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Abstract  

Stress during critical periods of neurodevelopment is associated with an increased risk of 

developing stress-related psychiatric disorders which are more common in women than men. 

Hippocampal neurogenesis (the birth of new neurons) is vulnerable to maternal separation 

and inflammatory stressors, and emerging evidence suggests that hippocampal neurogenesis 

is more sensitive to stress in the ventral hippocampus (vHi) than in the dorsal hippocampus 

(dHi). Although research into the effects of maternal separation stress on hippocampal 

neurogenesis is well documented in male rodents, the effect in females remains 

underexplored. Similarly, reports on the impact of inflammatory stressors on hippocampal 

neurogenesis in females are limited, especially when female bias the in prevalence of stress-

related psychiatric disorders begins to emerge. Thus, in this study we investigated the effects 

of maternal separation (MS) followed by an inflammatory stressor (lipopolysaccharide, LPS) 

in early adolescence on peripheral and hippocampal inflammatory responses and 

hippocampal neurogenesis in juvenile female rats. We show that MS enhanced an LPS-

induced increase in the pro-inflammatory cytokine IL-1 in the vHi but not in the dHi. 

However, microglial activation was similar following LPS alone or MS alone in both 

hippocampal regions, while MS prior to LPS reduced microglial activation in both dHi and vHi. 

The production of new neurons was unaffected by MS and LPS. MS and LPS independently 

reduced the dendritic complexity of new neurons, and MS exacerbated LPS-induced 

reductions in complexity of distal dendrites of new neurons in the vHi but not dHi. These data 

highlight that MS differentially primes the physiological response to LPS in the juvenile female 

rat hippocampus.   
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 Maternal Separation altered the LPS-induced inflammatory response in plasma of juvenile 
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 Maternal separation attenuated an LPS-induced increase in microglial activation in dorsal 
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 Maternal separation and LPS, and the combination of both, reduced dendritic complexity 

of newly born neurons in the dentate gyrus. 
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1.Introduction 

Postnatal and juvenile periods are considered important periods of neurodevelopment 

due to high rates of ontogenetic change 1,2. Stress during these critical periods can interrupt 

normal development of neurological and immunological systems, which may have functional 

consequences later in life3. One brain structure which is highly vulnerable to early life stress is 

the hippocampus4. Neurogenesis, a form of brain plasticity in which new neurons are 

generated throughout life in the dentate gyrus (DG) of the hippocampus, occurs at higher 

rates during early life and adolescence compared to adulthood5,6.  Hippocampal neurogenesis 

plays important roles in learning and spatial memory7–9 and is implicated in anxiety, forgetting, 

the stress response and in antidepressant effects10,11. Accumulating evidence suggests that 

the hippocampus is functionally segregated along its longitudinal axis into dorsal and ventral 

regions whereby the dorsal region plays a more predominant role in spatial learning and 

memory while the ventral region plays a more predominant role in anxiety regulation and the 

stress response12,13. There is also emerging evidence that neurogenesis in the ventral 

hippocampus (vHi) is more sensitive to stress regulation than that in the dorsal hippocampus 

(dHi)14–16. Whether the vHi and dHi of the juvenile brain exhibit similar differences in stress 

sensitivity has not yet been fully explored.   

The impact of early life stress on behaviour and physiology has been widely studied in 

rodents using the rat maternal separation (MS) paradigm17. Several studies have 

demonstrated that MS increased anxiety-like behaviour and decreased hippocampal 

neurogenesis in adult male rats18,19. Similarly, MS decreased neurogenesis in the hippocampus 

of adolescent male rats20,21. Although research into the effects of MS on hippocampal 

neurogenesis is well documented in males, the immediate or long-term effect of MS on 
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hippocampal neurogenesis in females and in particular adolescent females remains 

underexplored. Given that women are twice more likely than men to develop the stress-

related psychiatric disorders depression and post-traumatic stress disorder22, and that 75% of 

mental illnesses emerge during adolescence (World Health Organisation), it is important that 

the impact of stress on the female brain is interrogated.  

Throughout adolescence, and in particular during the juvenile period, the 

hippocampus is vulnerable to environmental stressors19,23 including inflammation, which is a 

negative regulator of hippocampal neurogenesis24,25. It is now well-established that pro-

inflammatory cytokines such as interleukin-1 (IL-1), interleukin-6 (IL-6) or tumour necrosis 

factor- (TNF-) released following an inflammatory stress negatively affects hippocampal 

neurogenesis26–31. Peripheral injection of lipopolysaccharide (LPS) which mimics a bacterial 

infection by inducing pro-inflammatory cytokine expression and the activation of microglia in 

the hippocampus of rodents, also impairs hippocampal neurogenesis32–34. However, similar to 

studies on the effect of MS on hippocampal neurogenesis, the effects of inflammation on 

hippocampal neurogenesis have been primarily reported in adult males. Given that microglia 

undergo sex-dependent maturation processes during adolescence35,36, males and females 

might also differentially respond to inflammatory stressors during adolescence that would 

impact upon microglial function and hippocampal neurogenesis. In this regard, little is known 

about the temporal effect of MS on immune responses in females during the juvenile period. 

While MS generally leads to increased peripheral and brain inflammation in adult and 

adolescent male rodents37–39, studies examining the effects of MS on the inflammatory status 

of the brain in females are limited to assessment in adulthood. Moreover, the impact of MS 

on the inflammatory status in the hippocampus of juvenile females and the response of 

juvenile females to an inflammatory stress after prior MS stress has not yet been investigated. 
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We hypothesized that adverse events that occur in early life would prime physiological 

responses in the juvenile female rat to an exogenous inflammatory stress. Thus, in this study 

we investigated the effects of either MS alone or juvenile acute LPS administration on 

peripheral and hippocampal inflammatory stress responses and on neurogenesis along the 

longitudinal axis of the hippocampus of juvenile female rats. We further investigated whether 

MS primed these physiological responses to juvenile acute LPS administration. 

2. Methods 

The experimental design is summarised in figure 1a.  

2.1. Animals 

Adult male and female Sprague-Dawley rats (Biological Services Unit, University College Cork) 

were used as breeding partners to generate the 63 female offspring used in this study. 

