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Abstract: The serotonin 2B (5-HT2B) receptor coupled to Gq-protein contributes to the control of 

neuronal excitability and is implicated in various psychiatric disorders. The mechanisms underlying 

its brain function are not fully described. Using peptide affinity chromatography combined with 

mass spectrometry, we found that the PDZ binding motif of the 5-HT2B receptor located at its C-

terminal end interacts with the scaffolding protein Channel Interacting PDZ Protein (CIPP). We 

then showed in COS-7 cells that the association of the 5-HT2B receptor to CIPP enhanced receptor-

operated inositol phosphate (IP) production without affecting its cell surface and intracellular levels. 

Co-immunoprecipitation experiments revealed that CIPP, the 5-HT2B receptor, and the NR1 subunit 

of the NMDA receptor form a macromolecular complex. CIPP increased 5-HT2B receptor clustering 

at the surface of primary cultured hippocampal neurons and prevented receptor dispersion following 

agonist stimulation, thus potentiating IP production and intracellular calcium mobilization in 

dendrites. CIPP or 5-HT2B receptor stimulation in turn dispersed NR1 clusters colocalized with 5-

HT2B receptors and increased the density and maturation of dendritic spines. Collectively, our results 

suggest that the 5-HT2B receptor, the NMDA receptor and CIPP may form a signaling platform by 

which serotonin can influence structural plasticity of excitatory glutamatergic synapses. 
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Introduction 

Serotonin (5-HT) is a neurotransmitter involved in many physiological functions (sleep, mood, food 

intake...) and pathological conditions such as addiction, impulsivity, psychosis and depression. The 

variety of serotonin actions reflects the presence of numerous receptor subtypes. The serotonin 

receptor subtype 2 family comprises 5-HT2A, 5-HT2B and 5-HT2C receptors that are Gαq-coupled 

receptors. The 5-HT2B receptor is expressed in several areas of the brain, including cortex, 

hippocampus, raphe, habenula and cerebellum in the human 1, in the rat 2, 3, and in the mouse 4 brain. 

In addition, this receptor has been shown to be expressed in serotonin 5, 6 and dopamine 7 neurons 

and in microglia 8.  

 In humans, a loss-of-function polymorphism of 5-HT2B receptor gene HTR2B is associated 

with impulsive and aggressive behaviors 1. Other HTR2B polymorphisms have been associated with 

cannabis-related aggression 9 and cocaine-crack use 10. Accordingly, Htr2b-/- mice display impulsive 

behavior 1, a stronger response to cocaine 7, and a global deficit in sensorimotor gating as well as 

novelty-induced hyperlocomotion, phenotypes related to positive symptoms of schizophrenia 11. 

These disorders are commonly associated to the serotoninergic system. In hippocampal neurons, 5-

HT2B receptor activation prevents the stress-induced inhibition of long-term potentiation (LTP) 12. 

In a neuropathic pain model, 5-HT2B receptor stimulation potentiates NMDA receptor activity in 

dorsal horn neurons 13. Likewise, electrophysiological studies showed that 5-HT2B receptor 

activation potentiates NMDA receptor-induced depolarization of frog motoneurons 14. However, 

the molecular mechanisms underlying the modulation of neuronal activity by 5-HT2B receptors 

remain elusive.  

 Membrane proteins, including G protein-coupled receptors (GPCRs), transporters and ionic 

channels are targeted to specialized membrane domains via interactions with scaffolding proteins. 

These scaffolding proteins contain multiple protein-protein interaction domains that allow their 

interaction with a multitude of structural and signaling proteins within large protein networks 15. 

Postsynaptic density protein of 95 kDa (PSD95), disc large, zonula occludens-1 (PDZ) domain-

containing proteins constitutes the largest family of scaffolding proteins that allows the formation 

of microdomains specialized in shaping specific synaptic responses 16. PDZ domain-containing 

proteins are not only important for the formation of signaling complexes, but also for synaptic 

transmission since they contribute to signaling, receptor trafficking, and cytoskeletal 
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rearrangements in both presynaptic and postsynaptic elements 17, 18. Several serotonin receptors 

present PDZ binding domain at their C-terminus, including the three 5-HT2 receptor subtypes (SCV, 

SYV/I and SSV, for 5-HT2A, 5-HT2B and 5-HT2C receptor, respectively). The MUlti-PDZ domain 

Protein-1 (MUPP1) first identified as a partner of 5-HT2C receptor 19, can also interact with 5-HT2A 

and 5-HT2B receptors 20. The protein associated with Lin-7 (PALS)1 - a tight junction associated 

protein - gene product INADL (inactivation-no afterpotential D-like) is a paralogue of MUPP1 21. 

By analogy, it was hypothesized that 5-HT2 receptors may interact with INADL via PDZ8 22. 

Finally, the 5-HT2A receptor has been shown to colocalize with PSD-95 and MUPP1 in a subset of 

dendritic spines of rat cortical pyramidal neurons, and PSD-95 was reported to be necessary to target 

5-HT2A and 5-HT2C receptors to dendrites of cortical pyramidal neurons 23 and to increase their 

turnover in vivo 24. Other PDZ domain containing proteins associated with 5-HT2B receptors have 

not yet been described. 

 Here, we identify a direct interaction between the 5-HT2B receptor C-terminal PDZ-binding 

domain (VSYV) and the Channel Interacting PDZ Protein (CIPP, a brain INADL protein isoform) 

in mouse brain and COS-7 cells. This association potentiates 5-HT2B receptor-dependent signaling 

in COS-7 cells and primary cultures of hippocampal neurons, probably by preventing 5-HT2B 

receptor cluster dispersion at the neuronal surface. We also show that the 5-HT2B receptor, the 

NMDA receptor, and CIPP can form a signaling platform, which leads to the formation and 

maturation of dendritic spines, supporting a possible functional role of 5-HT2B receptor/CIPP 

interaction in the regulation by serotonin of structural plasticity of glutamatergic synapses. 
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Results and Discussion  

Scaffold proteins participate in synaptic multi-protein complexes connecting receptors to 

downstream signaling pathways 25. The structure of macromolecular complexes shapes the 

architecture of the synapse as reviewed in 26. PDZ proteins are important in synaptic transmission 

because they contribute to signaling, receptor trafficking, and cytoskeleton rearrangements in the 

presynaptic and postsynaptic compartments 17, 18. Different PDZ partners of 5-HT2A and 5-HT2C 

receptors have been identified: 5-HT2A receptors preferentially associate with the PDZ proteins 

located exclusively at postsynaptic site (e.g. PSD-95, SAP97); 5-HT2C receptors interact with PDZ 

proteins located at presynaptic and postsynaptic sites such as the Veli3 / CASK / Mint1 complex 27. 

In order to delineate the mechanisms through which 5-HT2B receptors may regulate neuronal 

activity, we investigated putative proteins that associate with 5-HT2B receptors and their functions. 

 

CIPP interacts with the 5-HT2B receptor via its PDZ binding domain  

To identify 5-HT2B receptor associated PDZ domain interacting proteins, we used its last 14 C-

terminal amino acids containing a PDZ binding motif as bait in affinity purification from mouse 

brain coupled to mass spectrometry (AP-MS). These last 14 C-terminal amino acids share the 

common END/EGDKV/TED/EQVSYI/V motif found in human, rat, or mouse 5-HT2B receptors 

and not in 5-HT2A or 5-HT2C receptors. Two-dimensional (2-D) gel analysis of affinity-retained 

proteins in experiments using the 5-HT2B receptor C-terminal peptide as a bait, showed the specific 

recruitment of a protein of around 70 kDa that appeared as a train of spots on the 2-D gels (Fig. 1A). 

This train of spots was not observed in experiments using the corresponding peptide lacking the 5-

HT2B receptor PDZ binding motif (by introducing a stop codon that deleted of the four C-terminal 

VSYV residues, or ∆PDZ). The protein corresponding to these spots was identified as CIPP by 

peptide mass fingerprint (Mascot Score, 153, p = 8.7Í10-11). CIPP corresponds to the brain isoform 

3 of the scaffolding protein INADL comprising its last four PDZ domains 28. Co-

immunoprecipitation experiments from COS-7 cells co-expressing Flag-tagged CIPP and HA-

tagged 5-HT2B receptor followed by Western blotting confirmed the specific association of CIPP 

with full length 5-HT2B receptors, which was lost after deletion of the receptor PDZ binding motif 

(∆PDZ) (Fig. 1B). In addition to MUPP1, which was identified as a partner of 5-HT2C 19, 5-HT2A, 

and 5-HT2B receptors 20, CIPP can weakly interact with the C-terminus of 5-HT2A but not of 5-HT2C 

receptors 27. The fact that the CIPP was the most abundant PDZ partner detected in experiments 
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performed with 5-HT2B receptor C-terminus suggests high affinity interactions. CIPP was also 

reported to associate with the PDZ binding site of the NR2 subunit of the NMDA receptor 29, but 

also with IRSp53, Cypin, 30, 31, and the acid-sensing ionic channel 3 ASIC3 32. CIPP may, thus, serve 

as a scaffold protein that would bring together diverse but functionally connected proteins into close 

proximity in the neuronal membrane, thus potentiating their signaling.  

 

CIPP increases 5-HT2B receptor signaling without changing its ligand affinity or Gq-coupling 

To study putative signaling impact, we transiently transfected CIPP and 5-HT2B receptors in COS-

7 cells. Using 3H-Mesulergine binding, (a non-selective 5-HT2B receptor antagonist with Ki = 3 nM) 

and RS-127445 competition (a highly selective and potent 5-HT2B-receptor antagonist with Ki = 2 

nM) 33, we quantified the respective total and surface expression of 5-HT2B receptors in the presence 

or absence of CIPP. Co-expression of CIPP with the 5-HT2B receptor did not alter the total or 

membrane expression of the receptor (Fig. 2A). In order to evaluate the effect of CIPP on signal 

transduction, we stimulated transfected cells with increasing concentrations of a full 5-HT2B 

receptor agonist (5-HT) or a partial agonist (DOI) and quantified the amount of inositol phosphate 

accumulated. Co-expression of CIPP with 5-HT2B receptors increased constitutive (210% in the 

absence of serotonin, and 230% in the absence of DOI; p = 0.016; p = 0.029) and stimulated inositol 

phosphate signaling pathway (200% for serotonin, and 200% for DOI; p = 0.029; p = 0.029) (Fig. 

