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ABSTRACT
Objectives: Both iron and omega-3 (n-3) fatty acids (FA) play important roles in the development
and functioning of the brain. We investigated the effects of n-3 FA and iron deficiencies, alone and
in combination, during early development on behaviour and brain monoamines in rats.
Methods: Using a 2-factorial design, female Wistar rats were randomly allocated to one of four diet
groups: Control, n-3 FA deficient (n-3 FAD), iron deficient (ID), or n-3 FAD + ID. Females received
these diets throughout mating, pregnancy and lactation. Offspring (n = 24/group; male:female =
1:1) continued on the same diet until post-natal day 42–45, and underwent a sucrose preference
test (SPT), novel object recognition test, elevated plus maze (EPM) and social interaction test (SIT).
Results: ID offspring consumed less sucrose in the SPT and spent more time in closed arms and less
time in open arms of the EPM than non-ID offspring. In female offspring only, ID and n-3 FAD reduced
time approaching and together in the SIT, with an additive effect of ID and n-3 FAD for even less time
approaching and spent together in the n-3 FAD + ID group compared to controls. ID offspring had
higher striatal dopamine and norepinephrine and lower frontal cortex dopamine concentrations.
N-3 FAD and ID affected frontal cortex serotonin concentrations in a sex-specific manner.
Conclusions:Our results suggest that ID and n-3 FAD during early development provoke anhedonia,
anxiety and social dysfunction in rats, with potential additive and attenuating effects when combined.
These effects may in part be attributed to disturbances in brain neurochemistry and may be sex-
specific.
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Introduction

Adequate nutrition during early life is critical for opti-
mal neurodevelopment and may modulate the risk of
developing neuropsychiatric disorders later in life [1].
It has been estimated that one-third of children younger
than five years residing in low- and middle-income
countries (LIMC) fail to reach basic milestones in cog-
nitive or psycho-social development, with malnutrition
being a main contributing factor [2]. Especially in
LMIC, it is likely that multiple nutrient deficiencies
co-exist during pre- and early postnatal life with poten-
tially compounding effects on neurodevelopmental out-
comes. Both iron and omega-3 fatty acids (n-3 FA) play
crucial roles in brain development.

Iron deficiency (ID), the most commonmicronutrient
deficiency in the world, is highly prevalent in women of
childbearing age and children [3]. It plays a central role
in neuronal growth, differentiation and myelination,
being a cofactor for enzymes involved in cell division,
synthesis of neurotransmitters, and myelination [4].
High concentrations of iron are found in cortico-limbic
brain regions with high dopaminergic activity and in
regions that receive inputs from gamma-aminobutyric
acid (GABA) fibres, suggesting a functional relationship
between iron and neurotransmission [5].

Inadequate n-3 long-chain polyunsaturated fatty acid
(LCPUFA) status, on the other hand, has been observed
in many populations, especially in countries adopting a
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more Westernised diet [6]. Approximately 35% of the
adult brain dry weight consists of lipids in the form of
LCPUFA, with docosahexaenoic acid (DHA; 22:6n-3)
comprising 10–20% of the brain’s fatty acid (FA) com-
position [7]. Like iron, DHA and eicosapentaenoic
acid (EPA; 20:5n-3) play important roles in neurogen-
esis, myelination and neurotransmission [8]. In rats,
maternal DHA deficiency was shown to result in
impaired offspring neurogenesis and behavioural altera-
tions associated with altered dopaminergic function [9].

Data on potential interactions between iron and n-3
FA deficiencies, particularly in relation to neurodeve-
lopmental outcomes, are scarce. An earlier depletion
study in post-weaning male rats by Baumgartner et al.
[10] indicated that combined iron and n-3 FA deficiency
disrupts monoaminergic neurotransmission to a greater
extent and produces greater cognitive deficits than a
single deficiency.

Besides effects on cognitive development, deficiencies
in iron and n-3 FA have also been associated with anxiety
and depressive disorders [11–13]. It has been suggested
that depression and anxiety are directly caused by either
a dysfunction of the monoaminergic neurotransmitter
systems within the amygdala, prefrontal cortex and hip-
pocampus, or a dysfunction within these brain areas itself
[14]. Both prenatal ID and n-3 FAD alone have been
shown to affect monoaminergic neurotransmission in
the offspring. For example, offspring born to ID anaemic
dams showed aberrations in monoamine concentrations
in several brain regions, even after receiving iron treat-
ment postnatally [15]. On the other hand, n-3 FAD
diets were shown to cause increased synaptic neurotrans-
mitter levels and decreased storage pools through two
proposed processes: (1) alterations in cerebral membrane
fluidity and permeability, and (2) changes in specific gene
regulation [16].

Therefore, the aim of this study was to investigate the
effects of iron and n-3 FA deficiencies, alone and in com-
bination, during early development on behaviour related
to cognition, anhedonia, anxiety and social dysfunction,
and cortico-limbic brain monoamines in rats. We further
explored whether effects are sex-specific. We hypothesised
that a double-deficiency during early development affects
offspring cognition, behavioural outcomes and cortico-
limbic brain monoamine levels to a greater extent than a
single deficiency, and potentially in a sex-specific manner.

Materials and methods

Animals and housing

All experiments were approved by the AnimCare Ethics
Committee (National Health Research Ethics Council

registration number AREC-130913-015) of the Faculty
of Health Sciences of the North-West University
(NWU), South Africa (project number NWU-00335-
15-S5; approval date: 13 November 2015). The exper-
iments were conducted following the 4R principles for
animal research [17], and reported according to the
Animals in Research: Reporting In Vivo Experiments
(ARRIVE) guidelines [18]. The experiments were con-
ducted in Wistar rats, which were bred and housed in
a temperature and humidity-controlled (22 ± 2°C and
55 ± 15% relative humidity) animal facility (Vivarium
of the Preclinical Drug Development Platform of the
NWU) with a reversed 12 h dark–light cycle (lights off
at 06:00am). Rats were pair-housed in standard, indivi-
dually ventilated, solid floor cages (Techniplast GR900
SealSafe® Plus; 300 × 300 × 189 mm) with low trace-
element (<2.00 ppm Fe) alpha-cellulose bedding
(Alpha-Dri®; LBS Serving Biotechnology Ltd, Horley,
UK), and had ad libitum access to food and water
(two bottles nanopure water,18MΩ). Cages were
enriched with a plastic tube to provide a resting and
nesting area, trace-element free nesting material (Kim-
tech Science, Precision Wipes™), and a chewing device
(Bio-Serv® Nylon Bone; 101 × 25 mm) to avoid incisor
malocclusion and overgrowth. Rats were handled regu-
larly, and were monitored by means of recording body
weights and completing study-specific checklists three
times/wk.

Study design and diets

A total of 48 female Wistar rats aged 21 ± 3 days (post-
natal day [PND] 21) with a minimum weight of 25 g
were randomly allocated to one of four diet groups:
(1) control (n = 8); (2) iron deficient (ID; n = 14); (3)
n-3 FA deficient (n-3 FAD; n = 14); or (4) ID + n-3
FAD (n = 12) (Figure 1).

