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Abstract

A comprehensive understanding of how the brainaedp to a changing environment requires
techniques capable of recording functional outaithe whole-brain level in response to external
stimuli. Positron emission tomography (PET) is aguasitely sensitive technique for imaging brain
function but the need for anaesthesia to avoid anoéirtefacts precludes concurrent behavioural
response studies. Here, we report a technique cbrabines motion-compensated PET with a
robotically-controlled animal enclosure to enabimudtaneous brain imaging and behavioural
recordings in unrestrained small animals. The teglemwas used to measure in vivo displacement
of [**C]raclopride from dopamine D2 receptors (D2R) corently with changes in the behaviour
of awake, freely moving rats following administaati of unlabelled raclopride or amphetamine.
The timing and magnitude of'C]raclopride displacement from D2R were reliabliireated and,

in the case of amphetamine, these changes coincididd a marked increase in stereotyped
behaviours and hyper-locomotion. The techniquerefbee, allows simultaneous measurement of
changes in brain function and behavioural respotsexternal stimuli in conscious unrestrained

animals, giving rise to important applications ghlvioural neuroscience.

Keywords: Awake animal PET, behaviour, kinetic modelling, mntcorrection, dopamine D2
receptors, drug challenge



19
20
21
22
23
24
25
26
27
28
29
30
31
32

33
34
35
36
37
38
39
40
41
42
43
44
45
46
47

48
49
50
51
52

1. Introduction

Interactions between an animal and its environnaet complex. How these interactions are
encoded in the brain and used to guide future bhebtavs an area of intense study, exploiting a
wide range of microscopic and macroscopic measurenechniques such as patch clamp
recordings and 2-photon imaging (Chen et al. 20E8). the most part, these techniques are
performed with the animal under anaesthesia amifjadly fixed in a stereotactic frame. More
recently, several of these methods have been eedetwl enable localised recordings in awake,
freely moving animals following surgical implantati or attachment of the requisite probe (Belle et
al. 2013, Helmchen et al. 2001, Vyazovskiy et &l1D). However, these methods are invasive,
prone to imprecise sampling of the neuronal poparabf interest and confined to small pre-
determined anatomical regions of the brain. A mooenplete understanding of how the brain
responds to a changing environment requires neWnigges capable of recording functional
outputs at the whole-brain level in response tema stimuli, while retaining cell and receptor

type specificity.

High resolution small animal positron emission tgmaphy (PET) has the potential to advance our
understanding of the signalling pathways involvedcognition and behaviour under normal and
pathological conditions. With the appropriate cleoat positron-emitting radiopharmaceutical, this
method provides a quantitative 3D map of blood flometabolism or receptor-ligand binding
throughout the rodent brain, including animal medaf disease (Chatziioannou 2002), with pico-
molar sensitivity. Importantly, since PET is a namasive, non-terminal procedure, it also enables
the longitudinal study of these processes duringnab development and disease progression,
including responses to therapeutic interventioneavironmental stressors. Conventional PET
technology requires the animal to remain motionlds®ughout the 1- to 2-hour scanning
procedure, typically achieved by anaesthesia agid fixation of the head. However, the routine
use of anaesthesia not only perturbs many of theotwmgical parameters of interest, such as blood
flow, neural-hemodynamic coupling and receptor lmgdNakao et al. 2001, Tantawy et al. 2011),
it also precludes the use of functional imagingédlate changes in neurotransmitter activity and
receptor binding to behavioural adaptation in respao environmental cues or drug administration
(Cherry 2011).

Several approaches have been developed in an attempitigate the confounding effects of

anaesthesia, although limitations with all of thesgthods have restricted their utility. For example
one approach is to inject the PET tracer, thenrésgnt the desired stimulus while the animal is
conscious, and later to anaesthetise the animaii@aging (Thanos 2013). This approach is mainly
limited to PET tracers that are irreversibly trappe the cell, such as 2-deoxy-2H]fluoro-D-
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glucose (FDG), thus allowing a delayed ‘snapshoiige of brain function that reflects the peri-
stimulus state. While similar methods have beerd useconjunction with reversible receptor-
binding PET ligands (Patel et al. 2008, Tantawyakt2011), they do not enable real-time
measurement of transient changes in receptor lgratithe onset of the stimulus. Another approach
is to rigidly attach a miniature PET detector rioghe head of the animal (Vaska et al. 2004, Shulz
et al. 2011). Although this method enables dynaimiaging of awake rats with receptor-binding
PET ligands, together with a limited range of bebaral assays, it requires invasive surgery to
attach the imaging apparatus to the head and éngarof the attached detector ring restricts ratur
movement of the animal. Finally, the feasibility tethering the skull of a mouse to a rigid head
fixation device while undergoing PET imaging in thenscious state has been demonstrated
(Mizuma et al. 2010). However, this technique resgliiextensive training and acclimatisation,
provides for only a limited variety of behaviourasponse assays, and is subject to the confound of

stress-induced physiological changes.