2B). Data were further analyzed using the Black and Leff operational model in order to determine 

putative change in the power of agonists to activate inositol phosphate production, represented by 

the log(τ/KA) with (KA) as affinity for the receptor and (τ) its coupling efficacy in activating this 

particular signaling pathway 34, 35. No difference was found for serotonin in Gq coupling of 5-HT2B 

receptor log(τ/KA) =7.19 ± 0.15, compared to 5-HT2B receptor/CIPP log(τ/KA) = 7.13 ± 0.13. These 

results indicate that CIPP neither affects the affinity of 5-HT2B receptors for Gq proteins nor changes 

the coupling to the Gq pathway in COS-7 cells (Fig. 2B). Therefore, CIPP increases the level of 

inositol phosphates in basal condition or upon 5-HT2B receptor stimulation without changing the 

total or surface expression of the receptor in COS-7 cells.  

 

CIPP gathers 5-HT2B receptors in large clusters on the surface of hippocampal neurons 

Since CIPP expression potentiates 5-HT2B receptor signal transduction without changing 

receptor/Gq coupling in COS-7 cells, we tested the hypothesis that CIPP could affect its subcellular 
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distribution, using primary cultures of rat hippocampal neurons. First, we verified using RT-qPCR 

that similar cultures depleted of astrocytes and microglia expressed 5-HT2B receptors and CIPP 

mRNA (Fig. 3A). Due to a lack of selective antibody against 5-HT2B receptor or CIPP, we 

transfected hippocampal pyramidal neurons with constructs encoding HA- and Flag-tagged 5-HT2B 

receptor and CIPP, respectively. We observed that overexpression of the 5-HT2B receptor was 

restricted to the somato-dendritic (MAP2-positive and Neurofilament-negative) compartment where 

it formed clusters, while that of overexpressed CIPP was found in both the somato-dendritic and 

axonal compartments (Fig. 3B-C).  

 Indeed, PDZ-domain containing proteins often influence the trafficking of various receptors 

including GPCRs 18. In rat cortex, the 5-HT2A receptor colocalizes with PSD-95 and MUPP1 in a 

subset of dendritic spines of pyramidal neurons, and PSD-95 was reported to be important for 5-

HT2A receptor targeting in dendrites of cultured cortical pyramidal neurons 23. Here, overexpressing 

CIPP significantly reduced (by 28%; p < 0.0001) the number of 5-HT2B receptor clusters at the 

plasma membrane while having no effect on the total (surface + intracellular) pool of receptors. This 

effect of CIPP was accompanied for both total and surface pools of receptors by an increase in the 

size (by 18% and 10%, respectively; p = 0.024 and p = 0.034) and intensity (by 26% and 25% 

respectively; p = 0.0009 and p = 0.0003) of 5-HT2B receptor clusters (Fig. 3D-E, Table S1). The 

fact that CIPP overexpression did not increase the number of clusters of total 5-HT2B receptors and 

that the increase in size and intensity of these clusters is of similar amplitude than the one of the 

surface receptors suggests that CIPP effect on receptor clustering was not due to an increased 

expression of 5-HT2B receptors but rather to a redistribution of the receptors at the cell surface.  

 We verified that the C-terminal end of the 5-HT2B receptor was involved in its aggregation 

by transfecting a 5-HT2B receptor deleted for the PDZ binding pattern (5-HT2B∆PDZ), which 

blocked the effect of CIPP on the aggregate density of the 5-HT2B receptor (Fig. S1A). Next, we 

used a TAT-5-HT2B peptide corresponding to the last C-terminal 11 amino acids of the 5-HT2B 

receptor that can cross the plasma membrane through the TAT sequence and act as a dominant 

negative blocking the interaction of the 5-HT2B receptor with the endogenous CIPP protein. We first 

verified by Western blot that the TAT-5-HT2B peptide does act as a dominant negative by showing 

reduced co-immunoprecipitation of CIPP and the 5-HT2B receptor in the presence of the TAT-5-

HT2B peptide (SYV) but not in the presence of the mutated TAT-5-HT2B peptide (SSV) (Fig. 

S1B). Exposure of neurons to the TAT-5-HT2B peptide (SYV) significantly increased (by 33%; p 
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= 0.049) the number of 5-HT2B receptor clusters at the plasma membrane, while the mutated peptide 

(SSV) had no effect (Fig. 3F-G). This effect of the TAT-5-HT2B peptide on the number of clusters 

was accompanied by a decrease in the size (by 38%; p = 0.0036) and intensity (by 39%; p = 0.0009) 

of the 5-HT2B receptor clusters (Fig. 3F-G). We conclude that endogenous CIPP protein can 

contribute to the formation of 5-HT2B receptor clusters on the surface of pyramidal hippocampal 

neurons and that overexpressing CIPP further increases the clustering of receptors on the neuronal 

surface, promoting the formation of larger clusters. This is in agreement with previous work 

showing the presence of two populations of GPCRs: a population of rapidly diffusing receptors and 

a second one showing slow diffusion in clusters 36. CIPP-induced clustering of 5-HT2B receptors 

may drive intracellular traffic of signaling molecules or partition the membrane into microdomains.  

 

5-HT2B receptors aggregate at glutamatergic excitatory synapses regardless of CIPP 

overexpression 

We then determined whether the CIPP-dependent increase in 5-HT2B receptor clustering occurred 

in the vicinity of synapses. For this purpose, hippocampal cells were transfected with HA-5-HT2B 

receptor with or without Flag-CIPP and either GFP-Homer1c or Gephyrin FingR-GFP to label 

excitatory and inhibitory synapses, respectively (Fig. 4A-B). 5-HT2B receptor clusters were 

considered at synapses when overlapping with at least 1 pixel of GFP-Homer1c or Gephyrin FingR-

GFP clusters and extrasynaptic when localized two pixels (240 nm) away from synaptic markers. 

We found that 5-HT2B receptor clusters are partially colocalized with synaptic markers and are also 

located at extrasynaptic sites (Fig. 4A-B). Quantifications revealed the presence of about 40% of 5-

HT2B receptor clusters at excitatory glutamatergic synapses and this proportion was not affected by 

CIPP overexpression. Since endogenous CIPP is present in these cultures, it was difficult to 

conclude whether the presence of CIPP was necessary or not to target the 5-HT2B receptor at 

glutamatergic synapses.  

 Another ~20% of 5-HT2B receptor clusters were located at inhibitory GABAergic synapses, 

a percentage slightly increased upon overexpression of CIPP (from 22 to 27%; p = 0.021) (Fig. 4C-

D). This slight increase in the localization of 5-HT2B receptor clusters at inhibitory synapses was 

observed in parallel with an increase in the number of gephyrin clusters upon CIPP overexpression 

(2.41 vs. 2.93 clusters/100 µm). This means that the overexpression of CIPP does not promote the 

targeting of 5-HT2B receptors to inhibitory synapses. In addition, ~38% of 5-HT2B receptor clusters 
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were extrasynaptic. Overall, these results indicate that a large proportion of 5-HT2B receptor clusters 

is located at glutamatergic synapses in hippocampal neurons regardless of CIPP overexpression. 

Thus, a function of 5-HT2B receptor may be to tune glutamatergic synapses.  

 

CIPP overexpression prevents the agonist-induced loss of surface 5-HT2B-receptors 

Agonist-induced internalization of certain GPCRs can be controlled by PDZ binding motifs located 

at their C-terminal tails that mediate their internalization, recycling to the plasma membrane or 

degradation 37. For instance, PSD-95 was shown to increase desensitization of the 5-HT2C receptor-

mediated Ca2+ responses, while another PDZ protein, MPP3, prevented its desensitization. These 

contrasting effects of PDZ proteins on the desensitization of the Ca2+ response were correlated with 

a differential modulation of the cell trafficking of the receptor 38. We thus explored the putative role 

of CIPP in the regulation of 5-HT2B receptor clustering at the neuronal membrane upon agonist 

receptor stimulation. Neurons overexpressing 5-HT2B receptors were stimulated with BW723C86 

(0, 50, 100, 1000 nM), a preferential 5-HT2B receptor agonist at these doses 33 at different time 

points (0, 10, 20 min) after stimulation. The number of clusters of membrane 5-HT2B receptors 

decreased and their surface area increased as a function of the dose of BW723C86 applied for 20 

minutes with a maximum effect at 1 µM (Fig. S2A-B). Furthermore, a significant decrease in the 

number of membrane-associated 5-HT2B receptor clusters was measured 10 and 20 min after the 

onset of agonist application in the absence of CIPP (by 20 and 36%, respectively; p = 0.0044 and p 

< 0.0001 vs. T0), but no change was detected in the number of clusters in neurons overexpressing 

CIPP (Fig. 5A-B, Table S1). The surface area and intensity of 5-HT2B receptor clusters did not 

change after BW723C86 application in the absence or presence of CIPP overexpression (Fig. 5B). 

These results indicate that the stimulation of 5-HT2B receptor can decrease the number of its 

membrane clusters in neurons expressing the receptor in the presence of endogenous CIPP but not 

in neurons overexpressing CIPP.  

 Interestingly, the number of 5-HT2B receptor clusters observed after agonist stimulation in 

neurons overexpressing solely the receptor reached that observed in non-stimulated neurons 

overexpressing both the receptor and CIPP (Fig. 5B, Table S1). This means that CIPP 

overexpression decreases the number of 5-HT2B receptor clusters to a level that cannot be further 

lowered by agonist stimulation. Given that under basal activity conditions, the overexpression of 

CIPP increases the size and intensity of the 5-HT2B receptor clusters and that stimulation by the 
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agonist does not lead to a change in size or intensity of theses clusters, we propose that 

overexpressing CIPP prevents the agonist-mediated loss of surface 5-HT2B receptors observed in 

neurons expressing the receptor alone, in the presence endogenous CIPP. The endogenous 

expression of CIPP is, therefore, sufficient to increase basal activity of the receptor probably by 

favoring its accumulation within a signaling platform that is saturated upon CIPP overexpression. 

We propose that CIPP can concentrate 5-HT2B receptors near its effectors on the plasma membrane, 

thereby increasing its basal signaling independently of receptor stimulation and internalization.  

