
To cite this article: Neuroendocrinol Lett 2010; 31(6): 807–813

O
R

I
G

I
N

A
L

 
A

R
T

I
C

L
E

Neuroendocrinology Letters Volume 31 No. 6 2010

The effect of chemical sympathectomy and 
stress on bone remodeling in adult rats 
Kaijin Hu, Hongzhi Zhou, Guoliang Zhang, Ruifeng Qin, 
Rui Hou, Liang Kong, Yuxiang Ding
Department of Oral surgery, School of Stomatology, Fourth Military Medical University, P.R. China.

Correspondence to: Yuxiang Ding, MD.
Department of Oral Surgery, School of Stomatology, FMMU, 
145 Western Changle Road, Xi’an, 710032, P.R. China.
tel: +86-029-84776102; fax: +86-029-84776026; e-mail: yxding@fmmu.edu.cn

Submitted: 2010-09-08 Accepted: 2010-11-04 Published online: 2011-01-09

Key words:  sympathectomy;  stress;  6-hydroxydopamine;  bone remodeling

Neuroendocrinol Lett 2010; 31(6): 807–813 PMID: 21196910  NEL310610A03 © 2010 Neuroendocrinology Letters • www.nel.edu

Abstract OBJECTIVES: Bone remodeling has recently been revealed to be under sympathetic 
nerve control. The role of the sympathetic nerve system is not clearly understood. 
The present study aim to explore the effect of chemical sympathectomy and stress 
on bone remodeling in adult rats. 
METHODS: 24 twelve-month-old Wistar rats were divided into three group (sym-
pathectomy, stress and control). The sympathectomy and stress group rats were 
administered 6-hydroxydopamine (150 mg/kg each day) and saline (1 ml/kg each 
day) intraperitoneal respectively for one week and exposed to stress procedure 
for another three weeks. The stress procedure was mild, unpredictable footshock, 
administered for one hour once daily. Analysis of serum chemistry, microcom-
puted tomography, dual energy X-ray absorptiometry, biomechanical testing and 
bone histomorphometry were employed. 
RESULTS: The stress group rats showed increased bone resorption in contrast 
to the sympathectomy and control group rats. The serum level of calcium and 
phosphorus cations and norepinephrine were enhanced, the cancellous bone 
volume and bone mineral density were reduced, bone mechanical property such 
as strength, ductility and toughness were weakened, the osteoclast counts and 
osteoclast surfaces were increased and the bone formatin rate were decreased 
significantly in the stress group rats in contrast to the other two groups rats. There 
was no significant difference of bone remodeling between the sympathectomy 
group and control group rats. 
CONCULSION: Our study showed stress-increased sympathetic nerve system 
activity enhanced bone resorption while chemical sympathectomy inhibited bone 
resorption under stress. We postulate sympathetic neurotransmitter and neuro-
pepitide may play a role in regulating bone remodeling.

Abbreviations: 

SNS  - sympathetic nerve system
μCT  - microcomputed tomography
DEXA  - dual energy X-ray absorptiometry
BMD  - bone mineral density
BFR  - bone formatin rate
ARs  - adrenergic receptors
NE  - norepinephrine
6-OHDA  - 6-hydroxydopamine
ALP  - alkaline phosphatase

TRAP  - tartrate-resistant acid phosphatase
Oc.N  - number of osteoclasts
BS  - bone surface
Oc.S  - osteoclast surface
CGRP  - calcitonin gene-related peptide
SP  - substance P
VIP  - vasoactive intestinal polypeptide
IR  - immunoreactive
NPY  - neuropeptide Y
DβH  - dopamine-β-hydroxylase
TH  - tyrosine hydroxylase
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INTRODUCTION
Bone is continuously remodeled and regulated by vari-
ous systemic and local factors, and numerous studies 
have demonstrated that bone metabolism can be influ-
enced by the nervous system. Bone and periosteum 
are innervated by both autonomic and sensory nerves. 
Autonomic nerve fibers are found in the periosteum, 
endosteum, and cortical bone and, in many cases, 
the free-running fibers are associated with blood ves-
sels that entered the bone through Volkmann’s canals 
(Bjurholm et al. 1988 ; Fristad et al. 1994). 

Nerve endings have been found to be in direct con-
tact with bone cells, and catecholamine-containing 
axons have been identified near osteoblasts in vivo 
(Serre et al. 1999), suggesting a neuroendocrine regu-
lation of bone remodeling. It has become evident that 
bone cells are equipped with functional receptors for 
several neuro-osteogenic factors (Togari et al. 1997; 
Kellenberger et al. 1998; Togari et al. 2000; Togari 2002; 
Lerner 2002), human osteoblastic as well as osteoclastic 
cells are equipped with adrenergic receptors (ARs) and 
neuropeptide receptors (Togari 2002; Lerner 2002).

