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a b s t r a c t 

Dementia is characterized by synaptic and neuronal dysfunction in disease-specific brain regions. Repeated failure 

of dementia clinical trials with therapeutic drugs targeting abnormal protein aggregates has caused researchers 

to shift their focus to synaptic functions and increased the importance of clinically available imaging for synaptic 

density and the development of synapse-targeted intervention. Synaptic density imaging with positron emission 

tomography (PET) tracer enables non-invasive detection of synaptic loss and hence investigates the association 

with other neuropathological events exemplified by disease-specific abnormal protein accumulation. Many stud- 

ies have reviewed the progress of synaptic density imaging; however, to our knowledge, there is no article yet 

that summarizes the research progress of multimodal imaging of synaptic density tracers combined with other de- 

mentia biomarkers. Moreover, synaptic function intervention for dementia therapy has not yet been summarized. 

In this review, first we detail the progress of synaptic density imaging including tracer development and preclin- 

ical/clinical application, followed by a discussion of multimodal imaging of synaptic density tracers combined 

with classic dementia biomarkers in the clinical research stage. Finally, we briefly summarize the synapse-targeted 

drugs for dementia therapy. 
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. Introduction 

Dementia is defined as the loss of cognitive functioning to such an

xtent that it interferes with an individual’s daily living and activities.

atients with cognitive disorder require around-the-clock care, which

s associated with heavy familial, economic, and social burdens. Var-

ous disorders and factors contribute to the development of dementia.

lzheimer’s disease (AD) is the most common form of dementia with ac-

umulation of abnormal protein aggregates known as amyloid plaques

nd tau tangles. Based on updated calculations, an estimated 6.7 million

mericans aged ≥ 65 years were living with AD in 2023 [1] . Lewy body

ementia (LBD) is a form of dementia caused by abnormal aggregation

f the protein alpha-synuclein, called Lewy bodies [2] . Frontotemporal

ementia (FTD) is the third-most prevalent form of dementia, follow-

ng AD and LBD. FTD stands out as a primary subtype of early-onset

ementia [3] . Vascular dementia is caused by different conditions that

nterrupt the flow of blood and oxygen supply to the brain [4] . Dementia

s usually accompanied by a progressive and irreversible loss of neurons

nd brain function. Synapses are highly specialized contacts between
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erve cells that transmit signals from the pre-synaptic to the postsynap-

ic neurons. Synapses are crucial for cognitive function, and synaptic

oss is a key and common pathology in brains with dementia [5] . 

Imaging with positron emission tomography (PET) for disease-

pecific abnormal protein aggregates is a powerful tool for early diag-

osis based on the fact that these protein aggregations begin in the very

arly stage of the disease as noted in AD, where cerebral amyloid plaques

ppear decades before actual disease onset [6] . However, the disease

everity is usually not consistent with the level of amyloid plaques ac-

umulated in the AD brain [6] . Given that neurotoxic oligomer species

f amyloid rather than the fibrillary form may induce degeneration of

ynapses and consequently, impairment of cognitive function in AD [7] ,

ynaptic function is crucial for the maintenance of neuronal activity and

ognitive function. Therefore, quantitative assessment of synaptic den-

ity has increasingly caught the attention of clinicians and researchers

8 , 9] . 

The acetylcholine esterase inhibitors (AChEIs) donepezil, galan-

amine, and rivastigmine, and the low-to-moderate affinity, noncompet-

tive N-methyl D-aspartate (NMDA) receptor antagonist memantine are
. Ding) . 
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Fig. 1. (A) Statistical chart for annual published reviews, returned from a search for “Synaptic density imaging ” through the Web of Science. (B) Repre- 

sentative PET probes name used for multimodal imaging combined with 11 C-UCB-J . 
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H  
he FDA-approved medications for AD [10] . These drugs only target and

mprove the clinical symptoms without modifying the pathological steps

eading to AD. The FDA granted an accelerated approval to anti-amyloid

ntibody Aducanumab in 2021 and to Lecanemab in 2023, which acts

n the evolution of the AD treatment. However, a high incidence of amy-

oid protein-related imaging abnormalities (ARIA) has raised doubts re-

arding this therapeutic approach [11] . In contrast, synaptic loss is an

nterevent between abnormal protein aggregation and neuronal degen-

ration. A mixture of direct effects of protein aggregates as well as in-

irect effects such as inflammation and neuronal energetics are likely

o affect synaptic integrity [12] . Focusing on the synapse for therapeu-

ic and diagnostic opportunities raises some important conceptual and

trategic issues regarding translational research, and sheds light on how

reclinical research can inform clinical studies. 

