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Abstract

Chronic pain is a debilitating health condition. In Australia alone it affects almost 4 million
people and has a burden of 20% of the world’s population. Chronic pain is a multifaceted
biopsychosocial condition that can have an extensive effect on a person’s quality of life and is
often linked with comorbidities such as depression, anxiety and sleep disorders. Therefore,
there is a crucial need for an improved understanding of the brain circuits that contribute to
pain signalling and their role in the development of chronic pain. The midbrain periaqueductal
grey (PAG) is an established integrator of pain and related behaviours and consists of over 100
different neuronal subpopulations. The inhibitory neurotransmitter glycine plays a significant
role in pain signalling in the spinal cord and a population of glycinergic neurons are distributed
in the ventrolateral column of the PAG (PAGSYT?). PAGSY!2 neurons have been previously
demonstrated to bidirectionally modulate nociception in a naive state. The characterisation
and role of these neurons in other PAG mediated behaviours was unknown as well as their role
in chronic pain states. Therefore, the overarching aim of this thesis was to further characterise

the role of glycinergic neurons in the PAG in both naive and chronic pain states.

Chapter 2 examined the current evidence supporting a role for glycine signalling in
supraspinal pain modulation in the form of a scoping review. I found clear evidence that
glycinergic neurotransmission plays a role in nociception in brain circuitry and is implicated in
a wide range of other behaviours. Chapter 3 aimed to further characterise the distribution,
projections and role of PAGUNT? neurons in a naive state, through circuit tracing,
electrophysiology and behavioural chemogenetic experiments. We found that PAGSWY1T2
neurons are a subset of inhibitory projection neurons in the vIPAG that sense and modulate
nociception and affective behaviours such as anxiety and aversion. I next wanted to investigate
the role of PAGSY12 neurons in a chronic pain state, so systematically characterised nociception
and anxiety-like behaviours in the CFA-induced inflammatory persistent pain preclinical model
in Chapter 4. This guided the experimental design for Chapter 5 where I investigated the
role of PAGOYT? neurons in the CFA-induced inflammatory persistent pain model using
chemogenetics. I discovered that the role of PAGGY12 neurons shifts between a naive and
chronic pain state (and between sex) and neuronal activity marking suggests that engagement
of different projection regions may contribute to this. Overall, this thesis uncovers the complex
role of PAGGYT2 neurons and reveals novel midbrain circuitry for modulating nociception and

affective behaviours in naive and chronic pain states in both males and females.

X1V



Thesis Outline

Chapter 1: General Introduction
Introduces the overall thesis and justification for this project.

Chapter 2: Supraspinal glycinergic neurotransmission in pain: A scoping review

of current literature

Gives a broad overview of the role of supraspinal glycinergic neurotransmission in pain, with a

subsection on what is known about its role in the periaqueductal grey.

Chapter 3: Glycinergic neurons in the periaqueductal grey are a novel population

of inhibitory projection neurons involved in pain, anxiety and aversion

Extends the current knowledge on the properties and role of glycinergic neurons in the

periaqueductal grey. However, their role in chronic pain conditions is unknown.

Chapter 4: A standardised look at the Complete Freund's Adjuvant (CFA) model

in male and female mice regarding nociception and anxiety-like behaviours

Defines nociception and anxiety-like behaviours in a commonly used chronic pain preclinical
model, known as the Complete Freund’s Adjuvant (CFA) induced persistent inflammatory pain

model to guide experimental design for Chapter 5.

Chapter 5: The role of glycinergic neurons in the periaqueductal grey is altered

in a chronic inflammatory pain state

Builds on the findings in Chapter 3 and 4 and investigates the role of glycinergic neurons in the

periaqueductal grey in a chronic pain preclinical model.
Chapter 6: General Discussion

Provides a general discussion on the findings and implications of the thesis.
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Chapter 1: General Introduction



1.1 Painis a complex experience

The International Association for the Study of Pain defines pain as “An unpleasant sensory and
emotional experience associated with, or resembling that associated with, actual or potential
tissue damage”. This definition encapsulates that pain is not solely defined through nociception
and that it 1s a personal complex experience (Raja et al., 2020). Pain is important as an
evolutionary tool to prevent or minimise tissue damage in response to environmental dangers
and then to avoid them in the future. Thus, it is both a sensory and affective experience, often
causing much distress and unpleasantness (Price, 2000). In some cases, this acute protective

pain experience shifts into a maladaptive, harmful chronic pain state.

1.1.1 *Chronic pain is a significant health issue

Chronic pain is usually defined as pain that continues for more than three months, persisting
past normal healing time (Bonica & Hoffman, 1954; Treede et al., 2019). In Australia, it affects
almost 4 million people and in a 2024 report, it was revealed that almost half of those living
with chronic pain are of working age, resulting in large impacts on national productivity (Blyth
et al., 2001; Chronic Pain Australia, 2024). Globally, it is estimated that chronic pain has a
burden of 20% of the world’s population (Treede et al., 2015). Chronic pain is a multifaceted
biopsychosocial condition that can have an extensive effect on a person’s life, affecting their
ability to work, sleep, complete cognitive tasks and their overall quality of life (Finan et al.,
2013; Fine, 2011). Additionally, chronic pain is often linked with mental health conditions such
as depression, anxiety, and sleep disorders (Treede et al., 2019). Many long-term health
conditions such as arthritis, cancer, endometriosis, and migraines are associated with an

increased risk of chronic pain (Dominick et al., 2012).

Due to its complex nature, current pharmacotherapies (i.e., opioids, gabapentanoids, and
antidepressants) are not helpful for many patients. In chronic neuropathic pain, clinically
meaningful pain relief is only achieved in less than half of patients (Dworkin et al., 2010).
Furthermore, opioids are linked with several harmful side effects and carry a risk of dependence
and accidental overdose (Kosten & George, 2002). To develop more effective drug therapies
and provide better patient care, there is a crucial need for an improved understanding of the
brain circuits that contribute to pain signalling and their role in the development of chronic

pain.



1.2 The periaqueductal grey is an integrative hub of pain and

related behaviours

The midbrain periaqueductal grey (PAG) is an essential part of the neural circuitry that helps
coordinate appropriate responses to various stressors, including pain. It achieves this through
extensive efferent and afferent connections throughout the brain including to the medulla,
pons, thalamus and hypothalamus (Cameron, Khan, Westlund, Cliffer, et al., 1995; Cameron,
Khan, Westlund, & Willis, 1995; K. A. Keay & Bandler, 2015). The PAG 1s characteristically
divided into functional columns, with the ventrolateral column particularly important for
opioid-mediated analgesia through the descending pain pathway (Lau & Vaughan, 2014). In
addition, it is made up of many different neuronal subpopulations that further contribute to its

diverse control of behaviours (Vaughn et al., 2022; H. Zhang et al., 2024).

1.2.1 *The PAG is divided into functional columns

The PAG can be anatomically separated into neuronal columns, with different afferents,
efferents and overall function. The four columns are the dorsomedial (dmPAG), dorsolateral

(dIPAG), lateral (IPAG) and the ventrolateral (vVIPAG) subdivisions (K. Keay & Bandler, 2008).

The dmPAG is often linked with the neuromodulator serotonin, and activation of these
serotonergic dmPAG neurons has been shown to be antinociceptive (Baptista-de-Souza et al.,
2020; de Freitas et al., 2014). In addition, inputs from the ventromedial hypothalamus, have

been linked with panic-like behaviours in rats (Ullah et al., 2017).

The other PAG columns have been implicated in modulating different emotional coping
responses to stress, see Figure 1 (K. Keay & Bandler, 2008). Pharmacological activation, via
excitatory amino acids, of the dIPAG and IPAG columns produces an ‘active emotional coping’
response. This is characterised by ‘fight-or-flight’ behaviours in response to a threat and
associated with tachycardia and hypertension. Activation of the rostral side of these columns
evokes a confrontational defensive response (‘fight’), whereas an escape response (‘flight’) is
linked with activation of the caudal side of the dIPAG and IPAG. These behaviours are often
evoked if the stressor is escapable and controllable. In contrast, pharmacological activation of
the ventrolateral PAG (VIPAG) column produces a ‘passive emotional coping’ response, which

1s characterised by quiescence and hyporeactivity. As such, the vIPAG is activated in response

3



to an inescapable stressor (e.g., persistent pain) and associated with hypotension and

bradycardia (Bandler et al., 1985; Bandler & Carrive, 1988; K. A. Keay & Bandler, 2015).

Importantly, low doses of morphine (an opioid) produce antinociception exclusively when
injected in the vVIPAG region of the PAG, and thus, the vVIPAG is often a target area to

investigate pain regulation (Bobeck et al., 2009).

Rostral

\gwA\é»\ dmPAG .
dIPAG & IPAG:
'PAG_ . \ “fight” active emotional coping
wPAG ! hypertension
" dmPAG tachycardia

non-opioid mediated analgesia
In response to: escapable pain

quiescence “flight”

&
hyporeactivity

VIPAG:
passive emotional coping
hypotension
bradycardia
opioid mediated analgesia )
In response to: inescapable pain Caudal

Figure 1: Schematic illustration of the midbrain periaqueductal grey neural columns.
Injections of excitatory amino acids within the dorsolateral (dIPAG) and lateral (IPAG) PAG, evoke ‘active
emotional coping’ strategies, which involves ‘fight-or-flight’ behaviours, hypertension, tachycardia, and non-
opioid mediated analgesia. In contrast, injections of excitatory amino acids within the ventrolateral PAG
(VIPAG), evoke ‘passive emotional coping’ strategies, which involves quiescence and hyporeactivity,
hypotension, bradycardia, and opioid-mediated analgesia. The dIPAG and IPAG are activated in response
to escapable pain, whereas the vIPAG is activated in response to inescapable pain. Adapted from Bandler, R
& Shipley, M'T 1994, 'Columnar organization in the midbrain periaqueductal gray: modules for emotional

expression?', Trends Neurosci, vol. 17, no. 9, pp. 379-89.



1.2.2 *The PAG involvement with the descending pain pathway

The descending pain pathway acts as an endogenous analgesic system through the central
nervous system (CGNS). A major descending pathway originates in the vIPAG and projects to
the spinal dorsal horn via the rostral ventromedial medulla (RVM; see Figure 2). At the level
of the spinal cord, it directly modulates the incoming nociceptive transmission and thus, evokes
analgesia (Fields & Basbaum, 1978; Lau & Vaughan, 2014). Electrical stimulation of the PAG
elicits an analgesic response and this is achieved through inhibiting the nociceptive signal in the
spinal cord (Behbehani, 1995). When chronic pain develops, there is a dysregulation in the
descending system, which contributes to a loss of this inhibition and spinal cord sensitization

(De Felice et al., 2011; Millan, 2002).

Cortex

Ascending Thalamus

Nociceptive
Pathway

PAG
(Midbrain)

RVM @
(Medulla)

Dorsal Horn
(Spinal Cord)

Descending
Analgesic
Pathway

Figure 2: Schematic of an ascending pain pathway (left) and descending analgesic pathway
(right). This descending pain pathway originates in the PAG and projects to the spinal cord via the RVM
to modulate the incoming noxious transmission at the level of the spinal cord. From Lau, BK & Vaughan,
CW 2014, Descending modulation of pain: the GABA disinhibition hypothesis of analgesia', Current
Opinion in Neurobiology, vol. 29, pp. 159-164.

The descending pain pathway is mediated through cannabinoid and opioid signalling
(Vaughan et al., 1997; Winters et al., 2022). Classically, tonically active inhibitory GABAergic
interneurons in the PAG are suppressed by opioids and cannabinoids allowing for the activation
of excitatory glutamatergic VIPAG projection neurons to the RVM, a process known as
disinhibition. This in turn activates RVM projection neurons to the dorsal horn of the spinal

cord allowing for analgesia (Depaulis et al., 1987; Lau & Vaughan, 2014; Moreau & Fields,

-
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1986; Vaughan et al., 1997). However, recent developments in neuroscience techniques have
allowed for the study of different subpopulations of neurons in the PAG and have expanded

what is known about PAG circuitry and function.

1.2.3 There are many different neuronal subtypes in the PAG

Optogenetics and chemogenetics have allowed for the selective modulation of subpopulation
of neurons and selective modulation of inputs and/or outputs (Deisseroth, 2011; Roth, 2016).
Further, fibre photometry studies have allowed for the  viwo investigation of the activity of a
subpopulation of neurons or even the activity of specific neurotransmitters or neuropeptides
(T.-W. Chen et al., 2013; Sun et al., 2020). A recent study using spatial transcriptomics has
identified 144 different neuronal subpopulations in the PAG, expanding the computational
ability of this one region (Vaughn et al., 2022). Using this same technique, another study further

classified 41 neuronal subpopulations based on their pain-encoding roles (Kimmey et al., 2025).

The vIPAG is mainly known for its role in modulating pain and analgesia, but these techniques
have allowed for the understanding about this region to be expanded in great detail. In addition
to defensive responses, the ventrolateral columns of the PAG have also been implicated in pain,
fear, predatory hunting, anxiety, depression, cardiovascular function, respiratory regulation,
sleep, and bladder control (see Zhang et al., 2024 for a comprehensive review). The current
knowledge about the role of subpopulation of neurons in the vIPAG, as well as the regions

inputs and outputs, is summarised below in Table 1 and 2:

6



Table 1: The neural circuits and functions of vVIPAG inputs. Adapted from Zhang et al., 2024.

Function

Pain
regulation

Defensive
behaviour

Predatory
hunting

Anxiety and
depression

Sleep/wake

Region/Neural Neuronal
Circuit subpopulation
vIPAG @ VIPAG
input
PVN-VIPAG oT OTR+
LH-vVIPAG PV Glu
RE-mPFC-VIPAG | Glu; Glu
GABA
PrL-1/vIPAG Glu Glu
vIOFC-vIPAG Glu \
vIOFC-vIPAG Glu \
PVP-Zir-vIPAG Glu; Glu
GABA
pPVT-CeA- Glu; \ Glu
vIPAG
mPFC-vIPAG MOR+ |\
/GABA
VTA-mPFC- DA; Glu  \
vIPAG
rACC-vIPAG Glu \
vLGN/IGL- GABA GABA
1/vIPAG
BLA-mPFC- Glu; \ \
vIPAG
CeA-vIPAG GABA Glu/GA
BA
AHN-VIPAG GABA \
mCbN-vIPAG Glu DA
FN-vIPAG Glu Glu/GA
BA
MCN-IPAG \ \
mPFC~IPAG \ GABA
dmPFC-1/vIPAG  \ \
LH-1/vIPAG GABA \
MPOA-LH- Glu; Glu  \
vIPAG
ZI-PAG GABA \
BF-PAG GABA \
LH/BNST- GABA GABA
vIPAG
dmPFC-vIPAG Glu/GA | Glu
BA
MPOA-PAG Glu \
VM/LH-vIPAG GABA/  \
MCH

Related behaviours

Analgesic in both inflammatory and
neuropathic pain models
Pain behaviours

Pain and depression-like behaviours
in neuropathic pain

Chronic pain-related hyperalgesia
Hypersensitivity ~ after
nerve injury

Trigeminal neuropathic pain

peripheral

Facilitation of neuropathic pain
Neuropathic pain

Placebo analgesia

Neuropathic pain associated
behaviours
Electroacupuncture

Antinociceptive effects of bright light
treatment

Nociception, pain affect and cognition
Conditioned freezing

Defensive attacks and biting

Freezing behaviours

Fear conditioning

Fear learning

Stress-coping response

Fear discrimination

Evasion; Predatory hunting
Predatory

behaviour
Hunting

eating in  hunting

Hunting and instrumental responding
and consumption for food
Feeding behaviour

Pain threshold maintenance and anti-
anxiety behaviours

Anxiety-like behaviours

Promotion of REM sleep

Reference

(Iwasaki et al,
2023)
(Siemian et al.,
2021)
(Baoetal., 2025)

F. Gao et al,
2023)
(J. Huang et al.,
2021)
(Islam et al,
2025)

D. Li et al,
2024)
(Liang et al,
2020)

(Neyama et al.,
2025)
(S. Huang et al.,
2020)
(X. Zhu et al,
2022)
(Hu et al., 2022)

(J. Huang et al.,
2019)
(Tovote et al.,
2016)

(7. Xie et al,
2022)
(Vaaga et al,
2020)

(Frontera et al.,
2020)
(Lawrenson et
al,, 2021)

(Skog et al,
2024)

(Rozeske et al.,
2018)

(Rossier et al.,
2021)

(Tan et al,
2022)

(Zhao et al,
2019)
(Roman-Ortiz
etal., 2021)
Hao et al,
2019)

(Yin et al., 2020)

(G.-W. Zhang et
al., 2021)
(Kroeger et al.,
2019; Weber et
al., 2015)



mPFC-vIPAG- Glu GABA Emergence from anaesthesia (Guo et al,

VTA 2023)
Others LPB-1/vIPAG Glu \ Modulation in itching sensation (J-N. Li et al,
2021)
BNST-vIPAG 5-HT \ Operant alcohol self-administration (Flanigan et al.,
2024)
PrL-vIPAG \ \ Adolescent alcohol exposure (Obray et al.,
2025)

Table 2: The neural circuits and functions of vIPAG neuronal subpopulations and outputs.

Adapted from Zhang et al., 2024.

Function Region/Neural Neuronal Related behaviours Reference
Circuit subpopulation
vIPAG = VIPAG
output
Pain vIPAG/DR GABA \ Nociception L. Xie et al,
regulation 2023)
vIPAG/DR- DA \ Nociception and locomotion (Yu et al., 2021)
BNST
vIPAG Glycine | \ Nociception and locomotion (Assareh et al.,
2023)
vIPAG-DR \ 5-HT Preoperative  chronic pain  with = (Deng et al,

anaesthesia induces postoperative = 2023)
cognitive dysfunction

VvIPAG Glu \ Trigeminal neuralgia (Elina et al,
2021)

vIPAG CBIR+ \ Analgesia (Jiang et al,
2022)

vIPAG MOR+ |\ Analgesia (Kimmey et al.,
2025)

vIPAG- Glu \ Chronic pain induced depression-like = (Lee et al.,
VTA/RVM behaviour 2023)

vIPAG/DR DA \ Regulation of pain (C. Li et al,
2016)

vIPAG/DR DA \ Pain and depression comorbidity (Liu et al., 2023)

VvIPAG Glu/GA |\ Nociception and itch (Samineni et al.,

BA 2017, 2019)

vIPAG-dLS Glu \ Acute restraint stress and pain @ (Shah et al,
modulation 2025)

vIPAG/DR DA/Glu |\ Anxiety and analgesia (Taylor et al,
2019)

vIPAG-VTA Glu/GA  \ Headache aversiveness (Waung et al,
BA 2019)

vIPAG \ \ Diabetic neuropathic pain (Yang et al,
2022)

1/vIPAG-RVM SST \ Chemotherapy-induced neuropathic = (Y. Zhang et al.,
pain 2023)

vIPAG GABA/ |\ Electroacupuncture (H. Zhu et al,
CBIR+ 2019)

vIPAG Glu \ Electroacupuncture (X. Zhu et al,
2024)

Defensive vIPAG-Mc Glu \ Freezing behaviours (Tovote et al,
behaviour 2016)

vIPAG-VTA GABA \ Freezing behaviours (Laurent et al.,
2020)

1/vIPAG-LH Glu/GA |\ Evasion and unconditioned aversion (Y. Li et al,
BA 2018)

PAG NPY \ Behavioural resilience to stress = (Cohen et al.,

exposure in an animal model of post- = 2012)
traumatic stress disorder



1/vIPAG-Mc Glu \ Defensive responses and behavioural | (Honshuku et
aversion al., 2025)
1/vIPAG CCK \ Defensive behaviour (La-Vu et al,
2022)
vIPAG-LC Glu \ Arousal states in threatening contexts | (S. Wang et al.,
2025)
vIPAG-RVM SST \ Pain suppression during defensive = (Winke et al.,
states 2025)
vIPAG 5-HT \ Anxiety-like behaviour induced by | (C. Yan & Liu,
acute stress 2024)
Anxiety and VvIPAG GABA \ Anxiety and conditioned fear (Lowery-
depression Gionta et al,
2018)
vIPAG DOR+  \ Hypotension caused by LPS (Millington et
al., 2016)
Cardio- VvIPAG Glu \ Cardiovascular ~ regulation during = (Alikhani et al.,
vascular and normal and haemorrhagic conditions = 2021)
respiratory 1/vIPAG-KFn \ \ Regulation of upper airway patency (Trevizan-Bau
regulation etal., 2021)
vIPAG GABA \ REM and NREM sleep (Weber et al.,
2018)
Sleep/wake vIPAG-VTA GABA DA Anaesthesia recovery by nociception (C.-C. Zhong et
al., 2024)
vIPAG-GiV NTS GABA Non-REM sleep (P. Zhong et al.,
2019)
vIPAG DA \ Arousal (Porter-
Stransky et al.,
2019)
PAG-NTS GABA \ Cough-like hypersensitivity (Z. Chen et al.,
2022)
Others 1/vIPAG-RVM- Tacl \ Itch-Scratching cycle (Z-R. Gao et
SC al., 2019)
vIPAG YTHDF \ Morphine withdrawal (Ouetal., 2024)
1
vIPAG/DR- DA \ Alcohol-use disorder (Pati et al,
BNST 2023)
1/vIPAG-PMC SST \ Urination (Rao et al,
2022; J. Yan et
al., 2025)
1/vIPAG-Z1 GABA \ Exploration, foraging and hunting (Reis et al,
2024)
vIPAG GABA \ High-fat diet-induced obesity (X. Wang et al.,
2023)
vIPAG-BNST \ \ Feeding regulation (J. Zhang et al.,

2023)

Key for Table 1 and 2: The symbol “/”” means to show that the study studied more than one neuronal population/brain
region; The symbol “;” means to distinguish between the circuit. i.e. Glu; GABA = Glutamatergic neurons at first region of
circuit and GABAergic at second region of circuit; The symbol “\” means the neuronal subpopulation is unknown/output not
described. Abbreviations: OT: oxytocin, OTR: oxytocin receptor, PV: parvalbumin, Glu: glutamate, GABA: gamma
aminobutyric acid, MOR: p-opioid receptor, DOR: delta opioid receptor, DA: dopamine, CB1R: cannabinoid rl receptor,
MOR: mu opiod receptor, MCH: melanin concentrating hormone, SST: somatostatin, NPY: neuropeptide-Y, 5-HT:
serotonin, CCK: cholecystokinin, NTS: neurotensin. AHN: anterior hypothalamic nucleus, BF: basal forebrain, BLA:
basolateral amygdala, BNST: bed nucleus of the stria terminalis, CeA: central amygdala, dLS: dorsal lateral septum, dmPFC:
dorsal medial prefrontal cortex, DR: dorsal raphe, FN: cerebellar fastigial nucleus, GiV: gigantocellular reticular nucleus, IGL:
intergeniculate leaflet, KFn: Kolliker-Fuse nucleus, LH: lateral hypothalamus, LPB: lateral parabrachial nucleus, Mc:
magnocellular nucleus of the medulla, mCbN: medial (fastigial) cerebellar nuclei, MCN: medial cerebellar nucleus, mPFC:
medial prefrontal cortex, MPOA: medial preoptic area, PMC: pontine micturition center, pPVT: posterior paraventricular
thalamus, PrL: prelimbic cortex, PVN: paraventricular nucleus, PVP: paraventricular thalamic nucleus, rACC: rostral anterior
cingulate cortex, RE: nucleus reuniens of the thalamus, vLGN: ventral lateral geniculate nucleus, vIOFC: ventrolateral
orbitofrontal cortex, VM: ventral medulla, VTA: ventral tegmental area, VT'A: ventral tegmental area, ZI: zona incerta, ZIr:

rostral zona incerta.



Therefore, the PAG, and specifically the vIPAG, is an important part of the pain
signalling pathway as well as other behaviours. One of the neuronal subpopulations
in the PAG i1s defined by the expression of the glycine transporter GlyT2 (Zafra et al., 2016;
Zeilhofer et al., 2005). These neurons have a unique restricted distribution in the vIPAG and
are likely to be colocalised with GABAergic inhibitory neurons (Rampon et al., 1996; Vaughn
et al., 2022; Zeilhofer et al., 2005). This 1s because glycine and GABA are often colocalised in
neurons (Chéry & de Koninck, 1999; Keller et al., 2001) and can be co-released from single
vesicles (Jonas et al., 1998). GABA and glycine share the same vesicular transporter (VIAAT or
vGAT) that concentrates both GABA and glycine into synaptic vesicles (Wojcik et al., 2006).
Co-release of GABA and glycine has been demonstrated at central synapses in the brainstem
(Dufour et al., 2010; Nabekura et al., 2004), cerebellum (Dumoulin et al., 2001) and spinal cord
(Jonas et al., 1998). The role of GABAergic neurons in the vIPAG (Table 1 and 2) can provide
insights into the potential roles of glycinergic neurons in this region and previously we have
shown that the activity of Gly'T2-positive neurons in the vIPAG are able to bidirectionally

modulate nociception (Assareh et al., 2023; see Appendix 1).

1.3 Glycinergic neurons and pain

There are two fast inhibitory neurotransmitters in the CNS: gamma aminobutyric acid (GABA)
and glycine. In contrast to GABAergic neurotransmission, there is relatively little known about

the inhibitory glycine system, especially its role in the supraspinal regions.

