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Abstract

The circuitry of addiction comprises several neural networks including the midbrain- an expansive
region critically involved in the control of motivated behaviors. Midbrain nuclei like the Edinger-
Westphal (EW) and dorsal raphe (DR) contain unique populations of neurons that synthesize many
understudied neuroactive molecules and are encircled by the periaqueductal gray (PAG). Despite
the proximity of these special neuron classes to the ventral midbrain complex and surrounding
PAG, functions of the EW and DR remain substantially underinvestigated by comparison.
Spanning approximately —3.0 to —=5.2mm posterior from bregma in the mouse, these various cell
groups form a continuum of neurons that we refer to collectively as the subaqueductal paramedian
zone. Defining how these pathways modulate affective behavioral states presents a difficult, yet
conquerable challenge for today’s technological advances in neuroscience. In this review, we
cover the known contributions of different neuronal subtypes of the subaqueductal paramedian
zone. We catalogue these cell types based on their spatial, molecular, connectivity, and functional
properties and integrate this information with the existing data on the EW and DR in addiction.
We next discuss evidence that links the EW and DR anatomically and functionally, highlighting
the potential contributions of an EW-DR circuit to addiction-related behaviors. Overall, we aim

to derive an integrated framework that emphasizes the contributions of EW and DR nuclei

to addictive states and describes how these cell groups function in individuals suffering from
substance use disorders.
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1. Introduction

The circuitry of addiction comprises several neural networks including the midbrain- an
expansive region critically involved in the control of motivated behaviors. The ventral
midbrain complex - particularly the commonly studied ventral tegmental area (VTA) and
substantia nigra - contains neurons that not only integrate information from ascending

and descending sources, but also release neuromodulators like dopamine in sites with
well-established roles in addiction, like the nucleus accumbens (NAc), amygdala, and
prefrontal cortex. However, additional midbrain nuclei like the Edinger-Westphal (EW)

and dorsal raphe (DR) are located dorsally and caudally to the VTA and contain unique
populations of neurons that synthesize neuroactive molecules with vastly understudied
functions compared with dopamine. Representing a parallel system that complements the
architecture and actions of ventral midbrain outputs, these separate groups of neurons are
encircled by the periaqueductal gray (PAG) and also send projections to the NAc, amygdala,
and hypothalamus. Despite the proximity of these special neuron classes to the ventral
midbrain complex and surrounding PAG, functions of the EW and DR remain substantially
underinvestigated by comparison. Defining how these parallel streams of limbic circuitry
interact to modulate affective behavioral states presents a difficult, yet conquerable challenge
for today’s technological advances in neuroscience.

Within the ventral division of the midbrain PAG, a fascinating pattern emerges along the
midline in which large clusters of cells rich with heterogeneous gene expression fill the
space directly ventral to the tip of the cerebral aqueduct. Spanning approximately —3.0 to
-5.2mm posterior from bregma in the mouse, these various cell groups form a continuum
of neurons that we refer to collectively as the subagueductal paramedian zone (Figure

1). Among these neuronal populations, the EW and DR nuclei stand out as intriguing

and interrelated, particularly within the context of addiction. These two neuronal clusters
are anatomically connected and both harbor diverse combinations of neuromodulators and
receptors involved in regulating mood, appetite, stress, and reward processing.

Notably, the DR contains the largest population of neurons that release serotonin (5HT)

in forebrain and midbrain regions, thus making them key to the modulation of emotional
behaviors. DR neurons project their axons to a plethora of forebrain regions involved

in the regulation of motivation, including amygdala, striatum, and cortex. Much less is
known about the EW neurons; however, evidence suggests they project to the hypothalamus,
septum, and spinal cord, in addition to the ventral midbrain complex and the DR (da

Silva et al., 2013; Dos Santos Junior et al., 2015; Kozicz et al., 2011a; Ryabinin et

al., 2013). The EW contains a dense group of cells with high expression of urocortin 1
(Ucnl), a neuropeptide closely related to corticotropin-releasing factor (CRF) that displays
high affinity for both CRF receptor subtypes (CRFR1, CRFR2) (Bittencourt et al., 1999;
Ryabinin and Giardino, 2017; Ryabinin et al., 2005; Ryabinin et al., 2012). Nearby in the
DR, a subpopulation of 5SHT neurons express CRFR2, indicative of an adjacent substrate to
support stress-related EW-Ucn1 release and signaling (Pernar et al., 2004; Van Pett et al.,
2000). These cognate ligand-receptor cellular phenotypes across the EW and the DR raise
the possibility of an underappreciated short-range circuit between these two structures that
critically regulates affective processing in emotional states associated with substance use
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disorders (Bethea et al., 2013; Fabre et al., 2011; Sanchez et al., 2010; Staub et al., 2006;
van der Doelen et al., 2017).

In this review, we cover the known contributions of different neuronal subtypes of the
subaqueductal paramedian zone, focusing particularly on the EW and DR nuclei in addiction
and motivated behavioral states. We catalogue these cell types based on their spatial,
molecular, connectivity, and functional properties and integrate this information with the
existing data on the EW and DR in addiction. We next discuss evidence that links the EW
and DR anatomically and functionally, highlighting the potential contributions of an EW-
DR circuit to addiction-related behaviors. We conclude by comparing these subaqueductal
neuropeptide circuits with ventral midbrain pathways and propose a complementary system
that co-modulates cortical and striatal circuitry. By synthesizing the extant literature, we aim
to derive an integrated framework that emphasizes the contributions of EW and DR nuclei
to addictive states and describes how these structures function in patients suffering from
substance use disorders.

2. Edinger-Westphal nucleus cell types

The EW consists of two main juxtaposed and intermingled cell groups of the midbrain that
have distinct connectivity, neurochemistry, and function (Kozicz et al., 2011a). The centrally
projecting EW (EWcp) is composed of densely clustered peptidergic neurons that project
throughout the CNS regulating stress adaptation and addiction (Xu et al., 2012; Zuniga

and Ryabinin, 2020). In contrast, the preganglionic EW (EWpg) consists of cholinergic,
preganglionic neurons projecting to the parasympathetic ciliary ganglion to control pupil
dilation (Gamlin and Reiner, 1991). Given the selective activation of EWcp neurons by
alcohol, psychostimulants, and opiates, EWpg neurons are unlikely to play a critical role in
addiction, and we focus here primarily on neuropeptide-expressing EWcp neurons (Spangler
et al., 2009; Zuniga and Ryabinin, 2020).

