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Abstract

The periaqueductal gy (PAG) ceordinates behaviors essential to survival including

striking changes in movement and posture (e.g. escape behaviors in response to noxious

stimuli versus freezing in response to feaoking stimuli). However, the neural circuits
underlying theexpression of these behaviors remain poorly understood. We demonstrate
in vivoin rats, that activation of the ventrolateral PAG (VIPAG) affects motor systems at
multiple levels of the neuraxi) throughdifferentialcontrol of spinal neurons that
forward sensory information to the cerebellum sjancolivo-cerebellar pathways
(nociceptive signals are reduced while proprioceptive signals are enhdniéy)
alterations in cerebellar nuclear output as revealed by changes in expressiotikef Fos
immunoreactivity and (iii) through regulation of spinal reflex circuits, as shown by an
increase il -motoneuron excitability. The capacity to-oadinate sensory and motor
functions is demonstrated awake behaving rats, in which natural activatiorhef t

VIPAG in fear conditioned animals reduced transmissi@pincolivo-cerebellar
pathwaysduring periods of freezing that weassociated with increased muscle tone and
hence motor outflowThe increase inpgnal motor reflexexcitability andreductionin
transmission oscending sensory signaia spincolivo-cerebellar pathwayoccurred
simultaneouslyWe suggest thdheinteractiongevealed in the present stublgtween

the VIPAG and sensorimotor circuits could form the neural substrate for durviva

behaviors associated with vVIPAG activation.

Significance Statement

Neural circuits that cordinate survival behaviors remain poorly understood. We

demonstrate, in rats, that the periaqueductal grey (PAG) affects motor systems at multiple

levels of tle neuraxis: (i) through altering transmission in sgheary pathways that
forward sensory signals to the cerebellum, reducing and enhancing transmission of
nociceptive and proprioceptive information respectively; (ii) by alterations in cerebellar
output and (iii) through enhancement of spinal motor reflex pathwilys.sensory and
motor effectsoccurred at the same time andre present in both anesthetized animals,

and in behavioural experiments in which fear conditioning naturally activated the PAG
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The results provide insights into the neural circuits that enable an animal to be ready and

able to react to danger, thus assisting in survival.

Introduction

Theability to interact withchallengingenvironmerd requiresdetectionof salientsignals
thatultimately driveappropriatanotor behavia. These include efencebehavios such

as fearevoked freezingvhich are dependent on the integrity of the periaqueducagl gr
(PAG), andorchestratedby neurons in g ventrolateral sectgt.eDoux et al., 1988

Carrive et al., 19971 eDoux, 2012. Neural substrates that underlie requisite alterations
in autonomic functions (e.g. cardiespiratory adjustments) and sensory processing (e.g.
modulation of pain processing) that accompany defareevell understoofl.ovick and
Bandler, 200%h However, littleis known of the neuraircuits that mediate the

characteristic motor responses associated with vIPAG activation

We recently reported thatt@vation of the VIPAG causes an increasé-imotoneuronal
excitability, which isthoughtto support freezing behavi@Koutsikou et al., 2014
Defencebehavios alsorequirethat an anim&s responsenotperturbedrom essential
motor activity as would be caused bglientsensory information modifying activity in
supraspinal motor systersading to changes in behavitrdeed,our initial
investigationgCerminara et al., 2009evealed that activation of the VIPAG can
significantly decreaseerebellar climbindiber (CF) field potentials evoked by

stimulation of the hindlimb, indicating a reduction of CF activation by afferent systems.

CFs are generally thought to act as OteachingO signals important for cerebellar cortical
plasticity (Ito, 2001). Reduction of transmission in ascending CF pathways might
therefore allow only behaviorally-relevant training signals to be forwarded to the
cerebellum. On the other hand, the timing hypothesis proposes that CFs have a more
direct influence on movement: their activation is thought to be capable of controlling
patterns of synchronous activity in the cerebellum that underlie motor coordination
(Llinas, 2011). In relation tthe latter, our findings raise the possibility that the VIPAG

has the capacity to protect patterns of motor outflow in emergency situations by gating



93 distracting sensory inputs to cerebellar circuits that might otherwise perturb requisite
94  behavior.
95
96 To examine the nature and extent of modulatory influences of the vIPAG on different
97 qualities of sensory input to cerebellar circuits, the present study recorded spino-olivary
98 neurons, to determine any differential effects on innocuous (somatosensory and
99 proprioceptive) versus nociceptive transmission relayed via spino-olivo-cerebellar
100 pathways. Complementary functional anatomical studies also tested effects of tde VIPA
101 on nociceptor-evoked responses of cerebellar output circuits as assessed by the
102 expression of fos-like immunoreactivity in the cerebellar nuclei.
103
104 To examine effects of VIPAG modulation on spinal motor circuits, two further series of
105 experiments were carried gune in anesthetised and one in awake animals, in which
106 effects of VIPAG activation were tested on spinal motor circuit excitability and freezing
107 behavior, respectively. An additional functionally pertinent question is whether localised
108 pools of neurons in the RAG control both motor outflow and sensory transmissibn
109 the same time. To address this, spinal reflex and peripherally-evoked CF responses were
110 recorded simultaneously.
111
112 Overall, the results demonstrate that the VIPAG has the capacity to orchestratgiqgoces
113 of sensory signals and motor output that together most likely underlie context-dependent
114 defensive responses, such as fear-evoked freezing behavior.
115
116 Materials & Methods

117 All animal procedures were performed in accordance with the UK Animaisn{8ic

118 Procedures) Act 1986 and associated guidelines.

119 Experiments in anesthetised animals

120 Recording of dorsal horn neuronal activifgxperiments were carried out on 26

121 adult male Wistar rats weighing 290-320g and housed in standard conditions. Anesthesia
122 was induced with 2.5% halothane (Merial, UK) in@d maintained by constant

123 intravenous (jugular vein) infusion of alphaxalone (30-40mgUkgUh; VZtoquinol, UK) and
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maintained at a levelt which there were no substantial changes in blood pressure
(measured via the carotid artemg)response to a firm pinch of the forepaw. The trachea
was cannulated to ensure patency of the respiratory tract and for artificial ventilation
when required. Aerial blood pressure and rectal temperature were monitored and
maintained within physiological limits. All animals were positioned in a stereotaxic
frame and a craniotomy was performed to allow access R« (7.68.5mm caudal
from bregma, 0.8.0mmlateral tothe midline, and ~5.3mm deep to the cortical sutface
(Paxinos andVatson, 200p

A laminectomy was performed between T3 to record from spinal dorsal
horn neurons in laminaeM between lumbar segments-L3. The vertebral column was
clamped at each end of the laminectomy to increase stability during neuronal recordings.
The dura vas removed from the surface of the spinal cord, a pool was made with the skin
flaps and the whole area was filled with warm agar. Once the agar was set a small
window was cut out over the desired recording site of the spinal cord and filled with
warm pardifin oil. A glasscoated tungsten micrelectrodgMerrill and Ainsworth,

1972 was lowered into the cord. Singlmit neuronal activity was amplified (x10k) and
filtered (500Hz10kHz; NeuroLog SystenDigitimer Ltd, UK) beforebeing captured at
10k samples:Svia a 1401plus (CED, Cambridge UK) onto a PC running Spike2
software (CED, Cambridge UK).

Antidromic testing of spinal neurons for a supraspinal projectidorsal horn
neuronsii = 39 from 26 rats) were tested fos@praspinal projection to the caudal
brainstem. Supraspinal projection neurons were identified by their antidromic responses
to electrical stimulation in the vicinity of the contralateral inferior olivary complex (10).

A craniotomy was performed to allowa@ess to the contralateral inferior olivel2.5
mm caudal to bregma, BPR.5 mm lateral to the midline, and 88660 mm deep to the
cortical surface according to the brain atlas of Paxinos and Watson](20i@5
bipolar stimulating electrode (interpoldistance of 0.5 mm; SNEOOX; Harvard
Apparatus). Single square pulses-(@@MuA, 0.1ms duration at a rate of 0.1Hz) were
delivered via the stimulating electrode, and dorsal horn neurons were classified as
projection neurons if thieaction potentialsnet the following standard criteria for

antidromic activatior{Fig 1a): (i) constant latency, (ii) frequency following to three
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stimuli delivered at a rate @0 Hz, andi(i) collision of the antidromic spike with a
spontaneous or evoked orthodromic sffkuller and Schlag, 197&ipski, 198).