1.3.1 *The inhibitory neurotransmitter glycine plays a critical role in pain

signalling in the spinal cord

Glycine is famously involved with motor control but also plays a critical role in pain signalling.
These roles have been known since the early 20 century due to the symptoms of strychnine
poisoning, a selective competitive glycine receptor antagonist (Yamarick et al., 1992).
Poisoning with strychnine causes muscle rigidity and spasm of the facial muscles, (‘risus
sardonicus’), and without treatment it can lead to asphyxia, cardiac arrest and death (Libenson
& Yang, 2001). Additionally in mice, injection of strychnine into the spinal cord causes an
increase in tactile sensitivity that resembles allodynia (hypersensitivity to non-noxious stimuli)

(Yaksh, 1989).
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Glycine’s functions can also be illustrated through the rare human disease known as
hyperekplexia (also known as hereditary startle disease), which involves a loss of function
mutations in genes encoding for glycine receptors and transporters (Andermann et al., 1980).
This largely neuromotor disease is characterised by muscle spasms and tremors but
interestingly, patients with hyperekplexia also display lower pain thresholds than healthy
controls in behavioural tests such as pressure pain detection, electrical stimulation of the ankle
and submersion of hands in ice-water (Vuilleumier et al., 2018), underscoring a likely role for

glycine signalling in pain perception in humans.

Glycine transporter 2, GlyT2, is essential for glycine uptake into the presynaptic terminal
(Aubrey et al., 2007; Gomeza et al., 2003; Rousseau et al., 2008) and thus can be used as a
marker for all glycinergic neurons. Mice models that are congenitally deficient in GlyT2, also
present fatal neuromotor symptoms that resemble hyperekplexia, because of deficient

glycinergic inhibition (Gomeza et al., 2003).

Glycine’s role in pain signalling has been most extensively studied in the spinal cord (Peiser-
Oliver et al., 2022; Zeilhofer, 2005) where glycine neurons are most highly concentrated. Here,
antagonists of glycine receptors produce hypersensitivity to non-noxious stimuli (Yaksh, 1989)
and glycinergic neurons have been found to keep non-noxious stimuli from activating noxious
pathways in models of neuropathic pain (Lu et al., 2013), indicating important glycine roles in
spinal nociceptive processing. Through the use of a transgenic mouse model known as
GlyT2::Cre, one study was able to selectively ablate, silence and activate glycinergic neurons
in the spinal cord and demonstrate they have a role in both pain and itch (Foster et al., 2015).
In addition, the glycine receptor a3 subunit (encoded by the GLYRAS3 gene) is selectively
distributed in the outer laminae of the spinal cord dorsal horn. GLRA3-knockout mice models
have reduced central pain sensitisation (Harvey et al., 2004) and in a model of inflammatory
hyperalgesia (enhanced sensitivity to pain) the mice have decreased levels of writhing responses
(Racz et al., 2005). Together, these findings suggest glycine signalling through glycine receptors
which contain the a3 subunit are particularly involved in spinal nociception and inflammatory

pain.

1.3.2 *Glycinergic neurons have a unique distribution in the brain

As Gly'T?2 can be used as a marker for all glycinergic neurons, Zeilhofer et al. (2005) developed
a bacterial artificial chromosome transgenic mouse model that expressed the enhanced green

fluorescent protein (EGFP) under the promoter of GlyT2 and visualised all CNS glycinergic

11



neurons in the mouse brain (Figure 3, left). The distribution of glycinergic fibres and cell bodies
in this model corroborated previous reports in the literature (Rampon et al., 1996; Tanaka &
Ezure, 2004; van den Pol & Gorcs, 1988), and allowed for a comprehensive insight into
distribution of glycine neurons, as well as facilitated further investigations of glycine’s role in
the central nervous system (Aubrey & Supplisson, 2018; Dugué et al., 2005; Giber et al., 2015;
Rousseau et al., 2008). In contrast to GABAergic neurons (Figure 3, right), glycine neurons are
restricted to the spinal cord, cerebellum, and hindbrain, suggesting that these two inhibitory

neurotransmitter systems have specialised roles in the brain.

In the hindbrain, high concentrations of glycine cell bodies were found in medullary regions
like the spinal trigeminal nucleus, area postrema, parvocellular reticular nucleus, vestibular
nucleus, deep cerebellar nuclei, and the rostral ventromedial medulla. At the level of the pons
and midbrain, a substantial number of glycinergic cell bodies were found in the superior olive,
nucleus of the trapezoid body, pontine reticular nucleus, subcoerulus and the periaqueductal
grey. Additionally, dense glycine fibres were found throughout most of the hindbrain (medulla,
pons) and some parts of the thalamus and hypothalamus. The hippocampus, amygdala and
basal forebrain were found to have light fibre densities, and only occasional glycine fibres were

found in the cortex (Rampon et al., 1996; Zeilhofer et al., 2005).

Glycine

oy
‘“‘,’/ @ Cerebellum & brainstem

‘ ' 4= Spinal Cord

Figure 3: Global distribution of glycinergic (left) and GABAergic neurons (right) in two
transgenic mouse models. Enhanced green fluorescent protein (EGFP) is expressed under the promoter
of either the glycine transporter GlyT?2 (Zeilhofer et al., 2005) or the enzyme GAD67 that makes GABA
(Tamamaki et al., 2003) in the mouse brain. Therefore, neurons are labelled green that release these

neurotransmitters.
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Despite multiple studies reporting that a population of glycinergic cell bodies are found in the
PAG (Rampon et al., 1996; Tanaka & Ezure, 2004; van den Pol & Gorcs, 1988; Zeilhofer et
al., 2005), and one report suggesting that this population is concentrated in the vIPAG and
sends projections to the dorsal raphe, locus coeruleus and the paraventricular nucleus of the
hypothalamus (Rampon et al., 1996, 1999; Varga et al., 2019), my laboratory’s study was the
first to investigate the functional role of glycinergic neurons in the PAG on pain behaviours

(Assareh et al., 2023).

1.3.3 Glycinergic neurons in the vIPAG bidirectionally modulate nociception

By utilising a chemogenetic strategy and the genetically modified GlyT2::Cre mouse (Foster et
al., 2015), we were able to selectively activate and inhibit the subpopulation of glycinergic
neurons in the vIPAG and investigate the effect on nociception and locomotion (See Appendix

1 for full publication).

We first replicated previously reported data and illustrated that Gly'T2-positive neurons have a

restricted distribution in the ventrolateral column of the PAG of GlyT2::Cre mice (Figure 4).

Figure 4: PAGGYT2 neurons have a restricted distribution to the vIPAG. Representative
microscopic images of coronal sections showing AAV5-hSyn-DIO-hM4D(Gi)-mCherry stereotaxic injection
into the PAG of GlyT2::Cre mice: showing the expression of brightfield (grey), mCherry fluorescence (red)
and an overlay of brightfield and mCherry. Scale bars: 500pm, magnification: 2.5X. Bregma AP: -4.72 mm.
Figure from Assarch et al., 2023.

We next used DREADDs to demonstrate that the activity of these GlyT2-positive neurons in
the PAG (PAGGYT?) can bidirectionally modulate acute nociceptive responses. We
stereotaxically injected Cre-dependent control, excitatory DREADDs (hM3Dq) or inhibitory
DREADDs (hM4Di), into the PAG of GlyT2::Cre male mice. 3-4 weeks after injection, to allow
for viral transduction, an acetone and hotplate test was conducted on the animals to assess acute
nociceptive behaviours, before and after vehicle or CNO 1i.p. injection. We found that

chemogenetic activation of PAGSYT? neurons, significantly increased responses in the acetone
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test and decreased paw withdrawal latency in the hotplate test, indicating an increase in
nociceptive sensitivity. While chemogenetic inhibition of PAGSY1T? neurons resulted in the
opposite. Therefore, chemogenetic activation of PAGSY!2 neurons can bidirectionally

modulate acute thermal nociception (Figure 5).
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Figure 5: Chemogenetic modulation of PAGSYT2 neurons bidirectionally modulates acute
nociceptive behaviour in male GlyT2::Cre mice. CNO (3 mg/kg, i.p.) administration resulted in
increased hind paw licking and decreased PWL in GlyT?2::cre male animals injected with hM3Dq (blue bars).
CNO (5 mg/kg, 1.p.) administration resulted in decreased hind paw licking and increased PWL in GlyT?2::cre
animals injected with hM4Di (red bars) compared with vehicle injection. CNO (5 mg/ kg, 1.p.) administration
had no effect on hind paw licking and PWL in GlyT?2::cre animals injected with control mCherry vector
(green bars). Individual animals are indicated on the graphs (n = 7-11) and values are presented as mean 6

SEM, and significant results were determined when *p< 0.05. Figure adapted from Assareh et al., 2023.

Next, we investigated the effect of chemogenetic modulation of PAGS¥T? neurons on locomotor
activity. Chemogenetic activation resulted in an increase in locomotion (total distance moved
and total time of mobility) as well as an increase in jumping responses in male mice (Figure 6).
Although preclinical research has been traditionally carried out using male animals, there is
increasing evidence that there are substantial sex differences in pain responses and pathways in
animals (Mogil, 2012), including in the PAG (Jiang et al., 2022; Linnman et al., 2012; Loyd et
al., 2007; Tonsfeldt et al., 2016; Yu et al., 2021). Thus, in a small cohort of animals, we also
investigated chemogenetic modulation of PAGSY12 neurons in female GlyT2::Cre mice and

found that they modulate acute nociceptive behaviours in females as well. Chemogenetic
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activation of PAGGYT2 neurons in females altered locomotor activity however it affected the

quality of locomotor behaviours differentially.
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Figure 6: Chemogenetic activation of PAGGYT2 neurons alters locomotion behaviour in the
open field test in male mice. Plots show the position of the animals’ centre point for the entire duration
of the test. CNO (3 mg/kg, 1.p.) administration resulted in increased total distance moved, increased mobility
time, and increased jumping behaviour of GlyT2::Cre male animals injected with hM3Dq compared with
vehicle (blue bars). In contrast, no significant differences were observed in locomotion behaviour when CNO
(5 mg/kg, 1.p.) was administered to GlyT?2::Cre animals injected with hM4Di compared with vehicle (red
bars). In addition, CNO (5 mg/kg, i.p.) had no effect on locomotion behaviours in GlyT2::Cre animals
injected with the control mCherry vector (green bars). Individual animals are indicated on the graphs (n =
7-11) and values are presented as mean 6 SEM and significant results were determined when *p < 0.05.

Figure taken from Assareh et al., 2023.
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Figure 7: Summary of the role of PAGSYT2 neurons. Created with BioRender.

Overall, this study found that chemogenetic modulation of PAGSY12 neurons bidirectionally
modulates thermal nociception and locomotion behaviours (Figure 7). The increase in jumping
responses seen in the male animals could be reflecting an active fear response (increase in
mobility or jumping behaviour), suggesting that these neurons may be able to modulate anxiety-
like behaviour. By demonstrating that PAGSYT? neurons can modulate nociception and
locomotor behaviours, this study provided novel insights into the organisation of pain circuitry

and highlights this population of neurons as a potential target for novel therapeutics.
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1.4 Thesis Aims and Hypotheses

This thesis aims to address the following questions:

1. Apart from our study in the PAG, what is the current evidence supporting a role for
glycine signalling in brain pain modulation?

a. Address with a scoping review, presented in Chapter 2.

2. PAGSYT2 neurons are uniquely restricted to the vIPAG. How does their distribution
vary across the rostral-caudal axis and do these neurons co-localise with GABAergic
neurons in the PAG?

a. Address with imaging experiments, presented in Chapter 3.

3. Inhibitory neurons in the PAG are classically characterised as interneurons, are
PAGSYT2 neurons also interneurons? It has been previously demonstrated that
glycinergic neurons in the PAG project to the dorsal raphe, locus coeruleus and the
paraventricular nucleus of the hypothalamus, do they project to other regions outside
the PAG?

a. Address with imaging and electrophysiology experiments, presented in
Chapter 3.

4. Chemogenetic modulation of PAGSYT? neurons bidirectionally alters nociception and
locomotion responses. Their ability to modulate jumping behaviour in the open field
suggests they may modulate anxiety-like behaviours and contribute to the pain
experience. Can the activity of PAGSY12 neurons modulate anxiety-like behaviours?

a. Address with chemogenetic behavioural experiments, presented in Chapter 3.

5. The PAG is known to modulate chronic pain states. Can chemogenetic modulation of
PAGSY12 neurons in a chronic pain state alter nociception, locomotion and anxiety-like
behaviours?

a. Address with behavioural and imaging experiments, presented in Chapter 4
and 5.

6. There is increasing evidence that there are substantial sex differences in pain responses
and pathways, including in the PAG. Are the behavioural roles of PAGGY12 neurons
sex specific?

a. Address with behavioural experiments in both males and females, presented in

Chapter 3, 4, and 5.
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It is hypothesised that glycinergic signalling in the brain can modulate pain behaviours as well
as a range of other behaviours. In addition, PAGSYT? neurons are a subpopulation of
GABAergic neurons in the vIPAG and contribute to other pain-related behaviours.
Furthermore, it is hypothesised that the CFA model 1s a robust preclinical model of persistent
inflammatory pain and chemogenetic inhibition of PAG®¥1? neurons in a CFA state alleviates

increased nociceptive sensitivity.

Opverall, this project aims to increase our understanding of midbrain pain circuitry, a vital
stepping stone for understanding how pain responses are organised in the mammalian brain
and necessary to allow for the development of safer, more effective treatments for chronic pain

(and all its complexity) in the future.
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1 | INTRODUCTION

Abstract

The neurotransmitter glycine is an agonist at the strychnine-sensitive glycine recep-
tors. In addition, it has recently been discovered to act at two new receptors, the excit-
atory glycine receptor and metabotropic glycine receptor. Glycine's neurotransmitter
roles have been most extensively investigated in the spinal cord, where it is known to
play essential roles in pain, itch, and motor function. In contrast, less is known about
supraspinal glycinergic functions, and their contributions to pain circuits are largely
unrecognized. As glycinergic neurons are absent from cortical regions, a clearer under-
standing of how supraspinal glycine modulates pain could reveal new pharmacological
targets. This review aims to synthesize the published research on glycine's role in the
adult brain, highlighting regions where glycine signaling may modulate pain responses.
This was achieved through a scoping review methodology identifying several key re-
gions of supraspinal pain circuitry where glycine signaling is involved. Therefore, this
review unveils critical research gaps for supraspinal glycine's potential roles in pain
and pain-associated responses, encouraging researchers to consider glycinergic neu-
rotransmission more widely when investigating neural mechanisms of pain.

KEYWORDS
glycine, pain, GlyR, metabotropic glycine receptor, excitatory glycine receptor

receptors (GlyR; Lynch, 2004). More recently, glycine has been
shown to interact with two new glycine-activated neuronal recep-

1.1 | Overview of the review scope tors, the excitatory glycine receptor (eGlyR; Grand et al., 2018; Otsu

et al.,, 2019) and metabotropic glycine receptor (mGlyR; Laboute
In the central nervous system (CNS), glycine is best known for its ac- et al., 2023). Additionally, glycine has long been recognized as a co-
tion as a fast inhibitory neurotransmitter acting at inhibitory glycine agonist with glutamate at traditional N-methyl-p-aspartate receptors

Abbreviations: ACC, anterior cingulate cortex; BLA, basolateral amygdala; B6tC, Bétzinger complex; CNS, central nervous system; eGlyR, excitatory glycine receptor; GABA,
gamma-aminobutyric acid; GAD65/67, glutamic acid decarboxylase 65/67; GIuN3A, 3A subunit of N-methyl-p-aspartate glutamate ionotropic receptor; GlyR, glycine receptor; GlyT2,
glycine transporter 2; GPR158, G protein-coupled receptor-158; HPF, hippocampal formation; ISH, in situ hybridization; KO, knockout; LH, lateral hypothalamus; IPBN, lateral
parabrachial nucleus; MeSH, medical subject headings; mGlyR, metabotropic glycine receptor; NMDAR, N-methyl-p-aspartate receptor; NTS, nucleus of the solitary tract; PAG,

periaqueductal gray; PBN, parabrachial nucleus; PFC, prefrontal cortex; RVM, rostral ventromedial medulla; S1, primary somatosensory cortex; vGAT, vesicular GABA transporter;
VIPAG, ventrolateral periaqueductal gray; VIAAT, vesicular inhibitory amino acid transporter.
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(NMDARs; Hansen et al., 2017, 2018; Johnson & Ascher, 1987;
Kleckner & Dingledine, 1988; Stroebel et al., 2021).

Unlike neurons that release gamma-aminobutyric acid (GABA;
Tamamaki et al., 2003) or glutamate (Rothstein et al., 1994), gly-
cinergic neurons are concentrated in the spinal cord and hindbrain
with increasingly lighter expression moving into cortical regions, al-
though their axonal fibers are widely distributed (Figure 1; Chéry
& De Koninck, 1999; Jonas et al., 1998; Keller et al., 2001; Rampon
et al., 1996; Zeilhofer et al., 2005). Glycine's restricted distribution
and interactions with distinct receptors suggest that it holds a special-
ized role in neuronal signaling, and from a therapeutic development
perspective, could provide a more nuanced modulation of neuronal
function with reduced cognitive side effects (Harvey & Yee, 2013;
Vandenberg et al., 2014; Zeilhofer et al., 2018). Considering the

distribution of glycinergic neurons and their projections in known

Glycine

pain-responsive regions, along with the variety of receptor targets
available, we hypothesize that supraspinal glycinergic neurotrans-
mission may play a role in multiple physiological circuits that regulate
pain responses, including sensory, cognitive (motivation and mood),
autonomic, and homeostatic systems (respiration and arousal).
Here, we used a scoping review method to assess published
data on the role of glycine neurotransmission in adult supraspinal
brain regions. We focus on glycine modulation of circuits involved
in pain sensation and pain responses, and its interactions with the
three receptors at which it is the primary agonist (GlyR, eGIyR, and
mGlyR). The review provides a summary of the potential regions,
circuits, and functional roles for supraspinal glycine signaling, and
highlights unexplored possibilities for this neurotransmitter system
in shaping higher brain representations of pain and organizing asso-

ciated responses.

Glycine-fibers

Isocortex

Relative expression
100%

50%

0%

FIGURE 1 Relative abundance of glycine signaling neurons, fibers, and receptors through the rodent brain. Higher relative expression is
indicated by more intense color intensity. Regions where glycinergic fibers are reported, but not quantifiable are indicated by orange stripes
and areas with no data available are shaded gray. HPF, hippocampal formation (See Table 1 and methods).
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TABLE 1 Studies considered in the
creation of Figure 1.

Glycine signaling markers

GlyRal (RP_050705_02_E12)*

GlyT2 (Slc6a5; RP_050512_02_EO05)?
GPR158 (mGlyR; RP_051121_01_A10)?
GIuN3A (Grin3a; RP_050331_03_C02)?

Glycine (glycinergic bodies and fibers)?

Neurochemistry

=—Wl LEYm

Glycine and GlyR

GlyR

GIlyR

GlyR

GlyR subunits

GlyT2 (fiber data only?)

GlyT2

GPR158 (mGlyR)
Grin3a

Species Technique References
Mouse Insitu hybridization  Allen Institute for
Brain Science (2004)
Lein et al. (2007)
Mouse  Antibody against Rampon et al. (1996)
glycine protein
Rat Antibody against van den Pol &
glycine and GlyR Gorcs (1988)
protein
Rat Antibody against Araki et al. (1988)
GlyR protein
Human  Antibody against Baer et al. (2009)
GlyR protein
Human  Autoradiography Probst et al. (1986)
using strychnine
Rat In situ hybridization  Malosio et al. (1991)
Mouse  Transgenic mouse Zeilhofer et al. (2005)
Rat In situ hybridization  Tanaka and
Ezure (2004)
Mouse  Transgenic mouse Chang et al. (2023)
Mouse  In situ hybridization  Murillo et al. (2020)

Note: All sources considered reported either mMRNA or protein expression in rodent tissue.

?Relative expression data available.

1.2 | Glycine is an agonist at three distinct
neuronal receptors: GlyR, eGlyR, and mGlyR

Glycine is best known as an agonist at the strychnine-sensitive
GlyR, a pentameric chloride channel that is a member of the cys-
loop ligand gated ion channel family (Callister & Graham, 2010;
Legendre, 2001; Lynch, 2004). As a chloride permeable channel, the
mechanism of GlyR inhibition of neurons is similar to GABA , recep-
tors; however, its kinetics are generally faster, and GlyRs have a dis-
tinct set of endogenous and exogenous modulators (Lynch, 2009).
A good indicator of GlyR localization is the expression pattern of
alpha-1 glycine receptor subunits (GlyRal; Figure 1), as the latest
evidence suggests the predominant subunit composition for GlyRs
is 4a:1p subunits, although some controversy remains (Grudzinska
et al., 2005; Lynch, 2004; Sato et al., 1991; Zhu & Gouaux, 2021).
In both rodents and humans, GlyRs are most strongly expressed in
the spinal cord and brainstem, as well as the midbrain, thalamic re-
gions, and hippocampus, with little reported in forebrain areas (Baer
et al., 2009; Lynch, 2004; Probst et al., 1986). GlyRs are found in
both the pre- and postsynaptic terminal, as well as extrasynapti-
cally (Baer et al., 2009; Lynch, 2004; Sato et al., 1991; van den Pol &
Gorcs, 1988; Zeilhofer et al., 2005).

NMDARs are tetrameric receptors constructed from a combi-
nation of glutamate-binding GIuN2-subunits and glycine-binding
GluN1, or less frequently GIuN3 subunits; however, eGIyR is
a receptor formed exclusively by GIuN1 and GIuN3A subunits

(Bossi et al., 2023; Hansen et al., 2017; Johnson & Ascher, 1987;
Kleckner & Dingledine, 1988). As a result, eGlyR is a cation-
permeable receptor exclusively activated by glycine. Thus far,
functional eGlyRs have only been found in three adult mam-
malian brain regions which all express high levels of GIuUN3A
(Bossi et al., 2022; Murillo et al., 2020; Otsu et al., 2019; Wong
et al., 2002). In the medial habenula, eGlyR modulates place aver-
sion (Otsu et al., 2019); in the basolateral amygdala, it plays a role
in the formation of fear memories; and in the neocortex, it is se-
lectively expressed in somatostatin-positive interneurons (Bossi
et al., 2022). Interestingly, all three of these regions lack glyciner-
gic inputs and glial-mediated fluctuations in extracellular glycine
are thought to adjust the tonic neuronal excitability of the cells
in which it is expressed (Otsu et al., 2019). Other regions includ-
ing the hypothalamus and midbrain have been reported to have
high GIUN3A expression in both rodent and primate, suggesting
that eGlyR or GIuN3-containing NMDARs could be expressed
(Henson et al., 2008; Mueller & Meador-Woodruff, 2005; Murillo
et al., 2020; Wong et al., 2002). Currently, the understanding of
how and when eGlyR contributes to neuronal signaling and behav-
ior is hindered by a lack of selective pharmacological agents or ge-
netic tools, in particular ones capable of isolating eGlyR function
from GIuN3 containing NMDARs.

In 2023, glycine was shown to be the agonist of the orphanrecep-
tor GPR158 (G-protein-coupled receptor 158; Laboute et al., 2023)
and it was redesignated as mGIlyR. mGlyR preferentially binds to

o
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the regulator of G-protein signaling 7 (Orlandi et al., 2012, 2015)
and is strongly expressed throughout the rodent brain, particularly
the neocortex, striatum, and olfactory regions (Chang et al., 2023).
mGlyR is upregulated in the prefrontal cortex (PFC) of people with
major depression, and in mice exposed to an unpredictable chronic
mild stress, or physical restraint stress. Furthermore, its overex-
pression in layers 2/3 in the medial PFC induced a depressive-like
phenotype in mice (Sutton et al., 2018). Finally, mGlyR knockout
(KO) mice seem to have learning deficits as they perform badly in
the Morris water maze and novel object recognition tasks (Cetereisi
et al., 2019; Khrimian et al., 2017). Together, these studies strongly
suggest that mGIyR in the PFC modulates emotional states and in-
fluences memory, but how mGlyR achieves this and what its con-
tribution to signaling in other brain regions and circuits remains to
be investigated.

An overview of the rodent distribution of glycine, GlyT2, and
markers of the three glycine receptors (GlyR, eGlyR, and mGlyR) is
listed in Table 1 and is shown in Figure 1.

1.3 | The neurotransmitter glycine is often
co-released with GABA

Glycinergic neurons are defined by their expression of the mem-
brane glycine transporter 2 (GlyT2) in combination with the ve-
sicular inhibitory amino acid transporter (VIAAT; Zafra et al., 2016;
Zeilhofer et al., 2005) which work together to accumulate the high
concentration of glycine needed to package it into synaptic vesicles
(Aubrey et al., 2007; Rousseau et al., 2008; Vaaga et al., 2014). As
expression of GlyT2 and VIAAT is tightly correlated, GlyT2 is consid-
ered a reliable marker of glycinergic neurons (Poyatos et al., 1997).

In addition to glycine, VIAAT also concentrates GABA into
synaptic vesicles and for this reason is often called the vesicular
GABA transporter (VGAT; Mclntire et al., 1997). As such, VIAAT-
expressing neurons that contain GlyT2 and a GABA-synthesizing
enzyme (Glutamic acid decarboxylase 65/67, GAD65/67) can co-
accumulate and co-release glycine and GABA from the same synap-
tic vesicle (Aubrey et al., 2007; Jonas et al., 1998; Vaaga et al., 2014).
Indeed, GABA and glycine are usually co-released in adult mamma-
lian neurons, although there are a few exceptions (Ezure, Tanaka, &
Kondo, 2003; Miranda et al., 2022).

