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Abstract 

Early-life stress is an established risk for the development of psychiatric disorders. Post-

weaning isolation rearing of rats produces lasting developmental changes in behavior and 

brain function that may have translational pathophysiological relevance to alterations seen in 

schizophrenia, but the underlying mechanisms are unclear. Accumulating evidence supports 

the premise that gut microbiota influence brain development and function by affecting 

inflammatory mediators, the hypothalamic-pituitary-adrenal axis and neurotransmission, but 

there is little knowledge of whether the microbiota-gut-brain axis might contribute to the 

development of schizophrenia-related behaviors. To this end the effects of social isolation (SI; 

a well-validated animal model for schizophrenia)-induced changes in rat behavior were 

correlated with alterations in gut microbiota, hippocampal neurogenesis and brain cytokine 

levels. Twenty-four male Lister hooded rats were housed in social groups (group-housed, GH, 

3 littermates per cage) or alone (SI) from weaning (post-natal day 24) for four weeks before 

recording open field exploration, locomotor activity/novel object discrimination (NOD), 

elevated plus maze, conditioned freezing response (CFR) and restraint stress at one week 

intervals. Post-mortem caecal microbiota composition, cortical and hippocampal cytokines 

and neurogenesis were correlated to indices of behavioral changes. SI rats were hyperactive 

in the open field and locomotor activity chambers traveling further than GH controls in the 

less aversive peripheral zone. While SI rats showed few alterations in plus maze or NOD they 

froze for significantly less time than GH following conditioning in the CFR paradigm, consistent 

with impaired associative learning and memory. SI rats had significantly fewer BrdU/NeuN 

positive cells in the dentate gyrus than GH controls. SI rats had altered microbiota 

composition with increases in Actinobacteria and decreases in the class Clostridia compared 

to GH controls. Differences were also noted at genus level. Positive correlations were seen 

between microbiota, hippocampal IL-6 and IL-10, conditioned freezing and open field 

exploration.  Adverse early-life stress resulting from continuous SI increased several indices 

of ‘anxiety-like’ behavior and impaired associative learning and memory accompanied by 

changes to gut microbiota, reduced hippocampal IL-6, IL-10 and neurogenesis. This study 

suggests that early-life stress may produce long-lasting changes in gut microbiota contributing 

to development of abnormal neuronal and endocrine function and behavior which could play 

a pivotal role in the aetiology of psychiatric illness. 
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1. Introduction 

Exposure to early-life stress is an established risk factor for the development of several 

common psychiatric conditions; including anxiety-related disorders, schizophrenia, post-

traumatic stress disorder and depression (Heim et al., 1997). Furthermore, stress is the 

strongest predictor of developing depression in clinical populations (Kendler et al., 1993), and 

developmental rodent models of psychiatric illness often contain a stress component to 

attempt to provide translational relevance (Nestler and Hyman, 2010). In rodents adverse 

early-life events modify brain development, affecting resultant adult behavior and often 

producing neurobiological sequelae that resemble changes seen in depression and 

schizophrenia which may therefore contribute to development of these common psychiatric 

disorders (Lapiz et al., 2003; Pryce et al., 2005).  

Social isolation of rat pups from weaning (hereafter referred to as SI) is an established 

neurodevelopmental model producing robust behavioral, neurochemical and anatomical 

changes reminiscent of several core features of schizophrenia and depression (Fone and 

Porkess, 2008; Jones et al., 2011). These include attenuated exploratory habituation to a 

novel arena (Gentsch et al., 1982; Meffre et al., 2012; Sahakian et al., 1977), enhanced 

‘anxiety-related’ behavior in the elevated plus maze (Parker and Morinan, 1986; Weiss et al., 

2004) and reduced social interaction (McIntosh et al., 2013; Watson et al., 2016; 

Wongwitdecha and Marsden, 1996). SI rats also show impaired learning and memory in 

multiple cognitive domains including; visual learning and memory (novel object 

discrimination) pre-attention processing (pre-pulse inhibition of acoustic startle) and 

associative learning (conditioned freezing response, CFR) (Bakshi et al., 1998; Bianchi et al., 

2006; Fone and Porkess, 2008; Gaskin et al., 2016; McIntosh et al., 2013; Meffre et al., 2012). 
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SI also modifies the hypothalamic pituitary-adrenal (HPA) axis stress response. However basal 

levels of adrenocorticotrophic hormone and corticosterone have been reported to be 

increased (Weiss et al., 2004) or unaltered (Scaccianoce et al., 2006; Schrijver et al., 2002), 

which might depend on the strain of rat (Malkesman et al., 2006) or the severity of the 

isolation procedure (e.g. use of sawdust bedding or housing on a grid floor) (Fone and Porkess, 

2008). One group (Serra et al., 2005) reported SI caused hypersensitivity of the pituitary gland 

to intraventricular injection of corticotrophin-releasing hormone and impaired glucocorticoid 

receptor mediated negative feedback of the HPA axis, analogous to suppression of feedback 

inhibition seen in severe depression. Furthermore, Muchimapura et al. (2002) demonstrated 

that SI can affect the stress response by altering neurodevelopment of the serotonergic 

innervation of the hippocampus. 

Despite a wealth of research, the mechanisms underlying the developmental changes 

produced by SI are not established. One possible contributory factor, which has so far 

received little investigation, is that isolation rearing modifies the microbiota-gut-brain axis  

thereby disrupting normal neural, endocrine, metabolic and immunological bicommunication 

between gut microbiome and the brain (Jones et al., 2006). This could then adversely affect 

neuronal development and adult behavior (see reviews, (Cryan and Dinan, 2012; Parashar 

and Udayabanu, 2016; Sarkar et al., 2016)). Indeed recent research has implicated alterations 

in the composition of gut microbiota as a potential factor in the aetiology of a number of 

central nervous system disorders; including autism (Williams et al., 2011), anxiety and 

depression (Foster and McVey Neufeld, 2013; Naseribafrouei et al., 2014) but there has been 

a paucity of research on any link between gut microbiota and schizophrenia (Dinan et al., 

2014) despite association with autoimmunity and gastrointestinal disorders (Severance et al., 

2016). Early studies of microbiota established that germ-free mice show increased stress 



 
 

5 
 

reactivity (Sudo et al., 2004), repetitive self-grooming and reduced social interaction which 

are all reversed by colonization of the gut (Desbonnet et al., 2014). Conversely studies also 

demonstrate that exposure of rodents to a stressor alters microbiota resulting in an 

associated increase in pro-inflammatory cytokines (Bailey et al., 2011; Galley and Bailey, 

2014).  

