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5-HT7 Receptor Is Coupled to G� Subunits of Heterotrimeric
G12-Protein to Regulate Gene Transcription and
Neuronal Morphology
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The neurotransmitter serotonin (5-HT) plays an important role in the regulation of multiple events in the CNS. We demonstrated recently
a coupling between the 5-HT4 receptor and the heterotrimeric G13-protein resulting in RhoA-dependent neurite retraction and cell
rounding (Ponimaskin et al., 2002). In the present study, we identified G12 as an additional G-protein that can be activated by another
member of serotonin receptors, the 5-HT7 receptor. Expression of 5-HT7 receptor induced constitutive and agonist-dependent activation
of a serum response element-mediated gene transcription through G12-mediated activation of small GTPases. In NIH3T3 cells, activation
of the 5-HT7 receptor induced filopodia formation via a Cdc42-mediated pathway correlating with RhoA-dependent cell rounding. In
mouse hippocampal neurons, activation of the endogenous 5-HT7 receptors significantly increased neurite length, whereas stimulation
of 5-HT4 receptors led to a decrease in the length and number of neurites. These data demonstrate distinct roles for 5-HT7R/G12 and
5-HT4R/G13 signaling pathways in neurite outgrowth and retraction, suggesting that serotonin plays a prominent role in regulating the
neuronal cytoarchitecture in addition to its classical role as neurotransmitter.

Key words: 5-HT; serotonin; G-protein-coupled receptor; heterotrimeric G-protein; small GTPases; gene transcription; neuronal
morphology

Introduction
Five-hydroxytryptamine (5-HT; serotonin) is an important neu-
romodulator involved in a wide range of physiological functions.
The effects of serotonin are mediated by a large family of recep-
tors, either ionotropic or coupled to second-messenger cascades
(Barnes and Sharp, 1999). With the exception of the 5-HT3 re-
ceptor, which is a cation channel, all other 5-HT receptors belong
to the superfamily of seven transmembrane-spanning receptors
that are coupled to multiple heterotrimeric G-proteins. Among
these receptors, the most recently cloned is the 5-HT7 type. Ini-
tially, the 5-HT7 receptor was determined to be coupled to the
Gs-protein to stimulate adenylyl cyclase activity and to produce
cAMP, followed by the activation of protein kinase A (PKA)
(Shen et al., 1993). Functionally, the 5-HT7 receptor has been
associated with a number of physiological and pathophysiologi-
cal phenomena, such as 5-HT-induced phase shifting of the cir-

cadian rhythm or age-dependent changes in circadian timing
(Lovenberg et al., 1993; Duncan et al., 1999). A large amount of
experimental data suggests that 5-HT7 receptors are involved in
the induction of sleep and the development of hypothermia
(Hedlund et al., 2003; Thomas et al., 2003).

Heterotrimeric guanine nucleotide-binding proteins (G-
proteins) are expressed in all eukaryotic cells and provide a major
mechanism for the regulation of cellular responses by transduc-
ing signals from the cell surface. The G12-protein family consists
of the ubiquitously expressed G�12 and G�13 subunits (Strath-
mann and Simon, 1991), which regulate a variety of cellular re-
sponses, including transformation of fibroblasts (Voyno-
Yasenetskaya et al., 1994; Xu et al., 1994), activation of Jun
N-terminal kinase and serum response element (SRE) (Prasad et
al., 1995; Collins et al., 1996; Fromm et al., 1997), stress fiber
formation (Buhl et al., 1995), and neurite retraction in PC12 cells
(Katoh et al., 1998). Although G12- and G13-proteins share a
high amino acid sequence homology (67%), their functional
properties are not completely overlapping. For example, G�13
knock-out mice die during early embryonic development (Offer-
manns et al., 1997), whereas mice with a disrupted G�12 gene are
viable and fertile (Gu et al., 2002).

Prominent downstream effectors in G12-mediated signaling
are the members of the Rho family of small GTPases (Rho, Rac,
and Cdc42), which regulate a variety of cellular activities by con-
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trolling the actin cytoskeleton or gene expression (Hall, 1998).
Rho GTPases are widely expressed in multiple neural tissues and
appear to function as key mediators that link the guidance signal
to cytoskeletal rearrangements (Yamamoto et al., 1989; Olenik et
al., 1999). Marked changes in morphology, motility, and guid-
ance of axons have been observed in response to activation of Rho
family GTPases both in vitro and in vivo (Zipkin et al., 1997;
Ruchhoeft et al., 1999; Ng et al., 2002). In general, these studies
suggest that Rac and Cdc42 are positive regulators promoting
neurite extension and growth cone protrusion. Conversely, acti-
vation of RhoA induces stress fiber formation, leading to the
growth cone collapse and neurite retraction (Sebok et al., 1999;
Lee et al., 2000; Li et al., 2000).

We recently demonstrated coupling between the 5-HT4 re-
ceptor and G13-protein (Ponimaskin et al., 2002). We also have
shown that 5-HT4 receptor-dependent activation of G�13 leads
to RhoA-mediated cell rounding and neurite retraction. In the
present study, we identified G12 as an additional G-protein that
can be activated by the 5-HT7 receptor. We also revealed that the
5-HT7 receptor may regulate the SRE-mediated gene transcrip-
tion as well as modulation of neuronal morphology through the
G�12-dependent activation of RhoA and Cdc42 GTPases.

Materials and Methods
Materials. SRE.L-luciferase reporter plasmid was provided by Paul Stern-
weis (University of Texas Southwestern Medical Center, Dallas, TX).
RhoA(N19) was obtained from the Guthrie Research Institute (Sayre,
PA). [ 35S]GTP�S (1300 Ci/mmol) was purchased from Hartmann Ana-
lytic (Braunschweig, Germany). An ECL Western blot analysis system
and peroxidase-conjugated secondary antibodies were purchased from
Amersham Biosciences (Braunschweig, Germany). Enzymes used in mo-
lecular cloning were obtained from New England Biolabs (Frankfurt am
Main, Germany). 5-HT, 5-carboxyamidotryptamine (5-CT), 8-hydroxy-
2(di-n-propylamino)tetralin, and Protein A-Sepharose CL-4B beads
were obtained from Sigma (Deisenhofen, Germany). BIMU8 was kindly
provided by Boehringer Ingelheim (Ingelheim, Germany). TC-100 insect
cell medium, DMEM, fetal calf serum (FCS), 2� YT medium, Cellfectin,
and Lipofectamine2000 reagents were purchased from Invitrogen
(Karlsruhe, Germany). Anti-myc epitope antibodies as well as G�i, G�s,
G�13, G�12, and G�q antibodies were purchased from Santa Cruz Bio-
technology (Heidelberg, Germany). The G�12 antibody AS1905 has
been described previously (Ponimaskin et al., 1998). The dominant-
negative RhoA, Rac1, and Cdc42 were purchased from the Guthrie Re-
search Institute.

