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Abstract.13

Background: The 5-HT6 receptor is one of the most recently identified serotonin receptors in the central nervous system.
Because of its role in memory and cognitive process, this receptor might be implicated in Alzheimer’s disease (AD) and
associated disorders.
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Objective: The aim of this study was to investigate the binding of [18F]2FNQ1P, a new specific radiotracer of 5-HT6 receptors,
and to quantify 5-HT6 receptor density in caudate nucleus in a population of patients with different AD stages.
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Methods: Patients were classified according to the “ABC” NIA-AA classification. In vitro binding assays were performed
in postmortem brain tissue from the healthy control (HC; n = 8) and severe AD (“High”; n = 8) groups. In vitro quantitative
autoradiography was performed in human brain tissue (caudate nucleus) from patients with different stages of AD: HC
(n = 15), “Low” (n = 18), “Int” (n = 20), and “High” (n = 15).
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Results: In vitro binding assays did not show significant differences for the KD and Bmax parameters between “High”
and HC groups. In vitro quantitative autoradiography showed a significant difference between the “High” and HC groups
(p = 0.0025). We also showed a progressive diminution in [18F]2FNQ1P specific binding, which parallels 5-HT6 receptors
expression, according to increasing AD stage. Significant differences were observed between the HC group and all AD stages
combined (“Low”, “Intermediate”, and “High”) (p = 0.011).
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Conclusion: This study confirms the interest of investigating the role of 5-HT6 receptors in AD and related disorders.
[18F]2FNQ1P demonstrated specific binding to 5-HT6 receptors.
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INTRODUCTION 31

Serotonin is reported to have many neurological 32

functions as a neurotransmitter, in the central ner- 33

vous system but also in many other organ systems: 34
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cardiovascular, pulmonary, and genitourinary [1].35

