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ROLE OF SEROTONIN AND SEROTONIN TYPE 2A RECEPTORS IN ALZHEIMER’S DISEASE 

 

INTRODUCTION 

Serotonin or 5-hydroxytryptamine (5-HT) is widely distributed in the whole brain and each receptor 

subtype has a specific regional distribution.  It plays a role in a great variety of behaviours such as 

activity rhythms, food intake, sexual behaviour and emotional states.  Serotonin type 2A (5-HT2A, 

formerly called 5-HT2) receptors, with a mainly cortical distribution, have been implicated in several 

largely ‘neuroexcitating’ brain functions, such as appetite control, thermoregulation and sleep and play 

an important role in the pathophysiology of mood and anxiety disorders, schizophrenia, ageing and 

also Alzheimer’s disease (AD).  The following part explains the potential role of serotonin and 

serotonin type 2A receptors in Alzheimer’s disease. 

 

ROLE OF SEROTONIN AND SEROTONIN TYPE 2A RECEPTORS IN COGNITIVE BEHAVIOUR 

Alzheimer’s disease is typically characterised by a progressive memory impairment, predominantly a 

loss of short-term memory [5].  The 5-HT receptor is involved in various cognitive functions, especially 

learning, (working) memory and attentional processes [1].  These functions are not independent from 

each other or from other behavioural levels.  For example, there are some connections between 

anxiety and memory, or between memory and attentional processes so 5-HT may modulate learning 

and memory by both direct and indirect ways [4].  Concerning the receptor subtypes, evidence exists 

that 5-HT2A/2C agonists prevent memory impairment and facilitate learning (consolidation) in situations 

involving a high cognitive demand [4,7].  The 5-HT2A receptor is thought to mediate also attentional 

rather than memory processes and acts by stimulating phospholipase C [3].  Finally, several 

interactions exist between the serotonergic and other neurotransmitter systems involved in memory.  

One of these interactions, especially for spatial memory, is the interaction between and modulation of 

the cholinergic system where 5-HT regulates the central cholinergic activity by modulating 

hippocampal and neocortical acetylcholine release, this through substance P interneurons.  Also, the 

serotonergic role in learning and memory is made possible by interacting with the glutamatergic, 

dopaminergic or GABAergic systems [6]. 

ROLE OF SEROTONIN AND SEROTONIN TYPE 2A RECEPTORS IN NON-COGNITIVE BEHAVIOUR 

Probably the most important role of the serotonin receptor lies in the non-cognitive aspects of 

Alzheimer’s disease.  Indeed, serotonin plays an important role in a great variety of behaviours such 

as food intake, activity rhythms, sexual behaviour and emotional states.  After all, in many cases these 

non-cognitive features of AD are the main reason for hospitalisation and cause the greatest distress to 

caregivers.  For example, 5-HT2A receptor polymorphisms have been associated with both visual and 

auditory hallucinations and prominent psychotic symptoms [8,11]. 

 

ROLE OF SEROTONIN AND SEROTONIN TYPE 2A RECEPTORS IN AMYLOID FORMATION 

$O]KHLPHU¶V� GLVHDVH� DP\ORLG� FRQVLVWV� RI� DP\ORLG� -SHSWLGHV� �$ �� GHULYHG� IURP� WKH� ODUJHU� SUHFXUVRU�

amyloid precursor protein (APP).  Non-amyloidogenic APP processing involves regulated cleavage 

ZLWKLQ� WKH� $ � GRPDLQ� IROORZHG� E\� VHFUHWLRQ� RI� WKH� HFWRGRPDLQ� �$PPs).  Both the synthesis of the 
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DP\ORLG�SUHFXUVRU�SURWHLQ� �$33��DQG� LWV�SURFHVVLQJ� �L�H�� WR�DP\ORLGRJHQLF�$ �SHSWLGHV��VROXEOH�QRQ-

amyloidogenic APPs, and other APP fragments) are regulated by neurotransmitters.  As such APP 

secretion is influenced by norepinephrine, prostaglandins, and muscarinic acetylcholine receptors [9].  

However, the 5-HT2A receptor has been suggested to regulate in a dose-dependent way APPs 

secretion, which could eventually lead to the formation of amyloidogenic derivatives [12]. 

 

IMMUNOLOGICAL ROLE OF SEROTONIN AND SEROTONIN TYPE 2A RECEPTORS IN ALZHEIMER’S DISEASE 

5-HT has also a role in natural immunity in general, and more specifically in the superoxide 

production, phagocytosis, and the optimal accessory cell function of macrophages for natural killer and 

T-cells, which could eventually influence the removal of amyloid plaques [10].  Finally, the cerebral 

availability of plasma tryptophan, the precursor of 5-HT, decreases with activation of the immune 

system, the latter believed to be upregulated in AD [2] 
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ABSTRACT 

Serotonin (5-HT) and more specifically the 5-HT2A receptor is involved in cognitive and non-cognitive 

behavior and plays an important role in Alzheimer’s disease (AD).  The objective was to assess the 5-

HT2A binding potential (BP) in healthy volunteers and AD with SPECT and 123I-5-I-R91150, a selective 

radio-iodinated 5-HT2A receptor antagonist.  Twenty-six controls and 9 AD patients were included.  A 

semiquantitive analysis with normalization on cerebellar uptake provided estimates of BP for 26 cortical 

regions of interest.  An age-related decline of neocortical BP was found (11.6 % per decade).  Compared 

to age-matched controls, a generally decreased neocortical BP in AD was found with a significant regional 

reduction in the orbitofrontal, prefrontal, lateral frontal, cingulate, sensorimotor, parietal inferior, and 

occipital region.  These results are in line with previous postmortem, in vitro, and PET findings.  The age-

related decline highlights the necessity for matched advanced age study samples.  The fact that the 5-

