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Abstract: Background and Objective: Early life adverse events may influence susceptibility/resistance to chronic in-

flammatory diseases later in life by permanently dysregulating brain-controlled immune-regulatory systems. We have in-

vestigated the impact of infant-mother separation during early postnatal life on the severity of experimental periodontitis, 

as well as systemic stress and immune responses, in adulthood. 

Material and Methods: Pups of periodontitis resistant Lewis rats were separated from their mothers for 3 h daily during 

postnatal days 2-14 (termed maternal deprivation; MD), separated for 15 min daily during the same time period (termed 

handling; HD), or left undisturbed. As adults, their behaviour was tested in a novel stressful situation, and ligature-

induced periodontitis applied for 21 days. Two h before sacrifice all rats were exposed to a gram-negative bacterial 

lipopolysaccharide (LPS) challenge to induce a robust immune and stress response. 

Results: Compared to undisturbed controls, MD rats developed significantly more periodontal bone loss as adults, 

whereas HD rats showed a tendency to less disease. MD and HD rats exhibited depression-like behaviour in a novel open 

field test, while MD rats showed higher glucocorticoid receptor (Gr) expression in the hippocampus, and HD rats had al-

tered methylation of genes involved in the expression of hippocampal Gr. LPS provoked a significantly lower increase in 

circulating levels of the cytokine TGF-1  in MD and HD rats, but there were no significant differences in levels of the 

stress hormone corticosterone. 

Conclusion: Stressful environmental exposures in very early life may alter immune responses in a manner that influences 

susceptibility/resistance to periodontitis.  
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INTRODUCTION  

Periodontitis is a tissue-destructive inflammatory condi-
tion of the tooth-supporting tissues commonly considered to 
be initiated by increased colonization of pathogenic micro-
organisms in subgingival dental plaque biofilms [1]. They 
readily activate cells belonging to the innate immune system, 
and the subsequent release of mediators is probably respon-
sible for the periodontal tissue destruction [2]. Periodontitis 
is also associated with ageing and genetic and environmental 
factors such as smoking, diabetes and stress-related diseases 
[3-7]. The details of how these multifarious disorders influ-
ence the development and progression of the disease has 
been poorly understood. 
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The pathogenesis indicates that immune system re-
sponses vital for clearing pathogens are inappropriately regu-
lated in people with periodontitis. We have previously stud-
ied the impact of different immune aberrations in a rat 
model. Our studies support recent findings indicating that 
agents that drive adaptive immunity, while inhibiting innate 
immunity, are protective [2, 8-11]. They also showed that the 
immune system responses are under brain control via auto-
nomic nervous and neuroendocrine (hormonal) systems, and 
that rats with differential reactivity or responsiveness of 
these overarching brain-controlled pathways, including the 
hypothalamic-pituitary-adrenal (HPA) axis reactivity to en-
vironmental stressful challenges, whether of emotional or 
immunological origin, also differ in their susceptibility to 
periodontitis [12-19]. As we have demonstrated in two rat 
models with extreme differences in stress reactivity, the di-
versity in neural and hormonal reactivity can be genetically 
determined [12, 14, 20]. In rats with environmentally in-
duced differences in stress reactivity like experimental de-
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pression [18] and diabetes [21], as well as induced postnatal 
stress [22-25], similar mechanisms are evident. 

Adverse early postnatal life events have been found to al-
ter brain development, and in adulthood to alter behavioural 
responses to stressful situations, stress hormone responses to 
stressors, immune responses to pathogens, and susceptibility 
to infectious and inflammatory diseases [26-29]. Very early 
life experiences, in particular, can permanently change the 
reactivity of immune-regulatory systems controlled by the 
brain, including the HPA axis [26, 27]. People who have 
experienced severe life stressors early in life (e. g., abuse, 
neglect, family conflict, low socioeconomic conditions, in-
fections) are at greater risk for a variety of diseases later in 
life regardless of their subsequent health behaviours [30, 31], 
and emerging evidence suggests that immune dysregulation, 
i.e., misguided immune system responses, may be one poten-
tial pathway linking stressful early life events to increased 
susceptibility to later disease onset [31, 32]. These adjust-
ments in the normal course of development may result from 
epigenetic programming, i.e. the phenomena that environ-
mental stimuli in early life can lead to changes in the expres-
sion of genes involved in stress and immune system regula-
tion, and that these changes are potentially responsive to 
similar stimuli throughout life [26-32].  

In the present study, we used the maternal separation 
model, which is a widely used postnatal psychological stress 
paradigm that can permanently change the reactivity to stres-
sors, including immune system responses to pathogens [26-
29]. This model is also commonly used to study the devel-
opment of psychiatric disorders such as anxiety and depres-
sion [33, 34], and it is well suited for investigating the ef-
fects of postnatal experiences on immune system responses 
and the susceptibility to various diseases in adulthood [29, 
34]. New-born rats that are separated from their mothers for 
an extended time every day develop persistent changes in 
brain proteins and neurotransmitter systems involved in im-
mune system regulation [34]. Since the adult effects of ma-
ternal separation also depend on the genetic background and 
gender [23, 35], and maternal separation may influence im-
munity and disease susceptibility through brain-controlled 
immunoregulatory pathways other than the HPA axis [36], 
we used male and female offspring of Lewis rats in this ex-
periment. Lewis rats generally show a low HPA axis re-
sponse, and thus lower release of immunoregulatory gluco-
corticoid hormones (predominantly cortisol in humans and 
corticosterone in rodents), to all kinds of imposed stressors, 
including emotional stress and immunological stress induced 
by gram-negative bacterial lipopolysaccharides [LPS; 37-
39]. Furthermore, they are relatively resistant to periodontitis 
when compared to histocompatible and HPA axis high-
responding Fischer 344 rats [12, 14], whereas the opposite is 
the case in animal models of pro-inflammatory T helper (Th) 
1- mediated autoimmune diseases such as rheumatoid arthri-
tis and multiple sclerosis [40]. To investigate biological 
mechanisms responsible for the putative relationship be-
tween periodontitis and early postnatal psychosocial stres-
sors, we stimulated the animals with LPS just before sacri-
fice, and measured the effect of maternal separation on the 
HPA axis derived stress hormone corticosterone and selected  
 

