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GENETICALLY ENCODED INTRABODIES AS HIGH-PRECISION
TOOLS TO VISUALIZE AND MANIPULATE NEURONAL
FUNCTION

James S. Trimmer
Department of Physiology and Membrane Biology, University of California Davis School of
Medicine, Davis, CA 95616

Abstract

Basic neuroscience research employs numerous forms of antibodies as key reagents in

diverse applications. While the predominant use of antibodies is as immunolabeling reagents,
neuroscientists are making increased use of intracellular antibodies or intrabodies. Intrabodies

are recombinant antibodies genetically encoded for expression within neurons. These can be

used to target various cargo (fluorescent proteins, reporters, enzymes, etc.) to specific molecules
and subcellular domains to report on and manipulate neuronal function with high precision.
Intrabodies have the advantages inherent in all genetically encoded recombinant antibodies but
represent a distinct subclass in that their structure allows for their expression and function within
cells. The high precision afforded by the ability to direct their expression to specific cell types,
and the selective binding of intrabodies to targets within these allows intrabodies to offer unique
advantages for neuroscience research, given the tremendous molecular, cellular and morphological
complexity of brain neurons. Intrabodies expressed within neurons have been used for a variety of
purposes in basic neuroscience research. Here | provide a general background to intrabodies and
their development, and examples of their emerging utility as valuable basic neuroscience research
tools.
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1. Introduction

Antibodies play a critical role in many areas of basic neuroscience research.

The predominant use of antibodies is as immunolabeling reagents, for example in
immunohistochemistry, immunocytochemistry, and immunoblotting (“Western blotting”),
in which antibodies have access to their binding site or epitope on their target protein
regardless of whether it is inside the cell, on the cell surface, or is a secreted molecule.
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However, as antibodies cannot cross the plasma membrane, their use is limited to those

that bind to secreted proteins or to extracellular domains of cell surface proteins when

used /n vivoor in in vitroin cellular preparations containing intact cells. Intracellular
antibodies or intrabodies are antibodies present in the cytoplasm of cells. Historically, to
introduce antibodies into cells conventional 1gG antibodies were microinjected into the
cytoplasm. Examples of this approach include numerous studies in which antibodies were
microinjected into the cytoplasm of neurons in primary culture [e.g., [1-7]], and studies

in which antibodies were passively infused/dialyzed into cells with a recording electrode/
patch pipet during electrophysiological analyses [e.g., [8-11]]. However, due to the need

to microinject or patch onto individual neurons to introduce conventional IgG antibodies
into their cytoplasm, studies using this approach were limited to small numbers of neurons
in culture. There are numerous reports of conventional IgG antibodies against intracellular
proteins being taken up into neurons in vivo and in vitro. These include those against against
tau (e.g., [12-14]), a-synuclein (e.g., [15]), TDP-43 (e.g., [16]), and RAN (e.g., [17]).
However, this uptake can be relatively inefficient and sporadic, such that researchers are not
able to reliably control the levels of cytoplasmic antibody in specific cell types.

A major advance in employing intracellular antibodies in neuroscience research has come
from the development of recombinant antibodies. Recombinant antibodies are antibody
(immunoglobulin) proteins whose nucleic acid coding regions, or fragments thereof, have
been cloned into expression plasmids. Such plasmids are typically used to direct expression
of secreted recombinant antibody that can be used as one would use conventional antibodies
(e.g., as an immunolabeling reagent for immunohistochemistry, immunocytochemistry,
immunoblots, for microinjection/dialysis into neurons, etc.), although recombinant
antibodies have numerous advantages over conventional antibodies [18-20]. However,
recombinant antibody expression plasmids and/or recombinant viruses can also be
engineered to direct expression of the encoded protein as intrabodies in the cytoplasm of
neurons. This allows for reliable expression, and when used in conjunction with genetic
elements that yield inducible and/or selective expression in specific classes of neurons
provides genetically encoded intrabodies substantial advantages for utility as tools for basic
neuroscience research.

