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ABSTRACT: Peptide-liganded G protein-coupled receptors (GPCRs) are a growing
fraction of GPCR drug targets, concentrated in two of the five major GPCR structural
classes. The basic physiology and pharmacology of some within the rhodopsin class, for
example, the enkephalin (μ opioid receptor, MOR) and angiotensin (ATR) receptors, and
most in class B, all the members of which are peptide receptors, are well-known, whereas
others are less so. Furthermore, with the notable exception of opioid peptide receptors, the
ability to translate from peptide to “drug-like” (i.e., low-molecular-weight nonpeptide)
molecules, with desirable oral absorption, brain penetrance, and serum stability, has met
with limited success. Yet, peripheral peptide administration in patients with metabolic
disorders is clinically effective, suggesting that “drug-like” molecules for peptide receptor
targets may not always be required for disease intervention. Here, we consider recent
developments in GPCR structure analysis, intracellular signaling, and genetic analysis of
peptide and peptide receptor knockout phenotypes in animal models. These lines of
research converge on a better understanding of how peptides facilitate adaptive behaviors in mammals. They suggest pathways to
translate this burgeoning information into identified drug targets for neurological and psychiatric illnesses such as obesity, addiction,
anxiety disorders, and neurodegenerative diseases. Advances centered on the peptide ligands oxytocin, vasopressin, GLP-1, ghrelin,
PACAP, NPY, and their GPCRs are considered here. These represent the spectrum of progress across the “virtual pipeline”, of
peptide receptors associated with many established drugs, those of long-standing interest for which clinical application is still under
development, and those just coming into focus through basic research.
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■ OVERVIEW

In March, 2019, the National Institute of Mental Health
Intramural Research Program (NIMH-IRP) convened a
workshop to examine emerging neurotranslational opportu-
nities for peptide-liganded receptors as drug targets. The
primary motivations were 2-fold: first, to gauge current
progress in the field and inform NIMH and NIH at large
about areas of promise for neuropsychiatric disease, and
second, to attempt to create a “virtual pipeline” for regulatory
peptide-related drug development focused on a “soup to nuts”
approach to peptide-liganded receptors as studied by basic
scientists, associated with specific neuropathologies, and
translated to medical practice through drug development and
clinical assessment. The NIMH Workshop addressed four
broad questions. First, what is unique about the physiology of
peptide modulation that recommends it as a target, per se, for
behavioral intervention; second, does the drug pipeline require
rethinking in terms of conversion of physiological ligands to
drug-like congeners and other traditional milestones for drug
development; third, are there lessons to be learned from
existing peptide-liganded drug targets that can inform the
creation of guidelines/best practices for regulatory peptide-

centric drug development; and fourth, can “proof-of-concept”
be adequately defined for resource deployment to support drug
development throughout the virtual drug pipeline? The
structure of this review reflects the structure of the workshop,
culminating in a panel discussion of potential best candidates
for further attention based on the concept of a virtual drug
pipeline to which all sectors of biomedicine, from fundamental
neuroscience through acceleration of translational research and
culminating in human drug development, can contribute.

■ WHAT ARE THE UNIQUE FEATURES OF PEPTIDES
AS TARGETS FOR BEHAVIORAL INTERVENTION?

The session was chaired by Hugo Tejeda, NIMH-IRP, whose
own work on peptide neuromodulation has focused on the
action of kappa opioid receptor agonists in coordinating the
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actions of dopamine during reward-associated behavioral
consolidation by biasing excitatory and inhibitory input
signaling to dopaminoceptive neurons of the nucleus
accumbens.1 Participants in the session included Eve Marder,
Brandeis University, Ben White, NIMH-IRP, and Patrick
Sexton of Monash University. A cohort of unique features of
peptide neurotransmission was identified by speakers in this
session. Marder illustrated, from computational analyses of the
crustacean stomatogastric ganglion, the role of synaptic
peptides in stabilizing neuronal circuits under stressful
challenges, even though individuals varied in their suscepti-
bility to stress-induced changes in circuit dynamics. The ability
of peptide cotransmission to enhance flexibility of output
responses in these circuits requires peptide-driven combinato-
rial changes in firing patterns that are reflective of environ-
mental context as well as homeostatic status of the animal in
toto.2 White and colleagues exemplify this in description of the
highly integrative role of Drosophila peptides such as
crustacean cardioactive peptide (CCAP) and bursicon to
trigger life events, such as metamorphosis during development,
that require the sequential actions of several motor systems.
The timing of these events must be precise, and therefore
requires “master regulation” by first messengers anatomically
placed to achieve this sequence.3 The perspective offered by
Marder and White strongly suggests that despite structural and
functional differences in regulatory peptides across phyla as
divergent as lobsters and primates, general principles of
peptide action may be conserved. The case for acquiring
insights into regulatory peptide control of behavior in humans,
by investigations in other species, has been made in detail by
White and colleagues.4

A particular challenge for consideration of peptide receptors
as drug targets for behavioral disorders is that regulatory
peptides invariably have parallel role(s) in integrating both
homeostatic physiological responses, and behavior adaptation
to other environmental cues and drives. How can the effects of
oxytocin on parturition and affiliative behavior, those of
vasopressin on hydromineral balance and social behavior, those
of PACAP on pituitary hormone secretion and during stress
and anxiety, for example, be physiologically dissected? Can this
analysis be extended to pharmacological selectivity at the same
receptor at different anatomical locations, usually the
hypothalamus for homeostatic regulation, and more rostral
brain structures for behavioral responses? The Sexton
laboratory, and its collaborative network, has focused on
“distinctions with a difference” both between different ligands
acting at the same receptor, and individual ligands at related
receptors. A prominent example is the GLP-1 receptor, which
recognizes multiple endogenous peptides including GLP-1 and
oxyntomodulin, another biologically active gut peptide (see
Figure 1). Both of these peptides trigger pleiotropin signaling,
but may preferentially engage either arrestin/ERK-regulated
responses, or G-protein-coupled calcium and cyclic AMP
signaling, as a function of differential binding to the GLP-1
receptor.5 The discovery of receptor activity-modulating
proteins (RAMPs) provides an additional level of complexity,
which can be exploited with peptide-based agonist and
antagonist compounds. The calcitonin receptor (CTR) binds
either calcitonin itself or amylin, depending on the presence of
a RAMP, while the closely related calcitonin-like receptor
(CLR) shows RAMP-dependent preference for either CGRP
or adrenomedullin.6,7 As bioinformatic and molecular model-
ing workflows for dynamic interrogation of ligand−receptor

interactions converges on improved structure elucidation, it
can be expected that the understanding of protein structural
dynamics and their regulation by allosteric factors will become
an important avenue for peptide-centric drug development.8,9