Recombinant DNA procedures. All basic DNA procedures were per-
formed as described by Sambrook et al. (1989). The m5-HT7a cDNA was
kindly provided by Isabel Bermudes (Oxford Brookes University, Ox-
ford, UK). The m5-HT7 cDNA was amplified by PCR with specific prim-
ers to create 11 amino acids Myc-tag (MEQKLISEENL) at the N terminus
of the receptor. The PCR fragment was ligated into pcDNA 3.1(�) or
pFastBac plasmids (Invitrogen). Recombinant baculoviruses encoding
the Myc-5-HT7 receptor were constructed, purified, and amplified as
described previously (Veit et al., 1994).

For expression in NIH3T3 cells, murine 5-HT7 cDNA was cloned into
the pTracer-CMV2 donor plasmid (Invitrogen). Construction of the
5-HT4-pTracer-CMV2 plasmid has been described previously (Poni-
maskin et al., 2002). To create 5-HT7-green fluorescent protein (GFP)
and 5-HT4-GFP chimeras with C-terminal GFP fusion, receptor-coding
sequences were amplified by PCR and then ligated into the pEGFP-N1
plasmid (Clontech, Cambridge, UK). All constructs were verified by
double-stranded dideoxy DNA sequencing at the level of the final
plasmid.

Assay for [35S]GTP�S binding in membranes of Sf.9 cells. Agonist-
promoted binding of [ 35S]guanosine 5�-(3-O-thio)triphosphate to dif-
ferent G-proteins induced by stimulation of 5-HT7 receptor was per-
formed according to the study by Ponimaskin et al. (1998).

Adherent cell culture and transient transfection. NIH3T3 cells were

grown in DMEM containing 10% FCS and 1% penicillin/streptomycin at
37°C under 5% CO2. For transient transfection, cells were seeded at low
density (8 � 10 5) into 35 mm dishes or into 10 mm coverslips (5 � 10 5)
and transfected with 1 �g of pTracer or pTracer/5-HT7 vectors using
Lipofectamine2000 Reagent (Invitrogen) according to the instructions of
the manufacturer. In several experiments, plasmids encoding for the
dominant-negative mutants RhoA(N19) or Cdc42(N17) were also co-
transfected. Ten hours after transfection, cells were starved for different
time intervals (16 –36 h) before analysis.

Reporter gene assays. SRE-dependent and cAMP response element-
binding protein (CREB)-dependent gene expression was determined by
the SRE.L reporter and CREB “PathDetect” trans-reporting systems
(Stratagene, La Jolla, CA), respectively. Before the experiment, cells were
serum starved overnight. The cells were washed twice with PBS and lysed
in protein extraction reagent, and the cleared lysates were assayed for
luciferase and �-galactosidase (�-gal) activity using the corresponding
assay kits (Promega, Madison, WI). Luciferase activities were measured
with a Sirius Luminometer Berthold Detection System (Berthold, Bad
Wildbad, Germany). Luciferase activity of each sample was normalized
to �-galactosidase activity to correct for the differences in transfection
efficiency and is expressed as the fold increases over control. In control
experiments, cAMP-induced PKA activation was determined by the
CREB assay PathDetect system (Stratagene). Data represent mean �
SEM of triplicate determinations.

Measurement of Rho and CdC42 activity. Direct activation of Rho pro-
teins was determined by using a pull-down assay (Niu et al., 2003). pGEX
expression vectors encoding glutathione S-transferase (GST) fusion pro-
teins that contain the isolated GTP-dependent binding domains of the
Rac1 and Cdc42 effector p21-activated kinase 1 (PAK1) [amino acids
70 –132 of PAK1; PAK Rac-binding domain (RBD)] or the RhoA effector
rhotekin (amino acids 7– 89 of rhotekin; rhotekin RBD) were used for the
bacterial expression of GST fusion proteins. Resulting Western blots
were quantified by densitometry.

Morphological analysis of NIH3T3 cells. At 14 –16 h after transfection
with pTracer vectors cells were washed and incubated for 24 –36 h in
serum-free DMEM to induce morphological differentiation. Agonist-
induced changes in cell shape were monitored using the laser-scanning
microscope LSM510 Meta Zeiss (Zeiss, Jena, Germany) at 20� magnifi-
cation with appropriate GFP filter settings. Experiments were performed
at 37°C in bicarbonate/CO2-buffered DMEM. Cells were either scored as
rounded, flattened, or flattened with filopodia (“filopodia-bearing”) that
reached a length of at least twice the cell body diameter For each trans-
fection, the percentage of rounded, flattened, and filopodia-bearing cells
was calculated from �300 green cells. Experiments were performed in
duplicate per transfection, and morphologies were scored blindly (i.e.,
without knowledge of experimental conditions). An average percentage
was calculated from at least four independent experiments.

Preparation and transfection of hippocampal neurons. Cultures of hip-
pocampal neurons were prepared from 1- to 2-d-old Naval Medical Re-
search Institute mice. Cells were dissociated by trypsin treatment and
plated in DMEM supplemented with 10% FCS onto 10 mm glass cover-
slips coated with Matrigel (BD Biosciences, Franklin Lake, NJ). After 4 h,
the medium was replaced by DMEM supplemented with 5% FCS, 2%
B27, 100 mg/L insulin, 100 mg/L transferrin, and 5 �M cytosine arabino-
side. Cultures were maintained at 37°C in a humidified incubator gassed
with 5% CO2. Cells were transiently transfected either by electroporation
with Nucleofector I electroporator (Amaxa, Cologne, Germany) (Dityat-
eva et al., 2003) or by using Lipofectamine2000 reagent (Invitrogen)
according to the protocol of the manufacturer.

Neurite outgrowth measurements. Agonists/antagonists of 5-HT recep-
tors were added to cultures 4 or 18 h after cell plating, as indicated in
Results. Twenty-four hours after plating, cells were briefly washed with
PBS and fixed with 4% formaldehyde in PBS. Untransfected cultures
were stained with toluidine blue, and the inverted microscope Axiovert
135 and Kontron imaging system (Kontron Elektronik, Eching, Ger-
many) were used for image acquisition of stained cells and operator-
controlled tracing of neurites. For analysis of neurons nucleofected with
5-HT7-GFP or GFP expression vectors (1 �g per 10 6 cells), cells were
visualized and traced using the laser-scanning confocal microscope
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LSM510-based imaging system (Zeiss). The number, total, and mean
lengths of branches per neuron were measured. Statistical evaluation was
performed using the paired t test applied to compare the averaged values
derived from three independent experiments.

