
Borsdorf et al. 
Cell Communication and Signaling          (2024) 22:563  
https://doi.org/10.1186/s12964-024-01931-0

RESEARCH Open Access

© The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://creativecommons.org/licenses/by/4.0/.

Cell Communication
and Signaling

The cell adhesion molecule CD44 acts 
as a modulator of 5‑HT7 receptor functions
Saskia Borsdorf1, Andre Zeug1, Yuxin Wu2, Elena Mitroshina3, Maria Vedunova3, Supriya A. Gaitonde4, 
Michel Bouvier4, Michael C. Wehr2,5, Josephine Labus1† and Evgeni Ponimaskin1*† 

Abstract 

Background  Homo- and heteromerization of G protein-coupled receptors (GPCRs) plays an important role 
in the regulation of receptor functions. Recently, we demonstrated an interaction between the serotonin receptor 7 
(5-HT7R), a class A GPCR, and the cell adhesion molecule CD44. However, the functional consequences of this interac-
tion on 5-HT7R-mediated signaling remained enigmatic.

Methods  Using a quantitative FRET (Förster resonance energy transfer) approach, we determined the affini-
ties for the formation of homo- and heteromeric complexes of 5-HT7R and CD44. The impact of heteromerization 
on 5-HT7R-mediated cAMP signaling was assessed using a cAMP responsive luciferase assay and a FRET-based cAMP 
biosensor under basal conditions as well as upon pharmacological modulation of the 5-HT7R and/or CD44 with spe-
cific ligands. We also investigated receptor-mediated G protein activation using BRET (bioluminescence resonance 
energy transfer)-based biosensors in both, homo- and heteromeric conditions. Finally, we analyzed expression profiles 
for 5-HT7R and CD44 in the brain during development.

Results  We found that homo- and heteromerization of the 5-HT7R and CD44 occur at similar extent. Functionally, 
heteromerization increased 5-HT7R-mediated cAMP production under basal conditions. In contrast, agonist-mediated 
cAMP production was decreased in the presence of CD44. Mechanistically, this might be explained by increased Gαs 
and decreased GαoB activation by 5-HT7R/CD44 heteromers. Unexpectedly, treatment of the heteromeric complex 
with the CD44 ligand hyaluronic acid boosted constitutive 5-HT7R-mediated cAMP signaling and receptor-mediated 
transcription, suggesting the existence of a transactivation mechanism.

Conclusions  Interaction with the hyaluronan receptor CD44 modulates both the constitutive activity of 5-HT7R 
as well as its agonist-mediated signaling. Heteromerization also results in the transactivation of 5-HT7R-mediated 
signaling via CD44 ligand.
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Background
G protein-coupled receptors (GPCRs) represent the 
largest family of membrane-spanning proteins and are 
valuable therapeutic targets [1]. They process external 
stimuli and regulate numerous cellular functions by 
activating downstream effectors, including heterotrim-
eric G proteins, which in turn initiate the production of 
various second messengers [2]. Research over the past 
decades has shown that GPCRs can form homo- and 
hetero-dimers as well as higher order oligomers, which 
can significantly alter the signaling properties, such as 
GPCR trafficking, ligand binding, and G protein activa-
tion and selectivity [3–6].

Receptor oligomerization was also reported for the 
serotonin receptor family, including the serotonin 
receptor 7 (5-HT7R), the most recently described sero-
tonergic receptor forming homo- and hetero-oligomers 
[7, 8]. The 5-HT7R is canonically involved in the pro-
duction of cAMP via the stimulation of the heterotrim-
eric Gs protein [9, 10]. In the brain, the 5-HT7R exerts 
a variety of physiological functions, including learning 
and memory processing [11, 12]. There is also strong 
evidence for the involvement of the 5-HT7R in a vari-
ety of psychiatric and neurological disorders, such as 
anxiety, obsessive–compulsive disorder, schizophre-
nia, epilepsy, and neurodegenerative diseases [13–17]. 
While the 5-HT7R is known to be activated by the 
neurotransmitter serotonin (5-HT) and by several syn-
thetic ligands, there is increasing in  vitro and in  vivo 
evidence for its high agonist-independent constitutive 
activity [18–22]. However, the functional consequences 
of receptor homo- and hetero-oligomerization for the 
agonist-dependent and independent signaling remain 
to be elucidated.

Although oligomerization between GPCR family mem-
bers have been extensively studied, physical interactions 
of GPCR with non-GPCRs are much less characterized 
and mainly involve interactions with receptor tyros-
ine kinases (RTKs) and channel proteins [23–25]. We 
have previously demonstrated that 5-HT7R can interact 
with CD44 [26], though the functional consequences of 
this interaction on 5-HT7R-mediated signaling remain 
elusive. CD44 is the major receptor for hyaluronan in 
the brain, a key component of the extracellular matrix 
(ECM) involved in various aspects of neuronal plasticity 
[27–29]. CD44 is a single-pass transmembrane protein 
that is involved in cell adhesion and cytoskeleton modu-
lation [30–33]. We have recently demonstrated that both 
receptors belong to the same signaling module involving 
the matrix metalloproteinase-9 (MMP-9) and the small 
GTPase Cdc42 [26]. Activation of this signaling pathway 
can modulate dendritic spine remodeling and synaptic 
transmission in hippocampal neurons [26].

Here, using a quantitative FRET approach we eluci-
dated the efficiency of CD44 and 5-HT7R to form homo- 
and heteromers. We also applied a FRET-based biosensor 
to analyze changes in cAMP levels in living cells under 
basal conditions and after pharmacological modulation 
of both receptors. Using enhanced bystander BRET, we 
finally analyzed the role of 5-HT7R/CD44 heteromeriza-
tion on activation of different classes of heterotrimeric G 
proteins.

Methods
Materials
Murine neuroblastoma N11-115 cells were obtained 
from the American Type Culture Collection (ATCC®, 
Cat# CRL-2263, RRID:CVCL_0451) (Virginia, USA). 
5-Carboxamidotryptamine maleate (5-CT), and 
SB-269970 hydrochloride (SB) were obtained from Toc-
ris (Wiesbaden-Nordenstedt, Germany). Hyaluronic acid 
sodium salt from Streptococcus equi sp., (-)-epinephrine 
( +)-bitartrate salt, dopamine hydrochloride, 3-isobutyl-
1-methylxanthine (IBMX), forskolin (FSK), pertussis 
toxin, and penicillin/streptomycin were purchased from 
Merck (Darmstadt, Germany; Oakville, ON, Canada). 
Dulbecco’s Modified Eagle Medium (DMEM), Lipo-
fectamine 2000, and salmon sperm DNA were obtained 
from Invitrogen (Darmstadt, Germany; Burlington, ON, 
Canada) and fetal calf serum (FCS) from Bio&SELL 
(Feucht, Germany). HEK-293SL (HEK-293 termed from 
here) were a gift from S. Laporte (McGill University, 
Montreal, Quebec, Canada) and have been described 
before [34]. Newborn calf serum (NCS) and penicil-
lin/streptomycin for culturing of HEK-293 cells were 
obtained from Wisent Inc. (Saint-Jean-Baptiste, QC, 
Canada). Polyethylenimine (PEI) was purchased from 
Polysciences, Inc (Warrington, PA, USA) and Prolume 
Purple from Nanolight™ Technology (Pinetop, AZ, USA). 
If not stated otherwise, the following concentrations were 
used: 5-CT (10  µM), SB-269970 (100  nM), hyaluronic 
acid (20  µg/mL), IBMX (50  µM), FSK (5  µM), pertussis 
toxin (100 ng/mL).

Animals
Expression profiles of 5-HT7R and CD44 was performed 
in male C57BL/6 mice from the following age groups: 
P1, P5, P15, P30, 6  months, 12  months, 18  months and 
22–24  months. Six animals per group were analyzed. 
Animals were housed at 12 h day/night cycle under SPF 
conditions. The mice were provided with ad  libitum 
access to food and water. The study was strictly adhered 
to the fundamental principles governing the care and 
housing of experimental animals as outlined in the "Inter-
national Guiding Principles (Code of Ethics) for Biomedi-
cal Research Involving Animals" (CIOMS and ICLAS, 
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2012). The ethical principles established by the Euro-
pean Convention for the protection of vertebrate animals 
used for experimental and other scientific purposes were 
also respected (Strasbourg, 2006). All experimental pro-
cedures were approved by the Bioethics Committee of 
Lobachevsky University.

Plasmids and recombinant DNA procedures
The following expression plasmids were used in the pre-
sent study: enhanced cyan and yellow fluorescent pro-
tein (eCFP, eYFP)-tagged [7] as well as green fluorescent 
protein (eGFP)-tagged [35] 5-HT7R in the pEGFP vector. 
Human influenza hemagglutinin (HA)-tagged 5-HT7R 
[7], as well as eYFP- and eGFP-tagged CD44 [26], and 
the FRET-based cAMP biosensor [36] in the pcDNA3.1 
plasmid. An eCFP-eYFP tandem construct in the pEYFP-
N1 plasmid [37] and the FRET-based RaichuEV-Cdc42/
KRasCT biosensor in the pPBbsr2 plasmid [38]. Over-
lap extension polymerase chain reaction (PCR) was used 
on CD44-eGFP and 5-HT7R-eGFP to generate HA-, 
mCherry-, and eCFP-tagged CD44 as well as mCherry-
tagged 5-HT7R, respectively. CD86-eCFP and CD86-
eYFP were kindly gifted by Prof. Dr. Moritz Bünemann, 
Philipps-Universität Marburg, Germany [39]. For the 
cAMP responsive element (CRE) luciferase assays, a 
hRluc (Renilla reniformis) luciferase under the control of 
a CMV promoter cloned into a pGL4.75 vector (Promega, 
#E6931) and a luc2 firefly luciferase under the control of 
CRE in a pGL4.16 vector (Addgene plasmid #194,384) 
were used. BRET biosensors, Gα subunits and con-
structs expressing β2 adrenergic receptor and dopamine 
D2 receptor in pcDNA3.1 vectors were described previ-
ously [40]. For split TEV plasmids, the HTR7, CD44, and 
CD86 open reading frame (ORF) sequences were ampli-
fied via PCR using the Q5 High-Fidelity DNA Polymerase 
(NEB), and the resulting PCR was BP-recombined into 
the pDONR/Zeo plasmid using Gateway recombination 
cloning (Thermo Fisher Scientific, Waltham, MA, USA). 
Each entry clone plasmid was control-digested using 
BsrGI, which cuts inside the recombination sequences 
and thus released the insert. Lastly, HTR7, CD44, and 
CD86 ORF sequences were verified via Sanger sequenc-
ing. Gateway LR recombination was used to transfer the 
ORFs from the entry vectors into the split TEV destina-
tion vectors (either pcDNA3_attR1-ORF-attR2-NTEV-
tcs-GV-2xHA_DEST (Addgene plasmid #194,385) or 
pcDNA3_attR1-ORF-attR2-CTEV-2xHA_DEST) to yield 
pcDNA3_HTR7-NTEV-tcs-GV-2xHA, pcDNA3_CD44-
CTEV-2xHA, pcDNA3_CD86-NTEV-tcs-GV-2xHA, 
and pcDNA3_CD86-CTEV-2xHA. For measuring split 
TEV-based interactions, a reporter plasmid carry-
ing a luc2 firefly reporter gene driven by 10 × clustered 
upstream activated sequences (10xUAS) linked to a 

minimal MLP promoter was used (pGL4_10xUAS-MLP-
min-luc2, Addgene plasmid #194,383).