Thus far, several review papers with a focus on synaptic density

maging have been published. As shown in Fig. 1A , 82 published articles

ave focused on synapses imaging in the past decade. For example, the

uthors outlined in vivo imaging of synaptic density and its utility for the

iagnosis and treatment monitoring of neurodegenerative and psychi-

tric diseases [13 , 14] . Other review papers have focused on the discov-

ry and development of tracers for imaging of synaptic density [15 , 16] .

owever, there is a lack of reviews that comprehensively summarize the

ecent advances in translational imaging for synaptic density including

ultimodal imaging development ( Fig. 1B ) and preclinical/clinical ap-

lications. Given that recently multi-tracer imaging to understand the

elationship between neuropathological events such as accumulation of

myloid/tau or energy metabolism have provided an insightful under-

tanding of the pathogenesis of dementia. The limitation of synaptic

ensity imaging with single tracer is becoming increasingly obvious.

oreover, a rare review paper mentioned the potential contribution of

ynaptic density imaging to synapse-targeted intervention development

or dementia therapy. To address the limitations of current review pa-

ers, we have summarized recent advances in the translational imaging

f synaptic density including tracer development, preclinical/clinical

pplication, multi-tracer imaging combined with classic dementia

iomarkers, and synapse-targeted intervention for dementia therapy. 

. Synaptic imaging for dementia diagnosis and functional 

valuation 

.1. Imaging biomarkers for synaptic density 

Synaptic vesicles (SV) are neurotransmitter-containing storage units

ocated in the axon terminals. The total number of synaptic vesicle gly-
64
oprotein 2 (SV2) is highly consistent across vesicles at presynaptic ter-

inals, with 2–5 copies per synaptic vesicle [17 , 18] . Therefore, SV2 is a

uitable biomarker for synaptic density. SV2 has three isoforms (SV2A,

V2B, and SV2C). SV2A is a 12-transmembrane domain glycoprotein

xpressed in synaptic vesicles in the whole brain, apart from trigeminal

nd facial nerve nuclei, and is especially abundant in subcortical areas

uch as the thalamus and basal ganglia. SV2B is mainly expressed in

he cortical and hippocampal regions. SV2C is present only in the stria-

um, pallidum, midbrain, brainstem, substantia nigra, and olfactory bulb

19] . Therefore, SV2A is a more suitable imaging biomarker for whole-

rain mapping of synaptic density than SV2B and SVC. 

.2. PET tracers for SV2A imaging 

.2.1. The first SV2A-PET ligands 

[11 C]-levetiracetam is the first SV2A-PET ligand to be developed

 Fig. 2 ). However, multistep labeling reactions and low labeling yield

amper its clinical application [20] . [99m Tc]-levetiracetam is an easily

eveloped SPECT ligand for SV2A imaging. It showed easy labeling re-

ction and high brain permeability with a brain/blood ratio up to 28.5

t 5 min post intranasal administration [21] . However, this radioactive

racer is not widely used likely because of comparatively low resolution

nd sensibility of the SPECT ligand. 

.2.2. UCB series SV2A-PET ligands 

In 2014, based on the analysis of the relationship between pharmaco-

ogical activities and chemical structures of existing compounds such as

evetiracetam, brivaracetam, and indolone acetamide, UCB Pharm and

he University of Liege (Belgium) developed a series of SV2A ligands

hrough computer-aided drug design. After comprehensively evaluating

igand properties such as pharmacological activity and metabolic stabil-

ty, UCB-H, UCB-A, and UCB-J were selected to be the potential SV2A

igands [22] . 

.2.2.1. [18 F]-UCB-H 

In vivo quantification of SV2A with [18 F]-UCB-H was first reported

n the 2012 meeting of the World Molecular Imaging Conference. PET

maging revealed a high uptake of [18 F]-UCB-H in the rat brain before

 rapid decline. Pretreatment the rat with the SV2A ligand brivarac-

tam, which has a 20-fold higher affinity for SV2A than levetiracetam,

howed a significant decrease in the brain uptake, indicating highly spe-

ific binding of [18 F]-UCB-H in vivo [23] . Bretin et al. reported that this

adiotracer meets the standard regulations regarding radiation dose for

se in human clinical trials [24] . A significant decrease of [18 F]-UCB-

 uptake was observed in the hippocampi of AD patients compared to
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Fig. 2. The chemical structures of SV2A PET imaging tracers. IC50 : the half maximal inhibitory concentration, Ki: The inhibitory constant for human SV2A, 

pIC50 = -log (IC50 ). Inset: Schematic diagram of SV2A pet probe labeling synaptic vesicles. 
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ealthy control subjects, and was related to patients’ cognitive decline

25 , 26] . Unfortunately, the total distribution volume ( Vt ) value of [18 F]-

CB-H (3–10 mL/cc) is not ideal. By contrast, the Vt value of [11 C]-UCB-

 is up to 25–55 mL/cc [27] . 