Immunohistochemistry. For immunostaining, cell cultures were fixed
by addition of an equivalent volume of formaldehyde (8% in PBS) for 10
min followed by incubation in 4% formaldehyde/PBS for an additional
20 min. Free formaldehyde was quenched with 50 mM glycine for 15 min,
and cells were permeabilized with Triton X-100 (0.5% in PBS) for 3 min.
After incubation in blocking solution (10% BSA in PBS), cells were ex-
posed to primary antibodies directed against G�13 or G�12 at a dilution
of 1:100 and 1:500, respectively. Secondary antibody [Alexa Fluor 546
(Molecular Probes, Eugene, OR) diluted 1:1000 or Cy2 (Dianova, Ham-
burg, Germany) diluted 1:400 in PBS containing 2% BSA] was added to
the cells for 1 h. For visualization of F-actin, fixed and permeabilized cells
were stained with FITC-conjugated phalloidin (Sigma) for 1 h. Cover-
slips were mounted in fluorescent mounting medium (DakoCytoma-
tion, Ely, UK) and analyzed by laser-scanning confocal microscopy using
a 63� water-immersion objective.

Results
The 5-HT7 receptor specifically activates the G�12 subunit
In the present study, we evaluated G-proteins interacting with the
5-HT7 receptor by using the baculovirus expression system. A
high-titer baculovirus stock containing cDNA of the murine
5-HT7 receptor that was tagged with a Myc-epitope at the N
terminus was used for infection of Sf.9 insect cells.

Specific G-protein coupling was evaluated by a [ 35S]GTP�S-
binding assay, which determines the GDP–GTP exchange on the
G� subunit. Membranes from Sf.9 cells coinfected with baculo-
viruses that encode different mammalian G-proteins (in all cases,
the appropriate G� subunit was coexpressed with �1 and �2 sub-
units) and 5-HT7 receptors were incubated in the presence of
[ 35S]GTP�S. To evaluate whether receptor activation could in-
crease GTP�S binding, cells were incubated in the presence or
absence of a receptor agonist. Subsequently, G�-specific antibod-
ies were used to immunoprecipitate appropriate G� subunits
from the detergent extracts. The amount of [ 35S]GTP�S in the
immunoprecipitates was used for verification of G� subunit ac-
tivation. Figure 1A shows a set of experiments in which Sf.9 cell
membranes containing G�s, G�i2, G�12, G�13, and G�q were
analyzed for [ 35S]GTP�S binding. There was no coupling after
coexpression of the receptor with G�i2, G�13, or G�q subunits.
However, when the 5-HT7 receptor was coexpressed with G�s or
G�12, we measured an approximately twofold to threefold in-
crease in [ 35S]GTP�S binding after stimulation with 1 �M 5-HT
(Fig. 1A). Omission of the receptor from the assay revealed that
G�s or G�12 alone did not bind [ 35S]GTP�S (Fig. 1A). Expres-
sion of the 5-HT7 receptor and all G� subunits in Sf.9 cells was
confirmed by Western blot analysis with appropriate antibodies
(Fig. 1B). These results demonstrate that the 5-HT7 receptor ef-
fectively communicates with G-proteins of the Gs family. Activa-
tion of G�12 by the 5-HT7 receptor was a novel finding that
required additional investigation.

The 5-HT7 receptor activates the SRE in a
PKA-independent manner
Because the G�12 subunit is known to regulate gene expression
by transcriptional activation of distinct transcriptional control
elements such as SRE (Fromm et al., 1997; Mao et al., 1998), we
investigated whether the 5-HT7 receptor stimulates SRE activity.
To monitor SRE-mediated transcription of a luciferase reporter
gene, an altered c-fos SRE, SRE.L, was placed in front of the lucif-
erase gene (Hill et al., 1995). SRE.L binds only to the transcription
factor serum response factor (SRF) and not to tertiary complex

factor (TCF). NIH3T3 cells were transiently transfected with the
5-HT7 receptor and the SRE-driven luciferase reporter construct,
and 5-HT-mediated changes in luciferase activity were measured
after 6 h of stimulation, which allow accumulation of translation
product to detectable levels (Liu and Wu, 2004). To correct vari-
ations in transfection efficiency, an expression vector coding for
�-galactosidase was cotransfected, and the expressed
�-galactosidase activity was used to normalize SRE luciferase ac-
tivity. As shown in Figure 2A, serotonin induces a dose-
dependent SRE activation in the cells expressing the 5-HT7 recep-
tor with an EC50 value of �100 nM. SRE activation was dependent
on 5-HT7 receptor expression, because the agonist did not induce
SRE activation in the cells transfected only with the SRE reporter
vector (data not shown).

It has been reported that several 5-HT receptors possess a
constitutive, agonist-independent activity (Krobert and Levy,
2002). In the case of the 5-HT7 receptor, we found that increased
levels of 5-HT7 cDNA (from 20 to 400 ng) resulted in a significant
increase of SRE activity (from twofold to fivefold) under non-
stimulated conditions (Fig. 2B). This effect was receptor specific
because it was blocked by pretreatment of cells expressing the
5-HT7 receptor with 100 nM of the inverse receptor agonist me-
thysergide (Fig. 2C) (Carter et al., 1995).

Because the 5-HT7 receptor is also coupled to the Gs-protein,
we determined whether receptor-mediated activation of SRE de-
pends on Gs-induced activation of PKA (Fig. 3). In this experi-
ment, cells expressing the 5-HT7 receptor were pretreated with a
highly specific, cell-permeable PKA inhibitor, 14 –22 amide

