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A B S T R A C T   

The serotonin 5-HT6 receptor (5-HT6R) is a promising target to improve cognitive symptoms of psychiatric 
diseases of neurodevelopmental origin, such as autism spectrum disorders and schizophrenia. However, its 
expression and localization at different stages of brain development remain largely unknown, due to the lack of 
specific antibodies to detect endogenous 5-HT6R. Here, we used transgenic mice expressing a GFP-tagged 5-HT6R 
under the control of its endogenous promoter (Knock-in) as well as embryonic stem cells expressing the GFP- 
tagged receptor to extensively characterize its expression at cellular and subcellular levels during develop-
ment. We show that the receptor is already expressed at E13.5 in the cortex, the striatum, the ventricular zone, 
and to a lesser extent the subventricular zone. In adulthood, it is preferentially found in projection neurons of the 
hippocampus and cerebral cortex, in striatal medium-sized spiny neurons, as well as in a large proportion of 
astrocytes, while it is expressed in a minor population of interneurons. Whereas the receptor is almost exclusively 
detected in the primary cilia of neurons at embryonic and adult stages and in differentiated stem cells, it is 
located in the somatodendritic compartment of neurons from some brain regions at the neonatal stage and in the 
soma of undifferentiated stem cells. Finally, knocking-out the receptor induces a shortening of the primary 
cilium, suggesting that it plays a role in its function. This study provides the first global picture of 5-HT6R 
expression pattern in the mouse brain at different developmental stages. It reveals dynamic changes in receptor 
localization in neurons at the neonatal stage, which might underlie its key role in neuronal differentiation and 
psychiatric disorders of neurodevelopmental origin.   

1. Introduction 

The formation of neuronal circuitry is a complex and highly regu-
lated process. Even slight alterations of this process can lead to the 
appearance of neurodevelopmental pathologies. Besides neurotrophins, 
certain neurotransmitters are key regulators of neurodevelopmental 
processes, such as neuronal differentiation, migration, dendritic 
morphogenesis, synaptogenesis and adult neurogenesis (Cai et al., 2021; 
Daubert and Condron, 2010; Deneris and Gaspar, 2018; Tang et al., 
2021). Serotonin (5-HT) is one of the first neurotransmitters for which a 
developmental role was established using either pharmacological tools 
or knockout mouse models(Gaspar et al., 2003). 

5-HT exerts its effects through the activation of many receptor sub-
types (14 subtypes identified in humans). Except for 5-HT3 receptors, all 
5-HT receptor subtypes belong to the G protein-coupled receptor (GPCR) 

family. Of these, the 5-HT6 receptor (5-HT6R) is a Gs-coupled receptor 
that has emerged as a key player in several neurodevelopmental pro-
cesses (Dayer et al., 2015; Duhr et al., 2014; Jacobshagen et al., 2014; 
Pujol et al., 2020). The 5-HT6R interacts with and activates Cyclin- 
dependent kinase (Cdk)5 to promote the migration of cortical pyrami-
dal neurons (Dayer et al., 2015; Jacobshagen et al., 2014). The 5-HT6R 
also induces neurite outgrowth through Cdk5 activation, a process 
leading to the phosphorylation of a serine residue in the C-terminal tail 
of the receptor (Ser350) and the activation of Cdc42 and its downstream 
signaling pathway (Duhr et al., 2014). Once neurite outgrowth has been 
initiated, the receptor no more interacts with Cdk5 and associates with 
another protein partner, G Protein-Regulated Inducer of Neurite Growth 
1 (GPRIN1). This association enhances receptor-mediated cAMP pro-
duction, which in turn activates PKA and promotes the branching of 
neurites(Pujol et al., 2020). Interestingly, neuronal migration and 
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neurite outgrowth under the control of 5-HT6R are mediated by 
constitutive (5-HT-independent) receptor activation. 

The 5-HT6R is also able to engage the mechanistic Target Of Rapa-
mycin (mTOR) pathway. Aberrant 5-HT6R-operated mTOR signaling 
has been involved in cognitive deficits observed in several pathological 
conditions caused by neurodevelopmental alterations, such as rodent 
models of schizophrenia, Neurofibromatosis type 1 and cannabis abuse 
during adolescence (Berthoux et al., 2020; Deraredj Nadim et al., 2016; 
Doucet et al., 2021; Meffre et al., 2012). Although the mTOR pathway 
has been identified as a key regulator of neuro-developmental processes, 
the role of mTOR signaling in neuronal migration and neurite outgrowth 
dependent on 5-HT6R remains to be established. Likewise, the link be-
tween perturbed cognition induced by aberrant activation of the 5- 
HT6R-mTOR pathway and neurodevelopmental processes controlled by 
the 5-HT6R needs to be elucidated. 

Despite the growing interest in this receptor, little is known about its 
precise spatio-temporal (sub)cellular localization pattern during brain 
development and in adulthood. Several studies using RT-PCR, in situ 
hybridization, radioactive ligand binding or BAC transgenic mice have 
sought to describe its expression and location in the human and rodent 
central nervous systems. They showed that the 5-HT6R is almost 
exclusively expressed in the central nervous system, especially in areas 
associated with higher cognitive functions, such as the striatum, the 
cortex and the hippocampus (Gerard et al., 1996; Gerard et al., 1997; 
Helboe et al., 2015; Hirst et al., 2003; Kohen et al., 1996; Monsma Jr. 
et al., 1993; Ruat et al., 1993; Yoshioka et al., 1998). However, some of 
these studies lead to contradictory results, depending on whether pro-
tein or mRNA expression were examined. Furthermore, they did not 
provide any information on the subcellular localization of the receptor. 

To address this issue, we developed a new knock-in mouse line 
expressing 5-HT6R fused to green fluorescent protein (GFP) on its C- 
terminal extremity (Htr6-GFP KI mice), as well as a mouse embryonic 
stem cell line expressing the 5-HT6R tagged with GFP. Using a combi-
nation of immunofluorescence and confocal microscopy, we provide an 
extensive description of the expression pattern of the 5-HT6R in the 
mouse central nervous system at embryonic, neonatal and adult stages, 
and characterized the cell types expressing the receptor. Analysis of 
receptor subcellular localization also showed a transient relocation of 
the receptor from primary cilia to the somato-dendritic compartment in 
certain neuronal subpopulations at the neonatal stage (from P1 to P10). 
Hence, this study provides the first extensive characterization of the 
spatio-temporal expression of native 5-HT6R that might help under-
standing its modulation of brain circuitry shaping and cognitive 
functions. 

