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It is well established that the immune

system and the brain communicate

during immune and inflammatory

responses to microorganisms or other

antigenic challenges, and that this bi-

directional communication plays a

significant role to avert, eliminate and

cope with dangerous pathogens (1–6).

Invading micoorganisms activate

the immune system, which in turn

stimulates specific brain areas such as

the paraventicular nucleus of the

anterior hypothalamus. The hypotha-

lamus again regulate immune system

responses and the homeostasis of the

body via the hypothalamic–pituit-

ary–adrenal (HPA) axis and the

sympathetic nervous system (SNS).

Furthermore, several lines of research

have established that the way by which

this cross-talk is controlled by the

brain plays an important role for the

outcome of immune responses, health,

and disease (7, 8). Dysregulation or

inappropriate brain control of immune

responses at any level may increase the

susceptibility to infections and inflam-

matory disorders, including perio-

dontal disease (9).

The HPA axis regulates immune and

inflammatory responses by releasing

glucocorticoid hormones, predomin-

antly cortisol in humans and corticos-

terone in rodents (10). It is now well

documented that misguided HPA axis

over-responsiveness of miscellaneous
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Objective: The responsiveness of the sympathetic nervous system (SNS) and the

hypothalamic–pituitary–adrenal (HPA) axis plays a major role in immune regu-

lation and for the outcome of infections and inflammatory disorders. This study

was designed to investigate whether chemical SNS denervation with the norad-

renaline-selective neurotoxic drug 6-hydroxydopamine (6-OHDA), which destroys

peripheral noradrenaline terminals, would influence immune responses to Gram-

negative bacterial lipopolysaccharide (LPS) stimulation, and the progression of

ligature-induced periodontal disease in Fischer 344 rats.

Material and methods: 6-OHDA (40–60 lg/kg) or vehicle was injected intraperi-

toneally (i.p.) on days 1, 3 and 5, 10 days before application of the ligatures, and

thereafter weekly in doses of 80 lg/kg. Periodontal disease was assessed when the

ligatures had been in place for 49 days. At 24 and 2 h before decapitation, all rats

received LPS (150 lg/kg i.p.) to induce a robust immune and HPA axis response.

Results: The 6-OHDA-treated rats showed significantly reduced bone loss as

measured by digital X-rays (p < 0.01), and enhanced levels of the cytokines

transforming growth factor-b (p ¼ 0.05) and interleukin-6 (p ¼ 0.05), as well as

the HPA axis derived hormone corticosterone (p ¼ 0.01), induced by LPS

stimulation.

Conclusions: 6-OHDA-induced chemical sympathectomy inhibits ligature-induced

periodontal disease in this model. This effect may be attributable to the well-

documented ability of the SNS to regulate immune system function primarily via

the adrenergic neurotransmitter noradrenaline released at sympathetic nerve ter-

minals. The enhanced HPA axis activation may be a compensatory response that

reduces the T helper (Th)2 to Th1 skewing effect of treatment with 6-OHDA.
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origin, leading to excessive amounts of

circulating glucocorticoid hormones,

can predispose to periodontal disease,

whereas under-responsiveness is asso-

ciated with resistance (9, 11–13).

The SNS communicates with the

immune system primarily via the neu-

rotransmitter noradrenaline released

from sympathetic nerve endings (14,

15). In addition, the SNS can regulate

immune responses systemically by

releasing noradrenaline and adrenaline

from the adrenal medulla. The SNS (as

well as the HPA axis) are activated by

cytokines that originate from immune

cells recognizing pathogenic antigens

such as lipopolysaccharide (LPS). Per-

ipheral sympathetic nerves innervate

tissues locally at sites of inflammation

and regionally in immune organs such

as the thymus, spleen and lymph nodes.

Noradrenaline is released from sympa-

thetic nerve terminals into these tissues

in response to danger signals or stressful

situations (15, 16). The binding of nor-

adrenaline to specific adrenergic recep-

tors on immune cells importantly

modulates a number of immune and

inflammatory responses (7, 8). Interac-

tion of noradrenaline with immune and

tissue cell receptors may affect immune

cell trafficking, circulation and prolif-

eration, as well as modulate cytokine

production (7, 8). Through these

mechanisms, SNS activation may cause

a selective suppression of T helper (Th)1

responses, and a shift towards Th2

dominance, much in the same way as

HPA axis activation (17).