.2.2.2. [11 C]-UCB-A 

The binding affinity of UCB-A to human SV2A protein is 1.2 nM,

hich is the highest among the three aforementioned ligands. The 11 C

adiolabeling of UCB-A is easier than that of [11 C]-levetiracetam, with

 two-step reaction and high radiochemical purity of > 98%. However,

inetic analysis showed slow brain kinetics, with peak activity at 70–

0 min after injection, and poor metabolic stability in humans [28] ,

ndicating its unsuitability for clinical application. 

.2.2.3. [11 C]- and [18 F]-UCB-J 
11 C-labeled UCB-J ([11 C]-UCB-J; also known as [11 C]-APP311) is the

ost widely used PET ligand for SV2A imaging, owing to its easy ra-

iosynthesis, high radiochemical yield, and excellent ligand properties.
11 C]-UCB-J was produced from 1 mg of precursor in a radiochemical

ield of 11% ± 4% (based on trapped 11 C-methyliodide radioactivity),

ith a radiochemical purity of 99% ± 0.5% and a chemical purity of

9.8% ± 2.4% [27] . It exhibited specific and selective binding affini-

ies for human and rodent SV2, high brain permeability, rapid washout,

ow in vivo non-specific binding and favorable metabolic profile in mini

ig or non-human primates [27 , 29] . There is an excellent linear corre-

ation across all gray matter regions between in vivo [11 C]-UCB-J bind-

ng and synaptic density, examined by immunochemical analysis, for

 gold standard biomarker of synaptophysin, indicating the utility of

V2A-PET imaging for non-invasive quantification of synaptic density

30 , 31] . Similar brain permeability, kinetics, and distribution cross ex-

erimental models including rodent, minipig and non-human primates

re convenient for preclinical applications ( Fig. 3 ) [27 , 29 , 32] . 

In clinical studies, [11 C]-UCB-J exhibited excellent PET tracer char-

cteristics and sufficient safety in adolescents [33] or for multiple PET

xaminations in the same individual [34 , 35] . Acquisition and quanti-

ative methods for dynamic [11 C]-UCB-J have also been validated by

ifferent groups. A simplified reference tissue model (SRTM2) is the pre-

erred method for a voxel-wise analysis of using white matter (centrum

emi-ovale–SO) as the reference tissue [36] . The images of either stan-

ardized uptake value ratio (SUVR) with a time span from 60 to 90 min
65
SUVR60-90 min ) or from 50 to 80 min (SUVR50-80 min ) are suitable for

stablishing parametric maps of [11 C]-UCB-J binding potential, allow-

ng non-invasive quantification for SV2A in humans [37 , 38] . However,

he halftime of 11 C is 20.4 min, which is a significant limitation for a

rug with a metabolism time of 60–90 min. Hence, 18 F-labeled UCB-J

[18 F]-UCB-J) has been developed for longer half-life time (T1/2 of 18 F:

09.8 min). Unfortunately, the radiochemical yield of [18 F]-UCB-J was

nly 1%–2% [39] , likely owing to low reaction activity of three adjacent

uorine atoms that belonged to a benzene ring. Owing to the electron

ithdraw effect of double fluorine atoms on the benzene ring, it is diffi-

ult to fluorinate the third fluorine atom onto the benzene ring through

lectrophilic fluorine, which is the main fluorine source produced by

 conventional cyclotron [40] . Poor radiochemical yield greatly limits

ts application in preclinical and clinical studies. These results are pre-

ented in Table 1 . 

.2.3. New development SV2A-PET probes from [11 C]-UCB-J optimization 

The low [18 F] radiolabeling yield of UCB-J is attributed to the

ulti-fluorine substitution in benzene. Removal of one or two fluorine

toms on the phenyl moiety of the UCB-J structure led to the discov-

ry of SDM-1, SDM-2, SDM-7, and SDM-8 [41] . Imidazole-substituted

yridine in SDM-8 yielded SDM-16 [42] . [18 F]-SDM-8 (also known as
18 F]-SynVEST-1 and [18 F]-MNI-1126) and [18 F]-SDM-16 (also known

s [18 F]-MNI-1038) are two well-evaluated tracers, which were classi-

ed as the third-generation SV2A ligands (Chemical structures of repre-

entative ligands; Fig. 2 ). These two PET tracers showed high VT ( ∼30

L/cm3 ) and the cerebral distribution was highly correlated with that

f [11 C]-UCB-J in all sub-regions of the gray matter. Radiochemical

ields of [18 F]-SDM-8 and [18 F]-SDM-16 (approximately 24% and 20%,

espectively) are also adequate for clinical research purposes [ 43 , 44] .
18 F]-SDM-8 has been applied to clinical studies in many synaptic-

elated diseases such as AD [45] , PD [46 , 47] , amyotrophic lateral scle-

osis [48] , spinocerebellar ataxia type 3 [49] , gaming disorder [50] ,

ocal cortical dysplasia type II [51 , 52] , neuroendocrine differentiation

n prostate cancer [53] , and hypothalamic hamartoma [54] . The pre-

linical evaluation of [18 F]-SDM-16 seemed to suggest that it could be

 promising synaptic density tracer [55 , 56] . However, so far, only one

tudy has reported an autoradiography to assess synaptic density in the

uman cerebellar cortex and dentate nucleus in three essential tremor

atients [57] . No clinical study yet reports the application of this drug.
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Fig. 3. [11 C]-UCB-J imaging in various experimental animals. (A, B) Template magnetic resonance imaging (MRI) (top row in panel A) and representative 