Serotonin receptor studies identified 7 sub-families36

of serotonin receptor, with many subtypes in each [2].37

The 5-HT6 receptor is one of the most recently iden-38

tified, first in rat [3,4] and then in the human brain [5].39

The 5-HT receptor family is involved in many phys-40

iological processes such as memory, learning, and41

food intake. Many studies also demonstrated roles in42

pathophysiological processes, including Alzheimer’s43

disease (AD) [6–15].44

The pathophysiology of AD involves sev-45

eral mechanisms, from formation of extracellular46

amyloid-� plaques [16], to neurofibrillary tangles47

in the intracellular environment [17], and consec-48

utive neuronal death and synapse loss, all leading49

to progressive cognitive decline [18]. While the50

molecule-candidates targeting aggregated proteins51

have so far been therapeutic failures, a new strategy52

has emerged in parallel, seeking to target neurotrans-53

mission systems more specifically, with the objective54

of improving the clinical semiology of cognitive55

decline. An immunohistochemistry study revealed a56

significant reduction in 5-HT6 receptor density in57

cortical areas of AD patients [19], opening up the58

possibility of specific targeting of this receptor at59

an early stage of the disease. Several clinical stud-60

ies evaluated 5-HT6 receptor antagonists in phase61

I, II, or III clinical trials for the treatment of AD.62

Early results were mixed: a phase I study showed63

the antagonist PRX-07034 to be selective for 5-HT6,64

improving short-term memory, while a phase II study65

reported no benefit of another antagonist (SAM-760)66

on measures of cognition and neuropsychiatric symp-67

toms in AD patients [20]. Unfortunately, another68

phase III clinical trial failed, testing idalopirdine, a69

5-HT6 receptor antagonist originally developed for70

cognitive improvement in AD [21]. However, other71

5-HT6 receptor antagonist compounds are still being72

investigated [22], such as SUVN-502, currently in73

phase II trial [23]. Furthermore, 5-HT6 receptor ago-74

nists have paradoxically also been shown to have75

cognitive enhancement properties [10], leaving this76

target in the race for symptomatic treatment of AD.77

Nevertheless, it has to be recognized that research78

concerning antagonists are more developed than79

agonists.80

In this context, visualizing and quantifying 5-HT681

receptors during the patient’s lifetime through PET82

imaging would be a valuable contribution to under-83

standing this therapeutic target. The development of84

a specific radiotracer for 5-HT6 receptors seems nec-85

essary for better understanding of 5-HT6 receptor86

mechanisms in AD, classification of AD grades and 87

long-term follow-up of patients treated with 5-HT6 88

antagonists. Several radiotracers have been described 89

in literature, but none stands out as specific for the 90

5-HT6 receptor [24, 25]. Our laboratory recently 91

developed a new specific radiotracer for these recep- 92

tors, [18F]2FNQ1P. A previous study described the 93

synthesis of its precursor and its radiolabeling [26]. 94

A recent pre-clinical study in non-human primates 95

suggested that [18F]2FNQ1P is a reliable PET radio- 96

tracer for visualization and quantification of 5-HT6 97

receptors [27]. 98

Regional distribution and associated neuronal or 99

glial expression of 5-HT6 receptors were inves- 100

tigated on human postmortem tissue by both 101

autoradiography with [125I]SB258585 and immuno- 102

histochemistry [28, 29]. These studies revealed high 103

levels in the striatum, moderate levels in the hip- 104

pocampus and cerebral cortex, and low levels in 105

cerebellum. 106

The aim of the present study was to investigate 107

postmortem binding of [18F]2FNQ1P in the caudate 108

nucleus in a population of patients at different AD 109

stages. This region, rarely explored in the context 110

of AD [16], was chosen because of its high den- 111

sity of 5-HT6 receptors, favorable for quantitative 112

autoradiographic analyses. We hypothesized that 5- 113

HT6 receptor density would correlate with the stage 114

of AD progression and severity. 115

MATERIALS AND METHODS 116

Subjects and tissue samples 117

Adjacent unstained frozen slices (30 �m thick- 118

ness) from human caudate nuclei (n = 68) were 119

obtained from the London Neurodegenerative Dis- 120

eases Brain Bank [30]. Sixteen fresh samples of 121

caudate nucleus were also obtained: 10 from the 122

68 patients of the Medical Research Council (Lon- 123

don) Neurodegenerative Diseases Brain Bank and 124

6 from the Medical Research Council (Lyon) bank 125

(CardioBioTec, Lyon Hospitals) after approval by 126

the hospital department review board. Patient ages, 127

postmortem interval, and sex ratio were not signif- 128

icantly different (p > 0.05) between patient groups 129

(Table 1). Tissues were collected through appropri- 130

ate consent procedures under the ethics procedures 131

of the brain banks. Patients were stratified accord- 132

ing to the guidelines of the National Institute on 133

Aging-Alzheimer’s Association [31] This classifi- 134

cation uses an “ABC” staging protocol for the 135
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Table 1
Demographic data of patients

AD Stages HC Low Int High

Number of cases 15 18 20 15
Age (y) 83.4 ± 4.5 86 ± 4.1 87.3 ± 2.9 83.1 ± 4.2
Gender (M/F) 6/9 7/12 15/5 9/6
Postmortem interval (h) 47.1 ± 13.7 47.8 ± 8.9 51.1 ± 10.4 46.2 ± 13.9

No significant differences were observed between groups for age, sex ratio, and postmortem interval criteria
(p > 0.05). HC, healthy control.