Different forms of intrabodies used in neuroscience research

2.1 Requirements for use of different forms of antibodies as intrabodies

While it is possible to use intact IgG antibodies in approaches employing microinjection or
infusion/dialysis of antibodies through a patch pipet to introduce antibodies into neurons,
it is not possible to effectively express this form of antibody inside cells as an intrabody.
Intact IgG antibodies are formed as a heterotetramer comprising two identical heavy (H)
and two identical light (L) chains (Figure 1). Both polypeptide chains contain leader
sequences that direct their translation to endoplasmic reticulum (ER)-bound ribosomes and
their translocation across the ER membrane into the ER lumen, in which the H and L
chains coassemble into the functional heterotetramer. The association of the single H and
L chains within each of the two identical heterodimers, as well as the association of these
heterodimers with one another to form the intact 1gG occur via extensive non-covalent
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interactions within both their variable and constant domains and v/a covalent disulfide
bonds. Disulfide bonds form and are retained in oxidizing environments, such as the ER
lumen and the extracellular environment. They can also be retained in intact IgG molecules
introduced into the reducing environment of the cytoplasm via microinjection, etc. However,
de novo assembly of cytoplasmically expressed H and L chains into an IgG in the reducing
environment of the cytoplasm is inefficient such that this form of antibody cannot typically
be used as an intrabody. As such, it is necessary to engineer alternate forms of single chain
antibodies for use as intrabodies, two prominent forms being single chain variable fragments
or scFvs and nanobodies. While these 1gG-derived single chain intrabodies still contain
intrachain disulfide bonds, it is possible to develop scFvs and nanobodies that effectively
fold and function when expressed cytoplasmically. Alternate forms of intrabodies have been
developed from non-antibody binders that lack disulfide bonds and have other attributes that
enhance their folding and stability.

chain variable fragments (scFvs)

Single chain variable fragments or scFvs are a widely used form of single chain polypeptide
recombinant antibody fragments. Derived from conventional 1gGs, scFvs are monomeric and
generated by tethering a Vi and V|_ region to one another to generate using a flexible linker
[21, 22]. Since their development in the 1980s, scFvs have had widespread use, primarily

as therapeutics and as probes for diagnostic imaging. The small size of scFvs facilitates
their penetration into tissue, which enhances their efficacy in these applications. They have
also been used widely as intrabodies, the latter term being coined to describe intracellularly
expressed scFvs [23]. The conceptual design of scFvs is to replicate in a single polypeptide
the antigen binding surface formed upon the coassembly of the Vi and V_ regions of the
separate H and L chains of an intact 1gG (Figure 1, left). This concept is complicated in

that the Vi and V_ regions are aligned with their respective free N-termini and C-termini

in parallel (Figure 1, left). This is not possible to replicate in a single polypeptide format,

a problem that the design attempts to circumvent by using a flexible linker, of sufficient
length to allow for V regions to align in parallel when the C-terminus of the leading V
region is fused to the N-terminus of the lagging V region to create a scFv (Figure 1,

left). This format results in N-terminus of the leading V region being free as it is in the
intact IgG, but that of the lagging V region fused to the C-terminus of the flexible linker
sequence. In some cases, this unnatural configuration leads to reduced efficiency of folding
and coassembly of the leading and lagging V regions, resulting in misfolded and/or non-
functional scFvs. There is an extensive literature on these and other challenges associated
with the successful generation of scFvs using V regions derived from IgGs, and numerous
strategies for overcoming these problems should they occur [e.g., [24-28] and many others].
The extensive research in this area has led to basic design guidelines that can often yield the
generation of a functional scFv that recapitulates the utility of the IgG from which the V
region sequences were derived without further engineering. We have employed as a first pass
a design employing a Vy-linker-V_ orientation and a flexible (GGGGS), linker, followed
by expression in mammalian cells, regardless of the primary sequence characteristics of the
component Vy and V|_regions. While our experience is limited, to date we have had an
~60% (16/27) first pass success rate using this approach to convert mAbs into Vy-linker-V_
form of scFvs without any further engineering.
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2.3. Camelid VyH domain fragments or Nanobodies (nAbs)

Among mammals, camelids (llamas, alpacas, dromedaries, etc.) are unique in producing as
part of their humoral immune repertoire fully functional IgG antibodies that contain only

a heavy chain [29] (Figure 1, right). It is possible to use the variable or VyH domain

from these heavy chain only antibodies, termed a “nanobody” (nAb), as the smallest form

of a functional antibody fragment (=15 kD), which is ~1/10 the size of a conventional

IgG antibody. nAbs have numerous advantages over conventional 1gG antibodies for use as
intrabodies. Unlike scFvs, the VyH domain is synthesized, folds and functions as a single
polypeptide chain, such that they are typically more easy to produce and are more stable
than scFvs, making them valuable for use as intrabodies when expressed in mammalian cells
including neurons.

