both objects (Figure 4E).

Effect of Maternal High-fat Diet on AD Pathology in
3xTgAD Offspring at 12 Months of Age

At 12-months of age there was a significant increase (~50%) in
the number of phosphorylated tau-positive neurones in the
hippocampus of 3xTgAD female mice from dams fed a high-fat
diet compared to control diet (Figures 5B and E-F). There was no
effect of a maternal high-fat diet on the AP plaque burden in the
hippocampus of female 3xTgAD mice (Figures 5A and C-D). At 2
months of age no AP plaques or phosphorylated tau-positive
neurones were detected in the hippocampus of 3xTgAD female
offspring mice from dams fed a control or high-fat diet (data not
shown).

Discussion

The present study demonstrates that a high-fat diet during
gestation and lactation affects memory and increases tau pathology
in female offspring 3xT'gAD mice. This study is therefore the first
to demonstrate that a maternal high-fat diet can affect disease
severity in an AD mouse model, although we previously reported
that a post-natal high-fat diet can affect memory in male 3xTgAD
mice [20]. The negative effect of a maternal high-fat diet on
memory in female 3xTgAD offspring was detected as early as 2
months of age and was still present in 12-month-old mice,
demonstrating long-lasting changes in memory.

Although the data in the present study show that a high-fat diet
during intrauterine and early postnatal development can affect
cognition in offspring from 3xTgAD mice it is not known whether
the maternal diet is mediating its effects during pregnancy or
lactation or both. However, it is likely that they are equally
important as both are critical stages of development. As the dams
had higher bodyweight during gestation and lactation it also
remains to be determined if the effects of maternal diet on memory
are due to maternal obesity or the high-fat diet per se.

In humans, maternal obesity and high calorie diets during
pregnancy increase risk of developing obesity in offspring [28-30]
and, obesity at mid-life is associated with an increased risk of
dementia and AD later in life [4-6]. In the present study a
maternal high-fat diet increased bodyweight in female 3xTgAD
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offspring. However, these effects were transient and there was no
significant difference in bodyweight or adipose tissue mass between
control and high-fat fed female 3xTgAD offspring at the time of
behavioural testing. Thus, the detrimental effects of maternal high-
fat diet on memory in female 3xTgAD offspring in the current
study are likely to be independent of bodyweight/adiposity.
Alternatively, it is possible that the transient increase in body
weight early in life has long lasting effects that worsen AD
progression in later life. Sustained increases in bodyweight have
been observed in non-transgenic offspring rodents from high-fat
fed dams, although data are not consistent in all studies [48,49]. It
1s possible that 3xTgAD mice respond differently to a maternal
high-fat diet as the metabolism, appetite and bodyweight of these
mice is altered when compared to non-transgenic controls [50,51].
In addition to obesity, perinatal over-nutrition can also increase
the risk of developing insulin resistance/diabetes and hypertension
in offspring [52,53], all of which are risk factors for AD [54].
However, as these parameters were not assessed in the present
study their role in the detrimental effect of maternal obesity on
cognitive function in AD offspring remains to be determined.

While this study is the first to report an effect of maternal diet on
memory in an AD mouse model, changes in cognitive function
have been observed in non-transgenic offspring mice from dams
fed a high-fat diet, although findings are inconsistent. A maternal
high-fat diet has been shown to decrease memory formation in
both male [38] and female [41] mice. This negative effect on
cognition in male mice is transient as a deficit in memory
performance is observed at 3—4 but not 10-11 weeks of age in
offspring from dams fed a 32% high-fat diet [38]. The detrimental
effect of maternal high-fat diet in female offspring mice on
memory was observed at 8 weeks of age, but in this study mice
were maintained on the high-fat diet after birth until behavioural
analysis [41] and therefore the post-natal impact of a high-fat diet
cannot be separated from effects during pregnancy and lactation.
Studies in rats have shown that there is no effect of a high-fat diet
(60%) during pregnancy and lactation on memory in male
offspring at 20 weeks of age [42]. However, a maternal high-fat
diet sensitised offspring to high-fat feeding in adulthood, as a
reduction in memory was observed in 20-week-old male rats that
were born from high-fat fed dams and subsequently maintained on
a post-natal high-fat diet [42]. In contrast to the detrimental effects
of maternal obesity on cognition, an increase in memory
formation has been observed in 3-month-old male and female
offspring rats from dams fed a 60% high-fat diet during pregnancy
and lactation [55]. Overall, therefore, the effects of a maternal
high-fat diet in non-transgenic offspring rodents appear complex
and are likely to depend on several factors including, the exact
composition of the diet, duration and timing of exposure to diet,
the type of behavioural test employed, and when the behavioural
analysis is performed.