The peripheral sympathetic nervous targets receive 
signals from the proximal upper nervous ending, which 
releases noradrenalin as a neurotransmitter into the 
synaptic gap. The extension of axons of sympathetic 
neurons to osteoblastic and osteoclastic cells is respon-
sible for the dynamic neural regulation of local bone 
metabolism.

 Ageing in humans is associated with increasing 
sympathetic nerve system (SNS) activity (Esler et al. 
1995; Seals &. Esler 2005). Many old people are suf-
ferring from anxiety, depression and insomnia oweing 
to increased SNS activity. In obese, ageing, postmeno-
pausal women, there may be greater activation of the 
SNS than in lean ageing women (Sakhaee et al. 1985). 
Whether or not the enhanced SNS activity affect the 
bone remodeling is unknown. 

Norepinephrine (NE) has been shown to increase 
bone resorption in bone organ culture, and propranolol 
(β-adrenergic receptor antagonist) to have the opposite 
effect (Moore et al. 1993; Dietrich et al. 1979). These 
findings suggest that the SNS mainly impacts on bone 
resorption. The SNS plays a negative regulatory role in 
bone formation and positively regulates bone resorp-
tion by stimulating osteoclastic differentiation, increase 
osteoclast numbers and activity.

6-hydroxydopamine (6-OHDA) is a neurotoxin used 
by neurobiologists to selectively kill dopaminergic and 
noradrenergic neurons. 6-OHDA enters the neurons 
via the dopamine and noradrenaline (norepinephrine) 
reuptake transporters. Most postganglionic sympathetic 
fibers release NE, they are noradrenergic fibers running 
to the tissues innervated. Stress can induce densification 
of sympathetic innervation by increasing SNS activity. 
The aim of the present study was to evaluate the effect 
of increased sympathetic activity under chronic stress 

and chemical sympathectomy by 6-OHDA on the bone 
remodeling in adult rats.

MATERIAL AND METHODS
Animals 
Twenty four 12-month-old male Wistar rats weighing 
400±30 g were used in the present study and treated in 
accordance with the Guidelines for Animal Experiments 
at the School of Stomatology, Fourth Military Medical 
University. Rats were divided to three group (sympa-
thectomy, stress and control), eight for each group. Four 
rats of each group were caged together under automati-
cally controlled conditions of temperature (23±1 °C), 
humidity (50±10%), and a 12: 12h light-dark cycle and 
were given ad libitum tap water and rodent chow.

Experimental protocol
6-OHDA (Sigma) was dissolved in saline and the con-
centration was 150 mg/ml. The injection were freshly 
prepared just before treatment, the sympathectomy 
group rats were injected intraperitoneal (0.1 ml/100 g) 
with 6-OHDA each day for one week, the stress group 
rats were injected saline (0.1 ml/100 g) with the same 
injection protocol. The sympathectomy and stress 
group rats were exposed to stress procedure for another 
three weeks. The stress procedure was mild, unpredict-
able footshock. The rats were subjected to unpredict-
able footshock (2 mA) through a grid floor once daily 
for one hou for 21 days. The duration of each shock 
and the interval between the shocks were randomly 
programmed between 3–5 and 10–100 sec, respectively 
(Bhattacharya & Muruganandam 2003). On day 21, 
all the rats were sacrificed by drawing blood from the 
abdominal arota by a heparinzed syringe under ether 
anesthesia and the femur, tibiae and lumber were har-
vested. 13 and 3 days before sacrifice, all the rats were 
injected intraperitoneally with tetracycline and calcein 
respectively.

Serum chemistry 
The rats were anesthetized with ether, 3–5 ml of blood 
was withdrawn by abdominal aorta puncture and stored 
in heparinized centrifuge tubes. The blood sample was 
centrifuged and the supernatant was taken and stored at 
–70 °C. The serum level of calcium and phosphorus cat-
ions and alkaline phosphatase (ALP) were measured by 
biochemistry autoanalyzer (Hitachi 7180, Japan). The 
serum level of NE was measured using rat NE Elisa Kit 
(EHSY lab, China).