Figure 1. Communication of the 5-HT7 receptor with different G-proteins. A, Membranes
were prepared from Sf.9 cells expressing or not expressing the 5-HT7 receptor together with
recombinant G-proteins as indicated and then incubated with [ 35S]GTP�S in the presence of
either vehicle (H2O) or 1 �M 5-HT. Immunoprecipitations were performed with appropriate
antibodies directed against indicated G� subunits. Data points represent the means � SEM
from at least four independent experiments performed in duplicate. Statistically significant
differences between values obtained with or without stimulation are indicated (*p � 0.01). B,
Expression analysis of the 5-HT7 receptor and G-proteins. Sf.9 cells infected with baculoviruses
encoding for recombinant, myc-tagged 5-HT7 receptor and for different heterotrimeric
G-proteins (Gs, Gi2, G12, G13, and Gq) or with a baculovirus alone (Bac) were subjected to
Western blot analysis with anti-myc or appropriate anti-G� subunit antibodies. The molecular
weight marker is indicated to the left.
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(PKI), which acts as a PKA pseudosub-
strate and inactivates the catalytic subunit
of PKA (Harris et al., 1997). Treatment
with PKI did not affect 5-HT7 receptor-
induced activation of SRE (Fig. 3A). In
control experiments, the ability of PKI to
inhibit cAMP-induced PKA activation was
determined by the CREB assay, which was
used as a readout for PKA activation. Ac-
tivated PKA phosphorylates CREB at
serine residue 133 (Gonzalez and Mont-
miny, 1989), leading to activation of lucif-
erase gene transcription from the reporter
plasmid. We found that 5-HT7 receptor-
induced CREB-dependent expression of
luciferase was abolished by treatment with
PKI (Fig. 3B), indicating that the 5-HT7

receptor can induce PKA activation. To-
gether, these data indicate that the 5-HT7

receptor induces the SRE activation in a
PKA-independent manner.

The 5-HT7 receptor activates the serum response element via
the G�12 subunit
Having shown that the 5-HT7 receptor couples with G�12 in
addition to the G�s subunit, we examined the identity of the
G-proteins that mediate 5-HT7-dependent activation of SRE. To
analyze the involvement of the Gi/o-mediated signaling pathway,
transfected cells were treated with pertussis toxin (PTX; 400 ng/
ml). This treatment did not reduce 5-HT7 receptor-induced SRE
activation (Fig. 4A). The ability of PTX to inhibit Gi/o-mediated
signaling was verified by stimulation of the endogenously ex-
pressed thrombin receptor with 1 U/ml thrombin after pretreat-
ment of NIH3T3 cells with PTX. In this experiment, PTX pre-
treatment resulted in an �50% reduction of thrombin-induced
SRE activation (Fig. 4A). These results suggest that pertussis
toxin-sensitive G-proteins are not involved in 5-HT7 receptor-
induced activation of SRE.

It has been shown that coexpression of a given G� subunit that
binds to the receptor further enhances the receptor-mediated
function (Wong et al., 1991). Therefore, NIH3T3 cells with or
without the 5-HT7 receptor were cotransfected with the � sub-
units G�13, G�12, G�i2, G�q, and G�s (Fig. 4B). Whereas G�i2
and G�s expression alone did not affect SRE activity, expression
of G�13, G�12, and G�q induced moderate activation of SRE, in
agreement with previous data (Mao et al., 1998). Cotransfection
of the 5-HT7 receptor with G�12 resulted in significant potenti-
ation of SRE activity, whereas cotransfection of the 5-HT7 recep-
tor with other G� subunits did not affect SRE activity (Fig. 4B).
Because the thrombin receptor can activate both Gq and G12
families of G-proteins, we used thrombin-induced SRE acti-
vation as a control. In this experiment, SRE activity was mark-
edly enhanced in the cells transfected with G�q, G�12, or
G�13 subunits (Fig. 4C). Thus, these data support the obser-
vation that the 5-HT7 receptor preferentially couples to G�12
for SRE activation.

The 5-HT7 receptor activates RhoA and Cdc42 but not Rac1
Because it has been demonstrated that G�12 modulates SRE ac-
tivity via small GTPases of the Rho family (Fromm et al., 1997),
we analyzed whether the 5-HT7 receptor-induced SRE stimula-
tion is also dependent on Rho activity. For this, the C3 compo-
nent of botulinum toxin that ADP-ribosylates and, specifically,

inactivates different Rho proteins (Aktories et al., 2000) was co-
transfected in NIH3T3 cells. C3 toxin significantly inhibited
5-HT7 receptor-induced SRE activation (Fig. 5A). Next, we de-
termined the involvement of specific Rho GTPases in 5-HT7

receptor-dependent SRE activation. Dominant-negative mutants
of RhoA, Rac1, and Cdc42 GTPases were coexpressed in NIH3T3
cells, and their ability to inhibit 5-HT7 receptor-induced SRE
activation was analyzed. Interestingly, only dominant-negative
mutants of RhoA(N19) and Cdc42(N17), but not Rac1(N17),
inhibited receptor-induced SRE activation (Fig. 5B). Together,
these data suggest that the 5-HT7 receptor operates through
modulation of activities of RhoA and Cdc42, but not Rac1.

To evaluate the effect of the 5-HT7 receptor on activation of
individual Rho GTPases in more detail, we used the Rho-binding
domain of RhoA effector, rhotekin, to affinity precipitate active
RhoA. We also used the Rac1- and Cdc42-binding domain of
Rac1 and Cdc42 effector, PAK serine/threonine kinase, to affinity
precipitate active Rac1 and Cdc42 as a direct readout for Rac1 and
Cdc42 activation (Fig. 5C–E). Constitutively active mutants of
RhoA, Rac1, or Cdc42 were used as a positive control for mea-
suring the activation of the appropriate Rho GTPase. Expression
of the 5-HT7 receptor induced an increase in RhoA and Cdc42

Figure 2. Agonist-induced activation of SRE via 5-HT7 receptor. A, Dose-dependent activation of SRE by serotonin in the
NIH3T3 cells expressing the 5-HT7 receptor. NIH3T3 cells seeded onto 24-well plates were transfected with 100 ng of 5-HT7

receptor cDNA, 50 ng of pSRE.L, and 50 ng of pCMV-�-gal vectors. Twenty-four hours after transfection, cells were serum-starved
for 16 h and stimulated with indicated concentrations of serotonin for 6 h. Thereafter, activity of SRE was determined. Presented
data are the mean � SEM (n � 4). B, The 5-HT7 receptor activates SRE in a ligand-independent manner. Indicated amounts of the
5-HT7 receptor cDNA were transfected into NIH3T3 cells together with 50 ng of pSRE.L and 50 ng of pCMV-�-gal, and SRE activity
was determined. Data points represent the means � SEM from at least three independent experiments. C, An inverse agonist
inhibits 5-HT7 receptor-induced SRE activation. NIH3T3 cells seeded onto 24-well plates were transfected as described in A.
Twenty-four hours after transfection, cells were serum-starved for 16 h and treated with 100 nM methysergide. Data points
represent the means � SEM (n � 4). A statistically significant difference between values is indicated (*p � 0.01).