[11 C]-UCB-J images summed SUV images (30–90 min) under baseline conditions (middle row in panel A) and after blocking with 100 mg/kg levetiracetam (lower 

row in panel A) in coronal (left), sagittal (middle), and transverse (right) views. Representative time-activity curves without (baseline) and with blocking (blocking) 

in the same rat (B). Data from Thomsen et al. [32] . (C, D): Template MRI (top row in panel C) and summed SUV images (30–120 min) under baseline conditions 

(middle row in panel C) and after blocking with 30 mg/kg levetiracetam (lower row in panel C) in coronal (left), sagittal (middle), and transverse (right) views. 

Representative time-activity curves without (baseline) and with blocking (blocking) in the same minipig are shown in panel D. Data from Thomsen et al. [29] . (E, F): 

Representative [11 C]-UCB-J PET images of baseline (upper in panel E), after pretreatment with levetiracetam (10 mg/kg) (middle in panel E), and after co-injection 

with unlabeled UCBJ (150 ug/kg) (lower in panel E) summed from 30 to 45 min in normal rhesus monkey brain. Time-activity curves without (baseline) and with 

blocking (10 mg/kg levetiracetam, blocking) in the same rhesus monkey are shown in panel F. This research was originally published in JNM. Nabulsi et al. Synthesis 

and Preclinical Evaluation of 11C-UCB-J as a PET Tracer for Imaging the Synaptic Vesicle Glycoprotein 2A in the Brain. J Nucl Med. 2016;57:777-784. © SNMMI. 

[27] . 

Table 1 

Summary of the medical application of [11 C]-UCB-J-PET for dementia diagnosis . 

Imaging subject Important results Institution Ref. 

Rhesus monkey Detection of high regional-specific binding and a favorable metabolic profile in the living 

brains. 

Yale School of Medicine [27] 

Mini pig Proved UCB-J to be a valid in vivo marker of synaptic density in the minipig brain Aarhus University [29] 

4 healthy volunteers Ensured the safety of PET scan for adolescents. Yale School of Medicine [33] 

5 healthy volunteers Excellent PET tracer characteristics were exhibited. Yale School of Medicine [34] 

3 healthy volunteers It was safe and showed mixed renal and hepatobiliary clearance. KU Leuven [35] 

10 healthy volunteers Identified a method for a voxel-wise analysis of dynamic [11 C] UCB-J PET KU Leuven [36] 

10 healthy volunteers Blocking study validated semi-ovale (SO) as a suitable reference tissue for quantification. KU Leuven [37] 

80 healthy volunteers No significant impact of age and sex on synaptic loss. KU Leuven [59] 

3 dementia, 1 FTD, 19 controls Pre-symptomatic C9orf72 carriers showed reduced synaptic density. University of Cambridge [60] 

10 AD, 11 controls Participants with AD exhibited a notable decrease (41%) in hippocampal SV2A-specific 

binding compared to cognitively normal participants. 

Yale School of Medicine [61] 

34 AD, 19 controls Reductions of SV2A binding in medial temporal and neocortical brain regions in early AD. Yale School of Medicine [62] 

12 PD, 12 controls Participants with AD exhibited a notable decrease (41%) in hippocampal SV2A specific 

binding compared to cognitively normal participants. 

Yale School of Medicine [63] 

21 nPD, 13 DLB or PDD, 15 controls Widespread synaptic loss in the cortical areas in DLB/PDD cohorts. Aarhus University Hospital [64] 

11 behavioral variant FTD, 25 controls Patients with behavioral variant FTD showed severe synaptic loss compared to controls University of Cambridge [67] 

32 PSP, 16 CBD, 33 controls Rapid progressive synaptic loss, correlating with clinical progression in primary 

tauopathies. 

University of Cambridge [68] 

58 healthy older adults ( ≥ 50 years) Mild Motor Signs in healthy aging are associated with lower synaptic density throughout 

the brain. 

KU Leuven [69] 

45 AD (amyloid + ), 19 controls Synaptic density can serve as a robust biomarker of disease presence and severity in the 

early stages of AD. 