The possibility that electrical stimulation within the 10 may have excited
ascending fibers that lie outside or course through the 10 was minimigexsibtipning
the 10 stimulating electrode at a depth where the minimum current was required to evoke
an antidromic spike (Fig.k). In support of this, Molinari and colleagues showed that
stimuluscurrents at a comparable intensity spread only minimallpiteyheborders of
IO, and failed to activate axons of the medial lemniscus adjacent to thegldélDari
and Dostrovsky, 19871In the present study we aimed to confirm histologically as many
IO stimulation sites as possible (Figl). By adopting these approachethirefore
seems reasonable to assume that the inferior olive was théf maiirexclusivetarget of
spinal projection neurons identified in this study, and the term GspiayO is used
accordingly.

Functional classitation of spineolivary neuronsOnce units were identified as
projecting to 10, the peripheral receptive field was characterised using natural mechanical
stimuli: low threshold (light brush, tap, gentle pressure, joint movement) and high
threshold (pinchvith handheld forceps). According to their response properties, the
spincolivary units were classified into one of four groups as describédengtrey et
al., (1977) class 1 (low threshold; innocuous), class 2 (low and high threshold; wide
dynamic rage), class 3 (high threshold; nociceptspeecific) and class 4 (joint
movement and deep muscle pressure; proprioceptive). Responses to innocuous and
noxious stimuli were quantified by counting the total number of spikes evoked during
application of the gnulus and then subtracting spontaneous activity of the neuron,
measured for a similar time window prior to the stimulus.

Neuronal activation of the ventrolateral PAGlass micropipettes were advanced
into the caudal VIPAG under stereotaxic guidafiRaxinos and Watson, 2005
Micropipettes were filled with 50mM of the excitagaamino acid Dkhomocysteic acid
(DLH; Sigma) mixed with pontamine sky blue dye to mark the injection @#teMullan
and Lumb, 2006a; Koutsikou et al., 2007 Pressure injectionsf DLH (60-80nl)
typically evoked decreases in mean arterial pressure. Subsequently, descending

influences from the vVIPAG were testéi) on the responses of sphadivary neurons to



186 natural peripheral stimulation; axid, in a different series of exgements, on Hreflex

187 and cerebellar field potential amplitudes (see detailed Methods below).

188 Experimental protocol of descending modulation of sjgiincary neuronal

189 activity. A pneumatic pincher was used to deliver mechanical stimuli (15s duration;

190 innoauous 0.5N and/or noxious 3.6N) every 5 minutes to the receptive fields of @ass 1
191 spincolivary neurons. After three baseline responses were obtained from each unit, a
192 microinjection of DLH was made into the VIPAG1Bs prior to the onset of the next

193 pinch stimulus. Three additional cycles of pinch stimulation were then repeated to

194  monitor recovery from any descending influences. Only the last 10s of each response to
195 noxious pinch was analysed, as the initial 5s was presumed to contain a considerable
196 amaunt of low threshold rapidly adapting activitjartell and Headley, 1990n this

197 and previous studigdlicMullan and Lumb, 2006k_eith et al., 201]) consistency of

198 responses indicate that repeated noxious stifimiited to 7 stimuli per animaBt 5

199 minute intervals does not resulttissue damage and/byperalgesia.

200 For responses evoked by innocuous mechanical stimuli only the first 5s of the
201 spike activity were analysed. Spontaneous activity, measured-a@sr fiior to the

202 onset of the gnulus, was subtracted from responses to noxious and innocuous stimuli
203 respectively. Responses of class 4 sqalieary neurons were elicited ganualfull

204  ankle joint rotatior(Class 4 neurons did not fire in response to touch of the hindgfaw)
205 the ipslateral hindlimbfor 10s every 3 minutes. After three baseline responses were
206 obtained, microinjection of DLH, was made into the VIPAG approximatdl@<prior to

207 the onset of the next joint rotation/manipulation. The spike count of the edgire 1

208 duraton response was corrected for spontaneous activity of the cell, measure@sover 1
209 prior to the onset of the stimulus, and responses then analysed to test for any effects of
210 descending control.

211 Histology.At the end of every experiment positive DC curreaswapplied

212 through the stimulating electrode to create lesions that were recovered post mortem to
213 establish electrode tip positions (Figl).1Animals were killed with an overdose of

214  sodium pentobarbitone (i.v.) and following perfusion and fixation, tambissue was

215 removed and posdixed for 24h in 4% phosphateuffered paraformaldehyde solution.

216 The tissue was then transferred to 30% sucrose for at least 24h. Coronal seqtions (50
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of the midbrain and medulla were cut on a freezing microtome faidgstal
verification of pontamine sky blue injection sites and positioning of stimulating
electrodes inthe PAG and IO, respectively.

Fos immunohistochemistrigxperiments were carried out on 32 adult male Wistar
rats weighing 25B8850g. Anesthesia was inded using halothane (2.5% in;®erial
UK) and, following preparatory surgery, was maintained by continuous intravenous
infusion of alfaxalone (3@0mdigl; VZtoquinol, UK). Body temperature was monitored
and maintained at 37.0 = 66 and venous, arterial and tracheal cannulations allowed
anesthetic administration, monitoring of arterial blood pressure and patency of the
respiratory tract respectively. In some experiments the head was fixed in a stereotaxic
frame (nose clamp and earb), and a small craniotomy performed to allow access to the
midbrain with glass pipettes. Following the preparatory surgery animals were allowed to
stabilize for a minimum period of 2h.

Anestheticontrol group Animalswere cannulated and maintaineddescribed
above for 4 hour€One anesthetic control group consisted of rats in which the jugular
vein, carotid artery and trachea were cannulated4). In a second anesthetic control
group € = 4) only the jugular vein was cannulated. There was mofisignt difference
between these two groups (Kruskélhllis test), so the data were poolad=(8).

PAG experimental grou.he PAG waghemicallystimulated as described
above fortheacute electrophysiological experiments. Changes (decreases) in blood
pressure evoked by the injection of DLH were recorded and helped to confirm that
injection sites were in the VIPAG. Saline control animals received an equivalent volume
of saline containing pontamine sky blue @§8-80nl). Threeinjections of DLH (= 7)
or saline 1= 7) were delivered at 10min intervals. The animals were then maintained
under anesthesia for a further 2h, timed from the segbtiwthreeinjectiors, to allow
for expression of Fos protein in supraspinal struct(ifesitsikou et al., 2007

Noxious pinch groudn 6 alfaxaloneanesthetised animals noxious stimuli were
applied to the snout using hahdld large ratoothed forceps (3 x 20s pinches at
intervals of 10 minutespnimals were then maintained under anesthesia for a further 2h

to allow time for the expression of Fofein.
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Sodium nitroprusside groum 4 alfaxalone anesthetised anim&ltravenous
injectionsof sodium nitroprussid€l00 ndthL) were administered at intervals of 10
minutes. Animals were then maintained under anesthesia for a further 2h, timedegrom
second injection, to allow time for the expression of Fos protein.

Tissue processindit the end of every Fos experiment, animals were overdosed
with anesthetic and perfused as described previously for electrophysiological
experiments. Coronal sectiof@" m) of the midbrain were cut, collected in 0.01M
phosphate buffer, mounted on gelatinised slides and then viewed under a Zeiss Axioskop
2+ Microscope. The injection sites were identified by the location of the dye spread and
pipette trackwith referece toa stereotaxic atla@Paxinos and Watson, 200%taining
for Foslike immunoreactivity (FLI) in the cerebellum was carried out using previously
described method¥outsikou et al., 2007

In brief, ransverse sections (4M) of cerebella embedded in gelatin were cut on
a freezing microtomeeverythird sectionwasprocessedree-floating for FLI using a
polyclonal rabbit Fos antibody (Santa Cruz Biotechnology; 1:5000 in 0.1M phosphate
buffer containingl% bovine serum albumin, 0.1% tritor2)0 and 0.01% sodium azide)
for 48072 h at 4C. Incubation in secondary biotinylated arabbit antibody IgG (Sigma,
UK; 1:500 in 0.01M phosphateuffered saline with 0.1% triton-X00 (PBST) was
carried out for £2 h at room temperature (20iC). The sections were subsequently
incubated in extravidin peroxidase (Sigma, UK; 1:1000 in#Bfr 1E2h and the
peroxidase visualized using &gaminobenzidine (0.015%; Sigma, UK) and glucose
oxidase (Sigma, UK). FinallyJlssections were mounted onto gelatinised slides
number of sections from each series were processed in the absence of primary antibody,
in order to serve as negative controls.

