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Neuropeptides, a diverse class of signaling molecules in the nervous system, modulate
various biological effects including membrane excitability, synaptic transmission and
synaptogenesis, gene expression, and glial cell architecture and function. To date, most
of what is known about neuropeptide action is limited to subcortical brain structures
and tissue outside of the central nervous system. Thus, there is a knowledge gap in our
understanding of neuropeptide function within cortical circuits. In this review, we provide
a comprehensive overview of various families of neuropeptides and their cognate
receptors that are expressed in the prefrontal cortex (PFC). Specifically, we highlight
dynorphin, enkephalin, corticotropin-releasing factor, cholecystokinin, somatostatin,
neuropeptide Y, and vasoactive intestinal peptide. Further, we review the implication
of neuropeptide signaling in prefrontal cortical circuit function and use as potential
therapeutic targets. Together, this review summarizes established knowledge and
highlights unknowns of neuropeptide modulation of neural function underlying various
biological effects while offering insights for future research. An increased emphasis in
this area of study is necessary to elucidate basic principles of the diverse signaling
molecules used in cortical circuits beyond fast excitatory and inhibitory transmitters
as well as consider components of neuropeptide action in the PFC as a potential
therapeutic target for neurological disorders. Therefore, this review not only sheds light
on the importance of cortical neuropeptide studies, but also provides a comprehensive
overview of neuropeptide action in the PFC to serve as a roadmap for future studies in
this field.

Keywords: prefrontal cortex, dynorphin, enkephalin, corticotropin-releasing factor, cholecystokinin,
somatostatin, neuropeptide Y, vasoactive intestinal peptide

INTRODUCTION

Neuropeptides are widely distributed in the central nervous system (CNS) where they regulate
various biological effects (Herbert, 1993; van den Pol, 2012; Kash et al., 2015; Nusbaum et al.,
2017; Castro and Bruchas, 2019; Brockway and Crowley, 2020; Eiden et al., 2020). Currently,
most neuropeptide studies are constrained to subcortical brain structures and tissue outside of
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the CNS. With the increase in investigations centered on cortical
and limbic circuit function underlying higher-order cognition
processes, the gap in knowledge of neuropeptide function
in cortical circuits has become increasingly apparent. Thus,
an increased emphasis on research examining neuropeptide
modulation of cortical circuits is needed, particularly as we
seek to identify potential therapeutic targets for psychiatric
disorders (Salio et al., 2006; Nassel, 2009; Hoyer and Bartfai, 2012;
Crowley and Kash, 2015; Smith et al., 2019). In this review, we
highlight established knowledge and unknowns of dynorphin,
enkephalin, corticotropin-releasing hormone, cholecystokinin,
somatostatin, neuropeptide Y (NPY), and vasoactive intestinal
peptide (VIP) action in the prefrontal cortex (PFC). This
particular set of neuropeptides was chosen to investigate
because of their abundance in discrete cells and critical role
in motivational and cognitive behaviors that are relevant to
a plethora of psychiatric disorders. In turn, we discuss the
role of these peptides in regulating executive function, affective
behavior, and the role of cortical neuropeptide dysregulation in
neuropsychiatric disorders. Changes in neuropeptide expression
and action could play a direct role in cortical dysfunction
underlying neuropsychiatric disorders as well as enact indirect
and widespread effects that have profound implications for
systems dysregulation. Leveraging knowledge of neuropeptide
action in cortical circuits with insights to cortical circuit
dysfunction can help develop more focused and effective
treatments that lead to improved therapy (Poyner et al., 2000;
Roth, 2019), irrespective if a specific neuropeptide is key to
the etiology and/or maintenance of the disorder. Ultimately, we
provide a comprehensive overview of neuropeptide action in
the PFC by establishing knowns and unknowns, discussing the
potential role of neuropeptides in neuropsychiatric disorders and
animal models, and providing insights for future research.

Neuropeptides
Neuropeptides are small proteins, composed of 3–100 amino acid
residues, encoded by over 70 genes (Snyder and Innis, 1979;
Herbert, 1993; Salio et al., 2006; Burbach, 2011; van den Pol,
2012; Kash et al., 2015; Nusbaum et al., 2017; Castro and Bruchas,
2019; Brockway and Crowley, 2020; Eiden et al., 2020; Fricker
et al., 2020). Like amino acid and monoamine neurotransmitters,
neuropeptides are signaling molecules used by nerve cells to
communicate with other neurons, glial cells, and peripheral cells
(Gozes et al., 2001). Relative to other signaling molecules, the
neuropeptide class is diverse, and is hypothesized to mediate
communication across longer time scales and larger volumes
leading to broad, long-lasting modulation of neural processes
(Kim et al., 2017). Despite this diversity, all neuropeptides share
certain key characteristics that govern their signaling: expression
and biosynthesis in neurons and peripheral cells, regulated
release, the ability to regulate neural function via actions with
receptors and/or ion channels, and processing/degradation upon
release to terminate and/or modify signaling (Burbach, 2011).
In addition to expression in peripheral cells, gene expression
and biosynthesis of neuropeptides is associated with neurons
(Baraban and Tallent, 2004). Most excitatory and inhibitory
neurons in the cortex show expression of neuropeptides or a

neuropeptide binding G-protein coupled receptor (GPCR; Tasic
et al., 2018; Smith et al., 2019). A recent single-cell RNA-seq
study reporting neuropeptide and neuropeptide-selective GPCR
expression patterns in mouse neocortical neurons suggest that
neuropeptidergic networks may exist within cortical circuits
(Smith et al., 2019). These, and the evolving number of publicly
available single-cell RNA-seq and in situ hybridization data sets,
such as those from the Allen Brain Institute, serve as valuable
resources to identify putative peptide-expressing brain regions
and/or cell types.

Upon translation, neuropeptide precursor proteins undergo
proteolytic processing, an activity dependent process controlled
by intracellular calcium, that produces active neuropeptides
(Hallberg, 2015; Hook et al., 2018; Fricker et al., 2020; Lee and
Fields, 2021). Precursor proteins can yield a single neuropeptide,
multiple distinct neuropeptides, and/or multiple copies of a
single neuropeptide. A single precursor peptide giving rise to
multiple copies of the same or related peptide is energetically
advantageous and a means for signal amplification (Salio et al.,
2006; Li and Kim, 2008; Hook et al., 2018; Fricker et al.,
2020). This translational step results in unique families of related
neuropeptides with similar physiological function (Hook et al.,
2018) and is the first step toward the regulated secretory pathway,
another key characteristic that neuropeptides share.

Neuropeptides are stored and released from dense core
vesicles (DCVs) which are larger than the small, clear synaptic
vesicles (SVs) and small to intermediate-sized vesicles that store
and release amino acid and monoaminergic neurotransmitters,
respectively (Martin, 1994; Kim et al., 2006; Russo, 2017).
DCVs and SVs are differentially sensitive to stimuli that
trigger exocytosis. Specifically, they may recruit different Ca2+

sensors, allowing for independent regulation of exocytosis in a
temporally- and activity-dependent manner (Zhang et al., 2011;
Sudhof, 2012; Kim et al., 2017). Neuropeptide release from
DCVs is triggered by small elevations in the Ca2+ concentration
in the cytoplasm, whereas secretion of amino acids from SVs
requires higher elevations, as produced in the vicinity of Ca2+

channels near the active zone at synapses (Hokfelt et al.,
2000; Tallent, 2008; Nusbaum et al., 2017). These variations in
DCV and SV sensitivity to exocytosis triggering stimuli may
be important for dictating where neuropeptides are capable of
being released. Specifically, SVs aggregate near regions on the
presynaptic membrane containing release sites, where DCVs are
more randomly distributed throughout the cell (Bean et al., 1994).
However, nuanced organization of DCV clustering may exist that
has yet to be revealed as studies have shown DCVs containing
neuropeptides near dopamine receptors (Svingos et al., 1999),
in close proximity to release sites (Song et al., 2020), or away
from the active zone (Liguz-Lecznar et al., 2016). This indicates
not only that DCVs can be released at multiple sites, but also
that various combinations of expression and release patterns exist
(Chini et al., 2017). Relative to fast neurotransmitters that bind
to their cognate receptors with low affinity, neuropeptides bind
with high affinity to GPCRs (Tallent, 2008; Burbach, 2011). It
is important to note that following release, regulatory proteases
can act on neuropeptides to modify their bioactivity. These
modifications can cause inactivation, decrease or increase affinity
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for GPCR targets, or even confer selectivity for GPCR or ion
channels beyond the initial GPCR targets (Mentlein, 2004; Hook
et al., 2018). In summary, both the increase in sensitivity of
release and variation in location of DCVs leads to neuropeptide
signaling properties that shape circuit activity in a spatially- and
temporally- distinct manner relative to fast transmitters.

G-Protein Coupled Receptors
When released from their DCVs, neuropeptides bind to
their cognate GPCRs to initiate signaling. These receptors
constitute the largest family of transmembrane proteins and
mediate cellular responses to hormones, neurotransmitters, and
neuropeptides through interaction with their extracellular loop
binding pockets (Rosenbaum et al., 2009; Heldin et al., 2016).
Some neuropeptides exhibit a high degree of promiscuity across
GPCRs and can bind several receptor subtypes (Devi, 2001;
Hoyer and Bartfai, 2012; Hook et al., 2018). Importantly,
GPCRs are the therapeutic target of 34% of FDA-approved
medications, highlighting the importance of neuromodulatory
systems (Roth, 2019). Although the GPCRs we discuss in
this review bind to endogenous neuropeptides that have been
identified and characterized, it is important to note many
GPCRs have not yet been linked to endogenous ligands and are
designated as orphan GPCRs (Tang et al., 2012). Conversely,
many neuropeptides have been described and it is unclear what
the repertoire of GPCR activation is for these peptides [i.e.,
cocaine and amphetamine related transcript peptide (CART)].
Neuropeptides interact with proximal G proteins and other
GPCR-associated signaling molecules, except in instances where
neuropeptide release sites and receptor location are mismatched
or not proximally located (Herkenham, 1987). Nevertheless,
neuropeptides can bind distal G-protein and receptor sites
via volume transmission (van den Pol, 2012). G proteins are
heterotrimeric, specialized proteins comprised of an alpha, beta,
and gamma subunit (Weis and Kobilka, 2018; Wootten et al.,
2018). Upon agonist-induced activation of the GPCR, GDP is
exchanged with GTP on the alpha subunit to initiate G-protein-
mediated signaling and the separation of the alpha subunit
and beta-gamma dimer (Bruchas and Chavkin, 2010; Burbach,
2011; Weis and Kobilka, 2018; Wootten et al., 2018; Lemos
Duarte and Devi, 2020; Zastrow and Sorkin, 2021). Subsequently,
each subunit interacts with secondary transducers that amplify
signaling cascades or impact the function of regulators of
intrinsic excitability or synaptic transmission, such as voltage-
gated or ligand-gated ion channels. GPCR function and signaling
is not limited to the plasma membrane, however, even after
internalization GPCRs can continue to signal from endosomes
(Zastrow and Sorkin, 2021).There are four subcategories of
GPCRs determined by their alpha-subunit: Gi/o, Gq/11, Gs,
G12/13, and Golf (Rosenbaum et al., 2009). Each subtype
of G protein alpha subunit has different modulatory effects
and enacts different signaling cascades. A simple but useful
oversimplification is that Gq, Gs, and G12/13 are stimulatory
where Gi/o is inhibitory. Gq activates the phospholipase C
(PLC) pathway enacting critical second messengers that mediate
calcium signaling. Gs activates the formation of cyclic adenosine
monophosphate (cAMP) and subsequently activation of the

protein kinase A pathway. Gi/o-coupled GPCRs inhibit cAMP
formation and recruit G-protein coupled inwardly rectifying
channels (GIRKs) or inhibit voltage-gated Ca2+ channels to
decrease intrinsic excitability. Gi/o and Gs (Cahill et al., 2014;
Gangarossa et al., 2019; Jiang et al., 2021) coupled GPCRs also
evoke MAPK/ERK dimers through GRK/β-arrestin accessory
proteins. MAPK and ERK both regulate targets in the cytosol
and translocate to the nucleus where they phosphorylate a
variety of transcription factors that regulate gene expression. The
resulting signal transduction mechanism through each of the
four G-protein subtypes may differ depending on receptor ligand,
a phenomenon called functional selectivity or biased agonism
(Weis and Kobilka, 2018; Wootten et al., 2018; Faouzi et al.,
2020; Wingler and Lefkowitz, 2020). Biased agonists activate
an isolated portion of a receptor’s potential signaling pathways
and either have no effect on or inhibit the other signaling
cascades. For example, a G protein-biased agonist may only
activate the G-protein dependent signaling but result in minimal
to no activation of β-arrestin-dependent cascades. Conversely,
GRK/β-arrestin biased agonists preferentially activate MAP
kinase signaling cascades while sparing or minimally impacting
G-protein signaling. Thus, modulatory effects of neuropeptides
through GPCR signaling are dependent on the pathways in
which they enact.

The Prefrontal Cortex
A detailed description of prefrontocortical function and
architecture is beyond the scope of this review. Therefore, we
invite the reader to the following review articles for a more in
depth look at cortical architecture and circuit function (Carlen,
2017; Fishell and Kepecs, 2020; Ibrahim et al., 2020; Le Merre
et al., 2021; Murray and Fellows, 2021; Tejeda et al., 2021). In this
review, we focus on aspects of cortical circuits directly relevant
to understanding the role of the neuropeptides in the PFC.