Analysis of trabecular structure by microcomputed 
tomography(μCT)
The proximal region of left tibia (stored in 70% ethanol) 
were subjected to three-dimensional μCT analysis using 
a μCT scanner (SkyScan 1174, Belgium). Scanning was 
initiated 1.5mm below the proximal tibiae growth plate, 
and a total of 100 consecutive 50 μm-thick sections were 
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analyzed, encompassing a 5 mm length of the second-
ary spongiosa. Cortical bone was excluded with semi-
automatically drawn contours. Relative bone volume 
(BV/TV), trabecular number (Tb.N), thickness (Tb.
Th), and separation (Tb.Sp) were calculated by measur-
ing 3D distances directly in the trabecular network and 
taking the mean over all voxels.

Measurement of bone mineral density (BMD) by dual 
energy X-ray absorptiometry (DEXA)
After μCT scan, BMD of the proximal of left tibia was 
measured by dual-energy x-ray absorptiometry (Prod-
igy, GE Lunar Company). We set manually the region 
of interest (ROI) 3×3mm2 area 1.5mm below the proxi-
mal tibiae growth plate. The BMD (mg/cm2) of the ROI 
was obtained automatically.

Biomechanical testing
After sacrifice, the left femur and the second lumbar 
(L2) were immediately dissected free and cleaned by 
removing the flesh, stored in saline at –20 °C. Bone 
samples were thawed before biomechanical testing. The 
femur was used for 3-point bending test while the trunk 
of lumbar was separated and made into column con-
tour for compressing test. The biomechanical test was 
performed in a servohydraulic materials testing system 
(MTS858, MN, USA). The femur was positioned on 
the top of two separate metal rods which the distance 
between two rods was 20 mm. The striker pressed the 
midshaft of the femur at a constant displacement rate 
of 10mm/min until the bone was broken. The lumbar 
were axially compressed at a constant displacement rate 
of 1mm/min until the bone was squeezed or broken. 
Both displacement and load were recorded for later 
analysis. Ultimate force (Strength) was determined 
from the load-displacement curves, and ultimate stress 
was calculated by dividing the ultimate force by the 
cross-sectional area. 

Bone histomorphometry
The right proximal tibia were fixed in 4% paraformal-
dehyde for 48 hours and decalcified in 20% EDTA for 
three weeks. The specimens were dehydrated in ethanol 
and embedded in paraffin, sectioned longitudinally at 
4 μm thick, stained for tartrate-resistant acid phospha-
tase (TRAP). TRAP-positive multinucleated cells (red 
stained) attached to bone were scored as osteoclasts. 
Measurements were made within an area of 0.8 mm2 
(1.0 × 0.8 mm), with its closest and furthest edges at 2.0 
and 3.0 mm distal to the growth plate of the proximal 
ends of the tibia. Histomorphometry was conducted 
to quantify the number of osteoclasts (Oc.N/BS) and 
osteoclast surface (Oc.S/BS) as defined by Parfitt et al. 
(1987). The right distal femur were dehydrated in etha-
nol and embedded without demineralization in meth-
ylmethacrylate, sectioned longitudinally at 8 μm thick 
unstained for measurements of fluorochrome-based 
indices. Interlabel width between the double labels tet-

racycline (green) and calcein (yellow) were measured 
and the bone formation rate (BMR) were calculated.

Statistical analysis
All data were presented as Means ± SEM. Statistical 
analysis was carried out by one-way ANOVA.

RESULTS
Serum chemistry
As Table 1 shown, the serum level of NE, calcium and 
phosphorus was increased significantly by 106.4% 
(p<0.01), 14.5% (p<0.05) and 15.2% (p<0.05) respec-
tively and the level of ALP was decreased by 10.9% 
(p>0.05) in the stress group rats compared to the con-
trol group rats. There was no significant difference in 
serum chemistry between the sympathectomy and con-
trol group rats. 

Analysis of trabecular structure and BMD 
Two-dimension and three-dimension μCT image 
showed the trabecular bone volume decreased and sep-
aration increased in the proximal tibia in stress group 
rats compared to the other two group rats (Figure 1). 
The effect of chemical sympathectomy and stress on the 
trabecular structure and BMD in the proximal tibia was 
shown on Table 2. BV/TV was reduced 26.1% (p<0.05), 
Tb.Sp was increased 18.2% (p<0.05) and BMD was 
decreased by 23.1% (p<0.01) in the stress group rats 
compared to the control group rats. 

Biomechanical property measured by mechanical test 
Lumber (L2) compressing test showed the bone 
mechanical property parameters such as strength, duc-
tility and toughness were decreased by 23.6% (p<0.05), 
13.9% (p<0.05) and 33.9% (p<0.01) respectively in the 

Tab. 1. Measurement of serum chemistry.