A further elaboration on specificity for peptide-liganded
receptor targets on specific cell types has been championed by
DiMarchi and colleagues, including the intriguing use of
chimeric peptides for multiple ligands involved in metabolic
regulation, such as GLP-1 and glucagon/GIP, as well as
peptide-steroid hormone adducts that use the peptide ligand
for homing to cell type, and the steroid hapten for modulation
of activity of the particular cell targeted.10 Whether peptide
receptors per se are uniquely suited to the chimeric and
combinatorial drug design of this type remains to be
established, but if so, this would be a powerful approach for
limiting the impact of peptide-liganded receptor targeting to
specific subpopulations of such targets in the nervous system.

■ PEPTIDES AS DRUGS: RETHINKING THE DRUG
PIPELINE?

The NIMH Workshop was keynoted by NIMH Scientific
Director Susan Amara. As codiscoverer of calcitonin gene-
related peptide (CGRP), a splice variant-generated neuro-
peptide from the calcitonin gene locus,11 Amara provided a
unique perspective on the march of CGRP toward therapeutic
application that may be paradigmatic for future exploitation of

Figure 1. GLP-1 Receptor as a paradigm for peptide-liganded
receptors. The cryo-electron microscopy structure of TT-OAD2, a
nonpeptide agonist, bound to the active glucagon-like peptide-1
receptor (GLP-1R) in complex with its G protein.31 The ligand
position is roughly similar to other Class B GPCRs, in that agonists
(peptides or peptidomimetics) are located within the contact regions
between upper parts of the TMs and the extracellular loops (ELs).
However, the binding pose of this biased agonist has minimal overlap
with the poses of full-length peptide agonists of the same receptor.
The ligand, the 2D structure of which is reported on the left, is
depicted by orange sticks and a yellow surface. The receptor is
rendered by cyan ribbon and surface, and residues within 4 Å of the
ligand are shown as cyan sticks. The heterotrimeric Gs protein is
depicted by green ribbon and surface. The complex was subjected to
the Protein Preparation Wizard Tool101 of the Schrödinger suite
(Schrödinger Release 2019-3: Maestro, Schrödinger, LLC, New York,
NY, 2019) and the figure was realized with VMD 1.9.31996.102 This
figure is an original graphic realized from the atomic coordinates of
the structure reported, and the chemical structure of the ligand was
drawn using ChemDraw.
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many neuropeptide/receptor systems, building from discovery
to physiology, to pathophysiology, to drug target, and finally to
therapy for migraine. Across this development, spanning some
30 years, there has been much interchange of knowledge
between clinical observations, basic findings, and their
translation into clinical practice. The CGRP saga eloquently
illustrates the importance of “reverse translation”learning
from early attempts at bench to bedside translation that some
hurdles to drug development cannot be overcome only by
applying empirical solutions that rely on moving from
“validated drug target” to “valid drug”but rather require
substantial rethinking about basic tenets of biology to
overcome these hurdles efficiently.12

Some of the common barriers to peptide penetration to the
brain are illustrated in Figure 2. While there is increasing
evidence that many peptides can enter the brain from blood
and nasal mucosa, this is a pathway forbidden to many other
peptides, and a source of motivation to create more “drug-like”
molecules. Another approach to overcome the bioavailability
hurdle is the “post-translation” modification of peptides, i.e. the
chemical synthesis of “peptoids”, that is, peptides modified by
derivatization, D-amino acid substitution, substituent moiety
addition, or cyclization. James Collins of the Fering Peptide
Foundation, and colleagues, have concentrated on the
production of a second generation of peptide ligands featuring
glycosylation and macrocyclization as two modes of peptide
modification that can improve oral absorption and other
aspects of pharmacokinetics, including stability through
metabolic resistance, and pharmacodynamic potency via
conformational stabilization.13 These features can allow
peptides to overcome substantial barriers to brain entry from
a variety of routes of administration, including intranasal, oral,
and intravenous. It is worth noting that various endogenous
peptides require post-translational modification for activity,
including cholecystokinin (sulfation) and ghrelin (acyla-
tion).14,15 Thus, some peptide binding sites may have evolved
to accommodate allosteric receptor activation in conjunction

with that provided by the primordial peptide sequence itself. If
so, focusing on allosteric interactions between ligand and
receptor, along with the entropic advantage of coupling with
the peptide (orthosteric) ligand itself, may represent a human-
engineered strategy that is already copied from nature. Closer
examination of receptors accommodating post-translationally
altered peptides may provide further clues for copying this
strategy even more effectively.
The idea of creating a “toolbox” of chemistry applicable to

peptides in general, and tailored to specific peptide ligands, is
in harmony with the understanding that the blood−brain
barrier is not homogeneous with respect to access to all brain
regions. Furthermore, peptides may differ dramatically in their
rates of transport into and from the brain based on the
heterogeneity of peptide transport systems existing at the
blood−brain barrier.16−18

