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5-HT,R/G,, Signaling Regulates Neuronal Morphology and
Function in an Age-Dependent Manner
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The common neurotransmitter serotonin controls different aspects of early neuronal differentiation, although the underlying mecha-
nisms are poorly understood. Here we report that activation of the serotonin 5-HT, receptor promotes synaptogenesis and enhances
synaptic activity in hippocampal neurons at early postnatal stages. An analysis of Ge,,-deficient mice reveals a critical role of G, ,-protein
for 5-HT, receptor-mediated effects in neurons. In organotypic preparations from the hippocampus of juvenile mice, stimulation of
5-HT,R/G,, signaling potentiates formation of dendritic spines, increases neuronal excitability, and modulates synaptic plasticity. In
contrast, in older neuronal preparations, morphogenetic and synaptogenic effects of 5-HT,/G,, signaling are abolished. Moreover,
inhibition of 5-HT, receptor had no effect on synaptic plasticity in hippocampus of adult animals. Expression analysis reveals that the
production of 5-HT, and Ga,,-proteins in the hippocampus undergoes strong regulation with a pronounced transient increase during
early postnatal stages. Thus, regulated expression of 5-HT, receptor and Ga,,-protein may represent a molecular mechanism by which
serotonin specifically modulates formation of initial neuronal networks during early postnatal development.

Introduction

Serotonin [5-hydroxytryptamine (5-HT)] is an important neu-
rotransmitter regulating a wide range of physiological and path-
ological functions via activation of heterogeneously expressed
5-HT receptors (Olson, 1987; Hilaire et al., 1993; Saito et al.,
1999; Naughton et al., 2000; Narita et al., 2001; Woehler and
Ponimaskin, 2009). In addition to its well established role in the
modulation of neuronal communication, serotonin has been
shown to be involved in many aspects of neural development,
such as neurite outgrowth, regulation of somatic morphology,
growth cone motility, and control of dendritic spine shape and
density (Azmitia, 2001; Kvachnina et al., 2005; Udo et al., 2005;
Ponimaskin et al., 2007; Manzke et al., 2009). It also has been
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shown that morphogenic effects of serotonin undergo develop-
mental regulation and, more importantly, that availability of se-
rotonin during sensitive developmental stages can modulate
formation and functions of behaviorally relevant neuronal net-
works in adulthood (Herlenius and Lagercrantz, 2001; Whitaker-
Azmitia, 2005). Although several serotonin receptors, including
5-HT,,, 5-HT,, and 5-HT,, have been proposed to modulate
morphogenic events elicited by 5-HT (Yan et al., 1997; Fiorica-
Howells et al., 2000; Azmitia, 2001), the underlying molecular
mechanisms, in particular those involved in developmental reg-
ulation, remain poorly understood.

We have recently found that the serotonin receptor 5-HT, is
coupled to the heterotrimeric G,,-protein, which in turn selec-
tively activates small GTPases RhoA and Cdc42 (Kvachnina et al.,
2005). Multiple studies suggest that Cdc42 is a positive regulator
promoting neurite outgrowth, spine structural plasticity, and
growth cone protrusion. Conversely, activation of RhoA induces
stress fiber formation, leading to growth cone collapse and neu-
rite retraction (Lee et al., 2000; Li et al., 2000; Newey et al., 2005).
In accordance with these observations, we have demonstrated
that agonist-dependent activation of the 5-HT, receptor in neu-
roblastoma cells induced pronounced filopodia formation via a
Cdc42-mediated pathway paralleled by RhoA-dependent cell
rounding. Moreover, stimulation of endogenous 5-HT, recep-
tors in hippocampal neurons resulted in a marked elongation of
neurites (Kvachnina et al., 2005).
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In the present study, we found that activation of the 5-HT,R/
G,, signaling pathway promotes formation of dendritic protru-
sions and synaptogenesis in cultured hippocampal neurons,
leading to enhanced spontaneous synaptic activity. In organo-
typic hippocampal cultures from juvenile mice, 5-HT,R/G,, sig-
naling potentiates formation of dendritic spines, increases the
basal neuronal excitability, and modulates synaptic plasticity. Al-
though prominent in juvenile mice, the effects of the 5-HT,R/G,,
signaling on synaptic plasticity are abolished in adult animals.
This dichotomy in the efficacy of 5-HT,R/G,, signaling between
juvenile and adult animals is consistent with a decrease in the
hippocampal expression of both 5-HT, and Ga;,-proteins dur-
ing later development. Our results suggest that the tightly regu-
lated expression of the 5-HT, receptor and the Ga,,-protein
represents a molecular mechanism involved in the serotonin-
mediated regulation of neuronal morphology and function dur-
ing early development.

Materials and Methods

Culturing and transfection of hippocampal neurons. Hippocampal cul-
tures were prepared from postnatal day 1 (P1) or P2 National Maritime
Research Institute (NMRI) mice according to an optimized protocol for
mouse hippocampal neurons (Dityatev et al., 2000). Briefly, hippocampi
were isolated, and dissociated neurons were plated at a density of 25—
30 X 102 cells per coverslip onto sterilized 13 mm coverslips coated with
poly-L-lysine (100 ug/ml) and laminin (40 wg/ml). During the first 3 d,
cells were incubated in culture medium [MEM Eagle’s medium contain-
ing glucose (25.2 mm), transferrin (1.3 mm), insulin (25 pg/ml), Glu-
tamax I (2 mm), gentamicin (0.5 ul/ml), and horse serum (0.1 ml/ml)] at
37°C and 5% CO,. On the fourth day in vitro (DIV4), the medium was
replaced by Neurobasal-A medium containing r-glutamine (0.5 mm),
b-FGF (125 ng/ml), B-27 supplement (20 ul/ml), penicillin/streptomy-
cin (10 ul/ml), and cytosine arabinoide (5 um) to feed the cell cultures
and to prevent glial mitosis.

Organotypic hippocampal slice cultures were prepared according to
the method described for rats (Stoppini et al., 1991) after adaptation for
mice. In brief, hippocampi from P6 NMRI mice were isolated and cut in
slices of 350 wm thickness. These slices were then maintained on a
biomembrane surface (0.4 wm, Millicell-CM; Millipore) in culture me-
dium (50% MEM, 25% Hanks’ balanced salt solution, 25% horse serum,
and 2 mMm glutamine at pH 7.3) under a humidified atmosphere (5%
CO,, 36.5°C). The slices were used for experiments after 7-10 d in vitro
incubation. All animals were housed, cared for, and killed in accordance
with the recommendations of the European Commission.

For morphological analysis, neurons were transfected at DIV4 (disso-
ciated neurons) and at DIV2 (organotypic preparations) with 1 ug of
pcDNA3.1 vector encoding GFP by using Lipofectamine2000 reagent
(Invitrogen). For the knock-down experiments, hippocampal neurons
on DIV7 were transfected with pSUPER/GFP short interfering RNA
(siRNA) expression plasmid (Oligoengine) targeting the 5-HT,, receptor.
Agonist/antagonist treatment was started at DIV8, followed by the mor-
phological analysis at DIV12. Two different siRNA plasmids for specific
knockdown of 5-HT,, receptors were constructed by the cloning of 60 bp
double-stranded oligonucleotides containing a 19 bp target sequence
into the pSUPER/GFP vector between the BglIT and HindIII sites. The 19
bp target sequences for these selected siRNA constructs were 5 -TTCT
CTCTGCCTCCATCAC-3" and 5'-TCCATCACCTTACCTCCTC-3'".
The “target” for the scrambled siRNA control construct was 5'-AGAC
TCTTTCTTGCTTGT-3'. For the knock-down experiments, hippocam-
pal neurons at DIV7 were transfected either with the mix of two
pSUPER/GFP expression plasmids encoding for 5-HT, receptor siRNAs
or with the vector containing scramble siRNA by using Lipo-
fectamine2000. Expression vectors also contained GFP, allowing for sim-
ple identification of transfected neurons by green fluorescence.

Immunocytochemistry and dendrite morphology analysis. For immunocy-
tochemistry, primary antibodies were used at the following concentrations:
goat polyclonal anti-synaptophysin (1:50; Santa Cruz Biotechnology), rabbit
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polyclonal anti-PSD-95 (1:200; Santa Cruz Biotechnology), mouse mono-
clonal anti-PSD-95 (1:500; Millipore), rabbit polyclonal anti-5-HT, recep-
tor (1:500; AbD Serotec), goat polyclonal anti-Ge;, (1:100; Santa Cruz
Biotechnology), rabbit polyclonal anti-Ge,, (1:500; Kvachnina et al., 2005),
rat monoclonal anti-5-HT (1:100; Santa Cruz Biotechnology), rabbit poly-
clonal anti-AMPA receptor (AMPAR; 1:500; Abcam), and rabbit polyclonal
anti-vesicular GABA transporter (VGAT; 1:500, Synaptic Systems).