cytokines, as well as the methylation of genes involved in 
the expression of glucocorticoid receptors (Gr) within the 
hippocampus. The expression of Gr within this brain struc-
ture has been found to be important for determining the HPA 
axis set-point and controlling stress reactivity [26]. 

MATERIAL AND METHODS 

Animals 

Pregnant female Lewis rats (from Möllegaard Breeding 
Center, Ejby, Denmark) were individually housed in stan-
dard polypropylene cages containing about 2.5 cm of wood 
chip bedding material. The animals had free access to stan-
dard rat pellets and tap water, and they were maintained un-
der a 12-24 h light/dark cycle (light on 7.00 a.m. to 7.00 
p.m.) with temperature and humidity at 22°C and 40-60%, 
respectively. The experiments were registered and approved 
by the Norwegian Experimental Animal Board (NEAB). 

Maternal Separation Procedure 

The present experiments were performed according to a 
previously described method (38). In short, the rat pups were 
removed from their mothers for 15 min daily from life day 2 
to 14 (handling; HD), for 3 h over the same time period (ma-
ternal deprivation; MD) and kept singly in temperature-
controlled cages at 31°C. From the same rearing litter, one or 
two rats were used in each experimental group. The separa-
tion was implemented daily between 9:00 to 12:00. The re-
maining third of the pups were left undisturbed and served as 
controls. From day 15 to 21 all pups (HD, MD and Controls) 
were left with their mothers. The pups were then sex-
matched, and males and females were placed in standard 
cages with 4 to 5 animals in each.  

The undisturbed Controls (n=12) included 5 males and 7 
females. The HD group (n=13) comprised 6 males and 7 
females. The MD group (n=18) comprised 7 males and 11 
females. At the age of 13 weeks the animals were behaviour-
ally tested and experimental periodontitis was induced 7 
days later. Three weeks thereafter, all animals received LPS 
and were decapitated 2 h later.  

Behavioural Testing 

At the age of 13 weeks emotional behavioural responses 
to a novel stressful situation were estimated with the open 
field test (18). Locomotor activity and explorative behaviour 
were evaluated. The apparatus consisted of a 100 cm x 100 
cm square-shaped box with the floor divided into 10 cm2 
squares. The walls surrounding the base were black and 40 
cm high. The only illumination was provided by a 15 W 
bulb, positioned centrally and 50 cm above the floor. Each 
animal was gently placed in the centre of the apparatus and 
allowed to explore the arena over a 5-min period. An ob-
server manually recorded movements and rearing behaviour 
between 9:00 and 12:00 hours. Each animal was tested once, 
and after each testing the apparatus was cleaned with water 
and bleach solution and dried.  
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The Following Parameters were Registered 

1. Movements across square boundaries. For each animal 
the number of squares crossed was added up and used as an 
indicator of locomotor activity in a novel environment. De-
pending on factors like genetic background, age, sex, type, 
time and length of maternal separation, maternal care, and 
type and length of stressors, locomotor activity is a behav-
ioural parameter that has been found to be affected in ani-
mals that are postnatally separated from their mothers [41, 
42]. Decreased locomotor activity has been described in de-
pressed patients [43], and maternal deprivation has been 
used as a model for postnatal stress-induced development of 
adult depression-related behaviour [33, 37]. Low locomotor 
activity also appears to be a main fear response of animals 
exposed to novelty [44]. Therefore, the locomotor activity 
was used as an indicator of maternal deprivation-induced 
anxiety. 

2. Distance moved in the centre of the illuminated open 
field apparatus, defined as the inner middle of the arena (60 
x 60 cm; 360 cm2). This test is commonly employed to 
measure anxiety, and “depressed-like” rats usually spend less 
time in the illuminated centre of the open field apparatus 
than their sham-operated controls, and some antidepressants 
attenuate this effect [44].  

3. Vertical activity (rearing). The extent of rearing in a 
new environment reflects exploratory behaviour. In adoles-
cence, this activity has been found to be significantly de-
creased in MD rats [41].  

Experimental Periodontal Disease Model 

Fourteen weeks after birth, the animals were anaesthe-
tised with a subcutaneous injection in the neck with Hyp-
norm-Dormicum (fentanyl/fluanizone, midazolam), 0.2 
ml/100 g body weight. A sterile silk ligature (Ethicon Perma-
hand

®
 seide, Norderstedt, Germany) was tied around the 

neck of the maxillary right 2
nd

 molar tooth. The ligatures 
were left in the same position during the entire experiment 
and served as a retention device for oral microorganisms. At 
the end of the experiment all animals were injected intraperi-
toneally with LPS, and killed by decapitation. Sacrifice was 
carried out in the morning between 10.00 and 12.00. Trunk 
blood samples were collected in chilled heparinised tubes for 
analysis of serum concentration of corticosterone. The max-
illae were excised and fixed in 4% formaldehyde.  

