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ABSTRACT

Chronic antidepressant treatment has been shown to increase
adenylyl cyclase activity, in part, due to translocation of Geag
from lipid rafts to a nonraft fraction of the plasma membrane
where they engage in a more facile stimulation of adenylyl
cyclase. This effect holds for multiple classes of antidepres-
sants, and for serotonin uptake inhibitors, it occurs in the
absence of the serotonin transporter. In the present study, we
examined the change in the amount of Geg in lipid raft and
whole cell lysate after exposing C6 cells to escitalopram. The
results showed that chronic (but not acute) escitalopram de-
creased the content of Gag in lipid rafts, whereas there was no
change in overall Gag content. These effects were drug dose-
and exposure time-dependent. Although R-citalopram has
been reported to antagonize some effects of escitalopram, this

compound was without effect on Geag localization in lipid rafts,
and R-citalopram did not inhibit these actions of escitalopram.
Escitalopram treatment increased cAMP accumulation, and
this seemed due to increased coupling between Geag and ad-
enylyl cyclase. Thus, escitalopram is potent, rapid and effica-
cious in translocating Gag from lipid rafts, and this effect seems
to occur independently of 5-hydroxytryptamine transporters.
Our results suggest that, although antidepressants display dis-
tinct affinities for well identified targets (e.g., monoamine trans-
porters), several presynaptic and postsynaptic molecules are
probably modified during chronic antidepressant treatment,
and these additional targets may be required for clinical effi-
cacy of these drugs.

The selective serotonin reuptake inhibitors (SSRIs) are the
most frequently used drugs for treatment of depressive and
anxiety disorders. However, the mechanism of action at the
molecular and cellular level remains unclear. Certainly, one
effect of SSRIs is binding to the 5-HT transporter and pre-
venting reuptake of 5-HT into serotonergic neurons, increas-
ing serotonergic transmission. However, 5-HT reuptake in-
hibition occurs rapidly, whereas the clinical effects require
several weeks of drug administration. So, gradual changes
should happen in the brain that can match the delayed re-
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sponse of antidepressants. There are several actions of SSRIs
that are of delayed onset. SSRIs seem to elicit hippocampal
neurogenesis (Santarelli et al., 2003); however, the linkage of
this phenomenon to behavior responses to antidepressants
has not been established (Wang et al., 2008). Synaptic rear-
rangement has also been associated with antidepressant ac-
tion (Guest et al., 2004), and this is often linked to increased
brain-derived neurotrophic factor, which, in turn, results
from up-regulated cAMP signaling (Malberg and Blendy,
2005; Gass and Riva, 2007).

On the molecular level, it has long been established that
chronic antidepressant treatment increases the coupling be-
tween Ga, and adenylyl cyclase. Menkes et al. (1983) found
that long-term antidepressant treatment enhanced guanylyl-
5'-imidodiphoshate [Gpp(NH)p]- and fluoride-stimulated ad-
enylyl cyclase activity in rat cortex and hypothalamus mem-
branes (Menkes et al., 1983). This suggested that Go, or

ABBREVIATIONS: SSRI, selective serotonin reuptake inhibitor; 5-HT, 5-hydroxytryptamine (serotonin); Gpp(NH)p, guanyl-5’-imidodiphosphate;
SERT, serotonin transporter; GTPYyS, guanosine 5'-O-(3-thio)triphosphate; TTX, Triton X; DTT, dithiothreitol; ACVI, type VI adenylyl cyclase;

ANOVA, analysis of variance; LSD, least significant difference.
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some Go -associated protein, was one of the targets of chronic
antidepressants treatment (Ozawa and Rasenick, 1989; De
Montis et al., 1990). Further studies from this laboratory
demonstrated that chronic antidepressant treatment of rats
or C6 glioma cells redistributed the Ga, in the plasma mem-
brane, out of lipid raft fractions (Toki et al., 1999; Donati and
Rasenick, 2005) and into nonraft plasma membrane do-
mains. Consistent with this is the observation that Ga, sig-
naling is attenuated in the raft fraction and coupling to
adenylyl cyclase is facilitated in nonraft membrane fractions
(Allen et al., 2005; Head et al., 2006; Allen et al., 2009). It is
noteworthy that these actions occur independently of the
actions of SSRIs on serotonin reuptake transporter (SERT),
as C6 glioma cells lack SERT. Thus, it is hypothesized that
the actions of chronic antidepressants that potentiate the
activation of adenylyl cyclase by Go, are “postsynaptic” in
nature and occur independently of SERT.