2. Results 

2.1. Expression of the 5-HT6R in adult mouse brain 

In adult mouse brain, the 5-HT6R was detected in the cortex, the 
olfactory bulbs, the CA1, CA2 and CA3 areas of the hippocampus, the 
dorsal striatum, the nucleus accumbens, the hypothalamus and the 
septum (Fig. 1). In agreement with its role in neuropathic pains of 
different etiologies (Martin et al., 2020), it was also found in the dorsal 
and ventral horns of the spinal cord (Fig. 1). We did not detect 5-HT6R 
expression in any of the thalamic nuclei, as exemplified here for the 
medio-dorsal nucleus, nor in the cerebellum (Supplementary Table 1 
and Fig. 1), corroborating in situ hybridization studies (Helboe et al., 
2015). Collectively, these findings indicate that the receptor is expressed 
in a wide range of brain structures, including those involved in higher 
cognitive functions, such as the cortex, hippocampus and striatum, 
where the cellular and subcellular expression patterns were explored in 
further experiments. 

The 5-HT6R immunoreactivity was mostly detected in primary cilia 
in adult brain, as assessed by its colocalization with Adenylate Cyclase 3 
(AC3) (Fig. 2). Interestingly, the majority of AC3-positive cilia co- 

express 5-HT6R in the three brain regions (Fig. 2, top histogram). 
Nevertheless, 5-HT6R immunostaining was also detected in structures 
that morphologically resemble primary cilia but do not show AC3 
immunoreactivity. Whereas AC3 is a marker of neuronal cilia in adult 
brain, Arl13b is rather considered as a marker of astrocytic cilia (Sipos 
et al., 2018; Sterpka and Chen, 2018; Sterpka et al., 2020). 

To confirm the cellular specificity of these ciliary markers in our 
model, we performed co-immunostaining of AC3 with the neuronal 
marker NeuN, and of Arl13b with either GFAP (hippocampus) or S100ß 
(cortex and striatum) (Jurga et al., 2021). As shown on Fig. S1, in the 
hippocampus, the cortex and the striatum, AC3-positive cilia were 
exclusively found on NeuN-positive cells, whereas Arl13b-positive cilia 
were detected on astrocytes. To determine if 5-HT6R-positive cilia 
lacking AC3 are positive for Arl13b, we realized co-immunostaining of 
5-HT6R with both cilia markers and found that 5-HT6R immunostaining 
was co-localized with either AC3 or Arl13b labeling (Fig. 2). This in-
dicates that the receptor is located in the primary cilium of both neurons 
and astrocytes in the adult brain. 

Taking advantage of the specificity of Arl13b for astrocytic cilia and 
AC3 for neuronal cilia, we quantified the proportion of neuronal and 
astrocytic cilia expressing the 5-HT6R. Almost all AC3-positive cilia 
express the 5-HT6R in the hippocampus and striatum (98.02 ± 1.37% 
and 98.70 ± 0.99% respectively), whereas the percentage of AC3- 
5HT6R co-labeled cilia is 76.49 ± 5.41% in the cortex (Fig. 2, top his-
togram). About half of astrocytic Arl13b-positive cilia express the 5HT6R 
in the hippocampus (55.35 ± 9.75%) and the striatum (52.21 ±
16.14%). This proportion is slightly higher in the cortex (68.32 ±
4.71%) (Fig. 2, middle histogram). Finally, in all three structures, most 
of the 5-HT6R-positive cilia are found on neurons (94.68 ± 0.52% in the 
hippocampus, 93.69 ± 2.96% in the striatum, and 81.84 ± 4.08% in the 
cortex), with the remaining 5-HT6R-positive cilia being associated with 
astrocytes (Fig. 2, bottom histogram). 

We then sought to determine the neuronal populations expressing 
the 5-HT6R. To assess the presence of the receptor on interneurons, we 
co-labeled GABA and 5-HT6R in the cortex and the hippocampus 
(Fig. 3A). We show that only 9.04 ± 3.98% of GABAergic interneurons 
bear 5-HT6R-positive cilia in the cortex (Fig. 3A, left histogram). Over-
all, <1% of 5-HT6R-positive cilia (0.89 ± 0.33%) were found on 
GABAergic interneurons (Fig. 3A, right histogram). Likewise, only a 
minority of GABAergic interneurons express 5-HT6R-positive cilia in the 
hippocampus (Fig. 3A). We then labeled projection neurons (Fig. 3B). 

We used DARPP-32 and Wolframin (WFS1) to label medium-sized 
spiny neurons (MSN) in the striatum and pyramidal neurons in the 
hippocampus, respectively. In the striatum, most 5-HT6R-positive cilia 
are associated to MSNs (Fig. 3B). In the hippocampus, the receptor is 
mainly found on WFS1-positive pyramidal neurons (Fig. 3B). Taken 
together, these data suggest that most of 5-HT6Rs are localized on pro-
jection neurons rather than interneurons in the different brain regions 
we examined. 

2.2. The 5-HT6R locates in somatodendritic compartment of certain 
neuronal populations at the neonatal stage 

To determine if the subcellular location of the receptor varies during 
development, we first examined its expression pattern in coronal brain 
slices from Htr6-GFP KI mice, at E13.5 and E17.5 (Fig. S2). Corrobo-
rating previous observations (Jacobshagen et al., 2014), we detected 5- 
HT6R expression as early as E13.5 in the cortex, the ventricular zone 
(VZ), and the striatum (Fig. S2A). The receptor was also found to a lesser 
extent in the subventricular zone (SVZ) (Fig. S2A). Higher density of 
receptor expression was found at E17.5 in the same regions (Fig. S2B). 
At both developmental stages, 5-HT6R immunolabeling appears as small 
puncta reminiscent of the morphology of the protocilium (Arellano 
et al., 2012). While Arl13b consistently labels developing primary cilia 
in the embryonic brain, the expression level of AC3 is low in protocilium 
(Paridaen et al., 2013). Consistent with these findings, 5-HT6R 
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Fig. 1. Regional distribution of the 5-HT6R in mouse 
adult brain. 
Coronal brain and spinal cord sections (50 μm) were ob-
tained at five different levels from Htr6-GFP KI adult mice, 
as illustrated. (a)-(e) The left panel shows images from the 
Mouse Brain Atlas (https://mouse.brain-map.org) illus-
trating where the sections depicted on the right were ob-
tained. The right panel shows confocal images of 5-HT6R 
immunolabeling performed using an anti-GFP antibody. 
Abbreviations were taken from the Mouse Brain Atlas: 
MOP2/3, primary motor area layer 2/3; MOP5, primary 
motor area layer 5; AONI, anterior olfactory nucleus 
lateral part; CP; caudate putamen; Acb, nucleus accum-
bens; OT2, olfactory tubercles pyramidal layer; MS, 
Medial septal nucleus; CA1 and CA3, field CA1 and CA3 
stratum radiatum; DG, dentate gyrus molecular layer; 
LHA, Lateral hypothalamic area; MDc, Mediodorsal nu-
cleus of the thalamus central part; ANcr1gr, crus1 gran-
ular layer; ICc, inferior colliculus central nucleus, PCG, 
pontine central gray; VH, ventral horn of spinal cord; DH, 
dorsal horn of spinal cord. Scale bar: 10 μm.   
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immunostaining was mainly found in structures expressing Arl13b, 
indicating its ciliary localization in the developing brain (Fig. S3). 5- 
HT6R and Arl13b were only partially co-localized with AC3, particularly 
in the VZ (Fig. S2). 

