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Abstract

Constellation Pharmacology is a cell-based high-content phenotypic-screening platform that
utilizes subtype-selective pharmacological agents to elucidate the cell-specific combinations
(“constellations”) of key signaling proteins that define specific cell types. Heterogeneous
populations of native cells, in which the different individual cell types have been identified and
characterized, are the foundation for this screening platform. Constellation Pharmacology is useful
for screening small molecules or for deconvoluting complex mixtures of biologically-active
natural products. This platform has been used to purify natural products and discover their
molecular mechanisms. In the on-going development of Constellation Pharmacology, there is a
positive-feedback loop between the pharmacological characterization of cell types and screening
for new drug candidates. As Constellation Pharmacology is used to discover compounds with
novel targeting-selectivity profiles, those new compounds then further help to elucidate the
constellations of specific cell types, thereby increasing the content of this high-content platform.
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INTRODUCTION

The advent of molecular biology produced optimism that both the therapeutic benefits and
side effects of drugs could be understood mechanistically at the molecular level. In fact,
molecular pharmacology and genetics have largely been successful in elucidating many of
these mechanisms. However, productivity in therapeutic drug-discovery and development
has not been commensurate with these striking advances in molecular biology. One
consequence is that there has been a resurgence of interest in phenotypic screening for drug
discovery, both at the whole-organism level and at the cellular level (1-3). Prior to the
molecular-biology revolution, drug discovery was typically conducted through a form of
phenotypic screening (3), often at the whole-organism level. Compounds that
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serendipitously produced desired therapeutic effects, with tolerable levels of side effects,
were utilized in clinical practice. Notably, many of these compounds were natural products
that had been honed by evolutionary forces to target a specific protein with high potency and
selectivity (4, 5), although most drug mechanisms were a black box.

Although the terms “phenotypic screening” and “high-content screening” are often used
synonymously, it is noteworthy that phenotypic screens, either at the whole-organism level
or at the cellular level, are not truly high-content screens if the phenotypes elicited by novel
compounds are uninterpretable or if the mechanisms are intractable. In this article, we detail
how Constellation Pharmacology is a novel cell-based high-content phenotypic screening
platform that not only interrogates numerous molecular mechanisms simultaneously, but
also ties phenotypes elicited by pharmacological compounds to molecular targets and
mechanisms in native cell types.

CORE CONCEPTS OF CONSTELLATION PHARMACOLOGY

Toxin cabals and their cognate constellations

The core concepts of Constellation Pharmacology arose from studies aimed at understanding
the effects of the venoms of cone snails on their fish prey. A major conclusion from these
studies was that individual venom components that the snail injected into a fish acted
synergistically (6, 7). We began to realize that the snails were essentially using a
combination drug strategy to attain the physiological endpoints needed to capture their prey
efficiently.

We first elucidated the molecular mechanisms of individual venom components that inhibit
neuromuscular transmission, which all fish-hunting cone snails appear to require. These
venom components were called the “motor cabal” (6, 7). Cabals are secret societies that
attempt to overthrow existing authority. Thus, the term “cabal” seemed appropriate for a
group of toxins that act together in a synergistic manner to undermine the normal
physiological state of the envenomated prey. Each individual venom peptide in the motor
cabal targeted a different signaling protein complex involved in neuromuscular transmission
6, 7).

We refer to the molecular targets of a venom cabal as its cognate “constellation” (8-11). A
constellation refers to a group of functionally linked ion channels, receptors or other
signaling proteins. For neuromuscular signaling to occur, voltage-gated calcium channels at
the pre-synaptic terminus must open before neurotransmitter is released, which then elicits
opening of the post-synaptic nicotinic acetylcholine receptor (nAChR). This in turn causes
depolarization at the post-synaptic terminus, which triggers activation of voltage-gated
sodium channels resulting in the muscle action potential that ultimately triggers muscle
contraction. Inhibiting any one of these sequentially-acting signaling components causes an
inhibition of muscle contraction. Most importantly, these receptors and ion channels are
functionally linked to each other and comprise the target “constellation” of the motor cabal.