Escitalopram is a selective SSRI,; it is the therapeutically
active S-enantiomer citalopram, a racemic 1:1 mixture of
S-(+)-citalopram and R-(—)-citalopram (escitalopram and R-
citalopram; Hyttel et al., 1992). R-Citalopram does not dis-
play the antidepressant action of citalopram and R-citalo-
pram inhibited the action of escitalopram both in vitro and in
behavioral studies (Sdnchez et al., 2004). This was hypothe-
sized to be due to binding of R-citalopram to a separate site
on the SERT. It has also been suggested that escitalopram is
more potent than citalopram clinically and displays an ear-
lier therapeutic onset (Montgomery et al., 2001; Gorman et
al., 2002).

To test whether escitalopram continued to demonstrate
antidepressant effects in a SERT-independent manner, we
treated C6 glioma cells (which lack SERT) with this com-
pound as well as R-citalopram. Escitalopram displayed rapid
and robust “antidepressant activity” as measured by trans-
location of Ga, and increase in Gag-activated adenylyl cy-
clase, whereas R-citalopram was without effect. These effects
of escitalopram were not damped by the presence of R-cita-
lopram, suggesting that the SERT-independent effects of es-
citalopram on Ga, raft localization and enhanced coupling
between Ga, and adenylyl cyclase are molecularly disparate
from those actions at SERT. This study also indicated that
the effects of escitalopram on Ga, are similar, albeit more
potent and efficacious than other antidepressant compounds.

Thus, although several selective targets of antidepressants
have been identified, it is likely that there are several pre-
and postsynaptic molecules that are modified during the
chronic treatment with these compounds and these addi-
tional components are required for clinical effectiveness.

Materials and Methods

Cell Culture and Drug Treatment. C6 cells in 150-cm? flasks
were cultured in Dulbecco’s modified Eagle’s medium, 4.5 g/l glu-
cose, 10% newborn calf serum (HyClone Laboratories, Logan, UT),
and 100 mg/ml penicillin and streptomycin at 37°C in humidified
10% CO, atmosphere. The cells were treated with escitalopram,
R-citalopram (gifts from Lundbeck, Copenhagen, Denmark) or
fluoxetine (Sigma-Aldrich, St. Louis, MO) for 1, 3, or 5 days. Both
escitalopram and R-citalopram were dissolved in dimethyl sulfoxide;
the DMSO group acted as another control group. The culture media and
drug were changed daily. There was no change in morphology of cells
during the period of exposure to antidepressants.

Cell Membrane and Lipid Rafts Preparation. After treat-
ment, cells were washed, and Triton X (TTX)-100 insoluble mem-
brane fractions were prepared as described by Li et al. (1995), with
slight modification (Donati and Rasenick, 2005). In brief, two flasks
of C6 cells were scraped into 0.75 ml of HEPES buffer (10 mM
HEPES, pH 7.5, 150 mM NaCl, 1 mM DTT, and protease inhibitors)
containing 1% TTX-100. Cells were homogenized with 10 strokes of
a Potter-Elvehjem homogenizer. The homogenate was then mixed
with an equal volume of 80% sucrose prepared in HEPES buffer to
form 40% sucrose and loaded at the bottom of an ultracentrifuge
tube. A step gradient was generated by layering, sequentially, 30, 15,
and 5% sucrose over the homogenate. Gradients were centrifuged at
200,000g for 20 h in an SW55 rotor (Beckman, Palo Alto, CA). Two or
three opaque bands were confined between the 15 and 30% sucrose
layers. These bands were removed from the tube, diluted 3-fold with
HEPES buffer, and pelleted in a microcentrifuge at 16,000g. The
pellet was resuspended in HEPES buffer and subsequently analyzed
by immunoblotting.

