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Abstract

Galanin (Gal) is a 29-amino-acid neuropeptide which is expressed in superior cervical ganglion (SCG) neurons and plays a trophic
role in the adult animal and acts as an inhibitory modulator of cholinergic and noradrenergic neurotransmission. Whether activa-
tion or inhibition of alpha-adrenoreceptors influences Gal mMRNA expression in SCG neurons remains unknown. Here, we have
evaluated the possible regulation of Gal mRNA expression with acute (4 h) and chronic (4 days) stimulation of alpha 1- and alpha
2-adrenoreceptor agonists or antagonists in primary cultured SCG neurons. The results showed that the amount of Gal mMRNA
expression in cultured SCG neurons increased significantly after chronic stimulation with alpha 2-adrenoreceptor antagonist yo-
himbine compared with control SCG neurons at the same time point, whereas the amount of Gal mMRNA expression decreased
significantly after chronic stimulation with alpha 2-adrenoreceptor agonist clonidine as compared with that in control group. All
these effects were not dose-dependent on the administration of alpha 2-adrenoreceptor agonist clonidine or alpha 2-adrenorecep-
tor antagonist yohimbine. Alpha 1-adrenoreceptor agonist phenylephrine or antagonist prazosin chronic stimulation did not have
effects on Gal mRNA expression. Acute exposure of these agents did not have effects on Gal MRNA expression. The present
study showed that Gal may be regulated by activation or inhibition of alpha 2-adrenoreceptors, but not alpha 1-adrenoreceptors
in sympathetic neurons.
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INTRODUCTION an inhibitory modulator of cholinergic and noradrenergic neu-
rotransmission (Miller et al., 1999; Van Hoomissen et al., 2004;

Galanin (Gal) is a 29-amino-acid neuropeptide which is dis- Landry et al., 2005; Hobson et al., 2006). Gal is co-localized
tributed widely in the central and peripheral nervous systems with norepinephrine (NE) in several regions of the brain, such

including superior cervical ganglion (SCG) neurons (Norberg as locus coeruleus, bed nucleus of the stria terminalis, amyg-
et al., 2004; Holmberg et al., 2005). Gal-like immunoreactivity dala, cortex and hippocampus (Hokfelt et al., 1998; Kozicz,
is normally seen in only a few neurons of SCG. Gal overex- 2001; Xu et al., 2001; Holmes et al., 2002; Barrera et al., 2006;
pressed mice exhibited a strong Gal-like immunoreactivity in Ogren et al., 2006; Simpson et al., 2006). Gal hyperpolarizes
most SCG neuron profiles. The overexpression of the peptide noradrenergic locus coeruleus neurons at high concentrations
in SCG neurons was paralleled by increased mRNA levels (10%-10" mol/L) and enhances NE-induced hyperpolariza-
(Brumovsky et al., 2006). Gal is induced in autonomic neu- tion at low concentrations (10° mol/L) (Hokfelt et al., 1998).
rons after peripheral nerve lesion. Following transection of the It has been shown that Gal expression was regulated by NE
two efferent carotid nerves Gal is strongly upregulated in the in the magnocellular neurons of supraoptic nucleus in an ex
neuronal cell bodies of rat and mouse SCG (Holmberg et al., vivo acute model of rat hypothalamic slices (Melnikova et al.,
2005). Gal plays a trophic role in the adult animal and acts as 2006) and in cultured dorsal root ganglion (DRG) neurons
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(Yang et al., 2009). Many factors, such as leukemia inhibitory
factor (LIF), nerve growth factor (NGF), non-neuronal cells,
and potassium, have been demonstrated to be involved in the
upregulation of Gal in cultured SCG neurons (Klimaschewski,
1997; Girard et al., 2002; Liu et al., 2010). The use of dis-
sociated sympathetic neurons in vitro has provided a con-
siderable amount of information concerning adrenoreceptors
which regulate sympathetic transmitter release (Boehm and
Huck, 1997). Whether activation or inhibition of alpha-adreno-
receptors influences Gal mRNA expression in SCG neurons
remains unknown. In the present study, we have evaluated
the possible regulation of Gal mMRNA expression by selective
alpha 1- and alpha 2-adrenoreceptor agonists or antagonists
in primary cultured SCG neurons.