Foslike immunoreactivenicroscopy and mappingnmunologically processed
sedions were viewed under a 20X or 40X objective in order to identify FLI labelled cells.
Cells werecounted as labelled if thalisplayedstainingonly in the nucleus, with a clear
contrast to the background staining in the immediate (&hewat et al., 198) A bright
nucleolus was often visible. FLI labelled cells weisually counted and mapped on to
standard coronal maps of the cerebellar nuclei adapted=Rtognok and Voogq199Q

2000. SincemostFLI labelling was in thenedial cerebellanucleus(see Resul}s
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guantitative analysis dfLI positive neuronsvasconfined to itghree subdivisiondNo
difficulty was found in assigning cell labellintp the differensubdivisionsof the medial
nucleuson standard mag8uisseretDelmas, 1988BuisseretDelmas and Angaut,

1993. No significant differences in FLI were observed between ipsilateral and
contralateral regions in any of the groups>(0.05, Permutation pairédest see

following section) FLI counts from cerebellar nuclear subdivisions on both sides were
therefore pooled for quantitative analysis.

Preliminary experiments sought to investigate the effects of vVIPAG activation
theinferior olive. However, in the absence of peripheral statiah, background FLI in
the olive was highly variable and precluded reliable investigation of the effects of PAG
stimulation.

Neuroanatomical statistical analysis some cases, no FLI neurons were
observed in some subdivisions of the medial cerebellar nucleus. For this reason a
permutation one-way ANOVA, followed by post-hoc permutatitests with
BonferroniOs correction, was used to test for significant differences between groups. For
these statistical tests, the test statistic generated for the observed datpased with
test statistics generated for random OresamplingO of the original data. A perhutation
value is calculated by observing the proportion of permutations that returned a test
statistic equal to or greater than the original test statistic. All permutatiswieist based
upon 1,000,000 permutations (LaFleur and Greevy, 2009). Statistical analysis was carried
out with Rundom Pro v3.14. For all statistical tests the threshold for significance was
defined a$> < 0.05.

H-reflexrecordings.In 5 animals, a pair of stimulating needle electrodes (25G)
was inserted subcutaneously between the Achilles tendon and the distal tibial nerve of the
left hindlimb (Gozariu et al., 199&outsikou et al., 2014). Constant currenpiS@&quare
wave pulses were delivered at 3s intervals. A pair of intramuscular stainless steel
recording electrodes (0.075mm in diameter Teflon-coated; Advent Research Materials,
UK) was inserted into the ipsilateral plantaris muscle to record evoked EMG activity (M-
wave and H-reflex), in response to low intensity electrical stimulation of the nerve
(Mattsson et al., 198450zariu et al., 1998).

1C
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The stimulus intensity was adjusted so that it was submakemaloking an H
reflex responsand theamplitude of theH-reflex was always larger than thewave.
The responses were amplified (x2k) and filtered (50Hz to 5kHz; NeuBykigm
Digitimer Ltd, UK) before being captured via a 1401plus A/D device (Cambridge
Electronic Design, CED, Cambridge UK). The individuateflex and Mwave peakto-
peak amptudes evoked by each stimulus were measured using Spike2 software (CED,
Cambridge UK). Mwave and Hreflex responses were recorded before and after
microinjection (6680nl) of DLH (50mM; DLH, Sigma) into the vVIPAG. The mean of 5
responses in each periog:grior: prePAG, (ii) immediately after. PAG, and (iii) 10min
after DLH microinjections: postPAG, were averaged and statistically compared to
determine any influence of the vIPAG onréflex amplitude. In all cases thereflex
data were normalised witlespect to the Mvave.The latter serves as a useful internal
control of the constancy of the peripheral nerve stimulahiate also that previous
studies have shown that the cerebellum does not have a tonic influeneebexH
excitability (Chen and Wolpaw, 2005

Recording of cerebellar cortical field potentia®multaneous with recordings of
H-reflexes, in the same 5 ratsscribed in the previous sectjamerebellar field potentials
were recorded from the cortical surface of the copytarpidis, following exposure of
the dorsal surface of the posterior lobe of the cerebellum. A low impedance silver wire
ball electrode was used to record extracellular field potentials in response to constant
current 5Qus square wave pulses that were dafdd at 3s intervals to the tibial nerve
(further details abovelerebellar responses were recorded differentially between the ball
electrode and an indifferent (A§gCl disc) placed in the bone margin lateral to the
cerebellar exposure. Responses werplified and filtered (30HD2.5kHz Neurolog
System, Digitimer Ltd, UK), with any 50Hz electrical interference removed by a
Humbug device (QuestScientific, distributed by Digitimer Ltd, UK). The signal was
sampled at 20kHz using a CED 1401plus A/D comrg€ambridge Electronic Design,
UK) and recorded using Spike2 software (CED, UK). Responses were analysed offline:
the amplitude and latency to onset of the initial rising phase of individual evoked field

potentials was measured using Spike2 software.

11
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Experimental protocol to evoke simultaneous descending modulation of the H
reflex and electricalhevokedcerebellarfield potentials Peakto-peak amplitude
measurements of Miave (internal control), Heflex andcerebellar field potentialsere
made before and after microinjections of DLH into the VIPAG. The mean response (a)
prior (prePAG), (b) immediately after (PAG) and (c)LPmin after DLH (postPAG)
microinjection were averaged and statistically compared to determine any descending
influences on the pedk-peak amplitudes.

Histology.At the end of every experiment animals were killed with an overdose
of sodium pentobarbitone (i.v.). The braimere removed and fixed for 24h in 4%
phosphatéuffered paraformaldehyde solution. Thetis was then transferred to 30%
sucrose for at least 24h. Coronal sectionsgu@QOof the midbrain were cut on a freezing
microtome for histological verification of pontamine sky blue injection sites in PAG.
Experiments in awake animals

Implant ProceduredJnder sodium pentobarbital anesthesia (60mg/kg. I.P.) a
total of 14 adult male Wistar rats (3@00g, Charles River UK) were implanted with a
in-house builminiature microdrivecarrying up to 4 independently movable electrodes
(12.5' m tungsten wire, Cdibrnia Fine Wire, USA or 75um epoxy coated stainless steel,
FHC, Germany; impedance 200 kOhms at 1kHz)lhe microdrive was positioned
over the cerebellum (AR2mm, ML 0.9mm relative from bregma&ptimal recording
position within thecerebellar cortexwas determined by physiological recordings made
during surgeryt6 identify the cerebellasitewhere ipsilateralhindlimb stimulation
evokedthe largesextracellular field potential; approximately 4mm from brain surface).
Pairs of flexible, stainlessexl wires (Cooner Wire, USA) were sutured into the neck
musclegSteenland and Zhu@009 and used as EM@-cordingelectrodes. Bolar
stimulating wires (Cooner Wire, USA) were sutusethcutaneously withithe hindlimb
(superficially and in close proximityptthe ankle joint)psilateral to the cerebellar
recording electroded\ll leads were fed subcutaneously to connectors within the
headpiece (Pardoe et al., 2004). Post-surgery, animals were housed under normal
environmental conditions (~20;C and 45B65% humidity) on a 12 h darkblight cycle and
provided with food and watexd libitum.

12
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Awake animalecording.Following recovery fromsurgery, differential
recordings were made using a Lynx 8 systBi@ufalynx, Montana, USA), CED 1401
A/D device and Spike2 acquisition software (Cambridge Electronic Design, UK). A skull
screw above the cerebellum served as the reference for cerebellar field potential (CFP)
signals. EMG recordings from either side of tieek were referenced against each other
in a bipolar manner. Both EMG and CFP signals were sampled at 5kHz and filtered from
0.1Hz tolkHz. Multi-unit activity was sampled at 25kHz and filtered from 300Hz to
6kHz. Video recordings were made throughoutekgeriments using a webcam (30
frames per second capture rate) and synchronised with electrophysiological data in
Spike2 software.

Hindimb stimulationElectical stimuli were applied via thgeripherally
implanted stimulating wires (square pulses ohts2luration; constant current). During
paired pulse experiments, stimuli were applied at varying time intervals (from 30 to
90ms). During fear tests, stimuli were typically applied every 1.5s at 1.5x the threshold
to evoke a CFiPPardoe et al., 2004This intensity of stimulus typicallgvokeda mild
twitch of thestimulatedhindlimb but otherwiselid not appear to disturb the animal.