To prepare membrane fractions, the cellular homogenate was
centrifuged at 1000g for 10 min to remove nuclei, and total cellular
membranes were obtained from the supernatant by 100,000g cen-
trifugation for 30 min. The total membrane pellet was resuspended
into HEPES buffer containing 1% Triton X-100. Samples of mem-
brane pellet were analyzed for specific proteins by immunoblotting.

Measurement of cAMP Accumulation in Antidepressant-
Treated C6 Cells. cAMP accumulation was monitored by measur-
ing [*H]cAMP as described by Obara et al. (2005), with minor mod-
ification. In briefC6 cells, treated with drugs as indicated and
cultured in 12-well plates, were incubated with 4 nCi/ml [*H]adenine
for 24 h at 37°C. Labeled cells were washed once with assay medium
(40 mM HEPES-buffered Dulbecco’s modified Eagle’s medium) and
then incubated with the same medium with and without 10 pM
isoproterenol or 100 wM forskolin at 37°C for 30 min. Reactions were
terminated by addition of ice-cold trichloroacetic acid (5%, final con-
centration), and cell lysates were incubated at 4°C for 3 h. [**C]cAMP
then was added to correct for the recovery of [FH]cAMP. Cells were
scraped into tube on ice. The supernatant was obtained by centrifu-
gation at 15,000g for 30 min and cAMP was isolated by the method
of Salomon (1979). cAMP production was expressed as [’H]cAMP per
[®’Hladenine incorporated into cells (percentage). All assays were
performed in triplicate.

Adenylyl Cyclase Assay. Adenylyl cyclase was assayed as de-
scribed previously (Rasenick et al., 1989). C6 cells were treated as
indicated, harvested, and resuspended in 1 ml of HEPES-sucrose
buffer (15 mM HEPES, 0.25 M sucrose, protease inhibitors, and 1
mM DTT, pH 7.5). The cells were homogenized by 10 strokes with a
Potter-Elvehjem homogenizer. The homogenate was centrifuged at
1000g for 10 min and the nuclear pellet discarded. Membrane frac-
tions were obtained by 100,000g centrifugation for 30 min. The
membranes (pellet) were washed and resuspended in 700 pl of
HEPES buffer (15 mM HEPES, protease inhibitors, and 1 mM DTT,
pH 7.5) and stored at —80°C until use. Then, 25 pg of membranes
was added into a reaction mixture with 10 pM GTP~vS, 10 mM NaF
(+ 20 pM AICly), or 10 pM isoproterenol for 20 min at 30°C in 100 pl
of medium containing 15 mM HEPES, pH 7.5, 0.05 mM ATP, 2.5
wCi/ml [a-*?P]ATP, 5 mM MgC1,, 1 mM EGTA, 1 mM DTT, 0.05 mM
cAMP, 0.01 mM GTP, 0.25 mg/ml bovine serum albumin, 0.5 mM
3-isobutyl-1-methylxanthine, 0.5 mg/ml creatine phosphate, and
0.14 mg/ml creatine phosphokinase. The reaction was terminated by
adding 0.1 ml of a solution containing 2% SDS, 1.4 mM cAMP, and 40
mM ATP. [*?P]cAMP was isolated by the method of Salomon (1979)
using [*H]cAMP to monitor recovery. All assays were performed in
triplicate.

Immunoblotting. Five micrograms of lipid raft fraction, 20 pg of
membrane pellet, or 10 pg of whole cell lysate was subjected to
SDS-polyacrylamide gel electrophoresis. After electrophoresis, pro-
teins were transferred to polyvinylidene difluoride membrane (Mil-
lipore, Billerica, MA). The membranes were blocked with 5% nonfat



