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Loss of synapses and neurons is the primary feature of neu-
rodegenerative pathology. The development of novel, disease-
modifying medication requires the ability to identify patients in
early (even presymptomatic) stages of disease and follow the
progress of the neurodegenerative process within individuals. Cur-
rent methods used to evaluate synaptic loss in the human brain are
limited to histology or electron microscopy of postmortem tissue.
Such cross-sectional examinations have obvious drawbacks for
drug development, are unsuitable for examining subjects in the
early phases of the disease process, and lack the ability to follow
the longitudinal pathology within individuals. Noninvasive molec-
ular imaging techniques provide the obvious route for addressing
these shortcomings. In the past, several candidate molecular tar-
gets were suggested for this role on the basis of the availability of
suitable PET radioligands and the presence of the target molecules
on glutamatergic or +y-aminobutyric acid—ergic neurons, which
comprise large proportions of the total neuronal populations.
These candidate targets include the y-aminobutyric acid—A recep-
tor (''C-flumazenil), the 5-hydroxytryptamine receptors 1A and
2A (*1C-WAY-100635 and 'C-MDL-100907), and the histamine-
3 receptors ('C-GSK-189254 and ''C-MK-8278).

The use of molecular imaging methods to quantify synaptic
loss requires the identification of a molecular target with several
suitable characteristics. To be useful as a general marker of
synaptic density, such a target should be present on all synapses
(rather than on just a subset). In addition, a stable stoichiometry
should exist between the target and the synapse—a relationship
that should remain consistent in the presence of a disease pro-
cess. Finally, medications widely used in these patient popula-
tions should not have significant affinity for the molecular target
in question. Hence, the recent development of PET ligands for
the synaptic vesicle glycoprotein 2A (SV2A), a target present in
most (if not all) presynaptic terminals (/), represents an excit-
ing breakthrough in our ability to monitor the synaptic status in
the brain of preclinical species (2) and humans (3). SV2A be-
longs to the family of synaptic vesicle glycoproteins, which
also include SV2B and SV2C, but SV2A is the only member
of the family that is present ubiquitously in the adult brain, has
a stoichiometry (with an estimated ~1.5 molecules per vesicle),
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and correlates well with classic markers of presynaptic terminals,
such as synaptophysin and synaptotagmin. These characteristics
make SV2A an excellent candidate marker of synaptic density.

Several SV2A-selective compounds have been labeled with
PET isotopes and evaluated as radioligands for the SV2A. ''C-
levetiracetam (4) demonstrated poor brain uptake and a low sig-
nal. ''C-UCB-A was tested in mini pigs, rats (5), and rhesus
monkeys (Nabulsi, unpublished data, 2012) but showed slow
brain kinetics limiting its utility as a PET imaging tool. Hence,
most of the work in this area has been performed with ''C-UCB-
J (2) and '8F-UCB-H (6), with both ligands demonstrating kinet-
ics suitable for robust quantification of SV2A density. ''C-UCB-
J has favorable dosimetry (4.5 wSv/MBq) (2) and an excellent
test—retest variability in the human brain (3%-5% across the
various regions) (7). '8F-UCB-H displays an adequate signal
and a variability higher than ''C-UCB-J but similar to other
radioligands in use (6), with estimated human radiation dosime-
try of 19.7 uSv/MBq (8).

A head-to-head comparison of ''C-UCB-J and 'F-UCB-H in the
nonhuman primate brain (2) demonstrated in vivo ''C-UCB-J af-
finity approximately 9-fold higher than that of '8F-UCB-H and a
much higher specific signal. Because no reference region exists for
SV2A, the volume of distribution has to be used as an outcome
parameter. For '8F-UCB-H, approximately 50% of the volume of
distribution comprises nondisplaceable binding, whereas the corre-
sponding value for ''C-UCB-J is closer to 20%, providing a signif-
icant advantage for '"C-UCB-J over '8F-UCB-H. PET ligands
labeled with ''C have significant advantages over those labeled with
18K such as the ability to obtain more than 1 scan per day on the
same subject (particularly valuable when radial artery cannulation is
required or in studies involving pharmacologic or behavioral chal-
lenges) and significantly lower dosimetry, allowing multiple scan-
ning of individuals. The superior imaging characteristics combined
with an ''C label make '"C-UCB-J the current ligand of choice for
investigating synaptic density in the brain, but '8F-UCB-H provides
a viable option for smaller PET centers relying on radioligand
distributed from central production sites.

To date, several pilot studies have examined SV2A density in a
variety of clinical conditions. Hypothesized reductions in SV2A
binding were seen around the epileptic focus in temporal lobe
epilepsy patients (9) and in cortical areas of patients with mood
disorders (10) and schizophrenia (/7). ''C-UCB-J has also been
used to characterize the relationship between the plasma concen-
tration and SV2A occupancy of the antiepileptic drugs levetirace-
tam and brivaracetam (/2). Of particular interest are pilot data
indicating reductions in SV2A density consistent with synaptic
loss in a patient with Alzheimer disease (Fig. 1) (/3). These
early results suggest that SV2A PET ligands have broad
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FIGURE 1.

applicability in the study of brain pathology, and several large
PET programs are under way using SV2A as a molecular
marker of neurodegenerative pathology in the human brain
(e.g., MIND MAPS: https://mitochondrialdiseasenews.com/
2017/04/05/imanova-mrc-funding-mind-maps-study/).

The future utility of SV2A radioligands as markers of synaptic
density will depend largely on the demonstration of signal change
correlating with disease progression. A better understanding of the
underlying biology of the SV2A will be essential for the appropriate
interpretation of changes seen on PET studies. Although the SV2A
has a stoichiometry consistent with individual synaptic vesicles,
information on the variability of vesicle numbers per individual
presynaptic terminal—and the effects of pathology on the number
of SV2As per vesicle, the number of vesicles per synapse, and the
effective affinity of the PET ligands for SV2A—is needed. In ad-
dition, we need to understand whether acute changes in neuronal
activity lead to a change in '"C-UCB-J or '3F-UCB-H PET signal.

Methodologic improvements will enable access to these methods
for a wider community of clinical PET researchers. Although the lack
of a reference region necessitates the use of an arterial-blood input
function for quantification of SV2A PET ligands, the potential exists
for implementation of pseudoreference region approaches that may
obviate the collection of arterial blood for some specific study
designs (though more work is required to achieve this) (/4). Although
the utility of such methods remains to be demonstrated, they may be
usefully applied in specific experimental situations in which relative
regional, rather than global, absolute binding values are of interest, or
when useful assumptions may be made about the levels of nondis-
placeable binding (15). Alternative '8F-labeled ligands are in devel-
opment (16,17) and may provide higher-signal options to '®F-UCB-H
for groups restricted to '8F-labeled compounds.

In conclusion, the development of good-quality PET ligands for
the SV2A creates an exciting field of molecular imaging that has
great prospects for the investigation and monitoring of brain
pathology involving synaptic dysfunction.

SV2A density (expressed as ''C-UCB-J volume of distribution [V+]) in brain of patient
with AD (middle) and age-matched healthy control (right). Template MR image is provided to aid
in anatomic localization (left). (Courtesy of Richard Carson, Yale University PET Center.)
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