For the analysis of dendritic morphology, images of GFP-transfected
neurons were acquired under a Zeiss LSM510-Meta laser-scanning con-
focal microscope with a 40X oil-immersion Plan-Neofluor objective.
Dendritic filopodia with a length of 10-30 wm were evaluated as long
protrusions (LPs) and those shorter than 10 wm as short protrusions
(SP). To analyze the number of synaptic clusters, synaptophysin-positive
puncta were calculated along the dendrite of GFP-transfected neurons.
At least 30 randomly collected images were used for each treatment pro-
tocol, and the number of synaptophysin-positive puncta was calculated
per 50 um of the entire dendritic length.

Analysis of dendritic spine morphology in organotypic cultures was
performed after collecting z-stack images of individual neurons trans-
fected with GFP. Three-dimensional reconstruction was performed by
using self-developed software (Herzog et al., 2006), which enables mea-
surement of the full geometric parameters of dendritic spines (i.e., num-
ber, length, size, volume, surface area).

Retrograde labeling of floating sections and spine density analysis. Analysis of
the neuronal fine structure in wild-type and G, ,-deficient mice was per-
formed in acute hippocampal slices after visualization of CA1 pyramidal
neurons by 1,1’-dioctadecyl-3,3,3",3'-tetramethylindocarbocyanine per-
chlorate (Dil) crystals, according to the protocol described by Morita et al.
(2009).

Analysis of 5-HT, receptor and 5-HT distribution. For the analysis of
5-HT, receptor and 5-HT distribution in hippocampus during develop-
ment, 10-um-thick hippocampal cryosections prepared from mice at P2,
P6, and P90 were subjected to immunohistochemistry followed by con-
focal microscope analysis by using an FV1000 microscope (Olympus)
with a 60X oil-immersion objective. Briefly, after incubation with pri-
mary antibodies, appropriate Alexa-546-, Alexa-488-, DyLight488-,
DyLight549-, and DyLight649-conjugated secondary antibodies (Jack-
son ImmunoResearch Laboratories) were applied at the dilution of
1:400. Cell nuclei were stained with bis-benzimide solution (Hoechst
33258 dye, 5 pg/ml in PBS; Sigma-Aldrich), and the sections were
mounted in antiquenching medium (Fluoromount G; Southern Bio-
technology Associates). Stacks of optical sections of 0.3 wm thickness
were used to estimate colocalization of 5-HT and 5-HT, receptor-
positive puncta in the CA1 area of hippocampus. At least 10 neurons per
hippocampus were counted (n = 30). Statistical analysis of the integrated
intensity plot profiles was analyzed using Student’s ¢ test.

Immunohistochemistry and analysis of AMPA receptors and synapto-
physin expression. To compare the level of AMPARs and VGAT in control
and 5-CT-treated organotypic slices from the mouse hippocampus, we
used immunohistochemistry for floating sections. Briefly, organotypic
slices were removed from the biomembrane surface and fixed with 4%
formaldehyde in 0.1 M sodium cacodylate buffer, pH 7.3. Blocking of
nonspecific binding sites was performed using PBS containing 0.2% Tri-
ton X-100 (Sigma-Aldrich), 0.02% sodium azide (Merck), and 5% don-
key serum (Jackson ImmunoResearch Laboratories) for 1 h at room
temperature. Incubation with primary antibodies against synaptophysin,
VGAT, and AMPARs [all diluted in PBS containing 0.5% lambda-
carrageenan (Sigma-Aldrich) and 0.02% sodium azide] was performed
at4°C for 3 d. After washing in PBS, corresponding secondary antibodies
(Jackson ImmunoResearch Europe) diluted 1:200 in PBS—carrageenan
solution were applied for 2 h at room temperature. Quantitative immunofluo-
rescence analysis was performed according to the method recently described by
Chao et al. (2007). Briefly, all images were acquired and analyzed blinded to
treatment on a Zeiss 510 laser-scanning confocal microscope with settings to
allow the pixel intensities to remain within the dynamic range by usinga 10X
objective and digital resolution of 2048 X 2048 pixels. Fluorescence in-
tensity for synaptophysin, VGAT, and AMPARs was analyzed by using
ImageJ software (http://rsb.info.nih.gov/ij/) after subtraction of back-
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ground. Statistical analysis of the integrated intensity plot profiles was
analyzed using Student’s ¢ test.

Electrophysiological recordings. Whole-cell patch-clamp recordings
from dissociated hippocampal neuronal cultures at DIV11 were per-
formed in the current-clamp mode with a patch-clamp amplifier EPC-9
using Pulse software (HEKA). The extracellular solution contained (in
mwm) 118 NaCl, 2 KCl, 10 glucose, 10 HEPES, 2 CaCl,, and 1 MgCl,, pH
7.4. Patch electrodes were filled with the intracellular solution composed
of (in mm) 1 NaCl, 125 K-gluconate, 10 HEPES, 0.5 CaCl,, 1 MgCl,, 11
EGTA, 1 ATP, and 0.3 GTP, with a pH adjusted to 7.4. The recordings
were filtered at 10 kHz (four-pole Bessel filter), and the frequency of
single EPSPs and action potentials were measured each second. All elec-
trophysiological data were transferred to a PC-readable format and ana-
lyzed by Clampfit 8 (Molecular Devices) and PlotIT (Scientific
Programming Enterprises). Values of the individual parameters are pre-
sented as mean * SEM, with 7 giving the number of recorded neurons.
Significance of effects was determined by two-tailed unpaired Student’s ¢
tests.

For the analysis of long-term potentiation (LTP) in organotypic prep-
arations, single slices were constantly perfused in an interface recording
chamber (Oslo type) with the ACSF containing (in mm) 130 NaCl, 3.5
KCl, 1.25NaH,PO,, 24 NaHCO3, 1.2 CaCl,, 1.2 MgSO,,, and 10 dextrose,
aerated with 95% O, and 5% CO,, pH to 7.4. The temperature was
adjusted to 31-32°C. The field EPSPs (fEPSPs) were evoked orthodromi-
cally, by a stimulation electrode placed in the stratum radiatum at the
CA3/CA1 junction to activate Schaffer collateral axons. The recording
electrode was placed in the stratum radiatum of the CAl region. The
magnitude of fEPSPs was measured as amplitude (baseline to peak) and
slope (20—80% level of the falling phase). For input—output (IO) rela-
tionships, fEPSPs were evoked with 0.1 ms stimuli at 0.25 Hz, and an
average of four consecutive responses was taken. fEPSP amplitudes and
slopes were plotted against the stimulus intensity (10150 wA). Paired-
pulse facilitation (PPF) was measured as the ratio of the second fEPSP to
the first fEPSP evoked at different interstimulus intervals (25, 50, 75, 100,
125,150, 175, and 200 ms). The paired stimuli were set at 0.25 Hz, and an
average of four consecutive responses was obtained. For LTP, baseline
responses were evoked every 20 s for 5 min, and LTP was induced by one
train consisting of 100 Hz stimulation for 1 s. The posttrain responses
were then measured every 20 s for 60 min, and an average of four con-
secutive responses was taken. For PPF and LTP recordings, stimulation
intensity was adjusted to obtain ~50% response magnitudes. Evoked
responses were elicited by 0.1 ms unipolar stimuli (Grass S88 stimulator
with PSIU6 photoelectric stimulus isolation units; Grass Instruments)
delivered via microwire electrodes made from bare stainless steel wire (50
um diameter; A-M Systems) and recorded as described previously (Miil-
ler and Somjen, 1998). Responses were recorded using a locally con-
structed extracellular DC potential amplifier and digitized by a DigiData
1322A (Molecular Devices). Data analysis was performed in Clampfit 9.0
(Molecular Devices).

Experiments in acute hippocampal slices were performed on the
C57BL/6NCrl (Charles River Laboratories) mouse strain. Mice were
housed at four to five per cage in a room with a 12 h light/dark cycle
(lights on at 8:00 A.M.) and had ad libitum access to food/water. Exper-
iments were permitted by the local Animal Care and Use Committee. The
5-HT, receptor antagonist SB656104-A, which was kindly provided by
Dr. D. R. Thomas (GlaxoSmithKline, Harlow, UK), was dissolved in 10%
Captisol/saline solution (Cydex) and administered intraperitoneally at
the dose 20 mg/kg twice per day (8:00 A.M. and 8:00 P.M.) for 3 weeks.
Freshly made solution was used each day. The volume of injection was
0.01 ml/g of mouse body weight. Control animals were identically treated
with the corresponding volume of 10% Captisol/saline vehicle solution.

