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Abstract

The nucleus of the solitary tract (NTS) contains pro-opiomelanocortin (POMC) neurons
which are one of the two major sources of f-endorphin in the brain. The functional role of these
NTSpomc neurons in nociceptive and cardiorespiratory function is debated. We have shown
that NTSpomc optogenetic activation produces bradycardia and transient apnoea in a working
heart brainstem preparation and chemogenetic activation with an engineered ion channel
(PSAM) produced opioidergic analgesia in vivo. To better define the role of the NTSpomc
neurons in behaving animals, we adopted in vivo optogenetics (ChrimsonR) and
excitatory/inhibitory chemogenetic DREADD (hM3Dq/hM4Di) strategies in POMC-Cre mice.
We show that optogenetic activation of NTSpomc neurons produces time-locked, graded,
transient bradycardia and bradypnoea in anaesthetised mice which is naloxone sensitive (1
mg/kg, i.p) suggesting a role of B-endorphin. Both optogenetic and chemogenetic activation of
NTSpomc neurons produces sustained thermal analgesia in behaving mice which can be
blocked by naloxone. It also produced analgesia in inflammatory pain (carrageenan) but not in
a neuropathic pain model (tibial nerve transection). Inhibiting NTSpomc neurons does not
produce any effect on basal nociception but inhibits stress-induced analgesia (unlike inhibition
of arcuate POMC neurons). Activation of NTSpomc neuronal populations in conscious mice
did not cause respiratory depression, anxiety or locomotor deficit (in open field) nor affective
preference. These findings indicate that NTSpomc neurons play a key role in the generation of

endorphinergic endogenous analgesia and can also regulate cardiorespiratory function.
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1 Introduction

Pro-opiomelanocortin (POMC) is the precursor of several important neuroactive peptides
including B-endorphin, a-melanocyte-stimulating hormone (a-MSH) and adrenocorticotrophic
hormone (ACTH)[7]. Within the brain, POMC neurons are concentrated in only two regions:
the arcuate nucleus of the hypothalamus (ARC) and the nucleus of the solitary tract (NTS) of
the medulla[3;6;53]. In the mouse there are approximately 3000 POMC neurons in the ARC,
whereas the NTS contains 200-300 POMC neurons[24]. Multiple studies have reported a
prominent role of ARCpomc neurons in long term regulation of feeding behaviour and energy
homeostasis mediated by a-MSH[3;6;53]. In contrast, NTSpomc neurons have been shown to

have a short term role in the regulation of feeding[13;57].

POMC neurons are also implicated in the regulation of nociception by the production of
B-endorphin[7;47], an endogenous opioid peptide that acts with high affinity at p-opioid
receptors[15;34]. B-endorphin has been linked to the ‘opioid burn’ analgesia of
exercise[9;12;37;44] and it is causally involved in the mediation of stress-induced
analgesia[47]. In addition to its role in analgesia, B-endorphin is also reported to be involved

in reward processing[51], sexual behaviour[4] and cardiorespiratory control[31].

Although this evidence indicates that central B-endorphin has roles in the mediation of
endogenous analgesia and cardiorespiratory control, the circuit mediation of these roles is less
clearly defined. More attention has focussed on the hypothalamic ARCpomc neurons and the
involvement of NTSpomc neurons in these actions is still debated. We previously demonstrated
that chemogenetic activation of POMC neurons (using the pharmacologically selective actuator
module (PSAM) strategy[32]) produces analgesia in vivo in the tail-flick assay[13]. We also
showed that optogenetic activation of NTSpomc neurons produces marked bradycardia and
bradypnoea in the working heart brainstem preparation[13]. These cardiorespiratory depressant
effects were produced by short synchronous bursts of optoactivation in a decerebrate
preparation. Thus, it was unclear how more physiological modulation of activity of the
NTSpomc neurons would play in the regulation of heart rate and respiration in vivo. Such
cardiorespiratory depressant actions could compromise the potential analgesic utility of their

selective activation.

In an initial pilot investigation using assays of respiration to address this question we found
that the chemogenetic ligand PSEM®® (90mg/kg), also had effects in control mice. We

therefore designed the present study employing excitatory optogenetics[56] as well as



DREADD-mediated chemogenetics[46] to test whether NTSpomc neuronal activation in mice
in vivo is analgesic in acute, inflammatory and neuropathic pain models and/or has cardio-
respiratory depressant effects. We extended our study to assess the role of these neurons in
mediating stress-induced analgesia employing an inhibitory DREADD-mediated subtractive

chemogenetic strategy.



2 Materials and methods
All procedures followed the UK Animals (Scientific Procedures) Act of 1986 and were
approved by the University of Bristol Animal Welfare and Ethical Review Board.

2.1 Animals

Experiments were conducted on adult male and female transgenic POMC-Cre mice[5]
bred and housed in the animal facility at the University of Bristol. All mice were maintained in
12h:12h light:dark cycle, a room temperature of 20+1°C and humidity of 50+10%, with ad
libitum access to food and water. We did not have any sex-specific hypotheses for the study
and both male and female mice were randomly allocated to experimental groups. The surgical
procedures, viral vector injections and behavioural testing conducted on each group of mice is

detailed in Supplementary Table 1.

2.2 Viral vectors
The following adeno-associated viral vectors (AAV) were used in the study to express

opto- and chemo-genetic actuators in POMC neurons.

AAV-ChrimsonR-tdTomato[28] (AAV-Syn-FLEX-rc[ChrimsonR-tdTomato], gift
from Edward Boyden, serotype AAVS; titre 1.1x10'3 GC/ml; Addgene vector prep #62723,

USA) microinjected in the NTS for optogenetic experiments producing NTSpomc(chrim) mice.

AAV-hM3Dq-mCherry[29] (AAV-hSyn-DIO-hM3D(Gq)-mCherry, gift from Bryan
Roth, serotype AAV2, titre 2x10'3 GC/ml, Addgene USA, viral prep # 44361-AAV?2)

microinjected for excitatory chemogenetic experiments producing NTSpomc(Gq) mice.

AAV-hM4Di-mCherry (rAAV2/hsyn-DIO-hM4D(GI)-mCherry, titre 4.6x10'2 GC/ml,
Addgene USA) was microinjected to the NTS or ARC for inhibitory chemogenetic experiments

producing NTSpomc(ciy and ARCpomc(ciy mice (respectively).

AAV-hSyn-FLEX-PSAM-5HT3 (stock viral titre 2.8x10'2 GC/ml, diluted 1:10 with
sterile PBS; Scott Sternson, Janelia Research Campus, VA, USA) was microinjected into the

NTS of POMC-Cre mice[13] producing NTSpomc@esam) mice.

AAV-EF10-DIO-ChR2-mCherry (UNC Vector Core Services, Chapel Hill, NC;
6x10'? viral particles/ml) was injected for control experiments for the PSAM spirometry

experiments.



2.3 Viral vector injection and optic fibre implantation
Recovery surgery for vector injection was performed under general anaesthesia with
ketamine (70mg/kg, i.p) and medetomidine (0.5mg/kg, i.p). Two approaches were taken for

viral vector injections which yielded similar patterns of transduction.

For the majority of studies the viral vector was injected into the medulla via the atlanto-
occipital foramen as per Cerritelli ez al.[13]. In brief, the mouse was positioned in a stereotaxic
frame with its head angled down 20° from the horizontal. A small midline skin incision was
made from the occiput down over the neck. The neck muscles were parted to reveal the atlanto-
occipital membrane which was incised to get a view of area postrema. Calamus scriptorius,
located on the dorsal surface of the medulla, was used as the reference for the stereotaxic
injections. A vector-filled pulled glass pipette was placed at the rostro-caudal level of the tip
of calamus scriptorius, 0.2 mm lateral to the midline and at a 35° angle to the vertical. Vector
injections (180 nl over 2 min) were made unilaterally at 4 sites (0.25, 0.50, 0.75 and 1.00 mm)

below the surface of the medulla.