For example, maternal separation of rat pups not only enhances anxiety-related behavior and 

cytokine levels but also changes gut microbiota (O'Mahony et al., 2009) and treatment with 

probiotics has a comparative effect to the SSRI citalopram; attenuating some of these changes 

(Desbonnet et al., 2010). However, there is limited data on the role of the microbiota in any 

animal model for schizophrenia. To this end we characterised the impact of housing rats in SI 

from weaning on a behavioral tasks (selected for translational relevance to core symptoms 

seen in schizophrenia) evaluating performance in cognitive, ‘anxiety-like’ and stress 

paradigms and correlated these with changes in gut microbiota, hippocampal and prefrontal 

cortical (PFC) cytokine, plasma corticosterone levels and hippocampal neurogenesis 

(BrdU/NeuN expressing neurones). Associations are made between changes in specific 

behavioral phenotypes and gut microbiota in rat littermates either housed in small social 

groups (GH) or in SI and the potential translational relevance of these findings to common 

neurodevelopmental psychiatric disorders is discussed. 
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2. Methods 

2.1 Animals 

Twenty-four male Lister hooded rats (from four equal sized litters) were obtained from 

Charles River UK on post-natal day 24 and weaned on arrival. Each litter was divided such that 

half the pups were group-housed (GH) and the other half reared alone (SI). Rats were housed 

in plastic cages (32x51cm, GH or 25x42, SI) containing sawdust bedding with metal grid lids, 

and had visual, auditory and olfactory contact with conspecifics in the same holding room. 

Rats were weighed once weekly (when bedding was changed). Food and water were available 

ad libitum and rats were kept on a twelve hour light/dark cycle (lights on 07.00h) at constant 

temperature (21 ± 2 °C) and humidity (45 ± 15%). On post-natal day 56 rats received 5-bromo-

2'-deoxyuridine (BrdU, a marker of cell proliferation, Sigma Aldrich, 150mg/kg, i.p.) and 

housed for a further week before behavioral testing began (Fig. 1). All behavioral studies were 

conducted between 08.00 and 17.00h with SI and GH rats being analysed in a random order 

to minimise any temporal effect, and before each test the arena was cleaned with 20% 

ethanol and dried to remove odour cues. All procedures were carried out in accordance with 

the UK Animals (Scientific Procedures) Act (1986), with approval of the University of 

Nottingham Local Ethical Review Committee, and conformed to the ARRIVE guidelines 

(Kilkenny et al., 2010; McGrath et al., 2010). Behavioral studies were conducted during the 

light phase of the circadian cycle to enable comparison with all our previous work with this 

model and the majority of other publications. Although there may be sex differences in 

behavioral and neuroendocrine responses following SI, this was not the primary focus of the 

current studies which were therefore performed on male rats to minimise the number of 

animal required according to the 3R’s principle. 
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2.2 Open Field Behavior 

As an ethological index of anxiety, behavior was recorded in a novel circular open field (on 

post-natal day 59, Fig. 1.). Rats were placed in the centre of the unfamiliar arena (75cm 

diameter with 45cm high walls, lined with grey card) at 120Lux for 15min and behavior 

recorded using computerised tracking (Noldus, Ethovision XT ver7.1). Ambulatory speed and 

distance travelled in the peripheral and central zone (15cm from the wall defined on 

Ethovision) together with time spent rearing and body grooming and the number of faecal 

boli were measured as indices of ‘anxiety levels’.  

2.3 Spontaneous locomotor activity in a novel cage 

Isolation rearing-induced hyperactivity in response to a novel environment was measured to 

confirm development of the isolation syndrome and as a further index of neophobia as 

described previously (Gaskin et al., 2016; King et al., 2009; Watson et al., 2016) on post-natal 

day 65 (Fig. 1). Each rat was placed in an unfamiliar perspex arena (39cm x 23.5cm x 24.5cm 

for 1h) to record horizontal locomotor activity and rearing using a computerised infra-red 

activity system (Photobeam Activity System, PAS).  

2.4 Novel object discrimination (NOD) 

Twenty four hours following locomotor assessment (and consequent habituation to the 

arena) novel object discrimination (NOD) was assessed to evaluate visual recognition memory 

(Lyon et al., 2012) as described before (Jones et al., 2011; Millan et al., 2010). In turn, each 

rat was tested for NOD using the following sequence. Each rat was re-acclimatised to the 

same perspex arena previously used for locomotor activity for 3min, immediately placed back 

in the home cage for 1min and then returned to the arena to receive two consecutive 3min 
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object exploration trials separated by a 2h inter-trial interval in the home cage. During the 

first (familiarisation) trial, two identical white bottles (8cm high, 5cm diameter) were placed 

in opposite corners of the arena (5cm from the side and 10cm from the end wall). During the 

second (choice) trial, one object (chosen in a pseudo-random balanced design) was replaced 

with a novel unfamiliar object (white bottle with black horizontal stripes). During each trial 

the time spent exploring each object (sniffing or active vibrissae with the nose within 1cm of 

the object) was recorded by stop watches. Climbing on or chewing at the object was not 

counted as exploration. The discrimination ratio (novel/(novel + familiar times)) was derived 

from the raw data to further determine object preference. 

2.5 Elevated plus maze 

Exploration of the elevated plus maze was measured to evaluate any change in ‘anxiety-like 

behavior’ associated with isolation rearing, as described previously by us (Bull et al., 2004; 

Fone et al., 1996). Each rat was placed in the centre of the maze facing a closed arm and left 

to explore for 5min. The 70cm high black perspex maze (with foam mats beneath to prevent 

injury from falls) consisted of four 45cm long arms, two opposing arms being open (no walls) 

and two enclosed by 10cm high walls. Each arm was divided into equal dimension outer and 

inner zones and behavior monitored using software (Noldus Ethovision XT ver7.1) to 

determine time and entries into each arm and zone and distance travelled. In addition the 

number of unprotected head-dips (head-dip below the floor of the open arm) and stretch 

attend postures (extending two front feet into the centre of an open arm without 

immediately entering; a risk assessment behavior) were recorded manually from video 

recordings. The percentage time and entries in the open arms (open/(open+closed) was 

calculated from the raw data, as a further index of anxiety. 
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2.6 Conditioned freezing response (CFR) 

To determine any change in associative learning and memory, a two compartment Geller box 

was used to record CFR behavior, a reliable index of associative learning, memory and 

extinction, as described previously (Jones et al., 2011; Woods et al., 2012). On the 

conditioning day (post-natal day 79, Fig. 1) each rat was placed in the light side of a 

computerised shuttle box (24.8 x 25.2 x 24.3cm, Panlab) for 30s before the compartment door 

temporarily opened to allow transition to the dark side and latency to enter was recorded. 

