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Abstract

The opioid peptides and their receptors have been linked to multiple key biological processes

in the nervous system. Here we review the functions of the kappa-opioid receptor (KOR)

and its endogenous agonists dynorphins (Goldstein et al. 1979), in modulating itch and pain
(nociception). Specifically, we discuss their roles relative to recent findings that tell us more about
the cells and circuits which are impacted by this opioid and its receptor and present reanalysis

of single-cell sequencing data showing the expression profiles of these molecules. Since the

KOR is relatively specifically activated by peptides derived from the dynorphin gene and other
opioid peptides show lower affinities, this will be the only interactions we consider (Chavkin and
Goldstein 1981; Chavkin et al. 1982), although it was noted that at higher doses peptides other
than dynorphin might stimulate KOR (Lai et al. 2006). This review has been organized based on
anatomy with each section describing the effect of the kappa-opioid system in a specific location
but let us not forget that most of these circuits are interconnected and are therefore interdependent.

1 The Kappa opioid system in pain

The opioids enkephalin and endorphin are the superstars of pain treatment, possibly because
they were identified many years before dynorphins (Kieffer 1999) and mu receptor agonists
are the most clinically used opioids. Nevertheless, it is now recognized that dynorphins have

many effects on how nociceptive signals are modulated and some of these effects are as
dramatic as those produced by enkephalin and endorphin. This has led to the re-evaluation

of KOR agonists as potential therapeutics. Similar to the other opioid peptides, dynorphins
and their receptor are expressed in neurons along the pain neural-axis and this is reflected in
the multiple different effects of kappa opioids (Corder et al. 2018). However, the expression

patterns of the different opioids and their receptors are distinct from each other suggesting

that they elicit separate influences on pain sensory perception (Mansour et al. 1994; Neal et

al. 1999).

1.1 Peripheral effects of dynorphins (DRG and TG neurons)

Peripherally selective KOR agonists can inhibit nociception showing that they attenuate
behavioral responses at the level of sensory neurons (Kivell and Prisinzano 2010; Haley

"To whom correspondence should be addressed, mark.hoon@nih.gov.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tseng and Hoon

Page 2

et al. 1990; Vanderah 2010), although it has been suggested that agonist decrease pain/
itch-stimulated behaviors through non-selective decrease in motivated behavior (Lazenka
et al. 2018). Given this fact, it was suggested that KOR is expressed in nociceptors (Ji

et al. 1995) and recently this was directly shown using transgenic mice engineered to
drive the expression of genetic reporters under the control of the KOR gene (Snyder et al.
2018). These studies established that KOR is expressed in an array of dorsal root ganglion
(DRG) and trigeminal ganglion (TG) cell-types. There is prominent, about %; of positive
neurons, co-expression of KOR with CGRP and other vasodilatory neuropeptides (Fig. 1a,
d). The remaining KOR-expressing neurons are mostly low threshold mechanoreceptors
(LTMR) (Fig. 1b, ). Also, interestingly it was shown that a substantial proportion of
KOR expressing neurons innervate viscera, including innervating the colon and bladder
(Fig. 1c, f). This result agrees with the increased visceral chemical nociceptive sensitivity
phenotype exhibited by KOR null mice (Simonin et al. 1998) and the known efficacy

of kappa agonists to attenuate visceral pain (Junien and Riviere 1995). Analysis of

results from single cell sequencing (Zeisel et al. 2018) supports this distribution of KOR
expression in sensory neurons (Fig. 1d—f). The KOR is a G j/o-linked G-protein coupled
receptor, which upon activation leads to inhibition of neural responses. This inhibition
was reported to be presynaptic on central projections of primary afferents in the spinal
cord and probably occurs through inhibition of voltage-gated calcium currents (Bean 1989;
Snyder et al. 2018) (Fig. 1c and 3a). Importantly, when the KOR is genetically eliminated,
or when KOR agonists are administered, basal nociceptive responses, to evoked noxious
thermal and mechanical stimuli, are normal. By contrast, after injury KOR null mice
display hypersensitivity and kappa-agonist produce analgesia (Vanderah 2010; Cowan et
al. 2015; Simonin et al. 1998), suggesting that the effects of KOR are context dependent.
In addition to acting on presynaptic transmission, dynorphins can attenuate neurogenic
inflammation (Fig. 1a). This inflammatory response is a hallmark of release, from peripheral
nerve endings of nociceptors at target organs, of various peptides including CGRP and
substance P (in the skin and various visceral organs) which cause vasodilation and a
resultant extravasation reaction (Fig. 1a, d). The KOR is predominantly expressed by
peptidergic neurons and consequently attenuating KOR activity in sensory neurons has a
major influence on extravasation by reducing the release of vasodilatory peptides (Snyder et
al. 2018). Together these findings highlight that KOR can participate in the modulation