We previously demonstrated that the 5-HT6R is detected both in the 
primary cilium and the soma of neurons in 5-HT6-GFP KI mice at the 
neonatal stage, when dendrite complexification occurs (Pujol et al., 
2020). Furthermore, we found that 5-HT6R specifically associates with 
its protein partner GPRIN1 in the soma plasma membrane, while no 
colocalization between 5-HT6R and GPRIN1 was detected in the primary 
cilium (Pujol et al., 2020). Fig. 4A shows the expression of the receptor 
from post-natal day 1 (P1) to post-natal day 30 (P30) in the striatum. 

Corroborating our previous observations, the receptor is located in 
both the primary cilium (arrowheads) and the soma (arrows) of neurons 
in the striatum from Htr6-GFP KI mice at P1 (Fig. 4A). At P3 and P7, 
most of the 5-HT6R immunostaining was found at the soma membrane, 
whereas at P10 and afterward, the receptor was detected in primary cilia 
(Fig. 4A). We wondered if the transient relocation of the receptor in 
soma occurs everywhere in the brain or if it is restricted to certain brain 
areas. As shown on Fig. S3A, the receptor is mainly located in the soma 
of neurons in most brain regions at P5, including deep layers of the 
cortex (DCLs), septum, and striatum. However, the receptor remains 
localized in the primary cilium in the outer layers of the cortex (OCL, 
Fig. S3A, area 2). We quantified the percentage of somatic and ciliary 
receptors in the striatum, DCL and OCL at P7 and P30 (Fig. S3B). At P7, 

the receptor was at the soma membrane in 56.80 ± 9.20% of striatal 
cells and 62.08 ± 12.71% of DCL cells. In OCL, no labeling was detected 
in the soma. The percentage of 5-HT6R-positive cilia represented 22.80 
± 5.64% of striatal cells, 8.20 ± 4.01% DCL cells, and 14.73 ± 2.59% of 
OCL cells (Fig. S3B top histogram). At P30, no somatic labeling was 
detected in any of the three structures. The percentage of cells showing 
ciliary localization of the receptor was 74.08 ± 7.63% in the striatum, 
39.27 ± 2.36% in DCL cells and 37.89 ± 5.16% in OCL cells (Fig. S3B 
bottom histogram). 

As observed in the adult brain, co-immunostaining of GABA and 5- 
HT6R in the cortex at P5 showed that very few interneurons express the 
receptor (blue arrows, Fig. S4, top panels). Most receptor labeling ap-
pears on GABA-negative cells (white arrows, Fig. S4, top panels). Co- 
labeling of DARPP32 and 5-HT6R in the striatum at P5 indicated that 
most of the cells expressing the 5-HT6R at the soma membrane are MSNs 
(white arrows, Fig. S4, bottom panels). Interestingly, we also detected a 
few 5-HT6R-positive structures resembling primary cilium (arrowheads, 
Fig. S4, bottom panels), but none of them were found on DARPP32- 
positive neurons, suggesting that they could be astrocytes. Collec-
tively, these observations indicate that the receptor is expressed in the 
same populations of neurons at P5 and in adulthood. 

In line with previous findings indicating that 5-HT6R overexpression 
results in its expression outside of the cilia (Brodsky et al., 2017), we 
examined whether receptor relocation to the soma membrane at peri-
natal stages might be caused by an increase in its expression. qRT-PCR 

Fig. 2. Localization of the 5-HT6R in primary cilia in neurons and astrocytes. 
Confocal images of AC3 (magenta), Arl13b (cyan) and 5-HT6R-GFP (yellow) immunolabeling in 50-μm coronal brain sections from adult Htr6-GFP mouse cortex 
(layer V), hippocampus (CA1) and dorsal striatum (scale bar 10 μm). The histograms on the right show quantifications in the three structures. The top histogram 
shows the percentage of cells expressing AC3 and 5-HT6R (gray) or AC3 alone (black). The number of quantified cilia is n = 813 from four animals in the cortex, n =
580 cilia from three animals in the hippocampus and n = 3110 cilia from ten animals in the striatum. The histogram in the middle represents the percentage of cells 
expressing Arl13b and 5-HT6R (gray) or Arl13b alone (black). The number of quantified cilia is n = 197 from four animals in the cortex, n = 58 cilia from 3 animals in 
the hippocampus and n = 451 cilia from 10 animals in the striatum. The bottom histogram shows the percentage of 5-HT6R-positive cells expressing either AC3 (gray) 
or Arl13b (black). The number of quantified cilia is n = 765 from four animals in the cortex, n = 600 cilia from three animals in the hippocampus and n = 3273 cilia 
from 10 animals in the striatum. Data are means ± SEM. 
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analysis of 5-HT6R mRNA extracted from the striatum at E13.5, E17.5, 
P1, P7, P10 and P30 showed that 5-HT6R expression is strongly 
enhanced between E13.5 and E17.5 and keeps increasing until birth 
(Fig. 4B). Thereafter, the expression of the receptor slightly increases up 
to the adult stage (Fig. 4B). This indicates that the 5-HT6R expression 
level is not correlated with its subcellular localization during brain 
development and that the transient relocation of the receptor to the 
soma membrane at the neonatal stage is not due to its overexpression. 