For the chronically implanted optogenetic studies in behaving mice a trans-cerebellar
approach was used for the NTS vector injections as this provided a better skull anchorage for
the optic fibre. The anaesthetised mouse was placed in the stereotaxic frame with the skull level
and a 1 mm diameter burr hole was made (-7.5 mm AP and 0.2 mm ML from bregma). The
AAYV was injected at four sites along a vertical track (180 nl at each site located 3.25, 3.5, 3.75
and 4 mm below the cerebellar surface). The optic fibre was implanted during the surgery at
the same co-ordinates to a depth of 4 mm below the cerebellar surface (Lambda-B fibre
0.66NA, 200um core diameter, emitting length 2 mm, implant length = 5 mm; Optogenix,
Italy). These optical fibre implants are advantageous because of the emission along the length
of the taper as well as from the tip which illuminates a large volume of tissue in vivo[42].
Additionally the large numerical aperture (0.66) efficiently collects the light from the LED and
its penetration into the tissue is enhanced by the longer wavelength of light (620nM) used for
activation of the red-shifted excitation spectrum of the optimised opsin ChrimsonR[28]
compared to ChannelRhodopsin2. A stainless-steel anchoring screw was implanted over the

occiput and the fibre was fixed with dental cement (Dental Reline, UK).

For the hypothalamic ARC injections, anaesthetised mice were placed in a stereotaxic
frame, the skull was levelled, the cranial surface exposed and two 1 mm diameter burr holes

were made (-1.5 mm AP and =1 mm ML from bregma). The injecting micropipette was angled



10° towards the midline and the appropriate AAV was injected at four sites along a vertical

track (180 nl at 5.6, 5.8. 6.0 and 6.2 mm below the cerebellar surface).

Once the injection / implantation was completed the skin edges were sutured closed, and
antiseptic wound powder was applied. Mice were given atipamezole (1 mg/kg, i.p) to reverse
the anaesthesia and buprenorphine (0.1 mg/kg, s.c.) for analgesia. All experiments were

conducted at least 3 weeks after AVV injection.

2.4 Acute medullary slice electrophysiology

At 3-5 weeks post AAV injection, the NTSpomc(chrim) mice were terminally anaesthetised
using isoflurane (5%), then decapitated. The brainstem was dissected free and submerged in
ice-cold, carbogenated, slicing artificial cerebrospinal fluid (ACSF) containing (mM): 26
NaHCOs3, 1.2 KH>PO4, 1.9 KCl, 0.4 CaCl, 3.9 MgCl,, 10 glucose, 154 sucrose and 0.34
ascorbic acid. Coronal slices of medulla were cut in the ventral to dorsal direction (300 pm
thick). Slices rested at 34°C for 30 minutes in cutting solution before being transferred to
recording ACSF of the same temperature for a further 30 minutes before being kept at 20°C.
Recording ACSF contained (mM); 126 NaCl, 26 NaHCO3, 1.25 NaH,POg4, 2.5 KCI, 2 CaCl,,
2 MgCl; and 10 glucose at pH 7.3.

Visualised patch clamp recordings were obtained from slices in a heated bath (34°C)
perfused with ACSF at 2.5 ml/min on the stage of a Leica DMLFSA microscope. Neuronal
profiles were visualised with Dodt gradient contrast. Epifluorescence illumination from a
mercury light source via filter cube (N2.1, excitation filter 515-560 nm) was used to visualise
the tdTomato in labelled neurons and axonal projections within the slice (Figure 1A). Patch
pipettes were pulled from thin wall filamented glass (Harvard Apparatus GC120F-10). They
were filled with internal solution containing (mM): 130 K-gluconate, 10 KCI, 10 Na-HEPES,
0.2 EGTA, 4 MgATP and 0.3 NaxGTP, pH 7.3 and 310 mOsm. Filled pipettes had a tip
resistance of 6-9 MQ. Illumination for optogenetic activation was delivered from a 620nm
LED (11mW PlexBright module, Plexon) coupled to a 200 pm diameter optic fibre placed

above the target cells.

Current / voltage clamp recordings were made with a Multiclamp 700A patch amplifier
(Axon Instruments) controlled by Multiclamp 700A commander software. Data was low pass
filtered at 3kHz before being sampled at 10kHz (Micro 1401, Cambridge Electronic Design),
to enable acquisition in Spike (v7) or Signal (v5). WinWCP (V5.2.0) (John Dempster,



University of Strathclyde, UK) was used for analysis of photocurrents. Figures created in

Inkscape (v0.48), ImagelJ (v1.51) and OriginPro (v2018b).

2.5 Cardiorespiratory recordings in vivo

2.5.1 Acute optogenetic activation of NTSpomc neurons in anaesthetised mice

ECG and thoracic respiratory muscle EMG were recorded under anaesthesia (urethane
0.8g/kg, i.p, n=3 mice) to assess the effect of opto-stimulation on heart rate and respiration
(respectively) in NTSpomc(cnimy mice. Needle electrodes (23-gauge) were inserted
subcutaneously into the animal over the chest. The electrodes were connected to custom-built
AC amplifier (x5-10K, PPN electronic workshop, University of Bristol). Instantaneous heart
rate was monitored using a window discriminator to trigger off the R wave of the ECG signal.
All signals were acquired with an analogue to digital converter (micro1401, CED, Cambridge,
UK) to a computer running Spike2 software (CED). Intercostal EMG was extracted from the
same recording by rectifying the signal and applying a median filter (time constant 60ms) in

Spike2 to monitor respiratory pattern.

For these acute optogenetic experiments, a 200um optic fibre (Lambda-B fibre,
emitting length 2mm + implant length 17mm; Optogenix, USA) connected to 550 nm LED
(Lime PlexBright module, Plexon, USA) was inserted 0.25 mm into the NTS from the surface
of the medulla at the level of calamus scriptorius. The NTS was illuminated with 20ms light
pulses at 5-20 Hz for 5s (2-3 min interval between consecutive stimulus trains). Three
repetitions of each light train were applied at each frequency. The light intensity exiting the
fibre was ~6mW (measured before and after each experiment, Thorlabs power meter,
PM400D). These were proof-of-concept experiments which informed the approach employed

for the optogenetic experiments in chronically implanted mice (described below).

2.5.2  Chronic implanted optogenetic activation of NTSpomc neurons

NTSpomc(chrim) mice with a previously implanted optic fibre had ECG and intercostal
muscle EMG recorded under light, recovery, anaesthesia using isoflurane (maintenance
isoflurane 1-1.5% in O2). The anaesthetised mice were placed prone on a thermal heat pad. A
wireless LED head-stage (Helios 620 nm, Plexon Inc, USA) was connected to the fibre optic.
The light intensity exiting the fibre was ~2mW (measured at implantation). The ECG/EMG
recording arrangement was as for the acute ECG/EMG study (see 2.5.1) except that the signal
was amplified and digitised using an INTAN head-stage (RHD2216) and the digitised signal

was relayed via an acquisition system (Open-Ephys.org). The data was displayed and analysed



in Spike2 and cardiorespiratory responses elicited using identical light stimulation parameters
to those from the acute experiments. The involvement of endogenous opioids in the
optogenetically-evoked (20msx20Hz, 5s) cardiorespiratory responses was assessed 30 min
after injection of either the opioid antagonist naloxone (1 mg/kg, i.p) or 0.9% normal saline
(NSS; i.p). The experimenter was masked to drug identity with testing on different days
(counterbalanced design). The experiment was also conducted in control implanted
NTSromc(Gq mice (n=4) to test whether an identical pattern of light stimulation alters

cardiorespiratory function in mice without ChrimsonR expression.

2.5.3 Analysis of ECG and EMG data

Instantaneous heart rate was calculated from the reciprocal of the R-R interval of ECG.
The inter-breath interval was calculated from onset of bursts in the intercostal EMG. To
analyse the effect of opto-stimulation the recording was divided into four phases: pre-basal (P,
10s), baseline (B, 10s), during opto-stimulation (O, 5s) and recovery (R, 10s) (shown in
Supplemental Figure 1). The degree of bradycardia (%) was calculated (taking account of the
spontaneous variation in heart rate and respiration within each of these periods) from the heart

rate (HR) using the following formulae:

Baseline bradycardia (%) = (mean P — minimum B)/mean P x 100
Opto-stimulation bradycardia (%) = (mean P— minimum O)/mean P x 100
Recovery bradycardia (%) = (mean P — minimum R)/mean P x 100

Similarly, the degree of bradypnoea (%) was calculated from the maximum inter-breath

intervals using the following formulae:

Baseline bradypnoea (%) = (maximum B — mean P)/mean P x 100

Opto-stimulation bradypnoea (%) = (maximum O — mean P)/mean P x 100

Recovery bradypnoea (%) = (maximum R — mean P)/mean P x 100.

