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Abstract: Adversity during early life, a critical period for brain development, increases vulnerability
and can have a lasting impact on the brain and behaviour of a child. However, the long-term
effects of cumulative early-life stressors on brain and behaviour are not well known. We studied
a 2-hit rat model of early-life adversity using maternal separation (MS) and immune activation
(lipopolysaccharide (LPS)). Rat pups underwent MS for 15 (control) or 180 (MS) minutes per day
from postnatal day (P)2–14 and were administered saline or LPS (intraperitoneal) on P3. Open-field
(OFT) and object-place recognition tests were performed on rat offspring at P33–35 and P42–50,
respectively. The pre-frontal cortex (PFC) and hippocampus were removed at the experimental
endpoint (P52–55) for mRNA expression. MS induced anxiety-like behaviour in OFT in male and
reduced locomotor activity in both male and female offspring. LPS induced a subtle decline in
memory in the object-place recognition test in male offspring. MS increased glial fibrillary acidic
protein (GFAP) and brain-derived neurotrophic factor expression in PFC and ionised calcium-binding
adapter molecule-1 expression in male hippocampus. MS and LPS resulted in distinct behavioural
phenotypes in a sex-specific manner. The combination of MS and LPS had a synergistic effect on the
anxiety-like behaviour, locomotor activity, and GFAP mRNA expression outcomes.
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1. Introduction

Early-life exposures to adverse events can be broadly divided into biological (e.g.,
infection, malnutrition, etc.) or psychological (e.g., neglect, abuse). Exposure to one type of
early-life adversity increases the probability (65–90%) of experiencing subsequent adversi-
ties [1]. The cumulative stress hypothesis proposes that a combination of stressful events
occurring during pregnancy and the early developmental period can lead to increased risk
of neurodevelopmental or psychiatric disorders later in life [2,3]. One example of this is the
coexistence of extreme poverty and malnutrition during early life increasing vulnerability
to brain and behavioural disorders [4]. While human cohort studies have shown that
adversity in early life can enhance the risk of hallucinations, anxiety, depression, etc. [4,5]
the mechanisms underpinning longer-term consequences require investigation in animal
models in relation to potential contributing factors. In order to study the long-term effects
of cumulative early-life stress on the brain and behaviour of rats, two types of established
interventions were applied in the current study, maternal separation (MS) and immune
activation (via lipopolysaccharide (LPS)).

Exposure to multiple adversities during early life can enhance the risk of developing
neurodevelopmental and neuropsychiatric disorders. These disorders include intellectual
disability (ID), attention-deficit hyperactivity disorder (ADHD), autism spectrum disorder
(ASD), schizophrenia, cerebral palsy, and Tourette’s syndrome, among others [2,6]. These
disorders are characterised by a wide range of clinical symptoms, including motor and
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sensory impairment, delayed development of speech and language, difficulties in memory,
learning, behaviour, and social interactions, attention deficits, heightened anxiety, and
hyperactivity responses [1,7].

The 2-hit hypothesis proposes that an individual is predisposed to the clinical phe-
notype by a combination of early-acting risk factors, comprising a first ‘hit’ followed by
a second ‘hit’ occurring at a later stage of development, resulting in the onset of clinical
symptoms. Given the heterogeneous clinical symptoms and complex aetiology of neurode-
velopmental disorders (NDDs), we propose to use a 2-hit model, whereby exposing the
rats to first hit, maternal separation would enhance the vulnerability and susceptibility to
the second hit, LPS administration.

After birth, the absence of tactile stimulation can cause disruption in the mother–infant
relationship, impacting the behaviour of a child [3,8]. Thus, to understand the physiological
effects of MS on behavioural outcomes in offspring, a well-established MS model in rats
was used in the current study. In rats, the early postnatal period (P2–14) is critical for the
development of offspring, as it is a peak period of neurogenesis in the brain, and proximity
to the mother plays an important role in regulating hypothalamic–pituitary–adrenal axis
(HPA) activity, which can mediate stress responses [9–11]. MS exposure during this stress
hyporesponsive period (first two postnatal weeks in rodents) has been shown to result in
higher glucocorticoid receptor expression in the hypothalamus and reduced expression
in the hippocampus and pre-frontal cortex (PFC), leading to enhanced cortisol secretion
and a delay in termination of the stress response in younger animals. This results in an
anxious or hypervigilant state for a longer period than required, impairing stress reactivity,
hippocampal-dependent spatial learning and memory, and PFC-dependent tasks such as
working memory and cognition [12–15].

The second intervention studied was immune activation via LPS administration. The
immune system is relatively immature at birth; thus, newborns are more sensitive to
infection, especially those who are born preterm [16]. In terms of brain development,
the P3 rat coincides approximately with the third trimester in human gestation, during
which significant brain growth occurs [17]. To better understand some of the structural and
behavioural changes due to inflammation in the immature brain, we used LPS, a component
of Gram-negative bacterial cell wall, administered on P3 as described previously [18].
Systemic administration of LPS induces a set of changes characterised by temperature
change, decreased food and water intake, and reduced locomotor activity known as acute
sickness behaviour [19]. LPS activates the central nervous system (CNS), as shown by
increased brain levels of interleukins (IL), prostaglandins, and reactive oxygen species
(ROS), which can lead to white matter injury (damage in the white matter tracts and
myelinated axons, limiting the communication with grey matter areas, neuron cell bodies,
glial cells, and dendrites), cerebral palsy, and long-term neurological consequences [18–20].

It has been reported that MS-potentiated LPS (administered during the second week
of life) induced inflammatory response (higher IL-1B, IL-6 and Tumour Necrosis Fac-
tor alpha (TNF-α)) and HPA-axis activation (higher corticosterone level) [21,22]. Wang
et al. demonstrated that MS and LPS (administration at P60–66) resulted in more severe
depression-like behaviour, higher levels of Nuclear factor kappa B (NF-κB), and lower
expression of histone methylation (H3K27me3) in the hippocampus and PFC [23]. While
it appears LPS administration exacerbates the effects of MS, limited work has addressed
the cumulative impact of combining these interventions during early life. The aim of the
current study was to investigate the combined long-term effects of MS and early-life bacte-
rial infection (LPS administration at P3) on the brain and behaviour of rat offspring. The
prediction was that MS rats would demonstrate more severe behavioural deficits following
LPS exposure and these exaggerated behavioural changes would be driven by heightened
neuro-inflammation. To verify the hypothesis, memory, locomotor activity, and anxiety
behaviour were studied during early adulthood in both male and female rat offspring.
To determine some of the drivers behind the behavioural changes, the expression of glial
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fibrillary acidic protein (GFAP), ionised calcium-binding adapter molecule-1 (Iba-1) and
brain-derived neurotrophic factor (BDNF) were assessed.

2. Materials and Methods

All animal experiments were performed in accordance with the Australian National
Health and Medical Research Council code of practice and with approval of UNSW Animal
Care and Ethics Committee (ACEC No. 20/77A and 20/77B). Sixteen Sprague-Dawley
pregnant female rats (gestational day (GD) 16–18, 328–425 g) were housed singly, and chow
and water were provided ad libitum. After pups were born (P0), litters were adjusted
on P1 to 12 pups/litter. All mother rats were monitored daily and were weighed twice
weekly. The litter size was adjusted to 12 pups on P1, and on P2, the litters were divided
into MS15 and MS180 groups through counterbalancing based on the litter size on P1
(MS15, 14.5 ± 0.6 and MS180, 14.8 ± 0.7 pups) and sex ratios on P2 (MS15, 1.1 ± 0.2 and
MS180, 1.4 ± 0.2, Male/Female). Figure 1 represent the Schematic presentation of the
experimental timeline. The rats were housed in the Animal Services Facility University
of New South Wales (UNSW) Sydney, Australia under standard laboratory conditions of
21 ± 2 ◦C; 12:12 h light/dark.
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2.1. Maternal Separation (MS)

On P2, half of the litters were separated from their mothers for 15 min (control
group ‘C’) and the other half were separated for 180 min (MS group ‘MS’) [13]. Sepa-
rated pups were placed in a different room from the mother on a heating pad (30 ◦C)
once/day from P2 to P14 at a similar time (11 a.m.–2 p.m.) each day.

Pups were born (P0) 4–6 days after arrival of pregnant rats. From P2–14, pups were
separated from their mothers for either 15 min or 180 min. On P3, saline/LPS (i.p.) was
injected into the pups. At P20, pups were weaned. The groups after MS and LPS injection
were designated as CS, CLPS, MSS, and MSLPS. One week after weaning, mothers were
euthanised. Behavioural testing was performed on offspring from 5 to 6 weeks of age.
At the age of 8 weeks, rats were euthanised and fresh tissues collected and snap frozen
(Figure 1).

2.2. LPS Administration

LPS was freshly prepared in sterile saline and administered intraperitoneally (i.p.) at
doses of 1 mg/kg, 0.3 mg/kg, and 0.1 mg/kg. On P3, half of the rat offspring were injected
with sterile saline (0.9% NaCl solution) i.p. as vehicle, and the other half with LPS [24,25].
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After the initial dose of LPS was administered at 1 mg/kg and induced lethality; out of
6, 4 pups died in the first litter. Subsequently, the LPS dose was reduced to 0.3 mg/kg [26,27].
Half of the pups in five litters were injected with 0.3 mg/kg LPS, and the other half received
saline. Out of 32, 14 pups died after 0.3 mg/kg LPS administration. LPS dose was further
reduced to 0.1 mg/kg [28] in close consultation with the UNSW Animal Ethics Committee.
As described in the manuscript, after analysing the anthropometric, behavioural, and
mRNA expression data, no effect of different LPS dose was observed on outcome measures.
Thus, we feel it is appropriate in line with the principle of reduction of animal usage.