At PND 21, all female rats were placed on the control
diet for a two-week period of preconditioning. After the
preconditioning period, rats randomly allocated to an
n-3 FAD diet group (n-3 FAD or ID + n-3 FAD) were
placed on the n-3 FAD diet for six weeks, imitating a
chronic n-3 FAD diet [19], while the remaining rats
continued to receive the control diet. Two weeks before
mating, rats that were randomly allocated to an ID diet
group were placed on their respective ID or ID + n-3
FAD diets [20].

After 8 weeks on the experimental diets (11 weeks
old), the female rats were placed in individual cages
and mated 1:1 with approximately 12-week-old male
breeders (habituated with the AIN-93G diet) of the
same strain. During the mating period, animal handling
was kept to a minimum and took place only during the
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light phase to not disturb mating. Conception was
confirmed by the presence of a vaginal plug and set as
gestational day (GD) 0. Male breeders were removed
after conception, and females maintained their pre-preg-
nancy diet throughout pregnancy. During the gestational
period, rats were monitored daily, and maternal body
weights were recorded three times/wk. Dams were
allowed to deliver spontaneously at approximately GD
22 (PND 0). At birth, litter size was recorded. Litters
were culled to eight pups to maintain nutritional ade-
quacy at PND 3–5, with ideally four males and four
females per litter [21]. Dams were maintained on their
respective experimental diet throughout lactation.

At weaning (PND 21), offspring were randomly
selected (n = 24 per experimental group, 1:1 sex ratio;
1–4 from each litter) and maintained on the same exper-
imental diet (housed in same-sex pairs) as allocated to
their dams until PND 42–45. Behavioural tests were
conducted from PND 31–41, and offspring were eutha-
nised for tissue collection at PND 42–45.

The purified experimental diets (Supplemental Table
1) were commercially obtained (Dyets, Bethlehem, PA,
USA) and based on the AIN-93G [22] formulation
with modifications in iron content and fat source. All
diets contained 10% fat. The basal AIN-93G formu-
lation contained 40 mg iron, 70 g soybean oil and 30 g

Figure 1. Flow diagram of the experimental design; n indicates the numbers in each group; * indicates an equal number of male and
female rats. GD: Gestational day; ID: Iron deficient; n-3 FAD: n-3 fatty acid deficient; ID + n3 FAD: iron and n-3 fatty acid deficient.

700 E. T. KEMP ET AL.



hydrogenated coconut oil/kg diet [22]. The n-3 FAD
diets contained 81 g hydrogenated coconut oil and
19 g safflower oil/kg diet [10]. The ID diets contained
15–18 mg iron/kg diet [20]. Iron content and FA com-
position of the diets were analysed in spot samples
from each batch by Covance Laboratory Services (Madi-
son, WI, USA) before shipping (Supplemental Table 2).
All diets were custom prepared, vacuum packed in 2 kg
bags and stored at −20°C until use. Diets were thawed in
batches in a refrigerator (4°C). Once the bags were
opened, diets were kept in an airtight container.

Tissue collection and analysis

Tissue collection and processing.Offspring at PND 42–45
were decapitated, and trunk blood collected into pre-
chilled, 4 ml EDTA-coated and trace element free
tubes (BD Vacutainer®). Haemoglobin (Hb) concen-
trations were measured in whole blood with a Coulter
Analyzer (Vivarium, NWU Potchefstroom). After
decapitation, brain tissue was rapidly removed and sep-
arated into two hemispheres along the midline on an
ice-cool glass Petri dish. The frontal cortex, striatum
and hippocampus were isolated from both hemispheres
by freehand dissection [23]. Brain regions were snap-
frozen in liquid nitrogen and stored at −80°C until
analysis. Snap frozen samples were homogenised and
aliquoted for biochemical analysis as described by Erik-
son et al. [24].

Brain iron analysis. Crude homogenates of the
specific brain regions were digested with nitric acid
according to Erikson et al. [24] and total iron concen-
trations were measured by using the hydrogen reaction
mode on an Agilent 7900 quadrupole ICP-MS at the
Central Analytical Facilities, Stellenbosch University,
South Africa. Samples were introduced via a 0.4 ml/
min micromist nebuliser into a peltier-cooled spray
chamber at a temperature of 2°C. NIST-traceable quality
control standards at high and low concentration levels
(De Bruyn Spectroscopic Solutions, Bryanston, South
Africa) were analysed to verify the accuracy of the cali-
bration before sample analysis commenced and this was
repeated for every 12 samples to monitor drift. A germa-
nium (Ge) internal standard was introduced online to
monitor instrument drift and correct for matrix differ-
ences between samples and standards. During the analy-
sis, internal standard recovery was between 90 and 110%
for all samples, and recovery for drift monitor standards
between 95 and 105%. Oxide formation was less than
0.3%. Three replicate measurements were completed
for each sample.

Total phospholipid fatty acid analysis. Total phospho-
lipid FA analyses were performed in crude homogenates

of the specific brain regions as described previously by
Baumgartner et al. [10]. Lipids were extracted from
brain tissue samples with chloroform:methanol (2:1, v:
v; containing 0.01% butylated hydroxytoluene) using a
modification of the Folch method [25]. The lipid
extracts were concentrated and the neutral lipids separ-
ated from the phospholipids by thin layer chromato-
graphy (TLC) (Silica gel 60 plates, 10 × 3x20 cm,
Merck), trans-methylated to yield fatty acid methyl
esters, and analysed by quadrupole (QP) gas chromato-
graphy electron ionisation mass spectrometry (GC-EI-
MS) on an Agilent Technologies 7890A GC system
equipped with an Agilent Technologies 5975C VL
mass selective detector. Data analysis was performed
using Agilent Quantitative Analyses software (Version
B.05.02/Build 5.2.365.0). Relative percentages of FA
were calculated by taking the concentration of a given
FA derivative as a percentage of the total concentration
of all FA identified in the sample.