The effect of a maternal high-fat diet on memory in female
3xTgAD mice observed in the current study could be due to
alterations in epigenetic regulation of neural pathways and
molecular mechanisms involved in learning and memory in the
hippocampus since maternal obesity and a high-fat diet during
development can alter the structure and functional plasticity of the
hippocampus in non-transgenic offspring mice. Fewer neurones
and abnormal dendritic differentiation of new neurones are
detected in the hippocampus of non-transgenic offspring mice that
were exposed to a high-fat diet during gestation and lactation,
effects that are possibly due to a reduction in brain-derived
neurotrophic factor (BDNF) expression [38,56]. Whether these
changes in the hippocampus are also observed in female 3xTgAD
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offspring mice from dams fed a high-fat diet remain to be
established.

3xTgAD mice present with both AP plaques and neurofibrillary
tangles composed of hyperphosphorylated tau [43]. The effect of
maternal obesity on memory in female 3xTgAD offspring mice
was not associated with a change A plaque pathology but with an
increase in the number of tau-positive neurones. It is possible
therefore that an increase in tau phosphorylation may play a role
in the memory impairment observed in female high-fat fed
3xTgAD offspring. In support, high-fat diets during adulthood
increase tau pathology in 3xTgAD mice [16] and also in other AD
and tau-expressing mouse models [57-59]. These effects of a high-
fat diet on tau might be due to a change in free fatty acids (FFA)
profile, as saturated FFA, which are associated with obesity and
high-fat diets, can increase tau phosphorylation in cortical
neurones i vitro [60]. However, no effect of a high-fat diet is
observed on AP and tau pathology in 3xTgAD male mice when
the diet was given after the weaning period (from 8 weeks of age)
[20].

In summary, these data demonstrate for the first time that
maternal obesity in an experimental mouse model of AD can
Impair cognitive function in female offspring and imply that AD
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pathogenesis might be influenced during development. The idea
that changes in maternal metabolism during a critical period of
development (gestation and lactation) can impact on AD is
supported by the demonstration that short-term exercise during
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understanding the mechanisms involved in the detrimental effect
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Is Increasing.

Acknowledgments

We are grateful to Sarah Gumusgoz and Graham Coutts for invaluable
technical assistance and the Biological Services Facility at the University of
Manchester for expert animal husbandry. We also acknowledge the
support of the local Alzheimer’s Research Trust Network.

Author Contributions

Conceived and designed the experiments: CBL. Performed the experi-
ments: SALM CHJ SMA CBL. Analyzed the data: SALM CHJ CBL.
Wrote the paper: CBL. Commented on the manuscript: SMA.

but does not alter amyloid-beta and tau pathologies in the 3xTg-AD model of
Alzheimer’s disease. Neuroscience 159: 296-307.

20. Knight EM, Martins IVA, Gumusgoz S, Allan SM, Lawrence CB (2014) High-
fat diet-induced memory impairment in 3xTgAD mice is independent of
changes in amyloid and tau pathology. Neurobiol Aging DOI, 10.1016.

21. Breteler MM (2001) Early life circumstances and late life Alzheimer’s disease.
Epidemiology 12: 378-379.

22. Whalley L], Dick FD, McNeill G (2006) A life-course approach to the aetiology
of late-onset dementias. Lancet Neurol 5: 87-96.

23. Kajantic E (2008) Early-life events. Effects on aging. Hormones (Athens) 7: 101
113.

24. Ross MG, Desai M, Khorram O, McKnight RA, Lane RH, et al. (2007)
Gestational programming of offspring obesity: a potential contributor to
Alzheimer’s disease. Curr Alzheimer Res 4: 213-217.