 

CIPP enhances 5-HT2B receptor-operated calcium signaling in hippocampal neurons 

If CIPP overexpression prevents agonist-induced loss of 5-HT2B receptor clusters in neurons, we 

reasoned that this should strengthen receptor-dependent signal transduction. The activation of the 

Gq-coupled 5-HT2 receptors increases intracellular Ca2+ levels through inositol trisphosphate 

receptor (IP3R) activation 39, 40. We thus performed Ca2+ imaging on hippocampal neurons using 

the fluo-4-AM probe. We measured the intracellular Ca2+ levels in neurons overexpressing CIPP or 

not, before and after 5-HT2B receptor stimulation with BW723C86 (1 µM). We found that 5-HT2B 

receptor stimulation induced a Ca2+ peak in primary dendrites of neurons expressing the receptor 

alone or in combination with CIPP (Fig. 6A-B). The peak in intracellular Ca2+ level occurred around 

5-sec after bath application of the agonist (Fig. 6B). The 5-HT2B receptor stimulation with 

BW723C86 increased by 110% the Ca2+ peak height in neurons expressing the 5-HT2B receptor 

alone (Fig. 6C). The expression of CIPP further increased the Ca2+ peak height (136% of the 

receptor alone; p = 0.0056) in neurons co-expressing the 5-HT2B receptor (Fig. 6D), and the area 

under the curve (300%; p < 0.0001) (Fig. 6D). These results indicate that the overexpression of 

CIPP potentiates the 5-HT2B receptor-dependent Ca2+ signaling in hippocampal neurons.  

 

CIPP overexpression or 5-HT2B-receptor agonist stimulation leads to the dispersal of NMDA 

receptors associated with 5-HT2B receptors 

Glutamatergic synapses mediate excitatory neurotransmission in the brain, predominantly through 

the activation of ionotropic glutamate receptors such as the NMDA receptors. NMDA receptors are 

part of large protein complexes thanks to their binding to various PDZ domain proteins 26. The 

regulation of glutamate receptor clustering and trafficking (insertion/endocytosis) is associated with 

various forms of synaptic plasticity 41. It was previously reported that (i) the 5-HT2B receptor co-
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immunoprecipitates with the NR1 subunit of NMDA receptors in frog motoneurons 42, (ii) a 5-HT2B 

receptor agonist facilitates NMDA receptor responses in the presence of the channel blockers MK-

801 or Mg2+ in motoneurons 14, (iii) the NMDA receptor channel blocker MK-801 exacerbates 

behavioral alterations of Htr2b−/− mice, supporting the notion that the glutamatergic system is to 

some extent affected by a lack of 5-HT2B receptors 11, and (iv) CIPP can associates with NMDA 

receptors 29. We therefore studied the influence of CIPP and the stimulation of 5-HT2B receptors on 

the cellular distribution of the NR1 subunit of the endogenous NMDA receptor in hippocampal 

neurons.  

 The overexpression of both the 5-HT2B receptor and CIPP decreased by 26% (p = 0.046) the 

number of NR1 clusters colocalized with 5-HT2B receptor clusters on the neuronal membrane 

without affecting their size or their intensity in comparison with neurons overexpressing only the 5-

HT2B receptor (Fig. 7A-B). Therefore, the overexpression of CIPP impairs the clustering of NMDA 

receptors associated with 5-HT2B receptors. We then tested putative effect of 5-HT2B receptor 

stimulation on NR1 clusters. Activation of 5-HT2B receptors by BW723C86 (0, 50, 100, 1000 nM) 

in a dose-dependent manner decrease the number of NR1/5-HT2B receptor clusters with a maximum 

of 36% (p = 0.015) at 1 µM (Fig. S2B). Stimulation of 5-HT2B receptors by BW723C86 (1µM) for 

10 or 20 min significantly reduced (by 35% and 25%, respectively; p = 0.0035 and p = 0.0413 vs. 

T0) the number of NR1/5-HT2B receptor clusters in neurons overexpressing the 5-HT2B receptor 

alone (Fig. 7B). On the other hand, 5-HT2B receptor stimulation changed neither the size (Fig. 7C), 

nor the intensity of the remaining NR1/5-HT2B receptor clusters (Fig. 7D). This means that the 

decrease in the number of NR1/5-HT2B receptor clusters is not the result of a fusion of preexisting 

clusters and a concentration of NMDA receptors in these clusters but is rather due to their 

disappearance from these clusters and their dispersion in the membrane. In the presence of CIPP 

overexpression, 5-HT2B receptor stimulation had no effect on the number, size, and intensity of 

NR1/5-HT2B receptor clusters (Fig. 7B-D). Thus, the stimulation of the 5-HT2B receptor in the 

presence of endogenous CIPP induces a reduction in the number of 5-HT2B receptor-associated NR1 

clusters, an effect mimicked by the overexpression of CIPP.  

 Interestingly, the loss of 5-HT2B receptor clusters induced by the 5-HT2B receptor agonist 

was observed only for NMDA receptors colocalized with the 5-HT2B receptor. NR1 clusters that did 

not colocalize with 5-HT2B receptor clusters (that represented 84.29% of the total population of NR1 

clusters) were not affected by BW723C86 treatment. Indeed, neither the number, the size, nor the 
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intensity of NR1 clusters located at a distance from 5-HT2B receptor clusters were modified by the 

treatment (p=0.36, p=0.58, p=0.57, respectively, n=28-25), although CIPP overexpression slightly 

reduced their number (by 21%), but not their area or intensity (p=0.02, p=0.39, p=0.06, respectively, 

n=25-29). These results support that the proximity of the two receptors is necessary for the 

regulation of NMDA receptor clustering by 5-HT2B receptor signaling. Overall, these results show 

that activating 5-HT2B receptor or overexpressing CIPP reduce the clustering of NMDA receptors 

with 5-HT2B receptors.  

 

5-HT2B receptor stimulation affects the tripartite complex formed by CIPP, the 5-HT2B receptor, 

and the NMDA receptor 

We then determined if the effect of the 5-HT2B receptor agonist on NR1 clusters was due to changes 

in interaction of CIPP to its partners. Co-immunoprecipitation experiments in COS-7 cells 

confirmed that the 5-HT2B receptor interacts with CIPP and NR1, and can form a macromolecular 

tripartite complex (Fig. 7E). The 5-HT2B receptor stimulation by BW723C86 decreased the amount 

of NR1 co-immunoprecipitated with CIPP or with 5-HT2B receptors, suggesting reduced association 

of CIPP to its partners (Fig. 7E). Therefore, activating the 5-HT2B receptor disperses the 

macromolecular complex formed by CIPP, the NMDA receptor and the 5-HT2B receptor. The co-

immunoprecipitation of 5-HT2B receptor with both NR1 and CIPP supports the notion that the NR1 

subunit of the NMDA receptor forms a ternary complex with 5-HT2B receptor and CIPP. This is 

reminiscent of the ternary complex formed by PSD-95, NR1 and the D1 dopamine receptor 43. A 

function of PSD-95 is to interfere with NMDA-D1 receptors coupling independently or not of the 

cAMP or PKC intracellular signaling cascades 43. We show here that the overexpression of CIPP or 

the agonist stimulation of the 5-HT2B receptor decrease the clustering of the NR1 subunit colocalized 

with 5-HT2B receptor in hippocampal neurons. It is interesting to note that, in spinal nociceptive C-

fibers, 5-HT2B and NMDA receptor agonists significantly enhanced evoked potentials that were 

blocked by PKCg inhibitor peptide or by the 5-HT2B receptor antagonist SB204741. This was 

associated to the translocation of PKCg to postsynaptic sites and with the phosphorylation of NR1 

(pNMDA serine 896) 13, supporting that it is upon phosphorylation, following stimulation, that NR1 

may leave the complex. 
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CIPP overexpression or 5-HT2B receptor stimulation increases the formation of new dendritic spines 

and the maturation of a spine subset 

The formation of dendritic spines, where excitatory glutamatergic synapses are located, is triggered 

by a rise in intracellular Ca2+ levels that can be induced upon activation of NMDA receptors, 

voltage-dependent calcium channels and / or the release of Ca2+ from the endoplasmic stores 44. 

Since 5-HT2B receptors can elevate intracellular levels of Ca2+ from Ca2+ stores 39, 40 and interact 

with NMDA receptors, we studied the impact of CIPP overexpression or of 5-HT2B receptor 

stimulation on the formation and maturation of dendritic spines. CIPP overexpression or 5-HT2B 

receptor stimulation affected the density and shape of dendritic protrusions (Fig. 8A). A quantitative 

analysis showed that overexpressing CIPP, eGFP together with the 5-HT2B receptor increased by 

213% the overall density of dendritic spines on pyramidal neurons, as compared to cells expressing 

the 5-HT2B receptor alone (0.79 spines/µm for cell expressing only 5-HT2B receptors, compared to 

1.70 spines/µm in presence of CIPP, p<0.0001) (Fig. 8B). The classification of the dendritic spines 

then revealed that overexpressing CIPP and the 5-HT2B receptor increased respectively by 217% 

and 276% the number of filopodia and immature (thin and long thin) spines in comparison with the 

neurons, which only overexpressed the receptor in the presence of endogenous CIPP (p=0.011 and 

p<0.0001) (Fig. 8C-D). On the other hand, the number of mature dendritic spines (stubby and 

mushroom types) was not different in neurons overexpressing CIPP or not (3%, p=0.998), Fig. 8E). 

We conclude that CIPP overexpression increases the formation of new dendritic spines but has no 

influence on spine maturation. 