Yale University School of Medicine [70] 
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In future, [18 F]-SDM-8 will likely play an important role in synaptic

ensity imaging and multimodal clinical studies with sufficient accuracy

nd precision, owing to its advantages in higher radiolabeling yield and

onger halftime [58] . 

.3. Medical application of synaptic density imaging 

Given the excellent ligand properties of [11 C]-UCB-J for synaptic

ensity imaging in rodents and non-human primates, most clinical stud-
66
es have used [11 C]-UCB-J-PET for non-invasive measurement of synap-

ic density. A clinical PET study with 80 healthy volunteers demon-

trated that synaptic density is not influenced by age or sex [59] . Un-

il now, it remains unclear whether aging has an impact on synaptic

ensity. Reduction of synaptic density was also detected in the disease-

pecific brain regions of patients, including pre-symptomatic C9orf72

utation carriers [60] , AD patients [61 , 62] , PD [63] and PD demen-

ia (PDD) or DLB) patients [64] . More importantly, researchers found

ignificantly positive correlations between synaptic density and global
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Fig. 4. The correlation of synaptic density with cognitive function in AD patients. Correlation maps of synaptic density (DVR) and global cognition in all 

regions for participants with AD. (left) Pearson’s correlation coefficient (r) was calculated for the correlation between synaptic density ([11 C]-UCB-J DVR) and global 

cognition in all FreeSurfer regions. A similar analysis was conducted (middle) after PVC of [11 C]-UCB-J PET images, and (right) with gray matter volume. DVR, 

distribution volume ratio of [11 C]-UCB-J calculated with a whole cerebellum reference region; PET, positron emission tomography; PVC, partial volume correction. 

Data and images were modified from Mecca et al. [62] . 
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ognitive function in AD patients ( Fig. 4 ), indicating that synaptic den-

ity was a stronger predictor of cognitive performance [60 , 61] . How-

ver, non-dementia patients such as those with major depressive disor-

er (MDD) and/or post-traumatic stress disorder (PTSD) also showed

ignificant loss of synapses [65 , 66] , indicating that synaptic loss is not

 dementia-specific pathological change. Thus, synaptic density imag-

ng may be unsuitable for early or differential diagnosis of dementia

67–70] . The collated items were listed in Table 1 . 

.4. Multi-tracer imaging for SV2A-relevant neuropathological events 

Multi-tracer imaging enables the assessment of multiple pathologies

71] . In combination with other PET tracers, synaptic density imaging

nables the investigation of the relationship between synaptic loss and

ther neurogenerative events such as amyloid or tau deposition. It is

mportant to understand the disease-specific pathological or physiolog-

cal processes. Researchers have found an age-dependent mitochondrial

ysfunction and synaptic loss in the caudate of healthy volunteers in

 clinical multi-tracer study, where in vivo imaging with [11 C]-UCB-J,
18 F]-BCPP-EF (mitochondrial complex 1 ligand), and [11 C]-SA-4503

 𝜎-1 receptor ligand) was performed to measure synaptic density, mi-

ochondrial function, and neuronal stress, respectively [72] . Aided by

maging with [11 C]-UCB-J [11 C]-PiB (amyloid-PET tracer) and [18 F]-

V-1451 (tau-PET tracer), researchers found that both A 𝛽 and tau de-

osition were inversely associated with hippocampal synaptic density

n amnestic mild cognitive impairment (aMCI) and mild AD dementia

73 , 74] . These imaging combination scans also showed that synaptic

ensity was markedly decreased in two well-characterized patients with

LB, and there were no significant regional correlations between [11 C]-

CB-J binding and either amyloid (11 C-PiB) or tau (18 F-AV-1451) in

he grey matter tissues from either patient [75] . Interestingly, a similar

xamination demonstrated an obvious synaptic loss and negative cor-

elation of synaptic density with tau accumulation in subcortical areas

caudate nucleus, putamen) of patients with progressive supranuclear

alsy (PSP) (Richardson’s syndrome) and amyloid-negative corticobasal

egeneration (CBD) [76 , 77] . Similarly, the close relationship between
67
au deposition and synaptic density loss was detected in the medial tem-

oral lobe of aMCI patients without amyloid accumulation, by using

ulti-tracer imaging with [11 C]-UCB-J, [11 C]-PiB, and [18 F]-MK 6240,

 tau-PET tracer [78] . Collectively, these studies suggested a stronger

nvolvement of tau accumulation in synaptic loss than amyloid accumu-

ation. 