MATERIALS AND METHODS

SCG cell culture preparations

Bilateral SCGs were dissected out from newborn Wistar
rats. The animals were obtained from the Experimental Ani-
mal Center of Shandong University of China. Prior to culture,
SCGs were digested with 0.25% trypsin (Sigma) in D-Hanks
solution at 37°C for 10 min, and then centrifuged and triturated
in growth media supplemented with 2.5% fetal bovine serum
(Gibco). The dissociated SCG neurons were cultured in flasks
(Costar, Corning, NY, USA) for detecting Gal mRNA by RT-
PCR. The flasks were pre-coated with poly-L-lysine prior to
plating SCG neurons. SCG neurons were plated at a density
of 5x105 cells/ml in flasks. All cultures were maintained in the
DMEM/F12, supplemented with 5% fetal bovine serum, 2%
B-27 supplement (Gibco), L-glutamine (0.1 mg/ml, Sigma),
penicillin (100 U/ml), and streptomycin (100 pug/ml). SCG cells
were cultured in culture media at 37°C with 5% CO, for 24 h
and then maintained in culture media containing cytarabine
(ara-C) (5 ug/ml) for another 24 h to inhibit growth of non-
neuronal cells.

Exposure of alpha-adrenoreceptor ligands on SCG
neurons

For acute stimulation, SCG cell cultures were prepared as
described above and allowed to grow processes for 6 days
with media change every 2 days, followed by the addition of
alpha 1-adrenoreceptor agonist phenylephrine (10-° mol/L),
alpha 1-adrenoreceptor antagonist prazosin (10® mol/L), al-
pha 2-adrenoreceptor agonist clonidine (10° mol/L), and al-
pha 2-adrenoreceptor antagonist yohimbine (10° mol/L), re-
spectively, for 4 h.

For chronic stimulation, SCG cell cultures were prepared as
described above and allowed to grow processes for 2 days,
followed by the addition of alpha 1-adrenoreceptor agonist
phenylephrine (10° mol/L), alpha 1-adrenoreceptor antago-
nist prazosin (10 mol/L), alpha 2-adrenoreceptor agonist
clonidine (10°° mol/L), and alpha 2-adrenoreceptor antagonist
yohimbine (10-° mol/L), respectively. Cultures were then incu-
bated for additional 4 days with media change every 2 days.
The changed culture media would contain each agonist or an-
tagonist with the exact concentration.

For various concentrations stimulation, the ligands that
have effects on mRNA expression of Gal were used at dif-
ferent concentrations (10 mol/L, 10° mol/L, 10~ mol/L, re-
spectively).
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RNA extraction and RT-PCR

The mRNA levels of Gal in SCG neurons at 4 h or 4 days
after administration of alpha-adrenoreceptor agonists or an-
tagonists were analyzed by RT-PCR, with B-actin mRNA as
an internal control. Total SCG cell RNA of each flask was iso-
lated by TRIzol (Gibco). cDNA synthesis was performed with
M-MLV reverse transcriptase. The gene-specific primers were
synthesized by use of the published cDNA sequences for Gal
and B-actin. The synthetic oligonucleotide primer sequences
for Gal and B-actin were as follows:

Gal 5'-ATG CCAACAAAG GAG AAG AG-3' (upper primer)
and 5'-AGG TGC AAG AAA CTG AGA AA-3' (lower primer).

B-actin 5'-ATC ATG TTT GAG ACC TTC AAC-3' (upper
primer) and 5-CAT CTC TTG CTC GAA GTC CA-3' (lower
primer).

The predicted size of the amplified Gal and B-actin DNA
products were 224 bp and 317 bp, respectively.