Studies using rodents have established the PFC is subdivided
into three categories including the dorsomedial PFC (dmPFC),
ventromedial PFC (vmPFC), and ventrolateral PFC (vlPFC) (Le
Merre et al., 2021). Each subdivision contains distinct cortical
subregions that share connectivity and anatomical features
(Carlen, 2017). These subregions include the anterior cingulate
and dorsal prelimbic (of the dmPFC), infralimbic and ventral
prelimbic PFC (of the vmPFC), and orbital frontal cortex (of
the vmPFC and vlPFC). Cortical neurons are diverse and can
be categorized according to different characteristics, including
morphology, patterns of local and long-range connectivity,
intrinsic physiology, type of fast neurotransmitter released, and
in some cases the neuropeptides they express. The PFC is
the brain region with the most connections to other brain
regions (Carlen, 2017; Le Merre et al., 2021). Cortical excitatory
projection neurons send efferents to a wide array of target
brain regions, including limbic structures such as the amygdala,
thalamus, multiple nodes of the basal ganglia including the
striatum, hypothalamus, monoaminergic centers of the midbrain,
and the periaqueductal gray area. Inputs to the PFC arise
from various associative and primary sensory cortices, thalamus,
hypothalamus, and monoaminergic centers of the midbrain,
hindbrain, as well as limbic regions, including the amygdala and
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ventral hippocampus. Prefrontal cortical circuits also contain
a plethora of inhibitory neurons, which serve to limit the
activity of principal excitatory neuron and/or disinhibit them
(Ferguson and Gao, 2018; Fishell and Kepecs, 2020; Wang et al.,
2020). Classes of cortical neurons are differentially localized
across cortical layers and extensively interconnected (Harris
and Shepherd, 2015; Carlen, 2017; D’Souza and Burkhalter,
2017; Adesnik and Naka, 2018). Cortical circuits integrate
these intracortical connections with subcortical connections
and local circuit motifs embedded in the microcircuits process
them (Harris and Shepherd, 2015). The laminar structure
of the PFC is elaborate and neuron location within layers
underlies function (D’Souza and Burkhalter, 2017). For instance,
excitatory outputs of cortical circuits tend to have layer specificity
(Adesnik and Naka, 2018). These circuit motifs regulate cortical
processes in various ways including, signal amplification via
recurrent excitatory connections, lateral inhibition via poly-
synaptic inhibition, generation and/or maintenance of circuit-
wide oscillatory activity, and mechanisms for signal convergence
and divergence. Despite decades of research and significant
advances in knowledge of nuanced synaptic connectivity of
cortical networks and microcircuits therein, there are still many
unknowns regarding how information is processed beyond fast
excitatory and inhibitory connections. Therefore, uncovering
more about how the cortex is organized is necessary to
understand the extent to which neuropeptides modulate circuit
function and behavior.

Neuropeptides in the Prefrontal Cortex
In the present review, we propose that neuropeptides, in the
PFC, act as specialized modalities of communication that convey
cellular and synaptic specificity via integration of neuropeptide-
producing neurons, enzymes that degrade them, and cells
bearing cognate receptors to their specific neuropeptide or
family of neuropeptides (Figure 1A). For example, consider
communicating by cell phone as compared to listening to
National Public Radio (NPR): a cell phone transmits a direct
signal from one phone to another whereas a radio tower
broadcasts a widespread message that is only detected by radios
tuned to a specific channel frequency. Radios tuned to the
specific channel frequency (NPR) will receive the message, while
non-tuned radios will not. In this analogy, the cell phone
represents fast-neurotransmitter communication and the radio
represents neuropeptide communication (Figure 1B). Virtually
every neuron has both ionotropic glutamate and GABAergic
receptors localized to post-synaptic densities that receive specific
connections from specific neurons arising from local circuits or
long-range afferents. Synaptic connections between neurons by
fast transmitters are akin to direct calls made via cell phones
where every person has the capacity to answer or make direct
calls to their neighbors or friends and family. Conversely,
neuropeptidergic transmission is like radio communication
where messages are broadcast globally (neuropeptide volume
transmission), but since not every neuron expresses every
neuropeptide receptor (e.g., not all radios are tuned in to the
correct frequency) neuropeptide transmission confers specificity
in the circuit. This provides cells with specific neuropeptide

expression to selectively control circuit elements endowed with
complementary cognate receptor.

Other principals by which neuropeptides orchestrate PFC
circuit function remain unknown. For example, temporal
differences in the timescale of neuropeptide action and signaling
contributes to a varied timeframe of circuitry regulation found
across different neuropeptides. How this temporal difference
specifically impacts the effect of neuropeptide action on the
circuit has not been thoroughly investigated. Furthermore, a
contributor to the varied timeframe of circuitry regulation
seen across neuropeptides is the presence and action of
peptidases. Specifically, peptidases limit neuropeptide diffusion
and prematurely terminate its action. A small number of studies
indicate peptidase regulation of neuropeptide action influences
neural circuit activity (Wood and Nusbaum, 2002; Trieu et al.,
2022). However, little is still known and investigation of peptidase
action on circuit dynamics remains a promising area of study.
Moreover, although it has been established that the PFC is reliant
on its intricate, layered organization for proper function, much
remains unknown regarding the integration of neuropeptides
and their cognate receptors into this structure (Figure 1C).
Identifying layer differences in neuropeptide, receptor, peptidase
localization, and effective neuropeptide concentrations across
layers will be essential to increase our understanding of where
neuropeptide signals originate and how they finally impact
PFC circuits. Further, it is also of importance to establish how
the aforementioned nuances of neuropeptide systems integrated
in PFC circuits resonate with nuanced layering of neuronal
arborization location of different neuropeptide and peptide
receptor-containing neurons and their physiological properties.
For instance, if a neuropeptide is expressed in one layer of
the PFC and the receptor in another it gives the cortex
layer specific intercommunication capacities. Additionally, if
the branching patterns of different neuropeptide expressing
neurons differ, the layers in which their arborizations reside
may also differ. In turn, this leads to variability in innervation
by layer specific inputs. Finally, neuropeptide action is highly
intertwined with internal states and experience influenced
by context, exteroceptive and interoceptive cues, motivation,
arousal, and affect (Kennedy et al., 2014; Zelikowsky et al.,
2018). For example, the internal state of an organism significantly
regulates neuropeptide transmission through various facets.
Specifically, internal state may impact neuropeptide release,
peptidase activity, cognate receptor expression and function, or
downstream signaling. Additionally, neuropeptides themselves
may influence the maintenance or transitions between internal
state or be changed as a consequence of internal state
(Figure 1D). However, further investigation of the dynamic
nature of internal state and neuropeptide action is required. For
example, the field has yet to fully understand the dependence
of PFC neuropeptide expression and function on internal state.
As a last example, if a neuropeptide receptor impacts an ion
channel that is preferentially utilized in specific sub-populations,
then that neuropeptide system will have a cell-selective effects
even if the receptor is widely expressed. Further delineating
these principals is a promising avenue to further investigate how
different neuropeptides differentially fit into cortical circuits.

Frontiers in Neural Circuits | www.frontiersin.org 4 June 2022 | Volume 16 | Article 796443

https://www.frontiersin.org/journals/neural-circuits
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neural-circuits#articles


fncir-16-796443 June 21, 2022 Time: 11:50 # 5

Casello et al. Neuropeptides in the Prefrontal Cortex

FIGURE 1 | (A) Long-lasting modulation: neuropeptides may mediate communication across longer time scales and larger volumes leading to long-lasting
modulation of neural processes relative to shorter volumes and shorter duration of other molecules such as fast amino acid neurotransmitters. (B) Neuropeptide
signal specificity: neuropeptide transmitters can only be detected if the appropriate neuropeptide receptor is present (like a radio signal the neuropeptide signal can
only be received if the radio is tuned to the corresponding radio station, unlike a phone which receives point-to-point calls). (C) Cortical layering: different cortical
layers may have different peptides or receptors and/or concentrations due to various factors including, but not limited to, differential arborization of PFC
neuropeptide- and receptor-expressing cells, concentrations of degrading enzymes, or afferent inputs containing presynaptic receptors. (D) Various aspects of
neuropeptides transmissions are subject to change, including neuropeptide production and release, degradation by peptidases, or signaling depending on the
experience or internal state of an organism. NPY, neuropeptide Y; SST, somatostatin, CCK, cholecystokinin; CRF, corticotropin-releasing factor; KOR, κ-opioid
receptor, CRF1R, corticotropin-releasing factor type 1.

Neuropeptide modulation of cortical circuits modifies PFC
processing of sensation, perception, decision-making, cognition,
and/or affective behaviors. Dysregulation of the PFC is associated
with various psychiatric disorders, including depression (Hare
and Duman, 2020), anxiety (Park and Moghaddam, 2017),
post-traumatic stress disorder (Koenigs and Grafman, 2009),
and substance use disorders (Goldstein and Volkow, 2011).
Therefore, the potent regulatory effects of neuropeptides on
higher-order cognition processes in the PFC could contribute
to symptomology of various psychiatric disorders. To date,
there is limited information on how neuropeptides govern
cortical circuits and whether there is region-specific regulation
of neuropeptide release (Brockway and Crowley, 2020). In
turn, throughout this review, to supplement for vast gaps in
knowledge of specific neuropeptide function within the PFC, we
mention research in other cortical regions or culture systems

to make predictions of how neuropeptides may function in
the PFC. It is imperative the field further investigations of
neuropeptide action within the PFC to uncover these unknowns
so ultimately potential therapeutic targets to various psychiatric
disorders are revealed.

NEUROPEPTIDE FAMILIES

Dynorphin
Dynorphins (Dyns) are endogenous neuropeptides that play
an essential role in regulating nociceptive, cognitive, and
affective information. Dyns are synthesized from the precursor
prodynorphin (PDyn) (Chavkin et al., 1983), which is cleaved
by the enzyme proprotein convertase 2 (PC2) (Day et al., 1998).
Cleavage produces three primary forms of Dyn: Dyn A, Dyn B,
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and big Dyn, which consists of Dyn A and B. Each form shows a
high affinity for the kappa opioid receptor (KOR) (Chavkin et al.,
1982; Schwarzer, 2009). The most potent activator of KORs, Dyn
A 1–17, is a 17 amino-acid peptide (James et al., 1984). Note
that there are less potent forms like Dyn A(1−13) and Dyn A
(1−8) (Feuerstein and Faden, 1984). The first five amino acids
of Dyn encode the peptide Leu-enkephalin which is essential for
binding to KORs (Chavkin and Goldstein, 1981). Dyn B and big
Dyn (Fischli et al., 1982) also activate KORs but possess lower
KOR binding affinities than Dyn A. In addition to KOR, Dyn
A1−8, a truncated form of Dyn A (Minamino et al., 1980), shows
moderate affinity to both µ and δ opioid receptors (Toll et al.,
1998). Dyn has also been shown to have non-opioid actions at
NMDA receptors (Chen et al., 1995; Caudle and Dubner, 1998;
Tang et al., 2000). Triggered by membrane depolarization, Dyn is
released from DCVs localized to presynaptic or somatodendritic
terminals (Molineaux and Cox, 1982; Chavkin et al., 1983;
Whitnall et al., 1983; Svingos et al., 1999). Once released, Dyns
mainly target KORs (Wagner et al., 1991), which are inhibitory
GPCRs that activate Gi/o signaling pathways (Taussig et al., 1993).
Dyn is hypothesized to mediate inter-cellular communication
through volume transmission where the peptide diffuses to
binding sites up to 50–100 µm from their release site as measured
in the hippocampus (Drake et al., 1994; Castillo et al., 1996;
Chavkin, 2000). Although not observed in the PFC, this translates
as it suggests that the location of KORs and localization of
peptidases that degrade Dyns are essential to understanding the
spatiotemporal profile of Dyn/KOR signaling. Together, Dyn
signaling through KORs and subsequent downstream effects
contribute to sensory and affective information regulation.

Roughly 8% of cortical neurons express PDyn, and 3%
express KORs (Smith et al., 2019). Specifically, PDyn is heavily
expressed in somatostatin interneurons (Sohn et al., 2014; Smith
et al., 2019). PDyn mRNA and Dyn immunoreactivity has been
observed across cortical regions in several species (Khachaturian
et al., 1985; Peckys and Hurd, 2001; Yakovleva et al., 2006).
Still, the relative abundance of this system is over-represented in
primates relative to rodents (Hurd, 1996; Merchenthaler et al.,
1997; Lin et al., 2006). Thus, the role of cortical PDyn may
be more relevant in humans than in rodents and suggests the
Dyn/KOR system may play a unique role in humans. In turn,
warranting future research. In primary sensory cortices, most
PDyn-mRNA expressing neurons are GABAergic somatostatin-
containing interneurons (Sohn et al., 2014; Loh et al., 2017b;
Smith et al., 2019), whereas, in the PFC, most PDyn-expressing
neurons are glutamatergic (Sohn et al., 2014). A recent study
using PDyn-iCre mice crossed with tdTomato mice showed
strong labeling restricted to superficial layers in the insular
cortex (Pina et al., 2020). Rats show temporal shifts in the
patterns of cortical PDyn expression at different developmental
stages (Alvarez-Bolado et al., 1990) and this dynamic expression
pattern is consistent with reported maturational changes in
rats’ mPFC Dyn/KOR signaling patterns (Sirohi and Walker,
2015). PDyn expression may also change as a function of
activity and experience. A recent study reported a transient
experience-dependent increase in the percentage of somatostatin
interneurons expressing PDyn (Loh et al., 2017a). This is

supported by data that show regulation of human cortex PDyn
expression by epigenetic changes linked to psychiatric disorders
(Taqi et al., 2011; Yuferov et al., 2011; Butelman et al., 2012;
Tejeda et al., 2012; Bazov et al., 2018a). These findings suggest
Dyn expression can be used as a marker that represents a dynamic
functional state of somatostatin (SST) interneurons that are
sensitive to developmental and environmental factors underlying
psychiatric disorders. However, further research is needed to
validate this model.