 We then tested the contribution of 5-HT2B receptor activation with BW723C86 with or 

without CIPP in the control of spine density and morphology. In neurons overexpressing the 5-HT2B 

receptor in the presence of endogenous CIPP, activation of the receptor with BW723C86 (1 µM) 

increased the total number of dendritic spines by 173% and 179% after 10 or 20 min of exposure to 

the agonist (T0 0.79 spines / µm, T10 1.38 spines / µm, p = 0.0104 and T20 1.43 spines / µm, p = 

0.0041 vs T0) (Fig. 8A-B). We confirmed these findings by performing real-time live recordings of 

similar neuronal cultures overexpressing 5-HT2B-HA and eGFP that were then treated by 

BW723C86 (1µM) (Fig 8A, Supp Movie). This increase concerned mainly immature dendritic 

spines of the thin type, which increased by 202% and 193% after 10 or 20 min of treatment (p = 

0.0124 and p = 0.0186, Fig. 8D). The density of mature (stubby and mushroom) spines also 

significantly increased after exposure to the agonist for 20 min (119%, p = 0.0029, Fig. 8E). In 
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agreement with a role of the 5-HT2B receptor in the formation and maturation of the spines, the 

density of filopodia was slightly, although non-significantly, decreased by the agonist (49% and 

34% after 10 or 20 min, p = 0.272 and p = 0.103, Fig. 8C). Therefore, the activation of 5-HT2B 

receptors leads to spine formation and participates to the maturation of the dendritic spines in 

neurons expressing solely the receptor.  

 Unlike neurons overexpressing the 5-HT2B receptor alone, stimulation with BW723C86 for 

10 or 20 min did not significantly increase the overall population of dendritic spines (T0 1.70, T10 

1.96 and T20 1.81 spines / µm) in neurons overexpressing both CIPP and the receptor (Fig. 8B). 

However, the 5-HT2B receptor agonist had an effect on the density of filopodia, which was decreased 

by 32% and 40% after 10 or 20 min-exposures to BW723C86 (T0 vs. T10 p=0.0003, T0 vs. T20 

p=0.0007, Fig. 8C). In contrast, the density of immature (T0 vs. T10 p=0.738, T0 vs. T20 p=0.750) 

and mature (T0 vs. T10 p=0.148, T0 vs T20 p=0.691) spines was unchanged by the treatment (Fig. 

8D-E). Therefore, 5-HT2B receptor stimulation does not enhance the formation and maturation of 

dendritic spines in neurons overexpressing CIPP. 

 The comparison of the amount of the diverse categories of spines in neurons overexpressing 

CIPP at T0 to that of neurons overexpressing both CIPP and the 5-HT2B receptor at T20 showed 

that the density of immature spines reaches a similar proportion (p=0.143) (Fig. 8D). Only the 

proportion of the mature spines was slightly greater in neurons overexpressing the 5-HT2B receptor 

in the presence of endogenous CIPP after 20 min of treatment compared to neurons overexpressing 

both the receptor and CIPP at T0 (p=0.025) (Fig. 8E). This indicates that agonist stimulation has 

mostly the same effect as CIPP overexpression on spines.  

 Thus, overexpression of CIPP prevents the agonist-induced loss of 5-HT2B receptors at the 

neuronal surface, thereby increasing its activity, leading to a rise in intracellular Ca2+ levels and the 

formation of dendritic spines. We propose that a function of the NR1/5-HT2B receptor/CIPP 

complex could be to potentiate spine formation and maturation through 5-HT2B receptor-mediated 

activation of IP3R/Ca2+ signaling cascades. Similarly, a contribution of 5-HT2A and 5-HT2C 

receptors in controlling dendritic spine structure has been reported. The 5-HT2A receptor activation 

was shown to induce an increase in dendritic spine size, as well as phosphorylation of p21-activated 

kinase PAK, a downstream target of the neuronal Rac guanine nucleotide exchange factor kalirin-7 

involved in spine remodeling 45. Furthermore, stimulation of 5-HT2 receptors by DOI increased 

transamidation of Rac1 and Cdc42, but not RhoA in primary cortical cultures, and caused a transient 
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dendritic spine enlargement, which can be blocked by Transglutaminases inhibition 46. PSD-95 

interaction has subsequently been shown to drive the targeting of 5-HT2A and 5-HT2C receptors to 

apical dendrites and to control their turnover in-vivo 24. Therefore, serotonergic signaling system via 

the activation of 5-HT2A, 5-HT2C or 5-HT2B receptors (this study) can enhance spine maturation. 

Spine structural plasticity underlies LTP. The role of the serotoninergic system in the control of LTP 

has been demonstrated via 5-HT2A receptors 47, 48. Exposure to environmental stressors impairs 

hippocampal LTP via 5-HT2C receptors 49. In stressed animals, increasing extracellular serotonin 

concentration by fenfluramine enabled the induction of LTP. This effect can be mimicked by agents 

that directly activate 5-HT2 receptors, including the 5-HT2B receptor agonist BW723C86. In 

addition, fenfluramine prevented the inhibition of LTP caused by the NMDA receptor antagonist 

D-AP5, suggesting that serotonergic agents are acting on 5-HT2B receptor and NMDA receptor-

dependent mechanisms of LTP 12, consistent with the present study. 

 The present data identify CIPP as a scaffolding molecule of the 5-HT2B receptor at 

glutamatergic synapses, and suggests a role of the CIPP-5-HT2B/receptor/NMDA receptor complex 

in structural plasticity. Further understanding of the function of this complex in vivo is critical to 

elucidate the contribution of serotonin to synaptic plasticity.  
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Materials and Methods 

Plasmid Constructs- cDNAs encoding Human 5-HT2B receptor or mouse 3Flag-CIPP were 

subcloned into pSG5 mammalian expression vector 50 or pCAGGS 51. PCAGGS-3HA-5-HT2B 

construct was obtained from pCAGGS-5-HT2B by insertion of a Triple HA tag (YPYDVPDYA) to 

the N-terminal extremity of 5-HT2B receptors. PCAGGS-3HA-5-HT2B-∆PDZ was obtained by 

targeted substitution in order to create stop codon before the PDZ binding site (EEQ*SYV).  

The Rattus norvegicus Sprague-Dawley N-methyl-D-aspartate receptor NMDAR1-1a subunit 

(NR1) complete coding sequence was cloned into PCAGGS-YFP plasmid to generate the N-

terminal labeled YFP-NR1 protein. 

 

COS-7 Cell Culture- COS-7 cells were cultured as monolayers in Dulbecco ’s modified Eagle ’s 

medium (DMEM) (Glutamax-GIBCO/Invitrogen) supplemented with 10% fetal calf serum 

(Biowest SAS) and 1% penicillin/streptomycin (Sigma-Aldrich), in 9-cm dishes (Falcon/Corning 

Life Sciences). Cells were incubated at 37 °C in a 5% CO2 atmosphere. Cells were 70% confluent 

in 6-well plates for inositol phosphate accumulation, in 24-well plates for surface binding and in 9-

cm dishes for total binding and co-immunoprecipitation/Western-blot, when they were transfected 

using the Genjuice transfection reagent (Merck Millipore) in complete DMEM, according to the 

manufacturer’s instructions. 

 

Peptide affinity chromatography and mass spectrometry 

A synthetic peptide comprising the 14 C-terminal amino acids of the mouse 5-HT2B receptor and 

the corresponding peptide lacking the receptor PDZ binding motif (95% purity, Eurogentec) were 

coupled via their N-terminal extremities to activated CH-sepharose 4B (GE-Healthcare). Ten µg of 

each immobilized peptide were incubated with CHAPS-solubilized proteins from mice brain (10 

mg per condition) overnight at 4°C and affinity-retained proteins were resolved on 2-D gels and 

detected by silver staining, as previously described 27. Proteins specifically recruited by the entire 

peptide, but not the truncated one, were excised, digested in gel using trypsin (Gold, Promega), and 

the resulting peptides were analyzed using an Ultraflex MALDI-TOF-TOF mass spectrometer 

(Bruker Daltonik). Analyses were performed in reflectron mode with an accelerating voltage of 25 

kV and a delayed extraction of 50 ns. Spectra were analyzed using the FlexAnalysis software 
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(version 2.4, Bruker Daltonik) and auto-proteolysis products of trypsin (mol wt: 842.51, 1045.56, 

2211.10, 2383.90) were used as internal calibrates 27. Identification of proteins was performed by 

peptide mass fingerprint using the free Mascot Web server 

(http://www.matrixscience.com/search_form_select.html) and the SwissProt or NCBIprot 

databases (containing 16,838 and 172,881 Mus musculus sequences, respectively). The following 

parameters were used for database interrogation: mass tolerance of 100 ppm; fixed chemical 

modification, carbamidomethylation of cysteines; variable chemical modification, oxidation of 

methionines; matching peptides with one missed cleavage accepted only when they included two 

consecutive basic residues or when arginine or lysine residues were followed by one or several 

acidic residues inside the peptide amino acid sequence. 

 

Co-immunoprecipitation and Western-blotting 

Co-immunoprecipitation and Western-blotting were performed as previously described 52. COS-7 

cells transfected with a total of 10 µg of DNA per 9-cm dishes with a ratio of 1:1 (HA-5-HT2B / 

empty vector; HA-5-HT2B∆PDZ / empty vector; Flag-CIPP / empty vector HA-5-HT2B / Flag-CIPP; 

HA-5-HT2B∆PDZ / Flag-CIPP) or 1:1:1 of HA-5-HT2B, YFP-NR1, and Flag-CIPP proteins, and 

maintained in culture for two days before harvesting. Cells were centrifuged and suspended in 

CHAPS lysis buffer (50 mM Tris-HCl, pH 7.4, 0.05 mM EDTA, 10 mM CHAPS, and protease 

inhibitor cocktail, pH 7.4) and sonicated for 30 s. Cells were next solubilized for 5h at 4°C under 

gentle agitation. Lysates were centrifuged (12,000 x g) in order to pellet non-solubilized membranes. 

Protein concentrations in supernatant were measured using the Pierce™ Coomassie Protein Assay 

Kit.  

Cell cultures were transduced with a peptide made up of the 11 C-terminal residues of the 5-HT2B 

receptor to competitively occlude the interaction between the receptor’s PDZ binding motif and 

target PDZ proteins. This peptide was N-terminally fused to the transduction domain of the Tat 

protein from the human immunodeficiency virus type-1 to allow its intracellular delivery 38. TAT-

5-HT2B-C-TER: YGRKKRRQRRRGDKTEEQVSYV; TAT-5-HT2B-C-TER-MUT: YGRKK 

RRQRRRGDKTEEQVSSV. The TAT-5-HT2B-C-ter peptide was biotinylated. Protein extracts 

were incubated in the absence or presence of either the TAT-5-HT2B-Cter peptide or the TAT-5-

HT2B-Cter mutated peptide (10 mM each).  
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Lysates were co-imunoprecipitated with anti-HA, anti-Flag, or anti-NR1 antibody (CST HA-Tag 

C29F4 Rabbit mAb #3724, 67 ng/ml; mouse primary antibody against Flag Sigma, 1 µg/ml; anti-

NR1 antibody clone 54.1, Millipore, MAB363, 1.8 µg/ml) overnight at 4 °C under gentle agitation. 