2.1 Ucnl/CART/CCK Edinger-Westphal neurons

Traditionally, the EWcp population is defined by expression of Ucnl, an endogenous
neuropeptide ligand of CRF receptors. It is widely accepted that EWcp-Ucnl neurons show
near complete overlap with EWcp neurons expressing other anorexigenic neuropeptides
including cocaine and amphetamine regulated transcript (CART) (Kozicz, 2003), Nesfatin
(Bloem et al., 2012; Okere et al., 2010), and cholecystokinin (CCK) (Giardino et al.,

2012; Li et al., 2018). There is some evidence that EW-Ucn1/CART/CCK cells are also
glutamatergic and co-express the vesicular glutamate transporter type 2 (Vglut2; s/c17a6)
(Zhang et al., 2019), suggesting that the EWcp is a single neurochemically homogeneous
population of Ucn1/CART/CCK/Vglut2 neurons. However, during the revision of this
manuscript, two important preprint publications presented major advances on EWcp
neurocircuitry, including data that challenge this idea. Topilko et al. showed that the vast
majority of EWcp neuropeptide neurons do not co-express either VVglut2 nor VVgat, and Priest
et al. found a similar result, showing that only a small percentage of EWcp neuropeptide
neurons contain Vglutl, Vglut2, Vglut3, or VVgat (Priest et al., 2021; Topilko et al., 2021).
Furthermore, Priest et al. found that while Ucnl and CART are indeed co-expressed, this
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occurs in ~80% rather than 100% of EWcp neurons. Discrepancies in the reported overlap
between neuropeptide and glutamate markers within the EW may be due to limitations in
detection abilities of mMRNA vs. protein, or due to nuances in expression that vary based on
species, sex, age, and behavioral experience.

While many studies have implicated the EWcp in alcohol and drug consumption (recently
reviewed by Zuniga and Ryabinin, 2020), only one study has examined the specific
contribution of EWcp peptides in animal models of addiction. ShRNA knockdown

Ucnl expression in the EWcp revealed a specific role for EWcp Ucnl regulating
intermittent alcohol consumption without impacting body weight, total fluid intake or

food consumption (Giardino et al., 2017). Alcohol, both voluntarily consumed and non-
voluntarily administered have been increase EWcp neural activation across rodent species
and strains (Ryabinin et al., 1997; Ryabinin & Wang, 1998; Bachtell et al., 1999; 2002;
Weitemier et al., 2001; Sharpe et al., 2005; Anacker et al., 2011; Giardino et al., 2017).
Indeed, the amount of alcohol consumed positively correlates with the level of EWcp neural
activity, as shown by cFos protein (Sharpe et al., 2005) and Fos MRNA expression (Giardino
etal., 2017).

While alcohol, opioids (heroin & morphine) and psychostimulants (cocaine, amphetamine
and methamphetamine) all induce neural activation of the EWcp (Singh et al., 2004; 2006;
Spangler et al., 2009, Giardino et al., 2011), direct comparison across drug classes of shared
vs. distinct neuronal ensembles recruited have not yet been defined. However, evidence that
alcohol and cocaine act specifically upon Ucnl+, not TH+ populations (Spangler et al.,
2009) suggest this is at least in part a shared activity profile of defined neuronal ensembles
across drug classes.

Aside from neuropeptide ligands, EWcp cell bodies also express receptors for orexigenic
and anorexigenic peptides, consistent with their roles in homeostatic regulation of
metabolism through integration of peripheral and central signals. Receptors for “feeding
peptides”, including growth hormone secretagogue receptor (Ghsr), leptin receptor (LepRb/
ObR), hypocretin/orexin receptor (Hcrt1/OX1), and neuropeptide Y receptors (Y1/5) are
primarily expressed on EWcp-Ucnl/CART neurons (Emmerzaal et al., 2013; Flak et al.,
2014; Gaszner et al., 2007; Spencer et al., 2012; Xu et al., 2009; Xu et al., 2014) and

can act to regulate Ucnl and CART expression levels (Xu et al., 2011). With respect to
their functions in addiction, a growing avenue of research is based on targeting many of
these same feeding-related systems to treat alcohol use disorders (e.g., via ghrelin, leptin,
glucagon-like peptide 1, amylin) (Bach et al., 2021; Farokhnia et al., 2021; Farokhnia et
al., 2018; Haass-Koffler et al., 2019; Kalafateli et al., 2021; Vallof et al., 2020). It is not
currently understood how these treatments exert their anti-addictive effects in the brain,

but they likely involve modulation of EWcp neural activity. Indeed, in an animal model of
addiction, systemic pharmacological blockade of the receptor for the pro-feeding hormone
ghrelin (Ghsr) inhibited alcohol binge drinking and alcohol-induced neural activity in the
EWcp (but not in the neighboring VTA, despite both regions having rich Ghsr expression)
(Abizaid et al., 2006; Kaur and Ryabinin, 2010). Together, these findings suggest a specific
role for EWcp-Ghsr signaling in promoting alcohol consumption.
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2.2 EWcp Neurocircuitry

Although input/output tracing from a relatively small neuronal cluster may be imprecise
without the use of methods for genetically encoded cell type specificity, neuroanatomical
mapping studies in adult male rats detailed the afferent and efferent pathways of EWcp
neurons (da Silva et al., 2013; Dos Santos Junior et al., 2015). Anterograde tracing methods
identified widespread efferent projections from the EWcp to the forebrain, basal ganglia,
extended amygdala, thalamus, hypothalamus, brainstem, trigeminal nucleus, and spinal cord
(Dos Santos Junior et al., 2015). These findings are largely in line with earlier studies in rat
(Bittencourt et al., 1999; Klooster et al., 1993) and cat (Loewy and Saper, 1978; Loewy et
al., 1978). Further replicating early studies in cats that identified substantial hindbrain inputs
to the EW (Breen et al., 1983), retrograde tracing experiments from the Bittencourt group
found that the EWcp is innervated by neurons from specific subregions of the extended
amygdala, hypothalamus, thalamus, midbrain, pons, and cerebellum (da Silva et al., 2013).
In particular, axon terminals from the posterior hypothalamus (PH), paraventricular nucleus
of the hypothalamus (PVN) and lateral hypothalamus (LH) make close appositions to
EWcp-Ucnl neurons (da Silva et al., 2013), highlighting potential pathways by which the
EWocp receives information from feeding, stress and reward circuits.

Until recent advances from the Kozorovitskiy and Renier groups (Priest et al., 2021, Topilko,
et al., 2021), the lateral septal nucleus (LS) was thought to comprise a major forebrain
output of the EWcp-Ucnl neurons, with fewer fibers observed within the prefrontal and
cingulate cortices (Bachtell et al., 2003; Dos Santos Junior et al., 2015; Lim et al., 2006;
Ryabinin and Weitemier, 2006; Weitemier et al., 2005). In line with evidence for strong
Ucnl innervation, CRFR?2 is densely expressed in the ventrolateral LS (Bittencourt et al.,
1999; Van Pett et al., 2000) and EWcp lesions reduce Ucnl fibers within the LS (Bachtell
et al., 2004). Several lines of evidence indicate that this pathway is critical for alcohol
consumption. Selectively bred low alcohol preferring mice and rats differ in LS Ucn1 fiber
expression and EWcp Ucnl expression when compared to alcohol preferring counterparts,
with higher alcohol preference generally associated with greater Ucnl LS fiber and EWcp
cell expression (Bachtell et al., 2003; Fonareva et al., 2009; Giardino et al., 2012; Giardino
et al., 2017; Ryabinin and Giardino, 2017; Ryabinin et al., 2012; Ryabinin and Weitemier,
2006; Turek et al., 2005; Weitemier et al., 2005). Further, increased alcohol consumption
in a limited access paradigm negatively correlates with Ucn1 reactivity in the LS and is
associated with increased Ucnl immunoreactivity in the EWcp, suggesting an association
between greater alcohol drinking and increased release of Ucnl peptide onto LS neurons
(Bachtell et al., 2003).