To overcome these limitations, we developed an digdsh PET imaging technique that enables the
brain of an unrestrained rat to be imaged in an adified small animal PET scanner, while
simultaneously recording behavioural outputs follayvthe delivery of controlled stimuli. The

technique combines advanced motion estimation aatiomcompensated image reconstruction
methods, a robotically-controlled animal encloswenducive to behavioural testing, and a
tracer/drug delivery protocol that accommodatesealy moving animal. Here we describe the
open-field PET system and associated methodologg demonstrate the simultaneous
measurement of changes in regional D2 receptor JO#RJing and behavioural responses to

pharmacological stimuli in conscious, unrestrairegd.

2. Methods

2.1 Open-Fied PET System Overview

The open-field PET system comprises a commercidl 8&nner, optical motion tracking and a
custom designed motion adaptive animal enclosuigclad to a 6-axis robotic arm (fig. 1a).
Motion tracking (fig. 1b) from both ends of the PEa&ntry enables measurement of the changing
position and orientation of a small lightweight kear attached to the forehead of the animal (fig.
1c, d). Reconstruction of quantitatively accuratation-corrected PET images requires accurate
calibration and synchronisation of head pose estismaith data acquired by the PET scanner
(Kyme et al. 2008, Kyme et al. 2012) and an evenglent (list mode) motion-corrected image
reconstruction algorithm (Rahmim et al. 2008).
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Figure 1: Open-field PET experimental setup

(a) The experimental setup for the open-field PEGhhique, consisting of an unmodified small

animal PET system, a robot-controlled animal enol®snd optical motion tracking devices at the
front and rear of the PET gantry; (b) the cathegatj freely moving animal connected to a syringe
pump (not visible in this figure) via a swivellegection line; (c) the motion tracking system which

uses a pair of CCD cameras to determine the rigdistmotion of three printed markers, one small
lightweight marker attached to the animal’s foreh@a and d, scale bar = 1 cm), another marker
attached to the enclosure, and a third markertegthto the PET scanner (not visible in this figure)

2.1.1 PET scanner. The open-field PET system is built around the nB&® Focus 220 preclinical
PET scanner (Preclinical Solutions, Siemens Heatthtolecular Imaging, Knoxville, TN, USA),
which comprises lutetium oxyorthosilicate (LSO)rgitiation detectors coupled to photomultiplier
tubes. The Focus has a bore diameter of 220 mranpaaxial FoV of 190 mm and an axial FoV of
76 mm. Spatial resolution and coincidence photdedi®n sensitivity at the centre of the FoV are
1.3 mm FWHM and 3.4%, respectively (Tai et al. 2008l data were recorded in list mode

(event-by-event) format and stored locally for io#l processing.

2.1.2 Motion tracking. Two MicronTracker Sx60 binocular tracking syster@atoNav, Toronto,
Canada) were located at opposite ends of the scéume (fig. 1a) to track the rigid-body pose
(position and orientation) of the animal’'s head &mel enclosure with 0.2 mm (RMS) positional
accuracy. Both trackers were oriented at 45 degdeetnation and positioned 0.5 m from the
centre of the scanner FoV in accordance with themiged geometry described in Kyme et al.
(2012).The two trackers were spatially calibrated to aiwmmn reference frame in which all marker
measurements were reported, regardless of whickeractually detected the marker. The tracking
frame was also cross-calibrated to the PET framéh&oPET lines of response could be corrected

for motion offline.

Three separate markers were tracked during ourriexgets: a marker attached to the animal’s

head (fig. 1c, d), a marker attached to the mownglosure (fig. 1c), and a reference marker
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permanently fixed to the PET gantry. The referemagker enabled convenient updating of the
tracker-scanner cross-calibration in each new exgwert without having to repeat the cross-
calibration procedure. Details of this approachdescribed in Kyme et al. (2011). The enclosure
marker comprised two large L-shaped facets, onecaath end of the enclosure. Position
measurements of the enclosure were fed to the wadtoller software (section 2.1.4) in real time
to prevent collisions between the enclosure andrgas the position of the enclosure was adjusted
in response to animal motion. The head marker ceghra single L-shaped facet on a 3D-printed
substrate (fig. 1d), which was affixed to a sméalheed patch on the animal’'s forehead (fig. 1c)
using a drop of cyanoacrylate (super glue). Usimg approach, markers remained firmly attached

to the scalp for several hours.

During an experiment, the changing pose of eactkenavas measured at 30 Hz. The position (i.e.
just the &, y, 2) component) of the head marker was transformetidoPET coordinate frame in
real time and input to the robot controller softevdor adaptive enclosure position control in
response to animal motion. The full pose (i.e. fomsiand orientation component) of the head
marker was stored for offine motion compensatiérthe PET data. Triggering of the front- and
rear-side trackers occurred simultaneously usisguare-wave generator (TTL, positive polarity,
half-duty cycle, 24-30 Hz). Each trigger pulseiat#d sensor exposure for each tracker and also
triggered a square pulse (TTL, positive polarity,ris duration) from the front-side tracker to the
gating input on the PET scanner. Receipt of thiseat the scanner gating input resulted in the
insertion of a gating ‘tag-word’ in the PET evental stream. Matching of these tag-words with the
triggered pose measurements allowed us to syndwothe two data streams for motion
compensation. To enable rapid (5 ms) exposure @D cameras in the tracking systems, we
bounced the light from two 1000-watt halogen woighis off the ceiling to give a diffuse
illuminance of approximately 450 Lux inside the mmoer FoV. The lights were positioned

symmetrically on either side of the scanner, oudicdct sight of the animals.