One widely used method to study

how SNS influences immune responses,

disease development and progression,

is peripheral chemical sympathectomy

by means of the noradrenaline-select-

ive neurotoxic drug 6-hydroxydopam-

ine (6-OHDA) (7, 18). 6-OHDA does

not cross the blood–brain barrier when

given to adults. Systemically adminis-

trated, it selectively enters and destroys

peripheral terminals of sympathetic

noradrenergic nerve fibres (19). Thus,

systemic SNS denervation by 6-OHDA

is an effective technique and an ideal

tool to examine the potential role of

the peripheral SNS and noradrenaline

in modulating immune responses, as

well as disease development and pro-

gression. Since the SNS and the HPA

axis interact, it is also important to

evaluate 6-OHDA-induced changes on

HPA axis responsiveness (20).

The present study was designed

to investigate the effects of 6-OHDA-

induced sympathectomy on the

progression of ligature-induced perio-

dontal disease, as well as cytokine and

HPA axis responses to a Gram-negat-

ive bacterial LPS challenge in Fis-

cher 344 rats. These rats have been

found to be genetically HPA axis high

responders, and they are highly sus-

ceptible to periodontal disease (11, 13).

The rationale for this study is clinical

observations and epidemiological evi-

dence in humans suggesting that emo-

tional stress, such as the loss of a

spouse by death, and poorly developed

coping strategies to manage such neg-

ative life events, may be important

determinants of susceptibility to severe

periodontal disease (9, 21). Psycholo-

gical stressors are known to stimulate

the HPA axis and the SNS, resulting in

increased release of glucocorticoids

and catecholamines (including norad-

renaline and adrenaline), and both

systems are highly involved in immune

regulation by means of these neuro-

mediators (8, 10).

Material and methods

Animals

Twenty male Fischer 344 rats, weigh-

ing 270–280 g, were obtained from

Möllegaard Breeding Center (Ejby,

Denmark), and used after 2 weeks of

acclimatization. Standard rat chow

pellets and tap water were available

ad libitum. The animals were housed in

groups of five under a 12/24 h light/

dark cycle (light on from 7.00 AM to

7.00 PM) with temperature and

humidity at 22�C and 40–60%,

respectively. The experiments were

registered and approved by the Nor-

wegian Experimental Animal Board

(NEAB).

Chemical sympatectomy

Denervation of peripheral sympathetic

nerves was produced in 10 rats by

intraperitoneal (i.p.) injections of

the neurotoxin 6-hydroxydopamine

(2,4,5-trihydroxyphenethylamine; 6-

OHDA, Sigma, St. Louis, MO, USA)

dissolved in 0.1% ascorbate and 0.9%

saline solution (7). On day 1, 10 days

before experimental ligature induction,

40 mg/kg body weight of 6-OHDA

was injected i.p., followed by 60 mg/kg

on days 3, and 5. Fourteen days after

the first OHDA-injection, and 4 days

after periodontal disease induction,

80 mg/kg of 6-OHDA was injected i.p.,

and thereafter the same dose was

injected once a week for a further

7 weeks to prevent sympathetic nerve

reinervation (7). Ten control rats

received equal volumes of the vehicle.

Experimental periodontal disease

Ten days after the first injection of

6-OHDA, all animals were anaesthet-

ized by a subcutaneous injection in the

neck with Hypnorm-Dormicum (fent-

anyl/fluanizone, midazolam), 0.2 ml/

100 g body weight. A sterile silk liga-

ture (Ethicon Perma-hand� size 3/0,

Norderstedt, Germany) was tied

around the neck of the maxillary right

second molar tooth in the gingival

sulcus. The ligatures served as a

retention device for oral microorgan-

isms. Forty-nine days after application

of the ligatures, all animals were killed

by decapitation. The maxillae were

excised and fixed in 4% formaldehyde.

Lipopolysaccharide challenge

The peripheral blood monocytes of

humans with periodontal disease

release an altered profile of mediators

when stimulated by LPS (22). LPS is a

potent activator of the immune system

and the HPA axis, which in turn

regulates or modulates various

immune cell activities (10). Therefore

the animals were injected with LPS

(Escherichia coli serotype 0111:B4,

Sigma) i.p. (150 lg/kg; 100 lg/ml) 24

and 2 h before ending the experiment

to assess whether the treatment regi-

men influenced on cytokine and corti-

costerone responses. After decapitation

of the rats, the blood samples were

collected (6–10 ml from each animal)

in vacutainer tubes (10 ml without

additives) and allowed to clot on ice

for 1 h. Thereafter, the samples were
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centrifuged for 20 min at 2000 g, and

the serum samples were removed, ali-

quoted and stored at )20�C prior to

analysis of cytokines and corticoster-

one.