Figure 3. 5-HT7 receptor-induced SRE activation does not depend on PKA activation. A,
NIH3T3 cells were transfected with 100 ng of 5-HT7 receptor cDNA, 50 ng of pSRE.L, and 50 ng of
pCMV-�-gal. After serum starvation, cells were treated with 10 �M PKI for 6 h, and SRE activity
was determined. B, 5-HT7 receptor-induced CREB activation depends on PKA activation. NIH3T3
cells were transfected with 100 ng of 5-HT7 receptor cDNA or empty pcDNA3 vector together
with 75 ng of pFR-luciferase (reporter plasmid) and 4 ng of pFA2-CREB (fusion trans-activator
plasmid) for assessment of CREB activation. After serum starvation, cells were treated with 10
�M PKI for 6 h and then CREB activity was determined. Data points represent the means � SEM
from at least three independent experiments. A statistically significant difference between
values is indicated (*p � 0.01).

7824 • J. Neurosci., August 24, 2005 • 25(34):7821–7830 Kvachnina et al. • 5-HT7 Receptor Stimulates G�12- Protein



activity under basal conditions, and stimulation of the receptor
with serotonin resulted in an additional significant activation of
these GTPases (Fig. 5C,D,F). Importantly, the 5-HT7 receptor
did not activate Rac1 (Fig. 5E,F), indicating the existence of
mechanisms regulating the specificity of 5-HT7 receptor action
toward different Rho GTPases. The level of the 5-HT7 receptor
expression was checked by Western blot analysis, confirming that
the different effects obtained for the activation of Rho GTPases
were not caused by differences in the amount of expressed pro-
tein (Fig. 5). In addition to the results obtained with dominant-
negative mutants, these data provide direct evidence for RhoA
and Cdc42 activation by the 5-HT7 receptor.

The 5-HT7 receptor induces changes in cell morphology via
RhoA and Cdc42
The Rho GTPase protein family plays a very important role in
the development of the nervous system by regulation of actin-
based motility (Meyer and Feldman, 2002). The Rho GTPases
RhoA, Cdc42, and Rac1 reorganize the actin cytoskeleton,
leading to stress fiber, filopodium, or lamellipodium forma-
tion, respectively.

Given that 5-HT7 receptor-dependent activation of G�12 re-
sults in activation of RhoA and Cdc42, we used NIH3T3 cells as a
model to analyze the possible role of the 5-HT7 receptor in con-
trolling cell morphology. NIH3T3 cells were transiently trans-
fected with the receptor subcloned into the pTracer vector. This
vector allows specific scoring of only transfected cells by parallel
expression of GFP. After transfection with a control pTracer vec-
tor, 70 � 3% of GFP-expressed cells were flattened, 21 � 3% were
rounded, and another 9 � 2% displayed filopodia outgrowth.
Treatment of cells with serotonin did not cause any changes in
cell morphology (Fig. 6A). In contrast, expression of the 5-HT7

receptor induced significant changes in cell morphology by in-
creasing the percentage of rounded and filopodia-bearing cells to
41 � 2 and 15 � 2%, respectively (Fig. 6A). This suggests that
after overexpression, the 5-HT7 receptor displays G12-mediated
constitutive activity. Stimulation of receptor-expressing cells
with 5-HT increased the amount of rounded cells to 51 � 3% and
filopodia-bearing cells to 20 � 1% (Fig. 6A).

To analyze whether the receptor-induced changes in cell mor-
phology are mediated by Gs-dependent activation of PKA, cells
expressing the 5-HT7 receptor were pretreated with a highly spe-
cific, cell-permeable PKA inhibitor, 14 –22 amide (PKI). Treat-

ment with 10 �M PKI did not significantly
affect 5-HT7 receptor-induced changes in
the cell shape, demonstrating that the
Gs-mediated pathway was not critically in-
volved in such morphological effects
(Fig. 6A).

To assess the specific roles of RhoA and
Cdc42 in 5-HT7-dependent modulation of
cell shape, dominant-negative RhoA(N19)
and Cdc42(N17) mutants were cotrans-
fected together with the 5-HT7 receptor.
Data showed that, in cells expressing the
5-HT7 receptor, the dominant-negative
Cdc42 mutant significantly inhibited
receptor-induced filopodia formation
from 20 � 1 to 6 � 1% without any effect
on cell rounding (Fig. 6A). Interestingly,
5-HT7 receptor-induced cell rounding was
reduced from 51 � 3 to 19 � 2% in cells
expressing the dominant-negative mutant

N19RhoA, whereas the percentage of cells with filopodia was not
affected (Fig. 6A).

To analyze changes in cell shape induced by the 5-HT7 recep-
tor in real time, NIH3T3 cells were transfected with pTracer vec-
tor encoding the 5-HT7 receptor and analyzed by laser-scanning
confocal microscopy. Images were scanned every 5 min during
1 h, and 10 �M 5-HT was added to the medium after two scanning
cycles. In cells expressing the 5-HT7 receptor, serotonin gener-
ated formation of elongated filopodia paralleled by pronounced
cell rounding in a time-dependent manner, whereas control cells
did not show any changes in morphology (Fig. 6B) (video 1,
available at www.jneurosci.org as supplemental material). Nota-
bly, 5-HT7 receptor-dependent phenotypes observed in such
real-time experiments were similar to those found in fixed cells.

Finally, we analyzed the role of the 5-HT7 receptor in actin
reorganization by staining NIH3T3 cells expressing GFP-tagged
5-HT7 receptor with FITC-phalloidin. Functionality of receptor-
GFP constructs was assessed by ligand binding, determination of
cAMP levels, and SRE assay. In all cases, GFP chimeras demon-
strated similar responses as their wild-type counterparts, suggest-
ing their functional activity. Stimulation of receptor-expressing
cells with 10 �M serotonin for 60 min led to the contraction of the
cortical cytoskeleton forcing cells to round up, in addition to
formation of filopodia-like protrusions containing bundled actin
(Fig. 6C). In cells that did not express the 5-HT7 receptor, sero-
tonin did not induce changes in the actin cytoskeleton, demon-
strating that the observed changes were dependent on the 5-HT7

receptor.
Together, these combined data suggest the importance of the

5-HT7R/G�12 signaling pathway for serotonin-mediated
changes in cell shape and demonstrate that 5-HT7 receptor-
dependent filopodia formation is mediated by Cdc42, whereas
receptor-dependent cell rounding is mediated by RhoA.