As the primary cilium is a dynamic structure that can be remodeled 
during development, we also checked if cilia are present at the neonatal 
stage in brain regions where the receptor is mainly expressed at the soma 
membrane, such as the inner layers of the cortex (Fig. S3). We estimated 
the number of cells exhibiting either AC3- or Arl13b-positive cilia in the 
striatum at P7 and at P30 (Fig. 4C). At P7, only 15.75 ± 1.37% of the 
cells possess an AC3-positive cilium, whereas at P30, this percentage is 
more than three times higher (53.15 ± 2.80%) (Fig. 4C). Interestingly 

Fig. 3. 5-HT6R expression in projection neurons and 
GABAergic interneurons. 
(A) Confocal images of 5-HT6R-GFP (green) and 
GABA (magenta) co-immunostaining in cortex and 
hippocampus from adult Htr6-GFP mice (scale bar 50 
μm). Regions delineated with a white square are 
shown enlarged at the top right of the picture (scale 
bar 20 μm). White arrows show 5-HT6R-positive cilia 
associated with interneurons. The left histogram rep-
resents the percentage of GABA-positive cells with 5- 
HT6R-positive cilia (n = 115 neurons from 6 animals 
counted). The right histogram shows the percentage 
of cells positively stained with the GABA antibody and 
displaying 5-HT6R-positive cilia (n = 726 neurons 
from 6 animals counted). Data are means ± SEM. (B) 
Confocal images of 5-HT6R-GFP (green) and either 
DARPP32 or wolframin1 (magenta) co- 
immunostaining in the striatum and hippocampus 
from adult Htr6-GFP mice (scale bar 50 μm). Regions 
delineated with a white square are shown enlarged at 
the top right of the picture (scale bar 20 μm). White 
arrows show 5-HT6R-positive cilia associated with 
MSNs (DARPP32-positive) in the striatum and pro-
jection excitatory neurons (WFS1-positive) in the 
hippocampus. The illustrated images are representa-
tive of six independent experiments performed on 
slices from different animals.   
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the percentage of Arl13b-positive cilia is lower and does not change 
significantly between P7 and P30 (8.28 ± 1.31% and 10.92 ± 0.58%, 
respectively) (Fig. 4C). 

To further examine the dependency of the 5-HT6R subcellular 
localization on the presence of the primary cilium at different devel-
opmental stages, we took advantage of a neurodevelopment model 
based on embryonic stem cells (ESCs) differentiation into neurons 
(Gaspard et al., 2009). It was previously reported that pluripotent ESCs 
are poorly ciliated and that the proportion of ciliated cells increases as 
cells exit from pluripotency (Kiprilov et al., 2008). We generated a 
mouse transgenic ESC line that expresses the 5-HT6R tagged with GFP 
under the control of a doxycycline-inducible promoter. We used a 
similar cell line expressing cytosolic GFP as control and induced the 
expression of the cytosolic GFP or of the receptor either at the ES stage or 
four days after starting the differentiation of the cells (J4) (Fig. 5). 

Confirming previous findings (Kiprilov et al., 2008), we observed 
that very few pluripotent (undifferentiated) ESCs possess a primary 
cilium (labeled with an anti-Arl13b antibody) and that the proportion of 
cilia-positive cells strongly increases upon differentiation (Fig. 5 ES vs. 
J4 panel). In undifferentiated cells, the 5-HT6R is mainly found in the 
soma (white arrows), and in a few cilia (arrowheads). In contrast, in 
differentiated/ciliated cells, the receptor localizes to the cilium (Fig. 5). 
Note that cytosolic GFP never exhibits a ciliary localization. This is 
highly reminiscent of what is seen in vivo, where the receptor localizes to 
the cilium when it is present after neuronal differentiation and is found 
in the soma in cilia-less, and probably immature neurons. 

2.3. The 5-HT6 receptor influences primary cilia morphology 

Several lines of evidence suggest that 5-HT6Rs regulate primary cilia 
morphology: while overexpressing 5-HT6Rs in striatal and hippocampal 
neurons increases cilia length, 5-HT6R blockade induces a reduction of 
cilia length (Brodsky et al., 2017; Hu et al., 2017; Lesiak et al., 2018). 

However, these observations were made in primary cultured neurons, 
using Arl13b as a cilia marker. No data showing the influence of the 
receptor on cilia morphology in vivo is available. To explore whether 5- 
HT6R likewise affects the morphology of cilia in adult mouse brain, we 
compared the length of primary cilia in brain slices from wild-type (WT) 
and Htr6-KO mice. As shown on Fig. 6, primary cilia are significantly 
shorter in Htr6-KO animals compared to WT animals. The largest effect 
was seen in the striatum, whereas hippocampal cilia were the least 
affected by the genetic deletion of the receptor (Fig. 6). 

3. Discussion 

The 5-HT6R is one of the most recently discovered serotonin re-
ceptors and has emerged as a promising therapeutic target to prevent 
cognitive symptoms associated with several neuropsychiatric disorders, 
such as schizophrenia and autism spectrum disorders. Several studies 
have shown that 5-HT6R blockade improves cognition in various rodent 
models of cognitive impairment (Berthoux et al., 2020; Codony et al., 
2011; de Bruin et al., 2016; Doucet et al., 2021; Grychowska et al., 2016; 
Hirst et al., 2006; Meffre et al., 2012). Pro-cognitive effects of 5-HT6R 
antagonists have also been demonstrated in humans, and several clinical 
trials have been initiated to evaluate their efficacy to counter the 
cognitive decline in several neurodegenerative or psychiatric diseases 
(Ferrero et al., 2017; Li et al., 2021; Morozova et al., 2017; Wilkinson 
et al., 2014). The 5-HT6R also strongly influences key neuro-
developmental processes, such as neuron migration (Jacobshagen et al., 
2014; Riccio et al., 2009) and neurite growth (Duhr et al., 2014; 
Guadiana et al., 2013; Lesiak et al., 2018; Pujol et al., 2020; Rahman 
et al., 2017) However, the mechanisms underlying the role of 5-HT6R in 
neurodevelopment and cognition are still not entirely known. Important 
advances have been made with the discovery of alternative signal 
transduction mechanisms engaged by the receptor in addition to the 
canonical Gs-adenylyl cyclase pathway. For instance, a non- 