Annu Rev Pharmacol Toxicol. Author manuscript; available in PMC 2016 January 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Teichert et al. Page 3

Therapeutic cabals and constellations

Although the initial concepts of cabals and constellations came from toxin cabals and prey
capture, the concepts of therapeutic cabals and constellations are a logical extension of these
biological insights. If venom toxins can be used synergistically to facilitate prey capture,
then certainly therapeutic compounds can also be used synergistically to facilitate a desired
therapeutic endpoint. In some cases, this has already been demonstrated in clinical medicine.
For example, patients who are HIV positive are often prescribed a combination or cocktail
of drugs that act on a variety of molecular targets through diverse mechanisms. Some drugs
in the cocktail inhibit viral entry (fusion) into cells, whereas others block the activity of viral
enzymes, including reverse transcriptases, integrases and proteases (12, 13).

In order to extend the concepts of cabals and constellations to drug discovery, our first step
has been to define cell-specific constellations. The cell, as the fundamental unit of life, is
also the first level of significant integration of molecular components in biological systems.
A specific cell type, with a specific physiological function, is therefore a potential entity for
drug targeting, and therefore also a meaningful unit for phenotypic screening. Differences in
cell-specific gene expression create distinct cell types with divergent physiological
properties, functions and roles. In neurons, the ion channels and receptors expressed within a
particular neuronal cell type are functionally linked to each other in order to integrate
signaling inputs that result in a physiologically relevant output, such as action-potential
firing and neurotransmitter release. The function of each cell-specific constellation is to
produce the integrated physiological signaling of that neuronal cell type.

A relevant example of cell-specific constellations is found in the comparison of
somatosensory neurons and sympathetic neurons of the peripheral nervous system. It has
been shown that a gain-of-function mutation in one voltage-gated Na channel subtype,
Nay/1.7 (causing a depolarizing shift in resting membrane potential) produces hyper-
excitability in a subset of somatosensory neurons, in which Nay/1.7 is functionally coupled
to another voltage-gated Na channel, Nay/1.8 (14, 15). In these somatosensory neurons, the
gain-of-function mutation in Nay/1.7 causes the neurons to depolarize to a point at which
Nay,1.8 channels open, causing action potentials to fire. In contrast, the same gain-of-
function mutation in sympathetic neurons causes hypo-excitability of those neurons because
Nay/1.8 is not expressed in sympathetic neurons (14, 15). Therefore, the Nay1.7 gain-of-
function mutation merely causes those neurons to depolarize to a point at which Nay/1.7
channels are inactivated, resulting in neuronal hypo-excitability. This example of cell-
specific constellations is relevant to drug discovery and development, since targeting
Nay/1.7 in these different neuronal cell types would be expected to result in different
physiological effects. Shifting the drug-discovery paradigm from molecular targets to
cellular targets or higher levels of biological organization may be necessary to successfully
treat some diseases.

Target-based screening, as a reductionistic paradigm, begins with the premise that one drug
should be developed for one molecular target for one disease. This premise has been
challenged by the proponents of network pharmacology, who argue that networks of
signaling pathways are more relevant drug targets than single molecules (1, 16, 17). One
example of this concept is synthetic lethality (17, 18), i.e. the fact that two individual gene
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deletions may not produce a phenotype, but their simultaneous deletion is lethal, suggesting
that many signaling networks have redundancies that can compensate for loss of a single
component, but not a loss of two components. This principle may be applied to drug
discovery, where two drugs that are individually ineffective (because of redundancies in
signaling networks) could be effective in combination, i.e. a therapeutic cabal.

The advocates of network pharmacology have argued that most therapeutic drugs interact
with multiple targets and that polypharmacology should be optimized by medicinal
chemistry for therapeutic benefit, rather than avoided (1, 17, 19, 20). However, in many
cases, through medicinal chemistry, it may be very difficult to modify a single compound to
achieve a set of beneficial molecular interactions, while eliminating other deleterious
molecular interactions. The use of therapeutic cabals may be a more effective approach
because each drug in the cabal may be administered at an optimally selective dose for its
respective molecular target, which also minimizes off-target side effects. Notably, all
binding interactions are concentration dependent, and therefore off-target side effects will be
minimized when each drug can be administered at the minimal concentration required for
therapeutic efficacy. With a single compound that has different binding affinities for
different targets, it may be difficult to achieve a desired polypharmacology, while avoiding
intolerable off-target side effects. In contrast, the development of drug cocktails or
therapeutic cabals that act synergistically and specifically on cell-specific signaling
pathways has the potential to reduce off-target side effects because each drug within a
cocktail could be used at a lower concentration whenever there is functional synergy
between the drug targets.

