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Abstract:

The present study aimed at investigating the influence of imidazoline receptor ligands on the proliferation of PC12 cells and the in-

volvement of the sphingosine-1-phosphate (S1P) signaling system in this effect.

In cultured PC12 cells, S1P (0.3–100 nM) and the I�-imidazoline receptor ligands moxonidine (0.3 and 1 mM), agmatine (1 mM),

idazoxan (10–100 �M) and efaroxan (1–100 �M) concentration-dependently reduced protein contents which were used as estimates

for cell number. The antiproliferative effects elicited by the compounds were abolished after knock-down of S1P�, S1P� or S1P� re-

ceptors by RNA interference indicating an involvement of S1P receptors. In conclusion, the present data add further evidence to the

recent finding that effects of imidazoline receptor ligands in PC12 cells are mediated by homo- and heterodimers of members of the

S1P receptor family.
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Introduction

The concept of distinct receptors for imidazoline

compounds arose from the observation that some ef-

fects of imidazoline-derived �2-adrenoceptor ligands

(e.g. clonidine) are not or only partially shared by

�2-adrenoceptor ligands lacking the imidazoline

structure (for review, see [1, 11]). Those imidazoline

receptors emerged as a heterogeneous group of pro-

teins, which have provisionally been divided into I1-,

I2-, I3- and presynaptic-type imidazoline receptors

based on physiological functions and ligand binding

properties [2, 5]. The molecular identity of most “imi-

dazoline receptors” is still enigmatic. Recently, we

presented evidence that “I1-imidazoline receptors”

(I1Rs), which are involved in the antihypertensive ef-

fect of the centrally acting imidazolines, such as clo-

nidine and moxonidine, represent a mixture of sphin-

gosine-1-phosphate (S1P) S1P1- and S1P3-receptors

in PC12 cells [12]. Since a previous pharmacological

study indicated an involvement of I1Rs in the regula-

tion of cell proliferation [3], the aim of the present

study was to further investigate the effects of I1R

ligands on proliferation of PC12 cells in terms of

a possible involvement of S1P receptors.
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Materials and Methods

Cell culture and cell line used

Non-differentiated PC12 cells (rat pheochromocyto-

ma cells) were cultured and transfected as described

previously [12, 13]. PC12 cells were used in the pres-

ent experiments because they are natively endowed

with I1R [4, 21] /lysophospholipid receptors [12] but

lack �2-adrenoceptors and I2-binding sites [13, 21]. It

is important to note that PC12 cells are in addition en-

dowed (1) with “imidazoline receptors of the presynap-

tic type” [13], (2) with imidazoline-sensitive binding

sites at certain ligand-gated ion channels [16, 17] and

(3) with the agmatine transporter (our unpublished

data) to which certain imidazolines can bind [9].

Experiments with RNA interference

Sequences for the sense strand of the central 19-nt

double-stranded region were: for rS1P1 (acc. no.

NM_017301), GAAGGACCATGGCATTAAA; for

rS1P2 (NM_017192), TTAGCATCCTTCTCTTAGA;

for rS1P3 (XM_225216), CATTCTGATGTCCGGTAGG.

All siRNAs target the open reading frame. siRNAs

were synthesized as ready-to-use constructs by MWG

Biotech (Ebersberg, Germany). Each well containing

PC12 cells, which had been in culture for 3 days, re-

ceived 2 �l of lipofectamine 2000 (Invitrogen, Karls-

ruhe, Germany) and 200 picomoles of siRNA in a to-

tal volume of 500 �l culture medium containing the

respective serum supplement but no antibiotics. Lipo-

fectamine 2000 given alone or transfection with

scrambled siRNA had no effect on cell proliferation

(not shown). The efficacy of transfection was moni-

tored by using the Block-iT Fluorescent Oligo Kit (In-

vitrogen, Karlsruhe, Germany) according to the

manufacturer’s protocol.

Cell proliferation assay

PC12 cells were incubated in the absence (control

cells) or presence of the ligand under study for 72 h at

37°C. The ligand under study was added to the culture

medium at the beginning of the incubation period. At

the end of the experiment, the protein content of each

well was determined as an estimate of the cell number

(for details, see [14, 22]). Toxic effects of the com-

pounds under study on the cells were visualized and

ruled out by the trypan blue exclusion test (not shown).

Protein determination

Protein content was determined using the Bio-Rad Dc

Protein Assay (Bio-Rad Labs., Hercules, CA, USA).

Calculation and statistics

Data were analyzed using the program PRISM (Graph-

Plot Software Inc., San Diego, USA). Statistical ana-

lysis was performed using Dunnett’s test or the two-

way-ANOVA as indicated in the legends to figures.