Thirty seconds later a conditioned stimulus (5s light and 3Hz, 89dB tone) signalled the start of 

an unavoidable foot shock (unconditioned stimulus, 1s, 0.4mA during the last 1s of the light 

and tone). Each rat received three shocks separated by 59s. Freezing behavior (in a hunched 

position with inactive vibrissae and totally immobile except for respiratory movement) was 

measured after the first two shocks. Twenty four and 48h after conditioning rats were 

returned to the dark side of the shuttle box for 300s, without further shocks, and time spent 

freezing recorded again. Immediately after the 48h trial the light and tone were presented 

again without the foot shock and freezing recorded during the next 300s.  

2.7 Restraint Stress 

Exposure to restraint stress has been regularly used as a psychological stress to evaluate HPA 

axis function (Hesketh et al., 2005) which may be modified by previous exposure to early-life 

SI (Fone et al., 1996). To elicit this response rats were restrained in a perspex tube (27 x 7 x 

7cm) for 1h on post-natal day 86 or 87 (Fig .1). 

2.8 Post-Mortem 
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Immediately following restraint rats were humanely killed by concussion followed by 

immediate exsanguination and mixed arterio-venous blood was collected, centrifuged 

(13,000G, 4oC, 5min) and plasma decanted and frozen at -80°C for plasma corticosterone 

determination (in duplicate from the linear portion of the curve, 20-80% maximal binding 

region) by ELISA (Enzo Life Sciences). The brain was hemisected to remove the whole 

hippocampus and prefrontal cortex (PFC) from the left side and snap frozen in liquid N2 for 

measurement of cytokines. The other half of the brain was placed in 4% paraformaldehyde 

for 24h then into 30% sucrose overnight and flash-frozen 24h later for immunohistochemical 

analysis. Caecal samples were collected under aseptic conditions for microbiota analysis. 

2.9 Mircobiota analysis 

Caecal samples were prepared for 16S sequencing on the Illumina Miseq system essentially 

as described in the Illumina 16S library preparation workflow. In brief, the V3 and V4 region 

of the 16S bacterial rRNA gene were amplified using 16S primers (Sigma Aldrich Ireland ltd., 

Wicklow, Ireland). Kapa Robust was used to amplify the products and the number of cycles 

used was 30. The resulting PCR products were cleaned up using Ampure XP beads (Labplan 

ltd., Co. Kildare, Ireland). Dual indices and Illumina sequencing adapters (Nextera XT Index Kit, 

Illumina, Inc., San Diego, California, USA) were attached to the amplicons. Following another 

clean-up step amplicons were quantified, normalized and pooled. The resulting pool was once 

again cleaned before being run at the Teagasc sequencing facility on the Illumina Miseq 

platform.  

2.10 Bioinformatic Analysis 

Resulting FastQ forward and reverse reads were joined together using FLASH. Sequences 

were clustered into Operational Taxonomic Units (OTU’s) and chimeras removed using 

USEARCH (Version 7.0-64bit). Taxonomy was assigned to OTUs with BLAST against 
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Silva123.Alpha and beta diversities were calculated within Qiime (v1.9.0). PCoA plots were 

visualised with Emperor. 

2.11 BrdU/NeuN Immunohistochemistry 

Dual-staining immunohistochemistry was performed to identify co-existence of BrdU, a 

marker of cell proliferation, with the neuronal specific nuclear protein, neuronal nuclei 

(NeuN) in hippocampal slices. Sixty micron microtome sections were sequentially washed 

with phosphate buffered saline, incubated (2M HCl, 37°C, 30min), washed (5min 0.1M borate 

buffer), incubated for 1h in a 2% blocking solution (goat serum, 1% BSA containing 0.3% 

Triton-x100) and then primary antibody (rat anti-BrdU, 1:100) overnight at 4oC. The next day 

sections were washed and incubated with secondary antibody (Alexa Flour 568 goat anti-rat, 

1:500 1h room temperature). Following a further wash sections were incubated with Mouse 

anti-NeuN, (1:100 at 4oC overnight), washed again and incubated with secondary antibody 

(Alexa Flour 488 rabbit anti-mouse, 1:500 for 1h). Sections were mounted on gelatinised 

slides, rinsed with distilled water, DAPI applied (1:1000, 30s in darkness), cover slipped and 

positive cells quantified by an observer who was unaware of the rat housing condition. 

2.12 Cytokine and mTOR analysis. 

Hippocampal and frontal cortex samples were removed from -80°C and homogenised by 

sonication in RIPA buffer (1ml per 12mg of tissue containing 1:100 protease inhibitor, P8340, 

Sigma). Lowry assay was performed to prepare all samples to a common protein 

concentration. Cytokine (IL-1, IL-6, IL-10 and TNF-) and mTOR (total and phosphorylated) 

levels in brain samples were determined in duplicate using a multiplex kit (MILLIPLEX MAP, 

Merck Millipore, UK) against standards with quality controls as described previously (Hind et 

al., 2016). 



 
 

12 
 

2.13 Statistical analysis 

GraphPad Prism v6 (GraphPad Software Inc., La Jolla, CA, USA) and SPSS22 (IBM Analytics, UK) 

were used for statistical analyses. All data were checked for normality and homogeneity of 

variance using Shapiro-Wilk’s and Levene’s tests, respectively. Locomotor activity and NOD 

data were analysed by Two-way repeated measures analysis of variance (RM ANOVA, with 

rearing condition as a between-subject factor, and time and object as repeated measures). 