of nociception, however, under physiological conditions it is still unclear under what
circumstances dynorphins are released and might influence neurogenic inflammation and
modulate presynaptic signaling. It is also still not known the sources of dynorphins (there
are no major exogeneous sources outside the CNS, although some glia and immune cells
may release dynorphins (Pannell et al. 2016; Wabhlert et al. 2013)) which could control the
activity of peripheral nociceptors, but like for enkephalins and endorphins, dynorphins are
expressed in a subset of spinal cord interneurons and this may be the source of released
peptide (see next section).

1.2 Dynorphin neurons in the spinal cord

Unlike the peripheral nervous system, the spinal cord has both neurons which express
KOR and dynorphins (Sardella et al. 2011). The suggested actions of dynorphins and
its receptor in the spinal cord is predicated by the fact that intrathecal administration
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of dynorphin produces both mechanical and thermal allodynia (Laughlin et al. 1997;
Vanderah et al. 1996). In addition, during persistent injury, levels of dynorphins increase
dramatically in the ipsilateral spinal cord (ladarola et al. 1988) and the increased dynorphins
encompasses spinal cord territories outside those innervated by injury (Malan et al. 2000).
This upregulation of dynorphins appears to be mainly in the spinal cord (Parra et al.

2002), although there are other supraspinal regions with heightened expression (see later
sections). The genetic elimination of dynorphins results in a mild increase in sensitivity to
noxious stimuli in naive mice. After injury, for a short period, normal increased sensitization
was observed in KOR null mice (Wang et al. 2001). However, while in wild-type mice
sensitization remains after nerve injury, in animals lacking KOR, at latter times, sensitization
does not continue but instead nociceptive responses return to baseline. Altogether, these
results have been interpreted to suggest that during injury, in the spinal cord, dynorphins
appears to act to increase nociceptive sensitivity while paradoxically in naive conditions, it
acts tonically to suppress nociceptive signals. These opposing actions of dynorphins, as an
inhibitor in naive conditions and as a facilitator of nociception in persistent pain, is likely
due to the known plastic circuit changes in the spinal cord brought about during central
sensitization which alter the spinal circuitry and thereby alter the action of dynorphins
(Melzack and Wall 1965; Woolf and Chong 1993), as well as the increased expression of
dynorphins (see summary comments).

To examine more about the role of dynorphins in the spinal cord, the cells which express
dynorphins and their synaptic connections have been investigated (Duan et al. 2014). Using
molecular genetics, mice were engineered where the intersection of the recombinases

for Cre and Flpo driven by dynorphin and Lbx1-promoters, respectively, was used to