CART immunoreactivity is also observed within axonal fibers innervating the LS (Kozicz,
2003, Neuroscience), however, their distribution differs from Ucnl axons, with CART fibers
observed throughout the ventromedial division, compared to Ucn1 fibers predominantly in
the ventrolateral division (Kozicz, 2003). Given the high degree of CART/Ucn1 overlap
within the EW cell bodies, the mismatch in downstream fiber expression would be initially
surprising. However, CART fibers within the LS can arise from other regions, such as the
LH, which also contains CART neurons and sends a strong projection to the LS (Swanson
and Cowan, 1979). An alternative possibility is that EW-derived CART is differentially
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packaged, processed, and/or released in the LS terminal fields, compared with EW-Ucnl
axons innervating the LS (van den Pol, 2012; Zupanc, 1996).

Similar to the LS, EW-Ucn1 neurons strongly innervate the DR, particularly in dorsomedial
and ventromedial zones, and EW lesions decrease Ucnl axonal fibers in the DR (Bachtell
etal., 2004). The DR expresses CRFR2 on both serotonergic and non-serotonergic neurons,
and CRFR2 activation by urocortin peptides impact physiological activity of DR neurons in
a dose-dependent manner (Pernar et al., 2004). CART innervation is also observed in close
proximity to 5-HT cells in DR of female rhesus monkeys (Lima et al., 2008). CART peptide
infusion in the DR increased serotonin efflux in the DR and downstream within the nucleus
accumbens, a major target of DR serotonergic output (Ma et al., 2007).

Early findings showed EW-CCK projections to the spinal cord and trigeminal nucleus
(Maciewicz et al., 1984; Phipps et al., 1983), and more recent studies showed EW-CCK
projections to the paraventricular nucleus of the thalamus (PVT) (Otake, 2005), as well

the LS, LH, and preoptic area (POA) (Zhang et al., 2019). One of these studies used cell-
specific rabies tracing methods with optogenetics and slice electrophysiology to annotate
microcircuit connectivity within the region, identifying reciprocal local connections between
EW-CCK neurons and adjacent perioculomotor neurons marked by the calcitonin related
polypeptide alpha (Calca) (Zhang et al., 2019). While these findings appear in a single
publication and have yet to be replicated, the authors report EWcp-CCK/Vglut2 projections
to the POA and the ventromedial medulla (but not to the LH or LS) are implicated in

sleep regulation, acting to promote non-REM sleep (Zhang et al., 2019). Given the known
interactions between sleep quality and alcohol intake (Thakkar et al., 2015), and the strong
regulation of EWcp-Ucnl neurons by alcohol (Bachtell et al., 2002a; Giardino et al., 2017;
Ryabinin and Giardino, 2017; Ryabinin et al., 2012; Ryabinin and Weitemier, 2006; Schank
etal., 2012; Spangler et al., 2009; Zuniga and Ryabinin, 2020; Zuniga et al., 2020),EWcp
neuropeptide neurons may therefore be a critical site by which alcohol disrupts sleep.

Considering the visuomotor functions associated with cholinergic £Wpg neurons, one
publication reported surprising results that £Wcp neuropeptide neurons are critical for visual
task performance (Li et al., 2018). The authors showed that EW-CCK neurons receive direct
inputs from 5HT 2c receptor (5HT2c) neurons in the ventral CA1 of the hippocampus,

and that EW-CCK neurons project and synapse onto parvalbumin neurons of the medial
prefrontal cortex (Li et al., 2018). While this assignment of EWcp neuropeptide cells as a
conduit for cortico-hippocampal communication that modulates selective attention is unique
among all other conceptions of the EW, it raises the possibility of higher-level executive
functions that may be critically dependent upon EWcp neuropeptide circuit activity.

In addition to the POA, EW projections to the LH make close apposition with melanin
concentrating hormone (MCH) neurons (Dos Santos Junior et al., 2015), suggesting another
mechanism by which the EW can regulate sleep/wakefulness and feeding pathways.
Elsewhere in the hypothalamus, EW neurons innervate parvocellular PVN neurons that
express CRF, suggesting that the EW interfaces with hypothalamic-pituitary-adrenal (HPA)
axis to coordinate the neuroendocrine stress response (Dos Santos Junior et al., 2015).
Indeed, the EW also projects to CRF-rich sites in the oval nucleus of the bed nucleus of
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the stria terminalis (BNST) and central nucleus of the amygdala (CeA), indicating that it
regulates stress responses through outputs to both hypothalamic and extra-hypothalamic
CREF stress systems (Dos Santos Junior et al., 2015).

2.3 Sex Differences and Hormonal Influences on EWcp Neurons

Sex differences in drugs abuse and dependence are well documented; for recent reviews

see (Becker and Chartoff, 2019; Quigley et al., 2021). The impact suffered by women is
particularly problematic. Women are more likely to experience negative consequences of
drinking, transitioning to dependence more quickly (Hernandez-Avila et al., 2004), show
stronger alcohol cravings (Boykoff et al., 2010), experience worse medical and mental
health outcomes (Peltier et al., 2019; Szabo, 2018) and are more sensitive to stress-induced
relapse (Becker and Koob, 2016). The EWcp posits an attractive hub which is capable of
mediating interactions between sex and alcohol/drug consumption. Almost all EWcp Ucnl/
CART/CCK cells express estrogen receptors (ERB, but not ERa) (Derks et al., 2009; Derks
et al., 2010; Derks et al., 2007) and expression of progesterone receptors (PR) have also
been reported (Lima et al., 2008). In line with the EWcp being sensitive to sex steroids,
ovariectomy (OVX) decreased Ucnl expression in the EW of Japanese macaques (Bethea
and Reddy, 2012) and Ucnl expression varies across the menstrual cycle of female rats
(Derks et al., 2010). Further, reduced Ucn1 expression has been observed in late pregnancy,
compared to virgin cycling rats in either estrous or non-estrous phase (Fatima et al., 2007),
suggesting increased estrogen/progesterone associated with pregnancy to negatively regulate
Ucn1 expression. ERB and PR receptors also regulate EWcp CART expression in female
rhesus monkeys, however, some discrepancies between mRNA and protein expression have
been observed (Lima et al., 2008).