Total lysate and immunoprecipitated proteins were separated by SDS/PAGE onto 10% acrylamide 

gels and transferred electrophoretically to nitrocellulose membranes. Inputs represent 5% of the 

total protein amount used for immunoprecipitations. Blots were probed with anti-HA (1:1,000), anti-

Flag (1:1,000) or anti-NR1 antibody (1:1,000) (See Table S2). Anti-mouse and anti-rabbit 

antibodies (1:10,000) were used as secondary antibodies. Immunoreactive bands were detected 

using the Odyssey software. At least three independent experiments were performed. 

 

Inositol phosphate accumulation measurement 

Inositol phosphate accumulation was measured according to 52. COS-7 cells were transfected with 

a total of 3 µg of DNA (1:1 ratio for co-transfection) per 6-well plates. Twenty-four hours later cells 

were trypsinized (Trypsin 1X 0.05% EDTA; Invitrogen) and plated in 96-wells plates (30,000 

cells/well). The next day, complete medium was replaced by serum-free medium. The day of the 

experiment, media was replaced by stimulation buffer supplemented with LiCl (NaCl 146 mM, KCl 

4.2 mM, MgCl2 0.5 mM, CaCl2 1 mM, Hepes 10 mM, Glucose 5.5 mM, LiCl 50 mM, pH 7.4) to 

prevent inositol phosphate degradation. Cells were stimulated for two h at 37 °C with increasing 

concentrations (10-11 to 10-5 M in stimulation buffer) of serotonin and DOI (full and partial 5-HT2B 

receptor agonists, respectively). The stimulation solution was removed and cells well incubated in 

the lysis buffer (IP one HTRF Kit, Cisbio) for 1 h. Lysates were distributed in 384-well plates and 

IP1 was labeled using HTRF reagents. At least three independent experiments were performed in 

duplicate. 

 

Binding assays 

Binding assays were performed as previously described 52.  

Surface binding. COS-7 cells were transfected with a total of 10 µg of DNA per 9-cm dishes using 

the Genjuice transfectant reagent in complete medium. Twenty-four h later, cells were trypsinized 

and plated in 24-well plates. The day before experiment, the culture media was replaced by serum 
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free media. The day of experiment the media was replaced by Krebs-Ringer-Hepes buffer (130 mM 

NaCl, 1.3 mM KCl, 2.2 mM, CaCl2, 1.2 mM NaH2PO4, 1.2 mM MgSO4, 10 mM Hepes, 10 mM 

glucose, pH 7.4). Cells were incubated with a constant concentration of [3H]-Mesulergine (1 nM) 

and increasing concentrations of RS127445, a selective 5-HT2B receptor antagonist. RS127445 was 

diluted in Krebs-Ringer-Hepes buffer at 10-11 to 10-6 M final concentrations. After 90-min 

incubation at room temperature, cells were washed twice on ice with cold PBS and lysed in SDS 

1% for 1 h. Lysates were transferred in scintillation tubes and 4 ml scintillation cocktail was added 

to the samples. The radioactivity was counted using a scintillation counter (Beckman Coulter).  

Total Binding. COS-7 cells were transfected with a total of 10 µg of DNA per 9-cm dishes using 

the Genjuice transfectant reagent in complete medium. The day after, the complete culture medium 

was replaced by serum-free medium After two days, cells were scraped on ice, centrifuged for 5 

min at 1,000 x g at 4 °C. Cell pellets were dissociated and lysed in 1 ml of binding buffer (50 mM 

Tris HCl, 10 mM MgCl2, 0.1 mM EDTA, pH 7.4) and centrifuged for 30 min at 10,000 x g. 

Membranes (pellets) were then suspended in 5 ml PBS. Aliquots of membrane suspension (200 

µl/well containing ~ 50 µg protein) were distributed in 96 deep well plates. Membranes were 

incubated at room temperature for 90 min with 25 µl of [3H]-Mesulergine diluted in binding buffer 

at a final concentration of 1 nM and 25 µl/well of increasing concentrations (10-11-10-6 M) of 

RS127445. Membranes were harvested by rapid filtration onto Whatman GF/B glass fiber filters 

(Brandell-Harvester apparatus) pre-soaked with cold saline solution and washed 3 times with cold 

saline solution to reduce nonspecific binding. Filters were placed in 6-ml scintillation vials and 

allowed to dry overnight. The next day, 4 ml of scintillation cocktail were added to the samples. At 

least three independent experiments were performed in duplicate. 

 

Experimental procedures involving animals. 

All animal procedures were carried out according to the European Community Council directive of 

24 November 1986 (86/609/EEC), the guidelines of the French Ministry of Agriculture and the 

Direction Départementale de la Protection des Populations de Paris (Institut du Fer à Moulin, 

Animalerie des Rongeurs, license C 72-05-22) and were approved by the local Ethic Committee for 

Animal Experiments (No. 01170.02). All efforts were made to minimize animal suffering and to 

reduce the number of animals used. 
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Hippocampal neuronal culture and transfection. 

Hippocampal neurons were prepared from embryonic day 19 Sprague-Dawley rat pups as 

previously described 53, 54. Dissected tissues were trypsinized (0.25% v/v) and mechanically 

dissociated in HBSS (CaCl2 1.2 mM, MgCl2 0.5 mM, MgSO4 0.4 mM, KCl 5 mM, KH2PO4 0.44 

mM, NaHCO3 4.1 mM, NaCl 138 mM, Na2HPO4 0.34 mM, D-Glucose 5.5 mM) containing 10 mM 

Hepes (Invitrogen). Dissociated cells were plated on glass coverslips (Assistent) precoated with 55 

µg/ml poly-D,L-ornithine (Sigma-Aldrich) in plating medium composed of MEM supplemented 

with horse serum (10% v/v; Invitrogen), L-glutamine (2 mM), and Na pyruvate (1 mM, Invitrogen) 

at a density of 3.4 × 104 cells/cm2 and maintained in humidified atmosphere containing 5% CO2 at 

37°C. After attachment for 2-3 h, cells were incubated in maintenance medium that consists of 

Neurobasal medium supplemented with B27, L-glutamine (2 mM), and antibiotics (Invitrogen). 

Each week, one-third of the culture medium volume was renewed. For RT-qPCR experiments, 

cytosine β-D- arabinofuranoside (AraC) (5 µM) was added once at 5 days in vitro (DIV) 55. Neuronal 

transfections with plasmids encoding HA-5-HT2B, Flag-CIPP, Gephyrin FingR–GFP 56, 57, 

Homer1c–GFP 58 and eGFP were performed at 13–14 DIV using Transfectin (Bio-Rad), according 

to the instructions of the manufacturer (DNA/lipofectant ratio of 1:3), with 1 µg of plasmid DNA 

per 20-mm well. The following ratio of plasmid DNA was used in co-transfection experiments: 

0.5:0.3:0.2 µg (for 5-HT2B-HA/ CIPP-Flag/ Homer1c–GFP or Gephyrin FingR–GFP or mCherry or 

eGFP). Experiments were performed 7–10 days after transfection. 

  

RT-qPCR 

Total RNAs was extracted using Trizol reagent (Invitrogen) and treated with DNase 

(Thermoscientific). First-strand cDNA was synthesized by reverse transcription of 2 µg of total 

RNA with Superscript-II reverse transcriptase (Invitrogen, Illkirch, France). Reverse transcriptase 

was omitted in samples as negative controls. Relative expression levels of mRNAs were determined 

by real time RT-PCR using Absolute SYBR Green Mix (Thermoscientific) on a QuantStudio 

apparatus (Applied Biosystems). Efficiency of amplification for each primer pair was checked on a 

standard curve. Gene expression levels were normalized to rat cyclophilin B (Cyp) mRNA 

expression.  
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 The primers used are: Cyp Forward: CCATCGTGTCATCAAGGACTT; Cyp Reverse: 

TTGCCATCCAGCCAGGAGGTC; Htr2b Forward: GGTGGCTGATTTGCTGGTTG; Htr2b 

Reverse: TAGCGATCCAGGGAAATGGC; CIPP Forward: ACCCAGAAGCTGAAGGTTGG; 

CIPP Reverse: TGGGAGCCTGCAGACATCAT. 

 

Immunocytochemistry 

The total (membrane plus intracellular) pools of 5-HT2B receptors were revealed with 

immunocytochemistry in fixed and permeabilized cells, whereas the membrane pool of 5-HT2B-HA 

was done in non-permeabilized cells. To label the total pool of 5-HT2B receptors, CIPP or NMDA 

receptors, cells were fixed for 15 min at room temperature in paraformaldehyde (PFA; 4% w/v; 

Sigma) and sucrose (20% w/v; Sigma) solution in PBS. Cells were then washed in PBS, and 

permeabilized for 4 min with Triton X-100 (0.25% v/v) in PBS. After washes, nonspecific staining 

was blocked for 30 min with bovine serum albumin (BSA; 3% w/v; Sigma) and goat serum (20% 

v/v; Invitrogen) in PBS. Neurons were then incubated for 1 h with either the rabbit anti-HA antibody 

(1:400; Cell Signaling HA-Tag C29F4 Rabbit mAb #3724) or the mouse anti-Flag antibody (1:400; 

Sigma) or rabbit anti-Flag antibody (1:400; Sigma) or the mouse anti-NR1 antibody (1:400, clone 

54.1, Millipore, MAB363) or anti-MAP2 (Chicken); Abcam; ab5392; dilution 1/500, or Monoclonal 

mouse anti-Neurofilament, clone RT-97, Millipore, MAB5262; dilution 1/500 in PBS supplemented 

with Goat Serum (GS) (3% v/v). CY3 Donkey anti-Chicken -IgY++(IgG) (H+L); Jackson; 

Code703-165-155; dilution 1/500; Cells were then washed three times and incubated for 45 min 

with Cy5-conjugated donkey anti-mouse antibodies (1.9 µg/ml; Jackson ImmunoResearch) or the 

Cy3-conjugated goat anti-rabbit antibody (1.9 µg/ml; Jackson ImmunoResearch) in PBS-BSA-goat 

serum blocking solution, washed, and mounted on slides with mowiol 4-88 (48 mg/ml) (See Table 

S2). In experiments using BW723C86, the drug was diluted in imaging medium and applied to 

neurons for 10 or 20 min at 1 µM final concentration. The imaging medium consisted of phenol red-

free MEM supplemented with glucose (33 mM), Hepes (20 mM), glutamine (2 mM), Na+-pyruvate 

(1 mM), and B27 (1X, Invitrogen). Sets of neurons to be compared were labeled and imaged 

simultaneously.  
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Fluorescence image acquisition and cluster analyses 

Fluorescence image acquisition and analyses were performed as previously described 53, 54. Images 

were obtained on a Leica SP5 confocal microscope using the LAS-AF program (Leica). Stacks of 

16–35 images were acquired using a 63 X objective with an interval of 0.2 µm and an optical zoom 

of 2. Image exposure time was determined on bright cells to avoid pixel saturation. All images from 

a given culture were then acquired with the same exposure time.  