HT2A receptor is differentially affected in AD patients has implications for both the etiological basis and 

therapeutic management of AD. 
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INTRODUCTION 

Approximately 90% of the total body amount of serotonin (5-HT) acts in the gastrointestinal system.  Only 

1-2% is present in the central nervous system where 5-HT receptors are generally involved in sleep, pain, 

behavior, learning, and memory [5,10].  More specifically, serotonin type 2A (5-HT2A) receptors have been 

implicated in several brain functions, such as appetite control, sexuality, thermoregulation, and sustained 

attention and play an important role in the pathophysiology of mood, depressive, anxiety, and psychotic 

disorders, schizophrenia, ageing and also Alzheimer’s disease [2,5,9,18,30,31,42]. 

 

Alzheimer’s disease (AD), the most common form of dementia, is typically characterized by progressive 

impairment of recent memory.  However, in the course of AD, other cognitive dysfunctions, behavioral and 

psychiatric symptoms emerge and become at least equally important [21].  The role of the 5-HT(2A) 

receptor in AD is manifold.  Firstly, the 5-HT2A receptor has been suggested to play a role in the amyloid 

precursor protein secretion.  Since this is linked to the ß-amyloid fibrillogenesis, this could eventually lead 

to the subsequent formation of amyloid plaques, typically seen in AD [24,25,35,36].  Secondly, several 

genetic associations between 5-HT2A receptor polymorphisms and the AD symptomatology e.g. visual or 

auditory hallucinations have been reported [23,34].  Thirdly, 5-HT has a role in natural immunity in 

general, and more specifically in the superoxide production, phagocytosis, and the optimal accessory cell 

function of macrophages for natural killer and T-cells, which could eventually influence the removal of 

amyloid plaques [32].  Moreover, the cerebral availability of plasma tryptophan, the precursor of 5-HT, 

decreases with activation of the immune system, the latter believed to be upregulated in AD [1,8].  Finally, 

a decrease in serotonergic cells in the central nervous system could eventually lead to a disturbance of 

functional interactions between the serotonergic on one hand and the cholinergic or dopaminergic system 

on the other hand [16,19,40,44]. 

 
123I radiolabeled R91150 is a radio-iodinated 5-HT2A receptor antagonist with high affinity (KD = 0.11 ± 0.01 

nM).  The selectivity of this ligand for 5-HT2A receptors as compared to other neurotransmitter receptor 

binding sites such as 5-HT1A, 5-HT1B, 5-HT1D, 5-HT2C, 5-HT3, dopamine D2� UHFHSWRUV�� 1� DQG� 2 

adrenoreceptors and histamine H1 receptors, is at least a factor of 50.  123I-5-I-R91150 binding is saturable 

and displaceable with the known 5-HT2A receptor antagonist ketanserin and proved suitable for the 

imaging of 5-HT2A receptors with single photon emission computed tomography (SPECT) in the human 

brain [11]. 

 

The objectives of the present study were, firstly, to study the age and gender effect of the 5-HT2A receptor 

binding potential in a large group of healthy subjects (n=26) with an age range of 22 to 85 years and, 

secondly, to determine whether there are abnormalities in the 5-HT2A receptor binding potential in AD 

patients compared to age-matched healthy controls, and if so, whether these abnormalities are correlated 

with cognitive defects or depressive symptomatology. 
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METHODS 

 

PATIENTS 

 

The study was approved by the medical ethics committee of the Ghent University Hospital and all patients gave 

informed (proxy-)consent.  Nine AD patients (two males, mean age 81 ± 6 yrs, range 73-88 yrs) according to the 

NINCDS-ADRDA criteria were included with the diagnosis made by a board-certified neurologist [27].  The diagnosis 

was supported by the fact that there was evidence of cerebral atrophy on computed tomography or magnetic 

resonance imaging in all AD patients and by the fact that structural imaging did not reveal any brain disease causing 

dementia other than Alzheimer’s disease.  The control group consisted of 26 healthy subjects (11 males; mean age 

51 ± 24 yrs; range 22-85 yrs).  For the comparison with the AD patient group, only the oldest age group was used 

consisting of 9 healthy subjects (3 males; mean age 77 ± 5 yrs, range 70-85 yrs).  These two groups did neither differ 

significantly concerning age (Mann-Whitney U test, p = 0.16) or sex (Pearson Chi-Square test, p = 0.6). 

 

METHODS 

 
123I-5-I-R91150 SPECT 

 

Radionuclide synthesis and injection 

Na123I was purchased from Bristol-Myers Squib Pharma Belgium N.V. formerly Dupont Pharmaceuticals Ltd. 

(Brussels, Belgium).  R91150 (4-amino-N-[1-[3-(4-fluorophenoxy)propyl]4-methyl-4-piperidinyl] 5-iodo-2-

methoxybenzamide) is an original product of Janssen Pharmaceutica (Beerse, Belgium).  123I-5-I-R91150 was 

synthesized by electrophilic substitution on the 5-position of the methoxybenzamide group of R91150, followed by 

purification with high-performance liquid chromatography.  The specific activity of the labeled compound was 370 

GBq/µmol while the radiochemical purity of the final product yielded more than 99%.  Thyroid was blocked with 

Lugol's solution for all subjects (5% iodine and 10% potassium iodide; one-day protocol of 20 drops one hr before 

radioligand injection).  The administered dose was 185 MBq. 