Two-photon excitation Ca®" imaging in hippocampal slices. Acute 300
pm hippocampal slices were prepared from P12-P16 male C57/BL6
mice using techniques described previously (Kochlamazashvili et al.,
2010). To examine postsynaptic Ca>" entry induced by backpropagating
action potentials, slices were transferred to a submersion-type recording
chamber (Scientific Systems Design) and superfused with (in mm) 124
NaCl, 2.5 KCl, 2 CaCl,, 1.3 MgSO,, 26 NaHCO;, and 10 glucose bubbled
with 95% O,/5% CO, at 32°C. The internal solution contained (in mwm)
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135 K methanesulfonate, 2 MgCl,, 10 HEPES, 10 tris-phosphocreatine, 4
NaATP, 0.4 NaGTP, 0.05 Alexa Fluor 594 hydrazide sodium salt (Invit-
rogen), and 0.4 Fluo-4 pentapotassium salt (Invitrogen). In all record-
ings, 10 um NBQX, 50 um APV, and 100 uMm picrotoxin were added to the
extracellular solution to block synaptic transmission.

Imaging experiments were performed using a Radiance 2100 imaging
system (Zeiss-Bio-Rad) linked to a femtosecond pulse laser MaiTai
(SpectraPhysics-Newport) and integrated with patch-clamp electro-
physiology (Rusakov and Fine, 2003). CA1 pyramidal cells were held in
voltage clamp at —70 mV, and dye equilibration was allowed for 20-25
min before recording started. Backpropagating action potentials were
induced by 3 ms command voltage pulses. Fluo-4 and Alexa fluorescence
was chromatically separated and collected by line scanning at 500 Hz.
Four to six scans of an individual spine or dendrite were averaged for
analyses. The background-corrected Ca**-dependent fluorescent signal
in the “green” Fluo-4 channel ( G) was normalized to the “red” Alexa 594
channel fluorescence (R) to account for focus fluctuations. In each ex-
periment, the average Ca’" -sensitive signal was calculated as the total
Ca?*-dependent fluorescence integrated over the recording time nor-
malized against R, AG/R.

To document Ca*" responses evoked in individual postsynaptic den-
dritic spines of CA1 pyramidal cells by synaptic activation (optical quan-
tal analysis), the cell was filled with the internal solution described
previously, and with the inclusion of 5 mm QX-314, 50 um Alexa Fluor
594, and 400 uM Fluo-4 was held at V., = —60 mV in the presence of 100
M picrotoxin and 30 um p-serine. The recording procedure followed the
previously described routines (Oertner et al., 2002; Emptage et al., 2003).
A monopolar glass stimulating electrode (patch pipette) filled with ACSF
was placed 15-30 um from the dendritic branch targeted. To identify
active synapses, relatively fast (10 Hz) frame scans of the local dendrites
were viewed while three 100 us square pulses of 2-10 V were delivered
with a 25 ms interstimulus interval using a constant voltage isolated
stimulator (model DS2A-mKII; Digitimer Ltd.). This protocol was re-
peated until a Ca®" response confined to a spine head was observed, and
400-500 ms line scans (positioned across the head of an active spine)
were then recorded while a pair of stimuli (50 ms interstimulus interval)
was delivered. Scans were repeated once every 30 s with a minimum of 15
trials in each condition to assess release probability at the imaged syn-
apse. Failures and successes of postsynaptic Ca®" transients were clearly
distinguishable in each trial (experiments in which the signal-to-noise
ratio was <3 were discarded).

Real-time quantitative RT-PCR analysis. The total RNA from the hip-
pocampus of mice at different postnatal ages was isolated using TRIzol
Reagent (Invitrogen) in conjunction with PureLink Micro-to-Midi
Total RNA Purification System (Invitrogen). The expression analysis
was performed on a ABI PRISM7000 Sequence Detector (Applied
Biosystems) using TagMan Universal PCR Master Mix (Applied Bio-
systems). For the detection of 5-HT,, 5-HT,, Gag, and Ga;, mRNA,
corresponding Gene Expression Assays (Applied Biosystems) con-
taining gene-specific primers were used. For quantitative analysis,
eukaryotic 18S RNA was analyzed in parallel. The analysis was performed
by using delta-delta-C, method according to the procedure described at
http://www3.appliedbiosystems.com/AB_Home/index.htm.

Results

5-HT, receptor stimulation induces formation of dendritic
protrusions and synaptogenesis

We have recently found that the 5-HT, receptor is functionally
coupled to the heterotrimeric G,,-proteins and that its stimula-
tion results in G,,-mediated activation of the small GTPase
Cdc42, leading to neurite outgrowth (Kvachnina et al., 2005). To
investigate the role of the 5-HT,R/G,, signaling pathway in den-
dritic morphogenesis, we used primary cultures of hippocampal
neurons, which allowed for visualization of the morphological
changes and for functional analysis. We selected a time window
from DIV10 to DIV12, when well defined synapses are already
formed (Bartrup et al., 1997; Fig. 1F). To monitor receptor-
mediated morphological changes, GFP-transfected neurons were
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Stimulation of the 5-HT; receptor induces formation of dendritic filopodia and synaptic clusters. 4, Representative image showing dendritic morphology of control (top), 5-CT (100 nm;

middle), and 5-CT (100 nm) plus SB-269970 (1 wm; bottom) treated neurons. Scale bar, 10 um. B, Synaptophysin puncta in dendrites of control (top), 5-CT (100 nm; middle), and 5-CT (100 nw) plus
SB-269970 (1 pum; bottom) treated neurons. Scale bar, 10 um. €, D, The number of short (C; <10 tm) and long (D; >10 m) dendritic protrusions is significantly increased in 5-CT-treated neurons
compared with the control (ctrl) neurons. The morphogenic effect is receptor specific because it is inhibited by SB-269970, an antagonist of the 5-HT, receptor. Values represent mean =+ SEM;
***p <0.001 (n = 30). £, Quantification of synaptophysin-positive puncta in control (ctrl) and in 5-CT-treated neurons. The synaptogenic effect of 5-(T is abolished after treatment with the 5-HT,
receptor antagonist SB-269970. The number of dendritic protrusions and synaptophysin-positive puncta are calculated per 50 wm of dendrite. Values represent means = SEM; ***p << 0.001
(n = 30). F, Confocal microscope image of untreated hippocampal neurons at DIV11. The synapses formed in cultured neurons appear to be structurally intact, as defined by the colocalization of the
postsynaptic density protein PSD-95 and synaptophysin puncta. Expression of the 5-HT,, receptor was observed both in cell body and dendrites. The bottom high-magnification images represent a
part of the neurite where the 5-HT; receptor is colocalized with presynaptic (synaptophysin) and postsynaptic (PSD-95) markers. Scale bars: top, 20 wm; bottom, 10 m.

incubated with a low concentration of the 5-HT, receptor agonist
5-CT (100 nm) during the last 4 d before analysis.

Agonist treatment substantially increased the number of den-
dritic protrusions compared with nontreated controls (Fig.
1A,C, D). The number of SPs per 50 wm of dendritic length was
4.4 * 0.45 in control versus 11.3 = 1.27 after 5-CT treatment
(Fig. 1C;n = 30; p < 0.001), and the number of LPs (over 10 wm)
was 0.4 = 0.16 in control versus 3.1 £ 0.5 after 5-CT treatment
(Fig. 1D; n = 30; p < 0.001). These morphogenic effects were
receptor specific because they were inhibited by the antagonist of
the 5-HT; receptor, SB-269970 (Fig. 1C,D). It is noteworthy that
treatment of neurons with antagonist alone does not result in any

significant morphological changes when compared with the con-
trol (SP, 4.6 = 0.71; LP, 0.4 = 0.07; n = 10; Fig. 1C,D).

To determine whether the 5-HT, receptor-mediated signaling
affects synaptic density, we quantified the number of synapses by
labeling GFP-transfected neurons with the presynaptic marker
synaptophysin (De Paola et al., 2003; Fig. 1 B). Treatment of neu-
rons with 5-CT increased the number of synaptophysin-positive
puncta from 6.2 £ 0.49 to 17.4 £ 1.46 (n = 30; p < 0.001) per 50
um of dendrite (Fig. 1 E). Similarly to the effects on the formation
of dendritic protrusions, the synaptogenic effect of 5-CT was
abolished by the 5-HT, receptor antagonist (Fig. 1E). The syn-
apses formed in both 5-CT-treated and control neurons appear
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to be structurally intact, as defined by the tight colocalization of
the postsynaptic density protein PSD-95 and synaptophysin-
positive puncta (99.4 £ 0.4 and 98.8 = 1.3% of PSD-95 puncta
was colocalized with synaptophysin in untreated and 5-CT-
treated cultures, respectively. Accordingly, 97.7 = 0.9 and 98.8 +
1.3% of synaptophysin puncta were colocalized with PSD-95). A
small fraction of the 5-HT, receptor (9.5 * 2.1%) was colocalized
with presynaptic and postsynaptic markers in neurons, suggest-
ing that 5-HT, receptor-mediated signal transduction can occur
within close proximity of the synapse (Fig. 1F). Notably, the
receptor distribution was not changed after 5-CT treatment.