5-HT7 /G12 and 5-HT4 /G13 signaling pathways are
involved in the regulation of neurite outgrowth in
hippocampal neurons
We reported recently that the 5-HT4a receptor is coupled to G�13
and that activation of this signaling pathway causes RhoA-
dependent neurite retraction and cell rounding (Ponimaskin et
al., 2002). In the present study, we demonstrated that the 5-HT7

receptor activates both RhoA and Cdc42 via G�12, leading to
filopodia formation paralleled by cell rounding. Because both

Figure 4. The 5-HT7 receptor is functionally coupled to G�12 to induce SRE activation. A, 5-HT7 receptor-dependent SRE
activation is PTX independent. NIH3T3 cells were transfected with 100 ng of 5-HT7 receptor cDNA, 50 ng of pSRE.L, and 50 ng of
pCMV-�gal, serum-starved, and treated with 400 ng/ml PTX for 4 h. In several experiments, cells were stimulated with 1 U/ml
thrombin for 6 h, and SRE activity was determined as described. Data points represent the means � SEM from at least four
independent experiments performed in duplicate. A statistically significant difference between values is indicated (*p � 0.01). B,
G�12 specifically potentiates 5-HT7 receptor-induced SRE activation. NIH3T3 cells were transfected as described in A together
with 200 ng of indicated G� subunit cDNA. Data points represent the means � SEM from three independent experiments
performed in triplicate. C, SRE activation induced by thrombin is potentiated by G�q, G�12, and G�13 subunits. NIH3T3 cells
were transfected as described above, serum-starved, and then stimulated with 1 U/ml thrombin for 6 h followed by determination
of SRE activity. Data points represent the means � SEM from at least three independent experiments performed in triplicate. Luc,
Luciferase.
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5-HT4a and 5-HT7 receptors are expressed in neurons in vivo, we
analyzed the effect of these receptors on neuronal morphology.

As a model system, we used cultures of dissociated hippocam-
pal neurons prepared from 1- to 2-d-old mice. After 4 h in cul-
ture, cells were treated for 20 h with the appropriated agonist
and/or antagonist and subjected to morphometric analysis. Ex-
posure of neuronal culture to BIMU8, a 5-HT4 receptor-selective
agonist (Eglen et al., 1995), resulted in a significant shortening in
the total length of neurites to 56 � 8%, when compared with
untreated control, which was set to 100% (Fig. 7A). It was mainly
because of significant reduction in the mean number of neurites
per neuron to 63 � 7%. The mean length of neurites after treat-
ment with BIMU8 was reduced to 87 � 4% (Fig. 7A). These
effects were 5-HT4 receptor specific, because they were com-
pletely blocked by application of the highly selective receptor
antagonist GR113808 (Fig. 7A). To test for the functional role of
the 5-HT7 receptor in the regulation of neurite outgrowth, we
analyzed the effects of the specific agonist 5-CT of the receptor.
Application of 100 nM 5-CT to the hippocampal culture led to a
significant increase in the total and mean length of neurites to
181 � 14 and to 161 � 16%, respectively, when compared with
the untreated control (Fig. 7A). Parallel treatment of the cells
with the selective 5-HT7 receptor antagonist, 100 nM SB269970
(Hagan et al., 2000), blocked this effect, indicating that the in-
crease in the length of neurites was mediated by 5-HT7 receptor
activation. The number of neurites was not affected after selective
stimulation of the 5-HT7 receptor with 5-CT. Notably, 5-HT7

receptor-mediated effects on neurite outgrowth were obvious al-
ready after a 6 h application of 5-CT. The total and mean length of
neurites were increased in these experiments to 150 � 8 and to
141 � 8%, compared with untreated neurons.

In addition, we examined whether 5-HT treatment of hip-
pocampal neurons transfected with recombinant 5-HT7 receptor
would reproduce 5-CT-stimulated neurite outgrowth observed
in nontransfected cells. Morphometric analysis revealed that the
neurons transfected with the 5-HT7-GFP receptor were not dif-
ferent from GFP-transfected cells in the absence of 5-HT. Treat-
ment of GFP-transfected cultures with 1 �M 5-HT reduced the
total length of neurites to 76 � 7%. However, application of
5-HT to the neurons overexpressing 5-HT7-GFP receptor signif-
icantly increased both the total and mean length of neurites to
129 � 10 and 142 � 14%, respectively, whereas the number of
neurites was not changed significantly.

To determine the spatial distribution of the 5-HT4a and 5-HT7

receptors and G�12/13 proteins in hippocampal neurons, we
performed immunostaining for endogenous G�12 or G�13 pro-
teins in neurons transiently transfected with either GFP-tagged
5-HT4a or 5-HT7 receptors. Distribution of GFP-tagged recep-
tors and endogenous G� subunits was analyzed by confocal mi-
croscopy (Fig. 7B). Remarkably, we detected a high degree of
colocalization of G�13 and the 5-HT4a receptor in the somata
and of G�12 and the 5-HT7 receptor in somata and neurites (Fig.
7B). In contrast, when the distribution of G�12 and the 5-HT4a

receptor or G�13 and the 5-HT7 receptor was studied, we did not
detect colocalization (data not shown). We also performed three-
dimensional colocalization analysis by LSM510 software and
found that the correlation coefficient in the case of 5-HT7R/G12
and 5-HT4R/G13 ranged between 0.28 and 0.56, whereas for
5-HT7R/G13 and 5-HT4R/G12, it was between 0.04 and 0.08.
Differential distribution of the G�12 and G�13 proteins in neu-
rons was also confirmed by double staining with subunit-specific
antibodies (Fig. S1, available at www.jneurosci.org as supplemen-
tal material). The combined data suggest that 5-HT7R/G12 and

Figure 5. The 5-HT7 receptor stimulates RhoA and Cdc42 but not Rac1 GTPases. A, NIH3T3
cells were transfected with 100 ng of 5-HT7 receptor cDNA, 50 ng of pSRE.L, 50 ng of pCMV-�-
gal, and 200 ng of C3 toxin cDNA. SRE activity was determined as described above. Presented
data are the mean � SEM (n � 4). A statistically significant difference between values is
indicated (*p � 0.01). B, The 5-HT7 receptor activates SRE via RhoA and Cdc42. NIH3T3 cells
were transfected with 50 ng of pSRE.L, 50 ng of pCMV-�-gal, and 100 ng of 5-HT7 receptor cDNA
together with 200 ng of each dominant-negative RhoA(N19), Rac1(N17), or Cdc42(N17) mu-
tants as indicated. Activity of SRE was determined as described above. Presented data are the
mean � SEM (n � 3). A statistically significant difference between values is indicated (*p �
0.01). C–E, Rho GTPase activation assay. NIH3T3 cells growing on 100 mm dishes were trans-
fected with 5 �g of RhoV14, RacV12, and Cdc42V12 together with the 5-HT7 receptor cDNA,
serum starved, and then stimulated with 1 �M serotonin for 5 min. Rho GTPase activation assay
was performed as described in Materials and Methods. C, RhoA activity was determined by the
amount of RBD-bound RhoA (middle) normalized to the amount of RhoA in whole-cell lysates
(bottom). D, Cdc42 activity was determined by the amount of PBD-bound Cdc42 (middle),
normalized to the amount of Cdc42 in whole-cell lysates (bottom). E, Rac1 activity was deter-
mined by the normalization of amount of PBD-bound Rac1 (middle) to the amount of Rac1 in
whole-cell lysates (middle). In parallel, expression of the 5-HT7 receptor was checked by the
Western blots (top). Western blots from representative experiments are shown. F, The intensity
of bands shown in C–E was quantified by densitometry, and the amount of active GTPase was
normalized to the amount of the same GTPase in total cell lysates. Activities are shown as a fold
increase compared with baseline and presented as means � SEM from at least four indepen-
dent experiments performed in duplicate. A statistically significant difference between values is
indicated (*p � 0.01; **p � 0.001). Luc, Luciferase.
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5-HT4R/G13 signaling pathways have distinct cellular localiza-
tions and provide evidence that these pathways may be involved
in the regulation of neuronal morphogenesis.