While studies suggest sex steroid regulation of EWcp neuropeptide populations, the
functional implications are not well understood. Ucnl and CART mRNA were upregulated
after fasting in male, but not in female rats (Xu et al., 2009), however, addiction related
studies that have included both male and female rodents suggest ethanol-induced activation
of the EWcp is similar across sexes (Bachtell et al., 2002a, b) and while Ucnl KO mice
showed reduced alcohol consumption and preference in both intermittent and continuous
two-bottle choice drinking procedures, effects were similar in males and females (Giardino
etal., 2017). While the EW is the primary site of Ucnl expression, sex specific actions
within the EW remain unknown, and studies on the contribution of EWcp neuropeptides to
sex differences associated with alcohol and drug addiction are warranted. Given the impact
of stress in initiation, maintenance and relapse of drug and alcohol taking, and the role of the
EWcp in stress related behaviors (Kozicz, 2007; Kozicz et al., 2001; Kozicz et al., 2011b),
examining the intersect between sex, stress and drug/alcohol consumption requires attention.

2.4 Substance P Edinger-Westphal neurons

In addition to EWcp neurons containing Ucnl, CART, and CCK, a separate EW neuronal
population contains the peptide substance P (generated from the gene tachykinini, Tacl).
Substance P-expressing EW neurons (EWSF) appear to span both EWcp and EWpg, with
some expression observed in preganglionic cholinergic neurons (Erichsen et al., 1982a;
Erichsen et al., 1982b) and some expression observed in centrally projecting pathways
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(Otake, 2005; Skirboll et al., 1983; Skirboll et al., 1982). EWSP neurons were reported to
project to the spinal cord (Maciewicz et al., 1984; Phipps et al., 1983; Skirboll et al., 1983;
Skirboll et al., 1982), as well as to the PVT (Otake, 2005).

Given the plethora of available transgenic animals, including major neuropeptide
populations of the EW and advances in monosynaptic and transsynaptic tracing techniques
(Xu et al., 2020), the tools are available to definitively answer questions surrounding
discrepancies observed in EWcp connectivity and understand the contribution of distinct
molecularly defined pathways in the development and maintenance of addictive behaviors.

3. Dorsal Raphe nucleus cell types

The DR is composed of a large collection of cell types that send strong projections across
virtually the entire neuraxis. Decades of work has investigated the function of 5HT and

the neurons that release it in various behaviors, physiologic functions, and disease states.
Unsurprisingly, the DR has been most historically associated with 5SHT. However, the DR
contains many neurons that lack 5HT yet have the potential to release numerous other
neurotransmitters and modulators with profound influences over cognition and behavior. In
addition, the explosion of technological advances in transcriptomic sequencing and neural
tract tracing have revealed dozens of previously unknown or underappreciated cellular
phenotypes in the DR. This section will review some of the recent data on the most
prominent DR cell types and their contributions to behavioral states related to substance use
disorders. For more in-depth discussions on DR cell types, see (Okaty et al., 2019).

3.1 5HT neurons

Perhaps the most prominent and well-studied feature of the DR is the presence of neurons
that synthesize and release 5HT. The primary population of neurons supplying 5HT to the
forebrain is the DR, with more minor contributions to specific structures such as septum

and hippocampus emanating from the median raphe nuclei, just ventral to the DR. DR
projections release 5HT in many brain regions involved in motivated behaviors, emotional
states, and addiction phenotypes. Unlike dopamine, 5SHT effects on behavior and physiology
are more elusive, with recent evidence suggesting that they may be state-dependent. For
example, while the release of dopamine in the striatum modulates motor behavior and

is powerfully reinforcing, 5SHT release is not reinforcing on its own but can influence
specific forms of motivated behavior. 5SHT release in the NAc promotes social behaviors and
mediates MDMA's prosocial effects (Dolen et al., 2013; Heifets et al., 2019; Nardou et al.,
2019; Walsh et al., 2018). Interestingly, MDMA'’s effects on sociability can be dissociated
from its reinforcing effects. While at low doses MDMA promotes social behavior through
5HT release but is not reinforcing, larger doses are reinforcing and dependent on dopamine
signaling (Heifets et al., 2019). Additionally, a recent study identified SHT release in

the anterior cingulate as critical to sociability and consolation behavior in monogamous
mandarin voles (Li et al., 2021). 5HT release has also been proposed to mediate reward
seeking and other appetitive responses occurring over long timescales (Fonseca et al., 2015;
Miyazaki et al., 2014; Xu et al., 2017), reminiscent of “pausing” or “waiting” for future
rewards. This property is remarkably distinct from dopamine kinetics which are more rapid
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and reinforcing in nature. Future studies are needed to unravel the complexities of how 5HT
and dopamine interact to coordinate state-dependent motivated behavior.

Recent work also indicates deficits in 5HT release as a critical mechanism underlying autism
spectrum disorder (ASD), as well as chronic social defeat stress-induced depression-like
behaviors (Walsh et al., 2018; Zou et al., 2020). In the 16p11 deletion ASD mouse model,
DR 5HT neurons exhibit reductions in excitability and are less responsive to encounters
with a social stimulus (Walsh et al., 2018). Remarkably, Walsh et al. demonstrated that
stimulation of DR 5HT axons in the NAc or activation of 5SHT1b receptors in the NAc
rescues social behaviors in ASD mice, rendering them indistinguishable from their healthy
conspecifics. Recently, a 5HT circuit from the DR to the central amygdala (CeA) has been
described where 5HT inhibits LHb-projecting CeA somatostatin neurons to prevent pain-
induced depression (Zhou et al., 2019). 5HT inputs to the neighboring BLA promote fear
memory formation through amplification of synchronized BLA cell firing by engagement

of 5HT2a receptors (Sengupta and Holmes, 2019). In a similar manner, 5HT projections to
CRF neurons in the BNST were found to potently modulate fear and anxiety-like states,
such as associated with fluoxetine treatment (Marcinkiewcz et al., 2016). In an elegant set of
studies, one recent paper reported a dissociation between DR 5HT projections where those
to the CeA promote anxiety-like behavior and those to the orbital frontal cortex mediate
active coping behaviors (Ren et al., 2018). Similar to the effects of many modulators and
peptides, the structure in which S5HT is released can dictate its effects on affective behavior.