The temperature of the pups was measured through an infrared thermometer. The re-
sultant data were analysed after combining pups of all three LPS doses (1 mg/kg, 0.3 mg/kg,
and 0.1 mg/kg). For all outcomes measured, no differences were observed across the three
LPS doses of the surviving animals, so combined LPS data are presented. The groups after
MS and LPS injection were designated as CS, CLPS, MSS, and MSLPS. On P20, offspring
were weaned and housed 3–4 rats/cage, according to their treatment group, with male
and female offspring housed separately. All rats received a standard rodent chow diet and
potable water ad libitum for the remainder of the study.

2.3. Behaviour Tests

Previous studies have shown that a combination of stressful events during the early
developmental period can lead to increased risk of NDDs later in life. As adolescence or
pre-puberty is a critical stage of brain maturation, in the current study, we chose to perform
behavioural tests on adolescent rats to determine some of the longer-term outcomes and
examine the individual and combined effects of MS and LPS administration. All the
behavioural tests were conducted during the light cycle between 10 a.m. and 4 p.m.

2.4. Open-Field Test (OFT)

The apparatus consists of a square acrylic arena (69 cm × 69 cm × 49 cm), brighter in
the middle (135–140 lux) and darker at the periphery (70–100 lux). The OFT was performed
for 10 min. Video recordings made for both the open-field test and object-place recognition
test were scored using AnyMaze software v4.96. The test was performed from P35 to 37
with 64 males and 39 females as described in Kendig et al., 2019 [29].

2.5. Object-Place Recognition Test

The apparatus for both tests consisted of a square black box (69 × 69 × 49 cm,
30–45 lux), and the objects used for testing were different in shape and material (three
sets of each object). The test was performed from P42 to 50 with 64 males and 34 females in
a three-day test, divided into three phases [29,30].

(1) Habituation—on the 1st and 2nd days, rats were allowed to become familiar and
explore the empty arena for 10 min on each day.

(2) Familiarisation—on the 3rd day, rats were placed in the arena with two identical
objects and allowed to explore the arena and the objects for 5 min.

(3) Object-place recognition test—rats were placed back in the arena after 5 min of
retention time, with one of the objects moved to a novel location/place and the other object
at familiar location, and allowed to explore the objects for 3 min.

The object locations were counterbalanced across the groups. The interaction time
spent with both objects in the familiarisation and testing phases was recorded. Exploration
of the object at the novel place was defined as the rat sniffing, licking, or intentionally
touching the object within a 2 cm radius (excluding the tail or hind limbs touching or
jumping on the objects).

The results of the habituation phase were expressed in distance travelled (m), % time
active, and mean speed (m/min). The results of the test are expressed as exploration ratio
and total exploration time. Total exploration time was the sum of the time spent interacting
with both familiar and novel place objects. Exploration ratio was calculated as the time
spent interacting with the object at the novel place divided by the total exploration time.
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Exploration ratio =
Interaction with object at novel place

Interaction with object at familiar place + Interaction with object at novel place

2.6. Tissue Collection

Mother rats were euthanised one week after weaning, and offspring were euthanised
from P52 to P55. Following anaesthesia (pentobarbitone sodium (100 mg/kg, i.p.), rats
were euthanised by decapitation, and fresh tissues were rapidly collected (PFC and hip-
pocampus), snap frozen in liquid nitrogen, and stored at −80 ◦C until use. Tissues were
powdered using a tissue pulveriser and stored at −80 ◦C until assays were performed.

2.7. Reverse Transcription Quantitative Real-Time PCR (RT-qPCR)

RNA was extracted using the TRIzol (Merck’s Life Science, San Jose, CA, USA) method,
and those RNA samples with OD260/280 values between 1.85 and 2.1 were used for the
cDNA synthesis reaction [30]. Following RNA isolation, 1.5 µg of RNA was treated with
DNase I Amplification Grade (Merck’s Life Science, San Jose, CA, USA) to remove any
contaminating genomic DNA. Then, RNA was reverse transcribed to cDNA using a high-
capacity reverse transcription kit (Thermo Fisher Scientific Corporation, San Diego, CA,
USA) according to the manufacturer’s instructions. The prepared cDNA was later used
for PCR applications and stored at −80 ◦C. mRNA expression in the cDNA samples was
quantified by real-time qPCR performed on the Quant Studio 12K Flex (Thermo Fisher
Scientific Corporation, San Diego, CA, USA) using TaqMan inventoried gene expression
assays for the genes of interest (Thermo Fisher Scientific Corporation, San Diego, CA, USA).
The genes of interest were normalised against the geometric mean of the selected house-
keeping genes. The housekeeping genes were selected based on previous publications [31].
Analysis of relative expression was performed using the 2−∆∆CT method normalised to an
independent calibrator.

2.8. Statistical Analyses

All statistical analyses were performed on data which were collected in a manner
where the experimenter was blinded to the experimental condition. The results are ex-
pressed as mean ± SEM. Initially, all data were checked for normality using Shapiro–Wilk
normality test and outliers using mean ± 2std. Data were analysed by unpaired Student’s
t-test, two-way ANOVA, or three-way ANOVA (for body weight and temperature over
time) followed by post hoc Tukey’s honestly significant difference (THSD) test.

3. Results
3.1. Effect of MS on Mother Rats

No significant effect of MS was observed on the body weight over time (Supplementary
Table S1) and anthropometric data (Supplementary Table S2) of the mother rats at the end
of the experiment. MS dams took ~250% more time to retrieve their first pup (32.7 ± 9.9 s
vs. 95.5 ± 7.3 s, p = 0.0005, t = 5.233) and the entire litter (92.3 ± 8.5 s vs. 246.9 s ± 15.0,
p = 0.0001, t = 8.450) compared to control dams, indicating that the MS paradigm reduced
maternal motivation to retrieve their pups.

3.2. Effect of MS and LPS Body Weight of Offspring

A total of 6 h after LPS administration, a ~1 ◦C drop in body temperature was observed
in both male and female offspring, which came back to normal after 24 h (Supplementary
Figure S1).

During the MS period, a main effect of LPS treatment (F(1,70) = 14.349, p = 0.0001), and
an interaction between MS and LPS treatment (F(1,70) = 10.628, p = 0.002) were observed in
the body weight of male offspring (Figure 2A). Subsequent analysis revealed that in the
saline group, separated offspring were lighter than control (MSS < CS p = 0.038, ~5%) and,
conversely, in the LPS group, heavier than control (MSLPS > CLPS p = 0.016, ~6.7%). In the
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control (non-separated) group, male LPS offspring were lighter than the saline offspring
(CS > CLPS p = 0.0001, ~13.5%). In female offspring, no significant effects of MS, LPS, or
interaction were observed on body weight (Figure 2B).
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the MS period, P20 to P48. Data are presented as mean ± SEM and assessed by repeated measures of
two-way ANOVA followed by Tukey’s post hoc. CS and CLPS groups are represented by solid lines
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and CS, p = 0.0001, $ LPS effect between MSS and MSLPS p = 0.034). (B,D) Body weight in female rats
(n = 5–18), (D) overall LPS effect, p = 0.007, and interaction between MS and LPS, p = 0.005 (# LPS
effect between CLPS and CS p = 0.035).

After the MS period (P20 to P48), the body weight of male offspring showed a signifi-
cant main effect of LPS (F(1,70) = 23.563, p = 0.0001), whereby LPS offspring were lighter
than saline offspring (Figure 2C, by ~9.5%). For female offspring, an overall significant ef-
fect of LPS (F(1,38) = 8.092, p = 0.007) and an interaction between MS x LPS (F(1,38) = 8.874,
p = 0.005) were observed in the body weight (Figure 2D). Subsequent analysis revealed that
MS offspring were lighter than control in the saline group (MSS < CS, p = 0.004, ~8.7%) and
LPS offspring were lighter than saline in the control group (CS > CLPS, p = 0.0001, ~15.3%).

3.3. Effect of MS and LPS on Anxiety-like Behaviour of Offspring

In male rats, a main effect of MS was observed in the percent time spent in the centre
of the open field (F(1,55) = 5.214, p = 0.026, Figure 3A), with the control group spending
more time in the centre than the MS group, indicating MS were more anxious than control
offspring. For distance travelled, saline-treated rats travelled farther than those treated
with LPS (F(1,55) = 8.541, p = 0.005, Figure 3C), indicating LPS-treated were less active
than saline-treated rats. Further, Tukey’s post hoc analysis revealed a significant difference
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between CS and MSLPS groups in time spent in the centre (p = 0.026) and distance travelled
(p = 0.005), indicating a synergistic effect of the combined stressors, with enhanced anxiety-
like behaviour and reduced locomotor activity in the MSLPS group.
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effect, p = 0.005, (c p < 0.05 relative to CS). Female offspring (n = 5–15 per group): (B) % time spent in
centre, (D) distance travelled in open field.