Brain monoamine analysis. Monoamines and mono-
amine derivates (3,4-dihydroxyphenylacetic acid,
DOPAC; dopamine, DA; norepinephrine, NE; seroto-
nin, 5HT) were measured in crude hippocampal, striatal
and frontal cortex homogenates. Monoamine concen-
trations were measured following a modified version
of the method described by Zheng et al. [26]. 50 µl hom-
ogenate containing 5 mg tissue were used for analysis.
Caffeic acid (Sigma, CAS-331-39-5) was used as internal
standard (IS). 5 µl of 50 µg/ml caffeic acid was added to
95 µL ascorbic H2O (Pure molecular grade H2O con-
taining 2 mM ascorbic acid (Sigma, A92902) and 2.5
µg/ml caffeic acid IS). Samples were vortexed for 10s
and sonicated in an ice bath for 15 min. 500 µL ice-
cold methanol was added and the solution was bead-
beaten (QIAGEN TissueLyser) at 20 Hz for 10 min, fol-
lowed by centrifugation at 13’000 rpm for 2 min. The
supernatant was carefully transferred to a 2 ml round
bottom tube. The methanol supernatant was evaporated
by using nitrogen. Completely dry samples were deriva-
tised by adding 50 µL benzoyl-chloride and 50 µL tetra-
borate, vortexed for 5 min and the re-suspended pellet
incubated at 37°C for 10 min. The derivatised sample
was centrifuged at 13,000 rpm for one minute and a
50 µL aliquot was transferred to a glass vial for LC-
MS/MS analysis. The standard curves were prepared
in parallel, following the same sample preparation
methodology as described above. In short, 200 µL of a
10 µg/mL neurotransmitter stock solution containing a
mix of dopamine (DA; Sigma-Aldrich H8502), 3,4-
dihydroxyphenylacetic acid (DOPAC; Sigma-Aldrich
D9128), norepinephrine (NE; Sigma-Aldrich A7256),
and serotonin (5HT; Sigma-Aldrich 14927), was dried
under nitrogen. The dried pellet was derivatised by
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adding 100 µL benzoyl-chloride and 100 µL tetra-
borate, vortexed for 5 min and incubated at 37°C for
10 min. A 50/50 benzoyl-chloride and tetra-borate mix
was used as diluent and 100 µL was added to each
vial. 100 µL of the derivatised 10 µg/mL neurotransmit-
ter stock solution was removed, and serial dilution from
a 5 µg/mL concentration to 0.001 µg/mL, by means of
serial dilution 10, 5, 2.5, 1.25, 0.624, 0.312, 0.156,
0.078, 0.039, 0.019, 0.009, 0.004, 0.002, 0.001 µg/mL.

Samples were analysed by using LC-MS/MS (Agilent
6410 Triple Quad LC/MS). Each sample was maintained
at 4°C in a thermostatic auto sampler. The injection
volume was 2.5 µL. The chromatographic separation
was achieved on an Agilent ZORBAX Eclipse Plus
C18, Narrow Bore 2.1mm × 150 mm column, 5-µ with
the column temperature set at 30°C. The mobile phase
consisted of solvent A (0.1% formic acid and 2.0 mM
ammonium acetate in water) and solvent B (100%
acetonitrile). The mobile phases were eluted at 0.3
mL/min according to the following gradient: 30% B
maintained for 1.5 min, increased to 75% at 3.5 min
and held for 11.5 min, decreased to 40% at 18.0 min,
and then decreased to 5% at 22.0 min followed by
2.0 min for equilibration. The flow was diverted to the
waste in the initial 4.5 min. The mass spectrometer
operated at: 300°C gas temperature, 10L/min gas flow,
nebuliser pressure of 25psi and capillary voltage of
3500 V. The electrospray ionisation source was operated
in the positive mode with a 30 ms dwell time for each
ion transition. Instrument control, data acquisition,
and qualitative data analysis was done with MassHunter
software for LC/MS systems.

Behavioural tests

Sucrose preference test. The sucrose preference test
(SPT) is a measure of anhedonia, the reduced ability
to experience pleasure from rewarding or enjoyable
activities, by comparing the behavioural preference for
drinking a sucrose solution in water, compared to the
preference of water only, evident in many neuropsy-
chiatric manifestations, especially depression [27]. The
SPT was performed as previously described [28].
Briefly, rats remained housed in same-sex pairs to con-
trol for confounding by social isolation, with free access
to food and two drinking bottles per cage. Total 24 h
liquid intake was calculated by weighing the water bot-
tles at the same time each day. On test day 1 (PND 34),
both bottles contained nanopure water and 24 h con-
sumption data were used to determine side preference.
On days 2 and 3 (PND 35–36), one of the nanopure
water bottles were replaced with a bottle containing a
2% sucrose solution in nanopure water. The sucrose

bottle was randomly positioned on either the left or
right-hand side of the cage on day 2 and swapped to
the other side on day 3. Sucrose preference was calcu-
lated as the 2-day average percentage sucrose over
total liquid intake.

Novel object recognition test. The novel object recog-
nition test (NORT) measures cognitive ability through
recognising previously encountered events and relies
on the animal’s natural inclination to explore novel
environments or objects [29]. Cognitive deficits are a
common comorbid feature of many psychiatric dis-
orders, e.g. depression, schizophrenia etc. [30]. The
test was performed during the dark (active) phase as
described previously [31]. Prior to the experiment, rats
were randomly placed in a noise isolated and poorly
lit (60lux) experimental room, for 30-minutes of acclim-
ation. The rats were exposed to a 10 min habituation
session for two consecutive days (PND 37–38) in an
empty Plexiglas open field box (70 × 70 × 40 cm). On
the third day (PND 39), two identical plastic objects
(familiar object) were placed in opposite corners of
the box, 10 cm away from the walls. Each rat was
allowed to explore the objects for 5 min (acquisition
trial) before returning to their home cage for 90 min.
The box and objects were thoroughly cleaned, both
objects removed, and one familiar object was replaced
with a novel unfamiliar object. Following the 90 min
inter-trial interval, rats were returned to the box and
allowed to explore the familiar and novel object
(5 min retention trial). Total time spent in active
exploration was measured with Noldus Ethovision XT
(2018) by tracking the nose, centre and tail point of
each rat [32], using footage recorded with a centrally
mounted video camera. Active exploration was
defined as the rat either touching the object with its
nose or directing its nose at the object at a distance
≤2 cm. Data were expressed as the percentage of time
spent exploring the familiar or novel object.

Elevated plus-maze test. The elevated plus-maze
(EPM) measures anxiety-related behaviour in rats,
which is a common comorbid feature of many psychia-
tric disorders, especially depression, schizophrenia [30].
This test is based on their innate fear of open and elev-
ated spaces. The test was performed on PND 40 between
07h00 and 12h00 as described previously [31]. Briefly,
the plus sign-shaped-maze consists of two open (50 ×
10 cm) and two closed arms (5 cm walls; 5 × 10 ×
50 cm) connected by a central platform (10 × 10 cm).
The closed arms are arranged to be across from one
another. The maze was elevated to 50 cm, and a video
camera was mounted above its centre. After testing
room habituation (≥30 min), the rats were placed in
the central platform, facing an open arm, and allowed
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to explore the maze for 5 min while being videotaped.
Relative time spent in the open and closed arms, and
total number of times each arm was entered was
measured with Noldus Ethovision XT (2018) and
expressed as percentages.