Quantitative Real‑Time Polymerase Chain Reaction 
(qRT‑PCR)
Total RNA from the hippocampal and prefrontal cortex 
brain lysates were isolated using ExtractRNA kit (Evro-
gen). Transcription was performed using a commercial 
MMLV RT kit (Evrogen) and expression analysis was 
executed on a 2720 Thermal Cycler amplifier system 
(Applied Biosystems). Following primer pairs were used 
for detection:

OAZ_ fw: TGA​GGG​CAG​TAA​GGA​CAG​TTT; OAZ_
rev: TTC​GGA​GTA​GGG​CGG​CTC​T.

CD44_fw: GCT​TCA​ATG​CCT​CAG​CCC; CD44_rev: 
CAT​CAC​GGT​TGA​CAA​TAG​TTAT.

Htr7_fw: GAC​CAC​CTA​TCG​TAG​CCT​A; Htr7_rev: 
GGT​CAC​AGT​TTT​GTA​GCA​CA.

Calculation of relative mRNA levels was performed 
using the ∆∆Ct method.

Cell culture and transfection of N1E‑115 cells
Murine N1E-115 neuroblastoma cells were cultured 
in DMEM supplemented with 10% fetal calf serum and 
1% penicillin/streptomycin under humidified condi-
tions at 5% CO2 and 37  °C. Transient transfection with 
vectors was performed using Lipofectamine  2000 
according to the manufacturer’s instructions 16  h after 
seeding. Cells were exposed to 1  µg (12-well) or 0.4  µg 
(48-well) DNA. For single receptor transfections, the 
empty vector (pcDNA) was transfected to equalize 
DNA concentrations. Experiments were performed 12 h 
post-transfection.

Cell culture and transfection of HEK‑293 cells
HEK-293 cells were cultured in DMEM supplemented 
with 10% NCS and 1% penicillin/streptomycin. Cells were 
kept under humidified conditions at 37  °C and 5% CO2. 
For transfection, the DNA (1000  ng/1  mL cell suspen-
sion), adjusted with salmon sperm DNA, was diluted in 
phosphate buffered saline (PBS) and mixed with 3000 ng 
PEI at a ratio of 1:3. The PEI-DNA mix was incubated for 
15 min and then added to the cell suspension. Cells were 
seeded at a density of 35,000 cells/100 µL/well onto white 
96-well plates (Greiner Bio-One). For BRET experiments, 
cells were cultured for 48 h.

Confocal laser scanning microscopy
Live-cell imaging experiments were accomplished with 
a Zeiss LSM 780 equipped with a 40 × /1.2 NA water 
immersion objective and ZEN 2012 software. General 
measurement settings included a bit depth of 16  bit at 
1024 × 1024 pixels or 512 × 512 pixels for lux-FRET and 
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Cdc42 measurements or cAMP measurements, respec-
tively. Before measurement, N1E-115 were transferred 
from cell culture medium to osmolality-adjusted tyrode 
buffer (15 mM NaCl, 1 mM KCl, 0.1 mM MgCl2, 0.2 mM 
CaCl2, 1  mM HEPES, pH 7.4, glucose for osmolality 
adjustment).

Measurement of cAMP responses
cAMP dynamics were measured using a FRET-based 
biosensor [36] which shows a decreased FRET efficiency 
and acceptor/donor (Citrine/mCerulean) ratio upon 
increasing cAMP concentrations (Fig.  2A). Time-series 
measurements of cAMP levels were performed accord-
ing to Prasad et  al. (2019). In brief, N1E-115 cells were 
seeded onto 18 mm glass coverslips and transfected with 
the receptors and the cAMP biosensor as described. 
Images were obtained every 10  s for 10  min (60  cycles 
à 10 s) with continuous focus correction using the Zeiss 
“Definite Focus”. The cAMP biosensor and eGFP-cou-
pled receptors were excited with a laser beam of 440 nm. 
Spectral separation of fluorophores was obtained with 
the Zeiss “Online Fingerprinting Mode” after recording 
background-corrected spectra of the single fluorophores. 
Signals of eGFP- and mCherry-tagged receptors were 
obtained using the “Lambda Mode” and spectra were 
unmixed using custom-written MatLab scripts. For equi-
libration, measurements of cells were performed for three 
minutes before stimulation. The mean of the measured 
cAMP biosensor ratio values obtained during this equi-
libration phase were used to calculate the baseline ratio 
of the cAMP sensor. Stimulants were applied via a per-
fusion system (Warner Instruments, Hamden, CT, USA) 
with a perfusion rate of 3  mL/min. Blocking reagents 
(i.e. SB-269970 and pertussis toxin) were applied prior to 
the measurements. Ratio-time curves were obtained on 
a pixel-based approach for each cell separately and were 
fitted to the following exponential fit model [35]:

where A is the response amplitude, τ the response time, 
t the time, t0 the time-point of treatment, and y the bio-
sensor ratio. The calculated response amplitudes A are 
reported as negative amplitudes that correlate positively 
with the accumulation of cAMP.

Measurement of Cdc42 activity
To investigate activation of the small GTPase Cdc42, 
N1E-115 cells were seeded onto 18  mm-coverslips and 
transfected with mCherry-coupled CD44 and the FRET-
based Raichu-Cdc42 (RaichuEV-Cdc42/KRasCT), which 
shows an increased YPet-to-mTurquoise ratio upon 
Cdc42 activation (Supplementary Figure S4A) [38]. 

y = A 1− e−
t−t0
τ + polyoff

Time-series measurements were performed with con-
tinuous focus correction using the Zeiss “Definite Focus” 
with image acquisition every 2.5  min. Baseline Cdc42 
activity was obtained for 7.5 min, followed by the stimu-
lation and subsequent measurement for another 15 min. 
Excitation of YPet and mTurquoise were performed at 
440  nM and of mCherry at 561  nm. Ratio-time curves 
were obtained on a pixel-based approach for each cell 
separately using custom-written MatLab scripts.

Lux‑FRET measurements
To calculate FRET efficiencies for eCFP- and eYFP-
tagged receptors, N1E-115 cells were subjected to lux-
FRET measurements 24  h post-transfection. Live-cell 
imaging measurements were performed as described 
before [35]. Briefly, z-stacks were obtained at 440 nm and 
514  nm excitation capturing a spectrum ranging from 
410–695  nm. Data were evaluated as described above. 
As control, monomeric eCFP- and eYFP-tagged CD86 
was used [39]. Data were obtained from five independent 
experiments with five technical replicates each.

To estimate affinities for homo- or heteromeriza-
tion, N1E-115 cells were transfected with varying donor 
and acceptor concentrations for 5-HT7R homom-
ers (5-HT7R-eCFP/5-HT7R-eYFP), CD44 homomers 
(CD44-eCFP/CD44-eYFP) as well as 5-HT7R-CD44 het-
eromers (5-HT7R-eCFP/CD44-eYFP vs CD44-eCFP/5-
HT7R-eYFP). Twenty-four hours post-transfection, cells 
were detached from the cell culture dish using a pre-
warmed tyrode buffer (15 mM NaCl, 1 mM KCl, 0.1 mM 
MgCl2, 0.2 mM CaCl2, 1 mM HEPES, pH 7.4). Cell sus-
pensions were analyzed in the fluorescence spectrometer 
Fluorolog-3.22 (Horiba) equipped with a xenon lamp 
(450 W, 950  V) and two double monochromators. The 
following configuration and settings were used: 10  mm 
pathway quartz cuvettes at room temperature in "front 
face" arrangement, dual excitation 440 nm and 488 nm, 
with emission spectra 450 – 600 nm and 498 – 600 nm, 
respectively, 0.5  s integration time. The spectral contri-
butions from light scattering and nonspecific fluores-
cence of the cells were taken into account by subtracting 
the emission spectra of water and non-transfected cells 
(background) from each measured spectrum, respec-
tively. Samples were measured as technical duplicates 
from three independent experiments. Donor-to-accep-
tor ratio was calculated using a custom-written MatLab 
script.

Lux‑FRET calculations
To determine the apparent FRET efficiency for 5-HT7R 
homomers, CD44 homomers, and 5-HT7R/CD44 het-
eromers, we used lux-FRET method that has been 
described in detail previously [7, 37]. This approach 
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allows calculation of the total concentration ratio [At]/
[Dt] of donor and acceptor and donor molar fraction 
xD = [Dt]/([Dt] + [At]), containing the relative concentra-
tions of the donor [Dt] and the acceptor [At]. Addition-
ally, the apparent FRET efficiencies EfD and EfA, where 
the FRET efficiency E is weighted by the fractions of 
donors (fD = [DA]/[Dt]) and acceptors (fA = [DA]/[At]) in 
complexes, respectively, can be determined. Calculations 
were performed as described previously. In brief, two-
emission spectra were obtained for the receptor pairs, 
reference cells containing the fluorophores separately, 
and a tandem construct expressing the fluorophore pair 
at a fixed ratio of 1:1. Fitting of obtained spectra and cal-
culations of apparent FRET efficiencies and donor molar 
fractions were performed with custom-written MATLAB 
scripts.

Calculation of kinetic constants
For the calculation of the relative dissociation constants 
describing the homo- and hetero-oligomerization pro-
cesses, we applied a previous published dimerization 
model [7] on the lux-FRET data obtained with the spec-
trofluorometer. This model allows determining individual 
relative dissociation constants K for the different oli-
gomerization types in an equilibrium state.

Briefly, the apparent FRET efficiencies were plotted 
against the xD values and the data was fitted by finding 
a numerical solution of Equation  5 from Renner et  al. 
[7] For the fit, minimization of the weighted least square 
differences was applied. Measurements with xD values 
lower than 0.1 and higher than 0.9 were excluded from 
the calculations, since FRET efficiencies for these donor 
mole fractions show high systemic errors. Additionally, 
individual E values were allowed for the homo- and het-
eromers. The error of the fit was calculated according 
to χ2

=
∑n

i=1
(yi − f (xi))

2/f (xi) where yi are the meas-
ured apparent FRET efficiencies and f(xi) are the values 
obtained by the fit.