dry milk diluted in Tris-buffered saline/Tween 20 solution (10 mM
Tris-HCI, 159 mM NaCl, and 0.1% Tween 20, pH 7.4) for 1 h. After
three washes with Tris-buffered saline/Tween 20, membranes were
incubated with polyclonal rabbit Ga, antibody (1:5000 dilution; Mil-
lipore, Billerica, MA) or polyclonal ACV/VI (1:300; from Richard
Green, University of Illinois, Chicago, IL) or ACII antibody (1:350;
Santa Cruz Biotechnology, Inc., Santa Cruz, CA) overnight at 4°C.
After secondary antibody incubation, immunoreactivity was detected
with an enhanced chemiluminescent detection (GE Healthcare, Lit-
tle Chalfont, Buckinghamshire, UK). Immunoreactive bands were
quantified by ImageQuant software (GE Healthcare) after scanning
densitometry. In all experiments, the original membranes were
stripped with stripping buffer (100 mM B-mercaptoethanol, 62.5 mM
Tris-HCI, and 2% SDS, pH 6.7) and reprobed using a monoclonal
mouse anti-B-actin antibody (1:10,000 dilution), followed by immu-
nodetection. To adjust for protein loading variation, Ga, or ACVI was
normalized for the level of B-actin. Note that although ACII antibod-
ies showed no changes in control versus treated groups, these anti-
bodies are rather nonspecific in cells where ACII expression is low.
Thus, we hesitate to make any conclusion based on data obtained
with them.

Statistical Analysis. All of the experiments were performed at
least three times. Data were analyzed for statistical significance
using a one-way ANOVA followed by Fisher’s LSD test for post hoc
comparisons of means. Values of p < 0.05 were taken to indicate
significance.
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Results

Effect of Escitalopram and R-Citalopram on the Cel-
lular Distribution of Ga,. Gaog localization in lipid rafts is
decreased after chronic antidepressant treatment both in
frontal cortex membranes from rats and in C6 glioma cells,
and coupling between Go, and adenylyl cyclase is increased
(Toki et al., 1999; Donati and Rasenick, 2005). This occurs
without changes in the content of Ga,. To test whether es-
citalopram had similar effects, C6 cells were exposed to es-
citalopram, R-citalopram, or fluoxetine, respectively. The re-
sults show that both escitalopram and fluoxetine reduced
amount of Gay, in the lipid raft compared with drug-free control
cells, whereas R-citalopram was without effect (Fig. 1a). As
shown in Fig. 1b, total Ga, content was not changed.

Escitalopram Translocates Ga, from Lipid Rafts in a
Dose- and Time-Dependent Manner. To further charac-
terize the effect of escitalopram on the amount of Gay in lipid
rafts, C6 cells were treated with 0, 0.2, 1, 5, and 10 pM
escitalopram, respectively, for 3 days. There was an escita-
lopram dose-dependent displacement of Go, from lipid rafts
(Fig. 2). Escitalopram is more potent than fluoxetine or tri-
cyclic compounds (Toki et al., 1999; Donati et al., 2001). To
determine the time dependence of escitalopram treatment,
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Fig. 1. Effect of escitalopram and R-citalopram on the cellular and lipid rafts content of Ga,. a, C6 cells were treated chronically with fluoxetine (Flu),
escitalopram (Esc), and R-citalopram (R-cit) (at 10 pM for 3 days). The detergent-insoluble lipid rafts were obtained by sucrose density gradients

fractionation and analyzed by SDS-polyacrylamide gel electrophoresis and

immunoblot for Ge, content. A representative blot of Ge, protein is shown

(top); the same blot was reprobed for actin (bottom). The figure shows the percentage of change in Ga, protein above control in the lipid raft membrane
fractions from three independent experiments. b, Ga, content in whole cell lysates detected with immunoblots (top) in comparison with actin (bottom).
The figure is a quantification of Ga, protein in whole cell lysates and is presented as a percentage of control (n = 3). Data were analyzed by one-way
ANOVA followed by Fisher’s LSD test for post hoc comparisons of means. Data are represented as mean *+ S.E.M. (*, p < 0.05; ##%, p < 0.001 versus

control).
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Fig. 2. Escitalopram-induced translocation of Ga, from lipid rafts is dose-dependent. C6 cells were treated with 0.2, 1, 5, and 10 uM escitalopram,

respectively, for 3 days, and detergent-insoluble lipid rafts were obtained

as described in Fig. 1. The quantity of Ga, in lipid rafts was determined by

Western blotting. A representative blot of Ga, protein is shown (top) as well as actin protein (bottom). The figure shows the percentage of change in
Gua, protein above control in the lipid raft membrane fractions (n = 4). Data were analyzed by one-way ANOVA followed by Fisher’s LSD test for post
hoc comparisons of means. Data are represented as mean = S.E.M. (+#, p < 0.01; ##%, p < 0.001 versus control).
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Fig. 3. Time course for escitalopram-induced translocation of Ga, from lipid rafts. C6 cells were cultured for 5 days and drug was initiated in the
final 1, 3, or 5 days of this period with escitalopram at the indicated dose. Cells treated for 1 day were grown for 4 days and treated for the final