Social interaction test. The social interaction test
(SIT) was used to measure deficits in social behaviour
[33], which has been associated with psychiatric dis-
orders and the dysfunction of serotonin and dopamine
neurotransmission [34]. The social interaction test was
performed on PND 40 between 13h00–17h00 as
described previously [31]. During the test, two rats of
the same sex, diet group, and approximate weight
(±10 g), that were unfamiliar with each other, were
placed in the centre of an opaque Perspex® container
(100 × 100 × 40 cm) that was illuminated with red light
(40lux) and had a video camera mounted above its
centre. After providing 30s for adaptation, the percen-
tage time spent in active social interactive (i.e. rearing,
anogenital sniffing, approaching and staying with the
partner) and self-directed (i.e. self-grooming and total
distance moved) behaviours were scored over 10 min.
While experiments were observed in real-time to detect
aggressive behaviour and to stop the experiment accord-
ingly, recorded video footage was used for behavioural
analysis (Noldus Ethovision XT, 2018).

Statistical analyses

Data were analysed and expressed using IBM SPSS soft-
ware (version 25) andMicrosoft Excel (Office 365). Data
were examined for normality of distribution and the
presence of outliers (boxplots and ±3 SD from the
mean). Homogeneity of variance was examined with
the Levene’s test. Variables that deviated significantly
from normality and/or variance homogeneity were
transformed prior to inferential statistical analysis.
The effects of pre- and post-natal diets and their inter-
actions with sex were analysed using 2 × 2x2

analysis of variance (ANOVA) (Fe[sufficient/deficient] ×
n-3 FA[sufficient/deficient] × sex[male/female]). If a sex-diet
interaction was observed, ID and n-3 FAD effects and
potential interactions were assessed by 2 × 2 ANOVA
(Fe[sufficient/deficient] × n-3 FA[sufficient/deficient]); otherwise
sex was adjusted for in subsequent 2 × 2 analysis of
covariance (ANCOVA). When a significant diet effect
or interaction was observed, a one-way ANCOVA
with diet group as a between-subject variable and sex
as a covariate was performed, followed by a Bonferroni
test for multiple pair-wise comparisons. Effects of diet
group without an interaction are interpreted as additive
effects of deficient diets, whereas an interactive effect
implies synergism or antagonism. Data are expressed
as mean ± SEM. A P-value <0.05 was considered statisti-
cally significant.

Results

Offspring litter size, body weight and weight gain

The effects of pre- and postnatal ID and n-3 FAD, and
ID × n-3 FAD interactions, on offspring litter size,
body weight and weight gain are shown in Table 1. Lit-
ter size was not affected by diet. There were significant
ID x n-3 FAD interactions for body weight at birth
(PND 0) and at weaning (PND 21); the ID + n-3 FAD
offspring had significantly lower body weight at these
time points compared to the n-3 FAD group, but not
compared to controls. Consequently, body weight gain
from PND 0 until PND 21 was also significantly lower
in the ID + n-3 FAD group compared to offspring in
the n-3 FAD group.

An ID x sex interaction was observed for weight gain
from PND 21 to PND 45 (P = 0.001). In male offspring,
there were effects of both ID and n-3 FAD for lower
body weight gain (ID, P < 0.001; n-3 FAD, P = 0.006),
resulting in additively lowered body weight gain in the
ID + n-3 FAD group compared to controls. In female

Table 1. Litter sizes, body weights and weight gain in offspring.

Control ID n-3 FAD ID + n-3 FAD

P valuea

ID n-3 FAD ID × n-3 FAD

Litter sizes at birth, n 12.3 ± 0.4 11.9 ± 0.4 11.9 ± 0.6 12.3 ± 0.5 1.000 1.000 0.412
Body weight PND 0, g 5.8 ± 0.3a,b 5.7 ± 0.1a,b 6.1 ± 0.2a 5.5 ± 0.1b <0.001 0.923 0.036
Body weight PND 21, g 56 ± 2.5a,b 59 ± 2.4a,b 63 ± 2.2a 53 ± 2.0b 0.089 0.853 0.005
Total weight gain, g/21d 50.3 ± 2.4a,b 53.0 ± 2.3a,b 56.8 ± 2.2a 47.2 ± 2.0b 0.119 0.854 0.006
Body weight PND 45, g 193 ± 8.0a 175 ± 5.8a,b 191 ± 7.1a 159 ± 4.5b <0.001 0.049 0.134
Total body weight gain, g/24d 137 ± 7.0a 116. ± 4.5b,c 128 ± 5.9a,b 106 ± 3.6c <0.001 0.010 0.923
Males 164 ± 7.4a 135 ± 3.3b.c 152 ± 5.9a,b 115 ± 4.7c <0.001 0.006 0.464
Females 111 ± 4.8 98 ± 3.4 104 ± 3.1 98 ± 4.2 0.012 0.398 0.395

Notes: Values are means ± SEM, n = 24 per group (n = 12 females, n = 12 males). ID, iron deficient; n-3 FAD, n-3 fatty acid deficient; ID + n-3 FAD, iron deficient
and n-3 fatty acid deficient.

aTwo-way ANCOVA was used to test effects of dietary iron (deficient vs. sufficient) and dietary n-3 FA (deficient vs. sufficient), and ID × n-3 FA interactions,
adjusted for sex, P < 0.05. Between-group differences were determined using one-way ANCOVA adjusted for sex, followed by Bonferroni’s post hoc test.
Means in a row with superscripts without a common letter differ significantly, P < 0.05.
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offspring, there was only an effect of ID for lower body
weight gain (ID, P = 0.012). No diet x sex interactions
were observed for total body weight at PND 45, but
there were effects for both ID and n-3 FAD for lower
body weight (ID, P < 0.001; n-3 FAD, P = 0.010), result-
ing in additively lowered body weights in the offspring
in the ID + n-3 FAD group compared to controls.

Haemoglobin and brain tissue iron
concentrations

No diet x sex interactions were observed for Hb and brain
tissue iron concentrations. There was a significant effect
of ID for lower Hb concentrations at PND 45 (Table
2), with a trend for an effect of n-3 FAD (P = 0.057) for
lower Hb. ID offspring also showed lower hippocampal
(P = 0.001), striatal (P < 0.001) and frontal cortex (P =

0.001) iron concentrations. In the striatum, iron concen-
trations were lower in the ID (P < 0.001) and ID + n-3
FAD (P < 0.001) groups compared to controls. In the hip-
pocampus and frontal cortex, only the ID + n-3 FAD
group (P = 0.030; P = 0.046) had significantly lower tissue
iron concentrations compared to controls.

N-3 and n-6 fatty acids in brain tissue

The n-3 FAD diets significantly altered the n-3 and
omega-6 (n-6) total phospholipid FA composition of
different brain region tissue homogenates from
offspring at PND 45 (Table 2), with no significant diet
x sex interactions.

N-3 FAD resulted in lower alpha-linolenic acid
(ALA; 18:3n-3), DHA and total n-3 FA in hippocampal,
striatal and frontal cortex tissue (P < 0.001, all regions

Table 2. Haemoglobin, and tissue iron concentrations and fatty acid composition of the different brain regions in offspring at PND 45.