These data suggest that DR 5HT may limit reward seeking and contribute to the suppression
of negative emotional states, such as those produced in drug withdrawal. This prediction

is consistent with the finding that enhancing 5HT signaling in the NAc attenuates

morphine seeking in morphine withdrawn rats (Harris and Aston-Jones, 2001). Similarly,
5HT dynamics were impaired in the DR during protracted abstinence from morphine,
which was paralleled by antisocial and depressive behaviors (Goeldner et al., 2011).
Chronic fluoxetine treatment prevented the negative affective behaviors during withdrawal.
In addition to enhancing synaptic 5HT, activation of 5SHT2c receptors with Lorcaserin
suppressed behavioral sensitization and withdrawal symptoms in morphine-dependent mice
(Zhang et al., 2016). A history of morphine has also been reported to sensitize GABA
receptors on DR 5HT neurons, further implicating reduced 5HT function in the opioid
withdrawal state (Staub et al., 2012). Cocaine increases 5HT in the ventral pallidum

which inhibits NAc indirect medium spiny neuron transmission, disinhibiting pallidal output
through 5HT1b receptors (Matsui and Alvarez, 2018). Whether 5HT signaling here is
important for the behavioral effects of cocaine was not determined, although it may serve as
a homeostatic mechanism to limit cocaine reward. In addition, repeated methamphetamine
treatment reduced the number of 5HT cells in the DR (Sepulveda et al., 2021). Together
these reports indicate that repeated drug exposure inhibits the activity of specific DR 5SHT
systems which may promote drug seeking, negative affect during drug withdrawal, and
relapse.

Itis clear that 5HT plays a profound, yet subtle role in modulating a spectrum of motivated
behaviors. In addition to investigations on 5HT cell outputs, recent work has identified
the brain-wide monosynaptic inputs to these cells. Retrograde tracing employing G-deleted
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rabies virus in serotonin transporter (SERT)-Cre mice revealed major inputs to DR 5HT cells
from the medulla, hypothalamus, amygdala, lateral habenula (LHb), deep cerebellar nuclei,
and cortex (Weissbourd et al., 2014). Many hypothalamic nuclei send direct projections to
DR 5HT cells, with the strongest contributions coming from the lateral hypothalamus, POA,
mammillary nuclei, and the PVN. In the PVN, DR 5HT projecting cells expressed oxytocin
and vasopressin. Large inputs were also detected in the BNST and the CeA. Most of the
input cells in these regions were GABAergic, although a minority were positive for Vglut2
in the anterior BNST. In addition to GABA in the CeA, input cells are also co-localized with
Tac2, enkephalin and CRF, but not protein kinase C-8. The major cortical regions sending
direct inputs to DR 5HT neurons were the insular, orbitofrontal, prelimbic/cingulate, and
motor cortices, essentially all excitatory. Most of these input regions have been previously
implicated in the regulation of motivated behaviors, however the examination of discrete
inputs to DR 5HT neurons has been relatively understudied. Projections from the medial
prefrontal cortex to the DR in rats was previously shown to energize adaptive coping
behaviors during forced swim challenges in rats (Warden et al., 2012). Projections from the
LHb to the DR were recently shown to promote passive coping behaviors in rats (Coffey

et al., 2020). LHb neurons projecting to the DR were also shown to reduce antisocial
behaviors during naloxone-precipitated morphine withdrawal (Valentinova et al., 2019). It
is likely that all of these inputs play important roles in regulating DR 5HT activity and

the resulting behavioral outputs. It will be interesting to see whether direct manipulation of
inputs specifically to SHT neurons in the DR can be achieved and provide novel information
on DR contributions to addictive behaviors in the coming years.

3.2 GABA and glutamate neurons

The DR also contains neurons that release fast-acting transmitters like GABA and glutamate.
Many of these GABA cells synapse directly onto 5HT cells locally in the DR, therefore
functioning as interneurons poised to regulate 5HT release (Weissbourd et al., 2014). These
GABA neurons also likely express mu opioid receptors (MORS), rendering them sensitive to
opioid agents, such as heroin and fentanyl, and thus are important players in opioid-induced
modulation of the 5HT system (Lutz and Kieffer, 2013a, b). Remote GABA inputs to

the DR, interestingly coming from the VTA, also express MORs, representing redundant
modulatory mechanisms controlling DR output (Li et al., 2019). DR GABA neurons also
project to the raphe pallidus deep in the medulla to regulate thermogenesis (Schneeberger

et al., 2019). Distinct physiological properties have been described in DR GABA neurons.
As visualized with GAD67-GFP reporter mice, these GABA neurons display depolarized
resting membrane potentials, lower rheobases, and larger input resistance compared with
non-GABA cells (Gocho et al., 2013). In response to increasing current injections, the input-
output relationship curves were much steeper in GABA cells, but their firing frequencies
saturated before non-GABA cells did (Gocho et al., 2013). These data indicate that DR
GABA neurons have greater excitability than non-GABA neurons and are more likely to

fire at sustained high frequencies, characteristic of many GABAergic interneuron types.
Therefore, DR GABA neurons appear to play critical roles in gating the output of 5SHT
neurons.
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There are at least two populations of glutamate neurons that reside in the DR - those
expressing Vglut3 and those with Vglut2. VVglut3 neurons exhibit a partial co-localization
with 5HT, particularly in the ventral aspect of the DR, with a VVglut3 ‘pure’ population

right in the heart of the DR (central aspect) while completely avoiding dopamine markers
(Cardozo Pinto et al., 2019). This population was recently found to preferentially project
axons to the orbitofrontal cortex over subcortical regions like the CeA, where they promote
active coping behaviors during stress challenges (Ren et al., 2018). These cells were also
observed to exhibit increased activity during reward presentations and inhibition during
punishing stimuli. Consistently, stimulation of DR Vglut3 fibers in the VTA supported
instrumental reward behavior through excitation of NAc-projecting dopamine neurons (Qi
etal., 2014). These DR Vglut3 inputs to the VTA were subsequently found to co-release
5HT and generate a positive valence through both 5HT and glutamate release onto NAc-
projecting dopamine cells (Wang et al., 2019). Interestingly, while Wang et al. characterized
a 5HT3 receptor-dependent mechanism, another study dissecting Vglut3 projections to the
VTA and NAc found 5HT?2a and 2c receptor activation as a result of optogenetic stimulation,
leading to enhanced reward learning (Liu et al., 2014). These studies determine multiple
circuit and pharmacological mechanisms underlying the influence of DR Vglut3 neurons
over motivated behavior.

Distinct from Vglut3 are the VVglut2 neurons which are lower in number and do not localize
with 5HT, though do overlap with dopamine markers (similar to VTA). More data is needed
to determine the specific roles DR Vglut2 neurons play in motivated behaviors and addiction
phenotypes. One paper recently identified VVglut2 projections from the median raphe to the
LHb, medial VTA, and medial septum as critical to aversive memory formation (Szonyi et
al., 2019). As mentioned above, DR neurons expressing markers for dopamine co-localize
with Vglut2 and have been shown to release glutamate in the CeA and BNST upon optical
stimulation (Matthews et al., 2016). The fact that a subpopulation of VTA dopamine neurons
also expresses Vglut2 and modulates motivated behaviors further supports the idea that DR
and VTA represent two different parallel modulatory systems. Interestingly, Cre-dependent
rabies tracing in Vglut2-Cre mice revealed the DR as a major input to these VTA cells,
suggesting that DR Vglut2 neurons may have a similar function. Overall, GABA and
glutamate release from various DR cell types play essential, and perhaps reciprocal roles in
gating motivated behaviors. Future studies focused on determining differences between the
different glutamatergic cell types will be especially intriguing.

