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Abstract
Tethering genetically encoded peptide toxins or ligands close to their point of activity at the cell
plasma membrane provides a new approach to the study of cell networks and neuronal circuits, as
it allows selective targeting of specific cell populations, enhances the working concentration of the
ligand or blocker peptide, and permits the engineering of a large variety of t-peptides (e.g.,
including use of fluorescent markers, viral vectors and point mutation variants). This review
describes the development of tethered toxins and peptides derived from the identification of the
cell surface nAChR modulator lynx1, the existence of related endogenous cell surface modulators
of nAChR and AMPA receptors, and the application of the t-toxin and t-neuropeptide technology
to the dissection of neuronal circuits in metazoans.

Introduction
During the last decade of research on neurotoxins and neuropeptides, an important number
of specific inhibitors and modulators of ion channels and receptors have been identified.
Thus, unique peptide venom toxins with characteristic cysteine backbones and selective
affinities for voltage-gated sodium (Nav), calcium (Cav), and potassium (Kv) ion channels,
and ligand-gated receptors, including nicotinic acetylcholine receptors (nAChRs) N-methyl-
D-aspartate (NMDA) and G-protein coupled receptors (GPCRs) have been isolated and
characterized. Likewise, endogenous neuropeptides released by distinct neuronal cell
populations have been found to bind specific GPCRs, acting as specific signals between one
population of neurons and another. In both cases, the high specificity of venom toxins and
neuropeptides makes them ideal tools for deciphering the contributions of specific ionic and
receptor-mediated signals in neuronal networks. However, given that these molecules are
soluble, their activity cannot be restricted to a single cell population in a living organism,
and their application requires constant administration to compensate for degradation and
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diffusion effects. To bypass these limitations, we developed genetically encoded tethered
toxins (t-toxins) and tethered ligand peptides (t-peptides) that are bound to the cell surface
by membrane-embedded tethers and act only on ion channels and receptors in the cell-
population that expresses the t-toxin or t-peptide, and not on identical receptors present in
neighboring cells that do not express the tethered modulator. In this review, we discuss the
development of modular t-toxins and t-peptides with preserved pharmacological activity and
specificity and their application to the genetic dissection of specific ionic and receptor-
mediated signals that control the development and function of the CNS in metazoans.

Naturally occurring toxin-like tethered modulators
The tethered toxin strategy was developed by analogy to the features, structure, and mode of
action of the cell-surface lynx1 prototoxin. lynx1 is an endogenous modulator of nicotinic
acetylcholine receptors (nAChR) and is evolutionary related to snake venom α-neurotoxins
[1,2]. lynx1 is tethered to the cell surface by a glycosylphosphatidylinositol (GPI) anchor
and, like α-neurotoxins, contains a cysteine-rich region of 10 conserved cysteine residues
with a characteristic spacing pattern that determines their three finger fold [1]. Other
members of the ly6/α-neurotoxin family with nAChR modulatory activity include lynx2,
SLURPs, PCSA and Pr-lynxes (Table and references therein). Related motifs to those
present in the snake toxin α-bungarotoxin and in lynx1 have also been found in Sleepless, a
Ly-6 protein that modifies Shaker-type K+ channels in Drosophila melanogaster [3] and in
CKAMP44 a mammalian modulator of AMPA receptors. CKAMP44 contains a
transmembrane segment that anchors a cysteine-rich region at the extracellular domain [4].
In this case the cysteine motif does not fold into a three finger structure but is similar to the
cystine-knot motifs found in cone snail toxins that affect a number of voltage-gated channels
[5] and in a conotoxin that modifies AMPA receptor function [6]. Altogether the existence
of these toxin-like cell-surface modulators of ion channels is intriguing and raises the
possibility that venom toxins have evolved from endogenous modulators.

Design principles for engineering tethered ligand peptides
The first recombinant membrane-bound toxins were designed using the scaffold of the
lynx1-like gene family, i.e., secretory signal and consensus sequences for GPI processing
and recognition [7]. This design directs any bioactive peptide to the secretory pathway,
where the signal sequence is cleaved and the GPI targeting sequence is substituted by a
covalent bond to GPI, anchoring the peptide to the extracellular side of the plasma
membrane of the cell in which it is expressed (Figure 1). Additional modules have been
integrated into t-toxins and t-peptides to increased their activity and the ability to monitor
their expression. These modifications have included the use of longer linkers [8], other
membrane tethers, e.g. the transmembrane domains of the PDGF receptor [9] or herpes
simplex virus glycoprotein C [10], as well as fluorescent markers (EGFP, mCherry and
EBFP2) [9] and immunotags (e.g., Flag-tag and myc-tag) [7,11–13] (Figure 1).