Glucose metabolism, which is usually assessed by [18 F]-FDG-PET,

s a widely used index for neuronal activity in clinical studies. Com-

ined examinations with [11 C]-UCB-J and [18 F]-FDG showed that inter-

racer correlations were higher between synaptic density and glucose

etabolism in the medial temporal regions, with lower correlations

n the neocortical regions in AD patients [79] . The relationship was

trongly modulated by regional differences in healthy subjects [80] , in-

icating a close brain region- or pathology-dependent relationship be-

ween synaptic density and glucose metabolism. Other neuropathologi-

al events such as neuroinflammation, which is well known to affect glu-

ose metabolism [81 , 82] , may result in such brain region- or pathology-

ependent inconsistency mentioned above. Further investigation is re-

uired to clarify whether imaging of synaptic density enables a more ac-

urate assessment of neuronal activity than glucose metabolism. These

esults are summarized in Table 2 . 

.5. Multimodal imaging study with magnetic resonance imaging (MRI) 

nd SV2A PET 

Independent component analyses were performed on resting-state

unctional MRI (fMRI) and [11 C]-UCB-J PET data from 34 healthy adult

articipants. Initial evidence of a neurophysiological link between the

esting state network activity and local synaptic density was found,

hich provides a new perspective to neurodegenerative and psychiatric

isorders [83] . Another multimodal imaging research used diffusion ten-

or imaging (DTI) technology via MRI and [11 C]-UCB-J PET to investi-

ate the relationship between gray matter microstructure and synaptic

ensity in 33 amyloid-positive participants with AD and 17 amyloid-

egative cognitively normal participants (age range of cohort: 50− 83

ears). The results showed that higher gray matter mean diffusivity
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Table 2 

Summary of multi-tracer imaging researches . 

Imaging subject Imaging probes Important results Institution Ref. 

12 healthy volunteers [11 C]-UCB-J, [18 F]-BCPP-EF, 

[11 C]-SA-4503 

Age-dependent decrease in mitochondrial function and synaptic density Invicro LLC [72] 

14 aMCI, 24 dementia, 19 controls [11 C]-UCB-J, [11 C]-PiB A significant inverse association between global A 𝛽 deposition and 

hippocampal SV2A expression in participants with aMCI. 

Yale School of Medicine [73] 

5 MCI, 5 dementia, 10 controls [11 C]-UCB-J, [18 F]-AV-1451 Tau accumulation was inversely associated with hippocampal synaptic 

density 

Yale School of Medicine [74] 

2 DLB, 10 controls [11 C]-UCB-J, [11 C]-PiB, 

[18 F]-AV-1451 

Synaptic density was markedly decreased in two well-characterized 

DLB patients 

University of Cambridge [75] 

15 CBS, 14 PSP, 15 controls [11 C]-UCB-J, [11 C]-PiB Significant synaptic loss in amyloid-negative tauopathies. University of Cambridge [76] 

12 CBS, 23 PSP, 19 controls [11 C]-UCB-J, [18 F]-AV-1451 Negative correlation between tau accumulation and synaptic density University of Cambridge [77] 

10 aMCI, 10 controls [11 C]-UCB-J, [18 F]-MK 6240, 

[11 C]-PiB 

Simultaneous occurrence of tau deposition and synaptic loss in patients 

with aMCI 

KU Leuven [78] 

14 AD, 11 controls [11 C]-UCB-J, [18 F]-FDG Region-dependent relationship between synaptic density and glucose 

metabolism in AD patients and healthy controls. 

Yale School of Medicine [79] 

20 healthy volunteers [11 C]-UCB-J, [18 F]-FDG Regional synaptic density and glucose consumption were indeed highly 

significantly correlated 

KU Leuven [80] 

21 nPD, 13 DLB/PDD, 15 controls [11 C]-UCB-J, [18 F]-FDG The magnitude of reduced glucose uptake exceeded the magnitude of 

reduced cortical synaptic density in DLB 

Aarhus University Hospital [81] 

18 HD, 15 controls [11 C]-UCB-J, [18 F]-FDG HD shows longitudinal loss of putaminal SV2A binding and putaminal 

glucose metabolism 

KU Leuven [82] 

Table 3 

Summary of synaptic interventions using small molecular drugs for dementia therapy . 

Agent NCT number Sponsor Phase Start date Conditions 

Levetiracetam (AGB101) NCT02002819 University of Minnesota 2 June 2014 AD 

NCT03489044 University of Oxford 2 October 28, 2018 AD Epilepsy 

CT-1812 (Elayta) NCT02570997 Cognition Therapeutics 1 September 2015 Cognitive Impairment 

NCT03716427 1 November 10, 2016 Healthy Volunteers 

NCT03522129 1 May 30, 2018 AD 

NCT02907567 1 and 2 September 2016 AD 

NCT03493282 1 and 2 March 28, 2018 AD 

NCT04735536 2 August 15, 2020 AD 

NCT03507790 2 October 2, 2018 Mild-to-moderate AD 

SDI-118 NCT05199142 Syndesi Therapeutics 1 September 23, 2021 Cognitive Decline 

UCB-0255 None UCB Pre- AD 
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s significantly associated with lower synaptic density in participants

ith AD, which can be found across many brain regions that are com-

only affected in AD [84] . Additional studies that integrate structural

nd tracer imaging are necessary to ascertain whether imaging synaptic

ensity offers supplementary information to differentiate neurodegen-

rative diseases. 