Another mode of peptide modification leading to enhanced
biological activity occurs in “peptide chimerism”, an approach
used extensively by Anish Konkar and colleagues, at Sanofi-
Aventis, for the development of antidiabetic and antiobesity
peptide therapeutics.19,20 Although chimeric peptides appear to
be effective, compared to administration of combinations of
individual peptides, the exact reason why this might be so is as
yet unexplored. Thus, chimeric peptides are another example
of the pressing need for “reverse translation”finding out not
just what works but why that which already works, does so, so
that new general principles of peptide action can emerge. Such
approaches hold promise for future drug development,
building upon other ligand−receptor dyads and novel chimeric
peptide combinations.
The considerations above also raise the issue of whether or

not merely ascertaining free peptide concentrations in brain is
the best way to guide peptide/nonpeptide drug modification.
Quantifying “target engagement”demonstrating that pep-
tides/other drugs reach their receptors in brainis important
in drug development. This has usually necessitated the
introduction of radiolabeled congeners for PET, or other

Figure 2. Barriers to peptide drug development. Illustration of the steps, involving the overcoming of sequential “barriers” to peptide-based drug
design. (A) Validation of target. (B) Refining the target space and potential drug ligands for the validated receptor. (C) Optimization of drug
delivery, potentially very different in approach depending on whether a “rule-of-five” receptor agonist/antagonist or a peptide or peptoid based on
the endogenous ligand is chosen/obtained by screening. (D) Pharmacogenomics in pathogenic and therapeutic assessment. Figure produced using
Biorender.
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imaging modalities, during late-stage drug development.21,22

However, Konkar and others have explored the additional
possibility of developing indices of functional target engage-
ment, such as measurement in animal models of brain
immediate early gene activation following drug administration.
This approach has some attractive features: while it does not
answer directly whether a peptide enters the brain, it does
indicate whether CNS responses to the drug occur. Ultimately
determination of target engagement in human subjects requires
noninvasive methods. Yet, functional target engagement in
animal models can provide a powerful translational impetus to
drug development efforts. Target engagement studies reveal
critical basic information about how peptide-dependent
information processing occurs in the brain, and they suggest
parameters for optimization of drug design that both increase
the probability of success, and increase the probability of
leveraging failure into future progress. Increasingly, the
description of peptidergic brain circuitry regulating behavior
depicts a widespread pattern of brain activation from one or a
few clusters of peptidergic cells.23−28 In this context, we can
determine what might be called specif ic target engagementthe
ability of a drug to affect behavior via action at a subset of
functional consequent projections or synapsesthrough
immediate early gene activation and other signals of receptor
activation in laboratory animals. This knowledge will be
extremely useful for focusing receptor subtype-specific, and
perhaps signaling pathway-specific pharmacology on discrete
behaviors comprising both symptomatic and underlying
aspects of human brain disorders. In the final analysis,
empirical evidence for peptide ligand entry into the brain is
essential. This is especially true as several of the peptides
currently administered for engagement of peripheral receptors,
for example in management of diabetes, may have central
actions that are related to therapeutic outcome; for example
weight loss associated with administration of GLP-1 for
primary treatment of type II diabetes. Understanding where a
peptide acts, and by analogy the relative distribution of a
mimetic drug in the body, critically links the mechanism to
drug action for metabolic as well as behavioral disorders,
especially for treatments that potentially address both domains.
In general, the accepted wisdom that the drug pipeline for

peptide-liganded receptor targets requires first and foremost
production of a nonpeptide equivalent ligand for the receptor
is being increasingly questioned. The archetypal examples,
morphine and naloxone as agonist and antagonist at the μ
opioid (MOR) receptor, and their potencies relative to the
endogenous ligand enkephalin, helped establish the principal
that drug equivalents, rather than endogenous ligands are
required for therapeutic purposes. However, this precedent was
set mainly because the discovery of the nonpeptide ligand
preceded the discovery of the actual endogenous peptide
ligand. Even the realization that there might be an endogenous
ligand for the “opiate receptor”, lagged behind, by hundreds of
years, the medical use of morphine as well as naloxone, and in
fact the nonpeptide agonist and antagonist were actually tools
used in establishing that the peptide, “enkephalin”, did actually
exist in the mammalian brain and gut.29 The number of potent,
conveniently bioavailable nonpeptide agonists or antagonists at
other peptide-liganded receptors is growing. Aprepinant, an
orally active substance P receptor antagonist used to treat
chemotherapy-induced nausea,30 is one of them, and analogues
of bombesin, cholecystokinin, and recently announced non-
peptide GLP-1 agonists also exist.31,32 Several nonpeptide

GLP-1 agonists are designated for clinical trials for type 2
diabetes (ClinicalTrials.gov Identifiers: NCT02653599;32),
and receptor complexes with both peptide and nonpeptide
agonists (see Figure 1) have been reported.31,33 However,
overcoming the supposed pharmacological limitations of
peptides per se, as potential therapeutics, would be useful to
circumvent the difficulties of screening for and identifying
nonpeptide ligands for peptide receptors. It would also likely
represent an important accelerant to peptide-based neuro-
therapeutics development. In this context, two approaches are
notable: the use of modified peptides, including substitution of
isomeric D- for L-amino acid residues imparting greater
peptidase stability in vivo, and the use of peptide antibodies,
essentially to “immunize” against deleterious effects of an
endogenous peptide, such as CGRP in migraineurs.34

Overall, a return to the discovery of orally active peptide
congeners, or administration of actual endogenous peptides as
drugs, is experiencing a resurgence,35 and we can expect that
better structural information (see below) will accelerate this
trend. In addition, the perceived wisdom that serum half-life
predicts peptide action is also earning a reappraisal. While free
drug concentration in serum at any given time after drug
administration predicts future drug action at its receptor, it
does not follow that the inability to detect drug (or peptide) in
serum predicts that the drug is no longer acting at its receptor,
and indeed may continue to act at its receptor for some
considerable additional period of time. Thus, careful attention
to whether or not prolongation of serum half-life actually
lengthens the period of drug action will no doubt be a part of
the regulatory peptide “virtual drug pipeline” in the future. For
now, it is clear that there are actual peptides that can be
administered, with extended efficacy, at intervals exceeding the
plasma half-life of the administered peptides.36,37 Learning
more about receptor binding and internalization by peptide
ligands on a case-by-case basis, and establishing more rational
‘behavioral pharmacodynamic’ assays to assess their actual
efficacy half-lives, will likely help to change the paradigms that
currently guide drug discovery efforts in this arena.
Neuropeptide Y (NPY) has been considered a potential