In female rats, no effect of MS or LPS was observed in the percentage time spent in the
centre (Figure 3B) and distance covered in the open field (Figure 3D).

3.4. Effect of MS and LPS on Locomotor Activity of Offspring

In male rats, a main effect of MS was observed in the distance travelled (F(1,56) = 7.892,
p = 0.007, Figure 4A), and percentage time active (F(1,56) = 5.344, p = 0.024, Figure 4C) on
the locomotor activity of the rat offspring. Thus, control offspring covered more distance
and were more active than MS offspring. In female rats, an MS effect was observed in
distance travelled (F(1,30) = 8.506, p = 0.007, Figure 4B) while no effect of MS and LPS was
observed in percentage time spent active (Figure 4D). Control female offspring covered
more distance than MS offspring. Further, Tukey’s post hoc analysis revealed a significant
difference between Cs and MSs in distance travelled (p = 0.036) and mean speed (p = 0.036).
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sented as mean ± SEM and analysed using two-way ANOVA and Tukey’s post hoc test. Left—male
offspring (n = 12–19 per group): (A) distance travelled, overall MS effect, p = 0.007, (C) % time active,
overall MS effect, p = 0.024. Right—female offspring (n = 5–14 per group): (B) distance travelled,
overall MS effect, p = 0.006 (b p < 0.05 relative to CS), (D) % time active.

3.5. Effect of MS and LPS on Memory of Offspring

In both male and female rats, no significant effect of MS or LPS was observed on the
total exploration time and exploration ratio between the groups (Supplementary Figure S2)
in the object-place recognition test. However, in male rats, a simple linear regression
analysis indicated that the CLPS (Figure 5B) and MSLPS (Figure 5D) groups performed the
test differently than the CS (Figure 5A) and MSS (Figure 5C) groups. The more time CLPS
and MSLPS rats spent with the unmoved object, the more time they spent with the moved
object (p = 0.0148 and p = 0.02, respectively), suggesting that both LPS treatment groups
checked the objects continually during the test. This effect was not seen in the CS (p = 0.74)
and MSS (p = 0.17) groups.

3.6. Effect of MS and LPS on Anthropometric Data of Offspring at Endpoint (P51–56)

As illustrated in Table 1, in male offspring, a main effect of LPS was observed on
body weight, naso-anal length, brain weight, and % brain/body weight. LPS-injected
offspring demonstrated reduced body weight, naso-anal length, brain weight, and core and
% brain/body weight as compared to saline offspring. A main effect of MS was observed
on % brain/body weight in male offspring, whereby MS offspring showed reduced %
brain/body weight compared to CS offspring. In female offspring, no effect of MS or LPS
was observed on any of the anthropometric data.
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Figure 5. Simple linear regression analysis of time spent interacting with moved and unmoved
objects in male offspring at P40–48. Time spent with the unmoved object and time spent with the
moved object during place recognition test in male offspring (n = 12–19) CS (A), CLPS (B), MSS (C),
MSLPS (D) groups; (B,D) * p < 0.05.

Table 1. Anthropometric data of offspring at endpoint (8 weeks).

Male Offspring

Control MS MS Effect LPS Effect

n = 14–22 Saline (CS) LPS (CLPS) Saline (MSS) LPS (MSLPS)

Terminal weight (g) 359.2 ± 7.9 326.5 ± 6.9 a 357.9 ± 4.7 344.5 ± 7.3 F(1,70) = 11.44,
p = 0.001

Naso-anal length (cm) 23.2 ± 0.2 22.5 ± 0.17 a 23.3 ± 0.09 22.8 ± 0.2 F(1,70) = 12.72,
p = 0.001

Rpwat (g) 1.1 ± 0.09 1.0 ± 0.09 1.1 ± 0.08 1.0 ± 0.09

Brain wt (g) 2.1 ± 0.03 1.98 ± 0.02 2.01 ± 0.02 1.97 ± 0.01 F(1,70) = 7.27,
p = 0.009

% Brain wt/body wt 0.57 ± 0.008 0.61 ± 0.01 0.56 ± 0.007 0.58 ± 0.01 F(1,70) = 5.57,
p = 0.021

F(1,35) = 4.99,
p = 0.032

Glucose (mmol·L−1) 7.9 ± 0.1 7.7 ± 0.1 7.8 ± 0.09 7.9 ± 0.2

Female Offspring

Control MS MS Effect LPS Effect

n = 5–18 Saline (CS) LPS (CLPS) Saline (MSS) LPS (MSLPS)

Terminal weight (g) 212.7 ± 3.6 203.7 ± 4.1 208.8 ± 5.7 210.1 ± 5.2

Naso-anal length (cm) 18.8 ± 0.1 18.6 ± 0.3 18.8 ± 0.2 18.8 ± 0.2

Rpwat (g) 0.4 ± 0.02 0.4 ± 0.02 0.5 ± 0.04 0.4 ± 0.01

Brain wt (g) 1.84 ± 0.01 1.82 ± 0.02 1.78 ± 0.02 1.8 ± 0.02

% Brain wt/body wt 0.9 ± 0.01 0.9 ± 0.02 0.9 ± 0.05 0.9 ± 0.02

Glucose (mmol·L−1) 7.3 ± 0.1 7.2 ± 0.2 7.4 ± 0.1 6.9 ± 0.2

Data expressed as mean ± SEM. Effects of MS and LPS were assessed by two ANOVA followed by Tukey’s post
hoc test (p < 0.05, (a p < 0.05 relative to CS). For male offspring, n = 14–22, and for female offspring, n = 5–18.
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3.7. Effect of MS and LPS on PFC Gene Expression

As the behavioural effects we observed were more pronounced in male compared to
female offspring, further analysis of gene expression changes was performed only in male
rats (n = 65). A main MS effect was observed in GFAP (F(1,55) = 6.695, p = 0.012, Figure 6A)
and BDNF expression (F(1,56) = 5.009, p = 0.029, Figure 6C), indicating that GFAP and
BDNF expression were increased in the PFC of MS offspring compared to control offspring.
Further post hoc analysis of GFAP expression revealed a significant difference between CS
and MSLPS groups (p = 0.03), indicating a synergistic effect of combined MS and LPS in the
MSLPS group. A main effect of LPS was observed on TLR4, whereby its expression was
reduced in LPS compared to the control group (F(1,57) = 10.756, p = 0.002, Figure 6D). No
effect of MS, LPS, or interaction was observed in Iba-1 expression in the PFC (Figure 6B).
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Figure 6. Relative gene expression in PFC in male offspring. Data are shown as mean ± SEM
(n = 10–18 per group), assessed by two-way ANOVA followed by Tukey’s post hoc. Relative gene
expression of (A) GFAP, overall MS effect, p = 0.012 (c p < 0.05 relative to CS), (B) Iba-1, (C) BDNF,
overall MS effect, p = 0.029, and (D) TLR4, overall LPS effect, p = 0.002.

3.8. Effect of MS and LPS on Hippocampus Gene Expression

A main MS effect was observed on Iba-1 expression (F(1,55) = 6.695, p = 0.05, Figure 7B),
indicating that Iba-1 expression was enhanced in MS compared to control offspring. In
BDNF expression, an interaction between MS and LPS was observed (F(1,56) = 5.009,
p = 0.012, Figure 7C). Further analysis revealed that MS offspring had higher expression of
BDNF mRNA than control offspring in the saline group (CS vs. MSS, p = 0.035) and LPS
offspring showed higher expression of BDNF mRNA than saline offspring in the control
group (CS vs. CLPS, p = 0.016). No significant effect of MS or LPS was observed on GFAP
(Figure 7A) and TLR4 (Figure 7D) and expression.
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between MS and LPS, p = 0.012, and (D) TLR4.

4. Discussion

This study confirmed previous observations that MS reduced maternal motivation to
retrieve pups back to the nest. LPS reduced the body weight of both male (P2–P48) and
female (P20–P48) offspring and induced subtle memory deficits only in male offspring.
An interaction between the two stressors, MS and LPS, was observed in the body weight
trajectory of pups. A single stressor (either MS or LPS) reduced body weight in male
(P2–P14) and female (P20–P48) rats, while the combination of stressors (MS+LPS) mitigated
the reduction in body weight. In the offspring, MS induced anxiety-like behaviour in
males and reduced locomotor activity in both males and females. MS also increased GFAP
and BDNF expression in PFC and Iba-1 expression in male hippocampus. No additive
effect of combining both MS and LPS stressors was observed in the brain and behavioural
outcomes that were measured. MS and LPS resulted in distinct behavioural phenotypes in
a sex-specific manner.

4.1. Effect of MS on Dam Behaviour

MS dams showed reduced motivation to retrieve their pups to the nest compared
to controls, as evidenced by increased time taken for the task, which is in line with other
studies [31,32]. MS has previously been shown to increase depression-like behaviour in
mothers, assessed by increased immobility in a forced-swim test [10,33] and decreased
sucrose preference [13], which may contribute to reduced motivation in mothers observed
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in the current study. These studies suggested that long periods of MS can reduce the quality
of maternal care, reflected in reduced licking and grooming from the mother after reunion
with the offspring [10,13,32].

