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Abstract

Astrocytes are an important component of the multipartite synapse and crucial for
proper neuronal network function. Although small GTPases of the Rho family are
powerful regulators of cellular morphology, the signaling modules of Rho-mediated
pathways in astrocytes remain enigmatic. Here we demonstrated that the serotonin
receptor 4 (5-HT4R) is expressed in hippocampal astrocytes, both in vitro and in vivo.
Through fluorescence microscopy, we established that 5-HT4R activation triggered
RhoA activity via Gaqz-mediated signaling, which boosted filamentous actin assem-
bly, leading to morphological changes in hippocampal astrocytes. We investigated
the effects of these 5-HT,R-mediated changes in mixed cultures and in acute slices,
in which 5-HT,R was expressed exclusively in astrocytes. In both systems, 5-HT,R-
RhoA signaling changed glutamatergic synaptic transmission: It increased the fre-
guency of miniature excitatory postsynaptic currents (mMEPSCs) in mixed cultures and
reduced the paired-pulse-ratio (PPR) of field excitatory postsynaptic potentials
(fFEPSPs) in acute slices. Overall, our present findings demonstrate that astrocytic
5-HT4R-Gaq3-RhoA signaling is a previously unrecognized molecular pathway

involved in the functional regulation of excitatory synaptic circuits.
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1 | INTRODUCTION

Astrocytes are an important component of the brain circuitry. They
are highly heterogeneous, exhibiting variations in their appearance
and functionality across brain regions and even within substructures,
such as the hippocampus (Amundson, Goderie, & Kimelberg, 1992;
Lin et al., 2017; Wallraff, Odermatt, Willecke, & Steinhduser, 2004).
Astrocytes contribute to a multitude of brain processes by modulating
synaptic plasticity and neuronal activity (Alfonso Araque et al., 2014;
Rusakov, Bard, Stewart, & Henneberger, 2014; Ullian, Sapperstein,
Christopherson, & Barres, 2001), controlling extra-synaptic space
(Flores-Méndez, Mendez-Flores, & Ortega, 2016) and neurotransmit-
ter clearance (Rose et al., 2018; Sibille, Pannasch, & Rouach, 2014),
regulating cerebral blood flow (Mishra, 2017), ensuring energy supply
to neurons, and orchestrating the rhythms of neuronal firing patterns
(Camandola, 2018; Lee et al., 2014; Sheikhbahaei et al., 2018;
Stobart & Anderson, 2013).

Over a century ago, astrocytes were first classified as fibrous
or protoplasmic based on their morphology (Andriezen, 1893). In
recent years, novel approaches and technological progress have
enabled great advance in our understanding of the complexity of
astrocyte morphology and function (Wu, Pan, Zuo, Li, &
Hong, 2017; Zhang & Barres, 2010). Astrocytes ensheath a vast
number of synapses, through which they actively control synaptic
plasticity and transmission (Araque, Parpura, Sanzgiri, &
Haydon, 1999; Chung, Allen, & Eroglu, 2015; Halassa, Fellin,
Takano, Dong, & Haydon, 2007). Astrocyte morphology is regulated
by small GTPases of the Rho family—including Cdc42, Rac1, and
RhoA (for review see Zeug et al., 2018). Experimental findings
suggest that Racl and Cdc42 promote filopodia formation and
outgrowth, whereas RhoA activation triggers filopodia retraction
(Hall, 1998; Hall, 2005; Mackay & Hall, 1998).

The importance of Rho GTPases in morphogenesis is widely

accepted; however, the upstream signaling components of Rho-
mediated pathways in astrocytes remain enigmatic. We previously
demonstrated that serotonin receptor 4 (5-HT4R) is coupled to the
heterotrimeric Ga13 protein, leading to selective activation of the
small GTPase RhoA, and promoting morphological changes in
neuroblastoma cells and hippocampal neurons (Kvachnina, 2005;
Ponimaskin, Profirovic, Vaiskunaite, Richter, & Voyno-Yasenetskaya,-
2002). In addition to Gays, 5-HT4R can activate heterotrimeric Gog
proteins to induce cAMP-PKA signaling (Bockaert, Claeysen, Bécamel,
Dumuis, & Marin, 2006; Muller & Jacobs, 2009). Moreover, 5-HT4R
signaling can occur independently of G proteins, leading to activation
of proto-oncogene tyrosine kinase Src and extracellular signal-
regulated kinase (ERK), and subsequent pERK1/2 phosphorylation
(Barthet et al., 2007).

Prior reports describe 5-HT4R expression by cultured astrocytes
in vitro (Parga, Rodriguez-Pallares, Mufioz, Guerra, & Labandeira-
Garcia, 2007). Moreover, microarray analysis confirms 5-HT,R mRNA
expression in astrocytes in the brain at postnatal day (P) 7 and P17,
and in cultured astrocytes at days in vitro (DIV) 12 (Cahoy
et al., 2008). A more recent study revealed age-independent 5-HT4R

expression in astrocytes within several regions of the mouse brain

(Boisvert, Erikson, Shokhirev, & Allen, 2018). However, the impact of
5-HT4R activity on astrocytic morphology and function remains
largely unexplored.

In the present study, by combining quantitative molecular micros-
copy, time-lapse Forster resonance energy transfer (FRET) imaging,
and biochemical approaches, we demonstrated that 5-HT4;R was
expressed in astrocytes of the mouse hippocampus, and that 5-HT4R-
Gay 3 signaling in astrocytes increased RhoA activity leading to accu-
mulation of filamentous actin structures. We also identified the role
of 5-HT4R-Ga,3-RhoA signaling in the regulation of astrocytic mor-
phology. Moreover, electrophysiological experiments in mixed cul-
tures and in acute slices revealed that astrocytic 5-HT4R modifies the

function of excitatory hippocampal synapses.

2 | MATERIALS AND METHODS

21 | Animals

For all experiments wild type and 5-HT4R-ko animals from the strain
B6-Htr4'™m1™ (Compan et al., 2004) on a C57BL/6J background
were used. Animals were housed and cared for in accordance to direc-
tive 2010/63/EU. Mice were kept in a 14 hr light and 10 hr dark cycle
with lights on starting at 7 a.m. Animals had access to food and water
ad libitum and were kept under standard conditions at 22 + 2°C room
temperature (RT) with 55 + 5% humidity. Stereotactic injections were
done under allowance given by the Lower Saxony State Office for
Consumer Protection and Food Safety (TVA16/2206). All experiments
were conducted according to the relevant guidelines. For cell culture
male and female pups were used while in all other experiments only

male mice were investigated.

22 | Cell culture

Primary astrocyte cell cultures were prepared as previously described
by Wu et al. (Wu et al., 2014) with slight modifications. Whole brains
were taken from mice between P1-3 and cells from dissociated hippo-
campi were seeded at a density of 5 x 10 cells per 12 mm glass cov-
erslip for microscopy in 500 ul plating medium (49 ml Minimal
Essential Medium, 1 ml B-27, 500 pl 200 mM glutamine, 500 pl
100 mM sodium pyruvate, 5 p/ml penicillin, 5 mg/ml streptomycin).
On DIV3 the entire plating medium was replaced with 1 ml mainte-
nance medium (49 ml Neurobasal-A medium, 1 ml B-27, 500 pl
200 mM glutamine, 5 p/ml penicillin, 5 mg/ml streptomycin). With
exception of the shRNA experiments, 1/2 of the medium was
exchanged on DIV11 with maintenance medium prior to infection of
the cells. Astrocytes were used for experiments on DIV14-17. Mixed
hippocampal cultures were obtained from dissociated hippocampi of
neonatal mice at PO-1 using an optimized protocol (Kobe et al., 2012).
At DIV7 cells were infected with AAVs. Cell cultures were maintained
at 37°C in a humidified incubator in a 5% CO, atmosphere until they
were used for experiments at DIV12. During microscopy, cells were
kept in a balanced salt solution containing 115 mM NaCl, 5.4 mM KCl,
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1 mM MgCl,, 2 mM CaCl,, and 20 mM HEPES, adjusted to pH 7.4
and 290 mOsm with glucose.