neuropathologic changes in AD, based on three mor-136

phologic characteristics of the disease: amyloid-�137

plaques (A), neurofibrillary tangles (B), and neu-138

ritic plaques (C). Using a system of scores for139

each group, the ABC score was transformed into140

four levels of AD neuropathologic alteration: HC141

(healthy control group), “Low”, “Int” (intermediate),142

or “High”.143

For unstained frozen slices, 15 patients were in144

the “High” stage of AD, 20 “Int”, 18 “Low”, and 15145

HC. For fresh caudate tissues, 8 patients were HC146

and 8 “High”. The tissues were stored at -80◦C and147

defrosted extemporaneously.148

Radiosynthesis of the 5-HT6 receptor149

radiopharmaceutical and quality controls150

The chemical nitro-precursor of our 5-HT6151

PET radiotracer, [18F]2FNQ1P, was synthesized as152

described previously [26]. Radiolabeling with 18F153

was performed extemporaneously, on the days of154

the in vitro experiments, according to our published155

protocol [32]. Briefly, radiosynthesis used an auto-156

mated Neptis fluorination module (OOC, Belgium).157

[18F]2FNQ1P quality control determined radiochem-158

ical purity and molar activity on analytical HPLC159

assay at the end of each production run, guarantee-160

ing the radiopharmaceutical quality of the radiotracer161

used for the following in vitro experiments: i.e.,162

molar activity > 340 GBq/�mol and radiochemical163

purity > 98%.164

In vitro binding assays165

In vitro binding assays were performed in post-166

mortem fresh caudate nucleus samples from the HC167

and “High” groups. Briefly, tissues were preserved168

in phosphate buffered saline (PBS)/EDTA 0.1% and169

ground with buffer (50 mM Tris-HCl pH 7.4 at170

25◦C) (BetaPrion, BSE Purification kit, HMOGEN171

TUB, biochemistry). Homogenates were centrifuged172

for 20 min at 35,000 g (Discovery M150 SE ultra-173

centrifuge, Hitachi). The pellet was resuspended in 174

50 mM Tris-HCl (pH 7.4 at 25◦C) and incubated for 175

15 min at 37◦C. Following two further centrifuga- 176

tion steps (as above), the membranes were finally 177

resuspended and stored at –80◦C until use. 178

Brain tissues were preserved in buffer containing 179

50 mM Tris-HCl, 10 �M pargyline, 5 mM MgCl2, 180

5 mM ascorbate, and 0.5 mM EDTA (pH 7.4). Bind- 181

ing assay consisted of 50 �L displacing compound 182

(SB-258585 1 �M: a 5-HT6 receptor antagonist) or 183

buffer, 100 �L membrane suspension (corresponding 184

to approximately 60 �g protein per well for brain tis- 185

sue) and 50 �L [18F]2FNQ1P (molar activity, 59.2 186

GBq/�mol). [18F]2FNQ1P was used at concentra- 187

tions from 0.05 to 10 nM. Association rates were 188

determined by incubation of membranes with radi- 189

oligand at 25◦C for 60 min before termination of 190

the experiment. Bound radiolabeled tracer was sep- 191

arated from free tracer by filtration under reduced 192

pressure (MultiScreen HTS-FB, Millipore). Filters 193

were washed 6 times with 200 �L PBS. Washed filters 194

were assayed for radioactivity by �-counter (Gamma 195

Wizard 2480, Perkin Elmer). 196

Quantitative in vitro 5-HT6 receptor 197

autoradiography 198

In vitro autoradiography was performed on adja- 199

cent unstained frozen slices of human brain tissue 200

(caudate nucleus) from patients with different stages 201

of AD. For each patient, pairs of adjacent slices were 202

defrosted. The first slide was incubated for 60 min 203

in buffer containing 50 mM Tris-HCl, 10 �M par- 204

gyline, 5 mM MgCl2, 5 mM ascorbate, and 0.5 mM 205

EDTA (pH 7.4) and 18.5 kBq/mL [18F]2FNQ1P, to 206

measure total binding, and the second was incubated 207

in the same buffer with SB-258585 at a concentra- 208

tion of 100 nM, for the competition experiment to 209

measure non-specific binding. Each slide contained 210

two adjacent of caudate nucleus sections constitut- 211

ing duplicate for total and specific binding. After 212

incubation, the slices were washed in distilled water, 213
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then dried and placed on a phosphor imaging plate214