25. Gustafson D (2008) A life course of adiposity and dementia. Eur J Pharmacol
585: 163-175.

26. Barker DJ, Osmond C (1986) Infant mortality, childhood nutrition, and
ischaemic heart disease in England and Wales. Lancet 1: 1077-1081.

27. Hales CN, Barker DJ (2001) The thrifty phenotype hypothesis. Br Med Bull 60:
5-20.

28. Cottrell EC, Ozanne SE (2008) Early life programming of obesity and metabolic
disease. Physiol Behav 94: 17-28.

29. McMillen IC, Adam CL, Muhlhausler BS (2005) Early origins of obesity:
programming the appetite regulatory system. ] Physiol 565: 9-17.

30. Freeman DJ (2010) Effects of maternal obesity on fetal growth and body
composition: implications for programming and future health. Semin Fetal
Neonatal Med 15: 113-118.

31. Herring A, Donath A, Yarmolenko M, Uslar E, Conzen C, et al. (2012) Exercise
during pregnancy mitigates Alzheimer-like pathology in mouse offspring.
FASEB J 26: 117-128.

32. Rodriguez A, Miettunen J, Henriksen TB, Olsen J, Obel C, et al. (2008)
Maternal adiposity prior to pregnancy is associated with ADHD symptoms in
offspring: evidence from three prospective pregnancy cohorts. Int J Obes (Lond)
32: 550-557.

33. Rodriguez A (2010) Maternal pre-pregnancy obesity and risk for inattention and
negative emotionality in children. J Child Psychol Psychiatry 51: 134-143.

34. Naef L, Srivastava L, Gratton A, Hendrickson H, Owens SM, et al. (2008)
Maternal high fat diet during the perinatal period alters mesocorticolimbic
dopamine in the adult rat offspring: reduction in the behavioral responses to
repeated amphetamine administration. Psychopharmacology (Berl) 197: 83-94.

35. Raygada M, Cho E, Hilakivi-Clarke L (1998) High maternal intake of
polyunsaturated fatty acids during pregnancy in mice alters offsprings’ aggressive
behavior, immobility in the swim test, locomotor activity and brain protein
kinase C activity. J Nutr 128: 2505-2511.

36. Sullivan EL, Grayson B, Takahashi D, Robertson N, Maier A, et al. (2010)
Chronic consumption of a high-fat diet during pregnancy causes perturbations
in the serotonergic system and increased anxiety-like behavior in nonhuman
primate offspring. J Neurosci 30: 3826-3830.

37. Jones KL, Will MJ, Hecht PM, Parker CL, Beversdorf DQ (2013) Maternal diet
rich in omega-6 polyunsaturated fatty acids during gestation and lactation
produces autistic-like sociability deficits in adult offspring. Behav Brain Res 238:
193-199.

June 2014 | Volume 9 | Issue 6 | €99226



38.

39.

40.

41.

42.

43.

44.

46.

47.

48.

49.

Tozuka Y, Kumon M, Wada E, Onodera M, Mochizuki H, et al. (2010)
Maternal obesity impairs hippocampal BDNF production and spatial learning
performance in young mouse offspring. Neurochem Int 57: 235-247.
Rodriguez JS, Rodriguez-Gonzalez GL, Reyes-Castro LA, Ibanez C, Ramirez
A, et al. (2012) Maternal obesity in the rat programs male offspring exploratory,
learning and motivation behavior: prevention by dietary intervention pre-
gestation or in gestation. Int J] Dev Neurosci 30: 75-81.

Peleg-Raibstein D, Luca E, Wolfrum C (2012) Maternal high-fat diet in mice
programs emotional behavior in adulthood. Behav Brain Res 233: 398-404.
Yu H, Bi Y, Ma W, He L, Yuan L, et al. (2010) Long-term effects of high lipid
and high energy diet on serum lipid, brain fatty acid composition, and memory
and learning ability in mice. Int J Dev Neurosci 28: 271-276.