2.3 | Immunohistochemistry and
immunocytochemistry

Frozen sections for immunohistochemistry were obtained from brains
of 2-month-old mice taken after perfusion with 4% paraformaldehyde
(PFA, #0335.3, Carl Roth, Karlsruhe, Germany) in phosphate buffered
saline (PBS). Brains were post-fixed for 24 hr in PFA, and then con-
served for 24 hr in 10% (wt/vol) sucrose in PBS followed by 24 hr in
15% (wt/vol) sucrose, all at 4°C. Brains were frozen in Isopentan and
kept at —80°C before preparing 30 pm thin brain slices. For immuno-
histochemistry, slices were incubated for 1 hr in 5% BSA in PBS to
block unspecific binding sites. Following antibodies were used for
staining: S100B (mouse, dilution 1:500, #66028, Abcam, Cambridge,
UK), 5-HT4R (rabbit, dilution 1:500, #ASR-036, Alomone Labs, Jerusa-
lem, Israel), donkey anti-mouse Alexa Fluor 488 (dilution 1:400, #715-
545-150, Jackson ImmunoResearch, Ely, UK), goat anti-rabbit Alexa
Fluor 546 (dilution 1:400, #A-11035, Invitrogen, Carlsbad, CA), don-
key anti-mouse DyLight 649 (dilution 1:400, #715-495-151, Jackson
ImmunoResearch, Ely, UK), and goat anti-rabbit Cyanine3 (dilution
1:400, #A10520 Invitrogen, Carlsbad, CA). The blocking peptide
against 5-HT4R (ASRO36AG0140, Alomone Labs, Jerusalem, Israel)
was preincubated for 1 hr using 1 pg peptide per 1 pg antibody,
according to the supplier's recommendations. For STED microscopy,
secondary antibodies used were goat anti-rabbit STAR RED and goat
anti-mouse STAR 580 (dilution 1:400, #S-11-2015Hp and #S-
092017Hp, Abberior, Gottingen, Germany). Slides were sealed using
Fluoromount G mounting medium (#0100-01 SouthernBiotech, Bir-
mingham) and 1.5H glass covers for microscopy.
Immunocytochemical stainings were performed on astrocyte
cultures at DIV15. Cells were fixed with 4% PFA for 10 min and
permeabilized with ice cold methanol for 2 min. Blocking solution
(5% (wt/vol) BSA, #8076.4, Carl Roth, Karlsruhe, Germany, in PBS)
was applied for 2 hr followed by incubation with primary antibodies
against S1008, 5-HT4R, GFAP (chicken, dilution 1:2000, #ab4674,
Abcam, Cambridge, UK), plasma membrane Ca?* ATPase (PMCA,
mouse, dilution 1:1000, #ab2825, Abcam, Cambridge, UK), Trans-
Golgi-Network (TGN) 38 (mouse, dilution 1:500, #MA3-063, Ther-
moFisher Scientific, Waltham, MA), Lamp-1(rat, dilution 1:500, sc-
19992, Santa Cruz Biotechnology, Dallas, TX), Calreticulin (chicken,
dilution 1:500, #PA-902A, Invitrogen, Carlsbad, CA) and secondary
antibodies donkey anti-mouse Alexa Fluor 488, goat anti-rabbit
Alexa Fluor 546, donkey anti-chicken DyLight 649, donkey anti-rat
DyLight 649 (dilution 1:400, #703-495-155 and #712-495-153,
Jackson ImmunoResearch, Ely, UK). For labeling of filamentous (F-)
and globular (G-) actin, cultured astrocytes were fixed for 10 min
with 4% PFA, permeabilized in 100% acetone for 3 min and then
incubated with DNase | linked to Alexa Fluor 488 (9 pg/ml,
#D12371, ThermoFisher Scientific, Waltham, MA) and Phalloidin-
TRITC (2.5 pg/ml, #P1951, Sigma, St. Louis, MO) in blocking solu-

tion for 30 min.

24 | Adeno-associated-viruses

The FRET-based biosensor RaichuEV-RhoA was a gift from Michiyuki
Matsuda (Kyoto University, Japan). This biosensor contains a YPet-
tagged RhoA covalently linked to a mTurquoise-tagged GTPase-
binding domain of RBD-Rhotekin. Upon activation, conformational
changes within the biosensor lead to changes in the FRET efficiency
between acceptor (YPet) and donor (mTurquoise). Because the donor/
acceptor stoichiometry is 1:1, activation of RhoA can be simply quan-
tified by calculation of the acceptor/donor emission ratio. This
improved version of the RhoA biosensor developed by the group of
Michiyuki Matsuda (Yoshizaki et al., 2003) was cloned into an adeno-
associated-virus (AAV) vector under the control of the murine GFAP
promoter and AAVs were produced using the AAV-DJ system. Pri-
mary astrocytes were infected with 1 x 10* viral genomes per well on
DIV11 and live cell imaging was performed on DIV14. Low virus load
and comparably short expression time was necessary to ensure only
little side effects on the morphology of the cells by the functional
RhoA protein within the sensor.

For knockdown of Gas or Gay3 proteins, AAVs encoding for spe-
cific short-hairpin RNAs (shRNAs) as well as the far-red fluorescent
protein TurboFP650 under control of mGFAP promoter were created.
Target sequences were 5'-CCCCAACCAGACTA ACCGCCTGTTCAA
GAGACAGGCGGTTAGTCTGGTTGTTTT-3' for Gag and 5'-CCCGTG
TTCCTGCAGTATCTTCTTCAAGAGAGAAGATACTGCAGGAACACTT-
TT-3' for Ga43 (Oligoengine, Seattle, WA).

For the in vitro and in vivo rescue of cell-type specific 5-HT4R
expression, the encoding sequence was cloned into an AAV-vector
under control of either GFAP or synapsin promoter leading to expres-
sion by astrocytes or neurons, respectively. An enhanced green fluo-
rescent protein (eGFP) was attached to enable visualization of
infected cells. For control conditions, cells were infected with AAVs
encoding for tdTomato under control of GFAP or synapsin

promoters.

25 |
assay

5-HT4R stimulation and RhoA activation

Astrocytes were stimulated with BIMUS8 (final 10 uM in all experi-
ments; 10 mM stock solution dissolved in H,O, #4374; Tocris, Bristol,
UK), a selective agonist of the 5-HT4R, or H,O as a control. In the
RhoA activation assay, BIMU8 was applied 5 min prior to cell lysis. To
allow remodeling of the actin cytoskeleton, cells were incubated with
BIMUS for 30 min prior to fixation, F- and G-actin staining and subse-
guent imaging. In some experiments, the selective ROCK-inhibitor Y-
27632 (5 or 20 mM stock solution dissolved in H,O, #1254; Tocris,
Bristol, UK) was used (50 pM in cell culture experiments and 20 pM in
hippocampal slices). It was applied 30 min prior to BIMUS8 stimulation
for F- and G-actin staining, 20 min in acute slices or 1 hr in cultures
prior to electrophysiological recordings.

To test for an increase in activated RhoA after 5-HT4R stimula-
tion, a RhoA G-LISA Activation Assay Kit (#027BK124, Cytoskeleton

Inc., Denver, CO) was used according to the manufacturer's protocol.
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2.6 | RNA isolation and real-time quantitative PCR
For investigations of MRNA expression levels, total RNA was isolated on
DIV15 of cultured astrocytes using an RNeasy Kit (#74104, Qiagen,
Hilden, Germany) according to the manufacturer's protocol. RNA was tran-
scribed subsequently to cDNA by reverse-transcriptase PCR with Super-
Scriptlll  (#18080-051, ThermoFisher Scientific, Waltham, MA) in a
standard reaction setup as suggested by the manufacturer. cDNA was
diluted 10x and then used for real-time quantitative PCR (RT gPCR) in a
StepOnePlus™ Real-Time PCR System (ThermoFisher Scientific, Waltham,
MA) with a ready-to-use 2x TagMan universal MasterMix (#4324018,
ThermoFisher Scientific, Waltham, MA). TagMan probes were used for
detecting 5-HT4R (#Mm00434129_m1), RhoA (#Mm01601614_g1), Gas
(#Mm00530548_m1), Goyz (#Mm00494667_m1, all ThermoFisher
Scientific, Waltham, MA). GAPDH primers and probe were: fw
5'-TGCACCACCAACTGCTTAGC-3, rev 5-GGCATGGACTGTGGTCAT-
GAG-3, probe 5-6-FAM-CCCTGGCCAAGGTCATCCATGACAAC-TAM-
3’ (Sigma, St. Louis, MO).