Fig. 4. Dynamic changes of 5-HT6R subcellular 
localization at the neonatal stage. 
(A) Confocal images of 5-HT6R-GFP immunostaining 
(green) using an anti-GFP antibody in the striatum of 
mice from perinatal to adult stages (P1 to P30) (scale 
bar 10 μm). Arrows show the somatic expression of 
the receptor, while arrowheads point at the ciliary 
receptor. (B) q-PCR analysis of 5-HT6R mRNA level in 
striatum at E13.5, E17.5, P1, P7, P10 and P30. Con-
trol q-PCR was performed in the cerebellum, a 
structure that does not express the receptor. * p <
0.05 and ** p < 0.001, one-way ANOVA followed by 
Dunnett’s multiple comparison test. (C) Confocal 
images showing a representative field in the striatum 
at P7 and P30. Nuclei are stained with DAPI (Blue), 
and primary cilia are labeled with either AC3 or 
Arl13b as indicated above the images (green). The 
histogram shows the quantification of the number of 
ciliated cells. Quantification was done on slices from 
three or four animals, and the total number of cells 
assessed was at P7 328 for AC3 and 640 for Arl13b, 
and at P30 847 for AC3 and 478 for Arl13b. **** p <
0.0001, all groups were compared using one-way 
ANOVA followed by Tukey’s multiple comparison 
test.   
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physiological activation of the mTOR pathway induced by 5-HT6R was 
found to mediate cognitive deficits in developmental models of schizo-
phrenia (Meffre et al., 2012), cannabis abuse during adolescence (Ber-
thoux et al., 2020) and Neurofibromatosis type1 (Doucet et al., 2021). 
Neuron migration and initiation of neurite outgrowth under the control 
of the 5-HT6R depend on activation of Cdk5 signaling (Chaumont-Dubel 
et al., 2020; Duhr et al., 2014; Guadiana et al., 2013; Lesiak et al., 2018; 
Pujol et al., 2020; Rahman et al., 2017). However, an important limi-
tation in understanding receptor functions in developing and adult 
brains is the uncertain receptor localization at the cellular and subcel-
lular levels. Discrepancies between studies might be due to the different 
species examined (human, rat, and mouse) or to the use of different 
experimental approaches (in situ hybridization, immunohistochemistry, 
or radioligand binding). For instance, using double in situ hybridization 
in the rat, Helboe et al. did not detect 5-HT6R mRNA in the cerebellum 
(Helboe et al., 2015), whereas Gerard et al. found a substantial 
expression of the receptor protein in this region by immunohistochem-
istry (Gerard et al., 1997). This underlines the need to test commercially 
available antibodies on knock-out models to ascertain their specificity. 

To overcome these issues and get a precise picture of the expression 
pattern of the 5-HT6R protein in mouse brain, not only at the regional 
but also at the cellular and subcellular levels, we used a KI mouse line 

that endogenously expresses 5-HT6R fused to GFP. Consistent with the 
key role of 5-HT6R in cognition, we observed a robust expression of the 
receptor in regions involved in higher cognitive functions, such as the 
nucleus accumbens, cerebral cortex or hippocampus, where it is present 
in CA1, CA2 and CA3 regions as well as dentate gyrus. In line with the 
ability of 5-HT6R ligands to reduce food intake and obesity, the receptor 
is also strongly expressed in the hypothalamus, a brain region involved 
in the regulation of food intake and energy expenditure. Finally, 
consistent with a previous study showing a role of spinal 5-HT6R 
constitutive activity in the maintenance of neuropathic pains of different 
etiologies, the receptor was also detected in the spinal cord (Martin 
et al., 2020), whereas it was absent in the cerebellum. Overall, these 
findings are consistent with the previously described 5-HT6R mRNA 
expression pattern in rat neurons (Helboe et al., 2015; Monsma Jr. et al., 
1993; Ruat et al., 1993), thus validating our Htr6-GFP KI model and 
further supporting the relevance of mouse models to study the receptor. 

The neuronal subtypes expressing the receptor also remain contro-
versial. Studies have shown that pharmacological inhibition of the re-
ceptor in rats enhances cholinergic and excitatory transmissions in 
cortex and hippocampus (Codony et al., 2011). This led to the hypoth-
esis that the receptor could be predominantly expressed by inhibitory 
interneurons, where its blockade would relieve GABAergic inhibition, 

Fig. 5. The 5-HT6R is predominantly expressed in the soma of ES cells, but in the primary cilium of differentiated cells. 
Confocal images of the expression of GFP (yellow) and Arl13b (magenta) in mouse A2Lox.cre stem cells expressing either cytosolic GFP or Htr6-GFP under the control 
of a doxycycline-inducible promoter. Dapi was used to stain all nuclei (cyan). Cells were treated with 1 μg/ml of doxycycline for 24 h before fixation. The top panel 
shows undifferentiated cells, whereas the bottom panel shows cells differentiated for 4 days prior to doxycycline induction. Arrows point to somatic 5-HT6R whereas 
arrowheads point to the ciliary receptor. Scale bar: 10 μm. 

V. Dupuy et al.                                                                                                                                                                                                                                  



Neurobiology of Disease 176 (2023) 105949

8

causing an increased release of other neurotransmitters like acetylcho-
line and glutamate to promote cognitive processes. This hypothesis was 
invalidated by the study of Helboe et al. which showed that the receptor 
is predominantly expressed in projection neurons, while 5-HT6R mRNA 
was only detected in a little proportion of GABAergic interneurons 
(Helboe et al., 2015). Corroborating these observations, we show that 
GABAergic interneurons represent <1% of the cells expressing the re-
ceptor in mouse cortex. Though quantification in hippocampus is chal-
lenging because of the density of cell bodies, the receptor is almost 
exclusively present in the projection neuron layers. How blockade of 5- 
HT6Rs expressed in primary excitatory neurons would promote cholin-
ergic and glutamatergic transmission certainly warrants further explo-
ration. Furthermore, in the striatum, we found a clear association of 5- 
HT6R-positive primary cilia and MSNs. The 5-HT6R is coupled to GS, 
thus increasing cAMP production and neuronal excitability. One possi-
bility is that the cognition-enhancing effects of 5-HT6R antagonists 
involve the inhibition of receptors expressed in MSNs and complex 
neuronal circuits comprising MSNs. 

In the embryonic brain, the nature of neurons expressing the receptor 
may be different. We show that at E17.5, the receptor is predominantly 
expressed in Arl13b positive proto-cilia, which are found on immature 
cortical neurons as well as migrating interneurons, (Higginbotham et al., 
2012).This is consistent with the observation of Riccio et al, showing 
that the 5-HT6R is involved in the migration of cortical interneurons 
(Riccio et al., 2009). Once neurons have reached their final destination, 
the cilium disappears and is then rebuilt during post-migratory cilio-
genesis (Sarkisian and Guadiana, 2015). It is likely that the cilia of post- 
migratory interneurons do not express the same proteins as the primary 
cilia of migratory interneurons, which would account for the lack of 
expression of the 5-HT6R in mature cortical interneurons. 

One important discrepancy between the present work and the study 
conducted by Helboe et al. is the presence of the receptor in astrocytes. 
Helboe et al. concluded that the 5-HT6 receptor is exclusively expressed 
in neurons in the rat, as 5-HT6R mRNA was absent in any GFAP 
expressing astrocytes (Helboe et al., 2015). However, some studies have 
shown 5-HT6R expression in rat cultured astrocytes (Hirst et al., 1998; 
Hirst et al., 1997) and in an astrocytic cell line (Vanda et al., 2018). 
Corroborating these observations, we show that a large proportion of 

astrocytes express the receptor in their primary cilia in the cortex, hip-
pocampus, and striatum. The role of 5-HT6R expressed in astrocytes 
remains largely unknown, but studies performed on the C8-D1A astro-
cyte cell line suggest that the receptor constitutive activity might be 
involved in 6-OHDA-induced astrocyte death (Vanda et al., 2018). 