Importantly, the quality of signaling at synapses where gly-
cine and GABA are co-released is ultimately determined by the
cohort of postsynaptic receptors expressed in combination with
the balance of glycine/GABA released from the presynaptic ter-
minal (Apostolides & Trussell, 2013; Aubrey & Supplisson, 2018;
Dugué et al., 2005; Dumontier et al., 2023). For example, cerebellar
Golgi cells that corelease glycine/GABA signal through postsyn-
aptic GABA, receptors at their granule cell terminations, but GlyR
at their unipolar brush cell terminations (Dugué et al., 2005) and
competition for vesicular uptake at GABA/glycine co-releasing
synapses can reduce net inhibitory strength compared to synapses
that signal with GABA alone (Dumontier et al., 2023). Additionally,

glycine can interact with extra- or presynaptic receptors instead of
postsynaptic ones (Chéry & De Koninck, 1999; Choi et al., 2013;
Lee et al., 2009; Mukhtarov et al., 2005). Thus, glycine is often co-
released with GABA and can employ a variety of signaling strategies
to alter neuronal function.

1.4 | The neurocircuitry of pain

The physiological role of pain is to prevent or limit tissue damage
now and in the future. For this, pain engages the sensory nocicep-
tive circuits involved in the transmission of noxious information, as
well as those required to integrate the affective (emotional), moti-
vational, memory-related, and learning-centered components of
pain (Price, 2000). Pain also triggers autonomic pain-associated
responses, such as those responsible for coordinating arousal and
cardiovascular function (Hsueh et al., 2023; Jafari et al., 2017; Liu
etal., 2022).

The basic circuits governing nociception are well described
(Basbaum et al., 2009; Denk et al., 2014). Briefly, the ascending pain
pathway sends noxious information from the periphery to the spinal
cord and then higher brain regions including the parabrachial nu-
cleus (PBN), the ventral posterolateral nucleus of the thalamus, and
the primary somatosensory cortex (S1), where the signal is perceived
as “pain.” The nucleus of the solitary tract (NTS) and trigeminal nu-
clei receive sensory nociceptive information particularly related to
noxious stimuli from the viscera and face, respectively (Al-Khater &
Todd, 2009; Chiang et al., 2019; Wang et al., 2022). Top-down mod-
ulation of nociception occurs via the descending pain modulatory
pathways which alter the strength of incoming noxious signals at the
level of the spinal cord. The best studied of these originates in the
midbrain periaqueductal gray (PAG) and passes through the rostral
ventromedial medulla (RVM) before terminating in the dorsal horn of
the spinal cord (Figure 2; Lau & Vaughan, 2014).

The higher order areas associated with the emotional and learn-
ing aspects of pain are identified from brain imaging studies of both
humans and rodents. These include the amygdala and hippocampus,
known for their roles in fear, anxiety, and memory; cognitive areas
such as the insular, cingulate, and prefrontal cortex, which are in-
volved in pain evaluation and expectancy; and autonomic and ho-
meostatic areas involved in cardiovascular responses and arousal,
such as the hypothalamus, Botzinger complex (B6tC), and cerebellum
(Figure 2; Da Silva & Seminowicz, 2019; Kuner & Kuner, 2021; Leknes
& Tracey, 2008; Morton et al., 2016). Here, we identified and evalu-
ated papers using a scoping review method that provides evidence
for glycinergic signaling in regions related to nociception, affective
pain components, and other pain-associated responses (Figure 2).

2 | AIMS AND METHODS

We employ a scoping review method to identify published data pro-
viding experimental evidence that glycinergic signaling has a role in

85U8017 SUOWIWIOD BA1E81D) 8|qeotidde ay) Aq peusnob ae el VO '8sn JO S9Nl Joj Akeiq 1 8UIIUQ AB]1M UO (SUONIPUCO-PUE-SWUISIW0 A8 |1 ARe.dl U Uo//Sty) SUORIPUOD pue SIS 1 81 88S *[5202/60/52] U0 Akeidi8uljuo A8|IM *[10unoD Uosessey D18 PUY UIESH [eUOleN AQ TETOT OUlTTTT 0T/I0p/W0d A8 im Akeuq 1 ul|uoy/sciy Woly pepeojumoq ‘TT ‘%202 ‘6STYTLyT



FENECH ET AL.

Journal of

Prefrontal
cortex

Trigeminal
nuclei

=—Wl LEYM

Neurochemistry

© Regions relating to nociception

Regions relating to the
O affective component of pain

Regions that are associated
© with other pain-associated
responses

FIGURE 2 Major supraspinal brain regions that modulate pain. Incoming noxious signal from the periphery enters the CNS at the level

of the spinal cord before being transmitted to the cortex by the ascending and modulated by descending pain pathways (blue). How this
sensory signal is integrated to shape the pain experience and coordinate dynamic responses is less clear, but the mechanisms are key to
understanding the distress, dysfunction, and disability that occurs in patients experiencing chronic pain. In addition to nociceptive pathways
(blue), we also consider the evidence for glycine signaling in regions that are strongly implicated in the affective components of pain

(green), and other pain-associated responses (e.g., autonomic or homeostatic; orange). B6tC, Botzinger complex; LH, Lateral hypothalamus;
NTS, Nucleus of the solitary tract; PAG, Periaqueductal gray; PBN, Parabrachial nucleus; RVM, Rostral ventromedial medulla; S1, Primary

somatosensory cortex. Image created with BioRender.

the supraspinal modulation of nociception and pain responses in the
adult brain. It considers glycine interactions with the three neuronal
receptors at which it is the primary agonist: GlyR, eGlyR, and mGlyR.

Using this method, this review aims to (1) synthesize what is
known about supraspinal glycinergic signaling in the adult brain; (2)
highlight its roles in regions where it may shape higher brain repre-
sentations of pain, or organize pain responses, or both; and (3) high-
light critical research gaps to be explored.

2.1 | Scoping review method
211 | Search

An updated scoping review search was conducted, with initial
searches conducted between June and November 2023 (see
Figure 3 for the PRISMA flow diagram of review method). Searches
had no date limits for both published and unpublished data (gray
literature) within Medline (from 1946 onwards) and Embase (from
1974 onwards) databases (via OVID). A combination of medical sub-
ject headings (MeSH) and multipurpose search terms was used in re-
lation to glycine, neurotransmission (or synaptic transmission), brain,
and neurons (or nerve cells). In total, 790 references were identified
in the initial search. Complete search parameters are presented in
Data S1.

2.1.2 | Screening and data extraction

The searches on the different databases were combined in OVID

and de-duplicated (672 references remained). Following this,

reference titles and grouped references were screened based on the
brain region or the physiological outcome of interest. At this stage,
references that did not focus on glycinergic signaling were removed
(143 references remained). Common themes that were addressed in
the disregarded references were 1. measuring glycine serum levels
in cerebrospinal fluid; 2. considering glycine with relation to its co-
agonist action with glutamate at NMDARs; and 3. studies focused
on glycine's role in spinal cord signaling, metabolism, or in systems
outside the brain.

Finally, the abstract and key findings of the remaining papers
were screened. Studies were included in this review if they iden-
tified a role for glycinergic signaling in a brain region or pathway.
During this stage, key findings were extracted and summarized. In
addition to the exclusion criteria stated above, studies that identi-
fied a negative result for glycinergic transmission (i.e., glycinergic
signaling was unaffected/unchanged), or did not provide any new
information about glycine signaling were excluded. On the other
hand, during this part of the screening process, reference lists of
identified articles were used to search for additional relevant pub-
lications (67 additional papers were added). In the case where the
scoping process identified conference abstracts, the subsequent
published article was sought, and if found, replaced the conference
data. As a result of this process, 135 references were considered in
this review. After grouping them by brain regions, 83 papers were
found to investigate glycinergic signaling in brain regions with a
link to nociceptive, affective, or other pain-associated responses
(Figure 2). Most papers considered glycinergic transmission at GlyR
with less than 6% of papers reviewed considering glycine signaling
at either eGlyRs or mGlyRs. The 52 papers about glycine in brain
regions without links to pain are not discussed in the text but are

summarized in Table S1.
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FIGURE 3 PRISMA flow diagram of review method. Papers were identified using a scoping review method using Medical Subject
Headings (MeSH) and multipurpose search terms. Then, reference lists of identified articles were used to search for additional relevant

publications.

2.2 | Data used to construct relative
abundance figure

Several sources reporting glycinergic neurotransmission-related mes-
sage or protein expression were considered (Table 1; Figure 1; Buccitelli
& Selbach, 2020). It should be noted that previous studies have dem-
onstrated post-translational modification of GlyR and GlyT2, but these
studies are spinal cord focused (de la Rocha-Mufioz et al., 2019; Moraga-
Cid et al., 2020; Zhang et al., 2019). Only expression sources reporting
relative expression data were suitable for quantification (*). Raw ex-
pression values of mRNA obtained from the Allen Mouse Brain in situ
hybridization (ISH) Data database indicate the position of cell bodies
that express Slcé6a5 (gene encoding mouse GlyT2), GlyRal, GPR158,
and Grin3a (gene encoding mouse GIuN3A). These were converted to
a 20-point scale of expression for each major brain region. The fluo-
rescent intensity values reported for GlyT2 protein in neuronal fibers,
and glycine in cell bodies (Rampon et al., 1996; Zeilhofer et al., 2005),
were first converted to a five-point scale (0: no signal - ++++: high sig-
nal) which was averaged across subregions before being normalized to
a 20-point scale for each major brain region. Reports of very low (e.g.,
+/-) expression levels were assigned to zero on this scale. Then, the 20-
point scale values were converted to a % opacity for shading in Figure 1.
Orange stripes are used to mark regions where glycine cells or fibers are
reported but no relative expression values are available, and gray marks
regions with no available data.

3 | EVIDENCE FOR GLYCINE
MODULATION OF SUPRASPINAL PAIN
CIRCUITS

The evidence highlighted in the review process was generated pri-
marily from fundamental studies in naive rodent models. In cases
where evidence presented was derived from humans or other spe-
cies, or where a specific preclinical model of a disease state was in-

vestigated (e.g., a persistent pain state), it has been clearly indicated.

3.1 | Preliminary evidence that glycinergic
transmission and GlyRs have a role in sensory and
pain circuits

A role for GlyR and glycinergic neurotransmission in respiratory,
motor, and sensory systems was first highlighted by the symptoms
of poisoning with the selective GlyR-antagonist strychnine. In hu-
mans, strychnine poisoning results in muscle rigidity and facial mus-
cle spasms, causing a characteristic grin (“risus sardonicus”), and
suppression of respiratory centers leading to asphyxia, cardiac ar-
rest, and death (Sully et al., 2001; Yamarick et al., 1992). In rodents,
administration of increasing doses of strychnine (i.t.) first causes an
increased responsiveness to tactile stimuli, followed by muscle jerks
and eventual death at high doses (Yaksh, 1989). These findings are
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reinforced by studies in genetically modified animals. Glycine trans-
porter KO animals displayed major deficits in respiration and mus-
cle control and died postnatally (Gomeza, Hulsmann, et al., 2003;
Gomeza, Ohno, et al., 2003; Graham et al., 2006). In conditional KOs,
where spinal glycine neurons are selectively ablated, long-lasting
thermal and mechanical hypersensitivity, as well as excessive itch
behaviors are observed (Foster et al., 2015), and in animals where
midbrain glycine neurons are selectively targeted, their activation
and inhibition bidirectionally alter noxious thermal response thresh-
olds (Assareh et al., 2023).

In humans, mutations in key proteins of the glycinergic system
result in a rare genetic disorder called hyperekplexia (or startle dis-
ease; Andermann et al., 1980; Graham et al., 2006). Hyperekplexia
is characterized by an abnormal startle reflex and muscle stiffness
in response to unexpected auditory, mechanical, or tactile stimuli
(Tijssen et al., 1997; Vuilleumier et al., 2013). Interestingly, hyperek-
plexia patients also experience hyperalgesia, with lower pain thresh-
olds when compared to healthy controls in sensory behavioral tests
such as pressure pain detection, ankle electrical stimulation, and ice
water hand submersion (Vuilleumier et al., 2018). Accordingly, similar
auditory startle responses and altered sensation can be observed in
transgenic mouse models with GlyR mutations (Findlay et al., 2003;
Graham et al., 2006; Groemer et al., 2022).

Together, these data provide compelling foundational evidence
that glycinergic transmission and GlyR play important roles in sen-
sory and pain circuits, particularly in the spinal cord and midbrain.
However, they do not reveal how glycinergic neurons contribute to
signaling in different brain regions nor give insight into the potential
roles of eGlyR and mGlyR.

3.2 | Supraspinal glycinergic neurotransmission:
Nociceptive brain regions

3.2.1 | The ascending pain pathway

Within the ascending pain pathway, only the PBN has strong evi-
dence for a glycine role (Araki et al., 1988; Rampon et al., 1996;
Zeilhofer et al., 2005). The only other notable, but isolated, finding
is that a light density of glycinergic fibers is reported in the ventral

posterior and lateral nucleus of the thalamus as well as layer VI of the
S1 (Zeilhofer et al., 2005).

Parabrachial nucleus

The pontine PBN receives sensory information from the spinal
cord and has extensive outputs across the brain. As such, it is
considered a hub for integrating sensory information and orches-
trating appropriate responses to pain and other stressors (Barik
et al., 2018; Basbaum et al., 2009; Palmiter, 2018). Projections
between the lateral PBN (IPBN) and the amygdala are important
for the affective and particularly the aversive components of
pain (Chiang et al., 2020; Deng et al., 2020; Li & Sheets, 2020;
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volved in organizing arousal levels, feeding suppression, and
cardiovascular regulation (Chiang et al., 2020; Liang et al., 2016;
Phua et al., 2021). Finally, the IPBN directly interacts with both
interneurons and projections neurons in the RVM and lateral PAG,
suggesting it may interact with descending pain pathways (Chen
et al.,, 2017; Chiang et al., 2020; Roeder et al., 2016). The IPBN
is thought to play a role in the development and maintenance of
neuropathic pain as IPBN glutamatergic neurons are sensitized
following nerve ligation and their optogenetic stimulation leads to
allodynia (Sun et al., 2020).

Evidence from multiple sources suggests that sparse glyciner-
gic cell bodies and a high density of glycinergic axonal fibers are
found in the IPBN (Herbert et al., 2000; Rampon et al., 1996; Tanaka
& Ezure, 2004; Zeilhofer et al., 2005) and that GlyR is expressed
throughout the IPBN and Kélliker-Fuse nucleus, with the notable
exception of the external division of the IPBN (Araki et al., 1988;
Herbert et al., 2000; Probst et al., 1986). Gene expression for
GIuN3A is detected in the midbrain, pons, and medulla, making
eGlyR a possibility, and mGlyR expression data are yet to be deter-
mined (Obolenskaya et al., 2021). Some of the GlyT2-positive axons
in the IPBN seem to originate from neurons in the superficial dorsal
horn of the spinal cord (Wang et al., 2001); however, clear evidence
of synaptic glycine transmission, or a direct demonstration that gly-
cine alters neuronal activity is lacking.

Given the IPBN has well established roles in pain signaling, and
that glycinergic neurons, axons, and receptors are all present, there
is a reasonable probability that glycinergic signaling is important in
the IPBN under some circumstances. A first step to better under-
stand its potential roles is to construct complete input and output
maps for glycinergic neurons to determine how glycinergic signaling
fits into the IPBN circuit.

Trigeminal nuclei

The trigeminal nuclei (comprised of the mesencephalic nucleus,
motor nucleus, principal sensory nucleus, and spinal nucleus) extend
from the lateral medulla down to the C3 vertebra (Patel et al., 2024).
The spinal trigeminal nucleus, specifically the pars caudalis, carries
sensory and nociceptive information from the orofacial region to
the ventral posterior medial nucleus of the thalamus and the PBN.
The trigeminal nucleus has been shown to be activated by noxious
stimuli in animal studies (Abe et al., 2013; Lee et al., 2010) and its
damage or dysfunction is implicated in various chronic orofacial
pain syndromes in humans (Burstein et al., 2000; Fitzek et al., 2001,
Sessle, 2006; Wilcox et al., 2015).

Moderate numbers of glycinergic neurons are present in the spi-
nal trigeminal nucleus (some of which corelease GABA), along with
many glycinergic fibers (Avendaiio et al., 2005; Rampon et al., 1996).
Synaptic GlyR currents have been recorded and protein for GIUN3A
and mGlyR is found (Chang et al., 2023; Wong et al., 2002).
Inhibitory circuits involving GABAergic and glycinergic interneu-

rons are proposed to modulate neuronal responses in the trigeminal
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nuclei and one report suggests that glycine affects primary sensory
afferents by interacting with presynaptic homomeric a3-GlyR (Bae
etal., 2016).

A few papers provide indirect evidence that glycine signaling in
the spinal trigeminal nucleus is capable of modulating nociception
in rodents. First, activation of the spinal trigeminal nucleus in re-
sponse to meningeal stimulation of C-fibers is enhanced by strych-
nine (Melin et al., 2017). Second, the activation of spinal trigeminal
neurons by noxious stimulations of the face (capsaicin cream on the
whisker pad or constriction of the infraorbital nerve) is inhibited by the
engagement of excitatory cortical inputs, a phenomenon prevented by
strychnine (Malmierca et al., 2012). Finally, a § adrenoceptor an-
tagonist, esmolol, that has analgesic actions in humans, enhances
glycinergic transmission in the trigeminal nucleus, and trigeminal
responses to innocuous stimuli are facilitated by strychnine (Ressot
et al., 2001; Yasui et al., 2011). Together, these studies indicate that
glycinergic neurons in the spinal trigeminal nucleus are likely interneu-
rons that act on GlyRs to dampen down nociceptive signals, take part in
descending pain modulation, and could contribute to the development

of allodynia.

Nucleus of the solitary tract

The NTS is a medullary region best known for its roles in taste, car-
diorespiratory function, and visceral sensation. It integrates both
visceral and somatosensation through its inputs from the spinal
cord and vagus nerve (Beckers et al., 2022; Boscan et al., 2002;
Holt, 2022). In addition, it is strongly linked to descending pain path-
ways through its extensive connections to the PBN, RVM, and PAG
(Holt, 2022; Rinaman, 2010).

Consistent with its direct sensory inputs, both noxious visceral
and cutaneous stimuli enhance the activity of neurons in the NTS
(Hammond et al., 1992; Pinto et al., 2007). Additionally, responses
to a variety of noxious stimuli are reduced when the NTS is elec-
trically stimulated, a phenomenon that is prevented by systemic
opioids (Lewis et al., 1987). The proposal that increases in NTS ac-
tivity are analgesic is directly supported by a study that selectively
activated Pro-opiomelanocortin expressing NTS neurons to inhibit
acute noxious thermal, mechanical, and persistent inflammatory no-
ciceptive responses and produce transient cardiorespiratory depres-
sion. In contrast, inhibition of Pro-opiomelanocortin neurons did not
alter nociception but was able to modulate stress-induced analge-
sia (Cerritelli et al., 2016; Patra et al., 2023). Together, these data
demonstrate that NTS neurons respond to nociceptive stimuli but
are unlikely to contribute to setting cutaneous nociceptive thresh-
olds and suggest they contribute to organizing behavioral responses
to stressors.

A small number of glycinergic neurons as well as moderate gly-
cine fiber densities are reported in the NTS, particularly in the lateral
part (Batten et al., 2010; Dufour et al., 2010; Rampon et al., 1996;
Zeilhofer et al., 2005). GlyRs, however, are strongly expressed
throughout the NTS, with immunohistochemistry and ultrastructure
studies demonstrating that GlyR-expressing postsynaptic terminals
are opposed to presynaptic terminals that co-package glycine with

GABA. Additionally, GlyRs are found in neuronal membranes out-
side of synapses (Baer et al., 2009; Probst et al., 1986) and mRNA
suggests mGlyR and GIuN3A are expressed in the NTS (Figure 1).

Microinjection of glycine or strychnine into the NTS affects
cardiovascular and respiratory activity, indicating that glycine and
GlyRs can alter NTS circuits and function (Cinelli et al., 2016; Kubo
& Kihara, 1987; Talman & Robertson, 1989). However, despite its
connection within the ascending pain circuitry, only one paper iden-
tified provides clear evidence that NTS-glycine signaling is directly
involved in nociception. Thek et al. (2019) show that the majority
of somatostatin-positive NTS neurons are inhibitory interneurons
that release both glycine and GABA and make extensive connec-
tions with their neighboring neurons. About half of somatostatin-
positive NTS neurons receive direct sensory input from the solitary
tract and their activation gates viscero-sensory signals in the NTS,
effectively isolating these neurons from their sensory input (Ezure &
Tanaka, 2004; Thek et al., 2019; Tsai & Davenport, 2014).

In summary, there is good evidence that glycine signaling at GlyRs
helps regulate NTS excitability and function. However, there is much
to learn about its role in NTS pain modulation and coordination. For
example, how, when, and where glycine signaling occurs, where gly-
cine inputs originate from, and if functional eGlyR and mGIyR are
expressed. One intriguing possibility, supported by a study investi-
gating the effect of chronic intermittent hypoxia on NTS neurons, is
that NTS neurons that normally receive GABA-dominant inputs can
switch to a mixed GABA/glycine phenotype following a physiologic
challenge which causes an upregulation of GlyR trafficking and ex-

pression at the synapse (Jia et al., 2022).

3.2.2 | The descending pain pathway

The activity of the descending pain pathway directly controls noci-
ceptive inputs at the level of the spinal cord such that stimulation of
the ventrolateral region of the PAG (vIPAG), or its activation by mi-
croinjections of opioids, can profoundly reduce nociceptive signals in
the spinal cord and prevent pain sensation (Bagley & Ingram, 2020;
Keay & Bandler, 2008; Lau & Vaughan, 2014).

Periaqueductal gray
The midbrain PAG is a primary control center of descending pain
modulation pathways and is critically involved in integrating sensory
pain processing, behavioral responses to threats, and autonomic func-
tion. It is characteristically divided into functional columns by which
the dorsomedial and lateral columns are associated with hypertension,
tachycardia, and non-opioid-mediated analgesia; while the ventrolat-
eral column is involved with hypotension, bradycardia, and opioid-
mediated analgesia (Bandler & Shipley, 1994; Keay & Bandler, 2008).
Glycinergic cell bodies and fibers are found in the PAG (Rampon
et al., 1996; Zeilhofer et al., 2005), with glycinergic neurons con-
centrated in the VIPAG. This distribution has been confirmed with
spatially resolved single-cell transcriptomics and immunolabeling
(Tanaka & Ezure, 2004; Uchida et al., 2021; Vaughn et al., 2022).
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In contrast, only glycinergic fibers are present in the dorsomedial
and lateral columns of the PAG (Keay & Bandler, 2015; Rampon
et al., 1996; Zeilhofer et al., 2005). In terms of receptors, there is
consistent evidence that GlyRs (x1-3 and B subunits) are present
both pre- and postsynaptically in the PAG of both rodents and
humans (Araki et al., 1988; Baer et al., 2009; Choi et al., 2013;
Malosio et al., 1991; Probst et al., 1986; van den Pol & Gorcs, 1988).
Accordingly, strychnine is often used to inhibit locally evoked
GlyR-mediated synaptic currents in electrophysiological experi-
ments of the region (Lau et al., 2020; Tonsfeldt et al., 2016; Winters
et al., 2022). Preliminary gene expression evidence suggests that
GIuN3A is highly expressed, and mGlyR is also present (Figure 1), al-
though their distribution throughout the PAG columns has not been
resolved and their function is unknown.

Microinjection and microdialysis studies were the first to suggest
that glycine signaling in the PAG modulates nociceptive and affec-
tive functions. Microinjection of glycine targeted to the dorsal PAG
of rats resulted in anxiogenic-like effects in the elevated plus maze
test (Schmitt et al., 1995) whereas antagonists for the glycine site of
the NMDAR were anxiolytic (Matheus et al., 1994). Glycine microin-
jection directed to the VIPAG altered heat-induced pain responses
and affected the firing rate of neurons in the RVM, indicating mod-
ulation of the descending pain pathway (Palazzo et al., 2009). The
responses likely involve both GlyRs and NMDARs as they were dif-
ferentially affected by high or low concentrations of glycine and an-
tagonists against GlyRs or the NMDARs. Finally, endogenous glycine
levels are reduced in the PAG following an inflammatory nociceptive
stimulus (Maione et al., 2000).

The clearest evidence that glycine neurons in the PAG modu-
late nociception comes from a chemogenetic study in GlyT2::Cre
mice where activation and inhibition of glycinergic PAG neurons
bidirectionally modulated mechanical and thermal nociceptive
thresholds, such that activation was pronociceptive and inhibition
was anti-nociceptive (Assareh et al., 2023). In addition, activation
of glycinergic PAG neurons increased locomotion and jumping be-
haviors. Taken together with similar nociception data generated
in vGAT::Cre mice where GABA and glycine-releasing neurons in
the vIPAG were simultaneously chemogenetically manipulated
(Samineni et al., 2017, 2019), these data provide direct evidence
that glycinergic neurons in the vIPAG modulate nociception and
suggest a role for them in associated behaviors. Conventional
understanding of VIPAG circuity suggests that this modulation is
mediated by the descending pain pathway, although this remains
to be demonstrated definitively. Interestingly, anterograde and
retrograde circuit tracing studies indicate that glycinergic PAG
neurons project to the dorsal raphe, locus coeruleus, and the
paraventricular nucleus of the hypothalamus (Rampon et al., 1999;
Varga et al., 2019), raising the possibility that these neurons could
contribute to the PAG's larger integrative role of organizing affec-
tive and threat responses. Expanded behavioral experiments while
selectively engaging glycinergic PAG neurons are crucial not only
for discovering how these neurons affect other PAG-mediated be-
haviors but also for advancing our understanding of PAG circuitry
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responses.

Together these data show that glycine signaling in the PAG has
a role in nociception, particularly glycinergic neurons in the vIPAG.
It may also contribute to affective, defensive, or arousal behaviors
through their projections to other nuclei. GlyRs in the PAG are sug-
gested to affect the region's excitability, and the expression of eGlyR

and mGlyR is possible, but unverified.