Morphogenic and synaptogenic effects of the 5-HT, receptor
are mediated by the Ga,,-protein

In addition to coupling to the heterotrimeric G,,-protein, the
5-HT, receptor can stimulate cAMP formation by activating ad-
enylyl cyclases via a stimulatory G,-protein. The G,-mediated
signaling in turn can regulate the cellular morphology either by
modulating cAMP concentration (Iyengar, 1996; Corset et al.,
2000) or by direct binding of Ga to the cytoskeleton (Yu et al.,
2009). To investigate whether the morphogenic effects of the
5-HT, receptor include the G,-mediated component, we ana-
lyzed primary hippocampal neurons prepared from Go,-
deficient mice. Initial studies in the Ga,-knock-out mouse have
found no apparent phenotype (Gu et al., 2002). An analysis of
dendritic morphology revealed that, without any treatment, the
number of dendritic protrusions in Ge,-knock-out neurons was
significantly reduced compared with wild type (SP, to 72.5 *
3.7%; LP, to 68. 2 = 11.8%; relative to wild type; n = 30; p <
0.001; Fig. 2 B, C). In addition, the density of synapses assessed by
the analysis of synaptophysin-positive puncta was reduced to
88.5 * 3.29% relative to wild type (n = 30; p < 0.001; Fig. 2D),
suggesting that basal Ga|,-mediated activity is involved in mor-
phogenesis and synapse formation. A statistical analysis per-
formed on neurons isolated from Ga,,-deficient mice revealed
that both the number of dendritic protrusions and the density of
synaptophysin-positive puncta were indistinguishable between
5-HT, receptor agonist treated and nontreated neurons (5-CT:
SP, 81 % 5.9%; LP, 65.9 = 10.6%; synaptic cluster density, 86.9 +
2.9%; Fig. 2B, C). In contrast, these parameters were significantly
increased after agonist treatment of neurons prepared from the
wild-type animals (5-CT: SP, 169 = 10%; LP, 245 * 28.6%; Fig.
2 B, G; synaptic density, 179 = 3%; Fig. 2 D). Similar to results
obtained in Ga,-knock-out neurons, specific knockdown of the
endogenously expressed 5-HT, receptor with the siRNAs (Fig.
2A) significantly reduces the number of dendritic protrusions
and synaptic density both under basal conditions as well as after
5-CT treatment (Fig. 2 B-D). We also analyzed morphogenic and
synaptogenic effects in hippocampal neurons isolated from
Ga;,-deficient mice after their transfection with the 5-HT,
receptor siRNA. Results of these experiments (Fig. 2 B-D)
demonstrate that the simultaneous switching off the 5-HT,
receptor and G,-protein does not result in any cumulative
effects. Thus, both 5-HT, receptor and Ga,,-protein acting in
the same signaling pathway are required for the induction of
dendritic filopodia and synaptogenesis in hippocampal neu-
rons. It is also notable that the 5-HT, receptor partly colocal-
ized with the Ga,-protein (Fig. 2E).

Effect of 5-HT,R/G,, signaling on neuronal functions

We next asked whether synaptic function of neurons is affected
by the 5-HT} receptor agonist exposure. Spontaneous EPSPs and
spontaneous firing activity were monitored using whole-cell re-
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cordings from hippocampal neurons cultured from P2 mice after
10 d in culture (Fig. 3A), close to the early developmental stage at
which neurons form functional synaptic connections. Under
control conditions, the EPSP frequency ranged from 0.03 to 2.4
Hz with a mean of 0.69 = 0.11 Hz (Fig. 3B; n = 29). These values
were similar in different preparations, indicating comparable de-
velopmental conditions. In neurons incubated with 5-CT (100
nM) during the last 4 d before recording, the EPSP frequency was
significantly increased (Fig. 3B; 4.85 = 0.53 Hz; n = 33; p <
0.001). Likewise, the spike frequency underwent a similar in-
crease (0.06 = 0.03 Hz in control vs 0.62 = 0.15 Hz in 5-CT-
treated neurons; n = 19; p < 0.001; Fig. 3C). We then analyzed
synaptic functions in primary hippocampal neurons after knock-
ing down endogenous 5-HT, receptor expression with siRNAs
(Fig. 2A), as well as in neurons prepared from Ga,,-deficient
mice. As shown in Figure 3, B and C, treatment of such neurons
with 5-CT does not result in any significant changes of both
EPSPs and spike frequency, further confirming the role of
5-HT,R/G,, signaling in obtained functional changes.

Because 5-CT is also a partial agonist for other serotonin re-
ceptors, including 5-HT, , and 5-HT (Beer et al., 1992; Wood et
al., 2000), it was important to assess the specific involvement of
the 5-HT,, receptor. Neurons were therefore treated with the se-
lective 5-HT, receptor antagonist SB-269970 (1 um), along with
5-CT. The treatment reduced both EPSP and the spike frequency
to the control level (EPSP: 1.14 = 0.17, n = 16; spike frequency,
0.02 = 0.01 Hz; n = 11, Fig. 3A—C). These results suggest that
activation of the 5-HT,R/G,, signaling pathway both enhances
synaptogenesis and increases functional connectivity of hip-
pocampal neurons.

In parallel, we analyzed the expression level of synaptic
AMPARs, which provides an independent test of the electrophys-
iological data. Consistent with results of electrophysiological ex-
periments, treatment of neurons with 5-CT increased both the
total expression of AMPAR-positive puncta throughout cells and
the numbers of synaptic AMPARSs, as defined by the colocaliza-
tion with synaptophysin (Fig. 3D,E; total AMPARs; 5-CT,
29.74 £ 4.74, n = 40, p < 0.001 compared with control, 9.36 *
0.44, n = 30; Fig. 3D, F; synaptic AMPARs, 25.49 * 3.69, n = 40,
p < 0.001 compared with control, 8.25 * 0.43). These effects
were receptor specific, because they were abolished by treatment
with an antagonist (Fig. 3E,F).

Effects of 5-HT,R/G,, signaling on neuronal morphology

in organotypic hippocampal slices

The critical question for any results obtained in dissociated neu-
ronal cultures is whether they can be reproduced in organized
brain tissue. Therefore, we focused on organotypic slice cultures
from the mouse hippocampus. In such preparations, the mor-
phological organization of the hippocampus is mostly preserved,
and the maturation of different cell types, synaptic contacts, and
receptor expression are similar to those in vivo (Gihwiler et al.,
1997; Gogolla et al., 2006). Organotypic slices were prepared
from P5 mice and maintained for 5-6 d before analysis. During
the last 4 d, the 5-HT,, receptor agonist 5-CT (either alone or in
combination with the antagonist SB-269970) was applied, and
1 d before analysis, slices were transfected with GFP to visualize
and reconstruct 3D morphology of individual neurons (Herzog
et al., 2006; Fig. 4A,B). We found that the 5-CT treatment re-
sulted in a marked stimulation of spine formation, with no de-
tectable changes to the typical morphology of individual
dendritic spines. In 5-CT-treated neurons, the spine density was
markedly increased compared with the control preparations
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Figure2.  Morphogenicand synaptogenic effects of 5-CT are mediated by the 5-HT, receptor and Gex, ,-protein. 4, Analysis of SiRNA against the 5-HT, receptor. Left, The 5-HT,-YFP receptor was expressed
in neuroblastoma cells, which were cotransfected with scrambled or anti-5-HT, receptor siRNA constructs. A representative Western blot from three experiments s shown. Right, Expression of the 5-HT, receptor
in hippocampal neurons after transfection with scramble and anti-5-HT; receptor siRNA is shown at DIV11. Expression vectors encoding for siRNA also contained GFP, allowing for simple identification of
transfected neurons (arrows). Scale bar, 20 wm. B, €, The number of short (B) and long (€) dendritic protrusions is significantly decreased in untreated neurons isolated from the Gex; ,-deficent mice, in wild-type
neurons, where expression of endogenous 5-HT, receptor was knocked down by specific siRNA as well as in neurons from G, ,-deficent mice after their transfection with 5-HT; receptor SiRNA. After treatment
with 5-CT, asignificant increase in the number of both short and long protrusions is obtained only in neurons from the wild type, but neitherin the Ge,,-deficient, in 5-HT; receptor siRNA-transfected neurons,
norin the Goy, ,-deficient neurons after 5-HT, receptor siRNA transfection. Values represent mean == SEM; *p << 0.05; ***p << 0.001. D, The number of synapses is significantly decreased in untreated neurons
isolated from Gex,,-deficient mice, in neurons transfected with 5-HT, receptor siRNA, and in Gey, ,-deficient neurons after 5-HT, receptor siRNA transfection. Stimulation of the 5-HT, receptor with 5-CT does not
resultin any changes in the number of synapses in Gex,,-deficient neurons and in neurons without 5-HT; receptor. The number of dendritic protrusions and synaptophysin-positive puncta were calculated per
50 wm of dendrite. Values represent means == SEM; ***p <<0.001 (n = 30). £, Distribution of 5-HT; receptors and Gex, ,-proteins in hippocampal neurons. Confocal images of hippocampal neurons at DIV11
are shown. The bottom high-magnification images represent a part of the dendrite shown by the dashed box. Scale bars: top, 20 m; bottom, 5 wm. WT, Wild type; KO, knock-out.