G protein effector membrane translocation (GEMTA) assay
To test Gα protein activation the BRET-based (G)EMTA 
was performed [40]. Therefore, HEK-293 cells were trans-
fected with the receptor of interest, rGFP-CAAX, the Gα 
subunit (Gαs(67)-RlucII for Gαs), and for the Gαi/o fam-
ily additionally with Rap1GAP-RlucII. On the day of the 
BRET assay, cells were washed with PBS and then equili-
brated in tyrode (140  mM NaCl, 2.7  mM KCl, 1  mM 
CaCl2, 12  mM NaHCO3, 5.6  mM D-glucose, 0.5  mM 
MgCl2, 0.37 mM NaH2PO4, 25 mM HEPES [pH 7.4]) at 
37 °C and 10% CO2 for at least 30 min. Cells were stim-
ulated with the agonists at different concentrations for 
5 min. Afterwards, the luciferase substrate Prolume Pur-
ple (1.3  µM, Nanolight™ technologies) was added and 

cells were incubated for another 5  min. BRET signals 
were measured with a Spark® multimode plate reader 
(Tecan) equipped with filters covering 515 ± 20  nm for 
the acceptor and 400 ± 70 nm for the donor. BRET2 val-
ues were calculated by dividing intensity values emitted 
from the acceptor (rGFP, 515 nm) by the intensity values 
measured for the donor (RlucII, 410 nm). Dose–response 
curves were fitted to a three-parameter logistic nonlinear 
regression model and calculated minimum values and the 
span were used as baseline BRET2 ratios and response 
amplitudes, respectively.

CRE luciferase reporter gene assay
CRE-driven gene expression was analyzed using a 
luciferase reporter gene assay (PJK) according to the 
manufacturer’s protocol. Briefly, N1E-115 cells were 
transfected simultaneously with the CRE-driven Firefly 
luciferase luc2, the CMV-driven Renilla luciferase hRluc, 
and the HA-tagged receptors. 24  h after transfection, 
cells were stimulated for 6 h before cell lysis. Cell lysates 
were subjected to a black 96-well plate (Perkin Elmer, 
Rodgau, Germany). The addition of luciferase substrates 
and the measurement of light emission, were performed 
with a Berthold Mithras LB 940 Multimode Plate Reader. 
The protocol included injection of the substrate, a 2  s 
shaking period, and acquisition for 0.5 s. The addition of 
the substrates and measurement of the emission was car-
ried out first for the Renilla and then for the Firefly lucif-
erase. Obtained emission values for the CRE-driven luc2 
were normalized to the CMV-driven hRluc luciferase as 
an internal control.

Split TEV luciferase assays
The performance of split TEV protein–protein inter-
action assays is described in detail by Wu et  al. [41]. In 
brief, assays were conducted in flat-bottom 96-well clear 
plates (Falcon) using 2 × 104 HEK-293 cells plated per 
well. Cells were transfected with split TEV plasmids, i. e., 
both NTEV and CTEV plasmids, and the reporter plas-
mid pGL4_10xUAS-MLPmin-luc2. Per plasmid, 10  ng 
were used. Plasmids were transfected using the Turbo-
fect reagent (Thermo Fisher Scientific) at a ratio of 1 µg 
of DNA to 3 µL of Turbofect. After 20  h post transfec-
tion, cells were lysed with 30 µL of passive lysis buffer 
(Promega, Madison, WI, USA). Firefly luciferase activity 
was measured with a Mithras LB 940 Microplate Reader 
(Berthold Technologies, Bad Wildbad, Germany) using 
the MicroWin 2000 software.

Statistics
Statistical analyses and curve fitting were performed 
using GraphPad Prism versions 8.0.1 and 10.0.3. Per-
formed statistical tests and number of independent 
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experiments (N) are indicated in the figure legends. For 
biosensor experiments, fold values to matched control 
groups are reported to eliminate high variances in bio-
sensor responses and baseline values and to report only 
changes between groups. One-sample t-tests were used 
to test for difference from a mean of one. p values < 0.05 
were considered statistically significant. For normally dis-
tributed multiple comparisons, one- or two-way analysis 
of variance (ANOVA) were performed. Post hoc tests 
after ANOVA were only performed if overall ANOVA 
F-test achieved p < 0.05 and no significant inhomogene-
ity in variance were detected. P values > 0.05 were consid-
ered not significant. For multiple comparisons, adjusted 
p values < 0.05 were considered statistically significant.

Results
5‑HT7R and CD44 form homo‑ and heteromeric complexes
It has been previously demonstrated that both 5-HT7R 
and CD44 can form homodimers [7, 8, 42–44]. Our 
recent study suggested that these proteins can also 
form heteromers [26]. To investigate which kind of 
complexes (i.e., homo- or heteromers) are preferen-
tially formed, we applied the linear unmixing Förster 
resonance energy transfer (lux-FRET) approach [37]. 

To analyze the oligomerization behavior in living cells, 
N1E-115 cells were transfected with 5-HT7R and CD44 
fused to either enhanced cyan (eCFP, donor) or yel-
low (eYFP, acceptor) fluorescent proteins (Fig.  1A). 
Both receptors co-localized at the plasma membrane 
(Fig. 1B, C) and showed a significantly increased appar-
ent FRET efficiency compared to the monomeric con-
trol CD86 (Fig. 1B-E). The physical interaction between 
the 5-HT7R and CD44 was further confirmed by the 
protein complementation-based split TEV assay [45]. 
Here, the N-terminal and C-terminal fractions of the 
NIa protease from the tobacco etch virus (TEV) were 
fused to the receptors of interest. Upon interaction 
of the receptors, the TEV protease becomes comple-
mented leading to the release of the transcriptional 
coactivator GAL4-VP16 (GV), which in turn drives 
the expression of a firefly luciferase (Supplementary 
Fig. S1A). Using this approach, we detected a strong 
luciferase activity upon the expression of the 5-HT7R-
NTEV and CD44-CTEV constructs, suggesting a direct 
interaction between these receptors (Supplementary 
Fig. S1B). In contrast, the split TEV assay showed sig-
nificantly lower luciferase activity for cells express-
ing 5-HT7R-NTEV/CD86-CTEV or CD86-NTEV/

Fig. 1  5-HT7R and CD44 form homo- and heteromeric complexes with similar probabilities. A Schematic representation of the experimental 
design. B-D Representative images of N1E-115 cells co-expressing 5-HT7R-eCFP/5-HT7R-eYFP (B, upper panel) or CD44-eCFP/CD44-eYFP 
(B, lower panel), CD44-eCFP/5-HT7R-eYFP (C) or CD86-eCFP/CD86-eYFP (D) depicted in eCFP: green, eYFP: red, merge: yellow. The right 
images show apparent FRET efficiencies (EfD) between eCFP and eYFP fluorophores. Scale bar: 20 µm. E Apparent FRET efficiencies (EfD) 
for 5-HT7R- and CD44-homomers, 5-HT7R/CD44-heteromers, and CD86 monomers. Data are means ± SEM (N = 5 experiment days, 41–45 cells). 
Statistical significance was assessed by one-way ANOVA with post hoc Tukey’s multiple comparison test (E). * p < 0.05, ** p < 0.01, *** p < 0.001. 
F Dimerization model of 5-HT7R and CD44. Relative dissociation constants K were computed from lux-FRET measurements (see Supp. Fig. S1 C-E) 
using a dynamic oligomerization model [7]
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CD86-CTEV, further confirming a specific interaction 
between 5-HT7R and CD44.

Lux-FRET is an intensity-based quantitative FRET 
approach [37] that provides information on the appar-
ent FRET efficiencies of the donor (EfD) and the acceptor 
(EfA), where fD and fA are the relative amounts of donor 
and acceptor in oligomeric complexes, respectively. In 
addition, the donor mole fraction is provided by lux-
FRET, which represents the ratio of donor to acceptor 
molecules (see Methods section for details). With the 
information about the relative concentrations of recep-
tors in the monomeric and oligomeric state under equi-
librium conditions, relative dissociation constants can 
be calculated, which describe the association behavior. 
Here, low values correlate with a higher tendency to 
form oligomers. To this end, we used a general dimeriza-
tion model that describes the apparent FRET efficiency 
as a function of the donor mole fraction and the rela-
tive dissociation constants [7] and measured the appar-
ent FRET efficiencies at different donor mole fractions. 

From fitting the experimental data to a general dimeriza-
tion model (Supplementary Fig. S1 C-F), we determined 
relative dissociation constants in the following order: 
K5-HT7R-5-HT7R > K5-HT7R-CD44 > KCD44-CD44 (Fig.  1F). Since 
all values are in the same order of magnitude, these data 
suggest similar affinities for the formation of 5-HT7R and 
CD44 homo- and heteromers.

Heteromerization with CD44 modulates the constitutive 
5‑HT7R activity towards cAMP signaling
To assess whether the interaction with CD44 influences 
5-HT7R-mediated signaling, we measured 5-HT7R-
evoked cAMP production using a FRET-based cAMP 
biosensor [36], which exhibits a decreased acceptor 
to donor (i.e., A/D or Citrine/mCerulean) ratio with 
increasing cAMP levels (Fig.  2A). In N1E-115 cells, 
we co-expressed the biosensor with the eGFP- and 
mCherry-tagged receptors representing either homo-
meric (5-HT7R/5-HT7R and CD44/CD44) or hetero-
meric (5-HT7R/CD44) conditions and measured the 

Fig. 2  Constitutive 5-HT7R activity is regulated by its heteromerization with CD44. A Schematic presentation of the FRET-based cAMP biosensor 
that consists of EPAC1 (exchange factor directly activated by cAMP 1) connected to the fluorophores Citrine (acceptor) and mCerulean (donor). 
An increase in intracellular cAMP correlates with a decrease in the FRET efficiency and the fluorescence ratio of Citrine/mCerulean. B, C 
Representative images (B) and quantification (C) of the baseline cAMP levels as measured with the cAMP biosensor in N1E-115 cells transiently 
expressing 5-HT7R-eGFP/5-HT7R-mCherry or 5-HT7R-eGFP/CD44-mCherry without (Ctrl.) and with pre-blocking of the 5-HT7R with the inverse 
agonist SB-269970 (100 nM). Data are normalized to values obtained for 5-HT7R/5-HT7R. Data are means ± SEM (N = 21 experiment days, ≥ 61 
coverslips, ≥ 1502 cells). Statistical significance was assessed by Kruskal–Wallis test with post hoc Dunn’s multiple comparisons test. * p < 0.05, *** 
p < 0.001. D Changes in the Citrine/mCerulean ratio of the cAMP biosensor in response to blockage of cAMP degradation by phosphodiesterase 
inhibitor 3-Isobutyl-1-methylxanthine (IBMX, 50 µM). Responses to IBMX after pre-blocking with the 5-HT7R selective inverse agonist SB-2669970 
(100 nM) are also shown. Basal values of the fluorescence ratio were normalized to one. Data are means ± SEM (N ≥ 3 experiment days, ≥ 6 
coverslips, ≥ 131 cells). E, F Amplitude (E) and response time (F) of the cAMP biosensor response upon application of IBMX to cells expressing 
5-HT7R-homomers and 5-HT7R/CD44-heteromers. Values were calculated by fitting the response-time curves to an exponential fit model (see 
Methods section). Data are shown relative to 5-HT7R homomers. Data are means ± SEM (N = 5 experiment days, 8 coverslips, ≥ 166 cells). Statistical 
significance was assessed by one sample t-test. * p < 0.05
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response of the cAMP biosensor at the single cell level 
(Supplementary Fig. S2A). The highly overlapping emis-
sion spectra of the four fluorophores (Supplementary Fig. 
S2B) were unmixed using the fingerprinting mode (see 
Methods section).