The ventromedial medulla

The ventromedial medulla, particularly the RVM (includes the
raphe magnus and gigantocellular reticular nucleus alpha), is core
to descending pain modulation (Bagley & Ingram, 2020; Basbaum &
Fields, 1984; Lau & Vaughan, 2014) and also contributes to defen-
sive responses by altering autonomic and motor function, including
sleep/arousal (Mason, 2005; Morales et al., 2006).

Both glycinergic neurons and extensive glycinergic fibers are
found throughout the RVM, particularly in the caudal medulla
(Rampon et al., 1996; Tanaka & Ezure, 2004; Zeilhofer et al., 2005).
In addition, gene expression for GlyR (x1/2 and p subunits) along with
mGlyR and GIuN3A is reported (Figure 1), suggesting that synapti-
cally released glycine could act through GlyR, mGIlyR, or potentially
eGlyR (Araki et al., 1988; Baer et al., 2009; Malosio et al., 1991; Probst
et al., 1986; Rampon et al., 1996; Zeilhofer et al., 2005). Behavioral
evidence supports a role for glycine in pain modulation, particularly
via descending pain pathways. Glycine levels in the RVM are reduced
in mice with chronic muscle pain (Radhakrishnan & Sluka, 2009) and
anatomical/electrophysiological studies show that GlyT2-positive
neurons in the rostral and caudal ventromedial medulla send projec-
tions that synapse directly onto a variety of neurons in the superficial
dorsal horn of the spinal cord, where they release glycine along with
GABA (Hossaini et al., 2012; Otsu & Aubrey, 2022). Finally, RVM pro-
jection neurons are reported to receive glycinergic inputs (Finnegan
et al., 2004), suggesting that glycine modulates both local neuronal
activity as well as being an important component of the descending
RVM projection to the dorsal horn of the spinal cord.

In addition to nociception, optogenetic activation of glycinergic
neurons located in the nearby lateral paragigantocellular nucleus
promotes behavioral arrest and is associated with locomotion and
defensive behaviors (Capelli et al., 2017). However, whether glycin-
ergic locomotor neurons participate in coordinating fight and flight/
defensive responses in response to pain is unknown.

3.3 | Supraspinal glycinergic neurotransmission:
Affective brain regions

The overall physiological role of pain is to prevent or minimize tis-
sue damage in response to environmental dangers and then to avoid
them in the future. As a result, appropriate responses to pain require
the engagement of affective circuits which are involved in motivat-
ing behaviors that avoid, reduce, or escape its presence. Initially,
pain provokes an unpleasant feeling and emotions such as fear and
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increased arousal. Then, future proofing against pain involves a com-
plex integration of sensory and affective information from multiple
anatomically interconnected structures to remember, avoid, and
minimize future pain (Price, 2000). Accordingly, the development of
chronic pain is linked to affective impairments (such as increased de-
pression and anxiety), memory issues, and cognitive decline (Rouch
et al., 2021; Sheng et al., 2017).

Prefrontal cortex

The PFC is responsible for executive functions such as planning,
problem-solving, decision-making, and social control. It is also im-
portant in pain processing, particularly for motivational and cog-
nitive behaviors in response to pain. The PFC encompasses the
anterior portion of the frontal lobe and can be divided into two
broad regions, the lateral and medial PFC. Consistent with the
PFC's role in the modulation of pain affect, it has strong connec-
tivity to multiple parts of the pain-responsive network including
the anterior thalamus, basolateral amygdala (BLA), insula, and PAG
(Mathiasen et al., 2020; McGarry & Carter, 2017; Ong et al., 2019).
A region of the medial PFC (mPFC) that has been critically linked
to affective pain processing and pain avoidance is the anterior por-
tion of the cingulate cortex (ACC; Bliss et al., 2016; Ong et al., 2019;
Stegemann et al., 2023; Urien et al., 2018). Indeed, structural and
activity changes in the mPFC/ACC are observed following chronic
pain induction in both human and rodent brain imaging studies
(Apkarian et al., 2005; Peyron et al., 2004; Stegemann et al., 2023).
Moreover, through a process of disinhibition, hyperactivity of the
ACC is thought to play a fundamental role in increased pain network
activity and anxio-depressive comorbidities associated with chronic
pain (Blom et al., 2014; Sellmeijer et al., 2018).

There are no glycinergic neuronal soma present in the PFC;
however, some GlyT2-positive projections are reported in the cin-
gulate cortex (Rampon et al., 1996; Zeilhofer et al., 2005), and GlyR,
mGlyR, and GIuN3A are all expressed in the mPFC/ACC, suggesting
glycine might play a role here (Araya et al., 2021; Bossi et al., 2023;
Chang et al., 2023; Malosio et al., 1991; Murillo et al., 2020; Wong
et al., 2002).

While there is currently no evidence that the eGIyR is ex-
pressed in the mPFC, numerous studies have reported functional
GlyRs are present and mGlyRs have a clear functional role. GlyRs
provide strychnine-sensitive tonic control of neuronal excitability,
with exogenous glycine application reducing neuronal firing (Liu
et al., 2015; Salling & Harrison, 2014). One study also reports ac-
tivation of GlyR reduces autotomy in a model of neuropathic pain
(Pellicer et al., 2007). However, we are not aware of any further ev-
idence directly linking mPFC GlyRs to pain responses. As outlined
in the introduction, the discovery of mGlyRs was facilitated by the
observation that this G-protein-coupled receptor is upregulated in
the PFC of humans with major depressive disorder, and in mice fol-
lowing exposure to short and prolonged periods of stress (Sutton

et al., 2018). Coupled with the finding that its overexpression and

KO recapitulate stress/memory-related phenotypes, these data
suggest that glycine activation of mGlyRs affects the function of
the region. However, it remains to be demonstrated where endog-
enous glycine comes from in the PFC and determines if PFC-mGlyR
alters affective behaviors associated with acute or chronic pain.

Amygdala

The amygdala is important for associative learning and is commonly
viewed as a region that links emotional and motivational value to a
noxious (or appetitive) stimulus (Veinante et al., 2013). Like the ACC,
the amygdala is related to the emotional and affective aspects of
pain. The amygdala receives nociceptive information from ascend-
ing pain pathways via its connection to the IPBN (Torres-Rodriguez
et al., 2024) and interacts with descending pain pathways via its
projections from GABAergic neurons in the central nucleus of
the amygdala to the PAG, which are important for fear behaviors
(Tovote et al., 2016; Winters et al., 2022). Additionally, the amygdala
has roles in motivational goal-directed decision-making, such as en-
gaging in behaviors to avoid future harm, that involves projections
from the BLA to regions of the basal ganglia (Gupta et al., 2011). Its
reciprocal connection to cortical regions including the insular cor-
tex, PFC, and ACC helps link sensation to negative valence (Mercer
Lindsay et al., 2021), fear extinction (Cho et al., 2013), and conflict
assessment in pain models (Valentinova et al., 2023). The amygdala
is thus an important point of convergence for many aspects of the
pain experience.

There are no glycinergic neurons in the amygdala; however,
the central nucleus receives light glycinergic innervation (Rampon
et al., 1996; Zeilhofer et al., 2005) and GlyR subunits are expressed
in both the central nucleus of the amygdala and the BLA (Ceder
et al., 2023; Danober & Pape, 1998; Delaney et al., 2010; McCracken
et al., 2017), with one study demonstrating synaptic GlyR-mediated
currents are altered when neuropathic pain develops (Oliva
et al., 2022). Preliminary gene expression data suggest that mGlyR
is lightly and GIuN3A is highly expressed, particularly in pyramidal
cells of the BLA where functional eGlyR has been reported (Figure 1;
Bossi et al., 2022). As there is no evidence for conventional NMDAR
containing the GIuN3A subunit in this region, the functional role of
eGlyRsinthe BLA wasinvestigated using a GIuUN3A knockdown strat-
egy. A comparison of neuronal properties in wild-type and GIuN3A
KO animals suggests that eGlyR senses extracellular glycine fluctua-
tions (perhaps released from astrocytes) and has a role in setting the
excitability of the pyramidal neurons in the BLA. Furthermore, fear
memory consolidation is reduced in GIuUN3A KO animals, suggesting
eGlyR is involved in neuroplasticity at these synapses. Establishing
the origin and triggers for extracellular glycine fluctuations is key to
understanding the roles of both GlyR and eGlyR in the amygdala.
The scarcity of glycinergic axonal fibers and suggestions that glycine
levels change in response to astrocytic factors (Bossi et al., 2022;
Oliva et al., 2022; Otsu et al., 2019) raise the possibility glycine is a
neuromodulator rather than a neurotransmitter here.
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Hippocampus

The hippocampus is known for its role in learning and memory. In hu-
mans, chronic pain is associated with cognitive disruptions, including
in memory and learning, and there is mounting evidence that the
hippocampus is involved. For example, the activity and connectivity
of the hippocampus is decreased, and gray matter volume is reduced
in brain imaging studies of people with various forms of chronic pain
compared to controls (Neumann et al., 2023). Additionally, preclini-
cal studies show chronic pain reduces dendritic complexity, aber-
rant synaptic plasticity, and neurogenesis in the hippocampus (Chen
et al., 2014; Mutso et al., 2012; Tajerian et al., 2018). The role of the
hippocampus in pain is facilitated by its extensive connectivity to
pain-responsive brain areas including the BLA (Pi et al., 2020), thala-
mus (Aggleton et al., 2010; Mathiasen et al., 2020), and hypothala-
mus (Bang et al., 2022). However, it has no direct circuit connections
with the ascending and descending nociceptive pathways, indicating
that its effects are achieved by indirect circuits. Despite this, en-
hanced thermal and mechanical responses induced in a mouse in-
flammatory pain model can be reduced by optogenetic activation
of ventral CA1 hippocampus projections to the BLA, demonstrating
that hippocampal activity is able to influence nociceptive responses
(Shao et al., 2023).

There are no glycinergic neurons in the hippocampus, but there
is evidence of light glycinergic fibers and glycine-positive termi-
nals (Danglot et al., 2004; Van Den Pol & Gorcs, 1988; Zeilhofer
et al., 2005). In contrast, mRNA and immunolabeling suggest that
GlyR is strongly expressed throughout the region at both pre- and
postsynaptic locations. GlyR expression is most prominent in the
dentate gyrus, CA1 and CA3 (Chattipakorn & McMahon, 2002;
Danglot et al., 2004; Keck & White, 2009; Lee et al., 2009; Mori
et al.,, 2002; Song et al., 2006) and expressed at soma and synap-
tic membranes (Muller et al., 2013). Grin3a expression is high in the
hippocampus during development, and it forms functional eGlyR
during this period; however, its expression is suppressed in adult tis-
sue (Grand et al., 2018). mGlyR has been reported to be moderately
expressed, particularly in the CA3 region of the hippocampus, but
its expression, mechanism of activation, and functional role have not
been further explored (Chang et al., 2023).

There is a moderate, but well-replicated body of data inves-
tigating the role of GlyR in the hippocampus (reviewed in Keck &
White, 2009; Xu & Gong, 2010). These data show that GlyR activity
in the hippocampus primarily responds to changes in extracellular
glycine levels, which could come about from reverse transport of
the astrocytic glycine transporter 1 (Ghirardini et al., 2018; Martina
et al., 2005), spillover of glycine from distant synapses, or changes
in GlyR modulation by endogenous modulators (Chattipakorn &
McMahon, 2003; Song et al., 2006; Zhang & Thio, 2007). Indeed,
ex vivo recordings suggest that hippocampal GlyRs are tonically ac-
tive under normal circumstances and their inhibition by strychnine
(or modulation by zinc) alters neuronal excitability and promotes
long-term depression in response to a 10-Hz conditioning pulse
(Keck et al., 2008). Furthermore, enhancing extracellular glycine
with a glycine transporter 1 antagonist activates GlyRs and enhances
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long-term potentiation induction (Zhang et al., 2008). Despite the
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strong anatomical evidence for synapses, only one paper has re-
ported the detection of small synaptic GlyR currents in the CA1
region of the hippocampus (Muller et al., 2013). Interestingly, this
paper presents immunohistochemistry data that suggest glycine is
released with glutamate at synapses containing NMDARs, but this
has not been further validated. Together, the evidence suggests that
hippocampal GlyRs are tonically active, play a fine-tuning role in hip-
pocampal networks and can influence long-term plastic changes. No
study has definitively determined the conditions under which extra-
cellular glycine fluctuations occur or the role of hippocampal GlyRs
in memory tasks or pain behaviors but, given its links to long-term
affective adaptations to pain (Price, 2000), their role in this highly

interconnected region warrants further exploration.

3.4 | Supraspinal glycinergic neurotransmission:
Other pain-associated brain regions

Dynamically responding to pain and other stressors requires a con-
stant integration of sensory information with homeostatic and auto-
nomic control centers. For example, in addition to nociceptive and
affective engagement, appropriate fight or flight responses require
coordination of arousal, motivation, cardiac and respiratory func-
tions. A mechanistic understanding of how cardiac function and
breathing influence pain and anxiety has begun to be elucidated
(Hsueh et al., 2023; Liu et al., 2022).

Lateral hypothalamus

The lateral hypothalamus (LH) mediates a range of physiological
responses including feeding behaviors, motivation, reward, and
sleep. In addition, a growing body of evidence indicates that it also
has a significant role in pain responses, both for nociception and
in coordinating pain-stimulated changes in motivation, feeding,
reward, and sleep (Boudouda & Jha, 2023; Jennings et al., 2015;
Petrovich, 2018; Stuber & Wise, 2016). The LH contains many pain-
responsive neurons and has ample circuit connections with the as-
cending and descending pain pathways. This includes connections
with the spinal cord, the PBN, the PAG, and the amygdala, suggest-
ing it is part of the pain-responsive network (Behbehani et al., 1988;
Burstein et al., 1987; Dafny et al., 1996; Pauli et al., 2022; Weera
etal.,, 2021).

The LH does not contain glycinergic somas but has signif-
icant input from glycinergic fibers (Rampon et al., 1996; Zeilhofer
et al., 2005). Anatomical evidence shows that some LH synapses ex-
press GlyRs (Hondo et al., 2011; Karnani et al., 2011) and GIuN3A
expression is high, suggesting eGlyR may be present; however, de-
tailed spatial expression data for GIuUN3A and functional evidence
for eGlyR are lacking (Ciabarra et al., 1995). There is currently no
evidence of mGlyR's presence or absence in the LH.

A functional role for glycine in the LH has been most convinc-
ingly explored in LH orexin-releasing neurons. Orexin neurons are

exclusively concentrated in the LH (and adjacent perifornical area)
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and project widely throughout the brain. They are famously known
for their role in wake/sleep regulation (Yamashita & Yamanaka, 2017).
However, they also influence many other functions including pain (Li
& de Lecea, 2020). Indeed, administration of orexin into the PAG,
RVM, or spinal cord (which all receive orexin neuron inputs) is strongly
antinociceptive (Azhdari Zarmehri et al.,, 2011; Azhdari-Zarmehri
etal., 2014; Ho et al., 2011; Kajiyama et al., 2005; Wang et al., 20183,
2018b; Yamamoto et al., 2003). Electron microscopy and patch clamp
recordings suggest orexin neurons receive direct input from glycine-
containing terminals and express functional GlyR (Hondo et al., 2011;
Karnani et al., 2011). Exogenous glycine reduces orexin neuron activ-
ity, but evidence for endogenously released glycine and synaptic gly-
cine currents is missing. Thus, glycine can potentially modulate orexin
neurons which would plausibly affect nociceptive signaling.

Indirect evidence suggests that glycine modulation of orexin
neurons could contribute to changes in arousal. This is of interest
as pain generally promotes arousal and because sleep disorders are
a well-known comorbidity in patients with chronic pain. First, pe-
ripheral administration of glycine reduces the activity of orexin neu-
rons and increases sleep time during dark periods in rodents (Hondo
et al.,, 2011; Karnani et al., 2011). Second, oral administration of
glycine improves sleep quality in humans, correlating with polysom-
nographic changes (Bannai & Kawai, 2012; Yamadera et al., 2007).
Although we could speculate that these data are mediated by
glycine's actions in the LH, a more direct demonstration of this is
needed to be convincing. In summary, there is light evidence that
glycine alters the activity of LH neurons, and if so, its actions could

impact pain sensation and/or arousal.

Cerebellum

The cerebellum is a highly organized region primarily known for
its role in motor functions like balance, coordination, and volun-
tary motor control. However, emerging roles in non-motor func-
tions such as cognition and emotion are increasingly being reported
(Baumann et al., 2015; Lawrenson et al., 2018; Rudolph et al., 2023;
Saab & Willis, 2003). In addition, changes in human cerebellar activi-
ties monitored through positron emission tomography or functional
magnetic resonance imaging are temporally correlated to painful
stimuli, and chemical or electrical stimulation of the cerebellum
alters the intensity of nociceptive responses in rodents (Moulton
et al., 2010; Saab & Willis, 2002).

In both the cerebellar cortex and nuclei, there is significant ex-
pression of glycinergic cell bodies and fibers (Bagnall et al., 2009;
Rampon et al., 1996; Simat et al., 2007; Zeilhofer et al., 2005). In ad-
dition, gene expression for both mGIlyR and GIuN3A (molecular and
granular cell layer) is present (Chang et al., 2023; Wong et al., 2002).

While the mechanisms underlying these findings remain unclear,
direct connections between the cerebellum and several nuclei that
modulate pain have been consistently reported. This includes inputs
from the pons and hypothalamus, and outputs to the VIPAG, the
PBN, and the ventral tegmental area (Koutsikou et al., 2014; Rudolph
et al., 2023; Schmahmann, 1996; Vaaga et al., 2020). Notably, the
cerebellar fastigial nucleus sends glutamatergic projections to the

VIPAG where they synapse with both glutamatergic and GABAergic
VIPAG neurons that are thought to be involved in the sensorimo-
tor aspects of fear learning responses (Frontera et al., 2020). The
demonstration that stimulation (or disinhibition) of the cerebellar
fastigial nucleus reduces responses to a noxious visceral stimulus
(Saab & Willis, 2002) suggests its activity can alter nociception per-
haps via its interactions with the descending pain pathway. On the
other hand, GABAergic Purkinje cells (the main output neuron of
the cerebellar cortex) have monosynaptic connections with a sub-
set of neurons that are well known to drive pain-related behaviors
(Tachykinin receptor 1-expressing PBN neurons; Barik et al., 2018;
Chen et al., 2023). Thus, the cerebellum is well placed to directly re-
spond to and/or influence nociception through its interactions with
the ascending and descending pain pathways.

Glycinergic transmission through GlyRs is known to contribute to
both cerebellar output and its regulation (Ankri et al., 2015; Bagnall
et al.,, 2009; Uusisaari & Knopfel, 2010). Cerebellar glycine-GABA re-
leasing neurons are reported in several regions, including interneurons
in the granule cell layer of the cerebellar cortex, such as Lugaro/glob-
ular cells and Golgi cells (Dugué et al., 2005; Dumoulin et al., 2001;
Simat et al., 2007) and some Purkinje cell which projects onto prin-
cipal neurons in the cerebellar nuclei which have a minor glyciner-
gic component (<3% of the inhibitory current; Husson et al., 2014).
By exploiting knowledge about the organization of GABA/glycine-
releasing cerebellar neurons, it has been shown that both presynaptic
and/or postsynaptic factors shape neurotransmission at their syn-
apses, and that the quality of inhibition at co-releasing synapses is
different compared to synapses where only GABA is released (Dugué
et al., 2005; Dumontier et al., 2023). Therefore, inhibitory synaptic
signaling which is mediated by glycine modulates cerebellar activity.
While the activity of the cerebellum clearly influences pain behaviors,
whether or not glycine-mediated synaptic signaling here contributes
to its pain-relevant functions is currently unknown. Possible roles in-
clude coordinating motor responses to pain (e.g., fear-evoked freez-
ing) or cognitive-affective functions (Koutsikou et al., 2014; Rudolph
et al., 2023; Vaaga et al., 2020), but this remains to be investigated.

PreB6tC and BétC
The preB6tC and BotC are essential for organizing the periodic drive
for inspiration and active expiration, respectively, and interact to co-
ordinate respiratory patterns (Del Negro et al., 2018; Ezure, Tanaka,
& Saito, 2003; Flor et al., 2020; Schreihofer et al., 1999). Pain-induced
changes in breathing rate are mediated by neurons in the pre-BotC
that receive inputs from a group of opioid receptor mu 1-positive
neurons in the central IPBN and activation of this pathway increases
breathing rate and pain perception, while its inhibition reduces
breathing rates without affecting pain perception (Liu et al., 2022).
Glycinergic neurons and their fibers are concentrated within
the preBotC and BotC, with anatomical and functional evidence
supporting key roles for GlyR-mediated signaling (Morgado-Valle
et al, 2010; Schreihofer et al., 1999). Interestingly, glycinergic
neurons that do not corelease GABA are reported (Ezure, Tanaka,
& Kondo, 2003), suggesting they may have specialized roles.
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Preliminary data indicates that expression of eGlyR and mGlyR is
possible (Figure 1).

As glycinergic neurotransmission in the preB6tC and Bo6tC is
known to alter respiratory patterns and control respiratory phase
transition and duration control (Borrus et al., 2020; Ezure, Tanaka,
& Saito, 2003; Lieske et al., 2000; Marchenko et al., 2016; Sherman
et al., 2015; Smith et al., 2007), and anatomical evidence demon-
strates that glycinergic preBotC neurons project throughout the
brain, including back to the IPBN and to parts of the thalamus and hy-
pothalamus, a role for glycinergic neurons in pain-induced breathing
regulatory circuit seems likely. However, as yet no study has directly
investigated their role in the coordination of breathing with other

behaviors or emotional states such as pain (Yang & Feldman, 2018).

4 | CONCLUDING REMARKS
We have provided a broad summary of existing evidence of su-
praspinal glycine signaling in regions known to be involved in modu-
lating pain sensation and pain-associated responses. We found clear
evidence that glycine neurotransmission plays a role in nociception
and likely modulates affective and other pain-associated responses.
However, there is much work needed to understand which neurons
and microcircuits are involved, how and when glycine levels fluc-
tuate near glycine receptors, and the mechanisms by which GlyR,
eGlyR, and mGlyR contribute to neuronal excitability and function.
It is striking that, in multiple regions covered in this review, gly-
cine receptors are expressed and can alter neuronal function, but it
is unclear how and when these receptors are engaged as receptor
expression is sometimes uncoupled from the inputs necessary for
synaptic glycine release (such as in the hippocampus, amygdala, and
medial prefrontal cortex). Glycine's extra-synaptic concentration is
determined by a combination of neuronal architecture, synaptic re-
lease, and the expression and activity of specific and non-specific up-
take mechanisms (Aubrey et al., 2005; Beato et al., 2004; Supplisson
& Roux, 2002). As such, possible alternative mechanisms for glycine
fluctuations include oscillations in cerebrospinal fluid glycine lev-
els, glial-mediated release, or spill-over from nearby regions (Bossi
et al., 2023; Otsu et al., 2019; Xu & Gong, 2010). Despite this lack of
clarity, the evidence summarized here suggests that, in regions with
and without glycinergic axonal input, the potential for glycine signal-
ing to contribute to higher brain function is noteworthy and should
not be overlooked. This may be explained by a lack of published data
or reliable experimental tools but may also indicate that extrasynap-
tic glycine receptors are more important than normally considered,
and there are as yet undiscovered ways in which extracellular glycine
levels are regulated. This is particularly important considering the
new research areas triggered by the discoveries of eGlyR and mGlyR.
The literature covered suggests that building knowledge about
supraspinal glycinergic signaling will refine our understanding of

pain circuitry and contribute new insights into the mechanisms by
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which pain is modulated and pain responses organized. Together,
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this knowledge aids in better explaining clinical pain phenomena
and could highlight new therapeutic strategies to precisely modulate
specific aspects of pain behavior, particularly when it becomes mal-
adaptive such as in chronic pain.

The scoping review method used to impartially identify relevant
articles had its limitations. We used standard practices (a variety of
MeSH terms and multiple databases) to capture the relevant litera-
ture and were able to define the major brain regions where relevant
data exist. However, we found that many important studies were
missed. We noted this often occurred when glycinergic signaling
was studied as an extension of the main body of work. However,
the majority of these papers were uncovered by consulting the ref-
erence lists of articles identified by the scoping review, as indicated
in the PRISMA schema under the heading of “additional records in-
cluded post-search” (Figure 3, 81% of total studies included in the
review). Thus, although we cannot claim to have captured all studies
investigating glycinergic signaling in pain-related brain regions, we
are confident that we have identified the bulk of existing evidence.
We hope that this review serves to stimulate interest and encourage
researchers across multiple domains to consider possible roles for
supraspinal glycine receptors and glycinergic signaling in their future
studies.
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Supplementary Table 1: List of papers identified by scoping search considering brain regions with no clear role in pain sensation or behaviors.