Assay of serum tumour necrosis
factor-a, interleukin-6, interleukin-10,
and transforming growth factor-1b

The levels of the cytokines tumour

necrosis factor-a (TNF-a), transform-

ing growth factor-1b (TGF-1b),
interleukin-6 (IL-6), and IL-10 in the

serum samples were measured by

means of enzyme-linked immuno-

sorbent assays (ELISA) kits from R &

D systems, Inc. (Minneapolis, MN,

USA), with catalogue numbers

RAT00 for TNF-a, MB100 for TGF-

1b, R6000 for IL-6, and R1000 for

IL-10. The minimum detectable con-

centration for TNF-a is less than

12.5 pg/ml, less than 31.2 pg/ml for

IL-10 and TGF-1b, and less than

62,5 pg/ml for IL-6.

Assay of corticosterone

Corticosterone was measured with
125I radioimmunoassay (RIA) coat-

A-count kit from Diagnostic Products

Corporation (Los Angeles, CA, USA),

catalogue number TKRC1. The detec-

tion limit was 5.7 ng/ml.

Radiographic examination

The specimens were stabilized with

dental wax on a Sidexis digital X-ray

sensor, orientated with the axis of the

teeth parallel to the sensor surface by

using 4 · magnification loupe glasses

(Zeiss, Norstedt, Germany). The dis-

tance between the cemento-enamel

junction and bone on mesial surfaces

of the second molars were displayed

digitally. The examiner was unaware

whether the specimens came from

experimental or control animals. Each

X-ray was read three times, and the

mean of the three readings calculated.

The reliability of the method has

been tested earlier (23). The average

percentage difference between indi-

vidual readings and the mean of

the respective triplicate was 3.48 ±

5.12%.

Statistics

Because some of the data were not

normally distributed, the non-para-

metric Mann–Whitney test was used

for between-group comparisons, and

the non-parametric Spearman rank

order test to seek correlations between

parameters. In the text, data are ex-

pressed as means ± SD throughout.

Results

The treatment impeded the weight gain

of the animals. The 6-OHDA-treated

and control animals weighed

282.6 ± 8.1 g and 285.7 ± 6.3 g

(p ¼ 0.25), respectively, at 6-OHDA

induction, and 286.9 ± 10.5 g and

374.2 ± 10.6 g (p < 0.01), respect-

ively, at the termination of the experi-

ment, 59 days later, and 49 days after

ligature induction (Table 1).

Radiographically, the mean bone

loss measured as the distance between

the cemento-enamel junction and the

most coronal bone was 0.93 ±

0.18 mm in the 6-OHDA-treated rats.

In the control rats, the same distance

was 1.18 ± 0.30 mm (Table 1). The

bone loss in the treatment group was

significantly reduced compared to that

seen in the vehicle-treated controls

(p < 0.01). As the 6-OHDA-treated

rats showed reduced weight, the length

of their teeth could be shorter. We

therefore compared the root-length of

the right second molar teeth in the two

groups by measuring the distance be-

tween the cemento-enamel junction

and the apex on mesial root surfaces.

There was no difference between the

root-length in the 6-OHDA-treated

and saline-treated control rats (1.97 ±

0.09 mm in 6-OHDA-treated vs.

1.96 ± 0.11 mm in the controls;

p ¼ 0.93).

The 6-OHDA-treated rats had

significantly higher TGF-1b (31.8 ±

6.7 pg/ml) serum levels compared to

controls (26.2 ± 5.7 pg/ml; p ¼ 0.05).

Also, the serum levels of IL-6 were

significant higher in the 6-OHDA-

treated rats (2329.6 ± 1916.1 pg/ml)

compared to controls (819.7 ±

1168.9 pg/ml; p ¼ 0.05). In addition,

the 6-OHDA-treated rats showed a

tendency to higher IL-10 serum levels

(275.6 ± 256.0 pg/ml in 6-OHDA-

treated rats vs. 152.6 ± 140.7 pg/ml in

controls; p ¼ 0.11), as well as higher

TNF-a serum levels (542.8 ±

601.5 pg/ml) compared to controls

(274.1 ± 408.5 pg/ml; p ¼ 0.18).

Treatment with 6-OHDA signifi-

cantly enhanced the HPA axis response

as measured by plasma corticosterone

to the LPS challenge (6-OHDA-treated

rats 1758.4 ± 343.0 nm/l; controls

1384.2 ± 245.5 nm/l; p ¼ 0.01;

Table 1).

Table 1.