Measures made without a time course in open field, elevated plus maze and NOD, such as 

choice trial discrimination ratio and cytokine, mTOR and BrdU were analysed by ANOVA (with 

rearing condition as a factor). In each case, where appropriate, multiple comparison post-hoc 

tests were used where ANOVA suggested statistical significance (p<0.05) and data are 

expressed as mean + SEM. Microbiota analysis was performed in R (version 3.3.2). The vegan 

package (version 2.3-4) was used for alpha diversity indices and Adonis test. Differences in 

alpha diversity and taxonomic composition were calculated with Mann-Whitney U test. 

Spearman correlations were performed between relative microbiota abundance and 

behavior and cytokine measures. All post-hoc tests and Spearman correlations included 

correction for multiple comparison. 

3. Results 

3.1 Open field behavior 

SI rats travelled significantly further than GH control rats (p<0.001, Fig. 2A) and at a higher 

overall velocity (p<0.001, Fig. 2B) in the whole open field thus demonstrating hyperactivity in 

a novel arena consistent with development of the isolation-reared behavioral syndrome. 
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As expected both GH and SI rats spent significantly more time in the outer than the central 

(more aversive) zone of the open field (ANOVA; main effect of zone p<0.0001, Fig. 2C) but this 

was unaffected by rearing condition. Further ethological analysis failed to show any significant 

difference in either the number of rears or time spent grooming between GH and SI rats (data 

not shown). In contrast, at the end of the trial SI rats had produced significantly fewer (p<0.05) 

faecal boli than GH littermates (1.6 ± 0.8 and 3.9 ± 0.7, respectively, Fig. 2D), consistent with 

the development of an anxiogenic profile by SI. 

3.2 Effects of isolation-rearing on exploration and locomotor activity 

In accordance with open field data SI rats displayed significantly higher (p<0.01, Fig. 2E) total 

horizontal locomotor activity over 1h in the activity boxes compared to GH rats. Temporal 

analysis of this locomotion (Fig. 2F) showed that the change was due to a slower rate of 

habituation, especially during the first 30min, consistent with SI inducing neophobia. 

Although there was no significant difference in the overall total number of rears, SI rats also 

showed significantly more (p<0.05) rears during the second 5min in the box and a similar 

trend for reduced attenuation of rearing behavior during the first 30min as seen with 

ambulation (data not shown). 

3.3 Novel Object Discrimination 

During the first (familiarisation) trial of the NOD task neither SI nor GH controls showed any 

preference for either identical object (Table 1). Analysis of differential object exploration in 

the second (choice) trial (Table 1) showed that both SI and GH rats tended to spend more 

time exploring the novel object, but this did not reach significance (ANOVA showed no main 

effect of housing (F(1, 21)=2.32, P=0.14) or object (F(1, 21)=2.35, P=0.14)). Neither did the 
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apparent small reduction in discrimination ratio in the SI rats reach significance. 

3.4 Elevated Plus Maze 

The effect of post-weaning SI was examined on a task widely used to assess unconditioned 

‘anxiety-like’ behavior; the elevated plus maze (Fone et al., 1996; Griebel et al., 1997). 

Irrespective of housing, rats spent significantly longer (p<0.001) in the closed (GH, 61.5 ± 2.7; 

SI, 59.4 ± 3.3s) than the open (GH, 38.5 ± 2.7; SI, 40.6 ± 3.3s) arms of the maze. ANOVA showed 

a main effect of arm type (Open vs Closed; F(1, 44)=47.89, p<0.001) but no main effect of 

housing (F(1, 44)=0.00001, p=0.99) on the pattern of exploration of the two arm types. A very 

similar profile was seen for both percentage open and closed arm time and entries; ANOVA 

showed a significant main effect of arm type (F(1, 44)=47.89, p<0.001 and F(1, 44)=12.57, 

p<0.001,respectively) but no main effect of housing during development and no significant 

arm type x housing interaction for either parameter. Thus rats spent significantly more 

time in, and made more entries into, the closed than the open arms irrespective of housing 

during development. There was no significant difference in distance travelled by GH or SI 

rats (2.43 + 0.10 and 2.69 + 0.10m respectively, not significant Student’s t-test) on the plus 

maze, confirming that difference in ambulation did not confound interpretation of 

ethological measures made as indices of anxiety in this task. More detailed ethological 

analysis of behaviors failed to show any significant effect of housing condition on unprotected 

stretch attend postures (risk assessment) or open arm head-dips (directed exploratory 

behavior; data not shown). 

3.5 Conditioned Freezing Response  
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To assess the effect of post-weaning SI on associative learning and memory, freezing behavior 

was measured as an index of cognition in a cue and context motivated fear conditioning 

paradigm (Jones et al., 2011; Woods et al., 2012). 

During the acquisition phase SI rats froze for significantly less time (p<0.001 Sidak’s post-hoc 

test) than GH rats after the first shock, but both housing groups froze for the same duration 

after the second shock such that there was a main effect of housing (F(1, 22)=6.97, p<0.05, Fig. 

3A). This suggests that although isolates have a different initial response to the first foot shock 

they then find the conditioning equally aversive (Fig. 3A).  

At both 24 and 48h after conditioning GH froze for significantly longer (p<0.05) than SI rats 

when returned to the conditioning chamber without exposure to any further shock or cue, 

consistent with impaired contextual learning and memory. SI also froze for significantly less 

time (p<0.01) than GH rats at 48h post-conditioning when the light and tone (but no shock) 

was re-applied demonstrating impaired cue-mediated learning and memory. ANOVA 

confirmed there was a significant main effect of housing (F(1, 22)=12.63, p<0.01) on freezing 

duration across all three trial periods (Fig. 3B). 

3.6 Restraint stress-induced plasma corticosterone response 

Restraint caused the expected elevation in plasma corticosterone (from 69.0 ± 3.6 to 92.5 ± 

3.6 in GH and 70.4 ± 4.9 to 94.0 ± 7.6ng/ml in SI rats) but this not modified by housing 

condition during development. Thus two-way ANOVA showed no main effect of housing (F(1, 

20)=0.084, p=0.77) but a main effect of restraint (F(1, 20)=20.68, p<0.001) on plasma 

corticosterone. 