. Gly-
. Suggested Experimental
Region Es . P . Interroga  Outcome Reference
function technique .
tion
Nucleus ambiguus and dorsal vagal motor nucleus
. . . s . . . Bateman
Cardiac vagal neurons in Cardiac . Activation of the B1 subtype of the adrenergic receptor decreased glycinergic
. . Electrophysiology GIyR o etal.
the nucleus ambiguus function neurotransmission (2012)
Cardiac vagal neurons in Cardiac Electrophysiolo GlyR al adrenergic receptor activation increases glycinergic neurotransmission Boychuk et
the nucleus ambiguus function phy gy v g P gy g al. (2011)
. . . Dyavanapa
Card | Card . . . . . . .
ardiac vaga neL.Jrons n ar |.ac Electrophysiology GIyR Dopamine via D2-like (D2, D3, D4) receptors suppresses glycinergic input lli et al.
the nucleus ambiguus function
(2013)
Cardiac vagal neL.Jrons in Cardi_ac Electrophysiology GIyR Dexmedetom'di'ne, an a2 adrenergic receptor agonist, decreases inhibitory glycinergic Sharp et al.
the nucleus ambiguus function neurotransmission (2014)
Cardiac vagal neurons in Cardiac . Optogenetic activation of adrenergic (a1l and B1) neurons in the locus coeruleus Wang et al.
. . Optogenetics GlyR . . . . . L
the nucleus ambiguus function increased glycinergic neurotransmission to cardiac vagal neurons in mice (2014)
Cardioinhibit . . S
araiomnnivi ory . o Immunoreactivity and These neurons are inhibited (by both GABA and glycine) during inspiration, however Neff et al.
parasympathetic neuronsin | Respiration electrophysiolo GIyR unlike GABA, glycine activity is not mediated by nicotinic receptors (2003)
the nucleus ambiguus Phy gy » BlY ¥ ¥ P
Cardiac Microinjection of . Microinjection caused increase in arterial pressure and heart rate in rats, which is not Talman et
Dorsal vagal motor nucleus . . Glycine . . .
function glycine modulated through cholinergic mechanisms al. (1992)
Medial nucleus of the trapezoid body and other regions of the central auditory system
Medial | f th Audit ) . . . L . . . L tal.
tr:p;jo?dutisgj otthe syL;ttlercr:ry Electrophysiology GlyR There is increased glycinergic activity in congentially deaf mice compared to naive (zegg; a
Medial nucleus of the Auditory . . . . . . . . . . Mayer et
El hysiol IyR Inh ly f: h I M | |
trapezoid body system ectrophysiology Gly nhibitory inputs are mainly fast and phasic glycinergic synapses (in a Mongolian gerbil) al. (2014)
Medianudeusofthe | Auditory | o e | theretore hese synapses covetop under the suicanceof | Millere
trapezoid body system Iy gy 4 ynap . . ! ynap P g al. (2022)
acoustic experience
Medial nucleus of the Auditory . Medial olivocochlear neurons are inhibited (by both GABA and glycine) by neurons of orres
. Electrophysiology GlyR . . Lo Cadenas et
trapezoid body system the medial nucleus of the trapezoid body in mice al. (2020)
Medial nucleus of the Auditory N In macaque monkfeys, there |§ expressmn.of GlyTZ in the medial nucleus of the trapezoid Ito et al.
. Immunoreactivity GlyT2 body and along with GAD67, in the superior olivary complex and ventral nucleus of
trapezoid body system lateral lemniscus (2015)




Autism

Medial nucleus of trapezoid . Neuroligin-4 (monogenetic cause of autism) KO mice have impaired glycinergic synaptic Zhang et
t Electrophysiol GIyR oL
body sPec rum ectrophysiology 4 transmission in the MNTB al. (2018)
disorder
. Glycinergic neurotransmission is related to the onset of salicylate induced tinnitus and de Siqueira
Auditory . . . . " . .
Dorsal cochlear nucleus svstem Electrophysiology GlyR this is mediated by the opening of ATP-sensitive potassium channels in the dorsal etal.
¥ cochlear nucleus (2022)
. . Coleman
Superior olivary complex Auditory !EIectrophysw!ogy and GIyR.’, Both GABAergic and glycinergic inhibition mediates interaural time disparities in chickens | et al.
system immunoreactivity glycine (2011)
Lateral superior olive Auditory Electronhvsiolo GIVR Stimulation of the projection to the gerbil lateral superior olive shows a switch from Kotak et al.
P system phy gy v GABAergic to glycinergic transmission during postnatal development (1998)
. In mice shortly after hearing onset, glycinergic projections to the lateral superior olive
. . Auditory . . . - . Kramer et
Lateral superior olive Electrophysiology GlyR displayed short term depression and synaptic attenuation in a frequency dependent
system al. (2014)
matter
Awatrama
Audi A | 25i | ic signal h
Calyx of Held uditory Electrophysiology GIyR t p.ostna?ta day 5 |r'1 rats, glutamatergic signals can be suppressed when preceded by ni et al.
system glycinergic transmission
(2004)
D | | f the lateral | Audit . T . . . C d
Ie?;;?s:uusc eus ot the latera syL;ttlercr:ry Electrophysiology GlyR These neurons (used for sound localisation) in chickens have functional glycine receptors Ljr(;yoig)
. . . . . - . Fischl and
Nucleus magnocellularis Auditory . Functional glycine receptors are expressed in these areas of the avian brainstem and
L Electrophysiology GlyR o . . . Burger
and nucleus laminaris system glycine is released due to high frequency stimulation (2014)
Central au.ditory system Auditory immunoreactivity GlyT2 GIyTZ immunoreactivity found in all regions of the rat auditory system except the Friauf et al.
(many regions) system auditory cortex (1999)
Hypoglossal motoneurons and other regions relating to eye/head movement
O'Brien
Orofacial . GABA and glycine are co-released from presynaptic terminals to hypoglossal
Hypoglossal motoneurons ! Electrophysiology GlyR gl ,I presynap I YPog and Berger
movement motoneurons in rats
(1999)
Orofacial . GABAergic and glycinergic input to hypoglossal motoneurons, in rats, is inhibited by O'Brien et
H | | mot Electrophysiol GIyR .
ypoglossal motoneurons movement ectrophysiology v presynaptic GABA(B) receptors al. (2004)
Orofacial Following perinatal nicotine exposure, glycinergic neurotransmission to hypoglossal Woliman
Hypoglossal motoneurons Electrophysiology GlyR &p . P  BlY g o VPOg etal.
movement motoneurons is enhanced only after acetylcholine receptor activation in rats (2018)
Facial and hypoglossal Orofacial - . Retrograde tracer in facial and hypoglossal nucleus showed shared distribution of GABA- | Lietal.
Immunoreactivity Glycine . . Lo . .
motoneurons movement like and glycine-like input to these regions in rats (1998)
. . . . Nak
. . . Orofacial . In neonatal rats, glycine postsynaptic responses (as well as GABA and glutamate) activate akamura
Supratrigeminal region Electrophysiology GIlyR . . . s . . etal.
movement jaw opening and closing motoneurons, but inhibit these neurons in juvenile rats (2008)
Trigeminal motoneurons Orofacial Electrophvsiolo GIVR GABA and glycine are co-transmitted at the jaw opening and closing motoneurons, but Noguchi et
& movement phy gy v this changed throughout development in rats al. (2022)




Prepositus hypoglossi Gaze . Most inhibitory neurons in this region use either GABA or both GABA and glycine as Shino et al.
. Electrophysiology GlyT2 . .
nucleus holding neurotransmitters in rats (2011)
Hvpozlossal motoneurons Respiration Electrophysiolo VIAAT, Conditional VIAAT KO in GlyT2::Cre animals, are not viable at birth as well as an absence Rahman et
Ypog P Phy &Y GlyT2 of glycinergic and GABAergic signalling in hypoglossal motoneurons al. (2015)
Tongue sy L . .
B5tC and hvboglossal nerve | muscle Electronhvsiolo Glvcine In rats with in utero nicotine exposure, microinjection of glycine into the hypoglossal Jaiswal et
Ypog movement Iy gy 4 nerve further reduced burst amplitude and altered nerve burst frequency in the PreB6tC | al. (2016)
Hypoglossal nucleus and | Rett Optogenetics SR | mataton) praduce GABRerEIc nd ghveinergc inhibiton of hese regions ey moreon | XInEtal.
dorsal vagal motor nucleus | syndrome prog v . . P & g & & y (2021)
glycinergic)
Ethanol — . . .
Hvpoglossal motoneurons consumptio | Electrophysiolo GIVR Bath application of ethanol to hypoglossal motoneurons causes increased glycinergic Sebe et al.
Ypog n P Phy gy v activity in both neonates and juvenile rats (2003)
. . Orofacial . Superior salivatory nucleus neurons that innervate the salivary glands and the tongue Mitoh et
Superior salivatory nucleus Electrophysiology GlyR . . . .
movement receive glycinergic inputs in rats al. (2004)
El hysiol IyR T k
. . Coordinated | . ectrop y5|o.o.gy, GIYR, Vestibular nuclei to inferior olive projections are mediated by combined GABAergic and urece
Inferior olive movement immunoreactivity and | GIyT2, Ivcinereic synchronous transmission and Regehr
optogenetics VGAT gl glcsy (2020)
Extraocular S . . . . . .
Abducens motoneurons ove Electrophysiolo GIVR Inhibition of abducens motoneuron firing from the medial vestibular nucleus is achieved | Russier et
v phy gy v through corelease of GABA and glycine in rats al. (2002)
movement
Extraocular GIVT2 Mayadali
Abducens neurons eye Immunoreactivity GIyRall Primate abducens neurons receive both glycinergic and GABAergic inputs etal.
movement v (2021)
Eye and Type B medial vestibular neurons receive GABA(A)ergic and glycinergic inputs in isolation | Camp et al
Medial vestibular nucleus head Electrophysiology GlyR yp L g gly g P P ’
and combination (2006)
movement
Omnidirectional . . S S .
mn! |re.c ona’ pause Eye . . . Glycinergic omnidirectional pause neurons inhibit the premotor burst neurons that are Optican
neurons in the raphe Simulation modelling GIlyR . . .
. . movement involved with saccadic eye movements (2008)
interpositus nucleus
Other
Auti N ligin-4 i f auti KO mice have i i lyci i i
. . . utism Electrophysiology and euro |_g|r_1 (monoggnehc cayse o aupsm) (6] mlce. ave |mp_a|re.d g ycmerglc synaptic Hoon et al.
Ganglion cells in retina spectrum . . GIlyR transmission in ganglion cells in the retina and protein expression in the brainstem and
) immunoreactivity . . - : (2011)
disorder spinal cord aligns with GlyR labelling
. . . . . . B Ib
. . . Strychnine blockage of phrenic nerves in mutant oscillator mice (GlyRal mutation) does usselberg
Phrenic nerves Respiration Electrophysiology GlyRal . . etal.
not cause respiratory failure
(2001)
. dGIyT . . . . . .
Small ventral lateral Electrophysiology and .| RNAi-mediated downregulation of glycine transporter in these neurons increased Frenkel et
Sleep L ) (Drosophi ) ) oo
neurons gene silencing (RNAI) circadian cycle length in flies al. (2017)

la glycine




transport
er)

. . Immunoreactivity and . Exogenous glycine administration in rats alleviated acute sleep disturbance via Kawai et
Suprachiasmatic nucleus Sleep . . Glycine . o
imaging peripheral vasodilation al. (2015)
. . Fast inhibitory synaptic transmission to these thalamic projecting neurons is modulated Ye et al.
Ped | ti | S| Electrophysiol GIyR . .
eduncuiopontine nucieus eep ectrophysiology v by both GABA(A) and glycine receptors in rats (2010)
Ventromedial medulla Sleep Behaviour VGAT Ra.1ts with |my:.>a|red |n.h|b|tor\'/ neurotransmnssnop in this region rfes:ulted in REM sleep GE;rec?;:I:t
without atonia associated with abnormal and violent motor activity al. (2018)
. Pathway from ventral medulla inhibit (GABA/glycine neurons) brainstem hypoglossal Dergachev
Optogenetics and . L .
Ventral medulla Sleep . GlyR motoneurons and chemogenetic activation of ventral medulla GABA/glycine neurons aetal
chemogenetics - . L
produced inhibitory effect on tongue electromyographic activity in mice (2020)
Trigeminal motor nucleus Slee Electrophysiolo Glvcine Blockade of the cystic fibrosis transmembrane regulator (partially responsible for REM Morales et
g P Phy &Y v sleep atonia) reduces glycinergic postsynaptic inhibitory actions in rats al. (2011)
Neurodegen
. u' & Immunoreactivity and | GlyT2, Identified glycinergic inputs to cholinergic neurons in the basal forebrain from the raphe | Bardoczi et
Basal forebrain erative . . . L
diseases electrophysiology GIyR magnus and reticular formation of the pons in mice al. (2017)
Ventral tegmental area Ethanol Microinjection of Lietal
(VTA) & :‘onsumpﬁo glycine ) Glycine Causes a reduced intake of ethanol in rats chronically exposed to ethanol (2012)'
Pref | PFC Eth | M k
rg ronta .Cortex (PFC), thano . . Tonically activated GlyRs (a3 subunit) are located in the PFC, striatum, hippocampus and cCracken
striatum, hippocampus and | consumptio | Electrophysiology GlyRa3 . etal.
the nucleus accumbens of mice
the nucleus accumbens n (2017)
Ethanol Richardson
Unipolar brush cells (UBC . . . ) .
. nipo .ar rush cells ( s) consumptio | Electrophysiology GlyR Recreational concentrations of ethanol in mice increase glycinergic inhibition of UBCs and Rossi
in vestibulocerebellar lobes
n (2017)
Systemic (not region Hypnosis Subcutaneous Strychnin Ye et al
v e & induced by injection of ¥ Reduced the number of rats that exhibited loss of righting reflex induced by ethanol ’
specific) . e (2009)
ethanol strychnine
Ethanol GMO mouse model with silent mutations affecting GlyRal displayed normal glycinergic Aguavo et
Systemic consumptio | Electrophysiology GlyRal transmission and reduction of loss of righting reflex induced by intoxicating dose of 35(2514)

n
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3.1 Abstract

The midbrain periaqueductal grey (PAG) is a critical integrative hub that modulates both
sensory and emotional responses to pain. Despite its central role, the understanding of the
underlying circuitry supporting its diverse functions remains incomplete. We have recently
shown that glycine transporter-2 expressing neurons (PAGSWY12)) concentrated in the
ventrolateral PAG (vIPAG), bidirectionally modulate nociception. Here, we further
characterise the distribution and connections of PAGSY12 neurons and examine whether their
influence extends beyond nociceptive processing. Using Gly'T2::Cre male and female mice, we
selectively expressed fluorescent anterograde tracers, the genetically encoded calcium indicator
GCaMP8s and chemogenetic DREADDs in PAGSYT? neurons. We demonstrated that these
neurons are predominantly inhibitory projection neurons, with axonal terminals present in
descending regions such as the rostral ventromedial medulla and locus coeruleus, as well as
ascending regions including the paraventricular thalamus and lateral hypothalamus.
Furthermore, we found that PAGSY12 neurons are engaged in response to both noxious and
non-noxious stimuli and in addition to modulating nociception, they also modulate anxiety-like
behaviours and aversion. Together these findings provide the first evidence that PAGSYT?
neurons are inhibitory projection neurons that modulate both pain sensation and affective
responses, likely mediated through their projections to both descending and ascending regions.
This discovery expands our understanding of PAG circuitry and reveals a novel pathway by
which nociceptive signals may be integrated with affective states, offering new insights into how

pain is processed in the brain.
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3.2 Introduction

The midbrain periaqueductal grey (PAG) 1s a central integrative structure that coordinates
sensory, emotional, and cognitive information to shape pain responses in a context-dependent
manner. It achieves this through extensive connections with both sensory and affective brain
regions, allowing it to regulate a wide repertoire of behaviours, including passive and active
defensive responses, autonomic control, aversion, and sleep (Arico et al., 2017; Ho et al., 2018;
Keay & Bandler, 2015; Tovote et al., 2016; Weber et al., 2018). Anatomically, the PAG 1s
organised into four longitudinal columns which are defined by distinct functional roles and
projection targets (Keay & Bandler, 2015). The ventrolateral column of the PAG (VIPAG) is a
key hub for opioid mediated analgesia and the descending analgesic pathways, composed
primarily of excitatory projections under the control of inhibitory interneurons (Lau &
Vaughan, 2014; Vaughan et al., 1997; Winters et al., 2022). The vIPAG has also been
implicated in many other behaviours including defensive responses, fear, predatory hunting,
anxiety, depression, cardiovascular function, respiratory regulation, sleep, and bladder control

(see Zhang et al., 2024 for a comprehensive review).

There are many different neuronal subtypes in the vVIPAG which are believed to contribute to
its integration of different behaviours (Vaughn et al., 2022). This suggests that there are
different functional units present within this subpopulation of neurons that allow the vIPAG to
modulate behaviours in a contextually appropriate manner. Understanding of how these
different functional units in the vIPAG 1s organised to control all these behaviours and how
different neuronal cell types and their microcircuits contribute to this is still largely unknown.
This is particularly relevant in the context of chronic pain, where vIPAG dysfunction
contributes not only to altered nociception but also to emotional and cognitive comorbidities

(Deng et al., 2023; Lee et al., 2023; Samineni et al., 2019; Yang et al., 2022).

Glycinergic neurons, defined by expression of the glycine transporter GlyT2, are highly
expressed in the spinal cord where they modulate pain signalling, however their supraspinal
roles are only beginning to be explored (Fenech et al., 2024; Zafra et al., 2016; Zeilhofer, 2005;
Zeilhofer et al., 2005) A small population of GlyT2-expressing neurons is concentrated in the
VvIPAG (PAGSY12) and we previously demonstrated that they bidirectionally modulate thermal

nociceptive responses and locomotor activity in male mice (Assareh et al., 2023; Rampon et al.,
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1996; Zeilhofer et al., 2005). Here, we characterise the distribution and abundance of PAGSy1?2
neurons in the vVIPAG and use circuit tracing, i viwo calclum imaging and employ chemogenetic
strategies and behavioural assays to map their connectivity and activity. We demonstrate that
unlike the majority of inhibitory PAG interneurons, PAG®¥T? neurons are inhibitory projection
neurons that can sense and modulate both sensory and affective dimensions of pain. These
findings expand our understanding of VIPAG neuroanatomy and reveal a previously

unrecognised signalling pathway that contributes to the integration and modulation of pain.



3.3 Methods

Animals

All experiments were conducted in accordance with the Australian Code for the care and use
of animals for scientific purposes and approved by the University of Sydney Animal Ethics
Committee (Protocol: 2023/2295). Adult male and female GlyT2:Cre (a gift from H.U.
Zeilhofer; Foster et al., 2015) or GlyT2:cre x Ail4 mice (Jackson Laboratory; B6.Cg-
Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/], Strain #: 007914) were bred and housed in the
Kearns Animal Facility in ventilated cages with a maximum of four mice per cage. 12/12h
light/dark cycle (23°C, 70% humidity) were maintained and food and water provided ad
libitum. Cages were enriched with a house igloo, toilet paper roll, tissues for nesting and
wooden blocks. All behavioural experiments were conducted during the light cycle between

9AM and 5PM under dim white light (30 +/- 10 Lux).

Stereotaxic surgery

Brain injections were carried out in a stereotaxic frame (Kopf Instruments) in adult mice (8-12
weeks old) under isoflurane anaesthesia (1-3% isoflurane in 1L/min O2). Pain relief was
provided at the incision site (0.25% bupivacaine s.c) and viral vectors were injected with a
nanovolume needle (200-300 nL. (vIPAG); SEG Syringe 1mlL, 0.63 mm OD, part #00500)
using a motorized injector (50 nL./min, UMP3T-2 with SMARTouch, WPI) or microinjection
pipet (Drummond Nanoject II) using glass needles with an external diameter of 60 pm (20-50

nL for LH and PV'T injections). The following coordinates were used:

e VIPAG- from Bregma, AP: -4.65-4.7 mm, ML: £0.35 mm, DV: -3.00 mm or AP: -
4.65 mm, ML: £0.85 mm, DV: -2.54 mm on an 8-degree angle (which reduced loss of
vector in the aqueduct and improved bilateral injection hit rate).

e LH- from Bregma, AP: -1.4 mm, ML: -1.1 mm, DV: -5 mm

e PVT- from Bregma, AP: -1.4 mm, ML: -1.1 mm, DV: -5 mm

Bilateral injections into the vIPAG were made for all chemogenetic experiments and unilateral
for circuit tracing and fibre photometry. After injection, the needle was kept in place for five

minutes, retracted 0.lmm and left for a further five minutes before complete withdrawal.



For fibre photometry studies, following wviral injection into the left or right vIPAG
(counterbalanced across animals), a fibreoptic implant (200 pm diameter, 0.39 NA, RWD
Science) was implanted at vVIPAG injection site and secured with the help of two small skull
screws and Superbond C & B (Sun Medical) and Vertex self-Curing (Vertex Dental) applied to
fix the fibre in place. Monocryl sutures 6-0 were used to close the wound and pain relief was
administered (buprenorphine, 0.05-0.1mg/g mice, s.c.). Following surgery, the mice were
individually housed for recovery (two days) before being returned to their home cage.
Experiments commenced two (fiber photometry) or three weeks later (behaviour,
electrophysiology or histology). For the chemogenetic study, animals were randomly allocated
into a control (mCherry), hM3Dq or hM4D1i group where they were injected (i.p.) with either
vehicle (10% DMSO and saline) or CNO (3mg/kg hM3D(Gq) or 5mg/kg
hM4D(Gi)/mCherry control) on alternate behavioural testing days (minimum two-day

interval).

Nociceptive tests

Nociceptive tests were all carried out on a single day with a minimum of 5 minutes rest periods
between tests except if noted (Anderson et al., 2014; Assareh et al., 2023; Francois et al., 2017;
Mitchell et al., 2021).

von Frey

To assess mechanical hypersensitivity, we used the simplified up-down method (SUDO) using
Von Frey filaments (Bonin et al., 2014). Animals were placed in elevated Perspex enclosures
with wire mesh bases and given 30 minutes to acclimatise to the testing environment. Testing
began with a 0.95 g von Frey hair in which it was pressed perpendicularly against the left hind
paw and held for approximately two seconds. If the animal sharply withdrew their paw, licked
their paw, or flinched upon removal of the von Frey filament, a withdrawal response was noted.
The von Frey test was repeated four times on the injected paw with at least a two-minute
interval between tests. If a positive withdrawal response was observed, the subsequent test used
a lighter filament whereas if no withdrawal response was seen the subsequent test used the next
heavier filament. The final paw withdrawal threshold was calculated as the lightest force

required to produce a withdrawal response. For the fibre photometry experiments, the 0.16g,



2g¢ and 6g von Frey filaments were pressed against the left hind paw in ascending order, with

five trials of each filament with a two-minute interval in between.

Acetone test

To assess cold allodynia, we used the acetone test (Yoon et al., 1994). Animals remained in the
elevated Perspex enclosures with wire mesh bases, and 20pLL of acetone was sprayed on the
centre of the left hind paw through the wire grid. The number of licks was recorded over a one-
minute period. The test was repeated once on the same paw with at least five minutes between
tests. The final value used for statistical analysis was the average of the number of licks between

the two tests.

Hotplate test

To assess noxious heat sensitivity, we used the hotplate test. Each animal was placed on a 50°C
hotplate and latency to show either a licking or jumping nocifensive response was recorded.
Once observed, the animal was immediately removed from the hotplate and returned to their
homecage. Fach animal was tested for a minimum of three trials with a fourth and fifth trial
added if the results were not within four seconds of each other (Espejo et al., 1994). For the
fibre photometry experiments, noxious heat sensitivity was assessed with the dynamic hotplate
test in which it started at 31.4°C and increased by 3.4°C/min to finally reach 50°C where they
remained for 30 seconds before removed from the apparatus. Hotplate experiments for the
fibre photometry experiments were completed on a separate testing day to von Frey and

acetone.

Open Field test

Locomotor activity was measured using the open field test. One hour after 1.p. injection of
either vehicle or CNO and acclimatisation to the testing room, the mice were individually
placed in an enclosed open-top arena (50 x 50 x 50 cm). An overhead camera recorded their
behaviour for a 20-minute period. This period allowed for the monitoring of locomotion and
potential anxiety-like behaviours (Bailey & Crawley, 2009). Between animals, 20% ethanol was

used to clean the apparatus to remove odour cues. The number of faecal boli, supported rearing
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responses and jumping responses was scored manually using Chronotate (Philipsberg et al.,
2023) while the total time mobile (s), time in the centre zone (s) and number of entries into the
centre zone was obtained through ANY-Maze video tracking software (Version 7; Stoelting

Co.). The centre zone was classified as the middle 25cm x 25cm zone.

Light-Dark test

The light-dark box test was used to test anxiety-like behaviours (Bourin & Hascoét, 2003). One
hour after 1.p. injection of either vehicle or CNO and acclimatisation to the testing room, the
mice were individually placed in the light-dark box (dark chamber: 20 cm wide x 18 cm x 30
cm high; light chamber (60 £ 10 lux): 28 cm wide x 27 cm long x 30 cm high). The mice were
initially placed in the light chamber facing the entry to the dark chamber and behaviour
monitored with an overhead camera for five minutes. Between animals, 20% ethanol was used
to clean the apparatus to remove odour cues. The following measures were obtained following
ANY-Maze video tracking software analysis: number of entries into the light zone, time in the

light zone (s) and latency to enter the dark zone (s).

Elevated Plus Maze

The elevated plus maze test was used in conjunction with the light-dark box to test anxiety-like
behaviours on a subset of animals (Riebe & Wotjak, 2012). One hour after i.p. injection of
either vehicle or CNO and acclimatisation to the testing room, the animals were individually
placed in the centre of the elevated plus maze facing a closed arm (two 60 cm arms, each 5cm
wide, one enclosed by 15 cm walls, 40 cm elevated off the ground). An overhead camera
recorded their behaviour for a five-minute period. Between animals, 20% ethanol was used to
clean the apparatus to remove odour cues. The time spent (s) in the open and closed arms was

obtained using ANY-Maze video tracking software.