2.4. Antibody mimetics-FingRs

There are numerous forms of recombinant antibody mimetics that can be developed to
exhibit high affinity and specific binding to their cognate target protein comparable to
antibodies. These genetically encoded molecules typically comprise a stable backbone
scaffold upon which is built a huge variety of flexible binding surface sequences to generate
high complexity libraries from which target-specific binders can be isolated. Monobodies
are based on a backbone of stable fibronectin repeats [30]. Those developed for use in
neuroscience research were isolated through mRNA display, hence their name FingRs (for
Fibronectin intrabodies generated with mRNA display) and were subsequently extensively
validated for efficacy and specificity as intrabodies [31, 32]. One aspect of their design that
enhances their utility as intrabodies as they were also engineered to be expressed with an
innovative transcriptional control system to limit FingR expression levels to those which
saturate target protein binding, with any unbound FingRs acting as transcriptional repressors
to inhibit their further expression, preventing accumulation of unbound intrabody.

3. Applications of intrabodies in neuroscience research

The use of intrabodies in neuroscience research is relatively recent. Intrabodies offer unique
advantages in neuroscience research in being genetically encoded reagents whose expression
can be directed to specific cell types, within which target binding can yield accumulation

at specific sites. Intrabodies have gained their most substantial use in primary cultures

of brain neurons, which can be used to study many aspects of neuronal function in a

system readily accessible to introduction of genetically-encoded tools such as intrabodies by
transfection, and to other manipulations [33]. While less commonly used than dissociated
neuronal cultures, organotypic slice cultures can be made from different brain regions and
are also accessible to introduction of plasmid DNA by conventional or biolistic transfection
or by electroporation, or by introduction of recombinant viral vectors, and offer enhanced
preservation of cytoarchitecture and cell populations [34]. Intrabodies can also be introduced
into brain neurons /in vivo by in utero electroporation [35, 36]. In this method, plasmid DNA
is injected into the ventricular system of fetal mice or rats within a surgically exposed uterus.
A series of electric shocks are used to transiently destabilize cell membranes, allowing

for uptake of the plasmid DNA. The uterus is returned to the abdominal cavity and after
completion of in utero development and birth the pups are used in experiments at different
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ages, as dictated by the nature of the experiment. While it is possible to obtain highly
reliable expression of plasmid encoded proteins including intrabodies in cerebral cortex by
this method, reliable expression in other brain regions is more difficult, although technical
developments continue to expand the utility of this technique [e.g., [37, 38]]. Viral-based
delivery systems offer advantages of broader and more efficient expression [39] but with

the additional requirement to develop recombinant viruses for each intrabody. Each of these
experimental systems has been used to express intrabodies in brain neurons, allowing for
novel and valuable insights into distinct aspects of neuronal structure and function. However,
it remains that the use of intrabodies in certain areas of neuroscience research remains a
challenge due to the relative inaccessibility of cells within the brain, and the need to keep the
structure of the brain intact for studies at the level of the complex circuits that underlie brain
function.

Examples of uses of scFvs as intrabodies

scFvs employed as genetically encoded intrabodies have played a key role in numerous basic
neuroscience research studies. One application of scFv intrabodies has been to knockdown
protein expression. scFvs against the inhibitory synapse cytoplasmic scaffolding protein
gephyrin were tagged with a nuclear localization signal and when expressed as intrabodies
in cultured hippocampal neurons led to loss of endogenous gephyrin expression at inhibitory
synapses [40]. This led to a reduction in the amplitude of whole cell ionic currents arising
from inhibitory glycine receptors, consistent with a corresponding knockdown of these
gephyrin-associated receptors at inhibitory synapses. However, the amplitude excitatory
currents from AMPA-type glutamate receptors, with which gephyrin does not associate were
unaffected. This supported the utility of these scFv intrabodies to selectively knockdown
inhibitory synaptic function [40]. These same scFvs were subsequently used to define the
role of gephyrin to support distinct aspects of inhibitory synaptic signaling as mediated
through gephyrin-associated GABA, receptors [41]. scFv-mediated gephyrin knockdown

in cultured rat hippocampal neurons led to a reduction in synaptic GABA receptor
immunolabeling, and a decrease in the overall number of GABAergic synapses as revealed
by immunolabeling for the versicular GABA transporter VGAT, a marker of inhibitory
presynaptic terminals. Electrophysiological analyses showed associated changes in the
functional characteristics of GABA receptor-mediated synaptic currents. Lastly, these
studies revealed that gephyrin, in its role as an organizer of GABA, receptors at inhibitory
synapses, supports both phasic and tonic forms of GABAergic inhibition [41]. Studies
employing these same scFv intrabodies reveled that the impact of gephyrin-knockdown
could be rescued by neuroligin 2, a gephyrin binding protein that mediates transynaptic
adhesion between pre- and post-synaptic membranes and development and maintenance of
GABAergic synapses [42].