The 5-HT7R is known to possess a high constitutive 
activity towards cAMP signaling [18, 21, 22]. Therefore, 
we first analyzed whether the presence of CD44 modu-
lates the basal activity by measuring the ratio of the 
cAMP biosensor under non-stimulated equilibrium con-
ditions. We found that in the presence of CD44, the basal 
cAMP level was markedly increased compared to homo-
meric 5-HT7R complexes (Fig.  2B, C). Moreover, appli-
cation of the 5-HT7R-specific inverse agonist, SB-269970 
[16], abolished this effect indicating a 5-HT7R-medi-
ated effect. The latter was supported by the observation 
that expression of homomeric CD44 complexes did not 
affect the baseline levels of cAMP, neither in presence 
nor in absence of SB-269970 (Supplementary Fig. S2C, 
D). In the next step, we measured the time-dependent 
cAMP accumulation after blocking cAMP degradation 
by treatment of N1E-115 cells with the phosphodiester-
ase inhibitor IBMX (3-isobutyl-1-methylxanthine). The 
cAMP biosensor A/D ratio decreased after the applica-
tion of IBMX in cells expressing either 5-HT7R alone 
or in combination with CD44, which reflects an cAMP 
increase (Fig.  2D). In contrast, cells expressing pcDNA, 
or CD44, or cells treated with the 5-HT7R inverse ago-
nist SB-269970 showed almost no response to IBMX 
(Fig.  2D, Supplementary Fig. S2E) highlighting that the 

cAMP accumulation upon IBMX is caused by the consti-
tutive activity of the 5-HT7R. After fitting the obtained 
response-time curves to a single-exponential fit model 
(see Methods section), we found a significantly increased 
response amplitude and reduced response kinetics in 
cells expressing 5-HT7R and CD44 heteromeric com-
plexes compared to cells expressing the 5-HT7R alone 
(Fig. 2E, f ). Both, the decreased basal ratio of the cAMP 
biosensor as well as increased and accelerated cAMP 
accumulation after IBMX administration confirm an 
increased basal cAMP level suggesting boosted constitu-
tive activity of the 5-HT7R in the presence of CD44.

Heteromerization influences agonist‑mediated 5‑HT7R 
signaling
In the next step, we analyzed the effect of 5-HT7R-
CD44 heteromerization on the agonist-induced acti-
vation of the 5-HT7R. N1E-115 cells were transfected 
with either 5-HT7R alone or in combination with 
CD44, and the cAMP response was measured after 
treatment of cells with 5-HT7R-specific agonist 5-car-
boxamidotryptamine (5-CT). Upon stimulation of 
cells expressing the 5-HT7R with 5-CT, we observed a 
strong and fast decrease in the acceptor/donor ratio of 
the cAMP biosensor indicating receptor-evoked cAMP 
production (Fig. 3A). This effect was 5-HT7R-specific, 
because it was blocked by application of SB-269970, 
which also acts as a highly selective 5-HT7R antagonist 
[46] (Supplementary Fig. S3A, B). When 5-HT7R was 
co-expressed with CD44, we observed a significantly 

Fig. 3  Heteromerization affects agonist-induced 5-HT7R-mediated cAMP production. A Traces showing changes in the fluorescence ratio (Citrine/
mCerulean) of the cAMP biosensor in response to treatment with the 5-HT7R agonist 5-Carboxamidotryptamine (5-CT, 10 µM). Results are 
presented for N1E-115 cells co-expressing 5-HT7R-eGFP/5-HT7R-mCherry, CD44-eGFP/CD44-mCherry, 5-HT7R-eGFP/CD44-mCherry, or pcDNA. 
Basal values of the fluorescence ratio were normalized to one. Data are means ± SEM (N  ≥ 3 experiment days, ≥ 8 coverslips, ≥ 138 cells). B, C cAMP 
biosensor response amplitudes (B) and response times (C) after treatment with the 5-HT7R agonist 5-CT, compared between 5-HT7R-homodimers 
(5-HT7R/5-HT7R) and 5-HT7R/CD44-heteromers (5-HT7R/CD44). Amplitude and response time values were calculated after fitting the response-time 
curves to an exponential fit model (see Methods section). Data are shown relative to 5-HT7R homomerization. Data are means ± SEM (N = 6 
experiment days, ≥ 12 coverslips, ≥ 278 cells). Statistical significance was assessed by one sample t-test. * p < 0.05. D cAMP production presented 
as the percentage change in the cAMP biosensor ratio compared to the basal levels in cells transfected with an empty vector. Changes in response 
to the expression of 5-HT7R-homomers and 5-HT7R/CD44-heteromers as well as stimulation with 5-CT are depicted. Data presented here are 
a combination of Figs. 2C and 3B. Data are means ± SEM (N = 6 experiment days, ≥ 12 coverslips, ≥ 278 cells). Statistical significance was assessed 
by two-way ANOVA testing for interaction between the effects of oligomer type (i.e., homo- vs. heteromers) and condition (i.e., basal vs. 
agonist-induced) on cAMP production. * p < 0.05
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reduced response amplitude without changes in 
response kinetics (Fig. 3A-C), demonstrating that het-
eromerization results in a reduced agonist-induced 
5-HT7R activation. Of note, the maximal cAMP 
response calculated as a sum of responses obtained for 
the constitutive and the agonist-induced activity was 
quite similar for both homo- and heteromeric condi-
tions (Fig. 3D). Of note, application of forskolin at the 
end of measurement resulted in additional increase of 
cAMP production, demonstrating that the biosensor 
was saturated neither upon 5-CT nor IMBX treatment 
(Supplementary Fig. S3C,D). This data suggests that 
the maximal 5-HT7R-mediated cAMP response is not 
influenced by receptor heteromerization with CD44. 
Consequently, increased basal activity of the 5-HT7R 
participating in heteromeric complexes results in 
a decreased amplitude of agonist-mediated cAMP 
response evoked by activation of 5-HT7R (Fig. 3D).

Stimulation of CD44 within the 5‑HT7R/CD44 heteromers 
results in transactivation of 5‑HT7R
We next investigated whether the 5-HT7R-mediated 
signaling can be modulated by stimulating CD44 with 
its natural ligand, hyaluronic acid. First, we confirmed 
potent CD44 activation upon hyaluronan stimulation by 
measuring the inhibition of the CD44 downstream effec-
tor Cdc42 using a FRET-based Raichu-Cdc42 biosensor 
(Supplementary Fig. S4) [47]. In contrast, treatment of 
these cells with the 5-HT7R agonist 5-CT did not result 
in any changes of Cdc42 activity (Supplementary Fig. 
S4). For the activation of 5-HT7R, cAMP production was 
used as a readout. When CD44 was expressed alone, we 
did not observe any significant changes in cAMP levels 
after hyaluronic acid treatment (Fig.  4A). Interestingly, 
when CD44 was co-expressed with 5-HT7R, treatment 
with hyaluronic acid resulted in  a significant increase 
in the amplitude of cAMP accumulation, which was 
dose-dependent with the maximal amplitude obtained 
at 20 µg/ml concentration of hyaluronan and accom-
panied by a faster cAMP response kinetics (Fig.  4A-C, 

Fig. 4  The CD44 agonist hyaluronic acid transactivates the 5-HT7R. A-C Time-course (A) of the cAMP biosensor response upon treatment 
with the CD44 ligand hyaluronic acid (20 µg/mL). Data are means ± SEM (N ≥ 4 experiment days, ≥ 8 coverslips, ≥ 160 cells). Response amplitudes 
(B) and response times (C) were calculated from the respective response-time curves. N1E-115 cells were transfected as indicated. Data are 
means ± SEM (N = 6 experiment days, 8 coverslips, ≥ 225 cells). Statistical significance was assessed by one sample t-test. * p < 0.05. D cAMP response 
after application of hyaluronic acid (20 µg/mL) in the presence or absence of SB-269970, measured in N1E-115 cells expressing 5-HT7R-eGFP/
CD44-mCherry. Data are means ± SEM (N ≥ 4 experiment days, 8 coverslips, ≥ 141 cells). E–G Traces of the cAMP biosensor ratio (E) as well 
as the calculated response amplitudes (F) and times (G) after simultaneous application of 5-CT and hyaluronic acid. For response-time curves, basal 
values were normalized to one. Amplitudes and response times are shown relative to 5-HT7R homomers. Data are weighted means ± SEM (N  ≥ 3 
experiment days, ≥ 6 coverslips, ≥ 82 cells (E), N = 5 experiment days, 8 coverslips, ≥ 134 cells (F, G)). The square root of the number of measured cells 
per experimental day was used as the weighting factor. Statistical significance was assessed by one sample t-test. * p < 0.05
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Supplementary Fig. S5). This effect was mediated by the 
5-HT7R because pre-treatment with the 5-HT7R-spe-
cific antagonist SB-269970 blocked this effect (Fig.  4D). 
Of note, when hyaluronic acid was applied simultane-
ously with 5-CT, the decrease in the cAMP biosensor 
response amplitude obtained in case of 5-HT7R/CD44 
heteromers after treatment with 5-CT only (Fig.  3B) 
disappeared, so that we did not observe any differences 
between 5-HT7R/5-HT7R and 5-HT7R/CD44 conditions 
after combined HA and 5-CT treatment (Fig. 4E-G). This 
suggests that stimulation of CD44 with HA leads to the 
transient transactivation of 5-HT7R rising the cAMP 
response amplitude. In contrast, the constitutive activ-
ity of the 5-HT7R was not affected by the treatment with 
hyaluronic acid (Supplementary Fig. S6).

Having demonstrated that heteromerization modu-
lates signaling properties of 5-HT7R towards the cAMP 
production, we next investigated whether such changes 
have an impact on the downstream effectors. To address 
this question, we used the luciferase gene reporter assay 
in neuroblastoma N1E-115 cells (Fig. 5A). The produc-
tion of cAMP activates protein kinase A (PKA), which 
in turn phosphorylates the cAMP response element-
binding protein (CREB). The phosphorylated CREB 

can then bind to the cAMP response element (CRE) 
to promote the transcription of downstream genes (in 
our case expression of a firefly luciferase cloned behind 
the CRE [48]). In line with a high constitutive activity 
of 5-HT7R, we obtained activation of the cAMP-PKA-
CREB pathway as assessed by the doubling of luciferase 
activity after expression of 5-HT7R alone (Fig.  5B). 
A similar effect was observed after co-expression of 
5-HT7R and CD44 (Fig.  5B). Treatment with 5-CT 
resulted in about fivefold increase in luciferase activ-
ity over the basal levels with no significant difference 
between homo- and heteromeric complexes (Fig.  5C) 
suggesting that heteromerization-mediated changes in 
cAMP production (Figs. 2C and 3B) might be balanced 
at the level of transcriptional regulation. More impor-
tantly, we observed a significant increase in luciferase 
activity upon treatment of cells co-expressing 5-HT7R 
and CD44 with hyaluronic acid (Fig.  5D). In contrast, 
for cells expressing either only 5-HT7R or CD44 no 
effects on luciferase activity have been observed after 
hyaluronic acid treatment. These results demon-
strate that hyaluronic acid-mediated transactivation 
of 5-HT7R not only boosts cAMP production but also 
leads to activation of CRE transcription factor.