2.1.3 Animal enclosure. The motion-adaptive animal enclosure is a strutifuregid, lightweight
and minimally attenuating box consisting of mukipBD-printed interlocking sections of
acrylonitrile butadiene styrene (ABS) thermoplastipported by carbon fibre ribs which run the
length of the enclosure and thread the sectionstiieg for additional stability and to resist flegin
about the longitudinal axis. The enclosure is 120 wide and adjustable in length from 200-500
mm. All of our experiments were performed usingiagth of 220 mm. The enclosure is designed
with an optional computer-interfaced lever press mward delivery mechanism. This allows it to

be used during a PET study either as a simple wéisen chamber for studying animal behaviour,



150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184

or as an operant chamber for instrumental conditgrexperiments. A 3D-printed adaptor was

used to secure the carbon fibre ribs and to mdwnéenclosure to the robot end-effector.

2.1.4 Robot positioning and control. The 6-axis robot (Epson C3-A601S, Seiko Corp.adap
used to adaptively position the animal enclosureegponse to animal motion was mounted to a
custom-built trolley adjacent to the PET gantry.eTiobot was programmed to translate the
enclosure in response to measured head movemdmse Translations were sufficiently slow and
smooth to avoid startling the animal. The basic iomotcontrol algorithm for compensatory
enclosure positioning is described in detail in Zhed al. (2013). However, rather than perform
compensatory movements of the enclosure usingettersbased method described previously, we
adapted the algorithm to translate the enclosusagathe exact straight-line trajectory from its
current position to the centre of the scanner {fadldiew (FoV). In addition, whenever the head
marker was obstructed from both trackers (i.e. padated head position information was available),
the robot would automatically return the markethe centre of the scanner FoV based on its last
known position. This ‘recovery mode’ was intended rapidly restore tracking and, thereby,

maintain close to uninterrupted robotic compengataotion.

2.1.5 Motion compensation and image reconstruction. All reconstructions were performed using
10 iterations and 10 subsets of an iterative otistbsets expectation maximisation (OSEM) list
mode reconstruction algorithm incorporating motioampensation according to the method
described in Rahmim et al. (2008). The acquirgenlisde events were pre-corrected for motion on
an event-by-event basis using the pose informatlmained from the motion tracker (Zhou et al.
2008). Corrections for normalisation were includedhin a motion-dependent, time-weighted
sensitivity image (Rahmim et al. 2008), while ewewere corrected for photon attenuation using a
transmission-less calculated attenuation correcipproach (Angelis et al. 2013, Angelis et al.
2014). Scatter correction was not performed siheestatter fraction is <15% for the rat brain. We
also applied a shift-invariant resolution modelidgrthe reconstruction based on an empirically

defined resolution kernel corresponding to the seanesolution at the centre of the FoV.

2.2 Animal Management

2.2.1 Animals. Male wild-type Sprague-Dawley rats were used @ imaging experiments. The
animals were healthy, pathogen-free, drug naivehautinot been used in previous experimental
procedures. For the reproducibility study (sectih), four 10-week old animals (mean weight
304+26 g, range 256-330 g) were scanned on twoecoitise days. For the simultaneous open-
field PET and behavioural response study (secti@y 8hree 15-week old animals (mean weight

8
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442+17.6 g, range 421-465 g) were scanned on tweemutive days. Animals were group-housed
in ventilated cages and maintained on a 12-h:ligHt:tdark cycle with food and wated libitum.

All animal management and experimentation was pexd in accordance with protocols approved
by the University of Sydney Animal Ethics Committaed consistent with National Institutes of

Health guidelines.

2.2.2 Surgery. One week after arrival rats were implanted wittheonic indwelling catheter in the
right jugular vein. Rats were anaesthetised wif@2inhalation isofluorane in oxygen (2 L/min)
and injected with a pre-emptive analgesic (Carprofe mg/kg s.c.). A custom-made catheter
consisting of silastic tubing (internal diameteD)10.5 mm, outer diameter (OD) 1.5 mm, Dow
Corning) was inserted 25 mm into the jugular véemminating in the heart. The distal end passed
subcutaneously to exit posterior to the scapulag tenminated with a 22-gauge back mount
cannula (Plastics One, VA, US). The back mount se=ured in place with a suture and flushed
daily with cephazolin sodium antibiotic (0.2 mL,Qéhg/mL) in sterile saline (0.9%). Following
three days of recovery, heparin (150 1.U/mL) wasleatito the antibiotic solution to minimise
catheter blockage. Catheters were flushed dailir Wéparinised cephazolin for the remainder of
the first week and then every 2-3 days thereaReats were allowed seven days to recover from

surgery before commencing acclimatisation, trairand imaging experiments.