 Quantifications of 5-HT2B receptor or NMDA receptor clusters were performed using 

MetaMorph software (Roper Scientific) on projections (sum of intensity) of confocal optical 

sections. On each cell, a region of interest (ROI) was chosen. For 5-HT2B receptor or NMDA 

receptor cluster analyses, images were first flattened background filtered (kernel size, 3 x 3 x 2) to 

enhance cluster outlines, and a user-defined intensity threshold was applied to select clusters and 

avoid their coalescence. Thresholded clusters were binarized, and binarized regions were outlined 

and transferred onto raw data to determine the mean 5-HT2B receptor, CIPP or NMDA receptor 

cluster number, area and fluorescence intensity. The dendritic surface area of regions of interest was 

measured to determine the number of clusters per 10 µm2. For quantifications of 5-HT2B receptor 

clusters at excitatory or inhibitory synapses, only 5-HT2B receptor clusters comprising at least three 

pixels and apposed on at least one pixel with GFP-Homer or Gephyrin FingR–GFP clusters were 

considered. For each culture, we analyzed 7-12 dendrites per experimental condition and ~100 

clusters per dendrites. A total of about 10 neurons were analyzed per condition from two to five 

independent cultures. The experimenter was blind to the culture treatment. 

 

Calcium imaging acquisition and analyses 

Calcium imaging acquisition and analyses were performed as described in 59. Neurons expressing 

HA-5-HT2B receptor, mCherry and/or Flag-CIPP were maintained at 37°C in a thermostated 

chamber and superfused with imaging medium preheated at 37°C. Time-lapse confocal images of 

neurons were acquired every 500 ms using an inverted spinning-disc microscope (Leica DMI4000, 

Yokogawa CS20 spinning Nipkow disk, 63Í objective). At every time point, neurons were 

illuminated by 491 nm light from an Ar/Kr laser in order to follow cytosolic calcium concentration 

using Fluo-4AM (Thermofisher). At first and last time point, neurons were illuminated by 561 nm 

light to follow eventual morphological changes or displacement artifact. Laser intensity, time of 
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illumination and acquisition parameters of the camera remained identical to allow comparison 

between experiments and bleach correction. In order to analyze calcium concentration change after 

stimulation with BW723C86 (1 µM), ROI were randomly selected in the dendrites of mCherry-

positive cells. In addition, ROI were precisely selected out of the mCherry-labeled neurons or other 

cells in order to identify the background fluorescence. The background intensity was subtracted to 

the mean intensity values of Fluo-4AM calcium fluorescent probe. Basal intensity of each ROI was 

determined during the time before injection in order to determine F0 values. Then intensity after 

stimulation F was normalized by F0 in order to detect and compare each ROI by their specific F/F0. 

Finally, each ROI were plotted and analyzed using the GraphPad Prism 7 software. 

 

Spine analysis 

Quantifications of spine density and shape were performed blind to experimental conditions, on 

confocal stacks of eGFP images with Imaris (BitPlane, South Windsor, CT, USA). Measurements 

were made on maximal projection in z of confocal stacks of 16–35 images acquired with an interval 

of 0.2 µm, and an optical zoom of 1.26. Only spines that could be accurately followed over the entire 

stack were measured. A total of 15–30 dendritic segments were analyzed per condition from two 

independent cultures. Briefly, dendrites were semi-automatically rebuilt in 3D and spines 

automatically segmented using the Filament Tracer tool. Measurements were performed on one 

dendrite portion per image. Dendrite length, spine length and terminal point diameter data were 

extracted from Imaris. Dendritic spine densities and classes (stubby, mushroom, thin, and filopodia) 

were assessed according to 60. Filopodia were classified as such when their length was >2 µm; 

mushroom spines when the head width was > 0.6µm; long-thin spines when their length >1µm; thin 

spines when their length-to-width ratio (LWR) was >1 and stubby spines when their LWR was <1. 

 The spine real-time recordings were realized on living neurons transfected with 5-HT2B-HA 

and eGFP with a Nikon Ti-eclipse microscope, and with an Andor EMCCD 897 camera using a 

100X objective. The neurons were kept, during the experiment, at 37°C in the imaging medium. For 

the images acquisition parameters, an interval of 0.2 µm and a stack of 5 µm were set. Image 

exposure time was determined on bright cells to avoid pixel saturation. Pictures were taken every 2 

minutes. The three first pictures were acquired before any stimulation then the drug (BW723C86 at 
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a final concentration of 1µM) was applied in the imaging buffer until the end of the experiment (25 

minutes in total). The movie and pictures are the maximal projection in z at each time point. 

  

Statistical analyses 

To determine differences between the experimental groups, normal distributions and 

homoscedasticity were assessed by Shapiro-Wilk’s test, D'Agostino & Pearson's test, and Levene’s 

test, respectively. Putative outliers were determined by the ROUT method and eliminated. For non-

parametric test, Mann and Whitney t-test was used for simple comparisons. For parametric test, data 

were analyzed by one-way ANOVA followed by Holm-Sidak's post-test for multiple comparisons, 

or by two-way ANOVA followed by Tukey's post-test for multiple comparison. Independent 

experiments were performed at least 3 times. In all cases, p < 0.05 was considered as statistically 

significant. Means and SEM are represented in all graphs. The statistical tests, indicated in each 

figure, were performed with the GraphPad Prism 7 software (See Table S3 for full statistical 

analysis).  
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Supporting Information.  
 

The supplementary material includes the summary of the characteristics (in absolute numbers) of 5-

HT2B receptor clusters in neurons expressing the receptor alone or in combination with CIPP, the 

list and references of antibodies used for immunolabeling, and the full statistical analysis of the 

reported data. 

In addition, the quantification of 5-HT2B receptor clusters in neurons overexpressing CIPP in the 

presence of 5-HT2B receptor ∆PDZ and the decrease co-immunoprecipitation of CIPP with the 5-

HT2B receptor in COS-7 cells expressing the TAT-5-HT2B-C-ter peptide are presented.  

Then, the dose response effect of BW723C86 agonist on 5-HT2B receptor membrane and NR1-

associated clusters is displayed in order to confirm the specificity of the agonist effects.  

Finally, a movie of real-time live recording of neuronal cultures overexpressing 5-HT2B-HA and 