Fig. 5  Heteromerization modulates 5-HT7R-mediated gene transcription. A Scheme of the luciferase gene reporter assay. Upon production 
of cAMP, protein kinase A (PKA) gets activated and phosphorylates the cAMP response element binding protein (CREB). Phosphorylated CREB binds 
to the cAMP response element (CRE) and induces the expression of a luciferase. B-D Basal (B), 5-CT induced (C), and hyaluronic acid induced (D) 
activity of CRE-dependent luciferase in N1E-115 cells expressing 5-HT7R-, CD44-homomers, and 5-HT7R/CD44-heteromers. Data are means ± SEM 
(N = 5 experiment days, 15 technical replicates (B, D), N = 3 experiment days, 9 technical replicates (C)). Statistical significance was assessed 
by one-way ANOVA with post hoc Tukey’s multiple comparison test (B) or by two-way ANOVA with post hoc Šídák’s multiple comparisons test (C, D; 
basal vs. treatment). * p < 0.05, ** p < 0.01, **** p < 0.0001
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Heteromerization selectively regulates activation 
of defined G proteins
Having shown that 5-HT7R-CD44 heteromerization 
modulates 5-HT7R-mediated cAMP production, we 
wondered whether this effect comes from altered cou-
pling and/or activation of heterotrimeric G proteins. 
Therefore, we next investigated the activation of different 
Gα protein subtypes known to modulate cAMP produc-
tion, including Gαs (cAMP increase) and members of 
the Gαi/o family (cAMP decrease) [49, 50]. We utilized 
the previously established G protein effector membrane 
translocation assay (GEMTA) [40], which is based on the 
detection of bioluminescence resonance energy transfer 
(BRET) between the luciferase RlucII and membrane-
anchored rGFP from Renilla reformis. In the case of Gαs, 
the RlucII is coupled directly to the Gα protein. Upon 
activation of Gαs, the Gα subunit leaves the plasma 
membrane, which results in a decrease of the BRET ratio 
(Fig. 6A). In contrast, activation of Gα subunits from the 
Gαi/o family results in recruitment of the RlucII-tagged 
Gαi/o-specific effector Rap1GAP to the plasma mem-
brane (Fig. 6B).

First, we defined which of the Gα proteins modulat-
ing cAMP levels (i.e. Gαs, Gαi1, Gαi2, Gαi3, GαoA, 
GαoB, Gαz) can be activated by the 5-HT7R. To this 
end, we measured BRET ratio in HEK-293 cells co-
expressing the 5-HT7R and the G protein (see Methods 
section) upon treatment with increasing concentration 
of 5-CT. Functionality of the assay was verified using 
Gαs-coupled β2 adrenergic receptor stimulated with epi-
nephrine, and the Gαi/o-coupled dopamine D2 receptor 
stimulated with dopamine (Fig.  6C and D). As shown 
in Fig.  6C, we found dose-dependent activation of Gαs 
by 5-HT7R (logEC50 = -8.59 ± 0.19). While Gαi1, Gαi2, 
Gαi3, and GαoA were not activated by the 5-HT7R, 
we observed 5-HT7R-mediated activation of GαoB 
(logEC50 = -9.54 ± 0.55) and Gαz (logEC50 = -9.22 ± 1.18; 
Fig. 6D).

One of our main findings from the cAMP measure-
ments was an increased 5-HT7R-mediated basal cAMP 
level in the presence of CD44. Therefore, we next 

investigated baseline activation of the three aforemen-
tioned Gα proteins by 5-HT7R in the absence and pres-
ence of CD44 (Fig. 6E, Supplementary Fig. S7A-C). In the 
case of the Gαs protein, we found a significant increase in 
its baseline activation upon CD44 co-expression. In con-
trast, heteromerization leads to a significant decrease of 
GαoB activation, while baseline activation of Gαz was not 
affected (Fig. 6E). When we compared 5-CT-mediated G 
protein responses, we did not observed any significant 
differences in the maximal response amplitude between 
5-HT7R-5-HT7R homomers and 5-HT7R-CD44 heter-
omers (Supplementary Fig. S7).

An interesting finding of the present study is the 
observed transactivation of the 5-HT7R upon stimula-
tion of CD44 in the heteromeric 5-HT7R/CD44 com-
plexes. As the 5-HT7R can activate Gαs and members of 
the Gαi/o family, we investigated whether the observed 
transactivation process is mediated by an activation of 
Gαs or an inhibition of Gαi/o. Therefore, Gαi/o activ-
ity was blocked using pertussis toxin (PTX) prior to the 
stimulation with hyaluronic acid and 5-HT7R activa-
tion was assessed by cAMP measurements (Supple-
mentary Fig. S8). Interestingly, pre-treatment with PTX 
reduced but did not completely abolish the hyaluronic 
acid-induced cAMP production, suggesting a combined 
involvement of Gαs and Gαi/o in the transactivation 
process.

Expression of 5‑HT7R and CD44 in the brain changes 
during development
Finally, we analyzed whether the relative concentration 
of 5-HT7R-CD44 heteromers, which depends on the 
expression ratio of both receptors, undergoes develop-
mental changes in the brain. For that, we determined the 
expression profiles for 5-HT7R and CD44 in the mouse 
hippocampus (HIP) and prefrontal cortex (PFC) at dif-
ferent stages of postnatal development using real-time 
quantitative PCR. This approach demonstrated that the 
highest amount of 5-HT7R transcripts in both analyzed 
brain regions was found during early postnatal stage 
(postnatal day 5 or P5) and downregulated during later 

Fig. 6  5-HT7R-mediated activation of Gα proteins is distinctly modified in the presence of CD44. A-B Schema of the BRET2-based G protein Effector 
Membrane Translocation Assay or GEMTA [40] that was used to study Gα protein activation. Upon activation, RlucII-linked Gαs leaves the plasma 
membrane, which results in a decreased enhanced bystander BRET (ebBRET) signal between the RlucII and the membrane-anchored rGFP-CAAX 
(A). Activation of Gαi/o proteins lead to the recruitment of RlucII-tagged Rap1GAP leading to an increased ebBRET (B). C-D Dose–response curves 
of the BRET2 ratio upon treatment with increasing concentrations of 5-CT in HEK-293 cells expressing pcDNA (grey), 5-HT7R (green), or a positive 
control (black) combined with the Gαs (C) or Gαi/o family (D) specific biosensor components (see Methods section). Cells expressing β2 adrenergic 
receptor (β2AR) or dopamine D2 receptor (D2R) were treated with epinephrine or dopamine, respectively. Data are means ± SEM (N = 3 experiment 
days). E Baseline BRET2 ratios estimated for HEK-293 cells expressing the 5-HT7R alone or in combination with CD44 assessed with the Gαs, or GαoB, 
or Gαz specific biosensors. Values are calculated relative to 5-HT7R/5-HT7R. Data are means ± SEM (N = 3 experiment days). Statistical significance 
was assessed by one sample t-test. * p < 0.05, ** p < 0.01, ns: not significant

(See figure on next page.)
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developmental stages (Supplementary Fig. S9A and D). A 
similar expression profile was observed for CD44 mRNA 
transcripts (Supplementary Fig. S9B and E). Because the 
protein expression level is assumed to roughly correlate 

with the level of mRNA transcripts, the above data sug-
gest that receptor expression also undergoes develop-
mental regulation. Such differences in the expression 
levels result in significant changes of the 5-HT7R to 

Fig. 6  (See legend on previous page.)
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CD44 ratio from 1:1.5 at P15 to 2:1 at 12 months in the 
PFC, and from 1:2.5 at P15 to 2:1 at 22 months in the HIP 
(Supplementary Fig. S9C and F). In combination with our 
dimerization model (Fig. 1F), which suggests similar dis-
sociation constants for homo- and heteromers, one can 
hypothesize that the amount of 5-HT7R/CD44 oligom-
ers and their functional roles might change during brain 
development.

Discussion
Over the last decades, it has been demonstrated that 
GPCR signaling can be influenced by oligomerization 
with other receptors [3–6]. In the present study, we 
confirmed a physical interaction between the serotonin 
receptor 5-HT7R, a class A GPCR, and the hyaluronan 
receptor CD44, a single-pass transmembrane cell adhe-
sion molecule. We also demonstrated that interaction 
with CD44 modulates the 5-HT7R-mediated cAMP 
signaling by increasing the constitutive activity and by 
reducing the agonist-induced activation of the 5-HT7R 
(Fig.  7). CD44 has previously been shown to act as an 
allosteric modulator or co-receptor for several non-
GPCRs, including the receptor tyrosine kinase c-Met and 
the purinergic P2X7 receptor [51, 52]. Only one study 
has investigated the influence of the interaction of CD44 
on GPCR-mediated signaling, which demonstrated an 
interaction between CD44 and the chemokine recep-
tor CXCR4, a class A GPCR [53]. In that study, binding 
of high-molecular weight hyaluronan to CD44 facilitated 
CXCL12-mediated activation, demonstrating that inter-
action with CD44 can modulate GPCR-mediated signal-
ing. In general, modulatory interactions between GPCRs 
and the extracellular matrix (ECM) have been mainly 
described for secreted ECM proteins, including interac-
tion between GABAB receptor and Cartilage oligomeric 
matrix protein and AT1 receptor and Fibulin-2 [54–56]. 
Moreover, heteromeric complexes between PECAM-1 
(platelet-endothelial cell adhesion molecule-1), a trans-
membrane cell adhesion molecule, and the bradykinin 
receptor B2 (BKRB2), a GPCR, have been described [57].

In our previous study, we have demonstrated that the 
5-HT7R predominantly forms homodimers [7]. CD44 
was also suggested to primarily form dimers [43, 58, 59]. 
In general, it is widely accepted that GPCRs can form 
dimers as well as higher-order oligomers, depending 
on the interaction partners. In contrast, oligomeriza-
tion between GPCRs and non-GPCRs have been much 
less studied. Consequently, far less is known about the 
stoichiometry of such complexes. For example, interac-
tions between GPCRs and the single-transmembrane-
spanning receptor-activity modifying proteins (RAMPs) 
have been discussed to be either dimeric, trimeric 
or tetrameric, making it difficult to predict the exact 

stoichiometry [60–62]. Therefore, additional studies 
would be needed to define the exact stoichiometry of the 
5-HT7R/CD44 complexes.