The principles of network pharmacology predict that phenotypic screening should have
certain advantages over target-based screening. First, the best phenotypic screens have the
potential to elucidate the broad spectrum of biochemical interactions and biological effects
elicited by a compound. Second, network pharmacology re-introduces an old, but intuitively
obvious concept: that the broad biological profile of a drug is more important than any
particular molecular interaction (17).

THE HIGH CONTENT OF CONSTELLATION PHARMACOLOGY

Specialized roles of cell types

The foundation of Constellation Pharmacology is a population of diverse cell types that
provide the content of this high-content platform. We illustrate this principle with
somatosensory neurons of the dorsal root ganglia (DRG). Their physiological roles are
easily understood; based on the different sensory modalities mediated by these neurons,
there may be as many as 30 different neuronal cell types within the mammalian DRG. For
example, these neurons may be divided into at least the following broad classes:
thermosensors, mechanosensors, proprioceptors, pruriceptors and nociceptors (21-24), as
shown in Figure 1. Furthermore, these neuronal cell classes may be subdivided into more
narrowly defined subclasses. For example, there are thermosensors that mediate the
sensation of heat and others that mediate the sensation of cold (23, 25). Such neuronal
subtypes may be further differentiated by their threshold response to a stimulus (9, 10, 23,
25, 26) (Figure 1). Nociceptors, which mediate painful sensations, typically require higher-
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threshold stimuli to fire action potentials than low-threshold neurons that report non-painful
sensations. Additionally, some nociceptive neurons are polymodal, responding to multiple
types of noxious stimuli (23, 27). In virtually all cases, broad cell classes can be subdivided
into more narrowly defined subclasses, each of which presumably has a specific
physiological role (9-11, 24, 28, 29).

Constellation Pharmacology employs functional calcium imaging in combination with
diverse sets of subtype-selective pharmacological agents to parse heterogeneous cell
populations into cellular subclasses. Figure 2 demonstrates that a subset of small-diameter
DRG neurons respond to the application of menthol, an agonist of TRPM8 channels. Their
response to menthol indicates that they are cold-sensitive DRG neurons. Additionally,
Figure 2 shows that we also employ non-pharmarcological markers of cell type in
combination with Constellation Pharmacology. In this case, we stained live cells with
isolectin B4, a marker for a subset of small-diameter DRG neurons with unmyelinated C
fibers (30).

In the on-going development of Constellation Pharmacology, we may subject a cell
population to a series of pharmacological challenges, while simultaneously monitoring the
individual responses of 100 — 200 cells by calcium imaging. For each individual cell, a trace
of the type illustrated in Figure 3 is obtained. A particular set of pharmacological agents
may elicit different response phenotypes in different cell types, which become phenotypic
fingerprints that demarcate and define each cell type.

Cell-specific constellations

The central concept of Constellation Pharmacology is to differentiate between cell types by
their cell-specific constellations of key signaling proteins, using a set of pharmacological
agents, including both agonists (as shown in Figure 3) and antagonists. If 8 different
pharmacological agents are applied (as shown in Figure 3), then in ~1 hour of experimental
time, 1600 assays (200 cells X 8 pharmacological challenges) are effectively conducted
simultaneously. Ideally, either the agonist or antagonist for a particular signaling protein or
protein complex will be highly selective, thus reporting the functional expression of a
specific protein-complex subtype within a specific cell type. Accordingly, this general
approach develops the content of this high-content platform.

For neuronal cells, plasma-membrane receptors and ion channels are among the most
important determining factors of cell-type identity (31). In Figure 3, we demonstrate that
various receptor agonists are useful for activation of specific classes and subclasses of
somatosensory neurons. For example, cold thermosensors respond to menthol (TRPM8
agonist) (9, 10, 32); pruriceptors respond to either histamine (histamine receptor agonist) or
chloroquine (agonist of certain Mas-related GPCRs) (33, 34), and nociceptors may respond
to a variety of receptor agonists that include capsaicin (TRPV1 agonist) (35-37), mustard oil
(ally isothiocyanate, TRPA1 agonist) (21, 38) or ATP (P2X and P2Y receptor agonist) (39,
40). However, these generalizations are somewhat oversimplified and it is important to
recognize that responsiveness to just one of these agonists typically does not demarcate a
specific somatosensory neuronal cell type. In most cases, cell classes that respond to one
stimulus (pharmacological or physiological) can be subdivided into more narrowly defined
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subclasses based on their responsiveness to other types of stimuli that reveal their cell-
specific constellations (9-11, 24, 28, 29). It is the cell-specific constellation that defines the
cell type and determines its physiological function.