To derive the opto-stimulation Abradycardia (%) the baseline bradycardia (%) was
subtracted from the opto-stimulation bradycardia (%). Similarly, Abradypnoea (%) was derived

from the difference between baseline bradypnoea (%) and opto-stimulation bradypnoea (%).

2.6 Acute pain assays
2.6.1 Hargreaves’ test

Hargreaves’ test was conducted to assess the degree and time-course of analgesia[20]. In
this test, a beam of infrared light (Harvard Apparatus, USA) was directed onto the plantar

surface of the hind paw and the withdrawal latency was recorded. A fixed intensity of



illumination that produced a withdrawal latency between 3-5 seconds (for optogenetics and
excitatory chemogenetics) or 5-7 seconds (for inhibitory chemogenetics) under baseline
conditions was determined prior to the test session and used throughout the experiments. A
maximum cut-off latency for the Hargreaves’ test of 15 s was employed to avoid tissue injury.

All mice were habituated to the test apparatus for 3 days prior to experiment.

Implanted NTSpomc(cnrim) mice received opto-stimulation using the wireless LED headset
(20 ms pulses x 5 Hz, 1 min) to assess the effect on thermal withdrawal. To establish the time-
course of any effect the mice had a single period of opto-stimulation and the withdrawal latency
was assessed over the next hour (at 5, 10, 20, 30, 40, 50 and 60 min). Each NTSpomc(Chrim)
(n=6) mouse was then tested for three consecutive days (randomly allocated, counterbalanced
design) under three conditions: i) baseline (without opto-stimulation) ii) opto-stimulation (20
ms pulses X 5 Hz, 1 min) after 0.9% normal saline solution injection (NSS, i.p) and iii) opto-
stimulation after naloxone injection (1 mg/kg, i.p). Four repeated measures were taken under
each condition at intervals of 10 min. Naloxone/NSS was administered 15 min before the start
of first test. The experimenter was masked to drug (NSS/Naloxone). The same experimental
protocol was repeated in control mice (implanted NTSpomc(Gg), 1=6) to assess the effect of light

alone on withdrawal latency in the Hargreaves’ test.

The Hargreaves’ test was also conducted for chemogenetic studies in NTSpomc(Gg)
(n=6, excitatory) and NTSpomc(ci) (n=6, inhibitory) mice. On different days the mice received
either: 1) NSS injection (i.p) or ii) Clozapine N-Oxide dihydrochloride injection (3 mg/kg, i.p,
subsequently abbreviated to CNO). The NTSpomc(Gq mice also had a third condition with
naloxone (1 mg/kg, i.p) in addition to CNO injection. All drugs (NSS/CNO/Naloxone; i.p)
were administered 15 min before the start of the first Hargreaves test and four repeated
measurements were taken in each animal at intervals of 10 min. The experimenter was masked
to drug allocation and the allocation to drug was counterbalanced. The experiment was also
repeated with CNO dosing to control mice (NTSpomc(chrim), n=06) to test whether CNO injection

has an effect on withdrawal latency in Hargreaves’ test.

2.6.2 Tail-flick test

The tail-flick test was conducted to assess the analgesic efficacy of activation of POMC
neurons both by optogenetics and chemogenetics. The mouse was wrapped in a soft towel and
2-3 cm of its tail tip was dipped into water (45°C for optogenetic study and 50°C for

chemogenetics) to assess the withdrawal latency. A cut-off of 20s for the tail flick was

10



employed to avoid tissue injury. The experimental comparisons were similar to the Hargreaves’
test. The mice were habituated for 2 days before the test protocol. The experiment was also
repeated in control vector injected mice (implanted NTSpomc(Gq), n=6 for optogenetics and

NTSpomc(chrim), n=6 for chemogenetics).

2.7  Conditioned place preference testing

Condition place preference (CPP) test was conducted in the NTSpomc(chrim) (n=6) and
NTSromc(Gq) (n=6) mice to assess whether optogenetic or chemogenetic activation of NTSpomc
neurons respectively produces preference or aversion. The CPP testing apparatus consists of
two distinct chambers (each 190x230mm, one with horizontal black and white striped walls
and horizontal grating floor, and the other with vertical black and white striped walls and
perforated floor. The chambers were joined by a clear plastic external corridor. Each animal
was habituated for 15 min the day before the start of the conditioning protocol where the animal

was allowed to freely explore both the chambers of the CPP box.

Each NTSpomc(chimy mouse was conditioned for two consecutive days
(morning/afternoon) with opto-stimulation (20ms pulses at SHz for 5 min) in one of the CPP
arena chambers (counter-balanced design). On the alternate session (morning/afternoon) of
these two days the test animal was also allowed to freely explore the other chamber (non-
conditioned) for 5 min with its head-stage attached. On the test day, the animal was placed
inside the common external corridor between the two chambers (with the wireless LED head-

stage attached) and allowed to freely explore the two chambers for 15 min.

For the chemogenetic experiments, each NTSpomc(Gq) mouse was allowed to spend 15
min/day either in the conditioned (CNO, 3 mg/kg, i.p, alternate days) or non-conditioned (NSS,
i.p, alternate days) CPP chamber for four days. During this conditioning phase the animals
were dosed with CNO / NSS and then returned to their home cage for 15 minutes before being
put in the CPP chamber. On the test day, the animal was placed inside the common external

corridor between the two chambers and allowed to freely explore the two chambers for 15 min.

The experiments were video-recorded, and the video files were coded allowing blinding
before analysis. The time spent in each chamber before (15 min habituation period) and after
conditioning (15 min test period) was analysed (Ethovision, Noldus, Netherlands). The
proportion of time spent by the animals between conditioned and unconditioned chamber was
compared. Additionally, the percentage of time spent in the conditioned chamber by each

animal before and after conditioning was also contrasted.

11



2.8 Open field test

Open field testing was conducted to determine whether chemogenetic activation of
NTSpomc neurons caused any anxiolytic changes in behaviour or locomotor activity in the
NTSromc(Gq mice (n=5). In this test, 15 min after the injection of CNO (3 mg/kg, i.p) the mouse
was placed in an open field box (50x50 cm) and allowed to freely move around the arena for
15 min. The experiment was also conducted in control mice (NTSpomc(chrim), n=4) employing
the same protocol for comparisons. The test was video recorded and blinded off-line analysis
was done to evaluate the time spent in the central arena and the total distance moved by the

experimental vs control mice.

2.9  Persistent pain models

2.9.1 Tibial nerve transection

To produce a neuropathic pain model, mice underwent surgery for tibial nerve
transection (TNT), a model that has shown to induce robust and long-lasting
hypersensitivity[22;23;30;45]. Mice were anaesthetized with isoflurane (5% in O until loss of
consciousness and maintained at 1-2% isoflurane in O2). A 5 mm incision was made through
the skin over the right thigh parallel to the femur and the sciatic nerve was exposed allowing
identification of the tibial nerve. The isolated tibial nerve branch was ligated with 6-0 silk
thread as distally as possible. 3 mm of the nerve proximal to the ligation was transected and
removed, and the ligature was left in place. The skin was sutured with 6-0 silk thread and the
animals were left to recover for 1 week. Sensory testing with acetone (cold sensitivity) and von
Frey filaments (punctate pressure sensitivity) was undertaken before surgery and again 2 - 3

weeks following nerve transection after administration of CNO / NSS.

2.9.2 Carrageenan inflammatory pain model

Inflammatory sensitisation was induced by injecting the plant derived
mucopolysaccharide, A-carrageenan, following the protocol of McCarson and colleagues[33].
Mice were briefly anaesthetised with isoflurane and the right hind paw was disinfected with
70% ethanol and iodine solution. Then 25ul of 0.5% A-carrageenan (Merck, dissolved in sterile
dH:20) was injected (25G syringe needle) in the right hind paw foot pad. Mice were returned
to their cage and developed sensitisation and oedema after approximately 3.5 hours, which
lasted until the end of the experiment (8 hours). Sensory testing (von Frey) was conducted 15
minutes after administration of NSS / CNO (administered sequentially with > 1 hour between

1.p injections, at 3.5 and 5 hours post carrageenan respectively). A subsequent set of tests was

12



conducted 2.5 hours post-CNO injection to assess whether any effect of chemo-activation

resolves by this time point.