. Synaptic function intervention for dementia therapy 

Recent studies have shown an association of decreased synaptic func-

ion with symptom severity in numerous CNS disorders, suggesting that

ynaptic dysfunction is the common element across these disorders [85] .

herefore, interventions that target synaptic function may be a promis-

ng therapeutical strategy for dementia. However, unlike synaptic imag-

ng, there are limited clinical studies on synaptic intervention for demen-

ia therapy. Relevant examples are listed in Table 3 . 

.1. Drug candidates targeting synaptic functions 

.1.1. Levetiracetam 

Many studies have suggested that AD and epilepsy possibly share

ome underlying pathophysiologic mechanisms or one is an epiphe-

omenon of the other [86] . Epileptic seizures or other asymptomatic

euroexcitatory events contribute to the loss of cognitive function [87] .

V2A was identified as the specific binding site for levetiracetam, an

DA-approved second-generation antiepileptic drug [88] . Levetiracetam

revented seizures, reduced neuronal over-excitation, and improved

ognition in animal models of AD. Devi et al. reported that levetirac-

tam can ameliorate memory impairments of aged C57BL/6 mice (17–

0 months of age) in the contextual fear conditioning paradigm, and
68
cute administration of levetiracetam after modeling was also effica-

ious in rescuing contextual memory decline in aged mice [89] . A clini-

al finding showed that treatment with levetiracetam may improve cog-

itive and general functions in older epileptic patients [90] . Based on

urrent evidence, the investigators are promoting a comprehensive clin-

cal project called Hope 4 MCI which includes two trials (NCT02002819

nd NCT03489044) to determine the therapeutic effect of levetiracetam

n AD [91] . In the phase 2a randomized NCT02002819 clinical trial, a

otal of 34 adults (21 women [61.8%]; mean [SD] age, 62.3 [7.7] years)

ith AD were enrolled. This trial showed that treatment with low-dose

evetiracetam (125 mg/bid, 4 weeks) was well tolerated in patients with

D, and although levetiracetam treatment did not improve the primary

utcome in recruits, it improved cognitive function in those with epilep-

iform activity in the prespecified exploratory analysis. Levetiracetam

reatment improved accuracy in spatial memory and executive function-

ng tasks among participants with epileptiform activity and had a good

afety profile [92] . The results of trial NCT03489044 have not yet been

ublished. The study investigators hope to find an anti-seizure medica-

ion, not necessarily levetiracetam, with a positive influence on memory

unction in AD in the future [93] . 

.1.2. SDI-118 

SDI-118 is a SV2A-positive modulator, designed for improving

ognition in cognitively impaired patients. A phase 1 clinical study

NCT05486195) initiated by Syndesi Therapeutics in ongoing to identify

he safety and tolerability of this candidate. Single oral doses of SDI-118

p to 80 mg were very well tolerated in healthy male subjects, and the

dverse effects mainly occurred in higher dose ranges. These data sup-

ort further clinical exploration of SDI-118 in patients with cognitive

isorders [94] . 
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.1.3. UCB-0255 

UCB-0255 is a selective negative modulator with high affinity for

V2A. It increased the recognition index of phencyclidine (PCP)-treated

ats by 30% and thereby normalized the cognitive function to the level

f normal rats. This drug also alleviated forgetting of long-term memory

or familiar objects by increasing the recognition index by 20%. At the

harmacologically active dose, UCB0255 was found to occupy 5%–70%

f the binding sites of SV2A, as evaluated by in vivo binding experiments.

o pro-seizure activities were observed in the dose range associated

ith pro-cognitive effects [95] . These preclinical data support UCB0255

s a promising candidate for further research and development. 

.1.4. CT1812 

CT1812 is a small-molecule antagonist of progesterone-receptor

embrane component 1 (PGRMC1/Sigma-2 receptor). Its binding to

he PGRMC1/Sigma-2 receptor can allosterically decrease the affinity

f oligomeric A 𝛽 for this receptor on the synapse and thereby interfere

ith A 𝛽-induced synaptic toxicity [96] . The antagonists of PGRMC1 can

ot only prevent a range of different A 𝛽 species from binding to target

olecules on neuronal terminals but also release bound A 𝛽 from bind-

ng sites, hence reversing A 𝛽 oligomers-induced cognitive deficits in AD

ouse models [97] . Counter-screening of a proprietary library of CNS

rug-like small molecules which block the binding of A 𝛽 oligomers to

eceptors revealed that compounds CT0109 and CT0093 were highly

otent and specific ligands of the PGRMC1/Sigma-2 receptor [98] . As

 representative of the Sigma-2 receptor inhibitors, CT1812 was opti-

ized from CT0109 and found that it facilitated brain clearance of A 𝛽

ligomers, likely owing to increased free A 𝛽 oligomers (based on the

bove-mechanism mentioned), and improved cognitive behaviors [99] .