Females were pair-housed until gestation day 19, after which they were singly housed to give 

birth. All animals were housed in a colony maintained at 21 ± 2°C, with a 12:12 hour light-dark 

cycle (lights on 0730-1930). All animal procedures were performed under authorizations 

issued by the Irish Medicine’s Board (IMB), in accordance with the European Communities 

Council Directive (2010/63/EU) and approved by the Animal Experimentation Ethics 

Committee of University College Cork.  

2.2. Maternal separation 

Pups were randomly assigned to the non-separated (NS) or maternal separation (MS) groups. 

The MS procedure consisted of the separation of the pups from the dams between post-natal 

days (PND) 2-12 (inclusive) starting at 9 am for 180 minutes17. For the MS procedure the pups 

were separated as whole litters (approximately 8-10 pups per litters) in a different room to 
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the dams to prevent olfactory or vocal communication. They were placed into clean cages on 

each separation day and the cages were placed on heating pads to maintain a temperature of 

30-33°C. The dams were returned to the holding room in their original cages each day. NS rat 

pups and dams were removed them from their original cage, moved into a new cage, and then 

returned to the original cage. Following the separation procedure, animals were left 

undisturbed except for routine cage cleaning. The complete litters (females and males) were 

kept during the MS protocol (PND2-12) and sexed at PND 21, according to previous 

protocols17,40,41. The male pups were used in a separate experiment and thus could not be 

used in this study. Two cohorts of animals were used in the current study. The first cohort was 

used for immunohistochemical (IHC) analysis of the hippocampus and a second cohort was 

used for cytokine measures in plasma and hippocampus. For each cohort, three litters 

comprised the NS group and three litters underwent the MS procedure. On PND21, rats were 

randomly assigned to control or LPS groups. To avoid a litter effect, rats were assigned to 

experimental groups such that the minimal number of pups from the same litter were in each  

group 17,42. 

2.3. Lipopolysaccharide administration 

On PND 21, rats received an intraperitoneal (IP) LPS injection (250 µg/kg; Sigma UK) or a 

volume equivalent IP injection of saline. PND21 is the time at which the peak in synaptic 

density43,44 and myelination45 occurs, as well as changes in neurotransmitter and receptor 

levels46. Thus, PND21 is a sensitive period at which an inflammatory challenge could impact 

brain function.  PND21 also occurs during the prepubertal or juvenile period in the female rat. 

Injecting LPS at a later timepoint (on/after PND30) would necessitate taking into account 

ovarian maturation and the role of the oestrous cycle in our findings47.  The dose of LPS used 
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(250 µg/) is based on evidence that it induces neuroinflammation in the hippocampus48, which 

is associated with sickness behaviour49 in adult female rats. In males, this dose induced 

neuroinflammation in adult50–52; PND1353 and PND2154 rats.   

2.4. Tissue collection 

Twenty-four hours following LPS or saline injections, rats from cohort 1 were euthanized with 

an IP injection of pentobarbital (1.0 mL/kg) and then transcardially perfused with saline 

followed by 4% (v/v) paraformaldehyde in a 0.1 M phosphate buffer of pH 7.2. The brains 

were removed and post-fixed in 4% (v/v) paraformaldehyde at 4°C overnight and then placed 

into a sucrose solution (30% (w/v)) for 24 hours, after which brains were frozen at -80°C. Rats 

from cohort 2 were euthanised by cervical dislocation 24 hours after LPS/saline challenge and 

the dorsal and ventral hippocampus was dissected out and stored in RNAlater (Sigma, UK) for 

48 h at 4◦C, after which the RNAlater was removed and the tissue was frozen at −80◦C until 

subsequent use. Tail blood samples were taken immediately before LPS/saline injection at 

PND21 (T0) and at 2 hours (T2) after LPS/saline injection. Blood samples were collected into 

EDTA tubes, centrifuged (15 min, 5000 rpm) and the plasma was collected and stored at −80°C 

until corticosterone and cytokine analysis. 

2.5. Immunohistochemistry 

Brains were coronally sectioned (40µm) and mounted onto gelatin-coated slides in a 1:6 series 

through the hippocampus and frozen at -80°C. 

2.5.1 Ionized calcium Binding Adapter 1  

To analyse the presence and activation of microglia55–58, hippocampal sections were stained 

for ionized calcium-binding adapter molecule 1 (Iba1), a microglia/macrophage-specific 
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calcium binding protein. Rehydrated sections were treated with 0.1% hydrogen peroxide 

(Sigma, UK) in methanol to block endogenous peroxidases, followed by 3% normal rabbit 

serum (Sigma, UK) prepared in PBS with 0.3% Triton-X for 1 hour at room temperature. 

Sections were then incubated for 24h at 4°C with rabbit Iba1 primary antibody (Wako) solution 

(1:500 dilution in 1% rabbit serum and 0.3% PBS-T), rinsed in PBS, and incubated for two hours 

in biotinylated goat anti-rabbit antibody (Vector laboratories; 1:200 dilution) made up in PBS, 

0.3% Triton-X and 1.5% normal rabbit serum. 

2.5.2 Doublecortin  

For analysis of newly born neurons, doublecortin (DCX) immunohistochemistry was carried 

out. Sections were treated with 0.1% hydrogen peroxide (Sigma, UK) in PBS for 30 min to block 

endogenous peroxidases, followed by 10% normal rabbit serum (Sigma, UK) prepared in PBS 

with 0.3% Triton-X for 2 hours at room temperature. Sections were then incubated for 48h at 

4°C with goat polyclonal DCX primary antibody (Santa Cruz) solution (1:100 dilution in 5% 

rabbit serum and 0.3% PBS-T), rinsed in PBS, and incubated for two hours at room 

temperature in biotinylated rabbit anti-goat antibody (Vector laboratories, 1:200 dilution) 

diluted in PBS, 0.3% Triton-X and 1.5% normal rabbit serum. Immunopositive cells were 

detected using the Vectastain ABC Elite kit, followed by incubation with 3,3′-diaminobenzidine 

activated with 0.3% hydrogen peroxide. Sections were rinsed, dehydrated, cleared in 

histolene and cover-slipped using DPX mounting medium. 