Drugs used

Moxonidine (Solvay, Hannover, Germany), D-erythro-

sphingosine-1-phosphate (S1P; Calbiochem, Schwal-

bach, Germany), agmatine sulfate, efaroxan HCl (Sig-

ma, Munich, Germany), (±)-idazoxan HCl (Reckitt

and Colman, Hull, UK).

Results

In the present study, changes in protein content were

determined to estimate changes in the rate of cell pro-

liferation as described previously [14, 22]. Moxo-

nidine, idazoxan, efaroxan, agmatine and S1P concen-

tration-dependently inhibited the proliferation of the

PC12 cells with a maximum inhibition by 30–75%

(Figs. 1a and 2). The imidazoline derivatives ida-

zoxan and efaroxan were active at micromolar con-

centrations, agmatine and monoxidine at micromolar

and millimolar concentrations (Figs. 1a and 2). S1P

exhibited its maximum effect at 1 nM; at higher con-

centrations no further increase in inhibition of cell

proliferation was observed (Fig. 1a).

In PC12 cells in which S1P1 and S1P2 receptors

were knocked-down by RNA interference, 1 mM

moxonidine and 10 nM S1P did not evoke any inhibi-

tory effect on cell proliferation (Fig. 1b). In PC12

cells which had been transfected with siRNA target-

ing the S1P3 receptor, the antiproliferative effects of

10 nM S1P and 1 mM moxonidine were reduced com-

pared with those obtained in non-transfected control

cells (Fig. 1b). Knock-down of S1P1 receptors by

RNA interference also abolished the antiproliferative

effects of idazoxan and agmatine (Fig. 2a, b) and re-

duced that of efaroxan (Fig. 2c).
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Idazoxan and efaroxan, which have been reported

to be antagonists at I1-imidazoline receptors in most

model systems, behaved as agonists in the present ex-

periments. In view of the lack of other antagonists, no

interaction experiments with such compounds could

be performed to pharmacologically define an action

via I1-imidazoline receptors.

Discussion

In recent experiments on PC12 cells, we provided evi-

dence [12] that I1Rs represent a mixture of S1P1- and

S1P3-receptors. In this context, it was of interest that

the I1R-ligand benazoline has been reported to elicit

two opposite effects on cell proliferation in PC12

cells assumed to be mediated by I1Rs: facilitation of

serum-deprivation-induced apoptosis and a protective

effect against cell death induced by tumor necrosis

factor alpha (TNF-�) [3]. Similar opposite effects on

cell growth have been observed after stimulation of

S1P receptors [6, 10, 20]. Therefore, the present study

aimed at shedding light on the involvement of the

S1P-signaling system in the imidazoline-induced

regulation of cell proliferation.

Moxonidine (an I1R agonist), agmatine (a putative

endogenous ligand at I1Rs) and S1P (an S1P receptor

agonist) reduced the proliferation rate of the PC12

cells in the present study in a concentration-dependent

manner (Figs. 1a, 2). In the case of moxonidine, the

threshold concentration at which this inhibition oc-

curred was 300 mM. This finding basically conforms

�����������	��� 
������ ����� ��� ������� 791

Antiproliferative effect of imidazoline derivatives
������� �� 	
������� �� ���

Fig. 1. (a) 	������������ �� ������������������ 	* � ����� �� �
� ������� +������ ������, ��� $������� +�$�� ������, �� ���������� ����������
����� �� ��������� +���� $����, �� - 	 +���
� $����, �� ������� ���� ��� .� 
' *
����� �� ���� ����� /��� �������� �� �������� $������
�������' *��� $������������ �� ��$������ �� � $��������� �� $������������ �� �
� ������� �� ��������� ��� - 	' ���� ��� $�������� ��
�
� ���� 0 -1( �� 2 ��$������� $������� �� ���$������' 3 $ 4 5'5�� 33 $ 4 5'5 +�������6� ����� ��$���� /��
 �
� ������$������ ��������,'
(b) 	������������ �� ������������������ ������ 	* � ����� �� �� 	* � ����� ����������� /��
 ���78 ��������� ���
�� �
� �- 	� ����$���� �
� �- 	� ���
��$��� �� �
� �- 	� ����$��� �� �
� $������� ��  ( ��������� +������ ������, ��  5 �( - 	 +
���
�� ������, �� ������� ���� ��� .� 
'
*��� ������ /��� �������� �� �������� $������ �������' 9�� ���
 ��$�������� ��������� ���� $������������ �� ��$������ �� � $��������� ��
$������������ �� �
� ������� �� ��������� ��� - 	 +��������� �$�� ������,' ���� ��� $�������� �� �
� ���� 0 -1( �� �:. ��$������� $���
����� �� ���$������' 3 $ 4 5'5�� 33 $ 4 5'5 +�������6� ����; ��$���� /��
 �
� ������$������ ��������,; < $ 4 5'5�� << $ 4 5'5 +�������6� �����
��$���� /��
 �
� ��
������� �� ���� $������������ �� �
� ���$������ ��$���� ��������� �� ������ �����,