Inevitably, many molecular targets are widely distributed and found in a diverse set of
different cell types (9-11, 24, 28, 29). Other molecular isoforms of ion channels and
receptors may be completely absent from any cell present in a given anatomical locus. These
two extremes are not particularly useful for differentiating between cell types, but those
molecular targets that are restricted to one or a few of the cellular subclasses present in the
heterogeneous mixture of cells may be the most valuable cell-type markers for Constellation
Pharmacology, helping to differentiate certain cell types from all the other cell types present
in the population.

One good example of the principles just described is from somatosensory neurons that
transmit the sensation of cold temperature to the brain (9, 10). Although these neurons
comprise a small minority of somatosensory neurons, they are relatively easy to identify.
Even in culture, cold-thermosensor neurons (which detect non-painful cold) and cold-
nociceptor neurons (which detect painful cold) respond to menthol and to cold temperatures
(9, 10). The cold thermosensors will respond to temperatures that are regarded as innocuous
cold (i.e., temperatures above 15°C). In contrast, cold nociceptors only respond to noxious
cold temperatures (<15°C) (32, 41, 42). These two neuronal subclasses can be distinguished
from each other by their differential responses to innocuous cold temperatures and from
other sensory neurons by their responses to noxious cold temperatures.

What has emerged from the study of these two different neuronal subclasses is that they
differ in their expression of almost every family of receptor and ion channel that has been
assessed, using a battery of highly selective pharmacological agents (9, 10). The striking
divergence in the spectrum of receptors and ion channels in the cold-sensitive neurons
suggests that at the molecular level, the constellations of any two neuronal subclasses will
differ. As the number of subtype-selective pharmacological agents increases, it may
ultimately become possible to find a combination of two pharmacological agents that
uniquely identifies any specific cell type at any given anatomical locus. The
pharmacological differentiation of neuronal cell types, by their cell-specific constellations,
appears to be feasible for any locus of the nervous system, with the studies carried out on
DRG neurons already providing the proof-of-principle evidence.

Constant and variable components of cell types

Although many experiments have shown that a neuron maintains its identity even after in
vitro culturing (31), it is important to recognize that some of the molecular components of
specific cell types are not entirely static, but may vary over time. Notably, a recent review
defines a neuronal cell type as a “conserved molecular ground state” that has core (constant)
components that define the cell type but other components may vary (31). For instance, the
expression of some signaling proteins within a particular cell type may change as a function
of normal processes (e.g. development, conditioning, learning, or other environmental
factors) and pathological processes (e.g. disease, injury, aging, etc.).
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One advantage of Constellation Pharmacology is that it enables the identification and study
of specific neuronal cell types at different time points or across species. Some comparative
cellular physiology has already validated the utility of the Constellation Pharmacology
platform in this respect. Cold-thermosensor neurons from mouse and rat DRG were
investigated for expression of ATP receptors from neonatal through adult animals. In both
mouse and rat, most cold-thermosensor neurons expressed ATP receptors in neonates but the
expression disappeared in these neurons as the animals matured (Figure 4) (9). Interestingly,
the rate of disappearance of the ATP receptors varied by the temperature threshold of the
cold-thermosensor neurons. The rate of disappearance was faster in the low-threshold cold
thermosensors than in the high-threshold cold thermosensors, although there was a complete
loss of ATP receptors in fully mature mouse and rat low- and high-threshold cold
thermosensors (Figure 4) (9). A similar comparison of cold-thermosensors from rat and
mouse revealed a striking interspecies difference. The large majority of cold-thermosensor
neurons in rats expressed the TRPAL channel, while the vast majority of mouse cold-
thermosensor neurons did not (9).

In principle, Constellation Pharmacology can also be used to assess changes that occur in
specific cell types as a function of disease progression. This immediately raises the
possibility of exploring disease mechanisms that are poorly understood, from
neurodegenerative diseases to various forms of cancer. The progression from normal to
pathological cell types could lead to a sharper definition of transitions between intermediate
cellular states in the progression of disease, thus providing an opportunity to identify
additional drug targets to inhibit any critical cellular transition.