2.9.3 Punctate mechanical - von Frey test

To assess the degree of mechanical hyperalgesia, animals that underwent either tibial
nerve transection (n=6) or carrageenan injection (n=4) were tested by applying von Frey
filaments of varying force in the mid-lateral plantar area of the right hind paw, to identify the
threshold that produces a withdrawal. The starting filament applied was 1 g (4.08). The 50%
withdrawal threshold was identified using the up and down method (Chaplan et al., 1993), and is

reported in grams.

2.9.4 Cold sensitivity - Acetone test

To identify the presence of cold allodynia in TNT mice (n=6), a drop of acetone was
applied to the mid-lateral plantar area of the right hind paw and the nocifensive events (paw
raises, licking, shaking) were scored over 60 seconds. The test was repeated three times five

minutes apart and the mean value is reported.

2.10 Spirometry

To assess whether activation of NTSpomc neurons produces respiratory depression in
freely behaving mice spirometry was conducted in plethysmography chambers (EMKA
Technologies, France), supplied with room air, and with differential pressure transducers
connected to a computer. All mice were habituated to the apparatus for 30 min the day before
the experiment. The experiment was conducted on 2 consecutive days where each mouse
(NTSromcpsamy or NTSpomc(Gq)) respectively received either chemogenetic agonist (PSEM8
90mg/kg) or CNO (3mg/kg, i.p) compared to control NSS (i.p) (counterbalanced design). The
minute volume was recorded in the plethysmograph for 60 min under each condition. A 15 min
baseline recording was taken before the start of the experiment. The experiment was also
conducted in control mice (NTSpomc(chim), n=2) using the same test protocol. Drug

administration was randomised, and the experimenter was blinded to the treatment.

Initial experiments using the PSAM strategy (Cerritelli et al 2016) showed evidence for
a significant depression of respiration with PSEM® when compared with NSS (Supplemental
Figure 2) but a similar degree of respiratory depression was observed in control mice
suggesting that this dose of PSEM®* had off target effects on respiratory control and so all
subsequent experiments used the DREADD hM3Dq chemogenetic strategy.
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2.11 Stress induced analgesia

A 3-min swim in 32°C water[ 14;47] was used to generate stress-induced analgesia. This
was assessed with tail-flick assay performed before and 1 min after the swim. For the tail-flick
assay the mouse was dried and wrapped with a soft towel and the distal third of its tail was
dipped into 50°C water to measure the tail withdrawal latency. Both the NTSpomc(Gi) (n=8) /
ARCromc(Gi) (n=3) and control (NTSpomc(chrim), n=6) mice were injected with either CNO or
NSS 15 min prior to the swim which was repeated on consecutive days (counterbalanced
design, experimenter blinded to drug). Two repeat measurements (at 1 min intervals) were

taken at each time point to obtain the average tail withdrawal latency.

2.12 Histology

All mice were euthanised (pentobarbital sodium 100mg/kg, i.p) at the end of study and
brains were fixed by cardiac perfusion with 10% formalin. Following fixation, the brains were
post-fixed in 10% formalin for a day and then cryopreserved in 30% sucrose at 4°C. Coronal
slices (50um) were cut on a freezing microtome, mounted and observed on an epifluorescent
microscope (Leica DM4000B, Leica Microsystems, Wetzlar, GmbH) to confirm the expression
of ChrimsonR-tdTomato/hM3Dq-mCherry/hM4Di-mCherry in the NTS/ARC. Animals that
had failed virus transduction were excluded from the group and used as internal experimental

controls as appropriate.

2.13 Statistical analysis

Statistical analysis was conducted using GraphPad Prism 7 (GraphPad Software, Inc.,
USA). Technical replicates obtained from each animal were averaged first before performing
analysis. The statistical tests used for analysis are reported in the respective result sections.
Results reported as mean +SEM or median [IQR] as appropriate. Differences were considered
significant at P<0.05 and experimental group sizes were based on the effect sizes from our
previous study[13]. Where previous experimental data was not available then an initial pilot
was conducted with n=3 animals to get an estimate of effect size and a power calculation was
performed (beta<0.1 and alpha<0.05) to calculate the required group size. In most cases (unless
otherwise specified) comparisons were made within animal (before vs after treatment).
Experiments on control animals were done using the same testing protocol to demonstrate that

observed effect was due to the optogenetic/chemogenetic modulation of the POMC neurons.
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2.14 Materials
Naloxone hydrochloride (made to a stock solution of 10 mg/ml in dH,O) and CNO
dihydrochloride were from Tocris (Bristol, UK). All other salts and drugs were from Sigma

unless otherwise stated.
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3 Results

3.1  Opto-stimulation of NTSpomc neurons in brain slices

To enable opto-stimulation of NTSpomc neurons we aimed to express ChrimsonR which
has the potential advantage in vivo of relatively large photocurrents and has a red shifted
excitation spectrum which allows better light penetration in brain tissue[28]. To confirm the
efficacy of optoexcitation, whole-cell recordings were made from NTSpomc neurons
transduced with ChrimsonR, identified by tdTomato fluorescence, in acute slices of medulla
(Figure 1A, n=7). All of the tdTomato” neurons showed time-locked inward currents in
response to pulses of illumination (610nm, 5-100ms; voltage clamped at V,=-60mV) with a
mean inward current 248 + 114 pA (Figure 1B, n=7). Current clamp recordings of the same
NTSpomc(chrim) neurons showed that opto-stimulation could reliably drive action potentials with
a 1:1 ratio in neurons with either 5 ms or 20 ms pulses at frequencies between 1 and 20Hz

(Figure 1C).

3.2 High frequency opto-stimulation of NTSpomc neurons in anaesthetised mice evokes

transient bradycardia and bradypnoea

As a proof of concept experiment we assessed whether opto-stimulation of NTSpomc
neurons transduced with ChrimsonR produced changes in heart rate and respiration in vivo
analogous to the effects seen in situ in the working heart brainstem preparation[13]. An acutely
placed fibre-optic probe was lowered into the NTS of isoflurane anaesthetised mice
(Supplemental Figure 1A-C, n=3). Opto-stimulation at 20Hz induced a bradycardia (7.8%
[1.7-23.6%] vs baseline 0.06% [0.06-0.4%]; p=0.03, Friedman test with Dunn’s post-hoc test;
Supplemental Figure 1D-E), but this was not seen at lower frequencies (2Hz, p=0.22 or 5Hz,
p=0.22, Friedman test). The bradycardia produced by 20Hz opto-stimulation was transient and
returned to the baseline within 10s (recovery 1.0% [0.6-3.4%] vs baseline; Dunn’s post-hoc

test, p=0.44; Supplemental Figure 1E).

This opto-stimulation of NTSpomc neurons simultaneously produced a graded
bradypnoea with an increased inter-breath interval at 20Hz (213% [172-545%] vs baseline
8.2% [8.1-9.5%]; p=0.03) and 10Hz (81% [53-231%] vs baseline 14% [8.6-16%]; p=0.03,
Friedman test with Dunn’s post-hoc test) but not at SHz (53% [18-62%] vs baseline 8.9% [7.9-
10.9%]; p=0.2; Supplemental Figure 1F). As with the bradycardia these respiratory pauses
were short-lived and recovered to baseline within 10 seconds of the end of opto-stimulation

(Dunn’s post-hoc test, p=0.44).
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The cardiorespiratory depressant effects were specific to NTSpomc neuronal activation
as no effect was observed when the probe was placed lateral or rostral to the NTS. The pattern
of bradycardia and bradypnoea were identical in character to those seen in the working heart—
brainstem preparation in response to activation of NTSpomc neurons[13] which confirmed

successful optogenetic targeting and activation of NTSpomc neurons in vivo with ChrimsonR.