4.2. Effect of MS on Offspring Behaviour

The OFT results from the current study showed that MS male offspring exhibited
increased anxiety-like behaviour and reduced locomotor activity and percentage time active
compared to controls. In female offspring, MS reduced locomotor activity only, with no
effect observed on anxiety or percentage time active, which may be related to the smaller
number of females in the cohort. A similar finding of enhanced anxiety in both male and
female rats following MS was reported by many researchers when assessed by OFT or
elevated plus maze (EPM—another anxiety test) [34–37]. Previous research has also shown
that MS or maternal deprivation can lead to altered HPA-axis responsiveness, resulting in
enhanced cortisol secretion impairing stress reactivity, which might underpin increased
anxiety, depression-like behaviour, and reduced locomotor activity in rodents [38–40]. In
this study, we observed reduced locomotor activity in both male and female offspring,
which is in line with previous studies where decreased locomotor be-haviour was observed
due to hypoactivity in MS rats [41,42].

Furthermore, the MSLPS group displayed increased anxiety-like behaviour and re-
duced locomotor activity, suggesting that MS increased the susceptibility to LPS, leading to
worsened response in the combined group.

4.3. Effect of MS on PFC and Hippocampal Gene Expression in Male Offspring

In the hippocampus and PFC, analyses of various inflammatory and glial markers
indicated that MS male offspring had higher expression of the microglial marker Iba-1 (hip-
pocampus) and the astrocytic marker GFAP (PFC) compared to controls. These outcomes
support previous findings where MS enhanced glial responses as shown by an increase in
Iba-1 expression in the dentate gyrus of the hippocampus [43], CA1 of the hippocampus
and PFC [23], and GFAP in the PFC [44] compared to non-separated adult rats. In rodents,
the second postnatal week is characterised by a peak of gliogenesis, hence separation
from mothers during this critical time period can interfere with glial maturation [45–47],
which may relate to the alterations in GFAP and Iba-1 observed in the current study. Iba-1
expression was shown to be higher in the hippocampus but not PFC of male MS offspring.
Banqueri et al. also demonstrated enhanced expression of Iba-1 in the CA3 region of the hip-
pocampus with no change in the PFC, which is in line with brain region-specific responses
to stressful stimuli [45].

Other studies have reported that increased microglial activation or inflammation due
to MS exposure in rodents is associated with mood disorders and depressive and anxiety-
like behaviour [48,49]. Thus, the increased GFAP expression in the PFC and Iba-1 expression
in the hippocampus we observed in response to MS exposure in the present study may
have contributed to the behavioural deficits observed, including increased anxiety and
reduced locomotor activity.

Moreover, the MSLPS group displayed an increase in GFAP mRNA expression, while
no effect of MS and LPS was observed, indicating a synergistic effect of the combined
stressors. The is similar to the pattern seen in the open-field test, where MSLPS rats showed
higher anxiety-like behaviour and reduced locomotor activity. This interpretation supports
the 2-hit theory of neurodevelopmental and neuropsychiatric disorders, which posits that
exposure to first stressor, MS, enhanced the susceptibility to second stressor, LPS, resulting
in worsened response in the combined group, the MSLPS group.

In the PFC, BDNF expression was increased in MS offspring, while in the hippocam-
pus, its expression was increased following LPS and MS alone; it would appear that
combining these two stressors restored BDNF expression back to control levels. BDNF
is associated with growth and differentiation of new neurons and synapses [50]. In the
case of patients with depression, studies have found decreased hippocampal mRNA ex-
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pression of BDNF [51,52], while in the animal models, previous work showed conflicting
results. Some studies have suggested that MS exposure, 24 h maternal deprivation, or stress
during gestation can decrease BDNF protein levels in the hippocampus or PFC of adult
offspring [53–55], while others have found elevated BDNF protein in the hippocampus
and no change in the PFC and hypothalamus in three-month-old rats post MS [56]. One
study in rats found that MS enhanced BDNF mRNA expression at P21 and 2 months, but
it is noteworthy that the expression was reduced by 15 months of age [57]. These studies
suggest the BDNF response to stress exposure may differ with brain region, in addition to
the age of the rat. Further experiments, such as immunohistochemistry or Western blotting,
could provide a better understanding of this enhanced mRNA expression of BDNF in MS
offspring observed in the current study.

4.4. Effect of MS and LPS on Body Weight of Offspring

LPS administration reduced body weight of male rats from P4 to P48 and females
from P20 to P48, only in controls, i.e., CLPS < CS; this was not observed in MS rats. Previous
studies have also shown that neonatal injection of LPS within the first week after birth
in rats and mice reduced body weight up until adolescence [58–61]. It is well established
that LPS induces sickness behaviour, which leads to a decrease in food intake. This ef-
fect is mediated by increases in several pro-inflammatory cytokines (IL-1, TNF-α, IL-1β,
prostaglandin E2 (PGE2), interferon gamma (IFN-γ), and arachidonic acid metabolites),
which induce changes in the hypothalamic feeding regulatory centre, which inhibit feed-
ing [18–20]. Hence, the decreased body weight in neonates in the current study might
be explained by decreased milk consumption due to symptoms of sickness behaviour
following LPS administration.

In the current study, a main effect of MS was not observed, although the analysis of
interaction between two stressors (MS and LPS) suggested that MS reduced body weight
in males during earlier age (P2–14) and after weaning in females (P20–48). There was no
additive detrimental effect on body weight when the two stressors were combined (LPS
and MS) in either male or female rats. Some authors have reported MS (P2–14, 3 h/day)
leads to reduced body weight in both male and female offspring early in life, i.e., until
3 weeks of age [62–64]. The reduction in body weight may be explained by the fact that
separation from mothers can affect the mother–offspring interaction, leading to inadequate
nutrition [65]. Others have proposed that reduced growth hormone in pups resulted in
lower body weight and abnormal growth trajectory [66–68], similar to our finding where 3
h of MS reduced body weight in offspring until early adulthood.

4.5. Effect of LPS on Behaviour of Offspring

Previous research has demonstrated that neonatal LPS exposure during the first week
after birth can lead to memory deficits [18,61,69,70]. Some studies [26,61] have shown that
a single LPS exposure ((1 mg/kg) intracerebral injection) in P5 rats leads to memory deficits
in adulthood, assessed via passive avoidance test, a hippocampal memory-based test, and
locomotion deficits, assessed via vertical activity in OFT. In the current study, early i.p. LPS
exposure did not induce frank memory loss, rather rats administered LPS (CLPS and MSLPS)
performed the task differently. Rats in the LPS groups were able to recognise the object in a
novel place, but this involved multiple movements, checking both moved and unmoved
objects, compared to saline rats.

A similar subtle change in memory in the object-place recognition test has been re-
ported following a small hippocampal lesion [71]. Subtle memory deficit is associated with
slight forgetfulness while carrying out instrumental activities of daily living, without severe
memory complaints or subjective cognitive decline in an individual [72]. Among several
NDDs, it has been previously reported that schizophrenia is associated with the presence
of disruptions in subtle memory such as differentiation between objects. Such disruption
in memory has been studied in schizophrenic patients by the Mnemonic Similarity Task
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(MST), where they tend to mistake similar, but not identical, items more often for ones they
studied previously, rather than rejecting them [73].

Although deficits in spatial context memory have been reported in both NDDs (includ-
ing schizophrenia) and the rodent model of MS, exploring working or executive memory
function would have been of interest [10,43]. Unfortunately, this is one of the limitations of
the study.

In the current study, a frank memory loss was not observed in male offspring, which
might be because rat offspring were exposed to both the stressors (LPS and MS) during
early life (from P2 to P14), while previous studies reported that the effects of combined
exposure on memory deficits were only observed if rats were rechallenged with LPS at a
later age [69,70,74].

In the current study, the effect of LPS on the behaviour of offspring was only observed
in male rats, suggesting a sex-dependent effect of LPS. The sex differences in response
to the LPS challenge might exist because female rats are more sensitive to bacterial/viral
infection during adolescence or adulthood while male rats are more sensitive during early
life [75,76]. In addition to infection, there are also sex-dependent differential expressions
of neurodevelopmental genes that may also result in sex-dependent differences in the
neuronal development, maturation, and consequent developmental trajectory [77,78].

This study’s behavioural and mRNA expression data indicate the presence of inter-
individual variability within the same group, suggesting that some animals exhibit greater
sensitivity to the stressor compared to others. Inter-individual variability in phenotype
generally reflects differences in gene expression among individuals. Both genetic and
environmental factors influence many functional or behavioural traits, suggesting the
environmental influence over epigenetic modification, which serves as a mechanistic link
between genes and the environment [79]. For example, in schizophrenia patients, inter-
individual variability has been observed across cognitive tests, giving rise to cognitive
heterogeneity as a clinical characteristic of the disorder [80]. A rodent study demonstrated
inter-individual variability in social testing environments, attributed to the differential
expression of dopamine neurons in response to environmental stimuli [81].

5. Conclusions

The combination of MS (P2–14) and LPS (P3) induced a synergistic effect on the
anxiety-like behaviour, locomotor activity, and GFAP mRNA expression outcomes that were
investigated in this manuscript. These results support the 2-hit hypothesis of NDDs and
neuropsychiatric disorders, whereby exposure to a first stressor, MS, enhanced the suscep-
tibility to a second stressor, LPS, leading worsened response in the combined MSLPS group.