ablate neurons and mark subsets of interneurons that represent a neuronal lineage in the
spinal cord of dynorphin expression during development. This means that not only cells
which express dynorphin in the adult spinal cord but also those which express dynorphin
transiently during development were examined in these studies. The phenotypes of the
resulting dynorphin-cell-lineage ablated animals were remarkable (Duan et al. 2014). These
mutant mice exhibited profoundly heightened sensitivity to mechanical stimulation (but not
to thermal stimuli), similar to that found during spared nerve injury (a model of neuropathic
pain). Together with extensive characterization of the electrophysiological properties of the
inputs and outputs to these neurons, these results suggest that the dynorphin/Lbx1 lineage of
neurons are required to gate mechanical pain (Melzack and Wall 1965) and do this through
inhibition of excitatory somatostatin-expressing interneurons. In other studies, the role of
neurons expressing dynorphins rather than neurons transiently expressing were investigated
(Huang et al. 2018). The behaviors displayed by mice in which dynorphin-neurons were
chemogentically activated revealed that these cells can sensitize mice to mechanical, but
not thermal, stimuli and showed that these neurons are important in controlling itch (see
later section). The contradictory findings of these two studies (Huang et al. 2018; Duan et
al. 2014) are likely because of differences in the neurons which were manipulated in the
two reports. A further complication is that the neurons which express dynorphin in adult
spinal cord are also heterogeneous. Recently, neurons in the spinal cord were divided into
different classes based on various genes they express. The sequencing of single spinal cord
cells has led to their classification defined by their molecular characteristics. Analysis of
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this data revealed 15 classes of inhibitory and 15 types of excitatory neurons (Haring et al.
2018). This report suggests that dynorphin is expressed in 3 classes of inhibitory neurons,
implying that the neurons expressing this neuropeptide are heterogeneous. However, this
sequencing study did not reveal the whole story as it was reported that there is a class of
excitatory dynorphin neurons (Duan et al. 2014; Huang et al. 2018; Gutierrez-Mecinas et al.
2019; Boyle et al. 2017) which are clearly absent from this sequencing study. Therefore, in
future it will be important to determine which developmental class(es) of dynorphin-lineage
neurons are required for gating mechanical pain and which neurons control signals for other
sensory modalities including itch.

1.3 Functions of the dynorphin/KOR system in the parabrachial nucleus

The parabrachial nucleus (PbN) is a brainstem nucleus which receives direct inputs from
spinal cord projection neurons (Chiang et al. 2020; Barik et al. 2018) and other brain regions
(Kim et al. 2020; Alhadeff et al. 2018) (Fig. 2). In addition to serving as a center where
many different sensory inputs are received, the PbN is known to modulate pain signals

and produce tiered responses to noxious stimuli by directing nociceptive signals to other
brain regions (Campos et al. 2018; Han et al. 2015; Barik et al. 2018; Huang et al. 2019).
These connections include those to the amygdala (reciprocal), the rostral medial medulla
(RVM), the periaqueductal grey (PAG), the ventral medial hypothalamus (VMH), and the
bed nucleus of the stria terminalis (BNST). The PbN can be divided into several distinct
sub-nuclei and a dynorphin ensemble of neurons are concentrated in the dorsal lateral region
(dPbN) (Fig. 2). This ensemble has received attention in terms of their projections and

their contribution to pain escape behavior and memory of pain stimuli (Chiang et al. 2020).
Dynorphin neurons send projections to the external lateral (elPbN), although they also send
them to the PAG, PVT, and various nuclei in the hypothalamus (Chiang et al. 2020; Kim et
al. 2020). It was shown that dynorphin neurons trigger aversive memory, but do not affect
escape behaviors or analgesic responses to nociceptive stimulation, suggesting their major
projections that control responses to nociceptive signals are directed to the CeA and BNST
(Chiang et al. 2020). The dynorphin population of neurons may not specifically tuned for
noxious stimuli as they have also been shown to serve functions in temperature homeostasis
(Geerling et al. 2016) and control ingestion responses to mechanical stimuli (Kim et al.
2020). This suggests the dPbN dynorphin neurons are part of a network that can generate

a variety of appropriate behavior based on coordination with other brain nuclei, some of
which may be in the parabrachial nucleus. Alternatively, the dynorphin-neurons might be
heterogeneous with different sub-populations serving distinct functions.

1.4 Role of Kappa opioids in pain-induced stress responses in the dorsal raphe nucleus,
amygdala, rostral ventral medulla, and nucleus accumbens

Stress responses are strongly associated with pain and dynorphin has been shown to mediate
critical elements of these reactions (Bruchas et al. 2010; Wittmann et al. 2009). For instance,
stress induced by forced swim results in attenuated tail withdrawal to heat that are dependent
on kappa signaling (McLaughlin et al. 2003). Using an elegant /n vivo assay, brain regions,
where KOR is activated by stress, were uncovered (Land et al. 2008; Bruchas et al. 2007;
Bruchas et al. 2008). This approach showed, in response to stress, there is activation of KOR
in the dorsal raphe nucleus (DRN), the basal lateral amygdala, the hippocampus, the ventral
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palladium, the ventral tegmental area, nucleus accumbens (NAc), and BNST. These results
were the basis for a series of investigation aimed at understanding the contribution of the
kappa opioid system in pain related stress responses and other effects of KOR.