 

Image acquisition and reconstruction 

All subjects were scanned on a triple-headed gamma camera (Toshiba GCA9300A, Dutoit Medical, Wijnegem, 

Belgium) equipped with low-energy super-high-resolution lead fan-beam collimators (measured resolution 8.1 mm) 

and 153Gd transmission rod sources allowing transmission scanning prior to emission scanning, enabling image 

coregistration [46].  Since previously published work with sequential dynamic brain scans has shown that the cortico-

cerebellar ratio reaches pseudo-equilibrium between 90 and 110 min postinjection and remains stable thereafter for 

up to 4 h, acquisition was started between 110 and 140 min after tracer injection [11].  Emission images were 

acquired in a 128×128 matrix with 90 projections during 40 min consisting of 4 sequential frames of 10 min in order to 

omit frames when the subject was unable to complete the whole imaging session (at least two frames required for 

high enough count statistics).  After triple-energy window scatter correction and uniform attenuation correction (µ=0.09 

cm-1), images were processed by means of filtered backprojection and a post-reconstruction Butterworth filter of order 

8 and a cut-off frequency of 0.08 cycles/cm [47]. 
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Estimation of binding potential 

After image registration into Talairach space, a volume of interest (VOI) analysis was performed making use of a 

predefined in-house modified VOI-map sampling the whole brain and consisting of 26 cortical, 6 subcortical, 2 

cerebellar, and one pons 3D-volumes of interest (Brass, Nuclear Diagnostics, Hägersted, Sweden) [46].  Every 

registration with the subsequent VOI analysis was carefully checked for errors.  In two subjects, a manual adjustment 

was necessary where the lower cerebellar slices were not completely imaged due to subject positioning on the 

camera (at least five cerebellar slices had to be visualized for final inclusion).  The binding potential for a specific 

region was defined as the activity per volume element in that specific region divided through the activity per volume 

element in the cerebellum (void of 5-HT2A receptors), expressed as a percentage.  The neocortical binding potential 

was defined as the unweighted average of the binding potential of frontal, temporal, parietal, and occipital regions.  

For the comparison of AD patients to healthy controls, the binding potential values for symmetrical regions were 

summed to achieve improved statistics in the relatively small sample under study.  An asymmetry index (AI) was 

calculated, defined as AI = (R-L)/(R+L)*200 (%). 

 

Psychiatric and neuropsychological testing 

 

All AD patients, except one, underwent a screening for depressive symptomatology by means of the geriatric 

depression scale (GDS), a reliable and validated self-rating 30 items depression screening scale for elderly 

populations with scores ranging from 0 to 30 with a cut-off of 9 for mild and 19 for severe depression [50,51].  Also, 

AD patients underwent a Mini-Mental State Examination (MMSE), a method for grading the cognitive state consisting 

of a series of short subtests designed to elicit information about orientation, registration, attention and calculation 

ability, recall, language, and praxis.  It has a total score ranging from 0 to 30 with 30 representing pefect performance, 

with a generally accepted cut-off of 27 for the exclusion of mental impairment and 23 to 24 for the diagnosis of 

dementia [17,20].  Finally all AD patients underwent a screening battery for cognitive impairment (Amsterdam 

dementia screening test, ADS6) containing the following subtests: picture recognition (n=8), orientation (n=8), drawing 

alternating sequences (n=8), verbal fluency (n=8), copying geometric figures (n=7), and free recall (n=7) [14].  Not 

every (sub)test could be performed in all patients due to non-compliance. 

 

Statistical analysis 

 

Data were analyzed by means of SPSS v10.0 for Windows (Chicago, IL, USA).  For normality testing, a Kolmogorov-

Smirnov test statistic was applied.  For differences between groups, a two-tailed independent samples t test or a 

Mann-Whitney U test was applied when appropriate.  A p-value lower than 0.05 was considered as significant.  Data 

are given as means ± one standard deviation. 
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RESULTS 

 

Age, sex, GDS, MMSE-score, and cognitive deficits of the AD patients are presented in Table 1. 

 

Age Sex GDS MMSE Most prominent cognitive defects 

81 F - - memory 

88 F 2 9 memory, orientation, attention, visuoconstruction 

76 F 9 15 (visual) memory, orientation 

78 F 9 21 (visual) memory 

73 F 7 25 verbal memory and attention, visuospatial aspect, orientation 

86 M 9 9 orientation, visuoconstruction, memory, word fluency, learning 

85 F 15 20 memory, understanding, orientation 

85 M 3 25 orientation, memory 

74 F 19 17 visuoconstruction, language, visual memory 

 

Table 1 Demographic variables of the AD patient group 

 
123I-5-I-R91150 SPECT uptake values 

 

THE DISTRIBUTION OF RADIOLIGAND UPTAKE IN HEALTHY CONTROLS 

The distribution of radioligand uptake throughout the brain as measured in 26 healthy volunteers is shown 

in figure 1.  Relative regional specific uptakes compared to the cerebellum varied between 174 for the 

occipital cortex and 160 for the sensorimotor area.  As for asymmetries in radioligand uptake, two 

statistically significant asymmetries were found consisting of a 2% asymmetry in frontal uptake in favor of 

the right side (p = 0.003) with the greatest difference in the prefrontal cortex (3%; p = 0.001) and another 

3% asymmetry in favor of the left side for the temporal cortex (p = 0.002), with the greatest difference in 

the temporal superior cortex (5%; p < 0.001). 
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Figure 1. The distribution of radioligand uptake throughout the brain as measured in 26 healthy volunteers. 

