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Abstract OBJECTIVES: Neurochemical studies on the etiopathogenesis of depression are 
also focusing on the transduction system beyond receptors. Trimeric G-proteins 
play a crucial role in the transmembrane signalling, signal amplification and 
intracellular processing. Abnormalities of G-protein levels are observed in sub-
jects with depression, G-protein modulation is considered to play a role in the 
antidepressant mode of action. 
METHODS: We studied acute or chronic administration of antidepressants from 
different pharmacological groups. We used immunochemical estimation (ELISA) 
of the main types of G-protein alpha subunits from isolated membranes of C6 
glioma cells and rat brain tissue. 
RESULTS: Significant elevation of G alpha q/11 subunits after chronic administra-
tion of sertraline and significant reduction of G alpha s subunit levels following 
both acute and chronic administrations of sertraline were found. In contrast, no 
significant effects on G alpha subunit levels following acute desipramine and 
moclobemide administration were observed in vitro. Chronic moclobemide effect 
in vivo is causing significant elevation of Galpha s and Galpha i1,2 subunit levels. 
CONCLUSIONS: Results show involvement of antidepressant drugs in the C6 
glioma signal transduction cascades modulation in dependence on the antide-
pressant class. Significant influence in the cAMP system modulation is observed 
after administration both SSRI and MAOA inhibitors. Astrocytoma cells – C6 
glioma cells also can offer a model system of the glia where modulation of cell 
signalization cascades can influence cell functioning and production of neu-
rotrophic factor molecules relevant to the antidepressant tratment and depression 
etiopathogenesis. 
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Abbrevations:
AC –  adenylyl cyclase
cAMP –  cyclic adenosine monophoshate
BDNF –  brain derived neurotrophic factor
CREB –  cAMP response element binding protein
G-protein –  trimeric GTP binding protein
GDNF –  glia derived neurotrophic factor
GTP –  guanosine triphosphate
IP3  –  1,4,5 inositol triphosphate
MAOA –  monoaminooxidase A
MAPK –  MAP kinase
NA –  noradrenaline
5-HT –  5-hydroxytryptamine, serotonin
PKA –  protein kinase A
PKC –  protein kinase C
PLC –  phopholipase C
RIMA –  reversible inhibitor of monoaminooxidase A 
SSRI –  selective serotonin reuptake inhibitor
TCA –  tricyclic antidepressant

InTrOduCTIOn 

Although antidepressant medication has been used 
to treat affective disorders for long time, our under-
standing of its action is still incomplete. Nonetheless, 
to act, antidepressants are likely to have one or more 
molecular targets, some of these targets are monoam-
ine uptake sites but it is difficult to reconcile the clini-
cal requirement for chronic drug or electroconvulsive 
shock treatment with uptake inhibition which is con-
temporaneous with acute drug exposure (Donati et al. 
2008). Chronic antidepressant administration results in 
the modulation of the cellular signaling components, 
in the signal transduction from membrane into series 
of downstream cell responses, the key role are playing 
trimeric GTP binding proteins (Spiegel, 1996, Avissar 
and Schreiber 2006).

Signal transduction by GTP-binding proteins (G 
proteins) are most widely recognized mechanisms of 
information signal transducttion induced by first mes-
sengers – neurotransmitters, hormones, chemokines, 
etc. – ligands of receptor (seven transmembrane span-
ning type) coupled to G protein across membrane to 
effector and signal is processed via signalling pathways 
within the cell (Spiegel 1996; Wettschureck and Offer-
manns 2005). These receptors are coupled to limited 
repertoire of G proteins and interact with few effector 
molecules that include adenylylcyclases, phosphodi-
esterases, phospholipase C and various ion channels, 
etc. Trimeric G proteins are composed of 3 subunits : 
functionally highly important is G alpha subunit with 
intrinsic GTPase activity, cooperating with beta/gamma 
subunits. Alpha subunits influence various effectors: G 
s stimulates and G i inhibits adenylylcyclase, G q oper-
ate via phospholipase C, and G(o) is related to ion chan-
nels. In many events effects of G proteins are combined 
(Milligan 1988). There are feedback loops adjusting 
levels of activity in separate signalling pathways, as well 
as significant cross-talk between separate pathways at 

different levels (Spiegel 1996; Wettschureck and Offer-
manns 2005).