3.7 Hippocampal cell proliferation and neurogenesis 
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The level of neuronal cell proliferation as an index of neurogenesis in the dentate gyrus of the 

hippocampus was examined using BrdU/NeuN dual-labelled immunohistochemistry (see 

representative image Fig. 4A). SI showed a significant reduction (p<0.05, Student’s t-test) in 

cells in the dentate gyrus dual-labelled for BrdU and NeuN compared to GH rats (172 ± 19 and 

243 ± 23, respectively) showing that isolation rearing attenuated the number of cells 

proliferating into a neuronal phenotype during the study (Fig. 4B).  

3.8 Hippocampal and prefrontal cortical (PFC) cytokine and mTOR levels 

To determine any change in markers of pro- and anti-inflammatory cytokines, IL-1, IL-6, IL-

10 and TNF- levels were measured in hippocampal and PFC extracts using multiplex assays. 

As rats received either restraint or were housed in the home cage (control) for the hour 

immediately before tissue collection, and short term physical restraint can alter brain 

cytokine levels, 2-way ANOVA with housing and restraint as factors was performed on 

cytokine levels. In the PFC there was no significant main effect of restraint, nor any housing 

restraint interaction on any of the cytokines measured and only IL-6 in the hippocampus 

showed a housing x restraint interaction, so results for each cytokine were pooled to 

determine the impact of housing in Table 2. Of particular note for data pooled irrespective 

of restraint, significant reductions (p<0.05) in both IL-6 and IL-10 (Table 2) occurred in the 

hippocampus, but not the PFC of SI compared to control GH littermates. In contrast, no 

significant alterations in IL-1 or TNF occurred in either brain region (Table 2). Further 

analysis of hippocampal IL-6 (Fig. 5B) by 2-way ANOVA showed a significant interaction 

(F(1,19) = 11, p<0.05) between housing and restraint, such that hippocampal IL-6 was 

significantly lower in SI rats that had been restrained than either SI home cage (P<0.05) 

or GH restrained rats (P<0.05). In comparison no similar significant interaction was seen 

with hippocampal IL-1 (Fig. 5A) or other cytokines (data not shown). 
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Although there were no significant differences in levels of phospho-mTOR or total mTOR in 

either brain region according to housing condition, there was a small but significant increase 

in the ratio of phospho-mTOR to total mTOR in the PFC (p<0.05) which was not observed in 

the hippocampus (p=0.78). This suggests that selective enhancement of the mTOR signalling 

pathway might occur in the PFC as a consequence of SI (Table 3).  

3.9 Microbiota composition and analysis  

At the phylum level, Mann-Whitney test revealed significant differences in low relative 

abundance (~1%) Actinobacteria (p=0.04) with an increase in SI compared to GH rats (Fig. 6 

and Table 4). Increases in phylum Actinobacteria were attributed to increases in genus 

Rhodococcus (p=0.03; Fig. 7). SI significantly decreased Clostridia (p=0.03) at the class level; 

this was reflected in decreases in order Clostridiales (p=0.03), family Clostridiaceae group 1 

(p=0.01) and Peptostreptococcaceae (p=0.02; Fig. 8). However, at the genus level both 

increases and decreases were observed within the Clostridia class, with increases in 

Defluvitaleaceae UCG-011 (p=0.03), Eubacterium oxidoreducens group (p=0.02), 

Marvinbryantia (p=0.04), and decreases in Lachnospiraceae UCG-009 (p=0.02), Ocillospira 

(p=0.03) and Papillibacter (p=0.02). Mann-Whitney test revealed significant increases in other 

genra of bacteria in SI compared to GH, including Bacillus (p=0.02), Prevotellaceae UCG-001 

(p=0.04), and Veillonella (p=0.03; Table 4). Alpha diversity analysis showed a trend toward 

decreased diversity in the SI compared to GH rats, but this was not significant (Shannon index, 

p=0.28). Beta diversity analysis by group showed a trend toward clustering by group, however 

this trend was also not significant (Adonis, p=0.12).  
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Correlations were performed between salient individual representative values of specific 

behaviors and neurochemical measures that had been significantly altered by housing and 

significant changes in microbiota found in the same rat, thus focussing on those parameters 

that were significantly altered by early-life housing. Microbiota that significantly differed 

between groups were highly correlated to hippocampal IL-6 and faecal boli in the open field 

test (Fig. 9). Taxa in the order Clostridales were positively correlated to faecal boli (ρ=0.54, 

p=0.01) in all groups. This positive correlation continued at the family level 

(Ruminococcaceae, ρ=0.57, p=0.01), and genus level (Papillibacter, ρ=0.57, p=0.01; 

Oscillospira, ρ=0.47, p=0.02). Many of the same taxa in the order of Clostridales were 

negatively correlated to distance travelled (ρ=-0.52, p=0.02) and velocity (ρ=-0.52, p=0.02) in 

the open field test. Relative abundance of bacteria in the order Bacillales was negatively 

correlated to faecal boli (ρ=-0.44, p=0.03) and hippocampal IL-6 (ρ=-0.53, p=0.01), with 

significance remaining at the Family and Genus levels. Bacteria in the order Bacillales was also 

positively correlated to distance travelled (ρ=0.59, p=0.01) and velocity (ρ=0.59, p=0.01) in 

the open field, significant correlations remained at the family and genus level. Further 

correlations could be seen in microbiota and other measures significantly different between 

groups. Hippocampal IL-10 (ρ=0.56, p=0.02) and IL-6 (ρ=0.48, p=0.02) was positively 

correlated to Peptostreptococcaceae. Negative correlations to 48h pre-cue measures from 

the CFR task were seen in genra Veillonella (ρ=-0.45, p=0.03) from order Selenomonadales 

and Eubacterium oxidoreducens group (ρ=-0.41, p=0.05) belonging to the order Clostridales. 