Discussion
The serotonin 5-HT7 receptor is the most recently identified
member of the G-protein-coupled 5-HT receptor family. Stimu-
lation of the native as well as heterologously expressed 5-HT7

receptor has been shown to cause G�s-
mediated activation of adenylyl cyclases,
leading to increased cAMP production
(Vanhoenacker et al., 2000). In the present
study, we identified the G�12 subunit of
heterotrimeric G-protein as an additional
interaction partner for the 5-HT7 receptor.
We also demonstrated that activation of
the 5-HT7R/G12 signaling pathway leads
to stimulation of small GTPases of the Rho
family, resulting in modulation of tran-
scriptional activity and regulation of cell
morphology.

5-HT7R/G12 signaling and regulation of
gene transcription
One of the physiological consequences of
Rho GTPase stimulation is the activation
of a transcription factor, SRF, which binds
to the SRE. Regulation of SRE activity
is mediated by two different signaling
pathways: TCF-dependent and TCF-
independent pathways. It was determined
that only TCF-independent regulation is
modulated by small GTPases of the Rho
family (Hill et al., 1995). Moreover, Rho-
dependent activation of SRE is induced by
G12-proteins (Fromm et al., 1997; Dutt et
al., 2004). Therefore, we used an altered
c-fos SRE, SRE.L, which binds only to the
SRF but not to TCF to analyze the effect of
the 5-HT7 receptor on SRE activation. Our
data demonstrate that the 5-HT7 receptor
activates SRE in a dose-dependent manner
after agonist stimulation. Involvement of
the G�12 subunit and Rho GTPases in
receptor-mediated SRE activation was
demonstrated by the following observa-
tions: (1) 5-HT7 receptor-induced SRE ac-
tivation was PKA independent and not in-
hibited by PTX treatment; (2) expression
of G�12 enhanced 5-HT7 receptor-
induced SRE activation; and (3) a C3 toxin
significantly inhibited 5-HT7 receptor-
induced SRE activation. Interestingly,
5-HT7 receptor-dependent SRE activation
was mediated by the activity of RhoA and
Cdc42 but not Rac1, suggesting distinct
molecular mechanism(s) regulating the
specificity of 5-HT7 receptor signaling to-
ward different Rho GTPases.

The finding that the 5-HT7 receptor
may activate SRE-mediated gene transfec-
tion suggests the importance of this path-
way for transcriptional regulation and
could therefore explain several effects of

serotonin on neuronal development and differentiation. For in-
stance, blockade of 5-HT uptake during embryonic development
has been shown to result in alterations in the morphology of the
cingulate cortex, which normally receives rich dopaminergic in-
put. In this region, pyramidal neurons produce many apical den-
drites after prolonged 5-HT exposure (Levitt et al., 1997). More-
over, a prolonged increase in 5-HT concentrations affects

Figure 6. Regulation of cell morphology by the 5-HT7 receptor in NIH3T3 cells. NIH3T3 cells were transiently transfected with
either a control (pTracer) vector or with pTracer vector encoding for the 5-HT7 receptor. Cells were cultured in serum-free medium
overnight, and morphology was assessed after stimulation with agonists as indicated. A, Effect of the 5-HT7 receptor expression
(with or without agonist stimulation) on the morphology of NIH3T3 cells. Dominant-negative mutants RhoA(N19) and
Cdc42(N17) were coexpressed with the 5-HT7 receptor, as indicated. In several experiments, cells were treated with 10 �M

cell-permeable PKA inhibitor 14 –22 amide (PKI). Data points represent the means � SEM from at least four independent
experiments performed in duplicate. A statistically significant difference between values is indicated (*p � 0.05; **p � 0.01). B,
Changes in the shape of cells expressing 5-HT7 receptors. NIH3T3 cells were transfected with pTracer vector encoding for the 5-HT7

receptor. Images shown were recorded by the confocal fluorescence microscopy at the beginning (0 min), during (30 min), and at
the end (60 min) of a 1 h exposure to the 1 �M 5-HT with LSM510-Meta microscope at 63� magnification. A nontransfected cell
is indicated by a triangle. Scale bar, 10 �M. The video is available as supplemental material (available at www.jneurosci.org). C,
Analysis of the actin cytoskeleton in 5-HT7 receptor-expressing cells. NIH3T3 cells were transfected with GFP-tagged 5-HT7

receptor, serum starved, and then subjected to FITC-phalloidin staining. Representative confocal images obtained with LSM510-
Meta microscope at 63� magnification are shown. Scale bar, 10 �M.
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dopamine D1 receptor expression, leading to a persistent imbal-
ance of cortical activity (Levitt et al., 1997; Stanwood et al., 2001).
Depletion of neurocortical serotonin during embryonic devel-
opment permanently impairs cortical circuitry and results in
permanent alterations of dendritic arborization (Durig and
Hornung, 2000). Moreover, both 5-HT7-like immunoreactiv-
ity and c-Fos stimulation colocalize to the same neurons in the
rat brain sections (Neumaier et al., 2001). Together, these data
suggest that differential modulation of transcriptional activity
of immediate early genes by the 5-HT7R/G12 signaling path-
way may represent a new mechanism involved in the long-
term effects of 5-HT in the CNS.