Many data suggest that long-term antidepressant 
treatment is facilitating signalization cascade initiated 
by the G alpha s subunit, activation of adenylyl cyclase, 
increased cAMP formation, activation of protein kinase 
A, phosphorylation of transcription factor CREB, and 
facilitation of CREB mediated transcription with sub-
sequent enhanced production of neurotrophins, includ-
ing BDNF (Chen and Rasenick 1995;. Nair and Vaidya 
2006). Resulting changes of neuroplastic changes 
and increased neuroregeneration as an effect of the 
increased availability of neurotrophic factors, are con-
sidered to mediate at least a part of the antidepressant 
effect (Nestler et al. 2002; Duman 2004; Tardito el al. 
2006; Maes 2008). In the activation of CREB by antide-
pressants, besides cAMP pathway, cascade initiated by 
the G alpha q/11 subunits also participates, with final 
activation of PKC and Ca2+/calmodulin-dependent 
kinases signalling to cell nucleus (Shaywitz and Green-
berg 1999; Tiraboshi et al. 2004). 

Antidepressants are modulating cell signalization not 
only in the neuronal cells but also in the non-neuronal 
(glial) ones, and in leukocytes and thrombocytes, this 
refers to the systemic character of the depression disor-
der and dysregulation in different homeostatic systems 
(Maes 2001; 2008; Kovářů and Kovářů 2005; Avissar 
and Schreiber, 2006, Kitzlerová and Anders 2007; Páv 
et al. 2008).

The C6 glioma cell line is widely used to study post-
synaptic antidepressant effect due to expressing sub-
stantial levels of beta-adrenoreceptors tightly coupled 
with adenylyl cyclase There is also no change in the 
content of G-protein subunits or mRNA levels in the 
rat cortex after TCA antidepressant treatment (Emamg-
horeishi et al. 1996, Chen a Rasenick 1995). On the 
hand, fluoxetine (SSRI) induced mRNA changes of G 
alpha subunits were estimated in rat brain (Lesch et 
al. 1992b). The C6 glioma cells are also used to study 
antidepressant effects on Galpha subunit levels and pro-
duction of growth factors or cytokines (Toki et al. 1999; 
Jenab and Quinone-Jenab 2002, Hisaoka et al. 2001; 
2008). 

Altered levels or function of signalling proteins, 
especially the alpha subunits of G-proteins, as well as 
changed mRNA levels were found in post-mortem 
brain tissue of patients suffering from the bipolar disor-
der (Young et al. 1993; Manji et al. 1995). Another data 
demonstrate diminished both G-protein influenced 
cAMP synthesis and G-protein induced activation of 
the phosphatidylinositol system signal transduction in 
post-mortem brain cortex regions of suicide victims 
suffering from major depression (Menkes et al. 1983; 
Pacheco et al. 1996). Depressed patients had markedly 
hypofunctional Galpha s and G i1,2 granulocyte G-pro-
teins, these were suggested as depression „state mark-
ers“, predictors of antidepressant therapeutic response 
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(Avissar et al. 1998; Gurguis et al. 1999; Avissar and 
Schreiber 2006).

In this study we examine acute and chronic effects 
of antidepressants from different classes (TCA, SSRI, 
RIMA) on the rat C6 glioma G alpha subunit levels in 
vitro and in vivo using rat model. Despite a number of 
studies performed with antidepressants from the tri-
cyclic class, there is a limited knowledge assessing the 
effect of newer antidepressants, such as SSRIs or RIMA 
on the Galpha subunit profiles of main G protein types. 
There is also a lack of data accessing dynamics of the 
G alpha level change after sertraline and moclobemide 
administration in comparison with tricyclic antidepres-
sant response.