Negative correlations were also seen in genus Defluviitaleaceae UGC-001 of the order 

Clostridales for CFR freezing time at 24h (ρ=-0.50, p=0.02) and 48h post-conditioning (ρ=-0.54, 

p=0.01). 
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4. Discussion 

The current study demonstrates that rearing rats in SI from weaning produced several 

behavioral changes akin to those seen in disorders such as schizophrenia and depression, 

including cognitive impairment, reduced neurogenesis (decreased DG BrdU/NeuN positive 

cells) and changes in hippocampal cytokine levels and of particular note is the first to show 

accompanying alterations in microbiota composition. As expected rearing rats in SI from the 

point of weaning altered horizontal activity both in the open field and locomotor activity task; 

SI rats being hyperactive is a reliable characteristic feature of the resultant ‘isolation 

syndrome’ observed in almost all previous studies (Fone and Porkess, 2008; Gentsch et al., 

1981; King et al., 2009; McIntosh et al., 2013; Watson et al., 2016). This increased activity in 

a novel environment is consistent with SI rats demonstrating neophobia (Gentsch et al., 1988; 

Sahakian et al., 1977). SI-induced hyperactivity is accompanied by increased spontaneous 

activity in (Fabricius et al., 2010) and enhanced dopamine release from (Robbins et al., 1996) 

ventral tegmental dopamine neurones, which is attenuated by antipsychotic drugs (McIntosh 

et al., 2013), and thus regarded as having face validity to the positive symptoms of 

schizophrenia (van den Buuse, 2010). In contrast, SI rats showed no overt changes compared 

to GH littermates in the elevated plus maze. This is contrary to several previous studies where 

SI rats show reduced total arm and percentage open entries respectively (Parker and 

Morinan, 1986; Weiss et al., 2004). This study also found no differences in anxiety-related 

behaviors in the open field (rearing and grooming) although both groups spent significantly 

more time in the less aversive outer zone and more time in the closed arms of the plus maze 

as expected. Interestingly SI rats left significantly fewer faecal boli in the open field consistent 

with stress-induced activation of the sympathetic nervous system which reduces defecation 
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(Perhach and Barry, 1970), although studies have found other early-life stressors such as 

maternal separation increased faecal boli accompanying adult exposure to a novel stress 

(O'Mahony et al., 2009). 

A variety of cognitive deficits frequently accompany psychiatric illness so rats were assessed 

for visual and associative learning and memory using the NOD and CFR tasks, respectively. In 

the NOD task, although there was a tendency for SI rats to have a lower discrimination index 

they did not show the expected impairment in visual discrimination (Bianchi et al., 2006; 

Gaskin et al., 2016; McIntosh et al., 2013; Watson et al., 2016) possibly because of high inter-

individual variation in this cohort. Although SI rats froze less than group-hosed littermates 

after the first conditioning shock in the CFR chamber they froze for the same duration after 

the second shock, suggesting both groups found the stimulus aversive and that impaired 

acquisition did not contribute to altered conditioned freezing behaviour but it is difficult to 

exclude this possibility. In agreement with several previous studies (McIntosh et al., 2013; 

Watson et al., 2016) SI rats showed decrease freezing on re-exposure to both the conditioning 

context and cue in the CFR paradigm indicative of impairment in associative learning and 

memory following this early-life stress. Consistent with our previous observation SI rats 

showed an elevation of the ratio of active (phospho-mTOR) to inactive mTOR in the PFC which 

we have previously shown to be associated with cognitive impairment (Meffre et al., 2012).  

Compared with home-cage housed rats, plasma corticosterone levels were significantly 

elevated 1h after restraint but to a comparable level in SI and GH littermates, thus irrespective 

of housing during development. Previous research has shown that exposure to a variety of 

early-life stressors including maternal separation or SI can modify the HPA axis and amplify 

the plasma corticosterone response to exposure to an acute stress (O'Mahony et al., 2009; 

Plotsky et al., 2005). As no time course assessment of the corticosterone response was 
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available in the current study it is possible that plasma corticosterone had reached a ceiling 

level following this period of restraint which would mask any housing effect. The impact of SI 

on corticosterone levels is varied and probably depends on the stressor used as well as the 

temporal relationship of the measure to stress application (Scaccianoce et al., 2006; Serra et 

al., 2005; Weiss et al., 2004). 

Adult neurogenesis occurs in the subgranular zone of the hippocampal dentate gyrus in rats 

(Kuhn et al., 1996) and dysfunction of this process is implicated in several human psychiatric 

disorders. Of note neurogenesis is reduced by stress and increased by antidepressants 

(Duman et al., 1999; Levone et al., 2015; Malberg et al., 2000). Consistent with this regulation 

and previous studies using rodent models of early-life stress (Mirescu and Gould, 2006) SI rats 

showed a significant reduction in BrdU/NeuN dual-positive dentate gyrus neurons. As 

changes in neurogenesis have been associated with cognitive deficits (Rola et al., 2004) and 

proposed to occur in depression and schizophrenia (Millan et al., 2012) their contribution to 

change in hippocampal dependent cognitive function, such as impaired CFR reported here, is 

clearly of great interest. Moreover, gut microbiota is associated with changes in hippocampal 

neurogenesis; a lack of microbiota in germ-free mice being associated with increased 

neurogenesis (Ogbonnaya et al., 2015). Conversely, antibiotic and probiotic-induced changes 

in the microbiota are also associated with alterations in neurogenesis (Mohle et al., 2016). 

Furthermore, adult germ-free mice have enlarged hippocampi and shorter less branched 

ventral hippocampal pyramidal neurons (consistent with dendritic atrophy) which might 

contribute to concomitant changes in anxiety and cognition (Jiang et al., 2015), potentially 

resulting from alteration in gut microbiota during development. 

Alterations in the immune system are implicated in the pathophysiology of Major Depressive 

Disorder and also cardinal to the brain-gut axis interaction with the immune system playing a 
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major role in the communication between the gut microbiota and the brain (Dinan and Cryan, 

2017; O'Mahony et al., 2017). Previous research has shown that maternal separation results 

in an enduring pro-inflammatory phenotype in rats (O'Mahony et al., 2009) but few studies 

have examined changes following adolescent SI. Ko et al. (2015) found elevated plasma levels 

of the pro-inflammatory cytokines (IL-1, IL-6 and TNF) after four weeks isolation rearing of 