Conditioned Place Aversion

The conditioned place aversion test was used to evaluate if activation or inhibition of PAGGYT2
neurons 1s aversive. The apparatus was visually and tactile differentiable between the two zones

with one side with smooth blue floors and walls with bright yellow circle stickers on the walls



while the other side had a bright silicone pink floor with smooth blue walls (Scicluna et al.,
2024). Mice were placed in a non-biased two-chamber CPA arena and given free access for a
30-minute period for three preconditioning training days. Time spent in either side was
averaged across the last two days such that no animals spent less than 30% of their time in the
one zone. Neither zone was found to have an inherent biased preference. Two days later,
conditioning was carried out using a biased experimental design for six training days. CNO
was exclusively paired with zones that had 60% or greater time spent in the pre-conditioning
stage. Vehicle was paired to the other zone. Mice that spent between 40-60% of their time in
either zone during preconditioning were randomly allocated and counterbalanced across
groups. Postconditioning test days: two and eight days later mice were given free access to both
zones and the time spent in each zone was recorded. Time spent is presented as a percentage
of overall test duration (time animal spent inside the box). A lid was placed on top of the
apparatus to ensure no climbing behaviour during the conditioning and post conditioning days.
Automated or manual behavioural tracking of the centre point of the animal was used to
measure total time in either side for the pre-conditioning days (AnyMAZE) as the lid obscured
automatic tracking in some cases. Between animals, 20% ethanol was used to clean the
apparatus to remove odour cues. To show a complete picture of the conditioned place aversion
test, time spent in the CNO-paired zone as well as difference scores between treatment and pre
and post conditioning (Yates, 2023). Difference scores were calculated as time difference
between vehicle and CNO paired zones in the pre and post conditioning stages (CNO-vehicle)
and percentage of time difference between CINO-paired zone for the pre and post conditioning

stages (post-pre).

Fibre photometry

Neuronal calcium activity was recorded via with the RWD fibre photometry system (R821
/FR-21Tricolor Multichannel Fiber Photometry System). A 410nm isosbestic signal was
recorded to account for motion artefacts and the 470nm signal was used to detect GCaMP
activity (30Hz, power = 20-30mW). Z-scores were calculated around events during behavioural
experiments verified with one to two cameras during behavioural recordings using RWD
software. Peak z-scores or area under the curve (AUC) was calculated before or after events

using RWD software.
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Aversive tone and footshock

For the fibre photometry experiments, aversive tones and foot shocks were used to assess non-
noxious aversion and graded pain, respectively. Animals were placed in a footshock chamber
within a clear tubular enclosure. After a five-minute acclimatization period, a buzzer was used
to deliver a tone (5 kHz, 80 dB, 1 sec tone every 2 minutes x ) trials; Assareh et al., 2025). After
a two-minute recovery period, a foot shock stimulus of increasing intensity was presented to the

animal (0.05mA, 0.1mA, 0.2mA and 0.4mA x 5 trials; two-minute interval between trial).

Tailgrab and claps

Tailgrab is considered a stressful stimulus (Hurst & West, 2010) and clap is an aversive sound
stimulus. Animals were placed in their home cage. After a five-minute acclimatization period,
the researcher picked up the animal by the tail (tail grabs; 5 trials, with two-minute interval
between each trail). Following a 5-minute rest period, the researcher then delivered a single
loud clap near the outer edge of the home cage (5 trials, with two-minute interval between each

trial).

Tissue processing

At the end of the experimental period, mice were deeply anaesthetized (3-5% isoflurane;
1L/min O then injection of Lethobarb (200 mg/kg, 1.p)) and transcardially perfused first with
0.9% saline containing 72.5 mM NaNO2 and 3 IU/ml heparin (Sigma-Aldrich) and then 4%
paraformaldehyde (PFA)in 0.13 M PBS (pH 7.4). Brains were removed and postfixed overnight
in the same fixative solution (4% PFA, 4°C). The tissue was then washed in PBS (pH 7.4) and
dehydrated in 15% sucrose in PBS for 1-2 days, followed by 30% sucrose in PBS for 1-2 days

and stored until cryosectioning.

Brains were sectioned using a sliding microtome (-20°C, Leica Microsystems, Leica 1080) and
four series of 40 um slices were collected and preserved in 0.1 M PBS containing 0.1% sodium
azide at 4°C. The PAG slices from one series were mounted onto glass slides with Fluromount-
G Mounting Medium (Invitrogen) and a glass coverslip. After drying, coverslip was sealed with

nail polish.



Immunofluorescence and fluorescent in situ hybridisation

For circuit tracing experiments, slices from another series were selected and labelled with
immunofluorescence. Slices were washed in PBS (3 x 10 minutes), then incubated in blocking
media (I hour at RT, 10% donkey serum, 0.3% Triton X detergent in PBS). Then, sections
were then incubated in primary antibody overnight before being washed in PBS (3 x 30
minutes) and incubated with secondary antibody (2 hours at RT;10% donkey serum, 0.1%
Triton X Detergent, 1:2000 DAPI antibody). Following a final wash in phosphate buffer (PB,

3 x 30 minutes), slices were mounted as previously described for imaging.

Fluorescent i situ hybridization was performed on 30-pm coronal sections using RNAscope
technology (Advanced Cell Diagnostics Biotechne, USA), following the manufacturer’s
protocol. The GAD2, Slc6A5 and Cre probes were used.

Fluorescent and light microscopy

Slices were imaged across the rostro-caudal axis on a fluorescent microscope (Zeiss Axio M1)
and localized to region according to Paxinos and Franklin (2001). As the PAG is very close to
the cerebral aqueduct, some DREADDs injections were unilateral, likely due to loss of vector
into the aqueduct. The behavioural data obtained from animals with confirmed uni- and
bilateral expression of mCherry, hM3D and hM4D was compared and no significant
differences were detected, so data was pooled (Supplementary Figure 1). Sparse labelling of

neurons in the superior colliculus was occasionally noted near the injection tract.

A laser confocal microscope (Leica Stellaris 5) using 40X (NA 1.25) objective was employed to
capture images of synaptophysin-fused EGFP and tdTomato. Stacks of 10-15 pm optical

sections were acquired at a pixel resolution of 0.28 ym and a z-step 1 pm.

Electrophysiology

Four weeks after stereotaxic surgery to express the excitatory DREADD channel hM3Dq or

light activated channel rhodopsin (ChR) in PAGSYT2 neurons, mice were deeply anesthetized,
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sacrificed and the brain was rapidly removed and place into ice-cold N-methyl-D-glucamine
solution (NMDG) containing (in mM): 93 NMDG, 30 NaHCO3, 25 glucose, 5 N-acetyl-L-
cysteine, 3 Na-pyruvate, 2.5 KCI, 1.2 NaH2PO4, 20 HEPES, 10 MgSO4, 0.5 CaCl2, 5 sodium
ascorbate (300 mOsm), equilibrated with 95% 0O2-5% CO2. Then 280-mm-thick coronal
brain slices of the midbrain were prepared with a vibratome (Leica VI'1200S) in the same ice-
cold NMDG solution. Slices were maintained in this solution for 10min at 34°C and then
transferred into the artificial CSF (ACSF; in mM: 126 NaCl, 2.5 KCl, 1.2 NaH2PO4,1.2
MgCl2, 2.4 CaCl2, 11 glucose, and 25 NaHCOS3, equilibrated with 95% O2 and 5% CO?2)
for 1 hour before being place in RT ACSF until use. For recording, slices were individually
transferred to a chamber on an upright fluorescence microscope (Olympus BX51) and
superfused continuously with ACSF (33°C, flow rate 2.5 ml min-1). PAG neurons were
visualized with a 40x water-immersion objective using Dodt gradient contrast optics and
mCherry fluorescence was detected using epifluorescent illumination. Whole-cell patch-clamp
recordings were performed in the voltage-clamp configuration with a holding potential of -65
mV. Patch pipettes (3-4MV) were filled with an intracellular solution composed of (in mM):
130 K-gluconate, 0.5 EGTA, 10 HEPES, 10 Na2phosphocreatine, 5 MgATP, 0.4 NaGTP,
and 0.1% biocytin, pH 7.3 with KOH (290-295mOsm). The liquid junction potential was not
corrected. Glycine currents were isolated pharmacologically using specific receptor antagonists
as required: AMPA /kainate receptor antagonist, 2,3Dioxo0-6-nitro-1,2,3,4-
tetrahydrobenzo[f]quinoxaline-7-sulfonamide (NBQX; 5 mM), the NMDA receptor
antagonist, d-2-Amino-5-phosphonopentanoic acid (D-AP5; 25 mM), the GABA receptor
antagonist bicuculine (100mM) and glycine receptor antagonists strychnine (STY; 3 mM). All
recordings were filtered (2- to 10-kHz low pass filter) with Multiclamp 700B amplifier
(Molecular Device) and digitized at a sampling rate of 10 kHz with an A/D converter (NI USB-
6251, National Instruments) and acquired and analysed using AxographX or Clampfit
(Molecular Device). PAGGYT?2 neurons were stimulated using either CNO (1-10 mM) or 470nm
(blue) light delivered through the 40x objective. To visualize cells filled with biocytin during
electrophysiology recording, brain slices were fixed in 10% formalin solution (Sigma) and then
incubated with streptavidin Alexa-647 (1:1000, Abcam). Slices were rinsed in PBS, mounted

with PermaFluor (Epredia), and stored at 4°C.

Data analysis



All data was analysed using GraphPad Prism (version 10, GraphPad Software, Inc., La Jolla,
CA) and presented as mean = SEM. Significance, as indicated by an asterisk, was defined as p
< 0.05 a priori. For all datasets, a Shapiro-Wilk test was performed to test normality. Statistical
tests used throughout this study include paired and unpaired t-tests, and one- and two-way
ANOVAs. When post-hoc testing was appropriate, following a significant ANOVA test, the
Bonferroni correction was applied to all data. A detailed statistical summary can be found in

(Supplementary Table 1). All behavioural test schematics were created with BioRender.

Table 1: Vectors and antibodies.

Name Company CAT# Titre/concentration

Viral Vectors

AAV1-phSynl-FLEX- Addgene 51509 4.5 x 1012

TdTomato-T2A-

SypEGFP-WPRE

AAV5-hSyn-DIO- Addgene 50459 8.4 x 1012

mCherry

AAV5-hSyn-DIO- Addgene 44361 2.3x 1013

hM3D(Gq)-mCherry

AAV5-hSyn-DIO- Addgene 44362 2.5x 1013

hM4D(Gi)-mCherry

AAV9-EFladflox- Addgene 20298 2.1x 1013

hChR2(H134R)-EYFP-

WPRE-HGHpA

AAV9-syn-FLEX- Addgene 162377 2.7x 1013

jGCamp8s-WPRE

AAVrg-EF1a-DIO-EYFP  Addgene 27056 1.3 x 1013

AAV8-hSyn-mCherry Addgene 114472 2.6x 1013

Primary antibodies

Mouse anti-TPH Oncogene OP71L 1:250

Rabbit anti-TH Merck AB152 1:2000

Rabbit anti-cFos Cell signalling Tech  2250T 1:500 (fluorescence)
1:2000 (colorimetric)

Rabbit anti-pPDH Cell signalling Tech  37115S 1:500

Chicken anti-GFP Aveslabs GFP-1020 1:500

Goat anti-tdTomato Mybiosource MBS448092 1:500



Chicken anti-mCherry
Secondary antibodies
Donkey anti-mouse Alexa
647

Donkey anti- rabbit Alexa
647

Donkey anti-rabbit Alexa
488

Goat anti-chicken Alexa
568

Donkey anti-chicken Alexa
488

Donkey anti-goat Alexa
555

Abcam

Abcam

Abcam

Abcam

Abcam

Jackson

Res
Abcam

Immuno

Ab205402

Abl150111

Ab150075

Ab150073

Ab175477

703-545-155

Ab150134

1:1000

1:500

1:500

1:1000

1:500

1:500

1:500



3.4 Results

PAGSY5T2 neurons are concentrated in the ventrolateral PAG and express GAD2

To determine the number and distribution of PAGSY12 neurons across the rostral-caudal axis
of mice, we performed cell counting and fluorescent iz situ hybridisation on coronal brain slices
from GlyT2::Cre x Ail4 or GlyT2::Cre mice. Consistent with previous reports, we found that
most PAGSYT? neurons are found in the vIPAG, with highest numbers in the caudal PAG
(Figure 1A-C). mRINA probes specific for GlyT2 (Slc6ad) and the GABA synthesis enzyme
GADG65 (GAD2) were colocalised in 84.6 + 2 % of PAGSY1? neurons and PAG®Y1? neurons
made up 17.4 + 4% of PAGGAPS neurons in the vIPAG. Together, this indicates that PAGGT?2
neurons are a minority subset of inhibitory GABAergic neurons in the vIPAG that are likely to
co-release glycine with GABA (Figure 1D-E). Finally, we found that mRNA labelling of Cre
was almost exclusively associated with GlyT2 labelled neurons (96.23 + 1.447 %) supporting
the validity of the Gly'T2::Cre mouse line, however Cre was sparse and colocalised with <25%

of PAGSYT2 neurons (Supplementary Figure 2; Foster et al., 2015).
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Figure 1: PAGGYT2 neurons have restricted distribution in the vIPAG and are inhibitory

neurons



(A) Distribution of GlyT2+ cells in the PAG. Rostral to caudal fluorescent image array (0.2-0.5pm apart) of
mouse PAG with GlyT?2 positive (red) cells amplified. Corresponding Bregma levels are indicated below each
image. Scale Bar = 500pm. Widefield images shown are 4x4 tiled z-stacks (max intensity projection), taken
with a 20x objective. Boundaries and abbreviations extrapolated from Paxinos and Franklin (2001). (B) Bar
graph representing the average number of GlyT2+ cells within each PAG sub column (n=3 animals; mean
+/- SEM). (C) Bar graph representing average number GlyT2+ cells (in 400 pm bins) within the caudal to
rostral mouse PAG (grey) based on bregma levels (n=3 animals; mean +/- SEM). (D-E) Distribution and
quantification of GlyT2+ and GAD65+ mRNA in the vIPAG using fluorescent i situ hybridisation (FISH).
Dorsal periaqueductal gray (APAG), lateral periaqueductal gray (IPAG), ventral lateral periaqueductal gray
(VIPAG), laterodorsal tegmental nucleus (LDTg), dorsal raphe (DR), Edinger-Westphal nucleus (EW).

Activation of PAG®YT? neurons is not sensed by many neighbouring vIPAG

neurons

Most VIPAG neurons that make local connections are inhibitory interneurons (Winters et al.,
2022). To test the hypothesis that PAGSYT? neurons make strong local connections, we
recorded spontaneous IPSCs from PAGGY1? -negative neurons in the vIPAG of GlyT2::Cre
mice in which PAGSYT2 neurons selectively expressed the light activated channel ChR2 or the
excitatory DREADD channel hM3Dq (Figure 2A). The amplitude and frequency of sIPSCs
were strongly inhibited by the GABA receptor antagonist bicuculline, with the remaining
residual current inhibited by the glycine receptor antagonist strychnine. Therefore, both GABA
and glycine contribute to sSIPSCs in the vIPAG (Figure 2B). Surprisingly, sIPSCs amplitude and
frequency did not change in 32/33 (14 ChR, 19 hM3D) PAGSY1? -negative neurons recorded
in response to specific stimulation of PAGSY12 neurons (either 470 nm (blue) light (n=14) or
CNO (n=19)). However, in one recording from a slice containing hM3D expressing PAG©!y12
neurons, CNO stimulated a burst of GABA and glycine mediated sIPSCs. These data provide
light evidence that PAGSYT? neurons can release GABA and glycine within the vIPAG and
contribute to local inhibitory signalling but suggest that they do not make extensive functional

synaptic connections within the vIPAG.
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Figure 2: Inhibitory post synaptic currents (IPSCs) are rarely detected in undefined vIPAG
neurons following selective activation of PAGGYT2 neurons. (A) Experimental set up showing
electrophysiology recording in whole-cell voltage-clamp from undefined vIPAG neurons in midbrain slices
containing PAGSYT2 neurons expressing either hM3D or ChR2. (B) Spontaneous IPSC recorded before and
after selective activation of PAGS¥12 neurons with DREADD agonist CNO. The GABA- and glycine
receptor contributions to the recorded current is indicated by its sensitivity to selective GABAA and glycine

receptor antagonists bicuculline and strychnine, respectively.

PAGSY5T2 neurons have projections to descending and ascending brain regions

To map the circuit connections of PAGYY!2 neurons, we expressed AAV1-phSyn-FLEX-
tdTom-T2A-SypEGFP in PAGSYT? neurons and imaged serial slices throughout the mouse
brain. This vector expresses tdTomato in the soma, dendrites and axons of PAGSYT2 neurons
and GIP in axon terminals that express the presynaptic marker synaptophysin, allowing for an
anatomical assessment of PAGUYYT2 neuronal circuits and where they are making synapses
(Figure 3A). In addition to the vIPAG, tdTomato* axons and terminals were detected within a
variety of descending and ascending brain nuclei in the hypothalamus and midline thalamus
(Figure 3B-D). All regions identified have been previously reported to be targeted by vIPAG
projection neurons (Cameron, Khan, Westlund, Cliffer, et al., 1995; Cameron, Khan,
Westlund, & Willis, 1995). Together, these experiments suggest that PAGSY12 neurons are
inhibitory projection neurons which make direct synaptic connections to both descending and
ascending regions. In support of this proposition, we found that stereotaxic injection of small
volumes of Cre-dependent AAV-retrograde traces into hypothalamus and midline thalamus
regions with visible PAGSYT2 projections, results in labelling of PAG®YT? neurons in the caudal

PAG, particularly concentrated around bregma level -4.5 to -4.7mm (Figure 3E-F).
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Figure 3: PAGGYT2 neurons are projection neurons. (A) Schematic illustrating unilateral injection of
AAV1-phSyn-FLEX-tdTom-T2A-SypEGFP into GlyT?2::Cre mice. (B-D) Widespread PAGGYT2 projections
and terminals were detected in the midbrain (PAG, DR), brainstem (RVM), pons (IPBN, LC), thalamus
(PVT) and hypothalamus (LH, ZI). Scale bars = 50 pm. (n=3). (E-F) Cre dependent retrograde trace injected
into the projection regions in the hypothalamus (n=5) or thalamus (n=6) labelled subsets of PAGGYT2 neurons
in vIPAG (grey box), with a peak bregma ~-4.6 mm in both cases. RVM: rostral ventromedial medulla, LC:
locus coeruleus, IPBN: lateral parabrachial nucleus, DR: dorsal raphe, PVT: paraventricular thalamus, ZI:
zona incerta, LH: lateral hypothalamus, D3V: 31 ventricle, ml: medial lemniscus, pyr: pyramidal tract, scp:
superior cerebellar peduncle, vsc: ventral spinocerebellar tract, Aq: cerebral aqueduct, TH: tyrosine

hydroxylase, TPH2: tryptophan hydroxylase 2.

In vivo functional activity of PAG®YT2 neurons reveal they are responsive to both

nociceptive and aversive stimuli

We have previously demonstrated that chemogenetic activation of PAGSY12 neurons can alter
nociceptive responses in mice following noxious heat and cold stimuli (Assareh et al., 2023),
however the activity of PAGG¥T2 neurons in response to external stimuli has never been
assessed. To achieve this, we expressed the genetically encoded calcium indicator jGCaMP8s)
in PAGGSY12 neurons and used i vwo fibre photometry to directly measure changes in their
activity (Figure 4A, Supplementary Figure 3; Zhang et al., 2023). No change in PAGSl12
calcium signal was detected in response to increasing mechanical stimuli with von Frey hairs

(0.16 — 6g; Figure 4B), but was increased in response to a range of nociceptive stimuli including
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hind paw application of acetone (cold stimuli; Figure 4C), during rearing and jumping
responses in a dynamic thermal plate assay (Figure 4D-E; Kimmey et al., 2025) and in response
to electric shock stimuli of increasing intensity (0.05 mA, 0.1 mA, 0.2 mA and 0.4 mA; Figure
41). As the vIPAG i1s known to contribute to a variety of functions in addition to nociception,
including fear and defensive behaviour (Arico et al., 2017; Keay & Bandler, 2015; Tovote et
al., 2016), we also measured PAGSYT? neuronal activity following different aversive non-
noxious stimuli (auditory tone, clap and tail grab). We found significant increases in calcium
signal in response to loud auditory tone (Figure 4G), sudden clap (Figure 4H) and tail grab
(Figure 4I). Overall, these data demonstrate that PAGSYT2 neurons directly respond to noxious
and non-noxious stimuli. Our finding that their response to increasingly strong foot shock 1s
scaled further suggests that PAGGYT? activity may signal pain intensity. In addition, we
discovered that PAGSYT2 neuronal activity increases during a range of behaviours that are not
associated with a noxious stimulus including rearing, loud noises and tail grab. Together this
suggests that PAGSYT? neurons may have the capacity to modulate other vVIPAG mediated

behaviours.
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Figure 4: in vivo fibre photometry shows that PAGGYT2 neurons are involved with

nociception, aversion and stress. (A) Schematic and representative image showing unilateral
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stereotaxic injection of cre-dependent calcium activity dependent viral vector into the vVIPAG of GlyT?2::Cre
male mice, targeting PAGGYT2 neurons (B) Average trace and heatmap of z-score during the 0.16g, 2g and
6g von Frey stimulus with quantification of peak z-score showing no indication of increased activity following
either stimulus. (C) Average trace and heatmap of z-score during the acetone test with quantification of peak
z-score showing increased activity following acetone stimulus. (D) Average trace of z-score during the
dynamic hotplate assay test with quantification of the area under the curve (AUC) showing no significant
increase 1n activity between the non-noxious and noxious phase of the test. (E) Average trace and heatmap
of z-score during rearing responses (during the non-noxious 31-42 degree phase) and jumping responses
(during the noxious 42-50deg phase) in the hotplate test with quantification of peak z-score showing increased
activity following both responses. (F) Average trace and heatmap of z-score during an increasing foot shock
stimulus with quantification of peak z-score of 0.05mA, 0.1mA, 0.2mA and 0.4mA, showing increased
activity following 0.1mA, 0.2mA and 0.4mA shocks and compared to 0.05mA shocks. (G) Average trace and
heatmap of z-score during an aversive tone with quantification of peak z-score showing increased activity
following the tone. (H) Average trace and heatmap of z-score during an aversive clap with quantification of
peak z-score showing increased activity following the clap. (I) Average trace and heatmap of z-score during
a tail grab with quantification of AUC showing increased activity following the grab. Five trials per stimulus.

Individual animals indicated (n= 3-5; mean +/- SEM). *p<0.05, **p<0.01, **p<0.001, ****p<0.0001.

Chemogenetic modulation of PAGSYT2 neurons reveal that they alter anxiety-like

behaviours in addition to nociceptive responses

The possibility that PAGSYT?2 neurons modulate behaviours beyond nociception was also
suggested by our previous data, as we found they modulate jumping behaviour in the open field
test (Assareh et al., 2023). To investigate this further, we selectively expressed DREADDs,
hM3Dq, hM4Di or control (mCherry), in PAGSYT2 neurons of GlyT2::Cre male and female
mice (Figure 5A, Supplementary Figure 4). We first demonstrate that PAGSY12 neurons do not
modulate responses to mechanical stimuli (Figure 5B) and replicated our previous findings that
PAGSYT2 neurons bidirectionally modulate thermal nociception (Figure 5C-D). We then
extended our initial analysis of open field behaviours and found bidirectional modulation of
mobility (Figure 5E) and no difference in centre zone activity in males (Figure 5F), but changes
in rearing and jumping behaviours. Time interval analysis reveals that in the first five minutes
of the open field, rearing effects dominated while jumping was more strongly observed during
the latter 15 minutes of the testing period (Figure 5G-]). Similar behaviours were observed in

female mice (Supplementary Figure 5).
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Figure 5: Chemogenetic modulation of PAGSYT2 neurons bidirectionally modulates acute
thermal nociception and locomotor activity in male mice. (A) Schematic and representative image
showing bilateral stereotaxic injection and expression of the excitatory Cre-dependent DREADD into the
VvIPAG of GlyT2::Cre male mice, targeting PAGGYT2 neurons. Unilaterally injected animals were also
included in this experiment. (B) Chemogenetic modulation does not change paw withdrawal thresholds. (C)
Chemogenetic activation (hM3D; blue) via CNO administration (3mg/kg; 1.p.) resulted in increased
responses in the acetone test, while inhibition (hM4D; red) via CNO administration (bmg/kg; 1.p.) resulted
in decreased responses. (D) On the hotplate test, chemogenetic activation (blue) caused a decrease in paw
withdrawal latency (s) while inhibition (red) caused an increase. (E) Chemogenetic activation increased

mobility (blue) while inhibition (red) reduced mobility in the open field test. (F) Number of entries into the
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centre zone of the open field was unchanged following chemogenetic activation or inhibition of PAGGT2
neurons. (G) The number of rears was significantly reduced following inhibition of PAG®¥T2 neurons (red),
and this was evident in the first five minutes of the open field test (H). (I-J) The number of jumps was
significantly increased following chemogenetic activation (blue) while it decreased following chemogenetic
inhibition (red) and this was mainly evident in the last fifteen minutes of the open field. Individual animals
indicated (n= 10 (control), n=18 (excitatory), n=14 (inhibitory); mean +/- SEM). *p<0.05, **p<0.01,
Rk <(0.001, #*¥p<0.0001.