From single cells to functional networks

The characterization of single cells is a critical step in the development of Constellation
Pharmacology. An additional benefit of Constellation Pharmacology is the potential to
elucidate the functional roles of cell types within functional networks. This can be illustrated
by recent work (43) in which Constellation Pharmacology was applied to the ventral
respiratory column (VRC), an area in the brainstem that generates the respiratory rhythm. As
part of the pharmacological characterization to discriminate between different cell types in
the VRC, a neuronal subclass responsive to substance P, histamine and bradykinin was
identified. Prior work on the VRC network that controls the respiratory rhythm (known as
the pre-Botzinger complex) had revealed that inspiratory neurons in the circuit were
modulated by substance P. However, it was not known that histamine and bradykinin could
also directly modulate the activity of these inspiratory neurons. This hypothesis, suggested
by Constellation Pharmacology, was tested and confirmed by electrophysiology on the slice
preparation (43). This work also suggested that Constellation Pharmacology may eventually
be extended beyond dissociated cells to the characterization of cell types within functional
cellular networks, i.e. brain slice preparation or other intact tissue preparations.

SCREENING APPLICATIONS OF CONSTELLATION PHARMACOLOGY

We are using Constellation Pharmacology to identify and characterize compounds that have
unique targeting selectivity. As demonstrated below, Constellation Pharmacology has
particularly high promise for accelerating the discovery of ligands that selectively target a
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specific ion channel, transporter or receptor subtype. Furthermore, it is useful for purifying
each of the biochemically diverse components present in complex biological mixtures and
for deconvoluting their functionally diverse biological activities, particularly when the total
amount of material available is limiting. Natural products are obvious partners for
phenotypic screening, not only because the starting material may be limiting, but because
these natural compounds often have built-in potency and selectivity for therapeutic targets.

Constellation Pharmacology is an attractive alternative to target-based screening for venom
components and other natural products. Only limited amounts of venom are available from
most animals, with a few exceptions, such as the large snakes, which can be routinely
milked. Venom from a single animal may contain more than one hundred components, all of
which have been honed by evolutionary forces to bind a single molecular target with high
potency and selectivity. Screening venoms or venom components against a single molecular
target of interest is an inefficient use of these scarce resources, which may be evaluated
more efficiently in high-content phenotypic screens.

Venom peptides

The Constellation Pharmacology platform has been used for bioassay-guided purification of
the components of several Conus venoms. Typically, multiple bioactive peptides can be
detected in each venom. As shown in Figure 5 for Conus musicus and tessulatus venoms, we
have screened venoms through an iterative approach, starting with crude venom, followed
by biochemical fractionation of the venom. Either crude venom or venom fractions were
applied to the DRG cell culture to observe the various response phenotypes elicited in
different cell types.

Figure 5a & b demonstrates that two fraction pools from C. musicus venom blocked the
response to a depolarizing stimulus. From one of these fraction pools (37-43), we were able
to follow the activity of one component though purification (Figure 5a & b). This
component was a novel peptide with the following sequence:
ZRGECRPNGTGCGKDLOLFGCCSGWCLFVCV# (Z = pyroglutamate, O = 4-trans-
hydroxyproline, and # = amidated C-terminus). In contrast to the peptide from C. musicus,
Figure 5¢ & d, demonstrates that one fraction pool from C. tessulatus venom amplified the
response to a depolarizing stimulus. The active component of this fraction pool was also a
novel peptide with the following sequence: CAAFGSFCGLPGLVDCCSGRCFIVCLL. This
peptide has been further characterized as a novel §-conotoxin (8-conotoxin TsVIA) that
delays inactivation of voltage-gated Na channels, consistent with its amplification of a
depolarizing stimulus (44). This demonstrates the utility of Constellation Pharmacology for
detecting diverse activities of venom components, by which those components may be
purified biochemically.

The excitatory activity elicited by 8-conotoxin TsVIA affected almost all DRG neurons and
was detected when the crude venom of C. tessulatus was assayed. The activity of this
peptide was followed through multiple venom subfractionations (purification steps) until the
peptide was purified to homogeneity. The purified peptide retained the broad-spectrum
excitatory activity (Figure 5¢ & d). Both the biological activity observed using the
Constellation Pharmacology platform, as well as the sequence of the peptide, suggested that
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the peptide was a 6-conotoxin. This was verified by electrophysiology using Xenopus
oocytes that express the cloned mouse Nay,1.6 channel, a Na channel subtype that is
prevalent in axons. The 6-conotoxin that was purified from C. tessulatus venom is the first
member of this family from a worm-hunting cone snail, and the sequence of the peptide
proved to have broad significance (44).