So far, approximately 40 different chimeric t-toxins derived from the venom of several
predatory animals have been cloned and their activity has been characterized on voltage and
ligand-gated ion channels in vertebrates and invertebrates [7–9,11–14]. Furthermore the t-
peptide strategy has also been successfully extended to other bioactive peptides, including
native peptide ligands of GPCRs [10,15], illustrating the general applicability of this
approach for cell-surface modulation of receptors.

Expression and functional assays of these recombinant tethered effectors have revealed that
several elements are critical to achieve robust expression on the cell-surface and steric
availability for functional binding of the t-toxin/peptide to the receptor or channel of

Ibañez-Tallon and Nitabach Page 2

Curr Opin Neurobiol. Author manuscript; available in PMC 2013 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



interest. The affinity of the bioactive peptide for its cognate ion channel or receptor has to be
taken into account. Toxins with a strong affinity are potentially more effective. It is also
important to consider the composition and length of the peptides to be tethered, i.e., charges
and hydrophobicity of the amino acid residues, number of cysteine bonds in the case of
toxins, and existence of non-canonical residues, or terminal amidations. Another relevant
feature when designing t-peptide constructs is the linker sequence bridging the toxin peptide
to the GPI anchor or TM domain (Figure 1). The distance of the t-toxin or t-peptide from the
cell-surface has to be tailor-made for individual receptors and channels, and can be used for
mapping active binding sites. Tethered constructs have been cloned using linkers consisting
of glycine–asparagine repeats with lengths varying from 6 amino acids (aa) (short) to 20 aa
(long), 40aa (2× long) or 60 aa (34 long) [7,8] (Figure 1). The longer flexible linker provides
rotational freedom for the t-toxin to bind within the vestibule of voltage-gated channels or
for ligand peptides to reach their binding site, such as onto class B1 GPCRs [10].
Experiments varying the length of the linker region of t-GID conotoxin indicate that a linker
is necessary for inactivation of α7 nAChR currents. However, when the linker exceeds a
certain length the inactivation is incomplete [8]. Similarly, the tethered form of the
neuropeptide pigment dispersing factor (t-PDF) requires a shorter linker for greatest activity
at its receptor [15].

The choice of membrane tether depends on the characteristics of the peptide as well as on
the epitope-tags and markers to be used in combination (Figure 1). GPI anchors, which are
less bulky than TM domains, may facilitate the mobility of the t-peptide in close proximity
to its receptor within the plasma membrane. If the toxin or peptide does not require a free N-
terminus for interacting with its cognate receptor, GPI versions containing EGFP followed
by the t-toxin may be used [9]. However, GPI anchors are susceptible to cleavage by
endogenous phospholipases, such as PI-PLC and phospholipase D. To avoid this potential
problem, the GPI anchor can be replaced with a TM domain in t-toxins or t-peptides [9,10]
(Figure 1). TM domains can be used to retain tethered modulators at the cell-surface and
link fluorescent markers to the cytoplasmatic side of the plasma membrane avoiding
hindrances between them [9].