MATerIAL And MeTHOds

Animals. We used inbred Wistar strain of male rats 
(Charles River Co.) with initial weight 180–200 g fed 
with standard ST1 diet and water ad libitum. Antide-
pressant was administered orally each day (5mg/kg – 
citalopram, and 25mg/kg – moclobemide) for 3 weeks. 
Groups of 6 animals were used, the control group con-
sisted of 6 animals kept under same conditions. All 
procedures were performed in accordance with the 
European convention for care and use of laboratory 
animals, and with the Czech law (246/1992 Coll. and 
later regulations) and. according to recommendation of 
FELASA and European community. 

All chemicals were purchased from SIGMA Co., if 
not indicated otherwise.

Preparation of crude membrane fraction. Cells or 
fragments of brain tissue were homogenised in 50 mM 
Tris-HCl pH 7.4, containing proteolytic inhibitors – 0.1 
mM benzamidine, 0.3mM PMSF (phenyl-methylsul-
phonyl fluoride, 1mM DTT (dithiothreitol) and 1 mM 
EDTA and centrifuged at 1000xg for 10 min at 4 oC. 
Resulting supernatant was then centrifuged at 40,000xg 
for 20 min at 4 o C and membrane protein was extracted 
for 1 hr at 4 o C in 20 mM Tris-HCl pH 8.0 contain-
ing 25mM NaCl, 1mM EDTA and 1% sodium cholate. 
Extract was centrifuged at 100,000xg for 1hr at 4 o C 
and supernatants were stored at –80 oC. 

C6 glioma cell line (ATCC CLM, Rockville, MD) 
was cultured in MEM medium (pH 7.3), supplemented 
with 5% bovine fetal bovine serum in a humified atmo-
sphere of 95% of air and 5% of CO2 at 37°C under stan-
dard condtions for 3 days after splitting, for other details 
(Mareš et al. 1991). Confluent cultures were exposed 
to the antidepressant (final 1µM concentration for all 
tested drugs) for 24 hours (acute model) or five days 
(chronic model); the antidepressant was supplemented 
to medium each day. After exposition to the antidepres-
sant, the cells were washed with PBS, then harvested by 
scraping with rubber policeman in PBS containing pro-
teolytic inhibitors as above mentioned. Cells were then 
three times washed and collected by centrifugation at 

1 000x g, and cholate membrane extracts were prepared 
with anti-proteolytic. solution and stored at –80C.. We 
used physiologically optimal final 1µM concentration 
of antidepressant treatment in vitro. For other details 
(Kovářů et al. 2001).

Alpha subunits of G proteins. We used our rabbit 
monospecific antibodies against C-terminal dekapep-
tides of alpha chains – Gs, Gi1,2 and Gq/11 with amino 
acid according sequences (Milligan 1988, Kovářů et al. 
1998, 2001). In control tests, no cross-reaction of anti-
sera against other C – terminal dekapeptides of alpha 
chains was proved. 

ELISA immunoassay The levels of G alpha sub-
units were estimated in cholate membrane extracts 
(5–10 µg protein/well) by ELISA microplate competi-
tive inhibition immunoassay, compared with Western 
immunoblotting, for other details see (Fišerová et al. 
1997; Kovářů et al. 1998;2001). ELISA immunoassay 
of competitive inhibiton was performed (Tijjsen, 1993; 
Ransnas and Insel, 1989; Lesch and Manji 1992a; Tijj-
sen, 1993) with followed modifications. We used 96 – 
microtitration plates of U shape well for noncovalent 
peptide binding. We used high binding microplates 
(Costar) for Galpha q/11 and G alpha s level estimation 
and Maxisorp microtitration plates (NUNC) for Gα 
i1,2 subunit. Shortly, first antibody was monospecific 
rabbit antibody against.G alpha subunit tested. 

Immunochemical staining with alkaline phosphatase 
conjugated with goat antirabbit IgG and p-nitrophenyl 
phosphate as substrate was used (Tijssen 1993, Kovářů 
et al. 1997b). Quantity of p-nitrophenole formation 
was measured by ELISA reader at 405 nm. Other steps 
during ELISA procedure (washing, etc) were used 
according traditional protocol (Tijjsen 1993).

Statistical analysis. 
All results are expressed as the arithmetical mean +/– 
S.E.M. The differences between experimental samples 
were evaluated by Student’s t- test for unpaired values.