3.3 Opto-stimulation of NTSpomc neurons in implanted mice produces a graded, transient

bradycardia and bradypnoea

To allow longitudinal studies and combined assays of cardiorespiratory function and
pain-related behaviours, NTSpomc(chim) mice (n=6) were implanted chronically with an optic
fibre (Figure 2A-D). Recordings under isoflurane anaesthesia showed opto-stimulation
produced graded transient bradycardia (Figure 2E & Supplemental Figure 3) with a reduction
in heart rate at 5-20 Hz frequencies (p<0.01, Friedman test with Dunn’s post-hoc test) but not
at 2Hz (Friedman test, p=0.052). An identical illumination protocol in implanted control
NTSromc(pg mice did not produce any effect on heart rate even at the maximum stimulus
frequency (20Hz, n=4, Figure 2F, Supplemental Figure 3E). Opto-stimulation in
NTSpomc(chrim) mice (n=6) also produced graded bradypnoea with an increase in inter-breath
interval at all frequencies (p<0.01, Friedman test with Dunn’s post-hoc test, Figure 2G &
Supplemental Figure 3). Again, an equivalent illumination protocol in implanted NTSpomc(g)
control mice had no effect on respiration (20Hz, n=4, Figure 2H). Both the bradycardia and
bradypnoea were frequency dependent (Friedman test, p<0.0001). The opto-stimulation-
induced Abradycardia was significantly larger at 10Hz (p=0.04) compared to 2Hz and at 20Hz
compared to both 2Hz (p=0.0003) and 5SHz (Dunn’s post-hoc test, p=0.04; Figure 2I).
Similarly, the Abradypnoea was significantly larger at 10Hz (p=0.01) and 20Hz (p=0.002)
compared to 2Hz (Figure 2J). The heart rate and respiratory rate rapidly recovered after

illumination stopped (recovery vs baseline p>0.05).

3.4  NTSpouc bradycardia is opioid mediated.

Administration of the opioid antagonist naloxone (Img/kg, i.p) 30 min prior to opto-
stimulation (20Hz) attenuated the NTSpomc-evoked bradycardia (naloxone 31% [11-59%] vs
NSS 56% [38-67%]; p=0.03, Wilcoxon matched-pairs signed rank test, Supplemental Figure
4) but not the bradypnoea (naloxone 203% [73-314%] vs NSS 339% [163-390%]; p=0.31,
Supplemental Figure 4).
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3.5  Opto-stimulation of NTSpomc neurons produces sustained opioid-mediated analgesia
To investigate whether opto-stimulation of NTSpomc neurons produces analgesia the tail-
flick assay was employed. Based on the findings from the cardiorespiratory study above, we
used a light stimulation paradigm that was the lowest frequency that produced consistent
physiological effects (20ms x 5Hz). Such opto-stimulation in implanted NTSpomc(Chrim) mice
increased the tail-flick latency (from 5.9+0.3s baseline to 18.8+£0.6s, RM one-way ANOVA
with Tukey’s post-hoc test, n=6, p<0.0001, Figure 3B). This was attenuated by naloxone
treatment (9.33+0.85s vs 18.8+0.6s NSS, p=0.0004; 1mg/kg, i.p 15 min prior to test; Figure
3B) but this did not completely return the latency to baseline (Tukey’s post-hoc test, p=0.01).
Implanted control mice showed no change in their tail-flick latency after identical illumination

(implanted NTSpomc(Gq), p=0.43, paired t-test, n=6, Figure 3C).

A similar analgesic action was also found in the Hargreaves’ test. NTSpomc opto-
stimulation (20ms X 5Hz, 1min) increased hind paw withdrawal latency (RM one-way
ANOVA, p<0.0001, n=6). This showed an increase in paw withdrawal latency following opto-
stimulation (10.7+0.9s NSS vs 4.5+0.8s baseline, p=0.0005, Tukey’s multiple comparison test
Figure 3D). Naloxone attenuated the effect of NTSpomc opto-stimulation on paw withdrawal
latency (6.240.5s, Tukey’s post-hoc test, p=0.002; 1 mg/kg, i.p inj. 15 min prior to test; Figure
3D) compared to NSS but there was still a small increase in withdrawal latency compared to
baseline (Tukey’s post-hoc test, p=0.02). No change in withdrawal latency was observed in
implanted control mice following opto-stimulation (implanted NTSpomc(Gq), p=0.82, paired t-

test, n=6, Figure 3E).

To determine the time course of analgesic effect, NTSpomc neurons in the same
implanted NTSpomc(chim) mice were opto-activated (for 1 min at SHz) and the hind paw
withdrawal latency assessed repeatedly using the Hargreaves’ test (Figure 3F). The withdrawal
latency showed a significant effect of time (RM one-way ANOVA, p<0.0001, n=6). The
withdrawal latency was prolonged during opto-stimulation (14.2+0.5s, p<0.001) and it
remained elevated for the following 30 mins (5 min (9.540.8s, p<0.01), 10 min (8.9£0.7s,
p<0.001), 20 min (8.2+0.7s, p<0.001) and 30 min (6.9+0.8s, p<0.01)) compared to baseline
(4.9£0.7s).

3.6 Opto-stimulation of NTSpouc neurons does not produce preference / aversion
Given that the naloxone blockade of the analgesic effects suggested the release of

B-endorphin from NTSpomc neurons we sought to identify whether this had an affective valence
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in the CPP test. No difference was observed in the time spent by these implanted
NTSpomc(chriimy mice between the opto-stimulation conditioned vs unconditioned chamber
(52.6£5.1% vs 47.4+5.1%, respectively, n=6, p=0.49, Welch’s t-test; Figure 3G). Furthermore,
the time spent in the conditioned chamber before (15 min habituation period) and after
conditioning (15 min test period) was also unchanged (51.6£3.1 vs 52.6£5.1%, n=6, p=0.87,
Welch’s t-test, Figure 3H).

3.7 Chemogenetic activation of NTSpouc neurons produces analgesia

The synchronous opto-activation of NTSpomc neurons is likely to be a non-physiological
pattern of activity and therefore we extended our study to assess whether DREADD
chemogenetic activation of NTSpomc neurons (CNO, 3mg/kg, i.p, Figure 4A-C), which may
be considered as augmenting the ongoing activity in the circuit, also produced analgesia in the
tail-flick and Hargreaves’ assays. In the tail-flick assay, CNO administration increased
withdrawal latency in NTSpomc(Gq mice (CNO 3.140.25s vs NSS 1.9+0.22s, n=6, p<0.05, RM
one-way ANOVA with Tukey’s post-hoc test, Figure 4D). Naloxone treatment (1mg/kg, i.p)
attenuated the analgesia produced by NTSpomc chemo-activation (CNO + naloxone withdrawal
latency 2.3+0.18s, n=6, p<0.01 vs CNO, Figure 4D) to a level comparable to baseline (p=0.17,
Tukey’s post-hoc test). In contrast, administration of CNO to control mice (NTSpomc(Chrim))

had no effect on withdrawal latency in tail-flick assay (n=6, p=0.75, paired t-test, Figure 4E).

Similar analgesia was seen in the Hargreaves’ test with chemo-activation prolonging
latency to paw withdrawal in NTSpomc(Gq mice (CNO 5.7+0.43s vs NSS 2.6+0.25s, n=06,
p<0.01, RM one-way ANOVA with Tukey’s post-hoc test, Figure 4F). Naloxone treatment
reduced the analgesia produced by NTSpomc chemo-activation (3.0+£0.55s, p<0.05, Tukey’s
post-hoc test, Figure 4F) to a latency comparable to baseline (p=0.48, Tukey’s post-hoc test).
CNO administration to control mice (NTSpomc(chrim)) did not alter the withdrawal latency in

Hargreaves’ test (n=6, p=0.18, paired t-test, Figure 4G).