2.7 | Western blot

For Western blot analysis, astrocytes were seeded on 18 mm glass
cover slips at a density of 1x 10° cells per well and lysed at
DIV14-17 in RIPA Buffer. Equal amounts of protein were loaded on a
SDS-PAGE and then transferred to the membrane. Unspecific binding
was blocked with 5% milk in TBS-T buffer for 1 hr at RT. First anti-
bodies (5-HT4R, rabbit, dilution 1:500, #ASR-036, Alomone Labs,
Jerusalem, lIsrael; Gaqs, rabbit, dilution 1:500, #sc-410, Santa Cruz
Biotechnology; Gas, goat, dilution 1:500, #ab101736, Abcam,
Cambridge, UK; RhoA, rabbit, dilution 1:500, #2117S, Cell Signaling
Technology, Danvers, CO; GAPDH, mouse, dilution 1:2000,
#MAB374, Merck Millipore, Burlington, VT; all in 5% milk and Gay,,
rabbit, dilution 1:500, #sc-409, Santa Cruz Biotechnology; Gayg, rabbit,
dilution 1:500, #sc-393, Santa Cruz Biotechnology; Ga;, rabbit,
dilution 1:1000, #5290, Cell Signaling Technology, Danvers, CO; all in
SignalBoost enhancer solution #407207, Merck Millipore) were incu-
bated at 4°C overnight. Secondary antibodies (goat anti-rabbit HRP
and rabbit anti-mouse HRP, #31460 and #31455, ThermoFisher Sci-
entific; donkey anti-goat HRP, #sc-2056, Santa Cruz Biotechnology;
all 1:400 in 5% milk) were allowed to bind for 1 hr at RT. Blots were
developed using SuperSignal West Femto substrate (#34096, Ther-
moFisher Scientific).

2.8 | Microscopy

Microscopic investigation was performed using Zeiss LSM780
with a LD C-Apochromat x40/1.2 W objective and Zen2013
imaging software in online-fingerprinting mode with previously
defined spectra for each fluorescent protein and dye obtained
from single staining. Live cell imaging of RhoA activity in astro-
cytes with the FRET-based biosensor RaichuEV-RhoA was

performed at 37°C in a continuous time series. Z-stacks of the
same cell were acquired in both channels every 20 s using Zeiss
Definite Focus to maintain focus during long-term imaging. Cells
were recorded for 10 min with application of 10 uM BIMUS8 or
H,O after 5 min of imaging.

In experiments with F- and G-actin, astrocytes were labeled with
a GFAP antibody, while in the shRNA experiments TurboFP650 was
expressed under control of the GFAP promoter. Stimulated emission
depletion (STED) imaging was conducted on an Abberior STEDYCON
with an Olympus UPlanSApo x100/1.40 oil objective. Excitation
wavelengths were 594 and 640 nm for STAR 580 and STAR RED,
respectively, while depletion wavelength was 775 nm. Images were
acquired with a pixel size of 25nm (1,232x 1,116 pixels,
31 pm x 28 pm) and a pixel dwell time of 20 ps. A total of 17 z-planes
were acquired with 1 pm distance. Image analysis was done using
Matlab (Mathworks).

2.9 | Invitro electrophysiological recordings

Whole-cell patch-clamp recordings of neurons in mixed hippocam-
pal cell cultures prepared from 5-HT4R-ko animals were acquired in
voltage-clamp mode using an EP-C-10 USB amplifier controlled by
PatchMaster software (HEKA, Lambrecht, Germany) at RT. The
extracellular solution contained (in mM): NaCl 150, KCI 1, CaCl,
2, MgCl, 1, HEPES 10, glucose 10, glycine 0.01 and was adjusted to
pH 7.3 and 320 mOsm. Gabazine (1 pM) and Tetrodotoxin (TTX,
1 uM) were always present in the extracellular solution to block
y-aminobutyric acid type A (GABA4) receptors and sodium channels,
respectively. The intracellular solution contained (in mM): KMeSO,
125, KCI 10, NayPhosphocreatine 5, EGTA 0.5, MgATP 4, Na,GTP
0.3, HEPES 10, was adjusted to pH 7.3 and 290 mOsm. Patch elec-
trodes were pulled to reach a resistance of 3-6 MQ. Postsynaptic
currents were low-pass filtered (2.9 kHz) and digitized at 20 kHz.
The access resistance was monitored throughout the recordings
(5 mV steps every 2 min). Recordings with an access resistance of
>50 MQ or a leak current >200 pA were discarded. Miniature excit-
atory post synaptic currents (mEPSCs) were detected using Matlab
(Mathworks) and reviewed manually to check for detection/analysis

errors.

210 | Stereotactic injections

About 8-10 weeks old male 5-HT4R knockout animals were stereo-
tactically injected to the CA1 region of the hippocampus using follow-
ing coordinates relative to bregma: anterior/posterior —0.19 mm,
lateral +/—0.15 mm, ventral —0.16 mm. Animals received 1 pl of AAV-
hGFAP-5-HT,R-eGFP (1.5 x 108 viral particles/pl) and AAV-hGFAP-
tdTomato (1 x 107 vg/ul) each separately in both hemispheres in
alternating order. Three weeks postinfection, animals were sacrificed
and electrophysiological recordings were performed in acute hippo-

campal brain slices.
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211 |
slices

Electrophysiological recordings in acute

Slice experiments were performed as previously described (Minge
et al,, 2017). Briefly, acute, 300 pm thick slices of the dorsal hippo-
campus were cut with a ceramic blade on a vibratome (Campden
Instruments LTD, Loughborough, England) in an ice-cold slicing solu-
tion containing (in mM): NaCl 60, sucrose 105, KCI 2.5, MgCl,
7, NaH,PO, 1.25, ascorbic acid 1.3, sodium pyruvate 3, NaHCO;
26, CaCl, 0.5, and glucose 10 (osmolarity 300-310 mOsm). Slices
were then kept in this solution at 34°C for 15 min. Another extracellu-
lar solution was used for storage at RT and during experiments in a
submerged recording chamber at 34°C containing (in mM): NaCl
126, KCI 2.5, MgS0O,4 1.3, NaH,PO4 1.25, NaHCO3; 26, CaCl, 2, and
glucose 10 (osmolarity 297-303 mOsm). All solutions were continu-
ously bubbled with 95% O,/5% CO,. For recordings of extracellular
field excitatory postsynaptic potentials (fEPSPs), patch pipettes
(3-4 MQ) were filled with extracellular solution and inserted into the
CA1 stratum radiatum near astrocytes expressing 5-HT4R-eGFP or
tdTomato respectively, visualized by 2-photon excitation fluorescence
microscopy (Olympus FV10MP, Tokyo, Japan or Scientifica, Uckfield,
UK). fEPSPs were evoked by electrical stimulation (100 ps) of
CA3-CA1 Schaffer collaterals using a bipolar concentric stimulation
electrode (FHC) placed in the stratum radiatum 200-300 pm from the
recording site. Basal synaptic transmission (fEPSP slope) was quanti-
fied by recording fEPSPs over a range of stimulations intensities
(25, 50, 75, 100, 150, 200, and 300 pA). Afterwards, the paired-pulse
ratio (PPR; fEPSP slope 2/fEPSP slope 1) of two consecutively evoked
fEPSPs was measured. In these experiments, the stimulation intensity
was adjusted to elicit fEPSPs with half-maximal slope. The stimulus
intensities did not differ between experimental groups in control con-
ditions (5-HT4R knockout: 85.86 +7.92uA, n =14; rescue:
83.18 £ 592 pA, n =11, p =.799, unpaired two-tailed Student's t-
test) or in the presence of 20 uM Y27632 (5-HT4R knockout:
99.0 +£9.67 pA, n = 12; rescue: 97.85 £ 6.62 pA, n =13, p =.784,
Mann-Whitney U-Test). The inter-stimulus intervals 25, 50, 100, 200,
and 400 ms were used. fEPSPs were recorded using MultiClamp
700B amplifiers (Axon Instruments, Molecular Devices, San Jose, CA)
in current clamp mode and digitized at 20 kHz (Bessel filter set to
4 kHz). Offline analysis of fEPSP slopes was performed using Clampfit

(Molecular Devices).