Group NE
(ng/L)

Calcium
(mmol/L)

Phosphorus
(mmol/L)

ALP
(U/L)

Control 47±5.3 2.35±0.27 1.58±0.19 128±15.2

Sympathectomy 34±3.6 2.42±0.30 1.63±0.22 123±13.7

Stress 97±8.2** 2.69±0.43* 1.82±0.25* 114±10.1

Values represent Means±SEM. (n=8); * p<0.05, ** p<0.01 statistical 
difference from control by one-way ANOVA.

Tab. 2. Measurement of proximal tibia trabecular bone structure 
and BMD.

GROUP BMD
(mg/cm2)

BV/TV
(%)

Tb.Th 
(μm)

Tb.N
(1/mm)

Tb.Sp
(μm)

Control 230±13 25.3±0.7 137±1.9 0.787±0.06 286±9.0

Sympathectomy 223±15 24.6±0.8 136±1.0 0.775±0.09 301±11.7

Stress 177±17** 18.7±1.1* 127±1.3 0.599±0.08 338±12.0*

Values represent Means±SEM. (n=8); * p<0.05; ** p<0.01 statistical 
difference from control by one-way ANOVA.
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DISCUSSION
In this study, we found the skeletal structure of adult 

rats was destructed by increased SNS activity under 
stress. The higher serum norepinephrine concentration 
suggestsed a higher SNS activity in stress group rats 
than in control rats. Trabecular volume and thickness 
of proximal tibia was reduced and trabecular separation 
was increased in the stress group rats, the biomechanical 
property such as strength, ductility and toughness were 
also reduced in the trunk of lumbar 2, which indicated 
stress induced trabecular resorption and perforation 
and bone mechanical quality decline. Bone histomor-
phometry evidence of increased osteoclast number and 
surface and decreased bone formation rate supported 
the results above. 

While the stress-enhanced bone resorption was 
inhibited by 6-OHDA induced chemical sympathec-

Tab. 3. Mechanical properties of the lumber 2 by compressing test.

Group
Max force 

“Strength”
(N)

Max 
deflection
“Ductility”

(mm)

Area
Toughness

(mJ)

Yield 
Modulus of 

elasticity
(N/mm2)

Contrl 267±7.3 0.909± 0.070 123.6±16.9 224.4±10.2

Sympathectomy 271±6.5 0.912± 0.056 124.2±15.7 226.6±12.3

Stress 204±5.6* 0.783±0.035* 81.8±12.9* 211.1±10.3

Values represent Means±SEM. (n=8); * p<0.05 statistical difference 
from control by one-way ANOVA.

Tab. 4. Mechanical properties of the femur by 3-point bending test.

Group
Max force 

“Strength”
(N)

Max 
deflection
“Ductility”

(mm)

Area
Toughness

(mJ)

Yield 
Modulus of 

elasticity
(N/mm2)

Control 138.2±3.4 0.931±0.036 88.9±5.1 284.4±6.8

Sympathectomy 133.2±4.5 0.925±0.024 84.9±3.9 280.4±4.2

Stress 129.8±2.8 0.919±0.018 85.8±4.0 281.1±5.0

Values represent Means±SEM. (n=8); No significant differences were 
observed from the control by one-way ANOVA.

Fig 1. Representative two and three-dimensional μCT images of trabecular microarchitecture of the 
proximal tibia. (A) control group, (B) sympathectomy group, (C) stress group. Bar=1mm. μCT image 
showed the trabecular bone volume decreased and separation increased in stress group rats compared 
to the other two group rats.

stress group rats in contrast to the control group rats 
(Table 3). 

In femur midshaft 3-point bending test, all of the 
mechanical properties (strength, stiffness, ductility and 
toughness) had no significant difference between the 
three groups (Table 4). 

Bone histomorphometry
Figures 2 and 3 showed representative TRAP stained 
proximal tibia sections and uncalcified double-label-
ling distal femur sections respectively. TRAP-positive 
red stained osteoclasts were seen increased in the 
stress group rats. The number of osteoclasts (Oc.N/
BS) and the osteoclast surface (Oc.S/BS) were increased 
by 91.2% (p<0.01) and 45.6% (p<0.01) respectively 
while the bone formation rate was decreased by 46.6% 
(p<0.05) in the stress group rats compared to the con-
trol group rats (Figure 4).
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tomy. Our results was contrary to the study of the 
Cherruau et al. (1999) who reported chemical sym-
pathectomy either by guanethidine or by 6-OHDA 
impaired bone resorption in rats. 6-OHDA is a sym-
patholytic agent with direct and specific toxic effects 
on terminal sympathetic fibers. 6-OHDA is specifically 
taken up by sympathetic neurons via their membrane 
amine pumps (Lerner et al. 1994) and stored within 
neuronal catecholamine storage granules as a “false 
neurotransmitter” thus rapidly displacing norepineph-
rine from vesicles and depleting terminals of endog-

enous catecholamine (Lerner et al. 1994; Lundberg et 
al. 1996) leading to chemical sympathectomy.

