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Aptamers as Valuable Molecular Tools in Neurosciences

Olga Wolter and Giinter Mayer
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Aptamers are short nucleic acids that interact with a variety of targets with high affinity and specificity. They have been shown to inhibit
biological functions of cognate target proteins, and they are identifiable by an in vitro selection process, also termed SELEX (Systematic
Evolution of Ligands by EXponential enrichment). Being nucleic acids, aptamers can be synthesized chemically or enzymatically. The
latter renders RNA aptamers compatible with the cell’s own transcription machinery and, thus, expressable inside cells. The synthesis of
aptamers by chemical approaches opens up the possibility of producing aptamers on a large scale and enables a straightforward access to
introduce modifications in a site-specific manner (e.g., fluorophores or photo-labile groups). These characteristics make aptamers
broadly applicable (e.g., as an analytical, diagnostic, or separation tool). In this TechSight, we provide a brief overview on aptamer
technology and the potential of aptamers as valuable research tools in neurosciences.
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Introduction

The first in vitro selection experiments were reported in 1990 by
three independent groups (Ellington and Szostak, 1990; Robert-
son and Joyce, 1990; Tuerk and Gold, 1990). Ellington and Szos-
tak (1992) identified RNA molecules, which bind to a small
organic dye and coined the term “aptamer.” This term is a chi-
mera from the Latin word “aptus,” meaning “to fit” and the
Greek expression “meros,” meaning “part.” Tuerk and Gold
(1990), in turn, introduced the acronym SELEX (Systematic Evo-
lution of Ligands by EXponential enrichment), describing a se-
lection process, by which they discovered a RNA molecule that
binds to the bacteriophage T4 DNA polymerase. Robertson and
Joyce (1990) developed in vitro selection protocols to adapt the
substrate specificity of the Group I intron-ribozyme, cleaving
DNA rather than RNA. These seminal reports paved the way for
in vitro selection experiments to generate a plethora of synthetic
functional nucleic acid molecules with novel properties and
characteristics.

Aptamers are short single-chained oligo(deoxy)nucleotides
(DNA or RNA) that fold into a defined 3D structure with which
they bind specifically and with high affinity to defined target
molecules (Fig. 1) (Ellington and Szostak, 1990). The 3D struc-
ture of aptamers depends on their primary structure, hence
sequence, and on environmental conditions (e.g., buffer compo-
sition, temperature, and pH value) (Fig. 1A). Their binding prop-
erties are similar to those found for antibodies, being in the
nanomolar to picomolar range (Meyer et al., 2011), and aptamers
have been identified to distinguish between members of a protein
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family, as they recognize target structures in an epitope-specific
manner (Michaud et al., 2003).

Since their introduction, aptamers have been described for nu-
merous target classes: small molecules (Ellington and Szostak, 1992),
proteins, peptides (Tuerk et al., 1992), organic dyes (Holeman et al.,
1998), viruses (Balogh et al., 2010), and bacteria and living cells (Tan
etal., 2013), while aptamers binding to and inhibiting proteins may
represent the largest cohort. Nevertheless, aptamers could poten-
tially serve as activation tool for modulating protein conformations,
enzymatic activity, and signaling networks (Hartmann et al., 1998;
Win et al., 2009; Avci-Adali et al., 2013).

Consequently, an aptamer inhibiting the VEGF has been ap-
proved by the FDA for the treatment of age-related macular
degeneration (Gragoudas et al., 2004; Ng et al., 2006). This break-
through underlines the therapeutic potential of aptamers; and
currently, a series of aptamers and aptamer variants are investi-
gated in different phases of clinical trials (Hoellenriegel et al.,
2014; Zhou and Rossi, 2016). Several excellent reviews were
published recently, discussing the application of aptamers as di-
agnostics and therapeutics to which we refer here (Dassie and
Giangrande, 2013; Thakur and Ragavan, 2013; Tolle and Mayer,
2013; Pei et al., 2014; Wang and Farokhzad, 2014; Pfeiffer and
Mayer, 2016; Zhou and Rossi, 2016).