P values smaller than 0.05 were considered signifi-
cant (p < 0.05, marked with(*) and p <0.01 (**)..

resuLTs

Used antidepressants are belonging to the three dif-
ferent pharmacological groups: TCAs (desipramine, 
imipramine), SSRIs (sertraline, citalopram) and RIMA 
(moclobemide). TCAs non-specifically block reuptake 
of noradrenaline and serotonin, as well as histamine 
and muscarine receptors. SSRIs are specific serotonin 
reuptake inhibitors, acting on blockade of serotonin 
transporter SERT, moclobemide is a reversible inhibitor 
of monoaminooxidase A (RIMA), blocking deamina-
tion of serotonin, adrenaline, noradrenaline, melato-
nine, and dopamine.

Fig. 1. summarizes acute effects of administration 
of the antidepressants on the C6 glioma cells culture. 
Results show statistically significant G alpha q/11 sub-



595Neuroendocrinology Letters Vol. 30 No. 4 2009 • Article available online: http://node.nel.edu

Acute and chronic effects of antidepressants on the G-protein alpha subunit profiles in vitro and in vivo

units elevation concurrent with significant decrease 
of G alpha s as an effect of acute sertraline (SSRI) 
administration. In contrast, imipramine (TCA) and 
moclobemide (RIMA) have no effect on the G alpha 
subunits levels. Other G alpha subunits were influenced 
insignificantly. 

We know that antidepressants show therapeutic 
effects within weeks of administration, chronic effect is 
crucial to determine changes taking place in vivo. There-
fore, the 5-day-lasting exposition to the examined drug 
in vitro was performed which is corresponding to the 21- 
day-lasting administration in vivo when usually clinical 
response to the antidepressant treatment is observed. 
In Fig 2, chronic (5 days) antidepressant effect shows 
statistically significant G alpha q/11 subunits elevation 
as an effect of sertraline (SSRI) administration, with G 
alpha s subunit level reduction. Chronic response of the 
C6 glioma cell line is thus similar to the acute exposi-
tion. After chronic administration, imipramine (TCA) 
and moclobemide (RIMA) demonstrate no significant 

elevation of G alpha subunit levels, therefore a certain 
similarity of G alpha subunit profile in comparison with 
the acute effect (Fig.1) can be evident. 

To determine changes occurring in vivo, and to 
allow comparison with in vitro data, we administered 
antidepressants from different classes to rats for 3 
weeks (Fig.3). TCA desipramine induces no significant 
response in G alpha subunit levels in the rat brain mem-
branes. Chronic citalopram (SSRI) effect is elevation of 
G alpha s and G alpha i1,2 subunit levels. Moclobemide 
(RIMA) is also inducing significant increase of G alpha 
s and G alpha i1,2 subunits. 

dIsCussIOn 

Our results demonstrate prominent influence of sertra-
line (SSRI) on the G alpha q/11 system with elevation of 
G alpha q/11 subunit levels after both acute and chronic 
exposures in vitro (Fig. 1,2).. Besides this sertraline 
shows the effect on the G alpha s subunit levels during 
acute and chronic administrations, significantly reduc-
ing its levels. These findings cannot be compared with 
other results, there are no data concerning influence of 
sertraline to the 

G alpha subunits. No significant effects on the 
monoamine receptor or adenylyl cyclase activity during 
chronic administration were found, subacute adminis-
tration of sertraline in vivo results in the down-regula-
tion of beta-adrenoreceptors, protein kinase A activity 
increase in the rat frontal cortex was also observed (Koe 
and Lebel 1995; Tadokoro et al. 1997; 1998). 

In vitro results correspond with chronic exposure 
response of C6 glioma cells of another member of SSRI 

Fig. 1: Results are arithmetical means of 6-8 measurements in 
tetraplets, +/- S.E.M. Indicated values are significant P<0.05 (*), 
P<0.01 (**).n.d. not determined

Fig.3: Results are arithmetical means +/- S.E.M. Indicated values are 
significant P<0.05 (*), P<0.01 (**).