212 | Image analysis

Microscopic data of F- and G-actin were analyzed using Matlab. Steps
in the evaluation process of each channel included background cor-
rection, scaling to the 99.9% percentile of intensity of the control con-
dition of each experiment and thresholding using the unimodal
background-symmetry method. A z-maximum projection was calcu-

lated from averaged actin intensity (I=/I;_ .2 +lc_gn2 )- Both the
voxel based ratio between F- and G-actin (R = l=atin) a5 well as the F-

I6-actin

actin fraction (Fr_gctin = %) were calculated for visualization

and statistical analysis. Statistical analysis was done with Prism soft-
ware (Graph Pad Software, San Diego, CA).

213 | Statistical analysis

Statistical analysis was done using GraphPad Prism7 software.
Two-tailed t-test (paired or unpaired) was applied to determine the
statistical difference between two experimental groups. Analysis of
variance (ANOVA, one-way or two-way where appropriate)
followed by a post hoc test was used for multiple comparisons. A p-
value <.05 was considered statistically significant within each test.
The exact p-values are presented in the graphs or stated in the fig-
ure legends with respective details. Data presented as bar graphs
represent mean values + SEM. Box plots show median and inter-
quartile range with whiskers from minimum to maximum values.
Quantitative analysis of western blots was done by the sum of rep-

licates method.

3 | RESULTS

31 |
in vivo

Hippocampal astrocytes express 5-HT4R

To understand the functional role of 5-HT4R in astrocytes, we
first investigated whether this receptor was expressed on hippo-
campal astrocytes. Immunohistochemical staining revealed
5-HT4R localization on cells positive for the astrocytic marker
S$100p within the hippocampal formation of the adult mouse brain
(Figure 1a-c). We confirmed antibody specificity using a
corresponding blocking peptide, and by staining of hippocampal
slices prepared from 5-HT4R-ko mice (Figure Sla-c). Since it
appeared not all astrocytes were expressing 5-HT4R, we quanti-
fied the percentage of astrocytes positive for the 5-HT4R in the
hippocampus and in the other brain regions. We found that
33 £ 12% of astrocytes in the hippocampus express the 5-HT4R,
while in other brain regions percentage of 5-HT4R positive astro-
cytes was lower (cortex 9 +3%, midbrain 14 + 9%, thalamus
11 + 3%, and hypothalamus 12 + 2%. Figure S1d). Of note, recep-
tor expression within the hippocampus was similar throughout dif-
ferent hippocampal structures (Figure Sle). We also observed
differences in astrocytic and neuronal receptor expression, with
higher fluorescence intensity detected from the somata of hippo-
campal neurons (Figure 1a,b). In astrocytes, 5-HT4R was
expressed on both somata and astrocytic protrusions, although
the receptor distribution was heterogeneous, with several protru-
sions lacking receptor expression (Figure 1d).

To acquire more detailed information regarding 5-HT4R distribu-
tion, we also performed STED imaging of S100p-positive astrocytes in
fixed hippocampal slices. STED microscopy revealed that 5-HT4R
appeared to form separated clusters with a mean size of 136 + 21 nm

(Figure 1e,f).
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FIGURE 1 Astrocytes express the 5-HT4R in vivo. (a) Expression of the 5-HT4R in S100p-positive cells throughout the mouse brain shown by
immunohistochemical staining. (b) Magnification of hippocampal structures shown in (a) revealed expression of the 5-HT4R in hippocampal
astrocytes. Scale bar 50 pm. (c) Split channels for indicated area in (b). White arrows exemplarily point to 5-HT4R expressing astrocytes. Scale bar
50 pm. (d) 3D representation of a hippocampal astrocyte visualized by S1008 and 5-HT4R staining. 5-HT4R was heterogeneously distributed. The
grey arrow points towards a branch with less 5-HT4R staining than the one marked by the white arrow. Scale bar 50 pm. (e) STED microscopy
images showed clustering of 5-HT4R on S100p-positive cells. The dotted white line represents the astrocyte outline identified by S100p labeling.
Scale bar 2 pm. (f) Magnification of an astrocyte process shown in (e). Scale bar 1 um [Color figure can be viewed at wileyonlinelibrary.com]

3.2 | Cultured hippocampal astrocytes are a
suitable model for investigating 5-HT4R-signaling

After demonstrating 5-HT4R expression in hippocampal astrocytes
in vivo, we next investigated the role of 5-HT4R-mediated signaling in
the regulation of astrocytic morphology and function. As a model sys-
tem, we utilized mouse primary hippocampal astrocyte cultures, rais-
ing stellate astrocytes (Wu et al., 2014).

To verify the astrocyte enrichment in our preparation, we deter-
mined the proportions of astrocytes, neurons, and other cell types
(Figure S2e). The astrocyte cultures contained 85 + 4% GFAP-positive

cells, 3 +£2% neurons (as assessed by BlllI-tubulin expression), and

12 + 3% other cells identified by DAPI nuclei staining. Astrocyte cul-
tures from 5-HT4R-ko mice showed a similar composition (78 + 16%
GFAP*, 5 + 4% BllI-tubulin®, and 18 + 13% other cells). Interestingly,
the mixed hippocampal cell cultures (HCC) comprised a comparable
percentage of astrocytes (87 + 2%), but an increased relative percent-
age of neurons (9 + 2%) and a lower proportion of cells that were not
GFAP* or BllI-tubulin® (4 + 2%).

Astrocytes can show an altered protein expression profile in vitro
depending on the culture model used (Hertz, Chen, & Song, 2017);
therefore, we first confirmed the presence of 5-HT4R on the cultured
cells. The cultured astrocytes showed pronounced 5-HT4R expression

(Figure 2a,b). Additionally, antibody specificity was verified using
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several approaches, including pre-treatment with the
corresponding blocking peptide, and the staining of astrocytes
isolated from 5-HT4R-ko mice (Figures 2a,b and S2a,d). We also
assessed the intracellular distribution of 5-HT4R in cultured

astrocytes and found a high degree of co-localization with

(a) GFAP

5-HT4R-ko

markers for the plasma membrane (i.e., PMCA) and the
endoplasmatic reticulum (i.e., Calreticulin), while there was only
partial co-localization with the Golgi marker (i.e., TGN38) and no
evidence for co-localization with the lysosomal marker Lamp-1
(Figure S2b,c).
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FIGURE 2 Cultured astrocytes as a model to investigate 5-HT4R signaling. (a) Immunocytochemical labeling of 5-HT4R astrocyte marker
GFAP-positive cells in primary hippocampal cultures from WT mice. No signal of the 5-HT4R was detected in astrocytes from 5-HT4R-ko animals.
(b) Visualization of 5-HT4R and S100p protein in cultured astrocytes from WT and 5-HT4R-ko mice. Scale bars in (a) and (b) 50 um (left overview)
and 20 pum (right magnification). (c) Schematic illustration of established 5-HT4R signaling pathways. Upon activation, the 5-HT4R induced
signaling via Gas or G, 3 heterotrimeric G proteins, leading to cAMP upregulation via adenylyl cyclase (AC) or RhoA activation and subsequent
actin cytoskeleton reorganization, respectively. (d) Relative mRNA expression levels of 5-HT4R and its down-stream effectors in primary
hippocampal astrocyte cultures from WT and 5-HT4R-ko mice. Statistical significance was evaluated using unpaired two-tailed t test, N = 4
independent cultures [Color figure can be viewed at wileyonlinelibrary.com]
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As described above, 5-HT4R couples with the Gas and Gay3 het- (Figure 2c). To ensure that the proteins involved in 5-HT4R-mediated

erotrimeric G proteins, thereby regulating cAMP levels and modulat- signaling were also available in the cultured hippocampal astrocytes,
ing the conformation of the actin cytoskeleton, respectively we performed RT-gPCR and western blot analysis. Both methods
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FIGURE 3 Legend on next page.
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confirmed the expressions of 5-HT4R, Gas, Gaqz, and the small
GTPase RhoA in the cultured astrocytes. Importantly, astrocytic cul-
tures isolated from 5-HT4R-ko mice exhibited no differences in the

expression levels of Gas, Ga 3, or RhoA (Figure 2d).