In addition to being considered as therapeutics, aptamers rep-
resent valuable molecular tools for the life sciences (Famulok et
al., 2000). Because of their particular properties, aptamers might
conquer the limitations of other commonly used inhibitors,
such as antibodies and small molecules. Although antibodies are
widely used as detection reagents in cell biology and standard
molecular biology approaches, literally they have limited appli-
cability as inhibitors of enzymes (Chames et al., 2009). Moreover,
antibodies are associated with potential batch-to-batch varia-
tions and nonreproducible performance (Ruigrok et al., 2011;
Baker, 2015). Small molecules, in turn, are broadly applied as
enzyme inhibitors in cell biology studies; however, the identifica-
tion of potent and specific small molecule-based inhibitors for a
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A, Schematic representation of aptamer binding to a target protein depending on structure formation. After the adjustment of the binding conditions, the aptamer folds into a 3D

structure, upon which it interacts with the target molecule (e.g., a protein), resulting in a stable target-aptamer complex. B, The crystallographic structure of the G protein-coupled receptor kinase
2(GRK2)-C13 complexis depicted as an example for a target-aptamer complex-PDB ID: 3UZT (Tesmer et al., 2012). The C13 RNA aptamer (black) binds to GRK protein (blue), by mimicking adenosine
triphosphate (ATP) and specifically recognizing the ATP-binding site within the GRK2 protein. Thereby, the kinase is inhibited. The structure of the GRK2—C13 complex was generated by the program

protein workshop (Moreland et al., 2005).

particular enzyme is laborious and expensive and thus unlikely to
keep pace with the demands of the fast-growing systems biology
field, which identifies novel potential target proteins or whose
characterization the rapid availability of potent and specific in-
hibitors will be essential (Arkin and Wells, 2004). In this regard,
one advantage of aptamers is the way they are identified. They can
be accessed by an in vitro selection process, which is an iterative,
cyclic procedure done manually within a couple of weeks but
which is also amenable to automation (Zhang et al., 2000; Cox et
al., 2002). As the entire selection process is done in vitro, it allows
the adjustment of the conditions under which the desired ap-
tamer reveals its best performance to a multitude of variations.
This characteristic enables the selection conditions to be adapted
to those applying in the designated applications (Cho et al., 2009;
Li et al.,, 2009), such as intracellular (Thiel and Giangrande,
2010), extracellular (Becker et al., 2010), or artificial conditions
(e.g., those containing organic solvents) (Chaou et al., 2016).
Furthermore, aptamers can be produced by chemical synthesis
with highest accuracy and reproducibility (Ruigrok et al., 2011).
Therefore, and in contrast to antibodies, aptamers do not have
strong batch-to-batch variations (Ellington and Pollard, 2001;
Baker, 2015); moreover, the synthetic access offers the opportu-
nity to introduce modifications into aptamers (e.g., fluorescent
reporter molecules for optical imaging in a site-specific manner)

(Farrar et al., 2014). Similar to small molecules, aptamers bind to
a specific domain or catalytic cleft of a protein and thus poten-
tially inhibit the associated protein function (e.g., kinase activity)
(Lennarz et al., 2015a, b) while leaving other important protein
functions and domains unaffected (Pendergrast et al., 2005)
(Fig. 1B). Aptamers are also susceptible to light regulation. For
example, photo-labile groups, such as o-nitrophenylpropyl or
o-nitrophenylethyl can be incorporated into aptamers at specific
positions by chemical synthesis (Mayer, 2009; Brieke et al., 2012).
In this way, aptamers are suitable for uncaging experiments, en-
abling spatiotemporal control over targeted protein functions
(Seyfried et al., 2017).

Selection and identification of aptamers

The identification of aptamers is achieved by an in vitro selection
process, also termed SELEX (Tuerk and Gold, 1990; Stoltenburg et
al., 2007). This process is a cyclic and repetitive approach, in which a
synthetic nucleic acid library that contains up to 10> different se-
quences and structures is incubated with a target molecule of choice,
the unbound sequences are removed, the target-bound sequences
are recovered and amplified by PCR or RT-PCR, depending on the
nature of the nucleic acid library (Fig. 2) (Stoltenburg et al., 2007;
Darmostuk et al., 2015). This cyclic process is repeated several times
(5-16) until the nucleic acid population has been substantially en-
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Schematicillustration of an in vitro selection cycle. The selection cycle starts with the incubation of the library (ssDNA or RNA) with the target molecule. After separating unbound from

bound sequences, the latter are recovered and amplified by RT-PCR in the case of RNA libraries or PCR when using DNA libraries. After PCR, the single-strand nucleic acids are generated, for example,
by A-exonuclease digestion (DNA) or by in vitro transcription (RNA). The obtained library is subsequently used for the next selection cycle. After several selection (5-16) cycles, the enriched library

is cloned and sequenced to identify individual monoclonal aptamers contained in the library.