eGFP before and after treatment by BW723C86 (1µM) illustrates the increase in spine over time. 
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Figure 1 - Interactions between CIPP and the 5-HT2B receptor PDZ binding motif. (A) Pull-
down of CIPP by the 5-HT2B receptor PDZ binding motif. The left panel shows an analytic 2-D 
gel of pull-down of brain proteins performed with the 5-HT2B receptor C-terminal peptide (last 14 
amino-acids) as bait, representative of three independent experiments. The right panels show a 
magnification of gel region comprising a circled train of protein spots otherwise absent in the 
corresponding region of 2-D gels obtained with the 5-HT2B receptor C-terminal peptide (C-t) deleted 
(last three amino-acids) of the receptor PDZ binding motif (∆PDZ). This train of spot was identified 
as CIPP by MALDI-TOF mass spectrometry (16 out 26 detected peptides matching the CIPP 
sequence, corresponding to a protein sequence coverage of 25%, Mascot Score 153). (B) Co-
immunoprecipitation of CIPP with the 5-HT2B receptor in COS-7 cells. Proteins from COS-7 
cells co-transfected with plasmids coding for HA-tagged 5-HT2B (HA-2B), HA-tagged 5-HT2B-
∆PDZ (HA-2B∆PDZ) and/or Flag-tagged CIPP proteins analyzed by Western blotting. Blot of input 
of proteins revealed by anti-Flag antiserum (IB Flag-CIPP) or by anti-HA antiserum (IB HA-2B) 
shows the presence of the proteins in each condition (left). Immunoprecipitations using anti-Flag 
beads (IP Flag-CIPP) or anti-HA beads (IP HA-2B) followed by Western blotting revealed an 
interaction between CIPP and 5-HT2B receptors but not between CIPP and 5-HT2B-∆PDZ 
(representative experiment of n > 3 independent experiments).  
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Figure 2 - Impact of CIPP on 5-HT2B receptor expression and signaling. (A) Impact of CIPP 
on total and cell surface 5-HT2B receptor expression in COS-7 cells. (left) Radioligand binding 
competition of tritiated mesulergine performed on membrane proteins from transfected COS-7 cells 
expressing 5-HT2B receptors with (Blue square-bars) or without CIPP (Orange circle-bars) showed 
no different maximal expression of the receptors, which is represented by the Bmax. (Right) Similar 
experiment performed on living COS-7 cells in order to evaluate 5-HT2B receptor expression at the 
plasma membrane (surface) showed no different expression (p>0.05). Data were tested using the 
Mann-Whitney unpaired t-test; n = 3 independent experiments, each performed in duplicate. (B) 
Impact of CIPP on 5-HT2B receptor-operated signal transduction. (left) The quantification of 
inositol phosphate production was performed in COS-7 cells expressing 5-HT2B receptor with or 
without CIPP and stimulated with increasing concentrations of a full agonist (5-HT) or a partial 
agonist (DOI) of the receptor. (Right) Co-expression of CIPP with 5-HT2B receptors increased the 
basal (Emin, 5-HT p = 0.0159, DOI p = 0.0286), and stimulated inositol phosphate production (Emax, 
5-HT p = 0.0286, DOI p = 0.0286). Bmax, Emin, Emax were statistically analyzed by Mann-
Whitney unpaired t-test; n = 4-6 independent experiments, each performed in duplicate. (*p < 0.05).  
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Figure 3 - Impact of CIPP expression on 5-HT2B receptor distribution in hippocampal 
neurons. (A) Expression of 5-HT2B receptors and CIPP mRNA in hippocampal cultures. 
mRNAs were prepared from cultured hippocampal neurons treated with AraC to eliminate 
astrocytes and microglia and were quantified by RT-qPCR revealing expression of both CIPP and 
5-HT2B receptor mRNAs in these neurons. (B) Cellular distribution of 5-HT2B receptor and 
CIPP. Primary cultures of hippocampal neurons were transfected with plasmids encoding HA-5-
HT2B receptor and Flag-CIPP, and stained for their respective tag. Note the partial overlap in HA-
5-HT2B receptor (red) and Flag-CIPP protein (blue) staining in neurons. Inset highlights Flag-CIPP 
labeling in neurites devoid of 5-HT2B receptors. Scale bars 10 µm, inset 5 µm. (C) Double-labeling 
of 5-HT2B receptor (red), and either MAP2 (green, left) or Neurofilament (green, right) to 
identify respectively somato-dendritic and axonal compartments. The HA-5-HT2B receptor 
(red) is exclusively expressed along MAP2-positive somato-dendritic membrane and excluded from 
Neurofilament-positive axons . Scale bars 10 µm, inset 5 µm. (D) Subcellular distribution of 5-
HT2B receptor and CIPP. Morphological analyses were performed on primary cultured 
hippocampal neurons transfected with a plasmid encoding HA-tagged 5-HT2B receptor together with 
a plasmid encoding Flag-tagged CIPP or an empty vector (-CIPP). Examples of total (left panel) 
and surface (right panel) staining of 5-HT2B receptor (red) in permeabilized and non-permeabilized 
cells, respectively. Note that 5-HT2B receptors form clusters at the surface of hippocampal dendrites 
with or without CIPP overexpression (see enlargements, right). Scale bars 5 µm. (E) Quantification 
of 5-HT2B receptor clusters in neurons overexpressing (blue) or not (orange) CIPP. CIPP 
decreased the number of 5-HT2B receptor clusters at the neuronal surface (p < 0.0001), but not the 
total (intracellular + surface) number of clusters (p = 0.08). CIPP increased the size (area) of 
membrane (p = 0.034) or total (intracellular + membrane) 5-HT2B receptor clusters (p = 0.024). 
CIPP also increased the density of 5-HT2B receptors per cluster (integrated intensity) for the 
membrane pool (p = 0.0003) and total (p = 0.0009). Morphological parameters were analyzed by 
unpaired t-test, n = 45-53 dendrites with 7-12 dendrites per neuron from 5 neuronal cultures. (F) 
Subcellular distribution of 5-HT2B receptors in neurons expressing TAT-peptides. 
Morphological analyses were performed on primary cultured hippocampal neurons transfected with 
a plasmid encoding HA-tagged 5-HT2B receptor together with TAT-5-HT2B-Cter peptides. 
Examples of surface staining of 5-HT2B receptor (red) in non-permeabilized cells. 5-HT2B receptors 
form clusters at the surface of dendrites in absence of CIPP overexpression, whose numbers are 
increased by TAT-5-HT2B-Cter peptide, but not TAT-5-HT2B-Cter mutant peptide (see 
enlargements, right). Scale bars, 5 µm. (G) Quantification of 5-HT2B receptor clusters in neurons 
expressing TAT-peptides. TAT-5-HT2B-Cter peptide but not the TAT-5-HT2B-Cter mutant peptide 
increased the number of 5-HT2B receptor clusters at the neuronal surface (p = 0.049). TAT-5-HT2B-
Cter peptide but not the TAT-5-HT2B-Cter mutant peptide decreased the size (area) of surface 5-
HT2B receptor clusters (p = 0.0036) and the density (p = 0.0009) of 5-HT2B receptors per cluster 
(integrated intensity). Morphological parameters, expressed as percentage of the basal values, were 
analyzed by one-way ANOVA and Tukey's multiple comparisons test, n = 12-18 dendrites from 2 
neuronal cultures (**** p< 0.0001, *** p < 0.001, ** p < 0.01, * p <0.05).   
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Figure 4 - Contribution of CIPP to 5-HT2B receptor distribution at excitatory and inhibitory 
synapses. Neurons were transfected with plasmids encoding HA-5-HT2B receptor, Flag-CIPP, and 
either the glutamatergic or the GABAergic post-synaptic markers GFP-Homer1c or Gephyrin 
FingR–GFP, and stained for their respective tags. (A-B) Distribution of 5-HT2B receptor and 
CIPP at excitatory glutamatergic (A) or inhibitory GABAergic (B) synapses. Note the higher 
localization (arrowheads) of 5-HT2B receptor clusters (red) near glutamatergic synapses (green in 
A) than near inhibitory synapses (green in B) in neurons expressing or not CIPP. Extrasynaptic 
clusters (small arrows) of 5-HT2B receptors are detected in dendrites of neurons expressing or not 
Flag-CIPP. Scale bars 5 µm. (C) Quantification of the proportion of 5-HT2B receptor clusters 
at excitatory or inhibitory synapses. Quantification shows that the 5-HT2B receptor expressed with 
CIPP (or not) is localized mainly near glutamatergic synapses (left panel). CIPP expression did not 
change the targeting of the 5-HT2B receptor to excitatory synapses (p = 0.64), but slightly increased 
receptor targeting to inhibitory synapses (right panel) (Unpaired t-test, 5-HT2B receptor + CIPP vs. 
5-HT2B receptor alone, n = 25-23 dendrites; p = 0.021). Data are from 2 cultures. * p < 0.05. 
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Figure 5 - Effect of CIPP on agonist-induced 5-HT2B receptor redistribution. (A) 5-HT2B 
receptor clustering at the dendritic surface 0, 10 or 20 min after BW723C86 stimulation in the 
absence (top) or presence (bottom) of CIPP. Scale bars 5 µm. (B) Quantification of 5-HT2B 
receptor surface clustering following agonist stimulation in the presence (or not) of CIPP. 
Upon 5-HT2B receptor stimulation by BW723C86 (1 µM), the number of 5-HT2B receptor clusters 
at the neuronal surface decreased from 0 to 20 min in the absence but not in the presence of CIPP 
(T0 vs. T10 p = 0.0044, T0 vs. T20 p<0.0001, T10 vs. T20 p = 0.0192, number of dendrites = 44-
50). The treatment did not change the size (area) and the molecular density (integrated intensity) of 
5-HT2B receptor clusters. Data, expressed as percentage of their respective values at T0, were 
analyzed by one-way ANOVA and Tukey's multiple comparisons test. Data are from 5 cultures. *** 
p<0.001, ** p < 0.01, * p < 0.05.  
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Figure 6 - Effect of CIPP on 5-HT2B receptor-operated calcium signaling in hippocampal 
neurons. (A) The top panels show examples of selected images of mCherry (left) and Fluo4-AM 
recordings (right) with ROIs (white boxes) at T0 (basal), T5, and T75 s of BW723C86 stimulation 
of neurons expressing mCherry (control), or HA-5-HT2B receptor alone, or co-expressing HA-5-
HT2B receptor and Flag-CIPP. Scale bars 5 µm. (B) Summed calcium transients were recorded in 
hippocampal cells transfected with constructs encoding mCherry (control, grey line), mCherry and 
5-HT2B receptor (orange line), or 5-HT2B receptor and CIPP (blue line). The curves were obtained 
from 3–4 independent experiments, averaging at least 49 individual ROI measurements. The arrow 
indicates the beginning (T0) of BW723C86 stimulation (1 µM). (C) The histogram shows the 
increased height of the peak (F/F0) in percent of basal activity for the 5-HT2B receptor co-expressed 
with CIPP (p = 0.0056, n=133 and n=230 ROI). (D) The histogram shows the increased area under 
the curve (AUC) in arbitrary units (A.U.) for the 5-HT2B receptor co-expressed with CIPP. 
(p<0.0001, n=49 and n=143 ROI). Data were analyzed by Mann-Whitney unpaired t-test). Data are 
from 10-50 neurons from 3-4 neuronal cultures. **** p<0.0001, ** p<0.01  
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Figure 7 - 5-HT2B receptor stimulation induces a cellular redistribution of the complex formed 
by CIPP, the NMDA receptor and the 5-HT2B receptor. (A) Effect of CIPP on NMDA receptor 
clustering upon 5-HT2B receptor stimulation. Examples of clusters of HA-tagged 5-HT2B receptor 
(red) and endogenous NR1 subunit of the NMDA receptor (green) in the absence (top) or presence 
(bottom) of Flag-tagged CIPP at different time points after BW723C86 (1 µM) application. Note 
the decrease in the density of NR1 clusters (arrowheads) in the absence but not in the presence of 
CIPP after 10 min of treatment that persists up to 20 min. Scale bars 5 µm. (B) Quantification of 
the number of NR1 clusters colocalized with 5-HT2B receptor clusters in neurons overexpressing 
HA-tagged 5-HT2B receptors alone (orange bars) or 5-HT2B receptors and CIPP (blue bars). In basal 
activity condition (T0), the expression of CIPP decreased the number of NR1 clusters colocalized 
with those of 5-HT2B receptors (CIPP+5-HT2B receptor vs. 5-HT2B receptor alone, p = 0.046, number 
of cells = 28-27). Stimulation of 5-HT2B receptors for 10 or 20 min significantly reduced the number 
of NR1 clusters co-localized with 5-HT2B receptor clusters in the absence of CIPP (T0 vs. T10 p = 
0.0035, T0 vs. T20 p = 0.0413, number of cells = 26-28) but not in its presence. Note that after a 
20-min exposure to BW723C86, the number of NR1 clusters co-localized with the 5-HT2B receptor 
is the same in neurons expressing the receptor alone or in combination with CIPP. (C-D) 
Quantification showing no effect of CIPP expression or BW723C86 on the size (C) and 
intensity (D) of NR1 clusters colocalized with 5-HT2B receptor clusters in neurons 
overexpressing the receptor alone (orange bars) or together with CIPP (blue bars). B-D: Data 
(expressed as percent of T0 or of 5-HT2B receptor expressed alone) were statistically analyzed by 
one-way ANOVA and Holm-Sidak's multiple comparisons test; n of dendrites = 22-28 from 3 
independent cultures; * p < 0.05. (E) Co-immunoprecipitation of CIPP, NR1 and 5-HT2B 
receptor. Proteins from COS-7 cells co-transfected with plasmids coding for HA-5-HT2B receptor 
(HA-2B), YFP-NR1, and/or Flag-CIPP were analyzed by Western blotting. (left) Blots of input of 
proteins revealed by anti-Flag (IB Flag-CIPP), anti-GFP (IB YFP-NR1) or anti-HA (IB HA-2B) 
antibodies show the presence of the proteins in the control non-stimulated (NS) condition and upon 
BW723C86 (BW) stimulation. (right) Proteins immunoprecipitated by anti-Flag (IP Flag) or anti-
HA (IP HA-2B) beads and revealed with either anti-Flag (IB Flag-CIPP), anti-GFP (IB YFP-NR1), 
or anti-HA (IB HA-2B) antibody showed the existence of a tripartite complex. Note the reduced 
amount of NR1 co-immunoprecipitated with the 5-HT2B receptor upon BW723C86 stimulation. 
Representative blot from 3 independent experiments.  
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Figure 8 - CIPP expression and 5-HT2B receptor stimulation induce the formation of new 
dendritic spines. (A) Top: Morphological classification of dendritic spines. Middle: Representative 
images of dendritic spines of neurons co-transfected with plasmids encoding eGFP and 5-HT2B 
receptor, and either a plasmid encoding CIPP (+CIPP) or an empty vector (-CIPP) and exposed or 
not (T0) to BW723C86 (1 µM) for 10 (T10) or 20 (T20) minutes. Bottom: Selected images from 
real-time imaging of neurons co-transfected with plasmids encoding eGFP and 5-HT2B receptor, 
before and after 10 and 20 minutes of stimulation by BW723C86 (1µM), for full recording, see 
(Supp Movie). Scale bars 5 µm. (B-E) Quantification of CIPP expression and/or 5-HT2B 
receptor stimulation on dendritic spines. In basal (T0) activity conditions, CIPP increases the 
total number of dendritic spines under basal activity conditions (T0) (p < 0.0001, n = 17-18) (B), 
and the number of filopodia (p = 0.0011) (C) and immature (Thin and Long Thin) (p < 0.0001) 
spines (D) but not that of mature, Stubby and Mushroom (Stub+Mush) (p = 0.998) spines (E).  
BW723C86 stimulation of 5-HT2B receptors increases the overall number of spines in the absence 
of CIPP after 10 and 20 min of treatment (T0 vs. T10 p = 0.010, T0 vs. T20 p= 0.004, n =18-18-20) 
(B), and both immature Thin + Long Thin (T0 vs. T10 p = 0.0124, T0 vs. T20 p= 0.0186, n = 18-
18-22) spines (D) and mature Stub+Mush (T0 vs. T20 p= 0.0029, n = 18-22) spines (E) in neurons 
expressing the receptor alone.  
BW723C86 stimulation of 5-HT2B receptors has no effect on the overall number of spines in neurons 
expressing CIPP (T0 vs. T10 p = 0.500, T0 vs. T20 p= 0.863, n = 17-11-13) (B), decreases the 
density of filopodia (T0 vs. T10 p = 0.0003, T0 vs. T20 p= 0.0007, n = 18-11-13) (C) in neurons 
expressing 5-HT2B receptor + CIPP, while it has no main impact on immature Thin + Long Thin 
(T0 vs. T10 p = 0.738, T0 vs. T20 p= 0.750, n = 18-11-13) spines (D) and mature Stub+Mush (T0 
vs. T10 p= 0.148, T0 vs. T20 p= 0.691, n = 16-13-13) spines (E). Data were analyzed by two-way 
ANOVA and Tukey's multiple comparisons test. Data are from 2 neuronal cultures. ### p < 0.001, 
## p < 0.01, # p < 0.05 vs. t0; **** p < 0.0001, *** p < 0.001, ** p < 0.01, * p < 0.05 5-HT2B vs. 
5-HT2B+CIPP. 
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Supporting Information. 
 