(2.06 = 0.11 vs 5.92 = 0.09 spines per 50 um of dendritic length;  the surface area (0.67 = 0.11 vs 0.83 * 0.04 wm?), length (2.85 *
p < 0.001; Fig. 4C). The increase in the numbers of spines was ~ 0.17 vs 2.75 * 0.09 wm), diameter (0.20 % 0.02 vs 0.20 = 0.01
5-HT, receptor specific, because it was abolished by the selective ~ m), and volume (0.039 = 0.04 vs 0.042 = 0.004 wm?>) of spines
receptor antagonist SB-269970 (3.45 * 0.16 spines). In contrast,  in neurons from 5-CT-treated preparations were similar to
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Figure3.

Stimulation of 5-HT,R/G;, signaling results in an increase of spontaneous neuronal activity. 4, Spontaneous neuronal activity was analyzed in primary cultures of hippocampal neurons

by whole-cell patch-clamp recordings at DIV11. Representative recordings from control, 5-CT (100 nw), and 5-CT (100 nm) plus SB-269970 (1 um) treated neurons are shown. In addition, effect of
5-(Ttreatment was analyzed in Ge,,-deficient neurons and in neurons transfected with 5-HT; receptor siRNA. The 5-CT and 5-CT plus SB-269970 treatment was performed during the last 4 d before

recording. Vo =

—65mV. B, , Quantitative analysis of the frequency of EPSPs (B) and action potentials (C). Values represent means == SEM; ***p << 0.001. D, Representative images of neurons

treated with 5-CT (100 nm) or 5-CT (100 nm) plus SB-269970 (1 um). AMPARSs and synaptophysin immunostaining is shown individually and as a merge. Scale bar, 10 wm. E, F, Average number of
total surface (E) and synaptic AMPAR-positive (F) puncta per 50 wm of dendrite for control, 5-CT, and 5-CT plus SB-269970 treatments. Values represent means = SEM; ***p << 0.001. WT, Wild

type; KO, knock-out.

those of the control preparations, suggesting that the 5-HT,R/
G,, signaling is critically involved in the formation of new
spines rather than morphological transformation of existent
spines.

To address whether similar changes in response to 5-CT might
be occurring in intact tissue, we performed quantitative immu-
nofluorescence studies by comparison of fluorescence intensity
for synaptophysin, VGATs, and AMPARs in organotypic slices
(Chao etal., 2007; Fig. 4 D, E). Consistent with results obtained in
dissociated neurons, intensity of synaptophysin immunostaining
was significantly increased in hippocampal slices after prolonged
stimulation of the 5-HT, receptor (Fig. 4 F). Also, the total inten-
sity of AMPARs was elevated after prolonged 5-CT treatment. In
contrast, no changes were detected in the total intensity of VGAT,
which is specific to the inhibitory GABAergic neurons (Fig. 4 F).
Changes in the amount and/or state of AMPA receptors at indi-
vidual synapses have been suggested to correlate with the ampli-
tude of miniature EPSCs (mEPSCs) (Lisman et al., 2007).
Interestingly, the treatment with 5-CT (100 nm) for 4 d increased
the average mEPSC amplitudes (43.37 = 0.22 pA in control neu-

rons, n = 9;52.19 * 0.3 pA in 5-CT-treated neurons, n = 10; p <
0.01), but we could not detect significant differences in the aver-
age mEPSC frequencies. Whereas the amplitude increase could
indicate either an increased number of AMPARs available at in-
dividual synapses or an increased amount of glutamate released
per discharge, the lack of statistically significant changes in the
average mEPSC frequency is more difficult to interpret because it
may simply reflect high variability of release probability among
individual synapses across the preparations.

5-HT,R/G,, signaling modulates neuronal excitability

and LTP

Our results demonstrate that stimulation of the 5-HT, receptor
results in pronounced morphological and functional changes of
individual hippocampal neurons. To determine whether these
changes modulate functional plasticity of hippocampal net-
works, we performed additional electrophysiological recordings
in organotypic slices prepared from P5 mice at DIV7. Four days
before the analysis, slices were treated with a low concentration of
5-HT, receptor agonist 5-CT (100 nm). The effect of 5-HT,
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receptor-mediated signaling on synaptic
transmission was analyzed using extracellu-
lar recordings of fEPSPs in the stratum ra-
diatum of the CA1 region that were evoked
by stimulation of Schaffer collaterals. First,
IO curves were generated by plotting the
amplitude of fEPSPs versus the stimulation
intensity (Fig. 5A). Although the maximal
responses obtained at higher stimulation in-
tensity (100—150 uA) in the 5-CT-treated
(n = 12) and in control (n = 15) slices were
fairly similar, the average fEPSP ampli-
tudes at low-stimulation strength (10—40
1A) were significantly increased in treated
slices (Fig. 5A). There was a left shift of the
IO curve, revealing that the same presynap-
tic stimulus elicited a larger postsynaptic re-
sponse in the 5-CT-treated slices. When
similar recordings were performed in orga-
notypic preparations from Gey,-deficient
mice, the opposite effect was obtained (Fig.
5A). In this case, EPSP amplitudes at the
low-stimulation intensity were decreased,
resulting in a pronounced right shift of the
IO curve compared with the control. To rule
out changes in presynaptic fiber excitability
as a possible reason for these effects, we
compared presynaptic fiber volley ampli-
tudes and did not observe any significant
differences between control and 5-CT-
treated slices. These combined data demon-
strate the critical role of the G,,-protein as a
downstream effector of 5-HT, receptor and
also indicate that stimulation of 5-HT,R/
G, signaling results in increased neuronal
excitability (decreased threshold for the
generation of evoked spikes).

To test whether the 5-CT-mediated en-
hancement of the fEPSP amplitudes occurs
presynaptically or postsynaptically, we ana-
lyzed PPF, which is considered a presynaptic
form of short-term plasticity. We found
no difference in the PPF evoked using
interstimulus intervals from 25 to 200 ms
between control slices, 5-CT-treated slices,
and slices from Ga,,-deficient mice
(Fig. 5B). This result suggested a post-
synaptic mechanism of the 5-HT, receptor-
mediated enhancement of neuronal
excitability.

The reduction in the population spike
threshold in 5-CT-treated slices prompted
us to investigate whether the induction of
activity-dependent synaptic plasticity is also affected after stimula-
tion of 5-HT,R/G,, signaling. LTP was induced by high-frequency
stimulation (100 Hz for 1 s) of Schaffer collaterals (Fig. 5C). In these
experiments, 5-CT treatment markedly changed the induction of
LTP (Fig. 5C). Already, the initial increase in the fEPSP slope (0-10
min) was significantly lower in 5-CT-treated than in control cul-
tures. One hour after LTP induction, potentiation remained signif-
icantly decreased in 5-CT-treated cultures compared with controls
(Fig. 5C). Together with the measurements of evoked fEPSPs (Fig.
5A), these data suggest that increased basal neuronal excitability me-

control
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E

control

5-CT

Figure 4.