The subcellular localization of the 5-HT6R also remains debated. 
Initial immunohistochemical studies showed that it is present on den-
drites and dendritic spines (Gerard et al., 1997) but also on cilia-like 
structures (Brailov et al., 2000; Hamon et al., 1999). However, as 
mentioned above, the specificity of antibodies used in some of these 
studies was challenged by the results of in situ hybridization experi-
ments. Further studies performed on primary cultured neurons over-
expressing tagged versions of the receptor also indicated its ciliary 
localization (Berbari et al., 2008; Guadiana et al., 2013; Hu et al., 2017; 
Jiang et al., 2019; Kohli et al., 2017; Lesiak et al., 2018) while other 
studies showed a somato-dendritic localization of the receptor overex-
pressed in neurons (Duhr et al., 2014; Pujol et al., 2020). It has also been 
suggested that the receptor expression level may affect its final subcel-
lular localization. Using a tyramide booster to enhance the GFP antibody 
signal, we showed in primary neurons from Htr6-GFP mice a discrete 
expression of the receptor in the cell body, dendrites and dendritic 
spines in addition to a strong ciliary expression (Chaumont-Dubel et al., 
2020). Here, we showed, in vivo as well as in ESCs, a predominant ciliary 
localization in cells possessing a primary cilium. We detected 5-HT6R in 
AC3- or ARl13b-positive cilia in the adult mouse brain, confirming that 
it is predominantly expressed in primary cilia in neurons and astrocytes. 
Using a cAMP-sensitive biosensor, Jiang et al. showed that the 5-HT6R 
displays constitutive activity at Gs signaling only when it is expressed 
outside the cilium in transfected mIMCD3 cells, indicating that receptor 
subcellular localization strongly influences it signal transduction ca-
pacity (Jiang et al., 2019). Given the presence of 5-HT6Rs exhibiting 
constitutive activity in adult mice brain (Deraredj Nadim et al., 2016), it 
is likely that a portion of the receptor is located outside the cilium in 
adult mouse brain. In cilia, the receptor is coupled to a Gq/11-RhoA 
pathway leading to actin cytoskeleton remodeling and chromatin rear-
rangement (Sheu et al., 2022). This latter study also demonstrated the 
presence of axo-ciliary synapses, which strongly suggests that ciliary 
receptors can be activated independently of receptors expressed in 

Fig. 6. Cilia length regulation by 5-HT6R expression. 
Confocal images showing representative fields from cortex, hippocampus or striatum sections of Wild-Type and Htr6-KO adult mice immunolabeled with the AC3 
antibody (scale bar 20 μm). The Cumming estimation plots show the mean differences of cilia length in KO vs. WT mice in the three brain regions examined. It 
represents data obtained in three independent experiments performed on different animals. The raw data are plotted on the upper axes; each mean difference is 
plotted on the lower axes as a bootstrap sampling distribution. Mean differences are depicted as dots; 99% confidence intervals are indicated by the ends of the 
vertical error bars. The unpaired mean difference between WT and KO striatum is − 2.73 [99.0%CI -3.45, − 2.01]. The P value of the two-sided permutation t-test is 
0.0. The unpaired mean difference between WT KO hippocampus is − 0.501 [99.0%CI -0.968, − 0.0389]. The P value of the two-sided permutation t-test is 0.0026. 
The unpaired mean difference between WT and KO cortex is − 0.761 [99.0%CI -1.18, − 0.358]. The P value of the two-sided permutation t-test is 0.0. The effect sizes 
and CIs are reported above as: effect size [CI width lower bound;upper bound] (Ho et al., 2019) . Scale bar: 10 μm. 
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somato-dendritic compartment. The roles of ciliary receptors vs. those 
located outside the cilium remain largely unexplored. We recently 
showed that 5-HT6Rs expressed in cilia control chromatin condensation, 
probably through specific epigenetic modulation (Sheu et al., 2022). 
Activation of ciliary 5-HT6Rs modulates nuclear actin through the 
activation of a Gq-RhoA-TRIO signaling pathway, which can modify 
global chromatin state. It also promotes histone H4K5 acetylation, thus 
regulating chromatin accessibility and gene expression (Sheu et al., 
2022). Another example of a ciliary receptor modulating chromatin 
structure is the FFAR4 receptor, but its effect involves Gs and cAMP 
production (Hilgendorf et al., 2019). This suggests that receptors located 
in the primary cilium could serve as sensors of extracellular signals, that 
are directly connected to the nucleus. 

Astrocytic cilia do not possess the same characteristics as neuronal 
cilia. Morphologically, they are much smaller than neuronal cilia and 
they are not connected to chemical synapses, the contribution of the 5- 
HT6R to chromatin regulation in this cell type. Contrary to neuronal 
cilia, mature astrocytic cilia retain expression smoothened and Patch1, 
allowing for activation of the sonic hedgehog signaling (Shh) pathway 
(Sterpka and Chen, 2018). Previous studies have shown that stimulation 
of the 5-HT6R activates the Shh pathway (Jiang et al., 2019), which 
could affect the proliferation of reactive astrocytes and inhibit inflam-
mation (Allahyari et al., 2019; Sirko et al., 2013). Activation of the 5- 
HT6R might therefore play a major role in these two processes. Given the 
importance of neuroinflammation in psychiatric disorders (Pape et al., 
2019), further studies addressing the function of the 5-HT6R in astro-
cytic cilia would certainly be of great interest. 

Another study has shown that pharmacological inhibition of the 5- 
HT6R reduces cilia length (Brodsky et al., 2017). Changes in ciliary 
morphology have been described in pathological situations. In mice 
over-expressing Arl13b, the primary cilia become longer, and the mice 
are prone to spontaneous seizures. Neuronal cilia get shorter in the brain 
under reactive insult (Sterpka et al., 2020). In the APP-PS1 model of 
Alzheimer’s disease, the 5-HT6R is overexpressed and primary cilia are 
elongated (Hu et al., 2017). Corroborating these observations, we show 
in the present study that neuronal cilia are shorter in Htr6-KO mice than 
in WT mice. Collectively, these results are consistent with the hypothesis 
that the receptor is an important regulator of primary cilia morphology. 
This suggests that it may have a significant role in cilia function, but this 
role is still unclear. 