2.2.3 Acclimatisation protocol. One week after surgery thiats were systematically acclimatised
to the imaging environment and open-field apparatwer four days: day 1 was basic
familiarisation with the scanner environment for 8nutes without a head marker or tethered
catheter; on days 2-4 the animals were habituated4® minutes to the full experimental
conditions, including the attached head markeheteid catheter and robotic motion compensation.
The lighting (room lights and auxiliary lights) ammbsitions of all stationary apparatus (video
cameras, syringe pump, computers, motion trackystems and cabling) required for imaging on
days 5 and 6 were identical during the acclimabsasessions to avoid introducing novel visual
cues. Video data were recorded for each animal lieerwe behavioural patterns during

acclimatisation. Posture, gait, respiration andsagtfor all animals were found to be normal.

2.3 Radiotracer and druginfusion

[*'C]Raclopride was synthesised according to Perkiral.(2014). A 30 cm cannula connector
made of flexible plastic tubing (ID 1.93 mm, OD 2.ihm, Plastics One) was used to connect the
jugular port on the scapulae to a stainless steeles (Instech Laboratories Inc.) fixed to the
scanner gantry. Cannula tubing (ID 0.58 mm, OD (896, Microtube Extrusions) was inserted

9
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through the connector for tracer and drug infusiome thick connector tubing provided protection
against the animal chewing through the infusiore.liffrom the swivel, the cannula tubing
connected to a syringe loaded in a syringe pumpv@dd Pico Plus). Altogethethe length of

cannula tubing from syringe to animal was chosegite 320 pL dead volume. This enabled us to
safely load 250 pL of tracer in the infusion lingop to beginning a slow bolus infusion at the star
of the imaging study. The tracer was infused o\&s ®dy pumping 600 pL of sterile saline (0.9%)
through the line at 400 pL.nifn This volume also completely flushed the line otice tracer

volume was expelled. For drug infusion, 140 pL \wasled into the line and infused over 15 s by
pumping 400 pL of sterile saline through the linet@0 pL.min'. The total injected volume for

each rat was 1.35 mL (~5% total blood volume). Bawtle was administered as unlabelled
raclopride in 0.9% sterile saline (100 pL, 2 mgkgAmphetamine was administered as D-

amphetamine dissolved in 0.9% sterile saline (1002mg.kg").

24 DataAnalysis

2.4.1 PET data analysis. Transient changes in physiology following drug adiistration has been
shown to cause time-dependent fluctuations in teatier delivery and clearance (Alpert et al.
2003), thus conventional steady state models amdith Accordingly, decay-corrected PET time-
activity curves were fitted with the linear paranmeetneurotransmitter PET (Ip-ntPET) model
(Normandin et al. 2012), which is a generalisatainthe multi-linear reference tissue model
(MRTM) (Ichise et al. 2003) that includes a timeyag term to describe non-steady state
condition. The Ip-ntPET model leads to the follogvimperational equation that describes the tracer
concentration in the target region-of-interest (R@he striatum in our casefir, as a function of

time, t:

t t

Cr(8) = RiCa(0) + K f Cauw)du — f (kza + i) Cr () du 1)

0

whereCg is the tracer concentration in the reference R@®tdbellum) and = [Ry, ko, koa, )} are the
model coefficients. The transient perturbationted system is modelled bi(t) which represents
the time course of the activation, wigtencoding the magnitude of the effect. As in Nordiaret
al. (2012), we modelleth(t) as a series of gamma variate functions spannimgda range of
feasible shapes and possible times of onset (frforto 40 minutes at 1.5 min intervals). The Ip-

ntPET model was fitted to the PET data using a aterjleast squares and basis pursuit strategy.

The key model output from this fitting procedure ligand displacement studies is the time-

dependent tracer efflux from the compartment reprisg specifically bound tracer:

10



252
253
254
255
256
257
258
259
260
261
262
263
264
265

266
267
268
269
270
271
272
273
274
275
276
277

kZa(t) =k + yh(t) (2)

whereh(t) represents the gamma variate function that besthé data and describes the activation
effect. Fitting the Ip-ntPET model as describedvtes model parameter point estimates but does
not tell us about the reliability of those estinzat&o evaluate the reliability we used the Monte
Carlo based Approximate Bayesian Computation (ABIGprithm (Marin et al. 2012). This method
involves conducting a very large number (~milliored) trials using model parameters drawn
randomly from a prior distribution, in our case @mnformative uniform prior. For each trial, the
model-based PET curve is estimated according tatexu (1) and compared with the measured
PET curve. The trial is either accepted or rejeti@sked on the sum of squared differences between
the two curves and a predetermined threshold. Aft@ny such trials, the model curves which are
accepted have sufficient statistics to form a lgist;n of parameter estimates that provide an
excellent approximation of the posterior probapiliensity functions (PDF) of those parameters.
As well as computing PDFs, we also calculated nrediad 95% confidence intervals for tkg(t)

term from the sub-population of accepted model esirve. the successful trials.

24.2 Motion data analysis. Locomotor activity response as a function of timasvdetermined
directly from the motion tracking data and repoiitednits of cm.g.