Stimulation of 5-
from the hippocampus of a P5 mouse were treated with vehicle (H,0, control), 5-CT (100 nm), or 5-CT plus SB-269970 (1 um) at
DIV2 for 4 d. The day before analysis, slices were transfected with GFP. A series of z-stacks were acquired for neurons expressing
GFP. Scale bar, 5 um. B, Three-dimensional reconstructions were performed by using the method described by Herzog et al.
(2006). €, Bar graphs show the spine density calculated in control, 5-CT-treated, and 5-CT plus SB-269970-treated preparations.
Data shown as mean = SEM (n = 30). A statistically significant difference between values is indicated (***p << 0.001). D,
Representative images of the hippocampal CA1 region from control and 5-CT-treated organotypic preparations stained with
anti-synaptophysin (blue) and anti-AMPAR (red) antibodies. Scale bar, 50 um. E, Larger magnifications of selected areas indicated
inD.Scale bar, 5 wm. F, Bar graphs show synaptophysin, AMPAR, and VGAT intensity in 5-CT-treated hippocampal slides normal-
ized to the control preparations (dashed line). Data shown as mean == SEM. *p << 0.05.

Kobe et al. ® 5-HT,R Regulates Neuronal Morphology and Functions

5-CT 5-CT + SB-269970

2g
£E
Q T
S

8§
ES
c

control 5-CT 5-CT+
SB-269970
Synaptophysin AMPAR Merge

*
215 T
2

@ b )
-_51..,

E o5
z

X

Synaptoph. AMPAR VGAT

HT,R/G,, signaling promotes spinogenesis in organotypic hippocampal slices. A, Organotypic slices

diated by the stimulation of the 5-HT,R/G,, signaling pathway re-
sults in the preconditioning of synaptic transmission, leading to
rapid LTP saturation and thus preventing further potentiation.

Activation of 5-HT, receptors reduces postsynaptic Ca**
entry evoked by either dendritic spikes or by synaptic
activation

Whereas our data indicate profound consequences of 5-HT, recep-
tor activation for sustained dendritic spine formation over days, it
was important to understand the initial signaling cascade that trig-
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with the morphological tracer Alexa Fluor
594 and the Ca*™ indicator Fluo-4 (Fig. 6 A)
and used two-photon excitation micros-
copy routines, as detailed previously (Scott
et al., 2008), to monitor postsynaptic Ca*"
in acute hippocampal slices. First, we exam-
ined Ca** transients evoked by the back-
propagating action potentials in individual
dendritic spines and shafts (Fig. 6 B). Sec-
ond, we focused on individual dendritic
spines of CA1l pyramidal cells and docu-
mented (NMDA receptor-dependent) in-
traspine Ca?" transients evoked, in a
probabilistic manner, by electrical stimuli
applied to presynaptic Schaffer collaterals
(Fig. 6C). This mode of observation, termed
“optical quantal analysis,” enables direct
readout of both release probability P, and
glutamate release-induced postsynaptic
Ca*" entry at individual identified connec-
tions (Oertner et al., 2002; Emptage et al.,
2003; Fig. 6C,D).

First, we found that within a few min-
utes of application, 5-CT reduced the
spike-evoked transient Ca™ responses by
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gers these changes after agonist application. Because postsynaptic
Ca’" entry is a major determinant of dendritic spine formation,
motility, and stabilization (Lohmann and Wong, 2005; Oertner and
Matus, 2005; Zheng and Poo, 2007), we asked whether activation of
5-HT, receptors exerts any direct effect on postsynaptic Ca*™ sig-
naling. We therefore filled CA1 pyramidal cells in whole-cell mode

: 1 Control

Stimulation of 5-HT,R/G,, signaling increases basal neuronal excitability and modulates synaptic plasticity. 4, Basal
synaptic transmission in 5-CT-treated and control organotypic preparations, as well as from in cultures from Gey, ,-deficient mice
(G,,KO0) measured as a relationship between the stimulus strength and amplitude of fEPSP from the Schaffer collateral-CA1
synapses. Although the maximal responses obtained at high-stimulation intensities (100 —150 w.A) in the 5-CT-treated (n = 12)
and control (n = 15) slices are similar, the mean fEPSP amplitude at low-stimulation strengths (10—40 w.A) is significantly
increased in 5-(T-treated preparations and decreased in organotypic cultures from Go,,-deficient mice (n = 9). Data are pre-
sented as mean == SEM. A statistically significant difference between valuesis indicated (*p < 0.05; **p << 0.01; ***p < 0.001).
Representative recordings of fEPSPs performed at 50% of maximal response (20 w.A) and at maximal intensities (140 w.A) are
shown for control, 5-CT-treated, and Gex,, knock-out preparations on the right. B, Analysis of PPF in CA1 synapses from the control,
5-(T-treated, and Goy,,-deficient mice preparations. €, High-frequency stimulation (1 X 100 Hz for 15) of Schaffer collaterals in
organotypic slices treated with 5-CT (n = 12) results in changed LTP of fEPSPs compared with control preparations (n = 15). Data
shown are mean == SEM of normalized fEPSPs. Representative recordings of fEPSPs performed at 50% of maximal response were
evoked and recorded 5 min before (gray curves) and 50 — 60 min after (black curves) 1 X 100 Hz stimulation and are shown on the
right for the control, 5-CT-treated, and Gey;, knock-out preparations. Scale bars on the right show the corresponding amplitude
increment. LTP was determined as maximal responses between 50 and 60 min after the high-frequency stimulation (n = 13;p <

200 48 * 8% in dendritic spines (n = 9; p <
0.005) and by 25 * 4% in dendritic shafts
(n = 5; p < 0.05; Fig. 6E). In parallel,
5-CT induced an outward current (33 = 6
PA; n = 6), indicating significant mem-
brane hyperpolarization, which was con-
sistent with the effects of 5-CT in these
cells reported previously (Pugliese et al.,
1998). This result suggests that the signal-
ing mechanism of 5-HT, receptor action
involves a reduction in spike-evoked post-
synaptic Ca>* entry and that the concur-
rent changes in membrane excitability
(and therefore spike propagation mecha-
nisms) contribute to these effects. Second,
activation of 5-HT, receptors had no ef-
fect on P, at individual synapses (0.45 *=
0.06 and 0.42 * 0.05 in baseline condi-
tions and in 5-CT, respectively; n = 6; p >
0.2; Fig. 6F, left), thus pointing to the
postsynaptic origin of the mechanisms in-
volved. At the same time, however, the av-
erage postsynaptic Ca’" entry was
significantly reduced by the 5-HT, agonist
5-CT (by 17 % 4%; n = 6; p < 0.011; Fig.
6 F, right). Although the precise dissection
of the wunderlying receptor—channel
mechanism requires a separate study, this
result provides important evidence that
activation of 5-HT, receptors reduces the
postsynaptic Ca** signal triggered by
neurotransmitter release at individual ex-
citatory synapses (see Discussion).

5-CT G12KO

Expression of 5-HT, receptor and G, ,-protein decreases
dramatically during postnatal development

It has been suggested that different effects of serotonin during
development may be mediated by the variable expression of the
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Figure6. Inacute hippocampal slices, activation of 5-HT, receptors reduces postsynaptic Ca® " entry evoked by either backpropagating action potentials or by synaptic activation, while having
no effect on evoked release probability. A, CA1 pyramidal cells are loaded with the tracer Alexa 594 (50 1m) and the Ca ™ indicator Fluo-4 (400 m). B, Left, An example of a spiny dendritic fragment
of interest s selected forimaging, with two spines (s1and s2) recorded using line scan recording (arrows indicate position); Alexa channel, A2> = 800 nm. Right, Examples of line scans (500 Hz) from
the dendritic fragment depicted in on the left during generation of a backpropagating action potential (onset is shown by the arrows; two spines and dendritic stem traces are marked as s1, 52, and
d, respectively) recorded in “red” Alexa channel (top), and in “green” Fluo-4 channel (middle) in control conditions and 5 min after application of 100 nm 5-CT (bottom), as indicated. €, Optical quantal
analysis at CA1—CA3 synapses. Left, Characteristic image of a dendritic fragment with prominent spines (Alexa channel; arrows, line scan position). Right, Examples of Ca " -sensitive responses
recorded (500 Hz line scan) from the spine head shown on the left after two stimuli (arrowheads, 50 ms apart) applied to Schaffer collaterals; three typical cases of stochastic responses are shown,
with 0 and 1 indicating, respectively, signal failures and successes after each stimulus. D, Left, Average postsynaptic Ca®" entry evoked in the dendritic spine shown in € by successful synaptic
activation (failures excluded; arrowheads show stimulus onset) in control conditions (top) and 15 min after 5-CT application (bottom). Right, The two corresponding profiles, as indicated, expressed
asCa”™ (green) channel values related to the Alexa (red) values (AG/R), to cancel out artifact fluorescence fluctuations caused by focus drift; horizontal arrows indicate the first response amplitude.
E, Statistical summary of experiments shown in B: average AG/Rresponses (Fluo-4/Alexa channel ratio integrated over 6 —26 ms after spike in individual sweeps, subsequently averaged over 1015
trials) recorded in individual dendritic spines (n = 9) and adjacent dendritic stems (n = 5), before and after 5-CT application, as indicated. Individual experiments are shown by dots connected by
adotted line. Gray bars indicate a sample average. **p << 0.01; *p << 0.05. F, Summary of experiments shown in Cand D. Activation of 5-HT, receptors has no effect on release probability (0.45 =
0.06and 0.42 = 0.05in baseline conditions and in 5-CT, respectively; n = 6; p > 0.2; left) while decreasing the average Ca 2 entry evoked by activation of individual synapses (by 17 = 4%; n =
6; p < 0.011; right).