From the open-field test and object-place recognition test conducted in this study, it
can be concluded that MS induced anxiety-like behaviour in male and reduced locomotor
activity in both male and female offspring, and LPS administration at P3 induced subtle
memory deficits in male offspring. This suggests that the stressors induced distinct sex-
specific behavioural phenotypes.

For body weight trajectory, an interaction between the two stressors, MS and LPS,
was observed, whereby either MS or LPS reduced the body weight in males (P2–P14)
and females (P20–48) while the combination of stressors mitigated the reduction in body
weight in the MSLPS group in both males and females. This suggests that exposure to one
stressor might lead to resilience to the effects of exposure to the second stressor. Previ-
ous research has shown that female offspring from stressed mothers have lower plasma
insulin, better homeostatic model assessment for insulin resistance levels (HOMA-IR, an
indicator of insulin resistance) [82], and reduced insulin during an oral glucose tolerance
test (OGTT) [83] compared to offspring from non-stressed mothers, suggesting there is a
programmed resilience in metabolism due to early-life stress. Similarly, in this manuscript,
administration of LPS did not lead to a further reduction in MS offspring body weight,
suggesting exposure to combined stressors did not lead to additive effects. The exposure
to one stressor might lead to resilience to the exposure of the second stressor. Hence, the
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mitigation in further reduction in body weight might be due to adaptation to exposure to
the second stressor.

6. Limitations of the Study

1. Limited number of experiments conducted in the study, which includes only two
behavioural tests (OFT and object-place recognition test) and four gene expression
analyses in two brain regions (PFC and hippocampus).

2. To assess the impact of MS and LPS on memory function, exclusively the spatial
memory test (object-place recognition test) was conducted. Other cognitive domains
including working or recognition memory were not explored in this study.

3. Due to the small sample size of female rats, genes expression analysis was only
conducted in the male rats.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/biom14020197/s1. Table S1: Body weight of female dams allocated
to control or MS; Table S2: Anthropometric data of dams at endpoint; Figure S1: Body temperature
6 h and 24 h after LPS administration of male and female offspring; Figure S2: Test phase of novel
place recognition test performance P40–48.

Author Contributions: B.B.—Conceptualisation, methodology, validation, formal analysis, investiga-
tion, data curation, writing—original draft preparation, writing—review and editing, visualisation.
V.E.—Conceptualisation, writing—review and editing, supervision, project administration, fund-
ing acquisition. M.J.M.—Conceptualisation, methodology, resources, writing—review and editing,
supervision, project administration, funding acquisition. N.M.J.—Conceptualisation, methodology,
resources, data curation, writing—review and editing, supervision, project administration. All
authors have read and agreed to the published version of the manuscript.

Funding: The work was partially supported by NHMRC funding to M Morris (grant number 1161418).

Institutional Review Board Statement: All animal experiments were performed in accordance with
the Australian National Health and Medical Research Council code of practice and approval of
UNSW Animal Care and Ethics Committee (ACEC No. 20/77A, 15 May 2020).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data supporting these findings are available from the corresponding
authors upon reasonable request.

Acknowledgments: Authors gratefully acknowledge assistance from Md Mustahsan Billah during
the euthanization of rats.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Anda, R.F.; Felitti, V.J.; Bremner, J.D.; Walker, J.D.; Whitfield, C.; Perry, B.D.; Dube, S.R.; Giles, W.H. The enduring effects of

abuse and related adverse experiences in childhood. A convergence of evidence from neurobiology and epidemiology. Eur. Arch.
Psychiatry Clin. Neurosci. 2006, 256, 174–186. [CrossRef] [PubMed]

2. Lanier, P.; Maguire-Jack, K.; Lombardi, B.; Frey, J.; Rose, R.A. Adverse Childhood Experiences and Child Health Outcomes:
Comparing Cumulative Risk and Latent Class Approaches. Matern. Child Health J. 2018, 22, 288–297. [CrossRef] [PubMed]

3. Pineda, R.G.; Neil, J.; Dierker, D.; Smyser, C.D.; Wallendorf, M.; Kidokoro, H.; Reynolds, L.C.; Walker, S.; Rogers, C.; Mathur,
A.M.; et al. Alterations in brain structure and neurodevelopmental outcome in preterm infants hospitalized in different neonatal
intensive care unit environments. J. Pediatr. 2014, 164, 52–60.e52. [CrossRef]

4. Nelson, C.A., 3rd. Hazards to Early Development: The Biological Embedding of Early Life Adversity. Neuron 2017, 96, 262–266.
[CrossRef] [PubMed]

5. Nelson, C.A.; Scott, R.D.; Bhutta, Z.A.; Harris, N.B.; Danese, A.; Samara, M. Adversity in childhood is linked to mental and
physical health throughout life. BMJ 2020, 371, m3048. [CrossRef] [PubMed]

6. Berens, A.E.; Jensen, S.K.G.; Nelson, C.A. Biological embedding of childhood adversity: From physiological mechanisms to
clinical implications. BMC Med. 2017, 15, 135. [CrossRef]

https://www.mdpi.com/article/10.3390/biom14020197/s1
https://www.mdpi.com/article/10.3390/biom14020197/s1
https://doi.org/10.1007/s00406-005-0624-4
https://www.ncbi.nlm.nih.gov/pubmed/16311898
https://doi.org/10.1007/s10995-017-2365-1
https://www.ncbi.nlm.nih.gov/pubmed/28929420
https://doi.org/10.1016/j.jpeds.2013.08.047
https://doi.org/10.1016/j.neuron.2017.09.027
https://www.ncbi.nlm.nih.gov/pubmed/29024653
https://doi.org/10.1136/bmj.m3048
https://www.ncbi.nlm.nih.gov/pubmed/33115717
https://doi.org/10.1186/s12916-017-0895-4


Biomolecules 2024, 14, 197 16 of 19

7. Suchdev, P.S.; Boivin, M.J.; Forsyth, B.W.; Georgieff, M.K.; Guerrant, R.L.; Nelson, C.A., 3rd. Assessment of Neurodevelopment,
Nutrition, and Inflammation from Fetal Life to Adolescence in Low-Resource Settings. Pediatrics 2017, 139, S23–S37. [CrossRef]
[PubMed]

8. Maitre, N.L.; Key, A.P.; Chorna, O.D.; Slaughter, J.C.; Matusz, P.J.; Wallace, M.T.; Murray, M.M. The Dual Nature of Early-Life
Experience on Somatosensory Processing in the Human Infant Brain. Curr. Biol. 2017, 27, 1048–1054. [CrossRef]

9. Ellenbroek, B.; Angelucci, F.; Husum, H.; Mathé, A.A. Gene-environment interactions in a rat model of depression. Maternal
separation affects neurotensin in selected brain regions. Neuropeptides 2016, 59, 83–88. [CrossRef] [PubMed]

10. Maghami, S.; Zardooz, H.; Khodagholi, F.; Binayi, F.; Ranjbar Saber, R.; Hedayati, M.; Sahraei, H.; Ansari, M.A. Maternal
separation blunted spatial memory formation independent of peripheral and hippocampal insulin content in young adult male
rats. PLoS ONE 2018, 13, e0204731. [CrossRef] [PubMed]

11. Maniam, J.; Antoniadis, C.; Morris, M.J. Early-Life Stress, HPA Axis Adaptation, and Mechanisms Contributing to Later Health
Outcomes. Front. Endocrinol. 2014, 5, 73. [CrossRef]

12. Biagini, G.; Pich, E.M.; Carani, C.; Marrama, P.; Agnati, L.F. Postnatal maternal separation during the stress hyporesponsive
period enhances the adrenocortical response to novelty in adult rats by affecting feedback regulation in the CA1 hippocampal
field. Int. J. Dev. Neurosci. 1998, 16, 187–197. [CrossRef]

13. Maniam, J.; Morris, M.J. Long-term postpartum anxiety and depression-like behavior in mother rats subjected to maternal
separation are ameliorated by palatable high fat diet. Behav. Brain Res 2010, 208, 72–79. [CrossRef] [PubMed]

14. Vetulani, J. Early maternal separation: A rodent model of depression and a prevailing human condition. Pharmacol. Rep. 2013, 65,
1451–1461. [CrossRef]

15. Wei, R.; Zhang, Y.; Feng, Y.; Zhang, K.; Zhang, J.; Chen, J.; Li, X.; Chen, G. Resveratrol ameliorates maternal separation-induced
anxiety- and depression-like behaviors and reduces Sirt1-NF-kB signaling-mediated neuroinflammation. Front. Behav. Neurosci.
2023, 17, 1172091. [CrossRef]

16. Strunk, T.; Inder, T.; Wang, X.; Burgner, D.; Mallard, C.; Levy, O. Infection-induced inflammation and cerebral injury in preterm
infants. Lancet Infect. Dis. 2014, 14, 751–762. [CrossRef] [PubMed]

17. Semple, B.D.; Blomgren, K.; Gimlin, K.; Ferriero, D.M.; Noble-Haeusslein, L.J. Brain development in rodents and humans:
Identifying benchmarks of maturation and vulnerability to injury across species. Prog. Neurobiol. 2013, 106–107, 1–16. [CrossRef]
[PubMed]

18. Pang, Y.; Dai, X.; Roller, A.; Carter, K.; Paul, I.; Bhatt, A.J.; Lin, R.C.; Fan, L.W. Early Postnatal Lipopolysaccharide Exposure Leads
to Enhanced Neurogenesis and Impaired Communicative Functions in Rats. PLoS ONE 2016, 11, e0164403. [CrossRef] [PubMed]