3.3 Dopamine neurons

DR dopamine neurons appear to comprise a separate modulatory system from 5HT neurons.
These cells send axons primarily to the VTA, hypothalamus, CeA, and oval nucleus of the
BNST (Cardozo Pinto et al., 2019). Notably, only light projections to the NAc and cortex
have been observed, making these neurons a preferentially amygdala-projecting population.
Recent data suggest that these dopamine neurons contribute to multiple forms of motivated
behavior. After acute isolation, DR dopamine cells mediate the enhanced motivation to
socialize through a negative reinforcement mechanism (Matthews et al., 2016). This paper
also identified dense projections to the CeA and BNST, and elegantly demonstrated the
co-release of dopamine and glutamate in these regions. Interestingly, when compared with
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VTA dopamine neurons in the same brain, the projection pattern appears exquisitely distinct
by strong targeting of the extended amygdala while avoiding the striatum (Lin et al., 2020).
This paper also found that DR dopamine neurons mediate the expression of incentive
memories of both positive and negative valence. Furthermore, they show that DR dopamine
neurons selectively control expression, while VTA dopamine neurons control the acquisition
of reward memories associated with morphine.

Consistent with a key role for opioid-related behaviors, vVIPAG/DR tyrosine hydroxylase
(TH) expression is enhanced by heroin administration and selective 6-OHDA lesioning

of these cells prevented the development of a heroin-paired conditioned place preference
(CPP), without altering anxiety-like behaviors (Flores et al., 2006). However, in contrast
to Ucnl, no difference in TH expression is observed between alcohol preferring and
non-preferring strains of rats, nor does alcohol elicit a c-Fos response in VIPAG/DR
dopamine neurons (Spangler et al., 2009). The effects of opioids and alcohol mediated

by DR dopamine cells further suggests they may participate in pain-related behavioral
states. Indeed, recent exciting work from the Kash Lab has identified key sex-dependent
contributions of DR dopamine projections to the BNST to inflammatory pain states (Yu
et al., 2021). This same group previously demonstrated that GABA transmission in DR
dopamine neurons is negatively modulated by both MOR and kappa opioid receptor
(KOR) signaling and that activation with Gqg DREADDs produced antinociceptive effects,
consistent with predictions of opioid effects on attenuating pain (Li and Kash, 2019; Li et
al., 2016). Furthermore, DR dopamine cells are also implicated in states of arousal (Cho
et al., 2017) and fear learning (Groessl et al., 2018). Altogether, these studies support the
notion that multiple forms of motivated behavior are modulated by DR dopamine neurons.

3.4 Other DR cell-types

Advanced RNA sequencing techniques have further expanded our knowledge about

DR neurons. Recent papers leveraging single-cell RNA sequencing (scRNA-seq) have
identified numerous neuropeptides and G-protein coupled receptors (GPCRs) with well-
established roles in motivated behaviors in DR neurons. These include, but are not

limited to, thyrotropin releasing hormone (TRH), dynorphin, enkephalin, pituitary adenylate
cyclase-activating peptide, galanin, somatostatin, CRF, MOR, KOR, neurokinin receptor

3, somatostatin receptor 1, oxytocin receptor, hypocretin receptor 2, CCK receptor,
neuropeptide Y receptor 2, MET, and CRFR2 (Huang et al., 2019; Okaty et al., 2015; Okaty
etal., 2020; Ren et al., 2018). For more comprehensive datasets of genes identified in DR
cells, we encourage the reader to further explore the above RNA sequencing studies.

Although there are few studies investigating the specific roles each of these cell types
play in motivated and addictive behaviors, a handful of recent pharmacology and genetic
studies have started to assess the functions of some of the addiction-relevant genes in the
DR. Activation of KORs has been reported to reduce extracellular 5HT in the DR and
the NAc (Tao and Auerbach, 20023, b), and systemic administration of KOR antagonists
prevent social deficits and depressive behaviors produced by opioid withdrawal (Lalanne
etal., 2017). Along similar lines, KOR activation in the DR reinstated conditioned place
preference for cocaine (Land et al., 2009), although it is unclear whether local KORs or
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KORs on axonal inputs were responsible for this effect. In contrast to KOR, activation
of MORs in the DR appears to increase 5HT release (Tao and Auerbach, 2005), yet also
contribute to the development of negative emotional behaviors in heroin-abstinent mice
(Lutz et al., 2014). The subpopulation of neurons expressing TRH was recently shown
to respond to stimuli signaling both reward and punishment, yet promoted anxiety when
activated (Ren et al., 2019).

The majority of studies assessing the role of DR neurons in addiction-like behavioral states
have focused on the roles of 5HT, GABA, glutamate, or dopamine. As the arsenal of viral
and genetic tools continues to expand (including Boolean logic viral vectors and Cre/Flp
driver lines) (Fenno et al., 2014; Fenno et al., 2020), we expect more and more groups to
begin dissecting the relative roles the cell types expressing these peptides, receptors, and
other genetic markers (and combinations thereof) play in addiction states.

3.5 DR cell topography

The collection of diverse DR cell-types exists not as a random mixture of cells, but in an
organized topographical arrangement that may predict some specific cell-type and circuit
functions (Figure 1). The SHT population takes up residence in the central aspect of the DR,
with a stereotyped pattern across the AP axis (Cardozo Pinto et al., 2019; Huang et al., 2019;
Okaty et al., 2019). In the rostral DR, 5HT cells appear as a vertical line spanning from

the aqueduct down to the superior cerebellar peduncle. In the middle AP zone, they form
two large clusters in the central aspect, one dorsal and one ventral with a gap in the middle,
with bilateral clusters in the lateral wings. 5SHT neurons in the lateral wings tend to have
higher intrinsic excitability than other 5HT neurons (Okatay et al., 2019). 5HT neurons in
the dorsal DR are modulated by rewarding and aversive stimuli, can drive acute anxiety-like
responses, and send axons to limbic structures such as the CeA, BNST, and hypothalamus
(Ren et al., 2018; Okatay et al., 2019). Neurons in the ventral cluster seem to project to the
cortex, are activated by rewarding stimuli, and promote active coping behaviors (Ren et al.,
2018).

In the caudal DR, 5HT cells again appear as a vertical column lining the aqueduct and
dropping into the peduncle. These caudal cells project to the septum, ventral hippocampus,
and striatum (Okaty et al., 2019; Ren et al., 2019), however less is currently known about
their functions. Vglut3 neurons that are 5SHT— occupy the gap where SHT neurons are absent
in the central aspect of the mid DR. Vglut3 5HT+ neurons are peppered throughout the
ventral cluster of 5HT neurons with a few in the dorsal cluster, but not in the lateral wings
(Cardozo Pinto et al., 2019; Okay et al., 2019). By contrast, GABA neurons tend to be
distributed lateral to the central “stalk” or midline of the DR (where 5HT neurons are) at a
similar density across the AP axis (Cardozo Pinto et al., 2019; Huang et al., 2019; Okaty et
al., 2019). This unique positioning suggests a tight regulatory influence of these GABA cells
over 5HT and glutamate population activity. Moreover, dopamine neurons are distributed
more dorsally, just underneath the aqueduct with a gradient that extends down and around
the dorsal 5HT cluster (Cardozo Pinto et al., 2019).