2.6 Imaging, cell quantification and cell morphology analysis 

2.6.1 Imaging and Counting Frames 
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The hippocampus was visualized at 10x (DCX+ counts), 20x (dendritic crossings and Iba1+ 

counts), and 40x (Iba1+ area) magnification using an Olympus BX53 Upright Microscope 

(Bioscience Imaging Centre, Department of Anatomy and Neuroscience, UCC). The Olympus 

CellSens software was used to change the focus in order to differentiate between overlapping 

cell bodies and dendritic crossings. The dHi was defined as AP -1.8 to -5.2mm and the vHi  as 

AP -5.2 to -6.7mm as previously described59,60. As shown in supplemental figure 1A, frames of 

a height of 50m were overlaid on the GCL to capture neurons in the subgranular zone and 

the GCL (proximal frame). Then, frames of a height of 50m were placed directly on top of 

these GCL frames to capture cells/dendrites in the molecular layer (ML) (distal frame). 

Together, the total height of a proximal plus a distal frame is 100m. The length of each frame 

is 300m. Cell quantification in the dentate gyrus using counting frames (supplemental figure 

1A) was adapted from Nishijima et al.61  others62,63. A cumulative mean analysis was first 

conducted to determine the optimal number of counting frames to be used on the upper and 

lower blades of the DG. This resulted in two distal and two proximal frames on the upper 

blade, and one distal and one proximal frame on the lower blade of each hemisphere (Supp. 

Fig. 1b). Every 6th section of both the dorsal and ventral hippocampus was immunostained. 

Cells were analysed in 3 proximal and 3 distal frames in each hemisphere. For DCX analysis, 

the number of sections analysed per experimental group was 4 - 9 (~39 frames per animal) for 

the dHi and 4 - 7 sections (~33 frames per animal) for the vHi. For Iba1 analysis, the number 

of sections analysed per experimental group was 5 - 9 (~42 frames per animal) for the dHi and 

3 - 5 sections (24~ frames per animal) for the vHi. For each animal, the average number of 

Iba1+ or DCX+ cells per section, the number of proximal dendritic crossings in the GCL and the 

number of distal dendritic crossings in the ML was determined.  
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2.6.2 Iba1 cell analysis 

Microglial activation was determined by counting the number of Iba1+ cells and measuring the 

cell soma size, based on previously published approaches55–58. The cell soma size of six 

randomly chosen Iba1+ cells in both hemispheres of one dHi section and six randomly chosen 

Iba1+ cells in both hemispheres of one vHi section per animal were analysed using ImageJ and 

expressed as μm2.  

2.6.3 DCX cell analysis 

The number of DCX-positive cells and their dendritic development were measured in the DG 

of the hippocampus (adapted from61). The number of cell bodies present in the proximal 

frames (which were positioned in the GCL) was counted (Supp. Fig. 1d). The number of 

dendrites that crossed from the proximal frame into the distal frame (line 1; proximal dendritic 

crossings) and the number that emerged out of the distal frame were counted (line 2; distal 

dendritic crossing) (Supp. Fig. 1d). 

2.7 Blood measurements 

2.7.1 Corticosterone  

Plasma corticosterone levels were measured using a corticosterone immunoassay kit 

according to the manufacturers’ instructions (Enzo Life Sciences, UK) at T0 and T2. 

2.7.2 Cytokines  

The concentration of cytokines (interleukin-1β (IL-1β), IL-4, IL-6, IL-10, tumour necrosis factor-

α (TNF-α) and interferon-γ (IFNγ)) was measured in plasma collected 2 hours (T2) after 
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LPS/saline injection using an electrochemoluminescence (ECL)-based assay (V-plex, 

MesoScale Discovery, USA) following the manufacturer’s instructions. 

2.8 Gene expression analysis 

Total RNA was extracted from dHi and the vHi using GenElute kit and treated using a Turbo 

DNA-free kit (Ambion/life technologies, UK) as per the manufacturer’s instructions. Total RNA 

yield and purity were determined using the Nanodrop System (Thermo Scientific, UK). 

Synthesis of cDNA was performed using the high capacity cDNA reverse transcription kit 

(Applied Biosystems, UK) using the SureCycler® 8800 (Agilent Technologies, UK) and diluted 

to a final concentration of 10ng/μl. All qPCR measurements were performed in 2 technical 

replicates for each biological sample on a LightCycler® 480 Instrument II (Roche). Each 

reaction consisted of 1μl of sample (5ng/μl), 5μl of Sybr MasterMix (KiCqStart® SYBR® Green 

qPCR ReadyMix™ with ROX™ for ABI instruments, Sigma-Aldrich, UK), 0.1μl of both forward 

(Fw) and reverse (Rv) primers for IL-1 (Fw-AAAGAAGAAGATGGAAAAGCGGTT; Rv- 

GGGAACTGTGCAGACTCAAACTC), IL-6 (Fw-TCCTACCCCAACTTCCAATGCTC; Rv- 

TTGGATGGTCTTGGTCCTTAGCC) and TNF- (Fw-AGGCACTCCCCCAAAAGATG; Rv-

TTGCTACGACGTGGGCTAC) and 3.8μl of RNase free H2O.  Relative gene expression was 

adjusted to β-Actin (Fw-GCGAGTACAACCTTCTTGCAGCTC; Rv–TGGCATGAGGGAGCGCGTAA) 

and quantified using the 2−ΔΔCT method.  

2.9 Statistical analysis 

All data were analyzed using SPSS statistical software (SPSS, Chicago, IL). All datasets were 

assessed for outliers and normal distribution using Shapiro-Wilk test. No outliers were 

removed from the datasets, and they were normally distributed. Thus, the assumption of 
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homogeneity of variance was not violated and all the datasets (corticosterone and cytokines 

levels, microglia phenotype and new neurons number/morphology) were each analyzed using 

two-factorial analysis of variance (ANOVA), with early-life stress (non separated/maternal 

separation) and inflammatory challenge (Saline/LPS) as independent factors. Effect sizes (eta 

squared (Ƞ2)) are reported. Post hoc analyses used Fisher's least significant difference. A priori, 

we expected either maternal separation alone and/or LPS alone to affect corticosterone64,65 , 

cytokine66,67 levels or morphology/density of Iba1+68,69 or DCX cells 18,70. Any a 

priori comparisons were subjected to a Bonferroni correction. A p-value of less than 0.05 was 

considered significant. All data are expressed as the mean + SEM. 

3. Results 

3.1 Maternal separation stress modestly altered juvenile LPS-induced corticosterone and 

inflammatory response in plasma of juvenile females. 