(BAS-5000, Fujifilm) for 60 min. The films were ana-215

lyzed by a computer-assisted image analysis system216

(Multigauge, Fujifilm). For each patient, a region-217

of-interest (ROI) was manually drawn on one of the218

two sections of the slide to measure the total binding.219

This ROI was replicated on the other three sections220

(total binding and non-specific binding) to compare221

regions with a same size. These ROIs were positioned222

in homogeneous areas, avoiding folds or tissue dam-223

age due to poor sample quality, if any. The mean of224

total binding values and non-specific binding values225

(in PSM/mm2) was calculated for each slide. Specific226

binding was determined by subtracting non-specific227

binding from total binding values.228

In parallel, calibration standards were prepared229

from rat brain tissue homogenates, as described in230

a previous study [33]. Briefly, crushed rat brains231

were homogenized, and proteins were quantified by232

a chemical analyzer. The rest of the homogenates233

was frozen at –80◦C. For each radiosynthesis, four234

homogenates were defrosted and mixed with increas-235

ing radioligand activities (116, 231, 463, and 925236

kBq). The mixture was then refrozen in isopentane237

cooled with dry ice. The frozen samples were then 238

cut into 30�m coronal slices using a –20◦C cryostat. 239

The slices were placed on the human brain slices on 240

the imaging plates and signal-to-concentration curves 241

were calculated. 242

Data analysis 243

ANOVA tests assessed group homogeneity for 244

age, gender, and postmortem caudate tissue sampling 245

interval (Table 1). 246

In radioligand binding studies, KD and Bmax val- 247

ues were calculated using GraphPad Prism software 248

(Graph Pad Software, Prism 6). Statistically signif- 249

icant variations in radioligand binding parameters 250

were assessed on non-parametric Mann-Whitney test. 251

For the quantitative autoradiography study, ANOVA 252

assessed statistical differences. In case of a differ- 253

ence, results were compared between groups with 254

on post-hoc Bonferroni correction test. Correlations 255

between AD stages (quantified as: HC = 0; Low = 1; 256

Int = 2; High = 3) and specific binding were assessed 257

on Pearson’s r. For all analyses, the significance 258

threshold was set at p < 0.05. 259

Fig. 1. In vitro binding assays. Example of saturation binding curves and Scatchard plots with fresh caudate nucleus samples from HC (A)
and “High” AD stage (B) using the 5-HT6 radiopharmaceutical [18F]2FNQ1P. No significant differences were observed between HC and
“High” groups for the dissociation constant (KD) (C) or number of binding sites (Bmax) (D; Mann-Whitney test, p > 0.05). Bars plot mean
and 95% confidence interval.
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RESULTS260

In vitro binding assays261

In vitro binding assay showed reproducible binding262

of [18F]2FNQ1P to 5-HT6 receptors in the HC and263

“High” groups (Fig. 1A, B). Mean radioligand equi-264

librium dissociation constants (KD) were 2.6 ± 2.8265

nM and 2.4 ± 1.7 nM the HC group and “High”266

groups, respectively (Fig. 1C). Total 5-HT6 recep-267

tor density (Bmax) was 0.19 ± 0.09 and 0.12 ± 0.04268

for the HC group and “High” groups, respectively,269

the difference being non-significant (Fig. 1D).270

In vitro quantitative 5-HT6 receptor271

autoradiography272

Regardless AD stage, all samples showed bind-273

ing for [18F]2FNQ1P according to the location of274

the 5-HT6 receptor in the caudate nucleus. Fig-275

ure 2A represents an example of the total and276

non-specific binding of the [18F]2FNQ1P depend-277

ing on the stage of AD. Mean percentage specific278

binding compared to total binding was respectively279

21.1 ± 9.7, 16.9 ± 15.3, 16.5 ± 12.6, and 10.9 ± 15.4280

for HC group, “Low”, “Int”, and “High” stages.281

Results are presented in Fig. 2 according to AD stage.282

Mean specific binding was respectively 96.1 ± 27.6,283

68.4 ± 41.4, 70.9 ± 48.7, and 39.3 ± 43.5 pmol/mg284

of protein for HC group, “Low”, “Int”, and “High”285

stages. ANOVA showed a significant difference286

between groups (p = 0.004). Post-hoc Bonferroni cor-287

rection revealed a significant difference between288

the “High” and HC groups (p = 0.0025) (Fig. 2B).289

Post-hoc tests did not reveal significant differences290

between HC, “Low”, and “Int” groups, but specific291

binding showed a strong negative correlation with292

all stages from HC to “High” (r = –0.42, p < 0.01).293

A significant difference (p = 0.011) was also found294

between HC group and all AD stages combined295

(“Low”, “Int”, and “High”) on post-hoc t-test with296

Bonferroni correction (Fig. 2C).297

DISCUSSION298

To our knowledge this is the first study investigat-299

ing a specific PET radiotracer of 5-HT6 receptors in300

a population of AD patients with different stages of301

disease. The results showed a decrease in caudate 5-302

HT6 receptor density with [18F]2FNQ1P in subjects303

with AD compared to control group.304

Fig. 2. Autoradiographic quantification of specific binding of the
5-HT6 radiopharmaceutical [18F]2FNQ1P according to group of
patients. A) Example of regional distribution of [18F]2FNQ1P
binding sites in the caudate nucleus in HC and patient groups. The
autoradiographs showing the decrease of [18F]F2FNQ1P binding
when SB258585 is added during incubation represent non-specific
binding. B) A significant difference was seen between the “High”
and HC groups (**p < 0.01). Bars plot mean and 95% confidence
interval. C) A significant difference was also found between HC
group and all AD stages combined (“Low”, “Int” and “High”) on
post-hoc t-test with Bonferroni correction (*p < 0.05). Error-bars
with 95% confidence intervals of the means do not overlap.