riched for target-specific sequences. Nucleic acid libraries represent
the largest available compound collection for screening and selection
purposes to date. Monoclonal aptamer sequences are accessible
through cloning and sequencing of the enriched library, whereas
state-of-the-art next-generation sequencing approaches allow an in-
depth assessment of the selection process (Schiitze et al., 2011; Tolle
and Mayer, 2016). Since the first reports in 1990, a huge variety of
selection methods and strategies have been described and subjected
to countless improvements. These variations mainly rely on the used
separation method or on chemical modifications introduced into
nucleic acid libraries. Most selection strategies are based on the im-
mobilization of the target molecule to allow the efficient separation
of bound from unbound nucleic acid species within the library (Dar-
mostuk et al., 2015). Immobilization is realized by exploiting con-
ventional protein tags (e.g., His-, GST-, or strep-tag), which can also
be used for initial target purification. Alternatively, target proteins
can be modified with biotin and coupled to streptavidin modified
magnetic beads or Sepharose for immobilization (Mayer and Hover,
2009; Turcheniuk et al., 2013; Darmostuk et al., 2015). The aptamer
history has also seen the introduction of a series of selection proto-
cols that circumvent the necessity of target immobilization (e.g.,
capture-SELEX) (Stoltenburg et al., 2012; Hamedani et al., 2015)
and protocols based on capillary electrophoresis (Krylov,
2007; Yang and Bowser, 2013; Galievsky et al., 2016; Hamed-
ani and Miiller, 2016). These examples demonstrate that ap-
tamer generation is a versatile approach, which can be adapted
to individual needs.

The application of aptamers as molecular tools

in neurosciences

Aptamers have made their way into versatile applications. Their use
as molecular research tools in neurosciences is limited, though. Only
a few studies are yet available that describe either the generation of
aptamers binding “neuroscience”-related target proteins (e.g., ion
channels or their application for investigating neuronal cell behavior
by inhibiting specific proteins). We believe that neurosciences will
benefit from aptamer technology and to demonstrate this we pro-
vide recent examples in the following section.

Signal cascades that rely on protein phosphorylation play an
important role in various aspects of cellular homeostasis and is
also connected to several diseases (Cohen, 2002). Thus, the de-
mand for specific inhibitors and regulators of protein kinases and
phosphatases is high and of utmost interest, not only for drug
development approaches but also for endeavors that use inhibi-
tors as chemical probes for basic sciences to dissect and analyze
kinase function (Dar and Shokat, 2011).

The phosphorylation of the AMPA receptor is engaged in re-
ceptor trafficking (Wang et al., 2005). AMPA receptors are in-
volved in excitatory synaptic transmission in the CNS and
contribute to synaptic plasticity, as it is known in learning and
memory processes (Boudreau and Wolf, 2005). They are hetero-
oligomeric proteins, constituted of different combinations of
four subunits GluR1-R4 (Barry and Ziff, 2002). The subunit
GluR1 contains a long cytoplasmic C terminus that plays a key
role in receptor trafficking to the cell surface of synapses (Passa-
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A, Proposed secondary structure of the RNA aptamers (5. It is a 63-mer RNA molecule forming four loops. B, Recording configuration on a prepared hippocampal slice with two
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faro et al., 2001). Particularly, the phosphorylation of GluR1 at
the amino acid residues Ser831, Ser845, and Ser818 located at the
receptor’s intracellular domain, has been found to have a strong
impact on AMPA-mediated neurotransmission. However, to an-
alyze which of the three Ser residues is key to the signaling re-
quires the specific blocking of one of the amino acids, whereas the
others should remain as substrates. Liu et al. (2009) identified an
RNA aptamer, termed A2, which modulates the phosphorylation
of the serine-residue Ser845 of the GluR1, whereas the phosphor-
ylation of the Ser831 and Ser818 has been found to be unaffected.
This finding opens the application of aptamers toward phosphor-
specific analysis and of role and contribution of specific amino
acid residues in signaling cascades. Further investigations of the
aptamer in neuronal networks will enable insights into the mech-
anism of the role of AMPA receptors in synaptic plasticity in
general and classifying the role of Ser845 in particular. Albeit,
intracellular availability of aptamers is still a challenge, we and
others have shown that transfection (Konopka et al., 1998; Theis
et al., 2004; Hwang et al., 2012), microinjection (Ishizaki et al.,
1996), and expression of RNA aptamers by RNA polymerase III
promoters are feasible (Thomas et al., 1997; Famulok et al., 2001;
Famulok and Mayer, 2005; Fan et al., 2005).