Sprague-Dawley rats but there are no reports of changes in brain regions as documented 

herein. Of interest, the primary changes in cytokine levels found in this study were restricted 

to the hippocampus (significant reductions in IL-10 and IL-6 in SI rats) and not replicated in 

the PFC, implying brain regional specificity that might contribute to hippocampal-dependent 

phenotypic changes in cognitive behavior and/or neurogenesis (Hueston et al., 2017). A 

reduction in the anti-inflammatory cytokine IL-10 is consistent with findings from the 

microbiota levels in the current study and previous research (Scarpa et al., 2011). However, 

the decrease in IL-6 is unexpected since, at least in the periphery, elevated IL-6 has been 

associated with a depressive-like phenotype and alterations in the microbiome in mice (Zhang 

et al., 2017). Hippocampal IL-1 has been shown to be elevated by a variety of acute stressors, 

such as lipopolysaccharide injection or inescapable footshock, however this rise is prevented 

by a simultaneous rapid rise in corticosterone (Nguyen et al., 1998) or following repeated 

exposure to stress (Lovelock and Deak, 2017), consistent with the absence of IL-1 elevation 

in this study. Interestingly restraint stress of Wistar rats for 1h elevated plasma corticosterone 

and hippocampal IL-6 mRNA (Chen et al., 2016) analogous to that seen herein in GH rats. In 

contrast, in this study SI rats that received restraint had significantly lower hippocampal IL-6 

than GH-restrained or SI home cage rats suggesting that exposure to chronic early-life stress 

(SI) may have attenuated the usual brain cytokine response evoked when adult rats are 

exposed to a severe short-term physical stressor. Further studies on a larger cohort with 
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sufficient statistical power specifically designed to investigate this phenomenon would be 

worthwhile to establish if this is reproducible, occurs with other cytokines and could 

represent a maladaptive response. One of the first studies to measure brain (rather than 

plasma or cerebrospinal fluid) cytokine levels in patients with schizophrenia (Pandey et al., 

2017) reported reduced IL-10 but, converse to the current study, elevated IL-6. However as 

most patients were on antipsychotics and many also used of drugs of abuse which could alter 

cytokines and measurement was in the PFC, and not the hippocampus, this could account for 

the apparent translational discrepancy with this study. 

Analysis of the microbiota revealed a number of differences that may contribute to 

phenotypic changes in SI rats mediated in part via the gut-brain axis bicommunication. 

Peptostreptococcaceae was lower in the SI rats and positively correlated to the lower IL-6 

level in the hippocampus. Papillibacter which was decreased in SI rats shows preferential 

occurrence in healthy controls across all populations (Rehman et al., 2016) and may represent 

a potential indicator of health status. Oscillospira was significantly reduced in SI rats and a 

similar observation has been made in Crohn’s disease (Perez-Brocal et al., 2013), potentially 

indicating that this bacteria is associated with immune alterations. Interestingly elevation in 

Actinobacteria found in the current SI rats was also one of a few phyla elevated in patients 

with active major depressive disorder compared to that in healthy controls (Jiang et al., 2015) 

but any translational relevance remains to be established. Bacteria in the order Clostridales 

were negatively correlated with cognitive performance in the CFR task. Of note an elevation 

in bacteria in the family of Lactinospiraceae and Clostridiaceae was observed to correlate with 

impairment of NOD produced following 7 days administration of phencyclidine (a 

pharmacological model for schizophrenia) to Lister hooded rats (Pyndt Jorgensen et al., 2015); 

an impairment which was prevented by ampicillin administration, supporting the supposition 
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herein that gut microbiota can modify memory performance. The complex bidirectional 

interaction between gut microbiota and stress-related behavior makes it difficult to 

determine the cause or consequence of changes seen in SI rats, which is clearly imperative to 

understand the neurobiological sequelae and develop novel preventative therapies. Recently 

it has been demonstrated that mice exposed to chronic stress develop behavioral despair 

accompanied by reduced faecal Lactobacillus resulting in increased circulating kynurenine 

levels and that restoration of intestinal Lactobacillus improved the metabolic alterations and 

behavioral abnormalities (Marin et al., 2017). Similarly, treatment of mice undergoing chronic 

social defeat with Lactobacillus rhamnosus reduced the development of ‘anxiety-related’ 

behavior, deficits in social interaction and increase in number of T cells producing IL-10 

(Bharwani et al., 2017). Furthermore, elevating caecal levels of Bifidobacteria by 3 weeks 

administration of galacto-oligosaccharides prevented the lipopolysaccharide-induced 

elevation in cortical IL-1 and 5-HT2A receptors and anxiety behavior in a light-dark box (Sarkar 

et al., 2016; Savignac et al., 2016). Such integrated studies are vital to provide mechanistic 

insight into the interaction of microbiota and their metabolites with the immune system and 

brain development and resultant long-term behavioral consequences. SI in juvenile rats may 

alter the microbiome (perhaps because of associated stress) and with contemporaneous or 

subsequent changes in HPA axis (Weiss et al., 2004) and inflammatory cytokines, produce 

microglial activation (Schiavone et al., 2009), reduction in BDNF, loss of parvalbumin-

containing GABA interneurons and synaptic pruning in PFC and hippocampus (Bianchi et al., 

2006; Gaskin et al., 2016; Harte et al., 2007; Schubert et al., 2009; Silva-Gómez, 2003), alter 

glutamatergic corticostriatal neurotransmission (Napolitano et al., 2014) and ventral 

tegmental dopaminergic firing (Fabricius et al., 2010); ultimately resulting in development of 
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the isolation syndrome. Careful temporal analysis of the changes in microbiota, cytokines and 

behavior during development of the isolation syndrome might reveal the cascade of events. 

In conclusion, the current study established that rearing rats in SI from weaning induces 

changes to behavior, neurogenesis and the gut microbiome that can have potential 

implications on the gut-brain axis. Differences in cytokines in the hippocampus correlated to 

gut microbiota changes, opening the possibility that the gut microbiota influences immune 

changes in the central nervous system and behavior that may contribute to the 

pathophysiology of psychiatric disorders. This provides opportunities to target and modify the 

gut microbiota and potentially improve outcome in these life-changing disorders. 
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Figure 1: Protocol diagram showing the time course of experimental housing and behavioural 

testing across post-natal day age of the Lister hooded rats used in the study. 

Figure 2: Comparison of: (A) distance travelled (cm), (B) average velocity (cm/s), (C) time 

spent (s) in the central and outer zone and (D) number of faecal boli expelled in grouped-

housed (GH) and isolation-reared (SI) rats recorded over 15min in a circular open field arena. 

(E) and (F) respectively show the total number of beam breaks and the time course (in 

consecutive 5min epochs) of the same rats recorded in computerised activity boxes over 

60min. Data are mean ± SEM. Figures A, B, D, E, F * indicates difference from GH, and in C * 

indicates difference from the outer zone. ***P<0.001, **P<0.01 and *P<0.05; for Figures A, 

B, D and E Student’s unpaired t-test, and C and F Sidak’s post-hoc test. 