General applicability of membrane t-toxins to analysis of animal physiology
Tethered toxins and peptides can be used for very diverse applications pertaining to
experimental animal physiology. Several studies have shown that recombinant toxins as well
as peptide ligands are not dispersed in solution and retain their high specificity for their
cognate receptors, indicating that this approach can be used to restrict the site of neurotoxin
or peptide ligand action to genetically targeted cells. For example, in vivo transgenic
delivery of t-αBgtx in zebrafish using a muscle cell-specific promoter resulted in blockade
of nAChR currents in muscle cells that expressed t-αBgtx but not in adjacent muscle fibers
or in cells that expressed t-κBgtx, which has no activity on muscle-nAChRs [7]. Similarly,
experiments in chicken employing a viral system to transduce ciliary neurons revealed that
expression of t-αBgtx blocks calcium currents via nAChRs and prevents programmed cell-
death of these neurons during early development [11]. Furthermore, given the tremendous
power of Drosophila melanogaster fruit flies as a genetic system for cell-specific targeting
of transgene expression in the nervous system, it was immediately apparent that the t-toxin
system would likely work well for cell-specific modulation of particular ion channel
subtypes in neuronal circuits of intact behaving flies. Accordingly, a library of transgenic fly
strains was generated for GPI-tethered expression of any one of approximately two dozen
previously characterized naturally occurring ion channel toxins from a variety of venomous
predators, including cone snails, scorpions, bees, and spiders [13]. As a first test for
bioactivity of these t-toxins in transgenic Drosophila, they were expressed pan-neuronally.
Interestingly, only four of the toxins from this library exhibited detectable gross behavioral
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impairment, and all four of them were from the venoms of spiders [13]. This is perhaps not
so surprising, as spiders are avid predators of flies. These four active t-toxins included
inhibitors of N, P, Q-type and L-type Ca2+ channels, K+ channels, and Na+ channel
inactivation [13].

In order to assess whether spider t-toxins could be expressed in cell-specific patterns within
the nervous system as a tool for elucidating ion channel function in intact neural circuits,
each of these four bioactive spider t-toxins was expressed solely in a group of approximately
twenty circadian pacemaker neurons in the fly brain that secrete the neuropeptide PDF,
known to be a key regulator of circadian rhythms of rest and activity [13,16]. Of these four
spider t-toxins, three of them strongly disrupted circadian rhythms of locomotor activity,
with only the inhibitor of N, P, Q-type Ca2+ channels having no effect. Using whole-cell
patch-clamp electrophysiology, it was determined that inhibition of Na+ channel inactivation
by t-toxin expression in these pacemaker neurons transformed their spontaneous firing
pattern by interspersing their normal regular action potential bursts with occasional
prolonged plateau potentials followed by massive hyperpolarizations mediated by Na+/K+-
ATPase pump currents [13].These studies establish that spider t-toxins are effective tools for
genetically targeted pharmacologically specific ion channel modulation in behavioral control
circuits of transgenic Drosophila.

Generalization of Tethered Toxin System to Endogenous Peptide GPCR
Ligands

The first indication for the likelihood of success of the t-toxin approach to produce t-
peptides derived from the fact that constitutively active class B1 neuropeptide receptors can
be generated by fusing their peptide ligands to the extracellular receptor N terminal domain
[17]. Accordingly, GPI-tethered versions of the Drosophila class B1 neuropeptides PDF and
DH31 (fly homolog of calcitonin) were generated for expression either in vitro in tissue
culture cells or in vivo in transgenic flies [15].

Because all class B1 neuropeptide GPCRs signal through Galphas—and consequently via
increased adenylate cyclase activity and cytoplasmic cAMP levels—their activation can be
detected in transfected tissue culture cells by cotransfection of a CRE-luciferase reporter
construct that responds to increased cAMP with increased production of luciferase
detectable by bioluminescence. When t-PDF was co-expressed in tissue culture with PDF
receptor (PDFR), it dose-dependently activated PDFR leading to increased cAMP [15].
Similarly, t-DH31 activated its co-expressed receptor. Importantly, however, neither t-ligand
had any ability to activate other class B1 neuropeptide GPCRs, thus establishing that
neuropeptides maintain their appropriate pharmacological specificity when expressed in
membrane-tethered form [15]. To assess the cell autonomy of GPCR activation by t-
peptides, tissue culture cells transfected only with PDFR and the CRE-luciferase reporter
were mixed with cells transfected only with t-PDF. As expected for a cell-autonomous
ligand, there was no detectable PDFR activation in these mixed cultures [15].

