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Abstract

Nuclear medicine has established an irreplaceable role in the biomedical research and management of
brain diseases. Its unique capacity to visualize molecular events in vivo as they unfold provides diagnostic
clarity into functional performance and the option for therapeutic intervention. Limitations on access to
brain tissue, however, have traditionally restricted nuclear medicine procedures to use of low molecular
weight radioligands confined to the extracellular space of the brain, e.g., neurotransmitter receptors,
which has precluded the interrogation of many cellular processes likely to be causal in disease etiology.
Developments in radioprobe features and targeted delivery over the past two decades are overcoming
these limitations, expanding the domain within which dysfunctional processes can be examined. These
developments afford the prospect not only of a systemic view of brain diseases but also one likely to be

more proximal to the unfolding dysfunctional events.

Introduction

In recent decades, nuclear medicine has
evolved from a modality for imaging molecular
function using a handful of radionuclides
into a modern specialty with the potential
for assessing molecular systems. Innovation
in equipment and radiopharmaceuticals has
yielded a wide array of advances significantly
increasing the number and range of diagnostic
and therapeutic applications and propelling
clinical management [1-4]. As of 2021, for
example, the World Nuclear Association
documented more than 40 million procedures
conducted each year worldwide, with a
frequency in developing countries roughly
1/10 that of developed nations [5].

Driving its growing clinical use is the ability
of nuclear medicine to offer an unparalleled,
non-invasive view of unlimited depth into
intracellular processes. Molecular imaging
techniques, such as positron emission
tomography (PET) and single photon
emission computed tomography (SPECT),
provide for the spatiotemporal monitoring
of biomarkers associated with key cellular
processes in disease and tissue dysfunctions.
Direct combination of medium and long range
positron or gamma-emitting radionuclides with
molecular markers enable the assessment not
only of the distribution and concentration of
biomarker molecules, but also the integrity of
the function associated with a given biomarker.
By combining such radionuclides with short
range radioisotopes (alpha- or beta-particle
emission), moreover, imaging radioligands can
be transformed into a therapeutic tool, a now
widely used approach termed theranostics [3,6]

While employed most frequently in
oncology, nuclear medicine is also playing
a growing role in neurological diagnosis and
therapy. Neurodegenerative diseases, such
as Alzheimer’s, Parkinson’s, and Lewy body
dementia, for example, are associated with
the accumulation of brain proteins, leading
to neuroinflammation, disruption of cellular
clearance mechanisms, and neuronal death.
Researchadvances are clarifying the underlying
molecular events of these pathophysiologies
and recent advances in nuclear medicine have
enhanced this understanding through the direct
monitoring of such proteins. Conversely,
the advancement in understanding of the
underlying pathophysiology has contributed to
developments leading to improved diagnostic
and therapeutic precision in the use of nuclear
medicine [3].

A major challenge with the use of nuclear
medicine in neurology is the ability to
target radioligands to specific brain regions.
Traditionally, small molecules have been
the dominant group of drugs, providing
access to what has been colloquially referred
to as the ‘druggable space’ [7]. This term
has generally been understood to include
those ligands that can cross the blood brain
barrier where they enter the extracellular
space of the brain, typically in the vicinity
of neurotransmitter receptor sites. Research
into neurological dysfunction, however,
is revealing the involvement of numerous
processes within neurons and non-neuronal
cells that are not immediately accessible
to these domains. Hence, monitoring these
processes by expanding the ‘druggable space’
is increasingly vital for providing diagnostic
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clarity.

Responding to this need new innovative modalities have
emerged in the first two decades of the 21st century. These
modalities are both expanding the accessible domain to
radio-probes and enabling the targeting of select regions with
greater precision [5]. Various formats of delivery vehicles,
immunoconjugates, modified RNA molecules such as antisense
oligonucleotides, reporter genes, and cellular tracking schemes
are gaining traction due to their potential to enter previously
‘undruggable’ domains [7].