As previously outlined, [18F]2FNQ1P is the only 305

PET radiopharmaceutical currently available that 306

is specific for 5-HT6 receptors [32]. In addition, 307

[18F]2FNQ1P has a high specificity for 5-HT6 308
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receptors with comparison to the following serotonin-309

ergic receptors, 5-HT2A, 5-HT2B, 5-HT2 C, 5-HT1B,310

5-HT4, as well as for dopamine (D2, D3) and mus-311

carinic (�1B) receptors, which are very present in312

the striatal regions [26]. In this study, binding assays313

showed reliable affinity of [18F]2FNQ1P for these314

receptors. Radioligand saturation binding assays315

found no significant difference between the HC and316

“High” groups on the KD and the Bmax parameters.317

The high affinity of [18F]2FNQ1P for 5-HT6 was318

confirmed by the mean KD for each group (around319

2.5 nM). This result is consistent with a previous320

study which found a KD of approximatively 1 nM321

[26]. Although Bmax was lower in the “High” than322

the HC group, the difference was non-significant.323

These results could be explained by the small size of324

the study population (n = 8). This explanation is fre-325

quently put forward in postmortem studies, as access326

to brains of neuropathologically documented AD327

subjects is limited. However, further investigations328

with a larger sample might demonstrate a significant329

difference, such as was found in the autoradiography330

assay.331

Quantitative autoradiography experiments showed332

that [18F]2FNQ1P was suitable for visualizing and333

quantifying striatal 5-HT6 receptor density. In vitro334

competition assays with the 5-HT6 antagonist SB-335

258585 showed displacement of the radiotracer,336

confirming binding reversibility. Quantification of337

5-HT6 receptors revealed significant differences338

between the healthy control group (i.e., patients339

without AD neuropathological modifications) and340

patients with a high level of neuropathological mod-341

ification (“High”). The results also distinguished the342

healthy control group from all AD stages. On the343

other hand, no significant differences were observed344

between the HC or “High” groups and other stages of345

AD (“Low” and “Int”). Despite these non-significant346

differences, the results showed a progressive decrease347

in the 5-HT6 receptor expression according to AD348

stage, with a strong negative correlation between spe-349

cific binding of [18F]2FNQ1P and disease stage. Here350

again, the absence of significant difference between351

the “High” group and earlier stages of AD can be352

initially explained by the relatively low number of353

patients in each group. Larger groups would rein-354

force the power of the study and could demonstrate355

significant differences. Another explanation concerns356

the complexity of assessing AD. Because of the large357

inter-individual variability found in AD, classifica-358

tion can be difficult. This is why many classifications359

exist, drawn up by different working groups such as360

the IWG-2 classification of the International Working 361

Group for New Research Criteria for the Diagno- 362

sis of Alzheimer’s Disease [34] and, more recently, 363

the “ABC” classification of the National Institute 364

of Aging-Alzheimer’s Association (NIA-AA) [31], 365

used in the present study. This classification consid- 366

ers AD as a continuum, needing to be diagnosed in 367

its early stages. However, these criteria remain to 368

be validated. Lowe et al. applied this classification 369

to the Alzheimer Disease Neuroimaging Initiative 370

(ADNI) cohort [35]. The study showed the weakness 371

of the NIA-AA criteria because of the complexity of 372

interpreting biomarkers. Other studies assessing the 373

applicability of this classification in AD patients with 374

mild cognitive impairment showed the same weak- 375

ness: variability in biomarker interpretation, lack 376

of measurement standardization, and varying results 377

[36, 37]. Furthermore, the “ABC” staging is strongly 378

nested in other diseases contributing to cognitive 379

impairment, such as Lewy body disease, vascular 380

brain injury, or hippocampal sclerosis [38]. Thus, 381

patient groups are difficult to distinguish, making 382

it difficult to show significant differences between 383

neighboring groups. 384

In addition, “ABC” staging is mostly based on 385

anatomopathological criteria. The classification takes 386

account of onset of A� or amyloid plaques, neu- 387

rofibrillary tangles, and neuritic plaques, but not 388

of clinical status. However, it is well known that 389

anatomopathological modifications in AD correlate 390

with disease symptomatology. Symptom onset corre- 391

lates with brain atrophy [39], hypometabolism [40], 392

and neurofibrillary changes [41]. Thus, the correla- 393

tion between decreased 5-HT-6 receptor density and 394

decrease in symptomatology could be an approach 395

worth considering in future studies. 396

Another point to be taken into account in interpret- 397

ing the present results concerns the polymorphism of 398

the 5-HT6 receptor. The human 5-HT6 receptor pro- 399

tein is coded by chromosome 1 and the specific gene 400

of the receptor contains many trinucleotide polymor- 401

phisms [5]. Some previous studies, in Chinese and 402

Korean populations, showed an association between 403

this polymorphism and AD, and considered this allele 404

to be a risk factor [42, 43]. Another study, in a Cau- 405

casian population, found no significant differences 406

between controls and AD patients [44], and consid- 407

ered this 5-HT6 receptor polymorphism as a silent 408

mutation that does not affect the function of the 409

protein. To date, an association between 5-HT6 poly- 410

morphism in AD patients and the binding properties 411

of [18F]2FNQ1P is still an open question. 412
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Although the present study is the first to visualize413