The abundance of KOR mRNA expression in the cortex
suggests that cortical sources of Dyns should affect local circuits
(Meng et al., 1993; Svingos and Colago, 2002; Bazov et al.,
2018b). KOR and PDyn mRNA expression patterns suggest
that different cortical regions show distinct patterns of layer
specificity (DePaoli et al., 1994; Peckys and Hurd, 2001; Smith
et al., 2019). For example, in humans PDyn mRNA shows a
different pattern of expression in the cingulate and dorsolateral
PFC. Specifically, PDyn mRNA is widely spread across layers
of the cingulate whereas it is tightly confined to limited layers
in the dorsolateral PFC. In contrast, KOR is expressed similarly
in both regions. Considering abundant expression of KOR and
PDyn mRNA in the cortex, it is currently unclear how Dyn
producing cells influence incoming KOR-expressing inputs or
local-circuit neurons and unknown whether Dyn is released from
axon terminals to act homosynaptically or heterosynaptically. It is
also not known whether Dyn can be released from PFC cells from
somatodendritic compartments to influence incoming inputs to
Dyn neurons in a retrograde manner. Future research is necessary
to address these unknowns and dissect Dyn/KOR regulation
of PFC inputs. Moreover, KORs are differentially expressed in
limbic afferent inputs that project preferentially to the PFC
relative to primary sensory cortices (Tejeda et al., 2021). KOR
mRNA shows increased expression in layer VI pyramidal neurons
projecting within the telencephalon (Tasic et al., 2018; Smith
et al., 2019). Ultrastructural studies show that prefrontal KOR
immunoreactivity is primarily observed in presynaptic terminals
with varicosities and presynaptic terminals of symmetric and
asymmetric synapses, indicative of excitatory and inhibitory
synapses, respectively (Svingos et al., 1999). Consistent with KOR
localization on varicosities, KORs are expressed presynaptically
in mesocortical dopaminergic terminals in the PFC and inhibit
the release of dopamine (Tejeda et al., 2013). However, the
expression of KOR in mesocortical neurons is not limited to
presynaptic terminals, as KOR activation directly inhibits the
activity of PFC-projecting ventral tegmental neurons (Margolis
et al., 2006). KORs also regulate excitatory basolateral amygdala,
but not ventral hippocampus, inputs to PFC (Tejeda et al., 2015),
suggesting that the Dyn/KOR system may filter information
coming into the PFC in a pathway-specific manner. KORs
also potently inhibit the glutamate-driven enhancement of
extracellular GABA levels, suggesting that Dyn may also
regulate excitation/inhibition balance (Tejeda et al., 2013).
Pathway-specific Dyn/KOR regulation of excitatory synapses and
excitation/inhibition balance in different cell types has also been
observed in the nucleus accumbens (Tejeda et al., 2017), which
would imply that selective filtering of information flow may be
a general principle of the Dyn/KOR system. Inhibitory actions
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of dynorphin on insular cortex GABA neurons have also been
reported (Pina et al., 2020). Collectively, these studies suggest that
Dyn/KOR signaling may regulate PFC information processing via
multiple mechanisms.

Dysregulation of the Dyn/KOR system has been shown to play
crucial roles in drug-seeking, appetitive, and mood disorders.
KOR activation promotes aversive behavior in animal models
(Mucha and Herz, 1985) and psychotomimetic, anxiogenic,
aversive experiences in humans (Pfeiffer et al., 1986). Direct
infusion of the KOR antagonist norBNI in either prelimbic or
infralimbic cortices diminishes restraint stress-induced increases
in arterial pressure and heart rate without affecting stress-induced
changes in tail and body temperature (Fassini et al., 2014, 2015).
This suggests that KOR signaling in the PFC increases autonomic
arousal and may underlie maladaptive stress-related responses,
a hallmark of anxiety disorders. Consistent with this notion,
mPFC infusion of a KOR antagonist had an anxiolytic effect
in an open field (Wall and Messier, 2002; Tejeda et al., 2015).
Moreover, systemic or direct injection of KOR agonist in mPFC
produces conditioned place aversion (CPA) (Bals-Kubik et al.,
1993). Furthermore, CPA induced by systemic KOR agonist is
blocked via mPFC infusion of KOR antagonist (Tejeda et al.,
2013), indicating that KOR activity in the mPFC is required
for KOR-mediated aversion. Other studies have identified a role
for the Dyn/KOR system in the infralimbic cortex in reducing
anxiety-like behavior. Intra-mPFC administration of the KOR
agonist, U69,593, or the KOR antagonist, nor-BNI, reduces
and increases anxiety-like behavior, respectively (Wall et al.,
2001; Wall and Messier, 2002). Further insight regarding the
mechanisms of the Dyn/KOR system’s regulation of autonomic,
anxiety-like behavior, and aversive responses may benefit future
treatments for patients with anxiety and mood disorders.

The Dyn/KOR system may also regulate cognition via
regulation of mPFC circuits. A recent study found that KOR
activation in the PFC decreased accuracy and responsiveness in
a delayed non-match to sample working memory task (Abraham
et al., 2021). These effects were recapitulated by optogenetic
activation of PDyn expressing PFC neurons and blocked by
local infusion of the KOR antagonist norBNI. Conversely,
the Dyn/KOR system in the infralimbic cortex may promote
working memory as KOR activation and inhibition enhances
and decreases putative measures of working memory on the
spontaneous alternation memory task (Wall and Messier, 2002;
Wall et al., 2001; Wall and Messier, 2002). Collectively, these
studies point to a potential role of KOR-PFC signaling in
PFC-dependent working memory and this capacity may differ
depending on PFC sub-regions.

What is currently unknown is how the many actions of
Dyn/KOR signaling impacts the function of PFC circuits to
influence behavior. Dopamine transmission and limbic inputs in
the PFC are critical for cognitive processing, working memory,
and decision-making (Goldman-Rakic et al., 2000; Floresco,
2013; Arnsten, 2015). The Dyn/KOR system is widespread across
cortical circuits. However, unique innervation of the PFC by
KOR-sensitive afferent inputs, such as the ventral tegmental area
and basolateral amygdala, that convey motivationally charged
information to promote executive control of behavior inherently

confers the PFC Dyn/KOR system the capacity to regulate
affective behavior and cognitive control. The inhibitory effect of
KOR activity in dopamine and basolateral inputs to the PFC,
imparts a specialized function for this system in differentially
shaping PFC circuits versus primary and lower-order associative
cortical circuits. Moreover, Dyn expression in PFC circuits
is not restricted to GABAergic neurons, as is observed in
primary sensory cortices (Sohn et al., 2014). This suggest that
principal neurons may utilize this peptide to influence incoming
afferents and dopaminergic inputs, providing a modulatory signal
capable of filtering incoming information and local processing.
Differential integration of the Dyn/KOR system into PFC along
with unique features of the PFC may be essential contributing
factors that position the Dyn/KOR system as a potent regulator
of affective, defensive, arousal and executive function.

One function of the PFC Dyn/KOR system may be to
regulate dendritic integration in cortical cells by virtue of the
diverse actions this system has on PFC circuits. Dopamine
transmission in the PFC may drive wide-spread cellular effects
that culminate in increased encoding of synaptic information
within dendritic compartments within specific ensembles of
neurons. By directly inhibiting glutamate release via a presynaptic
site of action, KOR may decrease the probability of NMDA
receptor activation and subsequent recruitment of active
conductances, such as voltage-gated calcium channels, to
reduce responsivity of neurons to incoming inputs (Palmer
et al., 2014; Augusto and Gambino, 2019). KORs localized
within dendritic processes may also influence the way KOR-
positive cortical cells process information. GABAB receptors,
Gi/o-coupled GPCRs similar to KOR, inhibit Ca2+ signaling
through NMDA receptors (Chalifoux and Carter, 2010), which
would be predicted to inhibit Ca2+-regulated processes in
somatodendritic compartments essential for shaping input-
output transformations. Occasional co-localization of KOR and
NMDA receptors in dendrites (Svingos and Colago, 2002)
provides an anatomical basis for interaction between KOR and
NMDA receptors similar to those with GABAB receptors. KOR
activation also influences the mTOR pathway, which modifies
neurite outgrowth, spinogenesis, and synaptic plasticity in
cortical neurons (Liu et al., 2019), providing another mechanism
by which Dyn may regulate dendritic processing in PFC KOR-
containing neurons. Lastly, Dyns can positively or negatively
allosterically modulate NMDA receptor activity in a KOR-
independent manner (Caudle and Dubner, 1998), influencing
excitatory transmission or synaptic integration. Collectively, the
concerted efforts of Dyn/KOR signaling is expected to have
widespread effects on PFC cortical circuit dynamics and may be
important for the selection/deselection of ensembles that encode
PFC-dependent behavior.

Enkephalin
Enkephalins (Enks) are endogenous neuropeptides and members
of the opioid peptide family that play a significant role in
neurotransmission and pain modulation. Enks signal through
Gi/o opioid receptors, preferentially binding to DOR and MOR
(Takahashi, 2016). Enk, DOR, and MOR expression is widely
distributed throughout the central, peripheral, and autonomic
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nervous systems, multiple organ systems, as well as endocrine
tissues and their target organs (Hughes et al., 1975; Tang et al.,
1982; Holaday, 1983; Coffield and Miletic, 1987; Duque-Diaz
et al., 2017; Smith et al., 2019). There are two structurally different
Enk peptides, Met-Enk and Leu-Enk which arise via proteolytic
processing from the precursor proteins proenkephalin A and
proenkephalin B, referred to as PDyn. Proenkephalin is enriched
throughout the brain and gives rise to Met- and Leu-Enk
neurons in various regions including the cerebral cortex, basal
ganglia, limbic telencephalic nuclei, hypothalamus, and thalamus
(Geracioti et al., 2009). Proenkephalin A yields four Met-Enks,
one Leu-Enk, one Met-Enk-Arg6-Phe7, and one Met-Enk-Arg6-
Gly7-Leu8 (Dhawan et al., 1996). In contrast, PDyn yields one
Leu-Enk. Leu- and Met-Enks have the highest binding affinity to
DOR followed by the MOR (Schafer et al., 1991; Devi, 2001).

Enkephalin and cognate opioid receptor DOR and MOR
expression in the cerebral cortex has been thoroughly
characterized (Giraud et al., 1983; Taki et al., 2000; Smith
et al., 2019). Single-cell RNA sequencing reveals roughly
40% of anterior lateral motor cortex (ALM) and primary
visual cortex (VISp) cells contain the pro-enkephalin gene
(PENK), 40% contain the gene encoding MOR (Oprm1), and
13% contain the gene encoding DOR (Oprd1). According to
single cell sequencing, PENK is primarily expressed in VIP
and parvalbumin containing GABAergic neurons, although
a small subset of glutamatergic IT neurons also express the
gene. Similarly, although Oprm1 is mainly expressed in VIP
and somatostatin GABAergic neurons, it is also expressed
in a small subset of parvalbumin and layer VI glutamatergic
neurons. In contrast, Oprd1 is almost exclusively expressed in
somatostatin and PV cells (Smith et al., 2019). Furthermore,
immunolabeling methods show neurons expressing MOR are
frequently colocalized with proenkephalin, and mainly express
on small, non-pyramidal neurons expressing GABA in layers
II–IV (Taki et al., 2000). Immunocytochemical detection of
opioid peptides in the PFC reveal widespread expression of Enk
in layers II and III and V and VI of neocortex in addition to
layers II and III of the olfactory cortex (McGinty et al., 1984;
McGinty, 1985). Additionally, radioimmunoassays reveal the
ratio of Leu-Enk to Met-Enk-Arg6-Gly7-Leu8 is roughly one,
which corresponds with the ratio of respective precursor proteins
(Giraud et al., 1983). This contrasts with other peptides where
the ratio of respective precursor proteins does not correspond
with the active peptide, in turn, implying the majority of PENK
is converted to active Enk peptide. In summary, Enk and its
cognate receptors are expressed across layers of the cortex in
both glutamatergic and GABAergic neurons.

Enkephalin impinges on cortical circuitry by regulating
synaptic transmission and other cortical neuromodulators.
Electrophysiological findings reveal opposing roles of MOR
and DOR in synaptic transmission within thalamo-cortico-
striatal circuits. Specifically, MOR agonists suppress excitatory
thalamic inputs to the ACC, while DOR opioid agonists
disinhibit ACC pyramidal neurons by suppressing feed-forward
inhibition (Birdsong et al., 2019). Therefore, DOR activation
causes hyper-excitable ACC circuits and MOR activation causes
inhibition of glutamate release. This suggests Enk action

on either MOR or DOR can differentially impact thalamo-
cortical-striatal circuitry. Moreover, MOR modulation of cortical
circuity is subregion specific. MOR agonists acting on MORs
expressed on parvalbumin-interneurons inhibit GABAergic
synaptic transmission in the medial orbitofrontal cortex but not
lateral orbitofrontal cortex (Lau et al., 2020). MOR antagonism
does not reverse this suppression of inhibition which indicates
MOR enaction of long-term depression. Ultimately, these
regional differences suggest location-dependent differences in
MOR coupling to downstream cAMP/PKA signaling cascades
or differential expression of functional MORs. Cortical MOR
also regulates dopamine action. For example, MOR activation
within the PFC elevates local dopamine overflow (Tejeda
et al., 2013), which provides a novel mechanism by which
MORs may regulate dopamine output beyond disinhibition of
dopamine neuron activity within midbrain circuits (Johnson
and North, 1992; Matsui and Williams, 2011). Additionally, Enk
can modulate cortical circuitry by altering the action of other
neuropeptides in the system. D-Ala2-D-Leu5-Enk inhibits K+-
stimulated release of cholecystokinin in the hypothalamus but
not the cortex (Micevych et al., 1985). Contrastingly, cortical
D-Ala2-D-Leu5-Enk inhibits K+-stimulated release of VIP in a
naloxone dependent manner (Micevychi et al., 1984). Together,
these results indicate region-specific, elaborate modulation of
cortical circuitry by Enk through MOR and DOR.