ORBIF = orbitofrontal; PREF = prefrontal; LATF = lateral frontal; SUPF = superior frontal; CG = cingulate gyri; SMA = sensorimotor 

area; ANTT = anterior temporal; SUPT = superior temporal; MINFT = medial inferior temporal; MT = mesotemporal; INFP = inferior 

parietal; SUPP = superior parietal; OCC = occipital 

 

NEOCORTICAL BINDING POTENTIAL IN HEALTHY VOLUNTEERS AND RELATION WITH AGE AND GENDER 

There was no statistically significant difference in radioligand uptake according to sex for any volume of 

interest.  Concerning the age effect, the average neocortical binding potential varied between 217 at 23 

years and 119 at 73 years.  There was a significant age-related decline of neocortical binding potential 

(linear regression analysis: R2 = 0.87, p < 0.001) resulting in an average decline of 11.6 ± 0.9 % per 

decade (figure 2).  When only subjects over 60 years old were included, no significant age-related decline 

was present (n = 13; R2 = 0.1, p = 0.3).  Moreover, when only subjects over 70 years old were included (n 

= 8), the receptor binding potential as measured with 123I-5-I-R91150 SPECT seemed to increase visually, 

however, this did not reach statistical significance (p = 0.4).  The distribution of radioligand uptake 

throughout the brain compared between the 13 youngest (up to 52 years old) and the 13 oldest subjects 

(from 62 years on) is shown in figure 3.  The highest age-related decline was reached in the posterior 

cingulate with a decrease of 14.2 % per decade (R2 = 0.78, p < 0.001) while the lowest age-related decline 

was found in the left and the right mesotemporal region with a mean decrease of 7.6 % per decade (R2 = 

0.8, p < 0.001).  There was no statistically significant asymmetry change according to age for any region. 
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Figure 2. Age-related decline of the 5-HT2A receptor neocortical binding potential as measured with 123I-5-I-R91150 SPECT. 
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Figure 3. The distribution of radioligand uptake throughout the brain compared between the 13 youngest and the 13 oldest subjects 

(22-52 versus 62-85 yrs). LF = left frontal; RF = right frontal; LSMA = left sensorimotor; RSMA = right sensorimotor; LT = left 

temporal; RT = right temporal; LP = left parietal; RP = right parietal; LO = left occipital; RO = right occipital; AC = anterior cingulate; 

PC = posterior cingulate 
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ALZHEIMER’S DISEASE PATIENTS VERSUS AGE-MATCHED CONTROLS 

Grouped mean uptake values for AD patients and age-matched controls are displayed in figure 4. 
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Figure 4. Grouped mean uptake values ± SD for AD patients and age-matched controls. 

 

A generally decreased neocortical binding potential was found in the AD patient group (p = 0.02).  Mean 

regional uptake values for AD patients and controls are shown in Table 2. 

 

 AD patients age-matched controls p-value, uncorrected 

 UV SD UV SD  

Orbitofrontal 117.6 21.5 139 14.5 0.04* 

Prefrontal 107.7 18.6 126.7 12.3 0.03* 

Lateral frontal 116.8 15.1 135.2 8.6 0.008* 

Superior frontal 110.4 25.3 128.2 16.1 0.1 

Cingulate gyri 117.3 25.4 137.7 7.6 0.02* 

Sensorimotor 114.9 14.9 134.5 12.2 0.004* 

Temporal anterior 112.3 24.8 128.7 10.9 0.2 

Temporal superior 125.5 26.4 142.4 10.9 0.06 

Temporal medial inferior 129.4 22.9 144.3 7.4 0.09 

Mesotemporal 100.6 17.9 113.3 11.8 0.16 

Parietal inferior 121.6 17.3 141.8 9.5 0.01* 

Parietal superior 108.0 33.3 136.3 21.4 0.06 

Occipital 129.5 19.3 141.2 8.2 0.04* 

*statistically significant p-values 

 

Table 2. 123I-5-I-R91150 regional uptake values (UV) and standard deviation (SD) for AD patients compared to age-matched controls 
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For the individual regions, a statistically significant decreased binding potential in AD patients compared to 

controls was found in the orbitofrontal, prefrontal, lateral frontal, cingulate, sensorimotor, parietal inferior, 

and occipital region (puncorrected < 0.05).  After Bonferroni correction for multiple comparisons, only the 

difference in radioligand uptake for the sensorimotor region yielded significance (p = 0.05). 

Concerning asymmetries, a statistically significant asymmetry was found for the mesotemporal region in 

favor of the left side (p = 0.02).  However, individually neither the left or right mesotemporal area differed 

significantly from age-matched controls concerning radioligand uptake. 