Control ID n-3 FAD ID + n-3 FAD

P valuea

ID n-3 FAD ID × n-3 FAD

Haemoglobin, g/dl 13.53 ± 0.34a 9.45 ± 0.33b 13.02 ± 0.47a 8.63 ± 0.28b <0.001 0.057 0.626
Brain iron, ug/g tissue
Hip 17.12 ± 0.67a 14.96 ± 0.56a,b 17.01 ± 0.85a 14.23 ± 0.70b 0.001 0.548 0.659
Str 17.73 ± 0.88a 13.48 ± 0.41b 16.93 ± 0.73a 13.01 ± 0.44b <0.001 0.323 0.800
FC 17.09 ± 0.84a 14.52 ± 0.79a,b 16.85 ± 0.88a,b 13.80 ± 0.85b 0.001 0.568 0.776
Tissue fatty acids, % of total FA
18:3 n-3 (ALA)
Hip 0.006 ± 0.001a 0.007 ± 0.001a 0.003 ± 0.000b 0.002 ± 0.000b 0.917 <0.001 0.069
Str 0.006 ± 0.000a 0.006 ± 0.000a 0.002 ± 0.000b 0.002 ± 0.000b 0.945 <0.001 0.890
FC 0.005 ± 0.000a 0.005 ± 0.001a 0.004 ± 0.001a,b 0.002 ± 0.000b 0.065 <0.001 0.067
20:5 n-3 (EPA)
Hip 0.02 ± 0.00a 0.02 ± 0.00a 0.01 ± 0.00b 0.01 ± 0.00b 0.454 <0.001 0.333
Str 0.02 ± 0.00a 0.02 ± 0.00a,b 0.01 ± 0.00b,c 0.01 ± 0.00c 0.308 <0.001 0.458
FC 0.01 ± 0.00a 0.01 ± 0.00a 0.01 ± 0.01a 0.01 ± 0.00a 0.384 0.180 0.061
22:6 n-3 (DHA)
Hip 14.18 ± 0.19a 13.88 ± 0.13a 4.25 ± 0.14b 4.72 ± 0.26b 0.683 <0.001 0.042
Str 12.42 ± 0.21a 12.44 ± 0.26a 3.91 ± 0.23b 4.24 ± 0.17b 0.414 <0.001 0.469
FC 17.55 ± 0.28a 16.71 ± 0.33a 4.53 ± 0.19b 4.67 ± 0.23b 0.170 <0.001 0.058
Total n-3 FAs
Hip 14.53 ± 0.19a 14.23 ± 0.13a 4.34 ± 0.14b 4.85 ± 0.28b 0.585 <0.001 0.039
Str 12.72 ± 0.21a 12.75 ± 0.26a 4.00 ± 0.23b 4.35 ± 0.17b 0.368 <0.001 0.466
FC 17.87 ± 0.28a 17.09 ± 0.32a 4.65 ± 0.19b 4.80 ± 0.23b 0.220 <0.001 0.068
18:2 n-6 (LA)
Hip 0.84 ± 0.02b 0.96 ± 0.20a 0.56 ± 0.01d 0.69 ± 0.02c <0.001 <0.001 0.711
Str 1.02 ± 0.02b 1.10 ± 0.01a 0.68 ± 0.01d 0.84 ± 0.02c <0.001 <0.001 0.017
FC 1.18 ± 0.02b 1.28 ± 0.020a 0.80 ± 0.03d 0.91 ± 0.02c <0.001 <0.001 0.752
20:4 n-6 (AA)
Hip 14.02 ± 0.11a,b 13.96 ± 0.11b 14.36 ± 0.10a 14.26 ± 0.10a,b 0.439 0.003 0.823
Str 11.37 ± 0.17b 11.50 ± 0.09b 12.16 ± 0.20a 12.31 ± 0.12a 0.366 <0.001 0.927
FC 12.96 ± 0.05b 13.03 ± 0.12a,b 13.44 ± 0.08a 13.19 ± 0.18a,b 0.442 0.009 0.173
Total n-6 FAs
Hip 19.97 ± 0.13b 20.32 ± 0.13b 31.35 ± 0.20a 30.87 ± 0.30a 0.769 <0.001 0.049
Str 16.92 ± 0.22b 17.28 ± 0.14b 27.93 ± 0.33a 28.33 ± 0.29a 0.135 <0.001 0.979
FC 19.17 ± 0.10b 19.86 ± 0.17b 33.37 ± 0.23a 32.79 ± 0.40a 0.816 <0.001 0.012
Total n-6:n-3 ratio
Hip 1.38 ± 0.02b 1.43 ± 0.02b 7.42 ± 0.26a 6.80 ± 0.37a 0.232 <0.001 0.150
Str 1.33 ± 0.02b 1.35 ± 0.02b 7.04 ± 0.29a 6.77 ± 0.30a 0.516 <0.001 0.461
FC 1.08 ± 0.02b 1.15 ± 0.01b 7.39 ± 0.31a 7.19 ± 0.38a 0.828 <0.001 0.532

Notes: Values are means ± SEM, n = 20–24 per group (n = 12 females, n = 12 males). ID, iron deficient; n-3 FAD, n-3 fatty acid deficient; ID + n-3 FAD, iron
deficient and n-3 fatty acid deficient; Hb, haemoglobin; Hip, hippocampus; Str, striatum; FC, frontal cortex; ALA, alpha-linolenic acid; EPA, eicosapentaenoic
acid; DHA, docosahexaenoic acid; LA, linoleic acid; AA, arachidonic acid.

aTwo-way ANCOVA was used to test effects of dietary iron (deficient vs. sufficient) and dietary n-3 FA (deficient vs. sufficient), and ID × n-3 FA interactions,
adjusted for sex, P < 0.05. Outcome variables that were not normally distributed were log transformed to perform ANCOVA. Between-group differences were
determined using one-way ANCOVA adjusted for sex, followed by Bonferroni’s post hoc test. Means in a row with superscripts without a common letter differ
significantly, P < 0.05.

704 E. T. KEMP ET AL.



and FA). N-3 FAD resulted in lower hippocampal and
striatal EPA (P < 0.001, both brain areas) but had no
effect on frontal cortex EPA (P = 0.180).

N-3 FAD further resulted in lower linoleic acid (LA;
18:2 n-6), and higher arachidonic acid (AA; 20:4 n-6)
and total n-6 FA in hippocampal, striatal and frontal
cortex tissue. There was an effect of ID for higher LA
in all three brain regions (P < 0.001, all regions). N-3
FAD increased the total n-6:n-3 ratio in hippocampal,
striatal and frontal cortex tissue (P < 0.001, all regions).

Sucrose preference test

There was a significant effect of ID (P = 0.001) for lower
relative intake of sucrose solution compared to water in
the SPT (Figure 2(A)), with no sex x diet interaction.
While there was no significant effect of n-3 FAD on
sucrose intake, between-group analysis revealed that
only the ID + n-3 FAD offspring consumed significantly
less sucrose compared to the control group (P = 0.028).