Figure 3: Comparison of the time spent freezing (s, mean ± SEM) in group-housed (GH) and 

isolation reared (SI) rats during: (A) 55s following the first and second foot shocks on the 

conditioning day in the conditioned freezing paradigm (***p<0.001 from GH, +++p<0.001 

from SI First Shock, Sidak post-hoc test) or (B) 5min when rats were returned to the chamber 

24 and 48h post-conditioning (as indicated, without further foot shock or cue) and at 48h 

post-conditioning with re-exposure to the tone and light conditioning stimulus (48h post-cue). 

*p<0.05, **p<0.01 from GH, Sidak’s post-hoc test following ANOVA.  

Figure 4: (A) Representative images of BrdU (red) and NeuN (green) staining; scale bar = 

50m) and (B) Number of cells (mean ± SEM) dual-labelled for BrdU/NeuN in the dentate 

gyrus of GH (n=11) and SI (n=12) rats. *p<0.05 Student’s unpaired t-test.  

Fig.5. Comparison of hippocampal (A) IL-1 and (B) IL-6 levels (ng/ml, mean + SEM, n=5-6 

each) in group-housed (GH) and rats housed in isolation from weaning (SI) determined 
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immediatedly following 1h restraint in a perspex tube or continued housing in the home cage, 

as indicated.  *p<0.05 from SI home cage and #P<0.05 from GH restrained rats Sidak’s multiple 

comparison test following ANOVA. 

Figure 6: Relative abundance of bacteria at phylum level in group-housed (GH, Control) and 

isolation reared (SI) littermates. The main phyla are Firmicutes.  

Figure 7: Relative abundance of bacteria at family level in group-housed (GH, Control) and 

isolation reared (SI) rats. The main families are Lachnospiraceae and Ruminococcaceae. 

Figure 8: Relative abundance of bacteria at genus level in isolation reared (SI) compared with 

group-housed (GH, Control) rats. 

Figure 9: Spearman heatmap focussing on correlation between microbiota and behavioural 

and cytokine measures found to be significantly different as a consequence of housing during 

development. Top x-axis columns: Conditioned Freezing Response (CFR) task, hippocampal 

(Hipp) cytokines, and open field (OF) left to right, respectively. Y-axis groups taxa by 

phylogeny (right y-axis) and corresponding taxonomic names (left y-axis). Scale (right legend) 

indicates level of positive (red) or negative (blue) correlation, asterisk indicates significance 

(*P<0.05, **P<0.01 and ***P<0.001). 
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Figure 1 
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Figure 2
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Figure 7 
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Figure 8 
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Figure 9 
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Table 1: Lack of effect of housing condition (GH = group and SI = individual housing during 

rearing) on time (s, mean ± SEM) spent exploring two identical objects (front and back) in the 

first familiarisation (T1), the novel and familiar object in the second (T2) choice trial, and the 

choice trial discrimination ratio (novel/novel + familiar times) during the novel object 

discrimination task. 

Table 2: Cytokine levels (mean ± SEM, ng/ml) in hippocampus and prefrontal cortex (PFC) of 

GH and SI rats. Any sample whose cytokine value was outside the linear portion of the curve 

was omitted. *p<0.05 Unpaired Student’s t-test from hippocampal GH control. 

Table 3: Levels of mTOR, phosphor-mTOR and their ratio (mean ± SEM) in the hippocampus 

and prefrontal cortex (PFC) of rats housed in social groups (GH) or isolation (SI), measured 

post-mortem using ELISA. No significant differences were found between housing groups for 

mTOR and phospho-mTOR in either the hippocampus and PFC but there was a significant 

increase in the ratio of phospho-mTOR to total mTOR in the PFC (*p<0.05, Student’s unpaired 

t-test). 

Table 4: Summary of the significant changes in bacterial composition in isolation reared (SI) 

relative to group-housed (GH) rats. Taxa highlighted in yellow indicates significance (p<0.05), 

arrows indicate increases or decrease in SI relative to GH rats. 
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Table 1 

Object type and Trial GH SI 

Front Object T1 19.9 ± 2.4 23.2 ± 2.6 

Back Object T1 24.5 ± 3.5 23.1 ± 2.3 

Familiar Object T2 17.3 ± 3.2 13.4 ± 2.1 

Novel Object T2 21.5 ±1.7 15.8± 3.4 

Discrimination Ratio T2 0.6 ± 0.1 0.5 ± 0.1 
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Table 2 

 

  

Cytokine GH 

Hippocampus 

SI 

Hippocampus 

GH 

PFC 

SI 

PFC 

IL-1 30.20 ± 2.38 

(n=11) 

25.49 ± 1.12 

(n=11) 

32.14 ± 2.84 

(n=11) 

32.64 ± 1.73 

(n=12) 

IL-6 1441 ± 101.3 

(n=11) 

1137 ± 98.6 

(n=11) * 

491.9 ± 77.7 

(n=10) 

504.6 ± 30.8 

(n=11) 

IL-10 9.58 ± 1.98 

(n=10) 

4.84 ± 0.75 

(n=8) * 

14.97 ± 3.66 

(n=9) 

7.67 ± 1.67 

(n=11) 

TNF 0.31 ± 0.05 

(n=10) 

0.21 ± 0.04 

(n=8) 

0.27 ± 0.05 

(n=6) 

0.18 ± 0.02 

(n=7) 
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Table 3 

 GH 

Hippocampus 

SI 

Hippocampus 

GH 

PFC 

SI 

PFC 

mTOR 3886 ± 161 

(n=10) 

3255 ± 281 

(n=12) 

2409 ± 114 

(n=10) 

2071 ± 129 

(n=12) 

Phospho-

mTOR 

10.60 ± 0.74 

(n=10) 

9.73 ± 1.36 

(n=12) 

5.58 ± 0.82 

(n=9) 

7.79 ± 0.87 

(n=11) 

Ratio 0.0028 ± 0.0002 

(n=11) 

0.0029 ± 0.0004 

(n=12) 

0.0024 ± 0.0003 

(n=9) 

0.0036 ± 0.0003 

(n=11) * 
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Table 4 

 

 