In our own work, we recently identified an RNA aptamer,
named C5, which specifically binds and inhibits the mitogen-

= 0.005 (Wilcoxon Rank test). Reproduced with permission (Lennarz et al., 2015b).

activated protein kinase (MAPK) Erk1/2 (Fig. 3A) (Lennarz
et al., 2015b). The aptamer recognizes the kinase in an ATP-
competitive manner and, thus, inhibits Erk2 kinase activity. C5
has been identified by an in vitro selection procedure that renders
the resultant aptamers to be compatible with physiological ion
conditions. This capacity allows the intracellular use of C5 (e.g.,
in neurons). Because aptamers are polyanionic, they cannot pass
cell membranes autonomously. Lennarz et al. (2015b) overcomes
this disadvantage by delivering C5 through the patch-clamp pi-
pette. Most notably, this approach is straightforward and does
not require to establish delivery systems, for example, liposome
transfection, viral delivery, or by using nanoparticles that could
be laborious and requires nucleic acid engineering and testing
(Konopka et al., 1998; Choi et al., 2006; Ferguson et al., 2006;
Hwang et al., 2012). This approach enabled the introduction
of an aptamer into neuronal cells and the measurement of the
change in biological activity of the target molecule in real time.
With this advance, Lennarz et al. (2015b) demonstrated that C5
inhibits spike timing-dependent plasticity (STDP) in neurons
through performing whole-cell patch-clamp recordings from
CA1 neuron in acute hippocampal slice preparations (Fig. 3B).
The diffusion of C5 into neurons through the patch-clamp pi-
pette and its distribution in the cell were observed by two-photon
microscopy. C5 was labeled with fluorescein at its 5" end and,
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after provision into CA1 pyramidal neurons, the C5-related flu-
orescence signal could be detected in the soma, proving the rapid
diffusion of C5 (Fig. 3C). Advantageously, the patch-clamp
method allows to record the immediate electrical response of the
investigated neuron, facilitating a very accurate controlling of
intracellular signal transduction. Some forms of STDP are caused
by Erk1/2 activation, whereas others have been shown to be
MAPK-independent (Thomas and Huganir, 2004). Lennarz et al.
(2015b) revealed that C5 is inhibiting STDP in a MAPK-de-
pendent manner (Fig. 3D), demonstrating the high degree of C5’s
specificity in the blockade of intraneuronal signaling cascades.
This method is, of course, not limited to C5 and the MAP kinase
Erk1/2; it is applicable to any other aptamer-target combination
to native neurons by any researchers who are performing patch-
clamp experiments.

The fundamental advantage of this approach is the simple and
rapid execution. It offers a new way to investigate neurons by
specifically inhibiting different components of intraneuronal sig-
naling networks.

The Letkowitz group (Kahsai et al., 2016) recently described
RNA aptamers that bind to a prototypical G-protein-coupled
receptor (GPCR), namely, the 3,-adrenoceptor (f3,-AR). GPCRs,
also termed as seven-a-helical transmembrane-spanning recep-
tors, represent the largest and most versatile family of membrane
receptors. The receptors are targets for many drugs for treating a
broad range of diseases (e.g., asthma, neurological disorders, or
immune system dysfunction) (Pierce et al., 2002; Lagerstrom and
Schioth, 2008). Lefkowitz and colleagues (Kahsai et al., 2016)
identified aptamers that function as allosteric modulators. In this
way, a precise modulation of the activation and signaling cascade
of GPCR by the respective aptamers is possible. By involving
next-generation sequencing and a specific selection strategy, the
group identified activation state-specific RNA aptamers recog-
nizing 3,-AR. The study reveals that the aptamers are able to
stabilize different conformations of the [3,-AR receptor. One
group of aptamers, termed A1, A2, and A13, interacts with high
affinity with the agonist active 3,-AR conformation, whereas an-
other aptamer, termed A16, showed specificity for an inverse-
agonist inactive 3,-AR conformation. With this study, the group
illustrated the great potential of aptamers to act as tailored allo-
steric modulators of GPCRs (Kahsai et al., 2016).