Elevated plus maze test

In the EPM test, there were no diet x sex interactions.
There was an effect of ID for less time spent exploring
the open arms (P = 0.020) and more time spent explor-
ing the closed arms (P = 0.008) of the EPM compared to
the controls (Figure 2(B)). Consequently, offspring in
the ID and ID + n-3 FAD groups spent an equal amount
of time exploring the open and closed arms, while the
control and n-3 FAD rats spent notably more time
exploring the open than the closed arms.

Novel object recognition test

In the NORT, there were no diet x sex interactions.
There was an effect of n-3 FAD for less time spent

exploring the familiar object (P = 0.034) (Figure 2(C)),
but there were no significant differences between
groups. Furthermore, there was no effect of ID or n-3
FAD on time spent exploring the novel object (ID, P
= 0.243; n-3 FAD, P = 0.890).

Social interaction test

In the SIT, a diet x sex interaction occurred for time
spent approaching (n-3 FAD × sex; P = 0.020), together
(ID × sex; P = 0.039; n-3 FAD × sex; P = 0.004) and
moving away (n-3 FAD × sex; P = 0.039), as well as
for anogenital sniffing (ID × n-3 FAD × sex; P =
0.002). In female offspring only, there was an effect
of ID and n-3 FAD for less time spent approaching
(Figure 3(A)), together (Figure 3(B)), and moving
away (Figure 3(C)), with an additive effect of ID and
n-3 FAD for significantly less time spent approaching,
together or moving away in female offspring that
received the combined ID + n-3 FAD diet compared
to controls. Females receiving an n-3 FAD diet spent
more time anogenital sniffing (P = 0.011), however,
this effect was attenuated by ID (ID × n-3 FAD, P <
0.001; Figure 3(D)).

Male and female offspring receiving an n-3 FAD diet
spent more time rearing (P = 0.018, Figure 3(E)). ID
increased the percentage of time spent self-grooming
(P = 0.011, Figure 3(F)), but this effect was attenuated
when ID and n-3 FAD were combined (ID × n-3
FAD, P = 0.022).

Monoamines

The effects of ID and n-3 FAD, as well as ID × n-3 FAD
interactions, on monoamine concentrations in the hip-
pocampal, striatal and frontal cortex tissue homogen-
ates are presented in Supplemental Table 3.

Figure 2. Sucrose preference test (SPT), elevated plus maze test (EPM) and novel object recognition test (NORT) results. (A) Percentage
of sucrose consumed in the SPT by male and female rats (ID P = 0.001). (B) Percentage of time spent in the open (ID P = 0.020) and
closed arms (ID P = 0.008) of the EPM by male and female rats. (C) Percentage time spent exploring familiar (n-3 FAD P = 0.034) and
novel objects during the NORT. Two-way ANCOVA was used to test effects of ID, n-3 FAD, and ID x n-3 FAD interactions, adjusted for
sex. The results that were not normal distributed were log transformed to perform ANCOVA. Between-group differences were deter-
mined using one-way ANCOVA followed by Bonferroni’s post-hoc test (adjusted for sex). For the EPM, independent t-test were per-
formed to determine significant difference between time spent in open vs closed arms. Values are means ± SEM, n = 22–24. Labelled
means without a common letter differ significantly, ID, iron deficient; n-3 FAD; n-3 fatty acid deficient.
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In the hippocampus, there was no effect of ID or n-3
FAD on any of the monoamines measured. In the stria-
tum (Figure 4), there was an effect of ID for higher NE
(P = 0.028), DA (P = 0.004) and DOPAC (P = 0.004)
concentrations, with no effect of n-3 FAD. In the frontal
cortex (Figure 5), there was an ID x n-3 FAD interaction
on NE concentrations (P < 0.001); NE concentrations
were significantly higher in the ID and n-3 FAD diet
groups compared to controls, but these increases were
attenuated in the combined ID + n-3 FAD group. In
the frontal cortex, there was an ID effect for lower DA
concentrations (P = 0.006). However, only the com-
bined ID + n-3 FAD group showed lower DA concen-
trations compared to controls (P = 0.022). There was

an ID x n-3 FAD interaction (P = 0.034) on frontal cor-
tex DOPAC concentrations; the offspring in the n-3
FAD group had significantly lower DOPAC concen-
trations compared to controls, but this decrease was
attenuated in the combined ID + n-3 FAD group.

Furthermore, there were diet × sex interactions on
frontal cortex 5HT concentrations (ID × sex, P =
0.018; n-3 FAD × sex, P = 0.012; Figure 6). In male
offspring, there was an effect of n-3 FAD for lower
5HT concentrations (P = 0.005), with significantly
lower 5HT concentrations in both the n-3 FAD and
ID + n-3 FAD groups compared to controls. In female
offspring, there was an ID x n-3 FAD interaction (P =
0.027) and ID effect (P < 0.001); the female offspring

Figure 3. Social interaction test result. (A) The percentage of time female and male rats spent approaching one another (ID P < 0.001;
n-3 FAD P = 0.001), (B) together (ID P < 0.001; n-3 FAD P < 0.001) and (C) moving away from each other (ID P < 0.001; n-3 FAD P =
0.001) during the SIT. (D) The percentage of time female and male rats spent anogenital sniffing (ID P = 0.033; n-3 FAD P = 0.011; IDxn-
3FAD P < 0.001) during the SIT. Panels E and F show the amount of time the rats spent in self-directed behaviour: (E) Rearing (n-3 FAD
P = 0.018) and (F) self-grooming (ID P = 0.011; IDxn-3 FAD P = 0.022). Two-way ANCOVA was used to test effects of ID, n-3 FAD, and ID
x n-3 FAD interactions, adjusted for sex. The results that were not normal distributed were log transformed to perform ANCOVA.
Between-group differences were determined using one-way ANCOVA followed by Bonferroni’s post-hoc test (adjusted for sex). Values
are means ± SEM, n = 7–12, where split for sex (A, B, C, D) and n = 22–24 where results for male and female rats were combined (E, F).
Labelled means without a common letter differ significantly. ID: iron deficient; n-3 FAD: n-3 fatty acid deficient.
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Figure 4.Monoamine results for the striatum (NE, ID P = 0.012; DA, ID P = 0.006; DOPAC, ID P = 0.001). Two-way ANCOVA was used to
test effects of ID, n-3 FAD, and ID x n-3 FAD interactions, adjusted for sex. The values were log transformed to perform ANCOVA.
Between-group differences were determined using one-way ANCOVA followed by Bonferroni’s post-hoc test (adjusted for sex).
Means with superscripts without a common letter differ (P < 0.05). Values are means ± SEM, n = 16–24 per group (n = 12 females,
n = 12 males). ID: iron deficient; n-3 FAD: n-3 fatty acid deficient.