Constellation Pharmacology may also be used to prioritize which venom components to
purify or to evaluate for molecular targeting selectivity. Through molecular cloning, it is
now straightforward to obtain an enormous diversity of venom-peptide sequences. The
synthesis of these peptides, while requiring specialized expertise, can be achieved in a
relatively straightforward way. However, it is often difficult to decide which compounds to
pursue for further characterization. Ideally, we would prioritize ligands that have unique
molecular targeting selectivity and/or mechanisms of action.

Constellation Pharmacology was recently used to identify that a novel family of venom
peptides (P-like crassipeptides) from crassispirine snails exhibited a different targeting-
selectivity profile than various conotoxins from cone snails (45). Some conopeptides
exhibited effects in an overlapping set of cells, but the crassipeptides elicited or altered
responses in a unique subset of small-diameter capsaicin-sensitive neurons. This cellular-
targeting profile was unprecedented in our hands and also consistent with the activity of
other potassium-channel blockers tested by Constellation Pharmacology (45). Consequently,
one of the crassipeptides was confirmed by electrophysiology to block the shaker potassium
channel (45). Thus, Constellation Pharmacology serves both as a high-content screening
platform for purification and characterization of the components of complex venoms but
also for differentiating the molecular targeting selectivity profiles of venom components.

Other natural products

Like venom peptides, small molecule natural products are produced as complex mixtures
that likely have evolved to produce precise phenotypic responses in their targets. Their
remarkable biological activities have been extensively exploited in drug discovery (46). We
sought to explore whether natural products from bacteria could be screened using
Constellation Pharmacology. One concern was that the many components in crude extracts
might interfere with accurate interpretation of the assay. However, experience with hundreds
of unfractionated bacterial extracts showed that the cellular responses still reflected the
impact of one or a few very active components (47). In initial studies prior to the
development of Constellation Pharmacology, in collaboration with Alan Light and co-
workers, we found that a particular bacterial extract led to modest modulation of a subset of
DRG neurons. The activity was traced to a series of novel small molecules, the pulicatins,
which were solely responsible for the activity (48). Using other methods, it was shown that
the pulicatins bind with nanomolar affinity to human serotonin receptor subtype 5HT2B, but
not to related receptors. This finding led to further synthetic analogs that are currently under
evaluation in biological models. Another crude extract from bacteria led to an apparently
irreversible block of the response of DRG neurons to capsaicin, which was traced to action
on the TRPV1 receptor (49). Other hit compounds were also discovered by this method (50).
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While this initial work led to active compounds, determining the molecular target was very
time consuming as in most phenotypic assays. The development of Constellation
Pharmacology has enabled a more rapid focus on potentially interesting molecules. The first
application of the method to small molecule natural products involved small molecule
polyketides, the nocapyrones (51). The nocapyrones were applied to DRG neurons using an
early version of Constellation Pharmacology. Capsaicin-responsive neurons were activated
by nocapyrones, while other neurons in the DRG showed a decreased response to KCI when
treated with nocapyrones. This early work demonstrated the advantages of Constellation
Pharmacology as applied to small-molecule natural products, in addition to venoms.

Small molecule natural products exhibit several potential complications that are not found
with venom peptides. For example, small molecules diffuse through membranes, and they
can interact with components in the cytoplasm as well as extracellular proteins. They also
commonly interfere with membranes or act as ionophores. These types of indirect effects
can generally be recognized using Constellation Pharmacology. As with the venom peptides,
there is a positive feedback loop between the discovery of compounds that elicit novel
cellular response phenotypes and the further characterization of cell types using those novel
pharmacological agents.

Molecular target identification

In order to develop an outstanding high-content screening assay, the phenotypic effect
elicited by each compound should be traceable to specific molecular mechanisms in specific
cell types. In general, the difficulty in target identification is the major drawback of
phenotypic screening (2, 52), and perhaps the rate-limiting step. We have previously and
now continue to put considerable effort into identifying each of the cell types present in a
heterogeneous population and the cell-specific constellations of each cell type so that we can
more easily identify the molecular mechanisms underlying the phenotypic effects elicited by
novel pharmacological agents screened in this system.