White CL, Pistell PJ, Purpera MN, Gupta S, Fernandez-Kim SO, et al. (2009)
Effects of high fat diet on Morris maze performance, oxidative stress, and
inflammation in rats: contributions of maternal diet. Neurobiol Dis 35: 3-13.
Oddo S, Caccamo A, Shepherd JD, Murphy MP, Golde TE, et al. (2003) Triple-
transgenic model of Alzheimer’s disease with plaques and tangles: intracellular
Abeta and synaptic dysfunction. Neuron 39: 409-421.

Hiramatsu M, Sasaki M, Nabeshima T, Kameyama T (1997) Effects of

dynorphin A (1-13) on carbon monoxide-induced delayed amnesia in mice.
Pharmacol Biochem Behav 56: 73-79.

. Wall PM, Messier C (2002) Infralimbic kappa opioid and muscarinic M1

receptor interactions in the concurrent modulation of anxiety and memory.
Psychopharmacology (Berl) 160: 233-244.

Vorhees CV, Williams MT (2006) Morris water maze: procedures for assessing
spatial and related forms of learning and memory. Nat Protoc 1: 848-858.
Paxinos G and Franklin KBJ (2001) The Mouse Brain in Stereotaxic Coordintes.
Academic Press.

Ainge H, Thompson C, Ozanne SE, Rooney KB (2011) A systematic review on
animal models of maternal high fat feeding and offspring glycaemic control.
Int J Obes (Lond) 35: 325-335.

Li M, Sloboda DM, Vickers MH (2011) Maternal obesity and developmental
programming of metabolic disorders in offspring: evidence from animal models.

Exp Diabetes Res 2011: 592408.

PLOS ONE | www.plosone.org

50.

51.

52.

53.

54.

56.

57.

58.

59.

60.

Maternal High-Fat Diet and Alzheimer’s Disease

Knight EM, Verkhratsky A, Luckman SM, Allan SM, Lawrence CB (2012)
Hypermetabolism in a triple-transgenic mouse model of Alzheimer’s disease.
Neurobiol Aging 33: 187-193.

Adebakin A, Bradley J, Gumusgoz S, Waters EJ, Lawrence CB (2012) Impaired
satiation and increased feeding behaviour in the triple-transgenic Alzheimer’s
disease mouse model. PLoS One 7: €45179.

Liang C, Oest ME, Prater MR (2009) Intrauterine exposure to high saturated fat
diet elevates risk of adult-onset chronic diseases in C57BL/6 mice. Birth Defects
Res B Dev Reprod Toxicol 86: 377-384.

Samuelsson AM, Matthews PA, Argenton M, Christie MR, McConnell JM, et
al. (2008) Diet-induced obesity in female mice leads to offspring hyperphagia,
adiposity, hypertension, and insulin resistance: a novel murine model of
developmental programming. Hypertension 51: 383-392.

Polidori MC, Pientka L, Mecocci P (2012) A review of the major vascular risk
factors related to Alzheimer’s disease. ] Alzheimers Dis 32: 521-530.

. Bilbo SD, Tsang V (2010) Enduring consequences of maternal obesity for brain

inflammation and behavior of offspring. FASEB J 24: 2104-2115.

Tozuka Y, Wada E, Wada K (2009) Diet-induced obesity in female mice leads to
peroxidized lipid accumulations and impairment of hippocampal neurogenesis
during the early life of their offspring. FASEB J 23: 1920-1934.

Rahman A, Akterin S, Flores-Morales A, Crisby M, Kivipelto M, et al. (2005)
High cholesterol diet induces tau hyperphosphorylation in apolipoprotein E
deficient mice. FEBS Lett 579: 6411-6416.

Leboucher A, Laurent C, Fernandez-Gomez FJ, Burnouf S, Troquier L, et al.
(2013) Detrimental effects of diet-induced obesity on tau pathology are
independent of insulin resistance in tau transgenic mice. Diabetes 62: 1681
1688.

Park SH, Kim JH, Choi KH, Jang Y], Bae SS, et al. (2013) Hypercholester-
olemia accelerates amyloid beta-induced cognitive deficits. Int J] Mol Med 31:
577-582.

Patil S, Chan C (2005) Palmitic and stearic fatty acids induce Alzheimer-like
hyperphosphorylation of tau in primary rat cortical neurons. Neurosci Lett 384:
288-293.

June 2014 | Volume 9 | Issue 6 | €99226