5-HT6 receptors in AD patients with a radiophar-414

maceutical usable for neuroimaging in vivo, a few415

previous studies also showed a decrease in these416

receptors in AD and related disorders, using ded-417

icated in vitro exploration probes. Lorke et al.,418

in an immunohistochemistry study [45], reported419

decreased cellular expression of 5-HT6 receptors420

in the prefrontal cortex of AD patients in com-421

parison with normal age-matched subjects. 5-HT6422

receptors were expressed in pyramidal cells and423

stellate-shaped cells, and AD patients showed a424

significant 40% decrease in 5-HT6 receptor expres-425

sion. Garcia-Alloza et al. reported similar results.426

They assessed the involvement of serotoninergic dis-427

turbance of 5-HT6 receptors in AD impairment.428

Binding assays with [125I]SB-258585, an in vitro429

radiotracer, were performed on tissue samples from430

frontal and temporal cortex. Results showed a sig-431

nificant decrease in 5-HT6 receptor density in both432

frontal (56% reduction) and temporal (58% reduc-433

tion) cortex in AD patients compared to controls [19].434

While these results were consistent with 5-HT6 recep-435

tor involvement in AD, the authors did not use the436

clinicopathologic diagnostic classification used in the437

present study.438

The present study also differs from a majority of439

previous studies in the choice of the brain region440

of interest: the caudate nucleus, well-known to be441

a region rich in 5-HT6 receptors [46, 47]. It is known442

that 5-HT6 receptors are highly and homogeneously443

concentrated in the caudate nucleus, putamen, and444

nucleus accumbens [29]. The first preclinical explo-445

rations of our radiopharmaceutical confirmed its446

preferential striatal binding [26, 27, 32], justifying447

the choice of this region for the present postmortem448

study. However, it must be recognized that the patho-449

physiological involvement of the caudate nucleus in450

AD is not yet well established. Brain atrophy and451

neuron loss occurs mainly in the frontal cortex, hip-452

pocampus, and limbic areas [48]. De Jong et al.453

suggested a distinction in striatal pattern morphology454

in AD patients compared to subjects with memory455

complaints without objective cognitive impairment456

[49]. Their study showed that cognitive impairment is457

related to the degree of surface deformity, hypothesiz-458

ing that associative and limbic cerebral networks are459

primarily affected in AD. These findings highlight the460

interest of tracing the progression of 5-HT6 receptors461

as striatal marker during neurodegeneration.462

This is all the more interesting as the 5-HT6 recep-463

tor is also a potential therapeutic target in AD [50].464

Recently, drug-candidates have been developed on 465

the pharmacological hypothesis that 5-HT6 recep- 466

tor blockade induces acetylcholine release and so 467

improves cognition processes in AD [51]. So far, 468

clinical studies were disappointing. Idalopirdine, a 469

5-HT6 receptor antagonist, did not improve cogni- 470

tion in patients with mild to moderate AD compared 471

to placebo [21]; intepirdine, another selective 5-HT6 472

receptor antagonist, did not show efficacy in a phase 473

II study [52]. However, these early studies do not 474

signify the abandonment of therapeutic targeting of 475

5-HT6 receptors. Their main limitations were the lack 476

of knowledge of 5-HT6 receptor status in groups of 477

heterogeneous AD patients. The difficulty of stag- 478

ing patients may have led to underdosing in phase 479

III compared to phase II [53]. It is therefore cru- 480

cial to have better knowledge of the progression of 481

5-HT6 receptors during the course of AD, through 482

PET imaging, to highlight potential early biomark- 483

ers, to refine the recruitment for future therapeutic 484

trials, and, finally, to contribute to the understanding 485

of 5-HT6 drug-candidates by drug occupancy stud- 486

ies. The translational results we obtained with the 487

radiopharmaceutical [18F]2FNQ1P therefore encour- 488

age us to implement a PET neuroimaging study in AD 489

patients. Indeed, this in vivo exploration will enable 490

us to quantify other brain regions expressing signif- 491

icant densities of 5-HT6 receptors relevant to AD, 492

such as the entorhinal, parietal, or frontal cortex, and 493

to explore the modification of their expression during 494

the disease progression. 495

CONCLUSION 496

This in vitro study is the first to demonstrate a 497

decrease in caudate 5-HT6 receptor density with 498

[18F]2FNQ1P, a PET radiopharmaceutical, in sub- 499

jects with AD. The challenge will now be to transfer 500

[18F]2FNQ1P to in vivo PET neuroimaging stud- 501

ies to confirm an early decline in 5-HT6 receptor 502

expression during disease progression and provide 503

better understanding of the pharmacology of future 504

candidate molecules targeting this serotoninergic 505

receptor. 506
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supplementary consent was needed for this study. The513

study was conducted according to the principles of the514
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Fieux S, Costes N, Tremblay L, Zimmer L (2017) Char-642