Activation of DOR and MOR and their signaling cascades
by Enk has been shown to modulate information processing
in cortical circuits and associated behaviors. Specifically, studies
on Enk modulation of neural circuits as contributors to
psychiatric disorders (e.g., addiction, anxiety, depression, and
PTSD) and pain regulation are currently active areas of
research. Adverse life experiences increase lifetime risk to stress-
related psychopathologies, and exposure to stress downregulates
endogenous Enk expression in the PFC in rats (Li et al.,
2018). However, post-mortem cortical tissue from individuals
suffering from substance use disorder showed upregulated PDyn
and KOR mRNA, but no significant changes in expression of
proenkephalin, MOR, and DOR opioid receptor mRNA was
evident. This suggests KOR but not MOR signaling may underlie
in part the neurocognitive dysfunctions relevant for addiction
and disrupted inhibitory control (Bazov et al., 2013; Nosova et al.,
2021).

Prefrontal cortex Enk and MOR signaling has been implicated
in modulating reward-seeking and compulsive behaviors. MOR
stimulation within the vmPFC induces feeding and hyperactivity
(Mena et al., 2011, 2013; Giacomini et al., 2021). Additionally,
endogenous cortical Enk transmission is both necessary and
sufficient for the expression of impulsive action in a high-arousal
appetitive states (Selleck et al., 2015) as well as anticipation and
excessive consumption of alcohol (Morganstern et al., 2012).
Opioid action in the PFC has been implicated in inhibitory-
control deficits associated with addiction and binge-type eating
disorders. For example, prenatal ethanol exposure led to increase
in Met-Enk in the PFC which is suggested to underlie the
facilitation of postnatal ethanol intake (Abate et al., 2017).
Furthermore, cocaine self-administration significantly increases
MOR and DOR mRNA but not proenkephalin mRNA in
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the PFC indicating changes in these targets may underlie
cocaine-induced reward and habitual drug-seeking behavior
(Sun et al., 2020). Cortical Enk may also regulate compulsive
behaviors as models of autism spectrum disorder demonstrate
a decrease in cortical endogenous Enk with an increase in
repetitive behaviors (Augustine et al., 2020).Together, these
studies suggest the role of Enk signaling through MOR and DOR
in cortical circuit processing and associated behaviors underlying
neurological disorders.

Changes in Enk cognate receptor availability also impacts
cortical circuits which regulate reward and motivational
processes that underlie psychiatric disorders. Specifically,
positron emission tomography (PET) studies show a decrease
in MOR opioid peptide binding potential in anterior cingulate
for patients with PTSD (Liberzon et al., 2007). Additionally,
cortical PET studies have revealed the binding potential of
MOR and DOR ligands in patients with chronic neuropathic
pain. Individuals experiencing central post-stroke pain had
a decrease in [11C]-diprenorphine, a non-selective opioid
receptor antagonist, in the insular and lateral prefrontal
cortices and anterior cingulate (Willoch et al., 2004; Maarrawi
et al., 2007a). Patients with peripheral neuropathic pain had
symmetrical bilateral decreases in [11C]-diprenorphine where
patients with central post-stroke neuropathic pain primarily had
contralateral asymmetrical decreases. This suggests that motor
cortex stimulation (MCS) for control of neuropathic pain also
decreases [11C]-diprenorphine binding in the anterior cingulate
indicating enhanced secretion of endogenous opioids during
MCS (Maarrawi et al., 2007b). However, it is unclear from these
results whether decrease in opioid receptor availability is due to
a loss of opioid-receptor containing neurons, available receptors,
and/or increased endogenous opioid peptide release. Ultimately,
given that endogenous enkephalin signaling via MOR and
DOR regulates excitation-inhibition balance in a circuit specific
manner, alterations in opioid receptor availability following
stroke may contribute to mal-adaptive behaviors and is suggested
to be one of the causes of poststroke pain. In turn, upregulation
and action of MOR and DOR in the cortex indicates modulation
of cortical circuits underlying pain disorders.

Given the role of Enk underlying psychiatric disorders and
suggested modulation of information processing in cortical and
subcortical circuits, the use of Enk as a therapeutic has been
highly considered. It is important to note that therapeutics
pertaining to MOR and DOR are vast, and for the purpose of this
review only therapeutic treatments that aim to manipulate Enk
as a peptidergic transmitter will be discussed. For a more detailed
look at opioid receptor specific therapeutics please consult the
following articles (Broom et al., 2002; Spetea et al., 2013; Browne
et al., 2020; Grim et al., 2020; Senese et al., 2020). To capitalize
on the analgesic effects of endogenous Enks, research has been
done to chemically modify Enks so they are more difficult to
degrade and analgesic properties of endogenous Enks can be
amplified while retaining their ligand specificity for MOR and
DOR (Pert et al., 1976; Kropotova et al., 2020). A result of
these studies is the development of dual enkephalinase inhibitors
(DENKIs) that enhance the analgesic effects of endogenous Enks
only at sites of release, avoiding negative side effects including

tolerance, respiratory depression, and constipation that derive
from widespread MOR and DOR activation (Poras et al., 2014).
Despite these advantages, peptidase inhibitors act on many
targets and unexpected, negative impacts of their inhibition is
a caveat that must be considered. Further, the coupling of Enk
to the glycosylation of biopharmaceuticals improved binding to
its carbohydrate receptor, pioneering a method that increases
the accuracy of therapeutic peptides (Christie et al., 2014).
Together, Enk is a promising therapeutic to consider for pain and
psychiatric disorders.

Despite the number of studies on the neuromodulatory
effects of Enk underlying analgesia and neuropsychiatric-relevant
behaviors, there are still many unknowns of Enk function
in cortical circuits. For example, although Enks precursor
peptides proenkephalin A and Pdyn have been well established,
whether there are differential effects of Enk sources arising from
proenkephalin A or Pdyn has yet to investigated. Additionally,
although Birdsong et al. (2019) established that MOR and
DOR regulate the thalamo-cortico-striatal circuit in opposing
ways and Lau et al. (2020) determined subregional differences
in MOR-coupling downstream cascades, whether MOR and
DOR differential regulation of the cortex works independently
alongside one another or together is unknown. Furthermore,
VIP neurons disinhibit the cortex by inhibiting other cortical
interneurons (Millman et al., 2020). Given the colocalization
of Enk and VIP expression (Smith et al., 2019; Leroy et al.,
2021) and that GABAergic interneuron output at some capacity
are inhibited by Enk, Enk release by cortical VIP neurons
may cooperate with VIP GABAergic transmission to disinhibit
cortical circuits in a spatially- and temporally organized manner.
As imbalance in excitatory and inhibitory control of PFC circuits
is implicated in various neuropsychiatric disorders, it will be
of importance to understand how inhibitory effects of MORs
on excitatory inputs versus disinhibition by MOR/DOR may
play a role in such excitation/inhibition imbalance. Ultimately,
understanding the role of Enk in PFC circuits is necessary to
uncover the underpinnings of various psychiatric disorders and
further develop therapeutic targets and treatments.

Corticotropin-Releasing Hormone
Corticotrophin releasing factor (CRF) plays a significant role
in the integration of endocrine and behavioral responses to
stress by acting on the hypothalamic-pituitary-adrenal (HPA)
axis (Vale et al., 1981). However, CRF is also expressed in
brain regions not associated with the HPA axis such as the
cortex. Originating from a 196 amino acid prepropeptide, CRF
is synthesized by prohormone convertases at dibasic amino
acids (lysine or arginine) to produce a 41-amino acid mature
peptide (Hook et al., 2008). CRF is a member of the CRF system
comprised of CRF and three additional neuropeptides: Urocortin
I (UCNI), Urocortin II (UCNII), and Urocortin III (UCNIII).
As there is little known regarding Urocortins in cortical circuits,
this review will only cover CRF within the CRF system. CRF has
two cognate GPCR receptors, CRF type-1 (CRF1) and CRF type-
2 (CRF2) (Dedic et al., 2018), which are fairly similar and share
70% amino acid identity. Despite this similarity, CRF receptors
differ in their N-terminal extracellular domain (40% identity)
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(Dautzenberg and Hauger, 2002). CRF1 has only one functional
splice variant expressed in the brain where CRF2 receptor has
three functional splice variants in humans (α, β, and γ) and two
in rodents (α and β) (Dedic et al., 2018). CRF2α receptor serves
as the major rodent splice variant (Chalmers et al., 1996).

Corticotrophin releasing factor peptides act through CRF
receptors with varying affinity (Dedic et al., 2018). Specifically,
CRF has a higher affinity for the CRF1 than CRF2 receptor.
Although CRF receptors couple primarily to Gs proteins (Millan
et al., 1987), they can bind and activate other G proteins
as well (Grammatopoulos and Chrousos, 2002; Hillhouse and
Grammatopoulos, 2006). This suggests CRF receptors may
couple to various signaling pathways. CRF1 activation by CRF or
UCNI and CRF2 receptor activation by UCNI, UCNII, or UCNIII
can activate ERK1/2 in CHO cells (Brar et al., 2004). Moreover,
CRF selectively activates ERK1/2 in different regions of the brain
via CRF1 in vivo (Refojo et al., 2005). In PFC synaptosomes,
UCNIII induces activation of ERK1/2 (Yarur et al., 2020a).
Together, these studies indicate CRF receptor signaling pathways
are determined by specific G-protein coupling and availability of
cellular signaling components in CRF-containing cells.

Corticotrophin releasing factor type-1 and CRF2 are expressed
in the olfactory bulb, bed nucleus of the stria terminalis, lateral
septum, paraventricular nucleus of the thalamus, dorsal raphe
nucleus, and mPFC where expression of CRF1 is greater than
CRF2 (Van Pett et al., 2000). In the mPFC, CRF is expressed
in neurons across all layers (Yan et al., 1998). CRF is expressed
in inhibitory interneurons, primarily in parvalbumin cells and
rarely in calbindin or calretinin-expressing cells (Yan et al., 1998).
UCNs expression in the cortex is present in sparse fibers in deeper
layers (Bittencourt et al., 1999). CRF1 receptor is widely expressed
in pyramidal cells of the mPFC (Uribe-Marino et al., 2016). There
is also evidence of CVRF1 expression in inhibitory interneurons
as the receptor is often co-expressed with other peptides found
in various interneuron populations like somatostatin, VIP, and
cholecystokinin (Gallopin et al., 2006). To date, there is no
conclusive evidence showing the expression of CRF2 receptor
within mPFC circuits (Van Pett et al., 2000). However, CRF2
receptor expression on basolateral amygdala inputs to the mPFC
have been described (Yarur et al., 2020b). Collectively, these
studies suggest that the CRF system is integrated into PFC
circuitry and may regulate circuit dynamics.

Studies show CRF modulates PFC synaptic transmission.
Iontophoretic application of CRF enhances the activity of
neurons in the cortex of Sprague–Dawley rats (Eberly et al., 1983).
In addition, CRF bath application increases sEPSC frequency
in layer V pyramidal cells from rat PFC slices, an effect that
can blocked a by a CRF1 receptor antagonist (Liu et al., 2015).
These results suggest that CRF enhances excitatory drive onto
PFC principal neurons. Interestingly, lesions of the basolateral
amygdala reduced CRF enhancement of sEPSC frequency of
ipsilateral layer V pyramidal cells in PFC (Liu et al., 2015),
suggesting that basolateral amygdala synapses are a site of action
for CRF. Similar results were found in layers II/III and V
of adult male C57BL/6J mice (Hwa et al., 2019), where the
increases in sEPSC frequency induced by fox odor were ablated
by the administration of a systemic CRF1 receptor antagonist.

Pretreatment with CP154526, a CRF1 antagonist, suppresses
defensive burying and reduces enhanced synaptic transmission
elicited by predator exposure. The increase in sEPSC by fox
odor exposure occludes the increase of sEPSC induced by CRF
bath application, implying that predator odor-related behaviors
engages the CRF system in the PFC. Collectively, these studies
are consistent with a facilitatory role of CRF on excitatory
transmission in the PFC. CRF may also interact with the
serotonin system within PFC circuitry. PFC 5-HT signaling has
been implicated in anxiety and stress behaviors. 5-HT increases
the amplitude and frequency of sIPSCs in the rat PFC (Tan et al.,
2004). Co-application of CRF and 5-HT prolong the effects of 5-
HT on sIPSC, an effect blocked by astressin, a CRF1 antagonist.
Collectively, these studies suggest that CRF regulates synaptic
transmission in the mPFC and may be recruited by stressors.

Prior studies reveal dynamic changes in cortical CRF systems
in response to stress. Acute restraint stress increases CRF and
CRF1 mRNA in the PFC of Sprague–Dawley rats (Meng et al.,
2011). On the other hand, chronic social defeat stress decreased
CRF mRNA and increased CRF1 mRNA in PFC of Wistar rats
(Boutros et al., 2016). In adult males, chronic social defeat stress
modified mRNA for CRF receptors only in susceptible animals,
but not resilient mice (Guo et al., 2020). In comparison to
control and resilient mice susceptible mice, susceptible mice show
increased CRF1 mRNA and decreased CRF2 receptor mRNA
expression. These results suggest condition and duration of the
stressor can differentially regulate CRF to contribute to stress-
coping deficits with chronic stressors.