24 h, and those treated for 3 days were grown for 2 days before esci

talopram treatment. Subsequent to treatment, lipid raft fractions were

isolated as described above. Data were analyzed by one-way ANOVA followed by Fisher’s LSD test for post hoc comparisons of means. Data are

represented as mean + S.E.M. (, p < 0.05; #*, p < 0.01; #**, p < 0.00

1 versus control). a to ¢, Ga, protein contents in lipid rafts were detected

by immunoblot (top) and compared with actin as a loading control (bottom) after C6 cells were treated with 1 pM escitalopram (Esc) for 1, 3,
and 5 days, respectively (1 and 2 pM Esc; n = 4; 5 pM Esc, n = 3). C, control. d, compiled time course data for multiple experiments.

C6 cells were exposed to medium containing 1, 2, or 5 pM
escitalopram for a total 5 days and drug was initiated in the
final 1, 3, or 5 days of this period. Figure 3, a to ¢, shows
representative immunoblots, revealing that the content of
Ga, in lipid rafts decreased after cells were treated with 1, 2,
or 5 uM escitalopram. Figure 3d shows that a significant
reduction of Ga, from lipid rafts occurred in every treatment

regimen compared with 0 day except for 1 day treatment with
1 pM escitalopram.

R-Citalopram Does Not Antagonize the Escitalo-
pram-Induced Redistribution of Ge, from Lipid Rafts.
The distribution of Ga, in lipid rafts was analyzed after
treatment of cells with 1 wM escitalopram with or without
R-citalopram (1 or 5 uM). We chose 5 pM R-citalopram because
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Fig. 4. R-Citalopram does not inhibit escitalopram-induced translocation of Go from lipid rafts. C6 cells were treated with escitalopram (1 pM) alone
or together with R-citalopram (1 or 5 wM) for 3 days. After treatment, lipid raft fractions were isolated as described above. A representative
immunoblot shows Ga, protein (top) and actin protein (bottom) in lipid rafts. The figure shows the percentage of change in Gay protein above control
in the lipid raft membrane fractions (n = 5). Data were analyzed by one-way ANOVA followed by Fisher’s LSD test for post hoc comparisons of means.

Data are represented as mean = S.E.M. (¥, p < 0.05 versus control).

clinical studies have shown that levels of R-citalopram are
higher than escitalopram in citalopram-treated subjects at
steady state. Regardless, R-citalopram did not inhibit escitalo-
pram-induced translocation of Ga, from lipid rafts (Fig. 4).
Prior studies suggested inhibition of escitalopram by the
R-enantiomer, but it was suggested that the compound
bound to two different sites on SERT (Plenge et al., 2007).
The effects seen here are independent of SERT, which is
not present in C6 cells, and are consistent with a lack of
R-citalopram effect.