Given the key influence of 5-HT6R on neurodevelopmental processes, 
we also sought to describe the expression pattern of the receptor during 
neurodevelopment. Reminiscent of our observation in adult mice, we 
only detected the receptor in primary cilia in embryonic brain, with a 
similar regional expression pattern. Notably, a strong expression of the 
receptor was detected in the ventricular and subventricular zones, two 
areas important for neurogenesis and neuronal differentiation. Intrigu-
ingly, we observed a transient relocation of 5-HT6R from primary cilia to 
soma membrane in some but not all brain regions at the neonatal stage, 
when neuronal circuits are rearranged to establish the mature neuronal 
connectivity necessary for higher brain functions such as cognition. Our 
previous studies demonstrated that during the first post-natal week, the 
5-HT6R interacts with GPRIN1, a protein located in the soma of neurons, 
but not in the primary cilium (Pujol et al., 2020). Accordingly, the 
interaction between the two proteins occurs exclusively at the soma 
membrane. We also showed that this interaction potentiates the 
constitutive activity of the receptor towards the cAMP pathway and 
results in longer and more branched neurites (Pujol et al., 2020). We 
therefore hypothesize that 5-HT6R relocation from primary cilia to the 
soma of neurons at the neonatal stage might a be a critical mechanism 
contributing to its role in neurite extension and maturation that underlie 
neuronal circuit refinement at the neonatal stage. 

4. Conclusion 

This study extensively characterizes the endogenous 5-HT6R 

expression at the protein level in developing and adult mouse brains. It 
shows that the receptor regional distribution is well correlated with its 
role in higher cognitive functions, feeding and nociception. It also 
resolved the persistent conundrums of its expression in projection 
excitatory neurons vs. GABAergic interneurons, its expression in astro-
cytes, and its localization in primary cilium vs. soma plasma membrane 
of neurons. Finally, it reveals dynamic changes in receptor localization 
in neurons at the neonatal stage, which might underlie its key role in 
neurodevelopmental and cognitive processes. 

5. Material & methods 

5.1. Animals 

5-HT6
GFP/GFP KI (Htr6-GFP) and 5-HT6

− /− KO mice (Htr6-KO) were 
generated at the Institut Clinique de la Souris (Illkirch-Graffenstaden, 
France) and C57BL/6 J mice originate from Janvier laboratories. Pro-
cedures were performed in strict compliance with the animal use and 
care guidelines of Montpellier University (Authorization D34–172-4). 
Both male and female mice were used. 

To validate the use of the Htr6-GFP mouse line for studying the 
expression and subcellular localization of the 5-HT6R, we first examined 
that the insertion of the GFP tag does not alter receptor function. We 
compared the activation of the tagged and untagged receptors by the 
specific agonist (WAY181,187) (Fig. S5), and detected no difference. We 
also previously showed that the GFP-tagged receptor can induce neurite 
outgrowth and neuronal differentiation in an NG108–15 neuroblastoma 
cell line (Duhr et al., 2014). Finally, the GFP-tagged 5-HT6R was used in 
studies investigating the targeting of the receptor to the primary cilium, 
suggesting that this tag does not affect the proper subcellular localiza-
tion of the receptor (Barbeito et al., 2021; Berbari et al., 2008). Taken 
together these data suggest that inserting a GFP tag does not alter 5- 
HT6R functionality. 

5.2. Immunohistochemistry experiments 

For immunohistochemistry at the adult stage, two-month-old mice 
were rapidly anesthetized with isoflurane and perfused transcardially 
with ice-cold Artificial cerebrospinal fluid (ACSF). For primary cilia 
length measurements, two-month-old mice were rapidly anesthetized 
with isoflurane and perfused transcardially with 4% PFA diluted in PBS. 
Brains were then postfixed in 4% PFA diluted in PBS for 24 h at 4 ◦C and 
then rinsed 3 times in PBS. Fifty μm-thick sections were cut with a 
vibratome (Leica) and stored at − 20 ◦C in a cryoprotective solution 
(30% ethylene glycol, 30% glycerol, 25% PBS, 15% H2O) until use. For 
immunohistochemistry at the embryonic stage, embryos were 
beheaded, brains were rapidly extracted then fixed in 4% PFA diluted in 
PBS for 24 h at 4 ◦C. They were then rinsed 3 times in PBS. Embryonic 
brains were then incubated successively in 10, 20, and 30% (w/v) su-
crose diluted in PBS for cryoprotection. Twenty μm-thick sections were 
cut with a cryostat (Leica). For immunolabeling experiments, sections 
were rinsed for 15 min in PBS. In order to block non-specific binding of 
antibodies and permeabilize the cells, sections were incubated for 2 h in 
PBS containing 0.2% (v/v) TritonX-100, 3% (w/v) bovine serum albu-
min (BSA; A2153, Sigma-Aldrich). They were then incubated overnight 
at room temperature with primary antibodies in PBS, 0.2% Triton X-100, 
1% BSA. Sections were then washed three times for 30 min in PBS and 
incubated with Fluorophore-coupled secondary antibodies (Alexa Fluor, 
Life Technologies, 1/1000 dilution). Sections were washed three times 
for 30 min each in PBS and mounted in fluorescence mounting medium 
(Dako Agilent). Images of different focus points in the Z axis were ac-
quired with a Leica SP8 confocal microscope equipped with an oil- 
immersed 63× objective, with a 2048 × 2048 resolution, and 0.5 μm 
between focus points. 
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List of antibodies  
Species Immunoreactivity Dilution Ref 

Chicken GFP 1/500 Invitrogen A10262 
Rabbit GFP 1/1000 Chromotek PABG1 
Rabbit AC3 1/5000 Universal Biological RPCA-ACIII-AP 
Mouse Arl13b 1/1000 Antibodies inc. 75–287 
Mouse S100Beta 1/500 Abcam AB11178 
Rabbit GFAP 1/1000 DAKO Z0334 
Mouse NeuN 1/500 EMD Millipore MAB337 
Rabbit GABA 1/1000 Sigma A2052 
Rabbit DARPP-32 1/1000 Cell signaling technology #2306 
Rabbit WFS-1 1/500 Proteintech 11,558–1-AP  

5.3. Primary cilia counting and length measurements 

Threshold was applied to the images using Image J software to define 
the primary cilium structure. When length was not measured, the 
number of primary cilia per field was determined using the particle 
analyzer. The number of Dapi-positive nuclei in the same field was 
determined in the same way. The percentage of Dapi-positive and cilia- 
positive cells was then calculated. To determine the cilia length, 3-D 
reconstructions were obtained from stacks acquired with a Leica SP8 
confocal microscope equipped with an oil-immersed 63× objective, with 
a 2048 × 2048 resolution, and 0.5 μm between focus points. Each in-
dividual primary cilium was traced using the “Simple neurite tracer” 
plug-in from the Image J software. 

5.4. Quantitative PCR (qPCR) 

Striata of Htr6-GFP mice at different ages were collected (three an-
imals per point). RNAs were prepared from the tissues using the Quick- 
RNA miniprep kit (Zymo research). 150 ng of RNA was reverse- 
transcribed using MMLV-RT and N6 primers (Life technologies). 
qPCRs were performed in triplicates in 384-well plates using SYBR 
Green mix (Roche), on a Light Cycler LC480 Real-Time PCR system 
(Roche). Three house-keeping genes (HKG) were selected using GeNorm 
(Vandesompele et al., 2002) (Gus, Mrlp32 and Tfrc) to normalize the 
expression of the Htr6 gene. 