treatment for PTSD since at least 2000, when Charney and
colleagues made the observation that plasma NPY levels were
lower, and elevated less with yohimbine, in combat veterans
with PTSD compared to those without.38 It was hypothesized
that lower levels of NPY secretion in the sympathetic nervous
system contributed to sympathetic hyperreactivity in PTSD.
Other investigators, including the laboratory of Esther Sabban,
at New York Medical College, focused on NPY expression
using the single prolonged stress (SPS) rodent model for
PTSD, and found that SPS induced central noradrenergic up-
regulation and anxious and depressive behaviors, and that these
were reversed by intranasal treatment with NPY peptide,39,40 in
accord with findings (see ref 41) that manipulation of NPY
levels in rodent models correlates negatively with anxious
behavior (that NPY is anxiolytic). Sabban, at this workshop,
and Charney and colleagues,42 speculated on the future of
NPY neurotherapeutics and how to accelerate the process. It
has been emphasized that (1) serum NPY is a marker for
PTSD, but requires further evaluation for trauma specificity
due to uncertainty over where and through which receptor(s)
endogenous NPY acts; (2) as NPY is expressed in both
sympathetic nervous system and brain its actions at both sites
needs systematic evaluation; and (3) given the number of NPY
receptors (Y1−Y5), systematic pharmacological identification
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of the receptor subtype profile for PTSD needs better
definition (Y1 and Y5 receptors are currently favored as
major targets in anxiety/PTSD). Clearly there is a need for
reverse translation to fill critical gaps in knowledgeincluding
sex-dependent trauma variation and potential treatment
effectiveness43that persist even as NPY for treatment of
PTSD enters phase II clinical trials (see ClinicalTrials.gov,
identifiers NCT01533519 and NCT04071600). Schmeltzer
and colleagues in their excellent review of the possibilities for
NPY-based treatment of PTSD stated “···the NPY system is an
attractive target in terms of understanding the physiological

basis of PTSD as well as treatment of the disorder”.41 This is
certainly true as long as impending clinical trials are designed
to provide knowledge of why they were as effective as they
were, regardless of the outcome. The status of NPY as a
potential treatment for PTSD is highly illustrative of the critical
need for a “virtual drug pipeline” that allows the constant
evaluation and re-evaluation of the entire physiological profile
for a given peptide, and the common potential for peptide
action at multiple receptors, in the context of drug develop-
ment for a specific human disorder or malady. For NPY, it
remains unknown exactly where target engagement occurs after

Figure 3. Peptide-liganded GCPRs. Peptide-liganded receptors are found within two of the five major GPCR classes.103 The figure shows
representative peptide receptors within the SECRETIN (also called family B) and RHODOPSIN (also called family A) classes. The SECRETIN
class contains only peptide-liganded receptors, those for GHRH, secretin (SCT), PACAP, VIP, GLP-1, GIP, glucagon (GCG), parathyroid
hormone (PTH), corticotropin releasing hormone (CRH), calcitonin (CALC), and calcitonin gene-related peptide (CGRP), which recognizes the
calcitonin-related receptor (CALCRL). Depending on the presence of RAMPs, CALCR and CALCRL also recognize amylin and adrenomedullin,
respectively. The RHODOPSIN class contains many other peptide-liganded GPCRs within the subclasses ALPHA, BETA, GAMMA, and DELTA.
In the ALPHA subclass, the melanocortin receptors (MCRs) which recognize alpha-MSH and ACTH are shown, with the ALPHA class
nonpeptide receptors for biogenic amines (e.g., dopamine, norepinephrine, serotonin), and the opsins (OPNs) which are the founding members of
the RHODOPSIN class, also shown to provide context. The BETA subclass contains the largest number of peptide-liganded receptors including
those for neurotensin (NTSR), neuromedins (NMURs), motilin (MTLR), tachykinins (TACRs), prolactin releasing peptide (PrRP), neuropeptide
Y (NPY), pancreatic polypeptide (PPY), cholecystokinin (CCK), neuropeptide FF (NPFF), hypocretin/orexin (HCRTR), ghrelin, or growth
hormone secretagogue (GHS), growth hormone-releasing hormone (GH-RH), gonadotropin-releasing hormone (GNRHR), vasopressin (AVPRs),
oxytocin (OXTR), endothelin (EDNR), neuromedin B/mammalian bombesin analogue (NMBR), gastrin releasing peptide (GRPR), and
bombesin (subtype 3) (BRS3). The GAMMA subclass contains the receptors for somatostatin (SSTRs), the opioid peptides dynorphin (OPRK1
or kappa receptor), endorphin (OPRD1 or delta receptor), enkephalin (OPRM1, or mu receptor) and nociception/peptide FQQ (OPRL1),
galanin (GALRs), melanin-concentrating hormone (MCHRs), angiotensin II (AGTR1), and the polypeptide-liganded cytokine receptors, the
largest by number in this subclass. The DELTA subclass contains the receptors for the follicle stimulating and luteinizing hormone receptors
(FSHR and LHCGR), Mrg (MAS-related G protein-coupled) and MAS receptors, with ligands including opioid peptide BAM22P (for
MRGPRX3) and potentially PACAP-38, leucine-rich repeat-containing G-protein coupled receptors (LGRs) which contain the deorphanized
relaxin receptors RXFP1/LGR7 and RXFP3GPCR135, thyrotropin-releasing hormone (TRHR), and the nonpeptide-liganded founder members of
this subclass, the large group of olfactory receptors, shown to provide context. Orphan receptors tentatively associated with peptide activation, for
example, gpr160/GPCR1, associated with activation by cocaine amphetamine regulated transcript (CART) peptide), and GPCRs associated with
neuropeptide S and others, are not shown here.
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intranasal administration in SPS; which specific NPY receptor
agonists can mimic the effects of NPY itself; and whether the
distribution of putative target receptor(s) is similar across
mammalian species. Filling these additional gaps in part defines
what is meant by the “virtual drug pipeline”.
Marc Ferrer represented the National Center for Advancing