19. Henry, C.J.; Huang, Y.; Wynne, A.; Hanke, M.; Himler, J.; Bailey, M.T.; Sheridan, J.F.; Godbout, J.P. Minocycline attenuates
lipopolysaccharide (LPS)-induced neuroinflammation, sickness behavior, and anhedonia. J. Neuroinflamm. 2008, 5, 15. [CrossRef]

20. Walker, A.K.; Nakamura, T.; Hodgson, D.M. Neonatal lipopolysaccharide exposure alters central cytokine responses to stress in
adulthood in Wistar rats. Stress 2010, 13, 506–515. [CrossRef]

21. Saavedra, L.M.; Fenton Navarro, B.; Torner, L. Early Life Stress Activates Glial Cells in the Hippocampus but Attenuates Cytokine
Secretion in Response to an Immune Challenge in Rat Pups. Neuroimmunomodulation 2017, 24, 242–255. [CrossRef]

22. Zajdel, J.; Zager, A.; Blomqvist, A.; Engblom, D.; Shionoya, K. Acute maternal separation potentiates the gene expression and
corticosterone response induced by inflammation. Brain Behav. Immun. 2019, 77, 141–149. [CrossRef]

23. Wang, R.; Wang, W.; Xu, J.; Liu, D.; Wu, H.; Qin, X.; Jiang, H.; Pan, F. Jmjd3 is involved in the susceptibility to depression induced
by maternal separation via enhancing the neuroinflammation in the prefrontal cortex and hippocampus of male rats. Exp. Neurol.
2020, 328, 113254. [CrossRef]

24. Demina, E.P.; Pierre, W.C.; Nguyen, A.L.A.; Londono, I.; Reiz, B.; Zou, C.; Chakraberty, R.; Cairo, C.W.; Pshezhetsky, A.V.;
Lodygensky, G.A. Persistent reduction in sialylation of cerebral glycoproteins following postnatal inflammatory exposure. J.
Neuroinflamm. 2018, 15, 336. [CrossRef] [PubMed]

25. Pierre, W.C.; Legault, L.M.; Londono, I.; McGraw, S.; Lodygensky, G.A. Alteration of the brain methylation landscape following
postnatal inflammatory injury in rat pups. FASEB J. 2020, 34, 432–445. [CrossRef]

26. Fragopoulou, A.F.; Qian, Y.; Heijtz, R.D.; Forssberg, H. Can Neonatal Systemic Inflammation and Hypoxia Yield a Cerebral
Palsy-Like Phenotype in Periadolescent Mice? Mol. Neurobiol. 2019, 56, 6883–6900. [CrossRef]

27. Wang, X.; Stridh, L.; Li, W.; Dean, J.; Elmgren, A.; Gan, L.; Eriksson, K.; Hagberg, H.; Mallard, C. Lipopolysaccharide sensitizes
neonatal hypoxic-ischemic brain injury in a MyD88-dependent manner. J. Immunol. 2009, 183, 7471–7477. [CrossRef] [PubMed]

28. Hickey, E.; Shi, H.; Van Arsdell, G.; Askalan, R. Lipopolysaccharide-induced preconditioning against ischemic injury is associated
with changes in toll-like receptor 4 expression in the rat developing brain. Pediatr. Res. 2011, 70, 10–14. [CrossRef]

29. Kendig, M.D.; Westbrook, R.F.; Morris, M.J. Pattern of access to cafeteria-style diet determines fat mass and degree of spatial
memory impairments in rats. Sci. Rep. 2019, 9, 13516. [CrossRef]

30. Beilharz, J.E.; Kaakoush, N.O.; Maniam, J.; Morris, M.J. The effect of short-term exposure to energy-matched diets enriched in fat
or sugar on memory, gut microbiota and markers of brain inflammation and plasticity. Brain Behav. Immun. 2016, 57, 304–313.
[CrossRef]

31. Maniam, J.; Antoniadis, C.P.; Le, V.; Morris, M.J. A diet high in fat and sugar reverses anxiety-like behaviour induced by limited
nesting in male rats: Impacts on hippocampal markers. Psychoneuroendocrinology 2016, 68, 202–209. [CrossRef] [PubMed]

https://doi.org/10.1542/peds.2016-2828E
https://www.ncbi.nlm.nih.gov/pubmed/28562246
https://doi.org/10.1016/j.cub.2017.02.036
https://doi.org/10.1016/j.npep.2016.05.001
https://www.ncbi.nlm.nih.gov/pubmed/27372546
https://doi.org/10.1371/journal.pone.0204731
https://www.ncbi.nlm.nih.gov/pubmed/30332425
https://doi.org/10.3389/fendo.2014.00073
https://doi.org/10.1016/S0736-5748(98)00019-7
https://doi.org/10.1016/j.bbr.2009.11.005
https://www.ncbi.nlm.nih.gov/pubmed/19896506
https://doi.org/10.1016/S1734-1140(13)71505-6
https://doi.org/10.3389/fnbeh.2023.1172091
https://doi.org/10.1016/S1473-3099(14)70710-8
https://www.ncbi.nlm.nih.gov/pubmed/24877996
https://doi.org/10.1016/j.pneurobio.2013.04.001
https://www.ncbi.nlm.nih.gov/pubmed/23583307
https://doi.org/10.1371/journal.pone.0164403
https://www.ncbi.nlm.nih.gov/pubmed/27723799
https://doi.org/10.1186/1742-2094-5-15
https://doi.org/10.3109/10253890.2010.489977
https://doi.org/10.1159/000485383
https://doi.org/10.1016/j.bbi.2018.12.016
https://doi.org/10.1016/j.expneurol.2020.113254
https://doi.org/10.1186/s12974-018-1367-2
https://www.ncbi.nlm.nih.gov/pubmed/30518374
https://doi.org/10.1096/fj.201901461R
https://doi.org/10.1007/s12035-019-1548-8
https://doi.org/10.4049/jimmunol.0900762
https://www.ncbi.nlm.nih.gov/pubmed/19917690
https://doi.org/10.1203/PDR.0b013e31821d02aa
https://doi.org/10.1038/s41598-019-50113-3
https://doi.org/10.1016/j.bbi.2016.07.151
https://doi.org/10.1016/j.psyneuen.2016.03.007
https://www.ncbi.nlm.nih.gov/pubmed/26999723


Biomolecules 2024, 14, 197 17 of 19

32. Aguggia, J.P.; Suarez, M.M.; Rivarola, M.A. Early maternal separation: Neurobehavioral consequences in mother rats. Behav.
Brain Res. 2013, 248, 25–31. [CrossRef]

33. Boccia, M.L.; Razzoli, M.; Vadlamudi, S.P.; Trumbull, W.; Caleffie, C.; Pedersen, C.A. Repeated long separations from pups
produce depression-like behavior in rat mothers. Psychoneuroendocrinology 2007, 32, 65–71. [CrossRef]

34. Aisa, B.; Tordera, R.; Lasheras, B.; Del Rio, J.; Ramirez, M.J. Cognitive impairment associated to HPA axis hyperactivity after
maternal separation in rats. Psychoneuroendocrinology 2007, 32, 256–266. [CrossRef]

35. Huot, R.L.; Thrivikraman, K.V.; Meaney, M.J.; Plotsky, P.M. Development of adult ethanol preference and anxiety as a consequence
of neonatal maternal separation in Long Evans rats and reversal with antidepressant treatment. Psychopharmacology 2001, 158,
366–373. [CrossRef]

36. Jaimes-Hoy, L.; Gutierrez-Mariscal, M.; Vargas, Y.; Perez-Maldonado, A.; Romero, F.; Sanchez-Jaramillo, E.; Charli, J.L.;
Joseph-Bravo, P. Neonatal Maternal Separation Alters, in a Sex- Specific Manner, the Expression of TRH, of TRH-Degrading
Ectoenzyme in the Rat Hypothalamus, and the Response of the Thyroid Axis to Starvation. Endocrinology 2016, 157, 3253–3265.
[CrossRef]

37. Jin, S.; Zhao, Y.; Jiang, Y.; Wang, Y.; Li, C.; Zhang, D.; Lian, B.; Du, Z.; Sun, H.; Sun, L. Anxiety-like behaviour assessments of
adolescent rats after repeated maternal separation during early life. Neuroreport 2018, 29, 643–649. [CrossRef]

38. Ladd, C.O.; Thrivikraman, K.V.; Huot, R.L.; Plotsky, P.M. Differential neuroendocrine responses to chronic variable stress in adult
Long Evans rats exposed to handling-maternal separation as neonates. Psychoneuroendocrinology 2005, 30, 520–533. [CrossRef]

39. Maniam, J.; Morris, M.J. Voluntary exercise and palatable high-fat diet both improve behavioural profile and stress responses in
male rats exposed to early life stress: Role of hippocampus. Psychoneuroendocrinology 2010, 35, 1553–1564. [CrossRef]

40. Wigger, A.; Neumann, I.D. Periodic maternal deprivation induces gender-dependent alterations in behavioral and neuroendocrine
responses to emotional stress in adult rats. Physiol. Behav. 1999, 66, 293–302. [CrossRef]