LPS Challenge 

To assess whether the treatment regimen had any effects 
on corticosterone and selective cytokine responses to a 
pathogen associated molecular pattern (PAMP), the animals 
were injected with LPS (E.coli serotype 0111:B4, Sigma 
Chemicals, MO, USA) i.p. (150 microg/kg) 2 h before de-
capitation. After decapitation, blood samples were collected 
(6-10 ml from each animal) in vacutainer tubes (10 ml with-
out additives) and allowed to clot on ice for 1 h. Thereafter, 
the samples were centrifuged for 20 min at 2000 x g. The 
serum samples were removed, liquated and stored at -20 C 
prior to analysis of corticosterone and cytokines. 

 

Analysis of Serum Corticosterone, TNF- , IL-10, and 

TGF-  

Serum corticosterone was measured with a radioimmu-

noassay (RIA) Coat-A-Count kit from Diagnostic Products 

Corporation, Los Angeles, CA, USA, catalogue Number 

TKRC1. The limit of detection was 5.7 ng/ml. The antibody 

is highly specific with the highest cross reactivity with 11-

deoxycorticosterone of less than 2%. The serum levels of 

TNF- , IL-10, and TGF-  were measured by means of en-

zyme-linked immunosorbant assays (ELISA) kits from R&D 

Systems, Inc., Minneapolis, MN, USA, with catalogue num-

bers RAT00 for TNF- , MB100 for TGF-1 , and R1000 for 

IL-10, respectively. The minimum detectable 

level/concentration for TNF-  is less than 12.5 pg/mL, less 

than 31.2 pg/mL for IL-10 and TGF-1 , and less than 62,5 

pg/mL for IL-6.  

Radiographic Examination of Periodontal Bone Loss 

The rat maxillary jaws were placed and stabilised with 
dental wax on a Sidexis digital x-ray sensor, oriented with 
the axis of the teeth parallel to the sensor surface. The dis-
tance between the cemento-enamel junction (CEJ) and the 
alveolar bone (B) on mesial and distal surfaces of the 2

nd
 

molars was displayed digitally. The examination was done 
blinded. Bone loss as measured with digital X-rays was cho-
sen as an indicator of the severity of periodontitis because 
our previous studies have shown that this measurement is 
significantly more reliable than measuring periodontal fibre 
loss and bone loss on histological sections [12-24]. 

Quantative RT-PCR Assay of mRNA for the Glucocorti-
coid Receptor Within the Hippocampus 

Genomic DNA and RNA were isolated from hippocam-

pal tissue using the AllPrep
®

 DNA/RNA Mini kit (Qiagen, 

Venlo, Netherlands) following the manufacturer’s instruc-

tions. First-strand (cDNA) synthesis was performed in a 40 

μl reaction containing 375 mM KCl, 250 mM Tris–HCl,15 

mM MgCl2, 10mM dithiothreitol and 500 μM deoxynucleo-

side triphosphates (dNTPs)at 42 °C for 50 min using 200 U 

SuperScript II Reverse Transcriptase (Invitrogen) and 2.5 

μM dT16 primer. 

PCR amplifications of cDNA were performed in 25μl re-

actions containing 50mM KCl, 20mM Tris–HCl (pH 8.4), 

2mM MgCl2, 2.5U Platinum Taq DNA polymerase (Invitro-

gen), 200mM deoxynucleoside triphosphates (dNTP), SYBR 

Green (Cambrex, Verviers, Belgium) and primers. Thermal 

cycling, conditions were: 95°C, 2 min; with 45 amplification 

cycles of 95°C, 20 s; 60°C, 20 s; 72°C, 30 s. All PCR prod-

ucts were separated on a 2% agarose gel and visualized un-

der illumination with SYBR Safe (Invitrogen). Primer se-

quences used were: -actin sense: 5’-aga-aga-gct-atg-agc-

tgc-ctg-acg, antisense: 5’-tac-ttg-cgt-cag-gag-gag-caa-tg 

(1 M, 301bp); Total Gr sense:5’ctt-agc-tcc-ccc-tgg-tag-aga-

cga, antisense: 5-tgc-tgc-ttg-gaa-tct-gcc-tg (0.5 M, 162bp). 

All primers were synthesised by Eurogentec (Seraing, Bel-

gium). Data was analysed using the 2
-ddCt 

method [45]. 
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Methylation Analysis 

Genomic DNA was bisulphite modified using the 
EpiTect kit (Qiagen), promoter 17 was amplified, and all 
amplicons were pyrosequenced using a Pyromark ID with 
Pyrogold reagents (Biotage) as previously described [46-48]. 
The bisulphite conversion efficiency was >96% allowing 
quantitative analysis of DNA methylation patterns in 
throughout the amplicon. 

Statistical Methods 

The effects of postnatal separation on behavioural, neu-
roendocrine, immunological, and clinical responses were 
assessed with two-way analyses of variance (AVOVA), with 
treatment (MD, HD, or Controls) and sex as between-group 
factors. These analyses were followed by post hoc Fisher´s 
LSD test if appropriate. DNA methylation data were ob-
tained from female rats only. These were analysed with a 
one-way analysis of variance with treatment (MD, HD, or 
Controls) as the between group factor. Data are presented as 
mean ± SD. Level of statistical significance was set at 
p<0.05.  