scFvs have also been expressed as intrabodies in neuronal cells to examine the impact of
knocking down expression of the neurotrophin receptor p75NTR [43]. The scFvs were not
used as intrabodies in the classical sense, as they were developed to bind to extracellular
domains of the neurotrophin receptor. These intrabodies contained an N-terminal leader
sequence such that they were translated from ER-bound ribosomes and translocated into the
lumen of the ER, as would occur for a secreted scFv. However, these scFvs also contained a

Semin Cell Dev Biol. Author manuscript; available in PMC 2022 June 01.
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C-terminal KDEL ER retrieval sequence, such that they were not secreted but accumulated
in the ER. When expressed in PC12 cells and in mouse motor neuron neuroblastoma NSC19
cells they reduced cell surface expression of P7SNTR, presumably by preventing receptor
trafficking to the cell surface. Importantly, the knockdown effect could be maintained up

to eight days without activating the ER unfolded protein response, which can occur from
accumulation of unfolded proteins in the lumen of the ER. Expression of these scFv
intrabodies in PC12 cells also inhibited NGF-induced neurite outgrowth, reinforcing the
important role of p75NTR in mediating signaling by this important neuronal growth factor
[43].

scFvs expressed as intrabodies have also been used to track the dynamic of proteins in
neuronal cells. One study employed an scFv developed from the widely used conventional
mAb 12CAb5 that recognizes a defined epitope on the influenza hemagglutinin protein [44]
that is now routinely used as the HA epitope tag. The published sequences of the 12CA5
Vy and V_ domains were used to generate a conventional Vy-linker-V_ scFv, but this
failed to fold and function as an intrabody [45]. A chimeric anti-HA scFv was subsequently
engineered by introducing the crucial sequences from 12CAb5 onto a stable scFv scaffold
yielding a functional intrabody the authors termed a Frankenbody or FB [46]. A FB-

GFP fusion was expressed as an intrabody in neurons expressing the HA-tagged plasma
membrane ion channel Kv2.1, which is highly clustered in neurons [47], FB-GFP yielded
highly specific labeling of plasma membrane Kv2.1 clusters that could be maintained up

to 8 days posttransfection. The FB scFv intrabody coupled to a photoactivatable probe was
an effective reporter for single particle tracking of HA-tagged proteins, including newly
synthesized proteins with HA tags at their N-termini. This allowed for real-time imaging of
sites of local translation that occurs in dendrites of neurons, sites which were found to have
much higher mobility than sites of translation imaged in a non-neuronal cell line [46]. A set
of Frankenbody scFv plasmids with various FP tags for expression in mammalian cells as
intrabodies are available from the open-source plasmid repository Addgene.

An scFv intrabody was also used to define the activity-dependent palmitoylation of the
important synaptic scaffolding protein PSD-95 in neurons. A palmitoylation-state specific
scFv fused to GFP was found to be an effective reporter of the palmitoylated form of
PSD-95 when expressed as an intrabody in living neurons [48]. Superresolution STED live
cell imaging of this reporter revealed that palmitoylated PSD-95 was localized in specific
nanodomains within the postsynaptic density (Figure 2A). Moreover, PSD-95 palmitoylation
at these sites was dynamic and regulated by neuronal activity, contributing to the activity-
dependent plasticity in synaptic structure that underlies dynamic changes in excitatory
synapse function [48]. This same scFv intrabody was subsequently used to show that the
palmitoylated form of PSD-95 colocalizes in synaptic nanodomains with both the AMPA
and NMDA subtypes of synaptic glutamate receptors, and how changes in the expression of
enzymes impacting palmitoylation state modulated PSD-95 palmitoylation and localization
[49]. These studies underscore the utility of using state-specific scFvs as intrabodies to gain
insights into specific subsets of target proteins that could not otherwise be visualized in live
neurons.

Semin Cell Dev Biol. Author manuscript; available in PMC 2022 June 01.
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3.2. Examples of using nanobodies as intrabodies

3.2.1. Examples of using anti-GFP nanobodies as intrabodies—Anti-GFP nAbs
have been used as intrabodies for a variety of purposes in neuroscience research, ranging
from circuit-specific transcriptional profiling, cell-specific manipulation of gene expression,
to reporting on specific neuronal subcellular compartments. Anti-GFP nAbs have been used
in in an innovative approach to selectively capture actively translated transcripts in brain
neurons [50]. Transgenic mice that express an anti-GFP nAb [51] fused to a ribosomal
protein (Rpl10a) were developed. Using a retrogradely transported virus microinjected into
specific brain regions, GFP was expressed in brain neurons in a circuit-specific manner.
Beads coated with an anti-GFP mAb that binds to an epitope distinct from the nAb was
used to capture ribosomes with nAb-bound GFP. These represent ribosomes from neurons
whose axons project to the brain region into which the retrograde virus was microinjected.
Identification of transcripts that were being actively translated on these captured ribosomes
allowed for a determination of circuit-specific gene expression in different brain regions.