The limbic centers in the brain are concerned with motivation, learning, and emotion,
driving such behaviors as anxiety, depression, and fear. Since the limbic system receives

and processes stress signals, it is one of key centers concerned with controlling negative
affect associated with pain. The amygdala is at the center of the limbic brain and is divided
into several nuclei which are believed to serve distinct functions. The central nuclei of the
amygdala (CeA) has a large number of dynorphin expressing inhibitory neurons. In the
CeA, specific classes of neurons are inhibited by nerve injury or are silenced by general
anesthetics (as well as other stimuli) (Wilson et al. 2019; Hua et al. 2020). Activation of

one of these classes of inhibitory neurons attenuates injury-induced pain related behaviors.
The attenuation of nociceptive behaviors by these neurons is thought to occur through

a disinhibitory CeA-PbN circuit which under normal conditions suppresses nociception
(Wilson et al. 2019). And at least in part, the CeA dynorphin neurons are likely a component
of this CeA-PbN circuit (Kissiwaa et al. 2020; Raver et al. 2020). This is also in line with
the high expression of the KOR by PbN-neurons (Meng et al. 1993)(Fig. 2). The CeA is also
known to influence descending modulation of diffuse noxious inhibitory control through a
KOR dependent process (Navratilova et al. 2019; Phelps et al. 2019). The exact pathways
producing this effect is unknown, however, it has been suggested this inhibition may occur
via a PbN to the rostral ventral medulla (RVM) circuit (Navratilova et al. 2019; Phelps et al.
2019) (Fig. 2).

Aversive responses are evoked by exposure to pain and can generate conditioned place
aversion (CPA). Several brain nuclei are known to be required for CPA, one of which is the
dorsal raphe nuclei (DRN) and mice exposed to stress show dynorphin release and increased
KOR activation in this major serotonergic nucleus (Land et al. 2008). It was demonstrated
that CPA responses can be induced by injection of KOR agonists in the DRN (Land et al.
2009). In addition, genetic elimination of KOR and blockade of KOR in the DRN prevents
the development of these aversive responses (Land et al. 2009). The DRN sends projections
broadly throughout the brain and is involved in modulating many different processes. The
specific projections of DRN neurons to the NAc are required to induce CPA (Fig. 2). In
addition, supporting this circuit in modulating responses to painful stimuli, mice lacking
central serotonergic neurons lack KOR agonists-induced analgesic responses (Zhao et al.
2007).

KOR agonist have long been recognized to produce dysphoria (Land et al. 2008). Some of
the depressive effects of dynorphns, including those associated with pain, have been linked
with changes in regulation of dynorphin expression in the NAc (Land et al. 2009). The

NAc is responsible for integrating both positive and negative valence associated with stimuli
(Al-Hasani et al. 2015). Chronic pain states are well known to be comorbid with many types
of negative affect. Linking these phenomena, it was shown that KORs in a subregion of the
NAc, the ventromedial shell, are plastically regulated by pain states (Massaly et al. 2019;
Liu et al. 2019). In normal conditions there is a relatively low kappa tone in the NAc and,
through presynaptic inhibition, KOR minimally lowers the release of dopamine, serotonin,
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and glutamate reward signals in this nucleus. By contrast, during persistent pain, when
dynorphin expression increases (and perhaps in other centers in the hypothalamic and in

the ventral palladium), elevated dynorphns increases KOR activity and there is a consequent
reduction in the release of reward transmitters by the NAc (Massaly et al. 2019; Liu et al.
2019).

1.5 Summary and future direction of kappa signaling in control of pain

In summary, the kappa opioid system is found in many different areas of the brain which

are important for pain perception. However, the known location where kappa signaling has
effects are likely not the only places where this system operates and there are several other
brain regions implicated in pain processing which express dynorphin/KOR that have not

yet been investigated. Among these are the nucleus of the solitary tract (NTS), the locus
coeruleus, the medial thalamic nuclei (parafiscular nucleus), the agranular insular cortex,
and several hypothalamic nuclei. In the future, exploration of these centers and their targets
should be fertile ground for the discovery of novel aspects of kappa opioid influence on pain
signaling.