41. Aspesi, D.; Farinetti, A.; Marraudino, M.; Morgan, G.S.K.; Marzolab, E.; Abbate-Dagab, G.; Gotti, S. Maternal separation alters the
reward system of activity-based anorexia rats. Psychoneuroendocrinology 2021, 133, 105393. [CrossRef] [PubMed]

42. Lippmann, M.; Bress, A.; Nemeroff, C.B.; Plotsky, P.M.; Monteggia, L.M. Long-term behavioural and molecular alterations
associated with maternal separation in rats. Eur. J. Neurosci. 2007, 25, 3091–3098. [CrossRef] [PubMed]

43. Han, Y.; Zhang, L.; Wang, Q.; Zhang, D.; Zhao, Q.; Zhang, J.; Xie, L.; Liu, G.; You, Z. Minocycline inhibits microglial activation
and alleviates depressive-like behaviors in male adolescent mice subjected to maternal separation. Psychoneuroendocrinology 2019,
107, 37–45. [CrossRef] [PubMed]

44. Kwak, H.R.; Lee, J.W.; Kwon, K.J.; Kang, C.D.; Cheong, I.Y.; Chun, W.; Kim, S.S.; Lee, H.J. Maternal social separation of adolescent
rats induces hyperactivity and anxiolytic behavior. Korean J. Physiol. Pharmacol. 2009, 13, 79–83. [CrossRef] [PubMed]

45. Banqueri, M.; Mendez, M.; Gomez-Lazaro, E.; Arias, J.L. Early life stress by repeated maternal separation induces long-term
neuroinflammatory response in glial cells of male rats. Stress 2019, 22, 563–570. [CrossRef] [PubMed]

46. Catale, C.; Gironda, S.; Lo Iacono, L.; Carola, V. Microglial Function in the Effects of Early-Life Stress on Brain and Behavioral
Development. J. Clin. Med. 2020, 9, 468. [CrossRef]

47. Hanamsagar, R.; Bilbo, S.D. Environment matters: Microglia function and dysfunction in a changing world. Curr. Opin. Neurobiol.
2017, 47, 146–155. [CrossRef]

48. Roque, A.; Ochoa-Zarzosa, A.; Torner, L. Maternal separation activates microglial cells and induces an inflammatory response in
the hippocampus of male rat pups, independently of hypothalamic and peripheral cytokine levels. Brain Behav. Immun. 2016, 55,
39–48. [CrossRef]

49. Zhang, Y.P.; Huo, Y.L.; Fang, Z.Q.; Wang, X.F.; Li, J.D.; Wang, H.P.; Peng, W.; Johnson, A.K.; Xue, B. Maternal high-fat diet acts on
the brain to induce baroreflex dysfunction and sensitization of angiotensin II-induced hypertension in adult offspring. Am. J.
Physiol. Heart Circ. Physiol. 2018, 314, H1061–H1069. [CrossRef]

50. Huang, E.J.; Reichardt, L.F. Neurotrophins: Roles in neuronal development and function. Annu. Rev. Neurosci. 2001, 24, 677–736.
[CrossRef] [PubMed]

51. Duman, R.S.; Monteggia, L.M. A neurotrophic model for stress-related mood disorders. Biol. Psychiatry 2006, 59, 1116–1127.
[CrossRef]

52. Schnydrig, S.; Korner, L.; Landweer, S.; Ernst, B.; Walker, G.; Otten, U.; Kunz, D. Peripheral lipopolysaccharide administration
transiently affects expression of brain-derived neurotrophic factor, corticotropin and proopiomelanocortin in mouse brain.
Neurosci. Lett. 2007, 429, 69–73. [CrossRef]

53. Fumagalli, F.; Bedogni, F.; Perez, J.; Racagni, G.; Riva, M.A. Corticostriatal brain-derived neurotrophic factor dysregulation in
adult rats following prenatal stress. Eur. J. Neurosci. 2004, 20, 1348–1354. [CrossRef]

54. Ognibene, E.; Adriani, W.; Caprioli, A.; Ghirardi, O.; Ali, S.F.; Aloe, L.; Laviola, G. The effect of early maternal separation on brain
derived neurotrophic factor and monoamine levels in adult heterozygous reeler mice. Prog. Neuropsychopharmacol. Biol. Psychiatry
2008, 32, 1269–1276. [CrossRef] [PubMed]

55. Roceri, M.; Hendriks, W.; Racagni, G.; Ellenbroek, B.A.; Riva, M.A. Early maternal deprivation reduces the expression of BDNF
and NMDA receptor subunits in rat hippocampus. Mol. Psychiatry 2002, 7, 609–616. [CrossRef]

56. Greisen, M.H.; Altar, C.A.; Bolwig, T.G.; Whitehead, R.; Wortwein, G. Increased adult hippocampal brain-derived neurotrophic
factor and normal levels of neurogenesis in maternal separation rats. J. Neurosci. Res. 2005, 79, 772–778. [CrossRef]

https://doi.org/10.1016/j.bbr.2013.03.040
https://doi.org/10.1016/j.psyneuen.2006.10.004
https://doi.org/10.1016/j.psyneuen.2006.12.013
https://doi.org/10.1007/s002130100701
https://doi.org/10.1210/en.2016-1239
https://doi.org/10.1097/WNR.0000000000001010
https://doi.org/10.1016/j.psyneuen.2004.12.004
https://doi.org/10.1016/j.psyneuen.2010.05.012
https://doi.org/10.1016/S0031-9384(98)00300-X
https://doi.org/10.1016/j.psyneuen.2021.105393
https://www.ncbi.nlm.nih.gov/pubmed/34481327
https://doi.org/10.1111/j.1460-9568.2007.05522.x
https://www.ncbi.nlm.nih.gov/pubmed/17561822
https://doi.org/10.1016/j.psyneuen.2019.04.021
https://www.ncbi.nlm.nih.gov/pubmed/31078757
https://doi.org/10.4196/kjpp.2009.13.2.79
https://www.ncbi.nlm.nih.gov/pubmed/19885001
https://doi.org/10.1080/10253890.2019.1604666
https://www.ncbi.nlm.nih.gov/pubmed/31007117
https://doi.org/10.3390/jcm9020468
https://doi.org/10.1016/j.conb.2017.10.007
https://doi.org/10.1016/j.bbi.2015.09.017
https://doi.org/10.1152/ajpheart.00698.2017
https://doi.org/10.1146/annurev.neuro.24.1.677
https://www.ncbi.nlm.nih.gov/pubmed/11520916
https://doi.org/10.1016/j.biopsych.2006.02.013
https://doi.org/10.1016/j.neulet.2007.09.067
https://doi.org/10.1111/j.1460-9568.2004.03592.x
https://doi.org/10.1016/j.pnpbp.2008.03.023
https://www.ncbi.nlm.nih.gov/pubmed/18501492
https://doi.org/10.1038/sj.mp.4001036
https://doi.org/10.1002/jnr.20418


Biomolecules 2024, 14, 197 18 of 19

57. Suri, D.; Veenit, V.; Sarkar, A.; Thiagarajan, D.; Kumar, A.; Nestler, E.J.; Galande, S.; Vaidya, V.A. Early stress evokes age-dependent
biphasic changes in hippocampal neurogenesis, BDNF expression, and cognition. Biol. Psychiatry 2013, 73, 658–666. [CrossRef]

58. Doosti, M.H.; Bakhtiari, A.; Zare, P.; Amani, M.; Majidi-Zolbanin, N.; Babri, S.; Salari, A.A. Impacts of early intervention
with fluoxetine following early neonatal immune activation on depression-like behaviors and body weight in mice. Prog.
Neuropsychopharmacol. Biol. Psychiatry 2013, 43, 55–65. [CrossRef]

59. Fan, L.W.; Tien, L.T.; Lin, R.C.; Simpson, K.L.; Rhodes, P.G.; Cai, Z. Neonatal exposure to lipopolysaccharide enhances vulnerability
of nigrostriatal dopaminergic neurons to rotenone neurotoxicity in later life. Neurobiol. Dis. 2011, 44, 304–316. [CrossRef]

60. Fan, L.W.; Tien, L.T.; Zheng, B.; Pang, Y.; Lin, R.C.; Simpson, K.L.; Ma, T.; Rhodes, P.G.; Cai, Z. Dopaminergic neuronal injury in
the adult rat brain following neonatal exposure to lipopolysaccharide and the silent neurotoxicity. Brain Behav. Immun. 2011, 25,
286–297. [CrossRef] [PubMed]

61. Wang, K.C.; Fan, L.W.; Kaizaki, A.; Pang, Y.; Cai, Z.; Tien, L.T. Neonatal lipopolysaccharide exposure induces long-lasting learning
impairment, less anxiety-like response and hippocampal injury in adult rats. Neuroscience 2013, 234, 146–157. [CrossRef]

62. Iwasaki, S.; Inoue, K.; Kiriike, N.; Hikiji, K. Effect of maternal separation on feeding behavior of rats in later life. Physiol. Behav.
2000, 70, 551–556. [CrossRef]

63. McIntosh, J.; Anisman, H.; Merali, Z. Short- and long-periods of neonatal maternal separation differentially affect anxiety and
feeding in adult rats: Gender-dependent effects. Brain Res. Dev. Brain Res. 1999, 113, 97–106. [CrossRef]