corresponding receptors and/or their downstream effectors
(Bonnin et al., 2006, 2007). Therefore, we next determined the
expression profile for both 5-HT receptor and Gea,-protein in
the mouse hippocampus at different stages of postnatal develop-
ment using real-time quantitative RT-PCR. This approach dem-
onstrated that 5-HT, receptor transcripts were strongly
expressed during early postnatal stages (P2 and P6) and dra-

matically downregulated (up to ninefold) during later devel-
opment. A similar expression profile was obtained for the
Ga,,-protein (Fig. 7A). In contrast, the expression level of the
Ga,-protein, which can also be activated by 5-HT, receptor,
was not significantly modulated during development (Fig.
7A). Furthermore, expression analysis of another G4- and G, ,,
13-coupled serotonin receptor, 5-HT, (Ponimaskin et al.,
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Figure7.

Expression of the 5-HT, receptor and the Ge,,-protein decreases during postnatal development. A, Relative changes in the amount of mRNA encoding for the 5-HT; receptor and the

Gay,-protein, as well as the 5-HT, receptor and the Ga,-protein, in the mouse hippocampus were determined at different stages of the postnatal development using real-time quantitative RT-PCR
and AAC, method. The 5-HT; receptor and Gey,,-protein are strongly expressed at early postnatal stages and are downregulated during later stages of development. B, Distribution of 5-HT,
receptor and 5-HT in hippocampus during development. Representative images of hippocampal cryosections obtained from P2, P6, and P90 mice are shown. Colocalization of 5-HT, receptor and
5-HT is shown by white arrows. During later stages of development, the amount of the 5-HT; receptor is decreased, and receptor colocalization with 5-HT-positive varicosities is reduced (black
arrows). Scale bar, 20 um. Right images show the high magnification of the regions of interest shown in merged images. Scale bar, 5 m. €, colocalization of dendritic 5-HT, receptor-positive
clusters with 5-HT-positive puncta at different developmental stages. Values represent means == SEM; *p << 0.05; ***p << 0.001 (n = 30).

2002), revealed that the amount of receptor mRNA does not
undergo strong variation during development (Fig. 7A). Im-
munohistochemical analysis confirmed a higher expression of
5-HT, receptor in the CA1 region during early postnatal stages
(P2 and P6) compared with P90 (Fig. 7B). Moreover, we ob-
served a high degree of colocalization between the 5-HT, re-
ceptor and 5-HT-containing varicosities at P2 stages, whereas

both expression and colocalization of the 5-HT} receptor with
serotonergic fibers was continuously decreased during later
developmental stages (Fig. 7B,C). These data demonstrate
that 5-HT, receptor and Ga,,-protein display dynamic
expression patterns characterized by a strong, but transient,
expression during early postnatal stages of hippocampal
development.
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The effects of 5-HT,R/G,, signaling are restricted to the early
developmental stages

Decreased expressions of 5-HT, receptor and Ga,-protein dur-
ing the later postnatal stages suggest that the morphological and
functional effects observed in juvenile hippocampal neurons af-
ter stimulation of 5-HT, receptor may be diminished in adult
mice. Therefore, we next investigated the role of 5-HT,R/G,,
signaling in dendritic morphogenesis and synaptogenesis in cul-
tures of dissociated hippocampal neurons at DIV21. Similarly to
analysis presented in Figure 1, these neurons were incubated with
5-CT (100 nm) during the last 4 d before analysis. In contrast to
results obtained after treatment of younger cultures (DIV5; Fig.
1C-E), agonist treatment started at DIV21 does not result in any
significant changes in the number of dendritic protrusions com-
pared with the nontreated controls (Fig. 8A, B). The number of
SPs per 50 wm of dendritic length was 14.75 * 3.51 in control
versus 14.06 * 2.71 after 5-CT treatment (n = 30), and the num-
ber of LPs (over 10 wm) was 0.49 = 0.17 in control versus 0.5 =
0.13 after 5-CT treatment (n = 30). Also, the number of
synaptophysin-positive puncta per 50 um of dendrite was not
affected after treatment of neurons with 5-CT (17.29 * 2.32 vs
17.18 = 2.24 in control; n = 30; Fig. 8C).

To determine whether 5-HT,R/G,, signaling can modulate
functional plasticity of hippocampal networks in adult animals,
we performed electrophysiological experiments using 10-week-
old male mice that have been chronically treated with the highly
selective 5-HT, receptor antagonist SB656104-A. SB656104-A
penetrates the blood—brain barrier, and its pharmacokinetic
properties are well characterized (Thomas et al., 2003). Animals
were treated for 3 weeks twice daily by intraperitoneal injection of
20 mg kg ~'. An analysis of neuronal excitability and synaptic
plasticity (LTP) in acute slices obtained from the antagonist-
treated mice did not reveal significant changes of basal excitabil-
ity and the average magnitude of LTP compared with untreated
controls (Fig. 8D, E). These combined results demonstrate that
stimulatory effects of 5-HT,R/G,, signaling on spinogenesis and
synaptogenesis, as well as on synaptic plasticity, are restricted to
early postnatal development stages.

Experiments in Ga,,-deficient mice demonstrated that G, ,-
protein is required for the obtained morphological and func-
tional effects (Figs. 2, 5). On the other hand, a decrease in the
Ga;, expression during development suggests that the time win-
dow for G, action is restricted to early postnatal stages. To verify
this suggestion, we compared the morphology of hippocampal
neurons in wild-type and Ga,,-deficient mice at different devel-
opmental stages by visualizing CA1 pyramidal neurons after ret-
rograde Dil labeling (Morita et al., 2009; Fig. 8 F,G). At P6, the
number of short dendritic protrusions measured per 50 um of
dendrite in neurons of Ga,,-deficient mice was reduced to
14.60 = 0.60 compared with 26.98 = 2.32 in wild-type animals
(p < 0.001; Fig. 8 F). In contrast, the spine density was not sig-
nificantly different in hippocampal neurons of 10-month-old
mice (64.79 * 1.93 in wild type, 62.59 = 3.64 in Go,,-deficient
mice; Fig. 8G). Thus, loss of Ga;, results in a drastic reduction of
spine density at the early postnatal stages, whereas this effect
becomes completely compensated by G,,-independent mecha-
nisms at adulthood.

Discussion

5-HT,R/G,, signaling modulates formation and functioning
of synapses

It is widely accepted that patterns of neuronal activity play a
major role in reorganization of neuronal connection and circuits
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(Katz and Shatz, 1996; Maletic-Savatic et al., 1999; Jontes and
Smith, 2000). However, mechanisms underlying formation of
the initial population of synaptic connections, i.e., before any
network activity could be established, are far from being com-
pletely understood. Over the past several years, it has become
evident that serotonin may modulate different aspects of early
neuronal differentiation, including neurite outgrowth and syn-
aptogenesis, before it acts as a neurotransmitter (Mazer et al.,
1997; Udo et al., 2005). The morphogenic functions of serotonin
may be mediated by a variety of 5-HT receptor subtypes (Barnes
and Sharp, 1999; Hoyer et al., 2002), and we have previously
showed that activation of the 5-HT, receptor promoted neurite
outgrowth in hippocampal neurons (Kvachnina et al., 2005).

In the present study, we demonstrated that prolonged stimu-
lation of the 5-HT, receptor leads to a pronounced increase in the
number of dendritic protrusions. It has been proposed that den-
dritic protrusions actively participate in the formation of syn-
apses and that initial synaptogenesis may be the result of contacts
between dendritic protrusions and axons (Mattila and Lappa-
lainen, 2008). Supporting this view, we found that the number of
identified excitatory synapses was also increased after stimulation
of the 5-HT, receptor. We found a similar morphogenic function
of the 5-HT receptor in organized brain circuitries (organotypic
slice preparation), where stimulation of 5-HT, receptor caused a
pronounced elevation of spinogenesis without affecting spine
shape and size.