To investigate the effects of prior maternal separation stress on a juvenile response to 

physiological stress, rats were subjected to an inflammatory challenge with LPS injection at 

PND21 and plasma was collected 2 hours later. Since an inflammatory challenge can drive 

HPA-axis activation, we also measured plasma corticosterone levels after the LPS challenge. 

At baseline (T0) (Fig. 1b) and two hours (T2h) after LPS/saline injection (Fig. 1c), plasma 

corticosterone levels did not differ between NS and MS groups (Fig. 1b). However, two-way 

ANOVA revealed a significant effect of LPS on plasma corticosterone concentrations at T2h (F 

(1, 29) = 30.61, p<0.0001, η2=0.4684), while no effect of MS (F(1, 29) = 4.050, p=0.0535, η2=0.0619) 

was observed. Although ANOVA did not reveal a significant MS X LPS interaction effect (F(1, 29) 

= 0.8132, p=0.3746, η2=0.0125) we investigated the effect of LPS in both NS and MS groups by 
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performing planned comparison. Planned comparison revealed that LPS increased 

corticosterone concentrations in both NS rats (p=0.0092) and MS rats (p=0.0004) (Fig. 1c).  

We assessed circulating (plasma) cytokine levels two hours after systemic 

administration of LPS to validate that the LPS exposure induced an inflammatory response. 

Indeed, reported increases in pro-inflammatory cytokines IL-1, TNF- and IL-6 in the plasma 

in response to LPS is well-documented in this timeframe and is standard practice to validate 

LPS as an immune system stimulator71. In addition, a systemic inflammatory response 

determined at this time point allowed us to investigate if the prior exposure to maternal 

separation primed the body for an exaggerated physiological stress response to a subsequent 

stressor (LPS)(Figs. 1d-f). LPS increased plasma levels of IL-1β (F(1, 24) = 11.56, p=0.0024, 

η2=0.313) but there was no significant effect of MS (F(1, 24) = 0.8262, p=0.3724, η2=0.0225). 

ANOVA did not reveal a significant MS x LPS interaction (F(1, 24) = 0.7541, p=0.3938, η2=0.0203). 

We investigated the effect of LPS alone on IL-1 with planned comparisons. LPS increased 

plasma IL-1β in MS animals (p=0.0203) but not in NS animals (p=0.344) (Fig. 1f). LPS also 

increased plasma levels of IL-6 (F(1, 24) = 18.38, p=0.0003, η2=0.4335), while MS (F(1, 24) = 

0.00947, p=0.9233, η2=0.0002) and the interaction between MS X LPS (F(1, 24) = 0.0134, 

p=0.9086, η2=0.0003) had no effect (Fig. 1e). Similarly, as for IL-1planned comparisons 

showed that LPS alone increased plasma levels of IL-6 to the same extent in both NS (p=0.028) 

and MS (p=0.0188) animals. Finally, TNF- levels were increased by LPS (F(1, 24) = 15.03, 

p=0.0007, η2=0.3402), but there was no effect of MS (F(1, 24) = 2.628, p=0.1180, η2=0.0595). 

ANOVA analysis showed no interaction effect (F(1, 24) = 2.519, p=0.1255, η2=0.05703). We 

investigated the effect of LPS with planned comparisons and found that LPS induced an 

increase in systemic TNF- in NS animals (p=0.0028) but not in MS rats (p=0.474) (Fig. 1d). The 
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plasma concentrations of the pro-inflammatory cytokine IFN and anti-inflammatory 

cytokines IL-4 and IL-10 were below the detection threshold in all groups of animals when 

measured at these time points (data not shown).  

 

Figure 1. a. Experimental design; Plasma corticosterone (ng/ml) at b. baseline (T0) and c. 2h 
after LPS challenge; Plasma concentrations of d. IL-1β; e. IL-6 and f. TNF-α, (pg/ml) at 2h after 
LPS; Data are expressed as mean + sem. n=7-9. €p<0.05, €€p<0.01, €€€p<0.001 compared to 
corresponding saline groups following planned comparison focusing on the effect of LPS. 
 
 

3.2 Maternal separation with juvenile LPS differentially affected cytokine expression in the 

dorsal and ventral hippocampus. 

Because peripheral inflammation induced by an LPS challenge can induce a 

neuroinflammatory response67, we measured these same cytokines in the hippocampus to 
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determine if the trend in the periphery was mirrored in the brain. Thus, expression levels of 

IL-1β, IL-6 and TNF- were assessed in the dorsal and ventral hippocampus at 24 hours to align 

with the time at which microglial activation was assessed (section 3.3). Relative mRNA 

expression was assessed to determine the coincidence of gene transcripts of pro-

inflammatory cytokines with activated microglia, which produce pro-inflammatory cytokines. 

There was a significant effect of LPS on IL-1 gene expression in both the dorsal and ventral 

hippocampus (dHi: (F(1, 24) = 18.71,p=0.0002, η2=0.436); vHi (F(1, 24) = 20.42,p=0.0001, 

η2=0.419)) while no effect of MS (dHi: (F(1, 24) = 0.1964,p=0.6616, η2=0.00457); vHi (F(1, 24) = 

2.181,p=0. 1527, η2=0.0447)) was reported. Two-way ANOVA analysis showed no interaction 

between LPS and MS (dHi: (F(1, 24) = 0.006877,p=0. 9346, η2=0.0001); vHi: (F(1, 24) = 

2.143,p=0.1562, η2=0.0439)). Planned comparisons to investigate the effect of LPS in both NS 

and MS conditions revealed that in MS rats, LPS increased IL-1β expression in both the dorsal 

(p=0.0248) and ventral (p=0.0012) hippocampus while in NS rats, LPS increased IL-1 

expression in the dorsal (p=0.0188) but not the ventral (p=0.1636) hippocampus suggesting 

that prior exposure to MS exacerbated the LPS-induced increase in IL-1β in the vHi (Fig. 2a). 