Translational Sciences (NCATS), created by Congress in 2011
to ‘catalyze the generation of innovative methods and
technologies that will enhance the development, testing, and
implementation of diagnostics and therapeutics across a wide
range of human diseases and conditions.’ An example of
innovation in this area is the development of analogues for the
peptide relaxin, which acts at the RXP-1 receptor. NCATS and
its collaborators were able to leverage structural information
about relaxin and a high-throughput cell-based assay for relaxin
action at RXP-1, in a cell line harboring the endogenous
receptor, into development of a drug-like molecule with a
much longer half-life than relaxin itself, and effective in
treatment of preclinical models of liver fibrosis.44,45 Assays
such as those reported by Ferrer and colleagues may also be
useful in the development of more specific compounds for
antagonizing or mimicking relaxin’s actions at RXP-3 receptors
in the central nervous system (vide infra).
Ferrer also described a collaboration with NIMH scientists

in which an assay for PACAP signaling at the PAC1 receptor
was developed for both high-throughput screening of novel
PACAP antagonists, and confirmation of bioactivity of
previously reported PACAP antagonists. Their studies
demonstrated that compounds previously documented as
PAC1-specific based on receptor binding assays46 may in fact
interact with other PACAP receptors, including the VIP-
preferring VPAC1 and VPAC2, in whole-cell assays. The
recent report of the cryo-EM structures of PAC1 by the
Monash group47 and others48,49 may be useful in further
development of PACAP antagonists with greater specificity
than those currently reported.50−52

Another “wrinkle” in the drug pipeline is that evaluation of
animal models is critical at all steps of evaluation:
pharmacodynamics, pharmacokinetics, proof of concept, and
specific drug development. This is true in general and for CNS
neurotherapeutics in particular. For example, although the
human and rodent 28-amino acid ghrelin peptides differ by
only two amino acids, significant differences in ligand
recognition at its receptor, as well as differences in activities
of partial agonists and inverse agonists on constitute receptor
activity in various organs and species, warrants careful “reverse
translation” of the reported physiological effects of ghrelin-
based compounds in rodent animal models.53,54 For another
target of metabolic interest, the relatively mild GLP-1
knockout phenotype of mice belies the fact that, in human,
GLP-1 is a major actor and entry point for therapeutics for
metabolic disease.55 Animal models themselves may require
some considerable rethinking if they are to be the “default
pathway” to drug development for regulatory peptide-based
therapeutics. It remains as true today as a decade ago that
animal models for major neuropsychiatric disorders map
poorly to disease treatment. This is, in large part, because
psychiatric disorders are not conceptualized as symptom
clusters, but rather considered globally, frustrating robust
surrogacy in animal model screening.56 However, research
domain criteria (RDoC), and other tools proposed for
reconceptualizing various disorders as symptom-clusters
centered on arousal, anxiety, fear, aggression, and other

areas, may advance the field of neurotherapeutics and re-
establish a viable pipeline from laboratory to clinic, in coming
years.57,58

Samer Hattar from NIMH-IRP, who chaired this session,
has studied the role of neuropeptides coreleased from innately
photosensitive retinal ganglion cells with projections through-
out the brain, including hypothalamus, habenula, and retina-
associated stations in brain stem and thalamus. He has
pioneered the use of conditional knockouts, knock-ins, and
optogenetic analysis to explore the role of this unique peptide-
containing projection system to convey light information to
the brain not to be decoded as vision, as for secondary sensory
(postphotosensitive) retinal ganglion cells, but for detection of
day and night cycles in order to coordinate brain states with
the tasks associated with light and dark in mammalian
species.59,60 Humans continue to adapt to the increasingly
“noncircadian” environment recently palimpsested (by electric
lighting) upon the more ancient circadian one provided by the
sun, and peptide cotransmission may play an important role in
the coordination of behavior and mood with light, a complex
process being slowly understood.

■ PEPTIDE PARADIGMS: GHRELIN, GLP-1 AND
VASOPRESSIN RECEPTORS FOR CNS-BASED
THERAPEUTICS

The peptide-liganded GPCRs, each potentially “druggable”, are
illustrated in Figure 3, within the common GRAFS
classification of the G-protein coupled receptor family. The
session on peptide paradigms focused on three specific peptide
receptors that are candidates for CNS-based therapeutics in
diverse behavioral realms. The session was chaired by Mario
Penzo, whose own work on peptidergic neurons has
demonstrated the gating of stress responsivity by the
paraventricular nucleus of the thalamus. This occurs via
attention to arousal signals from locus coeruleus and
elsewhere, and can be traced to regulation of the synaptic
potentiation of somatostatinergic neurons of the lateral
division of the central amygdala (CeL). Projections from
these neurons in turn enables expression of fear learning (fear
conditioning)61 thought to underlie psychiatric disorders
including PTSD.
Ghrelin is a regulatory peptide produced in the gut, but with

far-reaching effects in the periphery, in the pituitary, and in the
brain, including a behavioral linkage between hunger and fear
also thought to be mediated via amygdalar circuitry. Ghrelin
was first identified as the ligand for the orphan growth
hormone secretagogue receptor 1a (GHS-R1a).62,63 Surpris-
ingly, the peptide hormone ghrelin acting on somatotrophs of
the pituitary is produced in enteroendocrine cells of the gut,
and perhaps more surprisingly, ghrelin (although likely
produced locally) also acts at the arcuate nucleus of the
hypothalamus to affect appetite, and at other brain regions
including hippocampus and amygdala, to mediate stress-
dependent fear behaviors.63 Studies in knockout mice have
shown convincingly that ghrelin is primarily involved in
mediating satiety.54,64 Ghrelin has been proposed as a mediator
of anxiety and food reward in addition to its role(s) in
signaling satiety and controlling growth hormone secre-
tion.65,66 Ki Goosens, from the Icahn School of Medicine,
has advanced ghrelin as a biomarker for chronic stress, and
demonstrated in rodent stress models that GHS-R1a
antagonism can prevent stress-enhanced fear, suggesting both
a treatment for anxiety disorders such as PTSD, and a means of
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stratifying patients for such treatment.67 The complexity of
ghrelinergic signaling offers many potential therapeutic points
for intervention in stress-associated disorders (Figure 4),
including several in the periphery. These represent especially
attractive targets because blood-brain barrier penetrance does
not need to be overcome.
Like ghrelin, GLP-1 is produced in gut enteroendocrine cells