Fig. 2: Results are arithmetical means of 6-8 measurements in 
tetraplets, +/- S.E.M..Iindicated values are significant P<0.05 (*), 
P<0.01 (**).n.d.not determined

Acute antidepressant effect on G alpha subunit 
profiles of C6 glioma cells

Chronic antidepressant administration in vivo 
using rat model

Chronic antidepressant effect on G alpha 
subunit profiles of C6 glioma cells
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group – zfluoxetine during chronic administration, 
previous results of our group show biphasic response 
to fluoxetine administration with initial decrease of G 
alpha q/11 and elevation after chronic administration, 
with no effect on G alpha s levels (Kovářů et al. 2000; 
2001). 

We also demonstrated dynamic changes in levels of 
both G alpha q/11 and G alpha s subunits of peripheral 
blood granulocytes of patients with unipolar depres-
sion during fluoxetine administration on days 3 – 28 
(Kovářů et al. 2000; Kovářů and Kovářů 2005). Due to 
a limited amount of data in the literature, it is neces-
sary to discuss data obtained in different models, a sup-
port for comparability of different models stems e.g. 
from previous results where citalopram shows a similar 
profile of response in in vitro data and in vivo model 
(Kovářů and Kovářů 2005; Páv et al. 2008). 

Effects of G alpha q/11 subunit induce PLC cascade 
activation, and increase of inositol 1,4,5-triphosphate 
production (IP3), and vice versa in our estimations 
correlated both decreased G alpha q/11 subunit lower 
IP3 formation (Kovářů et al. 1998;.Kovářů et al.2000). 
PLC pathway and IP3 stimulate release of Ca2+ from 
intracellular stores and Ca2+- dependent kinases CaMK 
I and IV, and p38-MAPK are subsequently activated, 
etc (Shaywitz and Greenberg 1999; Hisaoka et al. 2008). 
Ca2+ -dependent kinase activation in the antidepres-
sant induced CREB phosphorylation via G alpha q/11 
cascade activation was observed (Tiraboshi et al. 2004). 
Importance of G alpha q/11 initiated cascade is sup-
ported by showing antidepressant effect of elevation 
protein kinase C levels (Sun and Alkon 2005). Other 
consequences of intracellular signalling by antidepres-
sants are not excluded.,e.g. we found apoptic events in 
fluoxetine affected C6 glioma cells (in little population) 
in contrast to no change in cells treated with tricyclic 
antidepressants (Španová et al. 1997).

G alpha q/11 also regulates MAP kinase cascade, 
probably via transactivation mechanisms, participa-
tion of beta-gamma subunit complex is also suggested 
(Hawes et al. 1995; Peavy et al. 2001). When we esti-
mated fluoxetine induced effects on G alpha and G beta 
subunits, also G beta subunit in C6 glioma cells was 
increased (Kovářů et al. 2001). Serotonin 5HT-2 recep-
tors, implicated in the depression etiopathogenesis, or 
the actions of some antidepressants, increase phos-
phoinositide signalization. (Tyeryar and Undie 2007). 
This direct effect upon G alpha subunit levels can not 
be excluded and thus interfere with serotonin receptor 
activation. The effect of sertaline on the G-protein sub-
unit levels of C6 glioma cells therefore corresponds to 
the above discussed results mainly in the G alpha q/11 
cascade modulation. 

Moclobemide in our experiment during short-term 
exposition shows no influence on the G alpha q/11 
subunit levels in vitro (Fig 1,2). But long-term admin-
istration in vivo using rat model leads to the signifi-

cant elevation of the G alpha s and G alpha i1,2 subunit 
levels in brain tissue (Fig 3).. These findings, again, 
cannot be compared with other results because of lack-
ing data in the literature. There is an observation, dem-
onstrating that long-term, but not acute, moclobemide 
treatment significantly increased cAMP binding to the 
PKA in the rat brain cortex (Mori et al. 1998). The dif-
ference between moclobemide induced changes in our 
in vitro and in vivo models emphasizes an important 
component of tissue activity modulation in the action 
of moclobemide (most probably MAOA activity) with 
limited direct modulation of postreceptor G-protein 
signalling machinery in C6 glioma cells. Moclobemide 
thus appears to modulate signalization in the G alpha s/
i1,2 pathways in vivo, interfering with elevation of syn-
aptic neurotransmitter levels and modulation of more 
receptor function, long–term exposition of moclobe-
mide results in the beta-adrenoreceptor desensitization 
(Klimek et al. 1991).