Treatment

Mann–Whitney

p-value

6-OHDA

(n ¼ 10)

Saline

(n ¼ 10)

Weight at 6-OHDA induction (g) 282.6 ± 8.1 285.7 ± 6.3 0.25

Weight at ligature placement (g) 262.6 ± 9.9 315.1 ± 9.4 <0.01

Weight at death (g) 286.9 ± 10.5 374.2 ± 10.6 <0.01

Bone loss, X-ray (mm) 0.93 ± 0.18 1.18 ± 0.30 <0.01

Root-length, X-ray (mm) 1.97 ± 0.09 1.96 ± 0.11 0.93

TGF-1b (pg/ml after i.p. LPS at death) 31.8 ± 6.7 26.2 ± 5.7 0.05

IL-6 (pg/ml after i.p. LPS at death) 2329.6 ± 1916.1 819.7 ± 1168.9 0.05

IL-10 (pg/ml after i.p. LPS at death) 275.6 ± 256.0 152.6 ± 140.7 0.11

TNF-a (pg/ml after i.p. LPS at death) 542.8 ± 601.5 274.1 ± 408.5 0.18

Corticosterone

(nm/l after i.p. LPS at death)

1758.4 ± 343.0 1384.2 ± 245.6 0.01

All data are shown as means ± SD.

IL-6, interleukin-6; IL-10, interleukin-10; i.p., intraperitoneally; LPS, lipopolysaccharide;

6-OHDA, 6-hydroxydopamine; TGF-1b, transforming growth factor-1b; TNF-a, tumour

necrosis factor-a.
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Discussion

The present study shows that selective

destruction of peripheral sympathetic

nerve terminals with 6-OHDA streng-

thened the resistance to ligature-in-

duced periodontal disease in

periodontal disease susceptible Fis-

cher 344 rats. The treatment also

boosted immune and HPA axis

responses to a robust LPS challenge.

The results support other studies

showing that 6-OHDA-induced chem-

ical sympathectomy alters immune and

HPA axis responses to antigenic chal-

lenges, and influences the clinical

course of infections and inflammatory

disorders (15, 20, 24). These data,

suggesting that denervation of the SNS

inhibits periodontal disease, are, to our

knowledge, the first report demonstra-

ting that the SNS is involved in the

pathogenesis of periodontal disease.

It is well established that noradren-

aline is released from nerve terminals

within the microenvironment of

immune cells after SNS activation (15,

16). Studies have also verified synaptic-

like contacts between sympathetic

nerve fibres and T-lymphocytes and

macrophages in lymphoid organs. In

addition, immune cells possess specific

noradrenaline receptor mechanisms to

assist in modulating or fine tuning

immune responses. For example, Th1

cells (but not Th2 cells) and macroph-

ages express noradrenaline binding

b2-adrenergic receptors (25). Systemic

noradrenaline (and adrenaline) inhibit

the production of the cytokines IL-12,

TNF-a and interferon-c. Collectively,
germane studies show that SNS acti-

vation and noradrenaline inhibit Th1

responses, while stimulating Th2

responses (8, 15, 17). Noradrenaline

also inhibits LPS-induced TNF-a and

IL-6 production in human whole blood

(26). Furthermore, it alters chemokine

and nitric oxide production by macr-

ophages (17, 24, 27, 28). In this way

SNS activation by immune cells or

emotional and physical stress shifts the

Th1/Th2 balance towards Th2 domin-

ating responses, much in the same

manner as does HPA axis activation

(17). Noradrenaline can also be a

powerful chemoattractant for mono-

cytes (29).

Experimental studies have also

demonstrated that chemical sympath-

ectomy with 6-OHDA can alter

immune responses to antigenic chal-

lenges. For example, treatment with

6-OHDA augmented mitogen-induced

T-cell proliferation, macrophage pha-

gocytosis (30), and the production of

IL-2 in splenocytes stimulated with

concavalin A (31). Furthermore,

chemical sympathectomy with

6-OHDA has been found to enhance

the TNF-a contents in the lungs of rats

exposed to haemorrhagic shock (32).

In immune cells of mice infected with

the intracellular pathogen Listeria

monocytogenes the production of

TNF-a, interferon-c and IL-12 was

up-regulated (24). Chronic treatment

with 6-OHDA may also alter the sus-

ceptibility to infections and inflamma-

tory disorders. For example, acute

cold/restraint stress, which stimulates

both the SNS and the HPA axis, has

been found to increase the susceptibil-

ity to infection with Listeria monocy-

togenes. Administration of 6-OHDA

inhibited this effect in a mouse model

(20). On the other hand, chemical

sympathectomy with 6-OHDA has

been shown to aggravate experimental

allergic encephatomyelitis in rats (33).