Figure 5 shows the radioligand uptake values for AD patients and age-matched controls for the right 

sensorimotor and left orbitofrontal region.  Figure 6 shows a representative slice of an age-matched 

healthy volunteer and an AD patient with the specific radioligand uptake decreases in the lateral frontal, 

sensorimotor, and posterior cingulate region. 
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Figure 5. Boxplots of the 123I-5-I-R91150 uptake values for AD patients and age-matched controls for the  

right sensorimotor (upper) and the left orbitofrontal (lower) region. 
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Figure 6. Figure of the VOI-map (A) together with a representative slice of an age-matched healthy volunteer (B) and an AD patient 

(C).  Mark the cerebellum, representing free ligand and non-specific binding and also the specific uptake decreases in the lateral 

frontal (LF), sensorimotor (SMA) and the posterior cingulate region (PC) in the AD patient. 

 

Neuropsychological testing and correlation with the 123I-5-I-R91150 uptake values 

The mean Mini-Mental State Examination score (MMSE) yielded 18 ± 6 (range 9-25).  The mean score on 

the geriatric depression scale (GDS) was 9.1 ± 6 (range 2-19), where, according to the cut-offs used, two 

mildly and no severely depressed patients were included.  No effect of depression score on regional or 

neocortical binding potential was present within the AD patient group.  A significant positive correlation 

was found between the 123I-5-I-R91150 uptake value in the left orbitofrontal region and the global cognitive 

deficit as assessed with the MMSE-VFRUH� �6SHDUPDQ
V� � FRUUHODWLRQ� FRHIILFLHQW� RI� ����� S� �� ������� � 1R�

correlation was found between 123I-5-I-R91150 uptake values for any region and global or subscores on 

the ADS6 cognitive screening battery. 
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DISCUSSION 

The present findings concerning age dependency of 5-HT2A receptor density are in agreement with 

previous ex vivo distribution studies demonstrating a general decrease in cortical 5-HT and more 

specifically 5-HT2A receptor density [39].  This decline is also consistent with clinical observations of age-

related changes in behaviors such as sleep or executive functioning, known to be linked to serotonergic 

function [15,33].  Moreover, peak minus baseline prolactin responses to fenfluramine (a serotonin-

releasing agent) were shown to be negatively correlated with age [26].  Concerning the regional age-

dependent decreases in 5-HT2A receptor density, a very recent study with [18F]altanserin found the highest 

age-related decline in the cingulate region while the lowest decline was found in the hippocampus, which 

is in concordance with the regional age-related decreases found in the present study [43]. 

 

This decrease in 5-HT2A receptor density gradually declines, reaching a minimum between the 5th and the 

6th decade [45].  As for in vivo imaging studies, several studies confirmed this linear decrease in cortical 5-

HT2A receptor binding in the living human brain with a more rapid decline in the first half of adult life, 

directly reflecting the loss of specific 5-HT2A receptors with age [7,41,49].  Moreover, one study used the 

same radioligand as in the present study in a healthy control group up to 60 years old [4].  Also, it was 

previously shown that the effect of atrophy is relatively small compared to the large change in 5-HT2A 

receptor binding in healthy aging [29].  The present study extends these previously published data since 

healthy subjects up to an age of 85 years were included where no significant age-related effect from the 

age of 60 on could be demonstrated.  On the contrary, the receptor density seemed to slightly increase 

again from the age of 70, however, this did not reach statistical significance.  This phenomenon of a 

parabolic relationship between aging and 5-HT2A receptor density with an upswing from the age of 60 has 

also been reported previously for the prefrontal cortex and the hippocampal dentate using [3H]ketanserin 

autoradiography [22].  Concerning gender, our data could not show any significant gender difference in 

radioligand uptake for any brain region.  Up till now only one PET study with [18F]altanserin, a 5-HT2A 

receptor antagonist, has reported a gender difference in cortical 5-HT2A receptor uptake in healthy 

subjects with a higher binding capacity in men in general with the greatest differences in the frontal and 

cingulate cortices [6]. 

 

Concerning the present findings about radioligand uptake in the AD patient group, our results are in line 

with previously published ex vivo data.  Indeed, most postmortem studies showed, in addition to mostly 

frontal deficits, also deficits in cingulate and parietal 5-HT2A binding sites [37].  However, an important 

issue concerning post-mortem studies is that some of these results, due to the nature of many of these 

studies, are potentially biased, firstly towards Alzheimer’s disease of end-stage severity and secondly by 

post mortem delay.  However, also two previously published PET studies with [18F]setoporone and  

[18F]altanserin showed this specific decrease in 5-HT2A receptor density for AD patients, with the greatest 

deficits in frontal, cingulate, and temporal regions [7,28].  Interestingly, the reduction in radioligand uptake 

in the sensorimotor cortex, in fact the only statistically significant difference compared to age-matched 
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controls proof against formal Bonferroni correction, is somewhat unexpected but in line with recently 

published PET results using [18F]altanserin [28].  Hypothetically, this could be related to a reduction in 

planned motor behavior and a reduction in sensory processing.  Both aspects have been described in 

literature and are often observed in clinically demented patients [38,48]. 

 

Since binding potential may reflect changes in receptor density (Bmax) as well as receptor affinity (KD), 

abnormalities in either or both measures may contribute to the finding of a difference or, alternatively, a 

lack of difference in regional binding potential between different study groups.  However, most 

postmortem binding assays and saturation binding experiments of 5-HT2A receptor ligands in AD brains 

have shown abnormal Bmax values and normal KD values [12,13].  Therefore, it is likely that the low 

specific binding potential for several brain regions found in the present study is the result of a 

corresponding loss of 5-HT2A receptors.  This is similar to what has already been reported for most 

neuroreceptor changes in AD for e.g. the nicotinic, 5-HT1, glutamate, NMDA, somatostatin or 

neuropeptide Y receptor sites [37]. 