Class B1 t-peptide ligands were also tested as tools for cell-autonomous pharmacologically
specific receptor activation in vivo in transgenic Drosophila [15]. Null-mutant flies
completely lacking all endogenous PDF exhibit a severe circadian phenotype of nearly
complete arrhythmicity of rest-activity cycles [18]. When expressed in approximately 150
circadian clock neurons of these PDF null-mutant flies, t-PDF induced strong rescue of
rhythmicity of rest-activity cycles, restoring the usual pattern of activity concentrated around
dawn and dusk with rest concentrated at night and midday [15]. Based on this in vitro and in
vivo application for Drosophila class B1 neuropeptides, membrane-tethered versions of a
number of mammalian class B1 peptides (including corticotropin releasing factor,
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parathyroid hormone, and glucagon-like peptide) were also generated and validated in vitro
against their cognate receptors [10]. Taken together, these studies establish that class B1 t-
neuropeptides can be effectively used in vivo in transgenic Drosophila for genetically
targeted pharmacologically specific GPCR activation in neural circuits, and raise the
possibility of similar utility in mammals.

Application of t-toxins to the dissection of mammalian circuits
As a first proof of principle of the validity of t-toxins to dissect the contribution of specific
ionic currents to behaviors in the mouse, we performed transgenic studies to distinguish
Nav1.8 (tetrodotoxin resistant, TTX-R) from Nav1.7 (TTX-sensitive) currents in pain
transmission. These two channels are major targets for pain research because they control
the excitability of nociceptive sensory neurons that innervate skin and muscle. However
gene deletion of Nav1.8 leads to increased Nav1.7 channels and TTX-sensitive currents in
nociceptors of Nav1.8 knockout mice [19] making it difficult to interpret the single
contribution of each channel type to pain modalities (inflammatory, neuropathic acute pain
or cold pain). To address this, we genetically delivered t-MrVIa μO-conotoxin (preferential
blocker of Nav1.8) to nociceptors by mouse BAC transgenesis [12]. Electrophysiological
analyses showed that the t-toxin inhibited TTX-R Na+ currents at the membrane, as it was
released by enzymatic cleavage of the GPI anchor [12]. Behaviorally, t-toxin transgenic
mice displayed reduced inflammatory and cold pain perception [12]. As research on venom
peptide toxins progresses, it would be interesting to identify and test other antagonists of
Nav channels expressed in central neurons for cell-specific silencing studies in the brain.

We have developed a second set of t-toxins against Cav channels, first to dissect the
contribution of Cav channels to specific behaviors and secondly, as a universal strategy for
cell-specific silencing of synaptic transmission. Studies in transgenic mice expressing t-
conotoxin MVIIA (blocker of Cav2.2, medically used to treat severe pain) showed specific
inhibition of these currents in nociceptive neurons and consequent alleviation of
inflammatory and neuropathic pain [9]. These studies have led to the optimization of a t-
toxin dual viral system that allows the inhibition of synaptic transmission from basically any
given neuronal population. This system is based on expression of t-MVIIA and an additional
toxin (t-Agatoxin IVa) for simultaneous block of Cav2.1 and Cav2.2, which together control
presynaptic calcium influx necessary for neurotransmitter release and synaptic transmission
in basically every neuron [9]. The capability to block one or both Cav channels, shown by
paired-pulse electrophysiological recordings in neurons, confirmed that transduction of
neurons with both t-toxin lentiviruses completely silences GABAergic and Glutamatergic
transmission in the absence of detectable neurotoxicity [9]. In vivo studies in mice
stereotactically injected with t-toxin lentiviruses revealed specific and robust expression of t-
toxins at the cell-membrane of transduced neurons [9]. Functionally, we demonstrated that
injection of t-toxins in the substantia nigra pars compacta resulted in strong circling motor
behavior as a consequence of the unilateral inhibition of the dopaminergic nigro-striatal
pathway by the action of t-toxins [9]. These studies demonstrate the validity and general
applicability of virally encoded t-toxins in vivo as a straightforward method for long-term
inactivation of Cav2.1 and Cav2.2 calcium currents, resulting in cell-specific and cell-
autonomous silencing of neurotransmission. Importantly no signs of neurotoxin damage
have been detected in mice several months after t-toxin viral injection.

The fact that t-toxins maintain their functionality in a long-term manner when expressed
exogenously in mammalian neurons, causing no obvious signs of toxicity, has opened up the
possibility to implement an important number of genetic strategies for studies of
neurocircuitry in vivo. Thus besides mouse BAC transgenesis, and constitutive viral vectors
[9,12] (Figure 1), these genetic tools are now being used in intersectional strategies that
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employ Cre driver mouse lines and Cre-dependent viral vectors to assess the contributions of
specific cell types to specific behaviors by manipulation of neuronal activity within specific
cell populations in the living mouse.