Fear conditioningFear conditioningr{= 5) and testing foireezing (see below)
took place in two different contexts (A and B, respectively). The Skinner box (Med
Associates Inc., St Albans, VT, USA) and its floor were cleaned thoroughly with 70%
ethanol after every session. On da§B,lanimals were acclimatiséar 5 min each day
to context A. On day 4, in context A, rats were exposed to an auditory cue (conditioned
stimulus, CSjfootshock (unconditioned stimulus, US; 0.75mA) feanditioned
protocol. This involved seven trials (30s intaal interval) of paied CS (1kHz auditory
tone, 75dB, 10s duration) and US presentati¢Bacchetti et al., 2004Due to stimulus
and movement artefacts it was not possible to record electrophysadlmggponses
during fear conditioning.

Fearbconditioned testing4h after fear conditioning, each animalH5) was
placed in the Skinner box with context B, and after 5min they were presentedt@ih 7
Freezing epochs were identified using a combimatif neck EMG recordings
(Steenland and Zhuo, 200@nd video recordings. Freezing was confirmed by cessation

of all movements except those associated with respiration and eye movements and was
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399 typically characterised by crouching postufi@gnchard and Blanchard, 196€FPs

400 were evoked at regular intervals (every 1.5s, see above) and neck EMG recorded

401  continuously throghout fear retrieval.

402 Chemical Activation of vVIPAGN one animal, a bilateral injection cannula

403 (Plastics One, USA) was implanted stereotaxically into the vVIPAGaig&; AP-

404  2.2mm, ML 1mm from bregma, 5.5mm deep from brain surface). The VIPAG was

405 chemcally activated using 100nl of 50mM DLH (Sigma, UK) containing pontamine sky
406 blue, which was pressure injected via the cannula whilst the animal was sitting quietly a
407 restin its home cage. Evoked CFPs and neck EMG were recorded as indicated above
408 Dbefore during and after the DLH injection.

409 Histology for chronic recording experimentst. the end of eachhronic

410 recordingexperiment, animals were overdosed and perfused as desaiesfor

411 experiments in acutely anesthetised animals. Prior to perfymisitive DC current was

412 applied through the recording electrodes to create lesions that were recovered post
413 mortem to establish electrode tip positions (B)gCerebellar sagittal sections (50

414 80" m) were processed in the same manner as for the non neesyeriments.

415 Analysis.Single unit neuronal activity, EMG and evoked CFP amplitudes were
416 displayed as means.e.m. Evoked CFPs were detected and measuredt(paakigh

417 amplitude) using automated Spike2 scripts then averaged across stimulatioDugais.

418 differences in field potential amplitude across animals (presumably daedtionsin

419 recording site position), pooled data were normalized by expressing mean response
420 amplitude as a percentage of baseline amplitude. Freezing epochs were identified from
421 rectified and smoothed (0.025s) neck EMG recordings (Steenland and Zhuo, 2009) using
422  custom scripts in Spike2 software. Neck EMG amplitude was compared during fear
423 conditioning experiments by sampling (1 sample per second) the amplitude of rectified
424  and smoothed signal across the freezing and quiet rest epochs. Single unit activity was
425 sorted using Spike2 template matching and principle component algorithms.

426 Electrophysiology statistical analysiall statistical analysis was performed using
427  Prism 5.0 (GraphPad, USA). Physiological recordings from awake animals were

428 statistically compared using paired or unpairgzbsts one-way ANOVA (with

429 BonferroniOs posest)and repeated measures ANOVA (with Dunnett's post-test)aests
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appropriate. Responses following PAG activation were compared to pre afA®Bst
responses using repeated measures ANOVA (with Dunnett'sgatstP values lower

than 0.05 were taken as statistically significant.

Results

Characteristics of spino-olivary neurorfSpino-olivary neurons were recorded in
order to study influences of the vIPAG on ascending projections that influence
supraspinal motor systems. Figsdillustrate the identification and properties of spino-
olivary neurons. Of our sample of dorsal horn neurons, 32 met all three standard criteria
for antidromic activation (see Methods) and were selected for further analysis.

Descending modulation of spino-olivary neuronal responses to innocuous and/or
noxious stimuliAll 32 dorsal horn neurons were classified by their responses to low and
high threshold mechanical stimulation of their receptive field area on the ipsilateral
hindleg (Fig. £), according to the scheme defined by Menetrey and colleagues
(Menetrey et al., 1977); class 1 (low threshald, 2), class 2 (wide dynamic range;

WDR, n = 9), class 3 (nociceptive specifit= 8) and class 4 (proprioceptives 9). In
addition, we recorded from spino-olivary projection neurons with unidentifiable receptive
fields (h = 4). Histological identification of stimulating electrode loci was possible for 19
cells. Figure @l shows on standard transverse outlines of the inferior olive (Azizi and
Woodward, 1987) that the majority of stimulation sites were in the rostral dorsal
accessory olive (sites of antidromic activation of different classes of spino-olivary
neurons as follows: purple, class 1; green, class 2; red, class 3; and blue, class 4 cells).

To investigate descending control of sensory input to the olivocerebellar system,
including any selectivity, we examined the effects of activation of VIPAG on responses of
the different classes of spino-olivary projection neurons to noxious and non-noxious,
including proprioceptive, stimulation (total = 22 neurons). The effects of neuronal
activation of vIPAG are illustrated as single examples and as pooled data in Figure 2.

Clear differences were evident between the effects of descending control on the
different classes of neurons with respect to effects on their responses to innocuous and
noxious stimuli, including responses to innocuous stimuli of different modality

(innocuous pressurersis proprioceptive). These can be summarised as follows: (i)
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Class 2 neuronsi(= 7); chemical sinulation in the VIPAG significantlyeducedby an
average of 51.6 + 8.9%, their noxious phesioked respons®(E= 0.011, F(2, 37) =
5.15,repeatedneasures ANOVAollowed by DunetiOgost test prePAGersus PAG
Fig. 2a). In contrast, in three of thleeven Class 2 neurons, VIPAG activation did not
significantly alter their response to low threshold innocuous pressarediately
following PAG activation Insteagla significantincrease in the firing of these neurons
was observed 105min postPAG(n= 3,P = 0.085, F(2, 18 = 4.06,repeatedneasures
ANOVA followed by DunettOgost test prePAG versus postPA&g. 2b), (i) Class 3
neuronsii = 6); chemical stimulation of VIPAG significanttgducedheir response to
noxious pinch by an average a¢f.2 + 4% P = 0.0002, F(2, 22 = 13.04 repeated
measures ANOVAollowed by DunettOgost test prePAG versus PAGjg. ). And
(iv), Class 4 neuronsE 8); chemical excitation of vIPAGignificantly increased their
response to joint movement, by an average of 9@3% @ < 0.0001, F(2, 52 = 13.23,
repeatedneasures ANOVAollowed by DunettOgost test prePAG versus PAHQ.
2d), (v) Class 1 neurons; the response of a single class l-gjpmaoy neuron to
innocuous pressure (out of three identified) increased by 60% following chemical
stimulation of the VIPAG (Fig.& not discussed furtheiistologically recoveredites
of microinjection of DLHin the VIPAG are showim Figure 2f.

The results ofttisfirst series of experimentbereforeprovide evidencéhat the
VIPAG influence supraspinainotor systemsy differentially modulating sensorgignals
of different modalitythat are érwarded to the cerebellum via ascendpmoolivary
projections Transmission of naceptive signalss reducedyhile transmission of
proprioceptive signals facilitated

Effects of VIPAG activation on F@xpression in the cerebellar nucléo
determine whether thdPAG can influencecerebellar output we next assessed the effects
of VIPAG stimulation on activity in the cerebellar nuclei, the principal source of output
from the cerebelluninitially, counts of Fodike immunoreactiv€FLI) neurons were
madein the cerebellar nuclén two groups;animals mounted in a stereotaxic frame and
injected with eithe(i) saline or(ii) DLH into the VIPAG.The wnexpected findingfrom

these initial experiments led us to carry out adalitionalgroupsof experimentsn
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491 which animals were not mounted in a stereotaxic frgieanesthetic controls ar{t)

492 animals pinched in the trigenaindomain(Fig. 3).