We next assessed whether chemogenetic activation of NTSpomc neurons could
ameliorate neuropathic or carrageenan-induced inflammatory pain behaviour (Figure 4H-I).
Injection of carrageenan to the hind paw produced mechanical allodynia (von Frey) that
developed over 3 hours (withdrawal force reduced to 0.13+0.05g from baseline 1.48+0.12g,
p<0.05, RM one-way ANOVA with Tukey’s post-hoc test, Figure 4)). CNO administration to
NTSromc(Gq) carrageenan mice attenuated the mechanical hypersensitivity (0.404+0.09g,

p<0.05, Tukey’s post-hoc test). This analgesic effect diminished over a period of 3 hours to
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be statistically indistinguishable from the level of sensitisation pre-CNO injection (0.19+0.06g,
Tukey’s post-hoc test, Figure 4J). After TNT surgery, mice exhibited mechanical (von Frey)
and cold (acetone) allodynia when tested 2-3 weeks after nerve transection (p<0.01, RM one-
way ANOVA with Tukey’s post-hoc test, Figure 4K-L). Administration of CNO to
NTSromc(Gq) TNT mice did not alter mechanical or cold allodynia (p>0.05, Tukey’s post-hoc
test).

3.8 Chemogenetic activation of NTSpomuc neurons does not produce aversion / preference

Given that we had observed that naloxone attenuated the analgesic effect of
chemogenetic activation of NTSpomc neurons (Section 3.7) suggesting the release of
B-endorphin, therefore we tested for an affective valence. In CPP testing no significant
difference was observed in the proportion of time spent in the CNO conditioned versus
unconditioned chamber by the NTSpomc(gq) animals (52.4+4.4 vs 47.6+4.4 %, n=6, p=0.45,
Welch's t-test, Figure SA-B). Moreover, the time spent in the conditioned chamber remained
same before (during the 15 min habituation period) and after conditioning (47.0+2.4 vs

52.44+4.4%, p=0.31, Welch’s t-test, Figure 5C).

3.9  Chemogenetic activation of NTSpouc neurons is not anxiolytic.

To assess the effect of stimulation of NTSpomc neurons on locomotion and anxiety-like
behaviour we conducted an open field test. The NTSpomc(Gq) animals (n=5) spent similar time
in the central arena compared to control animals (NTSpomc(chrim), n=4) following CNO
injection (p=0.82, Welch’s t-test, Figure 5D). There was no difference between the groups in

the distance travelled during the test (p=0.55, Welch’s t-test, Figure 5E).

3.10 DREADD-mediated chemogenetic activation of NTSpomc neurons does not cause

respiratory depression

Synchronous optogenetic activation of NTSpomc neurons produced respiratory pauses.
We also found chemogenetic activation with PSAM produced respiratory depression (although
as previously noted this was likely due to an off-target action of the PSEM®’* agonist alone,
Supplemental Figure 2). Therefore, spirometry was conducted in a plethysmography chamber
to assess the effect of chemoactivation of NTSpomc neurons upon respiration over a period of
1h after CNO (Figure 5F). No change in minute volume (% baseline) was observed after

activation of NTSpomc in comparison to NSS injection (n=5, p=0.94, two-way ANOVA).
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Control mice did not show any change in minute volume with CNO dosing (NTSpomc(Chrim),

n=2, p=0.97).

3.11 Chemogenetic inhibition of NTSpouc neurons supresses stress-induced analgesia

Next, we explored the role of NTSpomc neurons in stress-induced analgesia using an
inhibitory chemogenetic strategy (Figure 6A-C). First, to determine whether inhibiting
NTSpromc neurons alters basal nociception we conducted tail-flick and Hargreaves’ assays in
NTSpromci)y mice. Chemo-inhibition of NTSpomc neurons had no effect on tail-flick
withdrawal latency (CNO 2.30+0.14 vs NSS 2.37+0.14 s, n=6, p=0.51, paired t-test, Figure
6D&E) or Hargreaves’ withdrawal latency (CNO 5.76+0.36 vs NSS 5.7+0.43 s, n=6, p=0.90,
paired t-test, Figure 6F&G). Control animals given the same dose of CNO did not show any
differences in these same tests (NTSpomc(chrim), 1=6, p>0.05, Figure 6E&QG).

It has previously been shown that stress induced analgesia involves B-endorphin[47] but
the identity of the neurons releasing the opioid peptide has not been identified. A 3-min swim
induced analgesia with an increase in tail-flick latency (before swim 2.3+0.31 vs 4.43+0.33 s
after swim, n=8, p=0.0002, Figure 6H). Administration of CNO to NTSpomc(Gi) mice before
the swim significantly attenuated the increase in tail withdrawal latency (4.43+0.33 vs
3.2+0.28, p=0.025, RM one-way ANOVA with Tukey’s post-hoc test, Figure 6H) returning it
back towards the basal latency pre-swim (no longer statistically different from baseline,
p=0.12, Tukey’s post-hoc test, Figure 6H). Stress induced analgesia was also observed in
control NTSpomc(chrim) mice (n=4, p=0.01, RM one-way ANOVA with Tukey’s post-hoc test)
but CNO injection had no effect on this analgesic action (p=0.9, Tukey’s post-hoc test, Figure
ol).

3.12 Chemogenetic inhibition of ARCpouc neurons does not attenuate stress-induced

analgesia

The other major site of POMC synthesis in the CNS is in the ARC (Supplemental Figure
5A-C). We undertook proof of principle experiments to test whether chemogenetic inhibition
of POMC neurons located in the ARC had any impact on stress analgesia. A 3-min swim again
induced a significant (p=0.02) increase in tail flick latency in ARCpomc(ai) mice, but prior CNO
administration did not alter this stress induced analgesia (n=3, p>0.05, RM one-way ANOVA
with Tukey’s post-hoc test, Supplemental Figure 5D-E).
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In all the above experiments post-hoc histology confirmed transduction of neurons with
a pattern and distribution consistent with them being NTSpomc or ARC pomc neurons

(Supplemental Figure 1B and 5C, Figure 2D, 4E & 6C)[13].

4 Discussion

Opto- or chemo-genetic activation of NTSpomc neurons produces a sustained analgesia
that is in part mediated by endogenous opioid release. Opto-stimulation of this neuronal
population also produces a transient bradycardia and bradypnoea. The chemogenetic activation
of NTSpomc neuron is well-tolerated by the mice as they exhibit no respiratory depression,
aversion/preference, anxiolysis or locomotor consequences. We establish that the NTSpomc
neurons, but not the hypothalamic ARCpomc neurons, play a role in stress-induced analgesia
which can be blocked by chemogenetic inhibition. This corroborates and extends our previous
observations made using the PSAM chemogenetic method[13] and identifies the NTSpomc

neurons as a key component of endogenous analgesic circuity.

Activation of NTSpomc neurons resulted in opioid mediated analgesia consistent with
the principle that these NTS neurons release B-endorphin. Brief opto-activation of NTSpomc
neurons in freely behaving mice showed an analgesia action in Hargreaves’ and tail-flick assays
that lasted for 30 mins and was 70-75% blocked by naloxone. A previous study reported
approximately 40% maximum possible analgesia (MPE) in tail-flick assay after morphine
injection (10 mg/kg, s.c) in mice[10]. Interestingly, in our study, if we calculate the MPE due
to opto-activation of the NTSpomc neurons in the tail-flick assay, it stands around 90%.
Although this direct comparison is hampered by different study designs, nonetheless this shows
a powerful endogenous analgesic effect. The presence of a residual analgesic effect (~25%)
following NTSpomc neuron activation after naloxone may indicate that other mechanisms
besides endogenous opioids are involved or alternatively that the dose of naloxone was not

sufficient to completely block the actions of focally-released B-endorphin.

Using an excitatory DREADD chemogenetic approach we again identified an opioid-
mediated analgesic effect in acute pain models. These findings are in line with prior
observations, using a different chemogenetic strategy, that showed NTSpomc activation
produced analgesia[13]. We also show that this analgesic effect is seen in an acute carrageenan
model of inflammatory mechanical sensitisation but not in a neuropathic pain model. This

mirrors the known beneficial actions of opioids in inflammatory pain but not neuropathic pain
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where they are markedly less beneficial[16;40;58]. It remains to be determined whether this
apparent lack of a role in a chronic neuropathic pain model also applies to other models of
chronic pain. Opioid mediated analgesia has also been reported following electrical or direct
chemical stimulation of NTS[2;36] and our study extends these findings to indicate that focal
activation of the small population of ~200 NTSpomc neurons can produce powerful opioid-

mediated analgesia.