Comparison of tethered modulators to other approaches
As with any new technology, comparison to existing technologies is essential. The
expression of ion channels and peptide GPCRs can be decreased via genetic manipulations
such as gene knock-out or RNAi-mediated knock-down, or increased via transgenic
overexpression. These manipulations are by their nature focused on particular ion channel or
GPCR subunit genes, and thus cannot be used in any simple way to target particular
heteromultimer functional isoforms, where gene deletion of one subunit might be
accompanied by compensatory upregulations of closely related receptors that share common
subunits or compete for the same binding partners [19,20]. In addition, effects of transgenic
expression in a particular cell population do not distinguish overexpression of a native
channel subtype from ectopic expression. Tethered modulators effectively overcome these
limitations. Because each tethered modulator has defined pharmacological activity against a
particular ion channel or receptor—such as specific bungarotoxins for specific nAChR
heteromultimer isoforms [21]—the need to target specific isoforms genetically is obviated.
Also, tethered modulators allow for modulatory actions other than just increasing or
decreasing channel or receptor activity, such as the delta t-toxin that inhibits Na+ channel
inactivation [13]. Finally, tethered modulators have the important property of being
functionally inert when expressed in cells that lack their target ion channels or receptors.

Summary and future directions
Several extensions of the t-toxin/t-peptide strategy are of immediate interest for studies of
neurocircuitry and cell networks. First, although reversible expression of t-toxins or t-
peptides can be achieved using established methods, as we have shown with the DOX-
inducible t-toxins [20], development of strategies for the rapid regulation of these activities
for use in short-term experiments (e.g. light- or small-molecule-inducible methods) remains
an important goal. Second, the cell-autonomous modulatory action of t-toxins/t-peptides and
their selectivity for specific ion channels and receptors could be further exploited by
directing t-peptide molecules to subcellular compartments within the neuron. Third, given
the small size of most peptide toxins and peptide ligands, the creation of novel specificities
by mutagenesis will extend the use of this approach to receptors and ion channels for which
natural toxins have not been identified yet. Thus, we anticipate that t-toxins and other
peptides will become critical instruments for the genetic dissection of CNS cells and
circuits. [9]
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Figure 1. Scheme of the architecture and mode of binding of lynx1, derived engineered tethered
toxins and neuropeptides and other naturally occurring toxin-like modulators
(A) The tethered-peptide strategy uses the biological scaffold of lynx1 (cyan blue) to
incorporate a secretory pathway signal sequence secretory signal (Sec sig: grey) and a GPI
signal (red) to generate recombinant membrane-bound toxins and peptide ligands.
Additional tethered-toxin and t-peptide variants consist of the secretory signal sequence
(grey), toxin (cyan blue) or peptide (dark blue) ligand cassettes, fluorescence markers
(EGFP or mCherry; in green), epitopes for immunostaining (flag-tag, myc-tag; in grey),
flexible linker regions (beige), and distinct functional modules for membrane attachment
(GPI signal or transmembranedomain TM; in red).
(B) Schematic of inducible and Cre-dependent viral vectors encoding t-toxins used for
stereotactic injections in mice. Doxycycline inducible lentiviral vector containing tetO and
tTR-KRAB cassettes [20]. Cre-dependent t-toxin viral vectors containing either loxP sites
(red triangles) flanking DsRed [20], or a flip-excision (FLEX) switch with double loxP sites
flanking the t-toxin. Prom: Promoter, WPRE: woodchuck post-transcriptional regulatory
element.
(C) Illustration of lynx1 and GPI-tethered t-αBgtx binding to the nicotinic receptor
(nAChR). Other peptide venom toxins, including agatoxins, conotoxins and spider toxins,
and neuropeptides can be tethered to the membrane via a GPI anchor to cell specifically
inactivate or modulate nAChRs, voltage gated channels (VGC) or G-protein couple
receptors (GPCRs) depending on the selectivity of the t-toxin or t-peptide. T-toxins are also
functional when tethered via a transmembrane (TM) domain. Curiously, CKAMP44, a
naturally occurring toxin-like modulator of AMPAR [12] resembles TM t-toxins.
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