 

Concerning the dynamic content of the measured receptor data, static scans were acquired and no full 

kinetic modelling of the receptor binding potential was measured.  As mentioned already, pseudo-

equilibrium conditions were assumed and the relative measure of neocortical to (nearly receptor-free) 

cerebellar activity was taken as a measure of the binding index, as has been shown in previous literature 

both by our group as well as others [3,4,11].  Under pseudo-equilibrium circumstances, the delivery phase 

of the tracer (initial flow) is not a determinant of the binding index anymore and therefore, regional 

estimates of perfusion need not to be correlated directly to the 5-HT2A binding data. 

 

No effect of depression score on global or regional binding potential was present within the AD patient 

group, although the low number of depressed subjects precluded a definitive examination of the 5-HT2A 

receptor status in AD patients with concommittant depression.  This is however in agreement with a 

previous PET study where no significant abnormalities in 5-HT2A receptor binding potential as measured 

with [18F]altanserin were observed in 11 patients with late-life depression according to DSM-IV and 

Hamilton depression scale criteria.  Moreover, no effect of depression on neither global nor regional 

binding potential was present within the AD patient group (3 out of 11 with concurrent depression) [28].  

These findings are consistent with the hypothesis that the 5-HT2A receptor is differentially affected in late-

life depression and AD, a finding that has implications for the etiological basis of mood and cognitive 

features of neuropsychiatric disorders of late life. 

 

In conclusion, the results of the present study agree with and extend previous postmortem, in vitro and 

PET/SPECT in vivo findings.  The age-related decline in 5-HT2A receptor binding potential with a tendency 

towards a slight upswing towards later life highlights the necessity for age-matched controls in (clinical 

and) imaging studies and the need for larger study samples at advanced age.  Moreover, it stresses the 
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etiological and potential therapeutic implications concerning mood changes and psychotropic drug dosing 

for older age groups.  The fact that the 5-HT2A receptor is differentially affected in AD patients compared 

to age-matched controls has implications for both the etiological basis and the therapeutic management of 

AD. 



Role and distribution of serotonin type 2A receptors in Alzheimer’s disease 

154 

REFERENCES 

[1] Akiyama H, Barger S, Barnum S, Bradt B, Bauer J, Cole GM, Cooper NR, Eikelenboom P, Emmerling M, Fiebich 

BL, Finch CE, Frautschy S, Griffin WS, Hampel H, Hull M, Landreth G, Lue L, Mrak R, MacKenzie IR, McGeer 

PL, O’Banion MK, Pachter J, Pasinetti G, Plata-Salaman C, Rogers J, Rydel R, Shen Y, Streit W, Strohmeyer R, 

Tooyoma I, Van Muiswinkel FL, Veerhuis R, Walker D, Webster S, Wegrzyniak B, Wenk G, Wyss-Coray T. 

Inflammation and Alzheimer’s disease. Neurobiol Aging 2000;21(3):383-421. 

[2] Arias B, Gutierrez B, Pintor L, Gasto C, Fananas L. Variability in the 5-HT(2A) receptor gene is associated with 

seasonal pattern in major depression. Mol Psychiatry 2001;6(2):239-42. 

[3] Audenaert K, Van Laere K, Dumont F, Slegers G, Mertens J, van Heeringen C, Dierckx RA. Decreased frontal 

serotonin 5-HT 2a receptor binding index in deliberate self-harm patients. Eur J Nucl Med 2001;28(2):175-82. 

[4] Baeken C, D’haenen H, Flamen P, Mertens J, Terriere D, Chavatte K, Boumon R, Bossuyt A. 123I-5-I-R91150, a 

new single-photon emission tomography ligand for 5-HT2A receptors: influence of age and gender in healthy 

subjects. Eur J Nucl Med 1998;25(12):1617-22. 

[5] Barnes NM, Sharp T. A review of central 5-HT receptors and their function. Neuropharmacology 

1999;38(8):1083-152. 

[6] Biver F, Lotstra F, Monclus M, Wikler D, Damhaut P, Mendlewicz J, Goldman S. Sex difference in 5HT2 receptor 

in the living human brain. Neurosci Lett 1996;204(1-2):25-8. 

[7] Blin J, Baron JC, Dubois B, Crouzel C, Fiorelli M, Attar-Levy D, Pillon B, Fournier D, Vidailhet M, Agid Y. Loss of 

brain 5-HT 2 receptors in Alzheimer’s disease. In vivo assessment with positron emission tomography and 

[18F]setoperone. Brain 1993;116(3):497-510. 

[8] Bonaccorso S, Lin A, Song C, Verkerk R, Kenis G, Bosmans E, Scharpe S, Vandewoude M, Dossche A, Maes 

M. Serotonin-immune interactions in elderly volunteers and in patients with Alzheimer’s disease (DAT): lower 

plasma tryptophan availability to the brain in the elderly and increased serum interleukin-6 in DAT. Aging (Milano 

) 1998;10(4):316-23. 

[9] Buhot MC. Serotonin receptors in cognitive behaviors. Curr Opin Neurobiol 1997;7(2):243-54. 

[10] Buhot MC, Martin S, Segu L. Role of serotonin in memory impairment. Ann Med 2000;32(3):210-21. 