3.3 | 5-HT4R activation increases RhoA activity

To investigate the impact of 5-HT4R on astrocyte morphology, we
focused on the 5-HT4R-Ga43-RhoA-actin signaling axis, which is a known
regulator of cellular morphology (Kvachnina, 2005). We investigated
whether this signaling pathway was preserved in hippocampal astrocytes
using an ELISA-based RhoA activation assay. As shown in Figure 3a, cell
treatment with the 5-HT4R-selective agonist BIMUS8 resulted in signifi-
cantly increased RhoA activity compared with the H,O-treated control.
This increase was not detected in astrocytes isolated from 5-HT4R-ko
mice. Interestingly, the basal RhoA activity in 5-HT4R-deficient astro-
cytes was 1.6-fold higher than in astrocytes isolated from the hippocam-
pus of WT animals (Figure 3a).

We then used the FRET-based biosensor RaichuEV-RhoA to moni-
tor 5-HT4R-mediated RhoA activation in living cells (Figure 3b). Applying
live-cell confocal imaging combined with FRET analysis, we investigated
the spatiotemporal distribution of RhoA activity mediated by 5-HT4R
stimulation with BIMUS. Figure 3c depicts the time course of changes in
the acceptor/donor ratio (i.e., RhoA activation) of WT and 5-HT4R-
deficient astrocytes following BIMU8 treatment. Quantitative analysis
revealed a significant transient increase of the acceptor/donor ratio in
WT cells, which was observed 1 min after agonist application and per-
sisted for at least 5 min (Figure 3d). This increase was not observed after
BIMU8 treatment of astrocytes isolated from 5-HT4R-ko mice
(Figure 3c,d). Overall, these findings demonstrated that 5-HT4R activa-
tion resulted in transient and selective RhoA activation in astrocytes.

3.4 | 5-HT;R-mediated signaling regulates actin
cytoskeleton reorganization in astrocytes

RhoA activity plays a key role in actin cytoskeleton reorganization. To
examine whether 5-HT4R-induced RhoA activation modulated actin fila-
ment dynamics, we compared the ratio of filamentous actin (F-actin) to
globular actin (G-actin) in astrocytes isolated from WT and 5-HT4R-ko

mice. F-actin and G-actin were visualized by staining astrocytes with
phalloidin-TRITC and DNase I-Alexa Fluor 488, respectively. Based on
the ratiometric overlay of F-actin and G-actin emissions, we visualized
the F-actin fraction, which ranged from O (low F-actin, high G-actin) to
1 (high F-actin, low G-actin) (Figure 4a). WT astrocytes treated with
BIMUS8 for 30 min exhibited a significant increase of the F- to G-actin
ratio, from 1.6 + 0.7 in control cells to 3.1 + 1.3 in BIMU8-treated astro-
cytes (Figure 4b). This effect was 5-HT4R-specific, as it did not occur in
astrocytes from 5-HT4R-ko mice. Furthermore, astrocytes from 5-HT4R-
ko mice exhibited a higher basal F-actin to G-actin ratio (2.5 + 0.9 in con-
trol cells, and 2.2 + 0.9 after BIMUS8 treatment) (Figure 4a,b).

Border-distance plots provided further information about
the cellular distribution of F- and G-actin. Figure 4c shows the
intensity distributions of F- and G-actin structures, as well as the
F-actin to G-actin fraction, in WT and 5-HT4R-ko astrocytes as a
function of distance from the cell border. Astrocyte treatment
with BIMUS8 increased the F-actin fraction in WT astrocytes,
with the highest values observed near the plasma membrane.
Comparison of F-actin and G-actin intensities revealed that the
increased F-actin fraction was due to an increased F-actin level
rather than a decrease of G-actin signal. In non-stimulated cells,
we observed more F-actin than G-actin structures near the
plasma membrane, and more G-actin than F-actin structures
toward the cell center. In contrast, 5-HT4R-deficient astrocytes
exhibited a higher F-actin fraction throughout the whole cell at
baseline, and no change in the F-actin fraction upon BIMU8
treatment (Figure 4c). Examination of astrocytic morphology by
Sholl analysis revealed that BIMU8 treatment reduced arboriza-
tion complexity (Figure 4d), indicating a general retraction of
astrocytic protrusions upon 5-HT4R activation (see also grey-
color contour image inset in Figure 4a).

In summary, our results indicated that 5-HT4R-mediated signaling
in astrocytes resulted in an increased relative abundance of filamen-

tous actin, and thereby influenced cell morphology.
3.5 | 5-HT4R signaling in astrocytes is G protein-
dependent

As mentioned above, 5-HT4R can activate both Gay3 and Gag pro-

teins; thus, we next aimed to determine which G protein primarily

FIGURE 3

5-HT4R stimulation leads to RhoA activation. (a) RhoA activity determined by RhoA activation assay in primary astrocyte cultures

from WT and 5-HT4R-ko mice after 5 min stimulation with 5-HT4R-agonist BIMUS8 or H,O (control). WT astrocytes showed higher RhoA activity
when treated with BIMU8 compared with H,O treated cells, while 5-HT4R-ko astrocytes displayed higher basal RhoA activity which was not
changed upon BIMUS application. Statistical significance was calculated using two-way ANOVA with Sidak's multiple comparisons post hoc test,
N =6 (WT)and N = 3 (5-HT4R-ko) independent cultures. (b) Schematic overview of the AAV-construct containing FRET-based biosensor
RaichuEV-RhoA under control of mGFAP promoter and graphic illustration of the biosensor. Upon RhoA activation both fluorophores
(mTurquoise and YPet) come into close proximity and FRET occurs. (c) Time series of FRET-based biosensor RaichuEV-RhoA expressed in AAV-
infected hippocampal astrocytes. Application of 5-HT4R agonist BIMUS8 after 4.5 min of recording led to a rapid increase in YPet/mTurquoise
fluorescence intensity ratio of the sensor, reflecting RhoA activation. Representative from n = 139 cells for WT and from n = 12 cells for 5-HT4R-
KO. Scale bars 20 um. (d) Time traces of selected representative cells shown in (c) depict a rapid ratio change upon 5-HT4R stimulation with
BIMUS in WT but not 5-HT4R-ko astrocytes. Statistical analysis using Wilcoxon matched-pairs signed rank test (p < .0001 for WT, n = 139 cells
and p = .1763 for 5-HT4R-KO, n = 12 cells) [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 4 5-HT4R-activation leads to actin reorganization. (a) Representative images showing F-actin fraction in fixed hippocampal
astrocytes. In WT astrocytes the stimulation with BIMUS8 (30 min, 10 pM) resulted in an increase in the F-actin fraction. In 5-HT4R-ko astrocytes
the initial fraction was higher and addition of BIMUS8 had no effect. The cells from the excerpts indicated by white boxes are additionally shown
uniformly in grey color on the right, to emphasize the cell area and branching. Scale bar 20 pm. (b) The quantification reflected an increase in the
F- to G-actin ratio upon BIMUS treatment in WT but not in 5-HT4R-ko astrocytes. Statistical differences were calculated using one-way ANOVA
with Dunnett's multiple comparisons post hoc test, n > 25 cells, N = 3. (c) Border-distance plots indicate the gradient of F- and G-actin intensities
from the outer cell border to the center with a proportional shift upon BIMUS8 treatment in WT (upper plot) but not in 5-HT4R-ko astrocytes
(lower plot), n = 25 cells, N = 3. (d) Sholl analysis reflected a reduction in arborization complexity in BIMUS8 treated astrocytes (Area under the
curve [AUC] 224 + 15) compared with control cells (AUC 270 + 15). Unpaired t-test with Welch's correction, p = .038, n > 31 cells, N = 3. Arrows
point towards direction of change [Color figure can be viewed at wileyonlinelibrary.com]

participated in the 5-HT,R-mediated reorganization of the actin cyto-
skeleton in astrocytes. We developed short hairpin RNAs (shRNAs) to
silence endogenously expressed Gays or Gas subunits (Figure S3a),
and infected cultured astrocytes with AAVs encoding these shRNAs
or scrambled shRNA as control. At 5 days after infection, real-time
PCR analyses confirmed that Ga,s-silenced and Gas-silenced astro-
cytes exhibited reduced expressions of Gay3 and Gas mMRNA, respec-
tively: 12.6 + 3% and 8.0 + 3% compared with scrambled shRNA
control cells (Figure S3b). Specificity of shRNAs was further confirmed
by western blot analysis, which revealed efficient downregulation of

protein expression without cross-reactivity or modulation of

expression of other G protein subunits, including Ga;, Gy, and Gay
(36.4 +5% of control for Gays, and 35+ 9% of control for Gasg)
(Figure S3c-e). Following validation, these shRNAs were used to
investigate the impacts of Gay3 and Gas on F-actin and G-actin
dynamics.