To directly address if chemogenetic modulation of PAGSYT? neurons can modulate anxiety-
like responses we used the light-dark test. This test relies on the natural aversion of mice to
brightly illuminated areas and on their spontaneous exploration in novel environments (Riebe
& Wotjak, 2012). In male mice, the entries and time spent in the light zone of the light-dark
test was increased compared to control when PAGY¥T?2 neurons were chemogenetically
activated, whereas inhibition was associated with decreased time spent in the light zone (Figure
6A-B). In addition, the latency to first enter the dark zone was increased when PAGST2
neurons were chemogenetically activated (Figure 6C). These findings indicate that PAGSYT?
neurons bidirectionally modulate anxiety-like behaviors. To strengthen and validate this
finding, we also assessed the ability of PAGSYT?2 activity to alter time spent in the open arms of
the elevated plus maze in a subset of animals. Inhibition of PAGSYT? neurons significantly
reduced entries and time spent in the open arms of the elevated plus maze while excitation of
PAGSWYT2 neurons was associated with increased entries to explore an open illuminated space
(open arms), although this did not reach significance (p=0.0653; Figure 6D-E). We carried out
a parallel set of light-dark tests in female mice and similarly detected increased time spent in
the light zone when PAGSYT2 neurons were activated (Supplementary Figure 6). Taken
together with the open field behaviours, we conclude that PAGSYT? neurons modulate anxiety-
like behaviours, with activation and inhibition reducing and promoting anxiety-like behaviours,

respectively.
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Figure 6: Chemogenetic modulation of PAGGYT2 neurons induces anxiety-like behaviour in
GlyT2::Cre male mice. (A) The number of entries in the light zone during the light dark test is
significantly reduced following chemogenetic activation (hM3D, blue) of PAGGYT2 neurons. (B) Time spent
in the light zone is significantly increased (blue) and reduced (hM4D; red) following chemogenetic activation
or inhibition, respectively. (C) The latency to first entry into the dark zone is significantly increased following
chemogenetic activation (blue) of PAGGYT2 cells. In the elevated plus maze, chemogenetic inhibition (red)
caused a reduction in number of entries (D) and time spent (E) in the open arms. Individual animals indicated

(n= 4- 13/group; mean +/- SEM). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

Chemogenetic inhibition of PAGC®YT? neurons is aversive

An increase in the willingness of an animal to spend time in the light zone is traditionally
interpreted as an increased drive to explore novel environments. On the other hand, reduction
of time spent in the light zone reflects increased anxiety-like behaviours, which should be seen
as aversive. T'o test this assumption, we conducted a conditioned place aversion test in a mixed
cohort of male and female GlyT2::Cre mice expressing control, hM3D or hM4D chemogenetic
DREADDs (Figure 7A). In hM4Di1 injected mice, chemogenetic inhibition of PAGGYT? neurons
was associated with a significant decrease in time spent in the CNO-paired zone on both post
conditioning test days (2 and 8 days after conditioning). This decrease was also apparent when
data was analysed as a difference score, supporting the validity of this finding (Figure 7B-G;

Yates, 2023). No significant change was detected in the control or hM3Dq mice. These findings
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are consistent with activation of PAG®¥1? neurons promoting exploration (i.e. increased time
in the light zone) and their inhibition causing an anxiety-like state (i.e. decreased time in the

light zone and aversive).
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Figure 7: Conditioned place aversion shows that chemogenetic inhibition of PAGGyT2
neurons is aversive in male and female GlyT2::Cre mice. (A) Schematic showing experimental
timeline of conditioned place aversion test showing the animals had three days of pre-conditioning, followed
by six days of conditioning and a post conditioning test on day 12 and 18 (all 30-minute duration). (B, E)
Percentage of time spent in the CNO-paired side during the pre-conditioning (grey) and post conditioning
(pink) of mCherry, hM3D and hM4D male (closed) and female (open) GlyT2::Cre mice, such that
chemogenetic inhibition (hM4D) in the CNO-paired side reduced time spent on that side (Day 12 and 18).
(C) Difference score (time spent in the CINO-paired side minus the time spent in the vehicle-paired side)
between pre and post conditioning is significantly reduced following chemogenetic inhibition (hM4D) of
PAGGNT2 neurons (Day 12). (D) Percentage of time spent in the CNO-paired side between the post
conditioning and pre-conditioning test is significantly reduced in the hM4D group compared to the mCherry
group (Day 12). (E) On day 18, the percentage of time spent in the CNO-paired side during the pre-
conditioning (grey) and post conditioning (pink) of mCherry, hM3D and hM4D male (closed point) and
female (open point) GlyT2::Cre mice, such that chemogenetic inhibition (hM4D) in the CNO-paired side
reduced time spent on that side. (F) Difference score (time spent in the CNO-paired side minus the time spent

in the vehicle-paired side) between pre and post conditioning is unchanged following chemogenetic
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modulation of PAGGYT2 neurons (Day 18). (D) Percentage of time spent in the CNO-paired side between the
post conditioning and pre-conditioning test is significantly reduced in the hM4D group compared to the
mCherry group (Day 18). Individual animals indicated (n= 10 males and 3 females/group; mean +/- SEM).
*p<0.05, ¥*p<0.01, ¥**¥p<0.001, ¥***p<0.0001.
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3.5 Discussion

The PAG is a key integrator of sensory information that is central to shaping responses to pain
and other stressors. The vIPAG is a key site for the analgesic actions of opioids, like morphine,
such that inhibitory interneurons in the PAG disinhibit projection neurons in the descending
in the descending pain modulatory pathway that can interrupt nociceptive signal in the spinal
cord (Lau & Vaughan, 2014; Vaughan et al., 1997; Winters et al., 2022). However, current
evidence suggests there are over 100 different neuronal subtypes within the PAG (Vaughn et
al., 2022), and thus the role of the vIPAG has only begun to be appreciated (H. Zhang et al.,
2024).

Here we provide the first comprehensive evidence that PAGY¥T? neurons are a novel
subpopulation of inhibitory PAG neurons. First, our electrophysiology and circuit tracing data
indicates that unlike their interneuron counterparts, PAGSYT2neurons are inhibitory projection
neurons that project to a range of brain regions not only in the pons and brainstem, but also in
the hypothalamus and thalamus. This opens the possibility that they can directly modify
neuronal function at a range of target regions that are known to be involved in emotional,
motivational and autonomic responses to pain. Further, we demonstrate that PAGGYT2 neurons
can sense noxious and non-noxious aversive stimuli and show that in addition to thermal
nociception, they modulate anxiety-like behaviours and aversion in males and females (Figure
8). Overall, this data suggests that PAGSYT? neurons are a functionally relevant neuronal
subtype in the VIPAG that are involved in the coordination of complex behavioural responses

and expands the computational potential of PAG function.
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Figure 8: Summary of the role of PAGSYT2 neurons. Created with BioRender.

PAGGYT? neurons are a subpopulation of GABAergic neurons that are likely to

corelease GABA and glycine

Our finding that PAGYYT2 neurons make up ~ 17% of inhibitory neurons in the vIPAG is
consistent with previous studies which show they co-express established inhibitory neuronal
markers (VGAT/VIAAT and GAD65/67) along with the precursor of endogenous opioids,
proenkephalin (Kimmey et al., 2025; Lein et al., 2007; Tanaka & Ezure, 2004; Vaughn et al.,
2022). As vGAT/VIAAT concentrates both GABA and glycine into synaptic vesicles, this
expression profile suggests these neurons co-accumulate and co-release glycine with GABA and
their dense core vesicle could release met-enkephalin (Aubrey et al., 2007; Jonas et al., 1998;
Vaaga et al., 2014). The data presented is consistent with this possibility but met-enkephalin
supply from PAGSYT2 neurons has not been demonstrated and diversity in vesicular transmitter

content or postsynaptic receptor expression is possible (Aubrey & Supplisson, 2018).

The role of PAGSY12 neurons is consistent with previously established roles of vVIPAG inhibitory
populations in both anxiety-like behaviours (Lowery-Gionta et al., 2018) and exploration (Reis
et al., 2024). Considering this, our data suggests that chemogenetic activation of PAGST2
neurons may not promote escape behaviours shown through jumping responses in the open
field, as initially suggested in Assareh et al., 2023, but simply a locomotor response. This is

consistent with the idea that is it was a defensive escape response this would likely be aversive,
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of which activation is not. In addition, inhibitory neurons in the vIPAG have also been
implicated in itch (Saminenti et al., 2019), fear (Tovote et al., 2016), feeding (Hao et al., 2019),
coughing (Chen et al., 2022) and sleep (Weber et al., 2018). This poses the question that
composite collection of subpopulations of neurons in the vIPAG coordinate all these PAG
mediated responses. Therefore, this study gives evidence that future experiments should
consider the interplay of different neuronal populations and complex behaviours and not

interpret their findings in isolation.

PAGGYT2 neurons are inhibitory projection neurons

We also showed that PAGSYT? neurons are mostly projection neurons that have extensive
axonal projections to a range of descending and ascending regions that are known to be
involved with a range of complex behaviours. We hypothesise that PAGSY¥12 neurons modulate
nociception via the descending pathway however the classical understanding of PAG circuitry
has been challenged previously. Indeed, inhibitory projections out of the PAG has been shown
(Rampon et al., 1999; Reis et al., 2024; Varga et al., 2019) and the classic framework of the
descending analgesic pathway has been extended (Winters et al., 2022). Recent discoveries into
new glycine receptors also add to the increased potential of these projections (Fenech et al.,
2024; Grand et al., 2018; Laboute et al., 2023; Otsu et al., 2019). Therefore, the process by
which PAGSYT?2 neurons modulate nociception as well as affective behaviours may be more

complex, adding to the potential of PAG mediated circuits.

Limitations

There is increasing evidence that there are substantial sex differences in pain responses and
pathways in animals (Mogil, 2009) and humans (Greenspan et al., 2007), including in the PAG
(Jiang et al., 2022; Linnman et al., 2012; Loyd et al., 2007; Tonsfeldt et al., 2016; Yu et al.,
2021). As such, we extended our initial preliminary experiment in females (Assareh et al., 2023)
to robustly examine nociception and anxiety-like behaviours in both males and females. Our
data, although not exactly mirrored between sexes, suggests that PAGGYT2 neurons do not
contribute to sex differences in the PAG. We did find subtle differences in behaviours between
the male and female datasets; however, this could be explained by innate differences in

ethological behaviours (Meseguer Henarejos et al., 2020; Sensini et al., 2020). Female rodents



are historically ignored in preclinical research due to concerns about increased variability in
female mice, however this has been debunked (Kaluve et al., 2022). This study does not provide
strong evidence of sex differences in PAGSY12 neurons, but future studies should use both sexes

to ensure that if differences arise, they can be discovered.

Overall, PAGSYT2 neurons reveal exciting insights into the potential of a small subpopulation
of neurons that could contribute widely to the overall pain experience. This study expands the
potential of glycinergic neurotransmission in the brain as well as midbrain circuitry as a whole.

Thus, revealing how the brain can compute complex behaviours.
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Supplementary Figure 1: Chemogenetic activation or inhibition with unilaterally or
bilaterally injected GlyT2::Cre female and male mice. For the acetone test (A) and hotplate test (B),
there is no significant difference between CNO administered male mice between unilateral and bilateral
mjected animals for control (mCherry; green), excitatory (hM3D; blue) and inhibitory (hM4D; red). For
female CNO administered mice, there is no significant difference between unilateral and bilateral injected
animals for all three groups regarding the acetone (C) and hotplate test (D). Individual animals indicated (n=

3- 11/group; mean +/- SEM). *p<0.05, **p<0.01, **p<0.001, ****p<(0.0001.
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Supplementary Figure 2: FISH labelling of Cre+ neurons in GlyT2::Cre mice. Quantification of

percentage of GlyT?2 positive cells that were co-labelled with Cre (blue) and percentage of Cre positive cells

that were co-labelled with GlyT?2 following fluorescent  situ hybridisation (FISH) of GlyT2::Cre mice (n=3
animals; mean +/ SEM). vIPAG: ventrolateral periaqueductal grey.

Supplementary Figure 3: Fibre and injection placement for in wvivo fibre photometry

experiment. Representative microscope image showing middle of injection site and fibre optic cannula



placement for fibre photometry experiment. n=1 animal unable to obtain image. Scale bar= 500pm.

Magnification: 2.5X. Aq: Cerebral aqueduct.
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Supplementary Figure 4: Viral vector expression for all chemogenetic experiments. (A)
Schematic showing expression of PAGGYT2 neurons across all male and female (B) mice for control (mCherry;
green), excitatory (hM3Dgq; blue) and inhibitory (hM4Di; red) groups, with 10% opacity for expression spread

per bregma section for each animal.
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Supplementary Figure 5: Chemogenetic modulation of PAGGYT2 neurons bidirectionally
modulates acute thermal nociception and locomotor activity in female mice. (A) Schematic
and representative image showing bilateral stereotaxic injection of the excitatory Cre-dependent DREADD
mnto the VIPAG of GlyT?2::Cre female mice, targeting PAGGY12 neurons. Unilaterally injected animals were
also included in this experiment. (B) Chemogenetic modulation does not change paw withdrawal thresholds
(C) Chemogenetic activation (hM3D; blue) via CNO administration (3mg/kg; 1.p.) resulted in increased
responses in the acetone test. (D) On the hotplate test, chemogenetic inhibition (hM4D; red) caused an
increase in paw withdrawal latency. (E) Chemogenetic activation increased mobility (blue) in the open field
test. (F) Number of entries into the centre zone of the open field was significantly increased following
chemogenetic activation of PAGSYT?2 cells. (G) The number of rears was significantly reduced following
inhibition of PAGSYT2 neurons (red), and this effect was not specific to a certain time period during the open

field test (H). (I, J) The number of jumps was unchanged following chemogenetic modulation in the open
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field test. Individual animals indicated (n= 6-8 (control), n=8-12 (excitatory), n=8-11 (inhibitory); mean +/-
SEM). *p<0.05, **p<0.01, **p<0.001, ****p<0.0001.
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Supplementary Figure 6: Chemogenetic activation of PAGGYT2 neurons decreases anxiety-
like behaviour in GlyT2::Cre female mice. (A) Chemogenetic modulation of PAGGYT2 neurons does
not change number of entries into the light zone during the light dark test. (B) Chemogenetic activation
(hM3D; blue) significantly increases the time spent in the light zone in CNO injected female mice when
compared to vehicle. (C) The latency to first entry into the dark zone is unchanged following chemogenetic
modulation of PAGGY12 cells. Individual animals indicated (n= 5-8/group; mean +/- SEM). *p<0.05,
*#p<0.01, ¥*p<0.001, ***+p<0.0001.
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Supplementary Table 1: Statistical analysis for all results

Main Multiple
Figure Experiment Sex n/group mean+/-SEM  Test effect F (DFn, DFd) pvalue Post-hoc comparison pvalue
RM  two-way
ANOVA  with
Geisser-
gcamp- Greenhouse
5B vonfrey Male 4 mice correction Time F(1.000, 3.000) =9.916 P=0.0513 Bonferroni Post: 0.16gvs 2g >0.9999
Treatment F(1.271,3.813) =0.5058 P=0.5613 Post: 0.16g vs 6g >0.9999
Time X
Treatment F(1.647,4.942)=0.6882 P=0.5180 Post: 2g vs 6g 0.6546
Pre-Post:0.16g 0.1749
Pre-Post:2g 0.0614
Pre-Post:6g 0.3773
Pre (1.957 =
0.4205), Post
gcamp- (5.138 +  two-tailed,
5C acetone Male 6 mice 0.8184) paired t-test t=3.749, df=5 0.0133
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gcamp- 31-42 deg
hotplate (59.74 +
non noxious 15.64), 42-
VS noxious 50deg (102.2 two-tailed,
5D temp Male 4 mice +47.86) paired t-test t=0.9939, df=3 0.3935
RM  two-way
gcamp- ANOVA  with
hotplate Geisser-
rears and Greenhouse
5E jumps Male 4 mice correction Time F(1,3)=30.53 P=0.0117 Bonferroni Pre-Post: Rears 0.0072
Behaviour F(1,3)=5.886 P=0.0937 Pre-Post: Jumps 0.0023
Time X
Behaviour F(1,3)=7.802 P=0.0682
RM  two-way
ANOVA  with
Geisser-
gcamp- Greenhouse
5F footshock Male 4 mice correction Time F(1.000, 3.000) = 183.3 P=0.0009 Bonferroni Pre-Post: 0.05mA 0.1594
Treatment F(1.538,4.614)=8.978 P=0.0284 Pre-Post: 0.1mA 0.0154
Time X
Treatment F(1.418,4.255)=5.319 P=0.0741 Pre-Post: 0.2mA 0.0062
Pre-Post: 0.4mA 0.0181
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Pre (1.845 =
0.4683), Post

gcamp- (10.69 +  two-tailed,
5G audio tone Male 4 mice 1.588) paired t-test
Pre (2.703 =
0.4875), Post
gcamp- (3.77 +  two-tailed,
5H claps Male 5 mice 0.6125) paired t-test
Pre (-0.06219
+ 0.007365),
gcamp-tail Post (21.20 + two-tailed,
51 grab AUC Male 5 mice 4.336) paired t-test
Baseline
(1.204 +
0.2498),
Vehicle RM  one-way
(0.6940 + ANOVA with
0.1237), CNO  Geisser-
vonfrey- (0.6800 + Greenhouse Baseline VS
6B control Male 10 mice 0.1149) correction F(1.205, 10.84) = 3.088 P=0.1026 Bonferroni  Vehicle 0.1853

F(9,18)=1.149

Baseline vs CNO 0.3886

Vehicle vs CNO

>0.9999
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Baseline

(1.141 +
0.1635),
Vehicle RM  one-way
(0.6315 +  ANOVA with
0.1009), CNO  Geisser-
(0.8670 +  Greenhouse Baseline S
0.1619) correction Treatment F(1.554,29.53) =3.164 P=0.0682 Bonferroni Vehicle 0.095
Individual  F(19,38)=1.071 P=0.4141 Baseline vs CNO 0.7783
Vehicle vs CNO 0.3243
Baseline
(1.175 x
0.1750),
Vehicle RM  one-way
(0.6627 +  ANOVA with
0.1831), CNO Geisser-
(0.8933 +  Greenhouse Baseline S
0.1249) correction Treatment F(1.567,21.94) = 4.049 P=0.0404 Bonferroni Vehicle 0.1025
Individual  F (14, 28)=2.910 P=0.0078 Baseline vs CNO 0.165
Vehicle vs CNO 0.6497
Baseline
(3.15 + RM one-way
Baseline Vs
0.422), ANOVA  with
Treatment F(1.860, 16.74) = 1.305 P=0.2952 Bonferroni Vehicle >0.9999
Vehicle (3.65 Geisser-
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£ 0.4947), Greenhouse
CNO (4.3 = correction
0.6464)
Individual  F (9, 18) =1.300 P=0.3028 Baseline vs CNO 0.5576
Vehicle vs CNO >0.9999
Baseline
(3.053 *
0.1946),
Vehicle RM  one-way
(3.579 + ANOVA with
0.3065), CNO  Geisser-
acetone- (6.158 + Greenhouse Baseline Vs
excitatory Male 19 mice 0.5044) correction Treatment F(1.473,26.51)=25.45 P<0.0001 Bonferroni Vehicle 0.3699
Individual  F (18, 36) = 1.560 P=0.1257 Baseline vs CNO <0.0001
Vehicle vs CNO 0.0009
Baseline
(3.867 x
0.3065), RM  one-way
Vehicle (4.1 + ANOVA with
0.2193), CNO  Geisser-
acetone- (1.867 + Greenhouse Baseline 'S
inhibitory Male 15 mice 0.3104) correction Treatment F(1.977,27.67)=24.08 P<0.0001 Bonferroni Vehicle >0.9999
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Individual  F (14, 28)=1.809 P=0.0885 Baseline vs CNO 0.0002
Vehicle vs CNO <0.0001
Baseline
(15.06 x
0.8993),
Vehicle RM  one-way
(15.76 +  ANOVA with
1.111), CNO Geisser-
hotplate- (15.84 + Greenhouse Baseline 'S
6D control Male 10 mice 0.9364) correction Treatment F(1.769, 15.92) = 0.3595 P=0.6782 Bonferroni Vehicle >0.9999
Individual  F (9, 18) =3.628 P=0.0096 Baseline vs CNO >0.9999
Vehicle vs CNO >0.9999
Baseline
(14.42 x
0.8195),
Vehicle RM  one-way
(14.93 + ANOVA with
0.8449), CNO  Geisser-
hotplate- (9.277 +  Greenhouse Baseline Vs
excitatory Male 20 mice 0.5998) correction Treatment F(1.753, 33.30) =40.15 P<0.0001 Bonferroni Vehicle >0.9999
Individual  F(19,38)=5.171 P<0.0001 Baseline vs CNO <0.0001
Vehicle vs CNO <0.0001
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Baseline

(16.1 +
0.7727), RM  one-way
Vehicle ANOVA  with
(17.49 +  Geisser-
hotplate- 0.5234), CNO  Greenhouse Baseline 'S
inhibitory Male 15 mice (21.39+1.31) correction Treatment F(1.753,24.54)=11.13 P=0.0006 Bonferroni Vehicle 0.4721
Individual  F(14,28)=1.828 P=0.0848 Baseline vs CNO 0.0018
Vehicle vs CNO 0.0313
Vehicle
open field - (810.9 x
time 48.75), CNO
mobile- (901.2 + two-tailed,
6E control Male 10 mice 34.55) paired t-test t=1.677, df=9 0.1279
Vehicle
open field - (872.2 +
time 36.47), CNO
mobile- (988.1 + two-tailed,
excitatory Male 18 mice 17.45) paired t-test t=2.907, df=17 0.0098
Vehicle
open field - (846.5 x
time 34.03), CNO
mobile- (713.7 + two-tailed,
inhibitory Male 14 mice 69.24) paired t-test t=2.243, df=13 0.0429
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open field-

no. of

entries into

centre Vehicle (60.2

zone- +9.471),CNO two-tailed,

control (70.2+7.16) paired t-test t=1.309, df=9

open field-

no. of

entries into

centre Vehicle (66 =

zZone- 7.429), CNO two-tailed,

excitatory (80%4.57) paired t-test t=1.765, df=17

open field-

no. of Vehicle

entries into (53.71 +

centre 4.229), CNO

zZone- (45.07 + two-tailed,

inhibitory 5.435) paired t-test t=1.411, df=13
Vehicle

open field- (100.3 x

no. rears- 7.678), CNO two-tailed,

control (124+14.34)  paired t-test t=1.406, df=9




Vehicle

(105.3 *
open field- 5.147), CNO
no. rears- (100.8 +  two-tailed,
excitatory Male 18 mice 8.143) paired t-test t=0.5387, df=17 0.5971
Vehicle
(120.4 +
open field- 7.022), CNO
no. rears- (94.43 + two-tailed,
inhibitory Male 14 mice 11.14) paired t-test t=2.634, df=13 0.0206
RM  two-way
open field - ANOVA  with
rears  five Geisser-
min interval Greenhouse Time Vehicle - CNO: 0-
6H - control Male 10 mice correction interval F(1.710, 15.39) = 2.666 P=0.1073 Bonferroni 5mins 0.981
Vehicle - CNO: 5-
Treatment F(1.000,9.000) =1.976 P=0.1934 10mins >0.9999
Time X Vehicle - CNO: 10-
Treatment F(2.635,23.72) =1.829 P=0.1741 15mins >0.9999

Vehicle - CNO: 15-
20mins 0.0967
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RM  two-way

open field - ANOVA  with
rears five Geisser-
min interval Greenhouse Time Vehicle - CNO: 0-
- excitatory  Male 18 mice correction interval F(2.166, 36.83) = 11.48 P<0.0001 Bonferroni 5mins >0.9999
Vehicle - CNO: 5-
Treatment F (1.000, 17.00) = 0.5423 P=0.4715 10mins >0.9999
Time X Vehicle - CNO: 10-
Treatment F (2.475, 42.07) =4.461 P=0.0121 15mins 0.8164
Vehicle - CNO: 15-
20mins 0.1487
RM  two-way
open field - ANOVA  with
rears five Geisser-
min interval Greenhouse Time Vehicle - CNO: 0-
- inhibitory Male 14 mice correction interval F(2.118,27.53) =7.888 P=0.0017 Bonferroni 5mins 0.025
Vehicle - CNO: 5-
Treatment  F (1.000, 13.00) =6.937 P=0.0206 10mins 0.4352
Time X Vehicle - CNO: 10-
Treatment F(2.377,30.90)=1.224 P=0.3128 15mins 0.515
Vehicle - CNO: 15-
20mins >0.9999




open field-

no. of Vehicle (3 =
jumps- 1.751), CNO two-tailed,
6l control Male 10 mice (4.4+1.492) paired t-test t=0.7220, df=9 0.4886
Vehicle
open field- (2.444 +
no. of 1.714), CNO
jumps- (21.72 +  two-tailed,
excitatory Male 18 mice 4.402) paired t-test t=4.612, df=17 0.0002
open field- Vehicle (6 =
no. of 1.967), CNO
jumps- (1.286 +  two-tailed,
inhibitory Male 14 mice 0.6498) paired t-test t=2.528, df=13 0.0252
RM  two-way
open field - ANOVA  with
jumps five Geisser-
min interval Greenhouse Time Vehicle - CNO: 0-
6J - control Male 10 mice correction interval F(2.199, 19.79) = 1.353 P=0.2831 Bonferroni 5mins >0.9999
Vehicle - CNO: 5-
Treatment F(1.000,9.000) =0.5213 P=0.4886 10mins >0.9999
Time X Vehicle - CNO: 10-
Treatment F(1.714, 15.42)=0.1269 P=0.8519 15mins >0.9999