Limitations and opportunities of aptamers

As all technologies and substance classes, aptamers have certain
limitations, but also specific opportunities. The major bottleneck
of in vitro selection experiments is an uncertain prognosis on the
success, meaning whether a specific combination of target pro-
tein and nucleic acid library will yield an aptamer. This limitation
is mainly attributed to the limited set of nucleotides and building
blocks of which a nucleic acid library is made. The four canonical
nucleotides, in conjunction with the ribose (in the case of RNA)
or deoxyribose (in the case of DNA) and phosphate backbone,
provide a rather limited chemical diversity, compared with the 21
proteinogenic amino acids that enable many type of molecular
interaction and properties (e.g., polar, charged, basic, acidic, ar-
omatic, and aliphatic). Hence, the success rate of in vitro selection
experiments for protein targets has been found to be ~30%
(Gold etal., 2010). Recent developments, however, allow to over-
come this limitation of nucleic acids. For example, aptamer-
variants termed SOMAmers or clickmers comprise at least one
nucleotide modified at the C5 position of uridine to bear an
additional chemical entity (Tolle and Mayer, 2013; Rohloff et al.,
2014; Tolle et al., 2015). These approaches have been shown to
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enhance the success rate of selection endeavors substantially
(Gold et al., 2010). In addition to clickmers and SOMAmers,
various approaches have been developed to generate modified
nucleic acid libraries using different chemistries and additional
artificial base-pairs, which have been successfully used in selec-
tion experiments (Eaton, 1997; Gold et al., 2010; Vaught et al.,
2010; Hirao and Kimoto, 2012; Tolle and Mayer, 2013; Pinheiro
and Holliger, 2014; Diafa and Hollenstein, 2015; Tolle et al., 2015;
Lapa et al., 2016).

An important aspect to be considered in aptamer applications
is also the impact of ionic strength on aptamer conformation and,
thus, performance. As aptamers are generated in vitro under de-
fined conditions, they are perfectly adapted to these. Any altera-
tions of the environmental conditions may have a negative
impact on the binding properties of an aptamer to its specific
target molecules. However, as the selection process is done in
vitro, the exact conditions of a final application can be considered
already during the generation process. Nevertheless, once an ap-
tamer has been identified, its compatibility with certain environ-
mental conditions can be adapted by mutational analysis and
appropriate reselection strategies.

The inability of aptamers to cross cell membranes autono-
mously (e.g., passive diffusion represents a further limitation in
their applicability and is mainly attributed to their macromole-
cules and polyanionic nature). Nevertheless, several options are
available to overcome this restraint. Aptamers are compatible
with state-of-the-art methods to achieve intracellular availability
(e.g., transfection with liposomes) (Konopka et al., 1998; Hwang
etal., 2012), through plasmid or viral delivery (Choi et al., 2006),
or using nanoparticles (Ryou et al., 2011). As described above,
the whole-cell patch-clamp technology offers an elegant and
straightforward alternative; and most importantly, it is compat-
ible with primary neuron cell investigations (Lennarz et al.,
2015b). Although in experiments with isolated cells and cell cul-
ture, the intracellular delivery issue of aptamers might be practi-
cable, the situation in vivo is more complicated, in particular,
when the CNS is the targeted tissue of choice, as these tissues are
protected by well-organized barriers. These barriers (e.g., the
blood-Dbrain barrier) can hardly be passively transmitted by ap-
tamers and other macromolecules. However, performing selec-
tion experiments in vivo enabled the identification of aptamers
that indeed pass the blood—brain barrier in mice and penetrate
into the brain parenchyma (Cheng et al., 2013). These aptamers
might be exploitable as Trojan horses for the noninvasive delivery
of specific compounds, which are attached to the aptamer, to the
brain facilitating in vivo studies (de Boer and Gaillard, 2007).

Generally, the selection of aptamers is quite challenging; and
in contrast to siRNA molecules, they cannot be designed based on
sequence information. Albeit superficially, the process as de-
picted in Figure 2 seems to be straightforward. Nevertheless,
there are many issues that need to be considered before a success-
ful selection experiment can be conducted. Target proteins need
to be purified and remain functional when embedded in a selec-
tion process, the library design and amplification performance is
also key to yield a satisfactory result and to avoid bottlenecks. To
our experience, it has been proven successful to approach experts
in the field early on and to seek support in the design, perfor-
mance, and analysis of selection experiments.

Conclusion

Aptamer technology has emerged into almost every field in the
life sciences since its inauguration >25 years ago. A multitude of
aptamers were selected and characterized, binding to a broad
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range of diverse target molecules. Because of the particular prop-
erties of aptamers, they are used as tools for diagnostic and ther-
apeutic applications. In this TechSight, we demonstrated that due
to their specific characteristics, aptamers might become a valu-
able tool for basic research in the field of neurosciences. Systems
(neuro)biology approaches will uncover a large number of inter-
esting target proteins for which specific and potent inhibitors are
required. A precise analysis of the protein functions in neurons
and neuronal circuits calls for the rapid identification and avail-
ability of specific inhibitory compounds. In this regard, the iden-
tification of aptamers may open a novel path for getting hands on
inhibitors in a sophisticated and timely manner. Together, we
believe that aptamers will become a valuable research tool for
neurological studies, and future endeavors in which researches
from the aptamer and neurosciences research areas will work
closely together will reveal its full potential.
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