This Th1-mediated autoimmune dis-

ease mimics multiple sclerosis in hu-

mans.

Experiments with the noradrenaline

reuptake inhibitor and antidepressant,

desipramine, have demonstrated that

6-OHDA owes its effects on immune

responses and inflammatory disorders

to reduced noradrenaline stimulation

(15, 20). By blocking the uptake of

6-OHDA into nerve terminals, desipr-

amine prevents sympathetic nerve

destruction. The cytokine enhancing

and periodontal disease inhibitory

effect of the 6-OHDA treatment, as

found in the present study, may there-

fore be a result of reduced noradren-

aline stimulation.

However, although loss of SNS and

reduced release of noradrenaline may

be responsible for many of the changes

relating to immune function, recent

studies have shown that 6-OHDA

treatment may also increase the reac-

tivity of the HPA axis (34). This

property is supported by the present

study, as illustrated by significantly

elevated blood corticosterone levels

after the LPS challenge. Thus,

6-OHDA-induced sympathectomy

may modulate immunity not only due

to the absence of sympathetic neuro-

mediators, but even by activating the

HPA axis and increasing the release of

glucocorticoid hormones.

HPA axis activation and the

attending stimulation of glucocorticoid

secretion, are known to down-regulate

Th1-mediated immunity and bias im-

mune responses towards Th2 and

T-regulatory responses (35, 36), partly

evoked by down-regulating IL-12 and

increasing IL-10 release from antigen-

presenting cells (36, 37). The increased

activation of the HPA axis in response

to LPS in the 6-OHDA-treated rats

may thus reduce the propensity to shift

the T-helper lymphocyte activity to-

wards the Th1 direction. However, the

impact of the HPA axis activation

apparently does not exceed the effects

of 6-OHDA on the SNS. In line with

this, we have previously shown that

enhanced HPA axis responsiveness is

associated with increased susceptibility

to periodontal disease, whereas

decreased responsiveness strengthens

the resistance (9). It is therefore poss-

ible that the increased HPA axis

responsiveness in the 6-OHDA-treated

rats may be a compensatory response

that reduces the shift from Th2 to Th1,

while leaving the effects of SNS den-

ervation nonetheless dominating. The

effects of 6-OHDA on the SNS may

thus solely be responsible for the

heightened resistance to periodontal

disease as found in this study. The

increased activation of the HPA axis

may reduce this effect, but only to such

a degree that the SNS denervation

remains dominating. This suggestion is

supported by a recent study in mice

showing that 6-OHDA-induced sym-

pathectomy influences immune

function primarily by activating

b2-adrenergic receptors, and that acti-

vation of glucocorticoid receptors

conceivably plays a minor role (20).

In conclusion, we have described a

potent inhibiting effect of 6-OHDA-

induced peripheral sympathectomy on

periodontal breakdown. We have thus

identified a novel mechanism that may

328 Breivik et al.



be involved in immune and inflamma-

tory processes controlling the growth

of pathogens (periodontopathogenes)

in subgingival plaques, as well as the

subsequent tissue destructive immune

and inflammatory responses to the

over-growth of these pathogens. This is

supported by a recent study showing

that the growth of pathogenic bacteria

is significantly reduced in 6-OHDA-

treated mice (24). These findings are in

agreement with several other studies

showing that the brain and immune

systems are functionally linked by SNS

and HPA axis regulation, and that

these two systems are highly involved

in immune regulation and control of

pathogens. Thus, these mechanisms

may be major contributors to the

immunodeficiency associated with the

increased growth of periodontopatho-

gens in patients exposed to conditions

associated with SNS and HPA axis

over-responsiveness. Interestingly, all

the known periodontal disease risk

factors, including smoking, poorly

controlled diabetes, and traumatic life

experiences, such as the loss of a loved

one by death, and poorly developed

psychological coping strategies to

manage such traumatic life events, are

associated with over-responsiveness of

these stress response systems (9, 21). A

better understanding of the mecha-

nisms by which the brain regulates the

neuroendocrine system, including HPA

axis and SNS activation by Gram-

negative bacteria and other threatening

stimuli or situations, may likely im-

prove the treatment of periodontal

disease. The results may also suggest

that, apart from dental plaque control,

stress-protection may represent a novel

approach, which may be capable of

alter immune-to-brain-to-immune reg-

ulatory pathways, and thereby modu-

late the predisposition to the disease.
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