In a subsequent study, this innovative intrabody-based approach was used to define genes
expressed in a distinct subset of midbrain neurons that participate in reward circuitry [52].

The transgenic mice expressing an anti-GFP nAb fused to the Rpl10a ribosomal protein that
were used in the initial intrabody-based ribosome profiling study [50] were subsequently
employed in studies showing it is possible to use this intrabody to enhance the fluorescent
signal in GFP expressing neurons [53]. The binding of certain anti-GFP nAbs had been
previously shown to enhance GFP fluorescence /n vitro [54, 55]. Expressing GFP in mouse
brain neurons mice expressing the nAb-Rpl10a intrabody led to enhanced GFP fluorescence
in vivo. Moreover, instead of being broadly localized in expressing neurons, including
throughout the axon and the extensive dendritic arbor, the GFP was highly concentrated

in the cell body through its capture by the ribosome localized anti-GFP intrabody. This
strategy, or others employing intrabodies specific for soma-localized targets, could be used
as an alternate approach to those employing trafficking signals to localize and concentrate
proteins such as optogenetic reporters and actuators to the soma to enhance their efficacy
and utility [e.g., [56-58]], which have the potential drawback of competing with endogenous
proteins for access to trafficking machinery.

Previously developed anti-GFP nAbs [54] were also employed as intrabodies in an
innovative strategy to manipulate gene expression [59]. Many transcription factors are
composed of separable autonomous DNA binding and activation domains, which when
brought together reconstitute transcription factor activity, the basis of the yeast two

hybrid system [60]). A GFP-dependent transcriptional activation system was developed
employing two distinct anti-GFP nAbs, each fused to a different transcription factor domain,
whereby their simultaneous binding results in transcription factor activation. This was

used to manipulate expression of both endogenous genes and optogenetic tools such as
channelrhodopsin-2 in a cell-specific manner in mouse retina and in brain. The authors
extended this technique to then generate mutations in nAbs that lead to their conditional
destabilization in the absence of target binding [61], leading to selective accumulation and
function of nAb-cargo fusions in only those cells that express the target. Destabilized nAbs
against multiple target proteins could be used to manipulate gene expression in diverse cell

Semin Cell Dev Biol. Author manuscript; available in PMC 2022 June 01.
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types including neurons in mouse brain. In theory it should be possible to tap into the
growing collection of publicly available nAb-based intrabodies directed against neuronal
targets with restricted cellular expression to manipulate gene expression in distinct types of
brain neurons.

Anti-GFP nAbs employed as intrabodies have been used as reporters of neuronal plasma
membrane domains enriched in lipid signaling molecules. Anti-GFP nAbs tagged with
mCherry were used to target a GFP-tagged protein containing the pleckstrin homology
(PH) domain of the & isoform of phospholipase C (PH-PLCS), which exhibits selective
high affinity binding to the important lipid signaling molecule Ptdins(4,5)P, or PIP,. When
coexpressed in neuronal PC12 cells, the mCherry-tagged nAb intrabody colocalized with
the PH-PLCS reporter at the inner face of the plasma membrane [62]. The authors then
replaced the mCherry on the nAb with the photoconvertible protein mEos2, which can

be stochastically photoconverted from green to red emission to allow for its use in single
particle imaging. This study also employed nAbs against endogenous proteins in PC12 cells
in a similar manner.

3.2.2. Examples of using nanobodies against endogenous brain targets as
intrabodies—Nanobodies have been employed to knockdown cell surface expression of
endogenous neuronal proteins. A nAb against the cytoplasmic Cavp auxiliary subunit of
voltage-activated Ca?* channels was fused to a ubiquitin E3-ligase and used to selectively
knockdown plasma membrane expression and function of the subset of voltage-gated
Ca?* channels containing Cavp subunits in dorsal route ganglion neurons, as well as
cardiomyocytes and pancreatic beta cells [63]. This study underscores the utility of
employing intrabodies as effective mechanism to deliver cargo such as functional enzymes
to specific molecular and/or subcellular targets to impact cell function.