hase I clinical trials have identified the safety and tolerance of this

rug in healthy older volunteers. CT1812 was well tolerated at a single-

ose administration up to 1120 mg and a multiple-dose administration

p to 840 mg and 560 mg in healthy young and healthy older subjects,

espectively [100] . The cognitive functional improvement conferred by

T1812 was verified in AD model and wild-type mice, and the effect

f releasing A 𝛽 oligomers was detectable in an in vitro experimental

ystem using postmortem AD brain tissue [99] . Furthermore, CT1812

ignificantly increased the A 𝛽 oligomers, reduced synaptic harmful pro-

eins and phosphorylated tau fragments, and amended the dysregula-

ion of AD-related proteins in the cerebrospinal fluid fraction of AD pa-

ients (NCT02907567) [100] . The completed and going clinical trials

ith CT1812 are listed in Table 3 . 

.2. Utility of SV2A imaging for drug development 

It is believed that the synapse is the main target for neurotoxic amy-

oid or tau oligomers [101] . Synaptic density imaging is considered valu-

ble for monitoring the effect of synapse-protective drugs. SV2A imag-

ng with [11 C]-UCB-J has captured a significant decrease in synaptic

ensity in amyloid-enriched hippocampi of APP/PS1 mice, compared

o age-matched normal mice. Moreover, researchers have found that ad-

inistration with saracatinib (a Fyn kinase inhibitor currently in clini-

al development for AD treatment) rescued amyloid-associated synaptic

oss in APP/PS1 mice by using [11 C]-UCB-J-PET, indicating the utility

f SV2A imaging for monitoring the therapeutic effect of medical inter-

ention [102] . However, there are still few studies using SV2A imaging

or preclinical development of anti-dementia medications. One of reason

ay be less impairment of synapses in AD models with amyloid patholo-

ies. A slight decrease of < 4% in the binding potential of [11 C]-UCB-J

as detected in the hippocampal region of APP/PS1 mice compared to

ontrol mice (SUVR values with whole brain as the reference tissue were

.11 ± 0.04 and 1.15 ± 0.02 for APP/PS1 and wild-type mice, respec-

ively) [99] , likely because of the lack of tau pathology in this AD model.

urther investigation is required to identify its utility in anti-dementia

edication development by using AD models with more severe synaptic

oss such as tauopathy models [103] . 
69
. Discussion and perspectives 

The development of SV2A-PET tracers represented by [11 C]-UCB-J

as enabled the non-invasive assessment of synaptic density, which is

 potential index for neuronal function. [18 F]-SDM-8 and [18 F]-SDM-16

re two promising 18 F-labeled SV2A-PET tracers that were developed to

vercome the limitations of the short half-life of the 11 C-labeled tracer.

owever, more solid evidence is required to ascertain the clinical avail-

bility of these 18 F-labeled PET tracers in the future. 

SV2A imaging with [11 C]-UCB-J has detected synaptic loss in a series

f dementia patients including AD, DLB, and other tauopathies, identi-

ying synaptic loss as a common pathology of dementia. However, non-

ementia cases such as MDD are also associated with a significant de-

rease in synaptic density, indicating the uncertainty of SV2A imaging

s a diagnostic tool for dementia. Multi-tracer examinations for synaptic

ensity and other neuropathologies such as amyloid and tau accumula-

ion enable us to investigate the tempo-spatial relationship between neu-

opathological events to clarify the pathological processes of neurode-

enerative disorders. SV2A imaging can reflect brain pathology, while

nergy metabolism imaging (18 F-FDG PET) reflects neuronal activity.

herefore, the combination of SV2A imaging and energy metabolism

maging provides a fusion of both the physical and chemical states of the

rain and offers a deeper understanding of brain condition. However, it

s still unclear what regulates the brain region- and pathology-dependent

elationship between synaptic density and glucose metabolism. 

Repeated unsuccessful clinical trials with anti-amyloid or anti-tau

herapies have caused researchers to expand their focus from abnormal

rotein aggregates to a broader range of targets for dementia therapies.

ynaptic loss is more closely associated with neuronal dysfunction than

isease-specific abnormal protein accumulation. Therefore, intervention

argeting synaptic function recovery has become a more promising ther-

peutic strategy for dementia. The latest clinical trials with the above-

escribed drug candidates are still at the phase II stage and on a small

cale, with considerable uncertainties regarding their further develop-

ent and application. SV2A imaging has been used for the decision of

linical dose by calculating the receptor occupancy of drug candidates.

urther research should focus on the effect evaluation of therapeutic

rugs by using synaptic density imaging. 
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