One recent extension of Constellation Pharmacology is the use of cells from reporter mice in
these assays. These mice have one or more cell types labeled with soluble fluorescent
proteins expressed in the cytosol (Figure 6). This facilitates the identification and
characterization of a specific cell type, but more importantly, the fluorescence of these cell
types allow them to be sorted by FACS for a comprehensive evaluation of their
transcriptomes. The transcriptomes can then be used to help identify the molecular targets
and mechanisms of novel compounds that elicit phenotypic effects in those cell types. By
identifying signaling components that are functionally expressed in particular cell types,
novel drug targets may be discovered. For example, the elucidation of the constellations
expressed within nociceptive neurons may reveal potential drug targets for pain. Perhaps
most importantly, as broad cell-specific constellations are elucidated, each of the novel drug
targets may become assayable in tandem, thereby continuously improving the utility of
Constellation Pharmacology.
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SUMMARY

Constellation Pharmacology is a multi-faceted platform that is useful for both drug
discovery and for the identification and study of cell types. These reciprocally synergistic
efforts imply that Constellation Pharmacology can be continuously improved. Constellation
Pharmacology has the potential to comprehensively elucidate the cell-specific constellations
of every cell type in a heterogeneous cell population and to evaluate changes that occur in
cell-specific constellations as a function of disease progression. As a screening platform,
Constellation Pharmacology can be used to screen and deconvolute complex biological
mixtures (e.g. venoms or bacterial extracts) or synthetic small molecules in order to identify
compounds that exhibit unique molecular and cellular targeting-selectivity profiles.
Comparison to known pharmacologically-active compounds is facile, providing a direct
pathway to discover compounds with the most novel targeting selectivity. Furthermore, cell-
type-specific transcriptomes, to be used in conjunction with Constellation Pharmacology,
facilitate molecular-target identification. Finally, it is possible to focus drug discovery and
development on compounds that target a specific cell type, to achieve a desired therapeutic
benefit, through the concerted and synergistic action of a therapeutic cabal on a therapeutic
constellation.
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Figure 1.

Somatosensory neurons (e.g. DRG neurons) are collectively one example of a heterogeneous
cell population that can be used for Constellation Pharmacology. This cell population, like
presumably all other native cell populations, is comprised of broad cell classes that each
encompass more narrowly define cellular subclasses. Although there is presently debate
about the degree to which various cell populations contain discrete cell types vs. a
continuum of cell types, there is evidence that both claims are true, at least to some degree.
For example, there are somatosensory neurons that appear to mediate a single sensory
modality. However, these also appear to encompass cells with a range of thresholds for
firing action potentials, from low threshold (innocuous stimuli) to high threshold (noxious or
painful stimuli) (9). There are also somatosensory neurons that are polymodal, mediating
multiple types of sensory modalities.
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Figure 2.
Images of a culture of dissociated lumbar DRG neurons from mice. All images are from a

single field of view. (a) The green fluorescence of cells loaded with Fura-2 dye (380 nm
excitation and 510 nm emission). (b) Brightfield image. (c) Live cells stained with isolectin
B4 conjugated to Alexa-Fluor 546, which is reported to label a subset of primarily small-
diameter neurons with unmyelinated C-fibers (30). (d) Pseudocolored ratiometric image of
cells loaded with Fura-2 dye at rest (ratio of 510 nm emission obtained from alternating
excitation with 340 nm and 380 nm light). (e) Pseudocolored ratiometric image of cells
loaded with Fura-2 dye, just after stimulation with menthol, which activated a subset of
primarily small-diameter neurons. The red color indicates a relatively high concentration of
cytosolic calcium, whereas blue indicates a relatively low concentration of cytosolic
calcium. (f) Pseudocolored ratiometric image of cells loaded with Fura-2 dye, just after a
depolarizing stimulus (high concentration of extracellular potaasium). Notably all of the
neurons (red) responded to this stimulus but some very small-diameter non-neuronal cells
did not respond (blue), as expected. (b,c,e,f) White arrow points to a small-diameter neuron
that responded to menthol and depolarization, but did not stain with isolectin B4. Yellow
arrow points to a neuron that labeled with isolectin B4 and responded to depolarization, but
did not respond to menthol.
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Figure 3.
Selected calcium-imaging traces from an experiment in which responses from more than