Accumulating evidence demonstrated that multi-
ple GPCRs exhibit an agonist-independent constitutive 
activity, which plays an important functional role [18–22, 
63]. Among others, constitutive activity can be influ-
enced by the GPCR’s dimerization state, as it has been 
demonstrated for the β2AR homodimers and CXCR4/
CXCR heterodimers [64, 65]. According to the two-state 
model, a GPCR may exist in an equilibrium between its 
active and its inactive states, undergoing different confor-
mational changes when switching between both states. 
In case of 5-HT7R-CD44 heteromerization, interaction 
with CD44 might either shift this equilibrium towards 
the 5-HT7R active conformation or stabilize such a con-
formation, leading to increased agonist-independent 
cAMP production. This will result in a higher propor-
tion of already activated 5-HT7R under basal conditions, 
which can explain the reduced agonist-induced response 
observed in the presence of CD44. Searching for signal-
ing mechanisms contributing to the altered cAMP signal-
ing, we found that 5-HT7R not only couples to the Gαs 
but also to GαoB and Gαz, which both belong to the 
Gαi/o family. Similar couplings of 5HT7R to Gi/o family 
members has previously been reported [66, 67] and could 
represent a mechanism for tight regulation of 5-HT7R-
mediated cAMP signaling. Indeed, our data suggest 
that the elevated basal cAMP levels obtained for heter-
omers may be a result of simultaneously increased Gαs 
and decreased GαoB activation in the presence of CD44. 
Changes in G protein selectivity upon oligomerization 
has been described for several GPCRs. This includes the 
CCR2/CXCR5 heterodimer, the platelet-activating factor 
receptor (PAFR) homodimers, and the µ-opioid/δ-opioid 
receptor heterodimers [68–70]. When expressing the 
µ-opioid receptor alone, GH3 cells show inhibited spon-
taneous Ca2+ signals, which is mediated by the activation 
of different pathways, including the inhibition of the ade-
nylate cyclase. Upon co-expression of the δ-opioid recep-
tor, cells showed an increased Ca2+ signaling. This change 
in signaling properties was suggested to result from a 
switch in G protein selectivity from Gi to Gq [68]. In con-
trast, homodimerization of the PFAR seems to lead to an 
increased Gq signaling, while β-arrestin recruitment is 
reduced [69]. Moreover, CCR2 and CCR5 heterodimers 
interact with the Gq/11 protein, while such coupling can-
not be detected when one of the receptors was expressed 
alone [70].

One of the main findings of our study is the obser-
vation that activation of CD44 within the heteromeric 
complex with its natural ligand hyaluronan boosts con-
stitutive 5-HT7R-mediated cAMP production under 
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basal conditions highlighting a novel transactivation 
mechanism for 5-HT7R. Since this effect was evident 
even for the activation of the CRE-mediated tran-
scription, 5-HT7R transactivation by CD44 may thus 
represent a novel mechanism for regulating 5-HT7R-
mediated gene expression (Fig.  7). The secretion of 
hyaluronan is tightly regulated during neuronal devel-
opment as well as under several pathological condi-
tions. For example, increased levels of hyaluronic acid 
have been found in the cerebrospinal fluid and the tem-
poral cortex of Alzheimer`s disease patients [71, 72]. 

Interestingly, after traumatic brain injury, the expres-
sion of hyaluronidases and CD44 was increased in 
rats [73]. During rat brain development it was found 
that the amount of hyaluronic acid peaked at postnatal 
day seven and then decreased rapidly during the next 
two weeks until it reached the levels in the adult brain 
[74]. Since hyaluronan represents the main component 
in the brain ECM, even small variations in its amount 
or composition might have a prominent impact on 
5-HT7R-mediated signaling via the proposed transacti-
vation mechanism.

Fig. 7  Schematic overview of the effects of CD44 co-expression on 5-HT7R-mediated signaling. Upon the formation of heteromeric complexes 
with CD44, the constitutive activity of the 5-HT7R towards cAMP signaling is increased, whereas the agonist-induced activity is decreased. The 
modulated constitutive activity results from an increased Gαs and a decreased GαoB activation under basal conditions (upper panel). Stimulation 
of heteromeric complexes with the CD44 ligand hyaluronic acid leads to the 5-HT7R-mediated production of cAMP and the subsequent activation 
of CRE-mediated gene expression (lower panel)
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The 5-HT7R plays a pivotal role in the regulation of 
various fundamental brain functions, including mood 
control, learning and memory processing, as well as reg-
ulation of the circadian rhythm. Therefore, tight regula-
tion of receptor-mediated signaling is crucial for proper 
brain function, and a dysregulation of signaling can result 
in different brain pathologies [11, 12, 15]. As we demon-
strated here, heteromerization with CD44 mainly influ-
enced constitutive 5-HT7R activity leading to increased 
basal cAMP levels. In the brain, cAMP is crucial for 
many neuronal processes. For example, cAMP has been 
found to regulate brain development, neuronal excitabil-
ity, synaptic plasticity, as well as learning and memory 
[75]. The involvement of the cAMP-CREB-CRE pathway 
in learning and memory has been first described for the 
Aplysia, where injection of the CRE sequence negatively 
affects long-term synaptic strength [76]. Several studies 
suggest that CRE-driven gene transcription is involved 
in a long-term potentiation as well as hippocampus-
dependent memory [77–79]. Also in the medial prefron-
tal cortex, anterior cingulate cortex, and the amygdala 
the cAMP-CREB-CRE pathway can be linked to mem-
ory-related functions [80, 81]. A more recent study dem-
onstrated that reducing cAMP or PKA activity during 
early development abolished the formation of functional 
synapses [82]. Genes controlled by CRE pathway include 
proteins involved in neurotransmission, growth factors, 
metabolic enzymes, as well as other transcription fac-
tors and proteins involved in signal transduction [83]. 
Therefore, altered 5-HT7R signaling by heteromerization 
might influence these processes via modulating cAMP 
levels. Supporting this view, a recently published study 
demonstrated that 5-HT7R-mediated cAMP signaling is 
important for spine maturation in the prefrontal cortex 
in particular during the early brain development [84].

Our results demonstrated that the expression levels 
of 5-HT7R and CD44 undergo pronounced changes 
in the cerebral cortex and hippocampus during the 
development: Both receptors are highly expressed 
at early postnatal stages and their amounts progres-
sively decrease during development, although at dif-
ferent rates. Therefore, the relative concentration of 
5-HT7R-CD44 heteromers and, as a consequence, their 
functional importance will also undergo pronounced 
developmental changes. A relative high expression 
level of 5-HT7R-CD44 heteromers at the early postna-
tal stages will result in higher basal cAMP level, which 
can be further increased by the hyaluronic acid-medi-
ated 5-HT7R transactivation. With increasing age, the 
relative amount of heteromers will gradually decrease, 
allowing 5-HT7R homomers to become the dominant 
population. Thus, the stimulatory influence of heter-
omers on both basal and hyaluronic acid-mediated 

cAMP production begins to subside, while serotonin-
mediated 5-HT7R-mediated signaling becomes more 
prominent.

Conclusions
In the present study, we demonstrated that the class A 
GPCR 5-HT7R and the hyaluronan receptor CD44 form 
homo- and heteromeric complexes with the similar effi-
ciency. Heteromerization results in an increased con-
stitutive and decreased agonist-induced activity of the 
5-HT7R towards cAMP production. Mechanistically, 
heteromerization leads to a decrease of 5-HT7R-medi-
ated GαoB and increase of Gαs protein activation. More 
importantly, stimulation of CD44 within the 5-HT7R-
CD44 complexes with its natural ligand hyaluronic acid 
results in strong 5-HT7R transactivation towards cAMP 
response and CRE-mediated transcription. Since the 
5-HT7R-mediated signaling plays a pivotal role in many 
physiological as well as pathological processes [11, 12, 
15, 75], interaction with CD44 might represent a novel 
molecular mechanism regulating 5-HT7R-mediated 
signaling. Taken together, our study suggests that the 
regulated and balanced ratio of 5-HT7R-CD44 heter-
omerization may be critically involved in the precise 
modulation of 5-HT7R functions during different physi-
ological and pathological processes in the brain.

Abbreviations
β2AR	� β2 Adrenergic receptor
5-CT	� 5-Carboxamidotryptamine
5-HT	� Serotonin
5-HT7R	� Serotonin receptor 7
A	� Acceptor
ANOVA	� Analysis of variance
BRET	� Bioluminescence resonance energy transfer
CMV	� Cytomegalovirus
CRE	� cAMP response element
CREB	� cAMP response element binding protein
D	� Donor
DMEM	� Dulbecco´s modified Eagles medium
ebBRET	� Enhanced bystander BRET
eCFP	� Enhanced cyan fluorescent protein
eGFP	� Enhanced green fluorescent protein
ECM	� Extracellular matrix
eYFP	� Enhanced yellow fluorescent protein
FCS	� Fetal calf serum
FRET	� Förster resonance energy transfer
GPCR	� G protein-coupled receptor
HA	� Hemagglutinin
HIP	� Hippocampus
IBMX	� 3-Isobutyl-1-methylxanthin
lux-FRET	� Linear unmixing FRET
MMP-9	� Matrix metalloproteinase-9
NCS	� Newborn calf serum
PCR	� Polymerase chain reaction
PFC	� Prefrontal cortex
PKA	� Protein kinase A
rGFP	� Renilla Green fluorescent proteins
RTK	� Receptor tyrosine kinase
SEM	� Standard error of the mean
TEV	� Tobacco etch virus



Page 16 of 18Borsdorf et al. Cell Communication and Signaling          (2024) 22:563 

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s12964-​024-​01931-0.

Supplementary Material 1.

Acknowledgements
The authors thank Prof. Dr. Moritz Bünemann for providing the CD86-eCFP 
and CD86-eYFP constructs and Dr. Ben Brankatschk for providing the CRE-
luciferase construct, and Prof. Dr. Michiyuki Matsuda for providing the Raichu-
Cdc42 biosensor.

Authors’ contributions
S.B. performed experiments, analyzed the data, and wrote the original draft. 
A.Z. analyzed data. Y.W. performed experiments and analyzed data. M.W. 
contributed to conceptualization and funding acquisition. E.M. performed 
experiments and analyzed data. M.V. analyzed data. S.A.G contributed to 
conceptualization. M.B. contributed to conceptualization, data analysis and 
funding acquisition. J.L performed experiments and was responsible for 
manuscript editing and revision, funding acquisition, and conceptualization. 
E.P was responsible for manuscript editing and revision, funding acquisition, 
and conceptualization. All authors read and approved the final manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL. This study was 
supported by the Deutsche Forschungsgemeinschaft (DFG) through grant 
PO-732 to E.P., grant ZE994 to A.Z., and grant LA-4465 to J.L. and by CIHR 
grant # PJT-183758 to MB. E.P. and M.W. were supported by Central Innovation 
Programme for small and medium-sized enterprises by grant KK5580301NK3 
to E.P. and grant 16KN074247 to M.W.. S.B received financial support from the 
COST Action CA18133 and the Hannover Graduate School for Neurosciences, 
Infection Medicine and Veterinary Sciences (HGNI).

Data availability
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1 Cellular Neurophysiology, Hannover Medical School, Hannover, Germany. 
2 Research Group Cell Signalling, Department of Psychiatry and Psychotherapy, 
LMU University Hospital, LMU Munich, Munich, Germany. 3 Department 
of Neurotechnology, Institute of Biology and Biomedicine, Lobachevsky 
University of Nizhni Novgorod, Nizhny Novgorod, Russia. 4 Department 
of Biochemistry and Molecular Medicine, Institute for Research in Immunol-
ogy and Cancer (IRIC), Université de Montréal, Montréal, QC, Canada. 5 Systasy 
Bioscience GmbH, Planegg‑Martinsried, Germany. 