RESULTS 

Effect of Maternal Separation on Body Weight at Disease 
Induction 

The MD rats displayed lower body weight at disease in-
duction compared with undisturbed controls as well as HD 
rats. At disease induction, the male controls and male MD 
animals weighed 309.2 ± 7.1 g and 297.1 ± 8.6 g respec-
tively (p<.05), and the female controls 197.1 ± 11.3 g and 

female MD rats 181.9 ± 8.5 g respectively (p < 0.01). No 
significant difference was found between the weight of male 
HD rats (303.8 ± 9.7 g) or female HD rats (188.4 ± 8.8 g) 
and their respective undisturbed controls. 

Effect of Maternal Separation on Periodontal Tissue De-
struction 

The animals were sacrificed 21 days after application of 

the ligature. The severity of periodontitis was evaluated by 

radiographic measurement of alveolar bone loss, i.e.: the 

distance between the cemento-enamel junction (CEJ) and the 

most coronal bone (CEJ-B). The alveolar bone loss in the 

MD animals was significantly more severe in both males and 

females compared with the undisturbed controls (Fig. 1). In 

male controls the distance between CEJ and CEJ-B was 0.81 

± 0.02 mm, and in male MD rats the same distance was 0.90 

± 0.07 mm (p < 0.05; Fig. 1). In female controls this distance 

was 0.77 ± 0.06 mm, and 0.85 ± 0.07 mm in female MD rats 

(p < 0.01).  

In contrast to MD rats, HD rats did not differ from con-

trols with respect to alveolar bone loss in either males (0.75 

± 0.06 mm) or females (0.75 ± 0.03 mm).. When MD rats 

and HD rats were compared, the p-value was less than 0.01 

in both males and females, with HD rats showing less bone 

loss than MD rats. 

Effect of Maternal Separation on Cytokine Serum Levels 

to LPS Challenge 

Overall, serum TGF-1  levels were higher in males than 
in females rats, p < 0.05. The MD rats had significantly 
lower serum TGF-1  levels 2 h after LPS stimulation com-

 

Fig. (1). The mean distance from the cemento-enamel junction to the alveolar bone crest in male and female control rats, and male and fe-

male maternal deprived (MD) rats as measured on digital radiographs. p < 0.05 between controls and MD rats, in both males and females, 

demonstrating that rats exposed to long-term separation (360 min) from their mother during the first 14 days of life developed significant 

more severe periodontitis in adulthood. In contrast, male and female rats exposed to short-term separation from their mother (10 min) during 
the same time period (handled rats; HD rats) tended to develop less periodontitis (NS). 
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pared with controls in both males and females (Fig. 2). In 
MD male rats the serum TGF-1  levels were 56.3 ± 3.3 
pg/ml versus 63.2 ± 7.0 pg/ml in male controls (p < 0.05), 
while the values for female rats were 51.0 ± 5.2 pg/ml versus 
57.9 ± 7.1 pg/ml (p < 0.05).  

Also male and female HD rats had lower TGF-1  levels 
than the undisturbed control animals. In HD male rats the 
serum TGF-1  levels were 55.2 ± 3.7 pg/ml versus 63.2 ± 
7.0 pg/ml in male controls (p < 0.05). The values for female 
rats were 48.5 ± 4.8 pg/ml versus 57.9 ± 7.1 pg/ml (p < 
0.05). The TGF-1  levels in MD and HD rats were not sig-
nificantly different, either in males or females. 

Compared with controls, there was also a tendency to 
lower IL-10 serum levels in both male and female MD rats, 
but the difference was not statistically different, neither were 
the serum levels of TNF-  (data not shown).  

Effects of Maternal Separation on Corticosterone Plasma 
Levels after LPS Challenge 

The serum corticosterone levels 2 h after LPS injection 
did not differ between male MD rats (1234.4 ± 101.1 nmol/l) 
and male undisturbed controls (1057.2 ± 389.4 nmol/l). Nei-
ther in females was there any significant difference between 
the MD and control groups: 2007.1 ± 147.5 nmol/l in MD 
rats versus 1999.7 ± 183.0 nmol/l in controls. When females 
and males were compared, the serum corticosterone levels 
were significantly higher in females in both MD and control 
rats (p < 0.001). 

 Male and female HD rats did not differ from undis-
turbed controls after LPS stimulation. In male HD rats the 
serum levels were 1229.0 ± 88.7 nm/litre versus 1057.2 ± 

389.4 nm/litre in male controls, while the values for female 
rats were 1927.9 ± 180 nm/litre versus 1999.7 ± 183.0 
nm/litre in female controls. Serum corticosterone levels in 
HD rats were significantly higher in females than in males (p 
< 0.001; data not shown). 

Effects of Maternal Separation on Open Field Behaviour 

In keeping with the findings from other studies (30, 31), 

MD rats were less active in a new environment (the open 

field apparatus) than the controls, although this difference 

failed to reach statistical significance in males. Mean dis-

tance travelled was 1128.6 ± 464.5 cm for male MDs, and 

1620.0 ± 130.4 cm for male controls (p = 0.1; Fig. 3A). In 

females the same distance was 1645.5 ± 508.6 cm, and 

2592.9 ± 493.8 cm for controls (p = 0.001; Fig. 3A). In addi-

tion, male rats were significantly less active than female rats, 

both in the MD (p < 0.05), and control group (p < 0.01).  