493 Across all groupghelargemajority of FLI neurons in the cerebellar nuc{(8B.0
494 £ 10.7% of totalwere locatedilaterallyin themedial cerebellanucleusMCN, in

495 regions related toerebellamodules A, A2 and AXn = 32). Since there were no

496 systematic differences between FLI labelling in the left and right hand cereheller n
497 for simplicity only one side of the cerebellar nuclei is showRigure 3a. Statistically

498 significant differencesvere observetletween groupsiv and nitroprusside control

499 animals(n = 32)in the number oFLI neuronsdn regions of the cerebellar nuclei

500 associated witthe Amodule(F(4,27)= 3.46,P < 0.05, permutation oneay ANOVA).
501 and the A2 modulé=(4,27)=2.86,P < 0.05) but not the AX moduléF4,27)=1.32,P

502 > 0.05,seeFig. 4, the latter imnot describedurther).

503 Surprisingly, the initial experiments revealed that there were significantly more
504 FLI neuronsm the A(P>0.05t= 2.2,df = 12 posthocpermutation-est with

505 BonferroniOs correctipand A2(P > 0.05 t = 2.4,df = 12) regionsof MCN in animals
506 that received saline inthe VIPAG(group (i),n =7) compared withthose injected with
507 DLH (group (ii),n=7; Fig 3). In both of these groupanimals were mounted in a

508 stereotaxic framéwith ear bars and a snout clamwhich raised the psgility thatthe

509 greater number of neursiin saline treated animals resulted from nociceptive inputs from
510 the trigeminal domain. To test this hypothesis aslditional sets of experimenigere

511 carried out in animals that were not mounted in a stereotaxic frame; anesthetic alone
512 controls, group (iii)and animals receiving a noxious stimulus in the trigeminal domain
513 (pinch of the snoutio mimic the stereotaxic procedygroup iv)

514 Two observations support the view that the high levels of FLI in saline treated
515 animals did indeed arise from nociceptive input from the head andHiasiin both the
516 A and A2 region®f MCN there were no significant differences in numbers of FLI

517 neurons beteen saline injected and pinched aninfgleup (i)versusgroup (iv), P >

518 0.05t=0.3 (A),t=0.9 (A2),df = 11); andsecondjn both the A and A2 regions there
519 were significantly more FLI neurons in saline treated animals compared to anesthetic
520 contols(group (i)versusgroup (iii), P<0.05t= 2.4 (A),t = 2.5 (A2),df = 11).

521 Further support is also provided by the tendency for there to beRhbreurons in the
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A regionof MCN in animals that received noxious pinch of the snout when compared to
anesthetised control animatg@up (iv)versusgroup (iii), mean 273+147% = 0.057,t
= 2.56,df = 12, posthocpermutationtest with BonferroniOs correctjdtig. 3a-b).

Taken together, we interpret these findings to indicate that the increased number
of FLI neurons irgroup (i)saline injected angroup (v) pinched animals, when
compared tagroup (iii) anesthetised controls that were not mounted in a stereotaxic head
holder, was due to nociceptive inputs from the trigeminal domain. If this is the case, then
the significant DLHinduced reduction dfLI neurons in the A and A2 modulegions of
MCN (n=7, A moduleregion,mean 7245%, A2 moduleregion,mean 7345%) when
compared to saline injected animds<005,t = 2.2 (A),t = 2.4 (A2),df = 12, posthoc
permutationest with BonferroniOs correction) most likely reflects a reduction in
nociceptorevoked activity. It should be noted however that, althdbgle wasan
increase in numbers of FLI in the A2 modugionin pinchwhen compared to
anesthetic controlshis difference was not statisticallygnificant(P > 0.05,t = 1.67,df
= 12, posthocpermutation-test with BonferroniOs correctiofihis may reflect the
intensity of nociceptor stimulation that is required to activate significantly more neurons
in this particular module; stereotaxic procedures most likely evoke persistent/inescapable
nociceptive inputs when compared to pinch of thaus.

It would be of considerable interest to determine the effects of vVIPAG activation
on responses in the cerebellar nuclei to proprioceptive stimulation. However, the design
of the Fos experiments precluded this as it would have been impossible to produce
reproducible synchronised peripheral stimulation and vIPAG stimulation, given (i) the
transient effects of PAG chemical stimulation and (ii) the nature of the peripheral
stimulus; manipulation of the limb.

In sum, the FLI data are consistent with effects of vVIPAG action on cerebellar
outflow and in agreement with previous studies (Koutsikou et al., 2007), microinjections
of DLH into the VIPAG also producesitransient reduction in blood pressure (on average
by 16.2 + 6.4nmHg), whereas microinjections of saline did not produce any detectable
change. The locations of microinjections of DLH and saline into the VIPAG were
confirmed histologically (Fig.d. Two saline and 2 DLH cases were found to be within

500" m of the lateral border of the VIPAG. However, injections of DLH from these
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locations produakdepressor effects thatre indistinguishable to those evoked from
within thevisible boundaries of thdPAG.

The changes in blood pressure raise the possibility tedlthresults may be due
to autonomic effectdn 4 animals the effects of intravenous injection of sodium
nitroprussideverethereforealso testedat a dosel(00 ndhl) sufficient to mimic the
depressor effects of VIPAG stimulatidn every case thidid not evokesignificant
differencesin the number oFLI cellsin all regions ofMCN, when compared to nen
surgical cotrols (Fig. 4b).

Characterization of cerebellar field potentials in awake rataving
demonstrated in anesthetised animals poweifidrential effects of vVIPAG activation on
the ability ofspincolivary pathwaygo relay sensory inputs of different modality to the
cerebellum; and on output from the cerebellar nualeinext sought to examine the
effect of natural PAG activation mbehavioal setting To achieve this, we developed a
novel stimulatiorrecording technique that allowed ustonitor, in awake behaving rats,
peripherally evoked (hindlimkjerebellafield potentialf CFPs)in the copula pyramidis
(COP,in thecerebellarcortical component of th€1 module, termed the Cdone;Fig.
5a-b). We focussed our attention on transmission in spino-olivocerebellar paths that relay
information from hindlimb afferents to the cerebellar C1 zone because these paths
include direct spino-olivary projections that are thought to be especially concerned with
the modification of voluntary and reflex limb movements, and because there is extensive
knowledge of the anatomy and physiology of this particular cerebellar cortical zone in
rats (Atkins and Apps, 199Teune et al., 1998aker et al., 200LPardoe and Apps,

2002 Pijpers et al., 20Q5Ackerley et al., 2006Pijpers et al., 2006).

Consistent with previous results in anesthetised rats (Atkins and Apps, 1997
Cerminara et al., 2009) electrical stimulation of the ipsilateral hindlimb evoked robust
CFPs that were localised to specific recording sites within the cerebellar ¢eéigesa-

). Also, by simultaneously recording neck EMG, we were able to demonstrate that these
field potentials were not likely to be a far-field muscle response since they increased in
amplitude as a function of stimulation intensity that was independent of responses
detected in neck EMG. Evoked neck EMG activity was only observed when the stimulus

intensity was over 3 times the threshold (T) to evoke a detectable evoked cerebellar field
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(for EMG: P > 0.05,F (3, 27) = 0.90; for CFP® < 0.0001 F (3, 27) = 52.64, repeated
measures ANOVA wh Dunnett's post test versus baselmes 7 rats, Fig. 8).

Consistent with previous studigstkins and Apps, 1997Teune et al., 1998
Jorntell et al., 200Maker et al., 2001&ardoe and Apps, 20p&dividual cerebellar
recording sites were identified as being located within the hinellenabiing part of the
C1 zone in COP by their location in the medial part of the paravermal cortex and by the
presence of CFPs evoked by low intensity electrical stimulation of the ipsilateral
hindlimb (Fig. &). During implant surgery under sodium pentobatlaitesthesia the
onset latency of these CFPs was 16 £+ 0.1ms with latency to peak of 19.5 +rl=0ms (
rats). These latency measurements agood agreementith previous studies in
anesthetised ra{&tkins and Apps, 1997 However, in the awake smnal the onset
latencyof responses recorded at the same recordingcsitesstently shifted significantly
earlier to an onset of 12.5 £ 0.1ms and peak of 15.9 + 0.5ms, respecBvedyQQ1,t =
5.8,df = 6, pairedt test,n = 7 rats). No systematidifference was evident between onset
latency of individual CFPs and recording position in COB Q.05,F (2, 11) = 0.29,
Oneway ANOVA with BonferroniOs peggst,n = 14 rat3.