Received: 18 July 2024   Accepted: 6 November 2024

References
	1.	 Sriram K, Insel PA. G Protein-coupled receptors as targets for approved 

drugs: how many targets and how many drugs? Mol Pharmacol. 
2018;93(4):251–8.

	2.	 Rosenbaum DM, Rasmussen SGF, Kobilka BK. The structure and func-
tion of G-protein-coupled receptors. Nature. 2009;459(7245):356–63.

	3.	 Rios CD, Jordan BA, Gomes I, Devi LA. G-protein-coupled recep-
tor dimerization: modulation of receptor function. Pharmacol Ther. 
2001;92(2):71–87.

	4.	 Terrillon S, Bouvier M. Roles of G-protein-coupled receptor dimeriza-
tion. EMBO Rep. 2004;5(1):30–4.

	5.	 Herrick-Davis K. Functional significance of serotonin receptor dimeriza-
tion. Exp Brain Res. 2013;230(4):375–86.

	6.	 Mitroshina EV, Marasanova EA, Vedunova MV. Functional dimerization of 
serotonin receptors: role in health and depressive disorders. Int J Mol Sci. 
2023;24(22):16416.

	7.	 Renner U, Zeug A, Woehler A, Niebert M, Dityatev A, Dityateva G, 
et al. Heterodimerization of serotonin receptors 5-HT1A and 5-HT7 
differentially regulates receptor signalling and trafficking. J Cell Sci. 
2012;125(10):2486–99.

	8.	 Teitler M, Toohey N, Knight JA, Klein MT, Smith C. Clozapine and other 
competitive antagonists reactivate risperidone-inactivated h5-HT7 recep-
tors: radioligand binding and functional evidence for GPCR homodimer 
protomer interactions. Psychopharmacology. 2010;212(4):687–97.

	9.	 Adham N, Zgombick JM, Bard J, Branchek TA. Functional characteriza-
tion of the recombinant human 5-hydroxytryptamine7(a) receptor 
isoform coupled to adenylate cyclase stimulation. J Pharmacol Exp Ther. 
1998;287(2):508–14.

	10.	 Shen Y, Monsma FJ, Metcalf MA, Jose PA, Hamblin MW, Sibley DR. Molecu-
lar cloning and expression of a 5-hydroxytryptamine7 serotonin receptor 
subtype. J Biol Chem. 1993;268(24):18200–4.

	11.	 Matthys A, Haegeman G, Van Craenenbroeck K, Vanhoenacker P. Role of 
the 5-HT7 receptor in the central nervous system: from current status to 
future perspectives. Mol Neurobiol. 2011;43(3):228–53.

	12.	 Roberts AJ, Hedlund PB. The 5-HT7 receptor in learning and memory. 
Hippocampus. 2012;22(4):762–71.

	13.	 Crispino M, Volpicelli F, Perrone-Capano C. Role of the serotonin receptor 
7 in brain plasticity: from development to disease. IJMS. 2020;21(2):505.

	14.	 Gottlieb N, Li TY, Young AH, Stokes PR. The 5-HT7 receptor system as a 
treatment target for mood and anxiety disorders: a systematic review. J 
Psychopharmacol. 2023;37(12):1167–81.

	15.	 Hedlund PB. The 5-HT7 receptor and disorders of the nervous system: an 
overview. Psychopharmacology. 2009;206(3):345–54.

	16.	 Jahreis K, Brüge A, Borsdorf S, Müller FE, Sun W, Jia S, et al. Amisulpride 
as a potential disease-modifying drug in the treatment of tauopathies. 
Alzheimers Dement. 2023;19(12):5482–97.

	17.	 Labus J, Röhrs KF, Ackmann J, Varbanov H, Müller FE, Jia S, et al. Ameliora-
tion of Tau pathology and memory deficits by targeting 5-HT7 receptor. 
Prog Neurobiol. 2021;197:101900.

	18.	 Andressen KW, Norum JH, Levy FO, Krobert KA. Activation of adenylyl 
cyclase by endogenous Gs-coupled receptors in human embryonic kid-
ney 293 cells is attenuated by 5-HT7 receptor expression. Mol Pharmacol. 
2006;69(1):207–15.

	19.	 Brenchat A, Romero L, García M, Pujol M, Burgueño J, Torrens A, et al. 
5-HT7 receptor activation inhibits mechanical hypersensitivity secondary 
to capsaicin sensitization in mice. Pain. 2009;141(3):239–47.

	20.	 Brenchat A, Nadal X, Romero L, Ovalle S, Muro A, Sánchez-Arroyos 
R, et al. Pharmacological activation of 5-HT7 receptors reduces 
nerve injury-induced mechanical and thermal hypersensitivity. Pain. 
2010;149(3):483–94.

	21.	 Krobert KA, Levy FO. The human 5-HT7 serotonin receptor splice vari-
ants: constitutive activity and inverse agonist effects. Br J Pharmacol. 
2002;135(6):1563–71.

	22.	 Kvachnina E, Dumuis A, Wlodarczyk J, Renner U, Cochet M, Richter 
DW, et al. Constitutive Gs-mediated, but not G12-mediated, activ-
ity of the 5-hydroxytryptamine 5-HT7(a) receptor is modulated by 
the palmitoylation of its C-terminal domain. Biochim Biophys Acta. 
2009;1793(11):1646–55.

	23.	 Doupnik CA. GPCR-Kir channel signaling complexes: defining rules of 
engagement. J Recept Signal Transduct. 2008;28(1–2):83–91.

	24.	 Fischer J, Kleinau G, Rutz C, Zwanziger D, Khajavi N, Müller A, et al. 
Evidence of G-protein-coupled receptor and substrate trans-
porter heteromerization at a single molecule level. Cell Mol Life Sci. 
2018;75(12):2227–39.

	25.	 Di Liberto V, Mudò G, Belluardo N. Crosstalk between receptor tyrosine 
kinases (RTKs) and G protein-coupled receptors (GPCR) in the brain: 

https://doi.org/10.1186/s12964-024-01931-0
https://doi.org/10.1186/s12964-024-01931-0


Page 17 of 18Borsdorf et al. Cell Communication and Signaling          (2024) 22:563 	

focus on heteroreceptor complexes and related functional neurotrophic 
effects. Neuropharmacology. 2019;152:67–77.

	26.	 Bijata M, Labus J, Guseva D, Stawarski M, Butzlaff M, Dzwonek J, et al. 
Synaptic remodeling depends on signaling between serotonin receptors 
and the extracellular matrix. Cell Rep. 2017;19(9):1767–82.

	27.	 Aruffo A, Stamenkovic I, Melnick M, Underhill CB, Seed B. CD44 is the 
principal cell surface receptor for hyaluronate. Cell. 1990;61(7):1303–13.

	28.	 Kochlamazashvili G, Henneberger C, Bukalo O, Dvoretskova E, Senkov 
O, Lievens PMJ, et al. The extracellular matrix molecule hyaluronic acid 
regulates hippocampal synaptic plasticity by modulating postsynaptic 
L-type Ca(2+) channels. Neuron. 2010;67(1):116–28.

	29.	 Peters A, Sherman LS. Diverse roles for hyaluronan and hyaluronan recep-
tors in the developing and adult nervous system. IJMS. 2020;21(17):5988.

	30.	 Föger N, Marhaba R, Zöller M. Involvement of CD44 in cytoskel-
eton rearrangement and raft reorganization in T cells. J Cell Sci. 
2001;114(6):1169–78.

	31.	 Goodison S, Urquidi V, Tarin D. CD44 cell adhesion molecules. Mol Pathol. 
1999;52(4):189–96.

	32.	 Kalomiris EL, Bourguignon LY. Mouse T lymphoma cells contain a 
transmembrane glycoprotein (GP85) that binds ankyrin. J Cell Biol. 
1988;106(2):319–27.

	33.	 Yonemura S, Hirao M, Doi Y, Takahashi N, Kondo T, Tsukita S, et al. Ezrin/
Radixin/Moesin (ERM) proteins bind to a positively charged amino acid 
cluster in the juxta-membrane cytoplasmic domain of CD44, CD43, and 
ICAM-2. J Cell Biol. 1998;140(4):885–95.

	34.	 Namkung Y, Le Gouill C, Lukashova V, Kobayashi H, Hogue M, Khoury E, 
et al. Monitoring G protein-coupled receptor and β-arrestin trafficking in 
live cells using enhanced bystander BRET. Nat Commun. 2016;7:12178.

	35.	 Prasad S, Ponimaskin E, Zeug A. Serotonin receptor oligomerization 
regulates cAMP-based signaling. J Cell Sci. 2019;132(16):jcs230334.

	36.	 Salonikidis PS, Niebert M, Ullrich T, Bao G, Zeug A, Richter DW. An 
ion-insensitive cAMP biosensor for long term quantitative ratiometric 
Fluorescence Resonance Energy Transfer (FRET) measurements under 
variable physiological conditions. J Biol Chem. 2011;286(26):23419–31.

	37.	 Wlodarczyk J, Woehler A, Kobe F, Ponimaskin E, Zeug A, Neher E. Analysis 
of FRET signals in the presence of free donors and acceptors. Biophys J. 
2008;94(3):986–1000.

	38.	 Itoh RE, Kurokawa K, Ohba Y, Yoshizaki H, Mochizuki N, Matsuda M. Activa-
tion of Rac and Cdc42 video imaged by fluorescent resonance energy 
transfer-based single-molecule probes in the membrane of living cells. 
Mol Cell Biol. 2002;22(18):6582–91.

	39.	 Dorsch S, Klotz KN, Engelhardt S, Lohse MJ, Bünemann M. Analy-
sis of receptor oligomerization by FRAP microscopy. Nat Methods. 
2009;6(3):225–30.

	40.	 Avet C, Mancini A, Breton B, Le Gouill C, Hauser AS, Normand C, et al. 
Effector membrane translocation biosensors reveal G protein and 
βarrestin coupling profiles of 100 therapeutically relevant GPCRs. eLife. 
2022;11:e74101.

	41.	 Wu H, Denna TH, Storkersen JN, Gerriets VA. Beyond a neurotransmit-
ter: the role of serotonin in inflammation and immunity. Pharmacol Res. 
2019;140:100–14.

	42.	 Perschl A, Lesley J, English N, Trowbridge I, Hyman R. Role of 
CD44 cytoplasmic domain in hyaluronan binding. Eur J Immunol. 
1995;25(2):495–501.

	43.	 Hartmann M, Parra LM, Ruschel A, Lindner C, Morrison H, Herrlich A, et al. 
Inside-out regulation of ectodomain cleavage of Cluster-of-Differentia-
tion-44 (CD44) and of neuregulin-1 requires substrate dimerization. J Biol 
Chem. 2015;290(28):17041–54.

	44.	 Wang C, Wang Z, Chen C, Fu X, Wang J, Fei X, et al. A low MW inhibitor 
of CD44 dimerization for the treatment of glioblastoma. Br J Pharmacol. 
2020;177(13):3009–23.

	45.	 Wehr M, Laage R, Bolz U, Fischer T, Grünewald S, Scheek S, et al. Monitor-
ing regulated protein-protein interactions using split TEV. Nat Methods. 
2007;3:985–93.