2 Kappa opioids in itch

Even though historically more has been studied about the interaction of the kappa opioid
system with the pain system, recently there were many insightful advances which highlight
a distinct role for dynorphins in pruriception (itch). Interestingly, in contrast to morphine
which stimulates itch (Ballantyne et al. 1988), KOR agonists suppress itch. In fact, these
divergent outcomes, on itch responses, illuminates one of the many places where these two
different opioids have different effects in the nervous system (Sakakihara et al. 2016).

2.1 Dynorphin spinal cord interneurons inhibit itch.

The importance of spinal cord inhibitory neurons in itch was first prominently revealed

by the spontaneous itch phenotype exhibited by Bhlhb5 (Bhlhe22) knockout mice (Ross et
al. 2010). Bhlhb5 is a transcriptional factor that mediates neuronal cell fate determination
and loss of Bhlhb5 leads to programmed cell death of many of the neurons in which it is
expressed. Specifically, Bhlhb5 null mice developed self-inflicted skin lesions and display
augmented itch responses upon pruritogen challenge. Selective knockout of Bhlhb5 in the
forebrain (dorsal telencephalon), DRG, or spinal cord, revealed that the phenotype is due to
the loss of interneurons in dorsal horn of the spinal cord, particularly neurons in lamina | and
I and not caused by the loss of expression of Bhlhb5 in other brain areas. Additional studies
showed that 75% of Bhlhb5 derived interneurons are inhibitory (Pax2+) while 25% are
excitatory neurons. Further, the selective ablation of inhibitory, but not excitatory, Bhlhb5
interneurons was sufficient to recapitulate the spontaneous itch phenotype exhibited by
global Bhlhb5 knockout animals (Ross et al. 2010). These results strongly suggest that a
subpopulation of inhibitory interneurons in the spinal cord dorsal horn acts to gate chemical
itch.

Since Bhlhb5 is transiently expressed during early development and its expression level in
adult interneurons is low, molecular markers of these neurons were unclear. It is known that
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about 50% of inhibitory neurons in spinal cord dorsal horn selectively express somatostatin
receptor type 2 (Sstr2) and these interneurons can be subclassified based on the expression
of the neuropeptides dynorphin and galanin, and based on the presence of neuronal nitric
oxide synthase (Nos1) (Boyle et al. 2017; Polgar et al. 2013a; Polgar et al. 2013b)(Fig.
3a,b). Immunohistochemistry uncovered that inhibitory Bhlhb5 neurons are a subpopulation
of Sstr2 inhibitory neurons that co-express galanin and dynorphin (Kardon et al. 2014)(Fig.
3c). The fact that Bhlhb5 neurons co-express dynorphin was intriguing because it had been
previously shown that kappa opioid agonists can inhibit itch evoked by various pruritogens
including histamine, chloroquine, bombesin, and compound 48/80 (Cowan et al. 2015; Inan
and Cowan 2004; Kumagai et al. 2010; Togashi et al. 2002). Therefore, it was hypothesized
that the spontaneous itch phenotype displayed by Bhlhb5 knockout mice might be due to the
loss of dynorphin inhibition in a spinal cord itch pathway. This predicted that the disruption
of endogenous dynorphin- kappa opioid receptor signaling should increase itch sensitivity.
As proposed, the pharmacological blockage of kappa opioid receptor by intrathecal injection
of antagonists norbinaltorphimine (norBNI) or 5”-guanidinonaltrindole (5”-GNT]I) resulted
in increased itch responses to chloroquine (Kardon et al. 2014). However, the elimination of
the dynorphin gene (Pdyn) did not produce a spontaneous itch phenotype and did not trigger
exaggerated itch responses to pruritogens, suggesting that dynorphin neurons predominately
communicate with downstream excitatory neurons with other neurotransmitters such as
GABA or glycine (Cowan et al. 2015; Kardon et al. 2014), at least in the experimental
conditions used.