The regulation of bone mass under SNS control 
has been demonstrated both pharmacologically and 
genetically. Recent studies in genetically altered mice 
have established that the enhanced SNS activity treated 
with β-agonist isoproterenol or clenbuterol played a 
negative regulatory role in bone formation and posi-
tively regulated bone resorption by stimulating osteo-
clastic differentiation (Takeuchi et al. 2001; Takeda et 
al. 2002; Harada & Rodan 2003; Bonnet et al. 2005). 

Fig 2. Representative microscopic photographs of TRAP-stained histological sections of the trabecular 
bone. Osteoclast was labelled as red-stained cell. (A) control group, (B) sympathectomy group, (C) 
stress group. Original amplfication 10×10, Bar=100 μm. The number of osteoclasts (Oc.N/BS) and the 
osteoclast surface (Oc.S/BS) were increased in the stress group rats in contrast to other two group rats.

Fig 3. Representative fluoroscopic photographs of uncalcified double-labelling (tetracycline and calcein) 
histological section of of the trabecular bone. (A) control group, (B) sympathectomy group, (C) stress 
group. Original amplfication 10×20, Bar=100 μm. Interlabel width was decreased in the stress group rats 
in contrast to other two group rats.
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While lowered sympathetic tone in mice treated with 
the β-blocker propranolol, mice deficient for dopamine 
β-hydroxylase (the step-limiting enzyme responsible 
for catecholamine synthesis), and leptin-deficient Ob/
Ob mice (Elefteriou et al. 2005a,b) induced increased 
osteoblast number and activity and a subsequent 
increase in bone mass. 

As described above, our study indicated that sym-
pathetic innervation contribute to the skeletal homeo-
stasis. The enhanced SNS activty under stress induced 
bone resorption trabecular loss and biomechanical 
property decline while the chemical sympathectomy by 
6-OHDA treatment inhibit bone resorption under stress 
circumstance. What is the underlying mechanism? The 
enhanced SNS activity stimulated by stress triggered the 
β2-adrenergic activity in both osteoblastic and osteo-
clastic cells. β-agonists have been shown to stimulate 
production of bone-active cytokines (e.g. IL-6, IL-11, 
and prostaglandin E2), PTH and RANKL (Kondo et 
al. 2001; Takeuchi et al. 2001; Kondo & Togari 2003; 
Schmitt et al. 2003) and to increase osteoclastogenesis. 
Elevated SNS tone positively regulated bone resorption 
by stimulating osteoclastic differentiation, increased 
osteoclast numbers and activity. The down regulation 
of bone formation was also dependent on the activation 
of β2 adrenergic receptors, expressed by osteoblasts. 
Adrenergic stimuli, enhance osteoclastic differentiation 
and inhibit osteoblasts functions, resulting in a nega-
tive bone mineral balance. The sympathetic nervous 
system mainly impacted on bone resorption. Lowered 
SNS tone by chemical sympathectomy under 6-OHDA 
treatment reversed the negative bone remodeling effect 
induced by stress stimuli. 

Development and differentiation of osteoblasts and 
osteoclasts are locally controlled by growth factors 
and cytokines produced in the bone marrow micro-
environment. Signals derived from the endocrine and 
autonomic nervous systems also exert potent effects 
on osteoclast and osteoblast development and differ-
entiation. In fact, a ubiquitous autonomic innervation 
of all periosteal surfaces exists and its disruption may 
affect bone remodeling control. Bone envelopes are 
innervated by both myelinated and unmyelinated fibers 
belonging to the sensory and sympathetic nervous sys-
tems, releasing sensory [calcitonin gene-related peptide 
(CGRP), and substance P (SP)] and sympathetic [vaso-
active intestinal polypeptide (VIP), and neuropeptide 
Y (NPY)] neuropeptides. We postulated that these 
neurotransmitters may play a role in bone remodel-
ing. It was well documented with the observation that 
sympathectomy induces sensory hyperinnervation 
(Schon et al. 1985; Aberdeen et al. 1990; Donnerer et 
al. 1991; Mione et al. 1992). This may have resulted in 
an increase in tissue sensory fibers, and ultimately in 
neuromediators (particularly CGRP). 