Nanobodies have been used to track single particle dynamics of endogenous GPCRs in
neuronal cells. Conformationally-specific nAbs against the active and inactive states of

the p2-adrenergic receptor (B2-AR) and the guanine nucleotide-free form of the ag G
protein subunit were used previously to track different states of receptors in living cells
[64, 65]. They were subsequently used to track single-particle dynamics of exogenous

and endogenous B2-ARs in neuronal PC12 cells to interrogate the distinct state-specific
dynamics of these important components of the GPCR signalosome at a level of resolution
not possible by studying the FP-tagged proteins themselves [62]. This includes identifying
distinct highly immobile states of activated p2-ARs that form transient nanoclusters and
that could represent signaling platforms for binding to other components of the p2-AR
signalosome [62]. These studies underscore the utility of using state-specific nAbs to gain
insights into specific subsets of target proteins that could not otherwise be visualized in live
neuronal cells.

Nanobodies against a series of endogenous neuronal proteins were developed to target
fluorescent reporters to specific sites in neurons [66]. Specific targeting of these nAbs

to distinct subcellular sites in neurons (Figure 2B) could be maintained up to 9 days

when lentiviral expression systems were employed [66], suggesting that these nAbs against
different endogenous targets could be used to direct delivery of other cargo to diverse

Semin Cell Dev Biol. Author manuscript; available in PMC 2022 June 01.
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subcellular sites in neurons to report on or manipulate the local environment. Plasmids
encoding these originally developed nAbs as and many others are available from the open-
source plasmid repository Addgene.

3.3. Examples of using FingRs as intrabodies

The most widely used intrabodies recognizing endogenous neuronal proteins are the non-
antibody “FingRs” developed by Arnold, Roberts and colleagues targeting the synaptic
scaffolding proteins PSD-95 and gephyrin [31], and CamKlla [32], a protein kinase

that is a critical mediator of synaptic plasticity. When used as intrabodies these FingRs
bind to and accumulate at sites of target protein expression without impacting the target
proteins themselves [31, 32]. These have primarily been used as intrabody fusions with
fluorescent proteins in imaging studies defining the subcellular localization and its dynamic
regulation of their targets,. However, FingRs have also been fused to proteins with other
functionalities, for example to an E3 ubiquitin ligase, to knockdown their synaptic target
protein gephyrin and disrupt inhibitory synapses [67]. These have an advantage over
methods employing fluorescent protein-tagged synaptic proteins to image synapses as the
FingRs minimally impact their target protein expression and function [31, 32]. Plasmids
encoding the originally developed FingRs as well as numerous derivatives are available from
Addgene.

GFP-tagged anti-gephyrin FingR intrabodies were employed to visualize the impact of
visual deprivation on GABAergic inhibition on layer 2/3 neurons in mouse primary

visual cortex [68]. The authors employed /n utero electroporation to introduce plasmids
encoding the GFP-tagged anti-gephyrin FingR into brain neurons, and GFP was imaged

in postnatal day 28 (P28) brain. The imaging revealed an increased density of gephyrin
puncta corresponding to inhibitory synapses in layer 2/3 neurons in response to visual
deprivation, as a likely mechanism underlying the enhanced GABAergic inhibition as
measured in electrophysiological recordings. GFP-tagged anti-gephyrin FingR intrabodies
were similarly used to image inhibitory synapses in brain slices prepared from P14 mouse
brain, again after employing /n utero electroporation to introduce the intrabody plasmids
into brain [69]. After establishing that the fluorescent intrabody puncta corresponded to
functional inhibitory synapses, the authors used live cell imaging to define the subcellular
localization of these synapses and found that in both layer 1 and layer 2/3 dendrites,

the bulk (~#80%) were on dendritic shafts, and that very few spines (3%) contained
inhibitory synapses [69]. GFP-tagged anti-PSD-95 FingR intrabodies were used in a similar
manner to map the distribution and size of excitatory synapses along dendritic arbors

of neurons in brain slices [70]. GFP-positive puncta corresponding to the postsynaptic
density or PSD of dendritic spines were quantified as to their number and size at various
locations throughout the dendritic arbor of hippocampal CA1 pyramidal neurons. Parallel
measurements of NMDA receptor-driven calcium signals allowed for a determination of how
synaptic function related to structure. The results showed that the thinner distal dendrites
had smaller spines but larger NMDA receptor-driven calcium signals, while the converse
was seen in thicker proximal dendrites. The authors concluded that dendritic location is an
important determinant governing synapse structure and function [70]. More recently a set of
recombinant adeno-associated virus (AAV) and retrovirus vectors were developed that allow
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for constitutive and Cre-dependent expression of fluorescent protein tagged anti-PSD-95 and
anti-gephyrin FingRs as intrabodies in brain neurons [39]. The availability of these viral
vectors from the open-source plasmid repository Addgene will greatly expand the use of
these intrabodies /n vitro and in vivo well beyond that possible with plasmid transfection or
electroporation.