PCR amplification was performed for 35 cycles. The cycle
profile included denaturation for 45 s at 94°C, annealing for
60 s at 53°C, and extension for 45 s at 72°C. PCR was per-
formed within the range that demonstrates a linear correlation
between the amount of cDNA and the yield of PCR products.

The amplified products were analyzed by standard agarose
gel electrophoresis and stained with ethidium bromide, visu-
alized by a UV transilluminator and photographed. The pho-
tographs were scanned and the electrophoresis gel images
were analyzed quantitatively by using an Image J analysis
software. The levels of Gal MRNA were expressed as the ratio
of the gene to B-actin.

Statistical analysis

Data are expressed as mean * SD. Statistical analysis was
evaluated with SPSS software by one-way ANOVA followed
by the Student-Newman-Keuls test for significance to com-
pare the differences among various groups. Significance was
accepted at p<0.05.

RESULTS

Effects of acute exposure alpha-adrenoreceptor ligands
on Gal mRNA expression

To evaluate the possible regulation of Gal MRNA expression
by acute exposure of selective alpha 1- and alpha 2-adrenore-
ceptor agonist or antagonist in primary cultured SCG neurons,
the levels of Gal mMRNA were estimated by RT-PCR after 4 h
stimulation with these agonists or antagonists. The ratio of Gal
mRNA/B-actin mRNA in acute alpha 1-adrenoreceptor agonist
phenylephrine (10-° mol/L) stimulated SCG neurons is 0.6991
+0.0669. The ratio of Gal MRNA/B-actin mRNA in acute alpha
1-adrenoreceptor antagonist prazosin (10 mol/L) stimulated
SCG neurons is 0.7209 + 0.0561. The ratio of Gal mRNA/B-
actin mRNA in acute alpha 2-adrenoreceptor agonist clonidine
(10°° mol/L) stimulated SCG neurons is 0.7920 + 0.0847. The
ratio of Gal mRNA/B-actin mRNA in acute alpha 2-adrenore-
ceptor antagonist yohimbine (10-° mol/L) stimulated SCG neu-
rons is 0.7600 = 0.0607. The ratio of Gal mMRNA/B-actin mMRNA
in acute control group is 0.7698 + 0.0570. The levels of Gal
mRNA expression were not significantly changed after acute
simulation with these agents (Fig. 1).
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Fig. 1. Effects of acute exposure of alpha 1- and alpha 2-adreno-
receptor agonist or antagonist on Gal mRNA expression in SCG
neurons were investigated by RT-PCR. Lane 1: alpha 1-adrenore-
ceptor agonist phenylephrine treatment. Lane 2: alpha 1-adreno-
receptor antagonist prazosin treatment. Lane 3: alpha 2-adrenore-
ceptor agonist clonidine treatment. Lane 4: alpha 2-adrenoreceptor
antagonist yohimbine. Lane 5: control. The ratio of Gal mRNA/
B-actin mRNA in acute alpha 1-adrenoreceptor agonist phenyl-
ephrine, alpha 1-adrenoreceptor antagonist prazosin, alpha 2-adr-
enoreceptor agonist clonidine, alpha 2-adrenoreceptor antagonist
yohimbine stimulated SCG neurons is 0.6991 + 0.0669, 0.7209 +
0.0561, 0.7920 £ 0.0847, and 0.7600 + 0.0607, respectively. The
ratio of Gal mMRNA/B-actin mRNA in acute control group is 0.7698 +
0.0570. Bar graphs with error bars represent mean + SD (n=5).