In vitro, recent studies showed some of these neu-
ropeptides modulate osteoclastic bone resorption; for 
example, VIP activates bone resorption (Hohmann et 

al. 1983; Lundberg et al. 1996), while CGRP inhibits it 
(D’Souza et al. 1986; Zaidi et al. 1987b ; Akopian et al. 
2000; Ishizuka et al. 2005). Moreover, administration 
of CGRP partially inhibits bone loss in ovariectomized 
rats (Valentijn et al. 1997).

In addition, Blood flow is controlled largely by neu-
rogenic mechanisms, and several neuropeptides have 
vasoregulatory activity. Recent studies (Bjurholm et al. 
1988; Hill & Elde 1991; Ahmed et al. 1993) showed the 
association of nerve fibers with the vascular elements 
entering Volkmann’s canals demonstrates that the inte-
rior of bone, like the periosteum, is well-innervated. 
With the use of immunohistochemistry, it was demon-
strated that VIP-immunoreactive (IR) nerve fibers were 
spicuously absent from these vascular channels, while 
NPY-, dopamine-β-hydroxylase (DβH) and tyrosine 
hydroxylase (TH)-IR fibers were predominantly found 
in the blood vessels walls, indicating the sympathetic 
origin of these nerves were involved in modulating 
blood-flow through bone.

NPY potentiates the vasoconstrictive action of 
noradrenaline (McDonald 1988), NPY and NE caused 
elevation of the perfusion pressure and decline in 
intraosseous pressure, which was evidence of intraosse-
ous vasoconstriction (Lindblad et al. 1994). NPY with 
NE, acts as a sympathetic neurotransmitter in the con-
trol of vascular tone in bone. On the other hand, CGRP 
is a potent vasodilator (Brain et al. 1985; Zaidi et al. 
1987a; Lundgaard et al. 1997). The enhanced SNS activ-
ity under stress induced decreased blood-flow through 
bone by releasing NPY and NE neurotransmitter, caus-
ing to disruption or alteration in the trophic relation-
ship between sympathetic fibers and their end-organ 
bone, which may play a role in the activation of bone 
resorption. While chemical sympathectomy under 
6-OHDA treatment depleted NPY-IR and cetechol-
aminergic fibers, moreover the CGRP-IR nerves were 
increased instead. CGRP-IR fibers hyperinnervation 
may counteract the negative regulation of blood-flow 
and nutrient delivery to bone by the enhanced sympa-
thetic tone under stress. 

In conclusion: The present study showed stress-
increased SNS activity enhanced bone resorption. 
While chemical sympathectomy by 6-OHDA treatment 
inhibited bone resorption under stress. We postulate 
stress-induced trabecular bone loss and biomechanical 
property decline is mediated by releasing local sympa-
thetic neurotransmitter and regulating blood-flow to 
bone. 

REFERENCE

1  Aberdeen J, Corr L, Milner P, Lincoln J, Burnstock G (1990). 
Marked increases in calcitonin gene-related peptide-containing 
nerves in the developing rat following long-term sympathec-
tomy with guanethidine. Neuroscience. 35: 175–84.

2  Ahmed M, Bjurholm A, Kreicbergs A, Schultzberg M (1993). 
Neuropeptide Y, tyrosine hydroxylase and vasoactive intestinal 



813Neuroendocrinology Letters Vol. 31 No. 6 2010 • Article available online: http://node.nel.edu

Chemical sympathectomy and stress on bone remodeling

polypeptide-immunoreactive nerve fibers in the vertebral 
bodies, discs, dura mater, and spinal ligaments of the rat lumbar 
spine. Spine (Phila Pa 1976). 18: 268–73.

3  Akopian A, Demulder A, Ouriaghli F, Corazza F, Fondu P, Berg-
mann P (2000). Effects of CGRP on human osteoclast-like cell for-
mation: a possible connection with the bone loss in neurological 
disorders? Peptides. 21: 559–64.

4  Attacharya SK, Muruganandam A (2003). Adaptogenic activity of 
somnifera: an experimental study using a rat model of chronic 
stress. Pharmacol Biochem Behav. 75: 547–55. 

5  Bjurholm A, Kreicbergs A, Terenius L, Goldstein M, Schultzberg 
M (1988). Neuropeptide Y-, tyrosine hydroxylase- and vasoactive 
intestinal polypeptide-immunoreactive nerves in bone and sur-
rounding tissues. J Auton Nerv Syst. 25: 119–25.

6  Bonnet N, Brunet-Imbault B, Arlettaz A, Horcajada MN, Collomp 
K, Benhamou CL, Courteix D (2005). Alteration of trabecular 
bone under chronic beta2 agonists treatment. Med Sci Sports 
Exerc. 37: 1493–501.