In addition to these major cell-types, the numerous genetic markers identified by RNA seq
studies are distributed with some organizational principles. However, as these data have
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only started to be critically evaluated, these principles remain less well-defined, although
some gross distributions are easy to observe. Neurons expressing TRH are mostly confined
to the lateral wings of the DR, with a cluster in the center of the caudal DR (Huang et

al., 2019; Ren et al., 2019). Huang et al. (2019) also observed that dynorphin neurons are
clustered in the central and dorsal aspects of the DR, similar to some 5HT cells. MET

cells appear very caudal while cells expressing calbindin 2 mostly exist in the ventromedial
DR. Importantly, these distributions are also detected in the study performed by Ren et al.
(2019). This group also found that neurons expressing the neurokinin receptor 3 are in the
lateral caudal DR and neurons expressing CRFR2 exist across the A/P axis but are most
dense in the ventromedial and dorsomedial central stalk of the DR. Interestingly, EW-Ucnl
neurons appear to send axons to this central zone. This strongly implicates a neurochemical
interaction between the EW and DR, and supports the hypothesis that these structures act
in concert to modulate affective and motivated behaviors. Notably, these genes all map
onto distinct transcriptome clusters of DR cell-types and suggest unique functional roles of
these cell-types based on gene expression, input-output wiring, and placement within the
subaqueductal paramedian zone (Huang et al., 2019). Therefore the arrangements of these
neurons imply that there may be “hot spots” throughout the subaqueductal paramedian zone
that subserve unique physiological and behavioral functions. However more data is needed
to rigorously determine this functional anatomy.

4. EW and DR: Crossing the Thin Gray Line

Given the spatial proximity of the EW and the DR, delineating the boundaries between
these structures and corresponding cell types is not perfectly straightforward. The border

of the DR is generally considered to be the outer edges of the space occupied by SHT
neurons. However, this characterization becomes ambiguous when considering the more
lateral-dwelling GABA neurons, as well as the various mixtures of neuropeptide-expressing
neurons distributed throughout the three-dimensional DR, and in many cases overlapping
with 5HT markers. For example, Substance P-expressing neurons of the EW are well-
documented, but additional reports describe a subpopulation of DR 5HT neurons also
containing Substance P (Sergeyev et al., 1999), raising the possibility of multiple distinct
Substance P neuron clusters within the subaqueductal paramedian zone.

4.1 EW v. DR Cell Type Distinctions

In many cases, the cell type under investigation is present in different gradients across the
DR, and often when in the medial-lateral dimension can be considered present in the vPAG
(e.g. dopamine neurons). Many of the markers present in the DR also spread anteriorly past
the 5HT-rich zone, yet whether or not these areas are considered DR or not is debatable.
Huang et al. (2019) used scRNA-seq to characterize DR neuronal subpopulations and
recently acknowledged: “Peptidergic neurons were highly enriched for the genes encoding
neuropeptides such as Cck, Cartpt, Ucn, and Postn. Inspection of ISHs from the Allen Brain
Altlas indicated that these neurons were located in the Edinger-Westphal nucleus, which is
adjacent to the DRN’ (Huang et al., 2019). In other words, the distinction between bona
fide EWcp and peptidergic DR neuronal subtypes based on scRNA-seq remains confounded
by the inherent limitations of microdissecting small areas from the mouse brain. The fact
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that adjacent EW neurons express many molecular markers common to the DR raises
the question of true borders between these structures (and whether or not it matters for
behavioral function).

A range of functional roles in motivated behavior have been described for DR dopamine
neurons (as discussed above). Interestingly, DR dopamine neurons appear less organized
than DR 5HT neurons, raising the possibility of heterogeneity in function based on spatial
location. These cells are widely distributed across the DR, albeit in lower numbers than 5SHT
cells, but occupy a much larger space with lower density. DR dopamine neurons overflow
into the neighboring VIPAG as well as spread anteriorly into the rostral linear nucleus (RLi)
and EW complex, making the true borders of these proximal structures nebulous. In the
EW, dopaminergic neurons, as visualized by TH expression, are present in larger numbers
in the ventral EW “stalk™, an extension of the RLi (Li et al., 2018). Consistent with border
ambiguity, previous reports referred to TH neurons in this area as either “ventral PAG”

or “DR”, but it remains to be seen whether functional heterogeneity exists among TH
neurons spanning the RLi, EW complex, VIPAG, and DR. Nevertheless, dopamine neurons
in this region are known to be distinct from cholinergic EWpg neurons (Li et al., 2018) and
EWcp-Ucnl neurons (Bachtell et al., 2002a; Spangler et al., 2009).

Along similar lines, while CCK neurons in the subaqueductal paramedian region are
traditionally assigned to the EWcp, Huang et al. (2019) identified a distinct subpopulation
of DR CCK neurons that co-express markers for dopamine transmission rather than other
traditional EWcp neuropeptides (Huang et al., 2019). In summary, while expression of
certain neuropeptides like Ucnl and CART are limited to the EWcp and not the DR, other
markers like Substance P, CCK, TH, and Vglut2 may be less restricted to a single cell group
in the subaqueductal paramedian zone, highlighting the need for investigators to provide
precise descriptions of their spatial targeting in this area, even when using genetically
defined cell type-specific strategies. Intersectional strategies that require more than one
marker (to control more than one orthogonal recombinase, e.g. Cre AND FIp) or exclude a
specific marker (e.g. Cre BUT NOT FIp) for transgene expression will also facilitate precise
targeting (Fenno et al., 2020). We predict that measurable gradients of genes exist across the
EW and DR and an updated classification that incorporates these gradients will substantially
refine our definitions of ‘structures’ like the EW, DR, and VIPAG.

4.2 EW and DR Circuit Interactions

Beyond the complexities of differentiating EW vs. DR spatial boundaries and cell type
assignments, EWcp-Ucnl neurons display a well-characterized short-range axonal pathway
of DR innervation (Weitemier and Ryabinin, 2006). These original findings based on
anterograde tracing and peptide immunostaining may be inadvertently supported by data
from Weissbourd et al. (2014) who performed monosynaptic rabies retrograde tracing from
defined DR neuron populations and presented images that appear to show EWcp neurons
that directly synapse onto DR 5HT and DR GABA neurons (Weissbourd et al., 2014).