acterization and reliability of [18F]2FNQ1P in cynomolgus643

monkeys as a PET radiotracer for serotonin 5-HT6 recep-644

tors. Front Pharmacol 8, 471.645

[28] Marazziti D, Baroni S, Pirone A, Giannaccini G, Betti L,646

Testa G, Schmid L, Palego L, Borsini F, Bordi F, Piano647

I, Gargini C, Castagna M, Catena-Dell’osso M, Lucac-648

chini A (2013) Serotonin receptor of type 6 (5-HT6) in649

human prefrontal cortex and hippocampus post-mortem:650

An immunohistochemical and immunofluorescence study.651

Neurochem Int 62, 182-188.652

[29] Marazziti D, Baroni S, Pirone A, Giannaccini G, Betti L,653

Schmid L, Vatteroni E, Palego L, Borsini F, Bordi F, Piano I,654

Gargini C, Castagna M, Catena-Dell’osso M, Lucacchini A655

(2012) Distribution of serotonin receptor of type 6 (5-HT6)656

in human brain post-mortem. A pharmacology, autoradio-657

graphy and immunohistochemistry study. Neurochem Res658

37, 920-927.659

[30] MRC London Neurodegenerative Diseases Brain Bank;660

MRC UK Brain Banks Network; https://www.kcl.ac.661

uk/ioppn/depts/bcn/our-research/neurodegeneration/brain-662

bank.663

[31] Hyman BT, Phelps CH, Beach TG, Bigio EH, Cairns NJ,664

Carrillo MC, Dickson DW, Duyckaerts C, Frosch MP,665

Masliah E, Mirra SS, Nelson PT, Schneider JA, Thal DR,666

Thies B, Trojanowski JQ, Vinters HV, Montine TJ (2012)667

National Institute on Aging-Alzheimer’s Association guide-668

lines for the neuropathologic assessment of Alzheimer’s669

disease. Alzheimers Dement 8, 1-13.670

[32] Becker G, Colomb J, Sgambato-Faure V, Tremblay L,671

Billard T, Zimmer L (2015) Preclinical evaluation of672

[18F]2FNQ1P as the first fluorinated serotonin 5-HT6 radi-673

oligand for PET imaging. Eur J Nucl Med Mol Imaging 42,674

495-502.675

[33] Vidal B, Sebti J, Verdurand M, Fieux S, Billard T, Stre-676

ichenberger N, Troakes C, Newman-Tancredi A, Zimmer L677

(2016) Agonist and antagonist bind differently to 5-HT 1A678

receptors during Alzheimer’s disease: A post-mortem study679

with PET radiopharmaceuticals. Neuropharmacology 109,680

88-95.681

[34] Dubois B, Feldman HH, Jacova C, Hampel H, Molinuevo682

JL, Blennow K, DeKosky ST, Gauthier S, Selkoe D, Bate-683

man R, Cappa S, Crutch S, Engelborghs S, Frisoni GB,684

Fox NC, Galasko D, Habert M-O, Jicha GA, Nordberg685

A, Pasquier F, Rabinovici G, Robert P, Rowe C, Sal-686

loway S, Sarazin M, Epelbaum S, de Souza LC, Vellas687

B, Visser PJ, Schneider L, Stern Y, Scheltens P, Cum-688

mings JL (2014) Advancing research diagnostic criteria for689

Alzheimer’s disease: the IWG-2 criteria. Lancet Neurol 13,690

614-629.691

[35] Lowe VJ, Peller PJ, Weigand SD, Montoya Quintero C, 692

Tosakulwong N, Vemuri P, Senjem ML, Jordan L, Jack 693

CR, Knopman D, Petersen RC (2013) Application of the 694

National Institute on Aging-Alzheimer’s Association AD 695