Figure 5.Monoamine results for the frontal cortex (NE, IDxn-3FAD P < 0.001; DA, ID P = 0.018; IDxn-3FAD P = 0.033; 5HT, ID P = 0.001;
IDxn-3FAD P = 0.027). Two-way ANCOVA was used to test effects of ID, n-3 FAD, and ID x n-3 FAD interactions, adjusted for sex. The
values were log transformed to perform ANCOVA. Between-group differences were determined using one-way ANCOVA followed by
Bonferroni’s post-hoc test (adjusted for sex). Means with superscripts without a common letter differ (P < 0.05). Values are means ±
SEM, n = 16–24 per group (n = 12 females, n = 12 males). ID: iron deficient; n-3 FAD: n-3 fatty acid deficient.
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receiving the ID diet had significantly lower 5HT con-
centrations compared to controls, but this decrease
was attenuated in the combined ID + n-3 FAD group.
No significant diet × sex interactions on the measured
monoamine concentrations were observed in any
other brain regions.

Discussion

This study in male and female Wistar rats demonstrates
that both ID and n-3 FAD during early development
provoke deficits in behaviour related to anhedonia,
anxiety, and social dysfunction with potential additive
and attenuating effects when combined. Interestingly,
the effects of ID and n-3 FAD on social behaviour in
the SIT were observed in female offspring only. Both
ID and n-3 FAD during early development resulted in
altered cortico-striatal monoamine concentrations. ID
increased striatal DA and NE concentrations and low-
ered frontal cortex DA. Both ID and n-3 FAD alone
increased frontal cortex NE concentrations but these
increases were attenuated in the combined ID + n-3
FAD group. Furthermore, n-3 FAD and ID affected
frontal cortex 5-HT concentrations in a sex-specific
manner. The results from this study support our
hypothesis that a combined iron and n-3 FA deficiency
during early development in rats significantly affects
striatal and frontal cortex neurochemistry that in turn
may underlie the observed deficits in offspring behav-
iour. Moreover, combined deficiency has greater impact
than a single deficiency. In contrast to our hypothesis,

we found no clear effect of ID or n-3 FAD on cognition,
specifically object recognition memory in the NORT.
Sex-specific effects were observed for social behaviour
and frontal cortex 5HT concentrations.

ID during early development significantly reduced
sucrose preference in the SPT, implying that, at least in
rodents, ID leads to the inability to experience pleasure
in response to a rewarding stimuli (anhedonia) [35]. Dys-
function of the reward system is closely related to altera-
tions in the dopaminergic system [36], with low DA
typically associated with anhedonia in patients with
depression [37]. In the current study, ID offspring had
significantly lower DA concentrations in the frontal cor-
tex, albeit significantly higher concentrations of DA and
its metabolite DOPAC in the striatum. This is consistent
with previous studies in mice, which showed ID to dis-
rupt dopamine pathways, especially when occurring
during periods of rapid neural development [38,39]. It
has also been shown in human studies that psychiatric
disorders that present with mood, anhedonia, and psy-
chotic manifestations such as schizophrenia had lower
DA in the frontal cortex but elevated levels in the stria-
tum [40]. The mechanisms by which ID induces altera-
tions in the dopaminergic system are not fully
understood, but may be linked to the role of iron as
co-factor for the enzyme tyrosine hydroxylase, which is
responsible for dopamine production [39]. Furthermore,
studies in mice and Sprague–Dawley rats have shown ID
to reduce the expression of the dopamine transporter and
the dopamine D2 receptor [39,41]. Anhedonia may also
be caused by noradrenergic dysregulation [14]. We

Figure 6. Serotonin results for the frontal cortex split by sex (female, ID P = 0.001; IDxn-3FAD P = 0.027; male, n-3FAD P = 0.005). Two-
way ANCOVA was used to test effects of ID, n-3 FAD, and ID × n-3 FAD interactions, adjusted for sex. The values were log transformed
to perform ANCOVA. Between-group differences were determined using one-way ANCOVA followed by Bonferroni’s post-hoc test
(adjusted for sex). Means with superscripts without a common letter differ (P < 0.05). Values are means ± SEM, n = 16–24 per
group (n = 12 females, n = 12 males). ID: iron deficient; n-3 FAD: n-3 fatty acid deficient.
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found that ID significantly increased striatal NE concen-
trations, which in turn may modulate DA release via
action on α2A or α2C adrenergic receptors [42]. Further-
more, offspring receiving an ID diet during early devel-
opment had significantly higher frontal cortex NE
concentrations, but this increase was attenuated in the
offspring that received a combined ID + n-3 FAD diet.
Increased NE concentration in ID rodents requires
further study, but may be explained through the role of
iron in the activity of the monoamine oxidase enzyme,
critical in neurotransmitter degradation, as well as the
activity of the norepinephrine transporter [43].
Decreased NE concentrations have previously been
observed in Wistar-Imanichi rats consuming an n-3 FA
deficient diet [44]. Whilst this may be a strain-related
effect, it hints of a possible counterbalancing when
these two deficiencies are combined.

In the EPM, ID offspring spent significantly less time
exploring the open arms and significantly more time in
the closed arms compared to their non-ID counterparts,
implying increased anxiety-like behaviour. This agrees
with previous studies in both Wistar and Sprague–Daw-
ley rats that showed ID to be associated with anxiety-
driven behaviour [11,45]. In contrast, Nishikura et al.
[46] found postweaning ID to have no effect on anxiety
in juvenile Fischer rats when assessed using the EPM,
although again a possible strain effect being involved.
That said, we also observed ID-induced anxiety related
behaviour during the SIT, with ID offspring spending
significantly more time self-grooming [47], but this
effect was attenuated when combined with n-3 FAD.
Increased anxiety has been linked to alterations in dopa-
minergic neurotransmission [45], possibly involving n-
3 FAD associated reversal of ID-mediated effects on NE
and/or DA as noted above. Previous studies in Long-
Evans rats further showed that females were less anxious
during the EPM than male rats [48], possibly involving
the influence of oestrogen on the dopaminergic system
[49]. In our study, the effect of ID-induced anxiety-
related behaviour assessed in the EPM was not sex-
specific. Moreover, we did not find an n-3 FAD effect
on anxiety-related behaviour in the EPM, which is in
disagreement with previous neurodevelopmental
studies in rodents [44,50]. Singh et al. [50] reported
15-week-old n-3 FAD Sprague–Dawley males born to
n-3 FAD dams (deficiency induced on second day of
pregnancy) were significantly anxious, spending less
time in the open arms than their n-3 FA sufficient
counterparts. Similarly, Takeuchi et al. [44] showed
that 8-week-old n-3 FAD Wistar offspring born to n-3
FAD dams (deficiency induced during gestation) spent
less time in the open arms. Overall, our results indicate
that ID during early life may increase the risk of anxiety.