Although dynorphns seems dispensable, multiple lines of evidence support the concept that
dynorphin interneurons dampen itch sensation. As previously mentioned, dynorphin neurons
co-express somatostatin receptor. This receptor is coupled to inhibitory G protein alpha
subunit (G;) to inhibit adenylyl cyclase and calcium influx. Indeed, applying somatostatin
on Bhlhb5 neurons caused strong hyperpolarization and mice receiving intrathecal injection
of somatostatin analog octreotide triggers vigorous itch behaviors (Kardon et al. 2014).
Furthermore, the chemogenetic activation (DREADD hM3Dq) of dynorphin-expressing
neurons (Pdyn-cre::AAV-flex-DREADDQq) in lumbar spinal cord dorsal horn effectively
reduced scratching responses evoked by pruritogens including histamine, chloroquine

and octreotide (Huang et al. 2018). These results showed that inhibiting the dynorphin-
interneurons causes disinhibition of itch, while activating these neurons causes attenuation
of itch (Fig. 3a). The ablation of dynorphin lineage neurons (see Section: dynorphin neurons
in the spinal cord) did not eliminate itch responses (Duan et al. 2014). However, not all
dynorphin neurons were eliminated in the mice used in this study and many other types of
inhibitory neurons were also ablated in these complex transgenic animals used in this study
making it hard to interpret the results from this report (Duan et al. 2014; Huang et al. 2018).

2.2 Neuronal circuits for itch

Itch stimuli are detected by peripheral DRG and TG sensory neurons that innervate skin
(Bautista et al. 2014; Hoon 2015; Mishra and Hoon 2015). Recent studies revealed two
distinct subpopulations of DRG neurons that preferentially convey itch signals to the spinal
cord dorsal horn. One class of cells co-express Mas-related G protein coupled receptors A3
(Mrgpra3) and C11 (Mrgprc11) which can be activated by chloroquine (Han et al. 2013; Liu
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et al. 2009) and pruritic peptides BAM8-22, SLIGRL respectively (Liu et al. 2009; Liu et al.
2011). The other subpopulation is a class of cells which express the neuropeptide, natriuretic
polypeptide B (Nppb) express multiple itch-receptors (Solinski et al. 2019b) (Fig. 1g and
3a). This raises the unexpected finding that KOR expression is not found in these neurons
(Snyder et al. 2018; Zeisel et al. 2018)(Fig. 1g) despite the fact that peripherally restricted
KOR agonist can suppress itch (Inan and Cowan 2004; Cowan et al. 2015). Perhaps there is
modest CNS penetration of these KOR agonists (see next section).

When Nppb is released from itch neurons, it activates spinal cord interneurons expressing
its receptor, natriuretic peptide receptor 1 (Nprl) (Mishra and Hoon 2013; Solinski et al.
2019a). Interestingly, Nppb-neurons also co-express somatostatin (~99% overlap) (Huang
et al. 2018) (Fig. 1g). Given that dynorphin interneurons express somatostatin receptor and
can be inhibited by somatostatin or its analog (Huang et al. 2018; Kardon et al. 2014), it

is likely that somatostatin DRG neurons, and perhaps somatostatin-expressing interneurons,
are the upstream afferents for dynorphin-interneurons. Indeed, optogenetic activation of
somatostatin-neurons (Sst-cre::ChR2) in the TG preferentially evoked robust itch, but not
pain behaviors (Huang et al. 2018). However, somatostatin is expressed in both peripheral
sensory neurons and spinal cord excitatory interneurons (Fig. 3a). To pin down the

source of somatostatin, mice with conditional knockout of somatostatin in either peripheral
afferent neurons (Trpvi-cre::Sst™/fl), spinal cord dorsal horn (Lbx1-cre::Sst™f), or both
(Whnt-cre::Sstf/fl) were tested. Only the mice lacking somatostatin in both peripheral and
spinal cord neurons exhibited itch deficits to pruritogens including histamine, chloroquine,
compound 48/80, serotonin, and endothelin (Huang et al. 2018). These results suggested that
dynorphin/Sstr2 interneurons receive presynaptic inputs from both peripheral afferents and
dorsal horn interneurons.