Escitalopram Treatment Enhances Isoproterenol,
but Not Forskolin-Induced cAMP Accumulation in C6
Cells. Previous studies reported that the B-receptor binding
and isoproterenol-stimulated adenylyl cyclase were de-
creased in limbic forebrain of rats by chronic antidepressants
treatment (Vetulani and Sulser, 1975). The “postsynaptic”
C6 cells show that these effects are temporally unrelated and
that down-regulation of B-receptor/G, coupling precedes an-
tidepressant-induced augmentation of G,-activated adenylyl
cyclase (Chen and Rasenick, 1995b). Furthermore, citalo-
pram was not seen to alter B-receptor-elicited cyclic AMP
accumulation or B-receptor density (Sapena et al., 1994). We
examined cAMP accumulation after escitalopram treatment.
There is no difference in basal activity between control and
escitalopram groups. Nevertheless, escitalopram-treated
cells showed marked increase in cAMP accumulation in re-
sponse to isoproterenol (Fig. 5). Neither escitalopram nor
R-citalopram has any effect on intrinsic cAMP accumulation,
as both basal and forskolin-stimulated cAMP-accumulation
are comparable in untreated, escitalopram-treated, and R-
citalopram-treated cells. Previous work suggests that antide-
pressant treatment does not change agonist sensitivity for
cAMP accumulation (Sapena et al., 1994; Chen and Ra-
senick, 1995b), rendering it likely that escitalopram acts by
increasing coupling between Go, and adenylyl cyclase in
nonraft membrane regions.
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Fig. 5. Chronic escitalopram (Esc) treatment potentiates G protein-cou-
pled receptor-activated cAMP production. C6 cells grown in 12-well plates
were exposed to 10 uM escitalopram or R-citalopram after plating for a
period of 3 days (n = 3). On day 2, cells were also incubated for 24 h with
4 wCi/ml [2,8-°H]adenine to label the total pool of cellular ATP. Cells were
washed with serum-free Dulbecco’s modified Eagle’s medium (without
Esc or [*H]adenine) and incubated with or without 10 wM isoproterenol or
100 pM forskolin at 37°C for 30 min. cAMP production was expressed as
[*H]cAMP relative to [*H]adenine incorporated into cells (percentage of
conversion of [*H]adenine to [*H]cAMP). Data presented are the mean
values * S.E.M. from three independent experiments performed in trip-
licate. Data were analyzed by one-way ANOVA followed by Fisher’s LSD
test for post hoc comparisons of means (+#*, p = 0.001 versus control).

Escitalopram Treatment Enhances Ga,-Stimulated
Adenylyl Cyclase Activity in C6 Membranes. To further
confirm that Ga, is the target of escitalopram action, fluoride
or GTPyS-induced adenylyl cyclase activity was examined in
membranes from cells treated with escitalopram. Escitalo-
pram (at 10 uM for 3 days) did not alter basal activity of
adenylyl cyclase in membranes but resulted in a significant
increase in fluoride or GTPyS-induced adenylyl cyclase ac-
tivity (Fig. 6). Chronic escitalopram treatment also resulted
in a significant increase in isoproterenol-induced adenylyl
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Fig. 6. Escitalopram treatment increases on GTPvyS, fluoride and
isoproterenol-induced adenylyl cyclase activity in C6 membranes. C6
cell membranes were made from cells exposed to medium contain-
ing 10 pM escitalopram for 3 days (n = 4). The membranes were
assayed for adenylyl cyclase activity as described under Materials
and Methods. Data represented as mean *+ S.E.M. of triplicate
determinations from one of four similar experiments are shown. Data
were analyzed by one-way ANOVA followed by Fisher’s LSD test for
post hoc comparisons of means (x%, p < 0.01; ***, P < 0.001 versus
control).

cyclase activity (Fig. 6), and these results were consistent
with the results from intact cells. Furthermore, the escitalo-
pram-induced increase in Gog-activated adenylyl cyclase did
not result from an intrinsic increase in adenylyl cyclase, as
immunoblots for ACVI, the dominant adenylyl cyclase iso-
form in C6 cells, showed no change subsequent to drug treat-
ment (Fig. 7).

Discussion

5-HT transporters show selective and specific binding for
SSRIs, including escitalopram; thus, it is difficult to explain the
requirement for chronic treatment with these compounds to
observe clinical effects. Previous results have suggested that
Ga/adenylyl cyclase coupling was one of the targets of antide-
pressant action and that chronic treatment (3 weeks in rats and
3 days in cells) was required to observe this effect (Menkes et
al., 1983; Ozawa and Rasenick, 1989; Chen and Rasenick,
1995b). Later studies demonstrated antidepressant treatment-
induced increases in Gas/adenylyl cyclase from a TTX-100-
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insoluble membrane domain to a TTX-100-soluble membrane
(Toki et al., 1999). These results are consistent with a study
revealing that a number of antidepressant drugs concentrate in
lipid rafts subsequent to chronic treatment (Eisensamer et al.,
2005). Allen et al. (2005) demonstrated that Go is internalized
from lipid rafts after receptor activation and that disruption of
rafts, either by cholesterol depletion or caveolin knockdown,
inhibits internalization.