The CFPs displayed the following features typical of climiiber field
potentials: (a) an onset latency that was always greater than 10ms (spino-cerebellar
mossy fiber responses have shorter latencies); (b) a highly characteristic waveform with a
duration of around 5ms that was always shorter than responses attributable to activity in
longer latency mossy fiber paths (Kennedy et al., 1M&Bissette and Bower, 1996); (c)
trial-by-trial fluctuations in response size; and (d) their pattern of response to a paired
pulse test was typical of climbing fiber responses. When two supramaximal stimuli were
delivered at interstimulus intervals ranging from 30 to 60 ms, the second response always
exhibited a reduction in size (Eccles et al., 2%@®nstrong and Harvey, 1968) = 7
rats; red dashed line, Fige)5An initial shorter latency response (presumably related to
mossy fiber inputs) was also sometimes present, which had an onset latency of 6.0
0.3ms (= 14). These earlier responses displayed no change in amplitude to a paired
pulse test and were not studied further (black dashed line,d¥ig. 5

Additional evidence that the longer latency CFPs were climbing fiber in origin

was obtained in 6 animals, in which we recorded single Purkinje cell activity at the same
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cerebellar corticalecording sites wherthe largest field potentials were evoked. In every
case complex spike activity was evoked at a latency similar to that of the field petential
(13.1 + 1.4 msn = 6, Fig.5f). Taken together, these data therefore suggest the longer
latency CFPs recorded ihe awake animal were mainly climbing fiber in origin.

Having characterised the hindlimb evoked CEPsnainly, if not exclusively,
climbing fiber in origin(and therefore relayed vépincolivocerebellar paths, SOCPs
we were in a position texamine lhe effect of artificia(DLH-evoked)and natura(fear
evoked activation of the vIPAG on tlvreamplitude Firstly, in oneawakerat sitting
quietly at rest in its homeage we injected DLH vianindwelling bilateralcannula to
chemically activate thelPAG whilst electrically stimulatingt regular intervalthe
ipsilateral hindlimbat low intensity(1.5x threshold for a detectab{&-P, every 1.5s; see
methods for further detailshs a resulive were able tononitor any changes in CFP
amplitude andhtusany modulation o6OCPtransmissionn the awake animddefore,
during and aftedirectchemicalactivation of vIPAGneurors. Following injection of
DLH (dotted vertical lineFig. 6a), the animal displayed a marked increaskarzing
like behaviorfrom a baseline 050%atrestpre-DLH (indicated bytheleft handlight
gray horizontalbarin Fig. 6a) to 95%freezinglike behavior(indicated bythe blackbar
in Fig. 6a). Concomitant with the increasefmeezinglike behavior evoked CFPs
decreased in amplitude lapout30% (from 0.48 + 0.02mV to 0.34 + 0.01rm\thenover
a period ofabout500s slowly returned to baseline levelsfasezinglike behavior
subsided (0.49 + 0.04V; right handight graybar). Post mortem histogy confirmed
the location of the cannulae within VIPAG (Féip).

Climbing fiber fieldsare reduced during freezing behavi@vhilst results
obtained from a single animal should be considered with caution, nonethesesdatee
areproof of princide that SOCP transmissiotan be reduced byPAG activation in the
awake animalThisis in full agreementvith moredetailed analysipreviously obtained
under anesthes{@&erminara et al., 2009As a resultwe went on toexamine the effects
on SOCP transmissionf behaviorally more relevant activation\dPAG. Using a fear
conditioning paradigm, which is known to activaeurors in the vIPAGCarrive et al.,
1997 we examined theffects onSOCPtransmissiorduring freezing ig. 6¢). As
SOCPs are known to be gatharingmovementLidierth and Apps, 1990 pps, 1999
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646 Apps and Lee, 199%pps, 2000 we restricted our comparison of evoked CFP amplitude
647 to periods of quiescence (animals at resheir home cagelisplaying no movemejt

648 andperiods ofconditioned freezing (in response to a previously conditioned auditory
649 tone, CS).

650 During CS evoked freezing, the amplitude of CFPs was moderately but

651 statisticallysignificantly decreased compared to responses recorded duresgence

652 (on average CFRnplitude reduced by 20 = 2%,< 0.001t = 8.8,df = 4, paired test,n
653 =5; Fig. &). To identify freezing epochs we also recorded neck EMG during behavior
654 (Steenland and Zhuo, 2009). Concomitaith the decrease in CFP amplitude thees

655 also a tonic increase in neck EMG amplitude during freezing epochs compared to
656 quiescence (average increase of 25 +F €0.05,t = 3.8,df = 4, paired test;n=5

657 animals, Fig. ).

658 Taken together with our previous work (Cerminara et al., 2R08tsikou et al.,
659 2014) these results therefore suggest that, under certain conditions, VIPAG can both
660 decrease excitability in SOCPs and at thea timeincrease excitability in spinal motor
661 circuits. Given that similar phenomena would seem to be present in bokie awe
662 anesthetised preparations, our final set of experiments explored whether thistibifere
663 modulation by the VIPAG can occur simultaneously.

664 Simultaneous gating of SOCPs and modulation of motor oufflowetermine

665 whether neurons in the VIPAG can simultaneously gate sensory transmission to

666 supraspinal motor systems (cerebellar evoked responses) and modulate spinal motor
667 outflow (! -motoneuron excitability), DLH was microinjected into the vVIPAG of

668 anesthetized rats and recordings made simultaneously of CFP and spinal H-reflex
669 responses. Figuraillustrates typical examples of averaged raw data from a single
670 experiment. Low intensity electrical stimulation of the tibial nerve evoked CFPs in the
671 ipsilateral COP (C1 zone, Fig. Teand H-reflex responses in the ipsilateral hindlimb
672 (Fig. 7a-ii). In this case microinjection of DLH in VIPAG caused a transient abolition of
673 the CFP (preAGvsPAG,; Fig. 7a-i), whilst simultaneously increasing the amplitude of
674 the H-reflex response relative to baseline response size (pre$&5; Fig. 7a-ii). On
675 average, neuronal activation of VIPAG significantly decreased the amplitude of the CFP
676 by 89.8+ 1%1=5,P <0.0001F(2, 72) =92.46, repeated measures ANOVA followed
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by DunrettOgost test versus prePAGatched barssig. 7b), and significantly increased
the peakto-peak amplitude athe Hreflex as indicated by an increase in the H:M ratio of
38.8 £ 0.4%1=5,P=0.0025F(2, 72 = 10.45 repeated measures ANOWéllowed

by DunrettOost test versus prePAGpen barsFig. 7b). Both the CFP and 4reflex
responses returned to baseline levels withirl@rAin period following VIPAG

activation. Posmortem histological reconstruction confirmed that the microinjections of
DLH were all located within vIPAGN(= 5, Fig. 7c). The efects of vIPAG on dorsal
hornneurons described abor@ay affect motoneuronal outpat a spinal segmental

level. For example projedion neurons in the dorsal howhich may besubject to
descending contrdlave been shown to have collateral projectiorthé¢ ventral horn
(Szucs et al., 20)0Nonethelesgheseadditional experimentstill provide strong

evidence that vVIPAG can orchestrdifferentialchanges imscending sensorimotor

projectionsandspinalmotor systems simultaneously.