 Also HD rats moved less than controls in the open 
field apparatus, but again this difference was significant in 
females only. Mean distance travelled was 1166.7 ± 592.2 
cm for male HD rats, and 1620.0 ± 130.4 cm for male con-
trols. In females the same distance was 1500.0 ± 624.5 cm, 
and 2592.9 ± 493.8 cm for controls (p = 0.001; Fig. 3A).  

As demonstrated in other studies (40, 42), MD rats 
moved less than controls in the illuminated anxiety-related 
centre field of the open field apparatus, but in the present 
experiment the difference was significant in females only. 
Mean distance travelled in the centre field was 44.3 ± 21.5 
cm for male MD rats, and 66.0 ± 48.3 cm for male controls. 
In females the same distance was 68.2 ± 45.6 cm for  
MD rats, and 145.7 ± 77.2 cm for female controls (p < 0.01;  

 

Fig. (2). Levels of transforming growth factor (TGF)-1beta in serum 2 h after intraperitoneal injection of LPS (150 microg/kg) in male and 

female control rats, handled (HD) rats, and maternal deprived (MD) rats. p < 0.05 between controls and HD rats as well as MD rats in both 
males and females. 
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Contd.  Fig. (3) 
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C 

Fig. (3). A,B,C. Analysis of emotionality- and anxiety-related behaviour in the open field test of male and female control rats, handled (HD) 

rats, and maternal deprived (MD) rats. (A) Female and male HD and MD rats demonstrated decreased locomotor activity compared to control 

rats in the novel environment, but the difference was significant in females, only (p = 0.001). (B) Female and male MD rats as well female 

HD rats tended to spent less time in in the illuminated anxiety-related centre field of the open field apparatus (NS). (C) HD and MD rats 
reared less than controls, but this behavioural effects was significant in females, only (p < 0.001). 
 

Fig. 3B). Male controls moved less in the centre field of the 
open field apparatus than female controls (p<.0.01). 

Male HD rats showed no difference in distance moved in 
the illuminated anxiety-related centre field of the open field 
apparatus compared to male controls. The distance was 68.3 
± 50.4 cm for male HD rats, and 66.0 ± 48.3 cm for male 
controls. In contrast, female HD rats moved less than female 
control rats. The distance was 67.1 ± 32.0 cm for female HD 
rats, and 145.7 ± 77.2 cm for female controls (p < 0.01). 
There was no significant difference between male and fe-
male HD rats. 

Also the reported general decrease of explorative behav-
iour in MD rats, as measured by reduced rearing (39), was 
supported in this experiment, but the difference was signifi-
cant in females only. In male MD rats the rearing activity 
was 12.3 ± 6.7 versus 16.8 ± 6.2 in male controls (NS), and 
in females MD rats 14.5 ± 2.9 versus 20.3 ± 2.3 in female 
controls (p < 0.05).  

Male and female HD rats showed less explorative behav-
iour as demonstrated with their rearing activity in this ex-
periment. The rearing activity in male HD rats was 10.2 ± 
5.0 versus 16.8 ± 6.2 in male controls (p < 0.05), and in fe-
male HD rats 13.6 ± 4.3 versus 20.3 ± 2.3 in female controls 
(p < 0.01). There were no differences between male HD and 
female HD rats.  

Effects of Maternal Separation on Hippocampal DNA 

Methylation of Exon 17 Gr Promotor Region and Gr  

Expression  

Methylation data were obtained from female rats; 6 HD 
rats, 8 MD rats and 7 Controls (Fig 4). Pyrosequencing was 
performed on the hippocampal Gr 17 promoter. Analysis of 
the individual CpGs showed that HD rats showed signifi-
cantly higher levels of methylation than MD rats (p < 0.05) 
only for CpG11, and a trend for higher levels of methylation 
than Controls (p = 0.06). Analysis of variance of total methy-
lation over all CpGs (Fig. 5A) showed that HD rats had 
higher total methylation than Controls (p = 0.05). MD ani-
mals did not differ significantly from either HD rats or Con-
trols. Gr expression data were obtained from female rats (7 
HD rats, 8 MD rats and 7 Controls rats; Fig. 5B). MD ani-
mals had higher Gr expression than both Control rats  
(p < 0.05) and HD rats (p = 0.001). 

After examining the group differences in individual and 
sum methylation levels we aggregated the data from the 
three groups and investigated the link between CpG proxim-
ity and methylation levels. Pairwise Pearson correlations 
were calculated between the modification levels of the 8 
promoter 17 CpG sites (Fig. 5D). The individual CpG 
dinucleotide showed very strong correlations in their  
CpG methylation levels, particularly between all pairwise  
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Fig. (4). (A) Schematic representation of the Gr gene structure covering exons 11 to 111 and the sequence of the 17 promoter including the 

CpGs 10-17 analysed. (B) Pyrosequencing analysis of the promoter 17 CpG dinucleotides from control, handled (HD), and maternally de-
prived (MD) rats. * p < 0.05, † p<0.1.  Data are mean +/-SD.
 

combinations of CpGs 11, 13, 15 and 16, and individually 
with the sum methylation levels, suggesting that these CpG 
dinucleotides are co-regulated. Across all three groups, Gr 
expression correlated negatively with total methylation,  
r = - 0.48, p = 0.028 (Fig. 5C), with methylation at CpG11  
(r = - 0.58, p = 0.006), and with methylation at CpG16  
(r = - .47, p = 0.031).  