and released into the blood to effect hormone secretion from
endocrine pancreas (that is, it acts as an incretin). The GLP-1
analogues exenatide (a reptilian paralog of mammalian GLP-1)
and liraglutide are employed in the treatment of type II
diabetes, with the latter also approved for treatment of obesity,
with the presumptive mechanism of action of mimicking the
incretin action of GLP-1 in enhancing glucose-stimulated
insulin release from pancreatic beta cells.68 GLP-1 also causes
weight loss, through a behavioral mechanism involving reduced
food intake, and this effect, even of peripherally administered
GLP-1 or GLP-1 agonists, may be mediated through activation
of GLP1r1 receptors within the central nervous system.69,70

Separation of the physiological and pharmacological effects of
GLP-1 agonists to endocrine (presumably enteroendocrine)
cells and neurons using cell-type deletion of the GLP-1
receptor suggests that different receptor populations mediate
metabolic and feeding effects,71 offering an avenue to targeting
these effects separately, using either biased agonism, differ-
ential drug pharmacokinetics, or combinatorial approaches.
The neuropeptide focus (on, e.g., ghrelin, GLP-1, leptin,

oxytocin) of the NIDA/NIAAA-funded Clinical Psychoneur-
oendocrinology and Neuropsychopharmacology (CPN) Sec-
tion, led by Lorenzo Leggio, reflects how ingestive behaviors
can generalize from food to other rewarding/addictive
comestibles such as alcohol and drugs of abuse. Also, a
continuum of associative learning neuronal circuits, all
intimately involving neuropeptides, governs decision-making
leading to seeking behaviors. Quantifying drug-seeking
behaviors in animal models of addiction, in transgenic rodent
models, and in clinical populations studied via small Phase 1b/
2a proof-of-concept human laboratory studies performed
under rigorous and well-controlled conditions, has allowed
Leggio and colleagues to gather data about the likelihood that
addictive behaviors can be changed by physiological, trans-
genic, or pharmacological manipulations of a peptide system.
An example of this approach is work conducted on the
potential role of the ghrelin system in alcohol use disorder (for
a recent review, see ref 72). The ability to carry out such
studies to accelerate further clinical development is balanced
against the difficulties of establishing across multiple treat-
ments a “false discovery rate” that accurately informs and
justifies such efforts. This is a critical consideration for all
stakeholders in CNS neurotherapeutics, peptide or otherwise.
Vasopressin perhaps shares pride of place only with insulin

as a bioactive peptide with long-standing clinical utility. This
remains, for vasopressin’s peripheral actions, but is only
recently being developed for treatment of behavioral disorders.
Limei Zhang, from the University of Mexico, discussed
emerging understanding of vasopressin not as a hormone,
but as a central neurotransmitter. This realization was spurred
by classical observations by Buijs and others that vaso-
pressinergic neurons existed in brain regions far from the
hypothalamus, necessitating the consideration that vaso-
pressin’s actions in the brain may not be hormonally
mediated.73,74 Subsequently, neuroanatomical work of the
Zhang laboratory demonstrated not only vasopressinergic

projections to various limbic brain regions from magnocellular
vasopressinergic neurons of the hypothalamus, but the
establishment of bona fide synapses by these projections.75−79

Figure 4. Multiple theoretical targets for altering ghrelinergic
signaling. Ghrelinergic signaling involves a complex network of
proteins and enzymes in the brain and periphery. Specialized
endocrine cells in the fundus of the stomach produce the prohormone
preproghrelin, which is post-translationally spliced into both obestatin
and des-acyl-ghrelin. The GOAT (ghrelin-O-acyltransferase) enzyme,
also present in the stomach, acylates des-acyl-ghrelin at a single
residue to form acyl-ghrelin. This is a critical and necessary step for
ghrelin to bind to its receptor (GHSR1a; for growth hormone
secretagogue receptor 1a) and cross the blood-brain barrier. From the
stomach, acyl-ghrelin is released into the bloodstream, where it can
travel to bind to its receptor in the periphery (depicted here only in
the gut, but present in many organs, circulating immune cells, and
other tissues) or cross the blood−brain barrier to bind to its receptor
in the brain. In the bloodstream and brain, acyl-ghrelin is inactivated
by the enzyme butyrylcholinesterase and becomes des-acyl-ghrelin.
Whether des-acyl-ghrelin exerts biological activity is not clear. LEAP2
(liver-expressed antimicrobial peptide 2) is an enzyme produced by
the liver and gut and secreted into the bloodstream; LEAP2
antagonizes the effects of ghrelin by competitive binding at the
GHSR1a. Obestatin is also known to antagonize the effects of ghrelin,
but the mechanisms by which this is achieved are unknown. From a
therapeutic standpoint, there are many potential points at which
ghrelinergic signaling can be modulated. This includes the synthesis of
acyl-ghrelin in the stomach, the breakdown of acyl-ghrelin in the
blood, the passage of acyl-ghrelin through the blood-brain barrier, and
the activity of GHSR1a. These targets are depicted in green boxes.
Lines indicate the effects of the indicated hormone or enzyme on its
target (stimulatory or inhibitory); dotted lines indicate uncertain
effects. Figure produced using Biorender.
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Several themes have emerged from this work. One is that
vasopressin likely acts as a cotransmitter, rather than alone, in
mediating its effects at these invariably glutamatergic synapses.
A second is that changes in vasopressin expression in the
hypothalamus, driven by hydromineral balance, affect not only
vasopressin secretion from the pituitary posterior lobe, but its
release at dually projecting nerve terminals in hippocampus,
amygdala, habenula, or locus coeruleus. Thus, basic homeo-
static considerations (salt balance) manifested in thirst are
conveyed to brain centers that provide salience to other
sensory inputs and globalize priorities for seeking, or averting,
specific stimuli. While the implications for neuroscience are
profound, the implications for drug development are practical.
One must ask: are there pharmacological targets in vaso-
pressinergic cotransmitting neurons within the brain that are
absent from vasopressinergic peripheral regulation conveyed
hormonally?