2.4.3 Behavioural data analysis. In addition to the locomotor responssereotyped and non-

stereotyped behaviours exhibited by the rat dutimg open-field PET scans were analysed
manually using a time sampling procedure adaptad Kelley (1998). The rat was observed every
minute throughout each of the open-field PET scamd scored according to the presence or
absence of each of nine behaviours, which are suisedain Table 1. A behavioural score was

calculated as the proportion of time the rat endageach behaviour.

Table 1. Categorisation of animal behaviours

Behaviour Description

Sleep Asleep or immobile in resting position foeaper than 30 seconds
Groom Head or body grooming

Locomotion Repetitive (>3 reps) gross movement dio body or head and

shoulders, e.g. rearing towards the top of thersmrathen leaning towards

the bottom
Head-up sniff Head tilted upwards, sniffing in ®@ior non-reared position
Head-down sniff Head tilted downwards, sniffing th@tom of the scanner or chamber

11
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Mouth movements Non-specific oral movements, torgoerusions, air licking

Chew Chewing the chamber flooring, walls etc.

Perch Positioned with hind legs on or near the wlithe chamber, body
balanced over the edge, front paws either in theraon the wall of the
chamber

Head bob Fast upward and downward head movements

3. Experiments

3.1 Reproducibility of the open-field technique

We evaluated the ability of the open-field techmida reliably estimate changes in D2R binding in
the brains of freely moving rats. Four adult malerggue-Dawley rats were scanned on two
consecutive days. For both scans the rats werenisteried {'Clraclopride (mean 48+18 MBq,
0.84+0.16 nmol) via the indwelling jugular vein lcater and imaged in the open-field PET system
for 60 minutes. For one PET scan, the animals weneinistered 2 mg.kbof unlabelled raclopride

20 minutes after tracer injection. Based on previstudies, this dose of raclopride is expected to
occupy close to 100% of available D2 receptorshae tat brain and cause nearly complete
displacement of the tracer from D2R binding sitdarfie et al. 1995, Hume et al. 1998). For the
other PET scan, an identical protocol was used@xbtat a saline vehicle was administered at 20
min instead of unlabelled raclopride. The ordeth&f scans was counterbalanced across animals.
From the reconstructed and decay-corrected dynframtes we generated curves representing the

regional temporal characterisation of the increas#dx rate (displacement) from the striatum.

3.2 Simultaneous open-field PET and behavioural response studies
The purpose of the previous experiment was to deirate that the open-field PET method can
reliably estimate changes in dopamine receptormaroey. To illustrate the use of the approach in
combined behavioural and receptor-ligand imagingliss, we measured D2R displacement in the
cold raclopride challenge and following administratof the psychostimulant drug, amphetamine.
In addition to a nearly complete displacement ef tddiotracer from the D2 receptors, injection of
a pharmacological dose of cold raclopride may d&sad to reduced locomotor activity and
avoidance behaviours (Hillegaart and Ahlenius 198)) the other hand, amphetamine stimulates
endogenous dopamine release from synaptic vesickassing indirect competition with
[**C]raclopride for post synaptic D2R binding sitesisTintervention is also expected to result in
robust behavioural changes, such as hyperactivitlystereotypy (Schiorring et al. 1979). For the
amphetamine challenge, three adult male Spraguddyarats underwent two open-field PET
studies on consecutive days. For each scan, tmeahamias injected with'fC]raclopride (mean
39+£15 MBq, 0.82+0.35 nmol) via the indwelling jugulein catheter and imaged in the open-field
12
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PET system for 60 minutes. For the first PET sda@,animal was administered 5gDof a saline
vehicle via the catheter 20 minutes after tracgection. For the second PET scan, the same
protocol was used except that 2 mgtlaf amphetamine was administered together withstiime
vehicle. Dynamic PET data were analysed by leasares fitting of striatal time-activity curves
with the Ip-ntPET model which estimates the maglgtand timing of tracer displacement from the
receptor-ligand complex (Normandin et al. 2012).aBgess the reliability of model estimates, the
posterior probability density distributions of daspement parameters were further analysed using
ABC (Marin et al. 2012). The velocity of the anirsaiead in the horizontal plane was calculated at
2-min intervals throughout the PET study. Thesea detre used as a proxy for locomotor activity
and compared with the timing and magnitude ‘d€Jraclopride displacement. In addition, video
acquired throughout each PET study was analysew) @stime sampling procedure adapted from
Kelley (1998) to measure a variety of stereotypasal non-stereotypical behaviours.

During all open-field imaging experiments the ratsre free to move around the enclosure and,
since it had no roof, were also able to lean ohersides. The floor of the enclosure was covered in
absorbent towels to collect excrement and radieaatrine safely. All experiments were filmed
from the front of the scanner using a video canpesitioned 0.7 m from the centre of the scanner
FoV.

4. Results

4.1 Reproducibility of the open-field PET technique

Motion-corrected images integrated over the 20 tesmummediately prior to drug/saline injection
and for the last 20 minutes of the scan are shawrthfe drug and saline vehicle scans of one
representative rat in figures 2a,b and 2e,f, rdspdyg. Decay-corrected striatal and cerebellar
tracer uptake curves averaged across all four dsjratier normalising for injected dose and body

weight, are shown in figures 2c and 2g for the dang vehicle scans, respectively.