DISCUSSION 

Previously, we have demonstrated that exposure of rat 
pups to various very early life stressors profoundly alters the 
susceptibility/resistance to periodontitis in adulthood [21-
24]. These experiments included postnatal over-stimulation 
of the glutaminergic system [21], postnatal exposure to 
gram-negative bacterial LPS [22], cross-fostering (where rat 
pups from mothers that were selected as genetically stress 
high responders were raised by genetically stress low  
 

responding mothers [23]), and postnatal administration of the 
synthetic stress hormone and Gr agonist dexamathasone 
[24]. 

In the present study, we have extended our findings by 
using a maternal separation model that is known to perma-
nently change an individual’s reactivity to stressors and vari-
ous diseases later in life [26]. First, we compared the severity 
of ligature-induced periodontitis in adult periodontitis resis-
tant Lewis rats that as new-born were daily long term (3 h) 
separated from their mothers from life day 2 to 14 (maternal 
deprivation; MD) with rats that were separated for 15 min 
daily over the same time period (handling; HD), or left un-
disturbed by their mothers (Controls). We also compared 
behaviour during a stressful situation (the open field test), as 
well as selected immune and stress responses to systemic 
gram-negative bacterial LPS stimulation. Immune responses 
were compared by measuring the serum levels of the pro-
inflammatory cytokines TNF-  and the anti-inflammatory  
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cytokines IL-10 and TGF-1 . The stress responses were 
compared by measuring the serum levels of corticosterone, 
which is an end-effector hormone, and an index of the HPA 
axis response. In addition, we compared the expression of 
hippocampal Gr expression, and methylation of genes in-
volved in hippocampal Gr expression, which is known to be 
an integral part of the regulatory mechanism controlling 
stress and HPA axis reactivity [47].  

A key finding in the present study is that adult MD rats 
developed significantly more severe experimental periodon-
titis than HD and undisturbed Control rats in both males and 
females. Male and female MD rats also gained less weight 
and female MD rats displayed increased emotionality and 
anxiety-related behaviour to novelty. Short-term (15 min) 
daily postnatal separation (HD) had more limited effects. In 
HD rats, the severity of periodontitis was unaffected, as was 
weight gain, and only emotionality and anxiety-related be-
haviour to novelty was significantly altered. In male and 
female MD rats, as well as male and female HD rats,  

LPS provoked significantly lower increase in circulating 
levels of the T-regulatory cytokine TGF-1 , but LPS did not 
induce significant differences in other systemic cytokines 
measured (TNF-  and IL-10), or the HPA axis derived stress 
hormone corticosterone. In addition, our data showed that 
MD rats had higher Gr expression in the hippocampus com-
pared to both HD and Control rats, while HD rats had a 
higher degree of methylation at CpG11.  

The results are in line with reports from other recent in-
vestigations. For example, Milde et al. showed that MD en-
hanced the susceptibility to adult experimentally-induced 
ulcerative colitis in male Wistar rats when exposed to uncon-
trollable foot shock stress [49], while Vig et. al. found al-
tered numbers of inflammatory cells and cytokine levels in 
an experimental model of airway inflammation in mice [50]. 
In a female rat model of nematode Nippostrongylus brasilen-
sis infection, MD increased the number of jejunal adult 
worms and faecal eggs and larvae output [51]. In a murine 
model of influenza A/PR8 virus infection, MD altered  

 

Fig. (5). Sum methylation levels throughout the Gr 17 promoter (A), the relative expression of total Gr levels (B) and the correlation of pro-

moter 17 sum methylation and total Gr transcript levels (C) in the hippocampus after exposure to control, handling (HD) or maternal depriva-

tion (MD) conditions. (D) Pearson correlation heatmap for individual CpGs in the hippocampus and the sum methylation level throughout 

the Gr 17 promoter. Pearson correlation coefficients are expressed by colour (0 (blue) to 1 (yellow)) as per scale. § p=0.06, * p < 0.05, † 
p<0.01, ‡ p<0.001. Panels A and B are mean +/-SD.
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several cytokine responses and host resistance throughout 
life [52].  

The altered behavioural responses to stress are likewise 
consistent with studies from other investigators. For exam-
ple, MD rats exhibit more anxiety-like behaviour and less 
exploratory responses in adulthood, while HD causes in-
creased anxiolytic-like behaviour and increased exploratory 
responses in both Lewis and Fischer 344 rats [53]. Moreo-
ver, when exposed to maternal deprivation, adult Lewis rats 
have decreased anxiety-like behaviour compared to F344 
rats. In addition, females of both strains exhibit more anxi-
ety-like behaviour than males (53). It is well documented 
that maternal deprivation and handling differently alter be-
havioural and neuroendocrine responses to various chal-
lenges in adulthood, and that these effects are highly deter-
mined by genetic background as well as gender [24, 35, 53]. 
As demonstrated in this experiment, MD rats also often ex-
hibit reduced weight gain in both males and females [54]. 
Interestingly, people born with a low birth weight are at in-
creased risk of chronic adult diseases, including coronary 
heart disease, type 2 diabetes, cognitive decline and depres-
sion, and prenatal stressors have significant impact on birth 
weight, anxiety, and depression of the offspring [55-57]. 
Furthermore, there is evidence suggesting that early life pro-
gramming of stress reactivity, including HPA axis and auto-
nomic nervous system reactivity, are among the likely 
mechanism that link low birth weight and late onset diseases 
[56]. 