Fusing the anti-gephyrin FingR an E3 ligase was shown to be an effective approach to knock
down gephyrin expression and disrupt inhibitory synapse function by dispersing synaptic
GABA receptors [67]. A recent study generated an AAV vector to express this intrabody

in mouse brain followed by generation of hippocampal slices [71]. While different degrees
of disruption of inhibitory synaptic function was seen across different CA1 neurons, the
authors found that the impact on a specific form of excitatory synaptic plasticity termed
cumulative LTP positively correlated with the degree of inhibitory synapses disruption. This
led to an overall conclusion that inhibitory synapses are necessary for suppression of this
form of excitatory synaptic plasticity [71].

An innovative use of the anti-PSD-95 FingR was in studies employing the optical dimerizer
CRY2/CIBL1 to reversibly manipulate the composition of the postsynaptic compartment in

a light-dependent manner [72]. Separate proteins tagged with either CRY?2 or CIB1 will
reversibly dimerize when exposed to blue light. A set of synaptic scaffolding proteins fused
to CRY2 were exogenously expressed in cultured neurons. To circumvent any artifacts

that could come from overexpression of these synaptic proteins, the authors also employed
the anti-PSD-95 FingR, which unlike overexpression of the synaptic proteins, accumulates
at the PSD through its binding to endogenous PSD-95 but does not detectably alter the
molecular composition of the synapse [31]. The anti-PSD-95 FingR fused to CRY2, which
then reversibly dimerizes with and recruits CIB1-tagged proteins to the postsynaptic density
or PSD upon blue light exposure. The authors fused AMPA type glutamate receptor GIUA1
subunits to CIB1, such that they were able to reversibly manipulate the levels of AMPA
receptors in the postsynaptic membrane, mimicking what occurs during activity-dependent
plasticity. The authors found that while this would activate synapses that had few receptors
to begin with, this in itself did not alter synaptic strength of existing functional synapses,
supporting a model that additional events are needed to strengthen these existing synapses
and providing novel insights through the innovative use of this intrabody-based platform
[72].

The Bayer lab has made extensive use of the GFP-tagged anti-CamKlla FingR [32] as
an intrabody for live cell imaging of endogenous CamKlla in neurons. Live imaging

of cultured hippocampal neurons transfected with a plasmid encoding the GFP-tagged
anti-CamKlla FingR allowed for studies of the dynamic aggregation of endogenous
CamKlla [73]. CamKlla plays a crucial role in regulating the function and plasticity

of excitatory synapses. This includes the enhanced glutamate release that occurs under
ischemic conditions that leads to excitotoxic death of neurons, and triggers extrasynaptic
aggregation of CamKlla.. However, while CamKlla aggregation had been studied using
immunolabeling of endogenous CamKlla in fixed neurons, and by live cell imaging of
overexpressed GFP- CamKlla, the dynamics of endogenous CamKilla aggregation in living
neurons had not been visualized. By employing the GFP-tagged anti-CamKIlla FingR
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as an intrabody for live cell imaging the authors were able to determine that CamKlla
aggregation does not require the enzymatic activity of this protein kinase [73]. A similar
live cell imaging approach employing the GFP-tagged anti-CamKlla intrabody was used

to show that a specific protein kinase, DAPK1, plays a crucial role during long-term
depression or LTD by suppressing CamKlla. synaptic accumulation and binding to the
NMDA receptor subunit GIUN2B as occurs during LTP [74]. By employing FingRs with
different fluorescent protein tags, the anti-CamKlla and anti-PSD-95 intrabodies were used
in conjunction to define the population of CamKlla at excitatory synapses in live cell
imaging experiments [74]. A subsequent study employed all three available FingRs, each
tagged with a different fluorescent protein, in conjunction with simultaneous multiplex

live cell imaging experiments in transfected cultured hippocampal neurons [75]. These
studies focused on the dynamic impact of soluble amyloid-p peptide oligomers (Ap), which
numerous studies have shown blocks hippocampal LTP while enhancing LTD. Employing
these intrabodies with distinct fluorescent protein tags allowed for simultaneous multiplex
imaging (Figure 2C) of the dynamic response of endogenous PSD-95, gephyrin and
CamKlla proteins to A treatment. The authors found that Ap treatment blocks endogenous
CamKlla accumulation at excitatory synapses during LTP, but not its accumulation at
inhibitory synapses during LTD. Employing this real-time, intrabody based live cell imaging
approach, the authors also defined the specific parameters (requirement for CaMKII activity,
time and dose dependence, and synapse-specific requirement for Ap) underlying the
pathological impact of A on synaptic plasticity. A recent study employed these same