[11] Busatto GF, Pilowsky LS, Costa DC, Mertens J, Terriere D, Ell PJ, Mulligan R, Travis MJ, Leysen JE, Lui D, 

Gacinovic S, Waddington W, Lingford-Hughes A, Kerwin RW. Initial evaluation of 123I-5-I-R91150, a selective 5-

HT2A ligand for single-photon emission tomography, in healthy human subjects. Eur J Nucl Med 1997;24(2):119-

24. 

[12] Cross AJ, Crow TJ, Ferrier IN, Johnson JA, Bloom SR, Corsellis JA. Serotonin receptor changes in dementia of 

the Alzheimer type. J Neurochem 1984;43(6):1574-81. 

[13] Crow TJ, Cross AJ, Cooper SJ, Deakin JF, Ferrier IN, Johnson JA, Joseph MH, Owen F, Poulter M, Lofthouse R. 

Neurotransmitter receptors and monoamine metabolites in the brains of patients with Alzheimer-type dementia 

and depression, and suicides. Neuropharmacology 1984;23(12B):1561-9. 

[14] de Jonghe JF, Krijgsveld S, Staverman K, Lindeboom J, Kat MG. Differentiation between dementia and functional 

psychiatric disorders in a geriatric ward of a general psychiatric hospital using the ’Amsterdam Dementia-

Screening Test’. Ned Tijdschr Geneeskd 1994;138(33):1668-73. 

[15] Degl’Innocenti A, Agren H, Zachrisson O, Backman L. The influence of prolactin response to d-fenfluramine on 

executive functioning in major depression. Biol Psychiatry 1999;46(4):512-7. 

[16] Dewey SL, Smith GS, Logan J, Brodie JD. Modulation of central cholinergic activity by GABA and serotonin: PET 

studies with  11C-benztropine in primates. Neuropsychopharmacology 1993;8(4):371-6. 



Role and distribution of serotonin type 2A receptors in Alzheimer’s disease 

155 

[17] Eefsting JA, Boersma F, Van Tilburg W, Van Den BW. [Usefulness of the ’Mini-Mental State Test’for the 

diagnosis of dementia; study of criterion validity in a Dutch rural population]. Ned Tijdschr Geneeskd 

1997;141(43):2066-70. 

[18] Einat H, Clenet F, Shaldubina A, Belmaker RH, Bourin M. The antidepressant activity of inositol in the forced 

swim test involves 5-HT(2) receptors. Behav Brain Res 2001;118(1):77-83. 

[19] Feuerstein TJ, Gleichauf O, Landwehrmeyer GB. Modulation of cortical acetylcholine release by serotonin: the 

role of substance P interneurons. Naunyn Schmiedebergs Arch Pharmacol 1996;354(5):618-26. 

[20] Folstein MF, Folstein SE, McHugh PR. "Mini-mental state". A practica l method for grading the cognitive state of 

patients for the clinician. J Psychiatr Res 1975;12(3):189-98. 

[21] Geldmacher DS, Whitehouse PJ. Evaluation of dementia. N Engl J Med 1996;335(5):330-6. 

[22] Gross-Isseroff R, Salama D, Israeli M, Biegon A. Autoradiographic analysis of age-dependent changes in 

serotonin 5-HT2 receptors of the human brain postmortem. Brain Res 1990;519(1-2):223-7. 

[23] Holmes C, Arranz MJ, Powell JF, Collier DA, Lovestone S. 5-HT2A and 5-HT2C receptor polymorphisms and 

psychopathology in late onset Alzheimer’s disease. Hum Mol Genet 1998;7(9):1507-9. 

[24] Lee RK, Knapp S, Wurtman RJ. Prostaglandin E2 stimulates amyloid precursor protein gene expression: 

inhibition by immunosuppressants. J Neurosci 1999;19(3):940-7. 

[25] Lee RK, Wurtman RJ. Regulation of APP synthesis and secretion by neuroimmunophilin ligands and 

cyclooxygenase inhibitors. Ann N Y Acad Sci 2000;920261-8. 

[26] Lerer B, Gillon D, Lichtenberg P, Gorfine M, Gelfin Y, Shapira B. Interrelationship of age, depression, and central 

serotonergic function: evidence from fenfluramine challenge studies. Int Psychogeriatr 1996;8(1):83-102. 

[27] McKhann G, Drachman D, Folstein M, Katzman R, Price D, Stadlan EM. Clinical diagnosis of Alzheimer’s 

disease: report of the NINCDS-ADRDA work group under the auspices of the Department of Health and Human 

Services Task Force on Alzheimer’s Disease. Neurology 1984;34939-44. 

[28] Meltzer CC, Price JC, Mathis CA, Greer PJ, Cantwell MN, Houck PR, Mulsant BH, Ben Eliezer D, Lopresti B, 

Dekosky ST, Reynolds CF, III. PET imaging of serotonin type 2A receptors in late-life neuropsychiatric disorders. 

Am J Psychiatry 1999;156(12):1871-8. 

[29] Meltzer CC, Smith G, Price JC, Reynolds CF, III, Mathis CA, Greer P, Lopresti B, Mintun MA, Pollock BG, Ben 

Eliezer D, Cantwell MN, Kaye W, Dekosky ST. Reduced binding of [18F]altanserin to serotonin type 2A receptors 

in aging: persistence of effect after partial volume correction. Brain Res 1998;813(1):167-71. 

[30] Meneses A. 5-HT system and cognition. Neurosci Biobehav Rev 1999;23(8):1111-25. 