The silencing of Ga43 protein in astrocytes significantly increased
the F-actin fraction without 5-HT4R stimulation, while silencing of
Gos did not influence the basal actin cytoskeleton composition
(Figure 5a,b). Similar to control cells, Gos-deficient astrocytes
exhibited a significantly increased F-actin fraction following treatment
with the 5-HT4R agonist BIMUS8 (Figure 5a,b). In contrast, in Gays-
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deficient astrocytes, which exhibited a high basal F-actin fraction,
receptor stimulation with BIMUS8 induced a significant reduction of fil-
amentous actin (Figure 5a,b). These findings indicated a balance
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between Gas and Ga43 protein-mediated signaling under basal condi-

tions, and upon 5-HT4R activation, which exerted a bidirectional influ-

ence on the actin cytoskeleton in astrocytes.
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FIGURE 5 Impact of 5-HT4R activation on the actin cytoskeleton is G protein dependent. (a) Representative images showing F-actin fraction
in cultured hippocampal astrocytes infected with AAVs encoding shRNA scramble, shRNA against Ga, 3 or shRNA against Gag proteins.
Stimulation with 5-HT4R agonist BIMUS8 (30 min, 10 uM) increased the F-actin fraction under control conditions as well as in cells expressing less
Gas. If Gays expression was downregulated, this effect was reversed and stimulation of the receptor led to restoration of levels similar to the
control. The cells from the excerpts indicated by white boxes are additionally shown uniformly in grey color on the right, to emphasize the cell
area and branching. Scale bar 20 pm. (b) Quantification of the F-actin fraction. Statistical differences were calculated using two-way ANOVA with
Tukey's multiple comparisons post hoc test, n = 101 cells, N = 3. (c) Sholl analysis revealed a reduction in astrocyte complexity upon BIMU8
stimulation. Knockdown of Gas by shRNA enhanced this effect, while stimulation had the opposite effect in astrocytes with downregulated Gaoq3
protein levels, leading to increased complexity. Two-way ANOVA with Tukey's multiple comparisons test. shRNA-scr and shRNA-scr + BIMUS8:
radius 18 pm p = .0195; shRNA-Ga, 3 and shRNA-Ga 3 + BIMUS: radius 70 pm p = .0045; shRNA-Gas and shRNA-Gas + BIMUS: radius 46 pm

p =.0007; n 2 25 cells, N = 3. Arrows point out direction of change upon BIMUS8 treatment. (d) Quantification of astrocyte size (2D) showed the
impact of G protein signaling in regulation of cell size. Astrocytes occupied more space when expressing shRNA against Ga,3 compared with
astrocytes expressing shRNA against Gas. This difference was more prominent upon stimulation with 5-HT4R agonist BIMUS. Statistical
differences were calculated using two-way ANOVA with Tukey's multiple comparisons post hoc test, n =2 98 cells, N = 3 [Color figure can be
viewed at wileyonlinelibrary.com]
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We further performed Sholl analysis to confirm the dual role of
Gas and Gagz in regulating astrocytic morphology. At 30 min after
treatment with BIMUS, astrocytes expressing shRNA-scramble or
shRNA against Gas showed reduced arborization complexity
(Figure 5c). In contrast, in astrocytes with downregulated Gays,
BIMUS treatment led to increased morphological complexity and an
altered cell size. Under basal conditions, astrocytes expressing shRNA
against Gay3 were larger than astrocytes expressing shRNA against
Gas (0.206 + 0.007 mm? vs. 0.172 + 0.007 mm?). These size differ-
ences were even more pronounced after 5-HT4R stimulation with
BIMUS (0.224 + 0.009 mm? vs. 0.158 + 0.005 mm?; Figure 5d, see
also grey-color contour image inset in Figure 5a). To further confirm
these effects to be directly mediated by the Ga,3-RhoA signaling axis,
we repeated these experiments in presence of Y-27632, a cell-perme-
able, highly potent, and selective inhibitor of the RhoA downstream
effector Rho associated kinase (ROCK) (Figure S4). In the presence of
this ROCK inhibitor, the 5-HT4R agonist BIMUS failed to change the
relative F-actin fraction (Figure S4a,b) and the branching pattern of
astrocytic processes (Figure S4c,d). This indicates that ROCK mediates
the overall effect of 5-HT4R activation on both.

Taken together, the emerging picture is that activation of astro-
cytic 5-HT4R increases RhoA activity (Figure 3), which increases the
relative abundance of F- over G-actin (Figure 4) and decreases the
arborization of astrocytes (Figure 5) via ROCK signaling (Figure S4).
Although 5-HT4R signaling can be mediated by both Ga,3 and Gas,
the overall effect of receptor activation is dominated by the action of
Gay3 (Figure 5). In addition, the observation of increased basal RhoA
activity (Figure 3a) and relative F-actin levels (Figure 4b) in 5-HT4R
knockout astrocytes indicates that in the absence of this receptor
alternative signaling pathways can gain increased control over the

cytoskeleton (see also Figures S4e,f and S7).

3.6 | 5-HT4R activation in astrocytes changes
excitatory synaptic transmission in vitro and in situ

Activation of 5-HT4R reportedly causes a long-lasting increase in the
excitability of hippocampal neurons (Mlinar, Mascalchi, Mannaioni,
Morini, & Corradetti, 2006), converts a weak synaptic potentiation
into persistent LTP in the CA1 area (Matsumoto et al., 2001) and
directly potentiate CA3-CA1 synapses (Teixeira et al., 2018). Since
astrocytes and neurons are both involved in regulating multiple brain
functions, including synaptic transmission, it is crucial to understand
whether 5-HT4R activation in astrocytes could have functional conse-
quences on the neuronal network. To investigate the possible role of
astrocytic 5-HT4R on synaptic activity, we prepared primary hippo-
campal mixed cultures from 5-HT4R-ko mice. In these cultures, we
selectively rescued 5-HT4R expression in either neurons or astrocytes,
using AAV vectors encoding 5-HT4R under control of a synapsin or
GFAP promoter, respectively. The control cell cultures were infected
with AAVs encoding tdTomato under control of a synapsin or GFAP
promoter (Figures 6a and S5a). We verified the selective 5-HT4R

expression in neurons or astrocytes by immunofluorescence staining

with antibodies against GFAP (astrocytic marker) or pllI-tubulin (neu-
ronal marker), respectively (Figure S5b). Whole-cell patch-clamp
recordings were obtained from cultured neurons to compare the influ-
ence of 5-HT4R activation on mEPSCs between those conditions.

In the control condition (5-HT4R-ko cultures expressing
tdTomato), application of BIMU8 did not change the mEPSC fre-
quency (Figure 6a,b). Receptor stimulation with BIMUS8 also did not
change the mEPSC frequency in cells with selective rescue of neuro-
nal 5-HT4R expression (Figure 6a,b). In contrast, 5HT4R activation
induced a significantly increased mEPSC frequency within minutes in
cells with selective rescue of 5-HT4R expression in astrocytes
(Figure 6a,b). To determine whether this effect was mediated via the
5-HT4R-Ga3-RhoA-ROCK signaling pathway, we performed electro-
physiological recordings in the presence of the ROCK inhibitor Y-
27632. Although Y-27632 affects RhoA signaling in both neurons and
astrocytes, our observation, that the selective rescue of 5-HT4R
expression in neurons did not influence BIMU8-mediated changes in
mEPSC (Figure 6b), demonstrates that the 5-HT;R-RhoA-ROCK sig-
naling in neurons is not implemented in BIMU8-mediated EPSC fre-
quency response. Therefore, the effect of Y-27632 was analyzed only
in cultures where 5-HT4R expression was selectively rescued in astro-
cytes. In these experiments, no increase of the mEPSC frequency was
observed after BIMUS8 stimulation in 5-HT4R expressing astrocyte cul-
tures (Figure 6éb). We observed a nonspecific rundown of mEPSC
amplitudes, which was present in all groups to the same extent. These
results suggest that astrocytic 5-HT4R modulated an increase of spon-
taneous neurotransmitter release at glutamatergic synapses in cul-
tured cells mediated by the 5-HT4R-Ga43-RhoA-ROCK signaling.