Comparative analyses of TCA antidepressants imip-
ramine and desipramine in vitro and in vivo proved no 
significant changes in G alpha subunit profiles. Results 
show different mode of TCA action in receptor-G pro-
tein-effector transmembrane signalling cascade. Since 
1983 it has been known that TCA antidepressants facil-
itate G-protein activation of adenylyl cyclase without 
altering G-protein content (Menkes et al. 1983; Chen 
and Rasenick 1995). Despite receptor down-regulation, 
clinically effective antidepressant treatment increases 
adenylyl cyclase activity independently of the receptor 
system (5-HT1A, beta-adrenoreceptors), this so-called 
uncoupling is considered to be one of the crucial steps 
in the chronic TCA antidepressant effect (Chen and 
Rasenick 1995,). These findings are in agreement with 
older data showing release of activated G alpha s  from 
membrane to the cytoplasm (Ransnas and Insel 1989, 
Rasenick et al. 1995). Chronic antidepressant treatment 
of C6 glioma cells prevents G alpha s subunit accumu-
lation in cytoskeletal-associated cholesterol and sphin-
golipid-rich detergent-resistant plasma membrane 
domains (membrane rafts), causing its redistribution 
to the cytoplasm (Toki et al. 1999; Donati et al. 2003; 
Donati and Rasenick 2005).

Besides the use as a postsynaptic compartment 
model, C6 glioma cell line can be also considered as 
a model of astrocytic cell. There are findings showing 
that glial cell dysfunction may contribute to the patho-
genesis of depression and participate in antidepressant 
action (Manev et al. 2003; Lee et al. 2007; Rajkowska 
and Miguel-Hidalgo 2007). Antidepressant induced 
changes in the cAMP system in astrocytes exert promi-
nent influence upon cellular shape, reorganization of 
membrane compounds and expression of membrane 
receptors and transporters (Perea and Araque 2005). 
Stimulation of cAMP pathway participates in the phos-
phorylation and activation of nuclear factors, such as 
CREB with subsequent production of neurotrophic fac-
tors relevant to depression including BDNF and GDNF 
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(Hisaoka et al. 2001; 2008). In the production of neuro-
trophins, such a NGF or BDNF by glia is also involved 
Gαq/11 initiated cascade as described above (Miklič et 
al. 2004; Hisaoka et al. 2001; 2008). This may constitute 
another mode of antidepressant effect which can inter-
fere with inhibition of uptake and/or direct modulation 
of postsynaptic signalling cascades in neuronal cells, see 
review (Páv et al. 2008).

COnCLusIOn 

In conclusion, the above discussed results show modu-
lation of C6 glioma cell G alpha subunit profiles of main 
G protein subtypes of C6 glioma cell and the effects of 
sertraline, citalopram (SSRI) and moclobemide (RIMA), 
studied also in vivo. These drugs differ in the pharma-
cological modes of action, and we estimated that their 
influences upon C6 glioma cell G alpha subunit levels 
are antidepressant type dependent. In contrast to tricy-
clic antidepressants which do not significantly influence 
G alpha subunits levels, newer drug molecules modulate 
G-protein subunit profiles in a much larger extent. Our 
comparative study of the antidepressants can contrib-
ute to idea of signalling diversity of different classes of 
antidepressants that act through a postsynaptic trans-
membrane signalling mechanism toward intracellular 
targets. Our results thus offer possibility of consider-
ing modulation of the astrocytic cell type signalling by 
antidepressant influence. This mechanism can be taken 
in account when attempting to elucidate antidepressant 
effect on the complex brain environment and processes 
of neuroplasticity. Further intensive research is there-
fore needed to elucidate more detailed antidepressant 
mechanism of the signalling networks in the neuronal 
and glial cell populations.
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