In the SIT, ID and n-3 FAD female offspring spent sig-
nificantly less time approaching, together and moving
away, with a significant additive effect of ID and n-3
FAD in the combined group. The deficiencies did not
affect males. Thus, females may be more susceptible to
develop psychosocial dysfunction induced by ID and n-
3 FAD during early life. This is aligned with research in
humans showing that social anxiety disorder is more
prevalent in females thanmales, with increased symptoms
observed in females particularly during puberty [51].
Thus, the observed sex-specific differences in social and
anxious behaviour are likely linked to interactions with
sex-hormones [52]. In a previous study in Sprague–Daw-
ley rats, where ID was induced during pregnancy
(embryonic day 3; ID diet containing 2–6 g/kg iron)
and reversed at PND 7, the ID diet resulted in reduced
social approach in male offspring (no females included
in behavioural testing) [53]. Similarly, various studies in
humans have shown that early life ID can lead to changes
in socio-emotional behaviour, such as a lack of engage-
ment and increased apathy during social interactions in
infancy and childhood [54]. While it is not clear how pre-
natal and childhood n-3 FAD may impact social behav-
iour, n-3 FAD is closely associated with an increased
risk for developing conditions such as depression, anxiety,
bipolar disorder and attention-deficit/hyperactivity dis-
order which may indirectly impact social behaviour
[12]. Importantly, deficits in social and self-directed
behaviour have been associated with a dysfunction in ser-
otonergic and dopaminergic neurotransmission [34,55].
While we did not observe changes in striatal 5HT concen-
trations, n-3 FAD significantly lowered 5HT concen-
trations in the frontal cortex, which agrees with
previous rodent studies showing increased frontal cortex
5HT receptor density, likely as an adaptation to reduced
serotonergic function [56,57]. Indeed, various mechan-
isms may underlie how n-3 FAD potentially alters seroto-
nergic neurotransmission, such as affecting the physical
properties of neuronal membranes and membrane-
bound proteins, by regulating gene expression, and/or
promoting neuroinflammatory processes [58,59]. Of
note, both striatal 5HT and DA have previously been
shown to play a key role in social interaction deficits
observed in rodent models of depression [60], obsessive
compulsive disorder [61] and psychosis [62].

The additive nature of the effects of ID and n-3 FAD
on social behaviour indicates that the effects of ID and n-
3 FAD are mediated by complementary but independent
pathways. Thus, it can be speculated that ID affects social
behaviour by affecting dopaminergic neurotransmission,
while n-3 FAD may affect social behaviour by disrupting
the serotonergic system. In the SIT, we further observed
that n-3 FAD offspring spent more time rearing and
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anogenital sniffing. However, the effect for exaggerated
anogenital sniffing, which may be associated with domi-
nance-related behaviour, was attenuated when n-3 FAD
was combined with ID. While excessive rearing can be
associated with boxing, an aggressive and anti-social
behaviour, based on our observations in the current
study, excessive rearing was more likely a repetitive
behaviour associated with a deficit in serotonin-modu-
lated inhibitory control [63,64].

While n-3 FAD did have a significant effect to reduce
time spent exploring the familiar object in the NORT,
there were no significant differences between groups
or an effect of ID or n-3 FAD on novel object recog-
nition. Furthermore, we found no effect on exploration
time (data not shown), which could have masked the
results [65]. Thus, neither diet significantly affected
object recognition memory. This is in contrast with
the results of the previous study by Baumgartner et al.
[10], which showed in male Wistar rats that ID and n-
3 FAD significantly impair working and reference mem-
ory in the Morris Water Maze, with an additive effect on
reference memory when combined.

A particular strength of this study is the inclusion of
both male and female offspring that allowed us to
explore sex-specificity of the applied dietary effects. Fur-
thermore, the co-assessment of behaviour and brain
neurochemistry draws an important parallel between
cause and effect. To improve clinical translation to the
human situation, we set about to induce moderate
rather than severe ID anaemia, which is highly prevalent
in women and children living in LMIC. Thus, the ID
diets in the current model contained 15–18 mg iron/
kg diet as opposed to 3 mg iron/kg diet used in most
previous iron depletion rodent studies. The Hb results
from this study confirmed that the ID diet induced
moderate ID anaemia in the offspring (Hb of 9.45 ±
0.33 g/dL and 8.63 ± 0.28 g/dL in the ID and ID + n-3
FAD groups, respectively), and significantly reduced
brain iron concentrations by 12.5–36.2%. In contrast,
the n-3 FAD diets did not contain an n-3 FA source
and reduced brain DHA levels in the Hip, Str and FC
by 66.7–70.0%, 65.9–68.5% and 73.4–74.2%, respect-
ively, compared to n-3 FA sufficient counterparts.

On the other hand, we acknowledge that the chroni-
city of exposure to a deficient diet spanning the prenatal
to early adolescence period represents a relatively severe
model. That said, the current rat model has relevance
for public health translation, being designed to mimic
the human situation where both male and female
offspring are born to mothers with inadequate iron
and/or n-3 FA intake and consequently status during
pregnancy and lactation. Dietary habits are shaped in
childhood and are mainly based on the parental dietary

behaviour, influenced by their food environment [66]. It
can therefore be assumed that infants would be weaned
to a diet similar to that of their mothers, therefore
equally inadequate in iron and/or n-3 FA, and will con-
tinue to consume a deficient diet throughout childhood
up to adolescence. Late adolescence and thereafter is
when they are likely to make their own dietary choices.
Thus, we chose postnatal day 42–45 as study endpoint,
which corresponds to early adolescence in humans [67].

The main limitation of this study is that the timespan
across which the deficient diets stretched (prenatal period
right through early adolescence) prevented us from iden-
tifying a critical window when the diets likely induced the
observed effects, which should be explored in future
studies. Furthermore, besides the analysis of monoami-
nergic neurotransmitters and their metabolites, it would
have been valuable to investigate other mechanisms
that may underlay the observed effects of ID and n-3
FAD, such as their impact on myelination, neurogenesis,
oxidative stress, neuroinflammation, and brain energy
metabolism. The observed effects of ID on body weight
at birth and weaning could imply that some of the
observed effects may be mediated by ID causing foetal
growth restriction through changes in placental function
and/or postnatal growth faltering [68], which may be sex-
specific and warrants further investigation. Furthermore,
we observed large within-group variability for some of
the brain monoamine measures, which may have masked
some important changes. Also, the addition of another
behavioural test, specifically the forced swim test as a
measure for depression, to an already large test battery
could have been of value.

In conclusion, this study in rats shows that ID and n-3
FAD, alone and in combination, during early life provoke
deficits in behaviour, specifically anhedonia, anxiety and
social dysfunction, potentially brought about by shifts
in cortico-striatal neurotransmitter concentrations. Fur-
thermore, ID and n-3 FADmay increase the risk for aber-
rant social behaviour in a sex-specific manner. Therefore,
our results indicate that both dietary deficiencies during
early life may be involved in the aetiology of neuropsy-
chiatric manifestations, especially when present in combi-
nation. Future research is necessary to determine the
mechanisms underlying the sex-specific effects of ID
and n-3 FAD on social behaviour, and whether effects
of ID and n-3 FAD induced during early development
are reversible with the introduction of iron and n-3 FA
after critical periods of neurodevelopment.
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