B-endorphin has been shown to play a role in stress-induced analgesia[12;38;47] so we
tested the hypothesis that NTSpomc neurons may be the source of the -endorphin that mediates
stress evoked analgesia. Chemogenetic inhibition of NTSpomc neurons did not produce any
change in basal nociception in both the Hargreaves’ and tail-flick assays — suggesting that there
is no analgesic tone in the system under baseline conditions. However inhibiting NTSpomc
neurons (but not those in the arcuate) attenuated swim stress-induced analgesia. This result
confirms that stress induced analgesia is mediated by B-endorphin and identified the NTSpomc
as a core node in the network. The NTS is a key integrating station for afferents from the viscera
and from muscles[11] and is therefore well positioned to co-ordinate and mediate exercise-
induced changes in sensory processing. The NTSpomc neurons project into the region of the
rostro-medial medulla as well as up to the ventral PAG[13] which would be a potential link for
the NTSpomc neurons into the descending pain modulation system[39]. It is also possible that
these neurons could play a role in vagal stimulation-evoked analgesia[1] that is increasingly
used as a therapeutic treatment for pain conditions like migraine[49;52], but this remains to be

tested.

Opto-activating NTSpomc neurons produced transient bradycardia in vivo with similar
characteristics to that found in the working heart-brainstem preparation[ 13]. Naloxone reduced
the effect of opto-stimulation which suggests that the bradycardia was in part opioid-mediated
and likely due to release of B-endorphin. The NTSpomc neurons project to nucleus ambiguus
(NA) in close proximity to the cholinergic cardiac vagal preganglionic neurons (CVNs)
neurons[13;55]. The excitation of CVNs with vagal activation can generate a
bradycardia[8;25;41]. Opioids characteristically inhibit postsynaptic neurons via their cognate
G-protein coupled receptors[15;27], and so this is not consistent with a direct synapse from
NTSpomc neurons directly onto CVNs. However a fast inhibition of CVNs by adjacent
interneurons has been reported[17]. Additionally, such GABAergic/glycinergic interneurons
have been shown to be inhibited by exogenous opioids in vitro[19;54]. This suggests a

potential mechanism whereby B-endorphins released from the POMC neurons inhibit the
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presynaptic inhibitory interneurons to disinhibit the CVNs and cause bradycardia. There is
also evidence for glutamate expressing POMC neurons in the arcuate nucleus of the
hypothalamus[21;26]. Therefore, it is also plausible that the bradycardia seen following
activation of NTSpomc neurons could be due to a dual mechanism involving direct
glutamatergic excitation and B-endorphin mediated disinhibition. Distinguishing between
these circuit hypotheses will likely require cellular resolution recording studies from vagal

preganglionic neurons.

Since we observed transient respiratory pauses following synchronous opto-stimulation
of NTSpomc neurons (similar to that seen in the working heart brainstem preparation,[13]) we
aimed to assess if chemogenetic activation also produced respiratory depression. Spirometry
showed no sign of changes in minute volume following activation of the NTSpomc neurons
with a CNO dose that produced analgesia. The axons of the NTSpomc neurons are known to be
distributed across the ventral respiratory column and ascend to the vicinity of the Kdlliker-Fuse
nucleus[13;55], both of which are known to be involved in opioid mediated regulation of
respiratory pattern[35;43]. Therefore, the necessary connectivity for these respiratory actions
is present and it is likely that the difference in respiratory effects between opto- and
chemogenetic activation relates to the pattern of activity that is triggered. Optoactivation
imposes an abrupt synchronous discharge of the NTSpomc neurons at an exogenous, arbitrary
frequency. In contrast the chemogenetic activation modulates the excitability of the NTSpomc
neurons augmenting their natural firing pattern which may be less likely to produce the
respiratory suppression. Chemogenetic activation does produce an opioid-like analgesic effect
likely via the release of B-endorphin so the lack of respiratory depression cannot be explained
on the basis of a differential release of opioid by each stimulation mechanism. This may
indicate that there is a therapeutic window for chemogenetic activation of NTSpomc neurons

that reduces the risk of respiratory depression.

Our study employed opto- and chemo-genetic approaches to alter the intrinsic activity
of the POMC neurons. Such approaches require controls both within animal and across groups
to take account of potential off target effects of chemogenetic ligand or non-specific effects of
blue light. We designed an efficient control group strategy using a similar AAV vector to
express the chemogenetic actuator and a fluorophore for the optogenetic experiments and vice-
versa for chemogenetic experiments. This provided control for the effects of vector infection,
expression of membrane bound actuator protein and fluorophore and enabled blinding of

experimenters. This approach offers advantages over the more commonly employed strategy
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of just expressing a fluorophore using a Cre-dependent AAV. Our approach, however,
introduces a possible confound that the actuator expression in the control group may change
the excitability/function of the POMC neurons under basal conditions[18;48]. We found no
evidence of changes in between group comparisons across multiple measures, however, to rule
out this possibility definitively would require detailed cellular electrophysiology which was
beyond the scope of our study. We also note that throughout the study there was consistency
between approaches using the different opto- and chemo-genetic actuators to change the
activity in the POMC neurons which would not have been expected if expression of the

actuators was having a detrimental effect on function.

Systemic opioids are associated with a spectrum of other serious side effects besides
respiratory depression including addiction linked to reward, sedation and anxiolysis as well as
nausea and aversion/dysphoria[15]. Therefore, we sought to assess whether there was any
evidence for similar actions with activation of NTSpomc neurons. We found no evidence of
either preference nor aversion from the opto- or chemo- activation in the conditioned place
preference assays which suggest activation of these neurons does not produce a strong affective
valence. Similarly, in the open field test there were no changes in either the time spent in the
central zone of the arena (a measure of anxiety) or in the total distance travelled following
chemo-activation. These null findings in assays of preference, anxiety-like and locomotor
behaviour from levels of activation that produced analgesic effects again are consistent with
the idea that focal opioid release produced by direct activation of an opioid releasing circuit
can minimise unwanted effects. This is analogous to a more selective version of deep brain
stimulation which has been shown to focally release opioids in the periaqueductal grey[50],

without some of the typical side effects seen with systemic opioids.

5 Conclusion

Overall, our study shows that opto-stimulation of NTSpomc neurons produces transient
cardio-respiratory depression in anaesthetised mice. We demonstrate that both opto- and
chemogenetic activation of NTSpomc neurons produces a sustained strong analgesia without
evidence of adverse effects. We also provide evidence that this small population of medullary

POMC neurons plays a central role in stress-induced analgesia.
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Figure Legends

Figure 1. Optogenetic activation of NTS POMC neurons expressing ChrimsonR
A. Example ChrimsonR-tdTomato positive POMC neuron in an acute medullary slice targeted
for whole-cell patch clamp recordings. Dashed lines indicate pipette location. By ChrimsonR-
mediated inward photocurrent in response to a 100ms light pulse (620nm, -60mV holding
potential). B2 Plot of ChrimsonR current amplitudes from 7 neurons (as Bi). C Optogenetic
activation of ChrimsonR drives action potentials in POMC neurons Cy Sms at SHz, Cz 20ms

at SHz and C3 5ms at 20Hz.

Figure 2. Cardiorespiratory effect of opto-stimulation of NTSpomc neurons in
chronically implanted mice A. Timeline for optogenetic experiments in implanted mice (pain
tests and CPP data shown in Figure 3). B. Injection of AAV-ChrimsonR-tdTomato into the
NTS of POMC-Cre mice C. Schematic diagram shows opto-stimulation of NTSpomc neurons
via wireless LED attached to optic fibre (20ms x 5-20 Hz, 5s). Representative histological
section of brain stem shows D1. NTSpomc neurons expressing tdTomato D2. optic fibre
location (OF) in the NTS in ChrimsonR-tdTomato injected mice E. Opto-stimulation in
NTSpomc(chrim) mice (n=6) produced bradycardia at SHz (15.2% vs 3.2%), 10Hz (38.7% vs
1.9%) and 20Hz (51.7% vs 1.9%) compared to baseline. Heart rate returned to baseline values
during recovery period (within 10 seconds) F. Opto-stimulation produced no bradycardia in
control implanted NTSpomc(pg mice (n=4). G. Opto-stimulation at all frequencies (2-20 Hz) in
NTSpomc(chrim) mice (n=6) produced bradypnoea (35.9% vs 7.4%, 168.9% vs 7%, 367.1% vs
5.5%, 440.7% vs 6.2% respectively) compared to baseline values. The respiratory rate returned
to baseline values within 10s of the end of illumination. H. Opto-stimulation did not affect
respiratory rate in control NTSpomc(pg) mice (n=4) I, J. The ABradycardia and ABradypnoea
in NTSpomc(chrim) mice (n=6) was dependent on opto-stimulation frequency. Data presented as
median, min to max and analysed by Friedman test with Dunn’s post-hoc test. *P<0.05,

*4p<0.01, ***p<0.001.