criteria to ADNI. Neurology 80, 2130-2137. 696

[36] Petersen RC, Aisen P, Boeve BF, Geda YE, Ivnik RJ, Knop- 697

man DS, Mielke M, Pankratz VS, Roberts R, Rocca WA, 698

Weigand S, Weiner M, Wiste H, Jack CR (2013) Mild cogni- 699

tive impairment due to Alzheimer disease in the community. 700

Ann Neurol 74, 199-208. 701

[37] Prestia A, Caroli A, Wade SK, van der Flier WM, Ossenkop- 702

pele R, Van Berckel B, Barkhof F, Teunissen CE, Wall 703
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Gómez-Busto F, Garcı́a-Centeno V, Arias-Arias C, 734

Sánchez-Salazar C, Rodrı́guez-Martı́nez AB, Zarranz JJ, de 735

Pancorbo MM (2003) 5-Hydroxytryptamine 6 receptor (5- 736

HT6) receptor and apolipoprotein E (ApoE) polymorphisms 737

in patients with Alzheimer’s disease in the Basque Country. 738

Neurosci Lett 339, 85-87. 739

[45] Lorke DE, Lu G, Cho E, Yew DT (2006) Serotonin 5-HT2A 740

and 5-HT6 receptors in the prefrontal cortex of Alzheimer 741

and normal aging patients. BMC Neurosci 7, 36. 742

[46] Barnes NM, Sharp T (1999) A review of central 5- 743

HT receptors and their function. Neuropharmacology 38, 744

1083-1152. 745

[47] Filip M, Bader M (2009) Overview on 5-HT receptors and 746

their role in physiology and pathology of the central nervous 747

system. Pharmacol Rep PR 61, 761-777. 748

[48] Salmon DP, Bondi MW (2009) Neuropsychological assess- 749

ment of dementia. Annu Rev Psychol 60, 257-282. 750

[49] de Jong LW, Ferrarini L, van der Grond J, Milles JR, Reiber 751

JHC, Westendorp RGJ, Bollen ELEM, Middelkoop HAM, 752

van Buchem MA (2011) Shape abnormalities of the striatum 753

in Alzheimer’s disease. J Alzheimers Dis 23, 49-59. 754

[50] Ramirez MJ, Lai MKP, Tordera RM, Francis PT 755

(2014) Serotonergic therapies for cognitive symptoms in 756

https://www.kcl.ac.uk/ioppn/depts/bcn/our-research/neurodegeneration/brain-bank


U
nc

or
re

ct
ed

 A
ut

ho
r P

ro
of

10 P. Courault et al. / Expression of 5-HT6 Receptor in AD

Alzheimer’s disease: rationale and current status. Drugs 74,757

729-736.758

[51] Riemer C, Borroni E, Levet-Trafit B, Martin JR, Poli S,759

Porter RHP, Bös M (2003) Influence of the 5-HT6 recep-760

tor on acetylcholine release in the cortex: pharmacological761

characterization of 4-(2-bromo-6-pyrrolidin-1-ylpyridine-762

4-sulfonyl)phenylamine, a potent and selective 5-HT6763

receptor antagonist. J Med Chem 46, 1273-1276.764

[52] Maher-Edwards G, Dixon R, Hunter J, Gold M, Hopton 765

G, Jacobs G, Hunter J, Williams P (2011) SB-742457 766

and donepezil in Alzheimer disease: a randomized, 767

placebo-controlled study. Int J Geriatr Psychiatry 26, 768

536-544. 769

[53] Andrews M, Tousi B, Sabbagh MN (2018) 5HT6 antag- 770

onists in the treatment of Alzheimer’s dementia: current 771

progress. Neurol Ther 7, 51-58. 772