In the dorsal horn of the spinal cord, a subpopulation of excitatory neurons expressing
gastrin-releasing peptide receptor (Grpr) is critical for itch sensation (Fig. 3a, d). Mice
lacking Grpr or Grpr-expressing neurons displayed profound deficits in itch responses

to various pruritogens (Sun and Chen 2007; Sun et al. 2009). In addition, activation

of Grpr neurons requires release of Gastrin-releasing peptide (Grp) from Grp-expressing
interneurons (Pagani et al. 2019)(Fig. 3f) and some Grp interneurons co-express Nppb
receptor, Nprl (Fig. 3a, €). Targeted-toxin ablation of these neurons (by administration

of Nppb-saporin conjugate) greatly reduced itch responses evoked by histamine or by
intrathecal administration of Nppb, suggesting that these neurons transmit itch signals from
Nppb primary afferents (Mishra and Hoon 2013). Interestingly, Grp interneurons also form
monosynaptic connections with Mrgpra3 primary afferents (Albisetti et al. 2019; Sun et

al. 2017). These studies suggest that Grp-expressing neurons receive inputs from both
Mrgpra3 and Nppb primary afferents and this Grp-Grpr axis in spinal cord could be the
major pathway for itch signal transmission. Itch evoked by intrathecal injection of Grp

can be greatly attenuated by kappa opioids (nalfurafine), suggesting that kappa opioids
and perhaps endogenous dynorphin act on or downstream of Grpr-expressing neurons
(Kardon et al. 2014). Indeed, about 50% of Grpr-expressing interneurons co-express kappa
opioid receptor (KOR) and kappa opioids inhibited calcium influx induced by applying
Grp on spinal cord neurons (Munanairi et al. 2018)(Fig. 3g). These results indicate that
Grpr-neurons receive excitatory inputs from Grp-expressing neurons but receive inhibitory
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inputs from dynorphin-expressing neurons. Most Grp-expressing neurons co-express
somatostatin (Gutierrez-Mecinas et al. 2014), and some of them co-express Nprl (Mishra
and Hoon 2013). While dynorphin-expressing neurons co-express somatostatin receptor
(Sstr2) (Kardon et al. 2014), suggesting a possible communication between Grp-neurons
and dynorphin-neurons via somatostatin. Indeed, Sstr2 agonist, octreotide, potentiated

itch responses evoked by intrathecal administration of Nppb or Grp, while CYN154806,

a somatostatin receptor antagonist, attenuated these itch responses. Furthermore, KOR
agonist, IC1199441, attenuated Nppb, octreotide, and histamine induced itch, however,
CYN154806 could not attenuate KOR antagonist (norbinaltorphimine) evoked itch (Huang
et al. 2018). These results indicate that somatostatin can potentiate Nppb and Grp-evoked
itch responses by disinhibition of dynorphin-neurons. To determine the cellular cascade
for itch signal transmission, conjugated toxins that selectively ablate Nprl- or Grpr-
neurons were used. Ablation would only impact signals from upstream but not downstream
components in this pathway. Ablation of Grpr-neurons with Grp-saporin as well as Grpr
antagonist treatment profoundly reduced itch evoked by octreotide, KOR-antagonist, and
histamine. By contrast, ablation of Nprl-neurons by Nppb-saporin attenuated histamine-
induced itch, but not octreotide or KOR-antagonist evoked itch. Together these results
suggest that Nprl1-neurons are upstream of somatostatin and dynorphin neurons, while
Grpr-neurons are the downstream (Fig. 3a).

2.3 Summary and future direction for itch research

The role of neuropeptides in the control of itch signaling is remarkably complex involving
multiple transmitters (Fig. 3a). In the spinal cord, dynorphin is at the core of a disinhibition
pathway. Disruption of disinhibition with kappa receptor agonists is now being used as a
therapeutic basis for treatment of some types of chronic itch (Pereira and Stander 2018). The
physiological role of this circuit is still not understood although it has been suggested to be
a mechanism by which counter stimuli may attenuate itch (Kardon et al. 2014). In the future
it will be interesting to explore the exact inputs to this pathway to better understand how
counter-stimulus mechanistically attenuates itch sensory signaling.

3 Common mechanisms of action of the kappa-opioid system

Kappa opioid-mediated signaling, for both itch and pain, is multifaceted with manifold ways
in which this GPCR transduction cascade produces different effects in different circuits.
Another aspect of the kappa opioid system is the context-dependent complexity of it use.
Despite these complications, there appears to be three themes which overall explain the
mechanisms by which the kappa opioid system works, see points below.

. KOR engagement can lead to reduction in neuronal activity through inhibition of
voltage gated calcium channels and other pathways, for instance by attenuating
the activity of peripheral nociceptors (Snyder et al. 2018).