5-HT7R/G12 signaling and neuronal morphology
The most prominent function of small GTPases is the regulation
of the actin cytoskeleton. Over the past several years, it has be-

come evident that members of the Rho family are expressed in the
CNS (Olenik et al., 1999; O’Kane et al., 2003) and that Rho-family
GTPases are key regulators of neuronal morphology, motility,
and axonal pathfinding in vitro and in vivo (Hall, 1998). The
combined studies suggest that Rac1 and Cdc42 activities promote
neurite extension and branching, whereas RhoA causes neurite
retraction and collapse of the growth cone. Although the impor-
tance of Rho GTPases in neuronal development is widely ac-
cepted, the ligands and receptors involved in Rho-mediated sig-
naling are poorly characterized.

Interestingly, several neurotransmitters, including serotonin,
have been shown to be involved in many aspects of neuronal
development such as neurite outgrowth, growth cone motility,
and dendritic spine density in addition to their well-established
role in neuronal communication (van Kesteren and Spencer,
2003). For instance, depletion of 5-HT results in a reduction of
dendritic length and decreased spine formation in hippocampal
neurons of rats (Haring and Yan, 1999; Alves et al., 2002). In
contrast, application of 5-HT increases dendritic differentiation
in the rat cerebral cortex (Liu and Lauder, 1991) and promotes
neurite outgrowth from thalamic neurons (Lieske et al., 1999).
Prolonged exposure of rats to the 5-HT reuptake inhibitor also
significantly increases dendritic spine density and the length of
dendrites in the striatum radiatum (Norrholm and Ouimet,
2000). Although these observations are consistent with the as-
sumption that 5-HT acts to promote neurite outgrowth, other
experiments give different results. For example, serotonin in-
duces growth cone collapse and neurite retraction in neurons of
chick dorsal root ganglion (Igarashi et al., 1995). The several
serotonin receptors, including 5-HT1A, 5-HT2A, and 5-HT2B,
have been proposed to be involved in the modulation of such
neurotrophic events produced by 5-HT in mammals (Yan et al.,
1997; Fiorica-Howells et al., 2000; Azmitia, 2001).

Molecular downstream mechanisms underlying such oppo-
site effects of 5-HT on neurite outgrowth are still poorly under-
stood. It has been reported that activation of the small GTPase
RhoA through a G12/13-initiated pathway induces growth cone
collapse and neurite retraction (Kranenburg et al., 1999). Simi-
larly, expression of constitutively active G�12 and G�13 induced
RhoA-dependent neurite retraction in PC12 cells (Katoh et al.,
1998). We demonstrated recently that the 5-HT4 receptor acti-
vates RhoA GTPase via the G�13 protein, providing a molecular
basis for serotonin-induced RhoA-dependent inhibition of neu-
rite outgrowth. Here, we demonstrate that the 5-HT7 receptor
activates RhoA and Cdc42 via G�12 by using dominant-negative
mutants and by direct measurement of Rho activity using
rhotekin- and PAK-binding assays. We also show that receptor-
dependent activation of Rho GTPases was functional in terms of
regulation of cell shape, because expression of the 5-HT7 receptor
in NIH3T3 cells resulted in agonist-promoted filopodia forma-
tion and cell rounding. Furthermore, our results indicate that
receptor-triggered changes in cell shape require both Cdc42 and
RhoA, because expression of either dominant-negative Cdc42 or
RhoA abolished filopodia formation and cell rounding, respec-
tively, suggesting the existence of cross-talk between the Cdc42
and RhoA pathways that may be mediated through convergent
actions of these two GTPases on the downstream effector myosin.
Indeed, it has been shown that activation of PAK by Cdc42 results
in the reduction of myosin activity (Manser et al., 1994), whereas
activation of RhoA leads to an increase of myosin activity either
directly by myosin light chain (MLC) phosphorylation (Amano
et al., 1996) or indirectly by Rho-associated kinase-induced inhi-
bition of phosphatase (Kawano et al., 1999). Alternatively, the

Figure 7. Effect of the 5-HT7R/G12 and 5-HT4R/G13 signaling pathways on neuronal mor-
phology. A, For morphometric analysis of neurite outgrowth, cultured hippocampal neurons
were fixed, stained with toluidine blue, and used for operator-controlled tracing of neurites.
BIMU8 used at 100 nM is a selective 5-HT4 receptor agonist. GR113808 (GR) used at 2 �M is a
highly selective 5-HT4 receptor antagonist. 5-CT used at 100 nM is a selective 5-HT7 receptor
agonist. Treatment of the cells with the 5-HT7 receptor antagonist SB269970 (SB) at 100 nM

blocked the effect of 5-CT. Data sets were collected after 20 h of treatment with an agonist/
antagonist. The bars represent means � SEM from three independent experiments performed
in triplicate. Values obtained for untreated neurons were set to 100%. A statistically significant
difference between values is indicated (*p�0.05). B, Distribution of 5-HT7 and 5-HT4 receptors
and G�12 and G�13 proteins in hippocampal neurons. The neurons were transfected with
either GFP-tagged 5-HT4 or 5-HT7 receptors. The endogenous G�12 or G�13 proteins were
visualized by immunostaining with specific antibodies. The asterisk indicates a transfected glial
cell. Scale bar, 10 �M.
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cross-talk between Cdc42 and RhoA may occur at the level of
GTPases. Cdc42 and Rho may function in a hierarchical cascade
wherein Cdc42 activates Rac1, which in turn activates Rho. In
addition, a reciprocal mechanism may exist by which Cdc42
downregulates RhoA activity (Li et al., 2002). Our results are
more consistent with the second model, because expression of the
dominant-negative mutant Cdc42(N17) resulted not only in in-
hibition of the appropriate GTPase but also in enhanced activity
of RhoA.

The most distinctive finding of the present study is the obser-
vation that specific stimulation of endogenously expressed 5-HT4

or 5-HT7 receptors by selective agonists results in distinct mor-
phological changes of hippocampal neurons: treatment of cul-
tured neurons with the 5-HT4 receptor agonist BIMU8 reduces
both total length and number of neurites, whereas incubation
with the 5-HT7 receptor agonist 5-CT leads to pronounced ex-
tension of neurite length. These effects were receptor specific,
because they were blocked by application of receptor selective
antagonists. Interestingly, we observed a high degree of colocal-
ization between G�13 and the 5-HT4 receptor and between G�12
and the 5-HT7 receptor, which may provide a physical basis for
the functional effects described above. More importantly, the
functional coexistence of 5-HT7R/G12 and 5-HT4R/G13 signal-
ing pathways may provide a molecular link between serotonin,
which operates as a soluble guidance ligand, and the Rho GTPase
machinery, controlling neuronal morphology and motility. Our
data also suggest that depending on the expression level and/or
subcellular localization of the 5-HT4 and 5-HT7 receptors, sero-
tonin may differentially regulate neuronal morphology because
of opposite effects of these receptors on neurite retraction and
extension.
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