Two-way ANOVA showed that there was a significant effect of LPS on IL-6 expression in the 

dHi (F(1, 24) = 4.489, p=0.0447, η2=0.1501) but not in the vHi (F(1, 24) = 0.02508,p=0.8755, 

η2=0.000759) and on MS in the ventral (F(1, 24) = 8.869,p=0.0065, η2=0.2685)  but not in the 

dorsal (F(1, 24) = 1.122,p=0.300, η2=0.0375) hippocampus (Fig. 2b). The interaction between MS 

and LPS was not significant in either region ((dHi: (F(1, 24) = 0.2996, p=0.5892, η2=0.01002); vHi: 

(F(1, 24) = 0.1362,p=0.7153, η2=0.00413)). There was a significant effect of LPS on TNF- 

expression in the dorsal (F(1, 24) = 7.116, p=0.0135, η2=0.1884) but not the ventral (F(1, 24) = 

1.543,p=0.2262, η2=0.0446) hippocampus, and of MS on TNF- expression in both regions 

(dHi: (F(1, 24) = 6.648, p=0.0165, η2=0.1760); vHi: (F(1, 24) = 9.042,p=0.0061, η2=0.2614)). 
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However, ANOVA showed that the interaction between LPS and MS was not significant in 

either region (dHi: (F(1, 24) = 0.0009506, p=0.9757, η2=0.00025); vHi: (F(1, 24) = 

0.001218,p=0.9725, η2=0.000035)) (Fig 2c). Because the plasma concentrations of the pro-

inflammatory cytokine IFN- and anti-inflammatory cytokines IL-4 and IL-10 were below the 

detection threshold they were not analysed in hippocampal tissue. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Relative mRNA expression of a. IL-1β; b. IL-6 and c. TNFα in the dorsal hippocampus 
(dHi) and in the ventral hippocampus (vHi). Data are expressed as mean + sem. n=7 €p<0.05, 
€€p<0.01 compared to corresponding saline groups following planned comparison focusing 
on the effect of LPS. 
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3.3 Juvenile LPS or MS alone increased microglial soma size without altering microglial 

density, while MS attenuated LPS-induced increase in microglia soma size.  

To further assess the impact of juvenile LPS and MS on neuroinflammation, we 

measured the cell soma size of microglia in the DG of the hippocampus as increased soma size 

has been associated with an activated status (Fig. 3a). LPS increased microglia soma size in 

non-separated animals (p=0.0001) but not in MS animals (p=0.116). MS increased the 

microglia soma size in saline treated animals compared to saline treated NS rats (p=0.0352). 

The effects of LPS on soma size were attenuated in MS animals compared with NS animals 

(p=0.0223), with a significant MS X LPS interaction (F(1, 12) = 12.48, P=0.0041, η2=0.2092). Two-

way ANOVA showed that there was a significant effect of LPS (F(1, 12) = 35.15, p<0.0001, 

η2=0.5892) but no main effect of MS alone (F(1, 12) = 0.03092, p=0.8633, η2=0.00052) on the 

cell soma size of microglia across the whole hippocampus.  

This same pattern of effects of LPS, MS and LPS x MS on microglial cell soma size in the 

whole hippocampus were also observed in both the dorsal and ventral hippocampus thus 

there were no subregional differences. LPS alone increased microglia soma size in non-

separated animals only (dHi: p=0.0002, vHi: p=0.0001) but not in MS animals. MS increased 

the microglia soma size in saline treated animals compared to saline treated NS rats (dHi: 

p=0.0216;  vHi: p=0.0142). The effects of LPS on soma size were attenuated in MS animals 

compared with NS animals (dHi p=0.0048; vHi p=0.0296), with a significant interaction MS x 

LPS (dHi: F(1, 12) = 18.58, P=0.0010, η2=0.3191; vHi: F(1, 12) = 14.23, P=0.0027, η2=0.2592). Two-

way ANOVA analysis revealed a significant effect of LPS (dHi: F(1, 12) = 27.32, p=0.0002, 

η2=0.4691; vHi: F(1, 12) = 28.59, p=0.0002, η2=0.5208) but no main effect of MS alone (dHi: F(1, 
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12) = 0.3322, p=0.5750, η2=0.05706;  vHi: F(1, 12) = 0.079, p=0.7834, η2=0.01439) on microglia 

soma size. 

We also investigated the effects of MS and juvenile LPS on the number of microglia in 

the hippocampus of juvenile female rats (Fig. 3b). Two-way ANOVA analysis revealed that 

there was a significant effect of MS on the number of microglia in the DG of the whole 

hippocampus (F (1, 12) = 6.647, p=0.0242, η2=0.2827) but no effect of LPS (F (1, 12) = 0.3856, 

p=0.5462, η2=0.01641). Despite a large size effect, ANOVA did not reveal a significant MS x 

LPS interaction effect (F(1, 12) = 4.477, p=0.0569, η2=0.1904). We performed planned 

comparisons to investigate the effect of MS alone on the number of microglia and we found 

that MS decreased the number of microglia only in LPS treated animals (p=0.0244). 

Upon segregation into dorsal and ventral regions we found that the effects observed 

in the whole hippocampus were due to changes in the dHi and not the vHi. In the dHi, MS (F(1, 

12) = 9.011, p=0.0110, η2=0.3819) but not LPS (F(1, 12) = 1.107, p=0.3134, η2=0.04693) 

significantly decreased the number of microglia. There was no significant interaction between 

MS and LPS (F(1, 12) = 1.478, p=0.2475, η2=0.06264). Planned comparisons revealed MS 

decreased the number microglia in LPS treated animals compared to the corresponding group 

of NS animals (p=0.0456). 

There were no significant effects in the vHi [MS (F(1, 12) = 0.2955, p=0.5966, 

η2=0.01572); LPS (F(1, 12) = 0.02195, p=0.8847, η2=0.001168); MS X  LPS (F(1, 12) = 4.478, 

p=0.0874, η2=0.1006)]. 
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Figure 3. a. Microglia soma size (m
2
) and b. Number of Iba1+ cells per section in the dentate 

gyrus of the whole hippocampus and dorsal and ventral regions c. Representative images of 
microglia used for the cell soma size analysis from the hippocampus of non-separated 
control/saline-treated, non-separated/LPS-treated, maternally-separated/saline-treated and 
maternally-separated/LPS-treated female rats. Data are expressed as mean + sem. n=4 
***p<0.001 compared to corresponding saline groups and #p<0.05 compared to 
corresponding non-separated groups; $p<0.05 compared to corresponding non-separated 
group after planned comparison. 

 

3.4. MS prevented LPS-induced reductions in proximal (but not distal) dendritic complexity 

of newly born hippocampal neurons in the vHi but not dHi. 