This innervation appears in the central aspect of the DR, right where CRFR2 neurons live,
suggesting neurochemical communication through the Ucn1-CRFR2 system. In addition,
Huang et al. (2019) reported that the CRF binding protein (Crhbp, CRFBP) was highly
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localized to a specific subset of DR neurons in the caudal linear nucleus marked by unique
expression of both GABA and glutamate transporters. This suggests that Ucnl modulation
of CRF receptors in the DR may be abrogated (or augmented) through discrete interactions
with CRFBP in a specified DR cell type. Regarding potential interactions between EWcp-
Ucnl neurons and DR neurons expressing CRFR1 (Cr#irl), scant evidence suggests that both
CRF receptor subtypes are co-localized in DR neurons (Fan et al., 2014), although CRFR1
may be expressed at extremely low levels (Day et al., 2004), and CRFR1 and CRFR2 appear
to oppositely impact stress-induced serotonin synthesis in DR (Donner et al., 2016).

Considering the “volume transmission” form of peptide release (axonally,
somatodendritically, and through fibers of passage), this raises the possibility that EW
neurons communicate to the DR via neuropeptide volume diffusion, as well as via
direct synaptic contacts, providing several parallel mechanisms for multiplexed circuit
neuromodulation between the subaqueductal paramedian nuclei.

Given the evidence for EWcp—DR projections, many have hypothesized that EWcp
neuropeptides like Ucnl and CART act directly (or indirectly) via the DR to modulate
emotional behaviors. Classic studies from the Maier/Watkins laboratory used intra-DR
microinjections of CRF receptor ligands to conclude that CRFR2 signaling is essential

for sensitization of DR 5HT neuron activity that results from repeated exposures to
uncontrollable stress (Amat et al., 2004, Hammack et al., 2003, Maier and Watkins, 2005).
In addition, a series of studies from the Lowry group found that central infusions of Ucnl or
Ucn2 (intracerebroventricular, intra-BLA, or intra-BNST) generated increased anxiety-like
behaviors and increased cFos and mRNA for 7ph2 (rate-limiting enzyme for 5SHT synthesis)
in DR 5HT neurons (Donner et al., 2020; Donner et al., 2012; Spiga et al., 2006; Staub

et al., 2006; Staub et al., 2005). Follow-up studies further implicated 5HT signaling in the
anxiety-promoting properties of Ucnl and Ucn2. Genetic deletion of these peptides yielded
an anxiolytic phenotype that was correlated with increased 5HT levels in the BLA, ventral
hippocampus, and raphe nuclei (Neufeld-Cohen et al., 2010). Additional evidence shows
that activation of CRFR2 in the DR increases 5HT levels in the NAc, although in this study
CRFR2 was driven by microinfusion of CRF, and CRFR1 signaling was shown to decrease
NAc 5HT at lower concentrations (Lukkes et al., 2008).

Though axonal projections from the DR innervating EW neurons are less well-documented,
evidence hints at a regulatory role for 5HT signaling on EWcp neuropeptide expression. For
example, Fabre and colleagues used a transgenic mouse model of SERT overexpression to
identify significant upregulation of Ucnl and CART in the EWcp, at the levels of mMRNA

as well as protein (Fabre et al., 2011). Conversely, genetic knockout of SERT resulted in
downregulation of Ucnl mRNA and protein expression, relative to wild-type controls (Fabre
etal., 2011). Because SERT overexpression and knockout respectively reduce and elevate
extracellular 5SHT levels, these findings suggest that endogenous 5HT acts to inhibit EWcp-
Ucnl expression, and that EWcp-Ucnl levels are elevated under conditions of low 5HT
tone. This inverse 5SHT/Ucnl relationship is consistent with a general framework in which
anti-stress properties of DR-5HT neurons act in opposition to stress-sensitive EWcp-Ucnl
neurons that promote states of anxiety contributing to the addiction process. As such, it
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suggests that SHT performs a negative feedback function to properly calibrate EW-Ucnl
activity in response to stressful challenges and may mediate a ‘stress recovery’ process.

Regarding EW-DR circuit interactions in explicit addiction contexts, one previous report
showed that repeated alcohol exposures increased CRFR2 expression and CRFR2 binding in
DR (Weitemier and Ryabinin, 2006). However, intra-DR Ucnl microinjections had unclear
effects on motivation for alcohol consumption, reflected by an overall decrease in food and
fluid consumption (Weitemier and Ryabinin, 2006), consistent with documented anorectic
actions of central CRFR2 signaling (Fekete et al., 2011). Given the cyclical, phasic, and
thus complex nature of substance use disorders, it remains unclear how EW-DR circuit
interactions modulate addictive behaviors.

5. Conclusions

The complex circuit dynamics of addiction remain a challenge to fully understand. The
variable and cyclical nature of addictive behavior involves different brain systems at
different times. We have presented an argument that an underappreciated circuit in the
midbrain strongly participates in addictive behaviors and the sequelae of symptoms that
accompany them. The EW-DR circuit contains a unique neuropeptide-receptor combination
that has previously been implicated in emotional and stress-related behavioral states. Our
synthesis of the existing literature and evidence produces an interesting hypothesis that the
EW-DR Ucnl-CRFR2 system is critical to the addiction process. Future work should focus
on this system and its potential complex roles in the cycles of addiction. As clinical interest
already exists related to CRF peptides and receptors, this subaqueductal paramedian circuit
could facilitate future knowledge of how these neuropeptides give rise to substance use
disorders.
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SERT serotonin transporter

SP substance P

Tacl tachykininl

TH tyrosine hydroxylase

TRH thyrotropin releasing hormone
Ucnl urocortin 1

Vglut vesicular glutamate transporter
VTA ventral tegmental area

Y1l neuropeptide Y receptor

Y5 neuropeptide Y receptor 5
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Highlights
. Edinger-Westphal and Dorsal Raphe nuclei are encircled by the
periaqueductal gray
. Unique neuronal populations that express many understudied molecules
. A continuum of neurons that we name the subaqueductal paramedian zone
. Cell type categorization by spatial, molecular, connectivity, and functional

aspects

. Highlight the contributions of EW-DR circuitry to addiction-related behaviors
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® CRFR2 f}\ EW Ucn1 axons
® Ucn1/CART/CCK 5HT » GABA
Bregma -3.9 @ DA @ ChAT Bregma -4.5 ® DA ® Vgluta

FIGURE 1. Depiction of molecularly-defined subaqueductal paramedian zone neurons
comprising the Edinger-Westphal and Dorsal Raphe nuclei

Left. Spanning approximately —3.0 to —4.0 mm posterior from bregma in the mouse brain,
EWcp neuropeptide neurons (Ucnl/CART/CCK) are interspersed with EWpg cholinergic
neurons (ChAT) and ventral PAG tyrosine hydroxylase neurons (DA). Right. Spanning
approximately —4.0 to —5.00 mm posterior from bregma in the mouse brain, DR neurons
containing 5HT are interspersed with those expressing DA, GABA, and Vglut3. In addition,
DR neurons expressing CRFR2 are innervated by Ucnl-positive axons originating from
EWcp neuropeptide neurons.
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