■ PROOF-OF-CONCEPT FOR CNS PEPTIDE-CENTRIC
NEUROPHARMACOLOGY AND THERAPEUTICS

As can be appreciated from the preceding section, the notion
of proof-of-concept is not as straightforward for neuro-
therapeutics as it is for some other treatment arenas.
Definitions of proof-of-concept can depend upon the disease
or disorder in question and its genetic and physiological
underpinnings. The absence of well-articulated criteria for
proof-of-concept can in turn lead to disagreement over how to
conceptualize drug targets at each stage of translation. As an
example, a specific gene translocation leading to dysregulation
of the disrupted gene and a specific kind of cancer, as for the
Philadelphia chromosomal translocation and chronic myloge-
nous leukemia, provides a clear drug target for cancer
treatment. Here, proof-of-concept involves interfering with a
specific mechanism, unregulated tyrosine kinase activity, that
drives disease.80 For gene mutations even very tightly
correlated with clinical pathobiology of human brain disease
with strong animal models, such as the DISC1 schizophrenia
gene,81,82 or Shank-1 association with autism,83 this is not the
case. Even the very striking ApoE4 allelic association with
Alzheimer’s disease is not clearly identified as a gain or loss of a
specific ApoE function, clearly hampering identification of drug
targets.84 In others, mutation is associated with a very small
subset of the vulnerable clinical population, in which case the
demographics of drug targeting inhibits rather than encourages
major drug development efforts. A key concept in establishing
proof-of-concept also involves demonstration that the drug
actually reaches its target in the brain, given the existence of a
formidable biological barrier to entry of many drugs into the
brain. In short, proof-of-concept is often rather proof of a
succession of “concepts” that must be “proved” along the road
to development of neurotherapeutics. Scott Young, from
NIMH-IRP, chaired the final session in the NIMH Workshop
on Regulatory Peptides and Neurotherapeutics, introducing a
slate of speakers who addressed peptide-centric neuro-
pharmacology from this perspective. The work of the Young
laboratory, and others, exemplifies basic research focused on
vasopressinergic regulation of social behavior, with a new
target for vasopressin action, the CA2 region of the
hippocampus, emerging as a result of traditional chemo-
anatomical, optogenetic, and behavioral experiments.76,85−87

The approval of Baqsimi nasal powder, a glucagon
preparation with solubilizing and emulsifying excipients for
emergency treatment of insulin-induced hypoglycemia (see

https://www.accessdata.fda.gov/drugsatfda_docs/label/2019/
210134s000lbl.pdf), highlights a new focus on peptide delivery
systems in the pharmaceutical industry. Peptides, with their
unique net charge, charge distribution, and primary sequences,
interact with biological systems idiosyncratically. Thus,
establishing criteria similar to Lipinski’s “rule of five” that
defines desirable characteristics of small-molecule drugs, for
peptides as pharmaceutical agents, is unlikely. However, a
critical path for peptide subclasses does seem attainable. Mary
Lee and colleagues from the NIDA/NIAAA-funded Clinical
Psychoneuroendocrinology and Neuropsychopharmacology
(CPN) Section have focused on intranasal administration of
oxytocin for the potential treatment of alcohol and
psychomotor stimulant abuse.88 Using deuterium-labeled
oxytocin delivered to primates, this translational laboratory
has been able to compare endogenous and exogenous levels of
oxytocin in primate brain, to effectively “map” the brain
distribution of oxytocin after intranasal administration and to
predict its delivery to brain regions where it is likely to act at
postsynaptic receptors.89 This work offers an important
opportunity for reverse translation, as in a rodent model
oxytocin delivered intravenously affects self-administration of
methylphenidate.90 Repeating such experiments with various
modes of administration, including the intranasal route, in this
animal model should allow the correlation of delivery site with
efficacy. Demonstrating functional receptor engagement by
correlation of peptide delivery and efficacy has obvious
translational relevance, which might be generalizable to other
potential peptide neurotherapeutics.
Michael Brownstein of Azevan, Incorporated, has broadly

considered the issue of drug purposing based on emerging
basic research findings and their adaptation to clinical need.
Recent laboratory findings, including those from the Young lab
and others, point toward modulation of social behavior by
vasopressin acting on the CA2 region of the hippocampus via
the V1b receptor, while activation of V1a receptors in other
brain areas may mediate aggression in mammals.91 Extrapolat-
ing from this work and that of many others, Brownstein and
colleagues have devised an ongoing clinical trial, in which
patients with Huntington’s chorea receive a vasopressin V1a
receptor agonist, and are assessed for aggressive behavior by
their caretakers. This study simultaneously representing both
translation and reverse translation may provide guidance in
tackling neurotherapeutics for other CNS disorders by focusing
on quantifiable symptoms emerging in the activities of daily
living of both patients and those who treat and care for them.
The laboratory of Ken Jacobson, Chief of the Molecular