three intrabodies in determining the distinct mechanistic requirements for translocation of
CamKlla to excitatory versus inhibitory synapses [76]. The authors found that a complex
code of CamKlla autophosphorylation at distinct sites and on the different subunits within
the oligomeric CamKlla complex underlies whether CamKlla translocates to excitatory
synapses to yield LTP, or to inhibitory synapses to yield LTD.

4. Conclusions

The increasing availability of genetically-encoded intrabodies that can be expressed in
neurons has led to their use in a wide variety of basic neuroscience research applications.
This should only increase as techniques for gene transfer into neurons in both ex vivo and
in vivo environments and plasmids and recombinant viruses encoding intrabodies become
more widely accessible to neuroscientists. Development and open availability of a larger
toolbox of the various forms of recombinant antibodies (scFvs and nAbs) and antibody
mimetics (FingRs and others) that can be used as intrabodies to bind to endogenous neuronal
proteins in living neurons will fuel further expansion of the use of this powerful approach
to report on and manipulate neuronal function. Enhancing the utility of this expanded
toolbox with emerging technologies for regulating the function of intrabodies already
present in cells, represents an attractive path for future advances. As one example, methods
have been developed to express intrabodies in a non-functional form and once they have
accumulated activating them with light. These modified intrabodies, termed optobodies,
have been developed using approaches employing distinct photoswitchable proteins. These
include expressing split N- and C-terminal fragments of nAbs, with each fragment fused

to a photoswitchable dimerization domain that lead to the reconstitution of the entire
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nAb structure and function in response to light [77]. Another approach is to generate
improperly folded nAbs fused to a photoswitchable light—-oxygen-voltage (LOV) domain
that allosterically drives the correct light-induced folding of the nanobody and recovery of
function [78]. Incorporation of photocaged amino acids into nAbs has also been used to
generate optobodies [79]. An alternate approach is to use chemical or light stimulation to
induce the coupling a specific functional protein, in this case an E3 ubiquitin ligase, to

an intrabody to yield stimulus-dependent target protein degradation [80]. Employing such
approaches to generate inducible intrabodies against endogenous neuronal proteins such
as those described here represents a powerful approach for future neuroscience research
advances. These may also provide additional routes for the development of intrabodies with
enhanced potential for therapeutic use.
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H chain only I1gG

Figure 1. Comparison of typical mammalian IgG and camelid heavy-chain only 1gG and their

derivatives.

Left. A typical mammalian 1gG molecule is a heterotetramer comprising two heavy and two
light chains. Both chains contain a variable domain or Fy, region as shown in red, and one or
more constant domains as shown in blue. The antigen binding site or paratope is formed by

noncovalent association of the Vi and V| domains. The primary region of covalent disulfide

bond linkage of the two identical H + L chain heterodimers is shown by an orange bar.

Typical mammalian H + L chain IgGs can be miniaturized to various forms including scFvs
as shown. Right. Camelid heavy chain-only 1gGs lack light chains and exist as a homodimer
of two identical H chains. In this case the antigen binding site or paratope is formed by

a single VyH domain, which can function autonomously as a nAb. The primary region of

covalent disulfide bond linkage of the two identical H chain monomers is shown by an

orange bar.
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Figure 2. Examples of intrabodiesin neurons.
A. scFv intrabody against palmitoylated PSD-95. Live cell superresolution imaging (green)

and conventional imaging (red) of PF11-GFP intrabody localization in cultured hippocampal
neurons showing nanodomains of palmitoylated PSD-95 within dendritic spines visible
with superresolution imaging (see outline of dendrite in top panel). From reference [42].
B. nAb intrabody against Homerl. Confocal imaging of cultured hippocampal neurons
showing precise localization of the nAb-YFP intrabody (green) nine days after infection
with nAb-encoding lentivirus, fixed and immunolabeled for Homer 1 (red) and the
dendritic marker MAP2. From reference [60]. C. FingRs against PSD-95, gephyrin and
CamKlla. Simultaneous multiplex confocal imaging of cultured hippocampal neurons
showing localization of FingRs against PSD-95 (red), Gephyrin (blue) and CamKlla
(green), demonstrating the utility of FingRs to visualize the precise localization of these
endogenous proteins. Used with permission from reference [69].
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