Discussion

Despite the fundamental importance of motor behaviors evoked from the PAG, including

freezing ceordinated by its ventrolateral sector, virtually nothing is known of the

underlying neural pathways and mechanisms. The current study has provided novel

insights into thigsssue Importantly, we show that modulation!eimotoneuronal ciput

and fearevoked freezing behaviaan occur simultaneouslyith modulation of SOCRs

presumably in a cordinated wayand perhaps reflecting a common spinal mechanism.
Effects of VIPAG on spinal processing in4oexebellar pathwaysThis is the first

descriptionin the ratof thephysiologicalcharacteristicef spinc-olivary neuronsAs

detailedin theMethods, rurons were classified by their responses to cutaneous (noxious

and nonnoxious) and proprioceptive inputs (limb manipulajidrhe proportions of

spinaolivary neurons in each class are similar to those described for unidentified (non

projection)deepdorsal horn neuron®ates and Lumb, 199McMullan and Lumb,

2006k Waters and Lumb, 2008including cells of origin othe spinothalamic tract

(Chung et al., 1979Spincolivary projections are relayed via the ventral funiculus

SOCP whichnvolvesa number osubpathsthat targeterebellar modules includirie

A, A2 and AXzonesn the vermis and the hindlimb Gbnein the paraermis
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708 (Oscarsson and Sjolund, 197The present characterization of dorsal horn activity and
709 evoked CFPs in response to VIPAG activation therefmladed transmission ithe same
710 general category of ascending pathwdysese pathare thought to forward information
711 to the cerebellumabout activity in segmental reflex circuits.terms of projections tthe
712 A modulessuchsignals are presumabtpncerned witlthe controlof balance and the
713 postural base for voluntary movemenitgluding eye and head moveme(@erminara
714 and Apps, 2011 while signals forwarded tthe hindlimb component of the C1 module
715 may beinvolved in the adaptive control of peripherally evoked reflexes during

716 locomotion(Lidierth and Apps, 19907pps et al., 199 ijpers et al., 2008

717 Ourdorsal hon recordings of spinolivary projection neurongrovide evidence
718 that descending contralising from the PAGelectively reduces transmissionspinc

719 olivary pathsof acutely generatedociceptive signalsThis selective control of cutaneous
720 inputis cansistent with previous studies of descending control of dorsal horn cells
721 (Heinricher et al., 2009including those that project supraspipauch asspinothalamic
722 tractneuronsThis raises the possibility théne spineolivary tract may consist, at least
723 in part, of collaterals ahe spinothalamic tract. However there is no direct evidence for
724  this and our previouanatomical pathway tracirgjudies indicate that this is unlikely to
725 be the casélavell et al., 2011

726 Our dorsal horn recordings also found that transmission choaious,

727 proprioceptive (presumably mainly group | afferesignals is enhancedanovel finding
728 with important implicationsi-rom abehavioal pespective it has been proposed that, in
729 active and passive defence scenamdeen the PAG is engaged, such selectivity would
730 depress nociceptive input thattuld distract an animal from carrying daghavios

731 necessary for survivaand leave intact nenoxious information that provides precise
732 information with the capacity to direct motor activity to promote sun{ivamb, 2004.
733  We have reported previously that descending control of spinal transmission of non
734  nociceptive information of cutaneous origin may be facilitégthe PAG(Waters and
735 Lumb, 2008 and other site@Norkman and Lumb, 199Bimpson et al., 20080ur

736 finding thatvIPAG can alsdacilitate proprioceptive input to preerebellar pathways

737 provides a mechanism whereby informatioym spinal circuits involved in monitoring

738 limb position and movement can be enhanced so refining sensory input that directs motor
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control.Such an effect isntirely consistent with a role for the PAG inaalinating
motorbehavios in defence situations.

However enhancement of transmission of proprioceptive signals via-spino
olivary projectionswould seem to conflict with our additional finding that trarssian
of low threshold sensory signals is reduced in SOCPs targetihgntiienb C1 zonen
COP. Thisapparentiscrepancy may be explained by previous studies in decerebrate and
pentobarbitone anesthetised cats who reported that transmission of groppdageptive
signals in SOCPs arising from hindlimberves is weak and ariskem specific
ipsilateral hindlimb nerves, notably quadriceps and gastrocrealeiss nerves, and is
relayed only when these nena®repetitively stimulatedArmstrong et al., 1968
Oscarsson, 1968The stimuls location angharameters used in the present experiments
to electrically evoke activity in SOCRsay therefore have been insufficient to activate
group | afferentselayedvia this route Also, whilst considerable convergence from
nerves subserving different modalitissa consistent feature of the climbing fiber system,
nonetheless, cerebellar zones can differ in their pattern of afferent input. For example, the
C1 zone receives nociceptive cutaneous afferents while the neighbouring C2 zone does
not (Garwicz et al., 1992 This raises the possiltyl that proprioceptive afferents are
directed to specific parts of the cerebeltortexnot studied in the present experiments
(e.g. hindlimb receiving areas in the anterior lobe or vern#it§o, more generalised
suppression of sensory input might desnom a contribution of supraspinal, as indicated
by our previous finding@Cerminara et al., 2009 addition to spinal gating as described
in the present study.

Thepresent study also provides evidence for a strong nociceptive drive to neurons
in theMCN. MCN has extensive connections with brainstem struc{regne et al.,
2000, including cells of origin of motor pathways that regulate head movements, posture
and proximal limb movement#o, 1984. Activation in the VIPAG caused a reduction in
the numbers of FLI neurons in response to nociceptor stimulation that was restricted to
regions ofMCN associated witthe A and A2 modules. These regionsMEN have a
complex pattern of projections to numerous brainstem structures, including the vestibular
nuclei medial reticular formatioand superior colliculuéTeune et al., 20Q0Activation

of these circuits by noxies peripheral stimuli could therefore result in adjustments in

25



770
771
772
773
774
775
776
777
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798
799
800

orientation and body posture that might compromise appropriate motor responses in a
feaiful situation. The present data indicate that activation of the VIPAG depresses
nociceptorevoked resporesin theMCN and, as a consequentgs couldenhance
survival by limiting the impact of nociceptive input on the execution of motor responses
in fearful situations

Co-ordinated effects osensonmotor systemsn two separaténes ofenquiry
one in anesthetised and one in awake animalsrax@deevidence that the vVIPAG has
the capacity to cordinateeffects on motobehaviour together with transmission in
SOCPs aassessed by monitoring changes in CFPs to electrical stimulation of the
ipsilateralhindlimb. The data are consistevith our previous report in asthetised rats
(Cerminara et al., 200%.e. that vVIPAG activation causeseduction in transmission in
SOCPsbutthe present studgxtends this to shothatthis iscloselylinked tofreezing
behavior

We have previously reportddcilitation of! -motoneuronal activitfrom vIPAG
as measured by an increase Hndflex excitability(Koutsikou et al., 2014 and have
suggested that this effect might contribute to the role of the PAG in freezing, which
involves a generalisedhd sustained increase in muscle toreken togethewith our
current resultsn both amsthetised and awake animalss suggest that localised pools
of neurons in the vIPAGimultaneouslyo-ordinateeffectson sensory transmission in
SOCPs and on mot outflow. The underlying neural circuits remain to be fully
characterised. However, it may be relevant to note that direct connections exist between
the VIPAG and the inferior oliveRutherford et al., 1984Holstege, 1988Van Bockstaele
et al., 1991Watson et al., 20)3Such a projection may play a role in gating SOCP
transmission, although it should be emphasized that the modulation could occur via other
indirect pathways. With regard WPAG influence on spinal reflex circuits, our previous
studies have shown ththiis is dependent on a transcerebellar circuit involvegnal
lobule VIII (the pyramisKoutsikou et al., 2014).

Functional SignificancéNe suggest that the differential gating of nociceptive
cutaneous and proprioceptive informattorthe cerebellurby the vIPAG together with
the enhancement of motor outflow may contribute to the generation of appropriate motor

responses associated with freeZiegpavior More specifically, the engagementoof
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ordinatednfluences from the vIPAG promotes a conditignere the animal is ready
(enhanced proprioceptive input and increased muscle gcgoipromotinglirected
active copingoehavior Walker and Carrive2003 and ableo escapélesslikely to be

perturbedoy noxious sensorynformation), thus assisting survival.
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Figure Legends