Immune function parameters are modified in depressed 
humans [58], including altered cytokine levels in gingival 
cervicular fluid [59]. In the present study, we found that “de-
pressed” MD rats released significantly lower amounts of the 
T-regulatory cytokine TGF-1  in response to LPS stimula-
tion. Interestingly, a recent study has shown a significant 
negative correlation between systemic TFG-1  and depres-
sive mood in humans [58], and reduced T-regulatory reactiv-
ity may play an important role in depression [60]. Moreover, 
we have found that vaccination with heat-killed Mycobac-
terim vaccae, which is a potent T-regulatory cytokine in-
ducer, was protective in experimental periodontitis [8, 9]. 
Thus, the present data support the suggestion that adaptive 
immunity plays a protective role in periodontitis, and that 
decreased T-regulatory activity and weaker TFG-1  response 
may play a role in depression and periodontitis.  

The relationship between depressive mood and periodon-
titis has been confirmed by earlier animal experiments [18], 
and humans with severe depression have been found to show 
significantly more severe periodontitis [61]. In addition, we 
have found that manipulation of the neurotransmitter sys-
tems involved in anxiety, depression, and immune system 
regulation in rats, significantly influenced the development 
and severity of periodontitis [13, 15, 16-19, 21, 24]. Moreo-
ver, enhanced susceptibility to experimental periodontitis in 
a rat model of depression could be abolished with pre-
treatment with the antidepressant drug tianeptine [18]. The 
antidepressant treatment also normalised behavioural re-
sponses, as well as the reduction of TNF-  cytokine response 
to LPS stimulation [18].  

 

Maternal separation also has differential effects on adult 
stress coping behaviours, which in turn are dependent on the 
genetic background [62]. Interestingly, we and others have 
shown that humans with a poorly developed coping style, 
which usually results in increased vulnerability to stress-
related diseases, are significantly more susceptible to perio-
dontitis than those with a an active coping style in response 
to stress [63, 64]. These findings support recent studies dem-
onstrating relationships between different coping strategies 
for social stress, neuroendocrine and immune activity and 
susceptibility to infectious diseases [65].  

The MD model in rats, as used in this experiment, is a 
well-established model for postnatal stress-induced devel-
opment of adult anxiety and depression-related behaviour 
[66]. It has been found to produce anxiety and depression-
like behaviour in rat mothers, and the depression-induced 
reduction in maternal behaviour may account for depression-
like behaviour found in the offspring [67, 68]. In humans, 
early life adverse events are known to be major risk factors 
for developing severe anxiety and major depressive disorders 
in adult life [69]. Moreover, chronic HPA axis hyper-activity 
is considered to be a consistent biological finding in major 
depression, and it is looked upon as one of the major patho-
physiological mechanism leading to this disorder, and not a 
consequence of depression [70].  

Earlier experiments have revealed that chronic HPA axis 

hyper-reactivity, whether genetically determined or envi-

ronmentally induced, including experimental depression and 

diabetes, is associated with increased susceptibility to perio-

dontitis [8-14, 18, 21]. Hyper-reactivity of the HPA axis is a 

typical feature of MD in rodents [37, 43]. HPA axis hyper-

reactivity is also a typical feature in humans with major de-

pression of the melancholic type [66, 70], and is also associ-

ated with increased susceptibility to periodontitis in rats [12-

14, 18]. The HPA axis is a major brain-controlled im-

munoregulatory system, which regulates immune system 

responses mainly by the release of endogenous glucocorti-

coid hormones [71]. These hormones act via binding to two 

types of intracellular receptors, i.e., the mineralocorticoid 

receptor (Mr), and the Gr. It has been shown that during low 

basal glucocorticoid levels Mr are occupied, while Grs are 

activated additionally when glucocorticoid hormone levels 

are high, such as during emotional stressful conditions and 

infections [72]. Upon binding of the glucocorticoid hor-

mones to these receptors, the hormone-receptor complex 

translocates to the nucleus where it acts as a transcription 

factor regulating the activity of genes, including those in-

volved in the production and release of immune mediators, 

including cytokines [59]. Therefore, changes in the regula-

tion of the HPA axis response to a bacterial challenge are 

likely to result in alterations in immune system responses 

and subsequent host susceptibility to infectious and inflam-

matory diseases, including periodontitis. However, in the 

present experiments with Lewis rats, there was no increase in 

HPA axis reactivity in the MD rats to an in vivo challenge 

with LPS, as measured by circulating levels of corticoster-

one, although we found a clear effect of MD on anxiety and  
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depression-like behaviour as well as ligature-induced perio-

dontitis. This may suggest that the alterations in immune 

responses and disease susceptibility may not be mediated by 

higher circulating glucocorticoid hormone levels per se. 