Effects of chronic exposure alpha-adrenoreceptor ligands
on Gal mRNA expression

To evaluate the possible regulation of Gal mRNA expres-
sion by chronic exposure of selective alpha 1- and alpha 2-ad-
renoreceptor agonists or antagonists in primary cultured SCG
neurons, the levels of Gal mMRNA were estimated by RT-PCR
after 4 days stimulation with these agonists or antagonists.
The ratio of Gal mMRNA/B-actin mRNA in chronic alpha 1-adre-
noreceptor agonist phenylephrine (10-° mol/L) incubated SCG
neurons is 0.6927 + 0.0647. The ratio of Gal mRNA/B-actin
mRNA in chronic alpha 1-adrenoreceptor antagonist prazosin
(10° mol/L) incubated SCG neurons is 0.6729 + 0.0726. The
ratio of Gal mMRNA/B-actin mRNA in chronic alpha 2-adrenore-
ceptor agonist clonidine (107 mol/L) incubated SCG neurons
is 0.5764 = 0.0377. The ratio of Gal mMRNA/B-actin mRNA in
chronic alpha 2-adrenoreceptor antagonist yohimbine (10°°
mol/L) incubated SCG neurons is 0.7655 *+ 0.0417. The ratio
of Gal mRNA/B-actin mRNA in chronic control group is 0.6484
+ 0.0374. The levels of Gal mRNA expression in cultured
SCG neurons increased significantly after chronic stimulation
with alpha 2-adrenoreceptor antagonist yohimbine compared
with control SCG neurons at the same time point (p<0.05),
whereas the levels of Gal mRNA expression decreased sig-
nificantly after chronic stimulation with alpha 2-adrenorecep-
tor agonist clonidine as compared with that in control group
(p<0.05). Alpha 1-adrenoreceptor agonist phenylephrine or
antagonist prazosin chronic stimulation did not have effects
on Gal mRNA expression (Fig. 2).

Effects of chronic exposure of different concentrations of
alpha 2-adrenoreceptor ligands on Gal mRNA expression
To evaluate the possible regulation of Gal mMRNA expres-
sion by chronic exposure of various concentrations of alpha
2-adrenoreceptor agonist or antagonist in primary cultured
SCG neurons, the levels of Gal MRNA were estimated by
RT-PCR after 4 days stimulation with different concentrations
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Fig. 2. Effects of chronic exposure of alpha 1- and alpha 2-ad-
renoreceptor agonist or antagonist on Gal mRNA expression
in SCG neurons were investigated by RT-PCR. Lane 1: alpha
1-adrenoreceptor agonist phenylephrine treatment. Lane 2: alpha
1-adrenoreceptor antagonist prazosin treatment. Lane 3: alpha
2-adrenoreceptor agonist clonidine treatment. Lane 4: alpha 2-adr-
enoreceptor antagonist yohimbine. Lane 5: control. The ratio of Gal
mRNA/B-actin mRNA in chronic alpha 1-adrenoreceptor agonist
phenylephrine, alpha 1-adrenoreceptor antagonist prazosin, alpha
2-adrenoreceptor agonist clonidine, alpha 2-adrenoreceptor antag-
onist yohimbine incubated SCG neurons is 0.6927 + 0.0647, 0.6729
+ 0.0726, 0.5764 + 0.0377, and 0.7655 + 0.0417, respectively. The
ratio of Gal mMRNA/B-actin mRNA in chonic control group is 0.6484
+ 0.0374. Bar graphs with error bars represent mean + SD (n=5).
*p<0.05 vs. control.

(10°¢ mol/L, 10-° mol/L, 10 mol/L, respectively) of clonidine or
yohimbine. The ratio of Gal mRNA/B-actin mRNA in chronic
alpha 2-adrenoreceptor agonist clonidine (10° mol/L, 10
mol/L, 10~ mol/L) incubated SCG neurons is 0.5977 + 0.0621,
0.5352 + 0.0619, 0.5147 + 0.0476, respectively. The levels
of Gal mRNA expression decreased significantly after higher
concentration (10° mol/L, 10™* mol/L) stimulation with cloni-
dine as compared with that in control group (0.6493 + 0.0396)
(Fig. 3). The ratio of Gal mRNA/B-actin mRNA in chronic
alpha 2-adrenoreceptor antagonist yohimbine (106 mol/L,
10-° mol/L, 10* mol/L) incubated SCG neurons is 0.6518 +
0.0441, 0.7074 + 0.0615, 0.7174 + 0.0404, respectively. The
levels of Gal mMRNA expression increased significantly after
higher concentration (10-° mol/L, 10* mol/L) stimulation with
yohimbine as compared with that in control group (0.6221 +
0.0379) (p<0.05) (Fig. 4).