Finally, we examined the role of astrocytic 5-HT4R in gluta-
matergic synaptic transmission in the hippocampus in situ. To this
end, we stereotactically injected 5-HT4R-ko mice in the hippocampal
CA1 region of one hemisphere with a control AAV-GFAP-tdTomato
construct. Each mouse was also injected in the CA1 hippocampus of
the other hemisphere with AAV-GFAP-5-HT4R-eGFP to selectively
rescue astrocytic 5-HT4R expression (Figure 7a and Séa-c). Three
weeks after stereotactic injection, acute hippocampal slices were pre-
pared. AAV-mediated rescue of 5-HT4R expression resulted in a het-
erogeneous expression pattern similar to that obtained for the
endogenous receptor (Figure Sé6d). We identified the slices containing
transfected astrocytes using two-photon excitation fluorescence
microscopy (Figure 7b). Next, fEPSPs were evoked by electrical stimu-
lation of CA3-CA1 Schaffer collateral axons and recorded in the CAl
stratum radiatum near astrocytes expressing either 5-HT4R-eGFP
(rescue) or tdTomato (knockout). Basal synaptic transmission did not
differ between the rescue and knockout slices (Figure 7c), and the
fEPSP slope was not affected by bath application of 10 uM BIMU8
for 20 min (fEPSP slope normalized to pre-drug baseline: knockout,
99.7 £+293%,n =6, p =.919; rescue, 97.7 + 4.88%, p = .658, n = 8;
paired t-tests; not illustrated). However, the paired-pulse-ratio (PPR)
at short inter-stimulus intervals of 25 ms was significantly reduced in
slices with rescued astrocytic 5-HT4R expression compared with con-
trol slices (Figure 7d). Thus, the selective rescue of 5-HT4R expression

in astrocytes affected glutamate release at these synapses. Again, the
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FIGURE 6

5-HT4R activation in astrocytes impacts neuronal signaling. (a) lllustration of the experimental setup with three conditions.

5-HT4R-ko mice were used for preparation of mixed hippocampal cultures (HCC) and the receptor was either rescued in astrocytes or neurons
using viral infection of AAV-mGFAP-5-HT,R-eGFP or AAV-syn-5-HT,R-eGFP, respectively. In a third (control) condition cells were infected with
AAV-tdTomato. Representative traces of electrophysiological recordings of neurons in those cultures are shown on the right for all three
conditions. Only rescued expression of the 5-HT4R in astrocytes, but not neurons, influenced mEPSC frequency after BIMUS8 stimulation.

(b) Quantification of mEPSC frequency in hippocampal neurons after application of 10 pM 5-HT4R agonist BIMUS. Increase of mEPSC frequency
was only present if astrocytes expressed 5-HT4Rs, but not if the receptor was only present in neurons. No change was observed upon BIMU8
stimulation in a 5-HT4R-ko culture or when RhoA signaling was blocked by cell-permeable, highly potent ROCK inhibitor Y-27632 (50 pM).
Statistical analysis was performed using two-way ANOVA with Sidak's multiple comparisons post hoc test, n = 7 [Color figure can be viewed at

wileyonlinelibrary.com]

rescue of 5-HT4R had no effect when recordings were performed in
the presence of the ROCK inhibitor Y-27632 (Figure 7e,f). Together
our electrophysiological experiments indicate that astrocytic 5-HT4Rs
modulate presynaptic glutamate release in cultures and acute slices

via signaling of ROCK.

4 | DISCUSSION

The role of serotonergic signaling in the brain has been extensively
studied over the last decades. However, such research has been
largely focused on the impact of serotonin receptors on neurons. As
increasing evidence highlights the importance of astrocytes in regulat-
ing physiological brain functions and in many neurological disorders,
these cells must be considered important contributors to diseases

involving serotonergic signaling changes (Lundgaard, Osoério, Kress,

Sanggaard, & Nedergaard, 2014; Miyazaki & Asanuma, 2016; Peng,
Verkhratsky, Gu, & Li, 2015). Moreover, astrocytes represent an
essential part of the multipartite synapse. Thus, the expression of
serotonin receptors on astrocytes in brain regions with serotonergic
innervation might represent an important, yet largely unexplored, sig-
naling pathway.

Our present findings confirmed the astrocytic expression of
5-HT4R (Boisvert et al., 2018; Cahoy et al., 2008; Parga et al., 2007)
and demonstrated that this receptor was expressed on a subset of
astrocytes. These observations are in line with multiple studies reveal-
ing astrocyte heterogeneity in terms of morphology and function
(Farmer & Murai, 2017; Matyash & Kettenmann, 2010; Oberheim,
Goldman, & Nedergaard, 2012). The distinct expression pattern may
also result from the defined structures of serotonergic projections
within the hippocampus. Moreover, we observed irregular and clus-

tered distributions of 5-HT4R within single astrocytes, which could be
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FIGURE 7 Astrocytic 5-HT4R impact neuronal properties in vivo. (a) Schematic overview of acute slice recordings. 5-HT4R-ko mice were
stereotactically injected with AAV-GFAP-5-HT4R-eGFP and AAV-GFAP-tdTomato into separate hemispheres to selectively restore astroglial
5-HT4Rs in the hippocampus. After 3 weeks acute slices were subjected to electrophysiological investigations. fEPSPs were evoked by electrical
stimulation of CA3-CA1 Schaffer collaterals and recorded in the stratum radiatum (S.R.) of the CA1 region. (b) Astroglial expression of AAVs was
visualized using two-photon excitation fluorescence microscopy. Transfected astrocytes were uniformly distributed across stratum oriens (S.0.)
and S.R. Unlike cytosolic tdTomato the 5-HT4R-eGFP fusion protein was located to astrocytic membranes. Stratum pyramidale (S.P.) indicated for
orientation. (c) Representative fEPSPs recorded in S.R. with gradually increasing stimulation intensities (left panel, examples for 50, 100, 200 pA).
fEPSP slopes recorded near 5-HT4R-eGFP expressing astrocytes (green) or areas covered by tdTomato expressing astrocytes (red) were not
statistically different (right panel, p = .87, two-way repeated measures ANOVA, eGFP n = 11, tdTomato n = 14). (d) Representative pairs of
fEPSPs recorded with an inter-stimulus interval of 25 ms (left panel). The paired-pulse ratio (PPR) obtained at short inter-stimulus intervals (ISI)
was lower when astroglial 5-HT4R expression was rescued compared with tdTomato-positive control slices (p = .0084, two-way repeated
measures ANOVA, eGFP n = 10, tdTomato n = 14, Tukey post hoc test: 25 ms, p = .0065, **50 ms, p = .145). (e-f) The experiments were
repeated in the presence of ROCK inhibitor Y-27632 (20 uM). The fEPSP slopes recorded near 5-HT4R-eGFP-expressing astrocytes were not
significantly different from fEPSPs recorded close to tdTomato-expressing astrocytes (p = .225, two-way repeated measures ANOVA, eGFP

n = 13, tdTomato n = 12). Also the PPR was not different between these conditions when ROCK was blocked (p = .873, two-way repeated
measures ANOVA, eGFP n = 13, tdTomato n = 12) [Color figure can be viewed at wileyonlinelibrary.com]
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temporally or structurally correlated, as recently demonstrated for the
GABA transporter GAT-3 (Boddum et al., 2016; Mederos, Gonzélez-
Arias, & Perea, 2018). Our results indicated that activation of the
5-HT4R-Ga43 signaling pathway induced activation of the small
GTPase RhoA in astrocytes, which led to an increased F-actin fraction
and morphological changes. The observed morphological changes
could be critically involved in synapse formation, maintenance, and
plasticity (Chung et al.,, 2015; Dallérac, Zapata, & Rouach, 2018;
Haber, Zhou, & Murai, 2006).