We next investigated the effects of maternal separation and LPS on neurogenesis and 

dendritic development of newly born neurons in the dorsal and ventral hippocampus. To 

assess the effects of MS and LPS on neurogenesis in juvenile female rats we counted the 

number of positively stained DCX cells. Two-way ANOVA revealed that there was no effect of 

LPS (F(1, 12) = 1.101, p=0.3148, η2=0.07673), MS (F(1, 12) = 1.201, p=0.2947, η2=0.0837), nor a MS 

x LPS interaction (F(1, 12) = 0.04403, p=0.8373, η2=0.003069) on the number of DCX-positive 
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cells across the whole hippocampus, the dHi (LPS (F(1, 12) = 1.856, p=0.1981, η2=0.1247), MS 

(F(1, 12) = 1.024, p=0.3316, η2=0.06878), LPS x MS (F(1, 12) = 0.01020, p=0.9212, η2=0.00024)) or 

vHi  (LPS (F(1, 12) = 0.05781, p=0.8141, η2=0.03558), MS (F(1, 12) = 3.416, p=0.0893, η2=0.2103), 

MS x LPS interaction (F(1, 12) = 0.7741, p=0.3962, η2=0.4764)) (Fig. 4a).  

To assess the effects of MS and LPS on dendritic development of newly born neurons, 

the number of dendrites of DCX-positive cells that crossed 50µm into the GCL (proximal 

dendritic crossing) were counted (Fig. 4b). Two-way ANOVA revealed that there was no effect 

of LPS (F (1, 12) = 0.00717, p=0.9339, η2=0.00019) or MS (F(1, 12) = 1.203, p=0.2943, η2=0.0319) 

but a significant MS x LPS interaction (F(1, 12)= 24.39, p=0.0003, η2=0.64871) on the number of 

proximal dendritic crossings in the whole hippocampus. Segregation of the hippocampus into 

dorsal and ventral regions revealed the same pattern of effects. In both the dHi and the vHi 

there was no effect of LPS (dHi: F (1, 12) = 0.03413, p=0.8565, η2=0.00166; vHi (F (1, 12) = 0.06198, 

p=0.8076, η2=0.001504) or MS (dHi F(1, 12) = 0.04995, p=0.8269, η2=0.00243; vHi:F(1, 12) = 1.048, 

p=0.3261, η2=0.02544). The interaction MS x LPS was significant in both dHi and vHi (dHi: F(1, 

12)= 8.449, p=0.0132, η2=0.4115; vHi (F(1, 12)= 28.10, p=0.0002, η2=0.6818) on the number of 

proximal dendritic crossings. 

MS alone and LPS alone significantly decreased proximal dendritic crossings in 

comparison to their respective controls (p=0.0011 and p=0.005, respectively). MS combined 

with LPS reversed the MS-induced and LPS-induced decreases in proximal dendritic crossings 

(p=0.0187). The effect was specific to the ventral region as MS alone and LPS alone 

significantly decreased proximal dendritic crossings in the dHi (p=0.0494 and p=0.0470, and 

vHi (p=0.0046 and p=0.0230, respectively) but MS combined with LPS reversed the MS-
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induced and LPS-induced decreases in proximal dendritic crossings in the vHi (p=0.0106) but 

not in the dHi (p=0.0821) when compared to the MS-SAL group.  

Finally, the number of dendrites which crossed 50 µm into the ML (distal dendritic 

crossings) were counted (Fig. 4c). In the whole hippocampus, two-way ANOVA showed that 

there was a significant effect of LPS (F(1, 12)= 56.23, p<0.0001, η2=0.6767) and MS (F(1, 12)= 10.28, 

p=0.0076, η2=0.1237) on the number of distal dendritic crossings of new born neurons. 

ANOVA analysis showed that MS X LPS interaction was not significant (F(1, 12)= 4.583, p=0.0535, 

η2=0.05516). Planned comparisons showed that both LPS alone (p=0.0001 in NS group and 

p=0.0104 in MS group) and MS alone (p=0.0104) decreased the number of distal dendritic 

crossings in the whole hippocampus. In the dHi, MS alone and LPS alone (all p<0.0001) 

decreased the number of distal dendritic crossings with a statistically significant effect of LPS 

alone (F(1, 12)= 52.80, P<0.0001, η2=0.4667), MS alone (F(1, 12)= 21.32, p=0.0006, η2=0.1884) and 

a MS x LPS interaction (F(1, 12)= 27.02, p=0.0002, η2=0.2388). In the vHi, both LPS alone and MS 

alone (all p=0.0001) decreased the number of distal dendritic crossings with a statistically 

significant effect of LPS (F(1, 12)= 39.45, p<0.0001, η2=0.3777),  MS (F(1, 12)= 42.80, p<0.0001, 

η2=0.4098)  and MS x LPS interaction (F(1, 12)= 10.20, p=0.0077, η2=0.0976).  

 Taken together, MS alone and LPS alone decreased distal dendritic crossings in both 

the dHi and vHi and in the whole, dorsal and ventral hippocampus, while MS only exacerbated 

LPS-induced reductions in distal dendritic crossings in the whole hippocampus, an effect that 

was not specific to either the dorsal or ventral regions. 
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Figure 4. a. Number of DCX-positive cells per section in the dentate gyrus in the whole, ventral 
and dorsal hippocampus; b. Number of proximal dendritic crossings in the GCL and c. Number 
of distal dendritic crossings in the ML in the whole hippocampus and dorsal and ventral 
regions. Data are expressed as mean + sem. n=4 *p<0.05, **p<0.01, ***p<0.001 compared to 
corresponding saline groups and #p<0.05, ##p<0.01, ###p<0.001 compared to corresponding 
non-separated groups. €p<0.05, €€€p<0.001 compared to corresponding saline group after 
planned comparison; $p<0.05 compared to corresponding non-separated group after planned 
comparison. 

 

4. Discussion  

Understanding the influence of stressors at different times during early life in females 

is critical to identifying risk factors for the development of stress-related psychiatric 

disorders72, such as depression which are twice as prevalent in females than males22. We 

investigated whether the early life stressor, maternal separation (MS) would prime peripheral 

and brain responses to an acute inflammatory stressor, LPS, in juvenile female rats. We found 

that MS potentiated the HPA-axis response to LPS and altered the peripheral immune 
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response to LPS. In the dHi, we found that LPS increased IL- in both NS and MS groups while 

in the vHi, only LPS increased IL-1 expression in the MS group. We also found that LPS alone 

or MS alone induced microglial activation (as indicated by increased soma size) in the whole 

hippocampus, but that MS attenuated this effect of LPS. Finally, we found that LPS and MS 

independently reduced the dendritic complexity of newly born hippocampal neurons, and 

that MS prevented LPS-induced reductions in proximal dendritic complexity. These effects 

were not accompanied by alterations in the production of new neurons. Taken together, our 

results suggest that MS differentially primes the physiological response (HPA and immune) to 

a juvenile inflammatory stressor in female rats.  