7  Brain SD, Williams TJ, Tippins JR, Morris HR, MacIntyre I (1985). 
Calcitonin gene-related peptide is a potent vasodilator. Nature. 
313: 54–6.

8  Cherruau M, Facchinetti P, Baroukh B, Saffar JL (1999). Chemical 
sympathectomy impairs bone resorption in rats: a role for the 
sympathetic system on bone metabolism. Bone. 25: 545–51.

9  Dietrich JW, Mundy GR, Raisz LG (1979). Inhibition of bone 
resorption in tissue culture by membrane-stabilizing drugs. 
Endocrinology. 104: 1644–8.

10  Donnerer J, Amann R, Lembeck F (1991). Neurogenic and non-
neurogenic inflammation in the rat paw following chemical 
sympathectomy. Neuroscience. 45: 761–5.

11  D’Souza SM, MacIntyre I, Girgis SI, Mundy GR (1986). Human syn-
thetic calcitonin gene-related peptide inhibits bone resorption 
in vitro. Endocrinology. 119: 58–61.

12  Elefteriou F. (2005a) Neuronal signaling and the regulation of 
bone remodeling. Cell Mol Life Sci. 62: 2339–49.

13  Elefteriou F, Ahn JD, Takeda S, Starbuck M, Yang X, Liu X, Kondo 
H, Richards WG, Bannon TW, Noda M, Clement K, Vaisse C, 
Karsenty G. (2005b) Leptin regulation of bone resorption by the 
sympathetic nervous system and CART. Nature. 434: 514–20. 

14  Esler MD, Turner AG, Kaye DM, Thompson JM, Kingwell BA, 
Morris M, Lambert GW, Jennings GL, Cox HS, Seals DR (1995). 
Aging effects on human sympathetic neuronal function. Am J 
Physiol. 268: 278–85.

15  Fristad I, Heyeraas KJ, Kvinnsland I (1994). Nerve fibres and cells 
immunoreactive to neurochemical markers in developing rat 
molars and supporting tissues. Arch Oral Biol. 39: 633–46.

16  Harada S, Rodan GA (2003). Control of osteoblast function and 
regulation of bone mass. Nature. 423: 349–55.

17  Hohmann EL, Levine L, Tashjian AH Jr (1983). Vasoactive intes-
tinal peptide stimulates bone resorption via a cyclic adenosine 
3’,5’-monophosphate-dependent mechanism. Endocrinology. 
112: 1233–9.

18  Ishizuka K, Hirukawa K, Nakamura H, Togari A (2005). Inhibitory 
effect of CGRP on osteoclast formation by mouse bone marrow 
cells treated with isoproterenol. Neurosci Lett. 379: 47–51.

19  Kellenberger S, Muller K, Richener H, Bilbe G (1998). Formoterol 
and isoproterenol induce c-fos gene expression in osteoblast-
like cells by activating beta2-adrenergic receptors. Bone. 22: 
471–8.

20  Kondo A, Mogi M, Koshihara Y, Togari A (2001). Signal trans-
duction system for interleukin-6 and interleukin-11 synthesis 
stimulated by epinephrine in human osteoblasts and human 
osteogenic sarcoma cells. Biochem Pharmacol. 61: 319–26.

21  Kondo A, Togari A (2003). In vivo stimulation of sympathetic ner-
vous system modulates osteoblastic activity in mouse calvaria. 
Am J Physiol Endocrinol Metab. 285: E661–7.

22  Lerner UH (2002). Neuropeptidergic regulation of bone resorp-
tion and bone formation. J Musculoskelet Neuronal Interact. 2: 
440–7.

23  Lerner UH, Lundberg P, Ransjö M, Persson P, Håkanson R (1994). 
Helodermin, helospectin, and PACAP stimulate cyclic AMP for-
mation in intact bone, isolated osteoblasts, and osteoblastic cell 
lines. Calcif Tissue Int. 54: 284–9.

24  Lindblad BE, Nielsen LB, Jespersen SM, Bjurholm A, Bünger C, 
Hansen ES (1994). Vasoconstrictive action of neuropeptide Y in 
bone. The porcine tibia perfused in vivo. Acta Orthop Scand. 65: 
629–34.

25  Lundberg P, Lie A, Bjurholm A, Lehenkari PP, Horton MA, Lerner 
UH, Ransjö M (2000). Vasoactive intestinal peptide regulates 
osteoclast activity via specific binding sites on both osteoclasts 
and osteoblasts. Bone. 27: 803–10.