We found that treatment with the selective 5-HT4R agonist
BIMUS8 induced an increase in filamentous actin structures. More-
over, this effect was absent in 5-HT4R-ko astrocytes, demonstrating
5-HT4R specificity. Interestingly, cultured astrocytes from 5-HT4R-
ko mice exhibited altered properties under basal conditions: ele-
vated RhoA activity and an increased basal F-actin fraction. The
same phenomenon was observed following the downregulation of
Gay3 proteins in astrocytes from WT mice. We propose that under
basal conditions, 5-HT4R is negatively coupled to Gas and Gay3 pro-
teins, with the latter being the preferential partner (Figure S7). Upon
receptor knockout, Gay3 becomes disinhibited leading to activation
of the RhoA cascade and increased F-actin formation. Knocking-
down the Ga3 subunit shifts a negative coupling of 5-HT4R towards
Gas, which can lead to decreased RhoA phosphorylation via cAMP-
dependent kinases resulting in RhoA disinhibition (see below).
Receptor stimulation with an agonist activates the Gay3-RhoA sig-
naling pathway and boosts F-actin formation (Figure S7). In case of
Gaq3 knockdown, receptor stimulation preferentially induces a Gas-
mediated rise of CAMP levels, leading to increased RhoA phosphory-
lation by PKA (Jaffe & Hall, 2005; Kim et al., 2018). As consequence,
RhoA-mediated activation of ROCK kinase is attenuated, leading to
inhibition of F-actin formation. Supporting this view, a new concept,
in which Gos signaling negatively regulates guanine nucleotide
exchange factors (GEFs) that are responsible for activating the small
GTPases Cdc42 and Racl was recently presented by Sugiyama and
co-workers (Sugiyama et al., 2017). Since low Cdc42 and Rac1 activ-
ity are reportedly accompanied by elevated RhoA activity (Bishop &
Hall, 2000; Chauhan, Lou, Zheng, & Lang, 2011), chronic
upregulation of active RhoA may account for the presently observed
increase in F-actin.

As mentioned above, in astrocytes with diminished Ga,3 signal-
ing, stimulation with BIMUS8 drastically decreased the elevated basal
F-actin to G-actin ratio, possibly via signaling through Gas or G
protein-independent pathways. Several possible links between Gag
signaling and the actin cytoskeleton have been proposed, including
acute phosphorylation of RhoA at serine residue 188 by the cyclic
nucleotide-dependent protein kinase A (PKA), which directly inhibits
RhoA activity by enhancing its interaction with RhoGDI and its
attendant withdrawal from the plasma membrane (Ellerbroek,
Wennerberg, & Burridge, 2003; Forget, Desrosiers, Gingras, &
Béliveau, 2002; Tkachenko et al., 2011). Additionally, RhoA phos-
phorylation by cAMP-dependent kinases causes decreased interac-
tion with the effector protein Rho-associated coiled-coil-containing
kinase (ROCK) (Nusser et al., 2006; Takemoto, Ishihara, Mizutani,

Kawabata, & Haga, 2015), which regulates actin dynamics and cell
morphology via numerous effector proteins, including ROCK, LIM-
kinases, Cofilin, F-actin, and the regulatory light chain of myosin
(MLC) (Jaffe & Hall, 2005; Kim et al., 2018). Several reports describe
antagonistic roles of RhoA and cAMP in regulating cellular morphol-
ogy (Bandtlow, 2003; Dong, Leung, Manser, & Lim, 1998). Moreover,
RhoA phosphorylation reduces ROCK interaction—without altering
the interactions of other effector protein, including rhotekin,
mDia-1, and protein kinase N (PKN)—thus, adding an additional
switch and increasing the complexity of actin regulation (Nusser
et al., 2006).

Downregulation of Gag protein levels in astrocytes did not affect
5-HT4R-mediated regulation of F-actin dynamics and cell morphology
neither under basal conditions nor after receptor stimulation. There-
fore, we conclude that under physiological conditions, 5-HT4R signal-
ing influences actin cytoskeleton composition predominantly via the
Gaq3-RhoA signaling pathway. Furthermore, our findings indicated
that actin dynamics are in a balanced state, and that 5-HT4R activity
can bidirectionally regulate the turnover of F-actin and G-actin struc-
tures. Bidirectional control of actin structures is reportedly important
for the regulation of spine morphology in hippocampal neurons, albeit
through different mechanisms (Okamoto, Nagai, Miyawaki, &
Hayashi, 2004). We also demonstrated that astrocyte morphology
underlies the regulation of actin by serotonergic signaling, which adds
a new player in the debate about regulation of astrocyte appearance
(Matyash & Kettenmann, 2010; Oberheim et al., 2012; Zhou, Zuo, &
Jiang, 2019).

It has been suggested that 5-HT4R activity might affect overall
network excitability (Schill et al., 2020). We investigated whether the
manipulation of 5-HT4R signaling in astrocytes affected glutamatergic
synaptic transmission. In dissociated cultures, pharmacological activa-
tion of 5-HT4Rs quickly increased the frequency of spontaneous syn-
aptic glutamate release (MEPSCs). Because this happened on a
timescale of ~10 min, this effect was likely due to an acute increase
in the probability of spontaneous release from existing presynaptic
glutamatergic terminals, and not synaptogenesis. The rapid onset of
the increase was in line with the fast increase of RhoA activity after
5-HT4R activation.

In situ, we recorded fEPSPs evoked by single stimulations of
CA3-CA1 axons, and found that they were not changed by the res-
cue of astrocytic 5-HT4R expression or by the acute pharmacologi-
cal activation of the restored 5-HT4Rs by BIMUS. There are at least
two possible explanations for the absence of an acute effect. First,
the modulation of synaptic transmission via astrocytic 5-HT4Rs in
situ may occur on a longer timescale than in vitro, for example, over
hours or days. Second, 5-HT4Rs might be fully activated by ambient
serotonin in the slice preparation, which would prevent effects of
direct receptor activation. The latter could indicate that astrocytic
5-HT4Rs are already fully activated in acute slices. However, we
also detected a reduced paired-pulse facilitation of synaptic trans-
mission at short inter-stimulus intervals after rescuing astrocytic
5-HT4R expression. Since the paired-pulse facilitation at CA3-CA1

synapses is thought to reflect changes of presynaptic glutamate
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release (Debanne, Guérineau, Gihwiler, & Thompson, 1996; Dobr-
unz & Stevens, 1997 and references therein), this observation sug-
gests that astrocytic 5-HT4Rs modify presynaptic release
(i.e., synapses with a high initial release probability show low
paired-pulse facilitation, as in our case). This reduced paired-pulse
facilitation was not due to an increase of the overall basal presyn-
aptic release probability, because we did not observe a
corresponding increase of the slope of single fEPSPs. Rather, it is
likely that astrocytic 5-HT4Rs modify rapid repetitive release. Both
in situ and in vitro effects mediated by astrocytic 5-HT4Rs were
not observed when ROCK signaling was inhibited. Therefore, astro-
cytic 5-HT4Rs can modify synaptic glutamate release via ROCK sig-
naling both in dissociated cells and organized tissue, although the
change of the mEPSC frequency in vitro and of the paired-pulse
facilitation in situ do not point towards a specific presynaptic
mechanism. Regarding the latter, it needs to be noted that viral
delivery of 5HT4R to hippocampal astrocytes does not lead to
transduction of all astrocytes (Figure 7) and may not reproduce the
relatively sparse endogenous 5HT4R expression pattern (Figure S1),
which could explain differences in the presynaptic effects between
cultures and acute slices. Optical quantal analysis of release at sin-
gle spines (Oertner, Sabatini, Nimchinsky, & Svoboda, 2002) near
astrocytic processes positive and negative for 5-HT4R could help to
dissect the involved mechanism in future. In combination with
pharmacology, this approach could also be useful to identify the
involved signaling molecules (Alfonso Araque et al., 2014; Rusakov
et al., 2014) that link astrocytic 5-HT4R, RhoA, ROCK and presyn-

aptic function.
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