Targeted radio probe and pharmaceutical delivery with imaging
has thus become a pillar to obtaining critical in vivo data on the
functional well-being of specific molecular processes altered by
neurological diseases and a key for therapeutic intervention [5].
In principle, such precision contains the latent possibility for
monitoring and treating multiple processes affected by disease
and hence of attaining to a systemic and personalized level of
care.

Targeting and Delivery

Targeting methods can vary widely to accommodate a range
of objectives and can include procedures for overcoming
physical and chemical barriers, identifying and tracking select
cells, accessing and monitoring intracellular processes, and
modulating genetic expression, among others.

Crossing the blood brain barrier

A fundamental limit on the use of radioligands in the brain is
the blood brain barrier (BBB) [3,7]. Accordingly, radioligands
must be designed to incorporate features enabling the ligand
to overcome this barrier. For many such compounds this can
be achieved by using radioligands of small molecular weight,
generally not exceeding 500 daltons.

Because many of the new radiopharmaceuticals are larger than
this, however, novel procedures are required for the radioligand
to bypass the BBB. Among these methods, nanoparticles (NPs)
have proven particularly effective as platforms that can carry
larger molecular weight radioligands across the BBB [8]. For
example, organically modified amino- functionalized silica NPs
have been used to carry the gene encoding GDNF to striatal
cells [8].

Because nanoparticles afford the unique advantage of
synthetic modification, their structural and chemical properties
are amenable to wide variation to optimize both transport and
radioligand load. Currently, there exists a large number of
different NP platforms marked by different chemistries and
structures. Many have been employed for therapeutic purposes
in diseases outside the nervous system - such as pancreatic
cancer, diabetic nephropathy, and myocardial infarction - with a
growing number in development for use in the brain [8,9].

Besides nanoparticles, viral vectors are also used to deliver
radioligands to the brain. Viral vectors include a spectrum of
vehicles that have been derived from multiple viral classes,
including retrovirus, lentivirus, adenovirus, herpes simplex
virus type 1(HSV-1) and AAV vectors, with recombinant
adeno-associated virus (rAAV) vectors generally finding
more frequent use [10,11]. Recombinant AAV vectors feature
numerous advantages. They are nonreplicable, non-pathogenic,
and do not integrate into the host genome [14]. Pre-clinical in
vivo AAV gene therapy studies, for example, have been carried
out for Huntington’s Disease, which have utilized both siIRNA
and miRNA approaches [11].
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Cell and molecule specific identification and tracking

Radioimmuno-diagnostic or radioimmuno-therapeutic tracers
afford the opportunity to pinpoint molecular and cellular species
and are typically constructed from monoclonal antibodies and
theirderivatives. When combined withradionuclides, itis possible
to obtain critical information on antigen quantity, heterogeneity,
and kinetics in real time. Among the radionuclides currently
available are included actinium-225 (225Ac), astatine-211
(211At), bismuth-213 (213Bi), indium-111 (111In), iodine-123
(1231), iodine-124 (1241), iodine-131 (1311), lead- 212 (212Pb),
lutetium-177 (177Lu), technetium-99m (99mTc), copper-64
(64Cu), gallium-68 (68Ga), yttrium-86 (86Y), yttrium-90
(90Y), and zirconium-89 (89Zr). The choice of radionuclide
is based on several properties dictated by need and objective,
which can include emitter type, energetics, and half-life, as well
as tissue characteristics. Efficient radiolabeling is often carried
out by binding the radionuclide to a bifunctional chelator, which
possesses a binding site for the radionuclide and a linker that
can attach a nucleophilic group to a carrier antibody [12-14].