100 mouse DRG cells were monitored simultaneously. Each trace represents the response of
a single cell. Traces from six cells were chosen. Each arrow represents the 15 second
application of each respective pharmacological agent. Notably, the response profiles or
phenotypes (black traces) to various pharmacological agents (red) tell us something about
the distinct physiological roles of these different cell types. For example, the small subset of
cells that respond to menthol (M) are putatively the somatosensory neurons that mediate the
sensation of cold (cold thermosensor). The neurons that respond to histamine (H) are
putatively neurons that mediate the sensation of itch (pruriceptors) and possibly include
pain-sensing neurons also (nociceptors). The neurons that respond to capsaicin (C) and
mustard oil (AITC) are putative nociceptors. The aforementioned cell types are all
predominantly small-diameter neurons. The neurons that respond only to acetylcholine
(ACh) or ATP are typically large-diameter neurons that include low-threshold
mechanoreceptors and proprioceptors (that detect position or motion in a body part). The
receptors and ion channels that respond to these stimuli are listed in blue type in the figure.
Many other neurons in these cultures respond to more than one stimulus. The dashed lines
that refer to Figure 2 represent the cytosolic calcium concentration of cells at rest (see Fig.
2d), after stimulation with menthol (see Fig. 2e), and after depolarization with potassium
(see Fig. 2f). This figure was modified from (11) (we need to get permission from PNAS to
modify and reproduce it).
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(a & b) Selected calcium-imaging trace from one minor subclass of somatosensory neurons
with variant forms: cold thermosensors. (a) Low-threshold cold thermosensors responded to
menthol and innocuous cold temperature (e.g. 17 °C). Notably, the baseline calcium levels
of these cells fluctuate with minor changes in temperature (at room temperature).
Specifically, replacing the static-bath solution produces a transient slight warming, followed
by evaporative cooling (9). (b) high-threshold cold thermosensors also responded to menthol
and innocuous cold temperature (e.g. 17 °C). Notably, the baseline calcium levels of these
cells are relatively stable, because they have higher threshold cold responses. (a & b) In
neonatal mice, some of these neurons responded to ATP, as shown in the traces. (c) The
ATP-receptor expression in neonatal cold thermosensors was observed in both mice and
rats, and in both species the expression was lost as the animals matured. This figure was

Cold P4-5 P12-13 >P50
Threshold

Low 26% 0% 0%

Low 56% 0% 0%

High 83% 53% 0%

High 89% 55% 0%

reproduced from (9) (we need to get permission from PNAS to reproduce it).
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Figure 5.

Purification of novel peptides from C. musicus and C. tessulatus, using Constellation
Pharmacology. (a) HPLC fractionation of crude C. musicus venom. Fraction 42 was further
fractionated and the activity was isolated to subfractions 18-19. Further subfractionation
was required to purify the active component (not shown). (b) Selected calcium-imaging
traces from individual cells demonstrating that the active component from fraction 42
blocked the response to a depolarizing stimulus. (c) HPLC fractionation of crude C.
tessulatus venom. Fraction 44 was further fractionated and the activity was isolated to
subfraction 10. (d) Selected calcium-imaging traces from individual cells demonstrating that
the active component from fraction 44 amplified the response to a depolarizing stimulus. (b
& d) The initial depolarizing stimulus (at minute 1), was 20 mM extracellular potassium
(K). At subsequent time points, the depolarizing stimulus was 20 mM extracellular
potassium with 20 mM veratridine (K+V). This stimulus was used for screening venom
fractions, in order to better detect blockers of voltage-gated Na channels. The black
horizontal bar indicates when each respective venom fraction was present in the bath
solution.
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Figure 6.
In addition to the pharmacological profiling of cell types, we are combining Constellation

Pharmacology with the genetic labeling of cell types. (a) Shown is a field of view of DRG
cells loaded with Fura-2 dye. (b) The same field of view shown in A is shown here. In
collaboration with the Ginty lab at Harvard, this experiment shows that a subset of large-
diameter DRG neurons were fluorescently labeled with tdTomato. These neurons are rapidly
adapting low-threshold mechanoreceptors with (heavily myelinated) Ap fibers (AB-RA-
LTMRs) (53). (c) It is noteworthy that in this experiment a conotoxin blocker of Ky/1.6
channels (xJ-conotoxin pl14a) did not affect the AB-RA-LTMRs but a conotoxin blocker of
Ky1.2 channels (kM-conotoxin RI11J) modestly amplified the response to a depolarizing
stimulus (high concentration of extracellular potassium, as indicated by arrows) in the Ap-
RA-LTMRs. (d-f) Other neuronal cell types, corresponding to either large-diameter or
small-diameter neurons, exhibited different phenotypes in response to these stimuli, as
shown in the figure.
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