In the present study, LPS increased plasma corticosterone concentrations in juvenile 

female rats. This finding is in agreement with a previous study that reported that LPS increased 

plasma corticosterone levels 2 hours post-LPS injection in male rats (PND6, PND12 and 

PND18)65. We also found that MS potentiated the LPS-induced increases in corticosterone, 

which is in agreement with studies done at early life stages in male rodents. Indeed, it was 

reported that MS increased the corticosterone response to LPS in PND9 male mice73 and in 

PND14 male rats39. As expected, we found that LPS increased plasma levels of the pro-

inflammatory cytokines TNF- and IL-6 in NS rats at two hours post-injection, which is in line 

with what has previously been reported in male rodents74. While MS had no impact on LPS-

induced secretion of IL-6, plasma levels of IL-1 were increased in LPS-injected rats subjected 

to MS, while plasma level of TNF- were reduced, suggesting that the systemic inflammatory 

response may be affected by this early life stressor. In agreement, Saavedra and colleagues 

reported that maternally separated PND14 male rats had lower plasma levels of TNF- 1h30 

post-LPS injection compared to the non-separated controls39. In contrast to our study, 
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Saavedra and colleagues also reported that maternally separated PND14 male rats had lower 

plasma levels of IL-6 and IL-1. However, the biological age and sex were different in the 

current study suggesting the importance of investigating LPS response kinetics in the 

periphery of both juvenile female and male rats. In addition, it is important to note that the 

reduction of TNF-  was concomitant with the increase of the corticosterone levels at 2h. This 

observation is not surprising as it has already been described that TNF- levels are repressed 

by glucocorticoids76.  

We found that LPS and/or MS impacted pro-inflammatory cytokine expression along 

the longitudinal axis of the hippocampus.  Specifically, LPS increased IL-1 in the dHi in both 

NS and MS rats, and in the vHi LPS increased IL-1 only in MS rats compared to NS rats. 

Similarly with IL-6, we found a main effect of LPS only in the dHi but not the vHi. Our findings 

in females are similar to a previous report showing that pro-inflammatory cytokine expression  

of IL-1 is greater in the dorsal than in the vHi in adult male rats following a peripheral LPS 

injection77. However, the data presented here are the first showing a difference between the 

dHi and vHi response to both LPS and MS stressors during the juvenile period of life. With 

regard to MS, we found a main effect of MS on IL-6 expression in the vHi but not the dHi. 

Regarding TNF expression, we found a main effect of MS in both the vHi and dHi.Previous 

studies have shown that MS increased TNF- but not IL-6 in the hippocampus of PND14 male 

rats37 and IL-6 in the hippocampus of adult male rats38. These observations in males and the 

current observations in females suggest that the neuroinflammatory response in the 

hippocampus following MS is sex-dependent, yet further research is needed to determine the 

changes along the longitudinal axis of the hippocampus in males. In line with this idea, 

Saavedra and colleagues showed that MS did not affect LPS-induced IL-1β expression in the 
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hippocampus of PND14 male rats 90min post injection39 while we showed that MS 

exacerbated an LPS-induced increase in IL-1in the vHi in females.  

Changes in the concentration of some but not all cytokines in the periphery were 

reflected in the hippocampus in response to the stressors applied in this study. It should be 

noted that the responsive and transient nature of pro-inflammatory cytokine expression in 

both the periphery and hippocampus is due to the concentration of the inflammatory stimulus 

(or the degree of stress)78, the timing of the inflammatory/stress insult79,80, and the age81,82 at 

which exposure occurs. The complexity of the inflammatory response is further highlighted in 

the current study due to the priming effect of MS in early life, followed by the inflammatory 

insult LPS during the prepubertal period, on hippocampal neuron integrity. For example, we 

found that MS followed by LPS increased peripheral IL-1 two hours after LPS, and increased 

IL-1 expression in the vHi 24 hours after LPS, while other cytokines (IL-6 and TNF-) were less 

sensitive to these stimuli. These data highlight the need for further research to tease out the 

relationship between the peripheral and central expression of inflammatory factors such as 

IL-1 in response to stressors especially as IL-1 has been associated with the onset of 

neuropsychiatric disorders such as depression83,84 and Alzheimer’s disease85.  

 We found that juvenile LPS alone or MS alone increased microglial soma size without 

altering microglial density, while MS attenuated the LPS-induced increase in microglia soma 

size in both the dorsal and ventral hippocampus. In agreement with our findings, it has been 

reported that LPS increased the microglia cell soma size in both male and female adult mice69, 

while in contrast with our findings, others have reported that LPS alone increased the number 

of microglia in the hippocampus of male mice80 and male rats86. One contributing factor to 

this difference could be that microglial phenotypical heterogeneity across brain regions80,87 
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occurs in a sex-dependent manner. We found that MS alone did not affect the number of 

microglia in the hippocampus of juvenile female rats. In contrast, previous studies in male 

mice found that MS (PND1-14) increased the number of microglia in the DG at PND14 but not 

2 weeks after at PND2868. In male rats, the effect of MS (PND1-10) on microglia number was 

detected between PND10-30 but not from PND40 or PND6088, while at PND100 the number 

of microglia was still increased but only in the CA3 region of the hippocampus38. The 

differences between our results and those that are already published suggest that the effect 

of MS on microglia number varies depending upon the duration of the MS paradigm, the 

subregion of the hippocampus analysed, and the sex and age of the rodent. We found that 

MS increased microglia cell soma size which is in agreement with others that have reported 

that MS induces microglial activation in the hippocampus of male rats37 and mice68. We also 

found that LPS administration to MS rats reduced the number of microglia in the whole 

hippocampus and this reduction was specific to the dorsal region. In agreement with our 

findings, previous studies in juvenile male rats found that MS (PND1-14) immediately followed 

by LPS, reduced the number of microglia in the hilus and CA3 regions of the hippocampus39. 