Recognition Section and the Laboratory of Bioorganic
Chemistry, NIDDK, has studied ligand−receptor interactions
in a group of nucleotide G protein-coupled receptors
recognizing adenosine (the Adora1 (A1), A2A, A2B, and A3
receptors) and nucleotides (P2Y receptors). In the adenosine
receptor series, it is now recognized that building out of
functionality around individual domains (e.g., adenine, ribose)
creates a series of congeners with constant properties in one
domain with variation in the other.92 In the case of the
purinergic receptors, this allows a measure of selectivity, in
both agonist and antagonist compounds, for targeting
inflammatory diseases, chronic pain, thrombosis, and cardiac
ischemia, and other conditions.93 Computational modeling of
purinergic GPCRs and their ligand interactions, for example
through docking and molecular dynamics simulation, are
effective in the discovery of both novel chemotypes by virtual
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screening, and the rational design of analogues of known
chemotypes. When a closely related GPCR structure has been
determined, but not that of the actual target receptor, validated
homology modeling can be useful for drug discovery. Lessons
learned in this arena clearly apply to peptide-liganded
receptors, not only for recognition among closely related
receptors (e.g., the PACAP/VIP receptors PAC1, VPAC1, and
VPAC2; the glucagon peptide family and its receptors) but to
engineer specificity for different signaling arms of the same
receptor.
The NIMH-IRP Translational Neuropsychopharmacology

Initiative, under the direction of NIMH-IRP’s Janet Clark, was
developed in part as a response to recognition that the
pharmaceutical industry had in recent years begun to deploy
fewer resources for drug development into areas of CNS
therapeutics due to expensive and difficult-to-recoup con-
strictions in the drug pipeline in its clinical phases. It seemed
clear that micropharma contributions to the drug pipeline94

needed to be more explicitly recognized in the area of CNS
neurotherapeutics. To date the program, primarily through its
Translational Neuropsychopharmacology Task Force https://
www.nimh.nih.gov/research/research-conducted-at-nimh/
scientific-director/office-of-scientific-director/nimh-irp-
translational-neuropsychopharmacology-initiative.shtml has
had some signal successes in providing support to nascent
drug development efforts in urgently needed areas including
most notably major and postpartum depression. Janet Clark
described at this NIMH Workshop how the Translational
Neuropsychopharmacology Initiative fits into the concept of
the “virtual drug pipeline” for neurotherapeutics. William
Potter, formerly involved in drug development in the
pharmaceutical sector, and currently advisor to the Office of
the Director, NIMH, described further efforts in helping to
shape the drug pipeline through precompetitive consortia for
drug development, describing vividly how a failure to meet
academia- and industry-wide standards for completion of
discrete milestones in moving from concept to drug has been
costly in terms of achieving success. Thus, identifying areas in
which consortial efforts might yield better payoffs provides an
alternative model whereby a single failure (for a plethora of
reasons) does not “poison the well” of future drug develop-
ment in otherwise promising areas. Precompetitive consortia,
perhaps not only clinically but preclinically, can function to
achieve some concordance about “milestones” for making a
translational case for a given peptide without being at cross-
purposes with fundamental research, the ultimate usefulness of
which is very difficult to predict. The success of translational
science we can and should predict in an actuarial sense, that of
basic research we can refrain from prognosticating about, at
least without specifying a specific domain immediately relevant
to translation. A precedent for this important issue lies in the
field of drugs for the treatment of stroke. Following thousands
of failures to bring a stroke drug other than tissue plasminogen
activator (tPA) into clinical practice, a working group was
developedthe Stroke Therapy Academic Industry Round-
table (STAIR). This group created a checklist for clinical
translation to avoid some of the most egregious errors,
including the use of doses predicted to be ineffectual but used
based on minimum-tolerated dose data; employment of
unreplicated animal studies for human drug development;
and insufficient clinical subtyping of potential study sub-
jects.95−97 Both Potter and Clark pointed out that enabling
investigators to see drug development implications of their

work, and include others in the process at an early stage,
contributes to the virtual drug pipeline in ways that have
benefited research and development alike in the stroke field,
and are likely to be helpful for assessing, and moving to first-in-
human studies, with novel neurotherapeutics as they take their
place beside emerging non-drug treatments for affective and
other CNS-related illnesses.98

■ EPILOGUE: INTEGRATING KNOWLEDGE ALONG
THE VIRTUAL DRUG PIPELINE

A virtual drug pipeline for peptide-based neurotherapeutics is
being constructed and is finding application today. In the
future, lncRNA-encoded “micropeptides”,99 aptamer technol-
ogies for laboratory evolution of spiegelmers100 and other
peptide-interacting drugs, together with enhanced under-
standing of regulatory peptide receptors, will no doubt be
incorporated into this pipeline. It will facilitate further progress
in moving from receptor ligand to drug, using as a platform the
oldest recognition system that nature has to offerthat
existing between innate biological molecular dyads, encoded by
living and still-evolving genomes. A short list of items to be
incorporated in a future collective consideration of the virtual
drug pipeline includes (1) continued attention to similarities
and differences in GPCR structure and function among the
widely diverse Gs-, Gq-, Gi-, and G11/12-coupled peptide-
liganded receptors; (2) relevance to primate physiology of the
flood of information being gained from the study of peptide
and peptide receptor gain- and loss-of-function in rodent
animal models, including close comparison of peptide and
cognate peptide receptor knockout phenotypes; (3) identi-
fication of precompetitive consortia organized around specific
peptide-liganded drug targets to rapidly close gaps in
knowledge that impede drug development; (4) consideration
of a STAIR-type neuropharmacologically oriented working
group to evaluate “promise and peril” within the critical
pathways established for promising drug candidates; closer
attention to what constitutes proof-of-concept and specif ic
target engagement within a specific drug development
program; (5) reverse translation of behavioral outcome
monitoring; and (6) integration of data gathering in patient
and animal model telemetry, which can including smartphone
data collection and bioinformatically aided data collation and
evaluation according to the Research Domain Criteria (RDoC)
model for organization of physiological and symptomatic read-
outs for human mental disorders (https://www.nimh.nih.gov/
research/research-funded-by-nimh/rdoc/index.shtml) (Table
1).

Table 1. Virtual Drug Pipeline

1. GPCR structural analysis−cross-class generalizations for RAMPs;
binding sites; allosteric sites

2. correlate basic knowledge of circuits, chemical anatomy across rodent
and primate models

3. identify precompetitive consortia to validate drug targets
4. “promise and peril” assessment (academic-industrial working groups)
5. reverse translation needs and gaps identified during drug development
6. informatics-intensive integration of preclinical and clinical data

gathering (RDoC model)
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