Immune system responses are, however, not only con-
trolled by the concentrations of glucocorticoids hormones, 
but also the sensitivity of glucocorticoid receptors is a major 
factor in determining the final immune response [73]. For 
example, in traumatised veterans with post-traumatic stress 
disorder, a state associated with HPA axis hypo-responsive-
ness, which is also a typical feature in Lewis rats, no signifi-
cant differences in plasma cortisol levels were found, but 
these people showed lower leukocyte glucocorticosteroid 
receptor density and alteration in immune system responses 
compared to healthy controls [74]. It is also possible that 
other overarching immunoregulatory mechanisms than the 
HPA axis are involved. Thus, although HPA axis activation 
regulates immune and inflammatory responses by releasing 
glucocorticoid hormones, and maternal deprivation is associ-
ated with increased HPA activity axis and altered immune 
responses, HPA axis hyper-reactivity is not necessarily the 
major determinant factor inducing altered immunity and sus-
ceptibility to periodontitis in this experiment with stress and 
HPA axis low responding Lewis rats. Other tentative expla-
nations include MD-induced alterations of the reactivity of 
the sympathetic, parasympathetic and sensory peptidergic 
nervous systems, which are all found to be altered by mater-
nal deprivation [55, 75-77], and which reactivity we have 
found to play a significant role in the susceptibil-
ity/resistance to periodontitis [15, 17, 19]. 

The reactivity of the stress response system, which in-
cludes the HPA axis and the sympathetic nervous systems, is 
highly determined by the Gr level within the brain, including 
the hippocampus [72]. When increased amounts of glucocor-
ticoids are released from the cortex of the adrenal glands 
during a stressful situation, some of these hormones rapidly 
enter the brain via the general blood stream where they bind 
to Mr and Gr, and by so doing, the further release of gluco-
cortiocoids is down-regulated via negative feedback regula-
tion [72]. It has been found that high expression or levels of 
hippocampal Gr are associated with strong negative feed-
back regulation and subsequent weak HPA axis reactivity to 
various stressors, whereas low Gr levels are associated with 
the opposite effect, i.e., weak negative feedback regulation 
and subsequent HPA axis hyper-reactivity [72]. Thus, the 
amount of Gr within the brain, and particularly the hippo-
campus, seems to be one of the main determinants of HPA 
axis reactivity, and thus disease susceptibility [72]. Such a 
relationship has also been found in our earlier periodontitis 
experiments in rats [18].  

One of the ways by which environmental stress like ma-
ternal separation may change the Gr expression and thus the 
HPA axis reactivity and susceptibility to diseases is by DNA 
methylation, which inhibits transcriptional regulation of 
genes [47]. Actually, DNA methylation may represent an 
important link between very early stress, brain Gr expres-
sion, stress reactivity, immune system regulation, and sus-
ceptibility/resistance to diseases [47]. The present study  
 

confirmed that there is a direct link between the methylation 
of the Gr promoter 17 and total Gr transcript levels. Gr tran-
scripts have previously been correlated with the sum of 
methylation throughout the 17 promoter, but not with single 
CpG dinucleotides [78, 79]. Here, both CpG 11 and 16 as 
well as the total methylation level correlated negatively with 
Gr transcript levels. However, the strong proximity based 
link in methylation levels, particularly between CpGs 11, 13, 
15, 16 suggests that expression of the Gr is controlled by the 
overall methylation level, rather than any one particular CpG 
dinucleotide, as we have previously suggested [78].  

Maternal deprivation did not, however, have the antici-
pated effect on DNA methylation levels at the group level. 
Elevated Gr transcript levels in the MD group were not ac-
companied by lower methylation levels, but methylation 
levels remained comparable to control animals. However, the 
limited statistical power of the study may have masked the 
link between methylation and expression at the group level 
that was seen on the aggregated data. Interestingly, we are 
not the only ones to fail to find effects of 3 hours maternal 
separation on methylation of 17 CpG sites [80]. 

Based on this and previous findings, we suggest that the 
augmented colonisation of periodontopathogens, which are 
regarded as initiating agents of periodontitis [1], may be a 
result of a dysregulated or misguided brain–neuroendocrine-
immune balance. The reduced ability of adaptive immunity 
to respond optimally thus impedes clearance of pathogens. 
Chronic over-activity of the innate immune system, which 
may be responsible for tissue destruction [2], we have sug-
gested to be a compensatory response that protects the gingi-
val connective tissues from being infected by these patho-
gens. Accordingly, we have hypothesized that periodontitis 
is the result of a hidden benefit that protects against infection 
in individuals with reduced ability to respond with an opti-
mal adaptive immune response to pathogens [2, 19].  

CONCLUSION 

The present study shows that a very early maternal sepa-
ration procedure had a significant impact on the Gr expres-
sion in the hippocampus, behavioural responses to novelty, 
systemic immune system responses to an immunological 
challenge, and the severity of experimental periodontitis in 
rats, although it did not produce the anticipated changes in 
Gr methylation. The study expands previous findings by 
investigating maternal separation as a stressor in stress low-
responding and periodontitis resistant Lewis rats. As dis-
cussed above, there are several biological mechanisms that 
can explain our findings. The findings may also help to un-
derstand how psychological factors may contribute to indi-
vidual differences in the susceptibility/resistance to perio-
dontitis. With the reservation that results from animal studies 
never can be directly transferred to humans, the results from 
this study may be considered to have clinical relevance in 
humans. First, they prompt close consideration of the rela-
tionship between postnatal adversity, depression, and disease 
severity in patients with periodontitis. Second, apart from the 
present restricted procedures for treating periodontitis,,  
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patients may in the future be offered treatments capable of 
normalising misguided brain-neuroendocrine-immune regu-
latory pathways, including those induced by very early ad-
verse life stress and predisposing for major depression in 
later life. 
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