Corticotrophin releasing factor modulation of PFC function
and behavior is a rising area of study. Infusion of CRF in
the PFC impairs working memory while an infusion of NBI
35965, a CRF1 antagonist, improves working memory (Hupalo
and Berridge, 2016). Moreover, PFC CRF neuron activation
inhibits working memory, an effect blocked by intra-mPFC CRF1
antagonism (Hupalo et al., 2019). Interestingly, mPFC CRF
signaling decreased PFC, and to a lesser extent striatal, neuron
task-related encoding. However, intra-mPFC administration
of CRF does not modify sustained attention (Hupalo and
Berridge, 2016), suggesting that CRF signaling in the PFC
may differentially regulate different aspects of PFC-dependent
cognition. Interestingly, chemogenetic activation of PFC CRF-
expressing neurons impairs working memory, an effect blocked
by systemic, but not intra-mPFC, administration of a CRF1
antagonist. The authors concluded that effects of CRF neuron
activation is due to release of CRF in PFC terminal regions.
This work establishes a role for PFC CRF systems in regulating
cognitive function. Further, CRF-containing neurons in the PFC
regulate motivated behavior under stress. Specifically, a subset of
PFC CRF-containing interneurons is recruited in tail suspension
test and ablation or inhibition of these neurons increase
immobility time in mice (Chen P. et al., 2020). Interestingly,
activation of CRF neurons promotes resilience. These results
suggest CRF neurons may become engaged to promote adaptive
behaviors to overcome stress rather than driving mal-adaptive
behavior. In a mouse model of stress-induced depression, the
ablation or antagonism of CRF1 receptors abolishes behavioral
despair (Dedic et al., 2018; Deussing and Chen, 2018). Thus, the
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PFC CRF may control adaptive and/or mal-adaptive behaviors
depending on the severity and/or duration of the stressor.
Microinjection of CRF into the PFC increases anxiety-like
behavior in the elevated plus-maze (EPM) in both acute and
chronically stressed rats (Jaferi and Bhatnagar, 2007). CRF
injection in the rat frontal cortex induces anxiogenic actions,
but at high doses produces an anxiolytic-like effect (Zieba et al.,
2008). Interestingly, the anxiolytic action of may be mediated
by engagement of alpha-adrenergic signaling (Smialowska et al.,
2021). CRF1 receptor in the PFC has been implicated in the
emotional adaptation to stress (Uribe-Marino et al., 2016).
Consistent with the CRF-5-HT interactions mentioned above,
CRF/CRF1 transmission regulates anxiety-related behaviors
through 5-HT2R signaling in the PFC (Magalhaes et al., 2010),
indicating that the CRF system interacts in the PFC with other
neurotransmitters such serotonin and norepinephrine to regulate
anxiety-like behaviors. Collectively, these studies suggest that
PFC CRF systems regulate PFC-dependent behaviors, including
anxiety-like behavior and cognition.

There is a wide array of evidence that suggests that CRF is a
viable target for the treatment of psychiatric disorders. Preclinical
and postmortem studies show elevated CRF concentrations in
patients diagnosed with major depressive disorder (Nemeroff
et al., 1984; Raadsheer et al., 1995; Deussing and Chen,
2018). Furthermore, there is compelling evidence that the
progression from recreational to compulsive drug use is driven
by a shift in emotional and motivational homeostasis to an
allostatic setpoint, resulting in a state of decreased reward
function and increased stress responsivity. It is hypothesized
that the CRF system plays a significant role in the negative
emotional state and habitual drug-seeking in individuals with
severe addiction (Silberman et al., 2009; Koob, 2010; Zorrilla
et al., 2014). Based on the hypothesis that CRF system
dysregulation contributes to negative affect, various clinical
trials using CRF1 receptor antagonists have been completed,
with conflicting results (Spierling and Zorrilla, 2017). A CRF1
receptor antagonist, NBI 30775/R121919, reduced depression
and anxiety scores using patient and clinician ratings without
impairing corticotropin and cortisol secretion in patients
with MDD (Zobel et al., 2000). Further, a clinical trial in
major depressive disorder patients reports that a non-peptidic
CRF1 receptor antagonist reduces symptoms of anxiety and
depression (Kehne and De Lombaert, 2002). In contrast,
the CRF1 receptor antagonist CP-316,311 did not reduce
depression score patients with MDD compared with placebo-
treated controls (Binneman et al., 2008). The CRF1 receptor
antagonist verucerfont (GSK561679) failed to reduce PTSD
symptoms compared to placebo (Dunlop et al., 2014). Several
factors may contribute to mixed reports, including but not
limited to variation in CRF or CRF1 receptor genetic or protein
expression, limited target engagement, therapeutic effects that
may be only observed in certain conditions (e.g., acute stress
and chronic stress), and/or biased signaling associated with
different compounds that have been tested in clinical trials. These
studies present a challenge to the field to evaluate molecules
that modulate CRF signaling to promote therapeutic outcomes
in clinical trials.

Although extensive research has been done on the CRF
system in the frontal cortex, much remains unknown about
its architecture and function in cortical circuits. It is unclear
how CRF modulates the activity of the cortical circuitry via
regulation of local circuit excitatory and inhibitory neurons
and afferent inputs to the cortex. Despite extensive research
on the role of the CRF system in regulating stress-related and
anxiety-like behavior, little is known about the role of this
system in regulating reward processing beyond the context of
cognitive tasks. Given that PFC CRF neurons regulate encoding
of working memory (Hupalo et al., 2019), it will be of interest
to understand how CRF system shapes PFC activity to acute
and chronic stressors and during reward processing. It is also
unknown how CRF binding protein (CRFBP) influences the CRF
system in the PFC. CRFBP was first postulated as a sequester
of CRF, effectively reducing CRF concentration and receptor
activity (Cortright et al., 1995). Further studies have revealed
other actions of CRFBP. Specifically, CRFBP has been shown to
have a facilitatory role of CRF-induced potentiation of NMDAR-
mediated synaptic transmission in the ventral tegmental area
(Ungless et al., 2003), function independently of the CRF receptor
(Chan et al., 2000), and act as an escort protein to traffic CRF2a
to the cell surface (Slater et al., 2016). CRFBP is expressed in
GABAergic cells in the PFC (Ketchesin et al., 2017), whereas
CRF and CRF1 receptor expression is primarily observed in
glutamatergic cells. This raises the question of how CRF–CRFBP
interactions may modulate activity of PFC circuitry during
motivationally charged behaviors. Lastly, it is unclear whether
urocortins influence prefrontal cortical circuits and behavior
given that they differentially activate CRF1 and CRF2 and these
receptors may differ in their anatomical location within the
cortex.

Cholecystokinin
Cholecystokinin (CCK) is a neuropeptide and gut hormone that
belongs to the gastrin family and has various regulatory functions
in the brain and gut. In the nervous system, CCK regulates
learning and memory, nociception, homeostatic sensation,
affective behavior, and drug-seeking behavior (Reisi et al., 2015).
CCK peptides evoke downstream signaling pathways via CCK-
A and CCK-B receptors, which signal through Gq protein to
activate phospholipase Cβ and increase intracellular Ca2+ levels
(Johnsen, 1998; Williams et al., 2002).

Radio-immune and in situ hybridization studies reveal CCK
expression is abundant in the cerebral cortex (Beinfeld et al.,
1981; Savasta et al., 1988; Ingram et al., 1989; You et al., 1993)
and mainly expressed in cortical interneurons (Vanderhaeghen
et al., 1981; McDonald, 1982; Hendry et al., 1983; Morino et al.,
1994; Gallopin et al., 2006). Single cell reverse transcription
polymerase chain reaction experiments indicate CCK mRNA is
expressed in approximately 30–40% of GABAergic interneurons
in the cortex (Gallopin et al., 2006). Moreover, CCK and
CCK mRNA is expressed in both glutamatergic and GABAergic
neurons (Radu et al., 2001). CCK-expressing interneurons
predominantly display fast-spiking properties, with a smaller
subset displaying non-fast-spiking properties (Nguyen et al.,
2020). CCK-positive interneuron synaptic transmission is
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stronger onto intra-telencephalic (contralateral cortex-projecting
PFC neurons) than PAG-projecting pyramidal cells (Liu et al.,
2020), indicating that CCK-positive interneurons in the PFC
impose inhibitory control of pyramidal output neurons based
on output. CCK-positive neurons are also projection neurons.
Intersectional genetic approaches reveal CCK-GABAergic cells
are more predominant in higher order associative cortices,
including both ventral and dorsal aspects of the mPFC, relative
to PV-GABAergic cells (Whissell et al., 2015). This suggests there
is regional specialization of soma-targeting neurons that utilized
CCK as a neuropeptide.

Despite advancements in understanding how CCK-expressing
cells are embedded in cortical circuits and use fast inhibitory
and excitatory amino acid neurotransmitters to regulate circuit
function, there is less known about how these cells use CCK
as a peptide transmitter. CCK-immunoreactivity is observed in
inhibitory symmetric synapses in the cortex of rodents and non-
human primates, suggesting release of CCK along with GABA
within the cortex (Hendry et al., 1983). Furthermore, studies
delineate that CCK-B receptors are extensively expressed in
neocortical pyramidal neurons, and activation of these receptors
by their endogenous agonist (CCK) depolarizes and evokes
spiking of pyramidal cells (Gallopin et al., 2006). Consistent
with this finding, CCK action through CCK-B receptors produce
a long-lasting excitation of layer VI neocortical neurons via
inhibition of a K+ leak current (Chung et al., 2009). Since
layer VI pyramidal neurons densely innervate thalamic nuclei,
these results imply that CCK modulates corticothalamic circuitry.
Similar CCK-induced increases in pyramidal cell excitability
have also been observed in hippocampal circuits (Dodd and
Kelly, 1981; Boden and Hill, 1988). The capacity for CCK to
regulate excitability of cells in cortical circuitry, may modify
higher level processing and synaptic plasticity. For example,
endogenous CCK is released in auditory cortex in response
to high frequency stimulation and is necessary for long-term
potentiation of excitatory transmission (Chen et al., 2019).

Interestingly, optogenetic inhibition of CCK positive
interneurons in the PFC, impaired working memory retrieval
in mice (Nguyen et al., 2020). However, it is unclear how
the neuropeptide in this cell population may contribute to
working memory. Notably, CCK expression and release may be
modified by behavioral experiences. For instance, extracellular
CCK levels as assessed by micro-dialysis are increased in
the frontal cortex of rats in response to restraint stress, the
anxiogenic drug yohimbine, and ether (Nevo et al., 1996).
Further, rats exposed to a foot-shock stress paradigm show
increased CCK-immunoreactivity in the PFC (Siegel et al.,
1984). Arousal induced by saline injections is associated with a
delayed increase in tissue CCK levels, an effect that is blocked
by ketamine pretreatment. A CCK-releasing circuit from the
entorhinal cortex to the auditory cortex is critical for associative
aversive learning and experience-dependent plasticity (Chen
et al., 2019), highlighting the importance of CCK transmission
in shaping information processing within cortical circuits
and associated behaviors. Additionally, activation of the CCK
receptor B by endogenous CCK increases the time mice spend
in the open arms of an Elevated Plus Maze behavioral paradigm

(Ballaz et al., 2020). This study suggests that CCK and CCK-B
receptor drive anxiolytic effects in mice, in addition to aversive
learning. Collectively, these studies suggest that CCK, as a
peptide transmitter in cortical circuits may be recruited during
motivationally charged behaviors to impact circuit function and
appropriate PFC-dependent behavior.

Despite the extensive research on CCK and the downstream
effects of CCK-A and CCK-B receptor signaling, much remains
unknown. It is unclear what the role of CCK originating
from GABAergic interneurons versus excitatory neurons is in
shaping information processing and behavior. It was previously
established that CCK neurons in the amygdala play an important
role in modulating fear and anxiety like behaviors, yet the
mechanisms of action of CCK in frontal cortical circuits remains
unclear (Truitt et al., 2009; Brown et al., 2014; Schmidt et al.,
2014). Additionally, CCK has a high degree of homology to
gastrin, which shares a common c-terminal sequence (Johnsen,
1998; Baldwin et al., 2010). Like CCK, gastrin signals via CCK-
A and CCK-B receptors. In the nervous system, including the
cortex, gastrin binds to CCK-B with high affinity (Johnsen,
1998). Immunohistochemistry studies note CCK- and gastrin-
positive cells throughout the cortex (Vanderhaeghen et al.,
1981), however, it is unclear if gastrin produces analogous
effects to CCK, given its high affinity for the CCK-B receptor.
Advancements in basic science will be pivotal for determining
whether off-label use of CCK ligands in the pipeline for other
indications may be considered for treatment of neuropsychiatric
disorders. Modulation of CCK has shown anxiolytic effects,
enhanced working memory, and influenced motivated behaviors.
Thus, CCK serves not only as a promising therapeutic target for
psychiatric disorders, but also gives rise to other areas of research.