[31] Meyer JH, Kapur S, Eisfeld B, Brown GM, Houle S, DaSilva J, Wilson AA, Rafi-Tari S, Mayberg HS, Kennedy SH. 

The effect of paroxetine on 5-HT(2A) receptors in depression: an [(18)F]setoperone PET imaging study. Am J 

Psychiatry 2001;158(1):78-85. 

[32] Mossner R, Lesch KP. Role of serotonin in the immune system and in neuroimmune interactions. Brain Behav 

Immun 1998;12(4):249-71. 

[33] Myers BL, Badia P. Changes in circadian rhythms and sleep quality with aging: mechanisms and interventions. 

Neurosci Biobehav Rev 1995;19(4):553-71. 

[34] Nacmias B, Tedde A, Forleo P, Piacentini S, Guarnieri BM, Bartoli A, Ortenzi L, Petruzzi C, Serio A, Marcon G, 

Sorbi S. Association between 5-HT(2A) receptor polymorphism and psychotic symptoms in Alzheimer’s disease. 

Biol Psychiatry 2001;50(6):472-5. 

[35] Nitsch RM, Deng M, Growdon JH, Wurtman RJ. Serotonin 5-HT2a and 5-HT2c receptors stimulate amyloid 

precursor protein ectodomain secretion. J Biol Chem 1996;271(8):4188-94. 



Role and distribution of serotonin type 2A receptors in Alzheimer’s disease 

156 

[36] Nitsch RM, Wurtman RJ, Growdon JH. Regulation of APP processing. Potential for the therapeutical reduction of 

brain amyloid burden. Ann N Y Acad Sci 1996;777175-82. 

[37] Nordberg A. Neuroreceptor changes in Alzheimer disease. Cerebrovasc Brain Metab Rev 1992;4(4):303-28. 

[38] Ortiz AT, Lopez-Ibor MI, Martinez CE, Fernandez LA, Maestu UF, Lopez-Ibor JJ. Deficit in sensory motor 

processing in depression and Alzheimer’s disease: a study with EMG and event related potentials. Electromyogr 

Clin Neurophysiol 2000;40357-63. 

[39] Pazos A, Probst A, Palacios JM. Serotonin receptors in the human brain--IV. Autoradiographic mapping of 

serotonin-2 receptors. Neuroscience 1987;21(1):123-39. 

[40] Quirion R, Richard J, Dam TV. Evidence for the existence of serotonin type-2 receptors on cholinergic terminals 

in rat cortex. Brain Res 1985;333(2):345-9. 

[41] Rosier A, Dupont P, Peuskens J, Bormans G, Vandenberghe R, Maes M, de Groot T, Schiepers C, Verbruggen 

A, Mortelmans L. Visualisation of loss of 5-HT2A receptors with age in healthy volunteers using [18F]altanserin 

and positron emission tomographic imaging. Psychiatry Res 1996;68(1):11-22. 

[42] Roth BL, Berry SA, Kroeze WK, Willins DL, Kristiansen K. Serotonin 5-HT2A receptors: molecular biology and 

mechanisms of regulation. Crit Rev Neurobiol 1998;12(4):319-38. 

[43] Sheline YI, Mintun MA, Moerlein SM, Snyder AZ. Greater loss of 5-HT2A receptors in midlife than in late life. Am J 

Psychiatry 2002;159(3):430-5. 

[44] Siever LJ, Kahn RS, Lawlor BA, Trestman RL, Lawrence TL, Coccaro EF. Critical issues in defining the role of 

serotonin in psychiatric disorders. Pharmacol Rev 1991;43(4):509-25. 

[45] Sparks DL. Aging and Alzheimer’s disease. Altered cortical serotonergic binding. Arch Neurol 1989;46(2):138-40. 

[46] Van Laere K, Koole M, D’Asseler Y, Versijpt J, Audenaert K, Dumont F, Dierckx R. Automated stereotactic 

standardization of brain SPECT receptor data using single-photon transmission images. J Nucl Med 

2001;42(2):361-75. 

[47] Van Laere K, Koole M, Kauppinen T, Monsieurs M, Bouwens L, Dierckx R. Nonuniform transmission in brain 

SPECT using 201Tl, 153Gd, and 99mTc static line sources: anthropomorphic dosimetry studies and influence on 

brain quantification. J Nucl Med 2000;41(12):2051-62. 

[48] Wallin A, Blennow K. Neurologic motor signs in early and late onset Alzheimer’s-disease. Dementia 1992;3314-9. 

[49] Wong DF, Wagner HN, Jr., Dannals RF, Links JM, Frost JJ, Ravert HT, Wilson AA, Rosenbaum AE, Gjedde A, 

Douglass KH, . Effects of age on dopamine and serotonin receptors measured by positron tomography in the 

living human brain. Science 1984;226(4681):1393-6. 

[50] Yesavage JA, Brink TL, Rose TL. The geriatric depression rating scale: comparison with other self-report and 

psychiatric rating scales. In: Crook T, Gerris S, Bartus R, editors. Assessment in geriatric psychopharmacology. 

New Canaan: Mark Powley Associates, 1983. p. 153-65. 

[51] Yesavage JA, Brink TL, Rose TL, Lum O, Huang V, Adey M, Leirer VO. Development and validation of a geriatric 

depression screening scale: a preliminary report. J Psychiatr Res 1982;17(1):37-49. 