. KOR activates an inhibitory signaling cascade causing hyperpolarization and
within a disinhibitory circuits this generates a net activation, for example, in
response to stress a disinhibitory circuit is engaged in the NAc (Massaly et al.
2019).
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. In different states, many neural systems show plastic expression of dynorphin
and/or KOR and undergo changes in circuitry. In turn, these changes can alter the
valence of circuits, for example, in the spinal cord during chronic pain dynorphin
levels increase dramatically and there are changes in the circuitry (Vanderah et
al. 2001) which alters the effects of dynorphin from inhibitory to excitatory.
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Fig 1. KOR is expressed in multiple classes of DRG-neurons.
a-c) Schematics of the potential mechanisms by which KOR maodifies nociception in

primary sensory afferents. a) The majority of KOR expressing neurons co-express the
neuropeptide CGRP and substance P. Upon activation these neurons can release these
peptides from their nerve terminals. KOR agonists can attenuate this release and thereby
suppress neurogenic inflammation. b) Mechanosensory neurons also express KOR. These
neurons have terminal specializations that surround hair follicles including lanceolate and
circumferential endings. ¢) A large number of KOR positive afferents project to visceral
targets and kappa agonists reduce nociception from these fibers via pre-synaptic inhibition.
d-g) Single-cell RNA-sequencing is a powerful method to comprehensively identify and
classify neuronal subtypes. We re-analyzed publically available single-cell RNA-sequencing
data from dorsal root ganglia (Zeisel et al. 2018). To visualize these high dimensional
datasets, we used UMAP plots which cluster cells with the most similar gene-expression
with each other and separates them from other clusters. Therefore, in this representation
DRG neurons segregate into clusters where neurons with common transcriptomes are
closest. Each cell in this analysis is represented as a dot (grey) with colored (red or green
or magenta) gene expression superimposed. The individual gene name is displayed in the
left-hand of each panel and co-expression is shown in the merged right panels. d) KOR
(OprK1) and CGRP (Calca), e) KOR and Tyrosine kinase (TH), a marker of a subset of
mechanosensory neurons, f) KOR and Trpv1, a marker of nociceptors, are co-expressed. g)
Nppb and somatostatin (SST) are co-expressed, but are distinct from Mrgpra3-expressing
neurons and neither of these two classes of primary afferent express KOR.
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descending

Fig 2. Anatomy of the kappa opioid system controlling pain perception.
Schematic diagram of the pain pathways which are modulated by kappa opioids. Red

arrows indicate connections known to use dynorphin and those in black are links that

are known to originate from either cells expressing KOR or dynorphins. The main inputs
to these pathways are from spinal cord projection neurons or stress responses from the
mid- and forebrain. Abbreviations, nucleus accumbens (NAc), bed nucleus of the stria
terminalis (BNST), basolateral amygdala (BLA), central nucleus of the amygdala (CeA),
dorsal raphe nucleus (DRN), parabrachial nucleus (PbN), dorsal PbN (dPbN), external
lateral PbN (elPbN), and rostral ventral medulla (RVM).
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Fig 3. Spinal cord itch circuit and KOR signaling.
a) Schematic representation of the neuronal circuit underlying itch. Input from DRG neurons

(left-hand side) are transmitted to spinal cord interneurons (center), and then onto the brain
(right-hand side). Key transmitters and cell-types are indicated, dotted arrowed line are
speculative connections. b-g) Single-cell RNA-sequencing (GSE103840, Haring 2018) were
reanalyzed and UMAP plots (see figure 1 for details) of spinal cord neurons reveal that cells
can be broadly classified into two groups, GABAergic inhibitory neurons (b) and excitatory
glutamatergic neurons (d), based on their expression of glutamate decarboxylases 2 (GAD2)
and vesicular glutamate transporter 2 (Slc17a6) respectively. b, ¢) Many inhibitory neurons
express dynorphin (Pdyn), or somatostatin receptor 2 (Sstr2) respectively. d) By contrast
excitatory neurons express GRP. e) In turn a subset of GRP-neurons co-express Npr1. f)
GRP and GRPR are expressed by separate populations of interneurons. g) KOR (Oprk1)

is expressed at low levels in both excitatory and inhibitory neurons and is expressed by
GRPR-neurons.
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