64. Zimmerberg, B.; Shartrand, A.M. Temperature-dependent effects of maternal separation on growth, activity, and amphetamine
sensitivity in the rat. Dev. Psychobiol. 1992, 25, 213–222. [CrossRef]

65. Vallee, M.; Mayo, W.; Maccari, S.; Le Moal, M.; Simon, H. Long-term effects of prenatal stress and handling on metabolic
parameters: Relationship to corticosterone secretion response. Brain Res. 1996, 712, 287–292. [CrossRef] [PubMed]

66. Juarez, L.M.; Meserve, L.A. Modification of hypothalamic content of growth hormone regulatory peptides in maternally deprived
neonatal rats. Growth Dev. Aging 1988, 52, 139–143. [PubMed]

67. Kuhn, C.M.; Pauk, J.; Schanberg, S.M. Endocrine responses to mother-infant separation in developing rats. Dev. Psychobiol. 1990,
23, 395–410. [CrossRef] [PubMed]

68. Meaney, M.J.; Bhatnagar, S.; Larocque, S.; McCormick, C.; Shanks, N.; Sharma, S.; Smythe, J.; Viau, V.; Plotsky, P.M. Individual
differences in the hypothalamic-pituitary-adrenal stress response and the hypothalamic CRF system. Ann. N. Y. Acad. Sci. 1993,
697, 70–85. [CrossRef]

69. Bilbo, S.D.; Biedenkapp, J.C.; Der-Avakian, A.; Watkins, L.R.; Rudy, J.W.; Maier, S.F. Neonatal infection-induced memory
impairment after lipopolysaccharide in adulthood is prevented via caspase-1 inhibition. J. Neurosci. 2005, 25, 8000–8009.
[CrossRef]

70. Xin, Y.R.; Jiang, J.X.; Hu, Y.; Pan, J.P.; Mi, X.N.; Gao, Q.; Xiao, F.; Zhang, W.; Luo, H.M. The Immune System Drives Synapse Loss
During Lipopolysaccharide-Induced Learning and Memory Impairment in Mice. Front. Aging Neurosci. 2019, 11, 279. [CrossRef]

71. Finney, C.A.; Morris, M.J.; Westbrook, R.F.; Jones, N.M. Hippocampal silent infarct leads to subtle cognitive decline that is
associated with inflammation and gliosis at twenty-four hours after injury in a rat model. Behav. Brain Res. 2020, 5, 401–489.
[CrossRef] [PubMed]

72. Jekel, K.; Damian, M.; Wattmo, C.; Hausner, L.; Bullock, R.; Connelly, P.J.; Dubois, B.; Eriksdotter, M.; Ewers, M.; Graessel, E.; et al.
Mild cognitive impairment and deficits in instrumental activities of daily living: A systematic review. Alzheimer’s Res. Ther. 2015,
7, 17. [CrossRef]

73. Sahakyan, L.; Wahlheim, C.N.; Kwapil, T.R. Mnemonic discrimination deficits in multidimensional schizotypy. Hippocampus 2023,
33, 1139–1153. [CrossRef]

74. Bilbo, S.D.; Levkoff, L.H.; Mahoney, J.H.; Watkins, L.R.; Rudy, J.W.; Maier, S.F. Neonatal infection induces memory impairments
following an immune challenge in adulthood. Behav. Neurosci. 2005, 119, 293–301. [CrossRef]

75. Bilbo, S.D.; Schwarz, J.M. The Immune System and Developmental Programming of Brain and Behavior. Front. Neuroendocrinol.
2012, 33, 267–286. [CrossRef] [PubMed]

76. Schwarz, J.M.; Bilbo, S.D. Sex, glia, and development: Interactions in health and disease. Horm. Behav. 2012, 62, 243–253.
[CrossRef]

77. Bachiller, S.; Paulus, A.; Vazquez-Reyes, S.; García-Domínguez, I.; Deierborg, T. Maternal separation leads to regional hippocampal
microglial activation and alters the behavior in the adolescence in a sex-specific manner. Brain Behav. Immun. 2020, 9, 100142.
[CrossRef] [PubMed]

78. Rincel, M.; Aubert, P.; Chevalier, J.; Grohard, P.A.; Basso, L.; Monchaux de Oliveira, C.; Helbling, J.C.; Levy, E.; Chevalier, G.;
Leboyer, M.; et al. Multi-hit early life adversity affects gut microbiota, brain and behavior in a sex-dependent manner. Brain Behav.
Immun. 2019, 80, 179–192. [CrossRef]

79. Turan, N.; Katari, S.; Coutifaris, C.; Sapienza, C. Explaining inter-individual variability in phenotype. Epigenetics. 2010, 5, 16–19.
[CrossRef]

80. Haatveit, B.; Westlye, L.T.; Vaskinn, A.; Flaaten, C.B.; Mohn, C.; Bjella, T.; Sundet, K.; Melle, I.; Andreassen, O.A.; Alnæs, D.; et al.
Intra- and inter-individual cognitive variability in schizophrenia and bipolar spectrum disorder: An investigation across multiple
cognitive domains. Schizophrenia 2023, 9, 89. [CrossRef] [PubMed]

81. Faure, P.; Fayad, S.L.; Solié, C.; Reynolds, L.M. Social Determinants of Inter-Individual Variability and Vulnerability: The Role of
Dopamine. Front. Behav. Neurosci. 2022, 16, 836343. [CrossRef] [PubMed]

https://doi.org/10.1016/j.biopsych.2012.10.023
https://doi.org/10.1016/j.pnpbp.2012.12.003
https://doi.org/10.1016/j.nbd.2011.07.011
https://doi.org/10.1016/j.bbi.2010.09.020
https://www.ncbi.nlm.nih.gov/pubmed/20875849
https://doi.org/10.1016/j.neuroscience.2012.12.049
https://doi.org/10.1016/S0031-9384(00)00305-X
https://doi.org/10.1016/S0165-3806(99)00005-X
https://doi.org/10.1002/dev.420250306
https://doi.org/10.1016/0006-8993(95)01459-4
https://www.ncbi.nlm.nih.gov/pubmed/8814904
https://www.ncbi.nlm.nih.gov/pubmed/2908110
https://doi.org/10.1002/dev.420230503
https://www.ncbi.nlm.nih.gov/pubmed/2253817
https://doi.org/10.1111/j.1749-6632.1993.tb49924.x
https://doi.org/10.1523/JNEUROSCI.1748-05.2005
https://doi.org/10.3389/fnagi.2019.00279
https://doi.org/10.1016/j.bbr.2020.113089
https://www.ncbi.nlm.nih.gov/pubmed/33358919
https://doi.org/10.1186/s13195-015-0099-0
https://doi.org/10.1002/hipo.23566
https://doi.org/10.1037/0735-7044.119.1.293
https://doi.org/10.1016/j.yfrne.2012.08.006
https://www.ncbi.nlm.nih.gov/pubmed/22982535
https://doi.org/10.1016/j.yhbeh.2012.02.018
https://doi.org/10.1016/j.bbih.2020.100142
https://www.ncbi.nlm.nih.gov/pubmed/34589889
https://doi.org/10.1016/j.bbi.2019.03.006
https://doi.org/10.4161/epi.5.1.10557
https://doi.org/10.1038/s41537-023-00414-4
https://www.ncbi.nlm.nih.gov/pubmed/38110366
https://doi.org/10.3389/fnbeh.2022.836343
https://www.ncbi.nlm.nih.gov/pubmed/35386723


Biomolecules 2024, 14, 197 19 of 19

82. Paternain, L.; de la Garza, A.L.; Batlle, M.A.; Milagro, F.I.; Martinez, J.A.; Campion, J. Prenatal stress increases the obesogenic
effects of a high-fat-sucrose diet in adult rats in a sex-specific manner. Stress 2013, 16, 220–232. [CrossRef]

83. Tamashiro, K.L.; Terrillion, C.E.; Hyun, J.; Koenig, J.I.; Moran, T.H. Prenatal stress or high- fat diet increases susceptibility to
diet-induced obesity in rat offspring. Diabetes 2009, 58, 1116–1125. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3109/10253890.2012.707708
https://doi.org/10.2337/db08-1129

	Introduction 
	Materials and Methods 
	Maternal Separation (MS) 
	LPS Administration 
	Behaviour Tests 
	Open-Field Test (OFT) 
	Object-Place Recognition Test 
	Tissue Collection 
	Reverse Transcription Quantitative Real-Time PCR (RT-qPCR) 
	Statistical Analyses 

	Results 
	Effect of MS on Mother Rats 
	Effect of MS and LPS Body Weight of Offspring 
	Effect of MS and LPS on Anxiety-like Behaviour of Offspring 
	Effect of MS and LPS on Locomotor Activity of Offspring 
	Effect of MS and LPS on Memory of Offspring 
	Effect of MS and LPS on Anthropometric Data of Offspring at Endpoint (P51–56) 
	Effect of MS and LPS on PFC Gene Expression 
	Effect of MS and LPS on Hippocampus Gene Expression 

	Discussion 
	Effect of MS on Dam Behaviour 
	Effect of MS on Offspring Behaviour 
	Effect of MS on PFC and Hippocampal Gene Expression in Male Offspring 
	Effect of MS and LPS on Body Weight of Offspring 
	Effect of LPS on Behaviour of Offspring 

	Conclusions 
	Limitations of the Study 
	References