DISCUSSION

Alpha-adrenoreceptor subtypes alpha 1- and alpha 2-adr-
enoreceptors are expressed in cultured sympathetic neurons
(Shivachar and Eikenburg, 1999; Trendelenburg et al., 2003;
Brum et al., 2006). Activation or inhibition of distinct adreno-
receptors may result in different effects (Chen et al., 2006).
The dual pro- and anti-inflammatory role of the sympathetic
nervous system in inflammatory conditions may relate to an
intricate shift from beta-to-alpha adrenergic signaling (Straub
and Harle, 2005). In the present study, the different effects of
selective alpha 1- and alpha 2-adrenoreceptor ligands on Gal
mRNA expression in primary cultured SCG neurons were ob-
served. The results showed that the amount of Gal mRNA ex-
pression in cultured SCG neurons increased significantly after
chronic stimulation with alpha 2-adrenoreceptor antagonist
yohimbine (10 mol/L) compared with control SCG neurons
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Fig. 3. Effects of chronic exposure of different concentrations of
alpha 2-adrenoreceptor agonist clonidine on Gal mRNA expression
in SCG neurons were investigated by RT-PCR. Lane 1: clonidine
107 mol/L. Lane 2: clonidine 10”° mol/L. Lane 3: clonidine 10 mol/
L. Lane 4: control. The ratio of Gal mRNA/B-actin mRNA in chronic
clonidine 10 mol/L, 10° mol/L, and 10™* mol/L incubated SCG
neurons is 0.5977 + 0.0621, 0.5352 + 0.0619, and 0.5147 + 0.0476,
respectively. The ratio of Gal mMRNA/B-actin mRNA in control group
is 0.6493 + 0.0396. Bar graphs with error bars represent mean *
SD (n=5). *p<0.05 vs. control, **p<0.01 vs. control.

at the same time point, whereas the amount of Gal mRNA
expression decreased significantly after chronic stimulation
with alpha 2-adrenoreceptor agonist clonidine (10° mol/L) as
compared with that in control group. The effects alpha 2-adr-
enoreceptor ligands on Gal mMRNA expression were not dose-
dependent after chronic stimulation. Alpha 1-adrenoreceptor
agonist phenylephrine (10° mol/L) or antagonist prazosin
(10°% mol/L) chronic stimulation did not have effects on Gal
mRNA expression. Acute stimulation of these agents did not
have effects on Gal mRNA expression.

The neuropeptide Gal is involved in neuronal differentiation
and neurite outgrowth during development and is markedly
up-regulated in response to peripheral nerve lesion. Depo-
larization of primary cultured sympathetic neurons of the rat
SCG elevated Gal mRNA levels which appeared to correlate
more closely with Gal peptide production (Girard et al., 2002).
The neurotrophic actions of Gal are demonstrated by the up-
regulation of Gal expression both in DRG neurons and in SCG
neurons after nerve injury (Holmberg et al., 2005; Holmes et
al., 2005). And also, exogenous Gal significantly increased
the mean axonal length and the number of branch points
(Suarez et al., 2006) and capsaicin-evoked neuropeptide re-
lease (Yang et al., 2008). In the present study, upregulation or
downregulation of Gal mRNA expression stimulated by dis-
tinct adrenoreceptors in cultured SCG neurons implicated that
Gal may also involved in modulation of responses in periph-
eral nerve fibers. The evidence has accumulated that Gal is
involved in nociception and expressed in both DRG neurons
and SCG neurons (Holmberg et al., 2005; Liu and Li, 2008).
Sympathetically-maintained pain is thought to be the result of
an injury induced coupling between the sympathetic postgan-
glionic neurons and primary afferent nociceptors (Gold et al.,
1997). Different subtypes of adrenoreceptors have different
actions. Activation or inhibition of distinct adrenoreceptors in-
fluences tone of sympathetic nervous system or neurotrans-
mitter synthesis or release (Chen et al., 2006). In the present
study, the regulation of Gal mMRNA expression in SCG neurons
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Fig. 4. Effects of chronic exposure of different concentrations of
alpha 2-adrenoreceptor antagonist yohimbine on Gal mRNA ex-
pression in SCG neurons were investigated by RT-PCR. Lane 1:
yohimbine 10 mol/L. Lane 2: yohimbine 10 mol/L. Lane 3: yo-
himbine 10~ mol/L. Lane 4: control. The ratio of Gal mRNA/B-actin
mRNA in chronic yohimbine 10°® mol/L, 10°° mol/L, and 10™* mol/
L incubated SCG neurons is 0.6518 * 0.0441, 0.7074 + 0.0615,
and 0.7174 + 0.0404, respectively. The ratio of Gal mRNA/B-actin
mRNA in control group is 0.6221 + 0.0379. Bar graphs with error
bars represent mean+SD (n=5). *p<0.05 vs. control.