118




Vehicle - CNO: 15-

20mins >0.9999
RM  two-way
open field - ANOVA  with
jumps five Geisser-
min interval Greenhouse Time Vehicle - CNO: 0-
- excitatory  Male 18 mice correction interval F(2.458,41.79) = 5.358 P=0.0054 Bonferroni 5mins 0.6565
Vehicle - CNO: 5-
Treatment F(1.000, 17.00) =21.27 P=0.0002 10mins 0.0259
Time X Vehicle - CNO: 10-
Treatment F(2.703, 45.95) = 4.552 P=0.0089 15mins 0.0043
Vehicle - CNO: 15-
20mins 0.0055
RM  two-way
open field - ANOVA  with
jumps five Geisser-
min interval Greenhouse Time Vehicle - CNO: 0-
- inhibitory Male 14 mice correction interval F (2.396, 31.15) =2.622 P=0.0796 Bonferroni 5mins >0.9999
Vehicle - CNO: 5-
Treatment F(1.000, 13.00) =6.391 P=0.0252 10mins >0.9999
Time X Vehicle - CNO: 10-
Treatment  F(1.955,25.42) =1.301 P=0.2893 15mins 0.1576
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Vehicle - CNO: 15-

20mins 0.3835
light dark- Vehicle
no. of (14.83 +
entries into 1.26), CNO
light zone- (12.17 +  two-tailed,
7A control Male 12 mice 1.079) paired t-test t=1.490, df=11 0.1643
light dark- Vehicle
no. of (17.38 £
entries into 1.426), CNO
light zone- (12.77 +  two-tailed,
excitatory Male 13 mice 1.292) paired t-test t=2.511, df=12 0.0274
light dark-
no. of
entries into Vehicle (17.5
light zone- + 1.31), CNO two-tailed,
inhibitory Male 10 mice (12.2+1.548) paired t-test t=2.132, df=9 0.0618
light dark- Vehicle
time spent (110.8 +
in light 8.723), CNO
zZone- (96.16 + two-tailed,
7B control Male 12 mice 7.056) paired t-test t=1.330, df=11 0.2105
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light dark- Vehicle
time spent (104.2 +
in light 8.266), CNO
zone- (124.7 + two-tailed,
excitatory Male 13 mice 4.962) paired t-test t=2.301, df=12 0.0401
light dark- Vehicle
time spent (109.1 +
in light 7.483), CNO
zZone- (75.43 + two-tailed,
inhibitory Male 10 mice 10.57) paired t-test t=3.193, df=9 0.011
light dark-
latency to Vehicle
enter dark (2.208 +
zone- 0.3743), CNO  two-tailed,
7C control Male 12 mice (3.1+0.493) paired t-test t=1.734, df=11 0.1108
light dark- Vehicle
latency to (2.192 +
enter dark 0.293), CNO
zZone- (4.285 + two-tailed,
excitatory Male 13 mice 0.7312) paired t-test t=2.542, df=12 0.0259
Vehicle (2.64
light dark- #0.423), CNO
(2.98 + two-tailed,
latency to
Male 10 mice 0.6767) paired t-test t=0.4172, df=9 0.6863
enter dark
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zone-

inhibitory
elevated
plus maze-
no. of
entries into Vehicle (14.5
open arms- + 3.81), CNO two-tailed,
7D control Male 6 mice (23.17+4.7) paired t-test t=2.225, df=5 0.0767
elevated
plus maze-
no. of
entries into Vehicle (23 =
open arms- 3.764), CNO two-tailed,
excitatory Male 4 mice (32.25+2.72) paired t-test t=2.846, df=3 0.0653
elevated
plus maze-
no. of Vehicle
entries into (26.83 +
open arms- 1.424), CNO two-tailed,
inhibitory Male 6 mice (18.5+1.335) paired t-test t=3.217, df=5 0.0235




elevated

plus maze- Vehicle
time spent (35.22 +
in open 11.73), CNO
arms- (39.68 + two-tailed,
control Male 6 mice 6.292) paired t-test t=0.3525, df=5 0.7388
elevated
plus maze-
time spent Vehicle (53 =
in open 4.862), CNO
arms- (72.05 + two-tailed,
excitatory Male 4 mice 13.86) paired t-test t=1.458, df=3 0.2409
elevated
plus maze-
time spent Vehicle
in open (61.38 x
arms- 8.164), CNO two-tailed,
inhibitory Male 6 mice (29.45+5.42) paired t-test t=3.662, df=5 0.0146
conditioned
RM  two-way
place
ANOVA  with
aversion
13 mice (10 Geisser-
day12-
male, 3 Greenhouse Treatment
%time
Male/Female female)/group correction xTime F (2, 36) =3.265 P=0.0498 Bonferroni Pre-Post:mCherry  >0.9999
spent in




CNO-

paired zone
Treatment F (2, 36) = 0.2898 P=0.7502 Pre-Post:hM3D 0.4743
Time F (1, 36)=3.760 P=0.0604 Pre-Post:hM4D 0.0282
Subject F (36, 36) =2.727 P=0.0017

conditioned

place

aversion RM  two-way

day12- ANOVA  with

difference 13 mice (10 Geisser-

score (cno- male, 3 Greenhouse Treatment

8C veh) Male/Female female)/group correction xTime F(2,36)=3.001 P=0.0623 Bonferroni  Pre-Post:mCherry  >0.9999

Treatment F (2, 36) = 0.3630 P=0.6981 Pre-Post:hM3D 0.5668
Time F (1, 36) =3.562 P=0.0672 Pre-Post:hM4D 0.0328
Subject F (36, 36) =2.546 P=0.0031
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conditioned

place
aversion
day12-
difference 13 mice (10
score (post- male, 3 One-way
8D pre) Male/Female female)/group ANOVA Treatment F (2, 36) =3.265 P=0.0498 Bonferroni mCherryvs. hM3D 0.3524
mCherry vs. hM4D 0.0484
hM3D vs. hM4D >0.9999
conditioned
place
aversion
day18- RM  two-way
%time ANOVA  with
spent in 13 mice (10 Geisser-
CNO- male, 3 Greenhouse Treatment
8E paired zone  Male/Female female)/group correction xTime F(2,36)=2.795 P=0.0744 Bonferroni  Pre-Post:mCherry  >0.9999
Treatment F (2, 36) =0.3161 P=0.7310 Pre-Post:hM3D >0.9999
Time F (1, 36)=6.052 P=0.0188 Pre-Post:hM4D 0.006
Subject F (36, 36) = 1.863 P=0.0329




conditioned

place
aversion RM  two-way
day18- ANOVA  with
difference 13 mice (10 Geisser-
score (cno- male, 3 Greenhouse Treatment
8F veh) Male/Female female)/group correction xTime F(2,36)=2.730 P=0.0787 Bonferroni  Pre-Post:mCherry  >0.9999
Treatment  F (2, 36) = 0.3408 P=0.7135 Pre-Post:hM3D >0.9999
Time F (1, 36)=5.903 P=0.0202 Pre-Post:hM4D 0.0065
Subject F (36, 36) =1.785 P=0.0432
conditioned
place
aversion
day18-
difference 13 mice (10
score (post- male, 3 One-way
8G pre) Male/Female female)/group ANOVA Treatment F (2, 36)=2.795 P=0.0744 Bonferroni mCherryvs. hM3D  >0.9999
mCherry vs. hM4D 0.1079
hM3D vs. hM4D 0.2028
unilateralvs
bilateral-
RM  two-way
acetone- 4 unilateral, 6 Injection x Unilateral-
ANOVA  with
S1-A control Male bilateral Treatment F (2, 16) =3.538 P=0.0534 Bonferroni Bilateral: Baseline  >0.9999
Geisser-




Greenhouse

correction
Unilateral-
Injection F(1,8)=3.920 P=0.0831 Bilateral: Vehicle 0.1636
Unilateral-
Treatment F (2, 16) = 0.8954 P=0.4279 Bilateral: CNO 0.0584
Subject F (8, 16)=1.258 P=0.3299
RM  two-way
unilateralvs ANOVA  with
bilateral- Geisser-
acetone- 9 unilateral, 10 Greenhouse Injection x Unilateral-
excitatory Male bilateral correction Treatment F (2, 34) = 0.9568 P=0.3942 Bonferroni Bilateral: Baseline  >0.9999
Unilateral-
Injection F(1,17)=0.01656 P=0.8991 Bilateral: Vehicle 0.8313
Unilateral-
Treatment F (2, 34) =25.07 P<0.0001 Bilateral: CNO >0.9999
Subject F(17,34)=1.646 P=0.1059
unilateralvs
bilateral-
RM  two-way
acetone- 4 unilateral, 11 Injection x Unilateral-
ANOVA  with
inhibitory Male bilateral Treatment F (2, 26)=4.182 P=0.0266 Bonferroni Bilateral: Baseline 0.1894
Geisser-




Greenhouse

correction
Unilateral-
Injection F(1,13)=0.001726 P=0.9675 Bilateral: Vehicle 0.7608
Unilateral-
Treatment F(2,26)=21.00 P<0.0001 Bilateral: CNO >0.9999
Subject F(13,26)=2.391 P=0.0284
RM  two-way
unilateralvs ANOVA  with
bilateral- Geisser-
hotplate- 4 unilateral, 6 Greenhouse Injection x Unilateral-
S1-B control Male bilateral correction Treatment F (2, 16) = 0.5932 P=0.5643 Bonferroni Bilateral: Baseline  >0.9999
Unilateral-
Injection F(1,8)=0.3537 P=0.5685 Bilateral: Vehicle >0.9999
Unilateral-
Treatment F (2, 16) =0.1929 P=0.8265 Bilateral: CNO 0.9278
Subject F (8, 16)=3.710 P=0.0123
unilateralvs
bilateral-
RM  two-way
hotplate- 9 unilateral, 10 Injection x Unilateral-
ANOVA  with
excitatory Male bilateral Treatment F (2, 34)=0.4328 P=0.6522 Bonferroni Bilateral: Baseline  >0.9999
Geisser-




Greenhouse

correction
Unilateral-
Injection F(1,17)=0.1317 P=0.7212 Bilateral: Vehicle >0.9999
Unilateral-
Treatment F(2,34)=34.80 P<0.0001 Bilateral: CNO >0.9999
Subject F(17,34)=5.433 P<0.0001
RM  two-way
unilateralvs ANOVA  with
bilateral- Geisser-
hotplate- 4 unilateral, 11 Greenhouse Injection x Unilateral-
inhibitory Male bilateral correction Treatment F (2, 26) =1.945 P=0.1632 Bonferroni Bilateral: Baseline  >0.9999
Unilateral-
Injection F(1,13)=0.8419 P=0.3756 Bilateral: Vehicle >0.9999
Unilateral-
Treatment F (2, 26)=6.433 P=0.0054 Bilateral: CNO 0.1702
Subject F(13,26)=1.978 P=0.0674
unilateralvs
bilateral-
RM  two-way
acetone- 5 unilateral, 3 Injection x Unilateral-
ANOVA  with
S1-C control Female bilateral Treatment F(2,12)=0.1018 P=0.9040 Bonferroni Bilateral: Baseline 0.4846
Geisser-
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Greenhouse

correction
Unilateral-
Injection F(1,6)=7.427 P=0.0344 Bilateral: Vehicle 0.359
Unilateral-
Treatment F (2, 12) =2.969 P=0.0896 Bilateral: CNO 0.1654
Subject F(6,12)=1.311 P=0.3238
RM  two-way
unilateralvs ANOVA  with
bilateral- Geisser-
acetone- 4 unilateral, 8 Greenhouse Injection x Unilateral-
excitatory Female bilateral correction Treatment F(2,20)=0.09371 P=0.9109 Bonferroni Bilateral: Baseline  >0.9999
Unilateral-
Injection F(1,10)=0.3147 P=0.5872 Bilateral: Vehicle >0.9999
Unilateral-
Treatment F(2,20)=8.126 P=0.0026 Bilateral: CNO >0.9999
Subject F (10, 20) =2.084 P=0.0778
unilateralvs
bilateral-
RM  two-way
acetone- 4 unilateral, 7 Injection x Unilateral-
ANOVA  with
inhibitory Female bilateral Treatment F (2, 18)=2.973 P=0.0766 Bonferroni Bilateral: Baseline 0.2053

Geisser-




Greenhouse

correction
Unilateral-
Injection F(1,9)=0.6357 P=0.4458 Bilateral: Vehicle >0.9999
Unilateral-
Treatment F(2,18)=2.795 P=0.0877 Bilateral: CNO >0.9999
Subject F (9, 18)=3.642 P=0.0094
RM  two-way
unilateralvs ANOVA  with
bilateral- Geisser-
hotplate- 5 unilateral, 3 Greenhouse Injection x Unilateral-
S1-D control Female bilateral correction Treatment F(2,12)=1.901 P=0.1917 Bonferroni Bilateral: Baseline  >0.9999
Unilateral-
Injection F(1,6)=2.263 P=0.1832 Bilateral: Vehicle >0.9999
Unilateral-
Treatment F(2,12)=3.922 P=0.0489 Bilateral: CNO 0.1015
Subject F (6, 12)=2.140 P=0.1235
unilateralvs
bilateral-
RM  two-way
hotplate- 4 unilateral, 8 Injection x Unilateral-
ANOVA  with
excitatory Female bilateral Treatment F(2,20)=5.612 P=0.0116 Bonferroni Bilateral: Baseline  >0.9999
Geisser-
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Greenhouse

correction
Unilateral-
Injection F(1,10)=2.348 P=0.1565 Bilateral: Vehicle 0.0098
Unilateral-
Treatment F(2,20)=0.3323 P=0.7212 Bilateral: CNO >0.9999
Subject F (10, 20) =1.893 P=0.1078
RM  two-way
unilateralvs ANOVA  with
bilateral- Geisser-
hotplate- 4 unilateral, 7 Greenhouse Injection x Unilateral-
inhibitory Female bilateral correction Treatment F(2,18)=2.028 P=0.1606 Bonferroni Bilateral: Baseline  >0.9999
Unilateral-
Injection F(1,9)=2.847 P=0.1258 Bilateral: Vehicle 0.7997
Unilateral-
Treatment F (2, 18)=6.450 P=0.0077 Bilateral: CNO 0.061
Subject F (9, 18)=5.222 P=0.0014




Baseline

(0.8833 x
0.06667),
Vehicle RM  one-way
(0.7283 +  ANOVA with
0.1721), CNO Geisser-
vonfrey- (0.5533 + Greenhouse Baseline Vs
S5-B control Female 6 mice 0.1320) correction Treatment F(1.289,6.447)=1.140 P=0.3449 Bonferroni Vehicle >0.9999
Individual  F (5, 10) = 0.1523 P=0.9746 Baseline vs CNO 0.2268
Vehicle vs CNO >0.9999
Baseline
(0.8675 *
0.08250),
Vehicle RM  one-way
(0.9725 +  ANOVA with
0.2991), CNO  Geisser-
vonfrey- (0.6825 +  Greenhouse Baseline 'S
excitatory Female 8 mice 0.1873) correction Treatment F(1.443,10.10) =0.4197 P=0.6046 Bonferroni Vehicle >0.9999
Individual  F (7, 14) = 0.5569 P=0.7783 Baseline vs CNO >0.9999
Vehicle vs CNO >0.9999




Baseline

(0.8500 x
0.3017),
Vehicle RM  one-way
(0.6863 +  ANOVA with
0.1696), CNO  Geisser-
vonfrey- (1.401 + Greenhouse Baseline 'S
inhibitory Female 8 mice 0.5388) correction Treatment F(1.772,12.40) =1.861 P=0.1978 Bonferroni Vehicle >0.9999
Individual  F(7,14)=3.439 P=0.0235 Baseline vs CNO 0.533
Vehicle vs CNO 0.4708
Baseline
(4.375 *
0.4407),
Vehicle RM  one-way
(5.813 + ANOVA with
0.6404), CNO  Geisser-
acetone- (4.563 +  Greenhouse Baseline Vs
S5-C control Female 8 mice 0.4766) correction Treatment F(1.219, 8.533) = 3.588 P=0.0879 Bonferroni Vehicle 0.2737
Individual  F(7,14)=2.885 P=0.0434 Baseline vs CNO >0.9999
Vehicle vs CNO 0.2677




Baseline

(3.917 +
0.2525),
Vehicle RM  one-way
(4.083 +  ANOVA with
0.237), CNO Geisser-
acetone- (5.583 + Greenhouse Baseline 'S
excitatory Female 12 mice 0.4557) correction Treatment F(1.415, 15.57) =10.62 P=0.0026 Bonferroni  Vehicle >0.9999
Individual  F(11,22)=2.130 P=0.0632 Baseline vs CNO 0.0091
Vehicle vs CNO 0.0266
Baseline
(4.001 x
0.329),
Vehicle RM  one-way
(4.045 + ANOVA with
0.4181), CNO Geisser-
acetone- (3.318 +  Greenhouse Baseline Vs
inhibitory Female 11 mice 0.3585) correction Treatment F(1.988, 19.88) =2.252 P=0.1315 Bonferroni Vehicle >0.9999
Individual  F(10,20)=2.931 P=0.0195 Baseline vs CNO 0.2372
Vehicle vs CNO 0.3489
Baseline
(13.02 + RM one-way
hotplate- Baseline Vs
0.7071), ANOVA  with
S5-D control Female 8 mice Treatment F(1.763, 12.34) = 2.580 P=0.1200 Bonferroni Vehicle >0.9999
Vehicle Geisser-




(12.73 + Greenhouse
0.7398), CNO correction
(15.07 x
1.272)
Individual  F(7,14)=2.238 P=0.0946 Baseline vs CNO 0.3338
Vehicle vs CNO 0.3362
Baseline
(14.35 x
0.7732),
Vehicle RM  one-way
(14.06 + ANOVA with
1.286), CNO Geisser-
hotplate- (13.01 + Greenhouse Baseline Vs
excitatory Female 12 mice 1.313) correction Treatment F(1.350, 14.85) = 0.4404 P=0.5757 Bonferroni Vehicle >0.9999
Individual  F(11,22)=1.495 P=0.2029 Baseline vs CNO >0.9999
Vehicle vs CNO >0.9999
Baseline
RM  one-way
(14.6 *
ANOVA  with
1.283),
Geisser-
Vehicle
hotplate- Greenhouse Baseline Vs
(15.46 *
inhibitory Female 11 mice correction Treatment F(1.236, 12.36) = 8.397 P=0.0100 Bonferroni Vehicle >0.9999

1.327), CNO




(20.76

2.582)
Individual  F (10, 20) =5.606 P=0.0005 Baseline vs CNO 0.0432
Vehicle vs CNO 0.0316
Vehicle
open field - (722.4 +
time 64.64), CNO
mobile- (733.4 + two-tailed,
S5-E control Female 5 mice 54.99) paired t-test t=0.1798, df=4 0.8661
Vehicle
open field - (698.8 x
time 44.33), CNO
mobile- (932.3 + two-tailed,
excitatory Female 11 mice 47.87) paired t-test t=2.888, df=10 0.0162
Vehicle
open field- (7971 +
time 40.12), CNO
mobile- (615.7 + two-tailed,
inhibitory Female 10 mice 93.09) paired t-test t=2.034, df=9 0.0724




open field-

no. of

entries into

centre Vehicle (58.2

zone- +8.924),CNO two-tailed,

control (50.2+9.759) paired t-test t=0.7638, df=4

open field-

no. of Vehicle

entries into (46.82 +

centre 5.072), CNO

zZone- (65.91 + two-tailed,

excitatory 6.146) paired t-test t=2.561, df=10

open field-

no. of

entries into

centre Vehicle (55.8

zZone- + 7.47), CNO two-tailed,

inhibitory (46.7+9.953)  paired t-test t=0.9269, df=9
Vehicle

open field- (107.4 +

no. of rears- 14.83), CNO two-tailed,

control (103 +19.5) paired t-test t=0.2875, df=4




Vehicle

(108.1 x
open field- 10.13), CNO
no. of rears- (105.6 + two-tailed,
excitatory Female 11 mice 13.81) paired t-test t=0.1179, df=10 0.9085
Vehicle
open field- (112.3 +
no. of rears- 9.177), CNO two-tailed,
inhibitory Female 10 mice (78.3+15.16) paired t-test t=2.396, df=9 0.0402
open field- RM  two-way
rears  five ANOVA  with
min Geisser-
interval- Greenhouse Time Vehicle - CNO: 0-
S5-H control Female 5 mice correction interval F(2.020, 8.082) =1.847 P=0.2184 Bonferroni 5mins >0.9999
Vehicle - CNO: 5-
Treatment F(1.000, 4.000) =0.08264 P=0.7880 10mins >0.9999
Time X Vehicle - CNO: 10-
Treatment F(1.293,5.173) =0.6243 P=0.5050 15mins >0.9999
Vehicle - CNO: 15-
20mins >0.9999
open field- RM  two-way
Time Vehicle - CNO: 0-
rears  five ANOVA  with
Female 11 mice interval F (1.966, 19.66) = 4.634 P=0.0229 Bonferroni 5mins >0.9999
min Geisser-
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interval- Greenhouse
excitatory correction
Vehicle - CNO: 5-
Treatment F(1.000, 10.00)=0.01389 P=0.9085 10mins >0.9999
Time X Vehicle - CNO: 10-
Treatment F (2.834, 28.34) =0.5277 P=0.6570 15mins >0.9999
Vehicle - CNO: 15-
20mins >0.9999
open field- RM  two-way
rears five ANOVA  with
min Geisser-
interval- Greenhouse Time Vehicle - CNO: 0-
inhibitory Female 10 mice correction interval F(1.627,14.64) = 4.587 P=0.0344 Bonferroni 5mins 0.6021
Vehicle - CNO: 5-
Treatment  F (1.000, 9.000) =5.740 P=0.0402 10mins 0.3677
Time X Vehicle - CNO: 10-
Treatment F(2.147,19.33)=0.07843 P=0.9350 15mins 0.362
Vehicle - CNO: 15-
20mins 0.106
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open field-

no. of Vehicle (4 =
jumps- 1.673), CNO two-tailed,
S5-1 control Female 5 mice (5.2+2.746) paired t-test t=0.5632, df=4 0.6034
Vehicle
open field- (0.5455 x
no. of 0.3659), CNO
jumps- (8.273 +  two-tailed,
excitatory Female 11 mice 4.132) paired t-test t=1.867, df=10 0.0914
open field-
no. of Vehicle (1.9 =
jumps- 0.9363), CNO  two-tailed,
inhibitory Female 10 mice (2.1+0.9826) paired t-test t=0.4523, df=9 0.6618
open field- RM  two-way
jumps five ANOVA  with
min Geisser-
interval- Greenhouse Time Vehicle - CNO: 0-
S5-J control Female 5 mice correction interval F(1.702,6.808) = 1.422 P=0.2986 Bonferroni 5mins >0.9999
Vehicle - CNO: 5-
Treatment F(1.000, 4.000) =0.3172 P=0.6034 10mins >0.9999
Time X Vehicle - CNO: 10-
Treatment F(1.764,7.057)=0.3642 P=0.6824 15mins 0.2819
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Vehicle - CNO: 15-

20mins >0.9999
open field- RM  two-way
jumps five ANOVA  with
min Geisser-
interval- Greenhouse Time Vehicle - CNO: 0-
excitatory Female 11 mice correction interval F (1.586, 15.86) = 0.3202 P=0.6812 Bonferroni 5mins >0.9999
Vehicle - CNO: 5-
Treatment F(1.000, 10.00) = 3.486 P=0.0914 10mins 0.2622
Time X Vehicle - CNO: 10-
Treatment F(1.790, 17.90) = 0.4383 P=0.6304 15mins 0.2837
Vehicle - CNO: 15-
20mins 0.276
open field- RM  two-way
jumps five ANOVA  with
min Geisser-
interval- Greenhouse Time Vehicle - CNO: 0-
inhibitory Female 10 mice correction interval F(1.242,11.18)=0.07045 P=0.8463 Bonferroni 5mins >0.9999
Vehicle - CNO: 5-
Treatment F(1.000,9.000) = 0.2045 P=0.6618 10mins 0.2704
Time X Vehicle - CNO: 10-
Treatment F(1.162, 10.46) =2.372 P=0.1521 15mins 0.3245
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Vehicle - CNO: 15-

20mins 0.7737
light dark- Vehicle
no. of (15.17 +
entries into 2.701), CNO
light zone- (17.67 +  two-tailed,
S6-A control Female 6 mice 1.498) paired t-test t=1.263, df=5 0.2622
light dark-
no. of Vehicle (16.5
entries into +2.079),CNO
light zone- (12.63 +  two-tailed,
excitatory Female 8 mice 1.625) paired t-test t=1.609, df=7 0.1517
light dark- Vehicle
no. of (16.71 +
entries into 1.554), CNO
light zone- (11.43 +  two-tailed,
inhibitory Female 7 mice 2.148) paired t-test t=1.598, df=6 0.1611
light dark-
time spent Vehicle (84.7
in light + 13.4), CNO
zZone- (96.35 + two-tailed,
S6-B control Female 6 mice 13.94) paired t-test t=1.060, df=5 0.3376
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light dark- Vehicle

time spent (100.3 x
in light 9.689), CNO
zone- (130.9 +  two-tailed,
excitatory Female 8 mice 5.149) paired t-test t=4.352, df=7 0.0033
light dark- Vehicle
time spent (102.3 +
in light 11.63), CNO
zZone- (80.91 + two-tailed,
inhibitory Female 7 mice 18.11) paired t-test t=1.772, df=6 0.1267
light dark- Vehicle
latency to (2.533 x
enter dark 0.9587), CNO
zZone- (3.85 + two-tailed,
S6-C control Female 6 mice 0.7706) paired t-test t=1.152, df=5 0.3015
light dark- Vehicle
latency to (1.813 +
enter dark 0.2125), CNO
zZone- (5.375 + two-tailed,
excitatory Female 8 mice 2.407) paired t-test t=1.421, df=7 0.1984
light dark- Vehicle
two-tailed,
latency to (3.814 +
Female 7 mice paired t-test t=0.6017, df=6 0.5694
enter dark 0.8433), CNO
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zone-

inhibitory

(3.057
0.7508)
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