Figure 1. Characteristics of spinrolivary projection neurons, Typical single case
example of antidromic testing, demonstratfi)ghe constant latency of the
antidromicallyevoked spiké5 consecutivérials superimposex (ii) ability to follow

high frequency stimulation (208z) and (iii) collision (asterisk) with an orthodromically
evoked spikeb, Mean £ SEM of the thresholds € 5) for antidromic activation as a
function of the position of the stimulating electrode in the inferior olivary complex (10).
Zero indicates the location of tkémulating electrode at a depth where the minimum
current was required to evoke an antidromic spike. This location coincided
stereotactically with the 10 and was confirmed histologicallfpistribution of the
antidromic activation latencies of all spiolivary neurons according to receptive field
class, including neurons with unidentified peripheral receptive field (No &F).
Histologicalidentificationof location ofstimulation sitesn the 10 (twosites were not
recoverejlplotted onstandardrarsverse maps of the IMAO, medial accessory olive;
DAO, dorsal accessory olive; and PO, principal QID€, dorsal cap; VLO, ventrolateral

outgrowth). Purple, Class 1; Green, Class 2; Red, Class 3; Blue, Class 4.
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Figure 2. Ventrolateral PAG stimulation selectively alters responses to different qualities
of sensory input of spinolivary projection neurons, Typical example of the response
of a Class 2 neuron to noxious pinch (3.6N): qséimulus time histogranPSTH,spikes
per 1s bin) are shown before (prePAG) and during (PAG) ventrolateral (vl) PAG
chemical excitationDotted horizontal linén each othe PSTHsndicates the onseand
durationof the peripheral stimulus. Bar chart shows the average effect of VIPAG
stimuation on all Class 2 neuronal responses to noxious pmsh/(neuron$ before
(prePAG), during (PAG) and after (postPAG) microinjection of DLH into vIPBG.
Same as A except example Class 2 neuron response to innocuous pressure{@5N;
neurony. ¢, Same as A except example of Class 3 neuron response to noxious pinch
(3.6N;n = 6 neurong. d, Same as A except example of Class 4 neuron response to
innocuousanklejoint manipulation it = 8 neurony. All data are expressed as mean +
SEM of normalizedpike counts in response to natural stimuli on the receptive field. *
<0.05, *P <0.01 ** P <0.00] **** P < 0.0001 using epeated measures ANOVA
followed by DunnettOs post test versus preRABxample of the response of a single
Class 1 neuron tmnocuous pressure (0.5N9STHas described in. f, Standard
transverse maps of the left PAG at 3 rostrocaudal levels to show histological
reconstruction of injection sites in all but 3 cases in which tissue could be recoirered
every casehe site ofinjection was verified physiologically with a transient drop in blood
pressure in response to microinjection of DLH into vIPAG-dBdinates are relative to
bregma (DM, dorsomedial; DL, dorsolateral; L, lateral; VL, ventrolateral). Purple, Class
1; GreenClass 2 (noxious pinch); Green with black outline, Clas®Ri¢us pinch &

innocuous pressure); Red, Class 3; Blue, Class 4.

Figure 3. Effects of noxious stimulation and vIPAd&tivation on FLiexpression in the
A and A2 subdivisions of the cerebellar nucéeiStandard transverse sections of the
right handcerebellar nuclei showing distribution of FLI neurdois4 experimental
groups. From left to rightnicroinjection of(i) saline into VIPAG 1§ = 7), (ii)
microinjection of DLH into VIPAG it = 7), (iii) anesthetic controh(= 8),and(iv)
noxious pinch of the snouh £ 6). Each individual dot represents one FLI neuron.

Results from all animals in each group averlaid b, Mean number of FLI neurons per
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1047 section in the A and A2 subdivisions for animals in each experimental dgvatgpare
1048 represented as mean +SEMP < 0.05,posthocpermutation-test with BonferroniOs
1049 correction.c, Standard transverse maps of the left PAG at 2 rostrocaudal levels to show
1050 histological reconstruction oihjection sites oDLH (filled circles) and saline (open
1051 circleg. Abbreviations: néSTx; no stereotaxy involved in experimeing (no nose clamp
1052 orear barsvere usejl STx; stereotaxy involved in experimentg.(nose clamp and ear
1053 barswere usel

1054

1055 Figure 4. Effects of noxious stimulation and VIPAG activation on FLI expression in the
1056 AX subdivision of the cerebellar nuclei and control experimetitts nitroprussidea,
1057 Mean number of FLI neurons per section in the AX subdivisicghemMmedial cerebellar
1058 nucleus (MCNYor animals in each experimental group. Matisticallysignificant

1059 differences were observed between growipls microinjection ofsaline into VIPAG I =
1060 7), microinjection of DLH into VIPAGr{= 7), anesthetic controh & 8), and noxious
1061 pinch of the snoutn(= 6, P > 0.05, permutation or@ay ANOVA). b, Mean number of
1062 FLI neurons per section in different subdivision®&N for anesthetic contrqAnegh)
1063 and nitroprussidéNitro) control groups. No significant differences in FLI in MEN
1064 were observed between animals administered with sodium nitroprusside (n=4) and
1065 anesthetic control animals (n=8> 0.05, permutation oreay ANOVA).

1066

1067 Figure 5. Characterisation of hindlimb evokedrebellar field potential CFPS3 in

1068 awake rata, Superimposition 08 consecutive field potentials evoked by electrical
1069 stimulation of the ipsilateral hindlimb (1.5x threshold) in an awake laikts onset
1070 indicated by filled arrowheadb, Sagittal section of cerebellum showing electrode
1071 position (lesion indicated by filled arrowhead) from which recordings shova) ingre
1072 made.c, upper two traces: exampdwerage field potential waveformb)(consecutive
1073 trials) recorded simultaneously from two positish®wn in the sagittal section thfe
1074 cerebellumLower trace, simultaneously recordeeck EMG.d, Stimulusresponseurve
1075 for CFPs(red dashed lineand EMG black dashed linefollowing ipsilateral hindlimb
1076 stimulation 6 = 7 rats). Stimulus intensity expressed as multipleékreshold (T)

1077 required to evoke a detectable cerebellar respensbe effect of paired hindlimb
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stimulation on the amplitude tfieearly plack daskd ling and late componentgd
dashed lingof evokedCFPsrecorded inCOP(n = 7 rats) f, Example CFRupper trace)
andindividual Purkinje celcomplex spike (lower trace) evoked by ipsilateral hindlimb
stimulation (indicated by filled arrowhead) reged from the same positiam COPin

one ratCl, crus I; Cll, crus Il; COP, copula pyramidis; PML, paramedian lobule.

Figure 6. Evidence of modulation in olivocerebellar pathway transmission during
freezing. a, In one animal, the excitatory amino acid DLH was injected (100nl, 50mM,;
dashed line indicates time of injection) into the vIPAG whaleordingCFP responses
evoked by ipsilateral hindlimb stimulatioDLH injection resulted in a reduction in CFP
amplituce together with a robust expression of freedikg behavor (horizontal black

bar indicates period in which the rat spent 95% of time in frediadyehavior; light
graybars indicate baseline (55%) and recovery (52%) levels of inactivity, respectively
b, Camera lucida drawingf transverse view dPAG (-8.16mm relative to bregma),
showing location of bilateral injection cannulae (indicatedillyd area3. ¢, Groupdata
from fear conditioning experimeniis whichtheamplitude of evoke@€FPs was
measuredduring periods of spontaneous inactivity (open bar, prior to fear recall) and
during identified freezing epochs (filled bar, following exposure to previously
conditioned stimuli). **P < 0.001, paired-test;n = 5 rats).d, EMG amplitude during

the same conditions as io) (* P <0.05, paired-test;n = 5 rats).dm, dorsomedial PAG;
lat, lateral PAG; dl, dorsolateral PAG,; vl, ventrolateral RAG

Figure 7. Activation of VIPAG results in simultanegudifferentialmodulation ofSOCP
transmissiorand spinal reflexircuits.a-i, exampleclimbing fiber field potentials (CFP)
recorded from the surface of the cerebellar cortex (C1 zone cbjaitapyramidig and

a-ii examples of averaged-Mave (M) and Hreflex (H) responsesecorded from the left
plantaris musclat the same time asi aAll responses were evoked by electrical
stimulation of the ipsilateral tibial nerve (<1mA). Each example consists of five
consecutive responses averaged before (prePAG) and during (PAG) VIPAG chemical
excitation with DLH. Arrows indicate onset of the electrical stimulugGroup data

(mean £ SEM) showing that microinjections of DLH into the VIPAG facilitate the mean

34



1109
1110
1111
1112
1113
1114
1115
1116
1117

H-reflex amplitudeexpressed relative to tise&ze of theM-wave (H:M ratio) during

(PAG) VIPAG neuraal activationopenbars;left Y axis;n=5,** P = 0.0025F(2, 72 =
10.45,repeated measures ANOM#llowed by DunmettOpost test versus prePAG
Simultaneously, VIPAG excitation reduces CFP responses evoked by the same electrical
stimulus patchedars;right Y axis;n=5,**** P <0.0001,F(2, 72 = 92.46,repeated
measures ANOVAollowed by DunettOgost test versus prePA®, Standard

transverse maps of the left PAG to show location of injection sites of DLH in the VIPAG
(filled circles).Coordnates are relative to bregma (DM, dorsomedial; DL, dorsolateral;

L, lateral; VL, ventrolateral).
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