List of primers 

5.5. ES cell culture 

5.5.1. Generation of a doxycycline-inducible Htr6GFP ESC line (ICE- 
Htr6GFP) 

ICE-Inducible Cassette Exchange Recombination- A2lox.Cre mouse 
ESCs (Iacovino et al.) were cultivated on mitomycin-arrested mouse 
embryonic fibroblasts (MEFs) in ESC media. ESC media consists of 
DMEM supplemented with 15% fetal bovine serum, 0.1 mM non- 
essential amino acids, 1 mM sodium pyruvate, 50 U.ml− 1 penicillin/ 
streptomycin (all from Life Technologies), 0.1 mM β-mercaptoethanol 
(Sigma), and 1000 U.ml− 1 leukemia inhibitor factor (Millipore). ESCs 
were changed every day with ESC media and propagated as described 
(Gaspard et al., 2009). 

The 5htr6 mouse sequence flanked with GFP and HA tags was 
amplified by PCR and introduced into the p2 lox plasmid (Iacovino et al., 
2011). The insert was verified by Sanger sequencing. ICE ESCs were 

stimulated with 1 μg.ml− 1doxycycline (allowing CRE induction). The 
next day, ICE-ESC were electroporated using a Neon system (set at 1200 
V, 20 ms, and 2 pulses) with 5 μg of the p2lox-Htr6GFP plasmid. Elec-
troporated ESCs were seeded onto Neo-resistant MEFs in ESC medium. 
ICE ESCs were selected with G418 (300 μg/ml). Survivor ESC clones 
were picked and amplified in ESC media. Clones were treated for 24 h 
with doxycycline (1 μg.ml− 1) or DMSO (vehicle, as control) and 
screened for GFP fluorescence. 

5.5.2. Neural differentiation of ESCs 
ICE-GFP cells, expressing cytosolic GFP were used as control, and 

grown at the same time as ICE-Htr6GFP cells. ESCs cultivated on MEFs 
were trypsinised. To enrich for ESCs, the MEFs-ESCs suspension was 
passed through a 15-μm cell trainer (Pluriselect). This pore size retains 
MEFs while ESCs pass through. ESCs (flow-through) were counted using 
a Malassez counting chamber and 1 ml of ESCs suspension (at 10,000 
ESCs/ml in ESC medium) was plated on glass coverslips coated with 
Laminin (3 μg/ml in PBS, Becton-Dickinson) in a 12-well plate. The next 
day (considered as day 0 of differentiation) the ESC media was removed, 
ESCs were rinsed with PBS, and cultivated into corticogenesis media 
(adapted from (Gaspard et al., 2009)). Corticogenesis media consists of 
DMEM-F12 Glutamax supplemented with N2, B27 minus vitamin A, 0.1 
mM non-essential amino acids solution, 500 μg/ml BSA, 1 mM sodium 
pyruvate, 50 U.ml− 1 penicillin and streptomycin (all from Life Tech-
nologies), 0.1 mM 2-mercaptoethanol (Sigma) and the BMP inhibitor 
DMH1-HCl (1 μM). The corticogenesis medium was changed every other 
day. Induction of the expression of the transgene was achieved using 
doxycycline (1 μg/ml) for 24 h. DMSO served as a no-induction control. 

5.6. Immunofluorescence on ES cells 

Pluripotent or differentiated ESC were grown on coverslips and fixed 
for 20 min in 4% paraformaldehyde. No amplification of the GFP signal 
was necessary for either of the cell line. Arl13b labeling (1/1000) as well 
as DAPI staining of the nuclei was performed (1/5000). Coverslips were 
washed in PBS before incubating the cells for 30 min at room temper-
ature in a solution containing 5% serum, 3% BSA and 0.3% triton X-100 
for blocking of nonspecific sites and permeabilization. Primary antibody 
was diluted in 1% serum, 3% BSA and 0.1% triton X-100 and incubated 
overnight at 4 ◦C. After washing 3 times in PBS, the secondary antibody 

was added in the same solution and left for 1 h at room temperature. 
Coverslips were washed twice in PBS and DAPI solution was added for 5 
min at room temperature. Coverslips were washed in water and moun-
ted on glass slides using Mowiol. Images were acquired on a Zeiss apo-
tome microscope using an oil-immerged 63× objective. 

5.7. Measurement of cAMP production in NG108–15 cells 

NG108–15 cells were transfected with plasmids encoding the 5-HT6 
receptor tagged or not with GFP and grown in 24-well culture dishes in 
culture medium containing DMEM and 2% dialyzed Fetal Calf Serum. 
Twenty-four hours after transfections, culture media was removed and 
cells were washed in Stimulation buffer containing 140 mM NaCl, 1.2 
mM KH2PO4, 5 mM KCl, 1.2 mM MgSO4, 10 mM Glucose, 10 mM Hepes 
and 2 m M CaCl2, pH 7.4. Cells were then exposed for 5 min at 37 ◦C to 
SB258585 a specific 5-HT6R agonist at concentrations ranging from 

Gene ID Sequence forward (5′ to 3′) Sequence reverse (3′ to 5′) 

Htr6 CCTGGTGTCGCTCTTCACG GGCATCACCACCAATCCC 
Gus GATTCAGATATCCGAGGGAAAGG GCCAACGGAGCAGGTTGA 
Mrlp32 AGGTGCTGGGAGCTGCTACA AAAGCGACTCCAGCTCTGCT 
Tfrc AGACCTTGCACTCTTTGGACATG GGTGTGTATGGATCACCAGTTCCTA   
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10− 9 to 10− 7 M in 250 μl stimulation buffer containing 1 mM IBMX, 
before addition of 250 μl of 1% Triton X-100 and a further 30-min in-
cubation at 37 ◦C. Supernatants are collected and cAMP accumulation 
was measured using the cAMP Gs dynamic kit (Cisbio-Perkin Elmer) 
according to the manufacturer’s protocol. Twenty μl of each sample 
were transferred in a black 96 well plate and diluted in 30 μl diluent 
solution. Samples were incubated overnight at 4 ◦C with cAMP-D2 re-
agent and anti-cAMP cryptate (50 μl each) and the signal was read using 
a Rubystar plate reader. 

5.8. Statistical analysis 

Data was analyzed using the Graphpad Prism software, except for 
data on Fig. 6, which was analyzed using the estimationstats.com 
website. The statistical tests that were used are indicated in the figure 
legend. 
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