Targeting extracellular proteins

Extracellular proteins can, in cases, precipitate disease
symptoms. For example, much evidence reveals the involvement
of mutant huntingtin protein (mHTT) in extracellular events
that influence the severity, symptomatology, and propagation
of Huntington’s Disease across cell systems. Among the
various mechanisms proposed for influencing these features are
effects on brain related immunogenicity, a seeding pathology
that amplifies mHTT mobilization, and prion like activity [7].
The extracellular targeting of these aspects with radioimmuno
conjugates has the advantage of requiring simpler protocols
than those needed for cell entry (for example, directly exposing
the immune system to the mutant form of HTT), which makes it
a desirable protocol objective.

Extracellular proteins can be targeted by passive or active
immunization. In active immunization the immune system is
exposed to an exogenous antigen to elicit an adaptive immune
response. This process has the advantage of generating an
acquired immune response that is relatively long lasting. In
passive immunization exogenous antibodies are introduced to
suppress antigenicity. While passive immunization generates
a relatively rapid response, the introduction of exogenous
antibodies lasts for a much shorter interval than active
immunization.

In vivo cell tracking using direct cell labeling

Radioligand imaging using single photon emission computed
tomography (SPECT) or positron emission tomography (PET)
has several advantages over other imaging modalities for
cell tracking, including its high sensitivity and whole-body
quantitative imaging capability (with clinically available
scanners). For cell tracking, ex vivo direct cell radiolabeling
— i.e., radiolabeling cells before their administration - is the
simplest and most robust method, allowing labeling of any cell
type without the need for genetic modification [15].

Cells are usually radiolabeled ex vivo by incubation with a
radiotracer [14], followed by injection of the radiolabeled cells
into the imaging subject. In vivo PET or SPECT imaging can
then be performed over time to assess the distribution of the
cells. The radiolabeling mechanism can vary depending on the
type of probe. Cells can be radiolabeled either using radiotracers
designed to bind to the cell membrane or specifically designed
to penetrate the membrane where they become trapped
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intracellularly. A limitation of direct cell labeling is that the
temporal imaging window is restricted by the half-life of the
radionuclide used, with progressive loss of signal strength.

Direct cell labeling can also be affected by the efflux of the
radiotracer from the radiolabeled cells in vivo. Hence, ideal,
direct cell labeling agents should facilitate fast, high yield,
cellular uptake, with high cellular retention of the radionuclide,
while not affecting cell viability. Furthermore, they should
allow imaging over relatively long periods of time if needed
for a given imaging application. Accordingly, long-lived
radionuclides (such as 111In, 89Zr) are usually preferred.

Most compounds used for direct cell radiolabeling are
“radiometal—ionophore” complexes, which consist of a radio-
metal and an ionophore, a ligand which binds to a metal ion
reversibly for transport across lipid membranes [16]. The
generated radiometal complex is sufficiently hydrophobic
to allow passage across cell membranes but not stable
enough to remain intact within the cell. Once inside the cell,
the radiometal can be captured by intracellular proteins or
other macromolecules [17] resulting in the trapping of the
radionuclide—and generation of a radiolabeled cell. Despite
the successful use of ionophore ligands for transport of label
into cells, the potential radiotoxicity associated with delivery
of ionizing radiation intracellularly can pose a danger to cell
health and viability. One approach to mitigating this danger is
to radiolabel cells on the cell membrane, further away from the
nucleus, with the prospect of reducing Auger-electron toxicity
that can originate from some nuclides. For example, direct cell
tracking has been successfully employed to track the migration
of cancer cells in the brain.

Accessing and monitoring intracellular processes
Reporter genes

A key question in neurological disease has been that of
determining which protein interactions mediate dysfunctional
processes. An increasingly important method for addressing
this question is that of reporter gene imaging. In this method
reporter genes are introduced into brain cells using a suitable
vector. Currently, recombinant adeno-associated viral (AAV)
vectors are the most frequently used delivery method for
effective cell transduction and stable expression of a modified
gene in the brain. When activated the reporter gene produces
a protein receptor or enzyme that binds, transports, or traps a
subsequently injected imaging radioprobe, which becomes the
contrast agent [18,19].