The dynamic data were analysed by least squategyfirf individual striatal time-activity curves
with the Ip-ntPET ligand displacement model using torresponding cerebellar curve as the input
function (see Section 2.4.1). The model-estimaigaht displacement curvés,(t) for the drug
challenge and vehicle-only scans are shown in éguwd and 2h, respectively. The time-activity
curves and displacement curves demonstrate a hegitee of inter-subject reproducibility.
Estimated time of onset of the displacement cabseidjection of unlabelled raclopride, averaged
across the four animals, wdg = 19.5£1.2 min, which agrees well with the time darfug
administration, and the peak amplitude of displamaimwas 1.85+0.2 x baseline. The small

magnitude, temporally misaligned false positiveptiisements seen in the null condition (fig. 2h)

13



342 “are typical features of the Ip-ntPET method whepliad to noisy PET data (Normandin et al.
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346 Figure2: Reproducibility of the open-field PET technique

347 (a) Motion-corrected PET data showing the integrdt&C]raclopride distribution in the brain of a
348 representative freely moving rat over the firsm@@utes of the study (prior to the administratidn o
349 unlabelled raclopride), superimposed on a spatiallystered MRI brain template; (b) reconstructed
350 PET image integrated over the last 20 minutes ef dtudy, after administration of unlabelled
351 raclopride; (c) PET time-activity curves averagetbas four animals (meanl s.d) for striatal and
352 cerebellar regions of interest; and (d) the fouividual (grey) and mean (red) estimated D2R
353 displacement (k) curves obtained from kinetic modelling of the dgmic PET data in (c). The
354 images and graphs in panels e-h are the corresppddia obtained from the animals administered
355 asaline vehicle 20 minutes into the PET studyemdtof unlabelled raclopride.
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4.2 Simultaneous open-field PET and behavioural response

4.2.1 Cold raclopride. Figure 3A.i shows locomotor activity averaged asrtge 4 subjects (the
shaded areas correspond to the +1 standard devetwelope) binned into 2-min frames (i.e. equal
to the duration of the functional frames) for bthle saline-vehicle and cold raclopride injections.
To quantitatively assess the change in behaviotordand after injection of the drug or vehicle,
we averaged the distance travelled by the anintalsihutes before injection and 10 minutes after
(fig. 3A.ii)). There was a slight reduction in locotor activity after injection of cold raclopride
which reached statistical significance (p<0.05),er@as saline had no significant effect on
behaviour (p=0.1679). We believe that the behauioetfect of raclopride did not reach a greater
level of significance due to the ‘floor effect’, ete the animals were already exhibiting relatively
low levels of motor activity prior to injection. ¢glire 3B shows the group-average parameter
estimates of the Ip-ntPET model, highlighting anffigant change in the non-steady state parameter
v describing the magnitude of activation (i.e. imsed efflux rate) after drug administration, and

insignificant differences for the steady-state psters R, k, and k..
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Figure 3: Motion and kinetic model parametersfor the cold raclopride challenge.

(A.i) Average distance travelled as a function iofet (shaded areas correspond to +1 standard
deviation) for the cold raclopride/saline scans;iijfaverage distance travelled over 10 minutes
before and 10 minutes after the injection of ca@dlopride/saline; (B) estimated kinetic model
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382 "parameters averaged across 4 animals for the acldpride/saline injection experiments (asterisks
383 indicate significance at the p<0.001 level; pairéeist).
384

385 4.2.2 Amphetamine. Figure 4a shows the motion-correctéjtf,ﬂraclopride distribution in the brain

386 integrated over the first 20 minutes of the studigft (panel), i.e. prior to amphetamine

387 administration, and over the last 20 minutes of shedy (right panel), i.e. after amphetamine
388 administration, for a representative subject. Amprapiable displacement of the specific D2R
389 binding signal in the striatum is seen in the pirsty administration image. The Ip-ntPET model
390 output curve (fig. 4b, upper panel) also indicaéeslear displacement of the tracer from D2R
391 binding sites whose time of onset is consistenh whe time of drug administration and reaches a
392 peak amplitude of 120% of baseline 15-20 minutesr @frug administration. The displacement also
393 correlated with a pronounced increase in head mofaverage post-drug motion = 543% of
394 average pre-drug motion) that was sustained uméildénd of the imaging study (fig. 4b, lower

395 panel). There was no change in specific D2R bindmghe striatum observed on either the
396 integrated PET images (fig. 4c) or displacemenvesi(fig. 4d, upper panel) in the saline vehicle
397 scan. The differences between the pre- and postieeamages, including extra-striatal regions, can
398 be explained by changes in blood flow (which areoaated for by the Ip-ntPET model) and

399 normal biological clearance. Similarly, there was observable change in behaviour following

400 vehicle administration (fig. 4d, lower panel).