Somatostatin
The neuropeptide SST was first isolated from hypothalamus
and identified as somatotropin-release inhibiting factor (SRIF)
(Krulich et al., 1968; Brazeau et al., 1973). There are two active
forms of SST derived from the pre-prosomatostatin peptide but
differ in amino acid length: SST-14 and SST-28 (Brazeau et al.,
1973; Esch et al., 1980; Pradayrol et al., 1980; Schally et al.,
1980). Both SST peptides are expressed in the CNS, however
the expression and cellular distribution of these two forms varies
between cortical and subcortical brain regions (Epelbaum, 1986).
SST is stored in large DCVs and released in a calcium-dependent
manner (Tapia-Arancibia et al., 1989; Bonanno et al., 1991). SST
release from cortical neurons driven by excitatory transmission
(Song et al., 2021) and is potentiated by stimulation of other
neuropeptides and neuromodulators, such as neurotensin, VIP,
and dopamine (Robbins and Landon, 1985; Thal et al., 1986). SST
release in in cortical slices has also been documented in response
to optogenetic stimulation (Dao et al., 2019). SST release is under
the inhibitory control of GABAB receptors, suggesting that SST
release is gated by inhibitory neurons as well. Thus, SST release is
under bi-directional control in cortical circuits, and is recruited
in response to activity and neuromodulation.

Upon release from DCVs, SST binds to its cognate SST
receptor (SSTR). Five SSTRs have been cloned and characterized:
SSTR1–SSTR5. All SSTRs are Gi/o-coupled GPCRs and bind both
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SST14 and SST-28 with high affinity. SSTR-1–4 exhibit higher
binding affinity for SST-14 than SST-28, while SSTR-5 has greater
selectivity for SST-28 (Reisine and Bell, 1995; Barnett, 2003).
Expression of all five SSTRs has been demonstrated in the cortex,
with SSTR1 and SSTR2 as the two most prominent SSTRs in
the human and rat cerebral cortices (Dournaud et al., 1996;
Bologna and Leroux, 2000). Immunohistochemical analysis of
SSTR expression in the somatosensory cortex suggest that SSTRs
are differentially localized to different layers (Lukomska et al.,
2020). SST activation of SSTRs generally suppresses the release of
hormone or neurotransmitter from target neurons by activating
a G-protein signaling pathway that inhibits adenylate cyclase
and calcium channels (Martel et al., 2012). Cortistatin (CST),
a neuropeptide naturally expressed in the cortex, is another
endogenous ligand that can bind to SSTR. CST has the same
amino acid sequence at the receptor binding site as SST and
studies show that CST can active all subtypes of SSTRs with
nanomolar affinity to induce similar signaling consequences as
SST (de Lecea, 2008; Song et al., 2021). Together, SST and CST
act through SSTRs to enact G-protein signaling cascades that
regulate neural function.

Somatostatin-expression has been identified in neurons
throughout the mammalian brain. In the cerebral cortex,
SST is expressed predominantly in a subgroup of GABAergic
interneurons. SST-positive GABAergic neurons represent
approximately 30% of the total cortical interneuron populations
(Rudy et al., 2011; Urban-Ciecko and Barth, 2016). SST
interneurons provide dendritic inhibition onto pyramidal
neurons to regulate integration of excitatory inputs (Liguz-
Lecznar et al., 2016). Further studies reveal SST neurons
are heterogenous and show diverse properties in firing
pattern, arborization, connectivity, and transcriptome profiles
(Fishell and Rudy, 2011; Tasic et al., 2018; Naka et al., 2019)
Using a unbiased, large-scale profiling method, Jiang et al.
(2015) analyzed that cortical SST neurons consist of three
subpopulations: low-threshold or irregular-spiking Martinotti
neurons, fast spiking basket cells, and bitufted cells. Thus,
multiple types of cells in the cortex have the potential capacity to
release SST peptides in addition to GABA.

Electrophysiological studies have demonstrated that SST
application results in heterogeneous effects on excitability cortical
neurons, with excitation being the most prominent (Olpe et al.,
1980; Delfs and Dichter, 1983). Increases in activity in response
to SST have also been reported in the hippocampus (Mueller
et al., 1986). IPSPs are also inhibited by SST application (Leresche
et al., 2000). Recent work has started to dissect how SST may
facilitate spiking. SST decreases excitatory synaptic transmission
onto PV-expressing interneurons, but not pyramidal neurons,
via a presynaptic mechanism (Song et al., 2020). Importantly,
this effect was recapitulated by endogenous SST release evoked
by optogenetic stimulation of SST neurons, providing a
potential mechanism for principal neuron disinhibition. SST-
immunoreactivity is observed near GABA release in presynaptic
terminals that appose excitatory terminals (Kecskés et al., 2020;
Song et al., 2020). This anatomical framework is consistent with
a role of SST in regulating excitatory synaptic transmission
via a presynaptic site of action. SST may also have direct

post-synaptic actions on cortical pyramidal neurons. SST-14
and SST-28 enhance and decrease delayed-rectifier potassium
currents in cultured cortical neurons, respectively (Wang et al.,
1989). SST signaling via SSTR4 induces hyperpolarization of
principal neurons has also been observed in the medial entorhinal
cortex (Kecskés et al., 2020), an effect that is more robust in layer
III/V than layer II neurons. This is consistent with a role of SSTR4
in retinal ganglion cells in inhibiting L-type Ca2+ channels,
which enhance intrinsic excitability (Farrell et al., 2014). SST also
hyperpolarizes principal neurons in the CA1 of the hippocampus
(Mueller et al., 1986). Collectively, these data provide circuit-
based mechanisms wherein SST release may regulate information
processing in cortical circuits.

Since SST neuropeptide transmission has the potential to
influence synaptic transmission and intrinsic excitability in
cortical circuits, it is of no surprise that numerous studies
have demonstrated that cortical SST interneurons play a critical
role in sensory processing, motor control, cognition, and
emotion. However, evidence linking SST peptides and their
receptor system directly with these cortical functions is limited.
Intraventricular (ICV) infusion of SST peptide in rats induced
anxiolytic- and antidepressant-like effects in the EPM and forced
swim test, respectively (Engin et al., 2008). The anxiolytic effect
was recapitulated following ICV infusions of a selective SSTR2
receptor agonist, whereas the antidepressant-like effect was
mimicked following infusions of either SSTR2 or SSTR3 agonists
(Engin and Treit, 2009). Increasing evidence have shown that
heightened brain SST level counteracts stress-induced ACTH,
catecholamine, and CRF release, suggesting that SST suppresses
stress-induced responses (Brown et al., 1984; Stengel and Tache,
2017). Similar roles of SST neurons in mediating working
memory, fear conditioning, and enhancing circuit performance
have also been described (Kim et al., 2016; Abbas et al., 2018),
yet the role of the of SST neuropeptide in this process is unclear.
In the olfactory system, infusion of a SSTR2 agonist into mouse
main olfactory bulb (MOB) increases gamma oscillation, synaptic
transmission, and enhances odor discrimination performances
(Lepousez et al., 2010), suggesting that enhancement of circuit
performance may be a feature of SST signaling. Recently, Song
et al. (2020) found that SST application in the primary visual
cortex (V1) improves visual discrimination in freely moving mice
and enhances orientation selectivity of V1 neurons. Further, they
demonstrated that SST improves visual perception by enhancing
visual gain of V1 neurons via a reduction in excitatory synaptic
transmission to PV fast-spiking interneurons but not to regular-
spiking neurons (Song et al., 2020). Thus, SST peptide in cortical
circuits regulates information processing to shape behaviors
subserved by the cortex.

Somatostatin expression in the cortex is impacted in a
plethora of neuropsychiatric disorders (Crowley and Kash,
2015; Song et al., 2021). A decrease in SST expression in
the cortex is observed in neurodegenerative and psychiatric
disorders such as Alzheimer’s disease (Davies et al., 1980;
Kumar, 2005), Parkinson’s disease (Epelbaum, 1986; Iwasawa
et al., 2019), Huntington’s disease (Rajput et al., 2011), major
depressive disorder (Rubinow et al., 1985; Tripp et al., 2011;
Lin and Sibille, 2015), bipolar disorder (Fung et al., 2014;
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Pantazopoulos et al., 2017), and schizophrenia (Reinikainen
et al., 1990; Hoftman et al., 2015). Interestingly, SST neuron
activity is necessary for the antidepressant effects of scopolamine
(Wohleb et al., 2016), suggesting that decreased activity of
SST neurons potentially drives depressive-like behavior. Given
preclinical evidence that the brain SST system has profound
anxiolytic and anti-depression effects (Crowley and Kash, 2015;
Song et al., 2021), this system has therapeutic potential for
treating neuropsychiatric disorders. Several synthetic SST analogs
have been developed for clinical treatment of endocrine diseases,
digestive diseases, and carcinogenic tumor (Gomes-Porras et al.,
2020). However, no drugs targeting the SST system are approved
or under investigation in clinical trials for the treatment of
neurodegenerative and psychiatric disorders, mainly because
current SST analogs cannot penetrate the blood–brain barrier
(Lamberts et al., 1996). New drug packaging and delivery
approaches, as well as gene therapy techniques, will facilitate the
development of CNS-targeted SST drugs and genetic treatments.

Despite extensive research on the action of and therapeutic
potential of SST and SSTRs, much remains unknown about the
role of this system in shaping cortical circuits. Recently, activity
dependent cortical SST release via optogenetic stimulation was
used providing a potential platform to probe the influence
of circuit manipulations and/or behavior on SST release (Dao
et al., 2019). Cortical SST neurons are diverse in terms of their
molecular profiles, anatomical features, and electrophysiological
properties. Considering the distinct firing patterns of SST
subpopulations, it is imperative to understand how SST release
is fine-tuned by different forms of neuronal activity of diverse
types of SST neurons. Furthermore, whether SST acts on
different targets and cell compartments differently due to its
layer-specific arborization is an unknown. Additionally, other
neuron peptides, such as NPY and Dyn, are co-expressed
with SST in subpopulations of interneurons (Sohn et al., 2014;
Smith et al., 2019) but it is unknown whether SST can be
co-released with other peptides from the same site, and how
different neuropeptides released from the same neuron shapes
cortical signaling processing. Further, CST is also predominantly
expressed in cortical GABAergic neurons and often co-expressed
with SST (Smith et al., 2019). Additional investigations are
needed to understand whether CST and SST peptides that
target the same receptors work synergistically, competitively,
and/or in parallel in cortex. In summary, the cortical SST
system influences cortical information processing. Activation
of this system induces anxiolytic and anti-depression effects,
and deficits in this system are observed in neurodegenerative
and neuropsychiatric disorders. Understanding the nuanced
mechanisms by which the cortical SST system shapes cortical
information processing and control of behavior will significantly
advance the development of new therapeutic treatments for
neurological disorders.

Neuropeptide Y
First isolated in 1982 from the porcine hypothalamus, NPY
is one of the most widely expressed neuropeptides in the
central and peripheral nervous systems (Tatemoto, 1982). NPY
consists of 36-amino acid residues and belongs to the family of

pancreatic hormone polypeptides (PP). NPY is derived from its
97-amino-acid precursor peptide, pre-pro NPY, into a mature 36
amino-acid NPY1-36, which is cleaved by the enzyme dipeptidyl
peptidase 4 to produce NPY3-36 (Aizawa-Abe et al., 2000;
Robich et al., 2010; Dvorakova et al., 2014). NPY has widespread
cardiovascular, immune, metabolic, and reproductive functions
in the peripheral nervous system and regulates neural function
underlying feeding, stress-, and addiction-related behaviors
(Heilig, 2004; Hirsch and Zukowska, 2012).

Expression of NPY is well conserved across species, including
the rat, mouse, and humans across multiple brain regions, such
as the hypothalamus, cortical areas, the septum, hippocampus,
olfactory bulb, and striatum (Dumont et al., 1992). The
widespread effects of NPY are mediated by a family of rhodopsin-
like GPCRs: Y1, Y2, Y4, Y5, and Y6. The Y6 receptor subtype is
functional in the mouse and rabbit but not in humans and other
primates while being absent in the rat (Larhammar and Salaneck,
2004). Notably, there are mixed reports regarding the existence of
a Y3 receptor subtype, given that attempts at cloning this receptor
have not been successful (Gehlert, 1998; Lee and Miller, 1998;
Pedragosa Badia et al., 2013). NPY receptors are predominantly
located post-synaptically except for the Y2 receptor, which is
pre-synaptically located (Decressac and Barker, 2012). Activating
NPY receptors may initiate multiple signaling cascades associated
with Gi/o proteins (McQuiston and Colmers, 1996; Sah and
Geracioti, 2013). Altogether, these studies highlight the need for
studying the neuromodulatory role of NPY in regulating cortical
physiology and behavior.

Neuropeptide Y is found in layers I, II, V, and VI of the
human cortex (Adrian et al., 1983; Chan-Palay et al., 1985;
Van Reeth et al., 1987) and highly colocalized with GABA
and SST (Sawchenko et al., 1985; Aoki and Pickel, 1989).
Although expressed by both pyramidal cells and interneurons,
NPY is predominately found in interneurons (Dawbarn et al.,
1984; Hendry et al., 1984; Karagiannis et al., 2009) and can
be categorized into three main classes: neuroglia form-like
neurons, Martinotti-like, and parvalbumin-positive basket cells
(Karagiannis et al., 2009). Together, NPY and cognate receptors
modulate synaptic excitability and function in cortical areas
(Dumont et al., 1992). Specifically, NPY has been shown
to reduce the EPSCs and decrease AMPA receptor-mediated
glutamatergic neurotransmission onto neocortical pyramidal
neurons (McQuiston and Colmers, 1996; Bacci et al., 2002), an
effect that has also been observed in other brain regions like the
hippocampus (McQuiston and Colmers, 1996; Qian et al., 1997)
but not the amygdala (Molosh et al., 2013). Furthermore, NPY
also regulates GABAergic neurotransmission onto pyramidal
neurons in the neocortex (Bacci et al., 2002), suprachiasmatic
nucleus (Chen and Van Den Pol, 1996), thalamus (Sun et al.,
2001), but not the hippocampus (Klapstein and Colmers, 1993).
Specifically, Bacci et al. (2002) found that NPY produces
delayed and long-lasting decreases in EPSCs and increases in
IPSCs in pyramidal neocortical neurons, an effect likely due
to Ca2+-dependent enhancement of presynaptic GABA release.
Furthermore, it was found that NPY also decreased IPSCs in
GABAergic interneurons, suggesting NPY may inhibit pyramidal
neurons by disinhibition of GABAergic interneurons. Consistent
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with the observations that NPY decreases neuronal excitability,
functionally, NPY is known to have antiepileptic effects (for a
review, see Vezzani and Sperk, 2004) and to provide neurons
with protection against cytotoxicity by decreasing microglial
reactivity, the release of microglial bioactive factors, NMDA
currents and excessive Ca2+ entry into neurons (Li et al.,
2014). Altogether, these studies suggest that NPY decreases the
excitability of cortical circuits.