Several gamma-emitting radionuclides are available for
radiolabeling injected agents, ranging from small molecules
and peptides to antibodies, nanoparticles, and cells. In the
clinic, the most widely used radionuclide is 99mTc, which
has a moderately short half-life (6 hours). This is long enough
for convenient synthesis of radiotracers (while not imposing
prolonged radiation exposure to the subject), offers favorable
emission properties, and has convenient production methods.
Because of its metallic character, 99mTc radiotracers employ
coordination complexes to bind the radionuclide with a
chelating agent [12,13]. Despite significant limitations initially
with the biodistribution and specificity of reporter gene
products, there is a growing repertoire of available reporter
genes that could be used for tracking cellular processes and
protein-protein interactions within them. Following the advent
of standardized genetic editing techniques, researchers have
isolated a large collection of reporter and modifier proteins (RPs
and MPs, respectively) from a variety of species that have since
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been instrumental in characterizing many biological processes
[19]. For example, RPs are frequently used to tag endogenous
proteins or to track the behavior of individual cells in vivo.
Antibody fragments

Especially promising is the use of radiolabeled antibody
fragments as reporter probes [19,20]. Antibody fragments
retain the ability to target specific protein domains that may be
critical in mediating protein-protein interactions and are more
accessible to restricted sites than whole antibodies due to their
smaller size. Their mode of action is to suppress protein activity
by directly binding to functional domains, thereby interfering
with the ability of aberrant proteins to interact with binding
partners. Research with intrabodies has been conducted for
several decades. The first intrabodies directed to functional
sites on huntingtin protein, for example, were generated from
a human spleen, single- chain variable fragment (scFv) phage
library [21].

Modulating genetic expression

Nucleic acid therapies for chronic diseases typically adopt
one of two approaches, interference with protein specific, RNA
translation mechanisms or direct modification of the genes of
protein products. RNA translation (RNAis) approaches employ
short-interfering RNAs (siRNA) or microRNAs (miRNA) [22].
These molecules target mature mRNA in the cytosol, triggering
degradation through the RNA-induced silencing complex and
eventually reducing protein expression [23]. Gene therapy,
on the other hand, entails the use of altered genes termed
transgenes to treat and prevent disease [24]. Gene therapy
approaches use virus vectors to transfect brain cells with a
therapeutic gene, which under the regulation of a suitable gene
promoter. Nucleic acid-based approaches have traditionally
employed gapmer anti-sense oligonucleotides (ASO) and
anti-sense oligonucleotides [25,26]. The former are a string
of nucleotides with a central unmodified region flanked by
modified nucleotides. Such radiolabeled drug oligonucleotide
probes can provide a reliable quantitative tool for distribution,
mass balance, and metabolite profiling studies [27]. Several
cancers and/or tumor-specific promoter’s systems have been
developed. Tumor- specific promoters that are over expressed
in the tumor can induce specific therapeutic genes, enhancing
their localized activity [28]. Therapeutic genes developed for
neurodegenerative diseases include, for example, Huntington’s,
Alzheimer’s, and Parkinson’s diseases.

Conclusion

Nuclear medicine has confirmed its place as a versatile
and powerful technique for in vivo diagnosis and therapy of
the brain, traditionally providing insight into metabolic and
neurotransmitter dysfunction. Findings from molecular research
on the complex factors affecting symptomatic expression,
however, have shown that many steps outside of transmission
functions are potentially dysfunctional. Access to such targets
is critically dependent on targeted delivery both as to cell type
and molecular process, requiring a significant expansion in the
range of processes traditionally amenable to analysis.

Addressing this need, recent decades have seen the
development of an array of procedures used for radioprobe
targeting. The current procedural armamentarium includes
natural and synthetic vectors, gene activation, immunogenic
selectivity, and nucleotide manipulation. This spectrum of
methods is auspicious for precision interrogation and systems
directed, molecular medicine.
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