401 Figure 5A.i shows the averaged locomotor activityoas the 3 animals. In contrast to the cold
402 raclopride study, amphetamine produced a cleassasthined increase in locomotor activity shortly
403 after injection of the drug, which is consistentoss the 3 animals. Similar to the cold raclopride
404 analysis, we averaged the distance travelled bytimals 10 minutes before and 10 minutes after
405 the injection of the drug (fig. 5A.ii). The injeon of amphetamine led to a behavioural effect that
406 was highly significant (p<0.001; pairetitest), whereas saline caused no significant effect
407 (p=0.4125). The change in behaviour due to theciige of amphetamine was also clearly evident
408 Dby visually observing the animal (fig. 6). We abeeraged the estimated kinetic model parameters
409 across the 3 animals (fig. 5B) which shows a highgynificant (p<0.005; pairetitest) increase in
410 activation magnitudey, for amphetamine compared with vehicle only scaas] small but
411 insignificant decreases in land k.. An association between regional DA signalling aiyics and
412 the behavioural effect of the drug is, therefoteady evident.

413
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416 Figure4. Simultaneous open-field PET and behavioural response to amphetamine challenge

417 (a) Motion-corrected PET images (co-registered tdRiA brain template) showing the integrated

418 [*'C]raclopride distribution in the brain of a repnesive freely moving rat integrated over the 20
419 minutes prior to drug administration (left) and owlee last 20 minutes of the study (right); (b)

420 estimated D2R displacementyfkcurves £95% CI) for the striatum (upper) and the locomotor
421 activity throughout the PET study (lower) for theiraal receiving amphetamine. Panels ¢ and d
422 show the corresponding tracer distributions, D2Bpldicement curve and motion data when the
423 same animal underwent a separate PET scan andeeamily the saline vehicle 20 minutes after
424  ['C]raclopride injection.

425

426
427
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Figure5: Motion and kinetic model parametersfor the amphetamine challenge.

(A.l) Average distance travelled as a function iofet (shaded areas correspond to +1 standard
deviation) for the amphetamine/saline scans; (Aaigrage distance travelled over 10 minutes
before and 10 minutes after the injection of amg@mate/saline (asterisks indicate significance at
the p<0.001 level; pairedtest); (B) estimated kinetic model parameters ayed across 3 animals
for the amphetamine/saline injection experimentgtefésks indicate significance at the p<0.01
level; paired-test).

Figure 6a shows the behavioural analysis of a sgmtative animal throughout the amphetamine
and saline vehicle PET scans. The animal exhilstedlar behavioural profiles during the first 20
minutes of each scan, prior to drug or vehicle aistiation (fig. 6a). Following amphetamine
administration (fig. 6b), the rat showed a markedrease in repetitive locomotive stereotyped
behaviour. It repeatedly adopted a unique “perchmatition and alternately sniffed the base and
top of the scanner (fig. 6¢). In contrast, follogitvehicle administration the rat maintained
moderate to low levels of sniffing behaviour in @perched position and other non-stereotypical
behaviours, such as sleeping and grooming. The nadxdechanges in behaviour following
amphetamine administration are consistent with iptesvstudies (Lindquist et al. 1977, Schiorring
1979) and can be attributed to activation of thalaimo-striatal pathway via sudden release of
endogenous dopamine. Together with the results shiovwhe previous section and figures 4 and 5,
the current study provides evidencearm¥ivo changes in D2R occupancy and simultaneous changes

in behaviour due to amphetamine administrationrnake, freely moving rats.
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454  Figure6: Analysisof behavioursduring open-field PET studies

455  Analysis of stereotypical and non-stereotypicalaveburs exhibited throughout the open-field PET
456 scans in figures 4 and 5 by a representative a&tbéhavioural score for a range of different
457 behaviours (Table 1) during the 20 minutes priordtag or saline vehicle administration; (b)
458 behavioural score for a range of different beha@aluring the 40 minutes following drug or saline
459 vehicle administration. Scores are based on theoption of time spent exhibiting a given
460 behaviour during each 1 min interval (Kelly 2008yeraged over the full observation period. Error
461 Dbars represent standard error of the mean; (t)frstihes of the video taken during the open-field
462 PET study demonstrating stereotypical head-up) (feftd head-down (right) sniffing in a perched
463 position.

464

465
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5. Discussion

We have developed an open-field PET system thaktades three fundamental limitations of small
animal neuroimaging studies: (i) it overcomes tbefeunding effects of common anaesthetic drugs
on neurophysiological parameters such as ceredoadbflow, neurotransmitter release and
receptor occupancy (Martin et al. 2006, Ohba e2@09); (ii) it enables the study of neurochemical
responses to sensory stimuli that require the ¢onsa@attention of the animal (Tsukuda et al. 2002);
and (iii) it enables the concurrent study of reglomeurotransmitter-receptor function and
behavioural responses to drugs and other envirotaingtimuli in conscious, unrestrained animals.
All of these advantages can be exploited in lomtjital study designs because the technique allows

repeat experiments on the same animal.

Using this technique, we demonstrated that it issgde to reproducibly detect and quantify, in
awake and freely moving animals, a pharmacologicaitiuced displacement ot'C]raclopride
from D2 receptors by administering unlabelled rpdlde, with reliable estimates of the magnitude
and time of displacement onset. We also demondttag concurrent measurement of changes in
receptor-ligand binding and behaviour; specificallle measured changes in D2 receptor binding,
locomotion and stereotypy associated with stimofatiof dopamine release following the
administration of amphetamine to awake, freely mguiats. Importantly, the technology we have
developed allows us to reproducibly associate asaralle functional response in the brain to a
diverse range of locomotor activity responses -mfnr@duced (e.g. cold raclopride) to extreme

increase (e.g. amphetamine) in locomotor activity.