26  Lundgaard A, Aalkjaer C, Bjurholm A, Mulvany MJ, Hansen ES 
(1997). Vasorelaxation in isolated bone arteries. Vasoactive intes-
tinal peptide, substance P, calcitonin gene-related peptide, and 
bradykinin studied in pigs. Acta Orthop Scand. 68: 481–9.

27  McDonald JK (1988). NPY and related substances. Crit Rev Neu-
robiol. 4: 97–135.

28  Mione MC, Cavanagh JF, Kirkpatrick KA, Burnstock G (1992). 
Plasticity in expression of calcitonin gene-related peptide and 
substance P immunoreactivity in ganglia and fibres following 
guanethidine and/or capsaicin denervation. Cell Tissue Res. 268: 
491–504.

29  Moore RE, Smith CK 2nd, Bailey CS, Voelkel EF, Tashjian AH Jr 
(1993). Characterization of beta-adrenergic receptors on rat and 
human osteoblast-like cells and demonstration that beta-recep-
tor agonists can stimulate bone resorption in organ culture. 
Bone Miner. 23: 301–15.

30  Parfitt AM, Drezner MK, Glorieux FH, Kanis JA, Malluche H, 
Meunier PJ, Ott SM, Recker RR (1987). Bone histomorphometry: 
standardization of nomenclature, symbols, and units. Report 
of the ASBMR Histomorphometry Nomenclature Committee. J 
Bone Miner Res. 2: 595–610.

31  Sakhaee K, Nicar MJ, Glass K, Pak CY (1985). Postmenopausal 
osteoporosis as a manifestation of renal hypercalciuria with 
secondary hyperparathyroidism. J Clin Endocrinol Metab. 61: 
368–73.

32  Schmitt CP, Obry J, Feneberg R, Veldhuis JD, Mehls O, Ritz E, 
Schaefer F (2003). Beta1-adrenergic blockade augments pulsa-
tile PTH secretion in humans. J Am Soc Nephrol. 14: 3245–50.

33  Schon F, Ghatei M, Allen JM, Mulderry PK, Kelly JS, Bloom SR 
(1985). The effect of sympathectomy on calcitonin gene-related 
peptide levels in the rat trigeminovascular system. Brain Res. 
348: 197–200.

34  Seals DR, Esler MD (2000). Human ageing and the sympathoad-
renal system. J Physiol. 528: 407–17. 

35  Serre CM, Farlay D, Delmas PD, Chenu C (1999). Evidence for a 
dense and intimate innervation of the bone tissue, including 
glutamate-containing fibers. Bone. 25: 623–9.

36  Takeda S, Elefteriou F, Levasseur R, Liu X, Zhao L, Parker KL, Arm-
strong D, Ducy P, Karsenty G (2002). Leptin regulates bone for-
mation via the sympathetic nervous system. Cell. 111: 305–17.

37  Takeuchi T, Tsuboi T, Arai M, Togari A (2001). Adrenergic stimula-
tion of osteoclastogenesis mediated by expression of osteoclast 
differentiation factor in MC3T3-E1 osteoblast-like cells. Biochem 
Pharmacol. 61: 579–86.

38  Togari A (2002). Adrenergic regulation of bone metabolism: 
possible involvement of sympathetic innervation of osteoblastic 
and osteoclastic cells. Microsc Res Tech. 58: 77–84.

39  Togari A, Arai M, Mizutani S, Mizutani S, Koshihara Y, Nagatsu 
T (1997). Expression of mRNAs for neuropeptide receptors and 
beta-adrenergic receptors in human osteoblasts and human 
osteogenic sarcoma cells. Neurosci Lett. 233: 125–8.

40  Togari A, Mogi M, Arai M, Yamamoto S, Koshihara Y (2000). 
Expression of mRNA for axon guidance molecules, such as 
semaphorin-III, netrins and neurotrophins, in human osteoblasts 
and osteoclasts. Brain Res. 878: 204–9.

41  Valentijn K, Gutow AP, Troiano N, Gundberg C, Gilligan JP, Vign-
ery A (1997). Effects of calcitonin gene-related peptide on bone 
turnover in ovariectomized rats. Bone. 21: 269–74.

42  Zaidi M, Breimer LH, MacIntyre I. (1987a) Biology of peptides 
from the calcitonin genes. Q J Exp Physiol. 72: 371–408.

43  Zaidi M, Fuller K, Bevis PJ, GainesDas RE, Chambers TJ, MacIntyre 
I. (1987b) Calcitonin gene-related peptide inhibits osteoclastic 
bone resorption: a comparative study. Calcif Tissue Int. 40: 
149–54.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