Intriguingly, in addition to a decrease in the number of microglia, we observed that MS 

attenuated LPS-induced increased in microglial soma size. This finding is surprising given our 

observation that MS alone increased microglial soma size and that it has previously been 

reported that MS alone increased microglial soma size in PND15 male rats37, with a greater 

MS-induced increase in cell soma size in adult female than in male mice66. It is plausible that 

there may also be biological sex differences in microglial activation in response to LPS and MS 

during early life. Indeed, there is evidence that inflammation during early life stress and during 

adolescence may induce sex-dependent neuroinflammatory responses89,90.  
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Since both stress and inflammation are regulators of the production and development 

of newly born hippocampal neurons91,92, we investigated the impact of MS, LPS and their 

interaction on the production and development of newly born hippocampal neurons.  We 

found that the number of newly born hippocampal neurons was unaffected, but that juvenile 

LPS and maternal separation independently reduced the dendritic complexity of newly born 

hippocampal neurons in both the dHi and vHi, and that MS prevented LPS-induced reductions 

in distal dendritic complexity in the whole and ventral hippocampus in juvenile female rats. It 

has been widely reported that inflammation decreases hippocampal neurogenesis from early 

developmental stages to adulthood in males24,91,93, and previous findings from our group 

described that chronic hippocampal IL-1β overexpression in adolescence decreased 

neurogenesis and dendritic complexity of newly born hippocampal neurons in male rats25. As 

oestrogen has neurogenic effects on neurons in the hippocampus94,95, it could be 

hypothesized that in the current study, the hippocampal neurogenesis in juvenile female rats 

may have been protected from the negative impact of peripheral inflammation by an 

interaction with the female hypothalamic pituitary gonadal axis96. In fact, there is evidence of 

a sexual dimorphism in hippocampal neurogenesis in response to inflammatory insults93,97. 

However, we cannot exclude that in our experimental condition the short time (24 hours) 

between the LPS challenge and the analysis of DCX cells number may be such that DCX-

positive cells could still be viable but apoptotic, as the reduced dendritic complexity might 

suggest. We also found that MS did not affect the number of newly born hippocampal neurons 

but decreased their dendritic complexity, while previous work has reported that MS either 

decreased the number of mature neurons98 or  DCX neurons18, or increased apoptosis in the 

dentate gyrus20 in juvenile male mice or rats. To the best of our knowledge, this study is the 

first to describe the effect of MS on hippocampal neurogenesis in juvenile female rats. In 
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agreement with our finding that MS decreased dendritic complexity of newly born 

hippocampal neurons in juvenile females, another study using the same MS protocol and 

analytical approach to assess dendritic complexity reported that MS decreased the dendritic 

complexity, independently of biological sex, in adult mice99. Intriguingly, we found that the 

LPS-induced decrease in the dendritic complexity of new neurons in the proximal region was 

attenuated by MS in the whole hippocampus, which was reflected in the vHi. However, the 

LPS-induced reductions in dendritic complexity in the distal region were prevented by MS in 

the whole hippocampus without specifically affecting the dHi or vHi. The different response 

between the proximal and distal regions observed in our study is in line with a previous finding 

showing that MS alone reduced the number of distal crossing much more than the number of 

proximal crossing in juvenile female rats99  suggesting a higher sensitivity of the distal region 

to MS which is potentiated by LPS in our study.  

To date there is no study investigating the correlation between changes in dendrite 

length and behavioural changes in the context of MS in females. One study has shown that 

MS decreased dendritic complexity of hippocampal new neurons in adult male rats, and this 

was associated with a decrease in spatial memory100. Another study has shown that MS 

reduced the number of primary dendrites concomitantly with a decrease in spatial learning in 

adult male rats101. The effect of the reduction of dendritic length in response to MS or 

physiological stress in females is less documented. However, one study reported that chronic 

juvenile stress decreased the apical dendritic length of pyramidal cells in the hippocampus 

and this decrease was correlated with anhedonia, anxiety and behavioural despair in female 

rats102. 
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The response to MS or other forms of stress has previously been shown to have a 

greater negative impact on neurogenesis in the vHi than the dHi15,77,92, while the impact of 

inflammatory insults on hippocampal neurogenesis has not been shown to be specific to 

either the dorsal or ventral hippocampus24. LPS has previously been reported to induce higher 

levels of corticosterone in the vHi than the dHi of adult male rats77. We found a modest 

potentiation of LPS-induced corticosterone by MS, which may have contributed to the effects 

we observed on proximal dendritic complexity in the vHi. Therefore, it is plausible that the vHi 

may be more sensitive to the effects of LPS on the dendritic complexity of new neurons via 

the potential mediating effect of corticosterone9,15,92. It should be noted however, that we 

cannot directly confirm differences in neuroinflammation and hippocampal neurogenesis in 

response to maternal separation and/or LPS in males and females due to methodological 

differences in previous studies. 

This study is one of the first investigating the neurogenic response of juvenile female 

rats to an early life physiological stressor followed by an immune challenge in early 

adolescence. The results suggest an interaction between MS and LPS that induces aberrant 

microglial activity that could impact the dendritic complexity of new neurons in the juvenile 

period and potentially also in later in life. Although we did not include subregion as a factor in 

statistical analysis, the results of the current study still show that MS potentiated LPS-induced 

increase in IL-1 in the vHi. However, there was no difference in sensitivity between the dHi 

and vHi to MS or LPS-induced changes in microglial activation and the number of DCX positive 

cells. On the other hand, it should be noted that MS exacerbated LPS-induced reductions in 

complexity of distal dendrites of new neurons in whole hippocampus without a distinction 

between the dHi and vHi. Finally, further research is needed to determine the effects of early 

life (postnatal and juvenile) stress in females, on behavioural consequences particularly in 
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adolescence which is when a female bias in prevalence of stress-related psychiatric disorders 

begins to emerge. 
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Highlights 

 Maternal Separation altered the LPS-induced inflammatory response in plasma of juvenile 

female rats  

 Maternal separation enhanced an LPS-induced increase in IL-1 in the ventral but not 

dorsal hippocampus. 

 Maternal separation attenuated an LPS-induced increase in microglial activation in dorsal 

and ventral hippocampus. 

 Maternal separation and LPS, and the combination of both, reduced dendritic complexity 

of newly born neurons in the dentate gyrus. 

 

 