Since we are considering a non-steady state reginaich the injection of the drug affects the
physiology and the kinetic parameters (especially ik a time dependent manner, conventional
models such as the SRTM or MRTM are no longer v@igert et al. 2003). We demonstrated
guantifiable displacement in the time-varying rdoepbinding using the Ip-ntPET model

(Normandin et al. 2012) in conjunction with statiat confidence modelling using the ABC method
(Marin et al. 2012). We believe this is the firtidy to report the relative magnitude of ligand

displacement following drug challenge for awakeerud.

To our knowledge, this is also the first reporaafomplete motion compensation-based solution for
freely moving rats during PET imaging. A relategagach for single photon emission computed
tomography (SPECT) of awake mice was reported HyaBa al. (2013), however the system was
limited to tube-bound animals. Several alternatipproaches for tracking animal head motion have
been reported which could be substituted for cacking method, providing potential advantages.
For example, marker-free tracking based on naeatures (Kyme et al. 2014) or structured light
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(Miranda et al. 2017) avoids the problem of headkeradecoupling, and tracking of radioactive
fiducials glued to the head avoids the need foiteuh@l tracking hardware (Miranda et al. 2018) —
though the latter approach is only useful when dahamal is inside the FoV. A further motion

tracking improvement relates to lighting. Currentlye animals are pre-acclimatised to the visible
lighting needed for motion tracking. Although thighting is diffuse and outside the animal’s direct
line-of-sight, and we have not observed any evidethat they are perturbed by it, the ability to
perform infra-red based tracking (Baba et al. 2Qd3mbient or darkened conditions is preferable

for nocturnal subjects and would likely facilitateyreater range of experiments.

The system described in this report is based amanercially available small animal PET system
without modification, other than replacement of theimal support pallet with a robotically
controlled enclosure and a mechanism to synchramisgon tracking and PET data. Thus, the
open-field PET system could, in principle, be dgpbbwhere there is a suitable commercial small
animal PET scanner. However, it has some limitatidrat may affect performance of the PET
study. For example, the robot is programmed tostede the animal enclosure relatively slowly
(max speed 1.6 cm'swith smooth acceleration and deceleration to gspartling the animal. For

a typical scan, this may lead to the animal spendmaverage < 5% of the time outside the active
FoV during a scan, which has a negligible effectt@macquired dynamic data. However, when the
animal is more active, such as with an amphetarcivadlenge, on average it may spend a larger
portion of the PET study (approximately 40%) with brain outside the active FoV of the scanner,
resulting in significant loss of counts. Similarlihe animal may move to blind spots (where
tracking line-of-sight is obstructed), causing temgpy loss of data. While we can account for
temporary loss of data within the reconstructioftveare, it negatively impacts signal-to-noise
ratio, thus reducing the statistical reliabilitypdrameter estimation.

It is clear that several motion-related factors patentially impact the accuracy and/or precisibn o
reconstructed images and estimated regional ent-parameters in our approach:
0] Potential resolution loss due to insufficient motgampling and/or off-centre animal
locations;
(i) Potential increased noise due to periods of unknmation (blind spots) and/or loss of

counts when the animal is outside the FOV.

In general, resolution loss is a minor effect (Aigget al. 2018). The use of high frame-rate
tracking (30 Hz) mitigates motion sampling-relaerdor (Angelis et al. 2015, Kyme et al. 2011)
and lateral movement of the robotic enclosure alow to minimise the time the animal is located
off-centre transaxially. We used a spatially inaati kernel for resolution modelling which is
optimal at the centre (Angelis et al. 2015). A st variant kernel (Bickell et al. 2016) may
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provide further improvement but we have not inggged this. Regarding noise, the inter-voxel
variance of a uniform ROI certainly increases daretion of the duration of the tracking gap or
loss of counts, however we have also observedbibatremains <0.5% even when the decrease in
counts is >90% (unpublished data). We are curresgigking to address several of the motion-
related factors impacting performance by developingnodified open-field PET system that
translates a lightweight PET detector ring in reseoto gross animal movements rather than the
enclosure (Kyme et al. 2017), thus enabling rapmvements without startling the animal and

without loss of data.

We believe studies of reward-driven learning arastitity will be an important area of application
for the open-field PET technique. To move thisdirward, the capacity to measure endogenous
neurotransmitter release at the whole-brain levéd accurate estimation of the location and timing
of activation onset, while simultaneously recordbehavioural responses, is essential if we are to
gain new insights into the role of specific braircaits and neurotransmitters in mediating reward
prediction and behavioural adaptation. The designthe@ animal enclosure as an operant
conditioning chamber facilitates such studies wherstead of drug administration, the animal
learns a contingency between a visual or auditdmpuwus and a reward. Other important
applications include drug addiction studies ancestigations of pathological conditions, such as
post-traumatic stress disorder, that impede thétyalof an animal to respond appropriately to
external stimuli and adapt to a changing environmen
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