by activation of alpha 2-adrenoreceptors may be involved in
the mechanism of sympathetic-sensory coupling even the
mechanism is not fully understood.

These adrenoreceptors couple to and activate only certain
G protein types, thus leading to specific intracellular signals
(Wettschureck and Offermanns, 2005). Activation of the in-
hibitory Go, protein by alpha 2-adrenoreceptors leads to the
inhibition of adenylyl cyclase, thus resulting in decreased
cellular cAMP levels (Hein, 2006). Alpha 2-adrenoceptors
inhibited either electrically or K*-evoked NE release from
sympathetic neurons (Boehm and Huck, 1997). In the pres-
ent study, the levels of Gal mMRNA expression in cultured SCG
neurons decreased significantly after chronic stimulation with
alpha 2-adrenoreceptor agonist clonidine, whereas Gal mRNA
expression was promoted by chronic stimulation with alpha
2-adrenoreceptor antagonist yohimbine. Both facilitatory and
inhibitory effects on Gal mRNA expression in SCG neurons
by administration of alpha 2-adrenoreceptor ligands impli-
cated that Gal mMRNA expression was closely related to the
activity of alpha 2-adrenoreceptors. Alpha 1-adrenoreceptors
are coupled to Gq/11-mediated pathways, which increase in-
tracellular inositol-trisphosphate (IP,) and Ca?* concentrations
(Hein, 2006). And also, the alpha 1-adrenoreceptor agonist
phenylephrine was found to elicit a concentration-dependent
increase in NE release from rat sympathetic neurons (Boehm
and Huck, 1997). However, in the present study chronic
stimulation with alpha 1-adrenoreceptor agonist phenyleph-
rine or alpha 1-adrenoreceptor antagonist prazosin did not
have effects on Gal mRNA expression which implicated that
Gal mRNA expression was not sensitive to the activity of al-
pha 1-adrenoreceptors. Acute exposure of these agents did
not have effects on Gal mRNA expression suggested that
alpha 2-adrenoreceptor agonists and antagonists are gentle
stimulators on Gal mRNA expression. Different effects on Gal
mRNA expression in cultured SCG neurons by activation of
different alpha-adrenoreceptor subtypes at different time point
implicated that functional effects of alpha-adrenoreceptors



vary with different experimental conditions.

In conclusion, the upregulation of Gal mMRNA expression in
SCG neurons by selectively inhibition of alpha 2-adrenorecep-
tor and the dowregulation of Gal mMRNA expression by selec-
tively activation of alpha 2-adrenoreceptor may related to neu-
rotrophic actions and may be involved in the mechanism of
sympathetic-sensory coupling in sympathetically-maintained
pain. The continued investigation of these receptors in pri-
mary cell culture will provide further valuable insights into the
mechanisms that regulate neuropeptide expression.
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