The 5-HT}, receptor-mediated boost in synaptogenesis results
in marked enhancement of spontaneous neuronal activity (e.g.,
EPSP and spike frequency) generated in networks formed by the
cultured hippocampal neurons. In slices, the receptor-mediated
facilitation of spinogenesis was accompanied by an increase in
basal neuronal excitability as assessed by the analysis of fEPSPs.
The coordinated changes in synaptogenesis and synaptic excit-
ability obtained here can represent a mechanism responsible for
the generation of initial synaptic connections and maturation of
basal synaptic circuits during early neuronal development. It is
noteworthy that synaptic plasticity was also modulated in a way
that the 5-HT, receptor-mediated increase in basal excitability
resulted in quick saturation of LTP, therefore preventing further
potentiation (Saghatelyan et al., 2001; Jedlicka et al., 2009).

Underlying mechanisms of 5-HT,R/G,, signaling are
Ca’" dependent
The 5-HT, receptor is coupled to two different heterotrimeric
G-proteins, G, and G,, (Vanhoenacker et al., 2000). Both the G,
and G,, proteins can then regulate the cellular morphology by
activating different signaling cascades. In the case of G, morpho-
genic effects are mediated either by the modulation of the cAMP
level (Iyengar, 1996; Corset et al., 2000) or by the direct binding of
G subunits to the cytoskeleton (Yu et al., 2009). Downstream
effectors of the G,,-protein-mediated changes in the actin cyto-
skeleton are members of the Rho family of small GTPases, includ-
ing RhoA, Racl, and Cdc42 (Jaffe and Hall, 2005). Experiments
with 5-HT, receptor siRNA, together with data from Ga;,-
deficient mice, revealed that the coupling of 5-HT, receptor to
G,,-protein is essential for morphological and functional effects
obtained in the present study. We have recently demonstrated
that small GTPases RhoA and Cdc42 represent the main down-
stream effectors of the 5-HT,R/G,, signaling and also found that
the major functional effects of this pathway are mediated by the
activation of the Cdc42 (Kvachnina et al., 2005).

In the present study, we found that activation of 5-HT recep-
tors has no effect on evoked release probability while decreasing
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synaptically evoked Ca** entry in postsynaptic dendritic spines,
which can be mediated either by inhibition of voltage-dependent
Ca** channels via GB7y subunits (Jeong and Tkeda, 1999) or by
modulation of T-type Ca®" channels via the activated Rho-
associated kinase ROCK (Iftinca et al., 2007). It has been shown
that a reduction in postsynaptic calcium entry induces growth of
dendritic filopodia (precursors of dendritic spines) (Lohmann
and Wong, 2005) and increases motility of fully formed spines,
possibly by modulating intraspine assembly of the filamentous
actin (Oertner and Matus, 2005; Zheng and Poo, 2007). Con-
versely, local calcium uncaging (Lohmann and Wong, 2005) or
increased postsynaptic Ca"* entry has been associated with re-
duced filopodial motility and with stabilization of spine mor-
phology (Oertner and Matus, 2005; Zheng and Poo, 2007), and
even with rapid contraction of spines during postsynaptic spike
bursts (Korkotian and Segal, 2001). Furthermore, it has been
demonstrated that Ca** influx in dendrites leads to strong acti-
vation of RhoA, which results in the arrest of neurite regenera-
tion, neurite retraction, and induction of the excitotoxic pathway
(Semenova et al., 2007). Therefore, the 5-HT, receptor-mediated
reduction of [Ca**] may result in profound local inhibition of
RhoA, whereas the receptor-mediated Cdc42 activation will not
be affected. These combined data suggest that 5-HT, receptor-
mediated activation of Cdc42 paralleled by RhoA inhibition rep-
resents a mechanism responsible for the formation of dendritic
protrusions and spines in hippocampal neurons. Future studies
involving experiments with 5-HT; receptor-deficient mice will
be needed to more precisely evaluate the contribution of small
GTPases and receptor-regulated [Ca?*] as down-stream effec-
tors in 5-HT,R/G,,-mediated signaling.

Physiological importance of 5-HT,R/G,, signaling

There is a growing evidence that 5-HT can act not only as a
neurotransmitter but is also involved in the regulation of differ-
ent aspects of early neuronal development. The early actions of
5-HT include modulation of neuronal differentiation, synapto-
genesis, axonal pathfinding, as well as effects on cell migration
and morphogenesis of the cortex (Okado et al., 1993; Bennett-
Clarke et al., 1994; Mazer et al., 1997; Gould, 1999; Bonnin et al.,
2007). Moreover, transient modifications of the serotonergic sys-
tem (e.g., by stress), especially during early postnatal develop-
ment, seems to influence brain morphology as well as cognitive
and emotional behaviors in adulthood (Mazer et al., 1997; Gross
et al., 2002; Ansorge et al., 2004). Molecular mechanisms under-
lying such developmental effects of 5-HT are poorly understood.
The high variability of reported effects suggests, however, that
different 5-HT actions during development may be defined by
the variable expression of the corresponding receptor subtypes
and/or their downstream effectors. First experimental evidence
for such effects has recently been reported (Bonnin et al., 2006,
2007), demonstrating that dynamic expression of 5-HT, receptor
subfamily members in the telencephalon of the prenatal mouse
may be responsible for the serotonin-mediated modulation of
responsiveness of embryonic thalamocortical axons to netrin-1.
It has been also shown that coordinated changes in expression of
5-HT, and 5-HT , receptors during early postnatal development
are critically involved in regulation of receptor functions in de-
veloping prefrontal cortex (Béique at al., 2004). Moreover, tran-
sient depletion of the 5-HT, , receptor during early development
has been shown to be responsible for altered behavior in the adult
(Gross et al., 2002). Similarly, transient inactivation of 5-HT
transporter during early developmental stages resulted in abnor-
mal behavior in adult mice (Ansorge et al., 2004).
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In the present study, we found that the expression levels of
both 5-HT; receptor and Ga,,-protein in the hippocampus was
progressively decreased during the postnatal development. Con-
sistent with this observation, stimulatory effects of 5-HT,R/G,,
signaling on spinogenesis and synaptogenesis, as well as on syn-
aptic plasticity, were restricted to early postnatal development
stages and abolished in adult mice. Therefore, regulated expres-
sion of the 5-HT,R/G,, signaling pathway players may represent
a mechanism by which serotonin specifically modulates forma-
tion of basal neuronal connections during the early postnatal
development. This is supported by several observations. First,
analysis of Ga,-deficient mice revealed that G,,-protein is re-
quired for spinogenesis only at early postnatal stages. Second, the
serotonergic system is one of the earliest neurotransmitter sys-
tems in the mammalian brain, with the final arborization of se-
rotonergic innervation occurring up to postnatal day 21 (Lidov
and Molliver, 1982; Lauder, 1990). During the terminal seroto-
nergic field development (embryonic day 19 to P21), 5-HT
reaches the highest concentration in the brain (Whitaker-
Azmitia, 2005). Moreover, in the mouse hippocampus, we
observed a high degree of colocalization between serotonin-
containing varicosities and the 5-HT, receptor during early post-
natal stages, which provide a morphological basis for the selective
activation of the 5-HT,R/G,, signaling pathway.

In addition to the role of 5-HT,R/G,, signaling in formation
of basal neuronal networks during early development, this path-
way may also be implicated in physiological response to external
stimuli, in particular to prenatal stress. It is well known that early
stress can cause hippocampal damages characterized by synaptic
loss and atrophy (McEwen, 1999; Tata and Anderson, 2010), and
these changes are accompanied by reduced hippocampal 5-HT
concentration (Hayashi et al., 1998). It has also been shown that
treatment of prenatally stressed mice with selective serotonin re-
uptake inhibitor (SSRI) reversed stress-mediated dysfunctions,
leading to normal response to stress and to increased synaptic
density in the hippocampus (Ishiwata et al., 2005). Interestingly,
the restorative SSRI effect was only apparent at the early postnatal
stages (weeks 1-3), whereas treatment of adult animals did not
produce any effect. This correlates well with our data on regu-
lated expression of 5-HT} receptor and G,,-protein, suggesting
that the 5-HT,R/G,, signaling pathway may represent a potential
target for treatment of stress-evoked dysfunctions.

Thus, 5-HT-induced activation of the 5-HT,R/G,, signaling
pathways and the consequent reorganization of the dendritic
morphology seem to be a part of the molecular cascade required
for the growth of new synapses and the formation of initial neu-
ronal networks, which then become the subject of activity-
dependent structural and functional plasticity (Citri and
Malenka, 2008; Turrigiano, 2008).
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