Figure 3. Effect of opto-stimulation of NTSpomc neurons on analgesia and

preference/avoidance. A. Timeline for optogenetic experiments in implanted in implanted
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NTSpomc(chrim) mice. Opto-stimulation of NTSpomc neurons (20ms pulse at SHz for 1 min)
produced increased withdrawal latency in both the tail flick test (B.) and Hargreaves’ test (D.)
which was reduced by opioid antagonist naloxone (n=6, RM one-way ANOVA with Tukey’s
post-hoc test). Identical opto-stimulation in implanted control vector injected mice had no
effect on latencies in either the tail-flick test (C.) or the Hargreaves’ test (E.) (n=6, paired t-
test). F. Time course of analgesia assessed in Hargreaves’ test. A sustained analgesia was
observed until 30 min post-activation of these neurons (n=6, RM one-way ANOVA with
Tukey’s post-hoc test). G. Conditioned place preference testing showed that opto-stimulation
in NTSpomc(chim) mice had no significant effect on the time spent in opto-stimulation
conditioned vs unconditioned chamber (assessed after conditioning, n=6, Welch’s t-test) or H.
on the time spent before (15 min habituation period) vs after conditioning (15 min test period)
in conditioned chamber (paired t-test). Data are presented as mean + SE. *p<0.05, **p<0.01,

*x%p <0001, #*#*p<0.0001.

Figure 4. Chemogenetic activation of NTSpomc neurons is analgesic in acute thermal and
inflammatory pain models but not in a neuropathic model. A. Timeline for acute
chemogenetic experiments B. Schematic diagram shows injection of AAV-hM3Dg-mcherry
into the NTS of POMC-Cre mice. C. Representative histological section of brain stem shows
NTSpomc neurons expressing mCherry in NTSpomcGg mice. Chemogenetic activation in
NTSromc(Gq mice with CNO (3mg/kg, i.p) produced increased D. tail flick and F. paw
withdrawal latencies, respectively, which were blocked by the opioid antagonist naloxone
(1mg/kg, i.p) (n=6, RM one-way ANOVA with Tukey’s post-hoc test). In contrast CNO
showed no effect in control NTSpomc(chim) mice in the E. Tail-flick test (n=6) or G.
Hargreaves’ test (n=6) (paired t-test). H. Timeline for carrageenan-induced inflammatory pain
experiment I. Timeline for TNT induced neuropathic pain experiment. J. Hind paw injection
of carrageenan produced mechanical allodynia that was evident with control NSS injection
(von Frey, 3.5 hours post carrageenan). Chemoactivation of the NTSpomc neurons (CNO
3mg/kg, i.p, 5 hours post carrageenan) significantly increased the paw withdrawal threshold
(n=5, p<0.05, one-way ANOVA with Tukey’s post-hoc test). The sensitisation returned on
retesting 2.5 hours after CNO. K. After TNT surgery the NTSpomc(Gq) mice exhibit mechanical
allodynia (von Frey assessed after 3 weeks) but subsequent CNO injection (3mg/kg, i.p) has
no effect on paw withdrawal threshold (n=6, p>0.05, one-way ANOV A with Tukey’s post-hoc

test). L. Acetone testing showed cold allodynia in NTSpomc(Gq) TNT mice with an increase in
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the number of nocifensive responses in one minute (tested 2 weeks after TNT). Again, CNO
injection (3mg/kg, i.p) had no effect on acetone evoked nocifensive responses (n=5, p>0.05,
one-way ANOVA with Tukey’s post-hoc test). For K and L, CNO or NSS were administered
on consecutive days (counterbalanced design and experimenter blinded to drug). Each value
is an average of three measures. In each trial testing was done 15 mins after injection of

CNO/NSS. Data are presented as mean + SE. *p<0.05, **p<0.01, ***p<0.001.

Figure 5. Chemoactivation of NTSpomc neurons has no aversive, anxiogenic,
locomotor or respiratory depressant actions. A. Timeline for chemogenetic experiments.
The affective valence of chemogenetic activation of NTSpomc neurons was assessed in a
conditioned place preference test which showed no difference in either B. Proportion of time
spent in CNO conditioned vs unconditioned chamber (n=6, Welch’s t-test) or C. Percentage of
time spent in CNO chamber before vs after the conditioning (paired t-test). To identify any
change in anxiety-like behaviour the NTSpomc(cq) mice were tested in an open field arena. D.
No difference was observed in the time spent in the central zone of the arena by NTSpomc(Gq)
mice (n=5) compared to control NTSpomc(chrim) mice (n=4) following CNO (3mg/kg, i.p,
p>0.05, Welch’s t-test). E. No change was observed in the distance travelled by the
NTSromc(Gq compared to control mice following CNO injection (3mg/kg, i.p, p>0.05, Welch’s
t-test). To test for respiratory depression associated with chemogenetic activation of NTSpomc
neurons the animals had whole body plethysmography F. No difference was observed in
minute volume (% baseline) of the NTSpomc(cq animals following CNO (3mg/kg, i.p)
compared to NSS (n=5, p>0.05, two-way ANOVA). Data are presented as mean = SE. *p<0.05,
**p<0.01.

Figure 6. Effect of chemogenetic inhibition of NTSpomc neurons on nociception and
stress-induced analgesia. A. Timeline for NTSpomc inhibitory chemogenetic experiments. B.
Schematic diagram shows injection of AAV2 hM4Di-mcherry into the NTS of POMC-Cre
mice. C. Representative histological section of brain stem shows NTSpomc neurons expressing
mCherry. CNO injection (3mg/kg, i.p) did not produce any effect in NTSpomc(ci) mice (n=6)
under basal conditions in the D. Tail-flick test or F. Hargreaves’ test (paired t-test). CNO
injection to control NTSpomc(chrim) mice (n=6) showed no effect on E. Tail-flick test (same data

as Figure 4G) and G. Hargreaves’ test (paired t-test). H. A significant increase in tail
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withdrawal threshold was observed in NTSpomc(Gi) mice following a brief swim which was
attenuated by CNO injection (n=8, RM one-way ANOVA with Tukey’s post-hoc test). L. Stress
induced analgesia was also observed in NTSpomc(chim) mice and CNO failed to alter this effect

(n=4, RM one-way ANOVA with Tukey’s post-hoc test).

Data are presented as mean + SE.*p<0.05, **p<0.01 ***p<0.001.
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Figure 2
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Figure 3
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Figure 4

A

Recovery & Virus Conditional Place
5 gl Test Tail-flick Test Preference Test Open Field Test Spirometry
‘ Week-1 Week-2& 3 Week-4 Week-5 Week-6 Week-7 Week-8

B Cc

AAV-hM3Dg-mCherry vector inj
into NTS of POMC-Cre mice

O
m
M
@

4-

0 81

0 z = =z
> 2]

L>" Q f= E 6
e < [} c
[} Q © [}
- = ) -
= o » 5

S S o 0 44
o L H o
= z 8 5

T © [ = oo

e [ 5 o2
I ]
I
0 T T
] ¢}
9
¥ &
y & Virus injury
Transduction & Von Frey Test
Week-1 Week-2& 3 Week-4
Recovery & Virus Pre-TNT Surgery
T T TNT Surgery Von Frey Test ﬁ Acetone Test
‘ Week-1 Week-2& 3 Week-4 Week-5 Week-6 Week-7
*kk ok
| r 1
31 % 81 *k
— | ——
[ ]

Nocifensive events

50% withdrawal threshold (g)
50% withdrawal threshold (g)

38



Figure 5
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Figure 6
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