Neuropeptide Y signaling in the frontal cortex has been
linked to affect-related disorders, highlighting the importance of
characterizing the neuromodulatory role of NPY for psychiatry.
On one hand, reduced NPY activity in cortical circuits has
been associated with a plethora psychiatric disorders including
anxiety, depression, and PTSD in both preclinical and clinical
studies (Zhou et al., 2008; Mickey et al., 2011; Cohen et al.,
2012; Melas et al., 2012, 2013; Sah and Geracioti, 2013). Previous
work has found low levels of NPY expression in cortical brain
regions of humans with a history of depression and death by
suicide (Widdowson et al., 1992). Consistent with clinical work,
preclinical studies report decreased cortical NPY, and Y1 receptor
gene and protein levels expression in animal models of depression
(Husum et al., 2001; Jimenez-Vasquez et al., 2007). Indeed, NPY
and Y1 receptor agonists have been shown to decrease anxiety-
like behavior, fear-suppressed food reinforcement, contextual
fear, and social avoidance in rodents (Heilig et al., 1989; Sajdyk
et al., 1999; Comeras et al., 2021). However, other reports have
shown that activation of the NPY system in the infralimbic
cortex impairs the retrieval of extinction in rats (Vollmer et al.,
2016). Therefore, NPY-mediated inhibition of cortical circuits
may also underlie deficits in fear extinction. Consistent with these
findings, a clinical report found a link between impaired recall
of extinction memory and reduced vmPFC activation in patients
with PTSD (Milad et al., 2009). Together, these studies suggest
that NPY modulation of cortical function underlies the etiology
affect-related disorders.

Despite a breadth of studies demonstrating that NPY
influences alcohol use disorder a few have suggested a link
between cortical NPY signaling and alcohol use disorder
(Mayfield et al., 2002). Alcohol preferring rats have low levels
of NPY in cortical structures (Ehlers et al., 1998) and alcohol
withdrawal produces significant reductions in NPY protein in
several brain regions, including layers IV and V of the frontal
cortex in the rat brain (Roy and Pandey, 2002). Additionally,
rats fed an ethanol diet show reduction in NPY-immunoreactivity
in the cortex (Bison and Crews, 2003). Previous work suggests
that the ability of NPY to decrease alcohol consumption may
be in part due to its ability to relieve alcohol withdrawal-
induced anxiety (Thorsell and Mathé, 2017). Together, these
results suggest that NPY-mediated inhibition of cortical circuits
may play a role in the symptomatology observed in mood-and
alcohol-related disorders and highlight the potential of NPY-
based therapeutics for mental illnesses. Furthermore, the clinical
relevance of the NPY system is evident in the clinical interest of
NPY-based pharmacotherapies for treating numerous conditions.
For example, a recent study suggests that NPY may be an
effective treatment for anxiety in patients who have PTSD (Sayed
et al., 2018) and intranasally administered NPY may produce

rapid antidepressant effects (Mathé et al., 2020). These studies
highlight a rich potential in the neuromodulatory role of NPY for
the development of pharmacotherapies for treating psychiatric
conditions such as anxiety disorders and depression.

In summary, extensive work demonstrates that NPY is a highly
conserved neuropeptide involved in disease pathophysiology in
the brain. While previous work demonstrates the potential of
NPY-based pharmacotherapies for treating psychiatric illnesses,
further work is needed to understand the functional effects
of NPY signaling and its implications for brain diseases. For
example, it is presently known that NPY is expressed within
diverse interneuron populations that subserve distinct cortical
and behavioral functions (Karagiannis et al., 2009; Smith et al.,
2019). However, the role of NPY release from these different
interneuron populations on cortical information processing and
behavior is unknown. Moreover, NPY is also expressed in
glutamatergic neurons of the PFC and it is unclear whether these
cell populations release this peptide locally or in distal regions to
influence behavior. Lastly, it is unclear whether NPY originating
from interneurons and excitatory neurons may cooperate to
more efficiently activate all pools of NPY receptor or whether
NPY originating from interneurons would bind to sets of NPY
receptors that are not accessible to NPY released from excitatory
neurons. Understanding how NPY shapes PFC activity will help
understand the role of NPY the NPY system in driving behavior
under normal and pathological conditions.

Vasoactive Intestinal Peptide
Vasoactive intestinal peptide is a peptide and member of the
glucagon/secretin superfamily that signals through VIP receptors
1 and 2 (VPACR 1 and 2). VIP receptors are GPCRs that signal via
the Gs signaling pathway. The VIP precursor gene, pre-proVIP,
encodes for VIP as well as the peptide histamine isoleucine (PHI)
and its human form, peptide histidine methionine (PHM), that
both have a lower binding affinity for both VPACRs (Rangon
et al., 2005; Igarashi et al., 2011). Different concentrations of
VIP may confer differential activation of VPACR 1 and 2. For
instance, lower concentrations of VIP (approximately 1 nM)
activate VPACR 1/2 and pituitary adenylate cyclase receptor
(PAC1-R) in the hippocampus leading to increased NMDA
excitatory postsynaptic current amplitudes of CA1 hippocampal
neurons (Yang et al., 2009). In contrast, larger concentrations
of VIP (100 nM) act solely on the PAC1-R in the hippocampus
and are dependent on an increase in Ca2+ intracellular levels.
Collectively, VIP can regulate cortical function via interactions
with VPACRs within cortical circuits.

In the PFC, VIP-positive interneurons are predominately
expressed in L1b GABAergic cells expressing the ionotropic
serotonin receptor 5HT3a (5HT3aR), as well as cholinergic
cells (Tremblay et al., 2016; Anastasiades et al., 2021). Of
the 30% of interneurons in the PFC that have 5HT3aR, 40%
contain VIP (Tremblay et al., 2016). There are two major
subpopulations of VIP interneurons: bipolar and multipolar.
Bipolar VIP interneurons are in cortical layers II–VI and heavily
concentrated in L2/3 and multipolar VIP cells are populated in
the borders of L1/2 and deeper layers (Tremblay et al., 2016).
In the cerebral cortex, VIP is radially oriented in bipolar
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interneurons with approximately 30% co-localization with GABA
and 80% colocalization with acetylcholine (Magistretti, 1990).
The mediodorsal thalamus drives VIP-positive interneurons
localized in L1b to mediate cortical disinhibition via inhibition of
SST-positive cells in L2/3 (Anastasiades et al., 2021). Accordingly,
VIP contributes to a disinhibitory microcircuits (Anastasiades
et al., 2021). Interestingly, VIP enhances the GABA-mediated
inhibition of somatosensory neuron activity (Sessler et al., 1991).
It is currently unclear clear how VIP peptide transmission
coordinates with GABA-mediated inhibition. Furthermore,
although VIP interneurons operate locally in cortical columns
within the primary sensory cortex, it is unknown whether this
same columnar organization holds true for higher-order cortices,
such as the PFC species as functional columnar structures have
been delineated in primary sensory cortices and differ across
species (Fox, 2018).

Cortical modulation of VIP release is regulated by a variety
of ion channels and neurotransmitters. In the cortex, Martin
and Magistretti (1989a) revealed that K+-stimulated VIP release
is Ca2+-dependent. In a series of experiments, they discovered
that Ni2+, but not Cd2+, nifedipine, diltiazem, or ω-conotoxin,
inhibited K+-evoked release of VIP, implicating T-type, and
not L- and N-type, Ca2+ channels (Martin and Magistretti,
1989a). These studies suggest that DCVs containing VIP may
recruit different pools of voltage-gated calcium channels, and
hence different calcium sources, to trigger exocytosis, relative
to vesicles containing fast neurotransmitters. Consistent with
localization of VIP-positive neurons to superficial layers of
the cortex, in vivo electrical stimulation of cortical superficial
layers evoke VIP release ipsilateral but not contralateral to
the stimulation site (Wang et al., 1985). VIP release is
under the control of excitation and inhibition. Glutamate and
kainic acid, as well as disinhibition with GABA antagonism,
increase VIP release in cortical slices (Wang et al., 1986;
Magistretti, 1990). Furthermore, VIP release is also sensitive
to other neuromodulators known to impact cortical circuit
dynamics, including norepinephrine, which decreased basal rates
of VIP release (Wang et al., 1986). Conversely, carbachol,
a cholinergic agonist increased the spontaneous release of
cortical VIP (Magistretti, 1990). This is consistent with studies
demonstrating that VIP neurons are recruited by external
sources of acetylcholine from regions such as the forebrain
(Letzkus et al., 2011). Moreover, since VIP is co-expressed
with choline acetyltransferase (ChAT) and non-VIP ChAT
neurons are found in cortical layer I, acetylcholine derived
for local cortical sources may also regulate release of VIP.
The majority of VIP-positive/ChAT-positive interneurons in
layer I co-release acetylcholine and GABA. However, in
the mPFC, ChAT-containing, VIP-lacking cells also release
acetylcholine in L1 (Granger et al., 2020). Contradictory results
suggest that endogenous opioid systems may regulate VIP
release as topical super fusion of MOR, DOR, and KOR
agonists had no effect on the spontaneous release of cortical
VIP. Interestingly, naloxone, a competitive opioid antagonist,
increased VIP efflux. These results suggest that basal opioid
tone may be maximally recruited, occluding agonist effects.
Some caveats between the effects of in vivo versus in vitro

administration of DADL, an opioid peptide, on cortical VIP-LI
release has been explored. Wang et al., discovered that applying
DADL suppressed K+-stimulated cortical VIP-LI release. In
contrast, Micevychi et al. (1984), showed that in vitro, cortical
application of DADL, had no effect on potassium-evoked
VIP-LI release. Lastly, reticular formation stimulation evoked
VIP release in vivo, while anesthesia suppresses it (Micevychi
et al., 1984), suggesting that VIP release may be linked to
arousal. Collectively, these studies provide a framework for
future studies to dissect the molecular machinery that underlies
the release of VIP.

Vasoactive intestinal peptide interneurons within the PFC
modulate behavior either through disinhibition or excitation of
cortical neurons. Lee et al. (2013), found the primary vibrissa
motor cortex (vM1) strongly projects to VIP interneurons that
suppress SST cells. This hyperpolarization of the SST cells by
the VIP interneurons allows for voluntary whisking behavior
(Lee et al., 2013). Further, PFC ChAT VIP interneurons play
a role in maintaining attention as ChAT-VIP interneurons
directly excite neurons within different layers of the PFC with
fast, cholinergic synaptic transmission (Obermayer et al., 2019).
VIP-mediated disinhibition that alleviates dendritic inhibition
in cortical pyramidal cells and is also associated with fear
learning (Letzkus et al., 2011), amplifies visual processing
(Keller et al., 2020). It was discovered that VIP disinhibition
of ventral hippocampal inputs to the mPFC cause a decrease
in prefrontal responses that results in less open-arm avoidance
in the elevated plus maze (Lee et al., 2019). Additionally,
a decrease in GCaMP signaling during exploration predicted
approaches to the open arms and concluded this circuit
helped predict exploratory behavior rather than avoidance (Lee
et al., 2019). Together, it is evident that VIP regulates various
neural functions.

Although, information regarding the function of VIP
interneurons in cortical processing and behavior has continued to
accrue in recent years, there is still little known about the effects
of VIP release in the PFC. There is limited understanding of the
effects of VIP on synaptic transmission or intrinsic excitability
of distinct cortical cell types. Given that VIP neurons have
unique localization and connectivity patterns within cortical
circuits, it is of interest to determine how peptidergic VIP
transmission may impact inhibitory interneurons that VIP
neurons target for disinhibition versus VIP-sensitive excitatory
and inhibitory neurons. VIP has also been implicated in
mediating glycogenolysis (Martin and Magistretti, 1989b). VIP’s
action increases cAMP levels to convert glycogen to glucose 1-
phosphate, shifting energy homeostasis through interactions with
neurons and glia (Magistretti et al., 1986; Magistretti, 1990).
Interestingly, PHI/M, have shown a similar effect of cortical
glycogenesis, with lower potencies, implying a role for this
mechanism within peptides that share significant similar VIP
homology (Magistretti et al., 1986; Magistretti, 1990). Overall,
these studies suggest VIP regulates energy substrate accessibility
within cortical circuits. VIP’s contribution to energy homeostasis
in the cortex may further be supported by its role in vasodilation.
The role of VIP’s effects on cortical microvessels has yet to
determined. Further, it is unclear if VIP arising cortically released
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pools or circulating cerebrospinal fluid near superficial layers
where VIP neurons reside contribute to cortical vasodilation
(Magistretti, 1990). A recent study demonstrated that optogenetic
VIP interneuron stimulation resulted in vasodilation and
this effect was not due to release of acetylcholine (Granger
et al., 2016, 2020), which raises the possibility that VIP or
another substance released from this interneuron population
may influence vasodilation. Therefore, studies determining the
role of VIP in vasodilation, glycogenolysis, and effects within
different cortical layers will provide further knowledge about the
neuromodulatory actions of this peptide.