It is suggested that the efficiency of Ga, signaling is
attenuated in lipid rafts and this has been demonstrated
using genetic manipulation of raft proteins in both cells
and animals (Allen et al., 2009). These most recent data
demonstrate more efficient coupling of Ga, to adenylyl
cyclase in the nonraft plasma membrane domains. A pre-
vious study also provided evidence that Ga, signaling was
inhibited in TTX-100-insoluble membrane (Li et al., 1995).
These are also consistent with the notion that chronic
treatment with antidepressants increases the coupling be-
tween those signaling molecules in the nonraft membrane
regions.

In this vein, we set out to test whether escitalopram al-
tered Ga, localization in lipid rafts and facilitated G, protein
coupling with adenylyl cyclase and how this might be altered
by R-citalopram. The results showed that escitalopram does
prevent Gag localization in lipid rafts, whereas R-citalopram
did not change the amount of Ge, in lipid rafts. These results
are consistent with clinical effects of these compounds.

Although R-citalopram has no reuptake inhibition proper-
ties, several in vitro and in vivo experiments have found that
it could counteract the effect of escitalopram (Sanchez et al.,
2003; Sanchez et al., 2004). The mechanism through which
R-citalopram exerts its inhibition on escitalopram is not yet
established. However, it is proposed that there exist at least
two binding sites on SERT for inhibitors and 5-HT, a pri-
mary, high-affinity binding site and a low-affinity allosteric
site (Chen et al., 2005). The high-affinity site mediates the
action of uptake inhibitors, whereas the low-affinity site
modulates the binding of uptake inhibitor and 5-HT. It is
suggested that the action of escitalopram on inhibiting up-
take of 5-HT is attenuated because the binding of R-citalo-
pram with the allosteric site results in a conformational
change in SERT (Plenge et al., 2007). These data are consis-

Control  Flu Esc R-cit

Fig. 7. C6 cells were treated chronically with fluoxetine (Flu), escitalopram (Esc), and R-citalopram (R-cit) (at 10 uM for 3 days). Total cellular
membranes were obtained as described under Materials and Methods. The quantity of ACVI in the membrane was determined by Western blotting.
A representative immunoblot shows ACVI (top) and actin protein (bottom) in membrane. The figure is a quantification of ACVI protein, represented
as a percentage of control (n = 3). Data were analyzed by one-way ANOVA followed by Fisher’s LSD test for post hoc comparisons of means. Data are

represented as the mean = S.E.M.



tent with the notion that escitalopram and R-citalopram
exert their effects at different binding sites. Concomitant
incubation of C6 cells with escitalopram and R-citalopram
suggested little interaction between these drugs, with no
inhibition of the effects of escitalopram by R-citalopram (Fig.
4). Note, however, the cells used in this study comprise a
model “postsynaptic” system and lack SERT. Thus, the lack
of inhibitory effects of R-citalopram is not surprising. Per-
haps more importantly, these data suggest multiple sites of
action for SSRIs (and perhaps other antidepressants).

Several previous studies demonstrated that chronic anti-
depressant treatment enhanced Gpp(NH)p or forskolin (pos-
treceptor)-stimulated adenylyl cyclase activity on rat brain
membrane (Menkes et al., 1983; Ozawa and Rasenick, 1989;
De Montis et al., 1990). It is suggested that Gag,-adenylyl
cyclase coupling may be an important modulator of antide-
pressant action. The observed decrease in Gpp(NH)p or for-
skolin-stimulated adenylyl cyclase in brain membranes of
depressed patients was consistent with this notion (Cowburn
et al., 1994). Treatment of animals with chronic citalopram
did not decrease B-receptor density (Holoubek et al., 2004),
and isoproterenol-stimulated cAMP accumulation is in-
creased after escitalopram treatment. Given the increase in
fluoride-activated adenylyl cyclase subsequent to escitalo-
pram treatment, the most likely explanation for escitalopram
effects is an increase in coupling between Ga, and adenylyl
cyclase in nonraft fractions of the plasma membrane. Previ-
ous studies show no chronic antidepressant-induced change
in amount, activity or distribution of Ge; or Ge, (Chen and
Rasenick, 1995b; Toki et al., 1999; Donati et al., 2001). It
seems that antidepressants-induced translocation is unique
to Ga,. Note, however, these data do not indicate that Ge, is
a direct target for antidepressant drugs. Because many of
these drugs concentrate in lipid raft fractions during the
course of treatment (Eisensamer et al., 2005), it is entirely
possible that an “antidepressant binding site” involves some
lipid moiety.