to the results of our previous investigation [12]. In that

study, radioligand binding experiments on PC12 cells

with [3H]clonidine and [3H]lysophosphatidic acid re-

vealed that moxonidine inhibited the specific binding

of both radioligands albeit at lower micromolar affin-

ity. In this context, it is interesting to note that in stan-

dard competition binding experiments at 37°C with the

most selective high affinity radioligand for I1RS recep-

tors [125I]LNP 911 [7], moxonidine also exhibited not

more than micromolar affinity for these receptors.

The purported I1R antagonists idazoxan and efar-

oxan also inhibited the growth of the PC12 cells with

micromolar potency and similar efficacy (Figs. 2a, b).

In a few studies, such agonistic or possibly partial

agonistic properties have also been observed for both

drugs at I1Rs ([15, 19]; see also Figure 2 in [8]). As

shown here for the first time in PC12 cells in which

S1P1, S1P2 or S1P3 receptors were knocked down by

RNA interference, imidazoline derivatives, agmatine

as well as S1P caused no or markedly reduced anti-

proliferative effects (Figs. 1b, 2). Thus, it can be con-

cluded that the imidazoline-induced inhibition of PC12

cell proliferation is mediated via S1P-receptors.

Two findings indicate that the antiproliferative ef-

fect of the imidazolines is probably due to more com-

plex interactions than direct activation of only one re-

ceptor population. The antiproliferative effect of the

imidazolines occurred at micro- to millimolar concen-

trations, whereas that of S1P already occurred at

nanomolar concentrations. This can be explained by

assuming different affinities of the compounds to the

multiple S1P-homo- and/or heterodimers (for detailed

discussion, see [12]). This contention is supported by

the finding that the effect of knock-down of S1P1,

S1P2 or S1P3 receptors affected the antiproliferative

effects of the imidazolines to different degrees. On the

one hand, the antiproliferative effects of moxonidine

(Fig. 1b), agmatine and idazoxan (Fig. 2a, b) were

completely sensitive to knock-down of the S1P1 re-

ceptor, whereas this led only to a partial reduction of

the antiproliferative effect of efaroxan (Fig. 2c).

Hence, it may be concluded that efaroxan exerted its

inhibitory action on cell growth at least partly via

distinct S1P-receptor-homo- and/or heterodimers. In

agreement with the assumption of the involvement of

additional S1P receptors, the antiproliferative effect

of moxonidine was sensitive to knock-down of S1P2

rather than S1P3 receptors indicating a contribution of

those receptors to drug-induced inhibition of cell

growth. In our previous study [12], [3H]clonidine bind-
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ing was also markedly decreased by interference of

siRNA with mRNA encoding the S1P1 receptor and,

in addition, to a minor degree by siRNA targeting the

S1P3 receptor, but not by siRNA encoding S1P2 recep-

tors. This suggests that depending on the parameter de-

termined and the respective different experimental con-

ditions, different S1P receptors are involved in the ef-

fect. The involvement of a pattern of S1P receptors

and/or S1P receptor dimers different from that in the

present and our previous study [12] may underlie the

nanomolar affinity of moxonidine at the I1-imidazoline

receptors mediating the hypotensive effect.

One should also keep in mind the possibility (which

has not been examined in the present study) that the

imidazolines might have been taken up into the cells

by transport mechanisms [9] and, as a consequence,

might have interacted with the intracellular polyamine

system [22] leading to an inhibition of cell growth,

thus inducing an antiproliferative effect in addition to

that elicited by stimulation of S1P receptors. Further-

more, it cannot be excluded that such an interaction

with the polyamine system might have led to a release

of S1P from the PC12 cells which in turn would have

elicited an antiproliferative effect by stimulation of

the S1P receptors in the plasma membrane [18]. Con-

sidering these potential complex interactions, it be-

comes comprehensible that it depends on the experi-

mental conditions whether the facilitatory or the inhi-

bitory influence of the imidazolines on cell prolifera-

tion predominates.

Independent of such putative additional mecha-

nisms, the present data demonstrate that imidazoline

receptor ligands mediate effects via S1P-receptors

and, hence, are in line with our suggestion from our

previous study [12], that at least in some cell types

imidazoline receptors represent mixtures of homo-

and/or heterodimers of members of the S1P receptor

family as shown recently for I1-imidazoline receptors

in PC12 cells.
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