Table S1: Characteristics of 5-HT2B receptor clusters in neurons expressing the receptor 
alone or in combination with CIPP (Illustrated on figure 3C-D and 5A-B). 
 

 
 
 
Table S2: Antibodies used for immunolabeling. 
 
Antibody/antigen	 Clone	 Label	 Company	 	Reference	 RRID	
HA-Tag	 C29F4	 none	 Cell	Signaling	 3724	 AB_1549585	
Flag-Tag	 M5	 none	 Sigma	 F1804	 AB_262044	
Flag-Tag	 -	 none	 Sigma	 F7425	 AB_439687	
NR1	 54.1	 none	 Millipore	 MAB363	 AB_94946	
MAP-2	 -	 none	 Abcam	 ab5392	 AB_2138153	
Neurofilament	 RT-97	 none	 Millipore	 MAB5262	 AB_95186	
GFP	 -	 none	 Aves	 MAB363	 AB_2307313	
Donkey	anti-chicken	 -	 Cy3	 Jackson	IR	 703-165-155	 AB_2340363	
Goat	anti-rabbit	 -	 Cy3	 Jackson	IR	 111-165-003	 AB_2338000	
Donkey	anti-mouse	 -	 Cy5	 Jackson	IR	 715-175-150	 AB_2340819	

  

 Cluster	density	
(number/µm) 

Cluster	Area	
(µm2) 

Cluster	intensity	
(a.u.) 

Total t0 5-HT2B	 0.008	±	0.0004 12.13	±	0.70 843.64	±	75.76 
5-HT2B	+	CIPP 0.007	±	0.0004 14.86	±	1.42 964.09	±	45.32 

 
 
Surface 

t0 5-HT2B	 0.021	±	0.001 6.89	±	0.29 793.21	±	34.68 
5-HT2B	+	CIPP 0.015	±	0.0009 7.07	±	0.37 926.66	±	55.86 

t10 5-HT2B	 0.019	±	0.0017 6.80	±	0.55 871.59	±	76.63 
5-HT2B	+	CIPP 0.015	±	0.0009 6.40	±	0.37 841.07	±	59.10 

t20 5-HT2B	 0.015	±	0.0013 8.99	±	0.62 1134.46	±	85.86 
5-HT2B	+	CIPP 0.016	±	0.0009 6.99	±	0.37 855.00	±	40.16 
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Table S3: Statistical analysis 
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Figure S1 - (A) Quantification of 5-HT2B receptor clusters in neurons overexpressing (dark 
blue) or not (orange) CIPP in the presence of 5-HT2B receptor ∆PDZ. The CIPP-induced 
decrease in 5-HT2B receptor cluster number at the neuronal surface was not observed upon 
overexpression of 5-HT2B receptor lacking the C-terminal motif (5-HT2B-R∆PDZ), in favor of an 
effect dependent on an interaction of CIPP with the PDZ domain of the receptor. Data, expressed as 
percentage of the value of 5-HT2B receptor alone, were analyzed by one-way ANOVA and Tukey's 
multiple comparisons test (5-HT2B receptor vs. 5-HT2B receptor+CIPP p=0.021, n = 17-31 
dendrites) from 2 neuronal cultures. * p<0.05. (B) Co-immunoprecipitation of CIPP with the 5-
HT2B receptor in COS-7 cells in the presence of TAT-peptides. Proteins from COS-7 cells co-
transfected with plasmids coding for HA-tagged 5-HT2B receptor (5-HT2B-HA), Flag-tagged CIPP 
and/or the TAT-5-HT2B-C-ter SYV (TAT-2B) or mutated C-ter SSV (TAT-mut) were analyzed by 
Western blotting. Blot of input of proteins revealed by anti-Flag antiserum (IB Flag-CIPP) or by 
anti-HA antiserum (IB HA-2B) shows the presence of the proteins in each condition (right). 
Immunoprecipitations using anti-Flag beads (IP Flag-CIPP) or anti-HA beads (IP HA-2B) followed 
by Western blotting revealed an interaction between CIPP and 5-HT2B receptors which was reduced 
in the presence of TAT-2B, but not TAT-mut, indicating a selective competition between TAT-2B 
peptide and 5-HT2B receptors for CIPP binding. 
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Fig. S2 Dose response effect of BW723C86 agonist on 5-HT2B receptor membrane clusters. (A) 
Representative images of 5-HT2B receptor clusters at the dendritic surface 20 min after BW723C86 
stimulation (0, 50, 100, 1 µM). Scale bars 5 µm. (B) Quantification of 5-HT2B receptor surface 
clustering following agonist stimulation. Upon 5-HT2B receptor stimulation by BW723C86, the 
number of 5-HT2B receptor clusters at the neuronal surface decreased from 0 to 1 µM (0 vs. 100 nM 
p = 0.005, 0 vs. 1 µM p<0.0001, number of dendrites = 71-15-18-59). The agonist treatment 
significantly increased the size (area) (0 vs. 1 µM p<0.0001, n=70-16-18-59) but not the molecular 
density (integrated intensity) of 5-HT2B receptor clusters. (C) Quantification showing the effect of 
BW723C86 on the number of NR1 clusters colocalized with 5-HT2B receptor clusters. Upon 5-
HT2B receptor stimulation by BW723C86, the number of NR1/5-HT2B receptor clusters at the 
neuronal surface decreased from 0 to 1 µM (0 vs. 1 µM p = 0.015, number of dendrites = 50-16-18-
370). Data, expressed as percentage of the basal values, were analyzed by one-way ANOVA and 
Tukey's multiple comparisons test. Data are from 2 cultures. **** p<0.0001, * p < 0.05.  
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Supplementary movie 

 

Real-time live recordings of neuronal cultures overexpressing 5-HT2B-HA and eGFP before and 
after treatment by BW723C86 (1µM): (SuppMovie_BW2.mp4) 
 