	46.	 Hagan JJ, Price GW, Jeffrey P, Deeks NJ, Stean T, Piper D, et al. Charac-
terization of SB-269970-A, a selective 5-HT7 receptor antagonist. Br J 
Pharmacol. 2000;130(3):539.

	47.	 Roszkowska M, Skupien A, Wójtowicz T, Konopka A, Gorlewicz A, Kisiel M, 
et al. CD44: a novel synaptic cell adhesion molecule regulating structural 
and functional plasticity of dendritic spines. MBoC. 2016;27(25):4055–66.

	48.	 Chen Y, Xu Z, Wu D, Li J, Song C, Lu W, et al. Luciferase reporter gene assay 
on human 5-HT receptor: which response element should be chosen? Sci 
Rep. 2015;5:8060.

	49.	 Milligan G, Kostenis E. Heterotrimeric G-proteins: a short history. Br J 
Pharmacol. 2006;147(S1):S46-55.

	50.	 Wall MJ, Hill E, Huckstepp R, Barkan K, Deganutti G, Leuenberger M, 
et al. Selective activation of Gαob by an adenosine A1 receptor agonist 
elicits analgesia without cardiorespiratory depression. Nat Commun. 
2022;13(1):4150.

	51.	 Moura G, Lucena SV, Lima MA, Nascimento FD, Gesteira TF, Nader 
HB, et al. Post-translational allosteric activation of the P2X7 receptor 
through glycosaminoglycan chains of CD44 proteoglycans. Cell Death 
Discovery. 2015;1(1):1–13.

	52.	 Orian-Rousseau V, Chen L, Sleeman JP, Herrlich P, Ponta H. CD44 is 
required for two consecutive steps in HGF/c-Met signaling. Genes Dev. 
2002;16(23):3074–86.

	53.	 Fuchs K, Hippe A, Schmaus A, Homey B, Sleeman JP, Orian-Rousseau 
V. Opposing effects of high- and low-molecular weight hyaluronan on 
CXCL12-induced CXCR4 signaling depend on CD44. Cell Death Dis. 
2013;4(10):e819–e819.

	54.	 Fu Y, Huang Y, Yang Z, Chen Y, Zheng J, Mao C, et al. Cartilage oligo-
meric matrix protein is an endogenous β-arrestin-2-selective allosteric 
modulator of AT1 receptor counteracting vascular injury. Cell Res. 
2021;31(7):773–90.

	55.	 Papon MA, Le Feuvre Y, Barreda-Gómez G, Favereaux A, Farrugia F, 
Bouali-Benazzouz R, et al. Spinal Inhibition of GABAB receptors by the 
extracellular matrix protein fibulin-2 in neuropathic rats. Front Cell 
Neurosci. 2020;14:214.

	56.	 Saghatelyan AK, Snapyan M, Gorissen S, Meigel I, Mosbacher J, 
Kaupmann K, et al. Recognition molecule associated carbohydrate 
inhibits postsynaptic GABAB receptors: a mechanism for homeostatic 
regulation of GABA release in perisomatic synapses. Mol Cell Neurosci. 
2003;24(2):271–82.

	57.	 Yeh JC, Otte LA, Frangos JA. Regulation of G protein-coupled receptor 
activities by the platelet-endothelial cell adhesion molecule, PECAM-1. 
Biochemistry. 2008;47(34):9029–39.

	58.	 Ma Z, Shi S, Ren M, Pang C, Zhan Y, An H, et al. Molecular mechanism of 
CD44 homodimerization modulated by palmitoylation and membrane 
environments. Biophys J. 2022;121(14):2671–83.

	59.	 Liu D, Sy MS. Phorbol myristate acetate stimulates the dimerization of 
CD44 involving a cysteine in the transmembrane domain. J Immunol. 
1997;159(6):2702–11.

	60.	 ter Haar E, Koth CM, Abdul-Manan N, Swenson L, Coll JT, Lippke JA, 
et al. Crystal structure of the ectodomain complex of the CGRP recep-
tor, a class-B GPCR, reveals the site of drug antagonism. Structure. 
2010;18(9):1083–93.

	61.	 Moad HE, Pioszak AA. Selective CGRP and adrenomedullin peptide 
binding by tethered RAMP-calcitonin receptor-like receptor extracel-
lular domain fusion proteins. Protein Sci. 2013;22(12):1775–85.

	62.	 Héroux M, Hogue M, Lemieux S, Bouvier M. Functional calcitonin 
gene-related peptide receptors are formed by the asymmetric 
assembly of a calcitonin receptor-like receptor homo-oligomer and 
a monomer of receptor activity-modifying protein-1. J Biol Chem. 
2007;282(43):31610–20.

	63.	 Seifert R, Wenzel-Seifert K. Constitutive activity of G-protein-coupled 
receptors: cause of disease and common property of wild-type recep-
tors. Naunyn Schmiedebergs Arch Pharmacol. 2002;366(5):381–416.

	64.	 Décaillot FM, Kazmi MA, Lin Y, Ray-Saha S, Sakmar TP, Sachdev P. 
CXCR7/CXCR4 heterodimer constitutively recruits β-arrestin to 
enhance cell migration. J Biol Chem. 2011;286(37):32188–97.

	65.	 Kwon Y, Kim DH, Jeong MG, Hong MT, Park S, Chang Y, et al. Dimeriza-
tion of β2-adrenergic receptor is responsible for the constitutive activ-
ity subjected to inverse agonism. Cell Chem Biol. 2022;29(10):1532-
1540.e5.

	66.	 Inoue A, Raimondi F, Kadji FMN, Singh G, Kishi T, Uwamizu A, 
et al. Illuminating G-protein-coupling selectivity of GPCRs. Cell. 
2019;177(7):1933-1947.e25.

	67.	 Wright SC, Avet C, Gaitonde SA, Muneta-Arrate I, Le Gouill C, Hogue M, 
et al. Conformation- and activation-based BRET sensors differentially 
report on GPCR–G protein coupling. Sci Signal. 2024;17(841):eadi4747.



Page 18 of 18Borsdorf et al. Cell Communication and Signaling          (2024) 22:563 

	68.	 Charles AC, Mostovskaya N, Asas K, Evans CJ, Dankovich ML, Hales 
TG. Coexpression of δ-Opioid receptors with μ receptors in GH3 cells 
changes the functional response to μ agonists from inhibitory to 
excitatory. Mol Pharmacol. 2003;63(1):89–95.

	69.	 Liu J, Tang H, Xu C, Zhou S, Zhu X, Li Y, et al. Biased signaling due to 
oligomerization of the G protein-coupled platelet-activating factor 
receptor. Nat Commun. 2022;13(1):6365.

	70.	 Mellado M, Rodríguez-Frade JM, Vila-Coro AJ, Fernández S, Martín de 
Ana A, Jones DR, et al. Chemokine receptor homo or heterodimerization 
activates distinct signaling pathways. EMBO J. 2001;20(10):2497–507.

	71.	 Jenkins HG, Bachelard HS. Glycosaminoglycans in cortical autopsy sam-
ples from Alzheimer brain. J Neurochem. 1988;51(5):1641–5.

	72.	 Nielsen HM, Palmqvist S, Minthon L, Londos E, Wennstrom M. Gender-
dependent levels of hyaluronic acid in cerebrospinal fluid of patients 
with neurodegenerative dementia. Curr Alzheimer Res. 2012;9(3):257–66.

	73.	 Xing G, Ren M, Verma A. Divergent temporal expression of hyaluronan 
metabolizing enzymes and receptors with craniotomy vs. controlled-
cortical impact injury in rat brain: a pilot study. Front Neurol. 2014;5:173.

	74.	 Margolis RU, Margolis RK, Chang LB, Preti C. Glycosaminoglycans of brain 
during development. Biochemistry. 1975;14(1):85–8.

	75.	 Lee D. Global and local missions of cAMP signaling in neural plasticity, 
learning, and memory. Front Pharmacol. 2015;6:161.

	76.	 Dash PK, Hochner B, Kandel ER. Injection of the cAMP-responsive ele-
ment into the nucleus of Aplysia sensory neurons blocks long-term 
facilitation. Nature. 1990;345(6277):718–21.

	77.	 Barco A, Pittenger C, Kandel ER. CREB, memory enhancement and the 
treatment of memory disorders: promises, pitfalls and prospects. Expert 
Opin Ther Targets. 2003;7(1):101–14.

	78.	 Impey S, Mark M, Villacres EC, Poser S, Chavkin C, Storm DR. Induction of 
CRE-mediated gene expression by stimuli that generate long-lasting LTP 
in area CA1 of the hippocampus. Neuron. 1996;16(5):973–82.

	79.	 Impey S, Smith DM, Obrietan K, Donahue R, Wade C, Storm DR. Stimula-
tion of cAMP response element (CRE)-mediated transcription during 
contextual learning. Nat Neurosci. 1998;1(7):595–601.

	80.	 Barker GR, Wong LF, Uney JB, Warburton EC. CREB transcription in the 
medial prefrontal cortex regulates the formation of long-term associative 
recognition memory. Learn Mem. 2020;27(2):45–51.

	81.	 Tanimizu T, Kenney JW, Okano E, Kadoma K, Frankland PW, Kida S. Func-
tional connectivity of multiple brain regions required for the consolida-
tion of social recognition memory. J Neurosci. 2017;37(15):4103–16.

	82.	 Sando R, Ho ML, Liu X, Südhof TC. Engineered synaptic tools 
reveal localized cAMP signaling in synapse assembly. J Cell Biol. 
2022;221(2):e202109111.

	83.	 Lonze BE, Ginty DD. Function and regulation of CREB family transcription 
factors in the nervous system. Neuron. 2002;35(4):605–23.

	84.	 Ogelman R, Gomez Wulschner LE, Hoelscher VM, Hwang IW, Chang 
VN, Oh WC. Serotonin modulates excitatory synapse maturation in the 
developing prefrontal cortex. Nat Commun. 2024;15(1):1368.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	The cell adhesion molecule CD44 acts as a modulator of 5-HT7 receptor functions
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Materials
	Animals
	Plasmids and recombinant DNA procedures
	Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)
	Cell culture and transfection of N1E-115 cells
	Cell culture and transfection of HEK-293 cells
	Confocal laser scanning microscopy
	Measurement of cAMP responses
	Measurement of Cdc42 activity
	Lux-FRET measurements
	Lux-FRET calculations
	Calculation of kinetic constants
	G protein effector membrane translocation (GEMTA) assay
	CRE luciferase reporter gene assay
	Split TEV luciferase assays
	Statistics

	Results
	5-HT7R and CD44 form homo- and heteromeric complexes
	Heteromerization with CD44 modulates the constitutive 5-HT7R activity towards cAMP signaling
	Heteromerization influences agonist-mediated 5-HT7R signaling
	Stimulation of CD44 within the 5-HT7RCD44 heteromers results in transactivation of 5-HT7R
	Heteromerization selectively regulates activation of defined G proteins
	Expression of 5-HT7R and CD44 in the brain changes during development

	Discussion
	Conclusions
	Acknowledgements
	References