It is noteworthy that experiments with human cerebral
cortex tissue consistently show dysfunctional cAMP signal-
ing in depressed suicide subjects (Dwivedi et al., 2002; Pan-
dey et al., 2005). Consistent with this, Ga, is enriched in lipid
raft fractions from these same suicide samples relative to
controls (Donati et al., 2008). In this study, escitalopram
increased both fluoride and GTPyS-induced activation of ad-
enylyl cyclase activity. Immunoprecipitation experiments
have suggested an increased physical interaction between
Ga, and adenylyl cyclase after chronic antidepressant treat-
ment (Chen and Rasenick, 1995a), and these studies are
consistent. Thus, escitalopram changes the cellular localiza-
tion of Ga, from lipid raft, resulting in enhancement in cou-
pling between Ge, and adenylyl cyclase in nonraft fractions.

We hypothesize that chronic escitalopram treatment alters
the association between Ga, and some specific membrane
component that target Ga, to lipid rafts. Such altered inter-
actions would render Go, more available to adenylyl cyclase
in nonlipid raft membranes. Lipid rafts are defined not only
by their enriched cholesterol but also by their enriched cy-
toskeletal association. It has been reported that the G pro-
tein-coupled receptor-G,-AC pathway is inhibited by intact
cytoskeleton when cytoskeleton interacts with some signal-
ing components localized in lipid rafts and caveolae (Head et
al., 2006). Donati and Rasenick (2005) demonstrated that the
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microtubule disrupting agent, colchicine, also decrease the
proportion of Ga in lipid rafts, auguring a complex relation-
ship between Ga, in those structures and the cytoskeleton.
These data suggested that membrane-associated microtu-
bules may sequester inactive G, in lipid rafts. Recently, it
was reported that chronic fluoxetine treatment increased
microtubule dynamics in rat hippocampus (Bianchi et al.,
2009). A greater proportion of the tubulin pool in the depo-
lymerized state leads to more Ga, activated. It has been
shown that microtubule-disrupting agents such as colchicine
and vinblastine increase G, protein-mediated activation of
adenylyl cyclase (Kennedy and Insel, 1979; Rasenick et al.,
1981; Head et al., 2006). Toward this end, effects of antide-
pressants on microtubules or tubulin in lipid rafts and their
association with Ga, have yet to be examined. Comparisons
of R-citalopram and escitalopram in this regard will prove
useful, as the former compound represents an ideal control.

This report contributes to the notion that although several
antidepressants have a “specific” binding site (e.g., trans-
porter inhibition, inhibition of monoamine catabolism), these
sites may not fully account for their antidepressant activity.
This is especially true in light of the chronic treatments
required for clinical effects of these drugs and the existence of
antidepressants that inhibit neither uptake nor monoamine
breakdown. It is likely that several presynaptic and postsyn-
aptic molecular cascades contribute to the antidepressant
effects (Millan, 2006) and that the translocation of Gog to
nonraft membrane domains results from one of these. It
seems that, similar to many antidepressant compounds, es-
citalopram also has a postsynaptic action. Chronic treatment
effectively moves Ga, out of lipid rafts into a greater coupling
with adenylyl cyclase. Although Ga, is unlikely to be a direct
target of escitalopram or any other antidepressant, the lib-
eration of that protein from lipid raft anchors represents one
consistent molecular aspect of antidepressant treatment.
Hopefully, experiments with simple systems will assist in
further dissection of the molecular pathways involved in the
therapeutic actions of antidepressants as well as those in-
volved in the pathogenesis of depression and other mood
disorders.
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