NOVEL APPROACHES TO STUDY
NEUROPEPTIDES

Although it is assumed that neuropeptide release modulates PFC
processing, the cellular and circuit-based framework by which
this occurs is in large part lacking. Many unknowns regarding
the consequences of neuropeptide release and subsequent GPCR
action in cortical circuits remain. Much of this gap in knowledge
stems from limited tools available to dissect the function of
neuropeptide transmission in behavior and cortical function.
Fortunately, in recent years there has been a rapid expansion of
approaches available to study neuropeptide transmission. Here,
we address various novel tools that have been developed to
facilitate addressing these unknowns (Figure 2).

Dissecting Peptide and Receptor
Anatomy
To obtain a deep understanding of the role of neuropeptidergic
transmission in shaping cortical circuit function, it is imperative
to understand how neuropeptide-expressing cells and the
incoming inputs and local circuit cells sense this information
via neuropeptide receptors. To investigate the anatomy of
cells expressing various neuropeptides and cognate receptors,
transgenic and viral approaches are increasingly becoming
indispensable tools (Figure 2A). The ever-increasing availability
of Cre-driver lines, that express Cre-recombinases in the presence
of a selected neuropeptide or neuropeptide receptor, grant
genetic access to cell types that release neuropeptides and
contain neuropeptide receptors. Specifically, viruses expressing
fluorophores in a Cre-dependent manner can be used in
tandem with Cre-driver lines to visualize distribution of
cells that putatively express specific neuropeptides or cognate
receptors within cortical circuits, as well as their terminals
throughout the brain. The advent of intersectional genetic
strategies will permit researchers to gain genetic access to
sub-populations of neuropeptide and/or GPCR-expressing cells
(Fenno et al., 2014, 2020). This is of particular relevance
given that neuropeptides and their cognate GPCRs are often
expressed on different types of molecularly defined cells. In
cases where validated antibodies or radiolabeled/fluorescent
ligand exists it is possible to integrate these approaches with
aforementioned viral and genetic approaches to dissect how
neuropeptides or GPCRs embed themselves into local and long-
range circuits. There are various important considerations and

potential pitfalls when using genetic and viral approaches that
must be addressed with appropriate controls and validation
studies, including but not limited to, ectopic expression
observed with germline or developmental expression of the
recombinase that traces lineage cells that may transiently
have neuropeptide or receptor promoter activity, incomplete
genetic penetrance to cell types of interest, or Cre-independent
transgene expression (Song and Palmiter, 2018; Botterill et al.,
2021). Moreover, recombination of Cre or Flpo-dependent
transgenes inherently is binary and does not reflect variations
in neuromodulator expression levels. This is of importance
when working with a new genetic line, virus, or even different
brain regions. Additionally, the ever-expanding published
single-cell RNA-seq datasets providing transcriptional profiles
of individual cortical cell types and the neuropeptides and
GPCRs found therein (Tasic et al., 2018; Smith et al., 2019;
Krienen et al., 2020), will be useful resources for developing
specific hypotheses relating to neuropeptide action in PFC
circuits. Spatial transcriptomics including multiplexed in situ
hybridization, in situ sequencing, and spatial barcoding will be
able capture the spatial distribution of various cell populations
expressing different neuropeptides and cognate receptors and
provide an anatomical context to substantiate scRNA-seq studies
(Longo et al., 2021). With increased capabilities to look at
many neuropeptides and GPCRs, spatial transcriptomics will
begin to unravel the “neuropeptidome” of cortical circuits
(Smith et al., 2019). It should be noted that expression of
mRNA does not confer functional neuropeptide or GPCR
protein expression, highlighting caveats of these aforementioned
approaches. Moreover, scRNA-seq experiments may also fail to
identify neuropeptide or receptors whose mRNA is expressed
in low abundance or localized away from the peri-nuclear
space/soma, but is still of physiological relevance. Recently,
mice expressing fluorescently labeled opioid receptors have been
developed, which allows for mapping of receptors within sub-
compartments or projections in defined cell types when coupled
with anatomical tracing methods or when molecularly defined
cells are tagged (Ehrlich et al., 2019; Chen C. et al., 2020).
Careful characterization of novel lines with tagged neuropeptide
receptors is necessary to ensure that expression or function
of the targeted molecule is not impacted. For example, a
thorough characterization of KOR-tdTomato fusion protein
mice demonstrated that these mice have increase KOR mRNA
expression and binding relative to controls (Chen C. et al.,
2020), highlighting the importance of validation experiments
and associated considerations as was done in the former study.
Notwithstanding this approach will be useful for elucidating
endogenous neuropeptide receptor localization and trafficking.
Taken together, when used in tandem with physiological,
biochemical, and functional anatomical approaches, these
approaches provide valuable insight to neuropeptide mRNA
expression in diverse cell types and anatomical architecture
within tissues.

Monitoring Neuropeptide Release
Historically, studies examining peptide release have been limited
to acute brain slices or synaptosomal preparations where
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FIGURE 2 | (A) Anatomical methods in the study of neuropeptides include recombinase driver lines used to gain genetic access to neuropeptide or
receptor-expressing cells, spatial transcriptomics, and RNA sequencing. (B) Neuropeptide monitoring methods include genetically encoded GPCR sensors in
conjunction with recording methods (e.g., fiber photometry and miniscope), fast-scan cyclic voltammetry (inspired by Roberts and Sombers, 2018), and in vivo
microdialysis with mass spectrometry. (C) Methods to study neuropeptide function include nanobody enabled monitoring of neuropeptide receptor states (inspired
by Che et al., 2020), genetic modifications (e.g., genetic ablation, editing, or slicing), and the use of photoactivatable neuropeptides. Any of the aforementioned novel
approaches can be implemented with established methodologies, such as electrophysiology.
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radioimmunoassays and ELISAs have been used to monitor
peptide levels in the media. At best, microdialysis procedures
have been used to measure fluctuations in extracellular
neuropeptide levels in behaving animals. Although these
techniques have led to significant advancements in the field, they
have low temporal and spatial resolution or are restricted to
in vitro conditions. To address these limitations, novel techniques
with increased sampling or analytical sensitivity have arisen
(Figure 2B). Specifically, fluorescent neuromodulator sensors
(Wang et al., 2018; Patriarchi et al., 2019; Peng et al., 2020;
Dong et al., 2021; Duffet et al., 2022) provide a means to
detect fluctuations in neuropeptide release presence in real
time in awake, behaving animals and map sub-cellular sites
of neuropeptide release when coupled to high resolution live
cell/acute brain slice image. A caveat of genetically encoded
fluorescent sensors is that detection of events may be limited
to large fluctuations in neuropeptide/receptor activity if the
affinity of the neuropeptide for the sensor is not sufficiently
high. Additionally, sensors with a very high affinity may display
decreased dynamic range or buffer endogenous neuropeptides
from acting on their cognate receptors. Lastly, since neuropeptide
receptors may bind more than one neuropeptide with high
affinity, including unidentified “off-target” actions, it is possible
that fluorescent receptor sensor activity may not reflect activity of
the neuropeptide of interest. Moreover, electrochemical sensors
capitalizing on oxidation/reduction of Tyr in opioid peptides
have been employed to monitor putative enkephalin (Roberts and
Sombers, 2018). Appropriate controls demonstrating that signals
can be detected from endogenously released neuropeptides and
the absence of signal upon genetic ablation or inhibition of
neuropeptide-expressing neurons will be essential in elucidating
the substrates driving fluorescent or electrochemical sensor
activity. Neuromodulator receptor-based fluorescent sensors will
be useful not only for monitoring neuropeptide transmission in
awake-behaving mice but will also be useful for understanding
how neuropeptide transmission fits within nuanced architecture
and layering of PFC circuits in acute slices and large fields of view
in vivo with one or two photon imaging. Further, with increasing
palettes of genetically encoded calcium and neurotransmitter
sensors, future studies will be able to examine how neuropeptide
dynamics fluctuate in relation to neuronal activity or other
neurotransmitters. This will provide a comprehensive picture
of how sensor activity relates to neuropeptide producing cells
or receptor expressing cells. In vivo microdialysis coupled with
mass spectrometry allow for simultaneous detection of various
extracellular neuropeptides in addition to fast neurotransmitters
and monoamines (DiFeliceantonio et al., 2012; Kennedy, 2013;
Al-Hasani et al., 2018). As analytical approaches improve,
detection of various species of neuropeptides and their metabolic
byproducts will provide insight to the actual molecules present
in the extra-cellular space and their metabolism. An added
benefit is that microdialysis allows for local drug infusion
at the sampling site permitting functional pharmacological or
chemogenetic studies to be easily integrated. Ultimately, the
development of novel techniques to monitor neuropeptide
release will provide a platform to monitor cortical neuropeptide
dynamics in freely moving behaving animals and closely link

peptide dynamics to discrete aspects of behavior in well-designed
studies.

Mapping Receptor Function Within
Circuits
Although the presence of GPCRs within cortical circuits could
previously be identified with histological and in situ hybridization
approaches, these approaches do not lend information to GPCR
action and kinetics and physiological effects post neuropeptide
binding. To identify how neuropeptide GPCRs regulate circuit
function, photoactivatable neuropeptides, nanobodies, and
advanced pharmacological and immunohistochemical tools are
a few of the techniques used to date (Figure 2C). Advancements
aimed at increasing specificity and efficacy of pharmacological
tools, such as agonists and antagonists of neuropeptide targets,
will facilitate work aimed at uncovering the role of neuropeptide
action in the PFC. Cell-specific pharmacological approaches are
rapidly developing that will aid in the dissection of neuropeptide
control of cortical circuitry (Yang et al., 2015; Shields et al.,
2017). These approaches provide a significant advantage over
conventional pharmacological approaches, which do not
discriminate between receptors in distinct circuit elements, in
that they provide a means to concentrate or permit the selective
gating of ligands to molecularly defined neurons or based on
connectivity. Photoactivatable neuropeptides provide a means
to determine the kinetics of neuropeptide and GPCR signaling
as well as map sub-cellular distribution (Yang et al., 2015).
When coupled to multi-photon or focal one-photon uncaging
they also uncover spatiotemporally precise actions of GPCRs
in distinct compartments of neurons. Genetic methods such as
knock-in mouse lines expressing GPCRs fused with fluorescent
markers reveal internalization of receptors following behavioral
or pharmacological paradigms (Ehrlich et al., 2019; Chen C. et al.,
2020). Furthermore, conditional knock-out of neuropeptide or
receptor genes from cell populations using Cre-LoxP systems
(Kim et al., 2018), short hairpin RNA (Moore et al., 2010),
or CRISPR-Cas9 (Ran et al., 2013) will allow manipulation of
peptide and receptor expression within cortical circuits. Given
that neuropeptides are likely embedded into distinct cell types
within PFC circuits that may differ based on molecular definition
or connectivity, then expanding availability of recombinase
driver lines or complementation of viral approaches will permit
for dissection of neuropeptides and their receptors in specific
cell types or pathways into or out of the PFC. Finally, changes
in GPCR confirmational states in response to activation or
deactivation can be studied with various techniques. For
instance, nanobodies also can reveal GPCR confirmational states.
For example, nanobodies that stabilize distinct ligand-delimited
GPCR conformations can report real-time ligand-stabilized
GPCR states (Che et al., 2020) and genetically encoded
biosensors derived from specific nanobodies can provide
precise spatial and temporal resolution of GPCR activation
and deactivation (Stoeber et al., 2018). It has been shown that
agonist binding induces KOR phosphorylation (Appleyard
et al., 1997; Li et al., 2002) and immunohistochemistry can
be used to report receptor phosphorylation as a measure of
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neuropeptide-mediated receptor activation (McLaughlin et al.,
2004; Lemos et al., 2011; Abraham et al., 2021).

Collectively, there has been a rapid expansion of tools
to dissect the function of neuropeptides. Ideal studies would
use the most appropriate tools needed to address specific
questions of how neuropeptides and their receptors relate to
circuit function and/or behavior, keeping in mind strengths
and caveats associated with each approach when designing
studies and selecting tools to employ. In practice, dissection of
the role of neuropeptides and their receptors in PFC circuits
will require the use of multiple converging, complementary
approaches, and inclusion of controls and validation studies,
where appropriate. When coupled to cutting-edge ex vivo and
in vivo electrophysiological, anatomical, in vivo imaging, and
well-designed behavioral studies, these ensembles of emerging
tools will be crucial for significant advances in our understanding
the role of neuropeptides in intercellular communication in
cortical circuits.

CONCLUSION

In this review we provide a comprehensive examination
and discussion of the literature on neuropeptide modulation
of cortical circuitry, with an emphasis on the PFC. To
date, knowledge of neuropeptide action is largely limited to
subcortical brain structures. Expanding the field’s knowledge
on neuropeptide action in the PFC and how neuropeptide
systems regulate information processing in cortical circuits
provides paths to develop therapeutic targets for the treatment
of neuropsychiatric disorders. Further, increased knowledge PFC
organization and function will provide a greater context for

future findings on neuropeptide function. Together, investigating
PFC networks and neuropeptide regulation of those circuits while
capitalizing on novel approaches will help elucidate contributing
factors in neuropsychiatric disorders and novel treatments for
these disorders.
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